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SUMMARY

High-throughput sequencing (HTS) has revolutionized bacterial ge-

nomics. Its unparalleled sensitivity has opened the door to analyzing

bacterial evolution and population genomics, dispersion of mobile ge-

netic elements (MGEs), and within-host adaptation of pathogens, such

as Escherichia coli.
One of the defining characteristics of intestinal pathogenic E. coli

(IPEC) pathotypes is a specific repertoire of virulence factors (VFs).Many

of these IPEC VFs are used as typing markers in public health labo-

ratories to monitor outbreaks and guide treatment options. Instead,

extraintestinal pathogenic E. coli (ExPEC) isolates are genotypically di-

verse andharbor a varied set ofVFs – themajority ofwhich also function

as fitness factors (FFs) for gastrointestinal colonization.

The aimof this thesiswas thegenomic characterizationofpathogenic

and commensal E. coli with respect to their virulence- and antibiotic

resistance-associated gene content aswell as phylogenetic background.

In order to conduct the comparative analyses, I created a database of

E. coli VFs, ecoli_VF_collection, with a focus on ExPEC virulence-

associated proteins (Leimbach, 2016b). Furthermore, I wrote a suite

of scripts and pipelines, bac-genomics-scripts, that are useful for

bacterial genomics (Leimbach, 2016a). This compilation includes tools

for assembly and annotation aswell as comparative genomics analyses,

like multi-locus sequence typing (MLST), assignment of Clusters of

Orthologous Groups (COG) categories, searching for protein homologs,

detection of genomic regions of difference (RODs), and calculating pan-

genome-wide association statistics.

Using these tools we were able to determine the prevalence of 18

autotransporters (ATs) in a large, phylogenetically heterogeneous strain

panel and demonstrate that many AT proteins are not associated with

E. coli pathotypes. According to multivariate analyses and statistics

the distribution of AT variants is instead significantly dependent on

phylogenetic lineages. As a consequence, ATs are not suitable to serve

as pathotype markers (Zude et al., 2014).

During the German Shiga toxin-producing E. coli (STEC) outbreak
in 2011, the largest to date, we were one of the teams capable of an-

alyzing the genomic features of two isolates. Based on MLST and de-

tection of orthologous proteins to known E. coli reference genomes

the close phylogenetic relationship and overall genome similarity to

enteroaggregative E. coli (EAEC) 55989 was revealed. In particular, we

identified VFs of both STEC and EAEC pathotypes, most importantly the

prophage-encoded Shiga toxin (Stx) and the pAA-type plasmid har-

boring aggregative adherence fimbriae. As a result, we could show
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that the epidemic was caused by an unusual hybrid pathotype of

the O104:H4 serotype. Moreover, we detected the basis of the antibi-

otic multi-resistant phenotype on an extended-spectrum β-lactamase

(ESBL) plasmid through comparisons to reference plasmids. With this

information we proposed an evolutionary horizontal gene transfer

(HGT)model for thepossible emergenceof thepathogen (Brzuszkiewicz

et al., 2011).

Similarly to ExPEC, E. coli isolates of bovine mastitis are genotypi-

cally and phenotypically highly diverse and many studies struggled

to determine a positive association of putative VFs. Instead the general

E. coli pathogen-associated molecular pattern (PAMP), lipopolysaccha-

ride (LPS), is implicated as a deciding factor for intramammary inflam-

mation. Nevertheless, a mammary pathogenic E. coli (MPEC) patho-

type was proposed presumably encompassing strains more adapted

to elicit bovine mastitis with virulence traits differentiating them from

commensals.

We sequencedeightE. coli isolates fromudder serous exudate and six

fecal commensals (Leimbach et al., 2016). Twomastitis isolate genomes

were closed to a finished-grade quality (Leimbach et al., 2015). The

genomic sequence of mastitis-associated E. coli (MAEC) strain 1303

was used to elucidate the biosynthesis gene cluster of its O70 LPS O-

antigen. We analyzed the phylogenetic genealogy of our strain panel

plus eleven bovine-associated E. coli reference strains and found that

commensal or MAEC could not be unambiguously allocated to specific

phylogroups within a core genome tree of reference E. coli. A thor-

ough gene content analysis could not identify functional convergence

of either commensal or MAEC, instead both have only very few gene

families enriched in either pathotype. Most importantly, gene content

and ecoli_VF_collection analyses showed that no virulence determi-

nants are significantly associated with MAEC in comparison to bovine

fecal commensals, disproving the MPEC hypothesis. The genetic reper-

toire of bovine-associated E. coli, again, is dominated by phylogenetic

background. This is also mostly the case for large virulence-associated

E. coli gene cluster previously associated with mastitis. Correspond-

ingly,MAEC are facultative and opportunistic pathogens recruited from

the bovine commensal gastrointestinal microbiota (Leimbach et al.,

2017). Thus, E. colimastitis should be prevented rather than treated, as

antibiotics and vaccines have not proven effective.

Although traditional E. coli pathotypes serve a purpose for diagnos-
tics and treatment, it is clear that the current typing system is an over-

simplification ofE. coli’s genomic plasticity.Whole genome sequencing

(WGS) revealedmany nuances of pathogenicE. coli, including emerging

hybrid or heteropathogenic pathotypes. Diagnostic and public health

microbiology need to embrace the future by implementing HTS tech-

niques to target patient care and infection control more efficiently.
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ZUSAMMENFASSUNG

Eines der definierenden Charakteristika intestinal pathogener E. coli
(IPEC) Pathotypen ist ein spezifisches Repertoire an Virulenzfaktoren

(VFs). Viele dieser IPEC VFs werden als Typisierungsmarker benutzt.

Stattdessen sind Isolate extraintestinal pathogener E. coli (ExPEC) geno-
typisch vielfältig und beherbergen verschiedenartige VF Sets, welche

in der Mehrheit auch als Fitnessfaktoren (FFs) für die gastrointestinale

Kolonialisierung fungieren.

Das Ziel dieser Dissertation war die genomische Charakterisierung

pathogener und kommensaler E. coli in Bezug auf ihren Virulenz-

undAntibiotikaresistenz-assoziiertenGengehalt sowie ihre phylogene-

tische Abstammung. Als Voraussetzung für die vergleichenden Analy-

sen erstellte ich eine E. coli VF-Datenbank, ecoli_VF_collection, mit

Fokus auf Virulenz-assoziierte Proteine von ExPEC (Leimbach, 2016b).

Darüber hinaus programmierte ich mehrere Skripte und Pipelines

zur Anwendung in der bakteriellen Genomik, bac-genomics-scripts

(Leimbach, 2016a). Diese Sammlung beinhaltet Tools zur Unterstüt-

zung von Assemblierung und Annotation sowie komparativer Ge-

nomanalysen, wieMultilokus-Sequenztypisierung (MLST), Zuweisung

von Clusters of Orthologous Groups (COG) Kategorien, Suche nach ho-

mologen Proteinen, Identifizierung von genomisch unterschiedlichen

Regionen (RODs) und Berechnung Pan-genomweiter Assoziationssta-

tistiken.

Mithilfe dieser Tools konntenwir die Prävalenz von 18Autotranspor-

tern (ATs) in einer großen, phylogenetisch heterogenen Stammsamm-

lung bestimmen und nachweisen, dass viele AT-Proteine nicht mit E.
coli Pathotypen assoziiert sind. Multivariate Analysen und Statistik

legten offen, dass die Verteilung von AT-Varianten vielmehr signifikant

von phylogenetischen Abstammungslinien abhängt. Deshalb sind ATs

nicht als Marker für Pathotypen geeignet (Zude et al., 2014).

Während des bislang größten Ausbruchs von Shiga-Toxin-produ-

zierenden E. coli (STEC) im Jahre 2011 in Deutschland waren wir ei-

nes der Teams, welches die genomischen Eigenschaften zweier Isola-

te analysieren konnte. Basierend auf MLST und Detektion orthologer

Proteine zu bekannten E. coli Referenzgenomen konnte ihre enge phy-

logenetische Verwandschaft und Ähnlichkeit des gesamten Genoms

zum enteroaggregativen E. coli (EAEC) 55989 aufgedeckt werden. Im

Detail identifizierten wir VFs von STEC und EAEC Pathotypen, vor al-

lem das Prophagen-kodierte Shiga-Toxin (Stx) und ein Plasmid des

pAA-Typs kodierend für aggregative Adhärenz-Fimbrien. Die Epide-

mie wurde demnach durch einen ungewöhnlichen Hybrid-Pathotyp

vom O104:H4 Serotyp verursacht. Zusätzlich identifizierten wir die

Grundlage für den multiresistenten Phänotyp dieser Ausbruchsstäm-
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me auf einem Extended-Spektrum-β-Laktamase (ESBL) Plasmid über

Vergleiche mit Referenzplasmiden. Mit diesen Informationen konnten

wir ein horizontales Gentransfer-Modell (HGT) zum Auftreten dieses

Pathogenen vorschlagen (Brzuszkiewicz et al., 2011).

Ähnlich zu ExPEC sind E. coli Isolate boviner Mastitiden genotypisch

und phänotypisch sehr divers, und viele Studien scheiterten am Ver-

such eine positive Assoziation vermeintlicher VFs nachzuweisen. Statt-

dessen gilt Lipopolysaccharid (LPS) als entscheidender Faktor zur in-

tramammären Entzündung. Gleichwohl wurde ein mammärer patho-

gener E. coli (MPEC) Pathotyp vorgeschlagen, der mutmaßlich Stämme

umfasst, welche eher geeignet sind eine bovine Mastitis auszulösen

und über Virulenz-Merkmale von Kommensalen abgegrenzt werden

können.

Wir sequenzierten acht E. coli Isolate aus serösem Eutersekret und

sechs fäkale Kommensale (Leimbach et al., 2016). Bei zwei Mastitisi-

solaten wurden die Genome vollständig geschlossen (Leimbach et al.,

2015). Anhand der genomischen Sequenz des Mastitis-assoziierten E.
coli (MAEC) Stamms 1303 wurde das Gencluster zur Biosynthese seines

O70 LPS O-Antigens aufgeklärt. Wir analysierten die phylogenetische

Abstammung unserer Stammsammlung plus elf bovin-assoziierter E.
coli Referenzstämme, aber konnten wederMAEC noch Kommensale be-

stimmten Phylogruppen innerhalb eines Core-Genom Stammbaums

aus Referenz-E. coli eindeutig zuordnen. Eine ausführliche Gengehalt-

Analyse konnte keine funktionelle Konvergenz innerhalb von Kom-

mensalen oder MAEC identifizieren. Stattdessen besitzen beide nur

sehrwenigeGenfamilien, die bevorzugt in einer der beidenPathotypen

vorkommen. Weder eine Gengehalt- noch eine ecoli_VF_collection-

Analyse konnte zeigen, dass eine signifikante Assoziation von be-

stimmtenVirulenzfaktorenmitMAEC, imVergleich zu bovinen fäkalen

Kommensalen, besteht. Damit wurde die MPEC Hypothese widerlegt.

Auch das genetische Repertoire von Rinder-assoziierten E. coli wird

durch die phylogenetische Abstammung bestimmt. Dies ist überwie-

gend auch bei großen Virulenz-assoziierten Genclustern der Fall, die

bishermitMastitis inVerbindunggebrachtwurden.Dementsprechend

sind MAEC fakultative und opportunistische Pathogene, die ihren Ur-

sprung als Kommensale in der bovinen gastrointestinalen Mikrobiota

haben (Leimbach et al., 2017).

Obwohl traditionelle E. coli Pathotypen in der Diagnostik und Be-

handlung einen Zweck erfüllen, ist es offensichtlich, dass das der-

zeitige Typisierungs-System die genomische Plastizität von E. coli zu
sehr vereinfacht. Die Gesamtgenom-Sequenzierung (WGS) deckte viele

Nuancen pathogener E. coli auf, einschließlich entstehender hybrider

oder heteropathogener Pathotypen. Diagnostische und medizinische

Mikrobiologie müssen einen Schritt in Richtung Zukunft gehen und

HTS-Technologien anwenden, um Patientenversorgung und Infektions-

kontrolle effizienter zu unterstützen.
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It was the best of times, it was the worst of times,
it was the age of wisdom, it was the age of foolishness,

it was the epoch of belief, it was the epoch of incredulity,
it was the season of Light, it was the season of Darkness,

it was the spring of hope, it was the winter of despair . . .

—A Tale of Two Cities (1859), Charles Dickens
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INTRODUCT ION

The genome of an organism contains its entire hereditary information.

The corresponding DNA encodes for all RNA and protein molecules

of a cell, needed formaintaining its functionality. From these genes it is

possible to infer the capabilities of cells and organisms, like metabolic

potential, motility, and virulence. Comparing the genomes of organ-

isms can be used to detect differences in the nucleotides and calculate

phylogenetic relationships. Bacterial genomes were the first DNA se-

quences of cellular life forms to be fully decoded and this information

used to answer biological questions.

1.1 bacterial genomics

Analyzing thegenomesof bacteria has comea longway: from thebegin-

nings of examining short stretches ofDNA to sequencing complete bac-

terial genomes. In 1995 the first bacterial genomewas fully sequenced
1
.

Fleischmann et al. (1995) applied a technique called whole-genome

(shotgun) sequencing (WGS) to randomly sequence small pieces of the whole-genome
shotgun sequencing

genomic nucleotides en masse, instead of “walking” along the genome

in a known region. These DNA snippets were later assembled com-

putationally into larger contiguous fragments (contigs) (Figure 1 on

the following page). Because it is difficult to assemble repeat regions,

genomes remain in a fragmented/draft formunless othermolecular bi-

ology techniques are applied to subsequently stitch the contigs together

into the closed genome – a process called “gap closure” (Section 1.1.3

onpage 11) (Koren andPhillippy, 2015;Nagarajan et al., 2010; Phillippy,

2017). WGS was a revolution in the genomics/sequencing field.

Single complete genomes of bacterial species already had huge im-

pact on bacteriology, especially onmolecular biology applications. But

not until several bacterial genomes were available was it possible to

conduct comparative bioinformatical analyses. These analyses showed,

that bacteria have an unexpected high genomic plasticity, not only

inter- but also intra-species (Bentley and Parkhill, 2015; Loman and

Pallen, 2015). Comparative genomics also revolutionized bacterial tax-

onomy
2
and as a consequence questioned the bacterial species concept.

A species is traditionally defined as a coherent, discrete, and individ-

ual group. A large amount of strain-to-strain diversity is introduced by

1 Non-pathogenic Haemophilus influenzae strain Rd was sequenced with a relatively

small genome size of 1,830,137 bp (Fleischmann et al., 1995).

2 Bacterial taxonomy classically relies on phenotypic characteristics for classification

(e. g. metabolism and Gram stain).

3
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Figure 1: Assembly of overlapping shotgun sequencing reads (A) into contigs

(B) and the contigs into a complete circular genome sequence (C).

Figure created with Inkscape (v0.91).

horizontal gene transfer (HGT) within many bacterial species, but also

between bacterial species and even between different domains of life

(Dobrindt et al., 2004; Land et al., 2015; Loman and Pallen, 2015). Thus,

the traditional bifurcating phylogenetic tree of the three domains of

life is pervaded by HGT and homologous recombination, and bacterial

species rather represent an interconnected network structure (Figure 2)

(Doolittle andZhaxybayeva, 2009;Martin andEmbley, 2004). Neverthe-

less, a uniform species nomenclature serves as a useful tool for clinical

microbiology and other indicator species (Chan et al., 2012a).

ArchaeaEukarya BacteriaArchaeaEukarya Bacteria

A) B)

Figure 2: (A) Three-domain phylogenetic tree based on ribosomal RNA (rRNA)

gene sequences. (B) The three-domain tree with examples of perva-

siveHGT between taxa. Adapted fromMartin and Embley (2004) and

Doolittle and Zhaxybayeva (2009) using Inkscape.

Bacteria are the evolutionary most diverse domain of life and much

is still to be discovered as was recently exemplary shown by sequenc-
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ing bacterial genomes from unexamined environmental samples with

uncultivable
3
bacterial genera (Hanage, 2016; Hug et al., 2016).

With the turn of the century several genomes from individual bac-

terial species became available. The study of intra-species diversity

birthed the field of bacterial population genomics. It became clear that

single bacterial genomes are inadequate to describe bacterial species,

because of the exceptional genomic diversity (Medini et al., 2008). Se-

quencing the genomes of bacterial populations allows the investigation

of population structures and, in the case of host-associated bacteria like

pathogens, within-host evolution and transmission history. This ex-

pands our understanding of the evolution and virulence of pathogens

(Wilson, 2012). New concepts emerged like the core genome defined by core genome
Lan and Reeves (2000), as comprising those genes present in almost

all individuals of a species. Genes in this category function mostly in

housekeeping, like replication, transcription, translation, and essential

metabolic pathways. The flexible genome includes genes with a vari- flexible genome, alias
accessory/dispen-
sable/variable
genome

able presence/absence in individual isolates of a bacterial species plus

genes unique to each strain (singletons). These genes account for the

phenotypic diversity within bacterial populations and permit niche

adaptation with specific fitness traits, like pathogenicity and antimi-

crobial resistances (Halachev et al., 2011; Medini et al., 2008). Flexible

genome genes are mostly contained onmobile genetic elements (MGEs)

that enable HGT, like plasmids, phages, and genomic islands (GIs) (Do-

brindt et al., 2004).

Tettelin et al. (2005) coined the term pan-genome, which is the to- pan-genome
tal gene repertoire of a bacterial species, including both the core and

the flexible genome (Bentley and Parkhill, 2015; Medini et al., 2005).

Bacterial species with an open pan-genome have a dynamic (basically

infinite) genomic content, i. e. the species’ gene repertoire increases

every time a new genome is sequenced. An open pan-genome is char-

acteristic for bacterial species that live in very different habitats, and

thus require high adaptability, like Escherichia coli (Figure 6 on page 14).

On the contrary, closed pan-genomes do not change by the addition of

new genomes of a species. Such species have a static genomic content

and it is possible to determine the full gene repertoire by sequencing

enough genomes (e. g. the niche-restricted Bacillus anthracis) (Halachev

et al., 2011;McInerney et al., 2017; Rouli et al., 2015; Tettelin et al., 2008).

1.1.1 Current sequencing technologies (in microbiology)

The genomic revolution is tightly coupled with developments in se-

quencing technologies and bioinformatical algorithms/tools. The se-

quencing technique that is used the longestwasdevelopedbyFrederick

3 Metagenomics (direct sequencing of environmental DNA from all living microorgan-

isms isolated in a specific habitat) and single-cell genomics with new bioinformatical

techniques are suitable for this purpose (Section 7.3 on page 222).
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Sanger in the 1970s, the dideoxy chain terminator technique (Sanger

et al., 1977). This “first-generation” sequencing strategy involved am-“first-generation”
sequencing technique

plified DNA templates. Single molecules can easily be amplified by

polymerase chain reaction (PCR). For bacterialWGS (where the sequence

is not known) theonerous andexpensive approachhas tobe takenby in-

troducing recombinant DNA fragments into bacterial clones (plasmids

or bacterial artificial chromosomes, BACs) for subsequent sequencing.

Because of several improvements, especially in automation, Sanger se-

quencing in the form of capillary sequencers is still in use today and

will continue to be so for the foreseeable future (Land et al., 2015;

Loman and Pallen, 2015).

1.1.1.1 High-throughput sequencing

The rise of high-throughput sequencing (HTS) revolutionized sequenc-also known as
next-generation

sequencing (NGS)
ing of bacterial genomes as well as more complicated genomes from

other organisms. The highly superior throughput and time improve-

ments provided by these techniques (Figure 3 on the facing page), now

made it possible to complete bacterial sequencing projects, that used

to take years and hundreds of thousands of dollars, in merely hours

or days and for less than 100$ (Loman and Pallen, 2015). Furthermore,

the development of smaller HTS machines with a lower initial invest-

ment moved bacterial genome sequencing from large genome centers

into the hands of individual researchers (McPherson, 2009). Thus, HTS

quickly replaced first-generation Sanger sequencing in genomics, al-

though it is still in use for low-throughput amplicon sequencing and

gap closure of draft genomes.

“second-generation” sequencing techniques

Second-generation sequencing techniques replaced the cloning strat-

egy for Sanger genomic sequencing with clonal parallel amplification

of fragmented DNA in vitro (via PCR or cluster amplification) and ad-

vanced nucleotide detection methods. The result was a massive in-

crease in throughput, rendering the sequencing of several bacterial

genomes in a few hours possible (Loman and Pallen, 2015; Loman et

al., 2012a; Medini et al., 2008). The first commercially HTS technology

became available in 2005 with the 454 Genome Sequencer GS20, which

employed emulsion PCR with subsequent pyrosequencing (Margulies et

al., 2005). The pyrosequencing method detects emitted light powered

by the release of pyrophosphates during DNA elongation of each base.

The 454 company was later bought by Roche, and the machine was

improved upon several times, but sale of hardware and chemistry was

discontinued in 2016. A similar platform in terms of PCR amplifica-

tion procedure and read length/error characteristics was developed

by Ion Torrent and released 2011 (PGM, Proton . . . ). The Ion Torrent

machines act like a pH meter by detecting the release of H
+
during
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Figure 3: Read lengths and throughputs of HTS machines: Sanger = ABI

3730xl, SOLiD (© ABI); GS Junior, GS FLX (454, © Roche); MiniSeq,

GA II, MiSeq, NextSeq, HiSeq (© Illumina); PGM, Proton, S5/S5XL

(© Ion Torrent); PacBio RS, Sequel (© Pacific Biosciences); MinION,

PromethION (© Oxford Nanopore Technologies). Each connected

data point represents a further development in chemistry or hard-

ware. Adapted from Nederbragt (2016) using Inkscape.



8 introduction

base incorporation. The currently most successful vendor
4
is Illumina

(formerly Solexa) with its sequencing-by-synthesis methodwith either

four- or two-colored fluorophore-labelled reversible nucleotide terminators
(Goodwin et al., 2016; Loman et al., 2012a;Medini et al., 2008). Illumina

released its first HTS machine 2006 and currently offers the widest ar-

ray of different machines from small-scale benchtop platforms (like

MiniSeq and MiSeq), to medium throughput (NextSeq), and to the

highest throughput giants currently available (HiSeq in different mod-

els and the newest NovaSeq). There are other commercially available

second-generation techniques (e. g. ABI’s SOLiD), but are not as pop-

ular. All second-generation techniques have the ability in common to

quickly generate large amounts of short sequencing reads (in the rangeshort sequencing
reads

of 50–700 bp) for which new bioinformatical de novo assembly or read

alignment (mapping) algorithms and tools had to be developed (Sec-

tion 1.1.2 on the next page) (Loman et al., 2012a; Pop and Salzberg,

2008).

“third-generation” sequencing techniques The newest

addition to the HTS congregation are single-molecule sequencing meth-

ods without initial DNA amplification, also termed third-generation

sequencing techniques. Two vendors currently compete in this market:

Pacific Biosciences (PacBio) with its single-molecule real-time (SMRT) se-

quencing (first machine released 2011) and the most recent and prob-

ably most disruptive technology from Oxford Nanopore Technologies

with its protein nanopore sequencing approach (first access in 2014). Pa-

cific Biosciences (PacBio RS II and Sequel) uses a zero-modewaveguide

flow cell to detect incorporated bases directly during DNA synthesis

by an immobilized DNA polymerase in the bottom of a well. Oxford

Nanopore Technologies (MinION
5
, PromethION, and the upcoming

SmidgION
6
and GridION X5

7
) developed a technology that threads

a single DNA molecule through a nanopore
8
in an insulating lipid bi-

layer and detects changes in electrical current, which are characteristic

for a particular DNA sequence in the pore. Because of its unique DNA

sequence detection, it can stream the data during a sequencing run

directly on a computer and analysis can be updated simultaneously.

Nanopore sequencing is also able to directly sequence RNA without

the traditional complementary DNA (cDNA) detour (Goodwin et al.,

2016; Koren and Phillippy, 2015; Lannoy et al., 2017; Loman and Pallen,

4 Mostly because of its to date unparalleled throughput and resulting low costs.

5 About the size of a small “office stapler” (Risse et al., 2015) that plugs into (and is

powered by) a Universal Serial Bus (USB) port. Because of their portability MinIONs

have been used in the field and even on the International Space Station. Also, the

small size makes the initial investment in hardware minimal in comparison to the

other machines.

6 Developed to be run plugged into smartphones.

7 A system that can run and analyze five MinION flow cells independently.

8 Currently, a variant of the E. coli curli fibre pore-forming protein CsgG serves as the

nanopore (Barnhart and Chapman, 2006; Lannoy et al., 2017).



1.1 bacterial genomics 9

2015). The major advantage of these third-generation techniques is the

superior read length: PacBio reaches read lengths in excess of 50 kb and

on average 10 – 15 kb, while with MinION read lengths close to 1 Mbp read lengths up to
1 Mbp

have been achieved
9
and can now routinely reach ∼150 kb with an av-

erage read length of 10 kb (Figure 3 on page 7) (Goodwin et al., 2016).

Because of these long reads, the third generation sparked a rejuvena-

tion of finishing bacterial genomes by simplifying the assembly prob-

lem, possibly even eliminating the concept of draft genomes (Chain

et al., 2009; Koren and Phillippy, 2015; Koren et al., 2013; Land et al.,

2015; Loman and Pallen, 2015; Loman et al., 2015). The biggest caveat,

however, is a higher error rate in comparison to second-generation

machines, because single DNA molecules without prior amplification

are sequenced (Jain et al., 2017; Lannoy et al., 2017). Last but not least,

both techniques can also detect methylation and other chemical base

epigenetic modifications that e. g. control expression levels in bacteria

and affect pathogen behavior (Jain et al., 2016; Loman and Pallen, 2015;

Simpson et al., 2017; Stoiber et al., 2016).

For further information on HTS have a look at the detailed overview

article of new sequencing techniques written by Goodwin et al. (2016).

However, the quick pace of hardware and chemistry development in

the field challenges the sluggishness of traditional scientific publish-

ing. More importantly, the rapid advancement of the field increasingly

strains the data analysis capabilities of microbiologists.

1.1.2 High-throughput data deluge and resulting challenges

HTS technologies and ever decreasing costs of cheap genomic data

generation
10

also brought the problem of dealing with huge amounts

of digital data to bacteriology (Pallen, 2016). This has resulted in a

cost shift from sequencing to data management and analysis (Land et

al., 2015). Thus, biology is currently undergoing the same “big data”-

driven changes as several physics disciplines did for the last decade, al- big data
beit with more complex/heterogeneous systems. Although it is cheap

to sequence bacterial genomes nowadays, massive additional costs for

data (computing power and storage) and bioinformatical expertise are

often underestimated (Loman et al., 2012a; Sboner et al., 2011).

An amusing example of the current problems is shown in Figure 4

on the next page from the manual of the pan-genome software tool

ROARY11 developed by Andrew J. Page from the Sanger institute (Page

9 The sequenced E. coli K-12 MG1655 genome was covered with just seven reads: http:
//lab.loman.net/2017/03/09/ultrareads-for-nanopore/

10 Sequence data generation is undercutting Moore’s law (the doubling of transistor

fittings on integrated circuits every year) by a factor of more than 10
3
. Thus, without

advancements in computer sciences and algorithms the facilities to store, process,

analyze, and maintain the data are not sustainable (Sboner et al., 2011). See https:

//www.genome.gov/sequencingcostsdata/.
11 https://sanger-pathogens.github.io/Roary/

http://lab.loman.net/2017/03/09/ultrareads-for-nanopore/
http://lab.loman.net/2017/03/09/ultrareads-for-nanopore/
https://www.genome.gov/sequencingcostsdata/
https://www.genome.gov/sequencingcostsdata/
https://sanger-pathogens.github.io/Roary/
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et al., 2015). It illustrates the current challenges with the data flood in

bacterial genomics, the shortage of trained microbiologists, and exag-

gerated expectations.

Figure 4: An excerpt from the ROARYmanual FAQ, illustrating the problems in

analyzing the large amounts of data obtained by modern bacterial

genomics (Page et al., 2015). Source: https://sanger-pathogens.

github.io/Roary/ accessed on the 29
th

of May 2017.

Although several companies were able to launch commercial HTS

technologies and corresponding workflows, this was not as successful

for downstreamdata analysis pipelines. Because of the immense speed

of HTS technology advancement commercial software suites have dif-

ficulties in standardization and keeping up. Algorithm and tool im-

provements are thus driven via open source development by dedicatedopen source
development

and enthusiastic (microbial) bioinformaticians (Pallen, 2016).

Microbial bioinformatics/computational biology, like microbiology,

is a maturing research field, which needs funding to develop tools,

databases, and a suitable career structure
12

(Pallen, 2016). Especially

training biology students, that can handle, analyze (particularly statis-

12 See a series of blog posts by Mick Watson on the

lonely/pet bioinformatician situation: http://www.opiniomics.org/

a-guide-for-the-lonely-bioinformatician/, http://www.opiniomics.

org/the-lonely-bioinformatician-revisited-clinical-labs/, http:

//www.opiniomics.org/how-to-recruit-a-good-bioinformatician/, and

http://www.opiniomics.org/youre-not-allowed-bioinformatics-anymore/

https://sanger-pathogens.github.io/Roary/
https://sanger-pathogens.github.io/Roary/
http://www.opiniomics.org/a-guide-for-the-lonely-bioinformatician/
http://www.opiniomics.org/a-guide-for-the-lonely-bioinformatician/
http://www.opiniomics.org/the-lonely-bioinformatician-revisited-clinical-labs/
http://www.opiniomics.org/the-lonely-bioinformatician-revisited-clinical-labs/
http://www.opiniomics.org/how-to-recruit-a-good-bioinformatician/
http://www.opiniomics.org/how-to-recruit-a-good-bioinformatician/
http://www.opiniomics.org/youre-not-allowed-bioinformatics-anymore/
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tical inferences), and get biological insights out of the acquired data,

has been one of the biggest challenges for several years and will be

in the future (Pevzner and Shamir, 2009). Applied computational biol-

ogy also challenges the current publishing system, as many essential

tasks for modern bacterial genetics, like tool/database advancement

and support, cannot be supported by additional high profile publica-

tions in contrast to the development of a new (and maybe obsolete)

tool (Section 3.1 on page 65). HTS changed and is changing the way all

microbiologists work, while genome sequencingwill become a routine

approach in research laboratories (Pallen, 2016). After all, as Jorgensen

(2011) eloquently put it

“we are all computational biologists now”

and we better be ready for it!

1.1.3 Bacterial (whole-genome shotgun) sequencing

Although, several hundred bacterial genomes can be sequenced in the

matter of a single day on a single second-generation HTS machine,

short sequencing reads are not suitable to close and finish
13

whole

bacterial genomes without gaps. Repeats that are longer than the read

length cannot be assembled unambiguously (the assembler starts to

assemble a new contig), which resulted in a large increase of bacte-

rial “draft” genomes (Figure 5 on the next page) (Chain et al., 2009;

Pop and Salzberg, 2008; Treangen and Salzberg, 2011). If a finished

genome was desired, the gaps in draft genomes were closed with in-

dividual PCR amplification and traditional Sanger sequencing (primer

walking) under significant resource investments and teams of people.

An alternative approach to span most genomic repeats is to sequence

paired reads, which are reads from the ends of size selected-inserts

separated by a known distance (Koren and Phillippy, 2015; Nagara-

jan et al., 2010; Phillippy, 2017). However, the increased read length

of third-generation sequencing techniques confers the ability to close

bacterial genomes without manual intervention by spanning large re-

peat stretches (alone or in combination with short read HTS). With

up-to-date sequencing techniques of the second and third generation

a bacterial draft genome can cost close to 1$ (Land et al., 2015; Loman

and Pallen, 2015) and most finished genomes can be completed for

under 1,000$ (Koren and Phillippy, 2015).

Draft genomes are sufficient for many analyses but naturally lack

in the elucidation of large-scale structural analysis of genomes (like

genome architecture, rearrangements, and synteny). Additionally, the

accuracy of studies is enhanced with finished genomes, by eliminating

13 Afinishedgenome sequencehasnearlynogaps, i. e. each replicon in a single contiguous

sequence, and is of highquality (Chain et al., 2009;Koren andPhillippy, 2015;MacLean

et al., 2009).
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mapping artifacts, missed gene calls, and inaccurate repeat assembly

(Koren and Phillippy, 2015; Koren et al., 2013).

Currently there are 8,890 finished and 90,023 draft prokaryotic (ar-

chaeal and bacterial) genomes stored in the Genbank repository
14

of

the National Center for Biotechnology Information (NCBI) (Figure 5 on

this page). The impact of HTS on the number of prokaryotic genomes

sequenced is tremendous, especially apparent in the explosion of

the number of draft genomes available. However, Figure 5 does not

even take the huge amounts of unassembled HTS bacterial genome

and metagenomic sequencing reads stored in NCBI’s Sequence Read

Archive (SRA) into account, which has grown even faster in the lastpreviously known as
the “Short Read

Archive”
decade and was 8,000 times bigger than the Genbank database in 2015.
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Figure 5: Number of prokaryotic (archaeal and bacterial) draft and finished

genome sequences, and the sumofdraft andfinishedE. coligenomes

stored each year in NCBI’s Genbank
14

database. The inset shows

the same numbers zoomed in for the finished and E. coli genomes.

Both bar charts were plotted with R (v3.4.0) (R Core Team, 2017)

and package ggplot2 (v2.2.1) (Wickham, 2009), and merged with

Inkscape.

14 Source: ftp://ftp.ncbi.nlm.nih.gov/genomes/GENOME_REPORTS/prokaryotes.

txt downloaded on the 25
th

of May 2017.

ftp://ftp.ncbi.nlm.nih.gov/genomes/GENOME_REPORTS/prokaryotes.txt
ftp://ftp.ncbi.nlm.nih.gov/genomes/GENOME_REPORTS/prokaryotes.txt
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The sequencing revolution in bacterial genomicswith its accompany-

inghigh resolution anddiscriminatorypower has lead to novel insights

(Bentley and Parkhill, 2015; Klemm and Dougan, 2016; McAdam et al.,

2014) into

• bacterial evolution and population dynamics

• HGT mechanisms and dispersion

• within host genetic diversification

• expanding our knowledge in the emergence, adaptation, and

transmission chains of pathogenic lineages

Close to 50% of available bacterial genomes are Proteobacteria (Land

et al., 2015), with currently 350 finished and 5,485 draft E. coli genomes

in Genbank
14

(Figure 5).

1.2 phylogenetic history, population genetics , and ge-

nomic evolution of commensal and pathogenic e . coli

Escherichia coli is not only the foremost molecular biology workhorse,

but also an exemplary organism for bacterial genomics. E. coliwas one

of the earliest microbial species to be completely sequenced in 1997
15

(Blattner et al., 1997). The species includes extremely diverse isolates

in regard to phenotype, that are mostly host-associated with several

animals but also able to persist in abiotic conditions. Additionally, E.
coli is famous for including both commensal and the alphabet soup

of pathogenic strains, “pathotypes”
16
. Because of this diversity E. coli E. coli pathotypes

has an open pan-genome (Figure 6 on the following page) and only

about 60% of each E. coli genome is considered to belong to its core

genome (Kaas et al., 2012; Land et al., 2015). HGT mediated by MGEs

plays a deciding role in the vast plasticity in E. coli genomes. Both the

phenotypic diversity (especially as a human pathogen) and the high

genome plasticity tempted to study the genome of the E. coli species in
great detail.

1.2.1 E. coli as an all-rounder: the thin line between commensalism and
pathogenicity

The following review article by Leimbach et al. (2013) describes the

current knowledge on the phylogenetic history, population genetics,

and evolution of extant E. coli. Emphasis is put on the relationship

15 Laboratory E. coli K-12 strain MG1655 was sequenced.

16 E. g. enterohaemorrhagicE. coli (EHEC), enteroaggregativeE. coli (EAEC), extraintestinal

pathogenic E. coli (ExPEC) . . . , see our Leimbach et al. (2013) review article in Sec-

tion 1.2.1.2 on page 15

17 https://www.genoscope.cns.fr/agc/microscope/home/index.php

https://www.genoscope.cns.fr/agc/microscope/home/index.php
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Figure 6: E. coli core and pan-genome boxplots with 30 selected E. coli
genomes: E. coli EAEC 042 (phylogroup D1), EAEC 101-1 (A), UPEC

536 (B2), EAEC 55989 (B1), commensal B REL606 (A), ETEC B7A (B1),

UPEC CFT073 (B2), commensal DH1 (A), ETEC E24377A (B1), com-

mensal ED1a (B2), ETECH10407 (A), commensal HS (A), commensal

IAI1 (B1),UPEC IAI39 (D2), commensalK-12 (A),AIECLF82 (B2),UPEC

NA114 (B2), commensal Nissle 1917 (B2), EHEC O103:H2 12009 (B1),

EHEC O157:H7 EDL933 (E), EHEC O157:H7 Sakai (E), EHEC O26:H11

11368 (B1), MNEC S88 (B2), commensal SE11 (B1), commensal SE15

(B2), environmental isolate SMS-3-5 (D2), UPEC UMN026 (D1), ETEC

UMNF18 (A), UPEC UTI89 (B2), and commensal W3110 (A). The

number of orthologous groups (OGs) in common to all respective

genomes (core genome) and the total number of OGs present in the

genomes (pan-genome) are shown. The boxplots represent the dis-

tribution of OGswith about 1,000 random different input order com-

binations of the genomes. With these 30 genomes the core genome

had 2,876 OGs and the pan-genome a total of 16,065 OGs. OGs were

calculated with 80% amino acid identity and coverage cutoffs to

cluster the gene protein sequences of the included E. coli genomes

with theMicroScope platform
17
(Vallenet et al., 2017). Figure plotted

with R (v3.4.0) (R Core Team, 2017) and package ggplot2 (v2.2.1)

(Wickham, 2009).
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E. coli as an All-Rounder: The Thin Line
Between Commensalism
and Pathogenicity

Andreas Leimbach, Jörg Hacker and Ulrich Dobrindt

Abstract Escherichia coli is a paradigm for a versatile bacterial species which
comprises harmless commensal as well as different pathogenic variants with the
ability to either cause intestinal or extraintestinal diseases in humans and many
animal hosts. Because of this broad spectrum of lifestyles and phenotypes, E. coli
is a well-suited model organism to study bacterial evolution and adaptation to
different growth conditions and niches. The geno- and phenotypic diversity,
however, also hampers risk assessment and strain typing. A marked genome
plasticity is the key to the great variability seen in this species. Acquisition of
genetic information by horizontal gene transfer, gene loss as well as other genomic
modifications, like DNA rearrangements and point mutations, can constantly alter
the genome content and thus the fitness and competitiveness of individual variants
in certain niches. Specific gene subsets and traits have been correlated with an
increased potential of E. coli strains to cause intestinal or extraintestinal disease.
Intestinal pathogenic E. coli strains can be reliably discriminated from non-path-
ogenic, commensal, or from extraintestinal E. coli pathogens based on genome
content and phenotypic traits. An unambiguous distinction of extraintestinal
pathogenic E. coli and commensals is, nevertheless, not so easy, as strains with the
ability to cause extraintestinal infection are facultative pathogens and belong to the
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normal flora of many healthy individuals. Here, we compare insights into phy-
logeny, geno-, and phenotypic traits of commensal and pathogenic E. coli. We
demonstrate that the borderline between extraintestinal virulence and intestinal
fitness can be blurred as improved adaptability and competitiveness may promote
intestinal colonization as well as extraintestinal infection by E. coli.
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1 E. coli: A Versatile Species

The bacterial species Escherichia coli (E. coli) is a member of the family
Enterobacteriaceae, located taxonomically within the gamma subdivision of the
phylum Proteobacteria. E. coli is best known as a ubiquitous member of the
normal intestinal bacterial microflora in humans, other warm-blooded animals, and
reptiles (Kaper et al. 2004; Lukjancenko et al. 2010).

Normally, E. coli persists as a harmless commensal in the mucous layer of the
cecum and colon. The Gram-negative, motile bacterium has adapted its metabolism
very successfully to this nutritional ecological niche, holding its ground against
more than 500 other bacterial species (Tenaillon et al. 2010). E. coli colonizes the
infant gut within hours of birth and establishes itself as the most abundant facultative
anaerobe of the human intestinal microflora for the remainder of life, equipped with
the abilities to grow in the ever-changing environment in the gut and cope with the
mammalian host interaction. Nevertheless, E. coli can survive in many different
ecological habitats, including abiotic environments, and is considered a highly
versatile species. Population expansion paired with a differential niche adaptation in
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the last 5 million years led to disparate lifestyles of E. coli strains, while adapting to
a multitude of environments under specific selective pressures. The astonishing
metabolic and regulatory capabilities of E. coli facilitate the colonization of different
ecological niches, as well as survival under long periods of non-growth. Known
habitats of E. coli include soil, water, sediment, and food. Some strains of E. coli
have evolved and adapted to a pathogenic lifestyle and can cause different disease
pathologies (Kaper et al. 2004; Crossman et al. 2010; Diaz et al. 2001; Hendrickson
2009; Wirth et al. 2006).

Pathogenic E. coli strains can be divided into intestinal pathogenic E. coli
(IPEC) and extraintestinal pathogenic E. coli (ExPEC), depending on the site of
infection. Both are further subcategorized into distinct pathotypes, defined as a
group of strains of a single species with certain pathogenic traits. Pathotype
classification is based on the clinical manifestation of disease, the virulence factors
(VFs) involved, and the phylogenetic background. The most prominent IPEC
pathotypes are enteroaggregative E. coli (EAEC), enterohaemorrhagic E. coli
(EHEC), enteroinvasive E. coli (EIEC), enteropathogenic E. coli (EPEC), enter-
otoxigenic E. coli (ETEC), diffusely adherent E. coli (DAEC), and adherent
invasive E. coli (AIEC). Uropathogenic E. coli (UPEC), meningitis-associated E.
coli (MNEC), septicemia-associated E. coli (SEPEC), and avian pathogenic E. coli
(APEC) are the most common ExPEC pathotypes (Kaper et al. 2004; Crossman
et al. 2010; Croxen and Finlay 2010). The different lifestyles make E. coli a good
candidate to study the interplay between host and bacterium, and the relationship
between mutualism, commensalism, and pathogenicity.

2 Population Genetics of E. coli

The ECOR (E. coli reference) strain collection was established by Ochman and
Selander based on multi-locus enzyme electrophoresis (MLEE) results (Ochman
and Selander 1984). This collection comprises 72 isolates from human and 16
other mammalian hosts and was chosen to represent the genetic diversity of the
species E. coli. Surprisingly, even today in the age of genomics this holds true in
most cases. The collection is classified into five major phylogenetic lineages, A,
B1, B2, D, and E (Fig. 1). Group A, including mostly commensal E. coli, and B1
are sister taxa and the youngest lineages in E. coli phylogeny. Phylogroup B1 is
constituted of an assortment of different pathotypes and commensals, including
non-O157 EHEC. Phylogroups B2 and D diverged simultaneously early in the
history of E. coli evolution. B2 comprises many of the ExPEC strains and shows
the highest diversity in gene content and on the nucleotide level, consistent with
the early emergence of the group in the phylogenetic E. coli tree. Group D is
polyphyletic and split into two clades by the root of the phylogenetic tree (with
Escherichia fergusonii as outgroup, a close relative to E. coli). Group D1, com-
posed of UPEC and EAEC isolates, clusters close to A, B1, and E, whereas group
D2, containing ExPEC and environmental strains, clusters with phylogroup B2.

E. coli as an All-Rounder 5
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Fig. 1 Phylogeny of a selection of complete E. coli genome sequences based on a whole genome
alignment. The alignment was calculated with Mugsy (Angiuoli et al. 2011) and only alignment
regions present in all analyzed E. coli were extracted. These regions were concatenated and
positions with gaps removed (Sahl et al. 2012). The resulting core alignment (2.45 Mb) was used
to infer a maximum likelihood tree with RAxML (version 7.3.2) and its rapid bootstrapping
algorithm (Stamatakis 2006; Stamatakis and Ott 2008). The GTRGAMMA model for nucleotide
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shown at the nodes. The tree was visualized with Dendroscope (version 3.2.2) (Huson and
Scornavacca 2012). The ECOR phylogroups are indicated and the pathotype of each E. coli strain
is given in the legend. Escherichia fergusonii was used as outgroup
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AIEC, which are commonly found in ileal lesions of Crohn’s Disease patients, also
cluster in phylogroup B2, with a close relationship to ExPEC strains. Finally,
group E which forms a separate clade of O157:H7 EHEC and O55:H7 EPEC
strains, lies in the middle of these E. coli histories. The ‘‘E. coli pathotype’’
Shigella, retained as a genus for historical reasons, is phylogenetically close to
groups A, B1, and E. Although contradictory results were obtained in the past, the
overall topology described above was confirmed by several methods, including
MLST (multi-locus sequence typing), feature frequency profiles, and whole gen-
ome phylogeny of the core genome of several E. coli strains (Fig. 1) (Wirth et al.
2006; Chaudhuri and Henderson 2012; Chaudhuri et al. 2010; Escobar-Paramo
et al. 2004a; Ogura et al. 2009; Sims and Kim 2011; Touchon et al. 2009). The
phylogenetic neighborhood of geographically remote E. coli isolates supports the
notion of a rapid worldwide spread of an evolutionary common ancestor (maybe
with the advent of mammals) and selection in specific habitats (Chaudhuri and
Henderson 2012).

An MLST analysis by Escobar-Páramo et al. suggested that a certain phylo-
genetic core genome is necessary to support expression, regulation, and mainte-
nance of VFs (Escobar-Paramo et al. 2004b, 2006). However, a closer look at the
ECOR collection in connection with a large-scale analysis of diverse E. coli
isolates (462 isolates) by the group of Mark Achtman came later to another
conclusion. Their application of a different MLST scheme showed that much more
homologous recombination takes place in the species E. coli than initially thought.
Thus, the proposed predominant clonal evolution of E. coli was second-guessed, as
recombination obscures any phylogenetic association with pathovar or habitat
(Wirth et al. 2006; Leopold et al. 2011). However, MLST schemes only analyze a
very small portion of the genome by observing a small number of genes. This is a
problem in MLST, as one of these genes might even be subject of lateral transfer
between strains, leading to somewhat incongruent phylogenetic trees that do not
correlate with the genome content of a bacterium (Ochman and Selander 1984;
Chaudhuri and Henderson 2012; Sims and Kim 2011).

But despite the dynamic nature of the E. coli genome, the overall chromosome
structure is stable and the core genome largely co-linear between genomes; only few
rearrangements are detected. Most of the variation takes place by insertion or
deletion events in chromosomal hotspots, hotspots, like tRNA-neighboring regions
(Tenaillon et al. 2010). Homologous recombination can obscure the phylogenetic
signal in the E. coli core genome and can lead both to divergence as well as con-
vergence. Touchon et al. hypothesized that a single nucleotide was 100 times more
prone to be involved in genetic transfer than mutation (Touchon et al. 2009). Nev-
ertheless, an estimation of recombination within the core genome of E. coli estimated
that only about 10 % of the core genome is affected and identified recombination
events were in most cases small (\2 kb) (Mau et al. 2006). Thus, recombination in E.
coli has not disrupted the phylogenetic signal of the core genome as long as the
analyzed sequence is long enough. Hence, the aforementioned problem with MLST
techniques based on a few selected chromosomal loci is genuine.

E. coli as an All-Rounder 7
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As solution emerged the new ‘‘gold standard’’ of phylogenetic analysis, whole
genome phylogeny. The method leads to clear phylogenetic signals in E. coli, as
exemplified by robust tree phylogenies calculated with different methods. As a result,
the predominantly clonal population structure of E. coli can be used to delineate the
major phylogenetic groups described above (Fig. 1) (Tenaillon et al. 2010; Chaudhuri
and Henderson 2012; Sims and Kim 2011; Leopold et al. 2011). With this information,
several genomic features can be related to the major phylogenetic groups outlined by
the ECOR collection. For example, Rhs elements are arranged according to the
phylogroups (Hill et al. 1995), but also VFs like the Yersisina ‘high pathogenicity
island’ (HPI) (Clermont et al. 2001) and the putative type III secretion system ETT2
(Ren et al. 2004). Additionally, a connection can also be found in the distribution of
extraintestinal pathotypes and phylogenetic ancestry. While strains from ECOR
phylogroups A and B1 usually do not exhibit ExPEC phenotypes and lack ExPEC VFs,
ECOR B2 and D cluster the majority of ExPEC strains (Boyd and Hartl 1998). The five
major phylogenetic groups might even represent diverse ecological niches, as they
have a different distribution in humans, domesticated animals, and wild animals
(Tenaillon et al. 2010). There is, however, no direct correlation between the pathotype
and phylogenetic lineage. Comparison of genome coverage and nucleotide identity of
selected IPEC, ExPEC and commensal E. coli relative to non-pathogenic E. coli
ATCC8739 could not reveal marked overlaps. No correlation among pathotype and
genome coverage of the reference or the query can be seen, but rather correlation
between phylogroups (Fig. 2).

Fig. 2 Genome content comparison of completely sequenced E. coli strains. The commensal
E. coli isolate ATCC 8739 was chosen as a reference. All the other E. coli genomes were aligned
against the reference with the dnadiff script of the MUMmer package (version 3.22) (Kurtz et al.
2004). Coverage of E. coli ATCC 8739 is indicated in red, coverage of the respective query in
black, and identity of the aligned sequences in blue. No correlation between pathotype and
genome coverage of the reference or the query can be seen, but rather correlation between
phylogroups
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Each pathotype forms multiple phylogenetic clades and has arisen polyphy-
letically several times via parallel evolution. Phylogenetic trees based on the
complete genome sequences of E. coli strains support these observations. Thus,
convergent evolution of E. coli strains resulted in nowadays pathotypes (Fig. 1).
This supports the notion of extensive horizontal gene transfer (HGT) in E. coli and
the transmission of the genetic source of whole pathotypes in a single step via
mobile elements, like PAIs, plasmids, and phages (Reid et al. 2000; Whittam et al.
1993). Moreover, a comparison of whole genome phylogeny to metabolic distance
estimation also showed that pathotypes cannot be grouped together. Differences in
metabolic reactions and networks between strains rather evolve in a phylogenetic
manner and follow the ECOR phylogroups. As an exception ECOR A and B1
exhibit a major intersection in their metabolic capabilities, consistent with their
most recent differentiation. Only the ‘‘pathotype’’ Shigella has converged pheno-
typically to a distinct metabolic profile relative to the other E. coli. This is in
contrast to the close phylogenetic clustering of Shigella and E. coli strains based
on genomic data (Chaudhuri and Henderson 2012; Vieira et al. 2011).

Whole genome sequencing shed light on the parallel evolution of several E. coli
IPEC pathotypes, like EPEC (Iguchi et al. 2009; Rasko et al. 2008) EAEC (Chau-
dhuri et al. 2010; Touchon et al. 2009; Rasko et al. 2008), and ETEC (Crossman et al.
2010; Rasko et al. 2008; Sahl et al. 2011; Shepard et al. 2012). All of these patho-
types are phylogenetically diverse, occur in different phylogenetic E. coli lineages,
and have only a few pathotype-specific genes, except for the most common virulence
markers. In the case of ETEC, no pathotype-specific genes could be detected at all.
ETEC, however, do share a genomic core with each other in comparison to other
pathotypes (Crossman et al. 2010; Sahl et al. 2011). Genome sequence analysis of
several distantly related AIEC isolates of different serotypes came to the same result
(Clarke et al. 2011; Krause et al. 2011; Miquel et al. 2010; Nash et al. 2010). Early
genomic studies on EHEC O157:H7 confined phylogenetic analysis in the context of
the diversity of the pathotype and the species. O157:H7 strains share the same
phylogenetic history and therefore have similar genome content (Hayashi et al.
2001; Perna et al. 2001). EHEC O157:H7 strains are hypothesized to have arisen
from an O55:H7 EPEC precursor by the acquisition of additional VFs, like the
phage-encoded Shiga toxin. This is reinforced by their close clustering in phylo-
genetic analyses, as well as the additional whole genome sequencing of O55:H7
EPEC isolates and draft genome sequencing of intermediates (Rump et al. 2011;
Zhou et al. 2010). However, also the EHEC pathotype evolved on several occasions,
as exemplified by non-O157:H7 EHEC, which are phylogenetically ranked in
ECOR phylogroup B1 (Fig. 1) (Ogura et al. 2009). These studies highlight the need
of choosing phylogenetically diverse E. coli isolates for sequencing, without the bias
of selecting the most clinically relevant strains. Only the whole genome analysis of
sufficient isolates can establish a significant phylogenetic ancestry and the parallel
emergence of distinct pathotypes.

E. coli as an All-Rounder 9
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3 Genome Plasticity: The Key to Diversity

Underlying the amazing metabolic and phenotypic diversity of E. coli is a very
dynamic genome structure. A genome of a species can be classified in two cate-
gories. On one the hand, the core genome is defined as the genes that are present in
all strains of one bacterial species. It includes mostly essential housekeeping genes
involved in replication, transcription, and translation. The core genome makes up
the genomic backbone of a bacterial species, defining the basic metabolic func-
tions. On the other hand, the flexible/dispensable genome comprises genes that are
only present in a few strains or unique to single isolates, so-called singletons.
These genes are responsible for diverse phenotypes and adaptations to specific
environmental conditions in a population or species (Medini et al. 2005). They
often show high rates of nucleotide sequence variability. Examples for the flexible
gene pool are mobile elements, like plasmids, phages, and genomic islands (GEIs),
summarized as the ‘‘mobilome’’. In the context of pathogenicity, the flexible gene
pool encodes for fitness and VFs, which give the pathogen the potential to colonize
the host and cause disease. The combination of the core and the flexible genome
makes up the pangenome, i.e., the total gene repertoire of a species (Tettelin et al.
2005). The pangenome of a species is many times larger than the genome of a
single bacterium (Medini et al. 2005, 2008; Tettelin et al. 2005, 2008; Hacker and
Dobrindt 2006).

3.1 Mobile Elements and Their Role in E. coli Evolution

Gene acquisition by HGT, together with homologous recombination as well as
genome reduction events, account for a large fraction of genetic flexibility in a
bacterial species, between species, and also higher taxa (Dobrindt et al. 2004;
Hacker et al. 2003). Therefore, a pangenome might not only be constricted to the
species taxonomic level.

Intra-strain factors for genome diversity are the occurrence of point mutations,
genome reduction by deletion events, and the function of accessory elements, like
insertion sequence (IS)-elements, transposons, and integrons, that can jump into
different sites on replicons. These accessory elements further enhance homologous
recombination, which can lead to large-scale genomic rearrangements. In addition,
accessory elements are also shuttled by mobile elements between strains (except
for the special case of conjugative transposons, which can transmit themselves)
(Dobrindt et al. 2004; Ambur et al. 2009; Jackson et al. 2011; Schubert et al.
2009). The resulting genomic diversity can then propagate vertically inside a
population by clonal proliferation.

Mobile elements are the driving force of HGT, as well as the major origin of the
flexible gene pool. Thus, vectors for inter-strain transfer are plasmids, phages,
GEIs, or chromosomal DNA by the mechanisms of conjugation, transduction, or
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natural transformation, respectively (Dobrindt et al. 2004; Juhas et al. 2009;
Wiedenbeck and Cohan 2011). Although E. coli was traditionally not considered
to be naturally competent, recent reports indicate otherwise and show a yet
uncharacterized transformation mechanism under certain environmental condi-
tions (Etchuuya et al. 2011). Because E. coli thrives in contact to the gut
microbiome with a diverse bacterial community, a manifold flexible gene pool is
available for HGT (Tenaillon et al. 2010).

Bacterial chromosomes are highly organized in relation to their interaction with
cellular processes like replication, segregation, transcription, and translation, as
well as regulatory elements and operons. Thus, insertion or deletion of DNA
regions can disrupt this organization or regulation structure. Selection should
therefore allow insertion/deletion only at certain positions in the genome, which
are not restricted by organizational constraints. Touchon et al. suggested that, once
a rare, large integration event disrupts the chromosome order in a permissive
region, this less perfectly adapted region opens the way to future recombination
events through a ‘‘founder effect’’ for additional HGT, leading to an integration
hotspot (Touchon et al. 2009). GEIs and their subgroup pathogenicity islands
(PAIs) most likely originate by genome integration and loss of mobile function
events of former lysogenic bacteriophages and plasmids. Afterwards, demobilized
elements are passed on in a vertical fashion within different E. coli phylogenetic
lineages. These islands cluster novel genes because they are often genetically
unstable, serve as integration hotspots and undergo further evolution with the help
of mobility genes (Hacker et al. 2003). Integrases, transposases, and their asso-
ciated elements, integrons, IS elements and transposons, are key in these
processes. Successive integrations of (foreign) genes or deletions in islands result
in their typical mosaic-like genetic structure. Also bacteriophages show a very
high composite structure and positional diversity, therefore contributing exten-
sively to genome diversity and rearrangement. As a consequence, novel genes in a
bacterium occur in higher proportions on mobile or formerly mobile elements,
which is in accordance with the concept of the flexible gene pool and the mobi-
lome. The above-mentioned mobility genes are also required for chromosomal
integration and excision of GEIs and phages, with a possible subsequent transfer to
other recipients (Dobrindt et al. 2004; Juhas et al. 2009; Ho Sui et al. 2009;
Schneider et al. 2011). Although island contents differ, many of the same chro-
mosomal regions serve as insertion sites via site-specific recombination. Espe-
cially, tRNA-encoding genes are hotspots of bacteriophage and island insertions,
as different non-related mobile elements can be found associated with them.

GEIs and PAIs can store a large pool of novel genes accessible for adaptation
and innovation. Bacterial strains can thus draw foreign genes from the environ-
ment for short-term adaptation and survival strategies. The large size of such
islands makes it possible to transfer new phenotypes depending on several genes or
operons in a single step (Dobrindt et al. 2004; Ho Sui et al. 2009). Both, gene
acquisition via HGT and genome reduction, are reflected in the variable sizes of
E. coli genomes, which range from *4.6 to *5.7 Mb. More than 1 Mb of DNA
can be absent between one E. coli and another! As with novel genes, also VFs are
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over-represented and clustered on mobile, or formerly mobile genetic entities,
especially PAIs. Accordingly, HGT plays an important role in propagating viru-
lence determinants between different bacterial strains and species. This is espe-
cially disturbing with respect to antibiotic resistances, often encoded by integrons
and resistance islands. As PAIs serve as integration sites for other accessory
genetic elements encoding for VFs, concentrating virulence genes in specific
genomic regions, distinct pathogenic and resistance phenotypes can be rapidly and
simultaneously acquired. This ensures successful uptake and integration into
existing regulatory networks in the recipient. GEIs or PAIs can, however, also be
deleted in a single step (Tenaillon et al. 2010; Medini et al. 2008; Ho Sui et al.
2009; Dobrindt 2005).

Gene acquisition by HGT and gene loss is extensive in E. coli resulting in the
above-described pathotypes with distinct pathogenic capabilities, independent of
phylogenetic lineages. The E. coli genomic backbone is composed of clonally
evolving DNA segments, disrupted by dispensable DNA fragments introduced via
homologous recombination and insertion of horizontally acquired DNA. Early on,
a model of clonal frames of different ages was suggested, which proposes clonal
propagation of chromosomes with advantageous mutations. The clonal frames are
punctuated by region of differences introduced by mobile elements, resulting in a
mosaic genome structure (Dobrindt 2005; Milkman and Bridges 1990). In the light
of the previous observations, this model holds still true today.

Because of these interesting discoveries, Goldenfeld and Woese challenged the
traditional bacterial taxonomy and species concept. They hypothesize, that the
flexible gene pool is a possibility for bacteria to absorb and discard genes as
dictated by selective pressures. In their view, single genomes do not exist, but a
continuum of genomic possibilities, discarding the microbial species concept.
Especially phages act as a repository and memory of genetic information, i.e. the
flexible gene pool, and contribute to the genetic dynamics and stability of bacterial
communities. Their assumptions are in accordance with the concept of the
pangenome and a mosaic-like genome structure, albeit different terminology
(Goldenfeld and Woese 2007). It has also been suggested, that the diversity and
overlap in the gene content of Enterobacteriaceae, like Shigella and Escherichia,
reflects a continuum rather than sharp species borders (Lukjancenko et al. 2010).

3.2 Genome Content and Phenotypic Variation

The recent drastic accumulation of genomic data revealed some surprising results,
supporting the concept of core, dispensable, and pangenome. On the one hand, the
core genome within the species E. coli is largely co-linear between genomes.
Conserved syntenic DNA regions compared between any two E. coli strains show
only up to 3 % nucleotide divergence. On the other hand, sequencing projects
discovered a surprisingly high intra-species diversity in E. coli, in an order of
magnitude never dreamed of in the pre-genomics era. It is estimated that only
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*40 % of the combined E. coli proteins are conserved among all strains, a set of
*2,200 genes with high homology constituting the core genome (Tenaillon et al.
2010; Chaudhuri and Henderson 2012; Touchon et al. 2009). The residual 60 %
make up the dispensable gene pool of paralogs, alleles and singletons often
colocalized on mobile elements. The unexpected low number of genes, which
make up the core genome, exemplifies the high plasticity of the E. coli genome,
which results in the diverse adaptation strategies of different strains (Tenaillon
et al. 2010). The divergence of E. coli lifestyles is based on a high versatility and
adaptability to manifold environments, which in turn promotes HGT and results in
an open pangenome structure. Sequencing of new E. coli genomes leads to the
discovery of novel singletons within the species, extending the size of the
pangenome and characterizing an open pangenome. Recent calculations of the E.
coli pangenome resulted in more than 18,000 genes, while a typical E. coli genome
has around 5,000 genes (Chaudhuri and Henderson 2012; Touchon et al. 2009;
Rasko et al. 2008; Tettelin et al. 2008; Halachev et al. 2011).

