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Abstract

Escherichia colis routinely isolated from vegetables and theriadseasing evidence
that plants are a secondary reservoir for commemsalpathogenic strains, but the
ecological factors involved in the persistencdotoli on plants are not clear. In this
thesis, a comparative study was undertaken contbipinenotypic and phylogenetic
analyses oE. coliisolates from salads grown in the UK and the faefanammalian
hosts.In vitro phenotypic profiling revealed significant differexscaccording to the
source of isolation: strains from plants were ie thajority from phylogroup B1,
displayed lower siderophore production, greaterilitypthigher biofilm production,
and better growth on the aromatic compounds anasecHowever, plant-associated
isolates reached lower growth yields on many carboarces, including several
amino acids and common carbohydrates such as glumod mannitol. The data
obtained indicate that in addition to lateral geransfer, variation (regulation or
uptake) in core metabolic functions plays an imgatrtrole inE. coli ecological
adaptation. When the discriminating phenotypes veerabined to generate a plant
association index (PAI) to rank strains accordmghieir potential to persist on plants,
a strong association between PAi and phylogeny faasd, notably high levels in
phylogroup B1 and low levels in phylogroup B2 whiwbuld potentially constitute a
good predictor for host specialisation and gensatibn inE. coli. As a more applied
and preliminary investigation, the question of havetrain with a medium level of
PAi (GMB30) can influence the resident microflorafield- and laboratory-grown
spinach was also addressed. Overall, this studyskimat despite frequent acquisition
and loss of traits associated with nonhost enviemis) theE. coli phylogroups differ

substantially in their transmission ecology, anthim adaptation levels to their host.
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1. Introduction

1.1. Evolutionary biology and population genetics oE. coli

1.1.1. Generalities onE. coli

1.1.1.1. Brief historical background

At the times of Robert Koch (1843-1910), first thetecian of the link between
diseases and pathogenic bacteria, first observeediscoverer) oBacillus anthracis
(1877),Mycobacterium tuberculosi€882),Vibrio cholerae(1883) and Nobel Prize
laureate in 1905, bacteriology was a controverBed of science. The popular
“miasmatic theory” suggested that diseases suathalera were caused by abiotic
“poisonous vapour” in the air (or “miasma”) andstgbsequent inhalation by humans.
Belief in the miasmatic hypothesis, despite haviegn disproved by John Snow
during the 1854 cholera epidemic of London, wasespfead among physicians even
at the end of the focentury. Koch’s work was routinely criticised then-influential
physicians. The debate was so virulent at the tiha#g Max von Pettenkofer, a
renowned professor in Munich, personally drank speuasion ofV. choleraewhich
he had received from Koch (who had diluted it),stlmontracting a weak dysentery
(Friedmann, 2006). More and more accumulation aflence gradually came to

validate the “germ theory of disease” at the beiginof the 28 century.

A brilliant yet nowadays rather publicly unknownuBaian physician called Theodor
Escherich (1957-1911F(gure 1.1) played a considerable role in the acceptance of

the germ theory. As a peadiatrician, Escherich’snni@acus was to understand the



cause of then-devastating neonatal infections.ddde the early 1900s, a mortality
rate of 80% at birth was not uncommon in Europe aenid mortality remained
around 20% until one year of age. As a consequervehorn and infants were rarely
admitted to hospitals before one year old. Physgiawere usually inefficient and
powerless against bacterial infections, and hygignactices were not widespread in

hospitals.

Figure 1.1. Theodor Escherich (1857-1911) pictureground 1900.(Shulman et al., 2007) This

picture is in the public domain.

In 1885, after having learnt the basics of puréucirlg and sterile manipulation from
one of Koch’s students, Escherich compared theaftdca of both meconium and
feaces of newborns at different stages after biith.observed and isolated a variety
of organisms from healthy and sick patients, inicigda rod-shaped bacillus he
namedBacterium coli commungoli, from Latin “of the colon”) which was present
in great abundance in all faecal samples he tebtegredicted thaB. colicommune

was an inhabitant of the lower parts of the gastesitinal tract and used the staining



techniques recently developed by Christian Grarmhé&sch was also among the first
to develop anaerobic culture methods. He demosesitrahat under anaerobic
conditions, the growth of some bacteria was solddpendent on carbohydrate
fermentation, of which he identified the produceds g(Shulman et al., 2007).
Investigating the pathogenic properties of the wgewdund bacteria, Escherich
injected various suspensions to animals, succégsfalising disease in guinea pigs
and cats. In 1895, he also postulated Bhatoli communevas responsible for bladder
infections by isolating unusually large quantitedt from the urine of symptomatic

young girls.

There is a strong belief th&. coli became an interest of research only with the
development of molecular biology in the 1940s, Betoli communewvas already an
intensive topic of study in bacteriology laboragsriacross the world right after its
discovery, because of its ease of isolation antivetiion and its very short generation
time, rather than of general interest for faecatroflora. A good summary of pre-
molecular biology era studies &n colican be found elsewhere (Friedmann, 2006). It
is worth noting that Escherich is also probably thiscoverer of another major
bacterial pathogenCampylobacter jejuniafter the 1884 Naples epidemic (Kist,
1986). Theodor Escherich died of a heart strol&8atears-old in 1911, weakened by
the death of his youngest son from appendicitis.hidé led a brilliant career as a
socio-paediatrician, teaching professor and childréospital director. Escherich is
considered as one of the very first paediatric s with an interest in infectious

diseases (Shulman et al., 2007).
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The next year in 1912, two physicians specialisedtropical medicine, Aldo
Castellani and Albert J. Chalmers sugge®adterium coli communt® be renamed
to Escherichia coliin honour of Theodor Escherich. However, the dppeh
Bacterium colipersisted in the literature for a few decadesques Monod himself
did not refer even a single time to the gekssherichiain his 1942 doctoral thesis,
preferring the genu8acteriun). In the 1930s, a clear distinction was commonly
accepted between bacteria and eukaryotes in tise sleat bacteria were evolving and
mutating faster, which often lead to the use of Bmcherichia coli mutabile
nomenclature. The apparition of authoritative stadn the 1940s on the genetics of
laboratory strains lik&. coli K-12 and B probably contributed to the generalsat

of the use of th&scherichiagenus oveBacterium

The genus naméscherichiawas officially introduced by the Judicial Commasiof
the International Committee on Bacteriological Nawlature in 1958. As of 2011,
the taxonomy based on molecular methods placegy¢heisEscherichiaand the
species nameoli in the Proteobacteria phyluny-Proteobacteria class), in the
Enterobacteriaceaéamily within theEnterobacteriale®rder. Its full Linnaean name
is “Escherichia colilMigula 1895) Castellani and Chalmers 1919". Dtsfhis clear
and accepted taxonomy, it is not trivial to recomst accurate detailed phylogenies
and infer correct ancestries f&. coli Enterobacteriaceaeand more generally
among bacteria, as illustrated in section 1.1.2hénext section, a brief introduction

to otherEnterobacteriaceaandEscherichia spis provided.
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1.1.1.2. E. coliand other Enterobacteriaceae

Members of théenterobacteriaceaéamily show common morphological features, as
they all are typically 1 toim-long Gram-negative bacilli, facultative anaerotiest

do not produce spores. There is however a higlogmall versatility among them as
many live in the gastrointestinal tract (GIT) ofiraals, but also in soil, water or
sediment. Enterobacteriaceae are generally associated with the animal
gastrointestinal tract, with some strains in geriegeherichia SalmonellaKlebsiellg
Serratig Citrobacteror Yersiniabeing important animal pathogens. While the name
itself can be misleadind;nterobacteriacea@lso comprise plant-associated bacteria
and phytopathogens, such as members of the gedfevaia, Pectobacterium,
Dickeya, Enterobacter, Brenneriar Pantoea Enterobacteriaceaare within they-
Proteobacteria class, itself close to faBroteobacteria class (Wu et al., 2009) which

is notably composed of the pathogenic famiNessserialesandBurkholderiales

Over the last century, many species have beenibdedand added in tHescherichia
genus. However, after reclassification of some lént based on their genetic
dissimilarity (notablyE. blattag E. hermaniiandE. vulnerig, it is now considered
that there are only 3 distinct species in BsgherichiagenusE. coli, E. albertii and

E. fergusonii More recently, it has been observed that sonagnstinitially identified
asE. coliwere phylogenetically distant from the majoritytf coli strains although
phenotypically indistinguishable from them (Walkadt, 2009). These strains were
initially thought to be hybrids (Walk et al., 20031 ancestral variants &. coli that
survived a possible selective sweep (Wirth et 2006) but more recent studies

suggest that they are not strictly tleeli species but members of five distinct
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Escherichia spcryptic lineages which likely represent nascerl@ionary lineages
(Walk et al., 2009). By examining current strairlections based mostly on faecal
samples, these strains appear in clear minorithcating that their ecologies or their
environmental abundance is probably different flamcoli (Clermont et al., 2011;

Luo et al., 2011).

Additionally, it is interesting to note tha&higella strains, initially based on their
ability to cause disease, have been wrongly cladgsids a separate genus from
Escherichia(Lan and Reeves, 2002). Since the early observatidsalvador Luria in
1957 that the conjugation frequencies betw8éigella flexneriand E. coli strains
were similar to the frequencies within coli strains (Luria and Burrous, 1957), it has
been observed th&higellastrains were phylogenetically part Bf coli, eitherusing
multilocus enzyme electrophoresis (MLEE) (Ochmaralet 1983) or more recent
methods (Touchon et al., 2009; Sims and Kim, 203%hjgellais a good example of
the occasional inertia in medical terminology, lais tppellation is still confusingly
widely used in clinical setting, and thus medi&sdaarch. The correct classification is
to considerShigella as nothing more than a pathotype ©f coli, with strong
similarities to_enteroinvasivié. coli (EIEC) and a specific evolutionary history. More

details are provided in section 1.2.1 of this thesi

Comparative genomics have shown tRatcoli (and enterobacteria) has an “open
pan-genome”, meaning that the analyses of new genseguences OE. coli
increases the number of genes associated with gheies. In other words, the
diversity of E. coli genes is increasing. It is generally observed #mabpen pan-

genome is associated with species that can colomidgple environments, and thus
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have an increased likelihood of exchanging gené&reas the contrary is observed
for bacterial species living in more specific, &eld niches such &dycobacterium

tuberculosisor Chlamydia trachomatigMedini et al., 2005). The consequence of an
open pan-genome foE. coli is a tremendous diversity at the genotypic and

phenotypic levels. In the next sections, we wilelly address these.

1.1.2. Genome dynamics irE. coli and other bacteria

1.1.2.1. Core and flexible genome

A logical start in understanding the genomic ptastiin E. coliis to know how many
genes it has. The chromosome lengtk ofoli has been observed to be 4.5 to 5.5 Mb
on average (Bergthorsson and Ochman, 1998). Ttiesehce of up to 1 Mb (18% to
23% of the total genome size) indicates that geonorariability is surprisingly high
in E. coli. Some decades ago, one could have imagined thebildy to be caused
by the addition of up to 1 Mb of variable genetimtent, while most of the genome
remained conserved. As a matter of fact, the estidnaumber of “core” genes,
common to alE. coliis decreasing as more full genomes are availatdlesaamined.
An early study comparing 15 genomes of mostly pgeéhe E. coli found 2,200
genes common to all among a total of 13,000 gaméisei pan-genome (Rasko et al.,
2008). Touchon and colleagues (2009) revised tslisnation by identifying 2,000
genes common to 21 genomes. The latest examinatio6l E. coli genomes
estimated the core genome to be composed of ordyg8fes, within a pan-genome
of more than 15,000 genes (Lukjancenko et al., ROI@is estimation suggests that

more than 90% of the pan-genome is composed oksopegenes (or the so-called
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“flexible” genome), reflecting the high level ofrain-specific genetic information in

E. coli.

Interestingly, thee. coli pan-genome has been described as “open”, medmahghis
species is still evolving mainly by genetic acaiiasi and diversification (this point is
discussed further in the next section). In thetlighthese observations, it is of prime
interest to understand what the genome dynamiés ooli are. In other words, what
are the evolutionary forces shaping the acquisitiod loss of genetic content, and

thus theE. coligenomesKigure 1.2).

Removal of DNA through
mutation and genetic drift

Increase in DNA content involving
selection for gene functions

Loss of fragments
encoding one or
more genes

Gene
acquisition

Bacterial

genome [\

Duplicatior to form a by deletional

pseudogene / bias
I
; /

Figure 1.2. Processes involved in genome dynamicacquisition or loss of genetic content) in

Inactivation >Erosion

bacteria (Mira et al., 2001). This figure is copyrighted Blsevier Science Ltd.

1.1.2.2. Mechanisms contributing to gene acquisition

As shown inFigure 1.2 there are two major ways in which a bacterium gam

additional genetic information. Gene duplicatione. ithe creation of multiple
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paralogous copies from an existing gene, has bbsereged in bacterial and archaeal
genomes (Yanai et al., 2000; Jordan et al., 200e6 et al., 2004). Ribosomal
genes are a good example of genes that were dgulidzefore copies diverged
(Gevers et al., 2004) and evolve concertedly (L2a)0). Concerted evolution is not
always observed, and there are many other examplgene duplication irE. coli
and other bacteria (Gevers et al., 2004; Serrak,&t009). However, it seems that the
major route of gene acquisition in bacteria is h@izontal gene transfer (HGT),
which occurs in 3 distinct ways: by conjugatioreabgenous plasmid-borne traits, by
transformation, or the natural uptake of DNA fragmsesecreted by other bacteria
(Stentz et al., 2009) or released by dead onesfiraity by transduction of lysogenic

bacteriophages into bacterial cells.

DNA acquired from HGT (and therefore called “mobgenetic elements”) can be
integrated into the chromosome by homologous reaaettibn or on some occasions
kept in a circular form in the bacterial cytoplasdpon arrival in a bacterial cell,
acquired DNA has different plausible fates directlgpending on its degree of
homology with sequences present in the recipienbge. When the foreign DNA is
not homologous enough, its likelihood of successfamologous recombination
decreases while the likelihood of degradation oh-neethylated fragments by
restriction enzymes increases (Skippington and Rag@11). In other words, a
certain degree of sequence homology is requirechémnologous recombination to
work on horizontally acquired DNA (Shen and Huah§86; Thomas and Nielsen,
2005). This sequence homology can be observedfatatit levels, from the strain-
specific to the species level and even within Iatggonomic families (Beiko et al.,

2005; Toth et al., 2006). Furthermore, it has bsaggested that physical proximity
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rather than phylogenetic relatedness contribute® nmthe successful integration of
horizontally acquired genes (Matte-Tailliez et 2002). Conceivably, this argument
does not exclude a certain degree of phylogenelatedness too: in a non-stressful
environment, the physically close neighbours atrtherobial scale are often clones
from the same events of binary fission (Didelot &naiden, 2010). From genomic
comparison studies it would, however, seem thdtoaljh possible, gene transfer
between taxonomic families is rarer than betweesven within species (Skippington

and Ragan, 2011).

The reason why bacteria engage in homologous reoatndn is still debated
(Redfield, 2001; Narra and Ochman, 2006; Michodakt 2008). As mentioned
above, one of the major hypotheses is that homakgecombination is involved in
DNA repair and that the incorporation of foreign BNia HGT is just a way for
bacteria to procure templates for the reparatiocoonplementation of damaged DNA
(Vos and Didelot, 2009). This function may very wék the most important
biological role of homologous recombination (Miched al., 2008; Didelot and
Maiden, 2010) and is conflicting with the “physicptoximity only” argument
presented above (Matte-Tailliez et al., 2002). Hfternative (but not exclusive)
“food hypothesis” suggests that the presence obmbmant DNA in bacterial
genomes could be a by-product of DNA metabolismmatsiral competence and the
ability to uptake and use the DNA molecule as a@of nutrients is believed to be
an important fitness advantage for competing bect@edfield, 1993; Finkel and

Kolter, 2001; Palchevskiy and Finkel, 2006).
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The direct impact of HGT on the ecology Bf coli is evident, as most of the
virulence-associated genes, but also resistancantdiotics and colonisation-
associated factors, are located on mobile genktnents (sometimes referred as the
“mobilome”). Prophages, plasmids, transposons onogec islands can be
maintained and/or integrated in the genome viaméooation and spread in multiple

strains and species, replicatively or not.

1.1.2.3. Loss of gene content

Two main mechanisms are involved in the loss okgjercontent as shown Figure
1.2, either “genetic erosion” (i.e., a gene develop® ia truncated, inactivated or
degraded version, called a “pseudogene”), or thHetida of genes in a single-step

recombinational event, both of which are brieflgc#ed below.

Bacteria, unlike eukaryotes, show a linear cori@tabetween the number of protein-
coding genes and their genome sizes (Mira et BD1P For instanceCarsonella
ruddii has a genome size of about 160 kb and is an obligetacellular insect
symbiont, with very little metabolic versatility dncomplexity (Nakabachi et al.,
2006). On the other hanB®seudomonas aerugino$es an average genome size of
6.3 Mb and a great capacity to adapt to multiplrenments, without the need for
much specialisation (Dobrindt and Hacker, 2001)isThobust correlation between
genome size and protein-coding genes implies H)ahere is a very limited amount
of “junk DNA” in bacterial genomes compared to enykdes and (b) that there is a
constant evolutionary force leading to the erosadrgenes, called the “deletional

bias”, which is counterbalanced by selection onegemction (Mira et al., 2001). In
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other words, all genetic information on bacteriehgmes is bound to degrade, unless
it is selected for (and assumed useful for thedyagh). The mutational bias towards
deletions rather than insertions is also suppdiethe observation that pseudogenes
seem to be eliminated from bacterial genomes nmapelly than the accepted neutral
model of stochastic loss, suggesting a possibletipely selected mechanism to
eliminate non-functional genes, although no molacwhechanism has ever been
suggested (Lerat and Ochman, 2004; Kuo and Och@@i)). Interestingly, as
pseudogenes can only be identified by comparagvm®ics, the more genomes that
are available for a given bacterial species, theerpseudogenes are found (Lerat and
Ochman, 2004). Their number has been estimate@ toetween 80 and 100 in the
genome oEE. coliK-12 strain MG1655 (Ochman and Davalos, 2006; Tioucet al.,
2009). It was more recently observed that the nurabpseudogenes varied from 45

to 95 in 7 genomes &. coli (Touchon et al., 2009).

There are other mechanisms of genomic rearrangemiactuding inversions,

deletions or translocations of large genetic regigrlughes, 2000). The most
common effect of genomic rearrangement is to mogége synteny, or the order of
genes on a chromosome. The comparison ofe8sinia sp.genome sequences
identified no less than 79 genomic inversions (IDgrket al., 2008), which indicates
that this process is likely to be important in shgpthe genomic structure of
enterobacteria. Usually, rearrangements occur kgomeination between two

repeated sequences on the chromosome. One exptahatithe existence of these
repeats is that they offer a selective advantagenimancing diversity, generating
different sequences at various loci (Ussery et241Q4). Interestingly, repeats have

been lost in endosymbionts (Tamas et al., 2002)gesting a link between genomic
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rearrangements and the ecological need for plgstith adapt to changing
environments. When recombination occurs between temeats, it can lead to
different events: if the two repeats are orienteepposite direction, recombination
will produce an inversion; if they are in the samheection, recombination will
produce a circularisation of the sequence incluaetsveen the two repeats, and this

DNA will be lost during cell division, leading todeletion at this locus.

A good experimental method to observe the gloldates of genomic rearrangements
is REP-PCR and its derivatives (Versalovic et &B93), which are PCR-based
fingerprinting methods using primers in the repesgions. Amplicons obtained by
REP-PCR correspond to DNA fragments between repdédtsr electrophoresis, a
fingerprint showing multiple bands is obtained, acan visually illustrate the
diversity of genomic rearrangements if multipleasts are used. This method is used

on variousE. coliisolates in Chapter 3 of this thesis.

1.1.2.4. Impact of recombination on diversity and phylogercst

The loss of genetic information is not necessaciyrelated with the loss of gene
content. Gene conversion (i.e. the replacementnef alelic variant by another by
recombination without addition or loss of genetanient) is both a divergent and
convergent evolutionary force. On one hand, itlead to an increase in the number
of allelic variants in the species but it can asbas a homogenising force, replacing
allelic variants by others conferring a higher eammental fithess, which has been
observed to be rather prevalentdncoli (Touchon et al., 2009). This mechanism of

homogenising gene conversion makes a lot of senfeicontext of the selfish gene
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theory, for which genes are the basic unit of ratselection rather than organisms or
groups of organisms (Werren, 2011). Conceivablyctessful” genes (i.e., genes
conferring an increased selective advantage ansl Iieing spread among a large
number of bacteria) can predominate witkincoli populations after events of lateral

transfer and gene conversion.

Integration site
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Phylogeneticsignal only Phylogeneticsignal blurred
by recombination events

Figure 1.3. Influence of recombination on the recostruction of phylogenies(Tenaillon et al.,
2010). At the top, a sequence alignment betweeisdates from 3 phylogenetic clades (A, B and C)
identifies a recombinational “integration site”. ygenies based on sequences from this integration
site or ungapped alignments without any recombamati effect are incongruent (i.e. inconsistent).
Strains from distinct clades appear to be relatedraeffect of HGT. This figure is copyrighted by

MacMillan Publishers Ltd.

This phenomenon can become problematic when recmtisiy phylogenies and

inferring the ancestry of bacterial strains. Indead illustrated byFigure 1.3 if
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recombination events are not accounted for, twairgrwith no shared ancestry
would appear to be phylogenetically related onlihsis that their difference at the
recombined locus is minimal. Conversely, two baatethat are closely
phylogenetically related but diverge at recombiloenl can appear to be more distant
than they really are (Dykhuizen and Green, 1991)is Tlack of phylogenetic
congruence caused by recombination between diffenegions of the genome is

typical of species with a high level of gene flouck asE. col..

The recombination problem is obviously importantewhusing single genes to
reconstruct phylogenies, even if there are somespians (Lescat et al., 2009;
Sankar et al., 2009). The use of multilocus apgreacsuch as multilocus sequence
typing (MLST) used in this thesis, or even wholenxgmes (Touchon et al., 2009;
Sims and Kim, 2011), can contribute to decrease pifmogenetic signal “blur”
caused by recombination. It is indeed unlikely ttteg same recombination events
occurred at multiple loci, providing they are digt@nough on the chromosome. In
fact, the longer the sequences used for phylogemetionstruction are, the more
accurate is the produced phylogeny, as the relgtsigort size of DNA fragments
involved in recombination becomes less and lese dbl interfere with the
phylogenetic signal (Tenaillon et al., 2010). Foiample, if the whole sequence
alignment represented Figure 1.3 was to be used for phylogenetic reconstruction,
as most of it reflects the true phylogenetic histaf the strain despite the

recombination events, the resulting phylogeny waquittbably not be far from reality.

This “averaging” strategy consisting of masking tkeombination noise by adding

more meaningful information works (the minimum &sponding to MLST and the
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maximum to a whole-genome approach), but also atsflehe difficulty of finding
phylogenetic markers that are good representatiféle true phylogenetic history.
Even in the high-throughput genomics era, gettargd genomic sequences from a
large number of strains is still costly for somedeatories, including ours. MLST has
long been a method of choice for phylogenetic rettoction, and a lot of efforts
have been made regarding MLST in picking the righmbination of genes (called
MLST “schemes”) that reflect the “purest” phylogénesignal, if it exists (Spratt,
2004). Providing the right loci are chosen and tlght methods are used, the
obtained trees can be very similar, or even bettewhat is obtained using whole
genome information (Konstantinidis et al., 2006pntputational methods have also
been developed to identify and minimise as mughogsible the recombination noise
in sequence alignments. Notably, ClonalFrame (Dideind Falush, 2007) is a
method to infer clonal relationships (i.e., gengg)o between bacteria from
multilocus data (MLST or whole-genome) by identiiyiand taking into account the
recombination signal (the “clonal frame” refershe true strain genealogy as if there
was no recombination and bacteria could be tragedldtnal descent). The major
observable difference between a ClonalFrame-bakglbgenetic tree and classical
ones is that strains with a recombination signat tiurs the phylogenetic signal will
be placed equidistant from their common node (ee:multifurcation”) whereas
classical approaches (such as maximum likelihoodeaghbour-joining) will infer a
(wrong) relationship regardless of the recombimatevents (Didelot and Falush,
2007; Didelot and Maiden, 2010). We used Clonalferamthis thesis to analyse

MLST data and described this method more in Chépter
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1.1.3. E. coli population structure

1.1.3.1. Clonal population structure and phylogenetic groups

The first studies on bacterial population structwexe performed about 30 years ago
on E. coliusing multilocus enzyme electrophoresis, or ML&Rich was then mostly
used for eukaryotic studies (Selander and Levi@01%elander et al., 1986). This
ancestor method of MLST relies on the differeng#ctrophoretic migration of
various enzymes (Selander et al., 1986). It has bbserved thdE. colifrom various
hosts exhibited a relative diversity of their etephoretic profiles using various
enzymes (Selander and Levin, 1980), which wereraodomly associated between
them, leading to the possibility to define cleaoupings of strains (Whittam et al.,
1983). In an effort to study further tHe. coli population structure, a standard
reference collection of 72 strains (called “ECORJr f'E. coli Reference”) was
created from a larger set of more than 2600 sti@wcbman and Selander, 1984). The
ECOR strains were assembled together on the béasisew diversity of MLEE
profiles, possibly encompassing the highest geneiversity within theE. coli
species (Ochman and Selander, 1984). Phylogenates based on MLEE profiles
first identified 3 major phylogenetic clades ofastis (or “phylogroups”) called A, B
and C (Selander and Levin, 1980). Phylogroup C laias refined into phylogroup D
and “ungrouped strains” (Herzer et al., 1990). Ehesgrouped strains were
clustering inconsistently in the early phylogenssl were gathered in the “minor”
phylogroup E (Wirth et al., 2006). Their importana@s however revised when

pathogenic strains d&. coli serovar O157:H7 were found to group in clade HE an
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subsequent studies have focused on the evoluti&H&C within this group (Wick et

al., 2005; Sims and Kim, 2011).

The order in which phylogroups diverged from a camnancestor to alE. coli
strains has also been debated as different phyilegemdicated different results. It
was first thought that phylogroup A was divergingrh the others (Herzer et al.,
1990) but soon it emerged that either phylogroupsagd D were basal (Lecointre et
al., 1998; Wirth et al., 2006) while phylogroupsaAd B1 diverged later and are more
closely related to each other. Other studies sed¢medggest that B2, rather than D
was the first group to diverge (Tenaillon et a1@; Sims and Kim, 2011). A whole-
genome phylogeny study places D as the most anplgrbgroup, followed by B2

(Touchon et al., 2009).

As mentioned above, early MLEE-based studies okseev high level of linkage
disequilibrium in many tested alleles (Selander &edin, 1980; Whittam et al.,
1983; Whittam et al.,, 1983; Herzer et al., 199Q).was then assumed that
recombination inE. coli was low, explaining the stability of the groupingsd the
high linkage disequilibrium observed (i.e., the rsandom association of enzymatic
profiles, and thus allelic variants) (Selander &edin, 1980; Hartl and Dykhuizen,
1984). This clonal view of bacterial populationusture has been put into question
(Maynard Smith et al., 1993) as it has since bdwmwa thatE. coli strains were
actually composed of a very diverse mosaic of miaedestry due to recombination
(Wirth et al., 2006). In fact, a significant amowftgene flow between the different
phylogroups has been detected (Leopold et al., )201ds phenomenon seems to be

a common feature across enteric bacteria, in whpitylogenetic incongruence is
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observed between phylogenies of orthologous gendstlee clonal genealogy of
species (Retchless and Lawrence, 2010). Howevenvatld seem that this
discordance between enteric bacteria is not lirtkedngoing recombination events.
Alternatively, authors suggest a fragmented speciatmodel, defined as the
“stepwise acquisition of genetic isolation” uporddan adaptive changes (Retchless
and Lawrence, 2010). Recently, this model has lpeestioned using strains within

theEscherichiagenus (Luo et al., 2011).

1.1.3.2. Ecological considerations

Whether enteric bacteria evolve by recombinatioffraigmented speciation” events,
the genetic flow betweeB. coli phylogroups has interestingly been observed to be
unbalanced (Leopold et al., 2011). In other wosdsne phylogroups exchange more
genes between them than with others. This could tedlection of different degrees
of phylogenetic relatedness of the different phydogps but also of different
ecological strategies by strains of the differehylpgroups. It is possible that the
absence of observed gene flow between two grougsraihs is simply because the
ecology of these two groups leads to different probpns of these strains in various
environments, and therefore fewer opportunitiesttier physical contact required for
HGT (Leopold et al., 2011). Indeed, a great vasiain the proportions of different
phylogroups has been observed in various envirotmheamples, suggesting that
complex ecological factors shape the distributibploylogenetic groups in different
environments. The observation of various phylogradiptributions in various
environments could be the consequence of diffelevels of adaptation of each

phylogroup to these various environments.
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The link between the phylogeny and different ec@sdnas been made in humans, in
which it has been observed that faecal and uriakatss were preferentially from
phylogroup A and B1 (Duriez et al., 2001). Howevdrese figures have been
criticised for their sampling bias (Zhang et ab02) and it seems that urinary and
rectalE. coliin humans are in fact more dominated by B2 isslagé¢her than A and
Bl (Table 1.1). This trend seems to be confirmed by the factt B2 are
overwhelmingly better intestinal persisters thay ather group (Nowrouzian et al.,
2005). In this last study, authors observed th&b @@ “resident” strains (defined as
persisting for more than 3 weeks in the gut, asospg to “transient” strains) were
from phylogroup B2 in Swedish infants (Nowrouzianaé, 2005). Comparatively,
phylogroup B1 was the less represented among Hieerd strains, with only about

5% of strains being residerfigble 1.1) (Nowrouzian et al., 2005).

Table 1.1. (next page) Comparison of results fromarious studies examining the population
structure of E. coli populations in different environments. The heatmap reflects the level of
prevalence in different environments for each pbsdoip, with red for high, white for medium and
blue for low. The number of strains tested is iatéd to contextualise the possible significance of

observed percentages.
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Source T_y pe of n A Bl B2 D References
environment | (total)
Swedishinfants | o host| 58 | 18% | 5% | 60% | 18% _
(‘resident”) (Nowrouzian et al.,
e T 2005)
S‘('ffter‘;'rfgiérr']ft‘?.‘)”ts Human host| 19 |23% | 23% | 21% | 34%
Humans from Mali | Human host| 55 24% | 58% | 16% .
H“gf‘o’;i;rom Human host| 57 | 35%| 32% | 14% | 19%| (Duriez et al., 2001)
H“E;”nscgom Human host| 56 | 40% | 34% | 15% | 11%
Humans from Brazil Human host| 94 |40% | 9% | 13% | 38% | (Carlos etal., 2010)
Mvi\(l:?]rigg?] erg] A Human host| 181 | 14% | 8% | 59% | 20% | (Zhang et al., 2002)
Birds Animal host | 134 | 8% | 49% | 22% | 20%
Mammals Animal host | 497 | 16% | 33% | 35% | 17%
Fish Animal host 12
. (Gordon and Cowling,
Frogs Animal host 13 2003)
Turtles Animal host 4
Snakes and lizard§ Animal host 33
Crocodiles Animal host 10
Cow Animal host 50
Chicken Animal host 13
Pig Animal host 39 (Carlos et al., 2010)
Sheep Animal host 29
Goat Animal host 16
Field soil Nonhost 353 (Bergholz et al., 2011
Freshwater Nonhost 190 | 23% | 56% | 6% | 15% (Walk et al., 2007)
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Interestingly, the great majority of extraintestin@athogenic strains oE. coli
(EXPEC) are from phylogroup B2 (Picard et al., 19BMhgen-Bidois et al., 2002).
Epidemiological studies showed that strains witbwn EXPEC virulence factors are
also clustered in phylogroups B2 and to a lesseng (Zhang et al., 2002; Johnson
et al., 2006). Interestingly, most of the B2-specifrulence factors (iron metabolism,
adhesion, lipopolysaccharide biosynthesis) are iagolved in the host colonisation
process by commensal strains, which led to the itha& pathogenicity was an
evolutionary by-product of commensalism in phylaggaB2 (Le Gall et al., 2007).
These points strongly suggest that the major ecdbgtrategy of phylogroup B2 is
probably evolving towards strict host specialisatiClermont et al., 2008) and
adaptation to the gastrointestinal niche, as coetpawrith other phylogroups.
Conceivably, the presence of host-specialised ExirE@h proportion in this group
(if not a sampling bias effect) may contribute histspecialisation via an increased

genetic flow within B2 strains.

Conversely, the very low proportion of strains frpmmylogroup B1 in humans is not
observed in wild animals (Gordon and Cowling, 2088) in nonhost environments
such as soil and fresh watdraple 1.1) (Walk et al., 2007; Bergholz et al., 2011),
which leads to the suggestion that B2 and D strareshost “specialists” (based on
their preferred association with humans) whereasardl Bl strains could be
considered as host “generalists” (based on thefemed association with non-human
hosts and nonhost environments) (Gordon and Cowli93). Although the impact
of sampling bias towards samples of human origemsehigh in all these reported
studies, this trend of host specificity or genaraliappears relatively valid when

different sampling sources are examined, with tteeption of phylogroup A being a
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more likely “specialist” than *“generalist” (Whitet eal., 2011). Indeed, in a
comparative study, strains from both B2 and A wévend to harbour key
phenotypical traits associated with host-specife; such as the decreased production
of an extracellular matrix and low expression of tnajor stress regulator protein

RpoS 6° oro’® (White et al., 2011).

Phylogroup A seems to be peculiar in its adaptatiothe primary environment. It
has been observed that strains from group A hadrnialest genomes amofgg coli
(Bergthorsson and Ochman, 1998). Incidentally, femezessory genes are found in
phylogroup A, in which core genes are also foundlimther phylogroups (Sims and
Kim, 2011). This phenomenon has been characteaseédommensal minimalism”,
and of whichE. coli K-12 strains (belonging to phylogroup A) are afpetrrexample:
increased levels of host-adaptation usually leadsdreased shedding of unnecessary
pathogenesis-related genes (Moran, 2002). The eppasffect of commensal
minimalism is a genome size reduction, the extreshewhich is observed in
endosymbionts or obligate intracellular organis@enerally speaking, bacteria with
the biggest genome size are ecologically assocwattd the necessity to adapt to
short-term changing of their living conditions, v@tng a certain plasticity that is
achieved by maintaining a large number of divereaeg (Ochman and Davalos,
2006). Opportunistic pathogens (such as modgk.ofoli pathogens) have usually a
genome comprising between 2 and 5 Mb, which isidensd as an average among
bacteria (Ochman and Davalos, 2006). The besttrditisn of this commensal
minimalism hypothesis is that very few pathogeni@ias are found inE. coli
phylogroup A, which is not the case for any othieylpgroup (Sims and Kim, 2011).

It has then been suggested that, similarly to abdigpathogens, phylogroup A may be
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evolving towards “obligate commensalism” (Sims afch, 2011). To contrast this

hypothesis, it has very recently been shown tretaan from phylogroup A was able
to cause mastitis in bovines (Dufour et al., 20biit, more genomic characterisation
needs to be done on more samples to determine fese pathogenic strains fit with

the “commensal minimalism” model.

As we hope to have shown in this section, the amalgf genome dynamics and its
link with bacterial population structure is cructal get an integrated view &. coli
ecology. It is equally important to understand what the major molecular and

physiological mechanisms involved in environmeat#ptation.
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1.2. The ecology of environmental adaptation irE. coli

Two major dichotomies can be drawn when addresfiagtopic of environmental
adaptation forE. coli, reflecting different lifestyles this bacteriumncadopt. In this
section, we give an overview on the differences sindlarities between pathogenic
and commensal lifestyles i&. coli, and also on the host (primary environment) or
nonhost (secondary environments) mechanisms of ciasem, and possibly

adaptation.

1.2.1. Pathogenic and commensédt. coli

1.2.1.1. Functional and genetic diversity dt. coli pathogens

The primary environment oE. coli is the gastrointestinal tract of warm-blooded
animals, that it colonises only hours after bilitit it can also be excretea vivovia
faecal matter in secondary environments as divass¢éhe ecology of the primary
hosts allows. Around this basic ecological frameyanultiple adaptive strategies are
observed irE. coli, all linked to survival and transmissibility altigéis. Most of the
time, E. coli persists asymptomatically in its hosts, withouy abvious effect on
their health or physiology. However, a surprisingedsity of pathogenic strains (or
“pathotypes”, or “pathovars”) has been describethelast 30 years as pathogeBic
coli can cause various types of intestinal or extrastimal infections in humans
(Figure 1.3 via a very diverse set of virulence factors, etifegy a range of cellular
processes (Kaper et al., 2004). These virulenderaare acquired laterally, via the

transfer of pathogenicity islands or recombinataord are mostly involved in the
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colonisation process, providing fitness-increasingetabolic abilities, motility,

adhesion and persistence mechanisms (Kaper e2@04). The diversity of the
different pathologies makeEk. coli an important pathogen worldwide, with an
estimated burden of around 2 million child deathes gear caused mainly by
diarrhoeal infections and sepsis after urinaryttmafections (Touchon et al., 2009) as

well as a considerable economic impact (Russo ahdsbn, 2003).

Brain: NMEC

Bloodstream:
UPEC and NMEC

Large bowel:
EHEC, EIEC and EAEC

\
X\ Kidney: UPEC

& Small bowel: EPEC,
7/ ETEC, DAEC and EAEC

Bladder: UPEC

Figure 1.3. Human body sites of colonisation by véwus E. coli pathotypes(Croxen and Finlay,
2010) “EC” in acronyms refers toEscherichia_coli with the different pathotypes being, for intestin
pathogens: “enterohaemorrhagic” (EHEC), “enterosiwel (EIEC), “enteroaggregative” (EAEC),
diffusely adherent” (DAEC); and for_extraintestinphthogens (ExXPEC):_“neonatal meningitis”

NMEC, “uropathogenic” (UPEC). This figure is comyhied by MacMillan Publishers Ltd.

Intestinal pathologies caused Bycoli are generally observed after infection by well-
described pathotypes. The best-studied coli intestinal pathogenic strains,

popularised by their association with meat and tadges, areéE. coli from serotype
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0157:H7, which is the archetype of the enterohaemagic E. coli (EHEC)

pathotype.

Strains of the O157:H7 serotype are predominant Eld&thogens in North America,
UK and Japan, but several other serotypes, paatiguthose of the 026 and O111
serogroups, can also cause disease and are mongnpnd than O157:H7 in many
countries (Kaper et al., 2004). The ability of puoohg two families of Shiga-toxins,
Stx1 and Stx2 that can spread systemically andn wgury of host cells, disrupt
protein synthesis by cleaving the 28S ribosomalsitlfDonohue-Rolfe et al., 1991),
and the presence of a group of genes on a 35-kinganicity island called the locus
of enterocyte effacement (LEE) are the two factergiired for human toxicity dE.
coli O157:H7 strains (O'Brien and Holmes, 1987; McDaatedl., 1995). Other non-
0157 strains can produce Shiga or Shiga-like toams are usually regrouped under
the appellation of Shiga toxin-producig coli (STEC) or_verotoxin-producing.
coli (VTEC). In 10% of the cases, mostly in immuno-coompised patients, children
and the elderly, the intestinal diarrheic infectmnSTEC can evolve into haemolytic-
uraemic syndrome (HUS), leading to acute renalif@jl haemolytic anaemia and
possible death. Most EHEC strains contain the LEEich encodes transcriptional
regulators, the adhesin intimin, a quite conserfildnentous type Il secretion
system (T3SS), chaperones, translocators (EspADEg&spB) and six effector
proteins (Garmendia et al., 2005). Other intesturahotypes oE. coli have different
mechanisms of infection, ranging from the productiof other enterotoxins
[enteropathogeni&. coli (EPEC) and_enterotoxigeni€. coli (ETEC)], increased
adhesion and biofilm formation on the epitheliayda [enteroaggregativ&. coli

(EAEC), diffusely _adherente. coli (DAEC)]. More details on the molecular
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mechanisms of infection by these pathogens have Ipeesented in very good

reviews (Kaper et al., 2004; Croxen and Finlay,®01

The two most important extraintestinal pathogegic coli (EXPEC) pathotypes
[neonatal_meningiti€. coli (NMEC) and_uropathogeni€. coli (UPEC)] are able to
colonise the bloodstream (UPEC, NMEC), bladders kiddeys (UPEC) and the
brain (NMEC) Figure 1.3. The process of infection by NMEC is complex hs t
bacteria need to transfer and live in the bloodstreactively cross the blood-brain
barrier and persist in the cerebrospinal fluid & and Finlay, 2010). UPEC are
able to live in the bloodstream (Smith et al., 20t0m which they can infect kidneys
and more frequently the bladder, being the mostnecom cause of urinary tract
infections (UTI). Other EXPEC include. coli veterinary isolates causing mastitis in
cattle by persisting in udders without being killegthe immune system (Buitenhuis
et al., 2011), and for which specific genomic islarhave been recently observed
(Dufour et al., 2011). Much rarer EXPEC-relatedhpgenicity mechanisms have
recently been described, such as the productiofiflesh-eating” dermonecrotic
toxins (Grimaldi et al., 2010), or the infection thfe endometrium (i.e., the inner
membrane of the mammalian uterus) by a newly-desdrendometrial pathogertc
coli (EnPEC) (Sheldon et al., 2010). However, more aiete on these strains is

required to understand fully how they can causeatis, and what their ecology is.

E. colipathogens share evolutionary similarities andoafieved to evolve mainly via
two non-exclusive mechanisms: (a) the acquisitienlHGT of genes or pathogenicity
islands containing fitness-enhancing virulence diectand sometimes (b) the

apparition of deletions, or “black holes” (Mauredli al., 1998; Dobrindt and Hacker,
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2001). Conceivably, these two mechanisms are doguon different time scales.
Environmental fithess can change drastically anttdenly upon the acquisition of
pathogenicity islands but, it could take longerlationary time for “black holes” to

be fixed and selected for. Similarly to the “obtigacommensalism” hypothesis
presented in the previous section, it is commonbepted thaShigellaand EIEC are
evolving toward a more intimate, obligate pathoge)eor which genome reduction

is positively selected as the loss of functions rionps the overall fithess of the
organism (Maurelli et al., 1998). As a matter daftf&higellaand EIEC are the only
obligate pathogens amortg. coli pathogens, which are otherwise considered as
“opportunistic” as they can persist for a long timehealthy hosts (Touchon et al.,

2009).

The acquisition via HGT of virulence genes harbogimobile genetic elements, such
as genomic islands or plasmids, seems to be a canfeaiure in manyE. coli
pathotypesKigure 1.4). For instance, all EIEC artshigellastrains harbour a 230-kb
pINV plasmid that is strictly required for theirthagenicity (Lan et al., 2003). EPEC
and ETEC virulence is greatly dependent on the gm@s of pEAF and pENT
plasmids, both harbouring toxin geneBiglre 1.4. UPEC strains possess an
increased number of iron acquisition systems latategenomic islands, a signature
of their adaptation to the urinary tract (Lloydagt 2007). Virulence factors &. coli
0O157:H7 are mostly encoded by chromosomally indedenomic islands (e.g.,

LEE), prophage elements (Shiga toxins) or plasrfudsous toxins) (Law, 2000).
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Plasmids Phage PAls

pENT PEAF Invasion plasmid

Enterotoxigenic . coli Uropathogenlc E. coli

Commensal E. coli

k LEE Dﬁ )@ @\ Blackho\e ?{/\ C )
Enteropathogemc E. coli LEE Enteroinvasive E. coli and

Shigella spp.

Enterohaemorrhag\c E. coli

Figure 1.4. Contribution of HGT to the evolution of different E. coli pathotypes(Ahmed et al.,
2008).pENT and pEAF are the plasmids conferring viruletw&TEC and EPEC, respectively. The
invasion plasmid (pINV) confers invasive propertiesElEC andShigella LEE: locus of enterocyte
effacement; PAIs, pathogenicity-associated islaBtsb: bacteriophage harbouring Shiga toxin genes.

See text for more information. This figure is cagited by the Nature Publishing Group.

Upon acquisition of genomic islands harbouring kinge factors, a commendal
coli bacterium can in theory become pathogenic andgehdrastically its lifestyle. It
has been suggested that the acquisition of virelemas not identical for ak. coli
leading to the idea that certain phylogroups, sagiB2 and D, were more associated
with EXPEC pathogenicity than others (Escobar-Paratal., 2004). Similarly, the
presence of similar toxins in closely relat8digella dysenteriaserotype 1 andt.
coli O157:H7 seems to indicate that a specific geneickground is required to
express those toxins (Touchon et al., 2009). Thas/ Vs contrasted by the fact that
various pathogens are found to be from almosthaliggroups (Sims and Kim, 2011).
As the pathogenesis develops, a successful path@geto escape host immunity and

defences. Because of this, pathogehiccoli presumably have drastically different
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ecological strategies compared to commensals, &g iust cope with additional

environmental pressures linked to their pathogkifeistyle.

Immune evasion seems to be one of the major evolarty constraints on pathogens
(Frank and Schmid-Hempel, 2008), as reflected bg tbserved variety of
mechanisms to avoid host defences. For instan®, SMEC strains possess a K1
capsule providing them with a physical protectiagaiast lysozymal fusion and
therefore aids during the crossing of the bloodrbitzarrier (Croxen and Finlay,
2010). NMEC strains also harbour a prophage-encodeetyltransferase that
modifies the O-antigen as a way to escape immucegration (Deszo et al., 2005).
Additionally, among all sorts oE. coli pathotypes, a huge variety of adhesins,
flagellar proteins and other fimbriae are obseriete involved in the pathogenesis
process itself (Le Bouguenec, 2005), highlightihg importance of motility during
host colonisation by pathogens, something whiclas necessarily obvious for
commensals. Interestingly, it appears that the gw®es involved in nonhost
persistence and host transmission are not enspagific to pathogens (van Elsas et
al., 2011), suggesting that the evolutionary camsts for transmissibility and
nonhost adaptation are shared between pathogensamuhensals. This point is
supported by the fact that many “virulence-assediatunctions have been found to
also be important for intestinal persistence in censals (Wold et al., 1992; Lipsitch
and Moxon, 1997) indicating that virulence is prollganot the major selective force

on these functions.
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1.2.1.2. Common themes between pathogenic and commeBsabli

Examples of the functional overlap between traissoaiated with virulence in
pathogens and colonisation in commensals have lbstiified when comparing
multiple genomes (Rasko et al., 2008; Touchon et 2009). For instance, the
examination of the genome &. coli strain HS, an archetypical commensal strain
with few assumed laboratory adaptation and hight lvofonisation abilities, has
shown that it shares with pathogenic strains masyeg previously thought to be
virulence factors, notably pilus and fimbriae geime®lved in colonisation (Rasko et
al., 2008). Interestingly, the presence of a tymetretion system i&. coli HS, with
no apparent link to mobile genetic elements suggtsit it could represent a true
niche specialisation adaptation and not a “randgerie transfer (Rasko et al., 2008).
A similar comment can be drawn from the presenc&Df2 in strain HS, a non-
functional type Ill secretion system used as a ifipemarker forE. coli pathogens

(Rasko et al., 2008).

As pathogens are understandably more heavily sgsadd by microbiological
research, many laterally-acquired genes such & tharboured by genomic islands
are thought to be important for virulence, as kmoatk impair colonising fitness and
thus the progression of infection. However, theedgbn of these islands in strains
with no obvious pathogenetic behaviour underlirtess multiple functional roles of
genomic islands. Indeed, many genomic islands ediurictionally characterised, for
example as ecological, saprophytic, symbiotic ah@genicity islands (Hacker and
Carniel, 2001). This is for instance the case withgenes encoding the production of

yersiniabactin, an iron-scavenging siderophore oubde It is located on a genomic
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island that was observed to be an important caddiois factor for UPEC in the
urinary tract. Genomic analyses showed that yexlsagtin is present in numerous
non-pathogeni&. coli strains, with nevertheless a higher presence ytoghoups B2
and D, suggesting an ecological relevance in hpstialisation and perhaps the early
acquisition by a B2 ancestor (van Elsas et al.,120nterestingly, another very good
host coloniser, the probiotic stral. coli Nissle 1917 (Altenhoefer et al., 2004;
Ukena et al., 2007; Schultz, 2008) is able to pecedthe 4 different siderophores
described forE. coli (Valdebenito et al., 2006) including yersiniabactuggesting
that this trait is involved in host adaptation By coli in general and not just in

pathogens.

The mosaic structure &. coli commensal genomes shows that most of the virulence
factors are in fact colonisation functions and tias the horizontal genetic flow
producing the right combination of these factorat tinakes a successful pathogen.
Interestingly, this flow is not unidirectional: comensals can become pathogens, but
the contrary is also observdgl. coli strain 83972 was isolated from the urinary tract
of a young girl who had carried it for 3 years witlh symptoms (Hancock et al.,
2008). It was observed that 83972 was a very gotmhiser of the urinary tract, and
could even outcompete some UPEC in urine (Ro0$.,e2@06). Subsequently, this
phenomenon was found to be frequent and it wasreddehat these “asymptomatic
bacteriuria” (ABU) strains were phylogenetically lated to UPEC but had
experienced genome reduction events (ZdziarsHKi,e2@08), which probably reflects
their ongoing host specialisation (as previouslgspnted in this chapter). The
phenomenon of “commensal conversion” captured byettamination of strain 83972

and other ABU strains is likely to be widespreadreamong intestindt. coli, as we
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have an inevitable sampling bias towards succegsitlogens (how can one sample
specifically for commensal strains that were one¢hpgenic?). The fact that we
observe a mosaic of virulence-associated or catinis-associated genes i coli

genomes is an indirect indication that there codd a constant balance across

evolutionary times between pathogenic and commestaals irE. coli strains.

This point is supported by the observation thatwhbylogenies are reconstructed,
pathogens and commensals are generally found tmdpeb the same phylogenetic
backgrounds, with no obvious distinction betweemnaiss with different lifestyles.
This observation suggests that in most cases, gatihoty is not a strong speciating
force, with functions associated with all kindsEofcoli being positively selected for.
In other words, from an evolutionary and globalpaf view, the difference between
pathogens and commensals is very small as witl@noffen pangenome &. coli,
very few traits seem to be pathogen-specific. éins® indeed logical that most of the
time (and probably never for the majority of thera@gultativeE. coli pathogens do
not express pathogenicity-specific genes but ameelier committed to the same
requirements as commendal coli for survival, replication and general physiology.
Notably, this point may be different for EIEC aBdigella Accordingly, it has been
observed that “black holes” (i.e., large deletiobserved consistently f&higellaand
EIEC genomes) are constituted by the deletion gioitant functions such as amino
acid and carbohydrate transport or nucleoside roésab (Touchon et al., 2009).
These functions are believed to be important in thetabolic plasticity and
environmental adaptation flexibility d&. coli, strongly indicating thaShigellaand
EIEC are following an obligate host-associationlettonary pathway, moreover at a

seemingly accelerated rate (van Passel et al.,)2008
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The fact that pathogenic and commensal lifestyl@gehcoevolved simultaneously
within the same species, probably since the divergeof theE. coli ancestral
progenitor, implies that this duality was probabhder positive selection as it gave a
presumed ecological advantage over other competitagtinal bacteria, most of
which do not seem to have pathogenic variantshiggart, the ecological dichotomy
between these two lifestyles was briefly detaildh an emphasis on the possible
impact they had ok&. coli evolution. There is another major ecological diochay in

E. coli, introduced almost 30 years ago (Savageau, 1888)crudely estimated that
because of the inevitable faecal sheddingeotoli, half of all existing strains are
associated with secondary non-intestinal, nonhostir@ments. The potential

impacts orkE. coliecology and evolution are presented in the nectise

1.2.2. The ecology ofE. coli host and nonhost environmental persistence

1.2.2.1. Life in the primary (“host”) gastrointestinal tract

environment

The primary niche oE. coliis the mucus layer of the lower intestine of mansnal
comprising the colon and distal parts of the iledtrhas been reported that when
embedded in the intestinal mucus layercoli had a generation time of 40 to 80 min
(Poulsen et al., 1994; Poulsen et al., 1995). Thexel 00 to 1,000 times moke coli

in the colon than in the ileum, yet some arguméaised on lactose utilisation and
intestinal flow models have been advanced to sugbesE. coli was more adapted

to life in the small than large intestines, and tha observed high concentrations in
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the colon were due to mechanical displacement duligestion rather than active
adaptation processes (Koch, 1987). Increased aton of the ileum by some

strains ofE. colihas also been observed (Staley et al., 1969; &aatial., 2007).

Nevertheless, most ingestdel. coli strains are thought to transit through the
mammalian gut without much effect on their hosty@ant et al., 1981; Savageau,
1983). Some strains are able to persist for a femths or years, while others are
readily and constantly excreted to the externalhnshenvironment. This observed
duality between “residents” and “transients” hasrbenade in early host-association
studies (Wallick and Stuart, 1943; Sears et al301%ears and Brownlee, 1952;
Cooke et al., 1972; Smith, 1975) using serotypisgaamethod of discrimination
between strains. More recently, and as mentioneskeation 1.2.1 of this thesis, a
study distinguished resident and transient stramsinfants according to their
phylogenetic group and it was observed that phglogrB2 strains were more likely
to be resident whereas other phylogroups could beengonsidered as transient
(Nowrouzian et al., 2005). In contrast to mucus-edaed cellsg. coli living in the
luminal contents have not been observed to grow, aae believed to be excreted
with faeces (Poulsen et al., 1995). This diffe@ngbility in terms of mucus
colonisation, whether active or passive, may bebidgs of the dichotomy between

“resident” and “transient” strains.

The main reason why active viable bacteria pernsisbne given environment is
because they can scavenge and use suitable nsitf@nthe maintenance of their
physiology. Therefore, metabolic abilities are imtpat to consider when examining

environmental adaptation, especially in the gut nehthe global dominant gene
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expression by resident bacterial communities isnagority linked to carbohydrate
metabolism (Booijink et al., 2010E. coli K-12 has been shown to use micro-
aerobically and anaerobically specific C-sourcemircus-based medium mimicking
conditions in the intestine (Chang et al., 20041e3o0et al., 2007). Gluconate was the
preferred source of carbon, followed biracetylglucosamineN-acetylneuraminic
acid and glucuronate, mannose, fucose and ribosan@et al., 2004; Alpert et al.,
2009). Fucose and ribose share common metabolicepses and were used
dynamically byE. coli in the gut (Autieri et al., 2007). Glycogen couyddtentially
also be used, since mutants unable to synthesistoo glycogen have reduced
colonisation abilities (Jones et al., 2008). Appése not only catabolic functions are
important, as mutant strains impaired in purine aydmidine biosynthesis were
eliminated from the mouse intestine (Vogel-Scheell.e 2010). Additionally, maybe
not all metabolic functions important for intestineolonisation are commensal
functions inE. coli. It was shown that EHEC ariel coli K-12, albeit using similar
carbon sources in the mouse gut, were also usiegfgpones (Fabich et al., 2008).
Additionally, EHEC strains seem to gain advantagmenf using novel metabolic
compounds, such as ethanolamine as a nitrogenesouthe cattle intestines (Bertin
et al.,, 2011). Interestinglyiz. coli O157:H7 colonised a sterile mouse intestine
successfully but was outcompeted in mice pre-tceati¢h E. coli K-12 (Miranda et
al., 2004).E. coli 0157:H7 showed less metabolic flexibility vivo thanE. coli K-
12, which seemed, in this study, more metabolicalljapted to host conditions

(Miranda et al., 2004).

Other mechanisms have been pinpointed as impodtairig the colonisation bfg.

coli of primary host environments. Type-1 pili are intpat for the initial attachment
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to the intestinal surface and the colonisation atasa (Tullus et al., 1992; Herias et
al., 1995), and are harboured by commensal and Wads (Hartl and Dykhuizen,
1984). The presence of an extracellular capsulegem K5) and of P fimbriae also
increases intestinal colonisation By coli in gnotobiotic rats (Herias et al., 1997).
Flagellar motility seems however to be impairingloogsation, with nonmotile
0157:H- EHEC variants colonising cattle intestivesy much better than motile
ones (Dobbin et al., 2006). This observation wasfiomed by a study using
“intestine-adapted” strains derived frdfn coli K-12 MG1655 which were observed
to become nonmotile only a few days after feedingenfGauger et al., 2007). This
lack of motility upon host colonisation was asstalawith mutations in th&dhDC

regulator (Dobbin et al., 2006; Gauger et al., 20§ Paepe et al., 2011).

1.2.2.2. Secondary (“honhost”) environments

Interestingly, although attachment through pili dmcbriae seems important, biofilm
formation (i.e., the formation of an extracellutathesive matrix) is not considered to
be an advantage during intestinal colonisation. Tmeduction of the matrix
components is very tightly regulatedBn coli andSalmonellaand responds to many
environmental signals (Barnhart et al., 2006). Kiytamatrix expression is generally
high at low temperatures (28-30°C) and inhibited haist temperature (37°C)
(Arngvist et al., 1992; Barnhart et al., 2006). &aV other conditions preferably
linked to ex-vivo conditions have been identifieal énhance matrix production
(Barnhart et al., 2006). Accordingly, it has bedmwn that the formation of an
extracellular matrix irBalmonellalwhich is very similar to the matrix &. coli) was

not favoured during intestinal colonisation (Whie al., 2008). Instead, matrix
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formation conferred a higher resistance to desimedGibson et al., 2006) and long-
term survival (White et al., 2006), clearly higtitqng its role in inter-host

transmission or environmental survival rather thaat colonisation.

Much sampling effort in pathogenic and non-pathag&n coli ecology studies has
been concentrated on animal and human hosts oolyetkr, it has been suggested
that half of all living E. coli could theoretically live outside hosts, in secagyda
environments such as soil, water and sedimentsaffeaw, 1983). In his landmark
1983 review, Michael Savageau presents differepbtheses on host and nonhost
lifestyle adaptations i. coli (Savageau, 1983E. coli originates from the primary
environment, an intestine, and is excreted viadbeatter in environments congruent
with the warm-blooded animal host ecology, mosth&f time water, sediments or
soils. A large majority of strains probably die tinis step, and a fraction of the
survivors will presumably be able to recolonise iatestine (Savageau, 1983;
Winfield and Groisman, 2003). However, some strairesfound to persist better (or
in higher proportions) in secondary environmengtbthers (we call them “nonhost-
associated” strains), which indicate that life mege environments is not a random,
accidental event but probably has an ecologicahifstgnce on the species as a
whole. Savageau hypothesised that species-widetiselg@ressures if. coli were
maintaining a high growth rate in hosts and a Ibati-life in nonhost environments
(Savageau, 1983). This view is very consistent with host specialisation and

generalisation mechanisms introduced in sectiol321

If E. coliis able to live in ecologically important host amonhost environments, it

must be reflected in a variable association witkcsjr traits. The acquisition of
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nutrients is a good candidate, as different nutsiesre presumably available in
primary and secondary environments (Savageau, 19d8field and Groisman,
2003). It is also possible that the abundance d@feréint nutrients vary, with
secondary environments harbouring less availablapooinds (Savageau, 1983).
Accordingly, different ecological processes areutiit to influence the requirements
for transition between the primary and secondaryirenments forE. coli. The
“demand theory” (Savageau, 1974; Savageau, 198Jiasnthat environmental
changes can influence how core metabolic genesegndated, balancing between
positive regulation for high-demand gene producid aegative regulation for low-
demand gene products in a way that could mirrorggngource availability in natural
environments. Alternatively, the “selection theomtiggests that some isolates are
fitter than others (i.e., harbour additional trafisr life in particular host or nonhost
environments and thus retrieved in higher quastitdien these environments are
sampled (Whittam, 1989; Gordon et al., 2002). Thasposed ecological processes
are neither exhaustive nor exclusive; it is likéigt a mixture of core gene regulation
variation and presence or absence of fitness-enm@mi@its governs environmental

adaptation.

Interestingly, the differential abilities amorkg coli strains to acquire nutrients has
also been linked with mutations affecting the expien levels of the alternative
sigma factor RpoSaf or %), which can be found in a relatively large projmrtof
natural E. coli isolates (Waterman and Small, 1996; Bhagwat et2805; Ferenci,
2005; Ferenci et al., 2011). Strains with low Rpe&ls were found to be more able
to compete for nutrients with other bacteria, bwgrevless capable of surviving

stresses such as acid shock or starvation (Kiag},62004). This led to the hypothesis
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that E. coli faces a trade-off between self-preservation artdtiomal competence

(SPANC) and suggested that strains with differesgitions on the SPANC balance
might occupy different ecological niches (Ferer2005) or experience selective
pressures to maintain diversity (Levert et al.,, R0De Paepe et al.,, 2011). It is
conceivable that the balance between host and sbrémvironments parallels the
SPANC balance, as it has been shown that this mesrhacould promote strain
diversification in the mouse gut (De Paepe et 20]11) with possibly different

ecological behaviours.
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1.3. E. colilifestyle in agricultural fields

1.3.1. Persistence and agricultural sources of contaminain

1.3.1.1. Increased persistence &. coliin soil and water in relation to

population structure

As E. coliis being shed actively and in tremendous amounots fanimal hosts, at
least detectable concentrations Ef coli should be found in natural environment,
especially in agricultural areas. This point is Hasis of the use &. coli as a faecal
indicator in water, soils and the food industrye&al indication relies on the fact that
E. coli precisely has a high rate of die-off and does masist long enough in
secondary environments so that it can accuratedgiglr faecal contamination. The
validity of this requirement has increasingly bebdallenged by the report thit coli
could be isolated from secondary environments iaddpntly of seasonality or
obvious source of faecal input. For instance, lrga persistindge. coli strains have
been isolated from undisturbed forest soils (Byappalli et al., 2006). When DNA
fingerprint profiles between strains from this feirgoil and the surrounding wildlife
were compared (and thus the genomic rearrangenpatisrns between strains as
explained in section 1.1.2.), soil strains formedistinct cohesive group, whereas
strains from wild animals did not cluster in anyyw8yappanahalli et al., 2006). This
suggests that the observEd coli forest soil populations are possibly autochthonous
and might form a distinct persisting populationsioil. Numerous other studies in
different geographical locations have reported #eme observations of an

autochthonous, non-transient presence of so-calkdralised”E. coli persisting and
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even growing in tropical soils (Byappanahalli et 8D06; Ishii et al., 2006; Ishii and
Sadowsky, 2008; Goto and Yan, 2011), water (Bermwaatel Hazen, 1988; Power et
al., 2005; Vital et al., 2008) and sediments (S8kbriele et al., 2000; Whitman and
Nevers, 2003; Whitman et al., 2003; Ishii et aD0?) at low but still detectable
levels. These “naturalised” populations Bf coli probably have to be considered
when interpreting faecal indication tests in tr@bienvironments (Goto and Yan,

2011).

It has been suggested that the increased numistudies reporting “naturalisede.

coli in tropical environments were probably reflectinge fact that tropical
environmental conditions “mimicked the colon enummeent” (Winfield and
Groisman, 2003). However, this reductionist apphomscprobably too simple to be
true, as intestinal contents are tremendously rddferent in microbial phylogenetic
composition, density and physicochemical constsaiman an open environment such
as water or soil, in any type of climate. Moreoverent reports describe the presence
of environmentally persisteri. coli in low-temperature Irish soils, which are far
from being tropical (Brennan et al., 2010; Breneéal., 2010). “NaturalisecE. coli
were also found to grow in watershed soils and bbesands from the temperate Lake
Superior region in USA (Ishii et al., 2006; Ishii &l., 2007; Ishii et al., 2010).
Another contradicting and surprising example cofas alpine pasture soils in the
French Alps, in whichE. coli was expectedly detected during the cattle grazing
season but more surprisingly all-year long, eveemwa snow layer had formed, and
thawed (Texier et al., 2008). Finally, in the miostgitudinal study ever performed to
our knowledge E. coliwas found to persist at low levels for about 1arge(from

1978 to 1991) in experimentally inoculated rye-grasoils in Vermont, USA

50



(Sjogren, 1995). These studies indicate that famfrbeing restricted to tropical
environments, it is likely that faecal depositioreets can generate self-replicating,
sustainable, low-density populations of soil-bokhecoli that can be considered as

part of the resident soil microbiota (Byappanaletiial., 2006; Ishii et al., 2006).

In any case, why does the majority of “naturaliséd’coli seem to be associated to
soils? First, this could be a bias linked to inseghsampling in soils, but there could
also be a real ecological reas@n.coliis mostly present in the intestines of birds and
endothermic wildlife, which live predominantly oand. Thus soils and to a lesser
extent freshwaters, are the most likely environment be contaminated by faecal
matter and drive adaptation, if any, of nonhosbeisded or “naturalised” strains. In
that sense, vegetation can also be considered @wtant, yet no population-wide
study has ever been reported to our knowledgejngatis thesis work in a good
context of novelty. Another reason, linked to theevious one, explaining why
“naturalised” E. coli would be maintained predominantly in soils would that
environmental conditions are somehow suitable Horcoli in this milieu. Indeed,
some strains OE. coli possess very complicated machinery for the biodiegien of
aromatic compounds, with up to 5 distinct catabpiathways (Diaz et al., 2001).
Aromatic compounds are supposed to be an obviotreenufor E. coli colonising
soils, water and plants, given their high conceitnain those environments (Diaz et
al., 2001). Aromatic compounds can also be prasehe gut, in the form or aromatic
amino acids, such as tryptophan, and sometimesid$egind drugs (Diaz et al., 2001)
but as presented before, the preferred sourceatoénts in the intestines f@. coli
do not seem to include aromatic compounds (Charad},e2004; Alpert et al., 2009),

which may then only be of minor ecological impodann the gut. In that respect, it
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would be interesting to examine how the aromatimpound metabolic abilities are
distributed in nonhost-associated strains, and hérneit could be considered as an

important ecological factor. This point is examiriether in Chapter 4 of this thesis.

Unfortunately, most of the studies assessing thage populations of “naturalised”
isolates did not address the question of populastvocture. In the future, this
interesting information will shed more light on tlgtobal ecological processes
occurring inE. coli, and determine if, similarly to a “host specidiisa’ process,
there could be an “increased generalisation” poaeE. coli. Additionally, it would
be interesting to examine if the acquisition ofcfe traits could be associated with
this long-term persistence phenotype. A few studieamine more in depth the
population structure of strains isolated in frestewaand pasture soil (Walk et al.,
2007; Bergholz et al., 2011). There is no indicatm the “naturalised” status of the
tested strains but it is nevertheless interestongexamine whether the population
structure of persisting nonhost-associatedcoli can be linked to their ecology.
Interestingly, the majority dE. coliisolates in these two studies are from phylogroup
Bl (41% in pasture soil (n=353); 56% in freshwdier190); seelable 1.1). Few
studies on the population structure of nonhost@as&lE. coli are available, but this
strong consistency in B1 dominance prompts the tewdity that phylogroup Bl
strains may harbour traits that grants them a ctitygeadvantage or an increased
survival in secondary environments (Walk et alQ20 We discuss this topic further

along with our research in Chapter 4 of this thesis
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1.3.1.2. E. coli from wildlife and domesticated animals

An alternative hypothesis explaining the presende certain genotypes or
phylogroups in nonhost environments could simplyhsgr presence in the dominant
contaminating sources. This would imply that notlese/ironments have little effect
on theE. coli population structure. As nonhost environmentssardifferent in terms
of physicochemical conditions, this seem unlikelyt accordingly, it has been
observed that wild birds (Gordon and Cowling, 2088) farm animals (Walk et al.,
2007; Carlos et al., 2010) were generally populated large majority of strains from
phylogroup Bl Table 1.1). Coupled with the observation that soil and watksio
harboured more strains from phylogroup B1, the abdwpothesis about
contaminating sources could be true. Nonethelessg hongitudinal studies focusing
on the source of isolation are required. Intergdfinit has recently been suggested
that phylogroup B1 was composed of “host genesdlistvith no specific host
association preferences as opposed to phylogrougdgposed of “host specialists”
(White et al., 2011). It could be that host genenalin E. coli is associated with

nonhost adaptation. We also address this topidap€r 4 of this thesis.

1.3.1.3. Possible sources and vectors of agricultural field

contamination

As briefly mentioned in the previous section, thesimheavily contaminated natural
environments by faecal input from most endotherspecies are presumably soils,
freshwaters and plants, makikg coli contamination in agricultural fields inevitable.

Indeed, low levels ofE. coli are constantly observed when analysing vegetable
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samples during faecal indication tests (lbenyassinal., 2007; Rai and Tripathi,
2007; llic et al., 2008; Valentin-Bon et al., 200@andrell, 2009; Caponigro et al.,
2010; Oliveira et al., 2010), suggesting that tbsoaiation with plants in particular is
not uncommon. Anthropic or natural contaminationagficultural fields byE. coli

can occur in multiple ways, the most obvious sosirbeing the water used for
irrigation, and direct (wildlife, humans) or indatefaecal contamination resulting

from untreated manure used for fertilisatiGinglre 1.5).

*Bioaerosol
* Contaminated
irrigation H,O

* 7- Flood H,O
™ Insect A | I A N

* Fungi, protozoa, and
nematodes as vectors D> N/ /

Figure 1.5. Possible routes of agricultural field entamination by E. coli (Brandl, 2006). Red
squares represent the major source&.otoli contamination and yellow stars represent the factor
contributing to the spread (vectors) Bf coli from the major sources. This figure is copyrightsd

Annual Reviews.

Water is one of the most likely sourceskofcoli contamination in agricultural fields
(Steele and Odumeru, 2004), and a number of olkbrebpathogeni&. coli have

been linked to fresh produce contaminated by itioga(Rice et al., 1992; Soderstrom
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et al., 2005). In the UK, 71% of salad fields aregated from surface waters (Tyrrel
et al., 2006) which likely received treated wast@waffluents. Levels of coliforms in
irrigating water are monitored on very regular Isaseith an accepted threshold of
less than 1dcells per 100 ml (Tyrrel et al., 2006), which Bvertheless conducive of
a low-level contamination in agricultural fields. coli was also detected on lettuce
leaves 30 days after it had been contaminateddayghe application of contaminated
water, with a possible growth in the phyllosphe®@olomon et al., 2003).
Additionally, E. coli could internalise in the inner tissues of spinsedves when
contaminating water, and not soil, was applied Miet al., 2009) indicating that
plants contaminated from above may increase theilliod of E. coli resisting
surface decontamination procedures, as comparedrttamination from the roots.
However, this point is contrasted by the observattbat roots experimentally
inoculated withE. coli resulted in the systemic presence of the bacteendo- and
epiphytically (Cooley et al., 2003), suggestingt thiants can be colonised &y coli

from the soil.

Indeed, field soil is also a potential source ohtamination byE. coli which, in

addition to the potentially “naturalised” residgmvpulations described in section
1.3.1.1, can likely come from the dispersion ofnaeli wastes such as slurry or
manure. Typically, and depending on various coadgj the concentration &. coli

in faecal matter can naturally vary betweef a6d 16 cells/g, in slurry between 10
and 10 cells/g and in manure between’Hhd 10 cells/g. A very large number of
studies have focused on the survival abilities Eof coli in soils after manure

application (Whipps et al., 2008). Results seemaly according to the experimental
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protocol but the overall trend is that persistecae be long, ranging from 10 days to

several years (Whipps et al., 2008; Mandrell, 2009)

In addition to these two major sources of contatna a multitude of possible
vectors (or more “minor’ sources) have been idadif Insects such as flies
(Janisiewicz et al., 1999; Sasaki et al., 2000;aSsl al., 2005) and honeybees
(Johnson et al., 1993) have been shown to congritauthe spread of phytopathogens
and E. coli on plants. Flies may constitute an under-represesburce oE. coli
transmission, as they can travel for relativelyglaiistances and are attracted to faecal
matter and farm animals. Additionally, when in matenvironments, bacteria have to
cope with the constant predation by nematodes a&oatbzma living abundantly in
soils. Subsequently, it has been shown @e#norhabditis elegansould carry liveE.
coli and Salmonellain its gut, protecting them from disinfection (@akll et al.,
2003) and even transmitting them vertically toptsgeny (Kenney et al., 2005), thus
acting as an important potential vector for dispgrgKenney et al., 2006). Protozoa
like Tetrahymena sp(Gourabathini et al., 2008; Rehfuss et al., 2ddiit)also fungi
(Brandl, 2006) have also been shown to interach it coli and Salmonella and
could contribute to their spread in agriculturalds. Finally, important vectors for
contamination byE. coli may be the plants themselves. Seeds were obstoVeel
colonised duringn vitro contamination of roots and shootsBycoli andSalmonella
(Cooley et al., 2003). EHEC could attach and pesisseed surfaces and germinating
seedlings (Jeter and Matthysse, 2005) and mucht dffis been concentrated to
effectively decontaminate at this stage of foodcpssing (Taormina and Beuchat,

1999; Beuchat et al., 2001; Scouten and Beuch&?2)2(btudies focusing on seed
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colonisation appear to be of prime importance,hasconsumption of contaminated

sprouted seeds is often linked to food-borne oatts®f pathogenik. col..

1.3.1.4. Public health impact of E. coli contamination of phts

Worldwide public demand for “ready-to-eat” produtas increased in the last two
decades. Better awareness of food contents andhyedlet requirements in
conjunction with public health programs, such as/efa-day” in the United
Kingdom, are believed to contribute to this inceeaand promote a higher
consumption of fruits and vegetables among the latipn. In the meantime, food-
borne infections associated with fresh vegetabkes ragularly reported (Brandl,
2006; Heaton and Jones, 2008; Mandrell, 2009). Te largest food-borne
outbreaks ever observed to be caused by pathoergoli in humans occurred in
Sakai (Japan) in 1996 (Itoh et al., 1998; Fukushatal., 1999) and in Germany in
2011 (Rohde et al., 2011), and both involved tls®a@sation oft. coli with vegetable
sprouts. Most of the time, EHEC strains of serad&67:H7 (and rarelghigellg are
involved with food-borne diseases linkedEocoli (Brandl, 2006; Heaton and Jones,

2008; Mandrell, 2009)Higure 1.6).
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Figure 1.6. Frequency of outbreaks linked to freskproduce in USA between 1990-200@Brandl,

2006) The graph shows the different frequencies of ingtign of a given pathogen in outbreaks

linked to the consumption of a given product.

Between 1990 and 2004, about 90 outbreaks of erntegterial infections linked to

consumption of fruits, salads or sprouted seEdgufe 1.6) have been reported in the
United States, most beirfgalmonella entericand EHEC infections (Brandl, 2006).
Additionally, multiple outbreaks ofalmonellain UK and USA were linked to

consumption of raw tomatoes, cantaloupe melonawbirries and sprouts (Hedberg
et al., 1999; Beuchat, 2002). EHEC strains of sar@»157:H7 were shown to be
transmitted by fresh produce in 21% of the foodaleooutbreaks from 1982 to 2002
in USA (Rangel et al.,, 2005Salmonellais more often involved in outbreaks
implicating the consumption of fruits and sprowiberea<. coliis the leading cause

of salad-associated outbreaksgiure 1.6). Campylobactehas also been sporadically

linked to vegetable-related outbreaks (Brandl, 2006
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In 1996, an EHEC strain associated with radish iggreontaminated the meals of
schoolchildren in Sakai, Japan resulting in thetlded 3 persons and thousands of
illnesses (Fukushima et al., 1999). The strain,etlf%akai” and used for microarray
work in this thesis, was subsequently shown to lile 80 internalise radish tissues
(Itoh et al., 1998). Another strain of EHEC O157:lddused the 2006 spinach
outbreak in USA, during which 3 persons died an8 Bécame ill (Calvin et al.,
2009). The economic impact of the 2006 outbreak wgmortant, as it was the first
multistate outbreak causing death in the US linkedfood products otherwise
perceived by consumers as “healthy” and it waselgrgovered by national media.
More recently, a German outbreak in 2011 addedia reger O104:H4 variant to the
list of vegetable-related outbreak strains. The 2@ strain genome was sequenced
within days of the outbreak (Rohde et al., 2011 mvealed a pathogenic mosaicism
of both EHEC and EAEC traits, possibly explainihg surprisingly high virulence of
the strain (thée. coli 0104:H4 outbreak caused 50 deaths, 908 HUS cask3,h467
non-HUS cases and is the deadliest outbredk abli ever documented). In Chapter

4 of this thesis, we present results of metabalidilng using this 0104:H4 strain.

Since the 1996 outbreak and exponentially sinc@@6 outbreak, investigations on
how EHEC could persist, attach, colonise, invadantsl and interact with their
resident microflora were carried out. In the needt®n, we present a brief overview
of some molecular mechanisms that have been ig=httb be important for the

ecology of pathogenic and non-pathogdaicoli on plants.
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1.3.2. Specific association oE. coli with leaf surfaces

At the molecular level, much has been done on tivestigation of the required
functions for attachment and early colonisatiomplait surfaces. In this part, we will
briefly review these studies with an emphasis anrtile of the extracellular matrix
and biofilm formation, the role of flagellar motyj internalisation within plant

tissues and metabolism.

1.3.2.1. Role of the extracellular matrix in plant attachmenand

persistence

As mentioned earlier, White et al. (2008) have shdiwat multicellular behaviour via
the production of an extracellular matrix does patmote virulence or intestinal
fitness in enteric bacteria. When mice are infeetégth Salmonella wild-type strains
are out-competed by isogenic mutants unable toymedan extracellular matrix,
suggesting that aggregation via the “red, dry amah” (rdar) morphotype is not
essential during host colonisation (White et ad0&. The authors suggest that the
primary role of the extracellular matrix is to enhaSalmonellasurvival outside the
host, thereby aiding in bacterial dissemination (fé&/kt al., 2008). This hypothesis is
strongly supported by recent studies showing thiai end cellulose were among
other factors that were required for long-term deation survivalin vitro (Gibson et
al., 2006; White et al., 2006). A complex regulgitotterplay occurs at thesglocus
encoding curli fimbriae, involving different regtibay networks triggered by various
environmental stresses, thereby adding even manplexity to the understanding of

multicellular behaviour regulation in enteric ba@eThe optimal conditions for curli
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and cellulose expression were established by exterstudies onE. coli and

Salmonella(Vidal et al., 1998; Landini et al., 2006). Thengeal idea that conditions
suitable for matrix production seem to be more rofpeesent outside the digestive
tract has led to the hypothesis that it could be ohthe most important factor of
extra-intestinal adhesion and survival in naturali®nments (Olsen et al., 1993),
and this role was examined for persistence on plaxi. coliandSalmonellaln the

next two paragraphs, the specific roles of curld atellulose, the two major

components of the extracellular matrix, will bealletd.

In an elegant experiment using attachment-spetiinction disruption by random
transposon insertions, it was shown that produadibaourli fibres was an important
factor for Salmonellaattachment. Mutants having a transposon insertmorhe
regulatory region of thesgoperon did not produce curli or cellulose and skd\wa
10-fold reduction of attached cell numbers on #&faprouts 4 hours post-infection
(hpi) (Barak et al., 2005). In a previous study #ame authors had shown different
abilities of enterohemorrhagic strainsf coli (EHEC) andSalmonellato attach to
alfalfa sprouts (Barak et al., 2002). In this stuBHEC strains could be easily
washed away where&almonellaremained strongly attached (Barak et al., 2002).
Most EHEC strains have a point mutation in tsg regulatory sequence leading to
the absence of curli and cellulose synthesis (Urdical., 2001). When attachment to
alfalfa sprouts was tested, curli-producikg coli strains attached as well as
Salmonella suggesting bacteria that can produce curli areentikely to attach at
high populations to plant surfaces (Barak et &05). The laboratory-adapted strain
E. coliK-12 has not been observed to attach to tissuead[@t al., 2003; Matthysse

et al., 2005; Torres et al., 2005). However, twadsts showed that the addition of
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plasmids expressingsg genes restored the ability of K-12 to bind alfadfarouts,
suggesting once again the important role of cumbfiae in the early attachment to

plant tissues (Dong et al., 2003; Matthysse ekab5; Torres et al., 2005).

Cellulose biosynthesish¢s genes, regulated by AdrA) was shown to contrildote
bacterial attachment to and colonisation of pléBtrak et al., 2007)cs mutants of
Salmonella entericavere unable to form biofilms at the air/liquidenftace, and their
ability to attach (4 hours post infection, or “hpé@nd colonise (24 and 48 hpi) alfalfa
sprouts was drastically diminished (Barak et abQ7). Using transcriptional GFP
fusions and quantitative RT-PCR, authors showetdd#léulose biosynthesis pathway
genesadrA and bcsA and the cellulose and matrix regulator gessgD were
upregulated during colonisation of alfalfa sproats48 hpi (Barak et al.,, 2007),
indicating that these functions are important foloaisation of plant surfaces. The
same results were obtained tr coli 0157:H7 (Matthysse et al., 2008). A deletion
mutant analysis indicated that cellulose and ely6-N-acetyl-D-glucosamine
(PGA) were required for binding to alfalfa sprouf§latthysse et al., 2008).
Moreover, when expressed i coli K-12 (which normally does not attach to plant
tissues), a cellulose synthase frakgrobacterium tumefaciensaused a 100-fold
increase in the ability to attach to sprouts (Mggte et al.,, 2008). However,
induction of the synthesis of an exogenous PGA-ld@ymer originating from
Bordetella bronchisepticdid not produced clear improvements for attachnoér.
coli K-12 to alfalfa sprouts (Matthysse et al., 200B)is interesting result suggests
that polysaccharides involved . coli interaction with sprouts may play a very

precise and species-specific role rather than be&idgndant or “accidentally” useful.
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Numerous studies have observed that leaf age isnpartant factor for bacterial
colonisation (Brandl and Amundson, 2008). It hasrbeshown that nitrogen
availability varied at the surface of lettuce lesnazcording to leaf age and that it
could be a limiting factor foE. coli O157:H7 growth. Young-aged lettuce leaves do
no leach as much nitrogen as middle-aged leavesn{@Brand Amundson, 2008).
Interestingly, it was shown that nitrogen starvatialong with other nutrients was a
signal switching on thecsgD promoter, and thus curli and extracellular matrix
expression (Gerstel and Romling, 2001). ConceivallggD-activated structures,
among them curli and the extracellular matrix coo#g in some cases, useful during
persistence in the phyllosphere until the level nottrients required for growth

increased with leaf senescence-dependent leachates.

1.3.2.2. Differences in plant attachment mechanisms between

pathogens and commensals

Differences in attachment to plants have been fduetsveen pathogenic and non-
pathogenicE. coli strains, possibly suggesting different strategé&scolonisation
(Jeter and Matthysse, 2005; Matthysse et al., 2Z006gs et al., 2005). Attachment to
alfalfa by curli-deficientAcsgmutants irkE. coli O157:H7 was not reduced compared
to wild-type, whereas attachment Bf coli K-12 strains was not possible. However,
when csg genes were overexpressed Bn coli K-12, attachment to alfalfa was
observed at high levels (Torres et al., 2005) ssigug that curli could be sufficient to
promote binding to plants but that redundant systemay exist irE. coli 0157:H7
allowing bacteria to compensate for the loss ofi eund to retain the ability to bind to

plant. Nevertheless, despite the wide distributbnsggenes irE. coli, curli are not
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expressed in many EHEC because of point mutatiotiseicsgD promoter (Uhlich et
al., 2001; Uhlich et al., 2008). In sonte coli K-12 strains, curli are also not
expressed because of an amber mutation impth® gene (Landini et al., 2006), but
expression o€sgDfrom a plasmid (Prigent-Combaret et al., 2000)ncan ompR234
curli-overexpressing background (Vidal et al., 198 induce their synthesis. These
observations suggest that the us&otoli K-12 and other non-pathogenic strains as
surrogates for the study of EHEC attachment ontplahould be considered very
carefully, as biological mechanisms involved intbaases are very likely to be
different (Barak et al., 2002). Additionally, detgpinteresting results, the use of the
laboratory-adapte#. coli K-12 strain itself is a major criticism of most thle studies
presented here. This unrealistic choice may leadunconvincing ecological

conclusions, as do in general all single-strainimacstic studies.

Interestingly, features that are only associatetth WHEC and O26 pathogens, such
as the LEE-encoded EspA filaments synthesised byEKerotypes, were required
for attachment to salad leaves. Deletion mutanesspAwere unable to bind rocket
salad, lettuce and spinach leaves whereas tranpleorantation fully restored the
colonisation ability (Shaw et al., 2008). No admtrkescNmutants were observed.
EspB was shown to be important for tropism towdahsta by EHEC, possibly by
actively recognising a specific stomatal recepioopism, whose mechanisms remain
to be elucidated, was not observed vithcoli O26 cells. Effector translocation was
not observed with both serotypes, which is cohewveatit the physical properties of
the plant cell wall, which is unlikely to allow pgean translocation via the EHEC
T3SS (Shaw et al., 2008). This assumption was astetll by the observation that a

EHEC mutant defective in the T3SS ATPase EspN, thd unable of protein
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translocation, was strongly impaired in its spinacid lettuce leaves colonisation

abilities (Xicohtencatl-Cortes et al., 2009).