Because a bacterial genome size is finite, non-essential adaptations have to rely
on the flexible genome via mobile elements and a tradeoff between gene loss and
acquisition. The described E. coli genome plasticity illustrates the diversity of
phenotypic adaptations present in the species. Accordingly, genes responsible for a
certain phenotype, e.g. packaged on islands, should be only found in strains, in
which these genes contribute to adaptation to a specific environment. Also, dif-
ferent alleles or alternative combination of genes can promote adaptation to a
given environment (Tenaillon et al. 2010). This is also the case for VFs and their
associated E. coli pathotypes. Although in vitro studies are somewhat artificial, it
was shown that only a small amount of genes can support the life of a bacterial
cell. Databases like the Online GEne Essentiality database (OGEE) (Chen et al.
2012) and the PEC database (Profiling of E. coli Chromosome) (Hashimoto et al.
2005; Kato and Hashimoto 2007) report on about 300 genes in E. coli K-12 (both
MG1655 and W3110), which are essential for robust aerobic growth in rich media
(of a total of *4,500 genes). This is reinforced by targeted mutagenesis studies,
like the Keio collection of single E. coli mutants, which resulted in the detection of
*300 essential genes (Baba et al. 2006). The residual genes, which make up the
core genome of the species E. coli, are most likely genes important for in vivo
colonization and growth in the mammalian intestine. Hence, the small amount of
genes of the E. coli core genome, described above, seems quite possible.

In contrast to the low number of core genes that were detected in E. coli, the core
reactions of the E. coli metabolome have a broader scale. Of 1,545 metabolic
reactions forming the E. coli panmetabolome, 57 % are core reactions common to all
strains analyzed. Anabolic reactions are the majority in the core metabolome,
whereas catabolic reactions are over-represented in the dispensable metabolome.
This can be a result of specific niche-adapted catabolic processes. In contrast to the
open pangenome structure in E. coli, the panmetabolome already reached a plateau
with the analysis of 29 E. coli strains. Hence, metabolic functions are less diverse
than overall gene functions, a possible result of the conservation of genes encoding
for enzymes. Additionally, phenotypic comparisons between E. coli strains show
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even less diversity than predicted by in silico metabolic constructions. This might be
an indication of redundant uncharacterized pathways and regulation mechanisms of
novel metabolic pathways (Chaudhuri and Henderson 2012; Vieira et al. 2011).

Genome sequencing of environmental E. coli isolates widened the horizon on
the genomic capabilities of the highly adaptive species. Although E. coli is
traditionally considered a commensal of the mammal intestinal systems and used
as an indicator of fecal contaminations, E. coli strains can also adapt to abiotic
environments. A saprophytic lifestyle in sediment and water, depending on
nutrient availability and temperature, has been proposed (Tenaillon et al. 2010;
Berger et al. 2010; Holden et al. 2009). Although isolates from the gastrointestinal
tract have dominated the sequencing facilities, environmental isolates have also
been sequenced. They might even contribute to the spread of antibiotic resistances
between E. coli strains, as survival for longer periods outside of animals is fea-
sible. But, because of their geographic isolation, HGT most likely is limited
(Fricke et al. 2008; Luo et al. 2011). Environmental strains illustrate that the
genomic diversity represented in the ECOR collection does not cover the whole
diversity of the species E. coli. The application of MLST analyses brought the idea
of isolates lying outside the ECOR diversity (Wirth et al. 2006). More detailed
analysis with extended MLST and whole genome sequencing, demonstrated
phenotypically undistinguishable, but genotypically divergent E. coli isolates.
These were classified into five Escherichia clades, C–I to C–V. Escherichia iso-
lates from clades C–II to C–V are more prominent in the environment than being
enteric, with exception of C–I, which is closest related to ECOR strains. Thus,
these strains might be better adapted for an abiotic lifestyle, shown in the absence
of certain nutrient transporters/utilization systems abundant in the gastrointestinal
tract. The final nomenclature of these new clades, as new species in the genus
Escherichia or as divergent E. coli species, is still under debate (Luo et al. 2011;
Walk et al. 2009).

3.3 Genome Plasticity and Evolution of Pathogenic E. coli

Bacteria have to face changes in their environment. This is especially true for
commensal or pathogenic bacteria as they have to deal with extensive and dynamic
variations in their co-evolving hosts (Medini et al. 2008). Nevertheless, the
versatile pathogen E. coli kills about two million humans per year, both through
intestinal and extraintestinal diseases (Tenaillon et al. 2010). Genome structure
and size reflects bacterial lifestyle and seem to be driven by evolutionary forces.
Strictly host-dependent bacteria, like intracellular ones, have reduced genomes via
deletion mechanisms, because they rely on the host metabolism for the functions
they have lost. This is a specific case of niche adaptation. On the contrary, gene
acquisition via HGT is a common trait among extracellular bacteria, including
facultative pathogens, symbionts, and environmental bacteria. Here, mobile ele-
ments increase adaptability to ever-changing environments and need a larger gene
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pool to address different metabolic needs (Medini et al. 2008; Dobrindt et al.
2004). Moreover, commensal E. coli strains mostly have smaller genome sizes
than pathogenic strains. This might be an indication of reductive convergent
evolution, but probably just reflects the shedding of unnecessary virulence-asso-
ciated genes (Chaudhuri and Henderson 2012; Sims and Kim 2011).

IPEC and ExPEC strains differ in their genetic makeup as well as their phy-
logenetic past. Various IPEC pathotypes were traditionally considered to be clonal,
characterized by common serotypes, which have evolved under adaptation to the
respective niches as distinct genetic types. Early HGT events played a vital role in
the emergence and subsequent divergence of these clones. However, recombina-
tion keeps evolution in progress, resulting in very dynamic and diverse genome
structures (Kaper et al. 2004; Hacker and Dobrindt 2006; Castillo et al. 2005;
Didelot et al. 2012; Laing et al. 2009). Additionally, mobile elements mediate the
ordered gain and loss of genetic elements in various E. coli pathotypes and enable
the parallel evolution of separate clones with a polyphyletic phylogenetic root that
undergo convergent evolution to specific pathogenic capabilities. Thus, with the
availability of genomes from several strains from one pathotype the present-day
view of IPEC pathotype emergence took shape (Fig. 1) (Chaudhuri and Henderson
2012; Reid et al. 2000). The potential to interact with one another, e.g. in the
intestinal environment, makes the acquisition of complex pathogenic phenotypes
possible, as described above (Ren et al. 2004). Novel combinations of VFs
increase the bacterium’s capacity to adapt to new niches and allow these E. coli
clones to cause a broad spectrum of diseases. Only the most successful sets of VFs
develop into pathotypes of E. coli, capable of causing disease in healthy indi-
viduals (Kaper et al. 2004; Hacker and Dobrindt 2006).

ExPEC differ from IPEC, because these facultative pathogens were traditionally
already regarded as derived from different phylogenetic groups, illustrated for
instance by their diversity of serotypes. Additionally, they do not host an unam-
biguous distinctive repertoire of VFs characteristic for a specific type of disease
(Dobrindt 2005; Köhler and Dobrindt 2011). Various combinations of VFs can
lead to the same extraintestinal disease outcome, which solely defines an ExPEC
pathotype. Genome sequencing projects revealed extensive genome diversity
among ExPEC, but also identified some pathotype-specific genes including toxins,
iron acquisition systems, adhesins, lipopolysaccharides (LPS), polysaccharide
capsules, proteases, and invasins. Again, these factors are frequently encoded on
mobile elements (Dobrindt 2005; Köhler and Dobrindt 2011; Brzuszkiewicz et al.
2006; Chen et al. 2006; Johnson et al. 2007; Lu et al. 2011; Moriel et al. 2010;
Welch et al. 2002).
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4 Genomic Differences Between ExPEC and Commensal
E. coli

Many ExPEC virulence-associated features are also present in commensal E. coli.
Whereas the role of E. coli as an extraintestinal pathogen has been intensely
studied for decades, much less is known about specific traits of commensal vari-
ants and how they may be adapted to the mammalian gut. Studies on the diversity
of the E. coli fecal flora from individual human hosts indicated that intra-host
diversity is variable: usually one predominant strain exists at a given time-point
which is accompanied by other strains which are less frequent. The predominant
strain often colonizes for longer time periods, i.e. months or even years, whereas
the less frequent strains are transient, colonizing only for days or weeks (Escobar-
Paramo et al. 2004a; Caugant et al. 1981; Sears and Brownlee 1952; Sears et al.
1950). Commensal E. coli isolated from the porcine intestine were shown to be
genetically quite diverse. A large fraction of these commensals carried at least one
bacteriocin gene which is frequently plasmid-encoded. The prevalence and type of
colicin determinants varied among the isolates with respect to the gut region from
which they have been isolated. Similarly, these isolates exhibited a non-random
distribution of several plasmid replicon types. In conclusion, a broad variety of
commensal E. coli exists in the porcine intestine with different characteristics
depending on the intestinal region from which they have been isolated (Abraham
et al. 2012).

Different E. coli phylogroups have been associated with different gut niches
before (Dixit et al. 2004). When plasmid relatedness and diversity of colicin
determinants were compared between different APEC, UPEC, and E. coli from
avian or human fecal samples, a great overall plasmid variability was observed as
well. Interestingly, IncFIB plasmids occurred significantly more frequent in APEC
relative to UPEC and avian or human fecal E. coli. APEC also carried more
frequently colicin genes than UPEC, or fecal isolates from birds or humans. As a
result, some commensals might be distinguished from extraintestinal pathogenic
variants because of their plasmid content. The ability to acquire and propagate
certain plasmid types can differ between commensal and pathogenic E. coli sub-
groups (Johnson et al. 2007; Smajs et al. 2010).

A survey of phylogenetic groups and PAI markers in commensal E. coli from
Chinese individuals indicated that phylogroup A strains were the most common. In
addition, almost 50 % of all randomly selected fecal strains carried known PAIs
(Li et al. 2010). Other screenings of ExPEC and fecal E. coli indicate that although
the mean number of PAIs per isolate was higher among UPEC than in commen-
sals, statistical differences among group B2 UPEC or commensals could not be
observed, suggesting that the intestinal flora may act as a reservoir for bacteria that
can cause urinary tract infection (Tenaillon et al. 2010; Grasselli et al. 2008;
Sabaté et al. 2006). On the other hand, several ExPEC virulence genes, such as
hlyA (a-hemolysin), fyuA (yersiniabactin receptor), traT (serum resistance-asso-
ciated outer membrane protein), and iutA (aerobactin receptor) were found to be
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independent predictors for pathogenicity. Especially two of them, iutA and traT,
were significantly more common in E. coli isolates carrying certain antibiotic
resistance genes as well (Lee et al. 2010). The observed differences in the prev-
alence of certain phylogroups and gene contents are assumed to depend on host
characteristics, such as diet or the physical complexity of the hindgut (Gordon and
Cowling 2003), as well as on the environment in which a given animal or human
population lives (Escobar-Paramo et al. 2006).

4.1 ExPEC Virulence or Fitness Traits: A Matter
of Perspective, Niche or Strain Background

From the fine line that distinguishes commensal E. coli from ExPEC two questions
arise: What is an ExPEC virulence factor and can we exclude that these factors
solely promote ExPEC pathogenesis? Several bacterial traits and so-called VFs
have been described to contribute to extraintestinal infection (Table 1). Although
their role in ExPEC pathogenesis and their prevalence in ExPEC isolates has been
demonstrated, several of them can be found in commensal E. coli strains as well,
thus questioning their exclusive role during ExPEC pathogenesis and our under-
standing of the evolution and adaptation of ExPEC. So-called ExPEC virulence-
associated genes are often located on PAIs and plasmids. Several of these PAIs and
plasmids are found in ExPEC, but their role in commensal bowel colonization and
persistence is unknown. Interestingly, commensal E. coli capable of long-term
intestinal colonization often belong to phylogroup B2 and D, and frequently
express adhesins (P fimbriae and type 1 fimbriae), capsular antigens (K1 and K5),
the toxin a-hemolysin, as well as the siderophore system aerobactin. With regard
to the prevalence of these virulence—or fitness-associated genes and phylogroup
allocation, these strains resemble typical ExPEC isolates. The accumulation of
these PAI markers in commensal E. coli correlated positively with their time of
persistence in the colon. In addition, ECOR group B2 and D strains which usually
carry many of the above-mentioned genes were shown to have superior capacity to
persist in the infantile colonic microbiota. Accordingly, certain ExPEC virulence
traits improve the colonizing capacity of phylogroup B2 strains and thus intestinal
persistence. They have probably evolved primarily because they increase the fit-
ness of E. coli in its natural niche and thus enhance their survival in the intestine
(Diard et al. 2010; Le Gall et al. 2007; Nowrouzian et al. 2001, 2003, 2005, 2009;
Ostblom et al. 2011; Schierack et al. 2008; Wold et al. 1992). Comparative
genomics of commensal E. coli strain SE15 revealed that this strain carries fewer
known ExPEC virulence genes than other commensal strains of phylogroup B2,
e.g. ED1a and EcN. Consequently, analysis of traits present in strain SE15, but
absent from ED1a and EcN, may help to identify traditional ExPEC virulence-
related genes which may be necessary for commensal E. coli to colonize the
human gut (Toh et al. 2010). Genome sequence analysis of commensal isolate
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SE11 also identified large horizontally acquired regions in the chromosome or in
plasmids, which frequently comprise fimbrial and autotransporter determinants.
This finding led to the hypothesis that these cell surface-associated factors may
contribute to the adherence of E. coli SE11 to host cells or to conjugation.
Accordingly, E. coli SE11 probably accumulated functions which promote stable
colonization of intestinal cells. These data support the idea that adhesion-associ-
ated functions are important for the commensality of E. coli in the human gut
(Oshima et al. 2008). Most likely, these factors may, however, also promote
bacterial adhesion in niches outside of the intestine.

The pks genomic island present in E. coli strains of phylogroup B2 encodes
colibactin, a hybrid polyketide/non-ribosomal peptide that causes DNA damage
and cell cycle arrest of eukaryotes (Nougayrède et al. 2006). The colibactin-
encoding determinant has been detected primarily in extraintestinal pathogenic
isolates of E. coli, Klebsiella pneumonia, Enterobacter aerogenes and Citrobacter
koseri, but also in commensal E. coli. The presence of the pks island in mainly
extraintestinal pathogens may indicate that colibactin contributes to fitness or
virulence during extraintestinal infection (Johnson et al. 2008; Krieger et al. 2011;
Putze et al. 2009). The frequent detection of the pks island and other ExPEC PAIs
in E. coli isolates from biopsy material of patients suffering from colon cancer
again raises the question whether traits encoded on ExPEC PAIs, including col-
ibactin, may contribute to long-term intestinal colonization or pathogenicity of E.
coli strains, here associated with colon cancer (Bronowski et al. 2008). Screening
of the gut microbiota of Swedish infants from birth to 18 months of age revealed
that E. coli with the capacity to persist in the microbiota carried significantly more
often the pks island than either intermediate-term colonizers or transient strains.
This finding suggests that the pks island contributes to the gut-colonizing capacity
of group B2 strains (Nowrouzian and Oswald 2012). The recent observation that
the probiotic effects of strain EcN to ameliorate colitis severity and modulate
cytokine expression cannot be separated from the strain’s ability to express
functional colibactin (Olier et al. 2012) also demonstrates that, depending on the
niche or context, colibactin can be considered a virulence and/or a probiotic factor.

The commensal E. coli strain A0 34/86 (O83:K24:H31) has proven for several
decades to be clinically safe and efficient in the prophylaxis and treatment of
nosocomial infections and diarrhea of preterm and newborn infants. Interestingly,
many PAI-associated genes were detected in this strain, including those coding for
the important ExPEC toxins a-hemolysin and cytotoxic necrotizing factor 1 (CNF-
1). The search for genomic regions specific for E. coli A0 34/86 identified some
genes to be implicated in the colonization capacity of the strain, enabling it to
outcompete pathogens. A genomic fragment coding for gluconate and mannonate
metabolism, adhesion (fim), invasion (ibe), and restriction/modification functions
reproducibly enhanced persistence in the intestine of newborn piglets on labora-
tory strain DH10B (Hejnova et al. 2005). The presence of many ExPEC virulence-
associated genes in the genome sequence of this efficient colonizer strain under-
lines the thin line between ExPEC virulence and bacterial fitness in the intestine.
Similar results have been obtained upon comparative genomic and phenotypic
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analysis of different collections of ExPEC, IPEC, and fecal E. coli isolates
(Dobrindt et al. 2003; Salvador et al. 2012).

Horizontally acquired determinants which support fitness and competitiveness
of E. coli pathogens also code for metabolic traits. As an intestinal bacterium,
E. coli is adapted to utilize energy sources in the mammalian intestine and live and
multiply at this site. Analyses of the metabolic versatility of pathogenic and non-
pathogenic E. coli variants indicate, however, that E. coli pathogens can use sugars
or other carbon sources that are not used by commensal E. coli to colonize the
mouse intestine. This strategy enables the pathogen to gain advantage by simul-
taneously consuming several C-sources that may be available because they are not
consumed by the commensal intestinal microbiota (Anfora et al. 2007; Anfora and
Welch 2006; Fabich et al. 2008; Roesch et al. 2003). Similarly, studies using
various animal models of intestinal colonization showed that the metabolism of
short-chain fructooligosaccharides and deoxyribose help avian and human path-
ogenic E. coli to outcompete the normal flora and colonize the intestine. Fur-
thermore, phosphotransferase system (PTS) and non-PTS sugar transporters can
expand metabolic capabilities and modulate ExPEC virulence (Bernier-Febreau
et al. 2004; Le Bouguénec and Schouler 2011; Porcheron et al. 2012; Schouler
et al. 2009). It will, however, be interesting to see, how widespread such metabolic
capabilities are among commensals. In conclusion, there is a thin line between the
definition of virulence and fitness factors in ExPEC and commensals. In conse-
quence, a clear distinction between ExPEC and commensal E. coli strains can be
difficult (Tenaillon et al. 2010; Dobrindt 2005; Köhler and Dobrindt 2011; Diard
et al. 2010). Nevertheless, commensal fitness determinants required for efficient
intestinal colonization and competitiveness serve as a reservoir for virulent strains,
in respect to the concept of the pangenome. The virulence genes probably evolved
by adaptation to the intestinal growth environment and were selected for a com-
mensal lifestyle. As a consequence, many of these features can be rather consid-
ered fitness traits (e.g. iron uptake systems, bacteriocins, toxins, proteases, flagella,
adhesins, extracellular polysaccharides), that contribute to the overall ability to
colonize the host. They also serve as fitness factors to occupy a niche in a sec-
ondary habitat as some ExPEC VFs might even protect against predation by
protozoa or nematodes (Alsam et al. 2006; Diard et al. 2007; Steinberg and Levin
2007) (Table 1). This suggests, that ExPEC virulence might just be a by-product of
the ‘‘main’’ non-pathogenic or commensal lifestyle (Tenaillon et al. 2010; Diard
et al. 2010; Le Gall et al. 2007).

Despite the presence or absence of specific determinants promoting virulence or
fitness, the pathogenic potential of E. coli can be markedly affected by the indi-
vidual strain background and different gene regulation patterns. For example,
production of the extracellular polysaccharide cellulose in EcN is required for its
efficient adhesion to gastrointestinal epithelial cells in vitro as well as to mouse
epithelium in vivo, and for enhanced cytokine production by immune cell lines.
Accordingly, cellulose expression has been assumed to potentially contribute to
the long-term colonization capability of EcN in vivo. However, this contribution of
cellulose to bacterial adhesion on epithelial cells seems to depend on the strain
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background: In contrast to EcN, adherence of commensal strain TOB1 to HT-29
cells was enhanced upon the loss of cellulose production (Monteiro et al. 2009;
Wang et al. 2006). E. coli K-12 is well established as a harmless laboratory strain.
Recent evidences, however, indicate that the typical non-invasive nature of this
E. coli strain can be reversed under specific circumstances even in the absence of
any major genomic flux. Introduction of a mutated histone-like protein HU into
E. coli K-12 resulted in significant changes in nucleoid organization and global
transcription. These changes transformed the mutant E. coli into an almost obligate
intracellular bacterium. This result demonstrates that even without gross changes
in its genome content, changes of the cellular transcription program can lead to
widely divergent lifestyles of E. coli K-12 in relation to mammalian host cells
(Koli et al. 2011).

4.2 Impact of Genome Plasticity on Pathogenicity
and Fitness of E. coli B2 Strains: Three Closely Related
Strains with Markedly Divergent Phenotypes

The comparison of three closely related E. coli sequence type ST73 isolates
CFT073, 83972, and Nissle 1917 (EcN) exemplifies the difficulty to distinguish
certain ExPEC and non-pathogenic E. coli variants. Strain CFT073 is a highly
virulent archetypal uropathogenic isolate, whereas E. coli strains 83972 and Nissle
1917 are non-pathogenic strains derived from the urinary tract and the fecal flora,
respectively. The three strains belong to the same clonal group (ST73) and are thus
phylogenetically very closely related, despite their different environmental origins
and disease-causing ability (Grozdanov et al. 2004; Zdziarski et al. 2008).

UPEC strain CFT073 has been isolated from the blood and urine of a woman
with acute pyelonephritis and is widely used a model organism to study UPEC
pathogenicity. CFT073 expresses a multitude of virulence genes which promote
successful colonization and infection of the urinary tract, including several
determinants coding for e.g. adhesins, toxins, iron uptake systems, proteases,
flagella, and capsule (Welch et al. 2002; Gunther et al. 2002; Lloyd et al. 2009).
The probiotic E. coli strain Nissle 1917 shows large overall genome content
similarity with E. coli CFT073. Nevertheless, EcN lacks functional important
virulence gene clusters, such as P-fimbrial and a-hemolysin determinants. The
absence of a long-chain O-antigen due to a point mutation in the O-antigen
polymerase gene wzy renders EcN serum-sensitive (Grozdanov et al. 2002).
Among others, these traits are held responsible for the non-pathogenic character of
this isolate. Beyond that, EcN has been used as a safe and efficient probiotic strain
against a variety of intestinal disorders in humans and animals (Kruis et al. 2012;
Schultz 2008; von Buenau et al. 2005). EcN was reported to protect gnotobiotic
piglets from infection with invasive bacterial pathogens. Furthermore, Nissle 1917
is a good biofilm former and its efficient adhesion to epithelial cells interferes in
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vitro with the invasion of several bacterial pathogens. Besides its bactericidal
activity against many bacterial pathogens (Storm et al. 2011), EcN has also been
demonstrated to negatively affect adhesion of bacterial pathogens through secre-
tory components. This seems to be a common mechanism of E. coli strains with
strong adhesive capacity (Storm et al. 2011; Altenhoefer et al. 2004; Huebner et al.
2011; Schierack et al. 2011). Immunomodulatory, anti-inflammatory properties
have been described for EcN as well (Adam et al. 2010; Güttsches et al. 2012;
Ukena et al. 2005). The inducible antimicrobial peptide human b-defensin 2 (hBD-
2) is synthesized by the epithelium to counteract bacterial adherence and invasion.
Flagellin expressed by EcN induces hBD-2 expression and can thus promote host
defenses against bacterial infection (Schlee et al. 2007). In addition, EcN is able to
restore disrupted epithelial barriers and to increase its resistance to microbial
pathogens (Stetinova et al. 2010; Ukena et al. 2007).

E. coli 83972 is an asymptomatic bacteriuria (ABU) isolate with the ability to
colonize the human urinary bladder without inducing an immune response. Similar
to EcN, mutations in the E. coli 83972 genes encoding type 1-, F1C- and P
fimbriae as well as a-hemolysin result in the loss of its ability to express these
important virulence-associated genes as a result of host-driven adaptation. This
strain also exhibits a semi-rough phenotype indicative of the absence of a long-
chain O-antigen. E. coli 83972 has beneficial features as it outcompetes UPEC
isolates for growth in urine and thus has a selective advantage over UPEC. This
can be exploited for preventative and/or therapeutic approaches based on bacterial
interference (Sundén et al. 2010). Strain 83972 has been established as an example
of bacterial adaptation from pathogenicity to commensalism through virulence
factor loss. It is assumed that prolonged asymptomatic bladder colonization selects
for such attenuated variants where VFs have been inactivated, e.g. by point
mutations and small deletions (Salvador et al. 2012; Zdziarski et al. 2008, 2010;
Sundén et al. 2010; Klemm et al. 2006; Roos et al. 2006). Comparative genomic
analyses indicated relatively few variations in genome content between these three
isolates, thus suggesting that genetic variations (e.g. mutations, rearrangements,
deletions) and expression differences, rather than a markedly different genome
content, contribute to the divergent phenotypes of these strains. Notably, the two
E. coli strains Nissle 1917 and 83972 with beneficial traits are deconstructed,
attenuated pathogens (Grozdanov et al. 2002, 2004; Zdziarski et al. 2008, 2010;
Hancock 2010a, b; Vejborg et al. 2010). To date, it is unknown whether strain
CFT073 is also able to express beneficial traits, which could generally contribute
to fitness and competitiveness, and whether they are just superimposed by the
functional VFs expressed. Alternatively, specific genomic features of EcN and
ABU isolate 83972, which are absent in UPEC CFT073, may account for their
specific interaction with human epithelial cells or other bacteria. It will be an
interesting and important future task to further characterize beneficial traits of
strains EcN and 83972, to identify the underlying molecular mechanisms, and
correlate them with genomic and phenotypic differences between UPEC CFT073,
probiotic EcN, and ABU isolate 83972.

22 A. Leimbach et al.

1.2 e . coli phylogeny and population genomics 35



5 Outlook on Future E. coli Genomic Studies, Challenges,
and What Can Be Expected

Due to genome plasticity, new virulence gene combinations and thus E. coli
pathotypes with altered features can quickly arise. The large EHEC outbreak in
May and June 2011 in central Europe that was caused by an E. coli O104:H4 strain
combining characteristics of EHEC and EAEC demonstrated how new combina-
tions of virulence genes can result in dangerous pathogenic variants (Brzuszkie-
wicz et al. 2011; Mellmann et al. 2011; Rasko et al. 2011; Rohde et al. 2011).
Parallel evolution and the generation of new virulence gene combinations due to
horizontal transfer of large mobile genetic elements will constantly result in the
emergence of new variants of already existing E. coli pathotypes. Thus, an
improved and accelerated strain typing and risk assessment of such new variants is
required including the determination of the phylogenetic background and patho-
type markers (Karch et al. 2012). Fast phylogenetic analyses will have to be
combined with rapid whole genome sequencing (next generation sequencing) to
quickly assess the complete (virulence- and resistance-associated) gene content of
pathogenic isolates.

Because E. coli is such a diverse organism, thriving in very different
environments, and having a huge genomic diversity, it is an ideal candidate to study
adaptation and evolutionary events involved in the diversification and adaptation of
pathogenic and commensal variants. In this respect, analysis of the interplay
between the host and commensal or pathogenic E. coli strains is very promising.
This includes e.g. studies on the intra-host evolution of bacterial strains, host factors
contributing to susceptibility of infection (interaction of E. coli pathogens and
commensals with the immune system), differential regulation of conserved genes in
commensals and pathogens as well as the interplay of E. coli variants with the
complex accompanying intestinal microbiota that also characterizes the healthy or
diseased intestinal niche of E. coli. Recent technological advances in transcripto-
mics, (meta-)genomics, and metabolomics will be very helpful to further analyze
(disease) ecology of niches colonized or infected by E. coli as well as the bacterial
traits distinguishing commensal and pathogenic variants.
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1.3 autotransporter proteins

Eight protein secretion systems (type I–VIII) have been identified in

Gram-negative bacteria. A protein needs to pass three barriers, the

inner membrane (IM) (cytoplasmic), the peptidoglycan mesh, and the

outer membrane (OM), to be secreted out of a Gram-negative cell. Sev-

eral secretion nanomachines act in a two-step mechanism and are

dependent on general translocation mechanisms to traverse the IM

(Desvaux et al., 2009; Gawarzewski et al., 2013). Classical monomeric

single polypeptide autotransporter (AT) proteins belong to the type

Va secretion pathway, which was seen as the simplest of the secre-

tion mechanisms to transport proteins to the surface of Gram-negative

bacteria (Bernstein, 2015; Drobnak et al., 2015).

ATs are unique as they were earlier regarded to be able to catalyze

their own translocation across the OM of Gram-negative bacteria. The

quite diverse AT proteins retained a common domain structure to fa-

cilitate this OM translocation (Figure 7 on the facing page). Transport

of ATs over the IM is dependent on the general Sec translocon, which

is directed by the amino-terminal (N-terminal) signal peptide (SP) ofAT protein domains
ATs. Further in the direction to the carboxy (C) terminus are the pas-
senger domain, which is the secreted and functional part of the AT, a

linker, and finally the C-terminal 12-stranded transmembrane β-barrel
domain. The last two domains function primarily in the translocation

of the passenger domain over the OM. The linker is quite diverse in se-

quence and protein structure between different AT proteins, but many

linkers have an α-helical domain (that spans the β-barrel pore during

secretion) and a structurally disordered protein region. The secreted

passenger either remains covalently linked to the β-barrel or is cleaved

in the linker (autocatalytically or by an extracellular protease) to re-

main non-covalently attached to the OM or be secreted (Drobnak et al.,

2015).

Recently,moredetailed investigations into theprecise secretionmech-

anism revealed a more complex process for OM translocation, which

is less autonomous and includes several essential chaperones in the

periplasm (Figure 7). Nevertheless, the AT multi-domain structure, es-

pecially the passenger domain, is essential for efficient translocation

and folding of the N-terminal functional region. After IM transport viaAT secretion
mechanism

the Sec general secretion pathway the SP is cleaved from the AT precur-

sor. TheAT, especially the C-terminalβ-barrel, are stabilized by chaper-

ones in an intermediate structure during crossing of the periplasm. Af-

terwards, theβ-barrel domain inserts into theOM to form a hydrophilic

pore that spans the OM, a process that is catalyzed by the β-barrel as-

semblymachinery (BAM). Thepassengerdomain can thenpass through

the pore (which is subsequently occupied by the linker α-helix), which

might be additionally assisted by the BAM complex, and reach the ex-

tracellular milieu (Bernstein, 2015; Drobnak et al., 2015; Gawarzewski
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Figure 7: Autotransporter (AT) conservedmulti-domain structure (A) and sim-

plified typeVa secretionmechanismdiagram (B). Translocation over

the IM requires theN-terminal signal peptidewhich targets the AT to

the Sec complex. The signal peptide is cleaved of via a periplasmic

signal peptidase after IM transit. Subsequently, the β-barrel domain

forms a pore in the outer membrane, catalyzed by the BAM complex,

for translocation of the passenger domain and display on the cell

surface. Finally, the passenger domain might be released via prote-

olytic cleavage. Figure redrawn based on Drobnak et al. (2015) with
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et al., 2013). Finally, the passenger domain can fold into its functional

tertiary protein structure at the cell surface. The other four currently

known type V secretion systems (T5SSs) (two-partner Vb, trimeric Vc,

fused two-partner Vd, and inversed AT intimin/invasin Ve pathways)

follow a very similar secretion mechanism but either consist of several

polypeptides or have adifferentdomainorder.However, their secretion

mechanisms are not as extensively studied (Gawarzewski et al., 2013).

For example, the type Vc secretion pathway consists of three identical

polypeptide chains that form a trimeric polypeptide passenger domain

and a single 12-stranded β-barrel (Bernstein, 2015; Gawarzewski et al.,

2013).

Despite the common domain structures of AT proteins, E. coli ATs are
quite diverse in their sequence especially in the functional passenger

domain (Drobnak et al., 2015). This sequence diversity of the passenger

domain reflects the wide variety of virulence-associated functions ATs

can perform, like adhesion, biofilm formation, serum resistance, enzy-

matic (esterases and proteases, e. g. serine protease autotransporters

of Enterobacteriaceae (SPATE)), and cytotoxic activity (Celik et al., 2012;

Gawarzewski et al., 2013; Henderson and Nataro, 2001; Wells et al.,

2010). Therefore, AT proteins traditionally were regarded as virulence

factors (VFs) of pathogenic E. coli isolates. SPATEs, e. g. , are implicatedE. coli ATs as VFs
in mucosal damage and colonization in the EAEC pathotype (Rasko et

al., 2011). Many specific functions were associated with individual E.
coli pathotypes to support their particular pathogenesis mechanisms

(Easton et al., 2011; Restieri et al., 2007; van derWoude andHenderson,

2008; Wells et al., 2010). However, a more detailed analysis, especially

incorporating the phylogenetic background of the strains, has not been

done. Particularly, since many of the AT functions do not necessarily

relate to virulence but can also be described as fitness factors (FFs) for

commensal E. coli.

1.4 german 2011 o104:h4 stec outbreak

In 2011, from May to July, the to date largest and most deadly Shiga

toxin-producingE. coli (STEC) epidemic swept overGermany andneigh-

boring countries. This epidemic resulted in about 4,000 infections,

many requiring hospitalization, and more than 50 fatalities (Croxen

et al., 2013; Frank et al., 2011; Monecke et al., 2011).

Initially, it was assumed the infectious agent is a classical EHEC – a

notorious intestinal pathogenic E. coli (IPEC) pathotype which causes

food-borne outbreaks of severe diarrhea and hemorrhagic colitis. Most

of these outbreaks are caused by several major EHEC serotypes
18
, most

18 A serotype is an antigenically distinct variety in a bacterial species used for typing.

In E. coli this is based on the O-antigen of lipopolysaccharide (LPS) (O), flagellin of

flagella (H), and capsular (K) antigens, which are numbered consecutively (Kaper

et al., 2004).
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prominently O157:H7 (Croxen et al., 2013; Kaper et al., 2004). However,

this epidemic was unusual in that it affected mainly healthy adults (es-

pecially young women) instead of children (Frank et al., 2011). Urgent

public health measures were set in place and the Robert Koch Insti-

tute (RKI) in cooperation with the national consulting laboratory for

haemolytic uraemic syndrome (HUS) at the Münster University Hospi-

tal (UKM) were able to identify the strain (Table 6 on page 198).

Classical microbiological diagnostic methods showed that it was a

STEC of a rare O104:H4 serotype, with its main VF being the phage-

encoded Shiga toxin (Stx) type 2 (stx2)19. However, the outbreak strain

was missing the typical EHEC locus of enterocyte effacement (LEE) is-

land with its encoded type III secretion system and its intimin adhesin

(eae) and Tir translocated receptor effectors important for the formation

of attaching/effacing (A/E) lesions. E. coli encoding for Stx but miss-

ing the LEE GI, are generally summarized under the abbreviation STEC

(Croxen et al., 2013). The unusual serotype and VF repertoire was the

reason diagnostic laboratories had difficulties in identifying the culprit

with classical diagnosticmeasures like selectivemedia enrichment and

immunoassay serotyping (Chattaway et al., 2011).

We were one of the teams capable of fast genomic analyses of these

food-borne isolates during the ongoing outbreak to elucidate their

pathogenesis.

1.5 bovine mastitis

Bovinemastitis is an inflammatory immune reaction of theuddermam-

mary tissue, primarily in response to invading microorganisms. The

inflammation has the purpose of neutralizing the infectious agent and

returning the mammary tissue to a normal function. Fungi, yeast, and

most importantly bacteria are the major microbial causes of bovine

mastitis. The inflammation leads to the deterioration of milk secre-

tion tissue
20

and as a consequence adversely effects milk quantity and

quality (Bradley, 2002; Long et al., 2001; Rainard et al., 2016; Younis

et al., 2016). Mastitis is a worldwide problem and is the most costly in-

fectious disease in cows, causing multi-billion dollar economic losses

through decreased milk quality/production, treatment costs
21
, early

dry-off, or in extreme cases culling or death of the animal (Bradley,

2002; Hogeveen et al., 2011). The most important bacterial mastitis

pathogens in the modern dairy industry are Staphylococcus aureus, E.

19 Endocytosis of Stx into epithelial cells disrupts protein synthesis at the ribosome and

ultimately leads to cell death. On a global scale, absorption of Stx into the bloodstream

leads to kidney damage and finally kidney failure, thus patients need maintenance of

fluid/electrolyte levels and dialysis to filter the toxin out of the blood stream (Karch

et al., 2012).

20 Apoptosis and necrosis are induced by proinflammatory mediators or bacterial effec-

tors.

21 Antibiotics are used pervasively in treating mastitis (Section 6.4.2.2 on page 209).
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coli, and Streptococcus uberis (Rainard and Riollet, 2006; Schukken et al.,

2011).

Bovine udder infections occur according to the following steps (Fig-

ure 8 on the next page): Pathogenic bacteria contaminate the teat skin

and subsequently invade the teat canal. From there they can dissemi-

nate in the milk duct systems and adhere to the lining epithelium, e. g.

in the alveoli. Bacteria that can successfully cause intramammary in-

fections (IMIs) replicate in the milk and can withstand the washing out

during milking either through sufficient replication, motility, and/or

adhesion. Several pathogensmight form biofilms on alveolar epithelial

cells, others invade epithelial cells and evade detection of the immune

system (Gomes et al., 2016; Shpigel et al., 2008).

The udder has several intrinsic mechanisms to repel microbial inva-

sion and prevent growth of infectious agents. The first line of defense

are physical barriers, like the teat canal that seals the teat through

the sphincter muscle after each milking and the keratin plug that is

formed in the teat canal during the dry period
22
. Additional mech-

anisms include iron sequestration via lactoferrin (especially during

the dry period), antimicrobial peptides, lysozyme, complement, anti-

bodies, and most importantly the presence of different leukocyte cells

(like polymorphonuclear neutrophils (PMNs), macrophages, and to a

lesser extent lymphocytes) (Section 1.5.2 on page 53) (Isobe et al., 2009;

Rainard and Riollet, 2006; Sordillo and Streicher, 2002).

Given that bovinemilk exhibits a complex anddynamicmicrobial di-

versity, the mammary gland harbors a natural microbiota that inhibits

the propagation of pathogenic bacteria.Manymastitis pathogens grow

exponentially in the mammary gland and therefore cause a dysbiosis

in this microbiota. However, in cured cows microbiota complexity re-

covers quickly after acute clinicalmastitis at the same time as pathogen

incidence declines. These effects depend strongly on the bacterial mas-

titis pathogen involved (Ganda et al., 2016).

1.5.1 Bovine mastitis pathogens and disease pathogenesis

Mastitis bacterial pathogens are classically divided into two subtypes

depending on the primary reservoir andmode of transmission (Table 1

on page 52): “contagious” or “environmental” (Blowey and Edmond-

son, 2010; Bradley, 2002). Contagious pathogens can persist in the cow

udder and spread the disease via direct propagation, because they are

adapted to the bovineudder habitat.Staphylococcus aureus,Streptococcus
dysgalactiae, and Streptococcus agalactiae are themajor representatives of

this class. E. coli and Streptococcus uberis make up the majority of en-
vironmental pathogens, which can survive outside the host, are not

adapted to survival within the udder, and rather cause disease oppor-

tunistically by infecting each animal separately (Bradley, 2002; Passey

22 Keratin also has a microbicidal activity.
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Figure 8: Illustration of the bovine udder anatomy with enlargements of the

teat tip and a milk secretory alveolus. Figure adapted from the

brochure “EfficientMilking” (©DeLaval; http://www.delaval.ch/

ImageVaultFiles/id_27591/cf_5/Efficient-milking.PDF) with

Inkscape and reproduced with permission of the company.
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et al., 2008). Their infection sources are bedding materials, soil, and

manure (Hogan and Larry Smith, 2003). E. coli is a prime example of

an environmental mastitis pathogen, especially since it is a commensal

of the bovine gastrointestinal tract and thus ubiquitous present on cow

farms (Burvenich et al., 2003).

Interestingly, at the same time as the prevalence of contagious mas-

titis was successfully reduced
23
, environmental mastitis caused by E.

coli and Streptococcus uberis stepped into the breach and their incidence

increased inmany countries. These environmental pathogens aremore

difficult to control, as isolation of infected animals andmilking hygiene

will not completely protect healthy animals (Blowey and Edmondson,

2010; Bradley, 2002; Hogan and Larry Smith, 2003).

Table 1: Major bacterial bovine mastitis pathogens.

pathogen gram infection

mode

pathogenesis

Streptococcus agalactiae + contagious chronic

Streptococcus
dysgalactiae

+ contagious chronic

Staphylococcus aureus + contagious chronic

Coliforms

Escherichia coli - environmental acute

Klebsiella
pneumoniae/oxytoca

- environmental acute

Streptococcus uberis + environmental acute/chronic

The disease outcome of an udder infection depends on its etiology:

chronic mastitis S. aureus particularly causes a chronic mastitis

that is less severe, butwith sometimes lifelong persistenceof the bacteria.
Because these strains can persist in the udder for a prolonged time,

often without obvious external indications of symptoms (presenting

themselves as subclinical), chronic infections usually have recurrentsubclinical mastitis

– no visible signs of
the disease

episodes of mastitis involving the same strain (Bannerman, 2009; Petzl

et al., 2008; Schukken et al., 2011). Invasion of udder epithelial cells has

been proposed for some bacterial pathogens as a virulencemechanism

for persistence. In this case, the intracellular bacteria might serve as a

point of origin for recurrent mastitis episodes and avoid detection by

the immune system (Dogan et al., 2006; Schukken et al., 2011).

acute mastitis Acute mastitis infections, show a contrary disease

development. They have a very fast onset with often severe systemic

23 Themost important controlmeasures to reduce their incidencewere improvedmilking

hygiene, dry period antibiotic therapy, and culling of chronically infected animals.
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clinical symptoms, like a swollen and painful udder, elevated rectal

temperature, dullness, loss of appetite, and diarrhea (Dufour et al.,

2011; Hogan and Larry Smith, 2003). The infection is usually transient, clinical mastitis –
visible signs of
mastitis

the invaders rapidly eliminated, and animals recoverwithin days. Nev-

ertheless, the inflammation can become systemic and lead to sepsis

concurrent with fever, where cows either die or have to be culled. Al-

though infections are generally cleared rapidly, long-term detrimental

effects on milk quality can remain. E. coli is the leading cause of acute

mastitis in dairy animals, but infections can actually result in large vari-

ations of clinical symptoms (Blum et al., 2014; Burvenich et al., 2003;

Hogan and Larry Smith, 2003; Zadoks et al., 2011).

Interestingly, the representative pathogens causing chronic (S. au-
reus) or acute (E. coli) mastitis induce a different immune response in

the host during an infection. Thismight be the underlyingmechanisms

that lead to the different disease outcomes.

1.5.2 The cow immune system in the udder

The inflammation process in mastitis decidingly depends on the in-
nate immune response. Alveolar macrophages and epithelial cells with

the Toll-like receptor (TLR) class of receptors detect general pathogen-
associated molecular patterns (PAMPs) and respond with the secretion

of inflammatory mediators and modulators, like cytokines and acute

phase proteins. These in turn attract leukocytes, especially blood neu-

trophils
24
, to the inflammation site into the cistern and ducts of the

alveolar milk space, that either clear the infection and/or elicit addi-

tionally an adaptive immune response (Paape et al., 2003; Sordillo and

Streicher, 2002). The most effective protection against mastitis is an

integrated response of the innate and adaptive arms of the immune

system. Macrophages are essential in connecting the innate and adap-

tive immune response by serving as antigen-presenting cells (Rainard

and Riollet, 2006).

The most important PAMPs for Gram-positive bacteria are lipotei-

choic acid (LTA) and peptidoglycan, recognized by TLR2. Gram-neg-

ative bacteria are characterized by the OM lipopolysaccharide (LPS)

endotoxin component, detected by TLR4 (Rainard and Riollet, 2006;

Rainard et al., 2016; Schukken et al., 2011).

The difference in disease progression of chronic and acute infections

is considered to be a consequence of an impaired proinflammatory

cytokine response during a S. aureus infection through a lack of nu-

clear factor κB (NF-κB) activation in mammary epithelial cells. As a

result, an udder infected with S. aureus shows a delayed chemokine

interleukin (IL)-8 (CXCL8) and proinflammatory cytokines TNF-α (Tu-

mor necrosis factor) and IL-1 upregulation in contrast to the cytokine

storm in an inflamedudder infected byE. coli. Thus, the overall increase

24 PMNs make up to 70–80% of all migrated leukocytes in IMIs.
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in milk somatic cell count (SCC)
25
is delayed in S. aureus infections com-

pared toE. coli, accompanied by a delayed neutrophil recruitment. This

results in an initial immune response that the invading bacteria can

survive and contributes to the persistent and chronic course of S. au-
reus infections (Bannerman, 2009; Rainard and Riollet, 2006; Schukken

et al., 2011; Wellnitz et al., 2006; Yang et al., 2008b; Younis et al., 2016).

Themost important countermeasure to invadingmammary bacteria

is the recruitment and diapedesis of blood PMNs. PMNs clear the infec-PMNs essential
countermeasure to
microbial mastitis

tious agent by phagocytosis and respiratory burst or with neutrophil

extracellular traps (NETs), and strengthen the inflammatory response

through a release of cytokines. A prompt and efficient recruitment of

these effector cells is the main factor influencing the severity of the

disease, especially during E. coli infections (Bradley, 2002; Burvenich
et al., 2003; Paape et al., 2003; Rainard and Riollet, 2006). Otherwise,

exponential and unrestricted pathogen growth in the udder (puta-

tively combined with an inhibition of neutrophil migration) might

overwhelm the acute phase immunity reaction. An increased pres-

ence of LPS is then too high for endotoxin detoxification and clearance

through bovine PMNs, triggering an overshooting immune response

and inflammation through TNFα release, and ultimately leading to en-

dotoxic shock and severe systemic clinical symptoms (Burvenich et al.,

2003; Rainard and Riollet, 2006; Sordillo and Streicher, 2002).

Bacterial FFs which ensure the survival of the pathogen in the pres-

ence of the host response or at least elongate the immune system

response time are considered to be essential in mastitis. Especially

factors for the evasion of neutrophils, like resistance to phagocyto-

sis, NETs, respiratory burst of hydroxyl or oxygen radicals, or survival

within neutrophils have been implicated. Opsonization of invading

bacteria with complement or antibodies strongly stimulate PMNs to

initiate phagocytosis and bactericidal activities (Paape et al., 2003).

Nevertheless, the course of mastitis depends not only on the type of

pathogen but also strongly on the cow’s genetic predisposition
26
, its

age
27

(Burvenich et al., 2003; Rainard and Riollet, 2006), the immune

status, the lactational stage, aswell as environmental factors
28
(Wellnitz

et al., 2006). These factors can be summarized as “cow” and “environ-cow factors define
course of mastitis

mental” factors, and in fact have been proposed as the main defining

parameters in E. coli bovine mastitis (Burvenich et al., 2003). Because

of these different cow factors, cattle vary strongly in their ability to over-

come mastitis infections and play an active role in the development of

disease (Younis et al., 2016).

25 The SCC is the number of cells (leukocytes and epithelial cells) per milliliter in milk,

used as a measure of the immune response.

26 E. g. differentmilk concentrations of humoral defenses, immune cells . . . in the healthy

udder.

27 Primiparous cows have a stronger immune response than older animals (Burvenich

et al., 2003).

28 The environment of a cow like nutritional status, barn environment etc.
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1.5.3 E. coli bovine mastitis

E. coli is a member of the environmental mastitis pathogens (Sec-

tion 1.5.1 onpage 50) and invasion of the udder is considered to happen

when the teat orifice is open, after milking or teat damage. As a con-

sequence, the pathogen is regarded to be an opportunistic pathogen E. coli opportunistic
environmental
bovine mastitis
pathogen

(Bean et al., 2004). About 80% of coliform mastitis cases are caused by

E. coli (Suojala et al., 2013).
On theherd level, especially highproducing cowsandwell-managed

herdswith a lowbulk SCC areprone toE. colimastitis infections (Blowey

and Edmondson, 2010; Burvenich et al., 2003). Individually, cows are

more susceptible to E. coli IMI during the early dry and periparturient

period in comparison to mid-lactation, because of a compromised im-

mune system (Burvenich et al., 2007; Burvenich et al., 2003). Addition-

ally, infections acquired during the dry period can persist subclinically

and subsequently lead to a clinical mastitis in early lactation (Bradley,

2002; Schukken et al., 2011; Zadoks et al., 2011). Generally, E. coli IMIs

cause an acute onset of bovine mastitis (Table 1 on page 52), but in-

fection occasionally leads to a persistent state usually with a mild or

subclinical pathogenesis (Döpfer et al., 1999; Fairbrother et al., 2015;

Schukken et al., 2011; Zadoks et al., 2011). Invasion of and persistence

in epithelial mammary cells is considered to be a distinctive feature

of persistent/chronic E. coli bovine udder infections with subclinical

pathology (Almeida et al., 2011; Dogan et al., 2006; Döpfer et al., 2000).

However, results of a study with a larger strain panel were inconsis-

tent (Dogan et al., 2012). Nevertheless, in a review article Shpigel et

al. (2008) reported on the existence of E. coli strains that supposedly

trigger acute/transient or chronic/persistent infections in a consistent

way.

BecauseE. coli are adapted to the bovine gastrointestinal tract, a rapid

metabolic adjustment to mammary secretion is important to promote

growth. The acute onset of E. colimastitis is a direct consequence of ex-

ponential intramammary growth, that also expresses itself in dramatic

changes in the udder microbiota during an infection (Ganda et al.,

2016). Bacterial numbers in milk are in direct correlation to the sever-

ity of the disease, triggering a stronger inflammation response through

mammary epithelial cells and macrophages (Hogan and Larry Smith,

2003;Kornalĳnslĳper et al., 2004; Schukken et al., 2011;Vangroenweghe

et al., 2004).

Three important necessary adaptations to the udder milieu have

beenproposed formastitis pathogenicE. coli: Utilization ofmilk lactose

as carbon and energy source, growth under microaerobic conditions,

and the scavenging of iron from chelators like citrate and lactoferrin
29

(Lippolis et al., 2009). These adaptations are inherent capabilities of

29 Lactoferrin concentration is especiallyhighduring thedryperiodand its concentration

increases dramatically during acute mastitis.
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members of the species E. coli, albeit in different phenotypical mani-

festations. Additional requirements have been proposed to elicit IMIs:

evading cellular host defenses (especially phagocytosis by neutrophils

e. g. via capsules that block opsonization
30
), serum resistance, biofilm

formation, adhesion to and invasion of epithelial cells, motility to in-

vade the teat canal and milk duct system, and toxins
31

(Blum et al.,

2008; Gomes et al., 2016; Hogan and Larry Smith, 2003; Rainard and

Riollet, 2006; Shpigel et al., 2008; Wenz et al., 2006). Serum resistanceserum resistance
traditionally

considered most
important E. coli
virulence property

was traditionally considered the most important virulence-associated

trait of E. coli capable of eliciting IMI. Considering that different anti-

bodies, complement, and defensins (e. g. lingual antimicrobial peptide

(LAP)) are present abundantly in milk following bacterial udder inva-

sion, this is a sensible expectation (Isobe et al., 2009; Petzl et al., 2008;

Wenz et al., 2006).However, the serumresistancephenotype andassoci-

ated genes
32

were detected with varying frequencies and are similarly

also present in fecal commensal bovine E. coli isolates from the cow

shed (Blum et al., 2008; Blum and Leitner, 2013; Kaipainen et al., 2002;

Nemeth et al., 1991, 1994).

Overall, the bovine gastrointestinal tract is a natural reservoir for

commensal and pathogenic E. coli of high phylogenetic and genotypic

diversity (Houser et al., 2008). Consequently, also isolates from bovine

mastitis show a large heterogeneity in serotypes and genotypes regard-

less of disease severity – and importantly comparable to fecal isolates.

This supports the classification of this environmental pathogen as an

opportunistic one (Blum et al., 2008; Dogan et al., 2012; Nemeth et

al., 1994; Suojala et al., 2011; Wenz et al., 2006; Zadoks et al., 2011).

Countless studies have tried to associate specific putative VFs with E.
coli IMI isolates with varying degrees of success (Table 2 on page 58).

Although several of them show significant association of some VFs, all

studies combined do not share a common set of VFs for mastitis E. colino common set of
VFs for mastitis E.

coli isolates
in contrast to typical IPEC pathotypes, and no significant differences

have been found between E. coli strains from transient/persistent in-

fections or severity of disease. The E. coli isolates rather lack most of

the characterized VFs present in other pathogenic E. coli or pathotypes
(including ExPEC VFs) (Bean et al., 2004; Blum and Leitner, 2013; Bur-

venich et al., 2003; Fernandes et al., 2011; Ghanbarpour and Oswald,

2010; Kaipainen et al., 2002; Kempf et al., 2016; Nemeth et al., 1994; Suo-

jala et al., 2011; Wenz et al., 2006; Zadoks et al., 2011). Keep in mind,

that most of the publications in Table 2 applied PCR for VF detection

in the E. coli isolates, which of course depends strongly on the primer

panel chosen
33
. Several of these studies used overlapping gene panels

30 Other surface exposed structures of E. coli, like O-antigen moieties of LPS, have also

been implicated in affecting phagocytosis susceptibility (Hogan and Larry Smith,

2003).

31 Especially toxins that damage the mammary tissue, like cytotoxins and hemolysins.

32 Genes associated with serum resistance encode e. g. for OM proteases or capsules.

33 In these experimental set ups you can only find what you are looking for.
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for detection. Additionally, overall VF presence in the respective strain

panels was low (mostly below 30% of mastitis-associated E. coli).
Consequently, virulence of E. colimastitis isolates is solely attributed

to the general pyogenic properties of E. coli PAMPs, foremost LPS (Sec- LPS fundamental
property of E. coli to
cause udder
inflammation

tion 1.5.2 on page 53). Different severities of E. coli mastitis (mild to

severe) and/or outcomes (acute or subclinical) must then be a conse-

quence of variation in the environmental and cow factors (Burvenich

et al., 2003; Zadoks et al., 2011) (Section 1.5.2 on page 53). An intramam-

mary injection with LPS induces the same local signs as observed dur-

ing E. coli infections (Burvenich et al., 2003; Long et al., 2001; Rainard

and Riollet, 2006; Shpigel et al., 2008). However, the effects of LPS in an

in vivo infection are augmented by other E. coli PAMPs, which leads to

the acute inflammatory systemic reaction (Shpigel et al., 2008).

In spite of the presented evidence, several studies contrary reported

on an E. coli genetic subset of strains from the overall bovine E. coli
population predisposed to elicit bovine mastitis. This subset has a re-

stricted geno- andphenotype in comparison to commensal fecal bovine

E. coli (Blum et al., 2008; Blum and Leitner, 2013; Bradley, 2002). The

strains e. g. showed a faster lactose utilization, correlated with a faster

growth in milk, as well as lower phagocytosis susceptibility by PMNs

(Blum et al., 2008; Blum and Leitner, 2013). Because of the adaptation

requirement of E. coli to the udder and reports on strains having prop-

erties to cause predominantly subclinical mastitis (Almeida et al., 2011;

Dogan et al., 2006; Döpfer et al., 1999, 2000), a mammary pathogenic E.
coli (MPEC) pathotype has been proposed (Bradley and Green, 2001; Sh- mammary

pathogenic E.
coli (MPEC)
pathotype

pigel et al., 2008). Since mastitis is an extraintestinal disease, analogy

was drawn to ExPEC pathotypes where E. coli strains harboring differ-

ent combinations of VFs or FFs can lead to the same disease, in this

case IMI (Section 1.2.1 on page 13). Thus, mastitis E. coli isolates could
include a large genotypical diversity. Furthermore, these variable VF

combinations might enable E. coli to elicit the different mastitis disease

outcomes associated with the species (Kempf et al., 2016; Shpigel et al.,

2008). Detailed comparative genomics studies proposed concordantly

that different lineages of E. colimight be more capable in causing mas-

titis, i. e. more than one pathogenic subset might exist. Therefore, a

selection of E. coli strains within the intramammary environment must

take place (Goldstone et al., 2016; Kempf et al., 2016).
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Table 2: A selection of publications that examined the presence of VF genes in E. coli isolated from milk of dairy cattle with mastitis.

study isolates

from

looked for no . of

isolates

predominantly found

Kaipainen et al. (2002) Finland &

Israel

E. coli VFs 273 traT, cnf1/2, aer, f17, sfa

Lira et al. (2004) Brazil STEC VFs 182 few isolates with stx1/2, eaeA, hly
Bean et al. (2004) New

Zealand

O157:H7 STEC VFs 80 several isolates with Stx

Wenz et al. (2006) USA eae, cs31a, cnf1/2 123 only low presence of VFs

Dogan et al. (2006) USA E. coli VFs 6 no VFs found

Ghanbarpour and Oswald (2010) Iran E. coli VFs 127 f17A, iucD, cnf2
Suojala et al. (2011) Finland ExPEC and EHEC VFs 154 irp2, iucD, papC, iss
Fernandes et al. (2011) Brazil E. coli VFs 27 stb, cs31a, Stx2
Dogan et al. (2012) USA E. coli VFs 28 type II secretion system (T2SS), type IV

secretion system (T4SS), type VI secretion

system (T6SS), lpfA, fyuA
Blum and Leitner (2013) Israel E. coli VFs 63 lpfA, astA (EAST-1), iss
Liu et al. (2014) China ExPEC and EHEC VFs 70 f17A, irp2, astA, iucD, colV

Continued on next page.
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Table 2: A selection of publications that examined the presence of VF genes in E. coli isolated from milk of dairy cattle with mastitis (continued).

study isolates

from

looked for no . of

isolates

predominantly found

Fairbrother et al. (2015) Canada ExPEC VFs 97 hra1, hlyA, yersiniabactin, iss
Richards et al. (2015) USA Comparative

genomics

4 T6SS

Blum et al. (2015) Israel Comparative

genomics

3 + 1

bovine

commensal

genes involved in LPS synthesis, sugar

metabolism, fecA

Kempf et al. (2016) France &

Israel

Comparative

genomics & E. coli
VFs

5 + 1

bovine

commensal

ferric iron(III)-dicitrate uptake system (Fec),

AraC family regulator, dosP, Clp-like
protein

Goldstone et al. (2016) Europe &

Israel

Comparative

genomics

66 (phylo-

group

A)

ycdU-ymdE, phenylacetic acid degradation

(feaRB, paaFGHĲKXY), Fec

Studies colored according to main method used: PCR , DNA colony or microarray hybridization , comparative genomics .
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Nevertheless, the genetic abilities of the putative MPEC pathotype

might just be facultative, a by-product of their function in commensal-

ism – with the primary ability to colonize and persist in the bovineputative
mastitis-associated E.

coli (MAEC) VFs
actually commensal

FFs

gastrointestinal tract, as has been proposed for ExPEC (Diard et al.,

2010; Le Gall et al., 2007; Leimbach et al., 2013; Nowrouzian et al.,

2005; Schierack et al., 2008; Tenaillon et al., 2010; Tourret and Denamur,

2016). A commensal E. coli that turns into a pathogenic strain, requires

not only the acquisition of fitness factors, but also genetic informa-

tion that directly contributes to pathogenesis, which incidentally is the

definition of a pathotype.



2
THES I S A IMS

The overall theme of this thesis is the genomic analysis of pathogenic E.
coli isolates and their pathotype definitionwith regard to their phyloge-

netic history. Because traditionally E. coli pathotypes were regarded as

clonal and very similar in their VF repertoire (Section 1.2.1 on page 13)

many studies disregarded the phylogenetic background of the ana-

lyzed strains. However, putative functional relatedness through HGT

or parallel evolution can be overshadowed by vertical phylogenetic

ancestry.

In the end, the aims of this thesis were manifold and evolved during

its execution:

1. Establishment of a bioinformatical database, tools, and work-

flows for the comparative genomics needs of the thesis

2. Determination of the distribution of AT proteins in E. coli patho-
types and phylogroups in order to analyze if ATs are associated

with pathotypes

3. Genomic evaluation of STEC isolates from the ongoing 2011 Ger-

man outbreak by characterizing the phylogenetic relationship to

other E. coli, as well as E. coli VF and antibiotic resistance gene

carriage

4. Comparative genomics of E. coli isolates from bovine mastitis.

The main goal was to shed light on the contradictory hypotheses

if an MPEC pathotype with a distinct set of virulence-associated

genes exists.

a) Characterization of a novel LPS O-antigen moiety of E. coli
strain 1303

b) Genome finishing of two E. coli mastitis isolates and high

quality annotation

c) WGS of six E. colimastitis and six fecal commensal E. coli iso-
lates of different phylogenetic groups and their annotation

d) Detailed genomic analysis of phylogenetically diverse E.
coli mastitis isolates in comparison to bovine commensal

isolates to potentially identify virulence-associated fitness

traits that contribute to the establishment of bovine mastitis
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3
E . COL I V IRULENCE FACTOR COLLECT ION

3.1 introduction

The advancements of genomic sciences and high-throughput tech-

niques in microbiology (Section 1.1.1.1 on page 6 and Section 1.1.3

on page 11) has sparked the creation of numerous data resources and

increased their importance tremendously (Chandras et al., 2009;Helmy

et al., 2016). This is also the case for specific E. coli databases. Although

there is a wealth of publications characterizing the VF content of E. coli
genomes, surprisingly there is no database for VF protein sequences

that is open to all, easy touse for comparative genomics,well annotated,

up-to-date, and comprehensively includes
1 ExPEC VFs (Figure 9).

Figure 9: A comic on why the ecoli_VF_collection was devised. Figure

created in Randall Munroe’s xkcd style (https://xkcd.com/) with

Comix I/O (http://cmx.io/) and edited in Inkscape.

In older E. coli isolate characterization studies, that used PCR for VF

detection, usually primer nucleotide sequences are given, but often

corresponding accession numbers for the genes are omitted (see e. g.

Johnson et al. (2006b) and Müller et al. (2007), and many similar stud-

ies). This restricts findability and easy access to the corresponding gene

sequences. Instead one has to resort to searching gene names, which

can be difficult as sequence databases are litteredwith small fragments

of genes, ambiguous annotation, different alleles . . . Other authors pro-

vide the VF nucleotide and/or protein sequences in the supplemental

material of their publications
2
. However, this is often in a format that

1 Most important for my purpose of characterizing bovine mastitis E. coli isolates (Sec-
tion 3.2 on page 67).

2 Providing data as supplemental material can be a problem of its own regarding its

lack of reviewing during peer-review and burried citations (Pop and Salzberg, 2015).

65

https://xkcd.com/
http://cmx.io/
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does not provide convenient computable access, like spreadsheets (e. g.

Table S1 in Kempf et al. (2016)) or PDF files (e. g. Dataset S9 in Salipante

et al. (2015)).

There are several web services that specialize in VFs of bacterial

pathogens. Four examples are the virulence factor database (VFDB)3, thevirulence factor
database (VFDB) Pathosystems Resource Integration Center (PATRIC) (Mao et al., 2015;Wat-

tam et al., 2017), the VirulenceFinder of the Center for Genomic Epi-

demiology (CGE) (Joensen et al., 2014), and SuperPhy (Whiteside et al.,

2016). All of them are tailored for the “traditional wet-lab” microbiolo-

gist as target audience that is interested in manual queries via the web,

and not computational biologists interested in batch data download

or advanced programming interfaces (API) (Helmy et al., 2016). Thus,

access to the complete underlying VF sequences is not always provided

or sometimes the sequences can only be accessedmanually via a graph-

ical user interface. The most comprehensive and up-to-date resource

is the VFDB, especially for classical IPEC VFs and corresponding alle-

les. Therefore, many other databases are derivatives of VFDB’s dataset.

Last but not least, all of these databases are closed, i. e. collaborative

working on the datasets is not possible.

Because the above-mentioneddatabases lack several ExPECVFs,many

authors went repeatedly to the trouble of collecting sequences needed

for their studies (some listed in Table 4 on page 69). Sadly, the cur-

rent lack of knowledge and training in biological sciences inhibits an

open, replicable, and easy dissemination of these small-scale datasetsmissing education
and support for open

dissemination of
datasets

(Section 1.1.2 on page 9). Thus, researchers have to reinvent the wheel

again and again. The current scientific system has no incentive to go

the extra mile and create shareable and accessible data, as only publi-

cation citations and not data citations count to a scientists’ reputation

and career.

Nevertheless, sustained access to these resources is essential for sci-

entific advancement like reproducibility (e. g. re-analysis), testing of

new hypothesis the original database authors might not have foreseen,

and developing new technologies (Chandras et al., 2009). There is a

need for an easy and fast system to publish small-scale datasets, that

fosters findability, accessibility, interoperability, and reusability/adaptabil-FAIR Data
Principles

ity (the FAIR Data Principles (Wilkinson et al., 2016)). Ideally, resources

should be designed for collaboration in order to reduce duplication of

work (Helmy et al., 2016).

3 The four VFDB releases include different datasets: R1 with experimentally validated

VFs (Chen et al., 2005), R2 with VFs derived from comparative genomics including

homologs from complete genomes (intra-genera) (Yang et al., 2008a), and R3 with a

curated dataset categorized in VF classes (VF centric, inter-genera) (Chen et al., 2012a).

The most recent release includes a new graphical interface and a reorganization of

the datasets into an experimentally verified core VF dataset, setA, and a comparative

genomics dataset, setB, to remove redundancies and enhance data quality (Chen et al.,

2016).
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The most popular site that conforms with many of these premises is

the collaborative software development and hosting platformGitHub
4
, GitHub for sharing

code and data
launched in 2008. This platformwas successfully used to publiclymake

data and analysis available during the 2011German STEC outbreak (Sec-

tion 6.2.2 on page 197). GitHub is based upon Git, a version-control

system, build for tracking changes in computer files and coordinating

this work between different contributors. The GitHub platform has en-

joyed tremendous success in the life sciences for sharing, maintaining,

and updating datasets and code, because of its transparency, speed,

and ease of use. Therefore, GitHub repositories are increasingly being

cited in the literature (Perkel, 2016).

3.2 purpose , design, and composition of the e . coli viru-
lence factor collection

For the characterization of bovine MAEC and commensal isolates in

Leimbach et al. (2017) (Figure 4 and Figure S6 in Section 5.3.4 on

page 140) I needed a comprehensive collection of E. coli VF protein

sequences formy prot_finder pipeline (that runs on BLASTP (Altschul

et al., 1990; Camacho et al., 2009); Table 5 on page 74). As MAEC are

considered ExPEC (Section 1.5.3 on page 55) this collection required

the inclusion of not only IPEC but especially ExPEC VFs. After extensive

research into the MAEC and ExPEC typing/characterization literature

and the aforementionedVFdatabases, I regrettably experienced several

shortcomings (Figure 9 on page 65) and thus decided to start a separate

VF collection with a focus on ExPEC VFs, the ecoli_VF_collection
ecoli_VF_collection

(https://github.com/aleimba/ecoli_VF_collection).

In order to avoid reinventing the wheel, I based my VF collection on

all VFDB releases and collected VFs from there and from the primary

literature that fit to my purpose. Furthermore, the Petty et al. (2014)

study on uropathogenic E. coli (UPEC) sequence type (ST)131 served

as an exemplary publication which includes ExPEC VFs in a GitHub

repository
5
. However, the repository only includes single genes from

VF operons/gene cluster.

I collected 1,069 VF protein sequences and categorized them into

twelve VF classes (Table 3 on the next page). The protein sequences

corresponding to a class are stored in separate FASTA files and in-

clude the locus tag, gene name (if available), accession number (if

available), product description, origin E. coli strain with serotype and

pathotype (and replicon if applicable), and finally the VF class in their

header lines (https://github.com/aleimba/ecoli_VF_collection/

tree/master/data).

In order to make this collection of VFs sustainable, it is hosted on

GitHub and includes a detailed README manual with file format de-

4 https://github.com/
5 https://github.com/BeatsonLab-MicrobialGenomics/VFDB/

https://github.com/aleimba/ecoli_VF_collection
https://github.com/aleimba/ecoli_VF_collection/tree/master/data
https://github.com/aleimba/ecoli_VF_collection/tree/master/data
https://github.com/
https://github.com/BeatsonLab-MicrobialGenomics/VFDB/
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Table 3: VF classes, number of operons/gene clusters, and VF genes included

in the ecoli_VF_collection.

vf class operon/gene

cluster

genes

Adhesion & invasion 13 26

Autotransporter (AT, T5SS) 39 40

Chaperone-usher (CU) fimbriae 59 304

Flagella 3 93

Iron uptake 18 87

Serum resistance 12 41

T2SS 3 41

T3SS 2 163

T6SS 5 127

Toxins 42 100

Type 4 pilus 3 44

Other virulence genes 1 3

Total 200 1,069

scriptions, instructions on how to download and use the files, as

well as how to contribute (https://github.com/aleimba/ecoli_VF_

collection) (Leimbach, 2016b). Additionally, there is a tab-delimited

description list
6
of each VFwith theE. coli reference strain and its patho-

type, source (VFDB or manually collected), VF class, and respective lo-

cus tag or protein_id accession number (which serve as unique SeqIDs).

Last but not least, a tab-delimited file is included specifying the source

publications from the literature search
7
(Table 4 on the facing page).

The ecoli_VF_collection is licensed with an open Creative Com-

mons Attribution 4.0 International License (CC BY 4.0)

to maximize reuse. For longtime archival the current snapshot of the

repository is stored publicly in Zenodo
8
with a citable Digital Object

Identifier (DOI) (Leimbach, 2016b):

Leimbach A. 2016. ecoli_VF_collection: v0.1 https://github.

com/aleimba/ecoli_VF_collection. Zenodo.
doi: 10.5281/zenodo.56686

6 https://github.com/aleimba/ecoli_VF_collection/blob/master/source/

ecoli_VF_collection_description.tsv
7 https://github.com/aleimba/ecoli_VF_collection/blob/master/source/

source_publications.tsv
8 https://www.zenodo.org/

https://github.com/aleimba/ecoli_VF_collection
https://github.com/aleimba/ecoli_VF_collection
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://github.com/aleimba/ecoli_VF_collection
https://github.com/aleimba/ecoli_VF_collection
https://doi.org/10.5281/zenodo.56686
https://github.com/aleimba/ecoli_VF_collection/blob/master/source/ecoli_VF_collection_description.tsv
https://github.com/aleimba/ecoli_VF_collection/blob/master/source/ecoli_VF_collection_description.tsv
https://github.com/aleimba/ecoli_VF_collection/blob/master/source/source_publications.tsv
https://github.com/aleimba/ecoli_VF_collection/blob/master/source/source_publications.tsv
https://www.zenodo.org/


3
.
2
c
o
n
s
t
r
u
c
t
i
o
n
o
f
t
h
e

e.coli
v
i
r
u
l
e
n
c
e
f
a
c
t
o
r
c
o
l
l
e
c
t
i
o
n

6
9

Table 4: Source publications for E. coli VFs included in the ecoli_VF_collection, ordered alphabetically by first author.

publication included vfs comment

Archer et al. (2011) CU fimbriae; flagella; T2SS; type III secretion sys-

tem (T3SS); T6SS

Overview of “large structural

components”

Bekal et al. (2003) IPEC VFs E. coli VF pathoarray
Blum and Leitner (2013) Bovine-associated E. coli
Blum et al. (2015) Bovine-associated E. coli
Burgos and Beutin (2010) Toxins Differences in EHEC and UPEC

α-hemolysins

Chaudhuri et al. (2010) AT; CU fimbriae; iron uptake

Clermont et al. (2011) ExPEC VFs

Crossman et al. (2010) CU fimbriae; enterotoxigenic E. coli (ETEC) VFs
Croxen and Finlay (2010) Review on pathogenic E. coli (mostly IPEC)

Croxen et al. (2013) Review on pathogenic E. coli (mostly IPEC)

Dogan et al. (2006) Bovine-associated E. coli
Dogan et al. (2012) Bovine-associated E. coli VF microarray and PCR

Fairbrother et al. (2015) Bovine-associated E. coli
Continued on next page.
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Table 4: Source publications for E. coli VFs included in the ecoli_VF_collection, ordered alphabetically by first author (continued).

publication included vfs comment

Garcia et al. (2011) Iron uptake Locus tags of iron receptors

Ghanbarpour and Oswald (2010) Bovine-associated E. coli
Huja et al. (2015) ExPEC VFs; iron uptake

Hwang et al. (2007) Serum resistance Omptins ompP and ompT
Ideses et al. (2005) T3SS ETT2

Joensen et al. (2014) IPEC VFs VirulenceFinder

Johnson and Stell (2000) ExPEC VFs Basis for many UPEC VF PCRs

Johnson et al. (2006a) Toxins Plasmid pAPEC-O1-ColBM

with ColB/M colicins

Johnson et al. (2006b) Toxins Plasmid pAPEC-O2-ColV

with a ColV colicin

Johnson et al. (2008b) ExPEC VFs

Johnson et al. (2008a) ExPEC VFs

Kaipainen et al. (2002) Bovine-associated E. coli
Kaper et al. (2004) Review on pathogenic E. coli (mostly IPEC)

Kempf et al. (2016) Bovine-associated E. coli
Continued on next page.

https://cge.cbs.dtu.dk/services/VirulenceFinder/
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Table 4: Source publications for E. coli VFs included in the ecoli_VF_collection, ordered alphabetically by first author (continued).

publication included vfs comment

Korea et al. (2010) CU fimbriae

Köhler and Dobrindt (2011) ExPEC VFs

Li et al. (2015) T6SS SecReT6 T6SS database

Ma et al. (2013) T6SS

Moulin-Schouleur et al. (2007) ExPEC VFs

Müller et al. (2007) IPEC VFs Multiplex PCR schema to dis-

cern IPEC pathotypes

Nyholm et al. (2015) IPEC VFs

Olesen et al. (2012) ExPEC VFs

Petty et al. (2014) ExPEC VFs Includes tool SeqFindr

Ren et al. (2004) T3SS ETT2

Ren et al. (2005) Flagella Flag-2

Rĳavec et al. (2008) ExPEC VFs

Rodriguez-Siek et al. (2005) ExPEC VFs

Salipante et al. (2015) ExPEC VFs Large VF panel from VFDB and

literature

Continued on next page.

http://db-mml.sjtu.edu.cn/SecReT6/index.php
https://mscook.github.io/SeqFindR/
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Table 4: Source publications for E. coli VFs included in the ecoli_VF_collection, ordered alphabetically by first author (continued).

publication included vfs comment

Schneider et al. (2004) Adhesion & invasion; serum resistance Describes pathogenic GI V of

UPEC 536

Suojala et al. (2011) Bovine-associated E. coli
Sváb et al. (2013b) Adhesion & invasion; bovine-associated E. coli Long polar fimbriae variants

Torres et al. (2009) Adhesion & invasion Long polar fimbriae variants

Whitfield and Roberts (1999) Serum resistance Definition of the E. coli cap-
sule groups

Wurpel et al. (2013) CU fimbriae

Zude et al. (2014) ATs Section 5.1 on page 79
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BACTER IAL GENOMICS SCR IPTS

For the bioinformatical analyses of the publications I co-authored

during this thesis (see page xi), several workflows and scripts had

to be established and written. Thus, I created a collection of Perl1

scripts for bacterial genomics (Table 5 on the following page) and

hosted the source code on GitHub (https://github.com/aleimba/

bac-genomics-scripts). Some of these tools include bash wrappers

bac-genomics-scripts

collection
to easily run the whole pipeline and/or call upon the statistical com-

puting language R2 (R Core Team, 2017). Also, each has an individual

and detailed README file that describes the purpose and usage, lists

all options, dependencies (mostly the BioPerlmodule collection (Sta-

jich et al., 2002)), outputs, gives examples, and furthermore includes

a changelog for each version. The scripts follow the recommendations

for usable bioinformatics command line software by Seemann (2013),

such as including a help text with option -h and a version switch -v.

The main README gives a summary for each tool/pipeline, installa-

tion recommendations, run tips, and email contact (besides theGitHub

issue system). All scripts are licensed under the open source copyleft

GNU General Public License v3.0 (GPLv3) for a great variety of per-

missions and reuse/distribution possibilities, and to ensure the work

remains freely available. The current version of the scripts is publicly

archived in Zenodo with a citable DOI (Leimbach, 2016a):

Leimbach A. 2016. bac-genomics-scripts: Bovine E. coli masti-

tis comparative genomics edition https://github.com/aleimba/

bac-genomics-scripts. Zenodo.
doi: 10.5281/zenodo.215824

1 https://www.perl.org/
2 http://www.r-project.org/

73

https://github.com/aleimba/bac-genomics-scripts
https://github.com/aleimba/bac-genomics-scripts
https://www.gnu.org/licenses/gpl-3.0.html
https://github.com/aleimba/bac-genomics-scripts
https://github.com/aleimba/bac-genomics-scripts
https://doi.org/10.5281/zenodo.215824
https://www.perl.org/
http://www.r-project.org/
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Table 5: Scripts and pipelines currently in the bac-genomics-scripts collection.

script/pipeline version description

calc_fastq-stats 0.1 Calculate basic statistics for bases and reads in FASTQ files

cat_seq 0.1 Concatenate a multi-sequence file (EMBL, GENBANK . . . format) to a single artificial file

cdd2cog 0.2 Assign Clusters of Orthologous Groups (COG) categories to proteins with RPS-BLAST+

and NCBI’s Conserved Domain Database (CDD) (Marchler-Bauer et al., 2015; Tatusov et

al., 2003)

cds_extractor 0.7.1 Extract CDS protein/nucleotide sequences from EMBL/GENBANK files

ecoli_mlst 0.3 Determine STs and extract alleles according to Achtman’s E. coli multi-locus sequence

typing (MLST) scheme with NUCmer (Kurtz et al., 2004; Wirth et al., 2006)

genomes_feature_table 0.5 Create a feature table for EMBL or GENBANK files

ncbi_ftp_download pipeline3 0.2.1 Batch downloading of bacterial genomes for a genus/species from NCBI’s FTP server;

deprecated
order_fastx 0.1 Order sequence entries in FASTA/FASTQ files according to an ID list

po2anno 0.2.2 Create an annotation comparison matrix based on Proteinortho5 ortholo-

gous/paralogous protein detection (Lechner et al., 2011, 2014)

Continued on next page.

3 This pipeline is deprecated because NCBI reorganized its FTP server.
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Table 5: Scripts and pipelines currently in the bac-genomics-scripts collection (continued).

script/pipeline version description

po2group_stats 0.1.3 Calculate pan-genome-wide association statistics from Proteinortho5 ortholog/paralog

analysis and plot Venn diagrams with R package gplots (Warnes et al., 2016)

prot_finder pipeline 0.7.1 BLASTPpresence/absencematrix andpan-genome-wide association (plusVenndiagrams)

of query proteins in genomes

rename_fasta_id 0.1 Rename and enumerate FASTA ID lines

revcom_seq 0.2 Reverse complement (multi-)sequence files

rod_finder pipeline 0.4 Regions of difference (RODs) detection between a query genome and reference genome(s)

with BLASTN

sam_insert-size 0.2 Paired-end library insert size estimation and read length statistics from BAM/SAM files

sample_fastx-txt 0.1 Randomly subsample FASTA, FASTQ, or TEXT files with reservoir sampling
seq_format-converter 0.2 Convert a sequence file to another format with BioPerl

tbl2tab 0.2 ConvertNCBI’s TBL format
4
to tab-delimited and back, e. g. formanual annotation curation

trunc_seq 0.2 Truncate sequence files according to given coordinates, while retaining annotations

4 https://www.ncbi.nlm.nih.gov/genbank/genomesubmit_annotation/

https://www.ncbi.nlm.nih.gov/genbank/genomesubmit_annotation/
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PUBL ICAT IONS

This chapter includes all publications in which I participated as co-

author and that relate to the PhD thesis topic. Original publisher PDF

pages or supplementary material are indicated by frames enclosing

the respective pages. For a full list of publications co-authored in the

course of this thesis please refer to page xi.

5.1 autotransporter prevalence in e . coli

Many autotransporter (AT) proteins have been characterized for E. coli
and their functional domains associated with virulence for the majority

of these (Section 1.3 on page 46). Because of this association, several

ATs were regarded as markers for E. coli pathotypes that support their
individual pathogenesis mechanism. In order to examine this puta-

tive pathotype association we set out to analyze the distribution of

AT proteins in E. coli genomes in regard to pathotype and phylogroup
classification.

5.1.1 Prevalence of autotransporters in Escherichia coli: what is the impact
of phylogeny and pathotype?

Zude I*, Leimbach A*, Dobrindt U. 2014. Prevalence of autotrans- * Authors
contributed equally

porters in Escherichia coli: what is the impact of phylogeny and

pathotype? Int. J. Med. Microbiol. 304:243–256.
doi: 10.1016/j.ĳmm.2013.10.006

5.1.1.1 Contributions

Zude et al. (2014) describes presence/absence distribution of E. coli AT
proteins (Section 1.3 on page 46) in a large E. coli strain panel in relation

to phylogeny and pathotype. Additionally, several newly identified

ExPEC ATs were phenotypically characterized.

My contribution constitutes all the bioinformatical research and

study design of the publication, the respective figures/tables, as well

as the accompanying statistical analyses. The corresponding scripts/

pipelines I programmed and used for this work are outlined in Chap-

ter 4 on page 73. I wrote all parts of the manuscript that touch upon

this analysis. The wet-lab part of the publication was executed and

written by Ingmar Zude. Detailed individual author contributions for

79

https://doi.org/10.1016/j.ijmm.2013.10.006


80 publications

each part of the paper and each figure/table can be found in Table 10

and Table 11 on page 230, respectively.

5.1.1.2 Main paper

Reprinted from Zude et al. (2014) with permission from Elsevier. The

publication can be found on pages 81–94 or at:

http://www.sciencedirect.com/science/article/pii/

S1438422113001562

https://www.elsevier.com/
http://www.sciencedirect.com/science/article/pii/S1438422113001562
http://www.sciencedirect.com/science/article/pii/S1438422113001562
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s  u  m  m  a  r  y

Autotransporter  (AT)  proteins  are widespread  surface-exposed  or secreted  factors  in Escherichia  coli.
Several  ATs  have  been  correlated  with  pathogenesis  or  specific  phylogenetic  lineages.  Therefore,  an  appli-
cation  as biomarkers  for  individual  extraintestinal  pathogenic  E.coli  (ExPEC)  or intestinal  pathogenic  E.coli
(IPEC)  has  been  proposed.  To put  this  assumption  on a  solid  foundation,  we  analyzed  111  publicly  available
E. coli genome  sequences  and screened  them  bioinformatically  for the  presence  of 18  ATs.  We  determined
the  highest  AT  prevalence  per  strain  in phylogroup  B2  isolates  and  showed  that  AT distribution  corre-
lates  rather  with  phylogenetic  lineages  than  with  pathotypes.  Although  a strict  dependence  between  AT
prevalence  and  pathotype  was  not observed,  EspP,  EhaA,  and  EhaG  cluster  with  IPEC  of  phylogroup  B1
and  E, respectively,  whereas  UpaH  is  predominantly  present  in  ExPEC  of phylogroup  B2. Furthermore,
PicU,  SepA,  UpaB,  UpaI,  and  UpaJ were  associated  with  phylogroup  B2. We  detected  UpaI  and  its  posi-
tional  ortholog  EhaC  in 93%  of the  E.coli strains  tested.  This  AT variant  is  thus  the  most  prevalent  in  E.coli
irrespective  of  pathotype  or phylogenetic  background.  Compared  with  the  ATs  UpaB,  UpaC,  and  UpaJ  of
uropathogenic  E.coli strain  536,  UpaI  had  redundant  functions,  contributing  to autoaggregation,  biofilm
formation,  and binding  to  extracellular  matrix  proteins.  The  functional  redundancy  and  wide  distribution
of  ATs  among  pathogenic  and  non-pathogenic  E.coli  indicates  that  ATs  cannot  generally  be  regarded  as
specific  biomarkers  and virulence  factors.  Our  results  demonstrate  that  phylogeny  has  a bigger  impact
on the distribution  of  AT variants  in  E.coli  than  initially  thought,  especially  in ExPEC.

© 2013  Elsevier  GmbH.  All  rights  reserved.

Introduction

Autotransporter (AT) proteins are representatives of the type
V secretion system (TVSS) which is the most prevalent of the
seven types of secretion systems in Gram-negative bacteria known
to date (Holland, 2010; Grijpstra et al., 2013). ATs have been
detected in all five classes of proteobacteria (Celik et al., 2012).
The family of TVSSs currently comprises the subtypes Va (clas-
sical autotransporters), Vb (two-partner secretion systems), Vc
(trimeric autotransporter adhesins (TAA), also known as oligomeric
coiled-coil adhesins (OCA)), Vd (Patatin-like proteins), and Ve
(intimins and invasins) (Henderson and Navarro-Garcia, 2004).
All ATs share a characteristic structure consisting of three func-
tional domains: (i) an N-terminal signal sequence, which initiates
the SecA-dependent transport across the inner membrane into
the periplasm, (ii) an �- or passenger domain, responsible for

∗ Corresponding author. Present address: Institute of Hygiene, Robert-Koch-Str.
41, 48149 Münster, Germany. Tel.: +49 0251 980 2875; fax: +49 0251 980 2868.

E-mail address: dobrindt@uni-muenster.de (U. Dobrindt).
1 Both authors contributed equally to this study.

the different functional traits of ATs, and (iii) an outer mem-
brane embedded C-terminal �- or translocation domain (Desvaux
et al., 2004; Benz and Schmidt, 2011). AT proteins of each sub-
type share a highly homologous subtype-specific translocation
domain, but show substantial sequence diversity in the passen-
ger domains that determine their individual functional properties.
ATs have various, often multiple functions and can contribute to
adhesion, autoaggregation, biofilm formation, haemagglutination,
serum resistance, or exhibit protease or toxin activity (Henderson
and Nataro, 2001). In former studies, these characteristics have
been frequently correlated with pathogenesis and therefore ATs
were repeatedly considered virulence-associated factors. A set of
AT proteins designated “uropathogenic E. coli autotransporter”
(Upa) or “enterohemorrhagic E. coli autotransporter” (Eha) have
been characterized regarding their distribution among pathotypes,
typical AT traits, i.e. the ability to mediate biofilm formation,
autoaggregation, adherence to proteins of the extracellular matrix
or eukaryotic cells as well as their contribution to virulence (Allsopp
et al., 2010, 2012; Easton et al., 2011; Totsika et al., 2012; Ulett et al.,
2007; Valle et al., 2008; Wells et al., 2008, 2009). One of the best
characterized ATs, Ag43, mediates diffuse adherence and autoag-
gregation, thus promoting biofilm formation (Hasman et al., 1999;

1438-4221/$ – see front matter © 2013 Elsevier GmbH. All rights reserved.
http://dx.doi.org/10.1016/j.ijmm.2013.10.006
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Reidl et al., 2009). Consequently, Ag43 is considered a potential
virulence factor, although the presence or absence of a partic-
ular agn43 allele could not be correlated with clinical disease.
Ag43 plays a role in persistence which is an important aspect of
both, infection and commensalism (van der Woude and Henderson,
2008). The definition of virulence factors is sometimes problem-
atic, because, depending on the niche, a virulence factor can be
regarded as a fitness factor and vice versa. Such an ambivalent
role of ATs may  explain that agn43 alleles were detected in 93%
of clinical isolates including UPEC as well as IPEC, but also about
56% of commensal E. coli isolates (Restieri et al., 2007). The same
study also described an association of the AT proteins Sat and Pic
with UTI isolates and suggested a correlation with the phyloge-
netic background. Sat and Pic are serine protease autotransporters
of Enterobacteriaceae (SPATEs). SPATEs contribute to the virulence
of different E. coli pathotypes by adhesion, toxicity and protease
activity (Dautin, 2010; Brockmeyer et al., 2009), but have also been
identified in commensal E. coli (Restieri et al., 2007).

The screening of a limited set of 28 E. coli genome sequences
for AT-encoding genes confirmed that the prevalence of type Va
AT proteins, especially of the AIDA-I type, correlates with specific
E. coli pathotypes (Wells et al., 2010). The same study, however,
also showed that the three AIDA-I type ATs Ag43, YfaL/EhaC,
and EhaB/UpaC, and the TAA UpaG, although displaying greater
sequence identity within individual pathotypes, could also be
detected in most of the other genomes examined. This suggests
that these four ATs mediate functions conserved among all E. coli
strains (Wells et al., 2010).

We  focused on AT proteins of Escherichia coli (E. coli) which
is a commensal resident of the intestinal microflora of humans
and other warm-blooded animals, but also comprises different
intestinal pathogenic E. coli (IPEC) and extraintestinal pathogenic
E. coli (ExPEC) variants, like uropathogenic E. coli (UPEC) (Kaper
et al., 2004; Köhler and Dobrindt, 2011). Additionally, E. coli strains
can be classified according to their phylogenetic background and
allocated to major phylogenetic lineages A, B1, B2, C-I to C-V, D
and E (Ochman and Selander, 1984; Clermont et al., 2000; Walk
et al., 2009; Tenaillon et al., 2010). So far, the screening for the
prevalence of AT-encoding genes focused mainly on pathogenic
E. coli isolates. The constantly increasing number of complete E. coli
genome sequences allows the extension of the bioinformatic anal-
ysis of AT-encoding gene distributions to a larger and comparable
number of non-pathogenic and pathogenic isolates, thus avoid-
ing a bias towards certain E. coli pathogens. To better assess the
putative correlation between AT prevalence and pathogenicity or
phylogenetic background of the species E. coli, we performed a
bioinformatic analysis and screened 111 pathogenic and commen-
sal E. coli genomes for the prevalence of ATs. Our results show that
different ATs cannot be unambiguously correlated with a particu-
lar pathotype. The rather monomorphic enterohemorrhagic E. coli
(EHEC) lineages O157:H7/H- and O55:H7 seem to be an excep-
tion, because they are usually characterized by the presence of at
least four of the five ATs EhaA/EhaB/EhaC/EhaD/EhaG. Otherwise, a
clear association of ATs with pathotypes, i.e. enrichment of AT pres-
ence in a particular pathotype in comparison to the two  remaining
pathotypes, could be seen for (i) EspP, EhaA, EhaG, and UpaJ with
IPEC, (ii) Ag43, SepA, UpaC, UpaH and UpaI with ExPEC as well as
(iii) Sat and commensals. However, no AT protein was specific for
only one pathotype. Interestingly, we found a stronger correlation
between phylogenetic lineages and AT prevalence. We  observed the
highest AT prevalence in phylogenetic group B2 isolates and the ATs
EhaJ, PicU, UpaH, UpaI and SepA were either characteristic for phy-
logroup B2 or present in >60% of all respective AT-carrying ECOR
B2 isolates tested. On the contrary, the AT proteins EhaA, EhaC,
EhaD, and EhaG were scarcely present in phylogenetic lineage B2.
We identified UpaI and its positional ortholog EhaC as the most

prevalent AT variant which was  detected irrespective of pathotype
or phylogenetic background. To further characterize this conserved
AT protein, we functionally compared UpaI of UPEC strain 536 with
the other AT variants UpaB, UpaC and UpaJ present in strain 536.
Our results further corroborate that most ATs cannot be regarded as
biomarkers or specific virulence factors per se,  but rather contribute
to fitness of commensal and pathogenic E. coli.

Methods

In silico analysis

Previously published AT protein sequences were used to
query an E. coli strain panel (Table S1) for the presence of
homologs: AatA (Accession number: ADJ53351), Ag43 (flu,  P39180),
EhaA (NP 286049), EhaB (NP 286112), EhaC (YfaL, NP 288807),
EhaD (YpjA, NP 289202), EhaG (NP 290185), EhaJ (CAS10252),
EspP (Q7BSW5), IcsA (VirG, YP 406215), PicU (NP 752289), Sat
(NP 755494), SepA (Hbp, YP 006099515), TibA (YP 006115702),
UpaG (NP 756286), and UpaH (ACX47353). Additionally, the four
predicted ATs of UPEC strain 536 analyzed in this study were used as
queries: UpaB (ECP0379, YP 668312), UpaC (ECP0433, YP 668363),
UpaI (ECP2276, YP 670171), and UpaJ (ECP3707, YP 671576). All
annotated proteins deduced from the genome sequences of the
E. coli strain panel (excluding pseudogenes) were extracted and
homologs to the AT queries were calculated with BLASTP from
the legacy BLAST program suite performed by custom-made Perl
scripts (Altschul et al., 1990; Stajich et al., 2002). Cutoffs were set
for the E-value of BLASTP to 1 × 10−10, as well as for the identity to
and coverage of the query with each 70%. Because of their domain
organization, AT proteins share high similarities in their respec-
tive subgroups (Celik et al., 2012). Thus, the cutoffs were chosen to
detect as few false positive alleles as possible. According to Moreno-
Hagelsieb and Latimer, we  used a final Smith-Waterman alignment
in the BLASTP run, namely option ‘-s T’ (Moreno-Hagelsieb and
Latimer, 2008). If a subject protein exhibited a significant BLASTP
hit to several different queries the hit with the highest identity was
chosen for the binary matrix, except for E. coli strain 1827-70 and
its ambiguous UpaJ hit, which was  classified as EhaG according to
the respective allele alignment tree (see Figure S2D).

Additionally, UpaB, UpaC, UpaI, and UpaJ, were aligned with
their respective hits from the strain panel with Clustal Omega
(version 1.1.0) (Sievers et al., 2011). These alignments were
used to infer maximum-likelihood trees with RAxML (version
7.3.2) and its rapid bootstrapping algorithm (Stamatakis, 2006;
Stamatakis and Ott, 2008). The JTT amino acid substitution matrix
and PROTGAMMA model of rate heterogeneity were utilized. The
dendrograms were midpoint rooted and visualized with iTOL
(Letunic and Bork, 2011). Additionally, the strain panel (Table
S1) was  subjected to multilocus sequence typing (MLST) (Wirth
et al., 2006). The corresponding nucleotide sequences of relevant
housekeeping genes were downloaded from the E. coli MLST web-
site (http://mlst.ucc.ie/mlst/mlst/dbs/Ecoli) and used as queries.
NUCmer from the MUMmer  package (version 3.23) was  employed
to search for similarities between the allele sequences and the E. coli
genomes with a custom-made Perl script (Kurtz et al., 2004). For
ambiguous hits, the respective gene from the genome was searched
manually against the database and the closest hit was taken. The
alleles for each strain were concatenated and an alignment was
done with ClustalX (version 2.1) (Larkin et al., 2007). Based on the
alignment, a maximum-likelihood tree was calculated with RAxML
with the GTRGAMMA model for nucleotide substitution and rate
heterogeneity. Escherichia fergusonii ATCC 35469 (Accession num-
ber: CU928158) was  used as outgroup. The BLASTP results for the
ATs (see above) were translated into a presence/absence binary
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code matrix and combined with the MLST tree to be visualized
with iTOL. The binary matrix (including total BLASTP hit counts)
was used to examine the relationship of AT presence/abscence
with pathotype and/or phylogroup via multivariate analyses.
A principle coordinate analysis (PCoA) was plotted based on a
Bray-Curtis similarity matrix of the BLASTP hits with PAST (version
2.17c) and a transformation exponent of c=2 (Hammer et al.,
2001; Legendre and Legendre, 1998). PCoA allows to maximally
correlate the distances in the ordination diagram with the linear
distance measures in the distance matrix. Here, the PCoA was  used
to examine the grouping of strains according to the AT protein
BLASTP hits (Quinn and Keough, 2002; Ramette, 2007). Addition-
ally, principle components analyses (PCA) were performed with
PAST, according to a variance-covariance matrix and the singular
value decomposition algorithm, to examine a possible association
of AT proteins with pathotypes or phylogroups of the strain panel.
For this purpose the BLASTP hits were classified in correspondence
to the pathotype or phylogroup association of the respective strain
(Table 2). The actual hit numbers were normalized by dividing
through the strain numbers for each pathotype/phylogroup. These
percentages were used in the PCA calculation as variates to find
components accounting for as much of the variance as possible of
the total variance in the multivariate data set (Quinn and Keough,
2002; Ramette, 2007). The classification and domain prediction
of trimeric autotransporters was confirmed by querying the
daTAA database (http://toolkit.tuebingen.mpg.de/dataa/browse).
Signal sequence predictions were based on SignalP 4.1
(http://www.cbs.dtu.dk/services/SignalP/).

Bacterial strains and growth conditions

The strains and plasmids used in this study are listed in Table
S2. E. coli strain MG1655 �fim�flu  (Reidl et al., 2009) was  used as
heterologous host for functional assays. Bacteria were cultured in
lysogeny broth (LB) (Sambrook et al., 1989) or on LB agar plates
at 37 ◦C. Strains carrying recombinant plasmids were cultivated
under selective pressure with appropriate antibiotics (ampicillin
100 �g ml−1, kanamycin 50 �g ml−1, tetracycline 10 �g ml−1). Het-
erologous AT gene expression in recombinant strains grown to
mid-exponential phase was induced by addition of anhydrotetra-
cycline (final concentration: 0.2 �g ml−1) for 2 h.

RNA extraction and quantitative RT-PCR

Total RNA was extracted from 1 ml  bacterial culture, either
grown in pooled human urine or LB, upon addition of an equal vol-
ume  of RNAprotect Bacteria Reagent (QIAGEN, Hilden, Germany).
RNA was extracted using the RNeasy Mini kit (QIAGEN, Germany)
following the manufacturer’s instructions. Residual DNA was
removed by DNase I (Roche, Mannheim, Germany) digestion.
After subsequent purification (RNeasy Mini kit, QIAGEN), 1.5 �g
RNA template was used for cDNA synthesis upon addition of
50 ng random hexamers and SuperScript III reverse transcriptase
(Invitrogen, Darmstadt, Germany) following the manufacturer’s
instructions. The cDNA was purified on a QIAquick column (QIA-
GEN) and adjusted to 5 ng/�l. RNA transcripts were quantified
on a CFX96 real-time PCR machine (BIORAD, Munich, Germany)
using SSoFastTM EvaGreen® Supermix (BIORAD) with the primers
listed in Table S3. Transcript levels were normalized to the level
of the housekeeping genes frr and gapA. The fold change of
transcript levels was determined with an experiment-specific cali-
brator (exponential growth phase in pooled urine) by using the CFX
ManagerTM software (BIORAD).

Cloning of AT encoding genes of E. coli strain 536

DNA sequences coding for AT genes were amplified from E. coli
strain 536 genomic DNA with DAp Goldstar (Eurogentec, Seraing,
Belgium) or Phusion (New England Biolabs, Frankfurt/Main,
Germany) proofreading DNA polymerase. Primer sequences are
summarized in Table S3. The PCR products were cloned into pASK75
expression vector (Skerra, 1994). Restriction endonucleases were
used according to the manufacturer’s specifications (New England
Biolabs). The cloned PCR products were confirmed by Sanger
sequencing.

Detection of AT expression in E. coli strain MG1655 �fim�flu

Cultures were harvested at exponential growth phase by cen-
trifugation at 13,000 x g and adjusted to the same optical
density. Polyacrylamide gel electrophoresis (PAGE) of whole-cell
extracts was  afterwards performed under denaturing conditions as
described elsewhere (Laemmli, 1970). The different AT passenger
domains were heat extracted from the bacterial surface as previ-
ously described (Reidl et al., 2009).

For Western blot analysis, the separated proteins were trans-
ferred onto nitrocellulose membranes. Membranes were blocked
overnight in Tris-buffered saline containing 0.1% (v/v) Tween 20
(TBS-T) and 5% (w/v) skim milk. Subsequently, membranes were
incubated overnight at 4 ◦C with a 1.000-fold diluted goat mono-
clonal immunoglobulin G, that recognizes the DYKDDDDK epitope
(FLAG®) tag (Sigma-Aldrich, Taufkirchen, Germany), in TBS-T and
5% skim milk. After three washes in TBS-T, a secondary anti-
goat HRP-conjugated antibody was added in a 1000-fold dilution
(Thermo Scientific, Dreieich, Germany). Chemiluminescence was
detected with SuperSignal West Pico Chemiluminescent Substrate
(Thermo Scientific).

Immunofluorescence microscopy

AT-expressing bacteria were washed three times with
phosphate-buffered saline (PBS) and fixed for 30 min  at ambient
temperature with 4% (v/v) paraformaldehyde (Merck, Darmstadt,
Germany). Fixed bacteria were quenched for 15 min  with 0.2 M
glycine, pH 7.2 (Roth, Karlsruhe, Germany). Bacteria were then
blocked with 5% (w/v) bovine serum albumin (BSA) (Serva, Hei-
delberg, Germany) and 0.3% (v/v) Triton X-100 (Roth) in PBS
for 2 h. The samples were incubated overnight at 4 ◦C with a
200-fold diluted monoclonal mouse anti-FLAG immunoglobulin G
(Invitrogen) in PBS with 1% (w/v) BSA and 0.3% (v/v) Triton X-100.
Negative controls without primary antibodies were processed
in parallel. Subsequently, samples were incubated for 2 h under
light protection with a Cy-3 fluorochrome-labeled anti-mouse
secondary antibody (Invitrogen) diluted 1:1000 in PBS with 1%
(w/v) BSA and 0.3% (v/v) Triton X-100. The samples were applied
to circle cover slips, air dried, embedded in MOWIOL  L4-88 (Roth),
and mounted on glass slides. Immunofluorescence was  detected
with an Axio Imager A1 fluorescence microscope (Carl Zeiss, Göt-
tingen, Germany), original magnification × 100, with filter sets 17
and 43 HE (Zeiss) adequate to a maximum of absorption/emission
of Cy3® (550 nm/570 nm). Fluorescence was  recorded with an
AxioCam CCD camera (Zeiss), documented with AxioVision 4.8, and
processed with Adobe Photoshop software CS5 (Adobe Systems
Inc.).

Autoaggregation assay

Bacterial autoaggregation was monitored by following bacte-
rial sedimentation kinetics as described before (Reidl et al., 2009).
Briefly, bacterial autoaggregation was  investigated by monitoring
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bacterial sedimentation kinetics. Overnight cultures were subcul-
tured and heterologous gene expression was induced as described
above. The bacterial cultures were adjusted to an OD (600 nm)  = 3,
thoroughly vortexed. At certain time intervals 50 �l samples of the
static cultures were taken approximately 1 cm below the liquid
surface and the optical density was measured.

Extracellular matrix protein binding assays

AT-mediated bacterial binding to extracellular matrix (ECM)
proteins was analyzed by ELISA (enzyme-linked immunosor-
bant assay). Briefly, purified human actin (tebu bio, Offenbach,
Germany), human placental collagens I & IV (Sigma-Aldrich,
Taufkirchen, Germany), bovine fibronectin (Invitrogen), human
laminin (Merck Millipore, Darmstadt, Germany), and human vit-
ronectin (Merck Millipore) were used for coating microtiter well
plates (Sarstedt, Nürnbrecht, Germany). Negative control wells
were coated with BSA fraction V (Roth). Proteins were diluted in PBS
(pH 7.4), and 5 �g of each protein was incubated overnight at 4 ◦C in
the wells. After washing with PBS and blocking with BSA, the coated
wells were incubated at 37 ◦C with 106 bacteria overexpressing
an AT-encoding gene. Strain MG1655 �fim�flu/pUC-A-1/pB8-
5  expressing YadA (Roggenkamp et al., 1996) was used as a
positive control. Unbound bacteria were removed after 3 h by
washing with PBS. Adherent E. coli MG1655 �fim�flu  expressing
the AT-encoding gene were detected by primary (rabbit anti-
E. coli IgG (Thermo Scientific), 1:1500 in 2.5% skim milk/PBS,
90 min, 37 ◦C) and secondary (HRP-conjugated goat anti-rabbit
IgG (Dianova, Hamburg, Germany), 1:2000 in 2.5% skim milk/PBS,
90 min, 37 ◦C) antibody reactions. Finally, 100 �l/well 3,3′,5,5′-
tetramethylbenzidine (TMB) substrate solution (Pierce, Dreieich,
Germany) was added. The enzymatic reaction was  stopped after
5–20 min  by addition of 100 ml  2 M H2SO4. Absorption was  mon-
itored at 450 nm with a Multiskan Ascent automated plate reader
(Thermo Scientific).

Biofilm formation assay

Biofilm formation on polyethylene surfaces after 48 h of growth
at 20 ◦C was monitored using flexible round-bottom 96-well
microtiter plates (Sarstedt) as previously described (Reidl et al.,
2009). Bacterial cultures were grown overnight in LB at 37 ◦C and
then diluted 1/200 to approximately 107 cells ml−1 in M63B12
medium (0.4% glucose, 1% casamino acids) containing 0.2 �g ml−1

anhydrotetracycline.

Statistical analysis

If not otherwise stated, the data of three independent exper-
iments, each performed in triplicate, were summarized via
calculating the arithmetic mean and standard deviation (SD) or
standard error of the mean (SEM). A two-sample Student’s t test was
applied to compare the results to negative control readings with
E. coli MG1655 �fim�flu  pASK75. P values <0.05 were considered
significant. A two-tailed Fisher’s exact test was used to compare
the prevalence of AT genes among indicated groups, calculated
with PAST. The strains with the AT BLASTP binary matrix results
(with total AT hits) were grouped according to their pathotype or

phylogroup association. The grouped matrix was used to test the
significance of the groups with two  statistical non-parametric mul-
tivariate tests and the program PAST: one-way ANOSIM (Analysis
of Similarities) and one-way NPMANOVA (non-parametric mul-
tivariate ANOVA). Both tests were based on Bray-Curtis distance
measures and were used to test if samples within groups are
more similar in their composition than between groups. The cal-
culated R-value in ANOSIM, the quotient of difference of mean
ranks, lies between 0 and 1 if the difference between groups is
greater than within groups, and vice versa between -1 and 0. A
p-value for R is calculated in comparison to random chance group-
ing; 10,000 randomizations were used. NPMANOVA was calculated
also with 10,000 randomizations. The method is used to test for
significant differences between the distance means of groups in
multivariate, quantitative data sets. The larger the F-ratio is above
1 in NPMANOVA, the stronger the null hypothesis can be rejected
that the variation among group means is a consequence of chance
(Quinn and Keough, 2002; Ramette, 2007).

Results

Only a few AT proteins correlate with pathogenicity and
phylogenetic background

The prevalence of the four ATs UpaB, UpaC, UpaI and UpaJ of
UPEC 536 was  screened by BLASTP in 111 complete E. coli genomes.
Additionally, these 111 genomes were tested for the presence of 14
previously published E. coli AT proteins: AatA, Ag43, EhaA, EhaB,
EhaC, EhaD, EhaG, EhaJ, EspP, IcsA, PicU, Sat, SepA, TibA, UpaG and
UpaH. Furthermore, we applied MLST to allocate the selected 111
E. coli strains to the main E. coli phylogenetic lineages to detect
whether the AT proteins cluster in phylogenetic groups (Fig. 1,
Table 1 and 2). No significant BLASTP hits were obtained for IcsA and
TibA. A global Needleman-Wunsch alignment (EMBOSS v. 6.3.1)
(Rice et al., 2000) revealed that the positional orthologs UpaC and
EhaB, as well as UpaI and EhaC share high sequence identity (63%
and 82% respectively) (Table S4) (Allsopp et al., 2012). A genome
comparison between UPEC 536 and EHEC EDL933 showed that UpaI
and EhaC are also positional orthologs. Similarly, SepA (Hbp) and
Vat (AAO21903) as well as Sat and Pet (YP 006099165) share 97%
and 63% amino acid identity, respectively. This is confirmed by a
previous study (Wells et al., 2010). As a result, only SepA and Sat
were used as queries in the analysis, EhaB and EhaC were retained
to examine allele prevalences.

25 strains (22.5%) were allocated to phylogroup A, 29 (26.1%)
to phylogenetic lineage B1, 32 (28.8%) to phylogroup B2, 3 (2.7%)
to phylogroup C-I, 12 (10.8%) to phylogroup D, and 10 (9.0%) to
phylogroup E (Fig. 1, Table 1). In total, the BLASTP analysis resulted
in 507 matches (for further details see Table S5).

We identified UpaI and EhaC as the most widely distributed
positional orthologs. Together, both alleles are present in 93% of
the isolates tested (Fig. 1). Other frequently detectable AT pro-
teins include the positional orthologs UpaC/EhaB (82% prevalence),
UpaG/UpaJ/EhaG (59% prevalence) as well as Ag43 (49% preva-
lence) (Table 2). Multiple copies of Ag43, but also of PicU have been
detected in some of the strains (Fig. 1), mostly representing allelic
variants with possible distinct functions.

Table 1
Overall distribution of AT homologs among E. coli strains categorized by pathotype or phylogenetic group.

Pathotype ECOR phylogroup

Total non-pathogenic IPEC ExPEC A B1 B2 C-I D E

AT homologs [%] 507 203 [40.0%] 247 [48.7%] 57 [11.2%] 88[17.4%] 129 [25.4%] 174 [34.3%] 9 [1.8%] 55 [10.8%] 52 [10.3%]
E.  coli genomes [%] 111 50 [45.0%] 52 [46.8%] 9 [8.1%] 25[22.5%] 29 [26.1%] 32 [28.8%] 3 [2.7%] 12 [10.8%] 10 [9.0%]
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Fig. 1. MLST-based phylogeny of 111 E. coli genomes and prevalence of E. coli AT proteins assessed by BLASTP. ECOR phylogenetic groups A (green), B1 (blue), B2 (ocher), C-I
(violet), D (brown) and E (red) are indicated. Bootstrap values >50 from 1000 resamplings are shown at respective nodes. Escherichia fergusonii was  used as an outgroup to
root  the tree. The binary code shows the presence/absence of the respective AT proteins AatA, Ag43, EhaA, EhaB, EhaC, EhaD, EhaG, EhaJ, EspP, PicU, Sat, SepA, UpaB, UpaC,
UpaG,  UpaH, UpaI, and UpaJ. Digits in the binary code indicate the number of corresponding AT alleles in the respective genome. Further details on the BLASTP results are
shown  in supplementary (Table S4).
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Our results show that E. coli ATs do not strictly cluster to cer-
tain phylogenetic groups (Fig. 1, Table 2). Most of the AT hits were
distributed among the entire strain panel, but some AT proteins
were more prevalent in certain phylogenetic groups than in oth-
ers (Fig. 1, Figure S1A, Table 2). Generally, the prevalence of ATs
was highest in phylogroup B2. Isolates of phylogenetic lineage B2
also exhibited the highest number of ATs per strain, i.e. up to ten
ATs could be detected in ECOR B2 isolates (Fig. 1). The presence
of PicU, SepA, UpaB, and UpaI was markedly associated with phy-
logroup B2 (Fig. 1, Table 2). Homologs of EhaJ and UpaH could not
be found outside of group B2. AatA exhibited the highest preva-
lence in ECOR phylogroup A. EhaA and EhaG were often found in
strains of phylogenetic lineage B1 and E (Fig. 1, Table 2). EspP was
mainly associated with phylogenetic lineage E (Table 2). Whereas
the protein sequences of UpaB alleles and the positional orthologs
UpaC/EhaB could not be correlated with phylogroup (Figure S2A,
S2B), this was possible for the positional orthologs UpaI/EhaC and
UpaG/UpaJ/EhaG (Figure S2C, S2D). EhaC is predominantly present
in phylogroups A and B1, most of UpaI alleles clustered with ECOR
group B2 (Figure S2C). Similarly, the majority of EhaG alleles was
allocated to lineages A, B1 and E, but its positional orthologs UpaG
and UpaJ were found in phylogroups B2 and D (Figure S2D). Visu-
alization of the association of AT proteins with phylogroups by
principal components analyses (PCAs) (Figure S1A) further cor-
roborated the phylogroup-dependent association of certain AT
proteins (EhaA/C/G, SepA, UpaB/I, EspP) (Figure S1A).

We also investigated whether the prevalence of ATs was associ-
ated with pathogenicity. The 111 E. coli genomes represented 50
non-pathogenic, 52 IPEC and 9 ExPEC (Table S1). All in all, the
BLAST analysis indicated that many ATs cannot be clearly cor-
related with E. coli pathotypes. The number of AT homologs in
the pathogenic strains was, however, slightly increased relative
to non-pathogenic E. coli (Table 1). Furthermore, the distribu-
tion of a few ATs correlated with individual pathotypes: AatA,
EhaA, EhaJ, and EspP were absent from ExPEC strains. Addition-
ally, EhaA, EhaG, and UpaJ were found more than twice as often in
IPEC compared to non-pathogenic strains, EspP even six times as
often. Notably, the AT combinations EhaA/EhaC/EhaD/EhaG/EspP
and EhaA/EhaB/EhaC/EhaG were characteristic for the monomor-
phic EHEC serotypes O157:H7 and O157:H−, respectively (Fig. 1).

UpaH was predominantly present in ExPEC, was  absent from
IPEC and could only be detected in one of the 50 non-pathogenic
isolates. Interestingly, we found an EhaD homolog in UPEC strain
UMN026 although the EhaD was claimed to be absent in UPEC
(Wells et al., 2010). Overall the EhaB/EhaC/EhaD/EhaG AT pro-
teins had a reduced prevalence in ExPEC strains, while the Upa AT
homologs were more abundant in ExPEC in comparison to the E. coli
phylogroup classification. PCAs of the association of AT proteins
dependent on pathotypes also suggested some ‘typical’ IPEC ATs,
i.e., EhaA/B/C/G as well as AT proteins frequently found in ExPEC,
such as UpaB/C/H/I, SepA and Ag43 (Figure S1B). Interestingly, in
Figure S1B the IPEC and non-pathogenic variable axes (vectors) are
not correlated with the ExPEC vector. The same is true for the phy-
logroup variable axes B2 and D in the phylogroup PCA (Figure S1A),
which are not correlated with B1, while A lies in the middle of these.
C-I and E are negatively correlated with B2.

To further corroborate this, we visualized strain similarity
based on AT protein presence/absence with a PCoA. The plot
for the first and second principal coordinates is shown in Fig. 2.
Pathotype associations are strongly intermixed and do not indicate
grouping. Also the phylogroup associations overlap significantly
in the PCoA, however, phylogroup B2 strains group outside of
the other phylogenetic lineages. This is also concordant with the
higher amount of ATs present in phylogroup B2 (Table 2). The E. coli
O157/O55 strains in phylogroup E also group closely together.
Analysis by one-way ANOSIM and one-way NPMANOVA supported

the conclusions deducted by visual analysis of the PCoA. Grouping
of the strains to main E. coli phylogroups in the BLASTP results
yielded a significant R-value in ANOSIM (R = 0.6136, p < 0.0001)
and F-ratio in NPMANOVA (F = 23.57, p < 0.0001). Comparison to
classifications in pathotypes resulted in a lower R-value and F-ratio
(R = 0.0642, p < 0.005; F = 3.854, p < 0.001).

These results demonstrate that individual ATs in E. coli are
not generally associated with specific pathotypes or phylogenetic
lineages. All ATs can be found in non-pathogenic as well as in
pathogenic variants. Except for the characteristic AT combination of
EHEC O157:H7 and O157:H-, a correlation between AT distribution
and phylogenetic lineage or pathotype exists for EhaA and EhaG
which cluster in phylogroup B1 and E and with IPEC, as well as for
UpaH which is often present in ExPEC of phylogroup B2. An inter-
esting example is UpaJ having an increased prevalence in IPECs of
phylogroup B2. Other ATs markedly associated with phylogenetic
lineage B2, however, don’t have a pathotype preference and can be
detected in ExPEC, IPEC, as well as in non-pathogenic E. coli.

In silico characterization of AT proteins of UPEC strain 536

Eight locus tags of UPEC strain 536 have been determined as
putative full length AT-encoding genes (Wells et al., 2010; Celik
et al., 2012) including sepA and two  variants of flu (agn43). Two
putative AT-encoding genes, ecp 0379 and ecp 0433, are variants of
the recently characterized AT genes upaB and upaC of UPEC strain
CFT073 (Allsopp et al., 2012). Two  other ORFs coding for putative
ATs of E. coli 536, ecp 2276 and ecp 3703 (Brzuszkiewicz et al.,
2006), have not been studied in UPEC model strain CFT073 before.
For further characterization, we  designated these AT-encoding
genes upaI and upaJ, respectively (Fig. 3A).

Analysis of the primary structure of the four ATs (Fig. 3B)
revealed that UpaB, UpaC and UpaI possess N-terminal sig-
nal sequences of typical length, whereas UpaJ possesses an
extended signal sequence. All four AT proteins have a highly
conserved translocation domain whereas the passenger domains
differ in sequence and size, which is a well-known feature of ATs
(Henderson and Navarro-Garcia, 2004). The passenger domains of
UpaB, UpaC and UpaI exhibit partial homology to the Pertactin
Pfam domain and their translocation domains match the AT Pfam
domain.

We typed UpaJ as a trimeric AT protein, because UpaJ largely
exhibited homology to the composite Hia Pfam domain includ-
ing the YadA translocator Pfam domain of Vc-type ATs (TAAs)
(Fig. 3B). In all TAAs characterized so far only the anchor domain
is conserved, whereas the YadA domain varies substantially in
length (Linke et al., 2006). UpaJ exhibits the prototypic head-
stalk-anchor organization of TAAs including sequential repeats at
the N-terminus of the passenger domain (Fig. 3B). Characteristic
HiaBD1 and HiaBD2 binding domains of Hia could not be identified
in UpaJ.

The AT-encoding genes of UPEC strain 536 are transcribed in vitro
and under in vivo-like conditions

To examine whether the ATs may  contribute to virulence of
UPEC strain 536, we  assessed their expression under in vivo-like
conditions. For this purpose, we used qRT-PCR to determine the
relative quantities of upaB, upaC, upaI and upaJ transcripts upon in
vitro growth in LB and pooled human urine, respectively (Fig. 4). The
AT genes were transcribed at mid-logarithmic and early stationary
growth phase in both media. upaC, upaI and upaJ expression lev-
els were higher in pooled human urine than in LB. Furthermore,
the relative expression of these genes increased during growth
and was  higher in the early stationary phase than during expo-
nential growth. In contrast, the relative upaB transcript levels were
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Fig. 2. Principal Coordinates Analysis (PCoA) to examine the grouping of E. coli strains according to AT presence/absence. The axes are scaled with eigenvalue scaling using
the  square root of the eigenvalue and indicate the percentage of variation explained in the PCoA. Dots are colored according to the phylogroup of each strain, and strain
names  are highlighted by pathotype. Additionally, the phylogroups are encircled by colored fields to emphasize the overlap between different phylogroups. The phylogroups
overlap strongly, except for phylogroup B2.

higher during exponential growth in urine relative to the station-
ary phase. Our data indicate that these four ATs may  contribute
to pathogenicity of UPEC 536 as their encoding genes are tran-
scribed not only upon growth in LB but also in pooled human
urine.

upaB, upaC, upaI and upaJ can be heterologously expressed in E.
coli K-12

For functional analyses, the four AT genes were heterologously
expressed (Table S2) in E. coli K-12 strain MG1655 �fim�flu.

Fig. 3. Characteristics of Upa ATs and their encoding genes of E. coli 536. (A) The size of the corresponding determinants and their encoded gene products are given. E-
values describe matches to conserved functional Pfam domains Pertactin (cd00253), AT (pfam03797) and Hia (COG5295). (B) Domain organization of E. coli 536 AT proteins.
Structural domains are shown as patterned boxes. Numbers indicate amino acid positions.
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Fig. 4. Real Time-PCR-based quantification of transcript levels of AT genes in E. coli
536. Data represent normalized fold expression levels of upaB, upaC, upaI and upaJ
upon growth in (i) LB at log phase (white) or stationary phase (hatched) or (ii)
pooled human urine at log phase (dotted) or stationary phase (checkered). Error bars
show standard errors of the mean (SEM). Asterisks indicate a statistical significance
(*,  P < 0.05) Gene expression was normalized to the reference genes frr and gapA.

This strain lacks the Ag43-encoding gene flu and the type 1 fim-
brial determinant, thus avoiding expression of factors that could
contribute to bacterial biofilm formation, autoaggregation, and/or
adherence. Additionally, AT gene fusions were generated resulting
in a FLAG® epitope tag attached to 5′-end of the individual pas-
senger domain. Heterologous expression of the different ATs in the
E. coli K-12 background was confirmed by SDS-PAGE of whole cell
extracts (Fig. 5A). In parallel, expression of the FLAG®-tagged UpaB,

UpaC, UpaI and UpaJ was  observed in whole-cell lysates (Fig. 5A) as
well as in preparations of released passenger domains upon heat
extraction (Fig. 5B).

The surface localization of the AT proteins was verified by IF
microscopy. FLAG®-tagged UpaB, UpaC, UpaI and UpaJ were indi-
vidually detected with antiserum against the FLAG® epitope tag
and clearly revealed exposure of the individual passenger domains
at the cell surface (Fig. 5C). UpaB, UpaC and UpaI were evenly dis-
tributed on the cell surface of host strain MG1655 �fim�flu as
previously described for Ag43 and AIDA-I (Benz and Schmidt, 1992;
Henderson et al., 2006).

The four ATs contribute differentially to autoaggregation, biofilm
formation and binding to ECM proteins

Many ATs promote autoaggregation and biofilm formation. The
comparison of settling kinetics of E. coli MG1655 �fim�flu  upon
overexpression of upaB, upaC, upaI and upaJ demonstrated that the
four ATs generally enhanced bacterial settling. A marked increase
of bacterial autoaggregation was, however, only mediated by UpaC,
UpaI and UpaJ (Fig. 6). Only UpaI contributed to biofilm forma-
tion (Fig. 7). As a result, overexpression of upaI compensated for
the loss of Ag43 and type 1 fimbriae in MG1655�fim�flu and
restored this mutant’s ability to form biofilms relative to the wild
type.