Different pathogen-specific attachment mechanisave libeen investigated in various
E. coli pathotypes for their role in plant attachmentEHEC, afliC mutant unable to
produce its flagellum showed no attachment to ghinand lettuce compared to a
motile wild-type strain (Xicohtencatl-Cortes et,&009). Similar observations were
made in ETEC, in which #8iC mutant, but not mutations tpA or cfa, which are
additional ETEC-associated attachment functions madly involved in the
pathogenesis process in animal hosts, showed aficagu reduction in plant
attachment (Shaw et al., 2011). Conversely, nacefiethe flagella was observed in
EAEC plant attachment, but a reduction in tropisnstomata was observed (Berger
et al., 2009). Additionally, EAEC-specific AAF pilinormally involved in the
adhesion of EAEC to mucosx vivo(Czeczulin et al., 1997) were involved in plant
attachment (Berger et al., 2009). Similarly to tregiation observed in EAEC and
EHEC in Salmonella the role of the flagella in leaf attachment wéaserved to be
serovar-dependent (Berger et al., 2009).fll& mutant of S. entericaserovar
Senftenberg, involved in a basil-associated outhre@s impaired in its attachment
to basil leaves whereas serovar Typhimurium was(Betger et al., 2009). It has
been shown otherwise that Typhimurium flagella hawerole in the active
chemotaxis-dependent internalisationSailmonellainto lettuce leaves (Kroupitski et
al., 2009), suggesting that there are multiple ey flagellar interaction with the

surface of plants.
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It is somehow puzzling that a system as speciabsetthe T3SS in EHEC has just an
ectopic attachment role, seemingly without any girotranslocation involved. The
fact that a mutant iespNis impaired in plant attachment would tend to gomfthis
but on the other hand, contaminating EHEC havebean observed to cause any
symptom associated with plant disease or PAMP-nedlibacterial recognition by
plants (Zipfel, 2008), suggesting that EHEC aBd coli in general are only
opportunistic epiphytes. On this latter point, ibwd seem thaE. coli is different
from Salmonella which has been observed to cause chlorosis adsk symptoms

when infiltrated intoA. thaliana (Schikora et al., 2008; Berger et al., 2011).

These remarkable recent results demonstrate theg #ire mechanisms involved in
EHEC attachment to plants that cannot be studiadguson-pathogenic strains
lacking a functional T3SS and the LEE region. Tdestion constitutes an interesting
indication that mechanisms of early attachmentaats within theE. colispecies are

very diverse.

1.3.2.3. Endophytic lifestyle oE. coli

Since the observation that enteric bacteria catilldbs isolated on agar medium after
decontamination of the leaf surface, many studa& heported the internalisation of
enteric bacteriéggsalmonellaor E. coli in the inner parts of plant leaveSalmonella

was found to internalise in tomatoes by stem irmtoah (Guo et al.,, 2001), in
sprouting mung beans (Warriner et al., 2003), psrtdaves (Lapidot et al., 2006),
barley (Kutter et al., 2006) am&tabidopsis thaliangCooley et al., 2003; Schikora et

al., 2008).E. coli (not only pathogenic strains) was also supposellg to actively
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reach the apoplast in lettuce aAdthalianaafter soil contamination (Wachtel et al.,
2002; Cooley et al., 2003), spinach (Warriner et 2003) and mung bean sprouts
(Warriner et al., 2003). Root inoculation with b&hcoli and Salmonellaresulted in
shoot contamination and this was found to be degr@noh flagellar motility (Cooley
et al., 2003). AlsoSalmonellamutants in chemotaxis systems lost the ability to
internalise in lettuce, interestingly in a lightpdsdent process (Kroupitski et al.,
2009). Many plant sites were observed to be intesiedh by E. coli and Salmonella
(Figure 1.7), with a preference in leaves and vascular tisspeessumably richer in

nutrients.
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Figure 1.7. Schematic representation of the differg plant sites in which internalisation of E. coli
or Salmonellahas been observed (Deering et al., 201The yellow shapes represent bacteria, not to

scale. This figure was adapted from a meta-anaysity and is copyrighted by Elsevier Ltd.

The experimental proof of internalisation is nosyedo achieve and has produced
conflicting results in many studies as many factais presumably affect the outcome
and reproducibility of internalisation experimenssich as the age and species of
plants or the strains used (Warriner and NamvatQP0Protocols of infection also
seem to play a role, as the internalisation ofsim@e strain oE. coliin spinach was
only observed when water was used to inoculateeleand not via soil and roots

(Mitra et al., 2009). A recently published metalgss thoroughly listed all studies
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examining the internalisation &. coli or Salmonellainto plants, and estimated that
internalisation was observed with a 70% succesgs dajpending on protocol (Deering
et al.,, 2011). Nevertheless, the use of fluoresecepbrters and microscopy has
produced convincing evidence (Schikora et al., 200®upitski et al., 2009) that
under certain strain-specific and environmentalwmstanced;. coliandSalmonella
can internalise into plants and thus potentiallyad®y surface decontamination

techniques.

1.3.2.4. Metabolic opportunities folE. coli growth on plants

Plant leaves carry a wide variety of inorganic arghnic compounds that are leached
or exuded from the internal tissue (Morgan and Tuki964) and that can act as
nutrient sources to bacteria on leaves. Consummtiarutrients from a leaf surface
by bacteria has been demonstrated using radiokdgbearbonated sources (Rodger
and Blakeman, 1984). It has also been observed thetstructure of bacterial
populations on leaves could be manipulated by dhgngutrient availability on the
plant surface (Wilson and Lindow, 1994; Wilson ét, 4995), indicating that
microbes growing on plant surfaces could be comgdtr a very limited amount of
nutrients, which in turn, would determine the stmwe and size of microbial
populations. Depending on leaf age, growing coadgiand the presence of wounds,
various amounts of carbohydrates, organic acidsnaiacids, methanol and various
salts are available for bacteria on or within leay®lercier and Lindow, 2000).
Several studies to assess nutrient, water or ssHgability on leaves have been
conducted using reporter biosensor strains. Sugalladility and localisation on

leaves has been investigated using an engineerath stf Erwinia herbicola
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expressing a green fluorescent protein (GFP) uttdercontrol of the fructose- and
sucrose-responsive promoteksgPand Rey (Leveau and Lindow, 2001). Microscopic
observations revealed that bacterial consumptiosugérs was generally in localised
sites on the plant rather than randomly disperseosa the leaf, which suggests that
most areas of a leaf harbour only small amountsutfients, and that nutrients may
be abundant in only a few locations (Leveau andlbm 2001). In the same way,
water availability on a leaf has been assessedjsmins ofPantoea agglomerans
expressing a green fluorescent protein (GFP) repagene linked to a promoter
(Porou) responsive to water availability (Lindow and Bdgr2003). Most cells do not
experience the expected water stress on dry leatggyesting that bacteria can
survive using the desiccation-resistant aqueous ldyier surrounding leaves whose
function is to retain moisture emitted through saten(Lindow and Brandl, 2003).
Ferric iron availability has also been assessenusiosensor strains. Using the’fe
sensitive regulation of the promoteg.&controlling the expression of a siderophore
membrane receptor iRseudomonas syringa@ spatial heterogeneity of available
iron on plant surfaces was observed, even if ibagparently not limiting bacterial

growth of bacteria on leaves (Joyner and Lindovg@0

Nitrogen availability, however, was variable at th&face of young, medium-aged
and old lettuce leaves and was found to be a hgifactor for growth of. coli
0O157:H7 on leaves (Brandl and Amundson, 2008). éduide leaves, nutrients may
leach by guttation (i.e., the exudation of watemnirleaves by hydathodes as a result
of root pressure) which is considered to be a compl@nomenon in this plant. Such
fluids contain diverse substances, including anaicids, carbohydrates and inorganic

substances like N and NH' ions, which may contribute to nitrogen availapikin
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the leaf surface. It was suggested that guttatiods were contributing to high levels
of nitrogen availability on young lettuce leavespypding good conditions for
bacterial immigration and persistence when the sgoung (Brandl and Amundson,
2008). The role of trichomes as nutrient sources ben hypothesised, as these
structures are believed to leach nutrients to thatpmicroflora (Morris and Monier,
2003; Monier and Lindow, 2004). Indeed, microscoptadies have shown that
epiphytic bacteria anB. coli 0157:H7 were more likely to form aggregates nbar t
base of glandular trichomes (Morris and Monier, 200lonier and Lindow, 2004;
Brandl and Amundson, 2008). However, the presendeamount of hydathodes and
trichomes on the leaf surface differs among spesigggesting that different bacterial

colonisation strategies could exist for differgrges of plants.

Research from naturally plant-associated bacterigphytopathogens can provide
clues on what the conditions are at the bactedalesofE. coli when immigrating
onto a leaf. Numerous studies on plant roots hagldighted what could be expected
in the phyllosphere regarding the role of exudatss;oot and leaf exudates are both
composed of a complex mixture of sugars, aminosacmiganic acids and other
compounds (Mercier and Lindow, 2000; Lugtenbergakt 2001). Metabolic
versatility seems to be an advantage in both rplzee and phyllosphere
colonisation (Lugtenberg et al., 2001). Mutatioffe@ing the metabolism of sugars
or organic acids of bacteria resulted in a deceka#@ess in the rhizosphere
(Lugtenberg et al., 2001). Synthesis of sugar parisand catabolic enzymes are also
enhanced in response to root exudates in the pheos (Espinosa-Urgel, 2004), thus
mutants in these proteins are believed to be pooomisers (Lugtenberg et al.,

2001; Espinosa-Urgel, 2004). Metabolic activityRdeudomonasp. seems to vary
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according to the position on roots, presumably beeaf differences in £solubility

and exudate composition in the different partdefroot (Kragelund et al., 1997).

As presented in this non-exhaustive review of iteedture, the mechanisms of short-
term colonisation of plants k. coli involving attachment and early persistence are
starting to be very well understood. It is equatieresting to understand hdsv coli
persists on plants and generally in secondary enwients in the longer term. The
identification of plant- or nonhost-specific metdba@bilities or associated behaviour,
if any, is part of this effort, and may give impant knowledge in defining the roles
of secondary environments in the ecologyEofcoli, and the possibility to control

problematic pathogens more efficiently.
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1.4. Context of this work

As presented in this introduction, the general ettoh and ecology oE. coli as well

as its mechanisms of plant association are extelysstudied. Regarding this last
topic, because of the economic pressure on findieyy ways to control human
pathogens on plants and more generally on foodilaegpdates on the advancement
are published and the need for more research plgkli (Niemira et al.,, 2009;
Teplitski et al., 2009). In this work, we chose a@ddress topics that are relevant
academically (the ecology &. coli) and industrially (the improvement of food safety

and monitoring):

* Where doesE. coli contaminating agricultural fields generally come fom?
Microbial source tracking has not proven very ssstid for E. coli. Given the
mosaic nature dE. coligenomes, it is very hard to identify genotypesnafkers that
are specific to certain hosts with certainty. A napproach can be considered by
trying to find population-associated traits in was environments. In the
Introduction, we showed that different environmestsape different population
structures irk. coli. In that context, it would be interesting to idgnthe population
structure in a sampled collection Bf coli isolates from plants, as no other study to
our knowledge has sought to characterise suchlectioh. This topic is addressed in

Chapter 3.

* Are there specific functions or traits in plant-assciated E. coli?
Many molecular mechanisms involved in attachmeetsigtence and colonisation of

plants and soil have been demonstrated using sstiglan studies, as introduced
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above. In this work, we adopt a population-widerapph by characterising a large
collection ofE. colifrom plants. Conceivably, some of the traits thatevMfound to be
involved in the interaction could be over-represdnin plant-associated isolates,
confirming their true ecological importance. Additally, if such traits are identified,
it would be plausible to develop a way to quantifis “adaptation” to plants, or more
generally nonhost environments, for singlecoli strains, in order to simply predict

their likelihood of plant contamination. This paras developed in Chapter 4.

* DoesE. coliinteract with the plant resident microflora?

The primary environment d. coliis densely populated with the gut microflora, and
resident or transier. coli strains are in constant direct or indirect intéoacwith
some of its members. Similarly, many diverse miesbcolonise the plant
environments, from soils and roots to shoots. Tleeeemechanisms of colonisation
resistance in the gut, for which the resident niiora can affect the colonisation
outcome of foreign and potentially pathogenic nb&a® and it is interesting to
examine how the plant resident microflora reactsenwlexogenous. coli are

colonising. This subject is addressed in a prelanjrway in Chapter 5.
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2. Experimental procedures

2.1. Bacterial strains and isolation of environmentalkE. coli

2.1.1. Phyllosphere isolates

2.1.1.1. Microbiological methods of isolation

In this work, we gathered 10B. coli strains isolated from the aerial parts of field-
grown plants into a collection called “GMB”. Thestrains were isolated from
various salad crops, mostly growing in agricultufedlds in England, between
summer 2008 and autumn 2009. Most isolates werevet from agricultural fields
where plants were grown to be commercialised ad.f&trains GMB01 to GMB58,
and GMB87 to GMB110 were isolated from post-harvaaterial in a partner food
safety inspection laboratory. All strains were semtus on agar stabs. Selective
isolation of E. coli isolates from plants was performed as recommeitgethe BS
ISO 16649:2001 standard procedure, which involtemaching (i.e. crushing and
stirring leaf material) in a recovery diluent, whits typically a derivative of peptone
buffer saline (PBS) diluent. Bacterial suspensionBBS are then filtered to remove
plant debris, diluted, plated on tryptone bile Xiglronide (TBX) agar plates and
incubated at 44°C for 18-24 hours. Growth on TB4rag selective for bacteria able
to survive the presence of bile salts, which ag@cslly inhibiting Gram-positive
bacteria. The addition of 5-bromo-4-chloro-3-indddgta-D-glucuronide (or X-
glucuronide) in the medium provides a chromogerdentification of bacteria

possessing the X-glucuronidase enzyme encoded éoyidi® gene.E. coli strains
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generally possessidA, and are able to cleave X-glucuronide, resultingblue
colonies on TBX agar. There can be false negatve$BX as a small fraction d&.
coli, notablyE. coli 0157:H7 and som&higellado not possessidA and appear as
white colonies on TBX. Also, it has been reporteak theuidA gene could be present
but the enzyme not expressed (Martins et al., 1988%ibly because of mutations in

the promoter region.

Strains GMB59 to GMB86 were isolated by JeanetteviNen (IFR) and Lucile
Mayeux (IFR) in September 2008 from a field nearrtli@m, Norfolk (UK)
according to the same standard procedures. Upnavatof organisms, turbidity and
gas production on brilliant green bile broth contag 2% of lactose (BGLBB; cat:
CMO0031; Oxoid Ltd.) was tested and all isolatesemgositive for both, which when
coupled with the growth phenotype on TBX, confirntkdt the biochemically tested

isolates weré. coli.

2.1.1.2. Geographical, temporal and plant origin of isolatio

GMB strains were isolated from plants grown in gas agricultural fields located

mainly in 5 different locations in England and faly, from the aerial parts of various

plants Figure 2.1).
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Figure 2.1. Information on isolation of GMB strains (a) Geographical location of isolation, (b)
proportion of isolates from these geographicaltioces and (c) plant of isolation. Red dots on trepm

indicate sampling sites, the yellow dot indicates [bcation of our laboratory.

GMB strains were mostly associated with spinaSbirfacia oleracemand rocket
(Eruca sativy, and to a lesser extent with other types of s#tadl included mizuna
(common name foBrassica rapa nipposinicand B. juncea var. japoniga tatsoi
(Brassica narinosp amaranth leave®\(haranthus sp, red chardBeta vulgari$ and
watercressNasturtium officinaleg GMB82 to GMB86 were isolated from the soil of
a rocket field located around Martham, Norfolk, WK September 2008. GMB103
has a different isolation history from the restjtasas isolated from corrzéa may}p
grown in south-eastern Asia. GMB strains were myostlated from plants grown

during summer and autumn 2008 (n=84). Twenty-twairss were isolated in 2009. It
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is not known when the asian corn plant colonisedsdB103 was growing. A full

description with strain names can be foundable 2.1

Table 2.1. Individual GMB strain information.

Strain name iz(l)all;:ig:] L?Scjgggn()f Date of isolation
GMBO01 Rocket Italy June 2008
GMBO02 Rocket Italy June 2008
GMBO03 Rocket King's Lynn July 2008
GMBO04 Rocket King's Lynn July 2008
GMBO05 Mizuna King's Lynn July 2008
GMBO06 Spinach Berkshire July 2008
GMBO07 Spinach Dover July 2008
GMBO08 Spinach Martham July 2008
GMBO09 Spinach Martham July 2008
GMB10 Spinach Martham July 2008
GMB13 Spinach Berkshire July 2008
GMB14 Mizuna King's Lynn July 2008
GMB15 Spinach Martham July 2008
GMB16 Mizuna Martham July 2008
GMB17 Mizuna Martham July 2008
GMB18 Spinach Dorset July 2008
GMB19 Other Dorset July 2008
GMB20 Rocket Martham July 2008
GMB21 Spinach Martham July 2008
GMB22 Spinach Dorset July 2008
GMB23 Spinach Dover July 2008
GMB24 Spinach Martham July 2008
GMB25 Spinach Martham July 2008
GMB26 Other Dorset July 2008
GMB27 Mizuna Martham July 2008
GMB28 Spinach Berkshire July 2008
GMB29 Mixed Martham August 2008
GMB30 Spinach Dover August 2008
GMB31 Spinach Dover August 2008
GMB32 Spinach Dorset August 2008
GMB33 Spinach Dorset August 2008
GMB34 Spinach Dorset August 2008
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GMB35
GMB36
GMB37
GMB38
GMB39
GMB40
GMB41
GMB42
GMB43
GMB44
GMB45
GMB46
GMB47
GMB48
GMB49
GMB50
GMB51
GMB52
GMB53
GMB54
GMB56
GMB57
GMB58
GMB59
GMB60
GMB61
GMB62
GMB63
GMB64
GMB65
GMB66
GMB67
GMB68
GMB69
GMB70
GMB71
GMB72
GMB73
GMB74
GMB75

Other
Mizuna
Spinach
Spinach
Spinach
Spinach

Other
Spinach
Spinach

Mixed
Spinach
Spinach
Spinach
Spinach
Spinach
Spinach
Spinach
Spinach
Spinach
Spinach
Spinach
Spinach

Other
Rocket
Rocket
Rocket
Rocket
Rocket
Rocket
Rocket
Rocket
Rocket
Rocket
Rocket
Rocket
Rocket
Rocket
Rocket
Rocket
Rocket
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Martham
Dorset
Dover
Berkshire
Dorset
Dover
Dorset
Berkshire
Dorset
Mixed
Mixed
Mixed
Dover
Martham
Martham
Berkshire
Berkshire
Dover
Martham
Martham
Mixed
Mixed
Mixed
Martham
Martham
Martham
Martham
Martham
Martham
Martham
Martham
Martham
Martham
Martham
Martham
Martham
Martham
Martham
Martham
Martham

August 2008
August 2008
August 2008
August 2008
August 2008
August 2008
August 2008
August 2008
August 2008
August 2008
August 2008
August 2008
August 2008
August 2008
August 2008
August 2008
August 2008
August 2008
August 2008
August 2008
August 2008
August 2008
August 2008
September 2008
September 2008
September 2008
September 2008
September 2008
September 2008
September 2008
September 2008
September 2008
September 2008
September 2008
September 2008
September 2008
September 2008
September 2008
September 2008
September 2008



GMB76
GMB77
GMB78
GMB79
GMB80
GMBS81
GMB82
GMB83
GMB84
GMB85
GMB86
GMB87
GMB88
GMB89
GMB90
GMB91
GMB92
GMB93
GMB94
GMB95
GMB96
GMB97
GMB98
GMB99
GMB100
GMB101
GMB102
GMB103
GMB104
GMB105
GMB106
GMB107
GMB108
GMB110

Rocket
Rocket
Rocket
Rocket
Rocket
Rocket
Soil
Sall
Sall
Sall
Sall
Spinach
Spinach
Spinach
Spinach
Spinach
Rocket
Spinach
Spinach
Spinach
Spinach
Spinach
Spinach
Rocket
Spinach
Mixed
Rocket
Other
Spinach
Spinach
Spinach
Mixed
Spinach
Spinach

Martham
Martham
Martham
Martham
Martham
Martham
Martham
Martham
Martham
Martham
Martham
Dover
Martham
Martham
Martham
Mixed
Dorset
Martham
Dover
Dover
Italy
Dover
Dorset
Italy
Mixed
Mixed
Dorset
Other
Martham
Italy
Martham
Mixed
Martham
Mixed

September 2008
September 2008
September 2008
September 2008
September 2008
September 2008
September 2008
September 2008
September 2008
September 2008
September 2008
August 2009
September 2009
August 2009
August 2009
September 2009
August 2009
October 2009
September 2009
August 2009
October 2009
August 2009
September 2009
August 2009
August 2009
August 2009
August 2009
Unknown
September 2009
October 2009
August 2009

September 2009

August 2009
August 2009
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2.1.2. E. colireference (ECOR) collection

In this work, we compared strains &. coli with various isolation histories to
examine the impact of secondary environments orectsl phenotypes and
genotypes. To represent strains from the primawremment ofE. coli, | chose the
72 members of the well-describ&d coli reference (ECOR) collection. The ECOR
collection was assembled in 1983 from a largerectibn of 2,600 strains for the
purpose of gathering strains representing the wiehetypic variability in thé&. coli
species, as based on variability in multilocus emzylectrophoretic (MLEE) profiles
(Ochman and Selander, 1984). ECOR strains wereriglinally collected by Roger
Milkman from faecal samples of healthy zoo anintahoemans, with the exception of
10 ECOR strains that were isolated from the urihewvomen with urinary tract
infections (acute pyelonephritis or acute cystit©ne strain was isolated from a

woman with asymptomatic bacteriuria (ECOR71).

2.1.3. Other strains used in this work

For metabolic profiling using BIOLOG microplatesewsed 2 reference strairs:
coli K-12 strain MG1655 and a Shiga toxin-deficientetiein mutant ofE. coli
O157:H7 strain Sakai. Both strains were kindly mded by Martin Goldberg
(University of Birmingham, UK). We characterisedesiophore production of various
pathogenic strains, including 3 other Shiga-toxeletion mutants of O157:H7
isolates from food which were kindly given by Kilyi Wilson (IFR). In the same
part, we also used 10 APEC strains, kindly senTinyothy Johnson (University of

Minnesota, USA) and the probiotie. coli strain Nissle 1917, kindly given by Ulrich
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Sonnenborn (Ardeypharm GmbH, Germany). Finally,anegrateful to Dr Geraldine
Smith (Health Protection Agency Colindale, Londbi) for sending our colleague
Dr Stephanie Schiller (IFR) the 2011 O104:H4 sti@olate H1 1218 0280), of
which she kindly performed a metabolic profilingpeximent in the IFR category-3

laboratory.

2.1.4. Long-term storage of strains

Strains were all stocked using the same procetluexsure a very high concentration
of bacteria in the stock collection tube. A purdtume was plated on agar medium
(LB or TBX) and incubated for 24 h at 37°C. Aftercubation, 3 ml of LB were

poured over the plate and bacteria were scrapped) ws sterile spreader. One
millilitre of the resulting suspension was transéerin 1 ml of 40% glycerol in a

cryovial. Frozen stocks were kept at —80°C. Foheadture set up from this frozen
collection, tubes were preliminarily transferreddty ice and minimum manipulation

was performed.

2.2.BOX-PCR

2.2.1. Principle of the method

It has been found that bacterial genomes contgiatitere DNA sequences that can
be located in inter- or intragenic regions (Tobed Ramos, 2005) and can represent
up to 5% of the whole genome (Ussery et al., 200%¢ biological role of these

repetitive elements remains unknown, but some hejymothesised that it may be
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involved in RNA or DNA metabolism (Tobes and Ram2305; Ishii and Sadowsky,
2009). Repetitive sequences in bacterial genomesotien the cause of genome
rearrangements, either inversions of genomic regandeletions of large fragments
(see Introduction section 1.1.2 for more detabg).using PCR with primers targeting
the repetitive elements, one can generate a migfusenplicons of different sizes that
depend on the distance between each repetitiveeakerlectrophoretic migration of
this mixture of amplicons generates a “profile” famy individual strain. The REP-
PCR method targets repetitive extragenic palindcoBbiNA sequences disseminated
throughout bacterial genomes (Tobes and Ramos,)200&ny derivatives of the
REP-PCR method were developed (Ishii and SadovwX)39), including BOX-PCR,
a single-primer method targeting mosaic repetigkements called BOX elements

(Martin et al., 1992). The principle is summarigsdow.

Bacterial genomic rearrangements can happen durargologous recombination,
when portions of the genome are inserted or delatet horizontal gene transfer.
BOX-PCR is used to examine genomic diversity onaliy between strains, and the
relatedness of electrophoretic profiles within gudation or a collection of strains
(Louws et al., 1994; van Belkum et al., 1996). Tmerobiological clones will be
very likely to share the same BOX-PCR profile, agmajor rearrangements are likely
to have occurred. Conversely, one can hypothebate2t divergent strains will have
different recombination histories. Genomic reareangnts will result in insertions or
deletions that influence the BOX amplicons andrtis&zes, and thus the resulting
profiles. It is important to keep in mind that tmsethod is not phylogenetically
accurate, as similar profiles from phylogeneticallgtant strains have already been

observed (Lynch, 1988). Nevertheless and despigsethapproximations, it is
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generally safe to use BOX-PCR as a cheap and fastaah to distinguish between
clones within a known context, for instance duramdemics (Currie et al., 2007),
host colonisation studies (Martinez-Medina et 2009) or as a general method to

observe genetic diversity.

2.2.2. BOX-PCR protocol used in this study

In this study, we used a previously published protqVersalovic et al., 1993).
ECOR and GMB strains were cultured on LB agar plateernight at 37°C. BOX-
PCR was performed in 75 pl-reactions from frestom@s using the 2X Go-Taq
Green Master Mix (Promega, UK), 5 ul of lysed coleaaspension, with addition of a
final concentration of 0.8 nM of BOXA1R primer (5'-
CTACGGCAAGGCGACGCTGH CE ersalovic et al., 1993) and 0.1 pg/ul of inev
serum albumin (cat: 10711454001; Roche Appliedr®ae PCR conditions were as
follows: 1 cycle at 95°C for 20 min, 30 cycles & @ for 30s, 52°C for 1 min and

72°C for 8 min, and 1 cycle at 72°C for 16 min.

Before electrophoresis, an experimental plan wagyded to randomly distribute the
tested strains in batches of 22 or 23 wells coomedimg to samples in a 25-well
agarose gel. Two wells at each end and one larteermrmiddle of each gel were
reserved for migration of 2-log DNA Ladder (cat: 208; New England Biolabs) to
facilitate the comparison of profiles across gélé.samples were run on 1.5% TAE-
agarose electrophoresis for 1H at 100V on the saag using the same
electrophoresis buffer batch to minimize variapiithen comparing profiles across

gels. Pictures of the agarose gels were alignea gnaphical editing program and
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analysed using TotalLab Quant/Phoretix software nfMear Dynamics Ltd.,
http://www.nonlinear.com/). Where isolates (3/1&d not show any bands on an
electrophoresis gel, this was attributed to tecmcoblems and the result excluded
from the statistical analyses. Background-subtthgixel intensity data, retention
factor (R) values and peak height were extracted to a Midtdsxcel spreadsheet,
which was processed in MATLAB with help from E. Katine Kemsley from the

Bioinformatics and Statistics department at IFR.

2.2.3. Controls and statistical analysis

Electrophoresis is a technique coupling a timelpligption of electric current
through an agarose gel, thereby potentially causomgsiderable technical variation
between samples. We looked at a potential “gelc&ffe.e. an artificially created
similarity of samples that are run on the samea@gagel and whose picture is taken
at the same time. This phenomenon was observedgltine development of this
method and its subsequent statistical analysisclwiie why we randomised the
samples, and made and ran the agarose gels asluejply as possible. Defining
previously known parameters for our dataset, wéopmed unsupervised modelling
(partial least squares, or PLS modelling) to thdiférent gels, each defined as a
distinct parameter for the PLS model in order tokldor a potential “gel effect”.
There were no significant differences between f@sfihat could be explained by the

presence on any particular gel (data not shown).
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2.3. E. coli phylogroup assignment using a triplex PCR method

2.3.1. Background

Following the observation that almost Bll coli strains cluster together in relatively
stable phylogenetic clades, major and minor phylogs were defined. Among all
clades, phylogroups A, B1, B2 and D seemed to gdtiee majority of strains and
were considered as major phylogroups. Experimemtthods to accurately assign
isolates to a phylogroup rely on ribotyping or niatius techniques such as MLEE or
MLST which are costly, complex and/or time-consugnilClermont et al. (2000)
suggested a simple and accurate method to aBsiguli strains to major phylogroups
A, B1, B2 and D using a multiplex PCR amplificatioh3 genetic markers in a way
that different combinations of markers are assediawith different phylogroups

(Table 2.2.

Table 2.2. The possible outcomes of a triplex PCRxjgeriment to determine phylogroups.“+”

denotes the detection of a band for the correspgngdrimer pair, and-*" denotes the absence of

band.
Phylogroup ChuA YjaA TspE4.C2
A
- + -
Bl - - +
+ + -
B2
+ + +
+ - -
D
+ - +
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The accuracy of the method has been examinedew a&tludies. In the original report
(Clermont et al., 2000), 230 strains, including BEOR isolates, of which the
phylogroup assignment was known by other methods i@und to be classified
correctly the overwhelming majority. A later reparsed more strains in a goal to
refine accuracy (Gordon et al., 2008). Authors okesg that strains assigned to
phylogroup D based on the presence of ChuA and 4A€HE (or a +—+~
amplification pattern) could be in some cases Bflqdroup false negatives, and
suggested the testing for the presence ofilibA gene to correctly reassigr—=+"
isolates to phylogroup B2 (Gordon et al., 2008 mére recent study on the diversity
of E. coli wild-type isolates from freshwaters in Michigangtlighted the rare
possibility of apparent phylogroup transfer basadgain or loss of markers used in

the triplex PCR method (Walk et al., 2007).

2.3.2. Protocol used in this study

We used PCR conditions as described previouslyrig@et et al., 2000). Primer

sequences are detailed in Table 2.3.

Table 2.3. Primer sequences for triplex PCR determiation of E. coli phylogenetic group.

o Amplicon
Name Sequence (5>3") Ieng?h (bp)
ChuA.fw GACGAACCAACGGTCAGGAT
ChuA.rev TGCCGCCAGTACCAAAGACA 279
YjaA.fw TGAAGTGTCAGGAGACGCTG 11
YjaA.rev ATGGAGAATGCGTTCCTCAAC
TspE4.C2.fw GAGTAATGTCGGGGCATTCA 150
TspE4.C2.rev CGCGCCAACAAAGTATTACG
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Strains to test were grown on LB agar overnigh@&C after which a single colony
was picked and resuspended in 50 pl of steril@ulire water. Two-microliters of
each of these suspensions were used as template€Rin a 50 pl reaction volume
containing 25 ul of the 2X Go-Taq Green Master Nuat: M712; Promega) and 20

pmol of each primer diluted in sterile ultrapuretera

Amplification was carried out as follows: 1 cycleSd°C for 5 min, 30 cycles at 94°C
for 30s, 55°C for 30s, 72°C for 30s, and 1 cyclé2®C for 7 min. Five-microliters of
the amplified reaction were used for electropharesigration for 45min to 1h on a
1.5% agarose gel (prepared in 1X Tris-acetate-EDUHAer, or TAE buffer), using

5ul/lane of 2-log DNA ladder (cat: N3200; New EnglaBiolabs) as a size marker.

2.4. Multilocus sequence typing (MLST) and diversity andy/ses

2.4.1. Principle of MLST

The apparition of a multilocus method like MLEE atlg improved the ability to
phylogenetically discriminate between bacteria. dexjuence-based variant MLST
added reproducibility and ease of use, and hag &ieen proven to be one of the most
phylogenetically discriminating methods so farislthow widely used in bacterial

epidemiology, with public databases covering a é®zen organisms.

The general principle of MLST is to obtain for edelted isolate the sequences of 6
to 8 internal fragments from housekeeping genesvsel not to be under adaptive

(or positive) selection. This point is central toL$T, as variations in sequences
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evolving in the absence of positive selection aesed either by genetic drift, which
likely constitutes a more stable phylogenetic sigoaby purifying selection, which
tends to maintain synonymous substitutions. Methedsh as the NdS ratio
calculation can highlight if specific loci are umdpositive selection or not by
comparing the rates of synonymous and non-synongnsoibstitutions (Yang and
Bielawski, 2000). Each distinct sequence for eachsbkeeping gene is called an
allele type (AT) and the combination of 8 AT cohdis a sequence type (ST).
Isolates with identical ST are called “clones” asdlates with similar ST (5, 6 or 7
similar AT) are in the same “clonal complex” (C@)is worth noting that two MLST
clones are not necessarily biological clones, bay ive representative of a stable and
common sequence type or clonal complex in the despecies. Additionally, this
terminology illustrates that MLST is mainly a methtm examine bacterial clonality,
in order to establish the possibly common evolwrgrhistory of the tested isolates, a

feature extremely useful when examining the epidérgy of pathogens.

There are currently 3 available schemes Eor coli MLST studies, which are
commonly called by their country of origin (“Ameaic”, “German” and “French”),
and use the sequencing of different genes. All melsegenerally produce consistent
observations on the population structuréotoli (Gordon et al., 2008). An extended
scheme suggesting the additional sequencing ab @2 genes for a single isolate has

also been published (Walk et al., 2009).
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2.4.2. MLST protocol used in this study

In this work, we used thE. coli scheme proposed by Jaureguy et al. (2008) based on

the sequencing of internal fragments of 8 housakgegenesTable 2.4.

Table 2.4. Genes from MLST scheme used in this stué@nd their product.

Name Gene product

dinB DNA polymerase

icdA isocitrate dehydrogenase
pabB paminobenzoate synthase
polB polymerase Pollll

putP proline permease

trpA tryptophan synthase unit A
trpB tryptophan synthase unit B
uidA B-glucuronidase

The primers detailed ifable 2.5were used for amplification (primers oF and oR

were used for the sequencing of all fragments).
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Table 2.5. Primer sequences used in the MLST expement.

G

\G

rc

C

C

5C

5TCAAT

CTT

Gene | Direction Sequence (5' > 3"

. fw | GTTTTCCCAGTCACGACGTTGTATGAGAGGTGAGCAATGCG
ding rev | TTGTGAGCGGATAACAATTTCCGTAGCCCCATCGCTTCCAG
. fw | GTTTTCCCAGTCACGACGTTGTAATTCGCTTCCCGGAACATT
IcdA rev | TTGTGAGCGGATAACAATTTCATGATCGCGTCACCAAAYTC

fw | GTTTTCCCAGTCACGACGTTGTAAATCCAATATGACCCGCGH
PabB T TGTGAGCGGATAACAATTTCGGTTCCAGTTCGTCGATAAT
fw | GTTTTCCCAGTCACGACGTTGTAGGCGGCTATGTGATGGAT
polB rev | TTGTGAGCGGATAACAATTTCGGTTGGCATCAGAAAACGGC
fw | GTTTTCCCAGTCACGACGTTGTACTGTTTAACCCGTGGATTG
putP rev | TTGTGAGCGGATAACAATTTCGCATCGGCCTCGGCAAAGCG
fw | GTTTTCCCAGTCACGACGTTGTAGCTACGAATCTCTGTTTGO
trpA rev | TTGTGAGCGGATAACAATTTCGCTTTCATCGGTTGTACAAA
fw | GTTTTCCCAGTCACGACGTTGTACACTATATGCTGGGCACCK
trpB rev | TTGTGAGCGGATAACAATTTCCCTCGTGCTTTCAAAATATC

. fw | GTTTTCCCAGTCACGACGTTGTACATTACGGCAAAGTGTGG!

uidA rev | TTGTGAGCGGATAACAATTTCCCATCAGCACGTTATCGAATO
oF GTTTTCCCAGTCACGACGTTGTA
oR TTGTGAGCGGATAACAATTTC

Reactions were prepared and performed in 96-weR Ptes (Microplate Abgene

Thermo-Fast, cat: TUL-962-005Y; Fisher Scientifis) follows: for a 50ul reaction,

25ul of 2X Gdaq Colorless Master Mix (Promega), 2ul of 10 uM pninmeix

(forward and reverse), 18ul of ultrapure water a@nd of boiled cell lysate.

Amplification was performed as follows: 1 cycle@&°C for 2 min, 30 cycles at 95°C

for 30s, 50°C or 55°C for 30s and 72°C for 5 mimj & cycle at 72°C for 5 min.

Most of MLST studies also uskaq polymerase, because of its very good efficiency

for the high-throughput amplification of many temgls from boiled lysates (lbarz

Pavon and Maiden, 2009; Walk et al., 2009). HoweV@g polymerases do not

exhibit a 3'-5' exonuclease activity, which allofes the correction of incorrectly

incorporated bases during polymerisation, leadm@rtors at the rate of 1 for each

9000 nucleotides (Tindall and Kunkel, 1988). Ifearor arises during the first cycles,
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it is amplified and can lead to misinterpretatido. circumvent this issue, we halved
reaction mixes and performed two independent aroatibn steps and mixed back
the amplicons, in an effort to reduce the frequeokcpotential mistakes during the
first steps of amplification. Using this procedungs did not subsequently detect any
problem potentially linked to the lack ofTeaq proofreading ability. All amplicons

were checked on a 2% agarose gel (prepared in 1X QAfer) using 5 pl/lane of 2-

log DNA ladder (cat: N3200; New England Biolabs)aasize marker. Samples with
no amplification were reamplified with a lower aafirg temperature (50°C instead
of 55°C). If there was still no amplification, tieéhole isolate was discarded and its

other fragment not sequenced.

Amplicons were purified before sequencing usingightthroughput 96-well plate
method. We used the vacuum-based Qiagen MInEIut&) ®GCR purification kit
(cat: 28051; Qiagen) according to the manufactsrsstommendations. Briefly, we
transferred 50 pl of PCR products (i.e. the mixmfr@ PCR suspensions) in the PCR
purification plate, placed the plate in a vacuummiiodd (cat: 9014579; Qiagen) and
applied vacuum pressure at 800 mbar using a Miip®EX60-220-50 Vacuum
Pressure Pump for 10 minutes. Membrane-bound DN# nesuspended in 58 of
ultrapure water by vortexing the plate at low-sp€e@00 rpm) on an appropriate
multiplate adapter. We sequenced 2x25 pul of the BNgpension, with sequencing
primers oF and oR respectively. Sequencing wasopedd using a ABI 3730XL

sequencer at the Genome Analysis Centre (TGAC, NorWwK).

DNA sequences were reverse-complemented when egjaimd both strands were

aligned to a reference sequence (Pasteur MLST teebsi
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www.pasteur.fr/recherche/genopole/PE8/miaising a web-based version of the

MUSCLE algorithmwww.ebi.ac.uk/Tools/msa/musclednd manually trimmed using

the BIOEDIT software (Hall, 1999). All sequencegyakd correctly, with no gaps.
Novel alleles and sequence types (STs) were defustay the Pasteur database.
When a new polymorphism was detected, we checked\Bl trace file for a clear
signal, confirming the new SNP. When there was gmity in the sequencing signal,
we reamplified and sequenced fragments. To inckE@OR strains in our analyses,

we retrieved 66 sets of 8 sequences already prastm Pasteur database.

2.4.3. Intraspecies diversity estimation using the EstimaS freeware

The main unit of diversity withifE. coliisolates tested by MLST is the sequence type
(ST) as illustrated in a recent study (de Muincklet2011). When comparing strains
from different environments, it is interesting teaenine if there is variation in intra-
population diversity, to infer on possible selectinottlenecks on diversity imposed
by these different environments. A simple way ofindoso is to calculate the
rarefaction in the sample, as well as other ditgestimators, for which we used the

EstimateS version 8.2.0 freeware (Colwell, R. Kip#purl.oclc.org/estimates).

2.4.3.1. Diversity estimation
» Chao richness estimator
A non-parametric method to estimate diversity aiotirress was proposed by Anne

Chao (1984). The classic Chao estimator is calkedlas follows (Chao, 1984):

. a?
Schao = Sobs T ﬁ
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whereSsis the number of observed species (or any taxonomit, in our case ST);
a is the number of species observed just once fjgietbns), andb is the number of

species observed just twice (or doubletons).

For the classical calculation of the Chao estinaatndb are both strictly positive.
This calculation is commonly refered to as the Chasstimate of richness. Chao-2
refers to the application of Chao-1 to severalemibns rather than one. In that case,
singletons and doubletons (representing for theo&hastimator calculation the
observation of distinct species just once or twiteghe collection) correspond for
Chao-2 to the observation of species in just onéwar different collections. The
formula remains unchanged. A sample-size bias ctiore was proposed as below,
and is computed by default in EstimateS (and useklis work):

_ a(a—1)
Schao = Sobs T 2+ 1)

Additionally, EstimateS calculates a 95% confidemderval on the Chao estimator

(both bias-corrected and uncorrected versionspusia following:

SChao - Sobs .

Lower 95% value = S, + K ;

Upper 95% value = Sops + K(Schao — Sobs);

where K = exp [1.96\/ln (1 + M)]

(S‘Chao —Sobs) 2

» Abundance-based coverage estimator and rarefactiocurves
The ACE estimator calculation employs more compdidaequations to estimate
diversity. The reader can refer to appropriaterezfees for more details (Colwell, R.
K.; http://purl.oclc.org/estimates). The ACE estiorahas been found to be slightly

more accurate than the Chao estimator, but theaneaypically shown together in
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diversity studies (de Muinck et al.,, 2011), and asdculated jointly using the
EstimateS software. Similarly to the ACE estimattire equations to calculate
rarefaction curves are complex but the Estimate®&#are automates their calculation

(Colwell et al., 2004).

2.4.4. ClonalFrame analysis and construction of phylogenét trees

Most of the published basic phylogenetic analysexl ghylogenetic tree
representations rely on quick reconstruction methedch as neighbour-joining (NJ)
or maximum likelihood (ML). For rapid or ectopicayses, these methods are often
fine and easy to perform. However, their biggetfajpiis that they do not take into
account the perturbation of the phylogenetic signalhomologous recombination.
For instance, if two phylogenetically distant idek share some alleles used in
multilocus analyses because of some recent recatranevents, methods such as
NJ and ML, having very similar sequences as antjnpill assume those two isolates
are closely related, independently of their reahegdogical ancestry. A Bayesian-
based method implemented in the ClonalFrame soft{idelot and Falush, 2007),
seeks to address this problem and produce cloma@alggies of a set of isolates,
while identifying and minimising the “recombinatioise” blurring the phylogenetic
signal. ClonalFrame uses multilocus sequence datapait, or even a small number
of full genomes (Didelot and Maiden, 2010). As matination information is taken
into account, ClonalFrame suggests phylogenetatiogiships between strains based
on the whole set of tested isolates provided. Wbelates are removed or added from

that set, the topology of the output trees can vasyfor instance ClonalFrame may
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find or lose useful information to define or noparticular branch of the tree. It is
important to bear in mind that in contrary to NJML methods of phylogenetic
reconstruction, ClonalFrame will not “force” relatiships of closely related isolates.
If two isolates in a ClonalFrame tree are fountiécclosely related, but information is
missing to relate them further (possibly becauser¢ttombination signal is too high),
they will simply be placed at equidistance of tleme node. For these reasons,
ClonalFrame is a much more appealing way to acelyraepresent phylogenetic
relationships between same-species isolates anefdhe is now commonly used as a
way of producing trees based on MLST data (Jauregusl., 2008; Didelot et al.,

2009; Didelot et al., 2011).