We also investigated adhesion of E. coli MG1655 �fim�flu
expressing the respective AT protein to different ECM components
(Fig. 8). E. coli MG1655 �fim�flu expressing yadA was used as a

Fig. 5. Heterologous expression of AT proteins in E. coli strain MG1655 �fim�flu.  (A) Detection of ATs in whole-cell lysates prepared from E. coli strain MG1655 �fim�flu
expressing upaB, upaC, upaI and upaJ. (B) Detection of surface-exposed AT passenger domains in heat extracts obtained from the same cultures. (C) Immunofluorescence
microscopy visualizing surface presentation of UpaB, UpaC, UpaI and UpaJ. E. coli strain MG1655 �fim�flu  transformed with pASK75 was used as vector control. Bright field
microscopy (upper panels) and fluorescence microscopy (lower panels) was performed.
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Fig. 6. Autoaggregation mediated by autotransporters of E. coli strain 536. (A) Induced expression of upaC and upaI led to significant bacterial settling (P < 0.005) compared to
non-induced cultures (B). AIDA-1 was used as a positive control. The data represent the average of three independent experiments using an E. coli strain MG1655 �fim�flu
background. (C) Expression of AT proteins promotes autoaggregation, visible as bacterial accumulation at the bottom of the test tubes after 20 h.

positive control, because this TAA is known to mediate binding
to collagens and laminin and to a lesser extent to vitronectin
(Ackermann et al., 2008). Expression of upaB resulted in a mod-
est but significant binding to actin and collagen IV and clearly
mediated binding to vitronectin. upaC and upaJ expression, on
the other hand, did not promote bacterial binding to any of the
tested ECM proteins. Interestingly upaI expression significantly
enhanced binding to actin, collagen type I and type IV, laminin
and vitronectin. Binding of UpaB, UpaC, UpaI, and UpaJ to fetuin

Fig. 7. Biofilm formation mediated by AT proteins of E. coli 536. The ATs UpaB, UpaC,
UpaI, and UpaJ were overexpressed in E. coli strain MG1655 �fim�flu. Expression
of  upaI led to significantly increased biofilm formation (P < 0.001) relative to con-
trol strain MG1655 �fim�flu.  The data represent averages from three independent
experiments and SEM.

and fibronectin was not observed (data not shown). Therefore,
UpaB and UpaI promote specific binding to some ECM proteins.
The overexpression of UpaB, UpaC, UpaI and UpaJ in E. coli
MG1655�fim�flu did not result in significant adherence to T24
human bladder epithelial or T84 or human intestinal epithelial cells
(data not shown). Thus, UpaB, UpaC, UpaI and UpaJ of UPEC 536
possess typical traits of ATs and can contribute to varying degrees
of bacterial autoaggregation, biofilm formation and adhesion to

Fig. 8. Adhesion to ECM proteins mediated by AT proteins of E. coli 536. Adhesion
was  quantified in an ELISA-based binding assay upon expression of the UpaB, UpaC,
UpaI, and UpaJ ATs in E. coli strain MG1655 �fim�flu.  White bars, vector control
(pASK75); yellow bars, UpaB; green bars, UpaC; red bars, UpaI; blue bars, UpaJ;
orange bars, YadA. Data represent averages from three independent experiments
and  SEM. Expression of upaB led to significant adhesion to actin, collagen type IV
and  vitronectin (P < 0.05) and expression of upaI led to significant adhesion to actin,
collagen type I and type IV, laminin and vitronectin (P < 0.05) compared to the
vector control (pASK75).
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ECM proteins. Interestingly, UpaI combines these characteristics
and may  thus increase bacterial fitness in different niches.

Discussion

Only a few AT proteins are pathotype- or phylogroup-specific

Previous studies suggested that ATs such as SPATEs and several
AIDA-I-type ATs may  correlate with specific pathotypes or phylo-
genetic lineages of E. coli (Restieri et al., 2007; Wells et al., 2010).
These studies were based on PCR screenings (Restieri et al., 2007) or
concentrated on a rather limited set of primarily pathogenic E. coli
isolates (Wells et al., 2010) and thus may  be biased due to DNA
sequence variations or the composition of the strain collection used.
Our study was designed to address this question by screening a
larger and phylogenetically broad panel of 111 genomes of a com-
parable number of IPEC, non-pathogenic as well as some ExPEC
isolates for the prevalence of 18 AT proteins.

We included many draft genome sequences, some of which
have a low coverage of BLASTP hits because of sequence gaps
and may  comprise DNA regions with a lower sequence quality.
This bears the risk that some ATs may  be missed by BLASTP
in these draft genomes. For example, UpaH, although present in
E. coli strain CFT073, is overlooked in our BLASTP analysis, because
it is annotated as two pseudogenes (Wells et al., 2010; Allsopp
et al., 2010). This could explain the different results of our anal-
ysis regarding the prevalence of UpaH relative to a previous study
(Wells et al., 2010). Nevertheless, our findings demonstrate that the
majority of ATs were distributed independently of their affiliation
to pathotypes. Generally, the number of AT homologs was similar
in non-pathogenic E. coli (203 [40.0%]) and in IPEC isolates (247
[48.7%]) (Table 1). Interestingly, we could not identify ATs which
are unique to either IPEC or ExPEC or non-pathogenic E. coli. Most
of the ATs were present in all three groups of isolates (Table 2) and
only some ATs showed some prevalence for pathotypes (present in
>55% of the corresponding isolates with a respective AT hit), namely
EhaA and EhaG for IPEC, EhaC for non-pathogenic E. coli and IPEC as
well as Ag43, SepA, UpaC, UpaH, and UpaI for ExPEC. Notably, the
SPATE Sat could be more frequently detected in non-pathogenic
than in pathogenic isolates (Table 2).

Contradicting results have been published before. Ag43 has been
significantly associated with pathogenic E. coli (IPEC and UPEC)
in comparison to commensals. Additionally, EspP and SepA were
significantly enriched in IPEC, Sat and Pic associated with ExPEC
isolates (Restieri et al., 2007). In contrast, in our strain panel Ag43
was evenly distributed between IPEC and non-pathogenic strains,
while being significantly associated with ExPEC. Although we  con-
firmed a preferential association of EspP with IPEC, the ATs PicU
and Sat were in our study either evenly distributed among the
pathotypes or even more present in non-pathogenic E. coli. SepA
showed a significant correlation with ExPEC in our strain panel
(Table 2). The same situation is true for the Wells et al. study (2010).
According to Schembri and colleagues, EhaA and EhaD were over-
represented in IPEC and commensal strains relative to ExPEC. In our
strain panel this was true for EhaA, however, EhaD was evenly dis-
tributed between commensals and IPEC, and even present in two
ExPEC strains. These authors observed two AT proteins with higher
prevalence in ExPEC, UpaB and AatA. Our results paint another pic-
ture: UpaB was evenly distributed between commensal, IPEC, and
ExPEC strains. Also, AatA was present in non-pathogenic E. coli and
IPEC and missing in all ExPEC strains tested (Table 2).

Another study reported that some of the ATs EhaA, UpaC/EhaB,
UpaI/EhaC, EhaD and EhaJ were associated with EHEC and IPEC
(Easton et al., 2011). Whereas these authors detected ehaB/upaC in
93% of enterohemorrhagic E. coli (EHEC) and 100% of EPEC (Easton

et al., 2011), we  identified one or the other allele in 81% of the IPEC
strains, 80% of the non-pathogenic isolates, but even in 100% of the
ExPEC strains of our study (Table 2 and Figure S1B). Thus, the fre-
quent distribution of EhaB/UpaC and AatA among non-pathogenic
E. coli argues against their application as specific virulence markers
of EHEC and EPEC.

It has been hypothesized that the distribution of ATs is attributed
to the phylogenetic background. To address this question, we  com-
pared (i) genomes clustered based on phylogeny (Fig. 1) and (ii)
the distribution of strains in a PCoA according to the presence of AT
homologs (Fig. 2). The most common AT proteins in our study, EhaC,
Ag43, and UpaC showed no preference for individual pathotypes
in our strain panel, although Ag43 and UpaC were significantly
enriched in ExPEC (Table 2, taking into account the relatively low
number of ExPEC strains analyzed). Ag43 and UpaC were widely
distributed among all phylogroups (Table 2). Only some ATs were
predominant in certain phylogroups (Table 2), but, except EhaJ and
UpaH, none of them were exclusive for one particular phyloge-
netic lineage. According to Dozois and co-workers, the SPATEs PicU
and Sat were overrepresented in group B2 and in lineages B2 and
D, respectively. Two ATs were also associated with phylogroup A,
namely EspP and SepA (Restieri et al.,  2007). Our results confirmed
an association of PicU with phylogroup B2 (only in comparison
to B1) strains and of Sat with group D, but also showed a broad
distribution of EspP (with a prevalence in group E) as well as an
association of SepA predominantly with phylogenetic lineage B2.

Most of the differences observed in our study relative to pre-
vious publications can be attributed to the different size and
composition of the strain collections used. Nevertheless, as a com-
bining theme between the study of Dozois and colleagues (Restieri
et al.,  2007) and our results, phylogeny seems to have a bigger
impact on the distribution of ATs in E. coli than initially thought,
especially in ExPEC. Overall, the highest occurrence of ATs was in
phylogroup B2. 29% of the isolates in the strain panel belonged to
this group, but 34% of the AT proteins were present in this lin-
eage (Table 2). The PCoA (Fig. 2) confirmed that the phylogenetic
background strongly affects AT distribution and indicates a higher
similarity of the AT repertoire within phylogroup B2 and greater
multivariate distance from the other phylogroups. Hence, an asso-
ciation of ATs with ExPEC, as described above with UPA ATs, may  be
explained by the affiliation of the majority of ExPEC to phylogroups
B2 and D (Chaudhuri and Henderson, 2012). This is also true for
Eha AT proteins and the monomorphic phylogroup E. All ATs that
are concentrated in ECOR B2 strains in our study, EhaJ, SepA, PicU,
UpaB, UpaH, UpaI and UpaJ, are also present in commensal strains,
even if some AT proteins are associated with ExPEC strains. Actu-
ally, in correspondence to our results, Restieri et al. (2007) found
no significant difference in AT prevalence between commensals
and UPEC in phylogroups B2 and D. The high prevalence of ATs
in phylogroup B2 may  serve as an advantage for these strains to
increase fitness in the normal gut habitat. The recent description
of ExPEC virulence factors as a by-product of commensalism sup-
ports the association of ATs with phylogeny and mirrors the fact
that ExPEC belong to the normal fecal flora of many healthy indi-
viduals (Köhler and Dobrindt, 2011; Le Gall et al., 2007; Leimbach
et al., 2013). Similarly, IPEC-characteristic ATs (EhaB, EhaC, EhaD,
and EhaJ) that we  detected in comparable frequencies in pathogenic
and non-pathogenic E. coli have only been found in 1% to 39% of
EPEC isolates in a recent study (Abreu et al., 2012).

The observation that AT distribution can be correlated with
phylogeny has to be seen in the light of E. coli phylogenomics.
Recombination in E. coli plays a significant role in its evolution;
a nucleotide is 100 times more likely to undergo a recombina-
tion event than a mutation (Touchon et al., 2009). However, recent
results show that homologous recombination among extant E. coli
is biased and shows a strong correlation with phylogeny (Leopold
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et al., 2011; Didelot et al., 2012). Whole genome phylogeny of E. coli
shows a split in two branches with ECOR group D being polyphyletic
at the root (Touchon et al., 2009; Chaudhuri and Henderson, 2012).
The phylogenetic history of E. coli impacts homologous recombina-
tion, in that strains of closely related phylogroups have a preference
for recombination with and especially within each other. Recom-
bination between phylogroups B2 and D, and between A and B1 is
high. Group E is a special case separate from the others with the
background of EHEC/EPEC specialization. Restrictions for recombi-
nation exist between phylogroups B2 and A/B1/E.

Interestingly, the PCoA reflects these barriers for homologous
recombination (Fig. 2), with B2 strains grouping separate from the
other phylogroups. Phylogroups A, B1, and E overlap in total. Phy-
logroup D lies between the B2 and A/B1/E clusters, reflecting its
intermediate role in recombination. Phylogroup association of the
strains in the BLASTP results indicated that the groups are separated
but overlap in the ANOSIM and NPMANOVA analyses. In contrast,
pathotype classification resulted in only low group significance in
the ANOSIM and NPMANOVA tests. Additionally, the PCA based on
phylogenetic classification showed variable axes that also reflect
recombination (Figure S1A). The B2 vector is closest to D, while the
B1 vector is not correlated to that of phylogroup B2. The phylogroup
E vector indicates a negative correlation with B2.

These findings were corroborated by an analysis of the E. coli
genetic population structure based on a large MLST database in
comparison to whole-genome phylogeny. The rate of genotype
(sequence type) and DNA admixture in the core genome of subpop-
ulations of E. coli was determined. Phylogroup B2 of E. coli could be
associated with a single population and this population had the
lowest rate of admixture, which can be attributed to restricted
homologous recombination with other phylogroups. This is also
true for the E. coli O55 and O157 isolates of phylogroup E. On the
other hand, the K-12 strains in phylogroup A show the highest rate
of homologous core genome recombination (McNally et al., 2013). It
was even hypothesized, that E. coli may  be in the process of a specia-
tion event, if the restrictions of recombination are further enforced
between the two phylogenetic branches or populations of E. coli
(Leopold et al., 2011; Didelot et al., 2012; McNally et al., 2013). An
example of such enforcement is the recently emerged multidrug-
resistant ExPEC sequence type 131 in phylogroup B2 with a strong
reduction in detectable homologous core genome recombination
with other lineages of the species and even other closely related B2
strains (McNally et al., 2013).

Inter- and especially intragroup recombination is important
to keep the genetic information of closely related strains simi-
lar, a cohesive force to counteract divergence. As a consequence,
these recombination restrictions may  impact the distribution of
ATs. Indeed, several studies have shown a link between extrain-
testinal virulence and phylogroup B2 (Picard et al., 1999; Johnson
et al., 2001). Finally, horizontal gene transfer (HGT) can also con-
tribute to the spread of AT genes, involving mobile genetic elements
(MGEs), like plasmids, phages, and genomic islands. This leads to
a model of sympatric speciation in that HGT acts as a founder
effect and might lead to the proliferation of a successful clone, e.g.
through genetic factors like novel restriction/modification systems,
resistance determinants, or ecological fitness in a specific habi-
tat. Restriction of recombination with closely related E. coli and
high intragroup recombination results in a steady divergence of the
clone, a higher niche adaptation and finally in a possible speciation
(McNally et al., 2013; Corander et al., 2012).

Characterization of AT proteins of UPEC 536

Extraintestinal virulence of E. coli is considered to be a by-
product of commensalism in the phylogenetic group B2 (Le Gall
et al., 2007) and several Upa ATs were more frequently present

among ExPEC strains than among IPEC. We  characterized four ATs
of UPEC strain 536 with respect to their contribution to virulence-
and fitness-associated traits. Two of them were variants of UpaB
and UpaC of UPEC strain CFT073. The novel ATs, designated UpaI
and UpaJ, show similarity to EhaC and UpaG, but because of differ-
ent properties still represent different proteins (Table S4). Although
EhaC (82% identity to UpaI) has been described in EHEC before, it
has never been functionally characterized, probably because the
correct N-terminal sequence was unknown and thus the protein
could not be heterologously expressed (Wells et al., 2008). Inter-
estingly, we identified UpaI together with its positional ortholog
EhaC as the most common AT among all E. coli strains examined
in our study (Table 1). We  demonstrated that UpaI mediates cell
aggregation, biofilm formation and binding to ECM proteins.

UpaB, UpaC, UpaI and UpaJ were expressed in UPEC strain 536
in vitro in LB as well as in pooled human urine mimicking in vivo-
like conditions (Fig. 4). When heterologously expressed in E. coli
MG1655 �flu�fim,  all four ATs were displayed on the bacterial
surface (Fig. 5C). We  noticed that detection of cell surface-exposed
UpaJ was  lower relative to the other ATs tested, suggesting that
an N-terminal portion of the protein including the FLAG® tag was
cleaved, either during or after translocation to the cell surface. This
is supported by breakdown products of UpaJ observed upon heat
extraction (Fig. 5B). Similar observations were recently reported
for the IcsA AT fusion protein expression on the cell surface (Lum
and Morona, 2012). TAAs usually mediate adherence due to bind-
ing domains as described for Hia and Hsf (Yeo et al., 2004; Cotter
et al., 2005). No such binding domains were found in UpaJ and prob-
ably therefore UpaJ exhibited no typical functional properties of
TAAs except weak autoaggregation. Our sequence comparison indi-
cated that UpaJ is a shorter variant of UpaG, but lacks HiaBD1 and
HiaBD2 binding domains of TAAs. In contrast, UpaG mediates adhe-
sion to human bladder cells (Valle et al., 2008), and has been shown,
together with its positional ortholog EhaG, to promote autoaggre-
gation, biofilm formation and adherence to various ECM proteins
(Totsika et al., 2012).

Previously, UpaB and UpaC variants of UPEC CFT073 have
been characterized (Allsopp et al., 2012). UpaB conferred bind-
ing to fibronectin, fibrinogen and laminin and contributed to
uropathogenesis, whereas UpaC mediated increased biofilm for-
mation (Allsopp et al., 2012). Our results generally confirmed the
functional features of UpaB and UpaC, but also indicated discrep-
ancies. The UpaB variant of UPEC 536 mediated adhesion to actin,
collagen IV and vitronectin, but not to laminin. While having a high
overall identity (93%), most of the amino acid sequence differences
of UpaB in UPEC 536 and CFT073 are in the passenger domain (Table
S4). These mutations may explain different functional properties.
In contrast to UpaC of strain CFT073, UpaC of E. coli 536 did not
promote biofilm formation, but contributed to autoaggregation,
although both proteins/alleles are almost identical (99.8% identity).
These discrepancies obviously result from different experimental
conditions used. It has been shown that biofilm formation varies
considerably according to the environmental conditions as well as
the methods used (Crémet et al., 2013). Autoaggregation mediated
by UpaC of UPEC 536 may  be explained by the lack of the fim gene
cluster in the K-12 host strain used for the autoaggregation assay.
Several studies demonstrated that autoaggregation is blocked by
fimbriae expression (Hasman et al., 1999; Schembri et al., 2004;
Ulett et al., 2006).

For the first time, we functionally characterized UpaI. As a typ-
ical member of subtype Va ATs, UpaI promotes autoaggregation,
biofilm formation as well as binding to different ECM proteins. Like
UpaB, UpaC and UpaJ, also UpaI is expressed in pooled human urine
and may  thus contribute to uropathogenesis, although its intrin-
sic function may  be during intestinal colonization. Taken together,
UpaI further extends the number of ATs with redundant functions
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present in E. coli. In the same way as many other ATs, the pres-
ence of UpaI and its positional ortholog EhaC do not correlate with
the phylogenetic background or pathogenicity of individual iso-
lates and thus these proteins represent fitness rather than specific
virulence factors.

In summary, E. coli phylogeny enforces strong restrictions on
the flexible gene content of individual strains. Although there are
examples of pathotype-specific virulence factors and parallel ori-
gin of specific pathovars via HGT, e.g. Shiga toxin in EHEC or the
locus of enterocyte effacement (LEE) in EHEC/EPEC, AT proteins
don’t belong to this group. Certainly, adaptation of individual iso-
lates to their specific habitats results in strong selection pressures,
especially in the interplay between host and bacterium, hence the
convergent evolution in different phylogroups. But, if AT proteins
contribute to overall colonization/survival fitness in commensals,
the selection pressure lies outside of pathotype classifications.
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5.1.1.3 Supplementary information

The supplementary figures and tables for Zude et al. (2014) are pre-

sented on pages 96–103. Supplementary Table S1 (overview of the used

E. coli strain panel) and Table S5 (statistics of the BLASTP hits) are too

extensive for a reprint, but can be foundwith the original sources here:

http://www.sciencedirect.com/science/article/pii/

S1438422113001562

http://www.sciencedirect.com/science/article/pii/S1438422113001562
http://www.sciencedirect.com/science/article/pii/S1438422113001562


Table S2. Bacterial strains and plasmids used in this study

Strains / Plasmids Relevant Characteristics Origin / Reference
E. coli strains
DH5α F-, endA1, hsdR17, (rk

-, mk
-), supE44, thi-1, recA1, gyrA96, 

relA1, Δ(argF-lac)U196, λ-, Φ80dlacZΔM15 Bethesda Res. Labs , 1986
NovaBlue endA1, hsdR17 (rK-12

– mK-12
+), supE44, thi-1, recA1, gyrA96, 

relA1, lac F [′ proA+B+ lacIqZM15::Tn10] (TetR) Novagen (Darmstadt)
MG1655∆fim∆flu MG1655, ∆fim::cat ∆flu::kan, cat resistance removed by FLP 

flippase carried by pCP20 Reidl et al., 2009
536 O6:K15:H31 Brzuszkiewicz et al., 2006
536∆ecp0379 536, upaB- This study
536∆ecp0433 536, upaC- This study
536∆ecp2276 536, upaI- This study
Plasmids
pASK75 Expression vector, AmpR, oriColEI Skerra, 1994
pIZ0379 pASK75::upaB This study
pIZ0433 pASK75::upaC This study
pIZ2276 pASK75::upaI This study
pIZ3703 pASK75::upaJ This study
pIZ0379FLAG pASK75::upaB::DYKDDDDK(FLAG®) This study
pIZ0433FLAG pASK75::upaC::DYKDDDDK(FLAG®) This study
pIZ2276FLAG pASK75::upaI::DYKDDDDK(FLAG®) This study
pIZ3703FLAG pASK75::upaJ::DYKDDDDK(FLAG®) This study
pASKAg43b pASK75::agn43b This study
pIB264 SphI-ClaI aah-aidA-fragment of pIB6 Benz and Schmidt, 1989
pUC-A-1 pUC13 carries yadA of pYVO8 as 5 kb EcoRI-HindIII -fragment Roggenkamp et al. , 1995
pB8-5 pRK290B carries 5-kb BamHI -fragment of pYVO8, virF Roggenkamp et al. , 1996
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Table S3: Primers used in this study

Primer Sequence [5´→3´] Application

0379cF tgctctagaaggaattgttatggagaatttcttcatgaaa Amplification of upaB from E. coli 536

0379cR cccaagcttagtcgacaggggaaccgactgct Amplification of upaB from E. coli 536

0433cF tgctctagaaggaattgttatgcactcctggaaaaagaaa Amplification of upaC from E. coli 536

0433cR ccgctcgaggcccgtcaaatccttgacgggca Amplification of upaC from E. coli 536

2276cF tgctctagaaggaattgttatgaatatgcggattatcttt Amplification of upaI from E. coli 536

2276cR cccaagcttcctgataaggcgtttacgccgca Amplification of upaI from E. coli 536

3703cF tgctctagaaggaattgttatgaacaaaatatttaaagtt Amplification of upaJ from E. coli 536

3703cR cccaagctttgctgaatcaccccgtaggcct Amplification of upaJ from E. coli 536

Fp0379Fless gcggtatcaactacaccggttacattgg Mutagenesis of upaB with FLAG® tag

Fp0379Rflag cttatcgtcgtcatccttgtaatcgttatcagcagcgaat
gctggtgc

Mutagenesis of upaB with FLAG® tag

Fless0433F acgaccgatttagtttggccgtatga Mutagenesis of upaC with FLAG® tag

Flagprimer0433R cttatcgtcgtcatccttgtaatcggtgttgtcatgatac
cccca

Mutagenesis of upaC with FLAG® tag

Fp2276Fless cagggatatgatatcaaagcgagctgtcagg Mutagenesis of upaI with FLAG® tag

Fp2276Rflag cttatcgtcgtcatccttgtaatcacatgaatcaatgacc
gc

Mutagenesis of upaI with FLAG® tag

Fp3703Fless gcgcttgatggtggtggggctagcg Mutagenesis of upaJ with FLAG® tag

Fp3703Rflag cttatcgtcgtcatccttgtaatcggtcgatgcttgtact
ccagacg

Mutagenesis of upaJ with FLAG® tag

RT_79_F ctccaccatcacagctcaa quantitative RT-PCR of target upaB

RT_79_R accgccattaacaacaaca quantitative RT-PCR of target upaB

RT_33_F gttgggtgatgtcgagtt quantitative RT-PCR of target upaC

RT_33_R ggccggttgaatagaagaat quantitative RT-PCR of target upaC

RT_76_F ggcgatattgtggtggaag quantitative RT-PCR of target upaI

RT_76_R aggtggtgaaatcagagag quantitative RT-PCR of target upaI

RT_03_F agcacaacacaacgcaaaa quantitative RT-PCR of target upaJ

RT_03_R gcgcctctcccacattat quantitative RT-PCR of target upaJ
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Table S4. Comparison of selected autotransporter genes with a global Needleman-Wunsch algorithm 
(EMBOSS v 6.3.1)

AT 
name E. coli strain Locus tag

NCBI
protein-ID

Length
(AA) Gaps

Identity 
(%)

Similarity 
(%)

upaB subject 536 ECP_0379 YP_668312 770 - - -
upaB query CFT073 c0426 NP_752363 776 10 93.1 94.5

upaC subject 536 ECP_0433 YP_668363 995 - - -
upaC query CFT073 c0478 NP_752412 995 0 99.8 99.8

ehaB query O157:H7 
EDL933

Z0469 NP_286112 980 125 63.0 72.9

upaI subject 536 ECP_2276 YP_670171 1254 - - -
yfaL query CFT073 c2775 NP_754661 1254 0 98.7 99.0

ehaCᵻ query O157:H7 
EDL933 Z3487 NP_288807 1250 4 81.7 89.0

upaJ subject 536 ECP_3703 YP_671576 1624 - - -
upaG query CFT073 c4424 NP_756286 1778 184 73.4 79.3

ehaG query O157:H7 
EDL933

Z5029 NP_290185. 1588 164 66.0 75.5
ᵻalternatively referred to as yfaL

The start  codon of  upaB (ECP_3703) was set  upstream to increase the protein size to 770 amino acids (in
comparison to 765 amino acids in the original annotation).
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5.2 genomic analyses of two stec isolates from the ger-

man 2011 epidemic

In 2011 the largest and deadliest food-borne STEC epidemic to date

descended upon Germany (Section 1.4 on page 48). Because of the

enormous development in sequencing technologies and accompany-

ing dramatic cost reduction (Section 1.1.1 on page 5), it was the first

opportunity to analyze the genome of a bacterial pathogen in an ongo-
ing epidemic. We were one of the teams that analyzed the virulence

potential of the O104:H4 STEC genome in detail (Table 6 on page 198).

5.2.1 Genome sequence analyses of two isolates from the recent Escherichia
coli outbreak in Germany reveal the emergence of a new pathotype:
Entero-Aggregative-Haemorrhagic Escherichia coli (EAHEC)

Brzuszkiewicz E*, Thürmer A*, Schuldes J*, Leimbach A*, Liese-* Authors
contributed equally

gang H*, Meyer F-D, Boelter J, Petersen H, Gottschalk G, Daniel

R. 2011. Genome sequence analyses of two isolates from the re-

cent Escherichia coli outbreak in Germany reveal the emergence of

a new pathotype: Entero-Aggregative-Haemorrhagic Escherichia
coli (EAHEC). Arch. Microbiol. 193:883–891.
doi: 10.1007/s00203-011-0725-6

5.2.1.1 Contributions

Brzuszkiewicz et al. (2011) presents the genomic sequences and anal-

yses of two STEC isolates (GOS1 and GOS2) from the food-borne epi-

demic (Section 1.4 on page 48). Because the isolates contained vir-

ulence characteristics from two E. coli pathotypes, EAEC and EHEC,

we suggested a new E. coli pathotype acronym: entero-aggregative-

haemorrhagic E. coli (EAHEC).

I contributed to the bioinformatical analyses and study design of the

publication, especially identification andvisualizationof the respective

VFs andprophages, and the phylogeny based onMLST. I was involved in

all parts of the writing process of the manuscript. Detailed individual

author contributions for each part of the paper and each figure/table

can be found in Table 12 and Table 13 on page 231, respectively.

5.2.1.2 Main paper

This open access publication can be found on pages 105–113 or freely

available and to reuse (licensedunder aCreativeCommonsAttribution-

NonCommercial 3.0 Unported License (CC BY-NC 3.0) ) at:

https://link.springer.com/article/10.1007%

2Fs00203-011-0725-6

https://doi.org/10.1007/s00203-011-0725-6
https://creativecommons.org/licenses/by-nc/3.0/
https://creativecommons.org/licenses/by-nc/3.0/
https://link.springer.com/article/10.1007%2Fs00203-011-0725-6
https://link.springer.com/article/10.1007%2Fs00203-011-0725-6
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Abstract The genome sequences of two Escherichia coli

O104:H4 strains derived from two different patients of the

2011 German E. coli outbreak were determined. The two

analyzed strains were designated E. coli GOS1 and GOS2

(German outbreak strain). Both isolates comprise one

chromosome of approximately 5.31 Mbp and two putative

plasmids. Comparisons of the 5,217 (GOS1) and 5,224

(GOS2) predicted protein-encoding genes with various

E. coli strains, and a multilocus sequence typing analysis

revealed that the isolates were most similar to the entero-

aggregative E. coli (EAEC) strain 55989. In addition, one

of the putative plasmids of the outbreak strain is similar to

pAA-type plasmids of EAEC strains, which contain

aggregative adhesion fimbrial operons. The second putative

plasmid harbors genes for extended-spectrum b-lactamas-

es. This type of plasmid is widely distributed in pathogenic

E. coli strains. A significant difference of the E. coli GOS1

and GOS2 genomes to those of EAEC strains is the pres-

ence of a prophage encoding the Shiga toxin, which is

characteristic for enterohemorrhagic E. coli (EHEC)

strains. The unique combination of genomic features of the

German outbreak strain, containing characteristics from

pathotypes EAEC and EHEC, suggested that it represents

a new pathotype Entero-Aggregative-Haemorrhagic

Escherichia coli (EAHEC).

Keywords EHEC outbreak � EAHEC � Genome

sequencing � Pathotype � Genome evolution

Introduction

Escherichia coli is a bacterium that is commonly found in the

intestine of humans and other mammals. Most E. coli strains

are harmless commensals. However, some strains such as

enterohemorrhagic E. coli (EHEC) strains can cause severe

food-borne diseases. These pathogens are transmitted to

humans primarily through consumption of contaminated

drinking water and foods such as raw or undercooked ground

meat products, raw milk, and even vegetables (Kaper et al.

2004). In addition, person-to-person transmission is possi-

ble. The significance of EHEC as a public health problem

was first recognized in 1982, following an outbreak in the

United States of America associated with undercooked

hamburgers (Kaper et al. 2004).
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Infections caused by EHEC may lead to severe diar-

rhea and hemorrhagic colitis with complications such as

microangiopathic hemolytic anemia, thrombocytopenia,

and fatal acute renal failure, which are summarized as

hemolytic uremic syndrome (HUS) (Karmali et al. 1983,

1985; Law et al. 1992). Ruminants, predominantly cows,

are the natural reservoir of EHEC strains (Kaper et al.

2004).

EHEC is known to produce characteristic toxins,

which are similar to toxins produced by Shigella

dysenteriae and are known as verocytotoxins or Shiga

toxins (STX) (Kaper et al. 2004; Karch et al. 2005; Tarr

et al. 2005). Absorption of these toxins by the blood-

stream leads to damage to the kidneys and to HUS. The

most significant serogroups among EHEC strains are

O26, O103, O111, and O157. E. coli O157:H7 is the

most important EHEC serotype with respect to public

health in North America, the United Kingdom, and Japan

(Kaper et al. 2004). Typical EHEC strains produce STX

but also encode a LEE (locus of enterocyte effacement)

pathogenicity island, which is important for adherence in

the colon (Jores et al. 2004). E. coli strains that encode a

Shiga toxin, but do not contain the LEE pathogenicity

island, are designated as STEC (Shiga toxin-producing

E. coli) strains. Approximately 200 different serogroups

of STEC strains are known and more than 100 harbor a

virulence potential. Up to 50% of infections with STEC

strains are linked to non-O157 serogroups (Kaper et al.

2004).

The EHEC outbreak started in Germany in May 2011

with 3,368 cases including 36 deaths (as of June 14th,

2011, European Centre for Disease Prevention and Control;

http://www.ecdc.europa.eu/en/Pages/home.aspx). This is

the second largest food-borne E. coli outbreak in history.

The enterohemorrhagic E. coli strain O104:H4 was iden-

tified as the causative agent of the EHEC infection out-

break. This strain was found in humans before but never as

causative agent of an EHEC outbreak (Robert Koch Insti-

tute, Berlin, Germany; http://www.rki.de). Only one case

of infection with strain O104:H4 has been documented in

the literature prior to the 2011 outbreak. In this case, the

strain was isolated from a 29-year-old Korean woman, who

suffered from HUS (Bae et al. 2006).

In this study, we report on the genome sequences of two

O104:H4 isolates, which were derived from two patients of

the 2011 EHEC outbreak in Germany. The determination

of the genomic features of the isolates provides insights

into the genomic potential, pathogenicity, and evolution of

the O104:H4 strain. Comparison of our E. coli O104:H4

genome sequences with that of other pathogenic E. coli

suggests that strain O104:H4 represents a new E. coli

pathotype, which we named Entero-Aggregative-Haemor-

rhagic Escherichia coli (EAHEC).

Results

General features of E. coli GOS1 and GOS2 genome

sequences

The genome sequences of two E. coli O104:H4 strains

derived from two different patients, a 75-year-old woman

and 48-year-old man, from the 2011 German EHEC out-

break were determined using 454 pyrosequencing tech-

nology (Margulies et al. 2005). The two analyzed strains

were designated E. coli GOS1 and GOS2 (German out-

break strain). PCR-based detection of four specific marker

genes (stx2, terD, rfb0104, and fliC H4) confirmed that

both were O104:H4 strains (Fig. S1). The general genomic

features of the genomes of E. coli GOS1 and GOS2 are

presented together with features of already sequenced and

selected E. coli reference genomes in Table S1. The

assembly of the draft genomes of E. coli GOS1 and GOS2

yielded 171 and 204 large contigs, respectively (Table 1).

The estimated genome size of both isolates is 5.31 Mbp.

In addition, a total of 5,217 (GOS1) and 5,224 (GOS2)

protein-encoding genes were predicted.

Genome comparison of GOS1 and GOS2 with selected

E. coli genomes

Sequence alignment of E. coli GOS1 and GOS2 genome

sequences using the MUMmer software tool (Kurtz et al.

2003) revealed 99.9% identity of both sequences. We could

not find a single-nucleotide polymorphism when we com-

pared the draft genomes of E. coli GOS1 and GOS2 by

employing the GS Mapper Reference software (Roche 454,

Branford, USA). Thus, as these isolates derived from

patients showing different gender and age, it appears that the

genome of E. coli O104:H4 is stable during its infection in

different hosts. This assumption was supported by compar-

ison of the E. coli GOS1 and GOS2 genomes with the three

Table 1 Assembly data of the Escherichia coli GOS1 and GOS2

genome sequences

E. coli GOS1 E. coli GOS2

Genome size (Mbp) 5.31 5.31

GC content (%) 50.6 50.6

Coverage 24-fold 21-fold

Number of large contigs ([500 bp) 171 204

Average contig size (kbp) 30.99 25.96

N50 contig size (kbp) 109.54 88

Largest contig size (kbp) 337.55 247.7

Q40 value (%) 99.41 99.42

The genomes of E. coli GOS1 and E. coli GOS2 were assembled de

novo from 349.788 and 311.478 shotgun reads, respectively, by

employing the Roche Newbler assembly software
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other available draft genome sequences of E. coli O104:H4

isolates derived from the German outbreak. The sequence

identities of E. coli GOS1 to the genome sequences of E. coli

O104:H4 isolates TY-2482 (Beijing Genomics Institute,

China), LB226692 (Life Technologies, Germany; Univer-

sity of Münster, Germany), and H112180280 (Health Pro-

tection Agency, Cambridge, United Kingdom) were 99.8,

99.5, and 99.9%, respectively. Taking into account the

overall high similarity of all five genome sequences and the

different sequencing approaches used, we assume that

the recorded differences of the genome sequences are mainly

due to sequencing errors and not to changes within the

genome of the different isolates. In addition, as all analyzed

chromosomal E. coli sequences share synteny over the whole

chromosome length, we could align chromosomal contigs of

all available sequences of the German outbreak to the

chromosome of EAEC 55989 and obtain the contig order for

the genomes of E. coli GOS1 and GOS2 (Fig. S2).

Comparison of the complete gene content of E. coli

GOS1 and GOS2 with selected E. coli genomes showed

that the chromosome of both isolates is most similar to that

of the entero-aggregative E. coli (EAEC) strain 55989 (Fig.

S2). E. coli strain 55989 was originally isolated from the

diarrheagenic stools of an HIV-positive adult suffering

from persistent watery diarrhea (Mossoro et al. 2002).

Genome wide BiBag comparisons revealed a set of 4,606

(GOS1) and 4,607 (GOS2) orthologous genes that are

shared by at least one chromosome of the selected refer-

ence E. coli strains (Table S1). Among the remaining 611

(GOS1) and 617 (GOS2) genes 122 and 211, respectively,

genes were orthologous to genes located on plasmids.

Comparisons of the E. coli GOS1 and GOS2 chromo-

somes with those of EAEC 55989 and EHEC O157:H7 Sakai

using the Artemis comparison tool (Carver et al. 2005)

revealed that the chromosomal backbone of the German

outbreak strain is different from that of typical E. coli EHEC

or EAEC strain. Most important differences are the lack of

the LEE pathogenicity island and the presence of a Stx-phage

in the genomes of E. coli GOS1 and GOS2 (Fig. 1).

A multilocus sequence typing (MLST) analysis of seven

housekeeping genes adk, fumC, gyrB, icd, mdh, purA, and

recA of the two E. coli isolates GOS1 and GOS2 was done

according to Wirth et al. (2006). E. coli GOS1 and GOS2

share the same sequence for all seven genes. By interro-

gation of the Achtman’s MLST scheme database (Wirth

et al. 2006), the outbreak strain could be assigned to the

sequence type 678 (ST678) complex (adk 6, fumC 6, gyrB

5, icd 136, mdh 9, purA 7, recA 7). This complex belongs

to the ECOR ancestral group B1, which is a very hetero-

geneous group with respect to included pathotypes (Tena-

illon et al. 2010). The group B1 includes non-O157, EHEC,

ETEC, and commensal E. coli strains. In addition, EAEC

strain 55989 is grouped in B1. A Maximum Likelihood tree

of completely sequenced E. coli genomes confirmed the

close relationship of the German outbreak strain to EAEC

55989 (Fig. 2).

Plasmids

We identified two genes encoding plasmid replication

proteins in each dataset (GOS1, RGOS01291, and

RGOS00376; GOS2, RGOT04762, and RGOT01786).

Therefore, it is assumed that the outbreak strain harbors at

least two extrachromosomal replicons. In order to identify

the potential plasmid-encoded proteins, our sequence data

were mapped on several reference plasmids (Table S2). A

total of 169 potential plasmid-located genes were thereby

identified. Further data analysis revealed the presence of a

putative plasmid in E. coli GOS1 and GOS2, which is

almost identical to the pEC_Bactec plasmid (Fig. 3).

Contigs from our data spanned over 90% of the total

pEC_Bactec plasmid length (84,221 bp out of 92,970 bp).

Small contigs coding only for transposases or insertion

elements were not included in the analysis. The recon-

structed plasmids of E. coli GOS1 and GOS2 consist of

only three contigs (Fig. 3). The resistance genes TEM-1

and CTX-M-15 are located on this plasmid. Extended-

spectrum beta-lactamases (ESBLs) such as TEM-1 and

Enterobacteria phage VT2phi_272

Escherichia coli 55989

Stx2 prophage E.coli GOS1

stx2

GOS1

Fig. 1 Comparisons of enterobacteria phage VT2phi_272 with the

corresponding genomic region of E. coli GOS1 and E. coli strain

55989. Analysis was performed by employing the ACT software tool

(Sanger Institute, http://www.sanger.ac.uk). The relationship between

each pair of sequences are depicted. Similar coding sequences are

indicated by red-colored lines. The stx genes are boxed
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CTX-M-15 are the most prevalent secondary beta-lacta-

mases among clinical isolates of Enterobacteriaceae

worldwide (Livermore 1995). ESBLs are a group of

b-lactamases, which share the ability to hydrolyze third-

generation cephalosporins and aztreonam (Paterson and

Bonomo 2005).

A significant number of genes mapped to the plasmids

p042 and 55989p, which are typical for EAEC strains

(Fig. 4a; Table S2) (Touchon et al. 2009; Chaudhuri et al.

2010). The plasmids of GOS1 and GOS2 share a set of 46

genes with EAEC plasmid 55989p (Table S2) including the

aggregative adhesion operon aat and the regulator aggR.

Additionally, the toxin–antitoxin system ccd and the rep-

lication protein RepFIB were found. However, genes

encoding for aggregative adherent fimbriae (AAF), a pri-

mary virulence factor of EAEC strains (Kaper et al. 2004),

are different from the 55989p variant. Mapping E. coli

GOS1 and GOS2 data on the second reference plasmid

p042 showed also a significant number of homologous

proteins (Fig. 4b; Table S2). Many potential virulence

factors are shared with p042 plasmid such as the AAF

(agg3) operon and the serine protease pet. Pet is secreted

by many EAEC strains and exhibits enterotoxic activity

(Navarro-Garcı́a et al. 1998).

Phage analysis

We could identify 336 prophage-encoding genes for GOS1

and 334 for GOS2 (Tables S3, S4). The key virulence

factor of EHEC, STX, is encoded on a lambda-like bac-

teriophage, the Stx-phage. Acquisition of this phage was a

key step in the evolution of EHEC from EPEC (Reid et al.

2000). A Stx-phage is present in the outbreak strain

(Fig. 1). This phage shows high identity to the stx2-

containing enterobacteria phage VT2phi_272 from E. coli

O157:H7 strain 71074 (HQ424691). The GOS1 Stx-

prophage consists of 66 encoding genes and is identical to

the GOS2 Stx-phage (Tables S3, S4). In addition to the

Stx-phage, 70 prophage-encoding genes (Tables S3, S4)

that are not present in E. coli 55989 could be identified in

the genome of E. coli GOS1. These genes have high sim-

ilarity to STX-producing prophages and also to the other

Fig. 2 Phylogenetic analysis of completely sequenced E. coli strains

based on multilocus sequence typing. The phylogenetic analysis was

conducted with MEGA 5.05 (Tamura et al. 2011). The resulting

Maximum Likelihood tree illustrates the close relationship of the

German outbreak strain (red dot) to EAEC 55989 (black dot). The

pathotype of each E. coli strain is indicated in front of the strain name

(see below for abbreviations). Bootstrap values were calculated from

100 resamplings. Bootstrap values below 50 were not shown. The

following E. coli strains were used in the analysis: entero-aggregative

E. coli (EAEC) 042 (FN554766), uropathogenic E. coli (UPEC) 536

(CP000247), EAEC 55989 (CU928145), commensal non-pathogenic

E. coli (NPEC) ABU83972 (CP001671), avian pathogenic E. coli
(APEC) O1 (CP000468), lab B strain BL21(DE3) (AM946981), lab B

strain REL606 (CP000819), industrial production strain KO11

(CP002516), enteropathogenic E. coli (EPEC) CB9615 (CP001846),

UPEC CFT073 (AE014075), EPEC E2348/69 (FM180568), entero-

toxigenic E. coli (ETEC) E24377A (CP000800), commensal ED1a

(CU928162), ETEC H10407 (FN649414), commensal HS (CP000802),

commensal IAI1 (CU928160), UPEC IAI39 (CU928164), meningitis-

associated E. coli (MNEC) IHE3034 (CP001969), commensal strain

K-12 substrain ATCC 8739/Crooks (CP000946), lab strain K-12

substrain BW2952 (CP001396), lab strain K-12 substrain DH1

(CP001637), lab strain K-12 substrain DH10B (CP000948), lab strain

K-12 substrain MG1655 (U00096), lab strain K-12 substrain W3110

(AP009048), adherent-invasive E. coli (AIEC) LF82 (CU651637),

AIEC NRG 857C (CP001855), EHEC O103:H2 12009 (AP010958),

EHEC O111:H- 11128 (AP010960), EHEC O157:H7 EC4115

(CP001164), EHEC O157:H7 EDL933 (AE005174), EHEC O157:H7

Sakai (BA000007), EHEC O157:H7 TW14359 (CP001368), EHEC

O26:H11 11368 (AP010953), MNEC S88 (CU928161), commensal

SE11 (AP009240), commensal SE15 (AP009378), environmental

strain SECEC SMS-3-5 (CP000970), AIEC UM146 (CP002167),

UPEC UMN026 (CU928163), porcine ETEC UMNK88 (CP002729),

UPEC UTI89 (CP000243), and lab strain W (CP002185). Escherichia
fergusonii ATCC 35469 was used as outgroup (CU928158)

b
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above-mentioned phage in the outbreak strain, but lack

stx2AB (Fig. S3).

Resistance

EHEC O157:H7 strains resist the highly toxic tellurium

oxyanion, tellurite (Tel) (Zadik et al. 1993; Taylor et al.

2002; Bielaszewska et al. 2005; Orth et al. 2007). Tellurite

resistance (TelR) of EHEC O157:H7 is encoded by the

chromosomal terZABCDEF gene cluster (Taylor et al.

2002; Bielaszewska et al. 2005), which is highly homolo-

gous to the ter cluster on plasmid R478 of Serratia mar-

cescens (Whelan et al. 1995; Taylor et al. 2002). TelR is a

common, but not obligatory, feature of EHEC O157:H7

strains, as tellurite-susceptible E. coli O157:H7 strains

have been isolated in North America (Taylor et al. 2002)

and Europe (Bielaszewska et al. 2005). We identified all

proteins of the terZABCDEF operon in the outbreak strain

(ORFs RGOS02836 to RGOS02842).

In addition, the German outbreak strain could bear a

mercuric resistance plasmid, as in many bacteria resistance

to mercury is associated with a plasmid (Smith 1967; Novick

and Roth 1968; Summers and Silver 1972; Kondo et al.

1974). Correspondingly, the predicted proteins involved in

mercury resistance were located all on one contig

(GOS1_contig00023). These genes encode the putative

mercuric ion transport proteins MerT, MerP, and MerC

(RGOS00392, RGOS00393, and RGOS00394, respec-

tively), the corresponding transcriptional regulators MerR

(RGOS00391) and MerD (RGOS00396), and mercuric ion

reductase MerA (RGOS00395). In addition to genes

involved in mercuric resistance and tellurium resistance, we

Fig. 3 Linear comparison of E. coli pEC_Bactec plasmid with corre-

sponding GOS1 and GOS2 contigs. The top map represents the

pEC_Bactec plasmid (GU371927.1), the resistance genes are highlighted

in pink, IS-elements/transposases in yellow, plasmid replication/

stabilization genes in blue, the tra operon in orange, pil operon in

brown, and remaining genes in gray. The scale is in base pairs. All maps

were done with GenVision software (http://www.dnastar.com/

t-products-genvision.aspx)

Fig. 4 Comparison of GOS1

and GOS2 genes with two

different pAA-type plasmids.

The two outermost rings

represent maps of a 55989p and

b p042 from strain E. coli 55989

and E. coli 042, respectively.

Virulence factors and selected

important genes are highlighted
and colored. The second and the

third rings represent presence

(colored) or absence (gray) of

GOS1 and GOS2 orthologs. The

inner rings represent the GC

contents of the plasmids
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have predicted and annotated many genes involved in anti-

biotic resistance such as putative gene-encoding chloram-

phenicol (RGO00056), tetracycline (RGOS00387,

RGOS00388), or streptomycin resistance (RGOS00359).

Discussion

Chromosomes and plasmids

The chromosomes of the E. coli isolates GOS1 and GOS2

are most similar to the chromosome of EAEC strain 55989

isolated in Africa over a decade ago. EAEC strains are the

most recently emerged E. coli intestinal pathotype and the

second most common agent of traveler’s diarrhea (Huang

et al. 2006). EAEC pathogenesis is thought to involve three

primary steps. First, the bacteria adhere to the intestinal

mucosa using aggregative adherent fimbriae (AAF). Sec-

ond, these fimbriae cause autoaggregative adhesion, by

which the bacteria adhere to each other in a ‘stacked-brick’

configuration producing a mucous-mediated biofilm on the

enterocyte surface. Third, the bacteria release toxins that

affect the inflammatory response, intestinal secretion, and

mucosal cytotoxicity. Aspects of each of these steps

involve plasmid-encoded traits but also chromosomal-

encoded virulence factors (Kaper et al. 2004).

In addition to the chromosomal similarity, E. coli GOS1

and GOS2 share with EAEC strain 55989 part of the EAEC

plasmid 55989p. This plasmid carries the AAF operon aat

and the regulator aggR. Nevertheless, a different aggrega-

tive adhesion fimbrial complement was present in our

strains. The AAF operon is usually localized on an

approximately 100-kb plasmid, termed the ‘‘pAA plasmid’’

(Nataro et al. 1987). Four genetically distinct allelic vari-

ants of AAF have been identified previously, AAF/I from

EAEC strain 17-2 (Nataro et al. 1992), AAF/II from strain

O42 (Nataro et al. 1995), AAF/III from strain 55989

(Bernier et al. 2002), and Hda from strain C1010-00

(Boisen et al. 2008). All the identified AAF allelic types

appear to be plasmid encoded, and most of the analyzed

strains possess only a single AAF allelic type (Harrington

et al. 2006). The outbreak strain is no exception and seems

to contain the relatively rare AAF/I locus of EAEC.

Additionally, the ipd gene encoding an extracellular serine

protease and the gene encoding serine protease Pet were

found in the German outbreak strain. Usually, these viru-

lence factors are localized next to the AAF operon on the

pAA plasmid. Another virulence feature, the aatPABCD

operon (dispersin secretion locus), is a plasmid-borne

characteristic of EAEC strains. This operon is also present

in the genome of the German outbreak strain.

Two RepA proteins were found in the German outbreak

strain. This suggests that this strain harbors at least two

plasmids. In addition to the pAA-like plasmid, we identi-

fied contigs showing high similarity to the previously

described plasmids pEC_Bactec, pCVM29188_101, and

pEK204 (Fricke et al. 2009; Woodford et al. 2009; Smet

et al. 2010). These plasmids encode the extended-spectrum

b-lactamases blaCTX-M and blaTEM-1.

Evolution: horizontal gene transfer (HGT)

Escherichia coli virulence factors such as enterotoxins,

invasion factors, adhesion factors, or Shiga toxins can be

encoded by several mobile genetic elements, including

transposons (Tn), plasmids, bacteriophages, or pathoge-

nicity islands (e.g., LEE island). Bacterial plasmids play a

key role in a variety of traits like drug resistance, virulence,

and the metabolism of rare substrates under specific con-

ditions (Actis et al. 1999). Plasmids are able to mobilize

these traits between different strains and thus play an

important role in horizontal gene transfer. The analyses

indicate that a number of horizontal gene transfer events

took place to create the genome of the German outbreak

strain. This strain probably originated from an EAEC

pathotype, which is suggested by the missing LEE island

and the high similarity of the genome to the genome of

EAEC strain 55989. In contrast to the EAEC strains, the

German outbreak strain has acquired the Stx-phage, which

is typical for EHEC strains (Fig. 1).

Another feature of the new outbreak strain is the

acquisition of plasmid-encoded drug resistances. The strain

has acquired a plasmid sharing high similarity with the

plasmids pEC_Bactec, pCVM29188_10, and pEK204. The

origin of this plasmid remains unclear, since the extended-

spectrum b-lactamases (ESBLs) CTX-M and TEM-1

resistances seem to be located on a Tn3-type transposon

that has been widely spread among enteric bacteria.

To conclude, E. coli O104:H4 possesses a Stx-phage

typical for EHEC strains but is missing the characteristic

LEE island. In addition to the high overall genome

sequence similarity to EAEC strains, it harbors an AAF

operon, which is a distinguishing feature for EAEC strains.

The German outbreak strain harbors a unique combination

of EHEC and EAEC genomic features (Fig. 5). These data

suggest a new E. coli pathotype EAHEC that has EHEC

and EAEC ancestors.

Materials and methods

Sample preparation and DNA extraction

The two E. coli O104:H4 isolates GOS1 and GOS2 were

derived from stool samples of two different patients of the

2011 German outbreak. E. coli GOS1 and GOS2 were

Arch Microbiol

123

110 publications



recovered from a 75-year-old woman and a 48-year-old

man, respectively. To isolate these strains, stool samples

were plated on Brilliance
TM

ESBL Agar plates (Oxoid,

Wesel, Germany) and incubated for 24 h at 37�C. Initially,

the E. coli O104:H4 strains were identified by the ability to

produce STX2. For this purpose, the LightMix� kits E. coli

EHEC Stx1 and Stx2 were applied as recommended by the

manufacturer (TIB MOLBIOL, Berlin, Germany). A col-

ony of each strain from the thereby recovered positive

strains, E. coli GOS1 and GOS1, was grown in 4 ml

EHEC-direct-media (Heipha Diagnostics, Eppelheim,

Germany) overnight at 37�C. To isolate genomic DNA, the

cultures were pelleted (5 min, 2,000g), resuspended in

1 ml S.T.A.R. Buffer (Roche, Molecular Diagnostics,

Rotkreuz, Switzerland), and incubated for 5 min at 95�C.

Subsequently, the suspension was subjected to centrifuga-

tion for 1 min at 1,100g. The cell-free supernatant (500 ll)

was used for the preparation of the genomic DNA by

employing the High Pure 16 System Viral Nucleic Acid kit

as recommended by the manufacturer (Roche Applied

Science, Mannheim, Germany). The resulting DNA solu-

tion (260 ng/ll) was used for further analysis.

To confirm that E. coli isolates GOS1 and GOS2 were

O104:H4 serotype, a PCR-based detection of four specific

marker genes (stx2, terD, rfbO104, and fliC H4) was per-

formed according to the PCR typing scheme by the group

of Prof. Karch at the National Consulting Laboratory on

HUS at the University of Münster (see http://www.ehec.

org/pdf/Laborinfo_01062011.pdf, 2011) with slight adap-

tations. Briefly, the PCR reaction mixture (25 ll) contained

2.5 ll tenfold reaction buffer (Bioline, Luckenwalde,

Germany), 0.2 mM of each of the four deoxynucleoside

triphosphates, 1.5 mM MgCl2, 0.2 lM of each of the

primers, 1 U of BIO-X-ACT
TM

DNA Polymerase (Bioline),

and 100 ng of isolated genomic DNA as template. The

stx2, terD, rfbO104, and fliC H4 were amplified with the

following set of primers: stx2, 50-ATCCTATTCC

CGGGAGTTTACG-30 and 50-GCGTCATCGTATACAC

AGGAGC-30; terD, 50-AGTAAAGCAGCTCCGTCAA

T-30 and 50-CCGAACAGCATGGCAGTCT-30; rfbO104,

50-TGAACTGATTTTTAGGATGG-30 and 50-AGAACC

TCACTCAAATTATG-30; and fliC H4, 50-GGCGAA

ACTGACGGCTGCTG-30 and 50-GCACCAACAGTT

ACCGCCGC-30. The following thermal cycling scheme

was used: initial denaturation at 94�C for 5 min, 30 cycles

of denaturation at 94�C for 45 s, annealing at 55�C (stx2,

terD, rfbO104) or 63�C (fliC H4) for 45 s, and extension at

72�C for 60 s (stx2, terD, rfbO104) or 30 s (fliC H4) fol-

lowed by a final extension period at 72�C for 5 min.

Subsequently, PCR products were separated by agarose gel

electrophoresis (1.5% gels) and analyzed. The analysis

revealed that all four marker genes were present in E. coli

isolates GOS1 and GOS2 in the expected sizes (Fig. S1).

Sequencing and assembly

The isolated DNA from both strains was used to create

454-shotgun libraries following the GS Rapid library pro-

tocol (Roche 454, Branford, USA). The resulting two 454

DNA libraries were sequenced with the Genome Sequencer

FLX (Roche 454) using Titanium chemistry. For

sequencing of each sample, 1.5 medium lanes of a Tita-

nium picotiter plate were used. A total of 349,788 and

311,478 shotgun reads were achieved for E. coli GOS1 and

E. coli GOS2, respectively. Reads were assembled de novo

using the Roche Newbler assembly software 2.3 (Roche

454) (Table 1).

Gene prediction and annotation

Gene prediction was performed with Glimmer3 (Delcher

et al. 2007). Automatic gene annotation was done by

transferring annotations from orthologous genes of refer-

ence strains (Table S1) available at the EMBL database.

Orthologous genes were identified as described previously

by bidirectional BLAST comparisons (Schmeisser et al.

2009). Proteins without orthologs in the reference strains

were annotated according to their best BLAST hits to the

SwissProt subset of the UniProt Database (Jain et al. 2009,

http://www.uniprot.org). Sequence data of isolates GOS1

and GOS2 are publicly available and can be downloaded

from the Göttingen Genomics Laboratory website (ftp://

134.76.70.117; UserID: EAHEC_GOS; Password: EAHEC_

GOS).

Genome analysis

In order to analyze the presence of prophage regions, the

Prophage Finder software has been employed (http://

131.210.201.64/*phage/ProphageFinder.php). This web

application provides a quick prediction of prophage loci in

Fig. 5 Proposed scheme of the origin of the new E. coli pathotype—

EAHEC
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prokaryotic genome sequences based on BLASTX com-

parisons to predicted prophage sequences. The contig order

of the E. coli GOS1 and GOS2 draft genomes was obtained

by comparison to the reference genome of E. coli strain

55989 using the Mauve Multiple Genome Alignment

software (Darling et al. 2010).

Whole genome sequence alignments of the different

E. coli O104:H4 isolates (GOS1, GOS2, TY-2482,

LB226692, H112180280) were done with the MUMmer

software tool (Kurtz et al. 2003). Single-nucleotide poly-

morphism (SNP) analyses were performed using the GS

Reference Mapper Software tool (Roche 454). SNPs were

filtered using the following criteria: 100% variation fre-

quency, a minimum of tenfold depth within the variation,

the variation is located outside a homopolymer region, and

each nucleotide exchange is located at least 100 bp off-

wards a contig end. For whole genome comparison, the

BiBag software tool (Bidirectional BLAST for the identi-

fication of bacterial pan and core genomes, Göttingen

Genomics Laboratory, Germany) was applied. Visualiza-

tion of genomic, plasmid, and phage region comparisons

was done with the programs Artemis (Rutherford et al.

2000), ACT (Carver et al. 2005), and DNAplotter (Carver

et al. 2009) from the Sanger Institute (http://www.

sanger.ac.uk/).

Phylogenetic analysis based on MLST

The phylogenetic tree was calculated according to the

Achtman MLST scheme (Wirth et al. 2006), which

includes sequences of seven housekeeping genes adk,

fumC, gyrB, icd, mdh, purA, and recA. The alleles for these

genes were extracted from E. coli GOS1 and GOS2, and 42

completely sequenced E. coli strains. Sequences of the

seven housekeeping genes were concatenated, and an

alignment was calculated with ClustalW included in

MEGA 5.05 (Tamura et al. 2011). The tree was calculated

with the Maximum Likelihood method based on the

Tamura-Nei model (Tamura and Nei 1993). The bootstrap

consensus tree was inferred from 100 replicates. Tree

calculation and drawing were done with the software

MEGA 5.05 (Tamura et al. 2011). The alleles of the seven

housekeeping genes from Escherichia fergusonii ATCC

35469 were used as outgroup.
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Médigue C, Rocha EP, Denamur E (2009) Organised genome

dynamics in the Escherichia coli species results in highly diverse

adaptive paths. PLoS Genet 5:e1000344

Whelan KF, Colleran E, Taylor DE (1995) Phage inhibition, colicin

resistance, and tellurite resistance are encoded by a single cluster

of genes on the IncHI2 plasmid R478. J Bacteriol

177:5016–5027

Wirth T, Falush D, Lan R, Colles F, Mensa P, Wieler LH, Karch H,

Reeves PR, Maiden MC, Ochman H, Achtman M (2006) Sex and

virulence in Escherichia coli: an evolutionary perspective. Mol

Microbiol 60:1136–1151

Woodford N, Carattoli A, Karisik E, Underwood A, Ellington MJ,

Livermore DM (2009) Complete nucleotide sequences of

plasmids pEK204, pEK499, and pEK516, encoding CTX-M

enzymes in three major Escherichia coli lineages from the

United Kingdom, all belonging to the international O25:H4-

ST131 clone. Antimicrob Agents Chemother 53:4472–4482

Zadik PM, Chapman PA, Siddons CA (1993) Use of tellurite for the

selection of verocytotoxigenic Escherichia coli O157. J Med

Microbiol 39:155–158

Arch Microbiol

123

5.2 genomic analyses of two stec isolates from the german 2011 epidemic 113



114 publications

5.2.1.3 Supplementary information

The supplementary figures and one table for Brzuszkiewicz et al. (2011)

are presented on pages 115–118. Supplementary Table S2 (predicted

proteins of EAHEC orthologous to reference plasmid proteins), Table S3

(putative prophage-encoding genes of E. coli GOS1), and Table S4 (pu-

tative prophage-encoding genes of E. coli GOS2) are too extensive for

a reprint, but can be found with the original sources here:

https://link.springer.com/article/10.1007%

2Fs00203-011-0725-6

https://link.springer.com/article/10.1007%2Fs00203-011-0725-6
https://link.springer.com/article/10.1007%2Fs00203-011-0725-6
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Fig. S1 PCR-based detection of E. coli O104:H4 marker genes stx2, terD, rfbO104, 

and fliC H4 in the genomes of E. coli GOS1 and E. coli GOS2. PCR-based detection 

of the genes was performed according to the PCR typing scheme described by the 

National Consulting Laboratory on HUS at the University of Münster, Germany 

(http://www.ehec.org/pdf/ Laborinfo_01062011.pdf). The observed sizes of the PCR 

products correspond to the sizes of the marker gene PCR products (stx2, 584 bp; terD, 

434 bp; rfbO104, 351 bp; and fliC H4, 201 bp) 
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5.3 analyses of bovine mastitis and commensal e . coli
isolate genomes

The following four publications constitute my PhD thesis research on

the genomic characterization and comparison of bovine mastitis and

fecal commensal E. coli isolates (Section 1.5 on page 49).

5.3.1 The lipopolysaccharide of the mastitis isolate Escherichia coli strain
1303 comprises a novel O-antigen and the rare K-12 core type

Duda KA, Lindner B, Brade H, Leimbach A, Brzuszkiewicz E,

Dobrindt U, Holst O. 2011. The lipopolysaccharide of the mastitis

isolate Escherichia coli strain 1303 comprises a novel O-antigen and

the rare K-12 core type.Microbiology 157:1750–1760.
doi: 10.1099/mic.0.046912-0

5.3.1.1 Contributions

Duda et al. (2011) presents the novel genomic sequence and structure

of the LPS O-antigen moiety from acute bovine mastitis E. coli isolate
1303. Initially, E. coli 1303 was falsely typed as an O5 serotype variant.

However, we corrected the mistake with new O70 typing information

in hindsight (Section 6.1 on page 195). Because LPS is hypothesized

to play a deciding role in eliciting bovine mastitis (Section 1.5.2 on

page 53) a novel LPS structure is interesting to examine.

The genomic and bioinformatical part of the publication was my

contribution, i. e. assembly of the whole genome shotgun sequences

of the isolate with homopolymer sequence polishing via PCR ampli-

fication and Sanger sequencing of the MAEC 1303 O-antigen region. I

analyzed and visualized the genetic structure of the O-antigen region

and determined the putative functions of the enclosed open reading

frames (ORFs). I wrote the respective parts in the methods section and

assisted in writing of the results/discussion section of the publication.

Detailed individual author contributions for each part of the paper and

each figure/table can be found in Table 14 and Table 15 on pages 232–

233, respectively.

5.3.1.2 Main paper

Reprinted fromDuda et al. (2011) with permission from theMicrobiol-

ogy Society. The publication can be found on pages 120–130 or freely

available at:

http://mic.microbiologyresearch.org/content/journal/micro/10.

1099/mic.0.046912-0

https://doi.org/10.1099/mic.0.046912-0
http://www.microbiologyresearch.org/
http://www.microbiologyresearch.org/
http://mic.microbiologyresearch.org/content/journal/micro/10.1099/mic.0.046912-0
http://mic.microbiologyresearch.org/content/journal/micro/10.1099/mic.0.046912-0
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Mastitis represents one of the most significant health problems of dairy herds. The two major

causative agents of this disease are Escherichia coli and Staphylococcus aureus. Of the first, its

lipopolysaccharide (LPS) is thought to play a prominent role during infection. Here, we report the

O-antigen (OPS, O-specific polysaccharide) structure of the LPS from bovine mastitis isolate E.

coli 1303. The structure was determined utilizing chemical analyses, mass spectrometry, and 1D

and 2D NMR spectroscopy methods. The O-repeating unit was characterized as -[A4)-b-D-

Quip3NAc-(1A3)-a-L-Fucp2OAc-(1A4)-b-D-Galp-(1A3)-a-D-GalpNAc-(1A]- in which the

O-acetyl substitution was non-stoichiometric. The nucleotide sequence of the O-antigen gene

cluster of E. coli 1303 was also determined. This cluster, located between the gnd and galF

genes, contains 13 putative open reading frames, most of which represent unknown nucleotide

sequences that have not been described before. The O-antigen of E. coli 1303 was shown to

substitute O-7 of the terminal LD-heptose of the K-12 core oligosaccharide. Interestingly, the

non-OPS-substituted core oligosaccharide represented a truncated version of the K-12 outer

core – namely terminal LD-heptose and glucose were missing; however, it possessed a third Kdo

residue in the inner core. On the basis of structural and genetic data we show that the mastitis

isolate E. coli 1303 represents a new serotype and possesses the K-12 core type, which is rather

uncommon among human and bovine isolates.

INTRODUCTION

Mastitis is one of the major diseases of cattle, causing high
economic losses; bacteria are the main aetiological agents.
The outcome of the disease depends on the type of
pathogen. Infections induced by Escherichia coli often result
in an acute mastitis with severe clinical consequences (Petzl
et al., 2008). A specific set of virulence-associated genes has
not yet been identified for E. coli mastitis isolates.
Consequently, it has been hypothesized that the cow’s
genetic predisposition, immune status and lactation stage
as well as environmental factors determine the severity
of E. coli mastitis. Thus, pathogen-associated molecular

Abbreviations: 14 : 0(3-OH), 3-hydroxymyristic acid; COSY: correlation
spectroscopy; ESI FT-ICR MS: electrospray ionization Fourier-transformed
ion cyclotron resonance mass spectrometry; LD-Hep: L-glycero-D-manno-
heptose; Hex: hexose; HexN: hexosamine; HSQC-DEPT: heteronuclear
single-quantum correlation-distortionless enhancement by polarization
transfer; Kdo: 3-deoxy-D-manno-oct-2-ulosonic acid; NOE: nuclear
Overhauser enhancement; OPS: O-specific polysaccharide; P: phosphate;
PEtN: 2-aminoethanol phosphate; ROESY: rotating-frame Overhauser-
effect spectroscopy; SEC: size-exclusion chromatography; TOCSY: total
correlation spectroscopy.

The GenBank accession number for the DNA sequence of the O-
antigen gene cluster of E. coli strain 1303 described in this paper is
FN995094.

A supplementary table is available with the online version of this paper.

Microbiology (2011), 157, 1750–1760 DOI 10.1099/mic.0.046912-0

1750 046912 G 2011 SGM Printed in Great Britain
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patterns (PAMPs), e.g. LPS, could be sufficient to elicit
mastitis by E. coli (Burvenich et al., 2003). LPS expression
contributes to serum resistance and virulence (Raetz &
Whitfield, 2002) and may thus offer a selective advantage
for E. coli during infection of the bovine mammary gland.
In many wild-type bacteria LPS consists of the highly
antigenic O-specific polysaccharide and the more con-
served core oligosaccharide, further divided into outer and
inner part and lipid A, the latter of which represents the
toxic moiety in toxic LPS (Holst et al., 2009). More than
180 different O-antigens, defining different serogroups,
have been described for E. coli (Stenutz et al., 2006);
however, none has so far been characterized of LPS from a
strain causing mastitis. The core region of E. coli LPS is
represented by five types, R1, R2, R3, R4 and K-12, the
chemical structures of which have been published (Jansson
et al., 1981; Holst et al., 1991; Haishima et al., 1992;
Vinogradov et al., 1999; Müller-Loennies et al., 2002,
2003). The structure of the inner core in case of all these
types is very similar and contains the common sequence
LD-Hep-(1A7)-[Glc-(1A3)-]-LD-Hep-(1A3)-LD-Hep-(1A5)-
[Kdo-(2A4)]-Kdo. It is mainly the structure of the outer
core that differentiates the mentioned core types. The
unique feature of the K-12 core type is the presence of a
fourth Hep residue in the outer core (Holst, 1991). The
major core glycoform isolated after complete deacylation
of the K-12 LPS possessed the structure shown in Fig. 1
(Müller-Loennies et al., 2003).

The distribution of different E. coli core types in the
environment is very heterogeneous. Predominantly, the R1
core type is detected in human and cattle populations
whereas the K-12 core type is only rarely identified
(Heinrichs et al., 1998; Amor et al., 2000; Gibbs et al.,
2004). E. coli K-12 is commonly used in the laboratory and
has ever since its first description in 1944 (Gray & Tatum,
1944) expressed an R-form LPS, which unlike an S-form
LPS lacks the O-antigen. Two independent mutations in
the wbbL O-specific polysaccharide gene cluster were
identified in different lineages of E. coli K-12. Most strains
carry the IS5 insertion in the last gene of the biosynthetic
cluster. It was shown that complementation of the IS5
mutation leads to the production of an O-antigen in LPS of
E. coli K-12 which was typed as O16 (Liu & Reeves, 1994).
The structure of the O16 antigen was determined (Jann
et al., 1994; Stevenson et al., 1994) and it was shown to be

attached to O-7 of LD-Hep of the outer core (Feldman
et al., 1999).

In this work, the structure of the O-specific polysaccharide
(OPS) of the bovine mastitis isolate E. coli strain 1303 was
elucidated and was shown to be interestingly linked to the
K-12 core type. Also, it was proven that the K-12 core type
was substituted by the OPS at O-7 of the terminal LD-
heptose.

METHODS

Bacterial strain, isolation and degradation of the LPS.
Escherichia coli 1303, a well-characterized mastitis model strain, was
isolated from udder secretions of a cow with clinical mastitis (Petzl et
al., 2008). Bacteria were grown in a 10 l fermenter (BIOFLO 110, New
Brunswick Scientific) in Luria–Bertani medium, at pH 7.2, 40 %
dissolved oxygen and agitation between 300 and 900 r.p.m. The LPS
was isolated utilizing the hot phenol/water procedure (Westphal &
Jann, 1965), and purified by incubation with DNase and RNase
(37 uC, 16 h, with gentle mixing) and proteinase K (56 uC, 6 h with
gentle mixing) followed by ultracentrifugation (three times at 105 000
g, 4 uC, 4 h). Subsequently, the LPS (72 mg) was treated with 0.1 M
sodium acetate buffer, pH 4.4, for 5 h at 100 uC, and the
polysaccharide fraction was separated by size-exclusion chromato-
graphy (SEC) on a column of Toyo Pearl HW-40 in 0.05 M
pyridinium acetate buffer, pH 4.5 (9 mg). The OPS fraction was
further O-deacylated utilizing abs. hydrazine (37 uC, 30 min, 6.1 mg;
Haishima et al., 1992). Two other fractions were isolated, namely core
substituted by an O-antigen (5.6 mg) and the core (4.5 mg).
Additionally, another portion of LPS (100 mg) was directly O-
deacylated and fractionated on Sephacryl 200 eluted with a buffer
containing 0.25 % sodium deoxycholate, 0.2 M NaCl, 1 mM EDTA
and 10 mM Tris/HCl (pH 9.2). The fraction containing the O-
deacylated LPS with a short O-antigen (32.6 mg) was used for mass
spectrometry analyses.

General and analytical methods. The composition of the isolated
fractions was determined by methanolysis (2 M HCl/MeOH, 85 uC,
2 h), followed by acetylation (85 uC, 10 min) and detection by GLC-MS
[Hewlett Packard HP 5890 (series II) gas chromatograph equipped with
a fused-silica SPB-5 column (Supelco, 30 m60.25 mm60.25 mm film
thickness), FID and MS 5989A mass spectrometer with vacuum gauge
controller 59827A]. The temperature programme was 150 uC for 3 min,
then 5 uC min21 to 330 uC. Sugars were identified as their alditol
acetates after hydrolysis (2 M trifluoroacetic acid, 120 uC, 2 h),
reduction (NaBH4, 16 h in the dark) and acetylation (85 uC for
10 min) (Sawardeker et al., 1965) by GLC [HP 5890 (series II) gas
chromatograph with FID and a column (30 m62.5 mm60.25 mm,
Agilent Technologies) of polysilican SPD-5]. Helium was used as carrier
gas (70 kPa). The temperature programme was 150 uC for 3 min, then

Fig. 1. Structure of the major core glycoform isolated after complete deacylation of the K-12 LPS (Müller-Loennies et al., 2003).

Mastitis E. coli LPS O-antigen
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3 uC min21 to 320 uC. The absolute configurations of the sugars were
determined as described by Gerwig et al. (1979). Methylation was
carried out according to Ciucanu & Kerek (1984).

SDS-PAGE and Western blotting. LPS (200 mg) was applied to one
large slot (12.5 cm) and separated by SDS-PAGE on a 5 % stacking
and 15 % separating gel at a constant voltage of 150 V. The gels were
transferred overnight onto PVDF membranes (pore size 0.45 mm,
Millipore) by tank blotting (Bio-Rad). Prior to use, the membranes
were wetted in methanol for 10 s, after which they were washed in
distilled water for at least 5 min. Following transfer, the blots were cut
into strips (0.5 cm width) and placed in Mini-incubation trays (Bio-
Rad). The following steps were performed at room temperature. After
blocking in blotting buffer (50 mM Tris/HCl, 0.2 M NaCl, pH 7.4)
supplemented with 10 % non-fat dry milk for 1 h, the antibodies
diluted in blocking buffer were added, incubated for 16 h and washed
six times (5 min each) in blotting buffer. Alkaline-phosphatase-
conjugated goat anti-mouse IgG (heavy and light chain specific,
Dianova) was added (diluted 1 : 1000 in blotting buffer) and
incubation was continued for another 2 h. After washing as before,
5-bromo-4-chloro-3-indoyl phosphate and p-toluidine p-nitro blue
tetrazolium chloride (Bio-Rad) were added as substrates according to
the supplier’s instruction. After 15 min the reaction was stopped by
the addition of distilled water. The monoclonal antibodies used were
FDP-11 (specific for the R1 core type), FDP-3 (reacting with the R2
and K-12 core type) (both antibodies were obtained from F. Di
Padova, Novartis Basel), S37-20 (specific for the R3 core type;
unpublished data of H. Brade and others), S31-14 (specific for the K-
12 core type; Brade et al., 1996) and WN1 222-5 (reacting with all five
E. coli core types; Di Padova et al., 1993).

Mass spectrometry. Electrospray ionization Fourier-transformed
ion cyclotron resonance (ESI FT-ICR) MS was performed in the
negative-ion mode using an APEX Qe instrument (Bruker Daltonics)
equipped with a 7 T magnet and a dual Apollo ion source. Mass
spectra were acquired in broad band modes. The samples (~10 ng
ml21) were dissolved in a 50 : 50 : 0.001 (by vol.) mixture of 2-
propanol, water and triethylamine, and were sprayed at a flow rate of
2 ml min21. Capillary entrance voltage was set to 3.8 kV, and drying
gas temperature to 150 uC. Mass spectra were calibrated externally by
lipids of known structure, charge deconvoluted, and the given mass
numbers were referred to the monoisotopic masses of neutral
molecules.

NMR spectroscopy. NMR spectroscopy experiments were carried
out after H–2H exchange of the samples utilizing 99.9 % 2H2O. All 1D
(1H, 13C), and 2D homonuclear (1H, 1H) correlation spectroscopy
(COSY), total correlation spectroscopy (TOCSY), and rotating-frame
Overhauser-effect spectroscopy (ROESY), as well as heteronuclear
(1H, 13C) single-quantum correlation-distortionless enhancement by
polarization transfer (HSQC-DEPT) experiments of native OPS, core
fraction with short O-antigen (core-short OPS) and non-substituted
core fraction were recorded at 300 K with a Bruker DRX Avance
600 MHz spectrometer (operating frequencies 600.31 MHz for 1H
NMR, 150.96 MHz for 13C NMR), equipped with a 5 mm QXI
multinuclear-inverse probehead with a z gradient, and applying
standard Bruker software. Spectra of O-deacylated OPS were recorded
at 300 K with a Bruker DRX Avance 700 MHz spectrometer
(operating frequencies 700.75 MHz for 1H NMR, 176.2 MHz for
13C NMR), equipped with a 5 mm CPQCI multinuclear-inverse cryo-
probehead with a z gradient, and applying standard Bruker software.
Chemical shifts were reported relative to an internal standard of
acetone (dH 2.225, dC 31.45). Mixing times of 100 and 250 ms were
used in TOCSY and ROESY experiments, respectively.

DNA sequence analysis. Total DNA of E. coli 1303 was prepared
with the MasterPure DNA Purification kit (Epicentre) according to

the manufacturer’s instructions. Sequencing was performed with a
Genome Sequencer FLX system (Roche Applied Science). The
resulting whole-genome shotgun reads were de novo assembled with
the Roche Newbler assembly software (Margulies et al., 2005).

The program ARTEMIS, version 11 (Rutherford et al., 2000), was used
for annotation. Homopolymer stretches leading to frameshifts in the
O-antigen gene cluster were resolved by amplifying the region
utilizing PCR and subsequent Sanger sequencing. BLAST and PSI-BLAST

(Altschul et al., 1997) were used for searching databases including
GenBank, COG and the Pfam protein motif database (Bateman et al.,
2002). The program TMHMM 2.0 (http://www.cbs.dtu.dk/services/
TMHMM/) was used to identify potential transmembrane segments.

The DNA sequence of the O-antigen gene cluster of E. coli strain 1303
has been deposited in GenBank under the accession number FN995094.

RESULTS AND DISCUSSION

The structure of the OPS

The LPS was isolated from bacterial cells utilizing hot
phenol/water extraction and subsequently purified by
enzymic treatment and ultracentrifugation (yield: 1.23 %
of bacterial dry weight). Part of it was hydrolysed under
mild acidic conditions to give the native OPS, which was
purified by SEC (yield: 12.5 % of the LPS) and further O-
deacylated (O-deacylated OPS) by mild hydrazine treat-
ment (37 uC, 30 min, yield: 8.5 % of the LPS).

Compositional analyses of the native OPS fraction revealed
the presence of fucose (Fuc), 3-amino-6-deoxyhexose
(Qui3N), Gal and GalN. The absolute configurations of
Gal and GalN were identified as D and that of Fuc as L.
Methylation analysis of the O-deacylated OPS iden-
tified 1,3,5-tri-O-acetyl-6-deoxy-2,4-di-O-methylgalactose,
1,4,5-tri-O-acetyl-2,3,6-tri-O-methylgalactose, 1,4,5-tri-O-
acetyl-3,6-dideoxy-2-O-methyl-3-methylamidoglucose and
1,3,5-tri-O-acetyl-2-deoxy-4,6-di-O-methyl-2-methylami-
dogalactose, indicating the OPS to be composed of the
four units of 3-substituted L-Fuc, 4-substituted D-Gal, 4-
substituted Qui3N and 3-substituted D-GalN. All residues
were pyranoses.

These results were further confirmed by high-resolution ESI
FT-ICR MS of the native OPS, which possessed groups of
molecules representing the core oligosaccharides differing by
one O-chain repeating unit. The measured mass difference
of 740.285 Da was in excellent agreement with the calculated
mass of 740.286 Da of a repeating unit consisting of 1 HexN,
1 deoxy-Hex, 1 Hex, 1 deoxy-HexN and 3 acetyl groups
(C30H48O19N2) (mass spectrum not shown). Similar data
with one acetyl group less (C28H46O18N2, 698.274 Da) were
obtained for the O-deacylated OPS.

The structure of the O-repeating unit was established by
NMR spectroscopy. The complete assignment of the OPS
1H and 13C resonances (Table 1) was achieved by
combining the information obtained from COSY,
TOCSY and ROESY, as well as HSQC-DEPT experiments.
The 1H NMR spectrum of the native OPS (Fig. 2a)
identified five signals in the anomeric region at dH 5.24,
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5.20, 5.10, 4.69, 4.45. Based on the 1H NMR spectrum of
the O-deacylated OPS (Fig. 2b), the signal at dH 5.10
originated from H-2 of 2-O-Ac-Fuc. The rest of the
anomeric protons were sequentially labelled from A to D
in order of decreasing chemical shifts. The high-field
region contained one O-acetyl signal at dH 2.12, two N-
acetyl signals at dH 2.02 and 1.95, revealing that the amino
sugars were N-acetylated, as well as two upfield signals
characteristic of the 6-deoxy functions of Fuc (at dH 1.19)
and of Qui3N (at dH 1.36).

By an HSQC experiment (Fig. 3) the direct correlation of
all assigned 1H signals with 13C signals could be achieved.

The first spin system with the anomeric signal A (dH 5.24)
originated from an a-GalpNAc residue. Strong intra-
residual NOEs A H-3/H-4 and H-4/H-5 (data not shown)
identified its galacto-configuration, whereas its a-config-
uration was established on the basis of a small 3J1,2

coupling constant (2.5 Hz). Nitrogen substitution at C-2
was proven by a cross-peak H-2/C-2 on HSQC, where C-2
had a chemical shift characteristic of a carbon atom bearing
an acetamido function (dC 48.77 for native OPS).

Residue B was identified as a-FucpOAc. The high-field
signals of H-6 and C-6 of the methyl function proved the
6-deoxy group (dH 1.19, dC 16.17, native OPS). The
galacto-configuration was established on the basis of the
intra-residual NOE connectivities B H-3/H-4 and B§ (O-
deacylated sample) H-4/H-5. The upfield shifts of H-1 and
H-2 of residue B from dH 5.20 and dH 5.10, respectively, to
dH 5.04 and dH 3.97, respectively, in B§ of the O-deacylated
sample indicated that residue B carried an O-acetyl group
at position 2. Additionally, the a-linkage was corroborated

by the intra-residual NOE signal B§ H-1/H-2 and the small
value of 3J1,2 (2.2 Hz, native OPS). The O-acetyl substi-
tution was non-stoichiometric.

Residue C was identified as 3,6-dideoxy-3-acetamidoglucose
(Qui3NAc), having characteristic 6-deoxy sugar high-field
signals of H-6/C-6 (dH 1.36, dC 19.28, native OPS).
Additionally, C-3 possessed a chemical shift characteristic
of a carbon atom bearing an acetamido function (dC 57.66,
native OPS). The gluco-configuration was proven based on
the intra-residual NOE signal C H-2/H-4 and the b-
configuration on the NOE connectivities C H-1/H-3 and
C H-1/H-5 as well as on the large 3J1,2 value (6.0 Hz, native
OPS). Its D-configuration was deduced after comparison of
the obtained chemical shift values with those published
(MacLean & Perry, 1997).

Residue D was assigned as b-Galp. Its b-configuration was
deduced from the large 3J1,2 coupling constant (6.9 Hz,
native OPS) and the galacto-configuration from the intra-
residual NOE contact D H-3/H-4.

The monosaccharide sequence of the sugars in the OPS was
established from the observed inter-residual NOE cross-
peaks in the ROESY spectra, i.e. A H-1/C H-4, B§ H-1/D
H-4, C H-1/B§ H-3, D H-1/A H-3.

On the basis of the above data the OPS of E. coli 1303 had
the structure

C B

-[A4)-b-D-Quip3NAc-(1A3)-a-L-Fucp2OAc-
(1A4)-b-D-Galp-(1A3)-a-D-GalpNAc-(1A]-

D A

Table 1. 1H and 13C NMR chemical shifts (d, p.p.m.) of the native and O-deacylated OPS of E. coli 1303

Spectra were recorded at 27 uC in 2H2O relative to internal acetone (dH 2.225; dC 31.45). Underlined chemical shifts indicate substituted positions.

Values of 3J(1,2) are in Hz; ND, not determined.

1 3J(1,2) 2 3 4 5 6a 6b

Native OPS

a-D-GalpNAc A H 5.24 (2.5) 4.36 3.91 4.29 4.11 3.75

C 98.08 ND 48.77 78.50 69.63 72.03 62.05

a-L-FucpOAc B H 5.20 (2.2) 5.10 4.33 4.05 4.36 1.19 –

C 94.07 ND 70.38 77.40 72.87 67.62 16.17 –

b-D-Quip3NAc C H 4.69 (6.0) 3.23 4.05 3.48 3.66 1.36 –

C 105.12 ND 73.13 57.66 77.11 73.08 19.28 –

b-D-Galp D H 4.45 (6.9) 3.64 4.00 3.65 3.60 3.75

C 105.81 ND 69.97 66.02 78.58 75.91 62.05

O-Deacylated OPS

a-D-GalpNAc A H 5.25 ND 4.36 3.91 4.29 4.11 3.74

C 98.42 (178) 49.07 78.88 69.91 72.41 62.36

a-L-Fucp B§ H 5.06 ND 3.97 4.11 4.02 4.33 1.18 –

C 96.89 (173) 68.38 80.02 72.96 67.94 16.36 –

b-D-Quip3NAc C H 4.74 (6.5) 3.31 4.07 3.51 3.66 1.36 –

C 105.06 (165) 73.86 57.89 77.47 73.38 19.25 –

b-D-Galp D H 4.47 (6.6) 3.62 4.11 3.65 3.63 3.74

C 106.13 (160) 70.31 66.33 78.93 75.91 62.36
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The structure of the OPS of the mastitis isolate E. coli 1303
showed great similarities with, but was not identical to,
those present in the LPS of two subtypes of the E. coli O5
serotype known to date, namely O5ab (MacLean & Perry,
1997) and O5ac (strain 180/C3) (Urbina et al., 2005). In
OPS of E. coli 1303 a-L-FucpOAc was present instead of b-
D-Ribf as in OPS of O5ab and O5ac, and additionally b-D-
Quip3NAc was substituted at position 4 and not at
position 2 as in the O5ac strain.

E. coli O5ab:

-[A4)-b-D-Quip3NAc-(1A3)-b-D-Ribf-(1A4)-b-D-Galp-
(1A3)-a-D-GalpNAc-(1A]-

E. coli O5ac:

-[A2)-b-D-Quip3NAc-(1A3)-b-D-Ribf-(1A4)-b-D-Galp-
(1A3)-a-D-GalpNAc(1A]-

Sequence analysis of the O-antigen gene cluster

The O-antigen determinant located between galF and gnd
on the E. coli strain 1303 chromosome, as also reported for

other O-antigen clusters (Reeves & Wang, 2002), was
sequenced and the genetic structure of this 13 095 bp DNA
region was analysed in detail. The O-antigen gene cluster
has an overall G+C content of 36.9 mol% (Fig. 4a). As
also described for other E. coli O antigen gene clusters, all
predicted ORFs, with the exception of one transposase-
encoding ORF, have a lower G+C content than the
average E. coli genome, suggesting that they may have been
acquired by horizontal transfer from other species (Reeves
& Wang, 2002).

Thirteen putative open reading frames (ORFs) with the
same transcriptional direction were identified as shown in
Fig. 4(b). The majority of the putative ORFs represented
unknown nucleotide sequences that have not been
described before. Whereas the rmlB gene (ORF 1) and an
IS4-family transposase-encoding gene (ORF 12) have been
described in other E. coli isolates as well, only rmlA (ORF
2) and ORF 3 exhibited similarity (72 % and 74 % identity)
to fragments of the glucose-1-phosphate thymidylyltrans-
ferase-encoding gene Abu_1817 of Arcobacter butzleri
RM4018 (accession no. CP000361) and fdtA of Salmonella
enterica subsp. enterica serovar Pomona strain NML 07-0213
(accession no. EU805803), respectively.

The gene products of ORF 1 (rmlB) and ORF 2 (rmlA)
showed 92 % and 82 % identity to other known RmlB and
RmlA homologues, respectively (Table 2; see also Supple-
mentary Table S1, available with the online version of
this paper). The rmlA and rmlB genes have been well
characterized in E. coli. RmlA converts D-glucose 1-phos-
phate to dTDP-D-glucose, which is then converted by
RmlB to dTDP-4-dehydro-6-deoxy-D-glucose. The latter

(a)

(b)

5 4 3 2 1

δ (p.p.m.)

Fig. 2. 1H NMR spectrum of the native OPS (600 MHz, 300K,
2H2O) (a) and O-deacylated OPS (700 MHz, 300 K, 2H2O) (b) of
E. coli 1303.
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Fig. 3. Heteronuclear 2D 13C–1H chemical shift correlation of the
anomeric and ring region resonances of the O-deacylated OPS of
E. coli 1303. The spectrum was recorded at 700 MHz and 300 K.
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compound is a common intermediate of many different
sugars (Graninger et al., 2002; Samuel & Reeves, 2003).
Similar to this OPS and the O5 oligosaccharide variants,
the E. coli O91 oligosaccharide contains, among other
sugar residues, a modified D-Quip3N. For the correspond-
ing wb*O91 gene cluster the wbsB gene has been predicted
to code for an isomerase catalysing the conversion of
dTDP-4-dehydro-6-deoxy-D-glucose into dTDP-3-dehy-
dro-6-deoxy-D-glucose (Perelle et al., 2002). Also in
Thermoanaerobacterium thermosaccharolyticum dTDP-a-
D-Quip3NAc biosynthesis has been shown to include an
isomerase which catalyses the formation of dTDP-3-

dehydro-6-deoxy-D-glucose from the RmlB product
dTDP-4-dehydro-6-deoxy-D-glucose. In the case of the
O-antigen determinant of E. coli 1303, the ORF 3-encoded
protein contained a C-terminal isomerase domain of
WxcM-like proteins (PF05523) and was 69 % and 46 %
identical to the dTDP-4-oxo-6-deoxy-D-glucose-3,4-oxoi-
somerase WbsB (accession no. AAK60451) of E. coli O91
and the QdtA isomerase (accession no. AAR85518) of T.
thermosaccharolyticum E207-71, respec-
tively. Therefore, ORF 3 (qdtA) may encode an isomerase
responsible for the formation of dTDP-3-dehydro-6-deoxy-
D-glucose. In T. thermosaccharolyticum, 3-acetamido-3,

Fig. 4. Genetic structure of the antigen-encoding determinant of the mastitis isolate E. coli 1303. (a) G+C content of the O-
antigen gene cluster relative to the average G+C content of the E. coli core chromosome (50.8 %, horizontal line). (b) The
positions and transcriptional directions of identified putative ORFs are indicated by arrows. The galF and gnd genes flanking the
O-antigen gene cluster are indicated in black. ORFs with high similarity to known bacterial DNA sequences are indicated in
grey.

Table 2. Characteristics of the ORFs located in the O-antigen gene cluster of E. coli 1303

An extended version of this table is available as Supplementary Table S1 with the online version of this paper.

Putative

ORF no.

Designation Length (bp) G+C content

(mol%)

No. of aa Putative function of protein

1 rmlB (GI:315461754) 1086 43.4 361 dTDP-glucose 4,6-dehydratase

2 rmlA (GI:315461755) 870 37.8 289 Glucose-1-phosphate thymidylyltransferase

3 qdtA (GI:315461756) 408 36.3 135 dTDP-4-oxo-6-deoxy-D-glucose-3,4-oxoisomerase

4 qdtB (GI:315461757) 1104 36.8 367 Transaminase

5 wzx (GI:315461758) 1251 34.9 416 O-antigen flippase

6 wbnC (GI:315461759) 513 30.01 170 Acetyltransferase

7 ORF 7 (GI:315461760) 921 30.8 306 Glycosyltransferase

8 wzy (GI:315461761) 1281 30.1 426 O-antigen polymerase

9 ORF 9 (GI:315461762) 1083 30.8 360 Glycosyltransferase

10 wcaG (GI:315461763) 924 30.8 307 Nucleoside-diphosphate-sugar epimerase

11 ORF 11 (GI:315461764) 810 34.2 269 Glycosyltransferase

12 tnp (GI:315461765) 1119 41.1 372 Transposase

13 qdtC (GI:315461766) 483 32.7 160 Transacetylase
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6-dideoxy-a-D-glucose formation involves subsequent
reaction steps catalysed by a transaminase and a transace-
tylase (Pföstl et al., 2008). The corresponding enzymes of the
tested O-antigen gene cluster may be encoded by ORF 4 and
ORF 13. The ORF 4 (qdtB)-encoded gene product belonged
to the DegT/DnrJ/EryC1/StrS aminotransferase family and
showed 49 % identity to the transaminase QdtB (accession
no. AAR85519) of T. thermosaccharolyticum E207-71. ORF
13 (qdtC) coded for a putative transacetylase with a WcxM-
like, left-handed parallel b-helix (LbH) N-terminal domain
responsible for the transacetylation function. This protein
exhibited 76 % identity to the transacetylase QdtC of
Salmonella choleraesuis (accession no. D7PFB5) and 44 %
identity to the QdtC transacetylase of T. thermosaccharoly-
ticum E207-71 (accession no. AAR85517).

The OPS of E. coli 1303 also contained a-L-FucpOAc.
Fucose biosynthesis involves a three-step pathway for
converting GDP-D-mannose to GDP-L-fucose (Ginsburg,
1961). First, the GDP-mannose dehydratase Gmd converts
GDP-mannose into GDP-4-keto-6-deoxymannose. This is
followed by epimerase and reductase reaction steps to give
GDP-L-fucose. In E. coli, the latter two steps are catalysed
by a single bifunctional enzyme, the GDP-fucose synthase
Fcl (Samuel & Reeves, 2003). The gmd and fcl genes are
usually adjacently located within the colanic acid gene
cluster of E. coli, as has been shown for E. coli MG1655
(Andrianopoulos et al., 1998). In the wb*1303 gene cluster,
the protein encoded by ORF 10 exhibited 42 % and
22 % identity to the putative UDP-glucose-4-epimerase
EDWATA_01329 (accession no. D4F3L9) of Edwardsiella
tarda ATCC 23685 and the GDP-fucose synthase Fcl
(accession no. NP_416556) of Escherichia coli MG1655.
The presence of a conserved domain of the NAD-
dependent epimerase/dehydratase family (PF01370), which
also included the conserved WcaG nucleoside-diphosphate-
sugar epimerase domain (COG0451), further supports
the idea that this protein may be involved in fucose
biosynthesis. The protein encoded by ORF 6 (wbnC)
belonged to the trimeric LpxA-like enzymes superfamily
of acetyltransferases from a wide range of bacteria and is
39 % identical to the O-acetyltransferase WbnC (Q9RP59)
of E. coli O113. Thus, WbnC is likely to be responsible for
O-acetylation of Fuc in the tested O-polysaccharide,
although further experimental determination is needed.
The O-antigen flippase (Wzx) and O-antigen polymerase
(Wzy) are hydrophobic membrane proteins involved in O-
antigen processing. In E. coli strain 1303, 12 transmembrane
helices were predicted for the deduced amino acid sequence
of ORF 5 (wzx), which shared 42 % identity with the E. coli
O114 Wzx protein (Q697E1). ORF 8 (wzy) showed no
marked similarity to other wzy genes, but as the deduced
amino acid sequence exhibited some homology to the
putative O-antigen polymerases it was considered as the
putative wzy gene. Furthermore, 11 transmembrane helices
have been predicted from the deduced amino acid sequence.
This is also the case for the putative Wzy proteins of an E.
coli O4 strain (accession no. AAC43898) and of E. coli K-12

(accession no. AAB88404). Generally, the number of
transmembrane helices of Wzy proteins of other E. coli
serogroups is variable, ranging from 8 to 12. A large number
of transmembrane segments and a large periplasmic loop
are typical topological characteristics of Wzy proteins
(Daniels et al., 1998).

Four additional ORFs involved in O-antigen biosynthesis
have been predicted (ORFs 7, 9, 11 and 12). Their precise
function will have to be studied experimentally. ORF 7
coded for a member of the glycosyltransferase family 2
which is 41 % and 34 % identical to the glycosyltransferase
ESA_01184 (accession no. A9Y3E9) of Enterobacter saka-
zakii (Mullane et al., 2008) or putative glycosyltransferase
WbtE (accession no. Q6QNC3) of Escherichia coli O103.
The ORF 9-encoded protein belonged to the group 1
glycosyltransferases and showed 30 % identity to the
glycosyltransferase WclF of E. coli O155 (accession no.
AAV74551) and 27 % identity to WbuB (accession no.
AAT28929), a protein encoded in the E. coli O26 O-antigen
gene cluster (D’Souza et al., 2002). The fucosyltransferase
WbuB has been proposed to be a transferase for the linkage
a-L-FucpNAc-(1A3)-a-D-GlcpNAc (D’Souza et al., 2002).
This linkage is absent in the E. coli 1303 O-antigen, but as
an a-L-Fucp2OAc-(1A4)-b-D-Gal linkage is present, ORF
9 may encode a FucpOAc transferase. The ORF 11 gene
product belonged to the glycosyltransferase family 2 and
shares 60 % or 48 % amino acid identity with glucosyl-
transferase WbeD (accession no. B8R1W7) of Salmonella
enterica serovar Pomona and E. coli O107 (accession no.
B8QSK1), respectively. In addition, the ORF 11-encoded
protein showed 49 % identity to WbwC of E. coli O104,
which is a galactosyltransferase responsible for the b-D-Gal-
(1A3)-b-D-GalNAc linkage (Wang et al., 2009). Accord-
ingly, ORF 11 encoded a galactosyltransferase which may
link the Galp and GalpNAc moieties present in the 1303
OPS.

ORF 12 encoded a protein unrelated to O-antigen
biosynthesis. Together with its sequence context, ORF 12
was identified as a remnant of an H-repeat-type transpos-
able element (positions 1863–3744). H-repeats may be
involved in horizontal gene transfer and in the generation
of polymorphisms in O-antigen gene clusters (Xiang et al.,
1994).

In E. coli, the genes for the synthesis of nucleotide
precursors of common sugars, e.g. GlcpNAc, Glcp and
Galp, are usually located outside the O-antigen gene cluster
(Samuel & Reeves, 2003). UDP-GalNAc is synthesized
from UDP-GlcNAc by the UDP-GlcNAc-4-epimerase
encoded by the gne gene, which can be part of the O-
antigen determinant located between galF and gnd.
Alternatively, gne can be immediately upstream of galF
(Wang et al., 2005). In E. coli strain 1303, the gne gene is
absent from the O-antigen gene cluster and is likely to be
upstream of galF. O-repeating unit synthesis in entero-
bacteria is often initiated by transferring GlcNAc 1-
phosphate or GalNAc 1-phosphate to an undecaprenol
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phosphate carrier. The corresponding enzyme WecA is
encoded outside the O-antigen gene cluster as well as other
O-antigen processing proteins, such as the chain-length
determinant Wzz (Samuel & Reeves, 2003).

Identification of the core oligosaccharide type
and the linkage site of the OPS

Western blot analysis of LPS from E. coli 1303 was
performed with monoclonal antibodies specific for the
different E. coli core types; this revealed that strain 1303
carried the K-12 core type in its LPS (Fig. 5). This result
was rather unexpected, since (i) this E. coli core type had
been detected earlier in only 4 % of faecal human and
bovine isolates (Gibbs et al., 2004), (ii) E. coli K-12 strains
that are widely used in laboratories produce an R-form
LPS lacking OPS repeating units (Feldman et al., 1999),
and (iii) an E. coli K-12 strain in which O-antigen

assembly was restored exhibited serotype O16 (Liu &
Reeves, 1994).

The ESI MS spectrum of O-deacylated LPS (Fig. 6)
comprised four groups of molecules showing heterogeneity
originating from non-stoichiometric substitutions with
PEtN, sodium and potassium adducts (not labelled). The
first complex group of molecular ions around 2957.93 u
referred to the O-deacylated lipid A+core whereas the
three other groups around 3790.26, 4488.55 and 5186.81 u
represented the O-deacylated lipid A, the core+one, two
and three repeating units, respectively, in which each
repeating unit consisted of HexN, deoxy-Hex, Hex, deoxy-
HexN and two N-acetyl groups, with a total mass of
698.27 u. The most prominent molecular peak at 2957.93 u
represented a molecule composed of 4 P, 1 PEtN, 2 HexN,
2 14 : 0(3-OH), 3 Kdo, 3 Hep and 3 Hex corresponding
to O-deacylated lipid A plus a truncated K-12 core region
with an additional third Kdo residue, as compared to the
published data (Holst et al., 1991; Müller-Loennies et al.,
2003).

The component belonging to the molecular peak at 2737.86 u
was composed of 4 P, 1 PEtN, 2 HexN, 2 14 : 0(3-OH), 3 Hep,
3 Hex and 2 Kdo, and was the core species to which OPS was
attached after previous addition of 1 Hex moiety and 1 Hep
moiety. The molecular ion corresponding to the complete
core (Müller-Loennies et al., 2003) was not observed;
however, the molecule consisting of the complete core and
one O-deacylated O-repeating unit (HexN, deoxy-Hex, Hex,
deoxy-HexN, two N-acetyl groups, calculated mass 698.27 u)
was found at 3790.26 u. Thus, the mass at 2957.93 u
originated from the core oligosaccharide that was not
substituted by OPS, and that at 3790.26 u from a core
oligosaccharide substituted by one O-antigen repeating unit.
Interestingly, the non-substituted core oligosaccharide dif-
fered in structure from those substituted with the OPS, i.e. it
represented a truncated version with an additional, third Kdo
residue. Moreover, the substituted core corresponded to the
most prominent glycoform, namely glycoform 1 of the K-12
core type (Müller-Loennies et al., 2003), and the non-
substituted oligosaccharide represented a novel glycoform of
the K-12 structure, i.e. a truncated core lacking any rhamnose
residues. Previously the occurrence of three Kdo moieties in
the truncated K-12 core was associated with simultaneous
presence of one rhamnose (Rha) residue (Müller-Loennies
et al., 2003).

The NMR study of the fraction core-short OPS isolated
from the LPS after acetate buffer hydrolysis and separation
on Toyo Pearl HW-40 identified the biological O-repeating
unit of the OPS from E. coli 1303 and the linkage site to the
core region. The spin systems of two OPS repeating units,
one terminal (with a terminal b-D-Quip3NAc residue)
and one connected to the core (where the 3-substituted
D-GalpNAc was shown to be b-configured, and not
a-configured as in the other O-repeating units) were
identified. Due to the high heterogeneity of the sample, the
complete spin systems of only the three first sugars of the

Fig. 5. Western blot of LPS from E. coli 1303 strain (amounts
given on the figure) with monoclonal antibodies specific for
different E. coli core types: WN1 222-5, binds to all five E. coli

core types (Di Padova et al., 1993); FDP-11, specific for R1 core
type; FDP-3, specific for R2 and K-12 core types; S37-20,
specific for R3 core type; and S31-14, specific for K-12 core type
(Brade et al., 1996).
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outer core region (7-substituted L-a-D-Hepp and 6- and 2-
substituted a-D-Glcp) could be resolved (data not shown),
as compared with published data (Müller-Loennies et al.,
2003). Thus, the disaccharide b-D-GalpNAc-(1A7)-L-a-D-
Hepp was proven, which identified the site of attachment
of the OPS at core oligosaccharide:

b-D-Qui3NAc-(1A3)-a-L-FucOAc-(1A4)-b-D-Gal-(1A3)-
a-D-GalNAc-(1A4)-b-D-Qui3NAc-(1A3)-a-L-FucOAc-
(1A4)-b-D-Gal-(1A3)-b-D-GalNAc-(1A7)-a-LD-Hep

This is consistent with the data obtained for E. coli
K-12/O16 MFF1, a mutant strain expressing LPS consisting

Fig. 6. Charge-deconvoluted ESI FT-ICR MS
spectrum of O-deacylated LPS from E. coli

1303 recorded in the negative-ion mode.
The molecular peak at 2957.93 u corresponds
to a molecule composed of 2 P, 2 HexN, 2
14 : 0(3-OH) (O-deacylated lipid A), 2 P, 1
PEtN, 3 Kdo, 3 Hep, 3 Hex (core region). The
component with molecular mass 3790.26 u
lacked 1 Kdo residue and possessed in addition
1 Hep, 1 Hex and the first O-repeating unit, as
compared to the non-substituted core. P,
phosphate; HexN, hexosamine; 14 : 0(3-OH),
3-hydroxymyristic acid; PEtN, 2-aminoethanol
phosphate; Kdo, 3-deoxy-D-manno-oct-2-ulo-
sonic acid; Hep, L-glycero-D-manno-heptose;
Hex, hexose. D m 698.27 u corresponded to
the mass of one O-deacylated O-repeating
unit.

95

100

105

F
1

 δ
 (p

.p
.m

.)

F2 δ (p.p.m.)

5.4 5.2 5.0 4.8 4.6 4.4

Fig. 7. Overlay of the anomeric regions of
HSQC-DEPT spectra of the non-substituted
core (red) and core-short OPS fraction (green)
of E. coli 1303. The spectra were recorded at
700 MHz and 300 K. The signals differing
between the two fractions are marked in grey.
The structures of the non-substituted, trun-
cated core (red) and substituted (green) are
given below, drawn according to Müller-
Loennies et al. (2003).
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of lipid A-core region plus the first sugar of the O-
repeating unit (serotype O16), namely b-D-GlcpNAc. The
latter was shown to be linked to the position O-7 of the
terminal L-a-D-Hepp moiety of the outer core (Feldman
et al., 1999).

The comparison of the anomeric regions of the core and
core-short OPS fractions in the HSQC spectrum (Fig. 7)
revealed that in the first fraction signals originating from
the O-antigen, from 7-substituted L-a-D-Hepp and from 6-
substituted and 2-substituted a-D-Glcp were missing;
however, an additional signal at dH 5.38 p.p.m. was seen,
which was identified as terminal a-D-Glcp. This confirmed
the data obtained from ESI MS analysis, i.e. that the
non-substituted core represented a shorter K-12 core
oligosaccharide which lacked the terminal L-a-D-Hepp
and 6-substituted a-Glcp. Since the samples were obtained
after acetate buffer hydrolysis that cleaved any branching
Kdo residue(s), no conclusions concerning the number of
Kdo residues could be drawn from these data.

The presence of different glycoforms of E. coli K-12 core
was already well established with the identification of four
core structures differing in length, and amount of Kdo, P
and PEtN residues (Holst et al., 1991; Müller-Loennies et
al., 2003). However, the previous studies were performed
on R-form LPS and nothing could be concluded about the
core structure(s) in the S-form. Here, we have shown that
the core substituted with OPS from the LPS of a mastitis E.
coli was longer than the non-substituted, having additional
Hep and Hex residues. Such core heterogeneity based on
the presence/absence of an O-chain was also observed in
LPS from Bordetella parapertussis, in which the core
oligosaccharide from the R-form LPS possessed three sugar
residues more than the core OS from the R-form LPS
(Zarrouk et al., 1997). In LPS from Pseudomonas
aeruginosa serotype O5 the addition of the OPS to the
core followed the translocation of a Rha residue and loss of
a Glc residue, as compared to the non-substituted core
(Sadovskaya et al., 2000). Interestingly, the same alteration
in the core structure as found in E. coli 1303, namely the
addition of the third Kdo moiety in the inner core and the
truncation of the outer core, was also observed in an E. coli
strain which possessed the waaZ gene encoding the
transferase of the third Kdo. WaaZ is present only in E.
coli having the K-12 core type; however, if a copy of waaZ
was added by a plasmid to E. coli with the R1 core type,
novel truncated LPS with the additional third Kdo residue
was expressed, which is otherwise not found in this
chemotype (Frirdich et al., 2003).
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Pföstl, A., Zayni, S., Hofinger, A., Kosma, P., Schäffer, C. & Messner, P.
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5.3.2 Complete genome sequences of Escherichia coli strains 1303 and
ECC-1470 isolated from bovine mastitis

Leimbach A, Poehlein A, Witten A, Scheutz F, Schukken Y, Daniel

R, Dobrindt U. 2015. Complete genome sequences of Escherichia
coli strains 1303 and ECC-1470 isolated from bovine mastitis. Ge-
nome Announc. 3:e00182-15.
doi: 10.1128/genomeA.00182-15

5.3.2.1 Contributions

Leimbach et al. (2015) presents the finished genomic sequences (Chain

et al., 2009) of E. coli O70:H32 strain 1303, isolated from an acute case

of mastitis, and E. coli Ont:Hnt ECC-1470, isolated from a persistent

mammary infection. Closing and finishing bacterial genomic sequences

has the advantage to resolve large structural variations, correct re-

peat construction, and does not miss gene calls in contrast to draft
genomes (Section 1.1.3 on page 11) (Koren and Phillippy, 2015). Both

genomes were accurately manually annotated to maximize the use in

the research field. This is a data publication accompanying the sub-

mission to the public International Nucleotide Sequence Database Col-

laboration (INSDC) genomic databases, mostly describing the detailed

methodology. Only minimal data analysis and functional inference is

included. For comparative genomics with other E. coli bovine isolates,
detailed analysis of VFs carried by these two genomes, and the im-

plications for bovine mastitis pathogenesis see Leimbach et al. (2017)

(Section 5.3.4 on page 140).

I designed the study and conducted all the research of the publi-

cation, with the exception of HTS, including sequence read QC and

trimming, assembly and assembly QC, gap closure, sequence polish-

ing, automatic annotation with manual curation, and submission to

the INSDC public repositories. 690 PCRs and 1114 Sanger sequencing

reactions were performed with 588 primers to close and polish the

genome of E. coli 1303. The genome of E. coli ECC-1470 was finished

with 257 PCRs and 668 Sanger sequencing reactions using 468 primers.

Furthermore, I contributed scripts for the bioinformatical tasks in this

publication (as described in Chapter 4 on page 73). I wrote all parts of

the manuscript. Detailed individual author contributions for each part

of the paper can be found in Table 16 on page 233.

5.3.2.2 Main paper

This open access publication can be found on pages 135–136 or freely

available and to reuse (licensedunder aCreativeCommonsAttribution

3.0 Unported License (CC BY 3.0) ) at:

http://genomea.asm.org/content/3/2/e00182-15

https://doi.org/10.1128/genomeA.00182-15
https://creativecommons.org/licenses/by/3.0/
https://creativecommons.org/licenses/by/3.0/
http://genomea.asm.org/content/3/2/e00182-15


Complete Genome Sequences of Escherichia coli Strains 1303 and
ECC-1470 Isolated from Bovine Mastitis
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Escherichia coli is the leading causative agent of acute bovine mastitis. Here, we report the complete genome sequence of E. coli
O70:H32 strain 1303, isolated from an acute case of bovine mastitis, and E. coli Ont:Hnt strain ECC-1470, isolated from a persis-
tent infection.
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The outcome and severity of E. coli intramammary infections
were previously mainly associated with cow factors reacting to

pathogen-associated molecular patterns rather than the genomic
makeup of the infecting strain (1). Nevertheless, certain E. coli
strains consistently cause an acute severe onset and others a mild
chronic outcome (2, 3). Currently only the draft genome sequence
of mastitis-associated E. coli O32:H37 strain P4 has been pub-
lished (4).

E. coli 1303 was isolated from udder secretions of a cow with
clinical mastitis (5) and E. coli ECC-1470 from a chronically in-
fected cow (6). Both genomes were sequenced via whole-genome
sequencing with the 454 FLX genome sequencer with GS20 chem-
istry (Roche Life Science, Mannheim, Germany) to a 27.8-fold or
13.4-fold coverage, respectively. Strain ECC-1470 was also se-
quenced with a 6-kb insert paired-end (PE) 454 sequencing li-
brary. Additionally, Nextera XT chemistry (Illumina, San Diego,
CA, USA) for library preparation and a 101-bp PE sequencing run
was used to sequence both strains on an Illumina HiScan SQ se-
quencer.

The 454 reads were de novo assembled with Newbler
(v2.0.00.20 for 1303 and v2.3 for ECC-1470; Roche). The 454 and
Illumina reads were de novo assembled using MIRA v3.4.0.1 (7).
The hybrid assembly was combined with the initial Newbler as-
sembly within the Gap4 software (v4.11.2) of the Staden package
(8). Gaps were closed by primer walking via PCR and Sanger se-
quencing.

E. coli 1303 possesses a 4,948,797-bp and strain ECC-1470 a
4,803,751-bp chromosome. Each strain harbors an F-plasmid des-
ignated p1303_109 (108,501 bp) or pECC-1470_100 (100,061
bp), respectively. Additionally, strain 1303 contains a bacterio-
phage P1-like plasmid p1303_95 (94,959 bp) and a small cryptic
plasmid p1303_5 (4,671 bp).

Annotation was done with Prokka v1.9 (9) and E. coli K-12
MG1655 (NC_000913.3) as reference. Annotations were manu-
ally curated by employing the Swiss-Prot, TrEMBL (10), IMG/ER

(11), and Ecocyc databases (12). Open reading frame (ORF) find-
ing was verified with YACOP v1 (13) and the reference strain
MG1655’s annotation using ACT v12.1.1 (14) for manual cura-
tion with Artemis v15.1.1 (15) and tbl2tab v0.1 (https://github
.com/aleimba/bac-genomics-scripts/tree/master/tbl2tab). A total
of 4,734 coding DNA sequences (CDS) were identified in E. coli
1303 with 22 rRNAs and 91 tRNAs (via tRNAscan-SE v1.3.1 [16]).
The E. coli ECC-1470 genome includes 4,506 CDS with 22 rRNAs
and 90 tRNAs.

By assigning multilocus sequence types (STs) using ecoli_
mlst v0.3 (https://github.com/aleimba/bac-genomics-scripts/tree
/master/ecoli_mlst) strains 1303 and ECC-1470 were allocated to
phylogroups A (ST10) and B1 (ST847), respectively (17).

The most prominent virulence factors in both strains are the
enterobactin siderophore, the group 4-capsule, and the E. coli type
III secretion system 2. The genes flu (Ag43), astA (enteroaggrega-
tive E. coli heat-stable enterotoxin 1), iss (increased serum sur-
vival), an AMR-SSuT genomic island (antimicrobial resistance to
streptomycin, sulfonamide, and tetracycline), and the second fla-
gellar cluster, Flag-2, are only present in E. coli 1303. Putative
virulence factors that are only present in strain ECC-1470 are two
type VI secretion systems, the long polar fimbriae, Pix fimbriae,
and the alternative flagellin Flk.

Nucleotide sequence accession numbers. The genome se-
quences have been deposited at DDBJ/ENA/GenBank under the
accession numbers CP009166 to CP009169 (strain 1303) and
CP010344 and CP010345 (strain ECC-1470).
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5.3.3 Whole-genome draft sequences of six commensal fecal and six mastitis-
associated Escherichia coli strains of bovine origin

Leimbach A, Poehlein A, Witten A, Wellnitz O, Shpigel N, Petzl

W, Zerbe H, Daniel R, Dobrindt U. 2016. Whole-genome draft

sequences of six commensal fecal and six mastitis-associated Es-
cherichia coli strains of bovine origin.GenomeAnnounc. 4:e00753-16.
doi: 10.1128/genomeA.00753-16

5.3.3.1 Contributions

Leimbach et al. (2016) presents the “high-quality draft” (Chain et al.,

2009) genomic sequences of six bovine mastitis and six bovine fecal

commensal E. coli isolates. Annotation was adapted to the manually

curated annotations of MAEC 1303 and ECC-1470 (Section 5.3.2 on

page 134). As with Leimbach et al. (2015) in Section 5.3.2 on page 134,

this paper is a data publication accompanying the submission of the

twelve genomes to the INSDC databases. These genomeswere analyzed

in detail and used for phylogenetic and gene content comparisons in

relation to the pathotype background (bovine mastitis or commensal

E. coli isolates) in Leimbach et al. (2017) (Section 5.3.4 on page 140).

For Leimbach et al. (2016) I designed the study and conducted all

the research. In detail, I performed all data collection, analysis and

curation, as well as all bioinformatical tasks. HTS was performed by

Anika Witten. Additionally, I contributed scripts to perform several of

the bioinformatical activities (as described in Chapter 4 on page 73).

I drafted the whole manuscript. Detailed individual author contribu-

tions for each part of the paper and Table 1 of the publication can be

found in Table 17 and Table 18 on page 234, respectively.

5.3.3.2 Main paper

This open access publication can be found on pages 138–139 or freely

available and to reuse (licensedunder aCreativeCommonsAttribution

4.0 International License (CC BY 4.0) ) at:

http://genomea.asm.org/content/4/4/e00753-16

https://doi.org/10.1128/genomeA.00753-16
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
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The bovine gastrointestinal tract is a natural reservoir for commensal and pathogenic Escherichia coli strains with the ability to
cause mastitis. Here, we report the whole-genome sequences of six E. coli isolates from acute mastitis cases and six E. coli isolates
from the feces of udder-healthy cows.
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Although bovine intramammary infections with Escherichia
coli mostly lead to an acute onset of mastitis, they can also

result in a persistent infection of the udder with alternating sub-
clinical or clinical periods (1). Additionally, no common virulence
factor subset of mastitis-causing E. coli strains has been identified
in previous studies (2).

To investigate the genomic potential of E. coli isolated from
bovine mastitis, several draft genomes (3–5), as well as two com-
plete genomes (6), have been published thus far. However, only
two recent genomic E. coli mastitis studies included one commen-
sal bovine isolate (7, 8). Because cows are a natural reservoir not
only for pathogenic but also for commensal E. coli of high phylo-
genetic and genotypic diversity (2), we present here the draft ge-
nomes of six E. coli strains isolated from serous udder exudate of
mastitis-afflicted cows and six E. coli strains isolated from the feces
of udder-healthy cows (Table 1).

All genomes were sequenced with an Illumina HiScan SQ
sequencer with Nextera XT chemistry (Illumina, San Diego,

CA, USA) for library preparation and a 101-bp paired-end se-
quencing run. Raw reads were quality controlled with FastQC
version 0.11.2 (http://www.bioinformatics.bbsrc.ac.uk/projects
/fastqc). Low-quality reads and adapter contaminations were
trimmed with Cutadapt version 1.6 (9). All reads were randomly
subsampled to an approximate 70-fold coverage for each strain
with seqtk version 1.0-r32 (https://github.com/lh3/seqtk). Subse-
quently, the reads were de novo assembled with SPAdes version
3.1.1 (10). Assembly statistics were evaluated with QUAST version
2.3 (11), resulting in 59 to 290 contigs �500 bp and genome sizes
ranging from 4,765,494 to 5,459,392 bp (Table 1).

The strains were classified evenly into phylogroups A or B1,
regardless of isolation source, through the assignment of se-
quence types (ST) with e. coli_mlst version 0.3 (https://github
.com/aleimba/bac-genomics-scripts/tree/master/ecoli_mlst) (12).
The most prominent sequence type is ST10, but most of the strains
were not closely phylogenetically related.

All genomes were annotated with Prokka version 1.9 (13) with

TABLE 1 Genome features and assembly metrics of the 12 E. coli whole-genome sequences

Strain
ECOR phylogroup
(ST) Source of isolation Genome size (bp) No. of contigs �500 bp N50 (bp) No. of CDSsa Accession no.

131/07 A (ST10) Udder acute mastitis 5,459,392 270 79,414 5,123 JXUH00000000
2772a B1 (ST156) Udder acute mastitis 4,949,901 93 163,837 4,621 LCVG00000000
3234/A A (ST10) Udder acute mastitis 5,482,981 290 95,923 5,211 LCVH00000000
MPEC4839 A (ST10) Udder acute mastitis 4,866,885 124 133,521 4,502 JYHP00000000
MPEC4969 B1 (ST1125) Udder acute mastitis 4,833,611 130 103,834 4,468 JYHQ00000000
RiKo 2299/09 B1 (ST448) Healthy cow feces 4,954,750 129 114,991 4,587 JYKB00000000
RiKo 2305/09 B1 (ST410) Healthy cow feces 4,806,931 123 129,952 4,429 JYPB00000000
RiKo 2308/09 A (ST167) Healthy cow feces 5,112,873 186 83,735 4,685 LCVI00000000
RiKo 2331/09 B1 (ST1614) Healthy cow feces 4,765,494 59 224,192 4,350 LCVJ00000000
RiKo 2340/09 A (ST167) Healthy cow feces 5,024,854 204 82,522 4,568 LAGW00000000
RiKo 2351/09 B1 (ST88) Healthy cow feces 5,297,190 252 102,610 4,931 LAUC00000000
UVM2 A (ST1091) Udder acute mastitis 4,926,170 149 86,033 4,614 LAUD00000000
a CDS, coding sequence.
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E. coli 1303 (CP009166 to CP009169) or E. coli ECC-1470
(CP010344 to CP010345) as references for annotation for either
the ECOR phylogroup A or B1 genomes, respectively. tRNAs were
predicted with tRNAscan-SE version 1.3.1 (14). Additionally, the
annotations were manually curated with Proteinortho version
5.11 (15), po2anno version 0.2 (https://github.com/aleimba/bac
-genomics-scripts/tree/master/po2anno), ACT version 13.0.0
(16), and E. coli strains 1303 and ECC-1470 as references. Finally,
tbl2tab version 0.2 (https://github.com/aleimba/bac-genomics
-scripts/tree/master/tbl2tab) and Artemis version 16.0.0 (17) were
used to refine the annotations after querying the Virulence Fac-
tors Database (18) and the ResFinder version 2.1 (19), Viru-
lenceFinder version 1.2 (20), and SerotypeFinder version 1.0 (21)
databases. In summary, between 4,350 and 5,211 coding DNA
sequences were identified in the genomes with 3 to 7 rRNAs and
68 to 83 tRNAs.

The genome sequences in this study will serve as a useful re-
source for future comparative studies of E. coli strains associated
with bovine mastitis in relationship to commensal strains and for
the identification of potential virulence factors.

Nucleotide sequence accession numbers. These whole-
genome shotgun projects have been deposited at DDBJ/EMBL/
GenBank under the accession numbers listed in Table 1. The ver-
sions described here are the first versions.
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No evidence for a bovine mastitis
Escherichia coli pathotype
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Abstract

Background: Escherichia coli bovine mastitis is a disease of significant economic importance in the dairy industry.
Molecular characterization of mastitis-associated E. coli (MAEC) did not result in the identification of common traits.
Nevertheless, a mammary pathogenic E. coli (MPEC) pathotype has been proposed suggesting virulence traits that
differentiate MAEC from commensal E. coli. The present study was designed to investigate the MPEC pathotype
hypothesis by comparing the genomes of MAEC and commensal bovine E. coli.

Results: We sequenced the genomes of eight E. coli isolated from bovine mastitis cases and six fecal commensal
isolates from udder-healthy cows. We analyzed the phylogenetic history of bovine E. coli genomes by supplementing
this strain panel with eleven bovine-associated E. coli from public databases. The majority of the isolates originate
from phylogroups A and B1, but neither MAEC nor commensal strains could be unambiguously distinguished by
phylogenetic lineage. The gene content of both MAEC and commensal strains is highly diverse and dominated by
their phylogenetic background. Although individual strains carry some typical E. coli virulence-associated genes, no
traits important for pathogenicity could be specifically attributed to MAEC. Instead, both commensal strains and
MAEC have very few gene families enriched in either pathotype. Only the aerobactin siderophore gene cluster was
enriched in commensal E. coli within our strain panel.