In this study, we used the ClonalFrame softwarestmnstruct the clonal genealogy
of our strains. For each isolate, sequences wesedoncatenated in FASTA format
and then formatted for input into the ClonalFranoftvgare (Didelot and Falush,
2007). ClonalFrame was run with default settingd arNewick consensus tree was
exported from the output. Some of the trees presemt this work were visualised
and annotated in MEGA5 (Tamura et al., 2011), atleline at the iTOL website

(http://itol.embl.dey on which trees imported in the Newick format daa easily

annotated (Letunic and Bork, 2011) to produce @akilbbn-ready figures.

2.5. Microarrays-based comparative genomic hybridisation

(CGH)
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2.5.1. Principle of CGH

The use of miniaturised DNA microarrays was figparted in 1995 (Schena et al.,
1995) and since then became one of the most afftedand practical methods to
enable the comparison of genomes and transcriptditiesoarrays physically consist
of a high density print of DNA amplicon probes ongkass slide. One can then
experimentally hybridize genomic DNA (gDNA) or colement DNA from
messenger RNA to repectively examine and comparerges and the transcriptomic
state of cells in given conditions. In the workg®eted below, we used microarrays to

compare the genomic content of multiple wild-typaiss ofE. col..

Briefly, gDNA from a strain to test and DNA fromraference strain (typically a
strain or a mixture of DNA encompassing all propasted on the microarray used)
are labelled with two different fluorescent dyesxed and jointly hybridised on the
microarray. After scanning of the microarray, spst®wing a mixture of both
fluorescent labels correspond to genes presefmeinested strain, and spots showing
only single fluorescent labels correspond to ggumesent in only the sample strain, or
the reference. In order to carry out good and hanogs comparison between
strains, one should minimize the presence of gérasare present in the tested strain
but not in the reference, but in the case of ngétitome or custom-made microarrays
this is sometimes impossible. This was the caseuinstudy using ShEcoliO157
microarrays, for which an additional signal corr@ctprocedure was developed.

Using CGH, we analysed the hybridised genomes &QOR strains (ECOR-02, 04,

07, 10, 17, 23, 24, 28, 30, 34, 38, 41, 45, 5562867, 68, 71 and 72) and 21 GMB
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(GMBO02, 07, 16, 18, 23, 34, 41, 46, 54, 58, 59, ®4, 66, 74, 78, 81, 88, 91, 92,

100).

2.5.2. ShEcoliO157 microarrays

2.5.2.1. Description of microarrays and printing procedure

ShEcoliO157 multi-genomic microarrays are an upedadersion of previously
published microarrays, and were designed at IFRufAret al., 2003; Lucchini et al.,
2005). Each microarray comprise 6379 amplicons gga@ncompassing the complete
genomes oE. coli K-12 strain MG1655 (4265 specific “b” geneE), coli O157:H7
strain EDL933 (1128 specific “Z” gene§higella flexnerRa strain 301 (555 specific
“SF” genes) and a selection of varioks coli virulence genes (431 “VIRECO”
genes). Microarrays were printed using the IFR bacray Facility Stanford-type
microarrayer (Thompson et al., 2001) by Yvette Watone and Carl Harrington in

2006 and 2009, respectively.

2.5.2.2. Reference strain used

Because of the composite nature of the ShEcoliGdsroarray, it was not possible
to use a reference that would cover all the proBes.ShEcoliO157 microarrays
harbour various knowk. coli virulence genes, the use of a strain of the paihiog
serovar O157:H7 could represent a theoretical clos¢ch. We used &. coli

0157:H7 strain Sakai deletion mutantsitx1,2genes (constructed and kindly given
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by Dr Martin Goldberg, University of Birmingham, UKin order to allow

manipulation with the appropriate safety in our2daboratory.

2.5.3. Protocol used in this study

2.5.3.1. gDNA extraction

Because gDNA preparations purified using spin coltdased kits generate poor
quality hybridisations on microarrays in our hanas, extracted genomic DNA using
the gravity column-based Qiagen Genomic-tip DNA rastion kit (cat: 10223;
Qiagen). Additionally, we observed that followinget manufacturer’s instructions
often did not completely lyse cells, leading to tlegging of the gravity columns,
and thus to a waste of time and material. To ogengell lysis for genomic DNA
extraction, bacterial pellets were frozen at -8@5€Cat least one night. The next day,
frozen cell pellets were thawed in the Bl lysisfeufcontaining 100 mg/ml RNase
A) from the kit. Extractions were then performect@acling to the manufacturer’s
instructions with the exception of longer lysisubation times (3-4 hours instead of
30 min for the first lysis step at 37°C and 2-3 tsoior the second lysis step at 50°C).
DNA concentration was measured using a Nanodroptélch Ltd, Ringmer, UK).
Microarray blocking, gDNA labelling, hybridisatiorend washes were performed
according to the protocol developed by the IFRBalmonella group

(http://www.ifr.ac.uk/safety/microarrays/) and aletailed below.

2.5.3.2. Microarray blocking
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Microarrays were printed on epoxysilane-treatedglslides (Corning GAPS lI; cat:
CLS40005; Sigma-Aldrich) to allow direct, correcdaprecise printing of DNA onto
them (Taylor2003). Therefore, the slides need tdbbecked” prior to utilisation, to
prevent unspecific binding of labelled DNA, i.es@ihere than on the DNA probes.
The principle of any blocking procedure is to altee epoxysilane coating to reduce
nonspecific interaction with DNA. In this work amabre generally in the Salmonella
group at IFR, the blocking reagent used is 1,2idrclethane (DCE; cat: 284505;

Sigma-Aldrich).

The two microarrays printed on each slide are Wpwasgible to the naked eye but
become invisible after blocking as the salts preserthe printing solution dissolve
during the blocking procedure. The position of thv® microarrays present on each
slide was therefore marked with a diamond-tippedncpe prior to DNA
immobilisation. In order to strongly immobilize DNgxobes on the microarray, slides
were irradiated twice using the *“auto cross-linkétteng (corresponding to a
2x120,000 microjoules/cm2 irradiation) in a UV gdmker (Stratalinker UV
Crosslinker, Stratagene). Slides were then incubfie 1 hour at room temperature
with gentle agitation in a “blocking solution” comwged of 0.5% (w/v) succinic
anhydride (cat: 239690; Sigma-Aldrich) in 300ml ahhydrous DCE containing
3.75ml of 1-methylimidazole (cat: M50834; Sigma-Adth). Slides were then
transferred for 2—3 minutes in fresh DCE, 2 minuteboiling water and 1 minute in

96% ethanol before being dried by centrifugatioth,200 rpm for 5 min.

2.5.3.3. gDNA labelling

100



DNA labelling is performed using the Klenow fragmen incorporate fluorescently
tagged deoxyribonucleotides in the 3’ to 5’ direntfrom random primers annealed
along the target DNA. In this work, we used 1 pgesich DNA species per

microarray hybridisation (2 pg total DNA).

Purified gDNA was vortexed for a few seconds tgyfn@nt the DNA. In a sterile
tube, 1 ug of DNA (test or reference) was vacuumceatrated and resuspended in
10 pul of sterile molecular biology grade water (8&#%1502; Sigma-Aldrich) and 10 pl
of 2.5X Random primer/reaction buffer mix from tBeoPrime DNA Labelling kit
(cat: 18094-011, Invitrogen) were added. Sample® Weiled for 5 min to denaturate
DNA and put on ice for 5 min to allow reannealirfglee random primers. Then, still
on ice, we added 2.5 pl of 10X dNTP mix (1.2 mMd&fTP, dTTP, dGTP; 0.6 mM
of dCTP; 10mM Tris pH8.0; 1mM EDTA). We also adde® pl of 1mM of the
corresponding fluorescent label (usually Cy5-dCDP eference DNA and Cy3-
dCTP for test DNA; cat: PA55321, GE Healthcare $diences) and 0.5 pl of the
Klenow fragment from the BioPrime kit. The totahotion volume is 24.5 pl. The
reaction mixtures were incubated at 37°C overnpiotected from light. Labelled
DNA was purified using a QIAquick PCR Purificatidfit (cat: 28104; Qiagen) to
remove unincorporated fluorescent Cy-dyes, with pinecaution of eluting twice
using 2x50 pl of sterile water to maximise recovioyn the membrane of the spin-
column. Samples were vacuum-concentrated and reisded in 9.75 ul of sterile

water. Test and reference DNA were combined irlarix.

2.5.3.4. Microarray hybridisation and washes
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To the 9.75 pl mix of labelled test and referenddAD we added 1.125 pl of 25
mg/ml yeast tRNA (cat: R8759; Sigma-Aldrich), 22bof 20X saline-sodium citrate
(SSC) buffer, 0.36 pl of 1M 4-(2-hydroxyethyl)-1pprazine-ethane-sulfonic acid
(HEPES) pH 7.0 buffer, 1.5 pl of Denhardt solutemd 0.338 pl of 10% sodium
dodecyl sulfate (SDS). The role of tRNA with Dentitasolution and SDS, both
mixtures of high-molecular weight polymers, is tacrease specific binding of
labelled DNA on the probes by saturating non-spedinding sites. Hybridisation
mixes are incubated at 99°C for 2 min and leftoatm temperature for 5 to 10 min.
This step denatures labelled DNA into single steahdnolecules. Tubes are then
centrifuged 2x10 min at maximum speed to pelletipiated SDS. Slides are placed
in metal hybridisation chambers and hybridisatieactions are transferred to the
microarrays (the final volume per array is 1538R A coverslip is added and 30 of
SSC buffer is added to maintain adequate humidityhe chamber. Hybridisation
occurs for 14 to 18 h (typically overnight) at 63ftCa water bath. After incubation,
and quickly disassembling hybridisation chambelsles are washed in 2x SSC
buffer containing 0.1% SDS at 68°C for 5 min, felkd by 1x SSC at room
temperature for 5 min twice on an orbital shakesGtpm, and finally in 0.2x SSC at
room temperature for 5 min twice on an orbital gradt 60 rpm. Slides are then dried
by centrifugation at 1500 rpm for 5 minutes, andnsed within 3 hours using a
GenePix 4000B microarray scanner (Molecular Deyites.). Grid alignment and
signal normalisation are performed using BlueFuse WMicroarrays v3.6
(BlueGnome, Cambridge, UK). In this work, a sectiyridisation was realised for

each testeé. coliisolate, as a technical replication.
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2.5.3.5. Raw signal correction

One would imagine that when gDNA is hybridised omiaroarray, there are only 2
kinds of results, either there is a fluorescentnaigat a given spot and the
corresponding gene is considered present, or sigmalssing and the corresponding
gene is considered absent. In practice, distrinutfosignals are different, with a high
peak of high intensity signals, corresponding tespnt genes, with a tailing
distribution of lower intensity signals of genesttlare absent or too divergent to
anneal correctly to their corresponding probes. i#altally, for the analysis of
microarray results, only the log-ratio of fluoresce signals between the reference
DNA channel and the test channel for each geneersatt/sing an absolute reference
DNA encompassing all probes on the microarrays then easy to identify genes that

are present in the reference but not in the tastddte Figure 2.2).

In our case however, the reference DNA was a gDkt#aetion fromcultures ofE.

o]

coli O157:H7 Astx1,2 which is not encompassing all probes present on
ShEcoliO157 microarray. This non-absolute coverafgthe probes by the reference
comes with the possibility that a gene is preserhe test isolate but absent from the
reference, something which is not happening witoalie references. Therefore, it is
not possible to use ratios to discriminate betwgemes present and absent from the

tested both isolate and the reference:

(Present in reference) Absent in reference)
09>

0; logz(

Absent in test Present in test

Present inref erence) <Absent inref erence)
= 109>

logs (

Present in test Absent in test
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To overcome this, we developed a signal correghimtedure, of which we provide
here a step-by-step description. First, we gathdhedrescent signals from 92
independenE. coli0157:H7 strain Sakai gDNA hybridisations and peried a basic
normalisation for all of them by dividing each sagralue by the sum of all signals of
the same hybridisation. We obtained the followinggtiency plot shown ifigure

2.2
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Figure 2.2. Frequency plot of ShEcoliO157 microarrg hybridisation signals and its smooth fit

(“medians of medians”).

Frequencies in signal intensities peaked accortirg) different populations: present
genes (high frequency peak “1”), absent or higlteyent genes (smaller frequency
peak “2”), and a “shoulder” peak of present geri®). We observed that this
“shoulder” of present genes was composed almostsxely by Z genes, belonging
to theE. coliO157:H7 EDL933 genome subset of ShEcoliO157 micaga Figure
2.3.
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Figure 2.3. Frequency plot of microarray hybridisaion signals for different groups of genesThe

inset represents the proportion (%) of gene graupise “shoulder” of the biggest peak (see text).

The inset in the plot corresponds to the proportbmotal genes from the different
ShEcoliO157 genome subsets present in the shofihdiécated in red on the previous
frequency plot between intensities -10.8 and -Mre than 80% of all Z genes on
the microarray had a higher than average signangity and located in the
“shoulder”. This probably reflects differences retprobe design, with O157 probes

providing higher signals.

The normalised signal intensities were centredftsetiing the “present” peak so that
it would be centred on 1. The “shoulder effect” vadso attenuated by offsetting with
a lower value, so that most of the present genesdime in the higher “present” peak.

On the frequency plots below, the frequency of radised signals before correction
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and centring is representing in blue and the fraqueof normalised signals after

centring and attenuation of the “shoulder effestfapresented in reéigure 2.4).

Freauency plot showing correction coefficient for centering (to 1) Sakai hybridization
median with shoulder effect attenuation

200 7

+13.75 correction for all except Z genes

+12.75 correction for Z genes

normalised log,(signal intensity)

Figure 2.4. Representation of the offset modificadin to center signal values and attenuate the
“shoulder effect” during correction of hybridisatio n signals(see text). The blue curve represents the

frequency plot of hybridisation signals before eation, and the red curve is after correction.

With the basic normalisation and centring steps, globlem of ratios is corrected,
and we can import directly this dataset in any eghsnt analysis software. Present
genes have now a normalised value for signal iitiered roughly 1, and the

normalised value for signal intensity of absentdlioergent genes is now negative.

We applied the same correction steps presentedeabomvall other individual
hybridisations performed in this study and obtaitled following frequency plot,
showing an overall uniformity of signal frequenciesd a relative normalisation of

the “shoulder effect’Kigure 2.5).
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Figure 2.5. Corrected combined frequency plots ofybridisation signals for all hybridised strains

of E. coli tested in this study.

2.5.4. Dynamic cut-off for gene presence

The ideal output for gene content comparison aradyais is binary, with genes that
are present in the tested strain, and genes thatbsent or too divergent to hybridise
correctly on the microarray. This requires the dateation of a threshold value (or
“cut-off”) from signal distributions to determineege presence. In early CGH studies,
this threshold value was constant and determinedirarally without taking into
account the variation of signal intensities digitibn between isolates. But because
distributions do slightly vary between samples asplicates, a threshold valid for
one distribution may produce false negatives oitpes when applied to another. In
this study, we used the “Genomotyping Analysis Ihadie Kim” (GACK) software
(Kim et al., 2002) to define dynamic cut-off values each distribution and create a

binary dataset accordingly.
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Briefly, we averaged both technical replicate signfor each tested strain and
formatted an input file according to the GACK manaiad a recent comprehensive
review of this process (Stabler et al., 2010). IAGK, the dynamic cut-off

determination is dependent of the “estimated pribbalof presence” (EPP) value,

calculated as follows:

Predicted curve for complete presence

EPP(%) = 100 x
(%) Observed curve of signal intensities

The percentage of EPP (below in blue) is definedlibmding a predicted curve for
which all genes are present (“EPP curve” diffefentall samples, below in black) by
the observed data distribution (in red Figure 2.6 with the example of observed

frequencies of signal intensities for strain GMB06
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N + 100
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Figure 2.6. Graphical illustration of GACK dynamic cut-off procedure (see text).
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A patrticularity of GACK is that as soon as the %ERIPve reaches 100% (blue curve
above, starting from the right), its shape becowsgble and unpredictable so only

the portion of the curve on the right is consideralid for analysis.

Users of GACK can define their desired value forPRE:therefore for the dynamic
cut-off determination. When the %EPP curve reathewalue defined by the user, it
then defines the cut-off value, from which all gea the left are considered present
and all genes on the right are considered abseditvergent. A value of EPP=100%,
as illustrated above, will set a cut-off value elds the peak of present genes (for
GMB106, around 35) and allow for an analysis limgtthe number of falsely positive
genes. Conversely, if EPP is set to 0%, the cut-alfie will be set further away from
the peak of present genes, and will allow an amalysiting the number of falsely
negative genes. The estimated presence of gengsdreEPP=0% and EPP=100% is
unknown, and a setting of GACK (called “trinary put’) allows to assign them a
particular value for information purposes. For amalysis, we decided to minimise
false positives and therefore used the EPP=100%ngeh GACK, with a binary

output.

2.5.5. Genetic association tests with various parameters

In order to identify genes across our tested stseinwhose pattern of presence or
absence after the GACK process correlated to variparameters, such as
phylogenetic groups, the source or location ofagoh or metabolic profiles on

Biolog plates, we used non-parametric associatestist(Mann-Whitney-Wilcoxon
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when comparing 2 groups, and Kruskal-Wallis whemgaring more than 2 groups).
When attempting to associate patterns of genesmwaitmally distributed phenotypes
(for instance, siderophore production), we usedametric test (Student’s t-test).

These statistical tools are implemented in Genegpi7.3 and were used that way.

We kept a high stringency filtering of the results limit false positives for the
association analysis by applying multiple testingections (MTC) to the obtaingd
values list. Indeed, because of the nature of ssizdl tests, if 6500 genes are
examined at @-value cut-off of 0.05 and without MTC, the expettevel of genes

identified as significantly positive by chance ordy
Expected false positives =p X N = 0.05 X 6500 = 325 genes

When mentioned in the text, we used the Benjamouttberg MTC on test results, as
recommended by the Genespring manual, with a toleésttp=0.01 (Benjamini and

Hochberg, 1995). Briefly, after a test is computtt p-values of each gene are
ranked from the smallest to largest and the follmvil® p-values are corrected as

follows (the £'p-value remains unchanged):

n
Pcorrected = Puncorrected X n—1 ;fOT n>1

In our case, for eacp.,rrectea < 0.01, the corresponding genes were considered

significantly associated with the tested parameter.
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2.6.Carbon metabolic profiling using Biolog plates

2.6.1. Principle of the Biolog system

Biolog phenotype arrays were developed to allow gimultaneous comparison of
multiple metabolic phenotypes per single culturalidelate (Bochner, 2009).
Individual tests in 96-well pre-prepared plates sisinof a mixture of a compound
(carbon, nitrogen, phosphorus, sulphur source ee)etombined with a redox
chromogenic dye, triphenyl tetrazolium chloride (O)Tand a Biolog proprietary
incubation medium. For each test, the compoundetdelsted is present as a sole
metabolic source of its kind. For instance, if carbmetabolism is to be tested, all
elements required for growth excluding carbon bdlprovided. In aerobiosis, when a
metabolic compound is taken up and transportedcellarespiration will initiate and
nicotinamide adenine dinucleotide (NADH) is genedatwhich in turn generates
reducing power in the cell (Bochner, 2009). TTCns&urblue/violet upon direct
reduction by NADH. This reaction is irreversibleo@ner and Savageau, 1977) and
TTC reduction is used as a colorimetric indicator the ability to respire on the
various compounds present in a Biolog plate. Theiegtions of the Biolog system
are multiple and can range from the comparison ethbolism between strains of the
same species (Sabarly et al., 2011) to microbgitification (Pinot et al., 2011) and
community metabolic profiling (Bossio and Scow, 29BDi Giovanni et al., 1999). In
this study, we used Biolog GN2 microplates (TecRabh, UK) encompassing 95 C-
sources representative of the requirements toidis@te and identify most Gram-

negative bacteria.
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2.6.2. Biolog data analysis and statistics

As the Biolog analysis procedure we developed imork (in collaboration with E.
Kate Kemsley) represents a novel approach, we dedudetails of the analysis
(including threshold determination) in the reswéstion. For statistical calculations,
we used MATCAD with the Statistics module instajladd GraphPad Prism version
5.01. Representation of graphs was performed uslicgosoft Excel 2007/2010 or

GraphPad Prism version 5.01.

2.7. Phenotypic analyses of colonisation-associated ttai

2.7.1. Biofilm formation on polystyrene surfaces

Biofilm formation was assessed using crystal vistaining of bacteria attached to the
polystyrene surface of a 96-well microtitre plaacteria were grown in LB
overnight at 37°C. The next day, optical densitysstandardised to QE=0.175,
and this suspension was diluted 1:10 in 100f colony-forming-antigen (CFA)
medium (Evans et al., 1977). Static cultures weoavg in 96-well microtitre plates at
different temperatures for up to 72 h (biofilm fation at 28°C was monitored after

72 h, at 37°C after 48 h).

At the desired time point, plates were washed 2simsing sterile water, blotted on
absorbent paper after each wash to remove excdéss Wates were dried at 60°C for
30 min, or until complete dryness was observedeRlaere filled with 13@l/well of

a 1% filtered crystal violet solution, and inculshfer 30 min at room temperature.
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Plates were emptied, washed 3 times using stealenvblotted on absorbent paper
after each wash, and then dried for 1h at 37°Cst@lyiolet was dissolved by adding
150 pul/well of a 20:80% acetone/ethanol mix and leftam temperature for 10 min.

Optical density was measured at 590-600nm.

2.7.2. Bacterial motility

We were interested in assessing the proportionatiierand non-motile strains in our
different E. coli collections. The ability of bacteria to swim isphenotype easily
assessable using low concentration agar gels. We csmmercially available soft
(0.4% wl/v) agar tubes (BBL™ Motility Test Mediumg@&on Dickinson) to detect
bacterial motility on pure culture d&. coli isolates. Fresh colonies on LB plates
incubated overnight at 37°C were picked at theimtree with a flame-sterilised
platinum wire, which was then used to stab BBL™ iltgt Test Medium tubes.
Motility tubes were then incubated at 37°C for 2&dfore visual inspection of the
motility phenotype. When the tested strain was mmtHe in the tested condition,
bacterial growth was visible inside the stab mdiit not elsewhere in the tube.
Conversely, when the tested strain was motile, gr@xtended in the soft agar, away
from the stab mark. Motility was visually scoredidaa second biological replicate

was performed.

2.7.3. Siderophore production

The ability to produce and secrete iron-scavengmadecules called siderophores is

known to occur in many environmental organismswbich iron is a limiting factor

113



of growth. E. coli is known to produce up to 4 siderophores: entesioch(or
enterobactin), salmochelin, yersiniobactin and lagctin, respectively encoded by the
ent iro, irp andiuc operons (Valdebenito et al., 2006). We used chrameol S
(CAS)-based solid medium to assess siderophoreuptioth in vitro. CAS is an
indicator molecule with moderate affinity for iramolecules. When CAS is bound to
iron, the complex is dark blue to green, the presesf siderophore (for which iron
has a greater affinity than for CAS) disrupts th&SChinding with iron, which then
turns bright yellow. In our assay, we grew coloraéstrains on CAS indicator agar
for 48h at 37°C and measured the halo diameteriasa proportion of the ability to

produce siderophore using the ImageJ software.

The recipe we used for CAS indicator agar prepamat derived from a previously
published protocol (Payne, 1994). This complex medrelies on the mixture of 3
independently prepared solutions: a 10X modified (M®/9) salts solution, a CAS-
HDTMA solution (which is a mix of 2 other solutignand a deferrated casamino
acids solution. To prepare the 10X MM9 solutiory 8f KH,POy, 5 g of NaCl and 10
g of NH,Cl are added to 1 | of milliQ water and autoclavétie CAS-HDTMA
solution is prepared by first dissolving 605 mgGAS powder in 500 ml of milliQ
water, to which are added 100 ml of a ferric soluttomposed of 1 mM FeCI3 in 10
mM HCI; and then this mixture is added to 400 madiDTMA buffer solution (729
mg of HDTMA powder in 400 ml of milliQ water heated 40°C) and autoclaved.
The deferrated casamino acid solution is prepaydddi dissolving 10 g of casamino
acids in 100 ml milliQ water. Casamino acids amntlextracted from this solution by
adding 100 ml (equal volume) of 3%(w/v) 8-hydroxympline in chloroform to

remove contaminating iron, and then extracted agatim 100 ml (equal volume) of
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chloroform to remove traces of 8-hydroxyquinolifi@nally, CAS indicator agar is
prepared by first adding 6g of NaOH (dissolved he water), 30.24 g of PIPES
buffer, 100 ml of 10X MM9 salts solution and 15 fgagar to 750 ml of milliQ water
to be autoclaved and kept at 50°C. When the agstilidiquid, 30 g of deferrated
casamino acids solution are quickly added alondh vi® ml of filtered-sterilised
solution of 20% glucose, 1ml of 1M MgCand 1ml of 100 mM Ca@l The solution
is mixed, 100 ml of CAS-HDTMA solution are addedigrlates are poured and dried
before utilisation. Colonies of siderophore-prodigcbacteria grown on this medium

are surrounded by a yellow or orange h&liggre 2.7).

Figure 2.7. Example of halo obtained by a siderophe
producing strain streaked on CAS indicator agar The

strain used i&. colistrain GMB30.

2.7.4. Multiplex PCR for detecting siderophore biosynthess genes inE.

coli

To develop a method to detect the 4 described gthere operons, we uséd coli
strain Nissle 1917, a probiotic strain commercalisunder the brand name
“Mutaflor” and kindly provided by Ardeypharm GmbHyhich possesses the 4

operons in its genome (Valdebenito et al., 2006¢ Wged the MPprimer website
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(Shen et al., 2010) and sequences of enterobaoctmE. coli K-12 strain MG1655
(gb: U00096.2), salmochelin fronk. coli strain Nissle 1917 (gbAJ586887.1),
yersiniabactin fron¥ersinia pestiggh: CP001585.1) and aerobactin from &Encoli

plasmid sequence (gh:144692 and X76100.1) to desigtiplex primers.

MPprimer found primer sequences for all tested genand produced the

corresponding virtual electrophoresis pattefigyre 2.9).

lex

Salmochelin:iro . Enterobactin:ent .
E B D C multiplex D A B C E multiplex

T4 T2
M: Marker DL
5:

Figure 2.8. Virtual electrophoretic patterns for sderophore biosynthesis gene multiplex PCR
calculated by the MPprimer website. Aerobactin profilesiucB, iucD, iucA, iucC yersiniabactin
profiles:irp3, irp5, irp2, irpl; salmochelin profilesroE, iroB, iroD, iroC; enterobactin profileentD,

entA, entB, entC, entE

We ordered the obtained primefsable 2.5.
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Table 2.5. Primer sequences for siderophore biosymesis gene multiplex amplification The

primers were ordered from Sigma-Genosys (UK).

. . ™m . .
Primer Amplicon Forward primer (FP) / Reverse primer
. (FP/RP)
target size (bp) 0 (RP)
Q)
, 5-GGACTGCGCGATCTTAACGGCA-3' /
IuCA 338 59.9/60.0 | 5 AATCCGACCGGCAGATCCCCAA-3'
, 5-ATCTTGGCTGGGGGCTGGACAA-3'/
. lucB 178 60.1/60.0 | 5 ACCTGTCCGAAAAGCGTCAGCG-3'
Aerobactin 5-AACGTGGTATCTGGGGCTGGCT-3'/
iucC 458 59.9/59.9 | 5 ACTGAAGCGGGCAAACTCCTGC-3
- 5-CGGATGGCATCACTGCCCGATT-3' /
iuch 230 59.6/59.7 | 5 ACGCAGAACGGTAACCTGTGGC-3'
- 5-TATGGCGGAAGGCCTGCTCTGT-3'/
irpS 255 60.0/60.0 | 5 CcTGACATTGTCGCCTGTGCGGT-3"
- 5-TTGCTGGCTCTGGGCGTTGATG-3' /
o | irp3 124 60.0/59.9 | 5 GATAGCGCTGAAGCAGCAGGCA-3'
Yersiniabactin 5-ACTTCCTCGCCCGGCGTAATCT-3'/
irp2 316 60.0/60.0 | 5_GCCGCAATGTGTGGCTGAGAGT-3'
- 5-.CCATATTGGCCGCACGCTCGAT-3'/
irpl 412 60.0/60.0 | 5. GGCGTTAAACCGTTCGGGCTGA-3'
, 5-GTCGGGCAATCACCAGCAGCAT-3'/
iroC 500 60.1/60.0 | 5 GGGCGCATCGGGTTCAGGAAAA-3'
, 5-ATGGCCGAAGCCTACGGTTTGC-3'/
| IroB 265 60.1/60.1 | 5. CGGGTTGGTGGTGTTTGACGCT-3'
Salmochelin 5-AGTGGCTGAGCACCAGACCGAA-3' /
iroD 330 60.1/60.0 | 5. TCGTGCTGCCCGATGGTGAAAC-3'
, 5-TGCCTGGCGAAAGGAGGCATTG-3' /
irok 129 60.0/59.9 | 5. GCTGTCGGGGTGCTGTCGAAAA-3'
5-GTCGGCGGTGCGTTTAACCTGT-3' /
entA 274 60.2/60.1 | 5. GCTGTTCTTCGGCGTCATCGCT-3"
5. TGCGCGACTACTGCAAACAGCA-3' /
entB 370 59.9/59.8 | 5 1GCTCGTCACGGCTGAAATCGG-3"
, 5-GAATGTGGTGGAACGCCAGGCA-3' /|
Enterobactin| entC 493 59.9/60.1 5 AGTTGCGAGATGCOACAGCGTC.3
5-ACGTCTTTCTGCCACCCTTGCG-3' /
entE 600 59.9/60.0 | 5 ACACACTCCACGCGATCCGGTA-3'
entD 138 59 7/59.9 | 5-ATTTAGCCGGACGGATCGCTGC-3'/

5-ATGCCGTAGTCCCACAGTGGCT-3'

We tested different conditions of multiplex PCR amE. coli strain Nissle 1917

genomic DNA preparation until we obtained satisfagctamplification of most of the

bandg(Figure 2.9).
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Figure 2.9. Electrophoresis gel after simplex and waitiplex amplification of siderophore
biosynthetic operons fromE. coli strain Nissle 1917 Annealing temperature for the PCR was 50°C.

DNA ladder is the 2-log DNA ladder from NEB.

Our selected amplification conditions were 1 cyate95°C for 5 min, 30 cycles at
95°C for 30s, 50°C for 30s and 72°C for 90s angdecat 72°C for 5 min. We used
the GoTaq Green Mastermix (Promega) to prepareaowslification reaction. We
could not amplify a single band foentC using these multiplex amplification
conditions Figure 2.10. However, we could amplify 4 genes out of 5 frdme ent
operon, which we judged enough for our detectiorppses Figure 2.10. Similarly
and despite our prolonged efforiscB could be amplified in simplex but not in
multiplex (Figure 2.9) so we excluded the corresponding primer pairsnfrhe

multiplex mix.