Conclusions: This is the first characterization of a phylogenetically diverse strain panel including several MAEC and
commensal isolates. With our comparative genomics approach we could not confirm previous studies that argue
for a positive selection of specific traits enabling MAEC to elicit bovine mastitis. Instead, MAEC are facultative and
opportunistic pathogens recruited from the highly diverse bovine gastrointestinal microbiota. Virulence-associated
genes implicated in mastitis are a by-product of commensalism with the primary function to enhance fitness in the
bovine gastrointestinal tract. Therefore, we put the definition of the MPEC pathotype into question and suggest to
designate corresponding isolates as MAEC.

Keywords: E. coli, Pathotype, Bovine mastitis, Commensals, Comparative genomics, Phylogeny, Virulence, Genomic
diversity

Background
Bovine mastitis is a common disease in dairy cows with a
global economic impact [1]. Mastitis is an inflammation of
the cow udder mostly triggered by the invasion of patho-
genic bacteria, leading to reduced milk production and
quality. Escherichia coli is a major causative agent involved
in acute bovine mastitis with a usually fast recovery rate.
However, in extreme cases E. coli mastitis can lead to

severe systemic clinical symptoms like sepsis concurrent
with fever [2, 3]. Occasionally, an infection with E. coli
results in a subclinical and persistent pathology [4, 5].
Traditionally, E. coli associated with intramammary in-
fections are considered to be environmental opportun-
istic pathogens [6]. Thus, the outcome and severity of
E. coli mastitis was mainly attributed to environmental
factors and the innate immune response of the cow react-
ing to pathogen-associated molecular patterns (PAMPs)
(most prominently lipopolysaccharide, LPS) rather than
the virulence potential of the invading strain [7]. Intra-
mammary infusion of purified LPS induces udder
inflammation symptoms similar, yet not identical, to
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E. coli invasion [7, 8]. The bovine gastrointestinal tract
is a natural reservoir for commensal and pathogenic E.
coli of high phylogenetic and genotypic diversity with
the putative ability to cause mastitis [9]. Nevertheless,
it was proposed that various genotypes of E. coli with
specific phenotypes are better suited to elicit mastitis
than others [3, 10, 11].
E. coli is a highly diverse species with commensal as well

as pathogenic strains, which can colonize and persist in
humans, animals, as well as abiotic environments [12, 13].
The population history of E. coli is largely clonal and can
be structured into six major phylogenetic groups: A, B1,
B2, D1, D2, and E [12, 14, 15], some publications also des-
ignate phylogroups D1 and D2 as D and F, respectively.
These phylogroups have a different prevalence in various
human and animal populations, but no host-restricted
strains could be identified [12]. Pathogenic E. coli isolates
are classified in different pathotypes according to the site
of infection, clinical manifestation of the disease, and
virulence factor (VF) repertoire. The group of intestinal
pathogenic E. coli (IPEC) includes diarrheagenic patho-
types, which are obligate pathogens. The most prominent
extraintestinal pathogenic E. coli (ExPEC) pathotypes
are uropathogenic E. coli (UPEC), newborn meningitis-
associated E. coli (MNEC), and avian pathogenic E. coli
(APEC) [16–18]. In contrast to IPEC, which are trad-
itionally considered to have a conserved VF repertoire,
ExPEC are derived from different phylogenetic lineages
and have variable VF content. Various combinations of
VFs can lead to the same extraintestinal disease outcome,
which solely defines an ExPEC pathotype [15, 16, 18].
However, many of these virulence-associated factors are
also present in commensal strains and can be consid-
ered fitness factors (FFs), that enable or facilitate initial
colonization and the establishment of an infection.
These FFs have primarily evolved for gastrointestinal
colonization as well as persistence, and the ability to
cause extraintestinal disease is a coincidental by-product
of commensalism. As a consequence, ExPEC are faculta-
tive pathogens that are recruited from the normal intes-
tinal microbiota [12, 18, 19].
The broad spectrum of E. coli lifestyles and phenotypes

is a result of the underlying genomic plasticity of E. coli
strains [18]. Only up to 60% of each genome is shared by
all isolates, the so-called core genome [20]. The
remaining flexible genome is highly variable in individual
strains. It includes genes for specific habitat adaptations
or environmental conditions, and is the basis for the
phenotypic diversity of E. coli [15, 18]. The flexible gen-
ome consists largely of mobile genetic elements (MGEs),
including plasmids, genomic islands (GIs), and phages,
which facilitate horizontal gene transfer (HGT) and are
the driving forces for microbial diversity, evolution, and
adaptation potential [21].

Despite the proposal of a mammary pathogenic E. coli
(MPEC) pathotype [3] and extensive research, no
common genetic traits or VFs have been identified for
E. coli mastitis isolates, so far [11, 22–24]. Recently,
several publications analyzed E. coli genomes from intra-
mammary infections, thereby expanding the method
spectrum by comparative genomics approaches [25–28].
All of these studies identified various MPEC genome
regions and genes with different specificity criteria and
significance, many of which are not considered to be
classical VFs (or even encode for unknown hypothetical
functions), but also genes coding for a type VI secretion
system (T6SS), LPS biosynthesis, biofilm association,
metabolic functions, and the ferric iron(III)-dicitrate (Fec)
uptake system. However, the studies could mostly not
agree upon a common set of putative VFs, except for the
Fec siderophore system. Also, these studies suffer from
small genome sample size constraints, lack of phylogenetic
diversity, and/or did not include commensal bovine E. coli
comparator strains of suitable phylogenetic and genotypic
diversity. So far, depending on the study, no or only one
bovine commensal E. coli isolate has been included in
these corresponding analyses [25–28].
We wanted to advance upon the previous studies by

analyzing a strain panel of phylogenetic and genomic
diversity comparable to E. coli from the bovine habitat,
especially by including fecal commensal isolates from
udder-healthy cows. This enables our main goal, to
characterize genetic traits which define mastitis-associated
E. coli (MAEC) in comparison to non-pathogenic com-
mensals, while keeping track of their phylogenetic back-
ground. Putative VFs important for bovine mastitis
pathogenesis should be present in the majority of mastitis
isolates, regardless of phylogroup, and mostly absent in
commensals. We collected a large E. coli VF panel from
different pathotypes for detailed candidate gene and gene
composition analyses. By sequencing two MAEC genomes
to closure, we made it possible to analyze MGEs and
evaluate their role in HGT as well as virulence of MAEC
and commensal isolates. Finally, several studies suggested
that mastitis virulence might have evolved in separate E.
coli lineages and phylogroups in parallel [10, 11, 26, 27],
which might involve different virulence traits and strat-
egies. Thus, we investigated the distribution of three puta-
tive phylogroup A MPEC-specific regions from Goldstone
et al. [26] within the phylogroups of our strain panel for
pathotype association.

Results
Bovine-associated E. coli are phylogenetically highly
diverse and dominated by phylogroups A and B1
We compiled a strain panel of eight MAEC and six
fecal commensal strains and supplemented it with the
genomes from eleven reference strains from public
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databases (Table 1). The reference strains are composed of
eight MAEC, two fecal commensal strains, and one milk
commensal strain. Serotypes were predicted in silico
(Table 1), but could not be determined unambiguously for
several draft genomes. Nevertheless, none of the analyzed
strains displayed identical serotypes (except non-typable
MAEC strains 131/07 and 3234/A). Thus, a correlation
between certain serotypes and MAEC was not detected.
The detected serotypes already indicated a high phylo-

genetic diversity in the strain panel. In order to obtain a
more detailed view of the phylogenetic relationship of the
strains, we calculated a core genome phylogeny based on
a multiple whole genome nucleotide alignment (WGA)
with 39 reference E. coli strains, four Shigella spp., and
one Escherichia fergusonii strain as an outgroup. The
filtered core genome WGA had a final alignment length
of 2,272,130 bp, which is approximately 44% of the aver-
age E. coli genome size in the phylogeny (5,122,252 bp,
Additional file 1 Table S1). The resulting E. coli population

structure resolved the phylogenetic lineages described for
E. coli, A, B1, E, D1, D2, and B2, with high bootstrap sup-
port values (Fig. 1) and is in consensus with earlier studies
[12, 14]. The 25 E. coli genomes of the bovine-associated
strain panel were mostly associated with phylogroups A
and B1 (13 and 10, respectively; Table 1). Most of the
MAEC (11/16, 69%) belong to phylogroup A and the
majority of commensal strains to group B1 (6/9, 67%).
MAEC D6-113.11 and commensal AA86 are the excep-
tion to the rule by being associated with phylogroups E
and B2, respectively. All phylogenetic group affiliations of
the included reference strains were in accordance to their
source publications (Table 1).
To enhance backwards compatibility, we determined

the sequence types (ST) for all strains analyzed in the
WGA phylogeny according to the Achtman E. coli multi-
locus sequence typing (MLST) scheme (Additional file 2:
Table S2) [13]. The calculated minimum spanning tree
(MST) supports the phylogenetic history depicted in the

Table 1 Characteristics of the bovine-associated E. coli strain panel

Strain Pathotype Phylogroup (ST, CC) Serotype No. of CDS Contigs Reference

1303 MAEC A (10, 10) O70:H32 4734 finished This study, [45]

131/07 MAEC A (10, 10) Ont:H39 5123 270 This study, [68]

2772a MAEC B1 (156, 156) O174:H28 4621 93 This study, [68]

3234/A MAEC A (10, 10) Ont:H39 5211 290 This study, [68]

AA86 fecal commensal B2 (91, 1876) O39:H4 4627 5 [46]

D6-113.11 MAEC E (4175, 4175) O80:H45 4750 89 [27]

D6-117.07 MAEC A (10, 10) O45:H11 4477 51 [27]

D6-117.29 MAEC A (10, 10) O28ac/O42:H37 4732 980 Direct submission

ECA-727 MAEC A (10, 10) O99:H9 4779 539 [28]

ECA-O157 MAEC A (398, 398) O29:H27 4434 1173 [28]

ECC-1470 MAEC B1 (847, 847) Ont:H2 4506 finished This study, [45]

ECC-Z MAEC A (10, 10) O74:H39 4600 24 [28]

MPEC4839 MAEC A (10, 10) O105:H32 4502 124 This study, [68]

MPEC4969 MAEC B1 (1125, 161) O139:H19 4468 130 This study, [68]

O157:H43 T22 milk commensal B1 (155, 58) O157:H43 4792 64 [48]

O32:H37 P4 MAEC A (10, 10) O32:H37 4581 72 [25]

P4-NR MAEC B1 (602, 446) O15:H21/H54 4569 107 Direct submission

RiKo 2299/09 fecal commensal B1 (448, 448) O8/O160:H8 4587 129 This study, [68]

RiKo 2305/09 fecal commensal B1 (410, 88) O8:H21 4429 123 This study, [68]

RiKo 2308/09 fecal commensal A (167, 10) O9a/O89:H9 4685 186 This study, [68]

RiKo 2331/09 fecal commensal B1 (1614, NA) Ont:H23 4350 59 This study, [68]

RiKo 2340/09 fecal commensal A (167, 10) O89:H9 4568 204 This study, [68]

RiKo 2351/09 fecal commensal B1 (88, 88) O21:H4 4931 252 This study, [68]

UVM2 MAEC A (1091, 10) O53:H10 4614 149 This study, [68]

W26 fecal commensal B1 (1081, 533) O45:H14 4865 165 [107]

Strains sequenced in this study are highlighted in bold. Finished sequencing standard for complete genomes according to Chain et al. [44]. CDS coding sequences,
ST sequence type, CC clonal complex
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WGA phylogram and confirms the diversity of bovine-
associated E. coli (Additional file 3: Figure S1). ST10, with
nine occurrences, is the most common ST in the 25 E. coli
genomes from the bovine-associated strain panel. In fact,
all bovine-associated E. coli of phylogroup A are mem-
bers of clonal complex 10 (CC10), except for E. coli
ECA-O157 (ST398, CC398). Nevertheless, the majority

of the 25 E. coli genomes have different STs, corroborating
their phylogenetic diversity.

Gene content correlates with phylogenetic lineages of
bovine-associated E. coli
Despite the phylogenetic diversity of the bovine-associated
E. coli, we were interested to see if functional convergence
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Fig. 1 Whole genome alignment phylogeny of bovine-associated and reference E. coli strains. The phylogeny is based on a whole core genome
alignment of 2,272,130 bp. The best scoring maximum likelihood (ML) tree was inferred with RAxML’s GTRGAMMA model with 1000 bootstrap
resamplings. The tree was visualized with Dendroscope and bootstrap values below 50 removed. E. fergusonii serves as an outgroup and the
corresponding branch is not to scale. Bovine-associated E. coli are indicated by colored cows, and both E. coli pathotypes and phylogroups are
designated with a color code. ST numbers from the MLST analysis for each strain are given in parentheses. E. coli isolated from cows are widely
distributed in the phylogroups and both commensal and MAEC strains are interspersed in the phylogenetic groups with a polyphyletic history
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of bovine MAEC or commensals exists. There might be a
defining subset of genes or VFs for MAEC from different
phylogenetic backgrounds that would point to a putative
MPEC pathotype. For this purpose we determined the
similarity of the genomes based on the presence/absence
of all orthologous groups (OG) calculated for the strain
panel. Such an analysis, visualized as a so-called gene
content tree, has the advantage of considering the core as
well as the flexible genome, in contrast to the WGA core
genome phylogeny (in which the flexible genome is
intentionally filtered out in order to maximize the robust-
ness of the inferred phylogenetic history). Thus, this
method can be used to detect functional similarities based
on similar gene content. We clustered all strains based on
gene content by calculating the best scoring maximum
likelihood (ML) tree of the binary matrix representing the
presence and absence of OGs (Additional file 4: Dataset
S1). The topology of the resulting gene content tree mir-
rors the phylogenetic lineages of the WGA phylogeny with
high analogy (Fig. 2). All bifurcations that define phy-
logroups in the gene content tree have high bootstrap
values. For comparison purposes we visualized the high
similarity between WGA genealogy and gene content tree
in a tanglegram (Additional file 3: Figure S2A and B). This
diagram shows that not only the phylogroups are con-
served, but also the phylogenetic relationships between
individual E. coli isolates within the phylogroups. How-
ever, some minor differences in the bifurcations between
phylogeny and gene content clustering were detected. The
two biggest differences concern the placement of phy-
logroups B2/E and MAEC ECA-O157. In contrast to the

WGA-based phylogeny, which clusters phylogroups B2
and E outside the A/B1 sister taxa, the gene content
dendrogram places these phylogroups closer to B1 than A
(Fig. 2 and Additional file 3: Figure S2B). This appears to
be due to a more similar gene content, as phylogroups
B2/E have a higher recombination frequency with phy-
logroup B1 than with A [29, 30]. Strain ECA-O157 repre-
sents an outlier branch in comparison to all other
included E. coli genomes based on gene content (Fig. 2).
As this strain is the only strain in phylogroup A that does
not belong to the closely related CC10 cluster, this explains
its gene content divergence to the other A strains in the
gene content tree, which is also apparent in the WGA
core genome phylogeny. However, the outlier-clustering
of ECA-O157 might also be a result of the high frag-
mentation of the draft genome (nearly 1000 contigs >
500 bp, Additional file 5: Table S3) and the resulting
uncertain accuracy of CDS (coding DNA sequence)
predictions on which OG analyses are dependent.
In conclusion, no functional convergence of bovine

MAEC or commensals could be detected and the phylo-
genetic diversity of the strains is also apparent in a
highly diverse gene content.

MAEC possess no virulence-attributed orthologs in
comparison to commensal strains
Since no large scale gain or loss of bovine MAEC- or
commensal-associated genes could be detected in the
gene content tree, we looked into the distribution of
OGs in more detail, in order to search for genotypic
traits enriched in bovine mastitis or commensal isolates.
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Fig. 2 Gene content clustering tree of the bovine-associated E. coli. The gene content best scoring ML dendrogram is based upon the presence
or absence of orthologous groups (OGs) with 1000 resamplings for bootstrap support values. The tree was visualized midpoint rooted with
FigTree and bootstrap values below 50 removed. The distance between the genomes is proportional to the OGs present or absent. The tree
topology of the gene content tree follows closely the core genome WGA phylogeny. There is no functional convergence between MAEC or
commensal strains, rather a highly diverse gene content
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From our point of view, only the comparison of a larger
set of MAEC genome sequences with that of bovine
commensals is suitable to address this question. If any
VFs/FFs existed, that play an important role in the
pathogenesis of MAEC, we would expect a wide distri-
bution of the encoding genes among MAEC strains
compared to commensals.
The pan-genome of the 25 bovine-associated E. coli

strains amounted to 116,535 CDS and a total of 13,481
OGs using BLASTP+ with 70% identity and coverage
cutoffs. Because of the open nature of the E. coli pan-
genome [31], all genomes included OGs, which were
absent in every other compared strain (so-called single-
tons; Additional file 6: Dataset S2). The largest numbers
of singletons were detected in the highly fragmented
genomes of strains D6-117.29 (n = 455), ECA-O157 (n =
865), and ECA-727 (n = 615), a likely consequence of
the high number of contig ends and uncertain open read-
ing frame (ORF) predictions (Additional file 5: Table S3).
Also, large numbers of singletons in genomes AA86 (n =
422) and D6-113.11 (n = 361) are to be expected, as these
are the only compared genomes of their respective phy-
logroups, B2 and E. The majority of singletons encode
typical proteins of the flexible genome, like hypothetical
proteins, proteins associated with MGEs (transposases,
phages), restriction modification systems, O-antigen bio-
synthesis, CRISPR, conjugal transfer systems, and sugar
transport/utilization operons. Although several of these
genes and gene functions have previously been identified
as MAEC-associated in small strain panels [25, 27], they
most likely play no role in mastitis because of their pres-
ence in commensals and/or low prevalence in MAEC.

To determine OGs which are characteristic of mastitis-
associated or bovine commensal isolates, we screened the
13,481 OGs of the bovine-associated E. coli pan-genome
for OGs which are significantly (p < 0.05) associated with
one of these two groups of strains, using Fisher’s exact
test. 240 OGs displayed a significant association with a
pathotype. However, none of these OGs remained signifi-
cantly associated with either mastitis or commensal
isolates when a Bonferroni correction was applied (Fig. 3a,
Additional file 3: Figure S3A). Furthermore, none of these
OGs were exclusively present in all mastitis, but absent
from all commensal isolates tested and vice versa. In order
to identify OGs with a wide distribution in one pathotype
in comparison to the other, we looked for OGs present in
at least 70% of the genomes of one pathotype and
maximally in 30% of the other. This resulted in 36
“MAEC-” and 48 “commensal-enriched” OGs, most of
which displayed a significant association (Fig. 3a and
Additional file 7: Dataset S3).
Because phylogeny was shown to exhibit a strong

effect on the gene content of E. coli isolates and shared
ancestry might overshadow functional relatedness, we
tested the 13,481 OGs additionally for a significant as-
sociation with the phylogroups A or B1. This resulted
in 410 significantly associated OGs. After Bonferroni cor-
rection, six OGs remained significantly associated to phy-
logroup A, whereas 14 OGs remained significantly
phylogroup B1-associated (Additional file 3: Figure S3B).
We used the same inclusion and exclusion cutoffs to iden-
tify OGs that were enriched in genomes of the four phy-
logroups (A, B1, B2, and E; Fig. 3b and Additional file 8:
Dataset S4). This analysis resulted in many phylogroup-
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Fig. 3 Venn diagrams for gene family enrichment in pathotypes or phylogroups. a Enrichment of OGs in pathotypes (MAEC or commensal) was
determined statistically (numbers in parentheses; Fisher’s exact test, p < 0.05) after applying 70% inclusion and 30% exclusion group cutoffs
(numbers without parentheses). Numbers with a single asterisk correspond to OGs with a statistically significant association while two asterisks
indicate remaining significant associations after a Bonferroni correction. b Enrichment of OGs in phylogenetic groups (A, B1, B2, or E) was determined
based on 70% inclusion and 30% exclusion group cutoffs. Statistic testing for OG association (Fisher’s exact test, p < 0.05) was performed only for the
multi-genome phylogroups A versus B1. Only very few OGs could be detected as pathotype enriched. Instead, OG distribution is strongly affected by
phylogenetic background
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enriched OGs, supporting the impact of phylogeny on
gene content and the similarity between the gene con-
tent tree and WGA phylogeny. An “all-strain” soft core
genome (as defined by Kaas et al. [20]) with this 70%
inclusion cutoff included 3842 OGs, which is about
82% of the average number of CDS in the genomes
(Additional file 9: Table S4).

Commensal-enriched orthologous groups are associated
with fitness factors
Of the 29 significant commensal-enriched OGs, eight
OGs are not simultaneously enriched in a phylogroup
(Additional file 7: Dataset S3). These include the aero-
bactin siderophore biosynthesis operon (iucABCD) with
the siderophore receptor-encoding (iutA) and the associ-
ated putative transport protein ShiF-encoding genes (locus
tags in strain RiKo 2340/09 RIKO2340_186c00010 to
RIKO2340_186c00060) as well as two OGs coding for IS
element (insertion sequence)-related proteins (paralogs
RIKO2340_128c00050/RIKO2340_203c00010 and RIKO2
340_203c00020). 20 of the 21 remaining commensal-
enriched OGs are significantly associated with phylogroup
B1 and include fimbrial genes, genes of the galactitol
(gatZCR) phosphotransferase systems (PTS) as well as
genes for sucrose catabolism (cscKA), a putative ABC
transporter, the ChpB-ChpS toxin-antitoxin system, and a
lipoprotein. Their role for bovine commensalism remains
unclear, especially because of their additional association
with phylogroup B1.

MAEC-enriched orthologous groups are mostly associated
with mobile genetic elements
Thirteen of the 27 significantly mastitis-associated OGs
are significantly enriched in phylogroup A, two are
present in the soft core genome, and two are absent in the
phylogroup B2 (commensal AA86). The remaining ten
mastitis-associated OGs, which do not display phylogen-
etic or core enrichment, do not include any coherent gene
cluster (Additional file 7: Dataset S3). However, eight of
them are located in close proximity to each other in the
genome of strain 1303 (rzpQ EC1303_c16730, ydfR
EC1303_c16750, quuQ_1 EC1303_c16790 (paralog to
quuQ_2 in 1303 prophage 4), relE EC1303_c16830,
relB EC1303_c16840, flxA EC1303_c16860, putative
integrase EC1303_c16890, and hypothetical protein
EC1303_c16900). All of these proteins belong to a
prophage without noticeable features (see E. coli 1303
prophage 2 below). Additionally, three genes included
in the soft core and enriched in phylogroups A/B1/E, cspI,
cspB (“cold shock proteins”, EC1303_c16710 and
EC1303_c16770, respectively), and recE (“exonuclease VIII,
5′ - > 3′ specific dsDNA exonuclease”, EC1303_c16970)
also lie within the same prophage region. Because the
E. coli 1303 prophage 2 genome does not contain

genes related to metabolic or virulence functions, the
role of the respective encoded gene products in mas-
titis cannot be determined. The last two OGs without
phylogroup or core enrichment, ylbG (E1470_c05180)
and ybbC (EC1303_c04920), encode for a putative
DNA-binding transcriptional regulator and a putative
immunity protein, respectively, and are associated
with an rhs element. The 13 OGs that are also sig-
nificantly enriched in phylogroup A encode for a
transcriptional regulator (rmhR EC1303_c24270), an
alpha amylase (EC13107_63c00240), a toxin/antitoxin
system (yafNO, EC1303_c02750 and EC1303_c02760),
a lipoprotein (ybfP EC1303_c06580), a phsohpodies-
terase (yaeI EC1303_c01600), a malonyl CoA-acyl car-
rier protein transacylase (ymdE EC1303_c10470), a
transposase (insL1_2 gene EC1303_c28750), and hypo-
thetical proteins. According to the sequence contexts
in these strains, the genes cannot be unambiguously
localized in prophage regions or typical pathogenicity
islands. Additionally, eprI (EC1303_c29770) encodes a
type III secretion apparatus inner ring protein and is
associated with a pathogenicity island (PAI). Finally,
two genes contained in MAEC 1303 prophage 1, en-
coding for an exonuclease (EC1303_c12230) and an
envelope protein (EC1303_c12530), are also associated
with phylogroups A/B1/E.
In summary, the putative mastitis-eliciting function

of any of the genes within the significantly MAEC-
associated OGs is unclear. A truly meaningful correl-
ation between OGs and pathotypes (mastitis vs.
commensal) could not be observed. Instead, several
OGs are significantly associated with phylogroups A
or B1. No traditional E. coli VFs have been found
among MAEC-enriched OGs.

Genomic islands and prophages in MAEC 1303 and
ECC-1470 contain only few well-known virulence-
associated genes
Both finished E. coli 1303 and ECC-1470 genomes in-
clude several putative pathogenicity, resistance, and
metabolic islands, as well as prophages (Additional file 10:
Dataset S5 and Additional file 11: Dataset S6). GIs could
only be detected in the chromosomes of the closed ge-
nomes, but not on the respective plasmids. However, on
the F plasmid present in E. coli 1303, p1303_109, a smaller
17-kb transposable element was identified. Mastitis isolate
1303 additionally harbors an episomal circularized P1 bac-
teriophage [32], designated p1303_95.
Generally, the genome of mastitis isolate 1303 includes

twelve GIs ranging in size from 11 to 88 kb and encod-
ing from 11 to 81 CDSs (Additional file 10: Dataset S5).
One large composite GI (GI4) combines pathogenicity-
and resistance-related genes. It partly contains the
biofilm-associated polysaccharide synthesis pga locus.
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The resistance-related genes of GI4 are located on the
AMR-SSuT (antimicrobial multidrug resistance to
streptomycin, sulfonamide, and tetracycline) island,
which is prevalent in E. coli from the bovine habitat
[33, 34]. The encoded resistance genes are strAB,
sul2, and tetDCBR. A comparison of the correspond-
ing genomic region of E. coli 1303 with two publicly
available AMR-SSuT island sequences is shown in
Additional file 3: Figure S4. Transposon Tn10, also
present on the resistance plasmid R100, is an integral
part of the AMR-SSuT island and comprises the
tetDCBR genes. This highlights the composite nature
of the AMR-SSuT island and of GI4 in general. The
resistance markers of AMR-SSuT are prevalent, as
seven strains of the panel contain some or all of the
genes (D6-117.29, ECA-727, RiKo 2305/09, RiKo
2308/09, RiKo 2340/09, RiKo 2351/09, and W26).
The twelve GIs harbored by mastitis isolate ECC-1470

vary in size between 8 to 58 kb and code for 9 to 61
CDSs (Additional file 11: Dataset S6). E. coli ECC-1470
(Ont:H2) encodes for a flagellin of serogroup H2 and an
uncharacterized small alternative flagellin, FlkA, encoded
on GI10. The neighbouring flkB gene encodes for a FliC
repressor. This small alternative flagellin islet can elicit
unilateral H-antigen phase variation [35, 36]. The MAEC
strain P4-NR (O15:H21/H54), which usually expresses a
serotype H21 flagellin, also harbours a similar alternative
flagellin system determinant consisting of the serotype
H54 flagellin gene flmA54 and the associated fliC
repressor-encoding gene fljA54. GI12 of ECC-1470 is a
large PAI containing a fimbrial operon of the P adhesin
family (pixGFJDCHAB, pixD is a pseudogene), a phos-
phoglycerate transport operon (pgtABCP), the putative
MAEC-associated Fec transport operon (fecEDCBARI),
the 9-O-acetyl-N-acetylneuraminic acid utilization op-
eron (nanSMC), and the type 1 fimbriae operon
(fimBEAICDFGH). This PAI is a composite island with
the 5′-end similar to PAI V from UPEC strain 536 with
the pix and pgt loci, also present in human commensal
E. coli A0 34/86 [37, 38], and the 3′-end similar to
GI12 of MAEC 1303 with the nan and fim gene clusters.
E. coli ECC-1470 GI4 codes for a lactose/cellobiose PTS
system (bcgAHIFER, bcgI is a pseudogene).
Four prophages were predicted in the genome of

MAEC 1303 ranging from 29 to 48 kb encoding for 44
to 59 CDSs (Additional file 10: Dataset S5). These pro-
phage genomes do not comprise many virulence-
associated genes, and mostly code for functions required
for maintenance and mobilization. The only exception is
bor, a gene of phage lambda widely conserved in E. coli
and encoded by strain 1303 chromosomal prophage 1.
The outer membrane lipoprotein Bor is homologous to
Iss (increased serum survival) and involved in serum re-
sistance of ExPEC [39, 40]. The lack of putative E. coli

VFs encoded by prophages is also true for the five
predicted prophage genomes of MAEC ECC-1470
(Additional file 11: Dataset S6). Two outer membrane
proteins (OMPs) are encoded by ECC-1470 prophage 1,
the porin NmpC and the omptin OmpT.
In summary, the MGEs of MAEC strains 1303 and

ECC-1470 do not carry many known virulence-
associated genes, which may entail an advantage to mas-
titis pathogens. To illustrate the resulting mosaic-like
structure of E. coli, we created circular genome diagrams
for all MAEC 1303 and ECC-1470 replicons indicating
the core and the flexible genome by labeling the pre-
dicted GIs and prophages (Additional file 3: Figure S5A
and B). Importantly, the prevalence and dissemination of
the MGEs were not correlated with the pathotypes.

Virulence or fitness factors present in bovine commensal
E. coli or MAEC
To examine the distribution of virulence-associated fac-
tors in more detail we searched for well-known E. coli
VFs encoded by the bovine-associated E. coli genomes
(Additional file 12: Table S5) [41]. Only about half of the
1069 gene products involved in the biosynthesis and
function of 200 E. coli virulence and fitness-associated
factors yielded BLASTP+ hits in the 25 bovine-
associated E. coli genomes. Virulence-associated proteins
of the VF panel present in (556) and absent from (513)
these E. coli genomes are listed in Additional file 12:
Table S5. Results of the BLASTP+ hits for the virulence-
associated proteins are listed in Additional file 13:
Table S6. Many classical IPEC VFs [42] were not
present in the bovine-associated strains. Interestingly,
all major virulence factors of EHEC are missing. Fur-
thermore, several VFs associated with ExPEC [17]
were absent, such as several typical serine protease
autotransporters of Enterobacteriaceae (SPATE) like
Sat and Pic (type V secretion systems, T5SS), S fim-
briae, salmochelin siderophore, colicin V, and colibac-
tin. The fecal isolate RiKo 2351/09 of phylogroup B1
yielded the most virulence-associated protein hits
(297), whereas MAEC ECA-O157 of phylogroup A
the fewest (162). There were 241 virulence-associated
protein hits on average in the strains included in this
study. We could not detect a correlation between the
number of virulence-associated genes and pathotype
as both, commensal strains and MAEC, exhibited compar-
able average virulence-associated genes hits (250 and 237,
respectively). The average number of virulence-associated
genes was in the same range in the E. coli genomes of the
different phylogroups (phylogroup A: 233, B1: 254, B2:
227, and E: 235).
We converted the BLASTP+ VF hits for each strain into

a presence/absence binary matrix (Additional file 14:
Dataset S7) to enable grouping of the compared strains
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according to their VF content (Additional file 3:
Figure S2C). Most of the genomes belonging to the
same phylogroup clustered together. However, the
phylogenetic relationships of the strains from the gold
standard WGA phylogeny are not all retained. Conse-
quently, the association of the strains with phylogroups
in the VF content tree is not as well conserved as in the
overall gene content tree, as shown by a tanglegram with
the WGA phylogeny (Additional file 3: Figure S2D). The
presence and absence of the VFs in the different strains
were visualized in a heatmap in which the respective
genome columns are ordered according to the clustering
results (Fig. 4). This heatmap is replicated with the corre-
sponding virulence-associated gene names in Additional
file 3: Figure S6. Analogous to the all-strain soft core gen-
ome we determined an “all-strain” soft core VF set. In
consideration that many fragmented draft genomes are
included in the strain panel, we once more applied a 70%
inclusion cutoff. As a result, virulence-associated genes
were included if they were present in at least 18 of the 25
bovine E. coli genomes analyzed. The resulting 182
virulence-associated genes (Additional file 15: Table S7)
included determinants generally considered to be widely
present in E. coli isolates, like the Flag-1 flagella system,
the operons encoding type 1 fimbriae, and the E. coli
common pilus (ECP). But also curli fimbriae, the lipopro-
tein NlpI, outer membrane protein OmpA, and several
iron transport systems (ferrous low pH (efe/ycd), entero-
bactin (ent, fes, and fep), ferrous (feo), and ferrichrome
(fhu)) are included. Additionally, several T2SS genes, 16
of the 32 E. coli type three secretion system 2 (ETT2)
genes, and two genes from the ECC-1470 T6SS/1, impA
and a gene coding for a Hcp T6SS effector-like protein
(E1470_c02180), are enclosed.
In conclusion, the VF variety observed is in accordance

with the high diversity of bovine-associated E. coli.

Specific virulence or fitness genes cannot be
unambiguously detected for MAEC or commensal bovine
isolates
According to Fisher’s exact test performed with the 556
VF-related genes detected in our strain panel, 30 were
significantly associated with mastitis or commensal iso-
lates (Additional file 16: Dataset S8). However, with a
Bonferroni correction for multiple comparisons we
could not detect a significant association (Additional
file 3: Figure S3C), also no VF was exclusively present
in MAEC or commensal isolates. Nine virulence
genes were significantly associated with mastitis ge-
nomes. Although overrepresented in mastitis isolates,
the fecRIABCDE genes as well as the type 1 fimbriae
minor subunit-encoding gene fimG are also present in
at least 50% of the commensal genomes analyzed. The
only MAEC-enriched virulence-associated OG that fulfills

the 70%/30% inclusion/exclusion cutoffs, was the ETT2
eprI gene. Nevertheless, this gene is also enriched in phy-
logroups A/E (Fig. 5a, Table 2, and Additional file 17:
Dataset S9). Additionally, eprI and the fecBCDE genes
were also tested significantly enriched in phylogroup A
strains in comparison to B1 strains; eprI even with a
Bonferroni correction. Overall, 58 VF-related genes were
significantly associated with phylogroup A or B1, and of
these six with phylogroup A and 12 with phylogroup
B1 after a Bonferroni correction (Additional file 3:
Figure S3D and Additional file 17: Dataset S9). 21
virulence-associated genes were associated with com-
mensal strains. Seven of them, including EC042_1639
and ydeT (coding for parts of Yde fimbriae), gspFHI
and yghJ (coding for components of the T2SS-2 sys-
tem), as well as the T3SS effector-encoding espX1
gene display at the same time a significant enrich-
ment in phylogroup B1 strains. Of these, the Yde fim-
brial genes are significantly phylogroup B1-associated
also with a Bonferroni correction and fulfill the 70%/
30% inclusion/exclusion cutoff for phylogroups B1/
B2/E (Table 2). The residual fourteen VF genes sig-
nificantly associated with commensal isolates were
not phylogroup-enriched. These virulence-associated
genes are involved in biosynthesis and transport of
the aerobactin siderophore (iucABCD, iutA, shiF), F17
fimbriae biogenesis (f17d-C, pVir_8, pVir_9) or code
for an enterotoxin (senB) and colicin-related functions
(cjrABC, imm). The presence of the aerobactin genes
were also within the 70%/30% inclusion/exclusion cut-
offs and not simultaneously enriched in a phylogroup
(Table 2 and Additional file 16: Dataset S8). Altogether,
most of the significantly phylogroup-associated VFs were
also included with the 70%/30% cutoffs (Fig. 5b and
Additional file 17: Dataset S9).
Because T3SS-related genes were present in MAEC

and commensals, we wanted to analyze the ETT2 deter-
minant in more detail in our strain panel. In addition to
ETT2, we also examined the large ECC-1470 T6SS/1
and Flag-2 gene regions. All three putative virulence re-
gions show a high amount of mutational isoforms and/
or absence in the strain panel (Fig. 4), warranting a de-
tailed analysis. For this purpose, the gene composition of
such regions was depicted for all bovine-associated E.
coli from the strain panel (Fig. 6 and Additional file 3:
Figure S7A and B). In the case of strain D6-117.29 the
ETT2 and T6SS regions could probably not be fully
manually assembled, because of the high fragmentation
of the genome.
The ETT2 gene cluster shows high genetic flexibility

and many deletions and insertions (Fig. 6). Nevertheless,
small features still reveal a phylogenetic relationship of
similar pseudogene composition. For example eprJI,
orgB, and epaO are mostly pseudogenes in B2 strains,
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but the genes seem to be functional in all phylogroup A
and E strains. No comparable pattern was found in rela-
tion to the pathotypes. Almost all genomes lack a frag-
ment present in the putatively intact ETT2 region of
phylogroup D1 EAEC strain 042 (eivJICAEGF), which is
located between two small direct repeats and thus often
deleted [43]. Only the ETT2 gene cluster in phylogroup
E isolate D6-113.11 has an identical structure as 042
(phylogroup E is most closely related to phylogroup D1).
The Flag-2 region is basically present or entirely ab-

sent in the strain panel. No intermediate attrition iso-
forms are observable (Additional file 3: Figure S7A). A
large deletion is apparent in O157:H43 strain T22. This

deletion encompasses the whole Flag-2 region and re-
spective flanking backbone genes. Thus, E. coli O157:H43
strain T22 was omitted from the diagram. Additionally,
the deletion includes also the housekeeping genes down-
stream of the T6SS/1 gene cluster of E. coli ECC-1470
indicated by dots in Additional file 3: Figure S7B.
The subtype i1 T6SS/1 of MAEC strain ECC-1470 is

the most variable of the virulence-associated regions
investigated in more detail in this study, with many re-
petitive sequence subregions. Typical for T6SSs, it is also
adjacent to a highly repetitive rhs element. Strain ECA-
727 lacks the yafT to impA genes, because of a putative
phage insertion in this region. This phage is not included

(See figure on previous page.)
Fig. 4 Heatmap indicating presence or absence of virulence factors. Each row of the binary matrix indicates the presence or absence of a
virulence-associated gene (a BLASTP+ hit). VF classes are indicated at the side in black and grey. Strain names are color-coded for MAEC (red) or
commensal (green) pathotype affiliation, columns for strain phylogroup affiliation (green: A, blue: B1, orange: B2, red: E). The clustering dendrogram
attached to the heatmaps is based upon the whole binary dataset (not for each heatmap separately) of a best scoring ML tree with 1000
bootstrap resamplings (a more detailed representation of the cladogram can be found in Additional file 3: Figure S2C). Bootstrap support values
are arbitrarily indicated at the bifurcations of the cladogram. Statistically significant pathotype-enriched VF genes are indicated for MAEC and
commensal isolates by cows in red or green, respectively. Only the aerobactin biosynthesis cluster (Aer) plus transport protein ShiF is significantly
commensal-enriched and not associated with a phylogroup (indicated by a black-rimmed and opaque green cow). All other pathotype-enriched
virulence-associated genes also have a significant phylogroup association. The genes of well-known and important E. coli VFs are highlighted in
alternating red and brown squares: Curli = curli fibres, AFA-VIII = aggregative adherence fimbriae AFA-VIII, Auf = fimbrial adhesin, CS31A = CS31A
capsule-like antigen (K88 family adhesin), Lpf = long polar fimbriae, F17b = F17b fimbriae, Pap = P/Pap pilus, Pix = Pix fimbriae, Flag-1 = E. coli
peritrichous flagella 1 gene cluster, Flk = alternative flk flagellin islet, Flag-2 = E. coli lateral flagella 2 gene cluster, Heme = chu heme transport
system, Enterobactin = enterobactin biosynthesis/transport gene cluster, Fec = ferric iron(III)-dicitrate uptake system, Fit = ferrichrome iron transport
system, Aer = aerobactin biosynthesis cluster with iutA receptor, Ybt = yersiniabactin iron transport system, G4C = group 4 capsule, K5 = K5 capsule,
T2SS-1 = gsp general secretion pathway 1, ETT2 = E. coli type three secretion system 2, T6SS/1_ECC-1470 =MAEC ECC-1470 subtype i1 T6SS/1,
T6SS/2_536 = UPEC 536 subtype i2 T6SS 2, AAI/SCI-II = EAEC 042 subtype i4b T6SS 3, SCI-I = EAEC 042 subtype i2 T6SS 2, Cdt = cytolethal
distending toxins, Hly = alpha-hemolysin, Mch_H47 =microcin H47. Clustering of the strains according to virulence-associated gene presence/absence
also follows mostly the phylogenetic history of the strains, no clustering of pathotypes was detected. Both MAEC and commensal isolates
are distinguished by the lack of classical pathogenic E. coli VFs. The same heatmap, but including gene names/locus tags, can be found
in Additional file 3: Figure S6
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Fig. 5 Venn diagrams of virulence-associated gene enrichment in pathotypes and phylogroups. Enriched virulence-associated genes (numbers
without parentheses) were identified with 70% inclusion and 30% exclusion group cutoffs for the bovine-associated E. coli classified either by
a pathotype (MAEC or commensal) or b phylogenetic groups (A, B1, B2, or E). Statistical significance of VF association was tested with Fisher’s
exact test (p < 0.05, numbers with a single asterisk) and Bonferroni corrected (numbers with two asterisks). In the phylogroups association was only
tested for the multi-genome phylogroups A versus B1. As with the OG enrichment analysis, phylogenetic lineage of the strains dominates VF
content and only very few virulence-associated genes were enriched in the pathotypes
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in the figure and the truncation is indicated by dots in
the diagram. The T6SS determinants in MAEC strains
1303, MPEC4839, D6-117.29, D6-113.11, and com-
mensal RiKo 2305/09 are most likely not functional be-
cause of their small sizes. Overall, we could not find any
features of this gene cluster which are associated with
phylogeny or pathogenicity of the strains.

Discussion
This is the first study which investigates E. coli
genomes in relation to bovine mastitis including two
closed genomes of finished quality [44], MAEC 1303
and ECC-1470 [45]. Closed genomes of a finished
quality allow insights into the genome organization,
synteny, and detection of MGEs. We additionally se-
quenced six bovine fecal commensal and six MAEC
draft genomes and supplemented these with publicly
available reference bovine E. coli strains. With this
strain panel of 16 bovine mastitis and nine bovine E.
coli commensal isolates we were able to analyze differ-
ences in the gene content between MAEC and com-
mensal strains in relation to the phylogenetic as well
as genomic diversity of bovine E. coli in general.
Bovine strains are phylogenetically diverse and do not
show a virulence-related gene content that is associ-
ated with either pathotype. This has implications for
the definition of mastitis-related VFs and a bovine
mastitis E. coli pathotype.
The assembly statistics of the draft genomes of this

study indicate a suitable quality for the purposes of our
analyses, with 24 to 290 contigs and N50 values ranging

from 79 to 358 kb for contigs larger than 500 bp
(Additional file 5: Table S3). There are four apparent
exceptions: First, the genome of commensal reference
strain AA86 has gone through multiple gap closure steps
and has only five contigs with an N50 of 2860 kb [46].
Two of these five contigs are plasmids, making AA86
the only strain with resolved plasmid sequences in the
strain panel in conjunction with the finished 1303 and
ECC-1470 genomes [45]. Second, the three MAEC refer-
ence draft genomes D6-117.29, ECA-727, and ECA-
O157 are highly fragmented with more than 500 contigs
each. However, their coding percentage and overall CDS
numbers are in the range of other E. coli genomes and
thus they were included in the strain panel (Additional
file 1: Table S1). Also, overall presence of VFs in the
strain panel did not relate to contig number (Additional
file 14: Dataset S7).

Bovine-associated E. coli originate mostly from
phylogroups A and B1
E. coli phylogroup A is traditionally associated with
commensal strains, while its sister taxon B1 is associated
with commensals and different IPEC including ETEC,
EAEC, and EHEC [17, 18, 42]. ECOR phylogroup E
includes the genetically closely related O157:H7 EHEC
and O55:H7 EPEC [47]. Interestingly, the bovine com-
mensal O157:H43 isolate T22, even though belonging to
the O157 serotype, is not a member of phylogroup E,
but of group B1 [48], providing an example for horizon-
tal transfer of O-antigen genes. Finally, phylogroup B2 is
the most diverse phylogroup, based on nucleotide and
gene content. This group also includes most of the
ExPEC, like UPEC, APEC, and MNEC [12, 17, 42, 49].
However, with the accumulation of E. coli sequencing
data, the traditional association of phylogroups with
pathotypes have softened, as many pathotypes were
shown to have emerged in parallel in different line-
ages [14, 18, 42].
The phylogenetic placement of the bovine isolates

used in this study is in agreement with previous studies
where MAEC and bovine commensals were also
enriched in phylogroups A and B1, while other phy-
logroups play only a minor role [9, 11]. Depending on
the study and the respective analyzed strain panel,
MAEC isolates are either more common in phylogroup
A [6, 22, 23] or phylogroup B1 [11, 27, 50]. Also, the
WGA phylogeny shows that bovine MAEC and commen-
sals do not cluster together, but rather originate from
diverse lineages within phylogroups (Fig. 1) [11, 26, 27].
The discrepancies of MAEC phylogroup associations
between the previous studies might be a result of country-
specific differences or differences in sampling and phy-
lotyping techniques. The polyphyletic evolutionary
history of bovine E. coli (both MAEC or commensals)

Table 2 Virulence-/fitness-associated genes significantly associated
in MAEC or commensal isolates, as well as phylogroups A or B1

Gene/locus
tag

Accession
number

VF class Phylogroup
association,
enrichment

MAEC-enriched virulence-/fitness-associated gene

eprI YP_006097353 T3SS/ETT2 significantly
A-associated

Commensal-enriched virulence-/fitness-associated genes

EC042_1639 YP_006095949 CU fimbriae significantly
B1-associated

ydeT YP_006095947 CU fimbriae significantly
B1-associated

iucA NP_755502 Iron uptake no hit

iucB NP_755501 Iron uptake no hit

iucC NP_755500 Iron uptake no hit

iucD NP_755499 Iron uptake no hit

iutA NP_755498 Iron uptake no hit

shiF NP_755503 Iron uptake no hit

MAEC mastitis-associated E. coli, CU chaperone usher, T3SS type III secretion
system, ETT2 E. coli T3SS 2
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is substantiated by their high genotypic and phenotypic
plasticity [5, 6, 9, 11, 24]. In light of these studies and the
genealogy of the bovine-associated E. coli in this work
(Fig. 1) the strain panel is suitable and sufficiently diverse

in its phylogeny for more detailed comparative analyses of
MAEC and commensal bovine E. coli genomes. Two
possible explanations for the phylogenetic diversity of
MAEC and bovine commensals can be considered. On
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Fig. 6 Gene organization of the ETT2 gene cluster in the bovine-associated E. coli genomes. Comparison of the ETT2 gene cluster in the E. coli of
the strain panel based on BLASTN+. Homologous regions are connected via grey vertices and colored by nucleotide identity. The genomes are
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rather than pathotype affiliation
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the one hand, the ability to cause mastitis could have been
developed in parallel on several independent occasions
during the evolutionary history of E. coli by selecting
forces [26]. On the other hand, MAEC might be recruited
from the normal intestinal commensal microbiota and the
ability to cause mastitis is facultative, as has been pro-
posed for ExPEC [12, 18, 19, 51].

Gene content of bovine-associated E. coli mirrors
phylogeny rather than pathotype
Several studies have shown that recombination between
extant E. coli phylogroups is limited by phylogenetic
diversity [29, 30]. Thus, the phylogenetic background
of E. coli has a big impact on possible recombination
events and most importantly on the gene content of
the flexible genome [15, 18]. Nevertheless, there are ex-
amples of convergent evolution in E. coli, especially in
IPEC pathotypes from multiple parallel phylogenetic
origins that typically contain a specific set of VFs, e.g.
the occurrence of EHEC in the distant phylogroups B1
and E mediated by HGT of MGEs [29, 47]. Our study
demonstrates that there is no evidence for HGT of
large mastitis-specific genomic regions, and that the
phylogenetic background of the strains has a deciding
impact on the overall gene content (Fig. 2 and Additional
file 3: Figure S2B). A clustering of strains according to
pathotypes would have hinted towards a common gene
content and a difference in ecological lifestyles and
habitats, as a result of positive selection on the ances-
tral genomes [29]. However, our results demonstrate
that the flexible and the core genome appear to
coevolve.
Two previous studies with similar methodology came

to two different conclusions. Blum et al. [25] reasoned
that three mastitis strains (O32:H37 P4, VL2874,
VL2732) were much more closely related in gene con-
tent compared to an environmental (commensal fecal)
strain (K71), based on the different pathotypes. However,
the MAEC in this study are phylogenetically strongly re-
lated (phylogroup A) whereas the single commensal
strain belongs to phylogroup B1. Thus, as we observed
in our study, the phylogenetic relationship had a strong
impact on the gene content dendrogram. Kempf et al.
[27] comparing four phylogroup A MAEC (D6-117.07,
O32:H37 P4, VL2874, VL2732), one phylogroup E
MAEC (D6-113.11), and the K71 commensal, achieved
results comparable to ours. The authors argued that
mastitis pathogens with different phylogenetic histories
might employ different virulence strategies to cause
mastitis, similar to the variable VF repertoire of ExPEC.
A hypothesis we tested in this study by searching for
well-known E. coli VFs in the bovine-associated E. coli
strains discussed below.

MAEC cannot be distinguished from bovine commensal
E. coli based on the presence of virulence-associated genes
It was suggested that the genome content of MAEC is
distinct from bovine commensals and not random, as a
result of selective pressure. VFs important for MAEC
pathogenicity would then supposedly be positively se-
lected within the bovine udder [25, 26]. Several
virulence-associated properties have been proposed for
MAEC pathogenicity [3, 27, 52]: multiplication and per-
sistence in milk and the udder [10, 53], resistance to
serum components and neutrophil neutralization mech-
anisms [7, 54, 55], adhesion to (and invasion of) mam-
mary epithelial cells [4, 6, 10, 56], and stimulation of the
innate immune response by PAMPs [57, 58]. Against
this background, a myriad of previous publications have
tried to identify VFs specific for MAEC with varying de-
grees of success [6, 11, 22–24, 50, 55, 59–61]. However,
the results of these studies do not agree upon the identi-
fied VFs, which is due to the diversity of MAEC and bo-
vine E. coli, generally. The aforementioned publications
followed a classical diagnostic typing procedure by
using PCR assays for virulence-associated gene detec-
tion. Only Kempf and colleagues applied a bioinfor-
matic approach similar to ours with a candidate VF
panel of 302 genes [27]. However, our larger strain and
selected VF panels enabled a more detailed analysis. In
our study, commensal strains and MAEC exhibited a
similar average virulence-associated gene presence (250
and 237, respectively), also comparable to averages of
the E. coli genomes categorized by the different phy-
logroups (phylogroup A: 233, B1: 254, B2: 227, and E:
235). Additionally, we used a bottom-up approach to
identify overall OGs associated with MAEC. For these
analyses we allocated the analyzed strains into patho-
types (MAEC or commensal) based on their source of
isolation and used 70%/30% inclusion/exclusion cutoffs
to detect OG/VF association with either group. Fur-
thermore, we applied Fisher’s exact test to determine
statistically significant associations between OGs or
VFs and pathotypes or phylogroups. Both our compari-
sons of the association of OGs and VFs with mastitis or
commensal genomes did not reveal a significant correl-
ation between the presence of individual virulence-related
genes and the mastitis-associated isolates (Figs. 3a and 5a,
Additional file 7: Dataset S3 and Additional file 16:
Dataset S8). Using 70%/30% inclusion/exclusion cutoffs,
we recovered only one significantly MAEC- and eight
significantly commensal-enriched VF genes (Table 2).
As expected from the OG analysis (Fig. 3b and Additional
file 8: Dataset S4), the phylogroups had also a strong
impact on VF enrichment (Fig. 5b and Additional file 17:
Dataset S9).
The aerobactin gene cluster together with the iutA

and shiF genes were detected as significantly associated
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and enriched in the commensal strains in both our OG
and VF analyses (Table 2 and Additional file 8: Dataset
S4). The siderophore system aerobactin is considered an
ExPEC VF needed for iron uptake under limiting condi-
tions, e.g. in the urinary tract or serum [62]. These genes
are often encoded by plasmids harboring additional
traits, like colicins and other iron transport systems, e.g.
in APEC colicin plasmids [62, 63]. Thus, its distribution
might also be due to positive selection of beneficial traits
for commensalism, which are encoded by the same plas-
mid. Another group of commensal-enriched virulence
genes included fimbriae-associated genes (EC042_1639,
ydeT) (Table 2). However, these two genes have in com-
mon, that they are enriched in phylogroup B1.
The eprI gene was determined as the only significantly

mastitis-associated and -enriched virulence-associated
gene (Table 2). This gene, which was also shown to be
significantly associated with phylogroup A strains, be-
longs to the ETT2 determinant, a large gene cluster with
frequent deletion isoforms in E. coli [43]. The ETT2 type
III secretion system is contained on GI8 of E. coli 1303
and on GI9 of strain ECC-1470 (Additional file 10:
Dataset S5 and Additional file 11: Dataset S6). ETT2 has
not only been discussed as a VF during mastitis [64], but
has also been implicated in being involved in invasion
and intracellular survival of blood-brain barrier cells of
MNEC K1 strains [65] and in serum resistance of APEC
O78:H19 strain 789, besides its degenerate form in the
strain [62]. Its prevalence has been analyzed in bovine
mastitis E. coli isolates and was determined to be ap-
proximately 50% [64]. ETT2 has different mutational at-
trition isoforms in our bovine-associated strain panel,
supporting the results of an earlier study [64]. However,
overall ETT2 presence was not related to MAEC (Fig. 6).
Based on the comparative analysis, and in accordance
with Blum et al. [10] these results suggest that serum re-
sistance is not an essential trait for the ability of MAEC
to cause intramammary infections. Thus, a role of ETT2
in MAEC is debatable, especially since only eprI and
none of the other ETT2 genes were MAEC-enriched. In
conclusion, MAEC are characterized by a lack of “bona
fide” VFs [11, 24, 27]. Instead, the VF variety observed
rather mirrors the genome plasticity of bovine-associated
E. coli, regardless of pathotype. Although many of these
putative VFs are not connected to mastitis virulence, they
are still maintained within the genomes. This suggests that
they serve as FFs for gastrointestinal colonization and
propagation, rather than VFs.

Large virulence regions and intraphylogroup comparisons
of putative VFs are also not pathotype-specific
An alternative flagellar system (Flag-2) is encoded on 1303
GI1 [43]. The Flag-2 locus encodes also for a type III
secretion system in addition to the alternative flagellar

system, which might be in cross-talk with ETT2. In con-
trast to the typical E. coli peritrichous flagella 1 gene clus-
ter (Flag-1), which is a polar system for swimming in the
liquid phase, the lateral Flag-2 most likely has its function-
ality in swarming ability over solid surfaces [43]. Flagella
are important for motility, but also for adherence during
host colonization and biofilm formation [16]. Additionally,
flagella might play an important role in the udder for dis-
semination from the teat and counteracting washing out
during milking [10]. MAEC ECC-1470 also carries two
T6SS determinants located on GI1 (designated as the first
ECC-1470 T6SS, T6SS/1) and on GI8 (ECC-1470 T6SS/
2), respectively. E. coli ECC-1470 T6SS/1 is classified as
subtype i1 [66] or the second E. coli T6SS-2 phylogenetic
cluster [67] and T6SS/2 as subtype i2 [66] or the first E.
coli T6SS-1 cluster [67]. Subtype i1 T6SSs generally par-
ticipate in interbacterial competition, subtype i2 T6SSs
target eukaryotic cells and play a role in the infection
process of pathogens. All T6SS are implicated in medi-
ating adherence and biofilm formation [67]. The GI1-
encoded T6SS/1 was consistently present in strains
ECA-O157, ECA-727, and ECC-Z, but only sporadically
in human reference commensal strains, and thus asso-
ciated with MAEC in a preceding study [28]. Neverthe-
less, the corresponding phenotypes of these systems are
mainly unknown and their function, especially any
putative role in mastitis, might well be indirect [67].
Because of a low prevalence of T6SS genes in the five
included MAEC genomes and presence in commensal
strain K71, another previous study questioned the role
of T6SS systems in mastitis [27]. We can support this
study, as even our detailed analysis of the ETT2, Flag-2,
and T6SS/1 regions did not reveal any association with
MAEC isolates in our strain panel. These regions of the
flexible genome mirror the underlying genomic and
phylogenetic diversity of bovine E. coli.
Several studies argue that MAEC strains from diver-

gent phylogenetic backgrounds might use different VF
subsets and virulence strategies to elicit bovine mastitis
[10, 22, 26, 27]. We tested this hypothesis exemplarily,
by analyzing the 31 genes of the fec, paa, and pga
regions for pathotype enrichment within the multi-
genome phylogroups of our strain panel, A and B1.
These three regions were detected as being essential in
phylogroup A MAEC [26], but they have not been ana-
lyzed in other phylogroups. Five of the pga and all fec
genes were significantly associated with MAEC, however
fecBCDE also with phylogroup A (Additional file 18:
Dataset S10). Also, all genes of the three regions were
included in the all-strain soft core with the 70%
inclusion threshold (Additional file 15: Table S7). Thus,
none of the genes were associated with pathotype and
only the paa phenylacetic acid degradation pathway
determinant was missing in the single-genome ECOR
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phylogroups B2 and E. This might have tipped the scales
in the analysis of phylogroup A genomes by Goldstone
and co-workers. The 13 phylogroup A strains of our
strain panel contain eleven MAEC and two commensal
isolates. The ten strains of phylogenetic lineage B1 com-
prise four MAEC and six commensal strains. Due to
ongoing sequencing efforts, the number of suitable refer-
ence genomes for more detailed analyses is likely to in-
crease in the near future. However, this is the first study
to be able to perform such an analysis. In the ECOR
group A genomes, the fec, paa, and pga regions were
not pathotype-enriched (with the 70%/30% inclusion/ex-
clusion cutoffs), but were present in the group soft core
(except for paaB in the unspecific category; Additional
file 19: Dataset S11) and none were statistically signifi-
cantly associated via Fisher’s exact test. In a similar way,
the PGA biosynthesis and Fec-system encoding regions
were also mostly categorized into the group soft core of
the analysis with B1 strains (Additional file 20: Dataset
S12) and again with no significant Fisher’s exact test p-
values. Only fecBCDE were in the unspecific category,
because these genes are missing in the genomes of the
commensal isolates RiKo 2331/09, O157:H43 T22, and
W26. However, the whole seven-gene pga region was
MAEC-enriched in our phylogroup B1 strain set (albeit
without significance), present in all four MAEC, but
only in two of the six commensals. We want to stress
that this result depends highly on the strain collection
used and more bovine E. coli strains, especially com-
mensals, from all available phylogroups need to be in-
corporated for an in-depth analysis. As all three regions
are present in the all-strain soft core genome of our
whole strain panel analysis, these results illustrate the
drawbacks of inferring general observations from low
numbers of strains (especially when focusing only on
pathogenic strains) considering the genome plasticity of
bovine E. coli.

Conclusions
This is the first publication to include a phylogenetically
diverse bovine E. coli strain panel incorporating both
MAEC and commensal isolates for genomic content
comparisons. Besides the two closed bovine MAEC 1303
and ECC-1470 [45], that can serve as high sequence and
annotation quality references, this study includes the lar-
gest collection of bovine E. coli commensals from fecal
origin of udder-healthy cows [68]. As we could not iden-
tify any genes significantly associated with MAEC that
were not also present in commensal strains or correlated
with the strains’ phylogenetic background, an MPEC
pathotype characterized by specific VFs could not be de-
fined. It is more likely that virulence-associated genes,
which have been previously implicated in facilitating
mastitis, have their principal function in colonization

and persistence of the gastrointestinal habitat. Thus, like
ExPEC, MAEC are facultative and opportunistic
pathogens basically of naturally occurring commensal
(“environmental”) E. coli origin [12, 18, 19, 23, 24, 51].
As a consequence, we propose to use the term mastitis-
associated E. coli (MAEC) instead of mammary patho-
genic E. coli (MPEC).
The genome content of certain bovine E. coli strains

seems not to support the ability to elicit mastitis in
udder-healthy cows as was shown in the case of the
commensal strain K71 [25]. The large pan-genome of
bovine E. coli isolates offers many gene combinations to
increase bacterial fitness by utilization of milk nutrients
and evasion from the bovine innate immune system,
thus resulting in sufficient bacterial intra-mammary
growth and consequently infection of the mammary
gland [10, 53, 69, 70]. Isolates with an increased poten-
tial to cause mastitis can colonize the udder by chance
depending on suitable environmental conditions and the
cow’s immune status. Our data also demonstrate, that
there is no positive selection in MAEC for the presence
of virulence-associated genes required for causing mas-
titis. This has implications for vaccine development and
diagnostics. Reverse vaccinology may not be suitable for
the identification of specific MAEC vaccine candidates,
and the utilization of marker genes for improved diag-
nostics and prediction of the severity and outcome of an
E. coli bovine mastitis might fail. Herd management and
hygiene are still the two most important factors for pre-
venting E. coli mastitis incidents. Several studies have
shown a dramatic decrease in the bovine udder micro-
biome during mastitis, even after recovery [71–73]. It
might be worthwhile to consider alternative prevention
strategies like strengthening the natural udder micro-
biota that competes with pathogens [74].
We urge the research community to not fall into the

same trap with whole genome studies as with the previ-
ous typing studies. Mastitis researchers need to consoli-
date their efforts and, as Zadoks et al. eloquently put it,
not to waste precious resources on “YATS” (yet another
typing study) [5]. It is necessary to step away from the
reductionist approach and adapt an integrated course
of action by examining the host-pathogen interaction
simultaneously. Synergistic application of techniques,
like dual RNA-Seq of host and bacteria [75], Tn-Seq to
test virulence association of genes in vivo, comparative
SNP analysis of orthologous genes and intergenic re-
gions, proteomics, and metabolomics, are readily avail-
able to correlate physiological traits with genomic
information. Additionally, the comparison of closed ge-
nomes offers the possibility to comprehensively analyze
the complete genomic context of strains including gen-
omic architecture, rearrangements and movement of
mobile genetic elements.
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Methods
A detailed method section can be found in Additional
file 21.

Bacterial strains, isolation, and published reference
genome acquisition
All fourteen isolates in this study were collected using
routine clinical practices from the bovine habitat. Com-
mensal strains were isolated from fecal samples of udder-
healthy and mastitis-associated strains from the serous
udder exudate of mastitis-afflicted cows. Mastitis strains
were acquired from different veterinary diagnostic labora-
tories in the indicated countries, listed in the genomes
feature overview table (Additional file 1: Table S1).
Additionally, eleven draft bovine-associated E. coli ref-
erence genomes were downloaded from NCBI to be
used in the analyses. See Table 1 for the respective
reference publications. The corresponding accession
numbers are given in Additional file 1: Table S1.

Library preparation and sequencing
The strains with closed genomes, 1303 and ECC-1470,
were sequenced on a 454 Titanium FLX genome se-
quencer with GS20 chemistry as described in [45].
These two strains were additionally and the draft strains

[68] solely sequenced with a 101-bp PE sequencing run on
a HiScan SQ sequencer (Illumina, San Diego, CA, USA).

Assembly of the genomes
Both 454 read sets for the genomes of E. coli 1303 and
ECC_1470 were de novo assembled with Newbler (Roche)
(v2.0.00.20 for 1303 and v2.3 for ECC-1470) [76].
Additionally, these reads were assembled in a hybrid de
novo approach in combination with the respective Illu-
mina reads using MIRA (v3.4.0.1) [77]. Afterwards, each
454 Newbler assembly was combined with the respective
hybrid assembly in Gap4 (v4.11.2) of the Staden software
package [78]. The remaining gaps in the assembly were
closed by primer walking via directed PCR and Sanger se-
quencing utilizing BigDye Terminator chemistry with ABI
3730 capillary sequencers. The closed genomes were edi-
ted to the “finished” standard [44].
The Illumina reads from the draft E. coli genomes were

each randomly subsampled to an approximate 70-fold
coverage with seqtk (v1.0-r32; https://github.com/lh3/
seqtk). Afterwards, the PE reads were de novo assembled
with SPAdes (v3.1.1) [79] and only contigs > = 500 bp
retained. At last, the assembled contigs were ordered
against the respective E. coli 1303 or E. coli ECC-1470 ref-
erence genomes, according to the ECOR phylogroup affili-
ation of the draft genomes. All Sequence Read Archive
(SRA) study accession numbers for the Illumina and 454
raw reads of the E. coli genomes of this study can be found
in Additional file 5: Table S3. This file also includes the

assembly statistics for all 23 bovine-associated E. coli draft
genomes. The draft genomes of this study are in the
“high-quality draft” standard [44].

Annotation of the genomes
The complete genome sequences of E. coli 1303 and
ECC-1470 were initially automatically annotated with
Prokka (v1.9) [80] and the annotations subsequently
supplemented with further databases. This automatic an-
notation was manually curated with Artemis (v15.1.1)
[81] and tbl2tab (v0.1) [82]. Additionally, the annotations
of E. coli strains 1303 and ECC-1470 were compared
(ACT, v12.1.1 [83], and BLASTN+, v2.2.28 [84]) and
adapted to each other for a uniform annotation. The
high quality annotation of the E. coli 1303 genome was
then used as reference for the ECOR phylogroup A
strains and the ECC-1470 genome annotation for the
ECOR B1 strains during the Prokka annotation of the 12
draft genomes of this study.
All eleven reference strains were also automatically

reannotated with Prokka to have a uniform ORF-finding
and facilitate comparative genomics. The annotations of
the references were shortly manually curated in the
three putative virulence regions ETT2, Flag-2, and strain
ECC-1470’s T6SS/1 by comparisons to the 1303 and
ECC-1470 genomes as mentioned above. GENBANK
files for these reannotations can be found in Additional
file 22: Dataset S13 and Additional file 23: Dataset S14.
For an overview of the annotations see the genome fea-
ture table created with genomes_feature_table (v0.5) [82]
(Additional file 1: Table S1). This table also includes the
reference E. coli genomes for the phylogenetic analysis
(see below), however their annotation features are listed
as downloaded from NCBI.

Phylogenetic analysis
A WGA of selected E. coli genomes was done with the
default parameter settings of Mugsy (v1.2.3) [85] and
with E. fergusonii as outgroup. The MAF alignment file
was further processed to contain only locally colinear
blocks without gaps present in all aligned genomes
utilizing the software suite Phylomark (v1.3) [86]. The
concatenated and filtered alignment was then subjected
to RAxML (v8.1.22) [87] to infer the best scoring ML
phylogeny with 1000 bootstrap resamplings for local
support values. The resulting tree was visualized with
Dendroscope (v3.4.4) [88]. This phylogeny was used to
classify the bovine-associated strains into ECOR phy-
logroups according to the included reference strains
(with a known phylogeny) and monophyletic clades. The
same procedure was followed including only the 25 bovine-
associated E. coli strains. This tree was visualized with
FigTree (v1.4.1; http://tree.bio.ed.ac.uk/software/figtree/)
midpoint rooted.
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STs were assigned with ecoli_mlst (v0.3) [82] accord-
ing to the Achtman E. coli MLST scheme [13] employing
NUCmer with default parameters. PHYLOViZ (v1.1)
[89] was used to create a MST with the goeBURST algo-
rithm [90] to classify the STs into CCs. CC numbers
were allocated according to the Achtman E. coli MLST
database. All allele, ST, and CC numbers can be found
in Additional file 2: Table S2.

Detection of genomic islands and prophages, and
generation of circular genome diagrams
GIs and prophages were predicted in the two closed
genomes. GIs were predicted with the three prediction
methods of IslandViewer 3 [91]: the two sequence
composition methods SIGI-HMM [92] and IslandPath-
DIMOB, and the comparative genomic prediction method
IslandPick [93]. Only predicted GIs with a size greater
than 8 kb were retained. Prophages were predicted with
the PHAge Search Tool (PHAST) [94]. Circular genome
views were created with the BLAST Ring Image Generator
(BRIG, v0.95) using BLASTP+ (v2.2.28) [84] with a dis-
abled low complexity filter (option ‘-seg no’) and upper/
lower identity thresholds set to 90 and 70%, respectively.
The location of the predicted GIs and prophages are visu-
alized in these diagrams.

Identifying serotypes
The SerotypeFinder (v1.0) database was used to determine
serotypes in silico [95]. For some strains SerotypeFinder
could not resolve the O- or H-antigen uniquely, in these
cases both are listed.

Ortholog/paralog analysis
Orthologous and paralogous proteins in all 25 bovine-
associated genomes were identified with Proteinortho
(v5.11) [96, 97] with a 1 x 10−5 E-value and 70% coverage/
identity cutoffs. This resulted in a total number of 13,481
OGs from the overall 116,535 CDSs in the bovine-
associated strain panel.
To identify pathotype- (mastitis/commensal) or

phylogroup-enriched (ECOR phylogroups A/B1/B2/E)
OGs we employed Fisher’s Exact test provided in R
(v3.2.5) and tested for OGs which are significantly (p <
0.05 and with a Bonferroni correction) associated with
the different pathotype or phylogenetic groups. Addition-
ally, OGs were considered enriched if they are min-
imally present in 70% of the genomes of one genome
group (inclusion cutoff) and in maximally 30% of ge-
nomes of all other groups (exclusion cutoff) using
po2group_stats (v0.1.1) [82]. The Fisher’s exact test p-
values were visualized as Manhattan plots with R package
ggplot2 (v2.2.0) [98] (Additional file 4: Dataset S1). An
“all-strain soft core genome” over all genomes with the

70% inclusion cutoff (rounded 18 genomes of the total 25)
was determined.
The resulting pathotype-enriched OGs were further

evaluated by comparing their representative proteins to
the representative proteins in the phylogroup-enriched
categories and the all-strain soft core. For this purpose,
the prot_finder pipeline with BLASTP+ was used, as de-
scribed below in the VF workflow, with the pathotype-
enriched representative proteins as queries and the
phylogroup-enriched or all-strain/phylogroup soft core
proteins as subjects.
Finally, a gene content tree was calculated using RAxML

(v8.0.26) and 1000 resamplings with the Proteinortho pres-
ence/absence matrix of OGs (included in Additional file 4:
Dataset S1). The clustering tree was visualized midpoint
rooted with Figtree.

Screening of the genomes for known virulence factors
VF reference protein sequences were collected from the
VFDB [99–101] and the primary literature. For an
overview of the VF panel see Additional file 12: Table S5
and the GitHub repository https://github.com/aleimba/
ecoli_VF_collection (v0.1) [41].
The VF panel was used to assess the presence/absence

of the 1069 virulence-associated genes in the annotated
bovine-associated strains with the prot_finder pipeline
(v0.7.1) [82] using BLASTP+ (v2.2.29) with the following
options: 1 x 10−10 E-value cutoff (‘-evalue 1e-10’), 70%
query identity and coverage cutoffs (options ‘-i’ and
‘-cov_q’), and the best BLASTP hits option (‘-b’). As with
the gene content tree, a ML RAxML BINGAMMA
search was done to cluster the results in the VF binary
matrix with 1000 resamplings. Additionally, the binary
VF hit matrix was visualized with function heatmap.2 of
the R package gplots and R package RColorBrewer
(v1.1-2) [102]. The RAxML cladogram was attached to
this heatmap with R package ape (v3.4) [103]. The binary
matrix, the cladogram NEWICK file, and the R script
are included in Additional file 14: Dataset S7.
VF associations with either pathotypes or phylogenetic

groups were tested with a two-tailed Fisher’s exact test for
significance (p < 0.05) and with a Bonferroni-corrected
significance value. Manhattan plots were created with R
package ggplot2 (Additional file 4: Dataset S1). Again,
inclusion and exclusion cutoffs were set to 70 and 30%,
respectively, using binary_group_stats (v0.1) [82]. Also, an
all-strain soft core VF set was calculated over the
virulence-associated gene hits of all genomes with a 70%
(18 genome) inclusion cutoff. Pathotype-enriched VF
proteins were compared to phylogroup-enriched VF pro-
teins for evaluation.
The same prot_finder pipeline and binary_groups_stats

workflow was also used for two putative MAEC-specific
regions in ECOR phylogroup A genomes [26], which
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are not included in the VF panel. The first region is
the biofilm-associated polysaccharide synthesis locus
(pgaABCD-ycdT-ymdE-ycdU). The locus tags in E. coli
genome 1303 are EC1303_c10400 to EC1303_c10440,
EC1303_c10470, and EC1303_c10480. The second re-
gion encodes proteins involved in the phenylacetic
acid degradation pathway (feaRB-tynA-paaZABCDEF-
GHIJKXY; MG1655 locus tags b1384 to b1400). The
third region (the Fec uptake system, fecIRABCDE) is
already included in the VF panel of this study. For
this analysis the resulting binary BLASTP+ hit matrix
was also tested with binary_groups_stats for pathotype
association within the ECOR A and B1 phylogroups
of the bovine-associated strain panel (with the 70%
inclusion and 30% exclusion cutoffs). Associations
were additionally tested with Fisher’s exact test for
significance.

Analysis of large structural putative virulence regions
The composition of the large virulence regions ETT2,
Flag-2, and the T6SS/1 subtype i1 determinant of E. coli
ECC-1470 as well as the antimicrobial multidrug resist-
ance element of 1303 (AMR-SSuT in GI4) was compared
in more detail for the bovine-associated strain panel with
Easyfig (v2.2.2) [104].

General data generation and figure editing
Dendroscope was used to create tanglegrams between
the cladograms of the bovine-associated strain panel
WGA phylogeny, gene content, or VF clustering trees.
All figures were created either with R (v3.2.5) [105] for
the heatmap, Manhattan plots, or venn diagrams, Den-
droscope or FigTree for phylogenetic trees, PHYLOViZ
for the MLST MST, or Easyfig for the genome diagrams
and color edited, labelled, or scaled with Inkscape
(v0.91) without changing data representation. The only
exception are the BRIG circular genome diagrams which
were edited with Gimp (v2.8.16).

Additional files

Additional file 1: Table S1. Genome feature table for the 64 E. coli,
four Shigella spp., and the one Escherichia fergusonii genomes plus
accession numbers. (XLSX 18 kb)

Additional file 2: Table S2. MLST allele profiles, ST and CC numbers for
the 64 E. coli and four Shigella spp. strains. (XLSX 10 kb)

Additional file 3: Figure S1. Minimum spanning tree (MST) of the
MLST results. Figure S2. Phylograms and tanglegrams for the 25 bovine-
associated E. coli genomes based on WGA core genome, gene and VF
content. Figure S3. Manhattan plots of Fisher’s exact test p-values for the
OG/VF pathotype (MAEC/commensal isolates) and phylogroup (A/B1)
associations. Figure S4. Gene organization of the AMR-SSuT/Tn10 gene
cluster. Figure S5. Circular genome diagrams for the MAEC 1303 and
ECC-1470 replicons with GI and prophage positions. Figure S6. Heatmap
of VF presence/absence, including gene names/locus tags. Figure S7.

Gene organization of the Flag-2 and ECC-1470 T6SS/1 gene clusters.
(PDF 18 Mb)

Additional file 4: Dataset S1. This zip archive contains the binary
presence/absence matrix of 13,481 OGs in the 25 bovine-associated E. coli
genomes and the R script for the Fisher’s exact tests to test the associations
of OGs/VFs with either pathotype or phylogroup (A/B1). The R script
includes also code to create the Manhattan plots in Additional file 3:
Figure S3. The binary presence/absence matrix of virulence-associated
genes needed as second input for the R script is enclosed in Additional
file 14: Dataset S7. (ZIP 16 kb)

Additional file 5: Table S3. This file includes the SRA study accession
numbers for the Illumina and 454 raw reads of the 14 E. coli genomes of
this study. Additionally it lists the assembly statistics for all 23 bovine-
associated E. coli draft genomes. (XLSX 8 kb)

Additional file 6: Dataset S2. Singleton OGs in the 25 bovine-
associated E. coli genomes. (XLSX 248 kb)

Additional file 7: Dataset S3. This file includes the pathotype-enriched
OGs (MAEC or commensal isolates) with a 70% inclusion and 30%
exclusion cutoff and their potential association with phylogroup-
enriched categories or soft core genomes. OGs significantly associated
according to Fisher’s exact test and with a Bonferroni correction are
indicated. It also specifies the pathotype group soft core genome and OGs
classified as underrepresented and unspecific. For each OG the locus tag
and annotation of one representative protein from one E. coli genome of
the group is shown (or in the case of paralogs several representative
proteins). (XLSX 523 kb)

Additional file 8: Dataset S4. Phylogroup-enriched OGs (A, B1, B2, or
E) with Fisher exact test p-values (and Bonferroni correction) for
phylogroup A versus B1 associations and vice versa. Furthermore the file
includes the phylogroup group soft core, underrepresented, and
unspecific OGs. (XLSX 541 kb)

Additional file 9: Table S4. All-strain soft core genome with 70%
inclusion cutoff. (XLSX 185 kb)

Additional file 10: Dataset S5. Predicted GIs and prophages of MAEC
1303. (XLSX 68 kb)

Additional file 11: Dataset S6. Predicted GIs and prophages of MAEC
ECC-1470. (XLSX 46 kb)

Additional file 12: Table S5. This file contains the overview of the VF
panel. Presence (‘1’) and absence (‘0’) of the virulence-associated genes in
the 25 bovine-associated E. coli genomes is indicated in column
“present_in_strain_panel”. Virulence-associated genes were collected
from the Virulence Factors Database (VFDB) or from the primary
literature (‘own’ in column “source”). (XLSX 55 kb)

Additional file 13: Table S6. BLASTP+ hit results for the VF panel in
the 25 bovine-associated E. coli genomes. (XLSX 365 kb)

Additional file 14: Dataset S7. This zip archive contains the binary
presence/absence matrix of virulence-associated genes in the 25 bovine-
associated E. coli genomes, the VF content clustering cladogram in
NEWICK format, and the R script to create the heatmaps in Fig. 4 and
Additional file 3: Figure S4. (ZIP 6 kb)

Additional file 15: Table S7. All-strain soft core VF set with 70%
inclusion cutoff. (XLSX 10 kb)

Additional file 16: Dataset S8. This file includes virulence-associated
genes with significant Fisher’s exact test p-values (and Bonferroni
correction), which tested the association of VFs with either pathotype
(MAEC or commensal strains). Additionally, the pathotype-enriched
virulence-associated genes (MAEC or commensal isolates) with a 70%
inclusion and 30% exclusion cutoff and their potential association with
phylogroup-enriched categories or soft core genomes are listed. It also
specifies the pathotype group soft core VF set and virulence-associated
genes classified as underrepresented and unspecific. (XLSX 29 kb)

Additional file 17: Dataset S9. Significant virulence associated genes
(with and without Bonferroni correction) with phylogroup A versus B1
according to Fisher’s exact test. Moreover, phylogroup-enriched
virulence-associated genes (A, B1, B2, or E), phylogroup group soft core

Leimbach et al. BMC Genomics  (2017) 18:359 Page 19 of 22

5.3 analyses of bovine mastitis and commensal e . coli isolate genomes 159



VF set, underrepresented, and unspecific virulence-associated genes are
specified. (XLSX 46 kb)

Additional file 18: Dataset S10. BLASTP+ hit results for the pga and
paa gene regions and binary presence/absence matrix in the 25 bovine-
associated E. coli genomes. The spreadsheet file includes also Fisher’s
exact test p-values for significant associated genes to either pathotype or
phylogroup. (XLSX 40 kb)

Additional file 19: Dataset S11. Pathotype group soft core and
unspecific categorisation of the fec, paa, and pga gene regions in the 13
phylogroup A bovine-associated E. coli genomes. (XLSX 8 kb)

Additional file 20: Dataset S12. Pathotype-enriched (with Fisher’s
exact test p-values), group soft core, and unspecific categorisation of the
fec, paa, and pga gene regions in the ten phylogroup B1 bovine-
associated E. coli genomes. (XLSX 9 kb)

Additional file 21: Detailed Material & Methods description.
(DOCX 108 kb)

Additional file 22: Dataset S13. This zip archive contains the
GENBANK files with the reannotations of five of the eleven reference
bovine-associated E. coli genomes. Included are E. coli strains AA86, D6-
113.11, D6-117.07, D6-117.29, and ECA-727. (ZIP 15 Mb)

Additional file 23: Dataset S14. This zip archive contains the
GENBANK files with the reannotations of six of the eleven reference
bovine-associated E. coli genomes. Included are E. coli strains ECA-O157,
ECC-Z, O32:H37 P4, P4-NR, O157:H43 T22, and W26. (ZIP 18 Mb)
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lateral flagella 2 gene cluster; G4C: Group 4 capsule; GI: Genomic island;
GTR: Generalized time-reversible; HGT: Horizontal gene transfer; IPEC: Intestinal
pathogenic E. coli; IS: Insertion sequence; LEE: Locus of enterocyte effacement;
LPS: Lipopolysaccharide; MAEC: Mastitis-associated E. coli; MGE: Mobile genetic
element; ML: Maximum likelihood; MLST: Multi-locus sequence typing;
MNEC: Newborn meningitis-associated E. coli; MPEC: Mammary pathogenic E.
coli; MST: Minimum spanning tree; OG: Orthologous group; OMP: Outer
membrane protein; ORF: Open reading frame; PAI: Pathogenicity island;
PAMP: Pathogen-associated molecular pattern; PE: Paired-end; PHAST: PHAge
Search Tool; PTS: Phosphotransferase system; Rhs: Rearrangement hotspot;
SLV: Single locus variant; SPATE: Serine protease autotransporters of
Enterobacteriaceae; SRA: Sequence read archive; ST: Sequence type; T2SS: Type II
secretion system; T3SS: Type III secretion system; T5SS: Type V secretion system;
T6SS: Type VI secretion system; UPEC: Uropathogenic E. coli; VF: Virulence factor;
VFDB: Virulence factors database; WGA: Whole genome nucleotide alignment
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5.3.4.3 Supplementary information

Leimbach et al. (2017) has extensive supplementary information – of

these Figures S1–S7 (Additional file 3) are shown on pages 164–175.

Also the detailed supplementary materials and methods section (Ad-

ditional file 21) is included on pages 176–191. However, all supple-

mentary tables (Tables S1–S7; Additional files 1–2, 5, 9, 12–13, and 15)

and datasets (Datasets S1–S15; Additional files 4, 6–8, 10–11, 14, 16–20,

and 22–23) are either too extensive or not suitable for a reprint here.

The content of these files is described on pages 159–160 and can be

found with the original source files on the BMCGenomics manuscript

website:

https://bmcgenomics.biomedcentral.com/articles/10.1186/

s12864-017-3739-x

Alternatively, the bioRχiv server hosts the identical supplemental

files:

http://biorxiv.org/content/early/2017/04/21/096479.

figures-only

https://bmcgenomics.biomedcentral.com/articles/10.1186/s12864-017-3739-x
https://bmcgenomics.biomedcentral.com/articles/10.1186/s12864-017-3739-x
http://biorxiv.org/
http://biorxiv.org/content/early/2017/04/21/096479.figures-only
http://biorxiv.org/content/early/2017/04/21/096479.figures-only


Figure S1. Minimum spanning tree (MST) of the multi-locus sequence typing (MLST) results generated
with the goeBURST algorithm and visualized with PHYLOViZ. Sequence types (STs) are depicted by
circles (nodes) with the respective ST number. The size of each ST node is proportional to the number
of isolates allocated to the ST. Additionally, ST nodes are colored pie charts indicating the proportion
of included pathotypes. Number of variants between each ST node are indicated on the edges. Clonal
complexes (CCs) were designated for STs differing only by a single locus/allele (single locus variant,
SLV). The STs belonging to a CC are highlighted by gray vertices and the CCs are named by the
corresponding founder ST. Colored cows indicate STs with MAEC and commensal isolates. ECOR
phylogenetic groups are highlighted by colored fields.
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Figure S2. Phylograms and tanglegrams for the 25 bovine-associated E. coli genomes. ECOR
phylogenetic groups are indicated by color: A (green), B1 (blue), E (red), and B2 (orange). The ST
for each strain is given in parentheses. Bootstrap values below 50 were removed from all trees.
(A) Whole genome alignment (WGA) phylogeny. The best scoring maximum likelihood (ML)
phylogeny was inferred with RAxML’s GTRGAMMA model from the core alignment length of
3,393,864 bp with 1,000 bootstrap resamplings. The tree was visualized with FigTree and midpoint
rooted. (B) Tanglegram between the WGA genealogy and the gene content tree generated with
Dendroscope. (C) Best scoring ML dendrogram (RAxML BINGAMMA) based on the presence/absence
of 556 virulence-associated genes, with 1000 resamplings for bootstrap support values. The tree
was visualized with FigTree and midpoint rooted. (D) Tanglegram between the WGA genealogy and
the VF content tree generated with Dendroscope.
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Figure S3 B

5.3 analyses of bovine mastitis and commensal e . coli isolate genomes 167
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Figure S3. Manhattan plots of Fisher exact p-values for orthologous group (OG) or virulence factor (VF)
associations of the 25 bovine-associated E. coli genomes. The red dotted line indicates the significance
threshold (0.05), the green line the Bonferroni-corrected threshold. (A) OG association with pathotype
(MAEC, commensal isolates) or (B) phylogroup (A, B1). (C) VF association with pathotype (MAEC,
commensal) or (D) phylogroup (A, B1).
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Figure S4. Gene organization of the AMR-SSuT/Tn10 gene cluster. The comparison was done with the
AMR-SSuT entities in strains MAEC 1303 (encoded on GI4), E. coli O157:H7 strain EC20020119, and
E. coli strain SSuT-25, as well as Tn10 of Shigella flexneri 2b plasmid R100. The diagram was created
with Easyfig utilizing BLASTN+. Homologous regions are connected via red vertices for forward and blue
vertices for inverted regions, and colored by nucleotide identity. Gene names are indicated above genomes
encoding for these. Genes are colored according to their functions.
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Transposable element

Figure S5 A
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Figure S5 B

Figure S5. Circular genome diagrams created with BRIG. All figures have the following ring order (from inner
to outer). Black: GC content. Green commensal strains: AA86, O157:H43 T22, RiKo 2299/09, RiKo 2305/09,
RiKo 2308/09, RiKo 2331/09, RiKo 2340/09, RiKo 2351/09, and W26. Red MAEC: (1303 only in the ECC-1470
diagrams), 131/07, 2772a, 3234/A, D6-113.11, D6-117.07, D6-117.29, ECA-727, ECA-O157, (ECC-1470 only
in the 1303 diagrams), ECC-Z, MPEC4839, MPEC4969, O32:H37 P4, P4-NR, and UVM2. Orange: The
respective reference replicon from 1303 or ECC-1470. Grey: CDSs on the lagging and on the leading strand.
Blue or Brown: Genomic islands/mobile elements or prophages. (A) Circular genome diagrams of all MAEC
1303 replicons: Chromosome, F-plasmid (p1303_109), circularized P1 bacteriophage (p1303_95), and small
cryptic plasmid (p1303_5). (B) Circular genome diagrams of all MAEC ECC-1470 replicons: Chromosome and
F-plasmid (pECC-1470_100).
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Figure S6

Figure S6. Heatmap of VF presence/absence. For the figure description see Figure 4. The only
difference is the inclusion of virulence-associated gene names/locus tags.
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Figure S7. Gene organization of the Flag-2 and MAEC ECC-1470 subtype i1 T6SS/1 gene
clusters. Comparisons were done with Easyfig utilizing BLASTN+. Homologous regions are
connected via grey vertices and colored by nucleotide identity. The genomes are ordered
according to the WGA core genome phylogeny, ECOR phylogroups are indicated
correspondingly. MAEC strain names are colored in light red and commensal strains in green.
Gene names are indicated above genomes encoding for these. The respective contigs of the
draft genomes containing the gene cluster were concatenated (contig boundaries are indicated
by red vertical lines) and CDS spanning contig borders reannotated if needed (indicated by
asterisks). Backbone genes not belonging to the putative VFs are colored black. Genes within
each respective region have different colors (see the legend) to be able to evaluate their
presence. Pseudogenes have a lighter color fill. (A) Flag-2 gene cluster comparison. E. coli
strain O157:H43 T22 is omitted from the diagram because of a large deletion including also the
Flag-2 flanking backbone genes. (B) MAEC ECC-1470 T6SS/1 gene organization comparison. The
T6SS gene region of draft MAEC D6-117.29 could probably not be fully manually assembled,
because of its high fragmentation. The E. coli strain O157:H43 T22 deletion encompasses also
the T6SS downstream housekeeping genes, which is indicated by dots in the figure. Strain
ECA-727 lacks the yafT to impA genes, because of a putative phage insertion in this region. This
phage is not included in the figure and the truncation also indicated by dots.
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Library preparation and sequencing

Total DNA from overnight cultures for all  strains was isolated with the MasterPure Complete

DNA and RNA Purification Kit (Epicentre, Madison, WI, USA) according to the manufacturer's

instructions.  The  strains  with  closed  genomes,  1303  and  ECC-1470,  were  sequenced  as

described by Leimbach and co-workers [1]. In short, both genomes were first sequenced with

the 454 Titanium FLX genome sequencer with GS20 chemistry (Roche Life Science, Mannheim,

Germany) in a whole-genome shotgun approach to 27.8-fold and overall  13.4-fold coverage,

respectively  (384,786  reads  and  143,474,880  bases  for  E.  coli 1303,  129,126  reads  and

39,329,989 bases for  E. coli ECC-1470). Strain ECC-1470 was also sequenced with a 6-kb

insert paired-end (PE) 454 library (155,130 reads and 26,495,179 bases).

These two strains were additionally and the draft strains [2] solely sequenced with a 101-bp PE

sequencing run on a HiScan SQ sequencer (Illumina, San Diego, CA, USA). For this purpose,

sequencing libraries were prepared with Nextera XT chemistry.  All  Illumina raw reads were

quality  controlled  with  FastQC  before  and  after  trimming  (v0.11.2;

http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc).  Median  insert  sizes  of  the  PE  Illumina

libraries  were  calculated  with  Picard's  CollectInsertSizeMetrics  (v1.124;

http://broadinstitute.github.io/picard)  after  the  raw  reads  were  mapped  onto  the  assembled

contigs  with  Bowtie2  (v2.0.6)  [3] (see  used  options  below)  and  the  mappings  sorted  with

SAMtools (v0.1.19)  [4].  Low quality 3’ end of  reads and Illumina adapter contaminations (--

stringency 2) were trimmed with cutadapt (v1.6) with a Q20 Phred score cutoff and a minimum

read length of 20 bp [5].

Assembly of the genomes

Both 454 read sets for the genomes of E. coli 1303 and ECC_1470 were de novo assembled

with  Newbler  (Roche)  (v2.0.00.20  for  E.  coli 1303  and  v2.3  for  strain  ECC-1470)  [6].

2
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Additionally, these reads were assembled in a hybrid de novo approach in combination with the

respective Illumina reads using MIRA (v3.4.0.1) [7]. MIRA assembly of the corresponding reads

with a 26x fold 454 and 70x fold Illumina coverage resulted in the following statistics for 1303:

98 contigs >= 500 bp and an N50 of 165,271 bp. ECC-1470 was initially assembled with reads

of a 12x fold 454 and 75x fold Illumina coverage: 88 contigs >= 500 bp and an N50 of 194,065

bp. Afterwards, each 454 Newbler assembly was combined with the respective hybrid assembly

in Gap4 (v4.11.2) of the Staden software package [8]. The remaining gaps in the assembly were

closed by primer walking via directed PCR and Sanger sequencing utilizing BigDye Terminator

chemistry with ABI 3730 capillary sequencers. The sequences were processed with Pregap4

and  loaded  into  the  Gap4  databases.  The  closed  genomes  were  edited  to  the  “finished”

standard [9].

The Illumina reads from the draft  E.  coli genomes were each randomly  subsampled to  an

approximate 70-fold coverage with seqtk (v1.0-r32; https://github.com/lh3/seqtk). Afterwards, the

PE reads were  de novo assembled with SPAdes (v3.1.1) with an iterative k-mer range of '-k

21,33,55,77' and option ‘--careful’ to reduce the number of mismatches and insertion/deletions

[10]. The following three steps were executed to check the assembled contigs: First, the reads

used for  the assemblies were mapped with Bowtie2 and its ‘--end-to-end’,  ‘--very-fast’,  and

minimum (option ‘-I 0’) and maximum (‘-X 1000’) PE insert size options. The resulting SAM files

were then sorted by coordinates and converted to BAM files with SAMtools to calculate mapping

statistics with QualiMap (v2.0)  [11].  Only contigs >= 500 bp were retained, because smaller

contigs  often  contain  misassembled  repeat  sequences  that  cannot  be  resolved  by  the

assembler. At last, the assembled contigs were ordered against the respective E. coli 1303 or E.

coli ECC-1470 reference genomes, according to the ECOR phylogroup affiliation of the draft

genomes. Contig ordering was done with ABACAS (v1.3.2)  [12] running NUCmer (v3.1) and

with order_fastx (v0.1) [13]. Assembly statistics were determined with QUAST (v3.2) [14] using

NUCmer from the MUMmer package (v3.23) [15] for the 12 draft strains in this study and also

3
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for the 11 bovine-associated reference draft strains (with contigs >= 500 bp). All Sequence Read

Archive  (SRA)  study accession numbers  for  the Illumina and 454 raw reads of  the  E.  coli

genomes of this study can be found in Additional file 5: Table S3. This file also includes the

assembly statistics for all 23 bovine-associated E. coli draft genomes. The draft genomes of this

study are in the “high-quality draft” standard [9].

All genomes of this study were scanned with BLASTN+ (v2.2.28) [16] for contamination with the

Illumina  phage  PhiX  spike-in  control.  Enterobacteria  phage  phiX174  genome  (accession

number: NC_001422.1) was used as query in the BLASTN+ runs.

Annotation of the genomes

All strains of this study were initially automatically annotated with Prokka (v1.9)  [17] and the

annotations  subsequently  supplemented  with  further  databases.  tRNAs were predicted  with

tRNAscan-SE (v1.3.1)  [18].  For the  E. coli 1303 and ECC-1470 chromosomes  E. coli K-12

MG1655 (accession number: NC_000913.3) and for their F plasmids (p1303_109 and pECC-

1470_100)  E. coli K-12 CR63 F plasmid (NC_002483.1) were used as references in Prokka

(option ‘--proteins’).  1303 P1 phage plasmid (p1303_95)  was annotated with enterobacteria

phage P1 (NC_005856.1) as reference. These initial annotations were manually curated with

the  Swiss-Prot,  TrEMBL  [19],  IMG/ER  [20],  and  Ecocyc  databases  [21].  Also,  the  Prodigal

(v2.60)  [22] open reading frame (ORF) finding in Prokka was verified with a YACOP (v1)  [23]

ORF finding. Subsequently, the two annotations were compared to the highly curated reference

annotation  of  strain  MG1655 using  the  Artemis  Comparison  Tool  (ACT)  (v12.1.1)  [24] with

BLASTN+.  With these comparisons manual  curation  was carried  out  with the tools  Artemis

(v15.1.1)  [25] and tbl2tab (v0.1)  [13]. Lastly, the annotations of  E. coli strains 1303 and ECC-

1470 were compared (ACT) and adapted to each other  for  a uniform annotation.  The high

quality  annotation  of  the  E.  coli 1303  genome was  then used  as  reference  for  the  ECOR

4
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phylogroup A strains and the ECC-1470 genome annotation for the ECOR B1 strains during the

Prokka  annotation  of  the  12  draft  genomes  of  this  study.  These  annotations  were  further

manually curated via ortholog/genome synteny analyses with the respective replicons of E. coli

strains 1303 and ECC-1470 as references with Proteinortho (v5.11) [26, 27] (see options below)

and po2anno (v0.2)  [13], ACT (v13.0.0)  [24] with BLASTN+, and cat_seq (v0.1)  [13]. At last,

releases  1  (R1)  and  2  (R2)  of  the  Virulence  Factors  Database  (VFDB)  [28,  29],  and  the

ResFinder (v2.1)  [30],  VirulenceFinder (v1.2)  [31], and SerotypeFinder (v1.0)  [32] databases

were used to refine the annotations with Artemis (v16.0.0) and tbl2tab (v0.2).

All eleven reference strains were also automatically reannotated with Prokka to have a uniform

ORF-finding with Prodigal and facilitate comparative genomics. The draft genomes of D6-113.11

and  D6-117_07.11  contain  one  contig  each  smaller  than  200  bp.  These  two  contigs  were

skipped by Prokka with the used option ‘--compliant’. The annotations of the references were

shortly manually curated in the three putative virulence regions ETT2, Flag-2, and strain ECC-

1470’s  T6SS/1 by comparisons to the 1303 and ECC-1470 genomes as mentioned above.

GENBANK  files  for  these  reannotations  were  created  with  NCBI’s  tbl2asn  (v24.3;

https://www.ncbi.nlm.nih.gov/genbank/tbl2asn2/)  with  option  ‘-V  b’  and  can  be  found  in

Additional  file  22:  Dataset  S13 and Additional  file  23:  Dataset  S14.  For an overview of  the

annotations  see  the  genome  feature  table  created  with  genomes_feature_table  (v0.5)  [13]

(Additional file 1:  Table S1).  This  table also includes the reference  E. coli genomes for  the

phylogenetic analysis (see below), however their annotation features are listed as downloaded

from NCBI.

Phylogenetic analysis

For the phylogenetic analysis 39 additional reference E. coli strains (plus four Shigella spp. and

one  Escherichia fergusonii strain) were downloaded from NCBI with a wide variety of known

pathotype and ECOR phylogroup affiliations. For the accession numbers see Additional file 1:
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Table S1. A whole genome nucleotide alignment (WGA) was done with the default parameter

settings of Mugsy (v1.2.3) [33] and the combined 68 E. coli genomes (including plasmids) with

E. fergusonii as outgroup. This resulted in an original alignment length of 3,764,795 bp. The

MAF alignment file was further processed to contain only locally colinear blocks without gaps

present in all aligned genomes utilizing the software suite Phylomark (v1.3) [34]. Phylomark in

turn  makes  use  of  modules  from  Biopython  (v1.63)  [35] and  bx-python  (v0.7.1;

https://github.com/bxlab/bx-python),  and as a final step runs mothur (v1.22.2)  [36].  After this

treatment  the  resulting  alignment  length  was  2,272,130  bp.  The  concatenated  and  filtered

alignment was then subjected to RAxML (v8.1.22) [37] to infer the best scoring ML phylogeny.

RAxML was run with the GTRGAMMA generalized time-reversible (GTR) model of nucleotide

evolution  and  GAMMA  model  of  rate  heterogeneity.  1,000  bootstrap  resamplings  were

calculated with RAxML’s rapid bootstrapping algorithm (option ‘-f a’) for local support values.

The resulting tree was visualized with Dendroscope (v3.4.4) [38]. This phylogeny was used to

classify  the  bovine-associated  strains  into  ECOR  phylogroups  according  to  the  included

reference strains (with a known phylogeny) and monophyletic clades. The same procedure was

followed  including  only  the  25  bovine-associated  E.  coli strains.  This  resulted  in  a  Mugsy

alignment length of 4,312,845 bp and a filtered alignment length of 3,393,864 bp for RAxML.

This tree was visualized with FigTree (v1.4.1; http://tree.bio.ed.ac.uk/software/figtree/) midpoint

rooted.

Sequence types (STs) were assigned with ecoli_mlst (v0.3)  [13] according to the Achtman E.

coli multi-locus  sequence  typing  (MLST)  scheme  [39] employing  NUCmer  with  default

parameters. Ambiguous allele numbers for strains ECA-O157, ECA-727, and O157:H7 EDL933

were resolved with BLASTN+ by choosing the sequence allele with the highest identity in the

MLST  database.  PHYLOViZ  (v1.1)  [40] was  used  to  create  a  MST  with  the  goeBURST

algorithm  [41] to classify the STs into clonal complexes (CCs).  CC numbers were allocated

according to the Achtman E. coli MLST database. A CC is defined by STs that differ at maximal
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one locus/allele and are numbered by the founder of the CC, which is the ST with the highest

number of neighboring single locus variants (SLVs). All  allele, ST, and CC numbers can be

found in Additional file 2: Table S2.

Detection of genomic islands and prophages, and generation of circular genome

diagrams

Because mobile genetic elements (MGEs) are prone to contain repetitive sequences, the short

sequencing  reads  of  most  current  high-throughput  sequencing  technologies  cannot  be

unambiguously assembled in these regions [42]. Additionally, automatic ORF prediction as well

as annotation still remains a challenge in MGEs. Thus, we identified prophages and genomic

islands (GIs) only for the two closed 1303 and ECC-1470 MAEC genomes. GIs were predicted

with  the  three  prediction  methods  of  IslandViewer  3  [43]:  the  two  sequence  composition

methods  SIGI-HMM  [44] and  IslandPath-DIMOB,  and  the  comparative  genomic  prediction

method  IslandPick  [45].  Only  predicted  GIs  with  a  size  greater  than  8  kb  were  retained.

Prophages were predicted with the PHAge Search Tool (PHAST)  [46]. PHAST also evaluates

the completeness and potential  viability of prophage regions by classifying them as “intact”,

“questionable”,  or  “incomplete”.  The  GI  and  prophage  predictions  and  their  locations  were

evaluated manually by looking for mobility-associated genes, like integrases and transposons,

toxin-antitoxin genes,  restriction modification systems, and associated tRNAs using Artemis.

The  location,  gene  name  (if  available),  locus  tag,  orientation,  and  product  annotation  was

extracted for all genes included in the GI and prophage regions with Artemis.

Circular genome views were created with the BLAST Ring Image Generator (BRIG, v0.95) [47]

using  BLASTP+  (v2.2.28)  [16] with  a  disabled  low  complexity  filter  (option  ‘-seg  no’)  and

upper/lower identity thresholds set to 90% and 70%, respectively. The location of the predicted

GIs and prophages are visualized in these diagrams.
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Identifying serotypes

The SerotypeFinder (v1.0) database from the Center for Genomic Epidemiology was used to

determine serotypes in silico [32]. For some strains SerotypeFinder could not resolve the O- or

H-antigen uniquely, in these cases both are listed.

Ortholog/paralog analysis

Orthologous and paralogous proteins in all 25 bovine-associated genomes were identified with

Proteinortho  (v5.11)  [26,  27] with  a  1  x  10-5 E-value  and  70%  coverage/identity  cutoffs.

Proteinortho employs a bidirectional all-vs-all BLASTP+ (v2.2.29) approach using all predicted

non-pseudo coding sequences,  which were extracted from the genomes with cds_extractor

(v0.7.1) and its option ‘-p’ [13]. Additionally, Proteinortho’s ‘-synteny’ option was used to activate

the PoFF module enabling the utilization of genome synteny for improving ortholog detection.

GFF3  files  for  this  purpose  were  created  with  bp_genbank2gff3.pl  from  the  BioPerl  script

collection (v1.6.924; https://github.com/bioperl/bioperl-live/tree/master/scripts/Bio-DB-GFF) [48].

Other  non-default  Proteinortho  options  used  were  a  final  local  optimal  Smith-Waterman

alignment  for  BLASTP+  (‘-blastParameters=‘-use_sw_tback’’)  recommended  by  Moreno-

Hagelsieb  and  Latimer  [49] and  Ward  and  Moreno-Hagelsieb  [50],  ‘-selfblast’  for  paralog

detection,  and ‘-singles’ to also report  singletons.  This  resulted in  a total  number of  13,481

orthologous group (OGs) from the overall 116,535 CDSs in the bovine-associated strain panel. 

To identify significant associations of OGs with pathotype (mastitis/commensal) or phylogroup

(ECOR phylogroups A/B1), we employed a two-tailed Fisher’s Exact test provided in R (v3.2.5)

and tested for OGs which are significantly (p<0.05) associated. Because phylogroups B2 and E

contain only one genome each, they were omitted from Fisher’s exact test. These p-values were

further evaluated with a Bonferroni correction. The negative base 10 logarithms of the Fisher’s
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exact test p-values were visualized as Manhattan plots with R package ggplot2 (v2.2.0)  [51].

The binary matrix for the OG presence/absence and the R script for the Fisher’s exact test are

included in Additional file 4: Dataset S1.

Additionally,  we considered OGs as pathotype- or phylogroup-enriched if  they are minimally

present in 70% of the genomes of one genome group (inclusion cutoff) and in maximally 30% of

the genomes of all other groups (the other pathotype or phylogroups; exclusion cutoff) using

po2group_stats (v0.1.1)  [13]. The 70%/30% inclusion/exclusion cutoffs amount to rounded 6/3

inclusion/exclusion genome cutoffs for the commensal isolates and 11/5 for the mastitis isolates.

Similarly,  the cutoffs in the phylogroups translate to rounded 9/4 genome inclusion/exclusion

cutoffs for phylogroup A, 7/3 for B1, and 1/0 for the single genome groups B2 and E. According

to  these  pathotype  or  phylogroup  cutoffs,  OGs  are  classified  in  “pathotype-/phylogroup-

enriched”, “-absent”, “group soft core genome”, “underrepresented”, and “unspecific” (option ‘-u’)

categories.  OGs that  are present  >= the inclusion cutoff  in  the  genomes of  all  groups are

categorized  in  the  “group  soft  core  genome”  category.  The  “underrepresented”  category

includes OGs present in <= genomes than the exclusion cutoff in all groups. Finally, OGs that

are present in more genomes than the exclusion, but less than the inclusion cutoff in any group

are  categorized  as  “unspecific”.  For  each  OG  po2group_stats  extracts  the  locus  tag  and

annotation of one representative protein from one E. coli strain panel genome of the group (or in

the case of paralogs several representative proteins).

The resulting Fisher’s exact test significant and pathotype-/phylogroup-enriched OG numbers

from po2group_stats were visualized in venn diagrams (po2group_stats option ‘-p’)  with the

venn  function  of  R  package  gplots  (v3.0.1)  [52].  Additionally,  singletons  (option  ‘-s’)  were

identified with po2group_stats.

In  addition  to  the  pathotype  and  phylogroup  group  soft  core  genomes  calculated  by

po2group_stats, an “all-strain soft core genome” including all genomes with the 70% inclusion

cutoff (18 out of 25 genomes) was determined. The all-strain soft core genome always includes
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more OGs than the pathotype/phylogroup group soft cores, because of the different number of

groups the 70% inclusion cutoff is applied to. The difference originates from the inclusion of all

OGs which are present in at least 70% of all genomes of each group in comparison to 70% of all

genomes.

The resulting pathotype-enriched OGs were further evaluated by comparing their representative

proteins to the representative proteins in the phylogroup-enriched categories and the all-strain

soft core. The representative protein sequences were extracted from the respective GENBANK

files with the locus tags included in the po2group_stats result files using cds_extractor (options

‘-p’ and ‘-l’). Subsequently, the prot_finder pipeline with BLASTP+ was used, as described in the

virulence factore (VF) workflow, with the pathotype-enriched representative proteins as queries

(option ‘-q’) and the phylogroup-enriched or all-strain/phylogroup soft core proteins as subjects

(option ‘-s’).

Finally, a gene content tree was calculated with the Proteinortho presence/absence matrix of

OGs (included in  Additional  file  4:  Dataset  S1).  First,  the matrix  was converted to a binary

matrix, transposed with transpose_matrix (v0.1) [13], and then converted to FASTA format. This

file was used to cluster the results by searching for the best scoring ML tree with RAxML’s

(v8.0.26)  BINGAMMA  module  (binary  substitution  model  with  GAMMA  model  of  rate

heterogeneity) and 1000 resamplings. The clustering tree was visualized midpoint rooted with

Figtree.

Screening of the genomes for known virulence factors

VF  reference  protein  sequences  were  collected  from  the  VFDB  (R1  core  dataset  with

experimentally  validated  VFs  [53],  R2  comparative  genomics  dataset  with  intra-genera

comparisons [29], and R3 VF centric dataset with inter-genera comparisons [28]) and reviewing

the primary literature. For an overview of the VF panel see Additional file 12: Table S5. A focus

was put on putative ExPEC VFs, because MAEC are considered to be ExPEC [54]. The protein
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sequences of the VFs, as well as detailed information how the VF panel was collected, and the

respective  reference  publications  can  be  found  in  the  GitHub  repository

https://github.com/aleimba/ecoli_VF_collection (v0.1) [55].

The VF panel was used to assess the presence/absence of  the 1,069 virulence-associated

genes in the annotated bovine-associated strains with the prot_finder pipeline (v0.7.1) [13] using

BLASTP+ (v2.2.29). The following non-default options were used for the prot_finder pipeline: 1 x

10-10 E-value cutoff (‘-evalue 1e-10’), 70% query identity and coverage cutoffs (options ‘-i’ and ‘-

cov_q’), and the best BLASTP hits option (‘-b’). This option includes only the hit with the highest

identity for each subject CDS protein. A binary presence/absence matrix from these results was

created  with  prot_binary_matrix  (v0.6)  and  transpose_matrix  (v0.1)  [13].  As  with  the  gene

content tree, a ML RAxML BINGAMMA search was done to cluster the results in the binary

matrix with 1,000 resamplings. Additionally, the binary VF hit matrix was visualized with function

heatmap.2  of  the  R  package  gplots  and  R  package  RColorBrewer  (v1.1-2)  [56].  The

aforementioned cladogram was attached to this heatmap with R package ape (v3.4) [57]. The

binary matrix, the cladogram NEWICK file, and the R script are included in Additional file 14:

Dataset S7. The two resulting heatmaps were merged and edited in Inkscape.

A two-tailed Fisher’s  exact  test  was used to identify  VFs which are significantly  (p < 0.05)

associated with different  pathotypes (mastitis/commensal)  or  phylogenetic  groups (A/B1).  P-

values were also scrutinized with a Bonferroni correction. Manhattan plots were created with R

package  ggplot2.  The  R  script  for  the  Fisher’s  exact  tests  and  the  Manhattan  plots  is  in

Additional file 4: Dataset S1. Again, inclusion and exclusion cutoffs were set to 70% and 30%,

respectively,  to  identify  VF  associations  with  either  pathotypes  or  phylogroups  using

binary_group_stats  (v0.1)  [13].  Venn  diagrams  visualized  the  number  of  significant  and

pathotype-/phylogroup-enriched VF genes, as well as the group soft core VF sets. Also, an all-

strain soft core VF set was calculated over the virulence-associated gene hits of all genomes
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with a 70% (18 genome) inclusion cutoff. Pathotype-enriched VF proteins were compared to

phylogroup-enriched VF proteins for evaluation.

The same prot_finder pipeline and binary_groups_stats workflow was also used for two putative

MAEC-specific regions in ECOR phylogroup A genomes [58], which are not included in the VF

panel. The first region is the biofilm-associated polysaccharide synthesis locus (pgaABCD-ycdT-

ymdE-ycdU). The protein sequences from these genes were extracted from strain 1303 with

cds_extractor  (option  ‘-l’).  The  locus  tags  are  EC1303_c10400  to  EC1303_c10440,

EC1303_c10470, and EC1303_c10480. The second region encodes proteins involved in the

phenylacetic  acid  degradation  pathway  (feaRB-tynA-paaZABCDEFGHIJKXY;  MG1655  locus

tags  b1384  to  b1400).  The  third  region  (the  Fec  uptake  system,  fecIRABCDE)  is  already

included in the VF panel of this study. For this analysis the resulting binary BLASTP+ hit matrix

was also tested with binary_groups_stats for pathotype association within the ECOR A and B1

phylogroups of the bovine-associated strain panel (with the 70% inclusion and 30% exclusion

cutoffs). Associations were additionally controlled with Fisher’s exact test for significance.

Analysis of large structural putative virulence regions

The  composition  of  the  large  virulence  regions  ETT2,  Flag-2,  and  the  T6SS  subtype  i1

determinant of E. coli ECC-1470 was compared in more detail for the bovine-associated strain

panel. To identify the corresponding contigs of the draft genomes the respective regions in E.

coli strains 1303 and ECC-1470 were compared with ACT and BLASTN+ to the draft genomes.

The identified draft contigs were optionally reversed with revcom_seq (v0.2), concatenated with

cat_seq, and truncated with trunc_seq (v0.2)  [13] to include two flanking core genome genes.

ORFs that spanned contig borders in the concatenated sequence files were manually elongated

or added with Artemis, these genes are marked by asterisks ‘*’ in the figures. The genome

comparison diagrams were created with Easyfig (v2.2.2) [59] using BLASTN+ with a maximal E-

value of 0.001 and the genomes ordered according to the WGA phylogeny.
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The same workflow was done for the antimicrobial multidrug resistance element of 1303 (AMR-

SSuT in GI4) in comparison to the E. coli SSuT-25 AMR-SSuT element [60] (accession number:

EF646764),  the  E.  coli O157:H7  EC20020119  AMR-SSuT  region  (accession  number:

HQ018801) [61], and transposon Tn10 of Shigella flexneri 2b plasmid R100 (accession number:

AP000342).
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GENERAL D I SCUSS ION





6
DISCUSS ION

Two main themes are dominating this thesis: The unexpected high

genomic plasticity of the species E. coli and the impact of phyloge-

netic background on the gene content of individual strains. Both will

be discussed on several occasions in this chapter, especially their im-

plications on mastitis prevention and treatment options, and current

diagnostic and public health microbiology standards.

6.1 the elusive e . coli 1303 o70 serotype

Initially, mastitis-associated E. coli (MAEC) 1303 was considered to have

a serogroupO5 and the detailed structural O-antigen analysiswas pub-

lished as a new subtype of this serogroup accordingly (Section 5.3.1 on

page 119) (Duda et al., 2011). However, a two-way cross-reactivity be-

tween the antibodies ofO5 andO70 in the agglutination test lead to this

false result. A re-serotyping by the World Health Organization (WHO)

reference laboratory on E. coli typing, the Statens Serum Institute in

Copenhagen, revealed conclusively that E. coli 1303 actually possesses

an O70 LPS O-antigen and a full serotype of O70:K-:H32. Still, Duda et

al. (2011) was the first description of the E. coliO70 serogroup structure

and corresponding gene cluster.

We corrected the mistake in both successive publications Leimbach

et al. (2015) (Section 5.3.2 on page 134) and Leimbach et al. (2017)

(Section 5.3.4 on page 140). Also, the respective sequence records in

the nucleotide databases for the O-antigen gene cluster (NCBIGenbank

accession number FN995094) and the MAEC 1303 whole genome se-

quence entry (CP009166) contain the correct O70 serogroup. These

entries supplement the over 196 E. coli O-groups and H-types recog-

nized by traditional serotyping (DebRoy et al., 2016; Ingle et al., 2016a).

Nowadays, E. coli serotypes can be reliably predicted from WGS

data as long as suitable references are available. Our characterized

O-antigen gene cluster and finished genome ofMAECO70:H32 1303 (in-

cluding fliC) can now serve as reference for tools like SerotypeFinder

(Joensen et al., 2015). In silico methods have several advantages over

traditional serological phenotyping, as they do not rely on typing sera

with varying quality and their ability to type strains that autoagglu-

tinate or do not express the respective O-, K-, or H-antigens in vitro
(Ingle et al., 2016a; Robins-Browne et al., 2016). As in other areas of

diagnostics, traditional wet-lab serotyping will most likely be replaced

in the near future by in silico inferences in public health laboratories

(Chapter 7 on page 219). The transfer of O- andH-antigen loci between

195
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different E. coli chromosomal backbones is common, thus limiting the

use of serotyping to identify pathogenic E. coli lineages as e. g. in the

German O104:H4 STEC epidemic (Ingle et al., 2016a). Universally ap-

plying WGS with bioinformatical analyses and high-quality reference

databases in clinical microbiology would remedy many of the current

drawbacks, e. g. problems in detecting emerging hybrid E. coli patho-
types.

6.2 further consequences of the german 2011 stec epi-

demic

The detection of the hybrid STEC/EAEC pathotype was a milestone in

microbial genomics and diagnostics. There are several scientific and

clinical consequences during and after the outbreak not touched upon

in our genomic analysis (Section 5.2 on page 104) that will be discussed

here.

6.2.1 Clinical effect of the hybrid STEC/EAEC pathotype

The hybrid STEC and EAEC pathotypewas the cause for a very low infec-proposed to be
designated as EAHEC
(Brzuszkiewicz et al.,

2011) or STEAEC
(Qin et al., 2011)

tious dose, the unusual high number of cases, and the high incidence of

post-enteritisHUS
1
(about 25% of the cases andmore than 900 patients)

(Croxen et al., 2013; Frank et al., 2011). Such a high diarrhea-associated

HUS rate is untypical for other STEC outbreaks, normally around 1–15%

and in over 90% of cases in children (Buchholz et al., 2011; Frank et al.,

2011). The augmented adhesion of the outbreak E. coli to enterocytes

with the aggregative adherence fimbriae (AAF) (instead of the typical

LEE) might have lead to higher colonization, higher Stx2 blood absorp-

tion, and ultimately the high incidence of HUS (Bielaszewska et al.,

2011a; Rasko et al., 2011). In addition, it was shown that the outbreak

strain produces a high amount of proinflammatory curli fibre adhesins

that may contribute to enhanced Stx absorption into the bloodstream

(Richter et al., 2014).

Usual HUS treatments like plasma exchange through dialysis and

complement-blocking antibody (© eculizumab), proved to be incon-

clusive (Croxen et al., 2013; Greinacher et al., 2011). The use of an-

tibiotics in HUS is disadvised, as they can activate the Stx phage to its

lytic cycle, and thus promote HUS by increased Stx production (Croxen

et al., 2013; Karch et al., 2012). Nevertheless, an additional challenge

of the O104:H4 STEC outbreak was the high antibiotic resistance ofSTEC O104:H4
multiresistant

the strain due to the carriage of plasmid-encoded extended-spectrum

β-lactamases (ESBLs) type CTX-M (bla
CTX-M-15

) and TEM (bla
TEM-1

) (Fig-

ure 10 on page 201), as well as other drug resistance genes (Section 5.2

1 HUS is a serious disease characterized by the triad of acute renal failure, hemolytic

anemia, and thrombocytopenia.
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on page 104) (Bielaszewska et al., 2011a; Brzuszkiewicz et al., 2011;

Monecke et al., 2011; Rohde et al., 2011).

6.2.2 Real-time analysis of the outbreak E. coli genome

The time frame of the epidemic was shortly after the release of several

benchtop second-generation HTS machines with reduced run times

(454 GS Junior in 2010, and in 2011 Illumina MiSeq and Ion Torrent

PGM; Section 1.1.1.1 on page 6) (Loman et al., 2012b). Since the re-

spective vendors were propagating the democratization of sequencing

with these benchtop machines (i. e. the movement of HTS away from

large sequencing centers to individual labs), it was a perfect opportu-

nity to showcase the capabilities of these sequencers. Several labs and

collaborations (mostly UKM in cooperation with Ion Torrent Life Tech,

UniversityMedical CenterHamburg-Eppendorf (UKE) with the Beĳing

Genomics Institute (BGI), the Göttingen Genomics Laboratory (G2L),

and the Health Protection Agency (HPA)) quickly acquired bacterial E.
coli outbreak isolates and sequenced the genomes while the outbreak

was still ongoing (Brzuszkiewicz et al., 2011; Mellmann et al., 2011;

Rohde et al., 2011). Nevertheless, it was a large genome center, the BGI

in cooperation with the UKE, that released the first genomic sequence

reads to the public with a Creative Commons Public Domain Dedica- open data release
tion (CC0 1.0 Universal). This release in the public domain was the

catalyst that started a frenzy of enthusiastic microbial genomicists and

bioinformaticians across the globe to analyze the bacterial causative

agent, with daily analysis updates on blogs, a GitHub repository
2
(see

Section 3.1 on page 65 for the purpose of GitHub), and preprints. Ma-

jor contributors were Nick Loman, Mark Pallen (both at that time Uni-

versity of Birmingham, UK), Kathryn Holt (University of Melbourne,

Australia), David Studholme, Konrad Paszkiewicz (both University of

Exeter, UK), Marina Manrique, Raquel Tobes, Eduardo Pareja-Tobes

(all three Era7 Information Technologies, Spain), Lisa Crossman (Uni-

versity of East Anglia), and many others (Rohde et al., 2011). These

crowdsourced analyses, as well as the analyses of the teams mentioned

above, was the first time a genome of a bacterial pathogen was ana-

lyzed during an epidemic (in near real-time), made possible through

the advancements in HTS and fast dissemination of information over

the internet
3
. This epidemic and the corresponding genomic analyses

showed a glimpse of the future of microbial epidemiology and diag-

nostics (Chapter 7 on page 219). Nevertheless, nearly all of the involved

2 The GitHub repository with dates and links to the analyses (unfortunately

many hyperlinks are out-dated now) can be found at https://github.com/

ehec-outbreak-crowdsourced/BGI-data-analysis/wiki.
3 Although many journals rushed publications concerning the epidemic through peer-

review, instantaneous updates of blogs and websites exemplified how scientists can

work collaboratively and how fast scientific information can be disseminated nowa-

days (Table 6).

https://creativecommons.org/publicdomain/zero/1.0/
https://creativecommons.org/publicdomain/zero/1.0/
https://creativecommons.org/publicdomain/zero/1.0/
https://creativecommons.org/publicdomain/zero/1.0/
https://era7bioinformatics.com
https://github.com/ehec-outbreak-crowdsourced/BGI-data-analysis/wiki
https://github.com/ehec-outbreak-crowdsourced/BGI-data-analysis/wiki
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scientists and groups published afterwards in traditional journals and

satisfied the current scientific reward system (Table 6).

Table 6: Timeline of major genomic and epidemiological events during the

2011 German O104:H4 STEC epidemic.

date event

Begin of May Outbreak started

20
th
of May RKI notes increase in EHEC infections and HUS inci-

dence

21
st
–22

nd
of

May

Peak of outbreak cases

23
rd

of May UKM receives first stool samples

25
th
of May UKM typed the strain as O104:H4 based on gnd and

fliC, as well as MLST ST678

25
th
–26

th
of

May

RKI releaseswarnings on consuming cucumbers and

other vegetables

UKMdetects Stx (stx2) by PCR and sequencing, aswell

as ESBL phenotype

28
th
of May STEC TY2482 DNA arrives at BGI in cooperationwith

UKE

30
th
of May UKM releases rapid multiplex PCR molecular diag-

nostic test for STEC O104:H4 based on stx2, terD, rfb
O104, and fliCH4 (Bielaszewska et al., 2011a). Later

published in a modified form as a real-time multi-

plex PCR approach (Zhang et al., 2012).