i Top Do o

' ’;-3-

~~~

Figure 2.10. Electrophoresis gel pattern for a suessful 15-gene multiplex detection of

siderophore biosynthetic operons irk. coli.
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In the results chapter, we present an applicatfahis method to detect siderophore

genes in 28 ECOR and GMB coli strains.

2.8. DGGE profiling of phyllosphere-associated bacteria

community

2.8.1. Principle of community profiling

Bacteria populate agricultural environments in dad&®ble amounts, reaching
concentrations of 7810° CFU/g in soil (Garbeva et al., 2004) and around@BU/g

on the aerial parts of plants (Lindow and BrandlD®. DNA extracted from the
communities present in various ecosystems is ysuattd as a template for the PCR
amplification of phylogenetic markers that can thenanalysed by various methods
including DGGE or HT-sequencing. In this work, weed DGGE to first examine
microbial community profiles in agricultural soiésd on various crops, and then to
observe plant microbial community response to aificéal leaf contamination with
E. coli. In this section, we describe the procedures t@esampling, DNA extraction

and DGGE of epiphytic bacterial samples.

2.8.2. Environmental sampling

2.8.2.1. Field collection of soil and crops

The fields we sampled, located in East Norfolk (UKgure 2.11), were used for

growing different crops, mainly spinach and rockalad but also occasionally red
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Batavia lettuce or red chard. We used ethanolkstedi scalpels and hand trowel to
sample leaf and soil material, which was placesdt@mnile stomacher bags on site. All
samples were placed in a cooled ice box for tramdmck to our laboratory, where

they were processed on the same day as presergedtion 2.8.3.

+
o
Al
:;ﬂw
Motk
Walsham
Whirngreetl
Field1 @
Bengate Wiited
Busgh and o Firgdom
Tuigingion : e
4 i Buigh Next '
o Aytsham betanz
Y3
Easigale =
RAF
'{34 Coftishail
2
@ .
~~Q.Field 2
L I e F-l-.1e'-1_rn=
;i Butcher's
% - Commion Somerton
i /
Bastwick
=
T, Fiver o
W“?&. L F N Thusree il
. B E “E:.ﬁ_ & Crmasty
! £ St Mochiael
Bewegion Lo R Palson
St Andrew el Graen
Rackfieath
o
S { Great oad Lt gofieny b0 25
"*.\ Phamatead Healh
\ West End
\ .f,/- == = LS
:\ Norwich TRy,
esn R, -
bmen g - — Hew b
A ~ ' Greal
\ 73 4 aemodith,
X 7 e e
b 0.
: - ““\ _Calstor 51 %’g
l 2 o e Edmund *
; — :'\;!

Figure 2.11. Geographical location of the agriculttal sampling fields mentioned in this study

Fields are represented with a blue marker. This isappyrighted by Google.

2.8.2.2. Chemical characterisation of tested field soils

We determined the textural and chemical charatiesisf two field soils we sampled
for microbial communities analyses. The Britishrisiard BS3882:2007 procedure for
soil analysis (“Specification for topsoil and reguments for use”) was used by NRM

Laboratories (Berkshire, UK) to analyse soil sammfitem these fieldslable 2.6.
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Table 2.6. Chemical characteristics of two samplefield soils

Characteristic Field 1 Field 2

Textural class Sandy loam  Sandy silt loam
pH 6.2 6.4

Soil density (g/L) 1118 1136
Sand 2.00-0.063mm (%w/w) 61 40
Silt 0.063-0.002mm (%w/w) 29 47
Clay <0.002mm (%ow/w) 10 13
Conductivity (uS/cm) 2332 2505
Available iron (mg/kg) 39.9 69.5
Available manganese (mg/kg) 11.8 12.5
Available phosphorus (mg/kg) 48.3 60.7
Available potassium (mg/kg) 209.3 400.5
Available magnesium (mg/kg) 41.1 93.3
Available copper (EDTA) (mg/kg) 2.1 4.5
Available zinc (EDTA) (mg/kg) 2.3 6.2
Available sulphate (mg/kg) 30.4 64.4

The texture of the fields was loam to sandy loarictv corresponds to rather high
levels of sand and low levels of clay with varialdeels of silt Table 2.6. The soils
had an average pH of 6.3, which is usually assediatith a high diversity of
microbes (Fierer and Jackson, 2006). The concéngtn phosphorus, magnesium
and iron were average to high, possibly becauslkeeoéxogenous addition of fertiliser

by the farmers.

2.8.2.3. Atrtificial contamination of leaves by E. coli

Spinach $pinacia oleracea cv. Picagsplants were grown for day/night cycles of 10

h at 20°C and 14 h at 15°C (75% constant humiditygontrolled environment rooms
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by the John Innes Centre Horticultural Serviceff $dorwich, UK). Four weeks-old
plants were transferred to the laboratory and satayith a 16 cells/ml suspension of
bacteria E. coli or Salmonelld using an artist’s airbrush (cat: HUM300133; eqeig
with 400ml Airbrush Pressure Bottle; cat: HUMAIR4(@umbrol, eModels) for fine
and even particle deposition on the leaf surfadant® were then incubated until
sampling at 22°C in a heated propagator (Vitopaop&gator, cat: 579519; Suttons)

and watered regularly from below.

2.8.3. Extraction of environmental DNA

2.8.3.1. DNA extraction from soil

DNA was extracted from soil using the FastDN8PIN Kit for Soil (cat: 6560-200;
Q-Biogene). The major constraint to a good DNA &ation from soll is the efficient
lysis of bacteria. Indeed, soil is highly heterogmums with multiple microhabitats
potentially protecting living cells, and needs ®rechanically homogenised prior to
cell lysis. Additionally, many bacteria from enummental sources themselves are
likely to be recalcitrant to lysis too, as they &kely to have to cope with multiple
environmental stresses, or even be present inadgsress-resistant spores. To ensure
good lysis and minimal shearing of DNA moleculé® FastDNA SPIN Kit for Soil
employs a bead-beating procedure using a high-speedand-down” shaker
(FastPreP FP220A Instrument; cat: 6001-220; Q-Biogene), lideo to homogenise
soil particles. Briefly, up to 500 mg of soil weneeighed and placed into a “Lysing
Matrix” tube consisting of sterile ceramic and alibeads of multiple sizes. Buffers

were added (978l of “sodium phosphate buffer” and 122 of “MT buffer”, both
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provided in the kit) for good homogenisation andtem solubilisation. Samples were
shaken for 40 s at a speed of 6 m/sec using théeg® instrument before being
placed on ice and centrifuged for 1 min (speed Wds000 x g for every
centrifugation step in this protocol). Supernatamése carefully transferred to tubes
containing 25Qul of “protein precipitation solution (PPS) reagefiim the kit, and
solutions were mixed by gently inverting 10 tim&abes were then centrifuged for 5
min to pellet the protein precipitate. Supernatavgse carefully transferred to 15 ml
Falcon-tubes containing 1 ml of “binding matrix gaasion”, consisting in a mixture
of fast-sedimenting mineral particles on which DN#ll adsorb. Tubes were
manually inverted for 2 min and sedimentation whswaed by placing tubes in a
vertical position for 5 min. Some of the superna(&00ul) was transferred to a clean
tube, and the sedimented matrix was resuspenstt iremaining supernatant (this
step was meant to reduce the volume for the foligvgiteps). After the mix appeared
visually homogenous, 70 were transferred to a membrane-based spin columdn a
centrifuged for 1 min. The flow-through was diseaddand the rest of the supernatant
was passed through the membrane by centrifuginy fom A washing solution (500
ul of “salt/ethanol wash solution”, or “SEWS-M” frothe kit) containing ethanol was
added to the spin column, which was centrifugedlfonin and, after discarding the
flow-through, for an additional 2 min to dry the migranes. Tubes were dried for an
additional 5 min at room temperature and membranexh DNA was eluted in 100
pl of nuclease-free water by centrifugation for ihnSamples were checked by low-
voltage (60V) electrophoresis on a 0.7% TAE-agargsk Electrophoresis was
preferred as compounds co-purified using this nektten be detected by Nanodrop

spectrophotometry, leading to false concentratgimeates.
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2.8.3.2. DNA extraction from leaves

The protocol described above was modified for aaterial homogenisation and the
extraction of DNA from the phyllosphere. About 1®igleaf material were placed in
a stomacher filter bag (cat: W40545; Fisher Sdiehtcontaining 50 ml of sterile
water and crushed for 2 min at max speed in a labhder (cat: MPR-410-012Q;
Seward Medical). The filtered liquid containing b&a was centrifuged at low speed
(2 min at 500 xg) to pellet plant particles. The rest was centeftidor 20 min at
13,200 xg and the resulting supernatant was discarded. iAggsamples at -20°C
after this point did not affect subsequent DNA pcation yield. The pellet was
carefully transferred in a “Lysing Matrix” tube dfie FastDNA SPIN Kit for Soil
containing “sodium phosphate buffer” and “MT” bulfeas described above. DNA

extraction was performed as described above far soi

2.8.3.3. PCR from environmental DNA

We used DNA extracted from environmental sourced éd leaves) as a template
for PCR targeting fragments of the 16S ribosomalARKRNA) gene. This gene,

encoding a component of the 30S bacterial ribosasguasi-universally conserved
in bacteria and archaea (Woese and Fox, 1977tr€ture is not uniform, with

conserved regions and more flexible, so-called hygreable regions (Neefs et al.,
1990). The sequence in these hypervariable regom®nsidered to be relatively
species-specific. There are 9 hypervariable regiortse 16S rRNA gene, which can

all be targeted by universal primeBdure 2.12.
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Figure 2.12. Representation of hypervariable regiomwithin the prokaryotic 16S rRNA gene The

plot represents the conservation of bases withuotebia: high values represent conserved bases and
low values represent variable bagéscoli rDNA base positions are taken as reference irxtagis.

This figure was taken from the Bioinformatics Tdblkwebsite of Cardiff University,
www.bioinformatics-toolkit.org/Help/Topics/hypervableRegions.html created by K.E. Ashelford

(last accessed on 13-09-2011).

For method development purposes, we also used ppaies 63F-338R targeting the
V1-2 region, 63F-534R targeting the V1-3 region1B907R targeting the V3-5
region and 1055F-1406R targeting the V7-8 regidable 2.7. In our work, we

focused on the utilisation of universal primers B4ihd 534R (Muyzer et al., 1993)

targeting the V3 hypervariable region of the 168lARyene Table 2.7).
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Table 2.7. Universal primers used for DGGEA 40-bp GC-clamp was added at the 5’ end of primers

in bold (see text for more details)

Name Sequence (5' > 3")
63F CAGGCCTAACACATGCAAGTC
338R GCTGCCTCCCGTAGGAGT
534R ATTACCGCGGCTGCTGGCA
341F CCTACGGGAGGCAGCAG
907R CCGTCAATTCMTTTGAGTTT
1055F ATGGCTGTCGTCAGCT
1406R ACGGGCGGTGTGTRC

aStandard nucleotide codes; M=A or C and R=A or G.

V3 is the most commonly used variable region facdminating between bacterial
species from various natural environments (Kadamad Stapleton, 2003; Yu and
Morrison, 2004). A 40-bp GC-clamp (5-CGCCCGCCGCAIIILCGCCCGT
CCCGCCGCCCCCGCCC-3) was added at the 5’ end ahens written in bold in
Table 2.7 to allow immobilisation of the two strands at teame position on a

denaturing gel (see section 2.8.4).

Reactions and amplification were prepared usingidahewing parameters: for a 50-
pl reaction, 25 ul of 2X GoTaq Colorless Master Niromega), 0.5 pl of 10 mM of
each primer, and 5 ul of gDNA extraction. The marafathe DNA extraction kit
used above states that the purified DNA can beilyeadhplified by PCR. However,
we observed difficulties in doing so, and foundt thee addition of Jug/pl of bovine
serum albumin (BSA; catt0711454001; Roche Applied Science) in the PCR mix
greatly improved the amplification success (Kread®06). Amplification conditions
were as follows: 1 cycle at 94°C for 5 min; 35 eght 94°C for 20s, 50°C or 55°C

for 20s, 72°C for 20s; 1 cycle at 72°C for 5 min.
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2.8.4. Denaturing gradient gel electrophoresis (DGGE)

DGGE is an electrophoresis-based method using poliganide gels to discriminate
DNA fragments differing by sequence content (inclisefrom GC content) but not
sequence length (Fischer and Lerman, 1979; Fiseamer Lerman, 1980). The
principle rests on the creation a gradient of demag conditions in an 8%
polyacrylamide gel using urea and formamide. DNAgles to test are amplified by
PCR with specific primers that add a long additisejuence of GC bases at the 3’
end of the fragments. This so-called “GC clamp’vprds the complete denaturation
of the DNA molecule. While double-stranded clam@dA samples migrate along
the electric current, denaturing conditions incespoportionally with the denaturing
of the two strands. When the whole sequence buGieclamp is denaturated, the
migration stops. Fragments with different sequeneib different contents in GC
bases, will therefore stop at different migratiaonts. Typically, DGGE can be
performed on 16S rDNA amplicons from environmenfdlA extractions, thus
creating specific and comparable community profi®e used the Ingeny PhorU 2x2
DGGE apparatus (GRI Molecular Biology) according te manufacturer’s
recommendations and Stefan Green’'s comprehensivede guo DGGE

(http://sites.google.com/site/stefanjgreen/sd, dasessed 13/09/2011).

Briefly, a gel cassette was vertically assembleth eetween glass plates carefully
washed with ethanol and wiped for dust. A 32-sasglemb was inserted between
the two glass plates. Two reservoirs were loadetth @b ml of polyacrylamide

containing distinct concentrations of denaturingrag8Ql of 20% (w/v) ammonium

persulphate (APS) and |8 of tetramethylethylenediamine (TEMED) were added t
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each reservoir. A peristaltic pump created a valrtdenaturing gradient in the gel
cassette. We observed that gradients of 59% toat¥%9% to 44% provided a good
range of denaturing conditions to discriminate mafsthe amplicons of our study.
These were created by mixing appropriate amountprefmade polyacrylamide
solutions containing 70% of urea/formamide or ranGidered as “0%”). After the
gel has polymerised (60 to 90 min), a stacking(geil “0%” polyacrylamide, 8Qul

of loading dye, 8l of 20% APS, 81 of TEMED) was quickly added on top with a
syringe. After polymerisation of the stacking gblle comb was removed and the gel
cassette transferred to the electrophoresis tantaicong 15 L of 0.5X TAE buffer at
60°C. After loading samples, electrophoresis watopmed at 80V (50mM, 10W) for
17.5 h (or at the appropriate voltage/time to d#liwxH=1400 with constant
amperage). After migration, gels were transferre@00 ml of 0.5X TAE containing
10 pl of SYBR® Green | (cat: S9430; Sigma-Aldrich) for DNA staigj and washed
in 300 ml of distilled water for 5-10 min. Gels wescanned in a Pharos FX Plus

Molecular Imager (Bio-Rad).

2.8.5. Data analysis

We used Phoretix 1D (Nonlinear Dynamics) demo werdio analyse denaturing
gradient gels. A very good description of the ppte behind gel analysis using
Phoretix 1D or similar softwares has been publistessbntly (Tourlomousis et al.,

2010). We summarised this proces§igure 2.13
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Lane 2 | -0.577 1 -0.775
e X 0 1 0 lane30.745 [-0.775| 1
. . x 1 0 1 ———— Lane 2
Lane 1
x 1 1 1
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X 1 0 1 Lane 3
e —_— X 1 0 1

DGGE —> Synthetic ———> Band ———> Correlation
lane presence & clustering
matrix

Figure 2.13. Summary of the data analysis processing gel analysis softwaresSee text for more
details.

Briefly, gel pictures are loaded and lanes are teckaThe gel background is
substracted and bands are detected. This step nedds visually controlled and
edited as sometimes, the software either missadds unwanted bands (specks, poor
gel images, etc). Then, the user defines bendaigeation front lines (or “Rf lines”).
This step is crucial to the analysis as it is uaed frame by the software to match
similar bands and consider different bands as sTicl.output of this analysis is first
a synthetic lane regrouping all different band poss of one gel, from which a band
presence matrix is created. From this, Pearsorelations can be calculated on the

profiles, and clustering of correlated profiles tenperformedKigure 2.13.
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3. Genomic and phylogenetic diversity ofE. coli strains
seasonally isolated from agricultural crops

3.1. Context

Since the first analyses of thE. coli population structure and the resulting
observation of distinct phylogenetic groups, hypsts have emerged as to why these
phylogroups exist, and why different distributioase observed in collections of
isolates of different origin. The question of howe tliving environment acts on the
distribution of phylogenetic groups, and thus tlogyation structure of a particular
bacterial species remains poorly understood. Thesstions can be extended to our
topic of study. Are nonhost secondary environmantsg on the population structure
of E. coli GMB isolates? Are strains dE. coli isolated in nonhost secondary
environments a specific subset of&llcoli or do they encompass the whole diversity
of the species? In other words, is nonhost ada@ptatipart of the natural life cycle of
E. coli? Agricultural fields are arguably very good northesvironment model<.
coli is not believed to be commonly associated witmtslaalthough it has been
shown to survive and persist for relatively longes in agricultural environments
(see Introduction section 1.3.1). Therefore, wkeroli strains are isolated from the
aerial parts of plants without any obvious sourteamtamination, it is possible that
they do not come directly from faecal matter, blieady survived the selection
pressures, if any, of other nonhost environmentsreesuch as water or soil. In this
section, we first present data showing tEatcoli can be seasonally isolated in
abundance during planting seasons from the leaf/eslad crops. Based on this
information, we hypothesised a meteorological ¢ff@t the seasonality dE. coli

spikes of detection on plants. Then, to charaaefizrther the association of

130



environmentalE. coli with plants, we compared isolates from distincurses,

symbolised by two collections of strains (GMB and@R). The ECOR collection is
composed of strains associated with human and &hiossés (primary environment),
whereas GMB strains isolated in this study comenftbe agricultural environment,
more precisely from salad crops and soil (secondawronment). We first examined
the distribution of the phylogenetic groups of GM&lates and decomposed it
according to various known parameters about thasens to see how they could
influence the abundance of specific phylogroups. WWen compared the diversity
between ECOR and GMB strains, first at the genastrigcture level (using a PCR
fingerprinting method derived from REP-PCR) andntlte the phylogenetic level

(using MLST).
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3.2. Seasonality oft. coli contamination of crops

3.2.1. E. coli environmental isolates are commonly isolated fronsalads

growing in the UK

The observation that led to the initiation of tipioject was the finding that, after
routine microbiological safety tests conducted bgreymous industrial partnerk,
coli (monitored as a faecal indicator and called “gené&i coli’ in food safety
regulations) could be isolated from UK-grown salatiging the growing season
(approx. May to October). It was also observed thatquantity ofE. coli retrieved
from all the tests on spinach and rocket was vargireatly from one year to another
(Figure 3.1). It is worthy to note that the data presentedaacempilation of various
growers for the same crop, and that no single ggancal location was identified as

an increased source Bf coli.
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<Figure 3.1. Detection ofE. coli on spinach and rocket field-grown in UK and oversas during
routine microbiological safety tests The corresponding number of total tests for roekel spinach is
shown in the columns and table below the line pdeeas shaded in dark correspond to the growing
seasons in the UK (May to October of each yearpaia white correspond to produce grown overseas
(typically Spain or Italy), shipped to UK for midsmlogical testing and commercialisation. This figu

was created using data from anonymous industriath@is.

Between 2006 and 2009, routine tests lead to thectien of E. coli in 958/16,827
(5.69%) tested spinach and rocket samples. Theseawaassive detection rate of
coli on spinach and rocket during summer 2006, witleakpn August 2006 where
741279 (26.52%) samples of rocket and 168/311 @@)lsamples of spinach tested
positive for at least 10 CFU &. coli per gram of tested leaves. In the 4-year period
investigated, the overall distribution of posititests for spinach and rocket was
strongly correlated (Spearman correlatiori=0.8187, p<0.0001), even if only
considering the UK-based production (May to Octplder each yearrg=0.7223,

p<0.0001).

After 2006, detection rates remained below the alogerved in summer 2006, but
there were detection peaks of medium importancengusummer 2008 and 2009,
with more than 10% of samples being positiveHorcoliin August 2008, and in July
and August 2009Figure 3.1). Also, no specific increased detection was olesrv
during summer 2007F(gure 3.1). Overall, tests performed in the UK for produce
grown overseas (the white areasFagure 3.1) never detecte&. coliat comparable

levels as in tests of plants grown in UK during suen.
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3.2.2. E. coli contamination of conventional and organic salad

In the light of produce-related outbreaks by pa#mgE. coli, there is an industrial
and societal interest on whether the type of ajticelcan influence contamination by
E. coli. Indeed, one may think that organic foods coultepially harbour more
faecal organisms because of the increased use olurmafor fertilisation to
compensate for not using chemical fertilisers. W&o aollected data ofE. coli
isolation rates from rocket salad grown conventilgrend organically throughout the

UK (Figure 3.2.

70

== 0rganic

== Conventional
50 -

40 -

20 +

Proportion of positive tests (%)

10 A

o .
600‘06‘006066‘06\’\’\6\’\6\‘b‘b@)g‘bg‘b‘bé’)g@g@é@g@g@
\’b @'b @fb* \0 (,)eQ %’o \’b @'b @,5\ \\‘f (,)eQ $0 \'b @’b &b‘\ \0 %Q,Q $0 \’b @'b @fb* \\5 c)e V\o

Figure 3.2. Detection ofE. coli on conventionally and organically grown rocket fran UK (green
shades) and overseas (white shades) fields duringutine microbiological safety testsSee legend

of Figure 3.1for more details.

There were slightly more positive tests fBr coli on organically grown than

conventionally grown rocket leaves during the petiested but the two distributions
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were not statistically different$=0.6672, p<0.0001). Similarly, when we compared
the distributions of summer months only (UK-baseodpction, May to October for
each year), the correlation was still not significd<=0.4578, p=0.245). From these
data, we can conclude, there were no significaférénces between the numbers of
positive tests foE. colion organic compared to conventionally grown rocaad.

In a similar study, fresh lettuce grown organicadlyconventionally in Spain were
examined and authors found that the level€oferobactericeag@resent on leaves
were the biggest source of variation between oogédlyi and conventionally grown
plants (Oliveira et al., 2010). In this study, m&eterobacteriaceaavere retrieved
from organic than conventional plants (Oliveiraakt 2010). Similarly a pre-harvest
local farm-based study in USA showed that organizipce had a higher prevalence
of E. coli than conventional salads, especially in farms wheanure or compost
aged less than 12 months had been used as s& r{Mukherjee et al., 2004). On the
other hand, an earlier study on UK-grown salad<lcaled without comparison with
conventionally-grown crops that organic ready-tb-eagetables were of very
satisfactory microbiological quality (Sagoo et &001). Our short analysis based on
routine microbiological safety monitoring data tentb confirm that there is no
difference in E. coli detection (and thus the inferred “microbiologicsdfety”)

between conventional and organic UK-grown salads.

3.2.3. Meteorological conditions in UK from 2006 to 2009 ad hypotheses

for seasonality

To our knowledge, no link has ever formally beetalgisshed between meteorological

factors such as temperature and rainfall &dcoli contamination of agricultural
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crops in fields. Additionally, our systematc coli detection dataset covers multiple
locations in the UK and thus allows for a more gahanalysis regarding country-
wide variations irE. coli detection rates on spinach and rocket, rather spanadic
contamination events. It was observed that thel toiarobial load on minimally
processed spinach was higher in summer and autbham dn spring and winter,
suggesting that temperature and rainfall variatlopact greatly on bacterial growth
on plants (Caponigro et al., 2010). Additionallgstgrowing bacteria such &s coli

tend to grow to higher levels at higher temperatumdaboratory conditions.

We then looked at the correlation between recordeteorological conditions from
2006 to 2009 (obtained on the website of the UK edatlogical Office, or
“MetOffice”, http://www.metoffice.gov.uk/climate/uk last accessed: 28/09/2011)
with E. coli detection rates on crops based on data showreiprégvious parts. We
first looked at average anomaly data for the whafldJK. Here, the anomaly is
defined as the observed difference with the avevafiees for all years between 1971

and 2000.
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Figure 3.3. Average in anomaly (1971-2000) of mea@mperature and rainfall for Summer (June
to September) 2006 to 2009 in the UKColours are defined in the legends on the rigimgl
correspond to the difference observed from theageof all values between 1971 and 2000 for the

year mentioned on top. Data presented here isa&elj¢o a crown copyright by MetOffice.

Overall, the variations in anomalies for mean terapge and rainfall for summers
2006 to 2009 followed three different profildsqure 3.3). In 2006, temperature was
high in summer, and rainfall was very low (with téveception of Norfolk). In 2007,
temperature was average, but rainfall was very .hi§mmilar slightly higher

temperature and higher rainfall were observed 82&nd 2009. Using distributions
for all months between 2006 and 2009, we found fhiathe whole of the UK the
pattern ofE. coli detection on spinach or rocket salad was stroogselated with the

temperature evolution from 2006 to 2008=0.8275, p<0.0001), unlike rainfall
(rs=0.1743, p=0.2361). When we used only the monti$kebased production (May
to October), similar correlations trends were aisdi for temperaturer4=0.6368,

p=0.0008), and rainfalr§0.1435, p=0.5036).

138



65 -

—#—Spinach

60 -| Rocket
-
(%]
9]
2 55
©
<
8
o0 50 -
£
3
O 45
w
£
(=]
& 40 4
<
s
o 35 -
1
o0
k]
»n 30 -
>
©
(a)

25 -

20

18 19‘20‘21‘22 23‘24‘25‘26‘27 28‘29‘30‘31 32‘33‘34‘35‘36 37‘38‘39‘40 41‘42‘43
Apr. May Jun. Jul. Aug. Sept. Oct.

Week number

Figure 3.4. Number of days from sowing to harvestaording to the time of the year for spinach

(red) and rocket salad (green)Data courtesy of anonymous farm partners.

There is a correlation between temperature and réteeval of E. coli from
agricultural plants.E. coli primary habitat being the warm-blooded animal
gastrointestinal tract, it is better adapted towgmt higher temperatures than the
environmental average, and it is plausible thaghdr temperature simply acts on the
growth rate of bacteria living on plants, with md&ecoli being retrieved during the
warmer months of the year. The correlation coukb de indirect, as spinach and
rocket cultivars used commercially can grow aro@dddays faster in July/August
than in April/May Eigure 3.4. The summer photoperiod being longer during
summer days, photosynthesis produces more enetgghus transported within the
plant by sucrose, possibly affecting bacterial ghovimilarly, a more rapid growth
of vegetables could produce more nutrients leakeamygl an overall higher

concentration of nutrients available 6r colito colonize.

139



3.3. Description of a collection ofE. coli isolates from plants

(“GMB” collection) and their phylogroup distributio n

Our first insight intoE. coli association with plants of agricultural interestlicates
that E. coli association with plants is not uncommon, as regopreviously by the
literature (Mandrell, 2009). In our opinion and rfroan ecological point of view,
agricultural plants constitute a very likely secandhabitat (or nonhost environment)
for E. coli. Sources of salad contamination by enteric bacteme likely to be multiple
and complex. Direct faecal contamination of plaoyswildlife faecal deposition is
possible, but the most likely ways of field contaation are through the spreading of
manure in soils, and irrigation (Brandl, 2006). Quae then imagine that the history
of various environmental strains isolated from as likely to be very diverse and
shaped by the multitude of different nonhost enmvinents these strains have persisted
in before their arrival in the phytosphere. Therakaation of intra-species diversity in
nonhost environmental isolates©f coli retrieved from plants is the precise focus of
most of the work presented in this PhD thesis, whik present section being on the

basic phylogenetic characterisation of the strains.

3.3.1. Combination of triplex PCR and MLST to determine phylogroups

Since the first observation of the clonal structir&. coli natural population, various
methods have been employed to assign phylogenetipg to environmental isolates.
Multiple loci-based methods such as MLVA or MLSTvhabeen proved to be the
most accurate and powerful in discrimination. Hoarevhey remain time-consuming

and laborious. The utilisation of 3 phylogeneticrkeas detectable by triplex PCR,
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whose patterns of presence can accurately presticnie of the 4 major phylogroups,
A, B1, B2 or D, was proposed (Clermont et al., 200bis accuracy was verified by
comparing assignments using the triplex method Mh&T on a large number of
isolates (Gordon et al., 2008). In this work, wedishe triplex method to assign all
GMB isolates (n=106) to the 4 major phylogroups] are constructed phylogenetic
relationships for a subset of them (n=76, 71.7%heffull collection) based on MLST
data. The attribution of phylogroups with MLST wagerred from the clades in the
phylogenetic tree irFigure 3.18 The distribution of phylogroups among GMB

isolates as observed using the triplex PCR methadbe seen oRigure 3.5 (column

EOut
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mD
E B2
EB1
EA

Triplex PCR MLST Triplex PCR not  Combination (MLST
included in MLST + Triplex)

1).
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Figure 3.5. Phylogenetic groups inE. coli strains isolated from plants (GMB) Phylogroup

distribution according to: triplex PCR method oh@MB isolates (column 1), MLST on a subset of
GMB isolates (column 2), triplex PCR on isolateatthvere not included in the MLST analysis
(column 3) and a combination of column 2 and 3uwpoi 4). “Out” encompasses isolates from cryptic

Escherichiasp. clades (see section 3.4.2.2).
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As we limited the number of isolates tested by ML®T cost reasons, there are
isolates that we did not include in the MLST analyEigure 3.5 column 3), which
are mostly from phylogroups A, B1 and D to minimike bias of not taking into
account those straing=igure 3.5 column 2). Additionally, the determination of
phylogroups using triplex PCRFigure 3.5 column 1) and MLST Kigure 3.5
column 2) were not statistically differeng£1.755; p=0.6247), stressing once more
the reported accuracy of the triplex PCR method.tNéeefore combined={gure 3.5,
column 4) the results of phylogroup assignment @ating to MLST and to the triplex
PCR method, for isolates not included in the MLSperiment. All distributions
presented afteFigure 3.5 are based on this distribution. Among GMB strains,
phylogroup B1 was the most prevalent (44/106, 4).3%aylogroups A and D were
similarly represented (26/106, 24.5% and 21/108%Orespectively) whereas strains
from phylogroup B2 were in the clear minority (9%1®.5%). Interestingly, 3 isolates
clustered with phylogroup E, which is only iderdble by MLST (triplex PCR
showed the corresponding isolates to belong toqgnglp B2). Additionally, 3
isolates (GMB46, 56 and 57) were also not clusgewithin the habitual phylogenetic
groups ofE. coli (although triplex PCR assigned them to phylogr&2) and were
labelled “Out” for “outgroup”. A more thorough amals of the outgroup is presented

in section 3.4.

3.3.2. Phylogroup distribution according to various parameers

GMB strains were isolated from various geographloahtions, on different salad

crops and times during the year. In the followingctoons, we examined the
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distribution of phylogenetic groups according tegé different parameters to provide
the reader with an accurate representation of ggemvariables within the 106 strains

of the GMB collection.

3.3.2.1. Plant of isolation

GMB isolates were isolated mainly from spinad®pifaciaoleracen and rocket
(Erucasativa plants, but also from other salad crops, mixtwédeaves (in salad
bags) or field soilFigure 3.6 shows the distribution of phylogroups in strainsni

these various origins of isolation.
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The 4 major phylogroups A, B1, B2 and D were a#igant in isolates from spinach
(Figure 3.6, column 1). The phylogroup distribution among &e$ from spinach was
strongly correlated to the phylogroup distributioh all GMB strains (s=0.9706,

p=0.0028). All 3 “outgroup” strains were found opirach, and strains from
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phylogroup E were found on both spinach (1 stramj rocket (2 strains). Notably, a
smaller proportion of strains from phylogroup A a@® were found in isolates from
rocket, and a larger proportion of Bigure 3.6, column 2), but the phylogroups of
isolates from rocket were still representative lbGMB strains (s=0.8971, p=0.033),
as were isolates from sources other than spinadhr@sket (s=0.9549, p=0.0167).
Phylogroup distributions in isolates from spinactd aocket were nevertheless not
statistically similar (s=0.7941, p=0.058) but those in isolates from spirewth other
types of salads weres£0.9241, p=0.0167). These correlations could jest&dused
by the strong bias in sampling towards spinach rao#et-associated isolates (i.e.,
what is observed in spinach and rocket is simbawhat is observed in the whole),
but may also indicate that the plant of origin Higtde effect on the phylogroup

distribution of colonizinge. coli strains.

3.3.2.2. Geographical location

To investigate the possibility of a geographicdeef on the population structure of
GMB isolates, we decomposed the distribution oflpdgnetic groups according to
different parameters. Among 30 isolates from rockR2 (73.3%) were isolated on the
same day in the same field (GMB59 to 81), potelytimkplaining why we previously

did not observe a statistical correlation betwebkylqgroup distributions in isolates

from spinach and rockeFigure 3.7).
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The phylogroup distribution of these field-specifgolates from rocket salad was
obviously correlated to the distribution of all ket isolatesris=1, p=0.0028), but also
to the whole GMB phylogroup distribution regardlesk the plant of isolation
(rs=0.8971, p=0.0333), suggesting that there is neldfieffect”. In other words,
GMB59 to 81, isolated on the same day in a rockedd,f were overall good
representatives of the phylogroup diversity we dofihd in our whole GMB

collection of isolates from plants.

3.3.2.3. Time of isolation

GMB strains were isolated in 2008 and 2009 durhmggalad planting season in the
UK (usually from May/June to September/October deljpgy on meteorological
conditions). When sampling size was large enougither similar phylogroup

distributions were observed for the various timesaation Eigure 3.9).
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Figure 3.9. Phylogenetic groups irE. coli strains isolated at different times of 2008 and 2@0

Numbers in columns represent the number of isofaresach phylogroup.

Isolates from June 2008, September and October @98 not abundant enough for
any statistical significance. However, phylogrougtributions of strains isolated in
July (s=0.9549, p=0.0167), Augustrs£0.9706, p=0.0028), September 2008
(rs=0.8971, p=0.0333) and August 2009=0.9852, p=0.0028) were all statistically
correlated to the distribution of all GMB isolatedditionally, a majority of GMB
isolates were isolated during summer 2008 (82/18%1%), and the rest during
summer 2009 (22/105, 21.09%FHigure 3.9. Both phylogroup distributions of 2008
(rs=1, p=0.0028) and 2009<s£0.9852, p=0.0028) isolates were statistically elated

to the phylogroup distribution of all GMB isolate$hese observations strongly
suggest that, within the boundaries of our study sampling, there was no effect of

isolation time on the phylogenetic structure ofnplassociated. coli strains. This
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also suggests that, in terms of phylogroup distiamy the GMB collection is a good

representation dt. coli strains associated with plants from one year tihaar.

In Chapter 4, we investigate this hypothesis byntifgng traits specifically
associated with plant-associated strains and sgaltyf phylogroup B1l. Working
under the assumption that (a) nonhost strainstesblxom plants are likely to have
been in contact with nonhost environments (outsidenmalian intestines), (b) traits
conferring fitness in a given environment will b&iehed in strains isolated from this
environment and (c) traits associated with phylagr81 could provide an insight in
to nonhost adaptation i&. coli, we adopted in the next parts a collection-wide
comparative analyses approach, by comparing the GMEction of plant isolates
with the 72 faecal isolates of tHe coli Reference (ECOR) collection, meant to
encompass the whole genetic variabilitygofcoli as a species (Ochman and Selander,

1984).
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3.4. Diversity and phylogeny of plant-associatedE. coli and

comparison with host-associated ECOR strains

3.4.1. Clonal diversity of plant-associatecE. coli

Our investigation to identify differences betweash(ECOR) and nonhost (GME)
coli strains starts at the phylogenetic diversity leVék triplex PCR assay used in the
previous sections provided insights into the popotastructure of our strains by
indicating the distribution of their phylogeneticogps. However, there could be
subgroups within the phylogroups, or even relatedr distance between them, all
of which the triplex PCR assay would not indicatmportantly, knowing the
phylogroup distributions of our strains does naficate anything on the genetic
diversity or the relationships between them. Indetbé triplex method does not
indicate whether plant isolates are composed difiestelones or if their diversity is

high.

In this part, we examined the phylogenetic relaiops of GMB strains and
compared them to th&. coli reference collection (ECOR) strains using more
powerful typing methods. We first compared genorsitucture and large-scale
recombination events using BOX-PCR, a DNA fingerpng method. Using BOX-
PCR, we could also approximately examine the stiaiarsity within our collections.
We then used MLST, a sequence-based approach, viestigate further the
relationships between strains. From MLST data, dapbpulation genetics
calculations were made to gather more informatiosh @stimates about the structure

and diversity of the natural plant-associakedoli population. We then constructed a
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phylogenetic tree to visually assess the phylogemesition of GMB strains within

theE. colispecies, as symbolised by the ECOR collection.

3.4.1.1. BOX-PCR to examine diversity

Using BOX A1R primers to amplify DNA sequences lech between repeated
regions in the genome indicates how different tle@ognic architecture between
isolates is. BOX-PCR profiles are thought to beblstaover many bacterial
generations but can vary over longer time. Betweangiven repeats in the genome,
events such as prophage insertion, plasmid inserio recombination between
repeated sequences can occur and modify the sexjsne between these two
repeats, which will be reflected by different mitgoa fronts on electrophoresis gels.
It is therefore possible to use BOX-PCR to obsdéhase changes betweén coli

strains, under the assumption that similar strain®ven clones will have similar

BOX-PCR profiles.

Because of its capacity to show major recombinadiod insertion events in bacterial
genomes, BOX-PCR is also an appropriate methodrnwpare the genomic structure
of various strains in order to get a crude idedhef genomic diversity. Using the
TotalLab software, we transformed electrophoretiofifgs for each strain into
numerical tables based on the number of bands lagd migration position. The

profiles of each strain were then compared by PI&S(Eigure 3.10.
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Figure 3.10. PLS-DA analysis on BOX-PCR DNA fingerpnts using GMB isolates with different
isolation histories. GMB isolates from the same field (n=28) are repneese by filled circles; GMB
strains isolated in various locations (n=76) amesented by open triangles. Success rate in PLS-DA

was maximised at 2 PLS dimensions, with an insicgift cross-validation rate of 66%.

We first observed that most of the strains hadeckffit profiles, and were generally
not originating from clones. GMB isolates were vdiyerse, and only a few of them
shared identical BOX-PCR profileBigure 3.10. This could be an indication that

coli contaminates plants from multiple or complex searand that there is possibly
limited growth on plants, as isolates from the sdiakl do not generally produce
similar BOX-PCR profiles neither. Indeed, isolatesn September 2008, isolated on
the same day, from the same field in Norfolk showenhparable genomic structure

diversity as isolates from the whole of the UHKgure 3.10. In other words, diversity
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in one field is more or less a good surrogate foba diversity of plant-associated

isolates.

Moreover, when we added ECOR strains to the arslys could not associate any
variation specifically with either ECOR or GMB istés (data not shown), suggesting
that the genomic structure variability is similaitin E. coli and is not associated
with the source of isolation. This is expected & wonsider that alE. coli are
primarily faecal isolates and that their assocratiath plants is not long enough to
cause distinct deep environment-specific genomarramgements observable by
BOX-PCR. As obvious as it seems, this examinatias not trivial, as it was reported
that “naturalised” populations &. coli could be isolated from soils (see Introduction
section 1.3.1) and discriminated by REP-PCR metterdvatives. Our result would
seem to indicate that there is no genetic isolaftiom plant isolates, indicating that
faecal contamination, rather than long-term pezsist leading to genetic isolation is
occurring on plants. However, BOX-PCR is a crudey ved observing genetic
similarities and comparing the relatedness of teslawhich prompted us to use more

powerful phylogenetic analysis methods.

3.4.1.2. Properties of the MLST scheme used in this study

Phylogenetic analysis based on the sequence ofatyypi6 to 8 neutrally-varying
housekeeping gene sequences (regrouped in “MLSd@nse$l’) is a common way to
make assumptions on the sampled population pregeand phylogenetic history,
providing that enough samples are sequenced and immgortantly that the tested

genes are indeed showing a reliable phylogengiasi(Spratt, 2004).
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To investigate any possible differences in selecpatterns between collections or
phylogroups, we calculated theN@S ratio, commonly used as an indicator of
selective pressure on a particular gene (Yang asldBski, 2000). This calculation is
based on the comparison of synonymous @hd non-synonymous Nl substitution
rates in specific populations of sequences:NfdS, the rate of non-synonymous
substitutions is higher than the rate of synonymsuigstitutions (i.e., the protein
sequence is likely to vary greatly across isolatés¢ ratio is superior to 1 and
indicates diversifying positive selection at thecus; if dN<dS the rate of non-
synonymous substitutions is lower than the rateyobnymous substitutions (i.e., the
protein sequence is likely to be very conservedszisolates), the ratio is inferior to
1 and indicates purifying (or negative) selectiarthés locus; if dN=dS the ratio is
equal to 1 and indicates neutral selection at kbsis. An ideal MLST scheme
encompasses loci that are under purifying selectoomake sure no positive selection
occurs (Perez-Losada et al., 2007). Loci underrakstlection can be considered
only cautiously, as an apparent neutral selectam likely be caused by an equal
balance of positive and purifying selection andhsacscenario would hinder the
phylogenetic signal. Here, we calculated tiN¢d$ ratio for each locus based on 142
ECOR and GMB sequences$aple 3.1) in order to check if our tested strains gave

expected results using the Pasteur MLST scheme.
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Table 3.1Sequence variation at 8 loci based on 142 ECOR a@MB sequencesDetails

of the calculation performed with the START2 packag

Locus | Alleles| 6+N)*| PC° | & N | dN® | ¢dN' | dS¥ | 6 dS" | AN/DS
dinB | 33 450 | 528| 114.2 3358 0.0 0.00 0/14 0/ 0.026
icdA | 62 516 | 1891 122.5 3935 0.0 0.00 0[12 0/ 0.022
pabB | 38 468 | 703| 112.3 355)7 0.1 0.0 0/08 0| 0.116
polB | 42 450 | 861| 107.5 3425 0.1 0.0p 0[15 0| 0.041
putP | 49 456 | 1176 1183 337)7 0.00 0.00 0[11 0| 0.043
trpA | 40 561 | 780| 147.7 4133 0.01 0.00 0{18 0. 0.029
trpB 35 594 | 595| 145.7 4483 0.00 0.00 0/15 0. 0.030
uidA | 40 600 | 780| 140| 460 0.00 0.00 0.9 0. 0.048

®Number of coding sites analyse8HN); "number of pairwise comparisons made (F@ean number
of synonymous sitesS[; Ymean number of non-synonymous sitéé); ((mean non-synonymous
substitutions per non-synonymous siteN)d ‘standard deviation of Nj mean synonymous

substitutions per synonymous sit&\d'standard deviation of

For each locus, theNddS ratio was far lower than 1, indicating a strongifging
selection. The ratio fopabB encoding for g-aminobenzoate synthase was slightly
higher than other genes. To examine if selecti@sgures are of similar nature within
ECOR or GMB strains, or within phylogroups, we uskfferent groups to compute

the dN/dS ratioTable 3.2.
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Table 3.2dN/dS ratio for 8 loci in different groups of isoldes Calculations performed
with the START2 package. The phylogroups groupinged here are composed of ECOR

and GMB strains indiscriminately.

ECOR| GMB All A B1 B2 D E
(n=66) | (n=76) | (n=142)| (n=37) | (n=49) | (n=21) | (n=25) | (n=7)

dinB | 0.026 | 0.026 | 0.026 | 0.022 | 0.044 | 0.014 | 0.035 | 0.058
icdA | 0.032 | 0.007 | 0.022 | 0.031 | 0.046 | 0.012 | 0.033 | 0.009
pabB | 0.102 | 0.118 | 0.116 | 0.192 | 0.186 | 0.110 | 0.138 | 0.373
polB | 0.049 | 0.029 | 0.041 | 0.049 | 0.050 | 0.124 | 0.007 | 0.068
putP | 0.057 | 0.020 | 0.043 | 0.029 | 0.081 | 0.073 | 0.056 | 0.011
trpA | 0.024 | 0.033 | 0.029 | 0.000 | 0.034 | 0.084 | 0.033 | 0.009
trpB 0.031 | 0.021 | 0.030 | 0.324 | 0.078 | 0.000 | 0.009 | 0.028
uidA | 0.049 | 0.042 | 0.048 | 0.095 | 0.044 | 0.100 | 0.072 | 0.055

Even within different groups of strains, there veakigher dN/dS ratio at theabB
locus, especially in phylogroup E strainBable 3.2. Overall, this higher trend,
possibly caused by a slight ongoing positive saladt this locus, was constant in all
phylogroups. Interestingly, we could detect possiblaces of ongoing positive
selection intrpB encoding the tryptophan synthase subunit B, blytionstrains from
phylogroup A. This observation highlights the imaoice of checking the nature of
selection, as sub-groups in a tested populatioregaibit varying selection pressures
signatures at the same loci. Overall, all tested fiom this MLST scheme were
under strong purifying selection, which is a comnfieature for housekeeping genes
(Perez-Losada et al., 2007). From this analysis,cam conclude that thE. coli
MLST scheme that we used targets genes that aly lik be good indicators of the

phylogenetic signal, exempt of a strong positivect®n effect.
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3.4.1.3. Clonal relationships as examined by MLST

For each gene analysed by MLST, we obtained diffefaleles” (or variants of the
same gene) with unique sequences. One allelic sequat one locus is assigned a
number, or “allele-type” (AT) and the combinatioh®ATs is called the “sequence
type” (ST). Two MLST clones are defined as isolatéth the same ST, meaning that
the 8 sequences at the different tested locithe8 ATs) are identical. Two isolates
can also be very closely related but not clonegpasstance they can share 6 or 7
out of 8 ATs. Such clones are often grouped inteelaclonal complexes (Spratt,
2004). As the principle of MLST is to compare tleggences of multiple loci that are
thought not to be under strong positive selectioth hus accumulate variation much
more slowly, even if one particular allele comesnirhomologous recombination
from a completely unrelated isolate, it is veryikelly that the 6 or 7 other genes are
similar to that isolate too, and the real phylogeneslationships are preserved. One
has then to be very cautious when interpreting qagmies based on variation at a
single locus, or at genes subjected to high lew#lsecombination or mutation
(typically those under positive selection, e.gfate proteins that are in direct contact
with their host immune system) as these phylogepresumably do not take into
account recombination the way MLST does and cawveypialse information on the

relationships between isolates because of it (§20604).

In this study, we used MLST to compare 76 GMB aBEEOR strains. The scheme
we used involves the sequencing of internal fragmeh8 housekeeping genes for a
concatenated total of 4,095 bp (Jaureguy et aD8R0The Pasteur MLST database

was used to assign our GMB isolates to alreadytiegi#ATs and STs and determine
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which were new. Information used in this work (STaAT numbers already present
in the database) is based on the 20/07/2011 upddtee MLST database. For new
ATs and STs, a number was assigned in this workpréesubmission of our
sequences to the database curator, so it may mogspond to the final number
appearing in the most up to date database veraiter 0/07/2011). At the time of
our study, there were 104 flg, 202 ATicaa 127 ATpavs 157 ATpur, 138 ATipa, 137
ATyupe, 128 ATyiaa for a total of 522 unique STs. Using our GMB stsaiwe defined
new ATs with a number starting from 300, and news Sfarting with 600 Table

3.3.
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Table 3.3Allelic profiles of ECOR and GMB strains tested BMILST (see text for more
details). The list below is ordered by ST number.

AT?
Isolated .
Isolate ST | Year b Location :
from . icd pab | pol put | trp trp .
dinB A B B P A B uidA
Human
ECOR61 1 1980s (Female) Sweden 1 1 2 1 1 2 3 1
Human
ECORG62 1 1980s (Female) Sweden 1 1 2 1 1 2 3 1
Human
ECOR10 2 1980s (Female) Sweden 8 2 7 3 7 1 4 2
GMB90 | 2 | 2009 | Spinach NOJE”" g8 | 2] 7| 3| 7| 1| a] 2
Organic Norfolk,
GMB15 3 2008 spinach UK 3 8 5 11 8 3 5 3
Organic Berkshire
GMB50 3 2008 spinach UK 3 8 5 11 8 3 5 3
GMB103 | 21 | 2009 | Babycorn O‘L‘};'de 7 | 33| 18| 2| 5| 28 2| 2
Teen Dorset,
GMB22 21 2008 spinach UK 7 33 18 2 5 28 2 2
Baby Berkshire
GMB38 21 2008 spinach UK 7 33 18 2 5 28 2 2
GomB21 | 48 | 2008 | Baby | Norfolk, o, gy os | 45| 10| 15 10 14
spinach UK
Baby Dover,
GMB30 48 2008 spinach UK 2 11 23 15 10 15 10 12
Human
ECOR56 52 1980s (Female) Sweden 2 4 6 4 1 21 1 1
Organic Norfolk,
GMB24 66 2008 spinach UK 6 5 3 2 6 7 2 4
GMB104 | 83 | 2009 | Spinach NOJE”" 11| 3| a| 3| 15| 1| 4| 16
Baby Dorset,
GMB43 86 2008 spinach UK 24 31 4 26 16 29 2 2
GMB81 | 86 | 2008 Rocket NOJE”" 24 | 31| 4 | 26| 16| 29| 2| 2
GMB17 | 108 | 2008 Mizuna NOJE”" 25 | 65| 48| 10| 16| 8| 2| 2
Organic Norfolk,
GMB10 117 2008 spinach UK 5 47 3 10 6 7 4 2
coMBas | 122 | 2008 | ©M9NC | yanous | 2 | 73| 2| 55| 43| 18 46 1
spinach
Celebese USA
ECOR18 | 132 1980s ape (Wash.) 10 2 7 3 7 1 4 2
Human USA
ECORO1 | 163 | 1980s| (Female, 8 85 7 3 58 1 57 2
(lowa)
19yr)
Human
ECOR11 | 164 | 1980s (Female) Sweden 8 2 7 3 59 1 4 2
Human
ECOR12 | 165 1980s (Female) Sweden 8 86 7 3 7 1 4 2
Human
ECOR14 | 166 1980s (Female) Sweden 57 2 7 3 60 1 58 2
Human 4
ECOR15 | 167 1980s (Female) Sweden 10 87 7 3 18 1 5y 2
USA
ECOR16 | 168 1980s Leopard (Wash.) 10 2 7 17 18 1 57 67
ECOR17 | 169 | 1980s Pig Indonesia 10 2 B 1 b7
Celebese USA
ECOR19 | 170 1980s ape (Wash.) 10 2 7 3 61 1 57 2

23
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Human USA
ECORO2 | 171 1979 (Male) (N.Y) 8 2 7 66 59 1 4 2
ECOR20 | 172 1980s Steer Bali 10Q 88 3 T X g 2
ECOR21 | 173 | 1980s Steer Bali 1Q 29 3 T L 60
ECOR22 | 174 1980s Steer Bali 1Q 28 6|7 18 1 4 P3
USA
ECOR23 | 175 1980s Elephant (Wash.) 10 89 64 3 18 1 4 23
Human
Vi
ECOR24 | 176 1980s (Female) Sweden 58 28 3 17 16 1 51
ECOR25 | 177 | 1980s Dog (ESYA) 8 90| 7| 3| 7| 1| 4| 2
Human USA
ECOR26 | 178 | 1980s (infant) (Mass.) 25 91 3 10 62 29| 61 2
. USA
ECOR27 | 179 1980s Giraffe (Wash.) 25 92 3 10 26 29 62 2
Human USA
ECOR28 | 180 1980s (Female, 25 93 3 10 6 64 57 68
4 (lowa)
yr)
ECOR29 | 181 | 1980s| Kangaroo | USA | oo 1 47| 48| 68| 5| 20| 63 2
rat (Nev.)
USA
ECORO3 | 182 1980s Dog (Mass.) 8 2 7 3 7 65 4 2
ECOR30 | 183 | 1980s Bison Canadg 2b 47 4 68 5 29 64 2
. USA
ECOR32 | 184 1980s Giraffe (Wash.) 5 47 48 68 63 29 63 2
ECOR33 | 185 | 1980s|  Sheep (gjﬁ,\) 5 | 47| 48| e8| 5| 20 63 2
USA
ECOR34 | 186 | 1980s Dog (Mass.) 7 94 65 68 63 8 2 2
USA d
ECOR37 | 187 1980s Marmoset (Wash.) 59 95 66 63 64 66) 65 69
Human USA
ECORO4 | 188 1980s (Female, 10 2 3 69 18 1 57 23
5 (lowa)
yr)
Human
ECOR41 | 189 1982 (Female, Tonga 31 46 17 12 12 67 26 70
22yr)
ECOR42 | 190 | 1979 | Human USA | 35 | 42| 67| 70| 65| 36| 66 71
(Male) (Mass.)
Human
ECOR43 | 191 | 1980s (Female) Sweden 8 2 7 3 61 1 4 2
USA 1
ECOR44 | 192 1980s Cougar (Wash.) 17 96 68 71 66 12 13 32
ECOR45 | 193 | 1980s Pig Indonesia 60 a7 4 10 67 7 4 2
USA
ECOR46 | 194 1980s Ape (Wash.) 18 12 17 14 68 68 67 14
Human j
ECOR50 | 195 1980s (Female) Sweden 17 9 28 3 9 13 68 %
Human USA
ECOR51 | 196 | 1980s (infant) (Mass.) 2 4 69 72 69 6 69 1
USA
ECOR52 | 197 | 1980s Orangutan (Wash.) 2 46 6 4 1 6 69 1
Human USA
ECOR53 | 198 | 1980s| (Female, 4 19 1 73 2 2 1 1
(lowa)
4yr)
ECOR54 | 199 | 1980s| Human | USA | 2 | o8| 70| 74| 1| 6| 69 1
(lowa)
ECOR55 | 200 1980s Human Sweden 2 4 T4 1 6 1 1
. USA
ECOR57 | 201 | 1980s Gorilla (Wash.) 2 4 6 74 70 6 1 1
. USA
ECOR58 | 202 1980s Lion (Wash.) 2 3 4 68 71 57 4 2
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GMB59 | 202 | 2008|  Rocket NOJE”" 2 | 3| 4| e8| 71| 57| 4| 2
Human USA
ECORS9 | 203 | 1979 | o Mass) | 4| 19| 1 6| 72| 2| 1| 1
Human i
ECORG0 | 204 | 1980s| oo | Sweden | 4| 19| 71f 6/ 79 2 1 1
Human
ECOR63 | 205 | 1980s| oo, | Sweden | 2| 15| 72| 73 2| 20 1 7B
Celebese USA
ECOR65 | 206 | 1980s 2o Washy | T | 23| 73| 55| 74| 18 49 1
Celebese USA
ECOR66 | 207 | 1980s ape (Washy | 16| 99| 74| 76| 75| 9| 6 74
ECORG67 | 208 | 1980s Goat Indonesia 16 100 Y6 76 69 62 74
) USA
ECORG8 | 209 | 1980s|  Giraffe | =) | 25 | 101 4 | 77| 77| 53 63 2
USA
ECORO0O7 | 210 | 1980s Orangutan (Wash.) 10 2 7 3 61 1 4 2
. USA
ECOR70 | 211 | 1980s Gorila | vy | 6| 5| 75| 2| 6| 28 62 4
Human A
ECORT7L | 212 | 1980s| ool | Sweden | 25| 65 3| 78 74 28 6 2
ECOR72 | 213 | 1980s| SHuman Sweden | 25| 34| 4| 23 6 7 e 28
(Female)
Human USA
ECORO08 | 214 | 1980s| (Female, 8 | 2 7 | 79| 59| 1| s7] 2
(lowa)
20yr)
ECOR31 | 250 | 1980s| Leopard | USA | 22 | 41| 21| 3| 23| 87 89 18
(Wash.)
Human USA
ECOR35 | 251 | 1980s| (Female, 31 | 113] 24| 36| 98| 24 99 70
(lowa)
36yr)
Human USA
ECOR38 | 253 | 1980s| (Female, 31| 46| 24| 36| 12| 67 9d 70
(lowa)
21yr)
ECOR40 | 253 1980s Human Sweder 31 46 2 B6 2 67 90 70
ECOR39 | 254 | 1980s|  Human Swede 3 46 2 36 12 |67 |26 |70
New
ECOR47 | 255 | 1980s Sheep | Guren | 59 | 114| 89| 11| 99| 3| 5 3
Human
ECOR48 | 256 | 1980s| ortil) | Sweden | 64| 10| 90| 83 100 88 91 11
Human d 4
ECOR49 | 257 | 1980s| oo | Sweden | 17| 118 28 12 101 18 9 @4
Celebese USA
ECOR69 | 258 | 1980s A (Wash) | 24| 31| 4| 26| 50| 29 63 2
. DOVGT,
GMBO7 | 303 | 2008 Spinach UK 25 | 3| 48| 10| 26| 57| 4| 90
. DOVGT, A
GMB47 | 319 | 2008 Spinach OK 73 | 135| 102| 76| 121 72 1| o
. King's
GMB14 | 338 | 2008 Mizuna 24| 3| 3| 26| 16| 108 4| 2
Lynn, UK
Baby Dover,
GMB40 | 352 | 2008 | ¥ UK 2 | 23| 73| 55| 43| 18 46 1
GMB76 | 352 | 2008 Rocket NOJE"" 2 | 23| 73| 55| 43| 18 48 1
GMB89 | 363 | 2009 Spinach NOJE”" 50 | 65| 3 2| s| 111 2| 2
Organic . q
GMB101 | 366 | 2009 | 97" | Various | 5 | 47| 48| 68 5| 29 100 2
GMB4S | 446 | 2008 |  Baby Norfolk, \ 9o | 2| 3| 3| 7| 1| 4| 2
spinach UK
GMB102 | 512 | 2009|  Rocket D‘Jiet' 25 | 37| a | 10| sa| 7| a| 2
GMB41 | 600 | 2008 Tatsoi DE’JrEEt' 202| 33| 18| 2| 5| 8| 2| 2
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GMB65 | 601 | 2008 Rocket NOJE”" 104| 3| 3| 10| 5| 8| 2| 2
GMB107 | 602 | 2009 Safggm'x various | 200 37| 4| 100 78 8 2 2
Baby Dover,
GMB37 | 603 | 2008 | N 0K g8 | 2| 3| 3] 7| 1| a| 2
GMB20 | 604 | 2008 | Wild rocket NOJE”" 8 | 28| 7| 3| 7| 1| a| 2
GMB108 | 605 | 2009 Spinach Noljff("k' 8 | 201| 7 3| 7| 1| 4] 2
Teen Dover,
GMB23 | 606 | 2008 | i 0K 8 |204| 7| 3| 7| 1| 4| 2
GMB35 | 607 | 2008 | Red Chard NOJE”" 8 |205| 7| 3| 7| 1| a| 2
GMBO1 | 608 | 2008 | Wild rocket O‘L‘Jtz'de 0] 2 3| s2| 7| 1| 4| 2
GMBO2 | 609 | 2008 | Wild rocket O‘C}E'de 10| 2| 7| 8| 7| 1| a| 2
Organic Berkshire
GMBO6 | 610 | 2008 | BT UK 11 | 196| 200| 17| 18| 1| 4| 2
Red .
GMBSS | 611 | 2008 | , =S | Varous | 204| 209 3| 10 79 1 4 2
GMBO3 | 612 | 2008 | wildrocket  <"9S | 60 | 200| 4 | 10| 67| 7| 4| 2
Lynn, UK
GMB25 | 613 | 2008 |  Spinach NOJE”" 7 | a7 | 3| 52| 16| 57| 4| 2
GMBO5 | 614 | 2008 Mizuna | KNS | 54 | 3 3| 26| 16| 200 4| 2
Lynn, UK
GMB32 | 615 | 2008 Spinach D‘JEEL 0] 2 3 3| 71| 1] 201 2
GMB33 | 615 | 2008 Spinach D‘Jiet' 0] 2| 3 3] 7] 1] 201 2
GMB34 | 615 | 2008 Spinach Df’jz‘“’ 0] 2 3 3| 71| 1] 201 2
GMB92 | 616 | 2009 Rocket Df’jz‘“’ 5 | 47| 4 | 10| 26| 1| 206 2
GMB100 | 617 | 2009 Spinach Variousg 1 1 2 3 4
GMB73 | 618 | 2008 Rocket Noljff("k' 51 | 13| 204| 4| 21| 2| 3| s
) King's
GMBO4 | 619 | 2008 | Wildrocket| | 195 | 18 | 8 | 112| 11| 8| 12 13 11
GMB12 | 619 | 2008| Mizuna Berﬁ“re 18 | 8 | 112| 11| 8| 12 13 11
GMB44 | 620 | 2008 Safggm'x Various | 2 | 206 23| 15| 10 15 1 1p
GMB84 | 621 | 2008 Soil NOJE”" 10 | 148| 3 3| 18| 1| 4| 23
GMBo1 | 621 | 2009 | SPMach 1\ aious | 10| 148 3 3| 18 1| 4 23
baby leaf
Organic Berkshire
GMB28 | 622 | 2008 | T UK 5 | 65| 3 | 10| 16| 8| 2| 30
GMB8O | 622 | 2008 Rocket NOJE”" 5 | 65| 3| 10| 16| 8| 2| 30
GMB54 | 623 | 2008 Spinach NOJE”" 18 | 208| 112| 94| 66 12 13 32
GMB77 | 624 | 2008 Rocket Noljff("k' 22 | 64| 205| 202 202 371 205 46
GMB78 | 624 | 2008 Rocket NOJE”" 22 | 64| 205| 202 202 371 205 46
GMB79 | 625 | 2008 Rocket NOJE”" 25 | 210| 3 | 203 16| 57 4| 50
Rocket and | Norfolk,
GMB29 | 626 | 2008 o UK 50 | 47| 3| 10| 5| 7| 4| 55
GMB88 | 627 | 2009 Spinach NOJE”" 25| 3| 3| 10| 78| 1| 16 57
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GMB16 | 628 | 2008| Mizuna NOJE”"

Organic Norfolk,
spinach UK

GMB53 629 | 2008 25 47 48 10 26 57| 4 118

GMB18 | 630 | 2008 |  Spinach D‘JEEL 5 | 202| 4| s6| 6| 29/ 2| 20
GMB19 | 631 | 2008 Tatsoi D‘Jiet' 17 | 203| 201| 11| 8| =201 200 2q1
Baby Dorset
’ P
GMB3O | 632 | 2008 | N R 201 | 67| 202| 39| 204 200 202 202
Organic .
GMB46 | 633 | 2008 | TSN | Various | 203| 207 203 200 200 203 203 203

GMB56 | 633 | 2008 | Spinach mi Varioug 203 207 203 200 2013 P@03| 203
GMB57 | 633 | 2008 | Spinach mi Varioug 203 207 203 200 2013 P@03| 203

GMB60 | 634 | 2008 Rocket Noljff(’"" 205| 74| 58| 15| 2| 204 14 204
GMB61 | 635 | 2008 Rocket Noljff(’”" 206 | 10| 90| 201 30| 1 208 205
Norfolk,
GMB63 | 635 | 2008 Rocket UK 206 | 10| 90| 201 30| 1 208 205
Norfolk,
GMB66 | 635 | 2008 Rocket UK 206 | 10| 90| 201 30| 14 208 205
GMB74 | 635 | 2008 Rocket Noljff(’”" 206 | 10| 90| 201l 30| 14 208 205
GMB64 | 636 | 2008 Rocket NOJE”" 25| 3| 4| e8| 71| 1| 16 206
GMB83 | 637 | 2008 Soil NOJE”" 25 | 3| 48| 10| 26| 571 4| 207
GMB93 | 638 | 2009|  Spinach Noljff("k' 88 | 15| 127| 76| 4| 205 1| 208
Baby Dorset, d
GMBOE | 639 | 2009 | N R 4 | 13| 9| 29| 1| 32| 1| 209

&ST numbers below 600 (and AT below 200) correspon8T (AT) present in the database after its
last update at the time of the study (20/07/2080);numbers above 600 (and AT above 200) were
arbitrarily attributed for this study only and magt reflect what is present on the database afier i

20/07/2011 update.

PFor ECOR strains, information is as indicated enBEICOR website
(http://foodsafe.msu.edu/whittam/ecor/; last aced<s23/09/2011)
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In our MLST analysis of 76 GMB strains, we idemdi7 new ATing, 11 new ATcga,

6 new ATpas 4 New ATy, 3 Nnew ATup, 6 Nnew ATpa, 7 Nnew Al and 10 new
AT uiga (arbitrarily labelled from AT number 200 fable 3.3. The analysis of GMB
strains defined 40 new STs that were not desciibéte Pasteur database (arbitrarily
labelled 600 to 639 iffable 3.3, both from ATs already present in the databage bu
in a unigue combination, and from new ATs. Among B&trains, 34/76 (44.7%) had
at least one new AT (not present in the databaseé)42/76 (55.3%) were already

fully defined in the MLST database.

To examine if plant isolates could be related foresentative strains of tHe coli
species as symbolised by ECOR strains, we comaaguences of 76 GMB isolates
with those of 66 ECOR strains already present enRhsteur MLST databasEaple
3.3). In total, 15 STs had more than one strain assigo them. We inferred that
GMB strains sharing the same ST and isolated ats#imee time and location were
likely to be very recent clones, correspondinght® $ame strain isolated at the same

time (Table 3.4.
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Table 3.4Clones likely to be very recent among strains tesieby MLST. Recentness was deduced

for clones that were isolated at the same timel@cation.

Isolate ST Year Source Location
GMB32
GMB33 615 2008 Spinach Dorset, UK
GMB34
GMB46
GMB56 633 2008 Spinach Various
GMB57
GMB61
GMB63
GMB66
GMB74
GMB77
GMB78

635 2008 Rocket Norfolk, UK

624 2008 Rocket Norfolk, UK

Only 2 STs (ST-2 and ST-202) regrouped GMB and EGD&ns. Also, there were
seemingly unrelated GMB strains sharing the same (Bible 3.5 and in 2

occurrences, strains isolated in 2008 and 200%®ditae same STrable 3.5.

Table 3.5Clones within tested GMB strains with no apparentsolation links.

Isolate ST Year Source Location
GMB15 . Norfolk, UK
GMB50 | ° 2008 Spinach =5 kshire, UK
GMB103 2009 Babycorn Outside UK
GMB22 21 ) Dorset, UK
GMB38 2008 Spinach Berkshire, UK
GMB21 . Norfolk, UK
GMB30 48 2008 Spinach Dover, UK
GMB43 Spinach Dorset, UK
GMB81 86 2008 Rocket Norfolk, UK
GMB40 Spinach Dover, UK
GMB76 352 2008 Rocket Norfolk, UK

King's Lynn,

GMBO04 Rocket

619 2008 ocke UK

GMB12 Mizuna Berkshire, UK
GMB84 691 2008 Soil Norfolk, UK
GMB91 2009 Spinach Various
GMB28 Spinach Berkshire, UK
GMB80 622 2008 Rocket Norfolk, UK
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Together, these observations suggest that somesclare probably ubiquitous and
conserved irE. coli, such as ST-2 and ST-202 which are both regrougld@R and
GMB strains isolated 30 years apart on differenttioents (ST-202). Other GMB
clones can be isolated from one year to anothéd82mMd 2009) and simultaneously
from soil and plant. This last point is interestiag it would suggest that there is
persistence oE. coliin soils and transfer from soil to plants. Howewubere are not
enough soil samples in the GMB collection to malkearcassumptions, and the two
isolates in ST-621 (GMB84 from soil in 2008 and G81Bfrom spinach in 2009)

were not isolated in the same location.

We performed a complementary analysis of clonditycomparing the BOX profiles
of MLST clones Figure 3.11). MLST focuses on a limited number of neutrally-
evolving housekeeping genes, which gives a powsrfal for phylogenetic history
inference, but does not take into account the gihess in the genome that may vary,

and BOX-PCR may be a good way to capture that bititia
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Figure 3.11 BOX-PCR electrophoretic profiles of MLST clones (a) clones from both GMB and

ECOR collections and (b) ECOR only clones. Redwsrimdicate varying bands on the profiles.

Profiles of strains from the same ST were mosteftime very similar, with a few
differences in the number of bands or intensitysaome casesF(gure 3.11aand
3.129. Profiles of strains within ST-2 or ST-202 (cdntag both GMB and ECOR
strains) were remarkably similar, once again sugggshat despite being isolated 30
years apart at different geographical locationsnes&. coli strains remain fairly

identical. Similarly, ECOR clones also had idertB@X profiles Figure 3.11b.
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d Clones from different locations, time and plant of isolation

ST-3 ST-21 ST-48 ST-86 ST-352 ST-621 ST-622

Figure 3.12. BOX-PCR electrophoretic profiles of GMB clones (a) clones isolated at different
times, locations and plants (b) GMB clones likadybie recent (same time and location of isolation).

Red arrows indicate varying bands on the profiles.

Interestingly, there were no differences at aB@®X profiles for GMB clones that are
believed to be recenFigure 3.12b but there were slight differences for GMB clones
that are less related in time and location fromheztber. It is not surprising to see that
isolates that are phylogenetically very close madlated at different times and
locations, have experienced genomic rearrangenidats are not detected using

MLST. On the other hand, recent clones are beligsdthve emerged from the same
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ancestor cell, and in our case maybe even on e flwas isolated from. It is then

not surprising as well to observe that these stralrare identical BOX profiles.

The fact that these differences are not detectddIfyT does not hinder the power of
it. Two MLST clones, even distantly isolated in &rand location are very likely to be
similar as they are not observed to be phylogealgtidivergent. Evolutionary forces
that generate variability at neutral loci suchlas @anes observed with MLST did not
have time or ecological opportunity to exert on tglones from the same ST. Some
genomic rearrangements can obviously occur indegehd of the phylogenetic
history as captured by MLST (acquisition of forei@NA, prophage insertions,
genomic rearrangements). This additional infornmat{onrelated to phylogenetic
history) can be observed just as we did, using Oidgerprinting methods, or by

sequencing and comparing whole genomes.

3.4.1.4. Diversity estimators

It is also possible to numerically represent digraithin a population or collection
of samples via diversity estimators. Based on iallptofiles of tested isolates, we
used rarefaction analysis, calculated the Chaomatir and the abundance coverage
estimator (ACE) which are both considered to bel#ast biased after comparison

studies with other ways of estimating richness {dethods section 2.4.3).

We first computed rarefaction curves as an indineethod to observe diversity &
coli environmental isolates=igure 3.13. In a recent review (Hughes and Hellmann,

2005), a rather clear analogy was mentioned toagxphe concept of a rarefaction
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curve. If you consider a bird-spotter walking ifioaest and recording the species of
encountered spotted birds, data can be summariged tlassical “accumulation
curve”, corresponding to the plot of the cumulativenber of bird species observed
as each bird species is spotted and recorded irfotlest environment. Classical
accumulation curves are not very meaningful forrobologists as, contrary to bird-
spotters, the geographical transect along whictiebat species are detected in a
given environment does not usually carry as muatlogical sense as it does for
higher organisms. This is not true for rarefactmmves, which are the estimated
smoothed average of all possible accumulation sued represent the average
number of bird species observed when individuaésdrawn with replacement from
the same pool of individuals (or “sample”) over angr. Recent and common uses
include the estimations of species richness baget’i6® rDNA sequencing samples
(Qin et al., 2010; Quaiser et al., 2011). The meéthesumes that there is a finite
number of distinct species (or any other taxonouamit) in a given environment and
that experimental sampling only gives an incompletpresentation of the total
richness. Thus, more sampling is likely to uncomware distinct species, but as the
species number in a given environment is finitewill take increasingly more

sampling effort to uncover new distinct species.

In this study, we used rarefaction curves to egentlae required sampling effort to
reach the estimated maximum number of possible f8T€. coli. We compared
rarefaction curves for GMB and ECOR strains, byaseg that a curve closer to the
proportionality line reflects a higher diversityCER is expected to have the highest
diversity, as the collection was assembiednovofrom a much larger sampling of

isolates with the precise purpose of representieghighest possible diversity B
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coli. In that retrospect, ECOR is not a coherent eccdbgpopulation (i.e., all strains
were isolated in the same conditions or hosts)jtbatnevertheless a good substitute
for approximating the wholg&. coli species diversity, and this is why we included it

in our diversity analyses.

Rarefaction
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Figure 3.13. Rarefaction analysis of twde. coli collections Red line correspond to ECOR with data
in the Pasteur MLST database, black line correspiondll GMB strains included in the MLST

analysis.

ECOR had a higher diversity than GMBidure 3.13. As the 72 ECOR strains were
precisely selected from a larger collection to empass the maximum genetic
diversity within theE. coli species, the observation that any punctually sedip!

coli strains are less diverse is not surprising.
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We then estimated the maximum sampling effort neglio capture all diversity iB.
coli, should evolutionary constraints sampled envirameemain identical. Based
on the EstimateS calculation of rarefaction curwes, fitted polynomial curves of
known equations and calculated the maximuwalues for each rarefaction curves to
obtain the theoretical highest number of STs fahesampling environmenEigure

3.14).
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Figure 3.14. Estimation of the theoretical samplingffort to capture all diversity in E. coli GMB
and ECOR collections Red line corresponds to ECOR with data in thaeRadvILST database, black

line corresponds to all GMB strains included in kheST analysis.

The sampling effort required to capture all divigrsvas expectedly very high for
ECOR (1000 strains of 500 different STs). Obvioushe calculation reflects the
synthetic nature of the ECOR collection. More ralaly, the sampling effort
required to capture the whole diversityEfcoli on plants (based on GMB diversity)
was found to be 180 strains for 85 STs. Our cursantpling then represents 37.2%
of the predicted sample size that would approxitgatapture all diversity oE. coli
from plants.
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It is important to keep in mind that the notionsaimpling effort is a theoretical way
to compare diversity and is not likely to carryteosg biological meaning. Sampling
effort approximation is calculated from the obselreellection, isolated under precise
conditions and using a specific MLST scheme. Ineorfbr this calculation to be

correct, the constraints on the sampling envirortmauld have to remain identical

for the whole additional sampling effort, whichuslikely. Also, rarefaction has been
extrapolated to MLST studies from species diversitidies (de Muinck et al., 2011),

which arguably behave differently than same-spaosisiduals.

Another commonly accepted way of estimating diwgiisi through the calculations of
diversity estimators. Similarly to rarefaction ays$, these calculations are usually
used to examine bacterial diversity in a mixed demput can also be extrapolated to
the analysis of MLST data. The output of our catiohs is also presented in
numbers of strains required to capture the maxinaiversity in a given sample.
Using AT and ST definitions and distribution in GM&d ECOR strains, we
calculated and compared the Chaol and ACE inditd&/ersity Figure 3.15, both
described as least biased estimators in comparstatestical studies (See Methods
section 2.4.3), and also for comparison with presistudies (Walk et al., 2007; de
Muinck et al., 2011). These estimators are caledldtased on the number of tested
strains, and our method of calculation presented fiesing the EstimateS software
method) evaluates and adjusts average richnessagésts for all steps of species

accumulation, and therefore produces a curve gmib(figure 3.15.
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Figure 3.15. ECOR and GMB strain diversity using Claol and ACE estimators Plain lines refer
to the estimator (Chaol or ACE) and dotted lindsrro the 95% confidence interval (Cl) associated

to the estimator calculation. Calculations were enasing the EstimateS v7.5 software.

Overall, there was not much numerical differencevben the two estimators. ACE is
described to be more accurate but we included Chadatlis one of the most common
estimator calculated in diversity studies. As obedr with rarefaction and as
expected, the diversity of GMB strains was lowantiteCOR. GMB strain diversity
seems to reach a constant top value around 18B8Qcst2ains using both estimators
(Figure 3.19, very similarly to what was found with the samglieffort analysis

(Figure 3.14.

Even if the concept of sampling effort yield approate results, it is useful to
compare calculations across studies. Previous woik colifaecal isolates and their
vertical transmission after birth identified thaartsmitted strains were much less
diverse in infants than in their mothers, but tdatersity levels increased as the
children aged (de Muinck et al., 2011). OverallaGh and ACE diversity was much
lower in this study than in our GMB strains. Thigfetence could be artificial

(diversity was calculated using one gene only) iofogical, as it has been observed
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thatE. colidiversity was very low when sampled from individbasts, in which only
one or two single clones are dominant (Wallick &tdart, 1943; Sears et al., 1950;
Sears and Brownlee, 1952; Cooke et al., 1972; Srhfifi5). One can then imagine
that it would take a large sample of numerous iildials to cover a large diversity of
isolates, which is not the case in the study meeticabove (de Muinck et al., 2011).
Another study on isolates from freshwaters four@haol diversity average ranging
from 200 to 400 STs between different samplingss{i#alk et al., 2007), which is
slightly more than our calculations for GMB diveys{Figures 3.14and3.15. From
this comparison, we can suggest thatoli diversity is observed to be much greater
when nonhost secondary environments are samplesh{fiaters, plants) than when

faecal isolates from mammalian hosts are examined.

3.4.2. Reconstruction of phylogenetic relationships betwee GMB and

ECOR strains

It is possible to infer relationships between sisaat a deeper phylogenetic level
using the output of MLST. Either allele-based ajusnce-based information provide
information at different levels. Allele-based apgrbes such as eBURST and
minimum spanning trees (M&g) analyses are useful to examine relatedness of
isolates in the light of gene flow and allelic eaolge or recombination. Sequence-
based approaches examine single nucleotide polyrisong and substitutions across

a set of isolates to provide finer phylogenetioretructions.
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3.4.2.1. Allele-based population genetic structure of GMB @COR

strains

Using allelic information (ST numbers and theirresponding defining ATS), it is

possible to examine relatedness between isolaté3T(®) and the population structure
of microbial species with intermediate levels afaebination, such &s. coli (Wirth

et al., 2006). Different STs can be closely relatetiey share most of their ATs or
relatively distant if none of their ATs are the ganhhis could be simply explained by
gene flow, or recombination events at particuldeles. Conversely, 2 divergent
clones can share most of their AT but differ at doeus where mutations have

accumulated and constitute distinct ATs at thisi$oc

Simple algorithms have been developed to examimkratate STs based on how
many AT they share. Typically, when 2 STs sha alleles (wheren is the total
number of alleles defining the ST; in our casel andn—2=6), they are defined to be
in the same clonal complex. In this work, we usdé®@ tPhyloViz software
(http://www.phyloviz.net/wiki/) to construct mininmu spanning trees, or M&e
based on a BURST (for “Based Upon Related Sequéyges”) calculationigure
3.17). Using the BURST algorithm, ancestral STs weréndd, and variants are
mapped around it on different levels with singleus variants (SLV), corresponding
to STs sharing—1 ATSs, closer than double loci variants (DLV), asponding to STs

sharingn—2 ATSs.

There were 4 clonal complexes in our dataset of E@@d GMB strains with ST-2,

ST-132, ST-185 and ST-446 as ancestral Figufe 3.17). These clonal complexes
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are representative of how diversity arises in @rgglecies populations in the sense
that some allelic profiles are shown to be morélstaover time and selective
pressures than others. In our study, this is fetaimce the case for ST-2 from which
11 other STs are relatedratl andn-2. It is possible that strains from ST-2 possess
traits that confer a broad ecological stabilitythe E. coli species, as both ECOR and

GMB strains, isolated 30 years and continents apeatfrom ST-2 or related.

MStrees are calculated using a model assuming that allelafiles evolution is
explained with as few events as possible. The obthtree is therefore representing
the simplest, shortest combination of allelic desfichanges between all tested allelic
profiles. This simplicity results in the fact thabntrary to other models of
phylogenetic inference, M&ee calculation does not hypothesise putative internal
nodes of expected common ancestors. Thereforesaafiples are linked together
according to their similarity, regardless of theeure phylogenetic history. Because of
these limitations, one has to provide all the gdesntermediate samples, which must
not have a lot of variation between them in ordemé meaningfully linked. The
simpler analysis also has advantages, in the shas®Sreesare focused primarily
on micro-evolution and short-term divergence, givinore power to variation forces
that can be considered low using evolution-basedetso Also, when coupled with a
BURST analysis, Mfxeesare a way of mapping the simplest possible linksveen
each clonal complex, therefore providing a simpid aformative insight into how
all complexes and STs are related to each othergrpSare commonly used in
epidemiology studies based on MLST, and are oftem s a simple and preliminary
phylogenetic analysis method (Wirth et al., 2006llé¥l et al., 2009; Bunnik et al.,

2011; Mellmann et al., 2011). Here, we present same MSree coloured by 5
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different parameters: collection (ECOR or GMB), m&) location and year of

isolation, and phylogroug={gure 3.17).

->Figure 3.17 (5 next pagesMinimum spanning tree (MSyree)of BURST outputs based on 142
allelic profiles after MLST . Different colouring were applied to the same M&): collection (ECOR

or GMB); (b) source of isolation (human, primatenfprimate, spinach, rocket, other salad and soil);
(c) year of isolation (1980s, 2008 and 2009); (@hation of isolation (UK, Sweden, Italy, USA,
Canada, Asia and Pacific); (e) phylogroups (A, B2, D, E, outgroup). The thickness of the link
between two nodes reflects the relatedness ofdhesponding STs with black for SLV or DLV and
grey for links atn>2 shared allele types. The figures were obtaingidguthe PhyloViz software

(http://www.phyloviz.net/wiki/). See text for modetails.
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According to the collection (GMB/ECOR) colourindg-igure 3.179, we could
generally observe ECOR STs that were related to GBMB and vice versa. For
instance, ST-2 was composed of both an ECOR andR €¥rain, and branching STs
were found in both ECOR and GMB too. This suggtsts host and nonhost isolates
are not differentially positioned in the phylogeofyE. coli. There was also weak or
absence of visible clustering according to soukigufe 3.170, year Figure 3.179
and location Figure 3.179 of isolation, which is expected as these 3 progelare

all directly linked to collection.

However, there were strong visible clusters acogrdo phylogroups, confirming that
our strains evolve in a quasi-clonal way. This ltess expected, as phylogroup
evolution is deeper than any other tested paranieteE. coli and has also been
reported previously (Jaureguy et al., 2008). ltgasgs that the micro-evolution of STs
is mostly constrained within phylogroups and canfirthatE. coli is evolving in a

semi-clonal way, forming rather distinct phylogeaefroups most of the time.

3.4.2.2. Construction of phylogenetic trees

BURST analyses and the construction of#dss can only inform on the relatedness
of sampled strains based on their allelic diffeeenche construction of phylogenetic
trees adds the power of determining if two isolatleare a common ancestor in the
absence of this common ancestor among the samgbesething impossible with

minimum spanning analyses). The genealogy of stre@m be reconstructed, and the

resulting population structure is more precise thlaserved with M&kees
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There are multiple methods and algorithms avail&bleconstruct phylogenetic trees
(Baldauf, 2003; Grunwald and Goss, 2011), but wesehto use ClonalFrame, a
powerful Bayesian-based inference algorithm ingigdian evolutionary model
allowing the identification of clonal relationshiggetween isolates by taking into
account the recombination events that have disdugtte clonal inheritance. We
produced a phylogenetic tree based on ClonalFranpib(see Material and methods
for more details), using MEGAS softwarBigure 3.18. In the light of multiple and
recent produce-related outbreaks, we also adddohgenicE. coli sequences to this
analysis Figure 3.18. We extracted the sequences required by the M&SiEme
used in this study from the publicly available gews of 4E. coli strains that have
been associated with produce-related outbreaks. ngminese strainsg. coli
O157:H7 strain Sakai was isolated in 1996 from distarelated outbreak in Japan
(Michino et al., 1999)E. coli O157:H7 strain TW14359 in 2006 from a spinach-
related outbreak in USA (Kulasekara et al., 20G8)d E. coli O104:H4 strains
LB226692 and TY-2482 from a recent 2011 sproutteelaoutbreak in Germany

(Rohde et al., 2011).
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Figure 3.18ClonalFrame phylogenetic tree showing evolutionaryrelationships betweenE. coli
strains. The tree is based on MLST sequences of ECOR aviB &rains with the addition of 4
0157:H7 strains and 2 0104:H4 strains from pubbtablases. Red squares indicate ECOR, green
circles, GMB and blue triangles the pathogenicistrtaThe inset is a zoom on the phylogenetic

neighbours of German outbreak O104:H4 strains.
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The topology of the tree was consistent with thevigusly reported clonal-like

structure ofE. coli population. There were 4 major clades, or phyletjengroups,

called A, B1, B2 and D. There were GMB isolategwery major phylogenetic group,
as observed with the triplex PCR assay. In eveagleclgathering GMB strains there
were ECOR strains, confirming the diversity caltiolas. Minor clades regrouped
phylogroup E and the recently described phylogréugJaureguy et al., 2008),
although no tested GMB strain clustered in it. Caregd to phylogroups B2 and D,
phylogroups A and Bl were closely related, sugggsa recent divergence and

possibly higher levels of recombination.

There was an additional smaller clade divergingnfighylogroup A and that we also
considered as B1, as it is composed of ECOR isofateviously assigned to B1 using
other schemes and of GMB strains assigned to Bagusiie triplex PCR. This
additional B1 clade has also been reported ineraskudies, and called the “ET-1
clade” in reference to its electrophoretic typeMhEE experiments (Walk et al.,
2007). It has been found that isolates from thelEdlade were over-represented in
natural environmental isolates, as observed witthaies from freshwater beaches
(Walk et al., 2007). However, no phenotypical difeces were observed for ET-1
isolates compared to the rest of B1 isolates, scetis no way to fully confirm that

our observed additional B1 clade is indeed compo$é&d -1 isolates.

As previously shown (Sims and Kim, 2011), isolatéserotype O157:H7 clustered
within phylogroup E, along with 2 other GMB clornemsd ECOR37, which is the only
ECOR isolate with a LEE locus and believed to b&>d®7:H7 progenitor from the

O55:H7 serotype. 0104:H4 strains from the recemdypce-related outbreak in
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Germany (Rohde et al., 2011) clustered in phylogr&1, more specifically with
ECOR28 (0104:H-), ECOR58 (0112:H8) and 7 other GM8nes. Apart from
indicating that phylogenetic trees are inappropriat make any clear assumption on
the pathogenicity of isolates, this observationwshdhat strains from the same
phylogenetic background as the recent German akbman be isolated on

agricultural plants.

Three GMB clones (GMB46, 56, 57) were found to lh&tatht from the rest, an
observation already made in sevelal coli population studies (Wirth et al., 2006;
Walk et al., 2007; Walk et al., 2009; Luo et alQ12). Earlier reports of strains
identified biochemically a&. coli but phylogenetically distant have suggested their
possible existence as ancestral variantg.ofoli, remnants of an eventual selective
sweep irkE. colithat would have occurred 10 to 30 million years Qgirth, Falush et
al. 2006). More recently, such phylogeneticallytalis isolates have been defined as
members of cryptic lineages within tliescherichiagenus, phylogenetically located
betweenE. coli and its closest specids. albertii (Walk, Alm et al. 2009). To
determine if our strains belonged to these crylaieages, we extracted sequences
corresponding to our MLST scheme from the receratiyailable genomes of
representative strains froEscherichia spcryptic clades an&. albertii (Luo, Walk

et al. 2011) and reconstructed a phylogenetic(fegire 3.19.
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E. coli

Escherichia albertii TW11588

0.01

Figure 3.19 Maximum likelihood phylogenetic tree showing relatonships betweenE. coli
GMB46, 56 and 57 with representatives strains fronkEscherichiacryptic lineages andE. albertii.
The tree is based on MLST sequences from this wndkirom the recent sequences$stherichia sp
andE. albertii strains (Luo, Walk et al. 2011). The tree wasisedl using iTOL (Letunic and Bork,

2011).

Strain representatives of the cryptic lineages iwithe Escherichia spgenus have
been recently described and sequenced (Walk, Alh @009, Luo, Walk et al. 2011,
Clermont et al. 2011, Ingle et al. 2011). Prevadehas been examined, and it was
hypothesised that these strains were environmgradtpted and found in the
majority in wild animals rather than humans (Clennhet al., 2011; Ingle et al.,
2011). Our result is the first to report isolatés=scherichia spcryptic lineages on
plants. Indeed, strains GMB46, GMB56 and GMB57 teltesd with strains TW10509
and TW15838 Kigure 3.19, which are representatives from the Clade-| lggga

isolated from human faeces in India and freshwaediments in Australia
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respectively (Luo, Walk et al. 2011). These cryjdmates have not been reported to
strongly differ phenotypically fronk. coli (Ingle, Clermont et al. 2011), and are
therefore co-isolated witk. coli using standard isolation procedures, which ledesom
to suggest that their presence could bias faechtation tests (Walk, AlIm et al.
2009). However, there is no convincing proof thegt primary niche of these isolates
is not the vertebrate gastrointestinal tract. Oa tontrary, their high degree of
metabolic similarity withE. coli suggests it is and more studies are required to

elucidate the ecology of these lineages.

The order of divergence of the different phylogeums been a subject of debate
since the firsk. coli phylogenies were published, mainly in an effordedermine if
the E. coli ancestor was pathogenic or not (Lecointre etl898; Touchon et al.,
2009; Sims and Kim, 2011). It seems probable thiaeeB2 (Lecointre, Rachdi et al.
1998) or D (Touchon, Hoede et al. 2009) is the naosestral group, whereas A and
Bl diverged later and are considered as evolutyorsister” clades. The use of
unrooted radial visualisation of trees is not dul@ato investigate the order of
emergence of the different phylogroupsglure 3.19. We thus produced a circular
tree, rooted on GMB46, as it is evolutionarily malistant than the rest of the tested

E. colistrains Figure 3.20.
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Figure 3.20. ClonalFrame phylogenetic tree regroupig plant-associated GMB isolates and host-
associated ECOR strainsECOR labels are written in red and GMB in blatke tree was visualised

and annotated using iTOL (Letunic and Bork, 2011).

Using our MLST scheme, it is clear that phylogra@mppears at the bottom of the
tree, and is likely to be the most ancestral phylog. No clade was paraphyletic
except phylogroup E. A-B1 appeared as sister granpsto have diverged later. The
newly described phylogroup F also seems to beectkat phylogroup B2, which both

appear to have diverged after D. Our observatigrhgfogroup emergence is globally
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consistent with the findings reported (Touchon, thoet al. 2009, Sims and Kim

2011), and we find good support that phylogroumier than B2-F diverged first.

3.4.2.3. Examination of clonality structure ofE. coli populations

based on our comparative analysis

Before the discovery of the extent of homologousongbination and its role in
shaping bacterial genomes and phenotypic propeviteen populations bacteria were
assumed to evolve clonally, meaning that most ef dbserved variation among
natural populations was assumed to be caused bgtionutonly. Recombination has
been shown to be prevalent in most bacterial gesprieading to a spectrum of
population structures from highly clonal, such asnomorphic pathogens like
Salmonella entericaerovar Typhi,Mycobacterium tuberculosisr Yersinia pestis

(Achtman, 2008) to panmictic (or so called “epidestructures likeNeisseria sp.

(Maynard Smith et al., 1993) for which every closeery different.

E. colihas been described to have a rather clonal pepuistructure on the basis that
distinct and stable phylogenetic groups were dédfichby phylogenetic reconstruction
methods based on multilocus analyses (Tenailloralgt 2010). However, this
hypothesis has been questioned by Wirth et al.@R@Mho found that phylogenetic
approaches were not statistically robust to acelyatepresent the population
structure of organisms that often interbreed vianblogous recombination, which
seems to be the case tor coli (Wirth, Falush et al. 2006). It was shown tkatcoli
housekeeping genes (in the context of MLST) werapmsed of an admixture (i.e.,

the interbreeding of different populations withinspecies) of multiple ancestral
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groups, between which recombination seemed to b&es occurred (Wirth et al.
2006). In fact, admixture analysis did not evenadie identify a phylogenetic
background for isolates with highly admixed housglteg genes (therefore
classifying them as “ABD” or “AxB1” hybrids) everf those same isolates were