STEC LB226692 WGS on Ion Torrent PGM (Life Tech)

begins in cooperation with UKM

2
nd

of June BGI releases five Ion Torrent PGM runs of TY2482 on

its website with a CC0 license (Li et al., 2011)

Nick Loman releases first TY2482 de novo assembly

with the BGI Ion Torrent data on his blog (3,057 con-

tigs)

Sequencing of related historic STEC O104:H4 01-

09591 (HUSEC041) ST678 from 2001 begins at UKM

3
rd

of June Automatic annotation of Loman’s assembly by

Raquel Tobes (Manrique et al., 2011)

BGI releases two more Ion Torrent PGM runs of

TY2482 plus reference-guided (mapping) and de
novo assembly of unmapped reads (Li et al., 2011)

STEC LB226692 sequencing finished at Life Tech and

UKM, reads from the eight runs released

Continued on next page.



6.2 further consequences of the german 2011 stec epidemic 199

Table 6: Timeline of major genomic and epidemiological events during the

2011 German O104:H4 STEC epidemic (continued).

date event

4
th
of June Reference-guided (mapping) plus de novo of un-

mapped reads draft assembly of LB226692 released

from UKM to public on NCBI’s Genbank (364 con-

tigs)

5
th
of June Fenugreek sprouts suspected as outbreak source by

epidemiological detective work

6
th
of June BGI releases hybrid de novo assembly of TY2482 from

Ion Torrent PGM and Illumina HiSeq 2000 (shotgun)

data (451 contigs) (Li et al., 2011)

UKM announces completion of STEC 01-09591

(HUSEC041) sequencing, but no public release

STEC GOS1/2 DNA arrives at the G2L

7
th
of June BGI releases PCR typing scheme based on the WGS

data with stx2 and aggCD of AAF/I (Qin et al., 2011)

10
th
of June HPA releases shotgun and paired-end 454 GS Junior

data of STEC H112180280 and de novo assembly (13

scaffolds)

STEC O104:H4 detected in sprout leftovers via PCR

GOS1/2 sequencing and assembly finished at G2L

(171/204 contigs)

11
th
of June BGI releases 2

nd
hybrid de novo assembly of TY2482

from IonTorrent PGM and IlluminaHiSeq 2000 (shot-

gun and paired-end, insert size 500 bp) data (452

scaffolds) (Li et al., 2011)

16
th
of June BGI releases closedTY2482genomeonwebsite based

on Illumina paired-end reads with three different

insert sizes (500 bp, 2 kb, 6 kb) (Li et al., 2011)

G2L releases sequencing reads and annotated assem-

blies on FTP server

20
th
of June HPA releases fourmore STEC isolates IlluminaMiSeq

data and assemblies for STEC H112180280 and four

other isolates

29
th
of June Brzuszkiewicz et al. (2011) published online

6
th
of July PacBio releases data for STEC C227-11 outbreak

strain and its de novo assembly (33 contigs), and

seven diarrhea-associated O104:H4 EAEC and four

reference EAEC of other serotypes

4
th
of July Last outbreaks cases reported

Continued on next page.
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Table 6: Timeline of major genomic and epidemiological events during the

2011 German O104:H4 STEC epidemic (continued).

date event

20
th
of July Mellmann et al. (2011) published and release of his-

toric STEC H11218028 genome assembly (mapping

and de novo) and data (456 contigs)

27
th
of July The New England Journal of Medicine publishes

the crowdsourced–UKE/BGI initiative (Rohde et al.,

2011) and PacBio (Rasko et al., 2011) publications

An EAEC ancestor to the 2011 German outbreak strain must have ac-

quired a phage encoding for the Stx throughHGT. The detailed genomic

analyses identified some more putative VFs of the outbreak strain (Sec-

tion 5.2 onpage 104) (Brzuszkiewicz et al., 2011). Thus, the combination

of specific adhesion, Stx2 production, carriage of three SPATEs (pic, sepA,
and sigA) implicated in mucosal damage and colonization, helps to

explain the exceptional virulence of the 2011 STEC outbreak strain (Fig-

ure 10 on the facing page) (Karch et al., 2012; Rasko et al., 2011). This

rare hybrid strain is a prime example of the dynamic nature and high

plasticity of the E. coli genome and showcases the needed vigilance

in emerging and re-emerging food-borne pathogens (Section 6.3.1 on

page 203) (Bielaszewska et al., 2011a; Croxen et al., 2013). Luckily, the

University of Münster quickly developed a diagnostic PCR scheme for

detection of the O104:H4 hybrid STEC pathotype, which was then used

in German diagnostic laboratories throughout the epidemic (Table 6

on page 198) (Bielaszewska et al., 2011a).

6.2.3 Future vigilance for O104:H4 STEC

Prior to 2011 only few reports were available of a pathogenic agent

being a Stx-encoding EAEC, that caused hemorrhagic colitis and HUS

(Croxen et al., 2013; Morabito et al., 1998). But the German outbreak

was not the first occurrence of O104:H4 STEC strains, actually several

smaller outbreaks of HUS cases already occurred before 2011. Exam-

ples are the historic E. coli 01-09591 (HUSEC041)
4
isolated 2001 in

Germany, and several cases in France, Korea, Italy, the Republic ofhistoric O104:H4
STEC isolates

Georgia, Tunisia, and Finland (Ahmed et al., 2012; Bae et al., 2006;

Denamur, 2011; Grad et al., 2013; Guy et al., 2013; Karch et al., 2012;

Monecke et al., 2011). The after-epidemic WGS efforts into these historic

STEC/EAEC hybrid pathotype strains allowed insights into population

4 STEC 01-09591 (HUSEC041) is a member of the HUS-associated E. coli collection

(HUSEC) (Mellmann et al., 2008) of the national consulting laboratory for HUS at

the UKM. It was sequenced during the 2011 German outbreak (see Table 6) (Mellmann

et al., 2011).
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Figure 10: Overview of the main VFs and antibiotic resistance determinants

included in the genomeof theGerman 2011O104:H4 STEC outbreak

strain. These genes most likely contributed to the high virulence of

the strain. Figure adapted from (Karch et al., 2012) using Inkscape.
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genomics, HGT of VFs, and evolutionary processes
5
shaping this highly

virulentE. colipathotype (Grad et al., 2012, 2013; Guy et al., 2013). Thus,

the STEC/EAEC hybridwas an established pathogen already circulating

in the human population most likely in several different O104:H4 STEC

lineages, albeit its rarity in causing diseases (Bielaszewska et al., 2011a;

Monecke et al., 2011). The circulation of the hybrid pathotype is also

exemplified by two O104:H4 STEC sporadic cases different from the

German outbreak strain, during the 2011 epidemic, as well as cases in

France and Turkey after the outbreak (Grad et al., 2013; Tietze et al.,

2015).

All of these O104:H4 lineages most likely originated from aO104:H4

EAEC ancestor and the emergence of the outbreak strain depended

on the acquisition of the Stx2 prophage, an antibiotic ESBL resistance

plasmid, and replacing the AAF/III fimbriae pAA plasmid with a

plasmid encoding the rarer AAF/I fimbriae (Section 5.2 on page 104)

(Brzuszkiewicz et al., 2011; Rasko et al., 2011; Rohde et al., 2011). It is,

however, not clear what bacterial traits caused the major outbreak in

Germany in contrast to other smaller scale cases. But, it emphasizes the

possibility of future food-borne E. coli O104:H4 outbreaks (Grad et al.,

2013). Also, the natural habitat of the outbreak strain is not clear, as

typically, the E. coli EAEC pathotype is not associated with zoonotic in-

fections but rather has a human reservoir, in contrast to EHECwhich are

asymptomatically associatedwith ruminants, especially cattle (Croxen

et al., 2013).

6.3 flexibility of e . coli genomes and pathotypes

The genomic flexibility of “modern” E. coli strains was and maybe still

is highly undervalued. Thus, the famous quote

“Anything found to be true of E. coli must also be true of

elephants.” – Jacques Monod

can also be interpreted as the vastness of E. coli’s possibilities and

adaptability, even in comparison to large multicellular organisms. Two

goodexamples aredescribed in this thesis: TheunprecedentedGerman

STEC outbreak 2011 with an unusual hybrid pathotype of EAEC and

EHEC (Section 5.2 on page 104) (Brzuszkiewicz et al., 2011) and the

high genomic diversity of bovine E. coli isolates, their potential to cause
bovine mastitis, and the resulting absence of a mammary pathogenic

E. coli (MPEC) pathotype (Section 5.3.4 on page 140) (Leimbach et al.,

2017).

5 E. g. STEC 01-09591 (HUSEC041) does not encode for the ESBL CTX-M-15 and contains

AAF type III (as does EAECO104:H4 55989) instead of AAF/I. The E. coli 01-09591 pAA

plasmid also contains the enteroaggregative heat-stable enterotoxin 1 (EAST1; astA),
which is not present in the 2011 clonal outbreak strains (Mellmann et al., 2011).
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6.3.1 Ambiguous and emerging (hybrid) E. coli pathotypes

The advancement in sequencing technologies with highly increased

throughput and specificity (Section 1.1.1 onpage 5) has shatteredmany

older paradigms on E. coli pathogenicity. Especially, several tradition-
ally well-defined E. coli pathotype definitions have taken a turn to

more ambiguous definitions (Croxen et al., 2013). With the availability

of thousands of E. coli genomes (Figure 5 on page 12) and realization

of the unlimited and open E. coli pan-genome (Figure 6 on page 14) it

is now clear that VFs, that were historically deemed to be pathotype-

specific, can actually be integrated into different pathogenic or com-

mensal E. coli genomic backgrounds. This is e. g. the case for several

autotransporter (AT) proteins that initially were deemedmarkers for E.
coli pathotypes, but actually are present in diverse strains of the E. coli
population and rather correlate with phylogenetic background (Sec-

tion 5.1 on page 79) (Zude et al., 2014). Even phenotypically defined

IPEC pathotypes can be difficult to pin down genetically, if analyzed in

adequate genome numbers, as is the case for atypical enteropathogenic

E. coli (EPEC), diffusely adherent E. coli (DAEC), and adherent invasive

E. coli (AIEC)
6
(Ingle et al., 2016b; O’Brien et al., 2016; Robins-Browne

et al., 2016).

The emergence of “new” hybrid pathotypes additionally burdens

the already complicated classification system (Croxen et al., 2013): e. g.

typical and atypical EPEC
7
(Hazen et al., 2016; Ingle et al., 2016b) or

EAEC
8
, STEC and EHEC

9
, and enteroinvasive E. coli (EIEC) and Shigella.

These accommodations of newly found strains that do not fit the tradi-

tional classification are the direct result of the increased awareness of

E. coli’s unexpected genotypical diversity.

It can be assumed that all hybrid combinations of VFs in individual

E. coli genomes are possible as long as they can be acquired via HGT,

are supported by their natural habitats (mainly animal intestines), and

do not succumb to evolutionary pressure like maintenance cost for

the strain. Recently, there have been reports on several mixed E. coli
pathotypes causing disease in humans, e. g. hybrid ETEC/STEC strains

causing both HUS or diarrhea (Leonard et al., 2016; Nyholm et al.,

2015), UPEC harboring typical IPEC VFs
10

(Toval et al., 2014a,b), or a

heteropathogenic O2:H6 STEC expressing both IPEC and ExPEC VFs and

causing both diarrhea or urinary tract infections (UTIs) (Bielaszewska

et al., 2014). The possession of VFs outside the pathotype classification

6 AIEC are associated with Crohn’s disease, which is a chronic inflammatory bowels

disease.

7 Strains encoding for LEE, but being either bfp-positive or -negative EPEC. bfp is the

plasmid-encoded bundle-forming pilus operon.

8 EAEC encoding for the master regulator aggR or not.

9 EHEC are classically defined as being associatedwith hemorrhagic colitis andHUS, but

on the molecular level as LEE-positive and Stx-encoding E. coli. STEC are LEE-negative.

10 These UPEC strains include VFs of EAEC, STEC, and atypical EPEC.
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might even enhance virulence properties, as is the case for EAEC caus-

ing a UTI outbreak in Denmark (Boll et al., 2013; Olesen et al., 2012).

It is not surprising then, that natural infections in individuals can be

caused by multiple phylogenetically diverse pathogenic E. coli with

variable VF-content, e. g. cholera-like diarrhea caused by diverse ETEC

in Dhaka Bangladesh (Sahl et al., 2015).

Many hybrid strains might circulate in human or non-human habi-

tats in small enough numbers to evade detection by conventional diag-

nostic techniques. Thus, there is a needed vigilance for newly evolved

or already circulating hybrid E. coli pathotypes that can become patho-

genic or make the jump to the human host (Croxen et al., 2013). Nev-

ertheless, the majority of E. coli infections are still caused by known

culprits (e. g. EHEC O157:H7 or UPEC with traditional VFs) (Croxen et

al., 2013; Köhler and Dobrindt, 2011; Leimbach et al., 2013) and patho-

type classifications are very useful in a clinical setting for determining

the potential severity of an infection and the best course of treatment.

Furthermore, many hybrid strains only rarely cause human infections

and therefore seem to be inhibited in their potential to colonize the

human host (Robins-Browne et al., 2016). This difference might be a

consequence of the gene content of E. coli strains in relation to their

phylogenetic background.

6.3.2 Impact of phylogenetic genealogy on gene content

Interspecies recombination between extant E. coli of different phylo-
groups is restricted. Closely related E. coli genomes exchange more

genetic material (especially within phylogroups) than distantly related

ones (Didelot et al., 2012a; Leopold et al., 2011; McNally et al., 2013).

Phylogenetic background of E. coli, therefore, has a large impact on

gene content, as was shown for the distribution of AT proteins (Sec-

tion 5.1 on page 79) and bovine-associated E. coli (Section 5.3.4 on

page 140) in our studies (Leimbach et al., 2017; Zude et al., 2014).

Thus, it is important to consider the phylogenetic background of E.
coli strains to determine if putative functional convergence is not ac-

tually of phylogenetic nature. Concordantly, several excellent recent

studies with large E. coli genomic sample sizes could show that extant

typical and atypical EPEC, as well as ETEC emerged in different phyloge-

netic lineages and a global clonal expansion of these lineages occurred.

These groups retain lineage-specific gene content acquired since the

last common ancestor – possibly a consequence of restricted recom-

bination between phylogroups (Hazen et al., 2013; Ingle et al., 2016b;

von Mentzer et al., 2014). Because E. coli phylogroups have different

prevalences with animals or humans, gene content associated with

phylogeny might be a consequence of niche adaptation (Tenaillon et

al., 2010). Consequently, the amount of recombination between strains

might be a result of overlapping habitats. As inter- and intragroup
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recombination is the cohesive force to counteract divergence, E. coli
strains could undergo disconnected evolution within these habitats.

Several pathotypes are in need of an update in regard to popula-

tion structure and evolutionary relationships to understand their emer-

gence and epidemiology. Especially those defined by the absence ofVFs

or with VFs prevalent on MGEs prone to HGT, instability, and deletion.

As classical pathotype classifications are incomplete and potentially

misleading, a more informative and accurate diagnostic bacteriology

is required (Hazen et al., 2013; Ingle et al., 2016b; von Mentzer et al.,

2014). Therefore, traditional clinical diagnostics todetect fewclassically

associated VFs via PCR or serotyping needs to be enhanced with mod-

ern techniques like WGS that have no detection bias, higher sensitivity,

and accuracy (Chapter 7 on page 219) (Robins-Browne et al., 2016).

With the change of microbiology (and overall biological sciences) from

a hypothesis- to a more data-driven scientific enterprise (van Helden,

2013) one could argue:

“Whatbetterplace thanhere,what better time thannow?”
11

6.4 implications and outlook on bovine e . coli mastitis

The multifactorial etiology of bovine mastitis is a major challenge for

disease prevention and suitable treatment of afflicted animals (Ganda

et al., 2016). This is especially true for environmental mastitis patho-

gens like E. coli, where cow factors and environmental conditions have

been implicated in deciding the course of the infection (Section 1.5.1

on page 50) (Burvenich et al., 2003). There is no “easy” solution for the

control of E. coli bovine mastitis.

6.4.1 Current shortcomings of mastitis-associated E. coli genomics

In Leimbach et al. (2017) (Section 5.3.4 on page 140)we could show that

there is no evidence for the MPEC pathotype proposed by Bradley and

Green (2001) and Shpigel et al. (2008). In our strain panel of 16 MAEC

there was no virulence-associated gene that was significantly enriched

in comparison to the nine bovine commensal isolates. However, if a

particular gene plays an important role in E. coli mastitis-mediated

disease, then one would expect it to have a wide distribution among

MAEC in contrast to commensals. Our results, therefore, support the

high geno- and phenotypical diversity of bovine E. coli regardless of

isolation source (udder or fecal commensal) (Houser et al., 2008), and

the opportunistic character of E. coli udder infections (Section 1.5.3 on

page 55).

Nevertheless, several studies demonstrated an association of spe-

cific E. coli VFs with MAEC (Table 2 on page 58), albeit none of these

11 Rage against the machine, “Guerrilla Radio” 1999.
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VFswere predominantly found in the respectiveMAEC strains. Many of

these publications have other shortcomings like the lack of an adequate

strain sample size, small phylogenetic diversity, or lack of commensal

comparator strains. Themajority implicated a different set of VFs as pu-

tative MAEC factors and the few overlaps between them mostly result

from investigations with similar restricted VF panels. However, a puta-

tive functional relatedness, like disease-associated VFs, can be clouded

by a one-sided phylogenetic background of the strains and its impact

on gene content (Section 6.3.2 on page 204). Because our Leimbach et al.

(2017) study likewise includes a smaller sample size, we included an

extensive analysis on the phylogenetic background of the strains’ gene

content. Additionally, our analysis resulted in a negative result (no VFs

significantly enriched in MAEC), which is less likely to achieve with a

small strain panel.

Within the high diversity of bovine E. coli there are also strains with

a low ability to cause IMI. On the one hand, there is “environmental” E.
coli isolate K71 that is non-pathogenic in the bovine udder (Blum et al.,

2017). This might be a consequence of its LPS biosynthesis impairment,

presumably resulting in a higher phagocytosis susceptibility by PMNs

and a decrease of the inflammatory reaction. On the other hand, the

non-pathogenic, laboratory adapted E. coli K-12 MG1655 strain can

cause an inflammation reaction in a mastitis model mouse system

(Blum et al., 2015). Whether such a result can be attributed to various

E. coli lineages more adapted to elicit mastitis, as proposed by Kempf

et al. (2016) and Goldstone et al. (2016) (Section 1.5.3 on page 55),

seems unlikely. After all, E. coli MG1655 has a phylogroup A and K71

a phylogroup B1 background.

Mastitis incidence varies with differences in diet, environmental fac-

tors, and countries (Bean et al., 2004; Houser et al., 2008). Thus, fu-

ture studies (genomic and phenotypic ones) should include isolates

from different herds, farms, management styles, countries, and with a

suitable phylogenetic diversity to properly represent the E. coli pop-
ulation and achieve the necessary statistical effect sizes. Consider-

ing the possibilities of HTS, I am confident future research will rem-

edy the current shortcomings. These techniques in combination with

open data sharing and cooperation between different research groups

around the world would greatly advance bovine mastitis E. coli re-
search. The Global Enteric Multicenter Study (GEMS)

12
funded by the

Bill & Melinda Gates Foundation could serve as an example for such

a collaboration (Kotloff et al., 2013). Other studies can then draw from

this resource and e. g. analyze isolates in more detail, just as Hazen

et al. (2016) and Ingle et al. (2016b) did for hybrid IPEC pathotypes

(Section 6.3.1 on page 203).

12 An epidemiological study drawing fecal samples of children with and without mod-

erate to severe diarrhea.
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6.4.2 Prevention and treatment strategies for E. coli mastitis

The list of potential prevention and treatment strategies for bovine

E. coli mastitis is long. Despite many measures like vaccinations and

extensive antibiotic usage, mastitis is not fully under control and al-

ternative strategies/novel therapeutic approaches are needed that do

not affect public health (Bouchard et al., 2015). The focus of modern

mastitis control in dairy herds relies on prevention rather than imper-

fect treatment regimes (Suojala et al., 2013). An important approach to

mastitis control is fast and sensitive microbial diagnostics. There have

been major advancements in diagnostic techniques in recent years,

that, however, have not found their way into veterinary practice yet

(Chapter 7 on page 219).

6.4.2.1 Improving “cow” and “environmental” factors

Considering the ubiquity of E. coli in bovine feces, its opportunistic

character of IMIs, and the importance of cow and environmental factors

in the development of the disease (Section 1.5.1 on page 50), mastitis

management should be approached in a holisticmanner.Herdmanage-

ment needs to be scrutinized and farmers adequately informed. Cow

factors can be improved by reducing stress, like providing a clean, dry,

cool, and comfortable environment, and optimal nutrition. Thorough

hygiene procedures during milking and in the farm environment, but

also using bedding systems that reduce fecal contamination of the ud-

der, are important elements of environmental mastitis control (Blowey

and Edmondson, 2010; Bradley, 2002; Hogan and Larry Smith, 2003).

Especially during the periparturient period, where cattle are most sus-

ceptible to E. coli mastitis (Section 1.5.3 on page 55), factors that max-

imize the cow’s own defenses (physical integrity of the teat and the

immune system) need to be supported.

The genetic selection for increased milk yield and composition have

resulted in dairy cowswith higher susceptibility tomastitis. Highmilk

production subjects the cows to additional physiological stress and di-

lutes the humoral and cellular immune defense systems in the udder.

Variations in mastitis prevalence exists between breeds and individ-

ual cows
13
, therefore a selection for animals with a higher resilience

against mastitis could counteract this unwanted genetic drift (Blowey

and Edmondson, 2010; Rainard and Riollet, 2006).

The innate immunity reaction as a consequence of anE. coli IMImight

also be modulated. Treatment with lactoferrin has been proposed as

it not only inhibits bacterial growth, but also neutralizes LPS and may

dampen the overshooting inflammatory response during acute masti-

tis (Rainard and Riollet, 2006). New techniques like the CRISPR-Cas9

13 For example a single single nucleotide polymorphism (SNP) in a chemokine receptor

is associated with impaired neutrophil migration and correlates with frequency of

subclinical mastitis in Holstein cows (Rainard and Riollet, 2006).
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system
14

can be used to genetically engineer the bovine mammary

gland to produce further innate immune system components, like de-

fensins (Section 1.5.2 on page 53) (Hyvönen et al., 2006; Rainard and

Riollet, 2006).

Possible future intervention strategies to prevent bovine mastitis

might be maintaining or strengthening the natural, endogenous mam-

mary microbiota to prevent or at least mitigate E. coli IMI. Commensal

strains can have a direct inhibitory effect on mastitis pathogens or re-

sult in competitive colonization exclusion. Mastitis is a dysbiosis of the

udder microbiota and its balanced relationship with host structures in

the mucosal niches. The result is a dramatically reduced bacterial di-

versity and alteredmicrobial profile. Therefore,measures to regain this

natural diversity after clinical or subclinicalmastitis occurrencesmight

have a positive effect and support spontaneous recovery (Falentin et al.,

2016; Ganda et al., 2016). Bouchard et al. (2015) recently reported on

commensal lactic acid bacteria frommammary teat canals that exhibit

growth inhibition properties for the threemainmastitis pathogens and

advantageously modulate the bovine immune response
15
. Thus, these

bacteria might be used as a probiotic to compete with pathogens for

mammary gland colonization.

Herds with a low bulk SCC have a higher incidence of E. colimastitis

infections (Section 1.5.3 on page 55) and a higher SCC has been asso-

ciated with increased mastitis resilience through a faster immune re-

sponse and PMN migration (Blowey and Edmondson, 2010; Burvenich

et al., 2003; Kornalĳnslĳper et al., 2004). The natural microbiota of the

cow’s udder might be needed to maintain leukocytes (and overall SCC)

in the bovine udder at a balanced level. Thus, even (minor) mastitis

pathogens (e. g. Streptococcus spp. and Staphylococcus spp.) can bemem-

bers of the core/healthy udder microbiota and have a beneficial effect

on immune capacities and ultimately on udder health (Oikonomou

et al., 2012). Successful measures to decrease contagious mastitis (Sec-

tion 1.5.1 on page 50) (Bradley, 2002; Hogan and Larry Smith, 2003),

might have directly contributed to the increase in mastitis caused by

environmental pathogens (especially E. coli) by ridding the bovine

mammary tissue of its natural immune alertness. The unintentional

negative effects of excessive antibiotic use in the dairy industry on the

natural udder microbiota should not be underestimated (Ganda et al.,

2016).

14 The clustered, regularly interspaced, short palindromic repeat-CRISPR associated

proteins (CRISPR-Cas) system is an adaptive immunity system of prokaryotes to

detect and cleave foreign phage and plasmid DNA. Because of its unparalleled ease

of use, speed, and precision the CRISPR-Cas9 system can be used for genome editing

(Doudna and Charpentier, 2014).

15 These Lactobacillus and Lactococcus strains showed anti-inflammatory effects, like a

decrease in IL-8 secretion of mammary epithelial cells in vitro.
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6.4.2.2 Antibiotic treatment and resistances of E. coli mastitis

Many improvements in decreasing the incidence and prevalence of

mastitis have been on the back of widespread and unsustainable an-

tibiotic usage, e. g. (prophylactic) whole herd dry period therapy (Sec-

tion 1.5.1 on page 50) (Bradley, 2002; Hillerton and Berry, 2005). About

80% of the total antibiotics used in the dairy industry are prescribed

for prophylaxis and treatment of bovine mastitis, despite varying de-

grees of effectiveness (Blowey and Edmondson, 2010; Ganda et al.,

2016). Broad-spectrum antimicrobial agents are usually administered

to treat coliform mastitis, like fluoroquinolones and third- or fourth-

generation β-lactam cephalosporins, although current guidelines do

not recommend intramammary antibiotic use for Gram-negative mas-

titis (Fairbrother et al., 2015; Ganda et al., 2016; Hillerton and Berry,

2005; Suojala et al., 2013).

While the success of antibiotics in battling bovine mastitis elicited

by contagious pathogens is unquestioned, there is no convincing evi-

dence that they are beneficial for the treatment of E. coli IMIs. In fact,

intramammary coliform bacteria only have a low response rate to an-

timicrobial treatment – the effect on shortening the duration of IMI and

pathogen clearance rate is minimal. Especially since clinical E. coli ud-
der infections are usually transient with a high spontaneous cure rate,

antibiotic treatment seems to be pointless (Ganda et al., 2016; Hillerton

and Berry, 2005; Hogan and Larry Smith, 2003; Suojala et al., 2013).

Furthermore, there is an economic and public health risk of antibiotic

residues in bulkmilk for human consumption. E. coli IMIwithmild and

moderate signs should be treated with alternative, non-antimicrobial

approaches (Section 6.4.2.1 on page 207). Nevertheless, systemic an-

timicrobial treatment remains irreplaceable during severe infections

due to the risk of bacteremia (Hillerton and Berry, 2005; Suojala et al.,

2013).

Not only non-responsiveness of coliform mastitis to antibiotic treat-

ment but also the emergence of resistances have become a major con-

cern on dairy farms. Mismanagement and overuse of antibiotics are

critical issues in blunting these keyweapons against animal andhuman

diseases. Resistances to antibiotics have risen in parallel to antimicro-

bials commonly used in dairies and there is a risk of introducing resis-

tant bacteria into the food chain via raw milk and raw milk products

(Gomes and Henriques, 2016; Suojala et al., 2013). In particular broad-

spectrum antibiotics increase the selection pressure on bacteria and

promote the emergence of multidrug resistant strains. Because many

are critical drugs for human medicine, their use should be limited to

specific indications based on conclusive bacteriological diagnostics, at

best performeddirectly on site (Chapter 7 onpage 219). Antibiotic treat-

ment could then be predominantly targeted at Gram-positive bacteria

(Suojala et al., 2013). Additionally, the routine use of broad-spectrum
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antibiotics could be avoided by prescribing narrow-spectrum drugs

based on the detailed genomic information of the pathogen.

Accordingly, MAEC carrying ESBL genes have been increasingly iso-

lated from cows with mastitis milk
16
. ESBLs confer high levels of re-

sistance to most β-lactams, including last generation cephalosporins.

Because several isolates show a close phylogenetic relationship to epi-

demiological successful ESBL-carriers in humans, they illustrate the

emerging dangers in antibiotic resistances in livestock and possible

introduction into the food chain (Dahmen et al., 2013; Locatelli et al.,

2009). Several of the ESBL genes were found on conjugative plasmids,

especially in combination with other resistance markers, which pro-

motes co-selection of the resistances and HGT (Freitag et al., 2016).

Several of the 25 bovine-associated E. coli strains analyzed in Leim-

bach et al. (2017) (Section 5.3.4 on page 140) contain genes conferring

antibiotic resistances (Table 7 on the facing page). Most common are

resistance markers for aminoglycosides, β-lactams, sulfonamides, and

tetracyclines in our strain panel. Several of these are present on the

AMR-SSuT (antimicrobial multidrug resistance to streptomycin, sul-

fonamide, and tetracycline) resistance island described in Leimbach et

al. (2017) (see Figure S4 of the publication’s supplemental material on

page 169).Highlights ofmultiresistance are six commensal strainsRiKo

2299/09, RiKo 2305/09, RiKo 2308/09, RiKo 2340/09, RiKo 2351/09,

andW26, which are all ESBL producers (Table 7). Interestingly, most of

the resistant strains in this study are commensal fecal isolates and not

MAEC, the reason for which is still unknown. Antimicrobial resistances

to aminoglycosides, β-lactams, sulphonamides, and tetracycline were

also detected in several previous studies on MAEC or bovine commen-

sal isolates (Blum et al., 2008; Freitag et al., 2016; Ibrahim et al., 2016;

Liu et al., 2014; Locatelli et al., 2009; Suojala et al., 2011). Although

antibiotic resistances are not uncommon in commensal strains, they

usually have no specific association with commensal isolates in com-

parison to MAEC (Blum et al., 2008). Our data and these studies high-

light the problems in treatment of bovine mastitis with antibiotics and

the tremendous potential for the transfer of multidrug resistance via

HGT between commensal and pathogenic E. coli strains. There is an ur-

gent need for proper prevention strategies and alternative treatments

to further limit the use of antimicrobials in livestock.

16 Different types of ESBLs have been found like bla
CTX-M

and bla
TEM

(Dahmen et al., 2013;

Freitag et al., 2016; Ghatak et al., 2013; Locatelli et al., 2009).
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Table 7: Antibiotic resistance genes present in the bovine-associated E. coli strain panel of Leimbach et al. (2017). The genes were identified with the web

server ResFinder (v2.1) (Zankari et al., 2012) and grouped according to the antibiotic class they confer resistance to.

strain patho
*

phylo
*

amg
*

bla
*

cmp
*

mac
*

sul
*

tet
*

tmp
*

qui
*

1303 MAEC A strAB sul2 tetDCBR
131/07 MAEC A

2772a MAEC B1

3234/A MAEC A

AA86 commensal B2 bla
TEM-1

D6-113.11 MAEC E

D6-117.07 MAEC A

D6-117.29 MAEC A strAB sul2 tetDCBR
ECA-727 MAEC A aphA7,

strAB
sul2 tetDCBR

ECA-O157 MAEC A aadA1 tetAR
ECC-1470 MAEC B1

ECC-Z MAEC A

MPEC4839 MAEC A

MPEC4969 MAEC B1

Continued on next page.

https://cge.cbs.dtu.dk//services/ResFinder/
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Table 7: Antibiotic resistance genes present in the bovine-associated E. coli strain panel of Leimbach et al. (2017). The genes were identified with the web

server ResFinder (v2.1) (Zankari et al., 2012) and grouped according to the antibiotic class they confer resistance to (continued).

strain patho
*

phylo
*

amg
*

bla
*

cmp
*

mac
*

sul
*

tet
*

tmp
*

qui
*

O157:H43 T22 commensal B1

O32:H37 P4 MAEC A

P4-NR MAEC B1

RiKo 2299/09 commensal B1 aadA5,
aacC2

bla
CTX-M-15

,

bla
OXA-1

mphRA sul1 tetAR dfrA17 aac(6’)Ib-cr

RiKo 2305/09 commensal B1 aadA1,
aadA5, aadB

bla
CTX-M-15

floR mphRA sul1, sul2 tetAR dfrA17

RiKo 2308/09 commensal A aadA1,
aadB, aacC2,

aphA7,
strAB

bla
CTX-M-1

,

bla
TEM-1

floR mphA sul1, sul2 tetDCBR

RiKo 2331/09 commensal B1

RiKo 2340/09 commensal A aadA1,
aadB, aacC2,

aphA7,
strAB

bla
TEM-1

floR sul1, sul2 tetDCBR

Continued on next page.

https://cge.cbs.dtu.dk//services/ResFinder/
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Table 7: Antibiotic resistance genes present in the bovine-associated E. coli strain panel of Leimbach et al. (2017). The genes were identified with the web

server ResFinder (v2.1) (Zankari et al., 2012) and grouped according to the antibiotic class they confer resistance to (continued).

strain patho
*

phylo
*

amg
*

bla
*

cmp
*

mac
*

sul
*

tet
*

tmp
*

qui
*

RiKo 2351/09 commensal B1 aadA1,
strAB

bla
TEM-1

catA1 mphB sul1, sul2 tetAR dhfrI

UVM2 MAEC A

W26 commensal B1 aph(3’)-Ia,
strAB

bla
TEM-1

sul2 tetAR

*
Abbreviations are as follows: Patho = pathotype, Phylo = phylogroup, AMG = aminoglycosides, BLA = β-lactams, CMP = chloramphenicol/florfenicol,

MAC = macrolides, SUL = sulfonamides, TET = tetracycline, TMP = trimethoprim, QUI = quinolones.

https://cge.cbs.dtu.dk//services/ResFinder/
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Because of the extensive increase inmultidrug-resistant bacteria one

alternative treatment to antibiotics is experiencing a renaissance: bac-

teriophage therapy. Phage therapy is effective against multi-resistant

bacterial infections and can serve as a surrogate in situations where

treatment has run out of antibiotic options. However, phages have very

specific targets and a suitable phage cocktail needs to be chosen – a

task that can be facilitated byWGS of the bacterial pathogen (Section 7.1

on page 219) to detect outer membrane proteins (OMPs) that serve as

attachment sites and phage immunity systems (like CRISPR-Cas, see

footnote
14

on page 208). Narrow phage host restriction has the ad-

vantage of avoiding side effects on the natural microbiota (Matsuzaki

et al., 2014). In a mammary setting additional research is required to

investigate if there is a putative inhibition by milk constituents or if

phage therapy can be effective against a highly diverse MAEC popula-

tion (Gomes and Henriques, 2016).

6.4.2.3 Vaccination against MAEC

The holy grail in preventing infections and circumventing widespread

antibiotics use is vaccination. An effective vaccine for bovine E. coli
mastitis would induce the innate and adaptive immune response to

synergistically elicit a sudden and effective reaction to eliminate invad-

ing E. coli (Rainard et al., 2016). This is a formidable challenge for the

large antigenic and genetic diversity of environmentalMAEC and so farvaccination for E.
coli bovine mastitis

not effective
vaccination strategies to successfully prevent E. coli mastitis have not

fulfilled this promise.

A commercial “J5 core antigen”vaccine
17
, that is administered subcu-

taneously, has been in use in North America for many years. However,

its effect is only of short duration and it does not prevent clinical E. coli
mastitis, although it decreases the severity of clinical signs. The short-

lived protective immunity in the udder is a result of the body-udder

barrier, where immunity acquired in the body is only partial and at a

lower level present in the udder and similarly vice versa. The resulting

failure in mounting an adequate and long-lasting immune response is

another major challenge in the development of effective vaccines for E.
coli IMI (Hogan and Larry Smith, 2003; Schukken et al., 2011).

The high genome plasticity of MAEC includes an inherent variability

of OM antigenic structures like the O-antigen of LPS, flagellin etc. (Sec-

tion 6.1 on page 195). Vaccination is therefore expected to ever only

produce a partial reduction in incidence and protection from a limited

range of strains, if at all. Two recent studies on intramammary im-

munization with ultraviolet-killed MAEC ECC-Z and heat-killed MAEC

O32:H37 P4 confirm this conclusion, as a less severe inflammation

17 This is a whole cell bacterin vaccine from heat-killed O111:B4 E. coli J5. E. coli J5 is a

roughmutant, that lacks the O-antigen moiety of LPS (González et al., 1989; Schukken

et al., 2011).
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response and partial protection from IMI was only present for the chal-

lenge with identical strains (Herry et al., 2017; Pomeroy et al., 2016).

6.4.3 Outlook on E. coli mastitis research

There are still many open questions regarding the aetiology and espe-

cially the vastly different disease pathologies of E. coli IMI. Unraveling

these should help dairy farmers to focus on the most important areas

for mastitis prevention and control.

In this context it is important to consider that a pathogen (and its

virulence determinants) is only pathogenic within the background of a

susceptible host and thus the host-pathogen interaction always needs

to be evaluated simultaneously (Pirofski and Casadevall, 2012). This

is especially true for the opportunistic relationship between E. coli and
bovine mastitis (Section 1.5.3 on page 55).

I want to touch shortly upon what microbial genomics and HTS can

do in the future to expand our current knowledge on E. coli IMI.

genomics Because, the genomic plasticity of bovineE. coli and their

associationwithmastitiswas long not appropriately addressed there is

still much to learn from WGS of MAEC and commensal E. coli. Genomic

analysis of the gene content of a large and diverse strain panel with

MAEC and fecal bovine E. coli, as proposed in Section 6.4.1 on page 205,

at best associated with phenotypical metadata of the corresponding

disease progression, could finally settle the ambiguity of the proposed

MPEC pathotype. It might also contribute to the understanding ofmam-

mary epithelial cell invasion properties of E. coli strains putatively asso-
ciated with chronic/persistent IMIs (Section 1.5.3 on page 55) (Almeida

et al., 2011; Dogan et al., 2006; Döpfer et al., 1999, 2000). One could also

go beyond gene content analysis ofMAEC isolates and analyze different

alleles of orthologous proteins and intergenic (regulatory) regions in

different strains with respect to virulence properties.

Shotgun metagenomics approaches (instead of the simpler descrip-

tive 16S rRNA genemetabarcoding techniques) can be used to elucidate

the relationship of pathogenic strains with the present natural micro-

biota during the colonization process. Prior to that the healthy bovine

udder microbiota needs to be characterized further to understand its

dynamics, especially in the face of the low genetic diversity of todays

dairy cattle. I suppose that metagenomic sequencing with strain-level

resolution would also detect some individual udder quarters infected

with different E. coli strains at the same time, a fact that is often over-

looked by “single-colony” analyses (Section 7.3 on page 222) (Scholz

et al., 2016). It would also enable the detection of low-abundance or-

ganisms, especially in clinical mastitis with negative aerobic culture

(Ganda et al., 2016).
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transcriptomics The ability to cause mastitis was shown to not

be dependent on a difference in gene content between commensal E.
coli andMAEC in this thesis (Section 5.3.4 on page 140) (Leimbach et al.,

2017). However, E. coli strains that naturally inhabit the gastrointesti-

nal tract have to adapt their metabolism and surface-exposed proteins

(like adhesins) in order to colonize, persist, and propagate in the udder

milieu (Section 1.5.3 on page 55). Many regulons have to be adjusted

accordingly and the pathogenicity of MAEC might be a consequence of

a more suitable transcriptional response in comparison to commensals

without gross changes in gene content. RNA-Seq canbeused to analyze

genome-wide differential gene expression of bovine-associated E. coli,
at best from in vivo IMI. This could be combined with dual RNA-Seq

to analyze the host-pathogen transcriptional response simultaneously

(Westermann et al., 2012, 2016). Additionally, transcriptomics is prefer-

ably combined with other “-omics” techniques, like proteomics and

metabolomics, to get a full picture of the phenotypic adaptability of

different bovine E. coli isolates. Finally, metagenomics HTS can be sup-

ported by metatranscriptomics to profile the transcriptional activity of

MAEC in conjunction with the complex udder microbiota and interro-

gate strain activity in vivo.
Recently, several studies that examined clinical severity of ExPEC

infections (both bacteremia and UTI) concluded that pathogenicity is

not dependent on VF presence or genomic adaptation but, at least in

UTI, on differential regulation of bacterial core functions in a subset of

“urine-associated E. coli (UAEC)” (Landraud et al., 2013; Nielsen et al.,

2016; Schreiber et al., 2017). Even small mutations can lead to a patho-

genic phenotype by regaining functional transcription of a biosynthe-

sis pathway or changing global transcription, as was described for the

non-pathogenic laboratory workhorse E. coli K-1218 (Browning et al.,

2013; Koli et al., 2011).

mutagenesis Considering the vast amount of research on bovine

E. coli mastitis and the proposal of a MPEC pathotype with a restricted

gene content (Section 1.5.3 on page 55) it is surprising that traditional

microbiological reductionist approaches, like bacterial gene knock-

outs and complementations in MAEC or competition experiments in

bovine or murine model systems, are not used more frequently in

experimental mastitis assays. A high-throughput method that is par-

ticularly suitable to identify genome-wide bacterial determinants re-

quired for pathogenesis is sequencing transposon mutants (Tn-Seq).

In this approach single-locus transposon insertion sites in thousands

of mutants are tracked via HTS before and after a selective pressure has

been put on the mutant library, e. g. growth in milk or infection of a

18 Both reverting a small genetic lesion to repair LPS O-antigen biosynthesis or intro-

ducing a mutant histone-like protein, HU, that drastically changes the transcription

profile, lead to a pathogenic lifestyle in E. coli K-12 (Browning et al., 2013; Koli et al.,

2011).
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model system. The fitness contribution of each gene can subsequently

be determined by comparing the relative frequency of each mutant

in the population after re-isolation (van Opĳnen and Camilli, 2013).

Such an experiment for MAEC 1303 with its finished-quality genome

sequence (Section 5.3.2 on page 134) (Leimbach et al., 2015) has been

started during this thesis.





7
THE FUTURE OF D IAGNOST IC AND PUBL IC

HEALTH MICROB IOLOGY

The nucleic acid sequence of clinical isolate genomes is inherently data
rich and canprovide (real-time) information on the isolation time, trans-

mission route/network, selection pressure on the bacterial population,

and current/future capacity for antibiotic resistances as well as viru-

lence determinants (Croxen et al., 2013; Didelot et al., 2012b). Further-

more, digital sequence information has an intrinsic standardization

and reproducibility (similar toMLST) and is comparable between differ-

ent laboratories (Maiden, 2006; Pallen andLoman, 2011). Thus, it can be

used to act not only upon single-patient level, but also across hospitals,

non-nosocomial pathogens, and across countries for a greater public

health benefit (as long as data are shared). As a consequence infection

control can be better targeted and employed more effectively (Gardy

et al., 2015). The technique is also universal and can be applied to HTS diagnostics is
universal

monitor hospitals, patients, food, environments, and veterinary prac-

tice amongst others (Land et al., 2015). A wealth of information is

currently lost in clinical microbiology diagnostic labs – sequencing all

isolates and opening up the datasets would be a fantastic resource for

population genomics, evolution, local/global epidemiology, and HGT

of antibiotic/virulence determinants.

On several occasions during this discussion the current state of di-

agnostic tools has been questioned and the need for modern high-

throughput techniques has been illustrated. Clinical microbiology re-

lies on fast and accurate results for patient treatment, especially in

time-sensitive outbreak settings.

7.1 why do we need to modernize microbial diagnostics

and epidemiology?

In this thesis are several examples where traditional microbial diag-

nostics reached its limits:

• The hybrid STEC/EAEC pathotype during the 2011 German out-

break caused initially problems as detection assays in public

health laboratories were not testing for the unusual O104:H4

serotype (Section 1.4 on page 48).

• It was shown that AT proteins cannot simply be used as mark-

ers for E. coli pathotypes without considering the phylogenetic

background of the strains (Section 5.1 on page 79) (Zude et al.,

2014).
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• MAEC strain 1303 was initially wrongly serogrouped as O5 in-

stead of O70 (Section 6.1 on page 195).

• We could not support the hypothesis of a MPEC pathotype for

bovine mastitis, thus there are no genetic markers that can be

used for detecting pathogenic E. coli associated with IMI (Sec-

tion 5.3.4 on page 140) (Leimbach et al., 2017).

UtilizingWGS of bacterial isolates with bioinformatical analyses and

high-quality reference databases could resolve these drawbacks. The

benefits of modern microbial diagnostics via HTS to rapidly identify,sequence-based
diagnostics

characterize, and monitor the spread of pathogenic E. coli are obvious
– especially in the case of newly emerging hybrid E. coli pathotypes
(Section 6.3.1 on page 203) (Robins-Browne et al., 2016).

An area where sequence-based diagnostics will have a tremendous

impact are antibiotic resistances. Over- and misuse of antibiotics in

human and veterinary medicine has lead to a rising threat of antibiotic

resistant bacteria in many pathogens, including E. coli (Section 6.4.2.2

on page 209). The WHO urgently warned of a ‘post-antibiotic era’ in its

global report on antimicrobial resistance surveillance 2014:

“A post-antibiotic era – in which common infections and

minor injuries can kill – far from being an apocalyptic fan-

tasy, is instead a very real possibility for the 21
st
century.”

– WHO (2014)

In the report’s action plan the WHO urges the scientific community

to develop effective, rapid, and low-cost diagnostic tools to guide op-

timal antibiotic use in human and animal medicine. Evidence-based

prescribing and dispensing of antibiotics should be the standard of

care, whereas today antimicrobials are rarely prescribed based on a

definitive diagnosis, especially in veterinary medicine (O’Neill, 2016;

WHO, 2014).

7.2 current state of clinical microbiology

Sequencing will eventually replace most of the traditional diagnostics

tests, as sequence-based in silico serotyping, antimicrobial suscepti-

bility testing, and VF typing methods are already more accurate, ex-

haustive, and have a higher resolution than traditional phenotypic

methods for E. coli (Figure 11 on the facing page) (Fratamico et al.,

2016; Land et al., 2015; Loman and Pallen, 2015). Overall, genotype-to-

phenotype relationshipswill bemore easily predictedwith the growth

of corresponding, high-quality databases and improvements in anal-

ysis tools (Section 1.1.2 on page 9) (Didelot et al., 2012b), like the

ecoli_VF_collection (Chapter 3 on page 65) (Leimbach, 2016b). Nev-

ertheless, there will always be a place for phenotypical resistance di-

agnostic tests, albeit only in special cases e. g. where new resistances
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arise that are not present in the reference databases (Schürch and van

Schaik, 2017).
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Figure 11: Comparison of conventional, isolate WGS-based, and culture-

independent sequence-basedmicrobial diagnosticsworkflows and

estimated time frames.Central data repositories and referencedata-

bases will need to be constantly updated on the basis of new re-

sults, as indicated by the double-headed arrows. The schematic is

an abbreviated form to highlight the central workflow steps. E. g.

media for culturing are usually selective, followed by a Gram stain

typically supplemented with colony morphology and biochemi-

cal tests to identify the pathogenic species. MALDI-TOF = matrix-

assisted laser desorption ionization–time-of-flight mass spectrom-

etry. Adapted from Didelot et al. (2012b) and Hasman et al. (2014)

using Inkscape.

The Gastrointestinal Bacteria Reference Unit of Public Health Eng-

land has implemented routine use of WGS since April 2014 as the refer-
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ence laboratory for enteric bacterial pathogens in the UK. Surveillance

of food-borne pathogens has been pioneered by the US Food andDrug

Administration’s (FDA) GenomeTrakr program
1
, a multi-agency net-

work which publishes its WGS results in a dedicated NCBI database

(Luheshi et al., 2015; Quick et al., 2015; Schürch and van Schaik, 2017).

In hospital-settings routineWGS for multi-drug surveillance is likewise

feasible and already saves on costs (Mellmann et al., 2016).

The future of bacteriological epidemiology and diagnostics basically

started with the 2011 German STEC outbreak and the first WGS analy-

sis of a pathogen’s genome in an ongoing epidemic (Section 6.2.2 onreal-time outbreak
monitoring

page 197). Rapid sequencing, the release of data with an open license,
and utilizing digital age technology for collaboration and information

disseminationmade the “crowdsourced” analysis during the epidemic

possible (Loman and Pallen, 2015).

The biggest transition challenges for public health laboratories are

standardization of fast, meaningful, and robust bioinformatical algo-

rithms (Section 1.1.2 on page 9), implementation of quality-control

measures, applications to reliably handle the massive amounts of data,

and approval from regulatory agencies. Analysis tools will need to

inform non-bioinformaticians with a “push-button” fast and accurate

diagnosis, and epidemiologistswith timely data for tracking outbreaks

in geospatial real time (Croxen et al., 2013; Land et al., 2015; Loman and

Pallen, 2015; Pallen, 2016). This should work at best with hand-held

computers, like the omnipresent smartphones.

There are already a couple successful examples of real-time bacterial

isolate WGS diagnostics and epidemics interventions summarized in

overview articles by Chan et al. (2012b), Didelot et al. (2012b), Fricke

and Rasko (2014), andHasman et al. (2014). The dropping costs forHTS

(Section 1.1.3 on page 11) will make these practices more common in

the near future, hopefully also outside academia.

7.3 what can we expect in the future?

An exciting aspect of sequence-based microbial diagnostics is that it

may eliminate the need for culturing bacterial isolates in the future al-

together. Treatment strategies in a clinical setting are time-dependent,

thus circumventing laboratory bacterial isolation in pure culture leads

to faster test results for timely and informed clinical decisions (Hasman

et al., 2014; Huang et al., 2017). Culture-independent sequence-based di-

agnostics rely on techniques established bymetagenomics to sequenceculture-

independent

shotgun
metagenomics

diagnostics

whole populations of bacteria from infection sites at the same time.

Metabarcoding techniques of phylogenetically informative microbial

1 https://www.fda.gov/food/foodscienceresearch/wholegenomesequencingprogramwgs/

ucm363134.htm

https://www.fda.gov/food/foodscienceresearch/wholegenomesequencingprogramwgs/ucm363134.htm
https://www.fda.gov/food/foodscienceresearch/wholegenomesequencingprogramwgs/ucm363134.htm
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genes (most prominently 16S rRNA amplicon sequencing
2
) can be used

to characterize the microbial diversity within a habitat. The more de-

tailed shotgunmetagenomics approach, i. e. direct sequencing of DNA

extracted from microbiologically complex samples without culturing

or target-specific amplification, is able to infer the gene content and

metabolic properties of a microbial community and their relationship

towards each other as well as their environment (e. g. human or bovine

host) (Pallen, 2014; Relman, 2013). This can be exploited for diagnostic

purposes to detect and characterize the bacterial disease agents from

a complex mix of organisms (Figure 11 on page 221) (Hasman et al.,

2014; Pallen, 2014).

Culture-independent shotgun metagenomic diagnostics has several

advantages in comparison to conventional, culture-based, selective,

single-colony diagnostics
3
(Hasman et al., 2014; Huang et al., 2017;

Loman et al., 2013; Pallen, 2014; Pallen and Loman, 2011; Pirofski and

Casadevall, 2012):

• It avoids amplificationbias and limited specificityof other culture-

independent approaches, like immunoassays, in-situ hybridiza-

tions, and PCR.

• It has the potential to be totally unbiased in detecting pathogens

(regardless if the pathogen is of bacterial, fungal, or viral origin)

with total DNA/RNA sequencing, appropriate sequence cover-

age, and algorithms that can detect also subdominant pathogens

(see below).

• It can elucidate polymicrobial and synergistic co-infections.

• It can detect variants in the overall pathogenic population (e. g.

variable antibiotic resistance genotypes).

• It can discover uncultivable and unknown pathogens – “un-

known unknowns” (Section 1.1 on page 3).

• Changes in the natural microbiota of the sample can be detected

simultaneously, opening new possibilities for microbiota diagnos-
tics4.

A landmark study by Loman et al. (2013) showed that many micro-

bial diagnostic prerequisites can be met via shotgun metagenomics.

The authors were able to identify the O104:H4 STEC strain causing the

2011 German epidemic (Section 1.4 on page 48) by sequencing stool

samples from patients, without the need of culturing or using any in-

formation learned through other means about the microbial diagnosis.

2 16S rRNA gene studies, however, have a limited resolution at the species and subspecies

level, because of the high conservation of the gene’s sequence (Huang et al., 2017).

3 Where you can find only what you are looking for.

4 Pathogen-specific signatures in the perturbed gutmicrobiota couldwork as diagnostic

markers.
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By iterative filtering of abundant human host and healthy fecal micro-

biota DNA, it was possible to obtain a draft assembly of the O104:H4

STEC outbreak strain. Additionally, the majority of positive fecal sam-

ples could be identified by mapping the metagenome sequence reads

to a O104:H4 STEC reference genome. This approach was also able to

subtype pathogens at a level sufficient for outbreak investigations, e. g.

MLST STs (Huang et al., 2017).

Since then there have beenmajor algorithmic improvements in strain-
level resolution of metagenomic samples, concurrent with cheaper andstrain-level

resolution within
metagenomics
sequence data

deeper sequencing coverage of samples. Discriminating genomes in

metagenome sequence reads has been advanced significantly in recent

years, mostly by binning algorithms5 (Brown, 2015). Shotgun metage-

nomic sequencing and pan-genome-based analysis e. g. successfully

identified ExPEC carrying typical UPEC VFs as a risk factor for necrotiz-

ing enterocolitis in preterm infants (Scholz et al., 2016).

How far metagenomics can replace conventional culture methods

for diagnostics remains to be seen, but improvements in sequencing

technologies are continuing. The MinION nanopore sequencer from

Oxford Nanopore Technologies has two advantages for diagnostics

in comparison to other HTS machines (Section 1.1.1.1 on page 6). First,

because theMinIONfits in apocket, it is possible to bring the sequencer

to the sample instead of the sample to a laboratory (Erlich, 2015; Loman

and Watson, 2015). Second, a unique property of the MinION is that

sequence data is streamed to a computer during the run and can be

analyzed in real-time, in contrast to the competitionwhere a sequencing

run first has to be completed. This ability was showcased in a hospital

outbreak of Salmonella enterica serovar Enteritidis in the UK, where the

MinION was able to acquire clinically relevant data within minutes,

identify the bacterial species within 20 min, and determine the isolate

to be part of the outbreak in less than 2 h after the sequencing run was

started (Quick et al., 2015) (Figure 11 on page 221).

For some samples, like blood and urine (Hasman et al., 2014), a

microfluidics-based system can be imagined in the future that is in-

tegrated with a nanopore machine to monitor macromolecules from

both the pathogen and host. DNA, RNA, and proteins can then be

assayed to investigate infection and inflammation all in one workflow

and in real-time (Loman and Pallen, 2015). In the dairy industry about

40% of milk samples from cows with clinical mastitis have negative

results by conventional aerobic culture. Also classical bacterial culture

has a time delay of 24 – 48 hours to obtain results (Ganda et al., 2016;

Oikonomou et al., 2012). Thus, a culture-independent nanopore-based

streaming control of milk samples cow-side, maybe directly integrated

in themilkingmachines on farms, tomonitor both the host’s inflamma-

5 Metagenomic binning of reads or contigs uses shared frequencies across samples, e. g.

sequence composition (GC content, tetranucleotide frequency, and codon usage . . . ),

sequence similarity, coverage, or specific marker genes in order to assign these to a

species or strain (Marx, 2016; Peabody et al., 2015)
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tion response and detect mastitis pathogens, is possible in the future.

Such a real-time, point-of-care strain-level diagnosis would be an im-

portant component to treat and prevent specific pathogens
6
instead of

general treatment, as well as antibiotic stewardship (Section 6.4.2 on

page 207).

Sequencing will not replace every aspect of culture-based

clinical bacteriology. However, the sequencing revolution

is here, we just need to embrace it!

6 Especially in time sensitive circumstances like acute and severe E. colimastitis.
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This chapter describes the detailed individual author contributions

for each publication included in the introduction on E. coli genomics

(Section 1.2.1 on page 13) and the publications chapter (Chapter 5 on

page 79). The first table lists the contributions for each part of the

respective study, the second table for each figure and table (if present).

Furthermore, a statement is included on page 237 that legal second

publication rights for themanuscripts were obtained, where necessary.

e . coli as an all-rounder : the thin line between commen-

salism and pathogenicity

Author contribution tables for Leimbach et al. (2013) in Section 1.2.1

on page 13.

Table 8: Individual author contributions for each part of Leimbach et al.

(2013).

participated in author initials
*

Study design & methods development AL, UD JH

Data collection AL

Data analysis & interpretation AL UD

Manuscript Writing

Introduction AL, UD

Materials & methods AL, UD

Results AL, UD

Discussion AL, UD

First draft AL, UD JH

*
Responsibility decreasing from left to right.

Table 9: Individual author contributions for the figures and table of Leimbach

et al. (2013).

figure/table author initials
*

Figure 1 AL

Figure 2 AL

Table 1 UD

*
Responsibility decreasing from left to right.
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prevalence of autotransporters in escherichia coli : what

is the impact of phylogeny and pathotype?

Author contribution tables for Zude et al. (2014) in Section 5.1 on

page 79.

Table 10: Individual author contributions for each part of Zude et al. (2014).

participated in author initials
*

Study design & methods development AL, IZ, UD

Data collection AL, IZ

Data analysis & interpretation AL, IZ UD

Manuscript Writing

Introduction IZ AL, UD

Materials & methods AL, IZ UD

Results AL, IZ UD

Discussion AL, IZ UD

First draft AL, IZ UD

*
Responsibility decreasing from left to right.

Table 11: Individual author contributions for the figures/tables of Zude et al.

(2014).

figure/table author initials
*

Table 1 AL

Figure 1 AL

Table 2 AL

Figure 2 AL

Figure 3 A/B IZ AL

Figure 4 IZ

Figure 5 A/B/C IZ

Figure 6 A/B/C IZ

Figure 7 IZ

Figure 8 IZ

Figure S1A/B AL

Figure S2A/B/C/D AL

Table S1 AL IZ

Table S2 IZ

Table S3 IZ

Table S4 AL IZ

Continued on next page.
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Table 11: Individual author contributions for the figures/tables of Zude et al.

(2014) (continued).

figure/table author initials
*

Table S5 AL

*
Responsibility decreasing from left to right.

genome sequence analyses of two isolates from the re-

cent escherichia coli outbreak in germany reveal the

emergence of a new pathotype : entero-aggregative-haemor-

rhagic escherichia coli (eahec)

Author contribution tables for Brzuszkiewicz et al. (2011) in Section 5.2

on page 104.

Table 12: Individual author contributions for each part of Brzuszkiewicz et al.

(2011).

participated in author initials
*

Study design &

methods development

AL, AT, EB GG, JS,

RD

HP, JB

Data collection AT, FM HP, JB AL EB, JS

Data analysis &

interpretation

AL, AT, EB,

JS

GG, HL,

RD

Manuscript Writing

Introduction AL, AT, EB,

GG, JS, RD

HL

Materials & methods AL, AT, EB,

GG, JS, RD

HL

Results AL, AT, EB,

GG, JS, RD

HL

Discussion AL, AT, EB,

GG, JS, RD

HL

First draft AL, AT, EB,

GG, JS, RD

HL HP, JB FM

*
Responsibility decreasing from left to right.

Table 13: Individual author contributions for the figures/tables of

Brzuszkiewicz et al. (2011).

figure/table author initials
*

Table 1 AL, AT, EB, JS

Continued on next page.
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Table 13: Individual author contributions for the figures/tables of

Brzuszkiewicz et al. (2011) (continued).

figure/table author initials
*

Figure 1 JS AL

Figure 2 AL

Figure 3 EB AL, JS

Figure 4 a/b EB AL, HL, JS

Figure 5 EB AL, AT, GG, JS, RD

Table S1 JS AL, EB

Table S2 HL EB

Table S3 EB JS

Table S4 EB JS

Figure S1 FM AT

Figure S2 A/B JS HL

Figure S3 JS AL

*
Responsibility decreasing from left to right.

the lipopolysaccharide of the mastitis isolate escherichia
coli strain 1303 comprises a novel o-antigen and the rare

k-12 core type

Author contribution tables for Duda et al. (2011) in Section 5.3.1 on

page 119.

Table 14: Individual author contributions for each part of Duda et al. (2011).

participated in author initials
*

Study design &

methods development

KD OH AL,

BL

UD HB

Data collection KD BL AL HB

Data analysis &

interpretation

KD BL AL,

UD

OH HB

Manuscript Writing

Introduction KD OH

Materials & methods KD BL AL

Results KD BL, UD AL HB, OH

Discussion KD OH, UD HB AL, BL

Continued on next page.
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Table 14: Individual author contributions for each part of Duda et al. (2011)

(continued).

figure/table author initials
*

First draft KD OH UD HB AL, BL,

EB

*
Responsibility decreasing from left to right.

Table 15: Individual author contributions for the figures/tables of Duda et al.

(2011).

figure/table author initials
*

Figure 1 not applicable

Table 1 KD OH

Figure 2 a/b KD OH

Figure 3 KD OH

Figure 4 a/b AL UD

Table 2 AL UD

Figure 5 HB

Figure 6 KD BL

Figure 7 KD OH

Table S1 AL UD

*
Responsibility decreasing from left to right.

complete genome sequences of escherichia coli strains
1303 and ecc-1470 isolated from bovine mastitis

Author contribution table for Leimbach et al. (2015) in Section 5.3.2 on

page 134.
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