clearly assigned to a phylogroup using traditigot&flogenetic analyses (Wirth et al.
2006). Interestingly, this study also observedraléacy ofE. coli pathogens to be
among this hybrid population of admixed ancestryr{N\Viet al. 2006). In the light of
this discrepancy, some recent studies have préféorelassify isolates according to
ancestry groups rather than phylogroups as detnaglitionally by MLST and triplex
PCR (Martinez-Medina et al., 2009). In this worke Wwept using the classical
phylogroup denominations (A, B1, B2, D, E and F) éomparison purposes with

other studies.

Multiple factors can be examined to estimate tlonality of a population structure
based on multilocus data. In a theoretically futhpnal population, there is no
observable genetic exchange caused by recombinatiohvariation is solely caused
by mutation. The first indication of a clonal pogtbn is to detect linkage
disequilibrium in the tested population, whichhe non-random association of alleles
at different loci. Populations that are highly @dbexhibit a very high level of linkage
disequilibrium, as their alleles at different loare very similar (not randomly
associated). On the other hand, populationde$seriaare panmictic, implying that
they show linkage equilibrium at multiple loci: eyeclone has a different allele
(Maynard Smith et al., 1993; Didelot and Maiden1@0 We detected significant

linkage disequilibrium between the 8 housekeepiegeg of our MLST experiment
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on the wholeE. coli dataset using calculations implemented in the STARackage

(http://pubmlst.org/software/analysis/start2/).

A second property of clonal populations is a tige-phylogeny, with distinct clades
and a relatively high level of congruence betwemgle gene phylogenies and the
clonal genealogy of the population (Didelot and d&ai 2010). To investigate this, we
created ClonalFrame single-gene phylogenies foh dacus analysed using the
Pasteur MLST scheme, and we calculated the congeuiedex (dong between each
of them and the 8-gene phylogeny (fréigure 3.18 using the method suggested by
de Vienne et al. 2007Table 3.9. This test basically compares tree topologies
between them and determines if the observed congeueetween two tree topologies

is higher than what would be expected by chancg @ Vienne et al., 2007).

Table 3.6.Topological congruence between single-gene phyloges and the clonal genealogy of
ECOR and GMB strains. MLST data was used and trees were constructed afi&lonalFrame
analysis. Indices were calculated using the onlinel created by de Vienne et al. 2007:

http://www.ese.u-psud.fr/bases/upresa/pages/desigmiex.html

Locus® | cong. p-value Congruence?
dinB 1.60330 3.38E-07 Yes
icdA 1.43151 2.66792E-05 Yes
pabB 0.85891 56.36239966 No
polB 1.43151 2.66792E-05 Yes
putP 1.08795 0.166365379 No
trpA 1.83234 9.97E-10 Yes
trpB 1.37425 0.00011446 Yes
uidA 0.85891 56.36239966 No

a. Gene analysed using ClonalFrame to producegiesiyiene phylogenetic reconstruction, which was
compared to the concatenated 8-genes phylogeniopsdy described.

b. Congruence index, as calculated using the methddnline tool.
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Single-gene phylogenies at 5 different loci showhlglogenetic congruence with the
clonal genealogy of strains as determined by MLE§Ure 3.18 but the fact that 3
single-gene phylogeniepdbB putP anduidA) were not congruent, suggests that
coli (as summarised here by our ECOR and GMB stragsdi evolving in a highly
clonal manner, providing that evolution at theded is a good representative of the
population structure dynamics. This is consisteitih Whe previous observations that

E. coliclonality is not very strong (Wirth, Falush et 2006).

In the light of these observations, it becomesra#ing to assess what is the impact
of recombination on the population structure of stains ofe. coli. The model used
for our ClonalFrame determination of phylogeriiglre 3.18 represents the true
clonal genealogy of strains independently of anisea@n the phylogenetic signal.
Conversely, there are ways to represent this regwtibnal noise on the
phylogenetic signal, for instance by using phylagen networks for which no
arbitrary decision is taken on the clustering dfedent leaves, as it can be the case
with most phylogenetic reconstruction methods (nleayr-joining, maximum
likelihood). In phylogenetic networks contrary thypogenetic trees, leaves are linked
by parallelograms rather than straight lines, iating conflicting signals mainly due
to recombination for which the algorithm was nofealo decide a clear branch
(Huson, 1998). In a way, phylogenetic networks slhibg opposite of ClonalFrame
trees, that is to say very loose relationships betw isolates, regardless of
recombination. Based on concatenated sequence$oat fr our ECOR and GMB
isolates, we used the SplitsTree4 software with NeghbourNet algorithm to

reconstruct a phylogenetic netwofkidure 3.21).
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Figure 3.21. Phylogenetic network of ECOR and GMB tgains based on concatenated
MLST sequences at 8 loci.The network was constructed using SplitsTree4 drel t
NeighbourNet algorithm. Parallelograms denote igecoent phylogenies for particular

branches most likely due to recombination.
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There were high levels of recombination betweenlgdrpups, as shown by the
amount and size of parallelograms between eactogtodips instead of unambiguous
linear branchesHKigure 3.21). In spite of these high levels of recombinaticlgar
phylogroups could nevertheless still be delimigdgngthening the fact thit coliis
evolving in a semi-clonal manner. Using this methwd observed that B2 had more
highly congruent phylogenies than other phylogroups shown by the smaller
parallelograms defining this cladeigure 3.21). Clade-I isolates were still appearing
to branch from B2, as were phylogroup F strainmetbing which was not observed
on the ClonalFrame tree. There seemed to be sitrilats of congruent phylogenies
within phylogroup B1 and D, and we still observedaalditional clade of B1 isolates.
Indirectly, recombination then seemed slightly leigin phylogroup A, where more
and bigger parallelograms were observed. Intemggtirthis observation can be
indirectly reflected in the ClonalFrame trdagure 3.18, where most of isolates in
phylogroup A are placed at identical distances frimair closest node. Indeed,
because of high recombination levels in theserstyaClonalFrame cannot infer any
satisfying clonal history between them, and thucg@$ them at equidistance of the

same nodeHigure 3.18.
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3.5. Comparative genomic hybridisation (CGH) to investigte

genetic differences between collections or phylogups

From the observations made in the previous seciiocgmerges thakE. coli strains
from various environments expectedly show clona ganomic cohesion, and that
signature traits of nonhost associationBn coli (if any) are not obvious when
phylogenetic information is considered alone. le thst part of this chapter, we
examined if there were any obvious differencese@ngycontent between collections
and phylogroups. We performed CGH on 21 GMB andEZIOR strains using
ShEcoliO157 microarrays (see Methods). We used Miaan-Whitney-Wilcoxon
(MWW) test with Bonferroni multiple testing corrémt to find gene content

correlated with either collection or phylogroups.

We could not detect genes whose presence or abs@aseignificantly correlated
with the origin of isolation (GMB vs. ECOR). Remnyi the Bonferroni correction
led to a list of 114 genes weakly associated withee GMB or ECOR strains.
Among these weakly associated genes,piwe phosphonate metabolic cluster was
notably more present in GMB than ECOR strains (datd shown), possibly
suggesting that additional phosphorus metabolisamigmportant factor for life and
persistence in secondary environments such as @op¢ants. As the association is
only weak using our conditions, the risk of falsesipives is high and we did not
pursue this observation. No genes were found tadseciated among GMB strains
with the plant source of isolation, nor specifigaih isolates from the same
geographical location. Moreover, there were no i§pegenes associated with tested

GMB strains isolated from the same field at the séime compared to the rest.
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However, we identified 19 genes whose patternsre$gnce/absence were strongly
associated with phylogenetic groups. As we hadgadri proportion of strains from
phylogroups A and B1 tested by CGH, associatiodistuwere based on the patterns
of gene presence/absence in only 3 handmade gréypBl and a third group

composed of B2, D, E and F straiiable 3.7).

Table 3.7. Genetic association with phylogroups bad on ShEcoliO157 and CGH data

Distribution

ID Name Description -value -D-E-
P P A(n=11) | B1 (n=19) BFZ(EZE)

predicted inner membrane

b1268 | yciQ protein 0.00728 | 10 (90.9%)| 0 (0%) | 9 (100%
75029 | 75029 putative adhesin 0.00728| 1(0.1%) | 19 (100%) 0 (0%)
SF3640| SF364( hypothetical protein 0.0211 2 (18.194)9 (100%) 0 (0%)
. . 1
0,
SF3641| SF3641 hypothetical protein 0.02/76 1 (0.1%)19 (100%) (11.1%)
boo7o | YAPM. | broad specificity sugar | o479 | 11 (100%) 19 (100%) 0 (0%
setA efflux system

predicted oxidoreductase,

b0608 | ybdR | Zn-dependent and NAD(P)r 0.0479 | 11 (100%) 19 (100%j) 0 (0%
binding

mannosyl-D-glycerate

b0730 farR, transport/metabolism system0.0479 | 11 (100%), 19 (100%j) 0 (0%
mngR
9 repressor
fused 2-O-A-mannosyl-D-
hrsA glycerate specific PTS
bo731 |~ enzymes: 1A 0.0479 | 11 (100%) 19 (100%) 0 (0%
9 component/IIB
component/IIC component|
b2339 | yfev predicted fimbrial-ike | 0479 | 11 (100%) 19 (100%4) 0 (0%
adhesin protein
b3143 | yral | Predicted periplasmicpilin| o 0479 | 11 (10006) 19 (100%4) 0 (0%
chaperone
b3145 | yraK predicted fimbrial-ike | 0479 | 11 (100%) 19 (100%) 0 (0%
adhesin protein
VIREC outer membrane o o o
0255 chuA heme/hemoglobin recepto 0.0479 0 (0%) 0 (0%) 9 (100%)
74910 | chus | Putative heme/hemoglobin g 479 | ¢ (oo 0(0%) | 9(100%)

transport protein

outer membrane o o o
Z4911 | chuA heme/hemoglobin recepto 0.0479 0 (0%) 0 (0%) 9 (100%)

iron complex transport
Z4913 | chuT system substrate-binding| 0.0479 0 (0%) 0 (0%) 9 (100%)
protein

197



oxygen-independent
Z4914 | chuw coproporphyrinogen Ill 0.0479 0 (0%) 0 (0%) 9 (100%)
oxidase
Z4915 | chuX hypothetical protein 0.0479 0 (0%) 0 (0%) 9 (100pv)
Z4917 | chuY hypothetical protein 0.0479 0 (0%) 0 (0%) 9 (100p0)
putative permease of iron
Z4918 | chuU compound ABC transport| 0.0479 0 (0%) 0 (0%) 9 (100%)
system
hemin importer ATP-
74919 | hmuVv binding subunit 0.0479 0 (0%) 0 (0%) 9 (100%)

One geneyciQ, encoding a putative inner membrane protein, \pasically absent
from B1 strains only, as already previously repifBouchon et al. 2009); whereas 3
genes including Z5029 encoding a putative adhesirewpecifically present in B1
strains only Table 3.7. However, Z5029 has previously been reported d¢oab
pseudogene following analyses of two previouslyusegedE. coli strains (Touchon

et al. 2009), indicating a possible ongoing procetggene loss within the Bl
phylogroup. Seven genes were present only in A Bihdstrains, 4 of which are
involved in metabolism and 3 are predicted adhefaotors Table 3.7. Conversely,
the wholechu-hmuMocus involved in heme metabolism was absent fadirrested A
and B1 strainsTable 3.7 includingchuA a gene used as a marker to identify strains

from phylogroups B2 and D by the triplex PCR metGtermont et al. 2000).
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3.6. Industrial relevance

It is a question of growing interest for food inttysand farmers to know if akE. coli
isolates found on plants during routine tests arglar or not. Our results provide the
first report that isolates representing the 4 mpjorlogenetic groups A, B1, B2 and D
can be found in abundance in agricultural settiagd on plants. This observation
suggests that field contamination is a non-unifawent, likely originating from
multiple and complex contamination sources, in Iwéh the hypothesis that
agricultural fields are contaminated mainly bygation or manure application and
not so much by direct faecal contamination (Sesthiction section 1.3). Moreover,
our observation that isolates from one single fmhdthe same day are statistically as
diverse as isolates from the whole UK further supplois observation. A&. coli
strains able to be transferred via water or sal ldtely to be of diverse origins
themselves, it is not surprising to observe highlqgienetic diversity in the resulting
retrieved plant-associated population. This alslicetes that the selection pressure on
E. coli by environments linked to agricultural settingsater, soil or plants) is not
strong enough to drive the selection for specifiaiss, implying that very diverde.
coli isolates can potentially colonize agriculturalls@nd crops. Nonetheless, among
plant-associated isolates we found B1 isolatesapgrtions far superior to those of
phylogroup A, B2 or D, suggesting that within tHeserved phylogenetic diversity of
E. colifrom plants, a subset of strains could possesgheehfitness on plants than the

rest, and thus be retrieved at higher levels.
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Previous literature on population structures of hast isolates oE. coli indicated
that strains from phylogroup B1 were also isolatethajority from soils (Bergholz et
al., 2011) and freshwaters (Walk, Alm et al. 200WAjerestingly, strains from Bl
were also isolated in greater numbers from fisbgdr reptiles, birds and carnivorous
mammals in an Australian survey (Gordon et al. 2qU&ble 1.1), from healthy and
diseased cattle in France, United States, Brazl laan (Table 1.1) and pigs in
France (Bibbal et al., 2009). It is therefore piblesthat a higher incidence in wildlife
and farm animal faecal depositions coupled withiaased nonhost persistence could
be the cause of phylogroup B1 isolates being retdeat higher levels from
environmental nonhost sources. Based on our olsmmgaand the available
literature, we formulate here the hypothesis thdt B a nonhost-associated
phylogroup. It is thus found mainly in environmenotgsideE. coli either because it
tends to harbour more traits enhancing nonhostdgror simply because it is more
prevalent in non-human hosts, especially in hostgacultural concern. In any case,
faecal contamination on plants can be consideredoasdirect and it is likely that
plant isolates have undergone multiple nonhosteast®al selection processes before

colonizing plants.

An interesting application results from the obs&ora of this specific population
structure associated with plants. When comparirgy gloportions of phylogroups
from different secondary environments (from otheblshed studies) in a radar plot
(Figure 3.22, we can observe a slight variation between t&idutions in soil and
water. When our newly describdfl coli phylogroup distribution from plants is

superimposed, it is almost identical to the disttitn in water Figure 3.22,
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suggesting that the ecological constraintsEorcoli life on water produced the same

population structure as the one observed on plants.

Figure 3.22. Radar plot of E.
coli phylogroup distribution in
three  different  secondary
environments. The soil and

freshwater data were taken from

published studies (Bergholz,

Noar et al. 2011; Walk, Alm et

al. 2007) and the plant data from

—Field soil .
—Plants this study.

Freshwater

To simply conclude from this meta-analysis thatigation contributed more
significantly toE. coli contamination on plants is a big leap and requicegirmation
by controlled field-scale experiments (althoughestVe pressures on freshwater
should theoretically be similar everywhere on Egdtlke water study was conducted in
Michigan, USA and our study in UK). However, thisvel type of approach could
prove useful, as previous studies on microbial @tiracking (or MST) were always
conducted on single strains, and their relatedmnéi$s strains from a known source.
By looking at the population structure, rather tisargle strains to identify sources of
contamination, the bias introduced by genomic esayements and the intrinsic
genomic variability withinE. coli is greatly reduced. This approach was tested to
identify the source of sewage contaminationBaycoli using population structures

from various farm animals, with very promising risCarlos et al. 2010).
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4. Phenotypic variability between plant and faecal iskates of
E. coli as a reflection of host and nonhost association

4.1. Context

In the previous section, we characterised the mgeyletic relationships and the
population structure of plant-associated straing.ofoli and compared them to the
faecal isolates of the ECOR collection. Apart fram unbalanced distribution of
phylogroups showing a majority of plant strainsnirphylogroup B1, we could not
find any clear differences at the phylogenetic letieat would distinguish plant
isolates from host-associatéd coli. This observation is consistent with earlier work
supposing that the presenceEofcoli in nonhost environment is caused by constant
faecal fluxes, balanced by relatively rapid deattinfield and Groisman, 2003).
NeverthelessE. coli strains do not seem equally able to survive andigtein the
environment, as illustrated by the wide range aferbations in survival studies using
different strains (Whipps et al., 2008). It is pbksthat this variability is reflected in
our sampling of plant isolates (GMB strains), whpplesumably have had a variable
life history from faecal excretion before beingri@ted on plants and thus have
potentially resisted various earlier selection puess, hopefully enriching for

observable traits.

In this section, we focused on characterising tbssiile phenotypical differences
existing between plant and host-associated isot#tEs coli. To narrow the range of
phenotypes to assess, as suggested in the Inttmalgeiction 1.3.2, we hypothesised

that metabolic abilities and phenotypes associat@ti colonisation in nonhost
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environments to be key factors in environmentalsigégnce and survival. We
therefore used metabolic profiling using Biolog Glgiates on GMB and ECOR
strains and characterised their ability to formfimws, produce siderophores and

swimin vitro.

4.2. Variability in carbon metabolic profiling of plant and host

strains of E. coli

4.2.1. Utilisation of Biolog: principle, controls and threshold

determination

4.2.1.1. Principle of Biolog

The screening for metabolic abilities determinea diven strain has the potential to
use nutrients for respiration and/or growth. Insteection, we used 96-well plates
manufactured by Biolog (Techno-Path, UK) to simudtausly assess growth on 95
different C-sources from the same inoculum. Theeglaised are of the GN2 type,
initially designed to allow identification of Gramegative bacteria. The substrate
panel of GN2 plates has been designed to providenmuan discrimination between

Gram-negative bacteria, is well utilised by typi€alcoli strains. Six different types

of substrates are represented on the GN2 typeatdgpive usedr@ble 4.7J).
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Table 4.1.C-sources on Biolog GN2 plates

Well Name Chemical Substrate guild®
formula
AO01 Water HO Control
AO02 a-Cyclodextrin GeHes040 Polymers
AO03 Dextrin GH 1005 Polymers
AO4 Glycogen (GH10s)n Polymers
AO05 Tween 40 eH5004 Polymers
AO06 Tween 80 GuH 124056 Polymers
A07 GN:;ﬁggfgglazr?”n;ne CsH1sNOg Carbohydrates
AO08 N-Acetyl-D-Glucosamine §H,5NOg Carbohydrates
A09 Adonitol GH1.05 Carbohydrates
A10 L-Arabinose GH 1005 Carbohydrates
All D-Arabitol GH1.05 Carbohydrates
Al12 D-Cellobiose GH»,011 Carbohydrates
BO1 i-Erythritol CiH1004 Carbohydrates
B02 D-Fructose 61206 Carbohydrates
B0O3 L-Fucose 6H 1,05 Carbohydrates
B0O4 D-Galactose &H1,05 Carbohydrates
BO5 Gentiobiose GH»044 Carbohydrates
BO6 a-D-Glucose GH1,04 Carbohydrates
BO7 m-Inositol GH 12,05 Carbohydrates
B08 a-D-Lactose GH2,011 Carbohydrates
B09 Lactulose GH»011 Carbohydrates
B10 Maltose G@H»,041 Carbohydrates
B11 D-Mannitol GH 1405 Carbohydrates
B12 D-Mannose 6H1.06 Carbohydrates
Cco1 D-Melibiose @H»,041 Carbohydrates
C02 B-Methyl-D-Glucoside @H14,05 Carbohydrates
C03 D-Psicose &H1,05 Carbohydrates
Cco04 D-Raffinose GH3,045 Carbohydrates
C05 L-Rhamnose &E11,05 Carbohydrates
C06 D-Sorbitol GH 1405 Carbohydrates
Co7 Sucrose GH»041 Carbohydrates
C08 D-Trehalose GH»,041 Carbohydrates
C09 Turanose GH»041 Carbohydrates
C10 Xylitol CsH 1,05 Carbohydrates
C11 Pyruvic Acid Methyl Ester L0, Miscellaneous
C12 Sucagt{%ﬁ?&:\gﬁno' CsHgO, Miscellaneous
D01 Acetic Acid GH.0, Carboxylic acids
D02 Cis-Aconitic Acid GsHeOs Carboxylic acids
D03 Citric Acid GHsO; Carboxylic acids
D04 Formic Acid CHO, Carboxylic acids
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D05

D06
D07
D08
D09
D10
D11
D12

EO1

EO02
EO3
EO04
EO5
EO6
EO7
EO8
EO9
E10
Ell
E12
FO1
FO2
FO3
FO4
FO5
FO6
FO7
FO8
F09
F10
F11
F12
GO01
G02
GO03
G04
GO05
GO06
GO7
GO08
G09
G10
Gl1
G12

D-Galactonic Acidy-

Lactone CoH100s
D-Galacturonic Acid §H100;
D-Gluconic Acid GH1,0;
D-Glucosaminic Acid §H,5NOg
D-Glucuronic Acid GH10;
a-Hydroxybutyric Acid GHs04
B-Hydroxybutyric Acid GHg0s
v-Hydroxybutyric Acid GHgOs
p—HydroxKZZenylacetlc CeHeOs
Itaconic Acid GHeO4
a-Keto Butyric Acid GHO5
o-KetoGlutaric Acid GHsOs5
a-KetoValeric Acid GHs04
D,L-Lactic Acid GHgOs
Malonic Acid GH,0,
Propionic Acid cHsO,
Quinic Acid GH1206
D-Saccharic Acid &E1100s
Sebacic Acid GH150,
Succinic Acid GHsO4
Bromosuccinic Acid EHHs0,Br
Succinamic Acid $H/NO;
Glucuronamide &E1,;NO¢
L-Alaninamide GHsN,O
D-Alanine GH/NO,
L-Alanine GH;NO,
L-Alanylglycine GH1oN,O4
L-Asparagine HHsN,O4
L-Aspartic Acid CGH-NO,
L-Glutamic Acid GHNO,
Glycyl-L-aspartic Acid H1oN,O5
Glycyl-L-Glutamic Acid GH15N,05
L-Histidine GH9N50,
Hydroxy-L-Proline GHoNOg
L-Leucine GH1NO,
L-Ornithine GH1:N,0,
L-Phenylalanine &1 1NO,
L-Proline GHyNO,
L-Pyroglutamic Acid ¢H-NO;
D-Serine eH/NO,
L-Serine GH-NO;
L-Threonine HoNO;
D,L-Carnitine GH1sNO3
y-Amino Butyric Acid CHoNO,
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Carboxylic acids

Carboxylic acids
Carboxylic acids
Carboxylic acids
Carboxylic acids
Carboxylic acids
Carboxylic acids
Carboxylic acids

Carboxylic acids

Carboxylic acids
Carboxylic acids
Carboxylic acids
Carboxylic acids
Carboxylic acids
Carboxylic acids
Carboxylic acids
Carboxylic acids
Carboxylic acids
Carboxylic acids
Carboxylic acids
Miscellaneous
Amines/amides
Amines/amides
Amines/amides
Amino acids
Amino acids
Amino acids
Amino acids
Amino acids
Amino acids
Amino acids
Amino acids
Amino acids
Amino acids
Amino acids
Amino acids
Amino acids
Amino acids
Amino acids
Amino acids
Amino acids
Amino acids
Amino acids
Amino acids



HO1 Urocanic Acid GHeNLO, Miscellaneous

HO2 Inosine GoH1oN4Os Miscellaneous
HO3 Uridine GH12N>04 Miscellaneous
HO4 Thymidine GoH14N,05 Miscellaneous
HO5 Phenyethylamine 811N Amines/amides
HO6 Putrescine N, Amines/amides
HO7 2-Aminoethanol ¢O.NO Amines/amides
HO8 2,3-Butanediol 100, Miscellaneous
HO09 Glycerol GH3Os Miscellaneous
H10 D,L-a-Glycerol Phosphate HOP Miscellaneous
H11 a-D-Glucose-1-Phosphate 6l@130gP Miscellaneous
H12 D-Glucose-6-Phosphate CsH1309P Miscellaneous

a. Substrate guilds were defined according to presly published groups (Preston-Mafham et al.,
2002)

It has been estimated that several hundred mugatioB. coli genomes could alter
the profiles obtained using Biolog 96-well plateSo¢per and Lenski, 2000)
suggesting that Biolog plates are a suitable wagxamineE. coli intra-species
diversity using large collections of isolates. TB®log system is based on simple
redox chemistry (Bochner 2009). In each well, theoGrce and bacterial inoculum
are provided with a rich proprietary medium conitagnadditional nutrients required
for growth but excluding any additional C-sourcehisl medium also contains
tetrazolium chloride (or TTC), a redox indicator.héh the C-source is used as an
aerobic substrate by cells, NADH is produced duregpiration, creating a reducing
power in the well which leads to the irreversibkduction of tetrazolium to a
colourful purple dye (Bochner 2009). Two phenotypar be assessed using Biolog
plates: respiration (the ability to use aerobicdte corresponding C-source) and
growth (the ability to replicate using the corresgimg C-source). The two are almost
always linked, although respiration can usuallyde¢ected before growth (Bochner
2009). Biolog plates are either available as 20 panels of more than 2000

biochemical tests or, as we chose for costing reases individual 96-well plates for
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bacterial identification or small-scale comparisopurposes. Biolog also
commercialises the Omnilog system, a multiplex batar with individual CCD
cameras for each plate, monitoring the kineticdetfazolium reduction over time.
Again, for costing reasons, we used a classicaitsgghotometer to measure optical
density (ORgyg in the plates, and not respiration as indicatgd tétrazolium

reduction.

4.2.1.2. Experimental controls

To control that we correctly followed the procedyyree compared the GN2 profiles

we obtained with 2 reference strains (K-12 stra@155 and O157:H7 strain Sakai)

with previously published literature (Mukherjeeagt 2008) for 4 different C-sources

(Figure 4.1).
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Figure 4.1.Visual controls of Biolog GN2 procedure(a) Pictures oE. coli K-12 strain MG1655
(top) andE. coli O157:H7 strain Sakai (bottom) Biolog GN2 plategem®4 hours of inoculation at
37°C; (b) Previously published Omnilog kineticsal&tr the same strains (Mukherjee, Mammel et al.

2008). Coloured circles indicate correspondencedsen results.

We observed the same result as in published literatpositive utilisation of D-
saccharic acid, D-sorbitol and D-serine tor coli K-12 and not for O157:H7, and
positive utilisation of sucrose for O157:H7 and rot K-12 (Figure 4.1). We

assessed this assay reproducibility performing itvd@pendent biological replicates

for 13 randomly chosen strains in our collectidrig/(re 4.2).
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ECOR10-a
ECOR18-a
ECOR32-a
ECOR38-a
ECOR57-a
ECOR67-a
ECOR72-a
GMBO07-a
GMB23-a
GMB52-a
GMB76-a
GMB83-a
H1-1218-a
ECOR10-b
ECOR18-b
ECOR32-b
ECOR38-b
ECOR57-b
ECOR67-b
ECOR72-b
GMBO7-b
GMB23-b
GMB52-b
GMB76-b
GMB83-b
H1-1218-b

ECOR10-a 0.7210.76]0.7410.83|0.84|0.79(0.70 (0.73 | 0.71 | 0.80| 0.78 | 0.74|0.94( 0.69( 0.76 | 0.75 0.81 0.83| 0.76 [ 0.69(0.72(0.64 [ 0.79| 0.73 | 0.71
ECOR18-a 0.72 0.66|0.58(0.74|0.74]0.65(0.65|0.72]0.69(0.70| 0.68 | 0.64 | 0.70] 0.79( 0.63) 0.62 | 0.68 | 0.76| 0.66 [ 0.66 | 0.730.62 (0.72| 0.75| 0.71
ECOR32-a 0.76|0.66 0.85/0.82(0.880.85|0.84 | 0.65|0.74|0.80(0.89|0.70(0.72]| 0.66 | 0.90( 0.85] 0.80( 0.83| 0.84| 0.84| 0.65 | 0.68 | 0.85 (0.83 | 0.81
ECOR38-a 0.74]0.58(0.85 0.75(0.82|0.79|0.74|0.72|0.77 | 0.77 | 0.79| 0.64 | 0.71] 0.60 | 0.84 | 0.96( 0.79| 0.78 0.73] 0.73| 0.72|0.73| 0.81 | 0.73 [ 0.75
ECOR57-a 0.83]0.74(0.82)|0.75 0.87(0.77|0.69|0.74(0.72|0.78|0.79(0.7310.81 [ 0.69| 0.76 | 0.74| 0.83 0.85( 0.73| 0.68| 0.73 | 0.68 | 0.81 | 0.72 | 0.69
ECOR67-a 0.84|0.74|0.88|0.82|0.87 0.84(0.83(0.76|0.77(0.86|0.89|0.76|0.81] 0.73(0.84| 0.82| 0.84 | 0.97| 0.81(0.83)|0.76|0.70(0.90| 0.85| 0.79
ECOR72-a 0.79]0.65(0.85]|0.79|0.77 [ 0.84 0.840.62|0.75|0.81(0.85/0.73|0.76 | 0.66 | 0.83| 0.76 | 0.74 [ 0.79(0.95| 0.83| 0.61| 0.68 | 0.81 | 0.82 | 0.78
GMBO07-a 0.70]0.65(0.84)|0.74|0.69(0.830.84 0.62]0.70(0.74|0.89(0.72]|0.67| 0.66 (0.84] 0.75[0.79| 0.78| 0.83 | 0.98 0.63 | 0.66 { 0.81| 0.88 | 0.83
GMB23-a 0.73]0.72(0.65)0.72]0.74(0.76 | 0.62 | 0.62 0.690.67|0.69(0.71(0.70(0.78 0.69 0.74] 0.71| 0.74( 0.59 0.62|0.99| 0.60 | 0.69 | 0.67 | 0.64
GMB52-a 0.71]0.69(0.74)0.77|0.72(0.77| 0.75| 0.70 | 0.69 0.77]0.72(0.660.69(0.670.76 | 0.75|0.72] 0.75( 0.70| 0.69| 0.69 |0.95| 0.82 | 0.74 ( 0.76
GMB76-a 0.80(0.70(0.80|0.77|0.78(0.86|0.81(0.74 | 0.67 | 0.77 0.79]0.68|0.78]0.70(0.76 | 0.78| 0.75| 0.80| 0.78 0.75| 0.67 | 0.69 [ 0.93| 0.78 | 0.74
GMB83-a 0.78]0.68]0.89]0.79|0.79(0.89(0.85(0.89 | 0.69 | 0.72|0.79 0.75]0.75]0.72|0.86(0.81 (0.820.84| 0.84) 0.87| 0.69 | 0.66 | 0.83 [ 0.88 | 0.82
H1-1218-a 0.74]0.64(0.70]/ 0.64|0.73(0.760.73(0.72 | 0.71| 0.66 | 0.68 | 0.75 0.71]0.64(0.69)0.64(0.70|0.74|0.73|0.72)0.72|0.60 (0.70| 0.77 | 0.74
ECOR10-b 0.9410.70|0.72|0.71|0.81(0.81 (0.76 | 0.67 | 0.70 | 0.69|0.78|0.75 [ 0.71 0.68]0.720.72]10.77(0.80| 0.72| 0.66 | 0.70 | 0.62 | 0.77 [ 0.72 0.66
ECOR18-b 0.69]0.79(0.66)0.60|0.69(0.73]|0.66 | 0.66 (0.78 | 0.67 | 0.70 | 0.72| 0.64 [ 0.68 0.65]0.640.65]0.71(0.67|0.66|0.77 (0.62| 0.67 | 0.71  0.67
ECOR32-b 0.76]0.63|0.90|0.84|0.76 (0.84|0.83 | 0.84 | 0.69 | 0.76 (0.76 | 0.86 | 0.69| 0.72| 0.65 0.82]0.76(0.80]|0.79(0.82|0.690.71(0.81| 0.84 | 0.81
ECOR38-b 0.75]/0.62]0.85|0.96|0.74|0.82(0.76 [ 0.75 | 0.74 | 0.75| 0.78 | 0.81 | 0.64 [ 0.72 | 0.64 | 0.82 0.79]0.78(0.73)10.74(0.74(0.70| 0.80| 0.75 ( 0.77
ECOR57-b 0.81|0.68(0.80]|0.79]0.83(0.84|0.74(0.79(0.71|0.72(0.75|0.82|0.70(0.77 0.65( 0.76 | 0.79 0.86|0.71(0.77)0.71|0.68(0.82|0.75| 0.76
ECOR67-b 0.83|0.76(0.83)|0.780.85(0.97|0.79|0.78 (0.74| 0.75|0.80 | 0.84| 0.74(0.80)| 0.71 | 0.80| 0.78 | 0.86 0.75]0.79(0.73|0.67|0.86 (0.81| 0.78
ECOR72-b 0.76]0.660.84|0.73|0.73|0.81(0.95(0.83 | 0.59 | 0.70|0.780.84|0.73(0.72(0.67|0.79] 0.73] 0.71| 0.75 0.82|0.58(0.67|0.780.81(0.76
GMBO7-b 0.69]0.66(0.84)0.730.68(0.83|0.83|0.98|0.62|0.69(0.75|0.87|0.72(0.66 | 0.66 | 0.82| 0.74] 0.77 [ 0.79] 0.82 0.63]0.64(0.81)|0.89|0.82
GMB23-b 0.72]0.73]0.65|0.72|0.73|0.76 | 0.61 { 0.63 [0.99 0.69 | 0.67 | 0.69|0.72(0.70(0.77| 0.69| 0.74] 0.71| 0.73( 0.58 ( 0.63 0.60]0.690.68 | 0.65
GMB52-b 0.64]0.62(0.68)0.73|0.68(0.70|0.68 | 0.66 | 0.60 | 0.95 0.69 | 0.66 | 0.60|0.62] 0.62(0.71]|0.70| 0.68 | 0.67| 0.67 [ 0.64| 0.60 0.75(0.68 | 0.71
GMB76-b 0.79]0.72(0.85]/0.81|0.81(0.90|0.81(0.81 |0.69|0.82(0.93|0.83|0.70(0.77] 0.67(0.81| 0.80| 0.82| 0.86] 0.78( 0.81| 0.69 | 0.75 0.80(0.78
GMB83-b 0.73]0.75]0.83|0.73|0.72|0.85(0.82(0.88 | 0.67 | 0.74|0.78|0.88 | 0.77(0.72| 0.71| 0.84) 0.75| 0.75( 0.81(0.81| 0.89| 0.68 | 0.68 | 0.80 0.83
H1-1218-b 0.71]0.71(0.81)|0.75|0.69(0.79|0.78 | 0.83 | 0.64 | 0.76 | 0.74 | 0.82| 0.74(0.66 | 0.67 | 0.81| 0.77| 0.76 [ 0.78 0.76 | 0.82| 0.65| 0.71| 0.78 [ 0.83

Figure 4.2. Correlation matrix between Biolog GN2 pofiles (ODggy values) of strain replicates
after 24h at 37°C Two replicates “-a” and “-b” were performed foB tandomly chosen strains.
Values of the table are Spearman correlation aoeffts (g) between whole profiles. The heatmap
indicates high (green) to low (white) values gf The H1-1218 strain was analysed with the help of

Stephanie Schiller (IFR).

Apart from 2 isolates (GMB83 and the 0104:H4 oudkrestrain H1-1218), the
highest g coefficient for every strain was always with tlfegresponding experimental
replicate (corresponding p-values were always iofeio 0.0001; data not shown).
Correlation coefficients between experimental iwsdaranged from 0.74 to 0.99,
whereas correlation with other non-replicate sgaianged from 0.58 to 0.89. This
indicates that reproducibility is overall very godd the following, due to the large

amount of strains tested (n=170), we performed inngbation per strain only, but
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replicated once again if results indicative of asgible contamination (multiple

positive reactions in uncomman coli substrates) were obtained.

4.2.1.3. Qualitative observation of respiration and necegsifor an

optical density threshold determination

The presence of purple colour is indicative ofaetlium reduction and thus of the
utilisation of the substrate as a sole C-source.fige visually assessed the plates
after 24h incubation at 37°C to produce a binarypouindicating the utilisation
(purple colour is seen) or not (the well remainkedess) of the 95 C-sources for
170 tested strains (GMB and ECOR). On average] T@etested strains were able to
grow on 44/95 C-sources, or 46.3% of all substrateslable on a GN2 plate. The
number of C-sources used by either ECOR or GMB alas around 43 to 44 C-
sources Figure 4.3, although the difference between the two colawi was

statistically significant (two-tailed t-test; t=2@&; p=0.0229).

60 %

Figure 4.3. Number of C-sources from a Biolog GN2
§ ® T plate utilised by ECOR (n=72) and GMB (n=98) straiis
g %’, ” T after 24h incubation at 37°C (positive tests determed
- =
g,g visually by assessing tetrazolium reduction) Boxplots
§ g- i represent the 25 to 73" percentile and outliers are

E B represented by dots. The asterisk indicates staist
30 ' significance (p<0.05; see text).

ECOR GMB
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Despite this coherent observation, the qualitatigeal examination of test results is
not very powerful and is very subjective for C-smg supporting slow growth, the
purple colour being very faint. Not in possessidémm Omnilog system, we chose to
adopt the measurement of optical density using assaal 96-well plate
spectrophotometer to get a quantitative dataseC-sburce utilisation across our
tested strains, as also performed in multiple studKing et al., 2004; lhssen et al.,
2007; Maharjan et al., 2007). We found a very higlrelation between tetrazolium
reduction and OBy general levels (data not shown), which led us g8 @R

measurements only and not rely on the visual irgpeof the plates.

There is a similar problem of subjectivity wheneatatining which C-source is used
or not using Olgy data. Previous studies used arbitrarily decide@stiwlds for
determining positive tests, such as 0.2 (Maharjan, Seeto et al. 2007). In order
to reduce any subjective bias as much as possixedeveloped a method to
empirically determine a threshold for positive $easing Oy and Biolog plates,
with the help of Kate Kemsley (Bioinformatics & 8sdics, IFR). First, a subset of 26
C-sources were identified as “non-utilised” fromaexnation of the tetrazolium

reduction and comparison between straire(e 4.2

Table 4.2. C-sources considered as “non-utilisedufilised by less than 2% of all 170 strains) for

empirical threshold determination.

a-Cyclodextrin Succinamic Acid Itaconic Acid L-Pytatamic Acid
Glycogen L-Alaninamide a-Keto Butyric Acid L-Threonine
Tween 40 L-Histidine a-KetoValeric Acid y-Amino Butyric Acid
i-Erythritol Hydroxy-L-Proline Malonic Acid UrocaniAcid
Xylitol L-Leucine Quinic Acid Phenyethylamine
a-Hydroxybutyric Acid L-Ornithine Sebacic Acid
v-Hydroxybutyric Acid L-Phenylalanine 2,3-Butanediol
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The distribution of the OF), data from these sources is showrFigure 4.4A. This
figure is a good illustration of the need to seampempirically defined threshold. All
these C-sources are not utilised by any te&edoli when the plates are visually
assessed for tetrazolium reduction. Yet, thesdoBalues range between 0 and 0.65
(Figure 4.4A), possibly because of inoculum carry-over or técdinvariability. If an
arbitrary threshold was to be defined at 0.2 as suggested in previous studies
(Maharjan, Seeto et al. 2007), C-sources suchesries below that are not utilised

by E. coliwould appear positive.

A 1000,

Frequency

L ! Il
06 07 08 08

Cumulative Frequency

1 Il 1 ! Il 1 1 1 ! 1
01 02 03 04 05 06 07 08 08 1

0D,

Figure 4.4. Empirical definition of a statistical threshold for positive carbon source utilisation
(A) Histogram (red columns) shows @pvalues across 26 non-utilised carbon sourcesgkeensity
estimation of the probability density function epresented by the black line and its cumulativesitgn
function in panel (B), showing values for 5% and 18fs. See text for details. This figure was

produced with the help of E. Kate Kemsley (IFR).
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In contrast to the approach reported by Sabargl 2011, we did not find it possible
to adequately model the Q@3 values using parsimonious Gaussian mixture models.
Instead, kernel density estimation was used toiml#anon-parametric probability
density function. The kernel bandwidth was optidi§y cross-validation; a normal
kernel function was employed. The thresholds deateng the upper 5% and 1% tails
of the distribution were found to be 0.40 and Océ8pectively Figure 4.4B). We
have used this latter, more conservative threstwlare-process the complete 6p
dataset, by setting all values less than 0.63 tto; zbat is to say, only Oy values
higher than this threshold are taken as indicaifvearbon source utilisation after 24 h

incubation.

4.2.2. Variation in C-source utilisation by ECOR and GMB drains

4.2.2.1. General qualitative comparison of metabolic abiés

Using the threshold defined in section 4.2.1.3.,cempared the number of positive

tests between ECOR and GMB strains, as we did afiswal assessment for

tetrazolium reductionFigure 4.4).
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Figure 4.4. Number of C-sources from a Biolog

% %k *k

50 ' GN2 plate utilised by ECOR (n=72) and GMB
) (n=98) strains after 24h incubation at 37°C
-.(7)’ .
L 45 (positive tests determined as tests with
[0
.g ODgo5>0.63) Boxplots represent the 930 75"
‘@
8_ 40- percentile and outliers are represented by dots.
8 The asterisk indicates statistical significance
()
'g 35 (p<0.0001; see text).
3 —
=z .

30

ECOR GMB

The average numbers of C-sources used were 40062%6 for ECOR strains and
38.54 + 0.3656 for GMB strains, and their differeneas very significant (two-tailed
t-test; t=3.890; p<0.0001). The number of positissources was slightly lower than
what we had visually assessed earlidfiggre 4.3, which reflects the
conservativeness of the approach we chose to adajgfine positive tests. We then
compared how substrates from the different chenguadtls (Table 3.1 were utilised

by ECOR and GMB straingigure 4.5).
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Figure 4.5. Utilisation of substrates from varioushemical guilds by ECOR and GMB strains (see

text and Table 3.1).Asterisks indicate statistical significance afileDunn’s post-hoc comparison test

(p<0.0001).

A Kruskal-Wallis test expectedly confirmed the stital differences between the
utilisation of the different substrate guilds (s&t=2800; p<0.0001). More
interestingly, a Dunn’s post-hoc comparison testwsdd that significant differences
between ECOR and GMB were restricted to the utibsaof amino acids (p<0.0001),

whereas other guilds were not statistically différe
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4.2.2.2. ldentification of individual C-sources showing diéirent

utilisation patterns

To further the investigation on metabolic differeacbetween ECOR and GMB
strains, we compared utilisation at the individ@akource level Table 4.3. We
initially calculated the difference in percentadestvains from each collection able to

use individual C-sources for growth at €60.63 after 24 h at 37°Téble 4.3.

Table 4.3. C-sources showing more than 10% differ@e between the percentage of positive
ECOR and GMB strains. Positive isolates grew at @§g>0.63 after 24 h at 37°C (see text).

GN2 well C-source %ECOR %GMB  Differencée®
FO9 L-Aspartic Acid 51.4% 7.1% _
G09 L-Serine 72.2% 39.8% 32.4%
GO06 L-Proline 51.4% 20.4% 31.0%
GO08 D-Serine 63.9% 36.7% 27.2%
EO8 Propionic Acid 36.1% 9.2% 26.9%
H10 D,L-u-Glycerol Phosphate 93.1% 67.3% 25.7%
FO5 D-Alanine 73.6% 52.0% 21.6%
FO8 L-Asparagine 22.2% 3.1% 19.2%
B0O9 Lactulose 38.9% 20.4% 18.5%
E12 Succinic Acid 94.4% 76.5% 17.9%
FO1 Bromosuccinic Acid 84.7% 67.3% 17.4%
HO3 Uridine 93.1% 76.5% 16.5%
F10 L-Glutamic Acid 15.3% 0.0% 15.3%
A03 Dextrin 91.7% 77.6% 14.1%
F11 Glycyl-L-aspartic Acid 52.8% 38.8% 14.0%
Cco7 Sucrose 45.8% 68.4% -22.5%
EO1 p-Hydroxy-Phenylacetic Acid 43.1% 67.3% -24.3%
C04 D-Raffinose 51.4% 76.5% -25.1%

a. Positive values indicate C-sources prefereptieded (by more than 10%) by ECOR strains; negatlses
indicate C-sources preferentially used (by more th@26) by GMB strains.

There were more C-sources preferentially used b@EGhan by GMB strains. The

overall biggest differences between the two calbest were for amino acid utilisation
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as C-source, as 8 amino acids out of 20 preser@®Na plates were preferentially
used by ECOR strainsTéble 4.3, possibly explaining the statistical difference
between ECOR and GMB amino acid utilisation obsgrearlier Figure 4.5. For

example, more than half of all ECOR strains wete &b use L-aspartic acid after 24
h at 37°C compared to slightly more than 7% of GMlly (44.2% difference).

Similarly, generally around 30% more strains in EC®@ere able to use L- and D-
serine and L-prolineTable 4.3. Only 3 C-sources were preferentially used by GMB

sucrosep-hydroxy-phenylacetic acipfHPA) and D-raffinoseTable 4.3.

To test if these differences were important in elverall metabolic profile variation
between ECOR and GMB strains, we used multivaaaigysis. The OE, dataset
was treated with partial least square discriminamalysis (PLS-DA) to look for
evidence of grouping according to ECOR or GMig(re 4.6). PLS is a supervised
modelling method that differs from the well-know€AR in the sense that the user
priori specifies the groupings to test (hence the sugien), in our case, ECOR and
GMB. The consequence is that even a PLS plot iegultom random values will
show groupings, which is why cross-validation iguieed to test the robustness of the

specified groups.
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41 * ECOR = GMB
3 . Figure 4.6. PLS-DA plot using
~ o ECOR and GMB as groups.The %
3
\i 14 in axes labels indicate how much of
[ee]
3 0 the total dataset variation is
~ 7 °
AN
» ° represented by the corresponding
a -1 4
axes. This figure was created with
-2 A
the help of E. Kate Kemsley (IFR).
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PLS1 (15.62% var.)

In our case, it was found that 2 PLS dimensionsalare sufficient to discriminate
the collections with a cross-validation succese @t 81.8%. Adding a third PLS
dimension increased the success rate to 83.5% whels the maximum

discrimination ability that could be obtainetiaple 4.4).

Table 4.4. Cross-validation success rates in PLS-Ddsing ECOR and GMB as groups for model
dimensions up to 10The maximum cross-validation success rate is tgpk#id and represents 3 PLS-
DA dimensions. On Figure 4.6, we represented ordyn#nsions for clarity, which corresponded to a

81.8% success rate. This table was created withaheof E. Kate Kemsley (IFR).

. Across all
PLS-DA By collection observations
_model ECOR | GMB
dimension % correct
% correct
1 75 78.6 77.1
2 80.6 82.7 81.8
3 79.2 86.7 83.5
4 77.8 82.7 80.6
5 76.4 83.7 80.6
6 76.4 82.7 80
7 76.4 83.7 80.6
8 72.2 82.7 78.2
9 70.8 83.7 78.2
10 68.1 81.6 75.9
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This PLS-DA analysis confirms that ECOR and GMBaists form distinct groups

and do not have the same Biolog GN2 profiles. Iheptwords, isolates from
secondary nonhost environments have different roétaprofiles than host isolates
after 24 h incubation at 37°C. In order to get sauelogical meaning from these
trends, we performed nonparametric Mann-Whitneyedkbn tests for each
individual C-source to determine which were showtimg most significant difference
between ECOR and GMBFigure 4.7, Table 4.9. This analysis varies from the
result of Table 4.3 in which we only compared proportions of straingnf each

collection. In Figure 4.7 and Table 4.5 we show the output of a statistical
comparison taking into account the levels of gDeached after 24 h incubation at
37°C. C-sources significantly associated with atit;-associated variation are
presented irFigure 4.7, along with the frequency distribution of @ of these C-

sources.
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Figure 4.7. C-sources statistically associated wittollection-associated variation in OD600 levels

after 24 h of incubation at 37°C on Biolog GN2 plas Red line is ECOR, black line is GMB.

Indicated p-values are from individual Mann-WhitAé&§icoxon tests for each C-source with a

Bonferroni correction.

Strikingly, the C-sources found to cause the masiation between ECOR and GMB

were not completely overlapping the resultd able 4.3 indicating that the levels of

ODeoo reached after 24 h at 37°C are important factorglafining the difference

between the two collections. These C-sources fdamdiffer in levels of utilisation

were always generally used at higher levels by EGO&ns than GMB strains after

24 h, as suggested by the frequency plotsFmure 4.7. This observation was
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particularly true fora-D-glucose, D-mannitol, D-trehalose, D-fructosed auccinic

acid.

Table 4.5. C-sources found to show most variationdtiween ECOR and GMB and their utilisation

abilities. This table was created in collaboration with Bté&KKemsley (IFR).

Utilisation (ODgoz>0.63) Median ODgg
GN2 C MWW
well -source p-value
%ECOR | %GMB Diff. ECOR | GMB
A03 Dextrin 91.7% 77.6% 14.1% | <0.0001 0.98 0.76

B0O2 D-Fructose
BO6 a-D-Glucose
B11l D-Mannitol
Co8 D-Trehalose
EO8 | Propionic Acid
E12 Succinic Acid
FO9 | L-Aspartic Acid

2.0% | <0.0001 1.79 1.13
1.0% | <0.0001 1.95 1.37
0.0% | <0.0001 1.86 1.18
0.0% | <0.0001 2.14 1.86
26.9% | <0.0001 0.54 0.38
17.9% | <0.0001 1.32 0.90
44.2% | <0.0001 0.62 0.22

G06 L-Proline 31.0% | <0.0001 0.70 0.23
GO09 L-Serine 72.2% 39.8% 32.4% | <0.0001 0.96 0.49
HO3 Uridine 93.1% 76.5% 16.5% | <0.0001 1.39 0.98
D,L-a-Glycerol o o o )
H10 Phosphate 93.1% 67.3% 25.7% | <0.0001 1.13 0.88
H1p | @-D:Glucose-1- 0.0% | <0.0001 2.03 | 185
Phosphate

FO8 | L-Asparagine | 22.2% 19.2% | <0.0001 0.22 | 020

FO5 D-Alanine 21.6% 0.0001] 0.96 0.58

HO02 Inosine -1.4% 0.0001] 1.80 1.60
F1o | L-Glutamic 153% | 0.0003 021 | 0.18
Acid

0.7% 0.0003 1.61 151

HO4 Thymidine

Interestingly, many C-sources showing the mostatiam between ECOR and GMB

often used by most, if not all the strairiable 4.9 suggest that the uptake of C-
sources is differentially affected in the two cotlens rather than the presence or
absence of metabolic genes in one and not the.oflms suggestion is consistent
with the observation that most of the C-sourcedigure 4.7 and Table 4.5 are

common substrates for growttD-glucose, D-mannitol, D-trehalose, D-fructose).
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The lower levels of growth on common C-sources laixdd by GMB strains can be
caused by a slower metabolism. To confirm this olzen, we selected a subset of 5
ECOR and 10 GMB strains that we grew using Bioldg2(lates at 24 h, 48 h and

72 h Figure 4.8).

3 Difference at 24h No difference at 24h
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Figure 4.8. Comparison of average growth levels reaed after 24 h, 48 h and 72 h by 5 ECOR
strains and 10 GMB strains on Biolog GN2 plates orselected C-sourcesRed bars represent
averages of 5 ECOR results after 3 different tioféacubation (24, 48 and 72 h). Green bars reptese
averages of 15 GMB results after 3 different timégcubation (24, 48 and 72 h). Thirteen C-sources
showing the most difference between ECOR and GMB4ah were included, as well as 5 C-sources

showing no difference between ECOR and GMB at 24 h.

Although the 13 C-sources we examined in this erpart all had lower levels at 24
h in the GMB strains, they showed the same levieldilisation as ECOR strains after
72 h. The only statistically significant differenaee found was for the utilisation of
L-aspartic acid by GMB and ECOR strains at 72 lo{sied t-test; t=3.277; p<0.05),
which reached very high levels in GMB comparativelye COR. However, we did

not find any statistical significance in the rekthe data, even for the 24 h time point,
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most probably because of the low number of straged. In any case, the general
trend was that although growth levels at 24 h weweer for GMB strains, in almost
all the cases, they were slightly higher than EC&R2 h, indicating that the low
metabolic abilities observed for GMB strains atiRdre possibly caused by a slower
assimilation and utilisation, and not by lower @fncy of metabolic pathways. To be
certain of this, a reproduction of this experimenth a higher number of strains

grown in Biolog GN2 for longer than 24 h would becassary.

In this section, we introduced a novel way to ugdodata from Biolog experiments
to compare metabolic profiles of large numberssofdtes and showed phenotypical
differences between plant and faecal isolate&.ofoli. We observed after 24 h of
incubation at 37°C that there were differenceshm freferential utilisation of amino
acids by ECOR and of sucrose, D-raffinose and thamatic compoundp-
hydroxyphenylacetic acid by GMB. We also showedt timost of the C-sources
explaining the biggest difference between the tvatlections of isolates were
common C-sources used by all strains, possibly usscaf the different speed of
uptake or metabolism. To investigate this last pfirther, we checked if there were
any links between genetic content and the Biologtabwic profiles using

comparative genomic hybridisation (CGH).

4.2.2.3. Genetic association with metabolic data using CGH

In order to associate genetic information with obed metabolic phenotypes, we
conducted association tests using Genespring inuMWW tests with Bonferroni

corrections. The Bonferroni correction is the nsighgent multiple testing correction
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method, which is suitable for microarray studiegya®n the experimental variation
intrinsic to DNA hybridisation, weakly significarialse positives can be common.
Using these settings on the data produced by thenges of 21 GMB and 20 ECOR
strains hybridised on ShEcoliO157 microarrays (de¢hods section 2.5), we sought

to associate Biolog data to genomic informatiBigre 4.9).
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Figure 4.9. CGH data for genes statistically assatied with sucrose, raffinose and D-serine
Biolog utilisation patterns. Blue denotes absent genes, yellow denotes prgeest The dendrogram
above the gene information panel corresponds tsterimg according to the Pearson correlation on the
whole hybridised genomes. Below genetic informatiolack squares denote positive Biolog test for
the corresponding C-source and white denotes atimegast. ThedsdA gene was not statistically

associated but was added to the figure to showttode dsdoperon (see text).

We could associate the D-serine utilisation patexith the well-describedsc-dsd
locus Figure 4.9. Although dsdAwas not found by association, it was added to
confirm that the observetkcgene insertions were in accordance with the pushyo
known mechanism of insertion into tdedlocus (Jahreis et al., 2002), which results
in the deletion ofisdXanddsdCleavingdsdAintact. Surprisingly, not a single gene
was statistically associated with sucrose utilsatiafter Bonferroni correction,
although the inverted relationship between these mvetabolisms is cleaiFigure

224



4.9) and has been extensively documented (AlaeddinagtuCharles, 1979; Jahreis
et al., 2002). When a different false discoveryerabrrection method was used
(Benjamini and Hochberg FDR correction), which ur @xperience is less stringent
than the Bonferroni method, the same genes as teswmiated with the D-serine
utilisation patterns were identified. This diffecenin association stringency could be
explained by the fact th&. coli has 2 different pathways for sucrose metabolism
(Reid and Abratt, 2005), but only one to metabolsserine. This explanation is
supported by the observation that the invertedosa¢D-serine phenotype was not
systematic as some isolates could metabolise hattose and D-serinéigure 4.9,
indicating that some of our dsdtrains can still use sucrose via another pathway,
including plasmid-borne systems. Cross-utilisatimtween sucrose and D-raffinose
has also been previously documented (Arr et al70L9However, D-raffinose
utilisation was only weakly and not statisticallgrficantly associated with thesc-
dsdlocus. Also associated with sucrose and D-seriei@\2 prophage genes (SF2039,
a putative Q antiterminator of prophage and SF188&ytative tail component. It has
been documented thdE. coli O157:H7 possessed phage-like elements in the
proximity of thecsc-dsdocus, which seemed to be conserved in othemst@due to

the proximity with a prophage insertion hotspot (Moand Welch, 2006).

p-HPA is one of the compounds preferentially used asle carbon source by GMB
over ECOR strainsT@ble 4.3. Only when no multiple testing corrections were
applied, the genes most associated withPA metabolism were expectedly found to
be among théapa catabolic locus (data not shown).This lack of mir@ssociation
suggests that there may be additional regulatociofa to consider for explaining

aromatic compound degradation pathways, such apassible degradation by other
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proteins encoded by genes from other aromatic camg®clusters (Diaz et al. 2001)
that are not present on the microarrays. Anothgulagation on why genetic
associations with metabolic phenotypes are weak beayhat the chosen growth
conditions in Biolog plates are not optimal to eefl the corresponding metabolic
genetic content of our strains. Indeed in 5 straimsre was a discrepancy between the
metabolic observation and the presencehpd genes (GMBO02, 18 and ECOR17
showed nop-HPA degradationin vitro despite harbourin@ppa genes; and GMB23
and ECOR71 showed the phenotype but did not hatiyoaigenes; data not shown).
Accepting that we use a conservative approach mBialog experiment (some
phenotypes may not be detected after 24 h evée istrain is actually able to use the
corresponding C-sources) it is understandablegiiag¢tic and phenotypic information
are not perfectly matched. It may also just be Watdid not include enough samples
in the CGH study (41 strains out of 178 strainspmly about 23% of all strains in our
collection are represented). Lastly, the coli pangenome has been estimated to
include an estimation of 18,000 gene families (lamkenko et al. 2010), which

obviouslyare not represented on a ShEcoliO157 array.

We tested all other C-sources present on a Biolatge fout not a single other one
showed any association with genetic informatione Thiggest limitation of the
approach detailed in this section is that assariatan only be made when we
observed phenotypical variation. This suggests thgtin the boundaries of our
study, thecsc-dsdlocus was the most highly variable and possiblyatated genetic

cluster with Biolog GN2 carbon source utilisaticattprns.
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4.2.3. Phylogenetic distribution of metabolic abilities

A key consideration in any microbial populationdstus the link between phylogeny
and ecology. Being informed about the phylogenetiationships between strains
(Chapter 3 of this thesis) and some of their phgred, we were interested in
connecting both by examining whether strains fronifeent phylogenetic
backgrounds have different ecological strategissm@nitored by their metabolic
profiles. This type of association has rarely bgleown inE. coli (Sankar et al. 2009;
Sabarly et al. 2011). We used the same PLS-DAstitai pipeline as the one we used
to examine variability across collectionBiqure 4.6, Table 4.4, this time using

phylogroups as a potential discriminating facteig(re 4.1Q Table 4.6.
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Figure 4.10. PLS-DA plot using phylogroups A, B1, B, D and E as groupings to testBlue

diamonds are strains from phylogroup A, red squfimsa B1, green triangles from B2, purple circles
from D and cyan crosses from E. The % in axes $ainelicate how much of the total dataset variation
is represented by the corresponding axes. Thesponeling cross-validation calculations are shown in

Table 4.6. This figure was created with the helgoKate Kemsley (IFR).
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Visually, from the PLS-DA plotKigure 4.10, it was strikingly obvious that profiles
from phylogroup A and B1 were very different. Plgdoup B2 strains also seemed to
discriminate, and it was less obvious for phylogrdd strains. As expected, 2 PLS
dimensions alone were sufficient to discriminate tbollections with a cross-
validation success rate of 62.5%. The maximum ssfok discrimination was
obtained using 4 PLS dimensions, for a cross-vadidarate of about 75%T@ble

4.4).
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Table 4.6. Cross-validation success rates in PLS-Diésing phylogroups as groupings for model
dimensions up to 10.The maximum cross-validation success rate (74.480highlighted and
represents 7 PLS-DA dimensions. On Figure 4.6,epeesented only 2 dimensions for clarity, which

corresponded to a 62.5% success rate. Done withelpeof E. Kate Kemsley (IFR)

PLS-DA
model A Bl B2 D All
dimensions

1 63.3 65.5 31.8 35.5 55.0
2 77.6 69.0 63.6 45.2 62.5
3 75.5 67.2 77.3 58.1 63.1
4 71.4 77.6 81.8 61.3 67.5
5 75.5 77.6 77.3 58.1 70.6
6 75.5 77.6 72.7 58.1 72.5
7 73.5 75.9 72.7 51.6 74.4
8 71.4 79.3 72.7 51.6 73.8
9 71.4 81.0 77.3 51.6 73.1
10 69.4 81.0 72.7 54.8 70.6

These calculations indicate that whole Biolog pesfican be discriminated according
to the phylogroups of the corresponding isolate@ther words, strains from different
phylogenetic backgrounds have different metabdiittees. In order to identify these
differences, we performed individual Kruskal-Waltests for each C-source using
thresholded OBy, data. We found 13 C-sources whose utilisatiorridigion was not

random across phylogrougsSigure 4.11).
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€ Figure 4.11. Phylogenetically distributed C-sourceutilisation patterns in our tested E. coli
collection (n=170) ECOR and GMB strains are mixed. C-sources arereddaccording to the p-
values after individual Kruskal-Wallis tests. Thevgdues have been adjusted using the Bonferroni
correction. Boxplots represent the distributiorOdde, values for each phylogroup. Phylogroups E and
F were excluded from the analysis because of tbeisample size. The asterisks represent statistica
significant differences between groups after a Daipost-hoc comparison test and the number of

asterisks represent different significance thredgh¢t for p<0.05; ** for p<0.001; *** for p<0.0001)

Visually, the differences in C-source utilisatiostdbution after 24 h of incubation at
37°C for the most significantly associated C-sosir@@-serinep-HPA, sucrose, D-
raffinose and L-serine) is strikingly clear, andréflected by a very low Kruskal-
Wallis p-values. D-serine utilisation, the most néiigantly associated with a
phylogroup-dependent variation was generally useghylogroup A and B2 strains
and not by phylogroup B1 and D straifsgure 4.11). As expected, the D-serine and
sucrose/raffinose distributions are inverted, vatiains from phylogroups B1 and D
using sucrose and raffinose in clear majority. 8simpgly, p-HPA is also very
strongly associated with a non-random phylogendistribution, and follows the
same pattern as for sucrose utilisation. This ofagien interestingly suggests that the
acquisition and maintenance of accessory metagel®es (such as the sucrose and
aromatic compounds metabolic clusters) is not umfaithin bacterial species but is

linked to specific phylogenetic histories.

It was shown previously that-HPA is generally not used by phylogroup B2 strains
(Sabarly et al. 2011), as we also observed. Howéwesample homogeneity reasons,

Sabarly et al. (2011) grouped strains A and Bl ttoge missing the differences
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between these phylogroups. When groups were cochjpateveen them, it is actually

B1 that was statistically different (p<0.001) frathothers Figure 4.11).

Differences in the utilisation patterns of othes@sated C-sources did not follow the
same trends. L-rhamnose and N-acetyl-D-galactosansimowed a very strong
difference in utilisation by strains from phylogpé. Common C-sources, such as
glucose, fructose and lactose also showed phyldigaite-distributed utilisation

patterns Figure 4.11). Interestingly, we observed a generally greafedgihce in

utilisation patterns between phylogroup A and Biss, which is unexpected as
these phylogroups are believed to have recentlgrded, and thus share higher

degrees of functional similarity, which we showdéer not the case.

4.2.4. Conclusive remarks on host vs. nonhost metabolic viability

Based on the observations of the metabolic studggmted in section 4.2., we can
conclude that there are two different levels ofabetic differences between nonhost
and host isolates d&. coli. First, the metabolism of common “core” C-sour@esed
by all strains oE. coli) mostly occurs at lower speeds in nonhost straamspared to
host strains. Secondly, the possession of spegéietic information (the laterally
acquired sucrose and aromatic compound metabalistesk) is also significantly

playing a role in differentiating nonhost from hegtains.

Intra-species differences in levels of nutrientuasiion have previously been linked
to variations in the self-preservation and nutnéibcompetence (SPANC) balance

(Ferenci, 2005). It is believed that within bacépopulations such ds coli, there is
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a trade-off between the acquisition of nutrientd eesistance to stressful conditions,
as a correlation between those two traits has bésarved (De Paepe et al., 2011)
and even linked to intracellular RpoS concentratidarenci, 2005; De Paepe et al.,
2011; Ferenci et al., 2011). It sounds indeed egoddly plausible that GMB strains

have adapted to better resist stressful conditeush as those found in nonhost
environments, especially if they transferred fromltiple environments such as water
and soil before being isolated from plants. Howewthough we have a possible
indirect indication of it with the lower nutrient@uisition abilities we observed, we
did not test for stress resistance in this workisTihformation could confirm or not

the hypothesis that the SPANC balance has an immoecological role in nonhost

adaptation by environmentgl coli strains isolated from plants.

As a major difference from faecal isolates of th€aR collection, GMB plant
isolates were observed to be better metabolisesaarbse, a carbohydrates used as an
energy transport molecule found in great abundancplant vascular tissues and
raffinose, a plant-associated trisaccharide shammgtabolic requirements with
sucrose. It is worth noting that Ea coli, sucrose utilisation has been described to be
inversely linked to D-serine utilisation, becau$@ @enetic insertion of thescgenes

of sucrose metabolism in thdsd (D-serine utilisation) metabolic cluster (Jahrets
al., 2002). In our Biolog dataset, the sucroseil@®fvere indeed most significantly
correlated with the D-raffinose profiles (Spearntmrelation; §0.6068, p10%)

and the D-serine profiles &—0.4652, p10'%. This high correlation observed
between raffinose and sucrose profiles is condistéh a shared metabolic pathway,
as it indicates that many sucrose-positive or -tiegatrains are also correspondingly

raffinose-positive or -negative. Plant isolates evaalso observed to be better
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metabolisers op-HPA, an aromatic compound generally found in abaodan soils
(Diaz et al., 2001). These differences have obviecslogical meaning for these
agricultural isolates and allow us to get a cle@ieture on the signatures of nonhost

association in plant-associatédcoli.

4.3. Colonisation-associated phenotypes

To further our phenotypic characterisation and caratve analysis of plant and
faecal isolates oE. coli, we performed assays to test for phenotypes that been
reported to generally enhance the colonisation e¥ renvironments: biofilm

formation, flagellar motility and siderophore pration.

4.3.1. Comparison of biofilm formation by plant and host isolates and

their motility

Indeed, components of the extracellular matrix, riiest important factor in biofilm
formation byEnterobacteriaceaehave been linked to an increased persistence and
attachment on plants (see Introduction sectiol2IlB.and an increased survival to
dessication, an important type of stress in thdlpsyhere. We used the crystal violet
assay (see Methods section 2.7.1) to quantify Imoformation among our isolates.
Briefly, this in vitro assay relies on the irreversible staining of bateith crystal
violet. When forming a biofilm on polystyrene sw#s (i.e., at the surface of
microtitre plates wells, bacteria become firmlyaatted and cannot be washed away,
as opposed to planktonic bacteria, and can thugubetified). We used conditions

previously known (Landini et al. 2006) to inducegtrer biofilm production irk. col:
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lower temperature (28°C-30°C) and growth in CFA med(see Methods section

2.7.1 and Introduction section 1.3.2.1).
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Figure 4.12. Biofilm formation by ECOR (n=72) and GMB (n=106) strains after 72 h of
incubation at 30°C and 37°C Asterisks indicate statistical significance afserDunn’s post-hoc
comparison after a Kruskal-Wallis test. “30” or *"3after GMB or ECOR label denotes the
temperature at which biofilm formation was examinékhe number of asterisks reflects the

significance threshold, with *: p<0.05; **;: p<0.0@hd ***; p<0.0001.

Expectedly, all strains formed very significantBs$ biofilm at 37°C than at 30°C
(Figure 4.12. Also, GMB strains formed statistically more biwf than ECOR
strains, and this difference was more significan8& C than at 30°C. This result

indicates that GMB strains are able to form mor#ilons in vitro than ECOR strains.
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As we mentioned above, the advantage of biofilnméttion has been suggested for
the establishment d&. coli andSalmonellain the phyllosphere. First described as an
advantage in aquatic ecosystems, it is also beliévat biofilm formation could help
bacteria resist desiccation in stressful livingditions such as those that can arise in
agricultural conditions on plants, but also in solh that sense, it is not surprising to
see thak. colistrains isolated from nonhost environments tenaktonore efficient at
producing an extracellular matrix than faecal ismda The possibility that biofilm
formation byE. coli provides a selective advantage during nonhosthiife already
been hypothesised based on the dissection of timetigeregulation affecting
biosynthetic genes related to the extracellularim@tandini et al. 2006). Indeed, the
capsule synthesis master regulator CsgD and treyritiveticcsg operons encoding
curli, the major proteinaceous fimbriae of the ewivacterial extracellular matrix are
upregulated at low temperature, low osmolarity ahding stationary phase of
growth, which would tend to correspond more toaxthan intra-host life conditions
(Landini et al. 2006). Our observation that nonkassociated strains produce more
biofilm than host-associated strains also contabub the hypothesis that biofilms are
ecologically important inE. coli for nonhost lifestyles and persistence (see

Introduction section 1.3.2.1).

Flagellar motility has been linked to an increasetbnisation of rocket salad and
spinach leaves by pathogertic coli and of basil and lettuce leaves $glmonella

enterica (see Introduction section 1.3.2.1). We then exanhithe frequency of
motility among ECOR and GMB strains. We qualitatyvassessed the ability of
strains to swim in commercial motility agar aftealshing of an overnight culture

(Figure 4.13.
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GMB strains were found to be more motile at 37°GnthECOR strains
(GMB=80/101, 79.2%; ECOR=45/71, 63.4%; Two-sigetest;¥?>=5.259; p=0.0218).
In the light of the previously published literatune the importance of flagella for
plant colonisation, this observation is ecologicaiignificant and as for the increased
biofilm formation, may reflect enrichment for ecglocally relevant plant colonisation

mechanisms in plant isolatesif coli.

4.3.2. Effect of plant auxin-derivatives on biofilm formation by plant

isolates ofE. coli

If and how plants interact with non-pathogenic irgrating bacteria or even with
seemingly neutral (i.e. non-interacting) microbt@mmunities living on or next to
them remains poorly understood. It is believed thatsynthesis of plant hormones,

some of which are volatile, can affect phytospherierobial communities and
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immigrating bacteria. Two major hormones of plajgsmonic acid (JA) and salicylic
acid (SA) have been shown to effect on the strectamd diversity of epi- and
endophytic microbial communities éfrabidopsis thaliangKniskern et al., 2007). It
was shown that impairing thrabidopsisSA-mediated pathways reduced endophytic
diversity, whereas the lack of the JA-mediated wede pathway increased the
diversity of epiphytic bacteria (Kniskern, Traw &t 2007). Regarding immigrating
bacteria, it has been shownvitro that the plant auxin derivatives had an impact on
E. coliin vitro cultures. The addition of the plant auxin indota€®tic acid (IAA) to
growing cultures oE. coli K-12 increased their resistanicevitro to various stresses
and antibiotics, and slightly but significantly mreased their biofilm formation
(Bianco et al., 2006). More recently, contradictregults have been produced, as I1AA
and more importantly 3-indoleacetonitrile (IAN) d¢dwery significantly decrease
(and not increasap vitro biofilm formation of E. coli O157:H7 (Lee et al., 2011).
From a comparison of the protocols used in thesestwdies, it would seem that the
difference is more attributable to strain-specditects rather than a concentration or

a temperature effect.

It is then very interesting to examine the effeicplant auxin derivatives on biofilm
formation in large number of strains, including tkeologically relevant GMB
collection. In this section, we first examined tbgicity of auxin IAA on ourE. coli
strains Figure 4.14. We then added non-toxic concentrations of pdanxin IAA and
derivative IAN to bacterial cultures during Koltassays to monitor their effect on

biofilm formation Figure 4.15.
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Figure 4.14.E. coli growth in LB in the presence of various concentratins of plant auxin indole-
3-acetic acid (IAA). The growth curves show the averages ofEL&oli strains (ECOR and GMB).

Error bars denotes standard deviation from theameer

Unfortunately, we did not include IAN in our toxigitests, but the response to
various concentrations in two other auxins, IAA amdclosely related molecule,
phenylacetic acid (PAA), was striking between th@ata not shown). For both 1AA
and PAA, the maximum concentration with no negaéffect on growth was 2mM
(data not shown). Concentrations below 2 mM seetoechprove growth, compared
to the control (medium alone). This is maybe causethe IAA (or PAA) starting to
be metabolised by the strains at these concemgo coli can harboupaa genes,
involved in PAA, and possibly IAA metabolism). B@met al. (2006) cautiously used
0.5 mM in their assays whereas Lee et al. (201dyvsHd that IAN was not toxic tB.
coli, even at concentrations as high as i§0nL. Based on this information and our

toxicity experiment, we decided to use 2 mM IAA dAdN in the following biofilm
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experiments. We added 2 mM IAA or IAN to bactecaltures and let them grow

statically for 72 h at 30°C or 37°C before perfanma Kolter assay on the plates.
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Figure 4.15. Effect of 2 mM IAA and 2mM IAN on biofilm formation by ECOR (n=72) and GMB

(n=106) strains after 72h of incubation at 30°C an®7°C. Asterisks indicate statistical significance
compared to control values based on a Dunn’s pmstdomparison after a Kruskal-Wallis test. The
number of asterisks reflects the significance thokk with 2 asterisks corresponding to p<0.001 &nd

asterisks, p<0.0001.

The effect of 2 mM IAA and 2mM IAN on biofilm forni@n was not statistically
different from the control for either GMB or ECORans at 30°C. However, |IAN

(but not IAA) had a very significant effect on GMB<0.0001) and ECOR (p<0.001)
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biofilm formation at 37°C. The disparity of IAN eift at 37°C compared to 30°C can
be compared to the previously published effectAdd on E. coli O157:H7 at 37°C,
which was very clear and much stronger than witiA\ IA.ee et al. 2011). As
mentioned above, results from previously publisheslature are different, but may
be attributed to the examination of single straimbkich is always open to variable
results, and to differences in protocol. Indee@nBo et al. (2006) compared adhesion
of cells to polysterene after 20 h at room tempeeatwhereas Lee et al. (2011)
compared adhesion after 24 h at 37°C. As we shawedy our large collection of
strains, the response at these two temperatuvesygifferent and likely to be strain-

specific.

4.3.3. Siderophore production

Iron in its ferric form (F&) is essential for many biochemical processes duery
insoluble. Its bioavailability is a major limitinfactor for bacterial growth in natural
environments and bacteria suchEascoli have evolved mechanisms to scavenge iron
molecules in order to maintain their vital ironraxtellular concentration between 10
to 10° M (Garenaux et al., 2011). It has been estimatatithorder to survive and
multiply within hosts, pathogenic strains Bf coli require 18 to 1 F€** ions each
generation.E. coli strains are able to synthesise up to 4 distindersphore
molecules, named after genus names [Bhterobacteriaceae enterobactin,
salmochelin, yersiniabactin and aerobactin (Ganen@aza et al. 2011). F&:. coli,
siderophores have been mainly described in pattsogervirulence factors and are
suggested as target molecules for antibacteriapooimds to limit pathogenic growth.

Similar approaches have been undertaken in soithi@ospheric bacteria and plant
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pathogens (Jurkevitch et al., 1992; Cornelis, 2@i@jlo et al., 2011). Indeed, it is
believed that iron is also very limiting for growih nonhost environments such as
soil and is therefore the object of intense contipetiby resident communities.
Nevertheless, it was shown using biosensors tleaatailability of ferric iron was
spatially heterogeneous on plant leaves, and tbatstarvation at the bacterial scale
on the phyllosphere was probably not uniform, watibsequently varying levels of
competition (Joyner and Lindow 2000). Sideropham@dpction by bacteria seem to
be important for both host and nonhost interactidmsour knowledge, no published
study has addressed the role of siderophore priotuduringE. coli or S. enterica
interactions with nonhost environments or even tglaso we included it in our

comparative phenotypical analyses.

4.3.3.1. Siderophore production differences in plant and fed

isolates

We used chrome azurol S (CAS)-based solid mediumagsess siderophore

productionin vitro (see Methods section 2.7.8hd compared the distribution of

siderophore production between ECOR and GMB sti@&iggire 4.16.
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—_ Figure 4.16. Siderophore production by ECOR (n=72)

and GMB (n=106) strains The asterisk denotes statistical

significance based on a Bonferroni post-hoc corspari

I after a Welch'’s t-test (see text).

Siderophore production index (arbitrary units)

GMB strains produced significantly less sideropBofenpaired t-test with Welch's
correction; t=3.09, p=0.0025) than ECOR straimsvitro on CAS indicator agar
medium Figure 4.16, with the top 11 (out of 178) siderophore producers being

ECOR strains (data not shown).

4.3.3.2. Siderophore production by pathogenic strainsf coli

Siderophore production i&. coli has been described in the literature as a virelenc
factor, notably for EXPEC (including UPEC and rethtAPEC) (Caza et al., 2008;
Wiles et al., 2008; Garenaux et al.,, 2011). It lh@en shown that siderophore
production is important for host colonisation dgrithe pathogenic process, and
interestingly, we can observe that host-associ&&@DR strains produce more
siderophores than nonhost GMB straiRg)(ire 4.16. If siderophore production is a
trait strongly associated with host-associatedstifies, there is a possibility that
siderophore production by pathogenic isolates ghdr than GMB. It then becomes
interesting to compare siderophore production betwaant isolates and pathogenic

isolates to see if the decreased utilisation by GiBthis ecological hypothesis. We
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performed a CAS indicator assay using APEC and &tugin mutants oE. coli

0157:H7 Figure 4.17).

Figure 4.17. Siderophore production
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We did not detect any statistical difference betwsielerophore production of GMB
or ECOR and pathogenic isolatdsigure 4.17). The only statistically significant
difference was between GMB and ECOR as shown befleigure 4.16. This
observation suggests that ecological differencesdarophore production within the
E. coli species are not great, possibly confirming thetalvrole in bacterial

persistence and growth.

It is possible that the observed difference betwsast and nonhost strains is caused
by our way of assaying siderophore production. Wewgstrains at 37°C, a
temperature which is maybe not very conducive @ésiphore productiork. coli has

been documented to produce up to 4 different sptene molecules (Garenaux, Caza
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et al. 2011). It is therefore possible that onlgnsaof these siderophores are expressed
and exported at 37°C on CAS indicator plates, fbeeemaking plausible ecological
explanations difficult to formulate, although itwd indicate that GMB isolates are
less able to produce siderophores at host temperatinfortunately, we did not
perform siderophore production tests at lower taatpee, but we have developed a
method to detect the presence of the 4 differel@rephore biosynthesis operons in a
subset oft. coli strains. Using this method, we can try to correthte siderophore
production phenotype with the presence or absericespecific siderophores

biosynthesis operons.

4.3.3.3. Development of a multiplex PCR tool for the detecti of

siderophore biosynthesis geneshn coli

It is interesting to know if the differences in eidphore production indices observed
in the previous sections are correlated with théitalio synthesise more types of
siderophores, or just higher amounts of individsiderophores. To address this, we
developed a multiplex PCR method to detect in 4tedphoresis gel lanes 15
siderophore biosynthetic genes encoding for 4 wdiffe siderophore molecules (see
Methods section 2.7.3). We used this method toftesthe presence of siderophore
genes in 28 ECOR and GMB strains classified as [ewerage siderophore
index=0.686), medium (average siderophore indeX83).7and high (average

siderophore index=2.825) siderophore produdeigufe 4.18.
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index strain  iucC iucA iucD
0

0.000 GMB69
0.000 GMB37
0.000 ECOR29
Low producers | 0-000 ECORS2
1.248 ECOR49

1.405 GMB50
1417 GMB22
ECOR22

1772 ECOR19
1774 ECOR65
1780 GMB30
1783 GMBS9
1783 GMB33
1786 GMB28
1786 ECORS8
1788 ECOR26
1790 ECOR33
GMB79

o

0
0 0
0
0

O O O OO OO0 OO0 oo

Medium producers

oo o o o

High producers

Figure 4.18. Graphical representation of band detdion after a multiplex PCR detection test for
siderophore biosynthetic genesOrange colour indicates presence of a band, yedlolaur indicates
absence of band. The “index” column indicates vahfethe siderophore production index as measured

on CAS indicator plates.

Visually, it seemed that high producers yielded enbands (i.e. harboured more
siderophore biosynthetic genes). Using this m@k@CR method, there were strains
with only single genes detected and not the full ffegenes of the operons. We
observed that multiplexing sometimes prevents thplification of target sequences,
especially if these targets are closely locatedhenchromosome (data not shown).
We also observed that enterobactin genes are almhways present in all testdsl

coli strains even those that did not grow or produce a halo &% @gar Figure
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4.18, suggesting that the presence of genes alonelysone factor for siderophore
production and that gene regulation is importard. fiirther this observation, we
calculated the average number of bands detectedlofer medium and high

siderophore producergigure 4.19.

B iuc (aerobactin)
[ irp (yersiniabactin)
B iro (salmochelin)
B ent (enterobactin)

Average number of band
detected per tested strain

Figure 4.19. Average number of bands for low (n=8),medium (n=10) and high (n=10)
siderophore-producing strains after multiplex PCR cktection tests As most of the values were
significantly different after a two-way ANOVA, wenty indicated the non-significant differences (n.s.

on the figure for clarity purposes.

Enterobactin and salmochelin genes were presenallintypes of siderophore
producers. There was a notable increase in detectiogenes for aerobactin and
yersiniabactin in high producers compared to low aredium producers, suggesting
that the ability to produce a diversity of sideroph and not necessarily a high
amount of each is perhaps also causing the larlgepgh@notype on CAS indicator

agar. In any case, there seems to be a link betpleenotype on CAS agar and the
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number of siderophore biosynthetic genes detectedP®R in the corresponding
strains. However, for some siderophores like ebicbn, gene regulation seems to
be involved, as strains harbouring a feriit operon can still not produce siderophore

on CAS agar under our tested conditions.

4.3.3.1. Possible ecological explanations for the observatiedence

in siderophore production between host and nonhisstiates

The competition for iron seems to be ubiquitouguoeng in various environments. It
is therefore surprising to see significant differes in siderophore production
betweenE. coli strains of ecologically different origins of isotm. It seems very
clear that ECOR produces more siderophores undeexqerimental conditions, but
why? Is the competition for iron more important Eorcoliin the gastrointestinal tract
than in nonhost environments? We propose in theticse two different but not

exclusive explanations.

The first explanation is that the difference we eskie could be caused by an
experimental bias. We performed our CAS assay & ®n agar plates and obtained
a large variation in siderophore production betweenstrains. However siderophore
production, costly for a cell to maintain, may beder complex gene regulation
processes and therefore our assay perhaps dichoomgass all optimal conditions
for siderophore production ik. coli. It seems to be the case, as we found full
enterobactin synthesis operons in strains that were even growing on CAS
(meaning that they were not able to scavenge irom fthe CAS-iron complexes,

likely because they did not synthesise any sideyaphmolecule). If those
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enterobactin genes are functional and not cryftiey were therefore not expressed
on CAS agar at 37°C, but it then does not meanttiestrain is unable to produce

siderophores.

Despite gene regulation considerations, it is giessible that the difference in
siderophore production by GMB and ECOR strainsemdl a biological reality. We
show in this section that GMB isolates are prodgidess siderophores than ECOR
strains at a temperature relevant for host coldinisa Additionally, siderophore
production could be maintained at a high level wikempetition for iron is high.
Because the possibility of “cheating” may be higherong phylogenetically related
species than for distant bacteria, cross-feedingxameted siderophores (as most of
them are) is theoretically higher when the conaian of members of the same
species is also higlt. coli most probably do not live in close contact withetE.
coli cells in nonhost environments as it does in hoastrgintestinal tracts.
Alternatively, this mechanism could be speciesqpatelent, with physical proximity
and population density being a key factor. Theefdhe need to synthetise high
levels of siderophores in nonhost environmentsotsas crucial as in the gut, where
most secreted siderophores can be more easily igkdyy neighbouring “cheater”
cells. One can then imagine that when competit@nférric iron is not strong, the
optimal number of siderophore molecules synthesi®edan E. coli cell is the
minimum number that procures the minimum conceimabf iron required for
growth. However, in the gut, in order to grow, # ceust probably synthesise more
siderophores for the same concentration of scavemgm. In other words, the

selective pressure to maintain high siderophoréymtion could be caused by life in
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environments where iron is limited, and where H#pacies competition is very

strong.

As an argument supporting this hypothesis, it hasnbshown that rhizospheric
bacteria able to synthesise low-affinity siderogsowere no longer able to grow if
purified high-affinity siderophores were addedhe medium (Joshi et al., 2006; Joshi
et al., 2008). This growth inhibition was only esled by the addition of iron to the
medium (Joshi, Archana et al. 2006). This studygssts that in competitive
environments, species producing low-affinity sigdrores can be outcompeted by
species producing higher-affinity siderophoreseifastingly, in stable communities
and based on this study, one cannot help to wowtlether siderophore producers
evolved to an optimal affinity level corresponditegtheir living environment. In that
case, it would not be surprising to observe stréios the same species but from
different environments having different capacitiesscavenge iron as a result of
competitive interactions with their ecological conmmties. These hypotheses are of
course subject to experimental verification, bypribven true, they could provide an
ecological explanation of the difference in sidéroqe production by GMB and

ECOR strains.

4.4. Ecological ranking and the “plant association indek

4.4.1. The purpose of ecological ranking of isolates

Based on our observations from a collectiorEotoli isolates from plants, we were

able to dissect specificities and infer possibgatures or traits linked to the nonhost
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environment where those strains were isolated. “Typcal” plant-associated strain
would be from phylogroup B1, motile, forming biafil having relatively low

nutritional abilities after 24 h of growth on vau® C-sources including common
ones, being a low siderophore-producer and a mitabof sucrose and the aromatic

compoundp-HPA.

4.4.1. Selection of phenotypes to rank and their phylogetie distribution

In this section, we selected 5 phenotypic obsamnatthat we believe are ecologically
relevant forkE. coli plant persistence, and that we found to be adsociaith plant
isolates ofE. coliin our comparative analyses. We ranked individii@ins based on
their phenotypic values of biofilm formation, sidphore production, growth on
sucrose ang@-HPA and finally on their average Qg on the 13 C-sources found to
be variable between ECOR and GMB and showFRigure 4.7. We showed in this
section that some metabolic traits could be vemgnicantly phylogenetically
distributed, which prompted us to decompose the&iligions of the phenotypes we
chose to define a so called “plant association xhder “PAi” according to

phylogroups FEigure 4.20.
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Figure 4.20. Phylogenetic distribution of 5 phenotyic factors used in the calculation of the “plant
association” index (PAI). Asterisks indicate statistical significance based a Dunn’s post-hoc
comparison after a Kruskal-Wallis test. The numbgasterisks indicates the significance threshold

with *, p<0.05; **, p<0.001 and ***, p<0.0001. ECO&d GMB strains are combined.

As mentioned before, sucrose apeHPA metabolism were very significantly
distributed according to phylogroups, and alongdame trends: positive utilisation
by phylogroup B1 and D strains, and negative atilssn by phylogroup A and B2
strains Figure 4.20, Figure 4.2)1 Interestingly, nutritional abilities (the QB

average on C-sources significantly discriminatirgween ECOR and GMB) were
also distributed non-randomly across phylogrouph wajor differences between
phylogroups A/B1 and B2/DFgure 4.20, Figure 4.2)1 A Kruskal-Wallis test found

a non-random association with phylogroups for Inofiormation (p=0.0005), caused
by a very significant difference between phylogrédupnd B1 distribution of biofilm

formation. The distribution of siderophore prodanti however, was not

phylogenetically distributed (p=0.439).
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Figure 4.21. Distribution of selected phenotypic raks on the ClonalFrame phylogenetic tree of
ECOR and GMB isolates The diameter of circles is proportional to thekiag, with a large diameter
associated with a high ranking and a low diamegeax tow ranking. Colour of the circles reflects the

selected phenotype as indicated in the legend.

It was visually clear inFigure 4.21 that these phenotypes have a tendency to
distribute differentially according to phylogrougexcept siderophore production).
Very small circles, representing a low ranking the chosen phenotypes, tend to

cluster in phylogroup B2, F and to some extent inwhile large circles were
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observed in phylogroup B1 and D. Siderophore prbdndred circles) was however

more evenly distributed, consistent with the obagown inFigure 4.2Q

4.4.2. Combination of phenotype ranks and calculation ofhe PAI

In an effort to quantify and compare the poteritialplant association amortg coli
strains, we generated a plant association index) @Aeach strain based on the traits
discriminating GMB from ECOR as shown before: ladesophore production, high
biofilm formation, low nutritional abilities, higimetabolism on sucrose apeHPA.
The PAI was calculated as the sum of the phenaypenk of each traitRigure

4.22) and decomposed according to the strain phylo@eigures 4.23Figure 4.24).

Plant association index

GMB
HECOR

Proportion of isolates >

High PAi Low PAi

Proportion of isolates

High PAi Low PAi

Figure 4.22. Frequency plot showing plant associatn index (PAi) order according to collection
(A) or phylogroup (B). ECOR and GMB strains arentxined in panel B. “Out” represent strains from

Escherichia spClade-I
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As expected, the PAi was higher for GMB than for@strains figure 4.22A). We
also observed that the PAIi was generally high fofdggroup Bl isolates and low for
phylogroups A and B2 isolateBigure 4.22B. This is also expected, as we showed
in the previous sections that metabolic data sukhswcrose ang-HPA, which
accounts for 40% of the PAI calculation, was stigmnylogenetically and inversely
distributed between phylogroup B1 and phylogroupsad B2 Figure 4.117).
However, it was surprising to observe that the doatibn with other phenotypes
maintained this phylogenetic distribution. Additedky, strains from the newly
described phylogroup F notably all had a relativielw PAi (Figure 4.22B. The
examination of the distributions of the PAI accaglito collection and phylogroups

confirmed these observatiorfaqure 4.23.

255



|

*kk *%

600

wl | rd

200 J_ J_ . -

A Bl B2

Plant association index (PAI)

o A
m
m

o

*k%k

600+

R B

Plant association index (PAI)

Figure 4.23. Distribution of PAi according to (A) phylogroups and (B) collection and

phylogroups. Asterisks indicate significantly different meamssed on a Bonferroni post-hoc
comparison after a one-way ANOVA (p<0.0001). Thember of asterisks reflects significance
threshold with *; p<0.05; **; p<0.001 and ***; p<0001. Significances between phylogroups were
very similar between representations in panels dBunFor clarity, only the ECOR vs. GMB statistical

significances were represented on panel B.

Similarly to what we showed for individual phenatygd rankings, we mapped PAI
indices values onto the ClonalFrame phylogenete wf ECOR and GMB strains

(Figure 4.24.
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Plant association index (PAi)

Figure 4.24. Distribution of the plant associationindex (PAi) on the ClonalFrame phylogenetic
tree of ECOR and GMB isolates As indicated in the middle of the tree, PAI ipmesented by shades

of the following colours: green = highest PAi valred black = lowest.

Examination of the tree confirms visually that pigrhdoups B1, but also to some
extent D and E are potentially more suited for plassociation according to our
selected criteria. On the other hand, phylogrouB2and F strains had low levels of
PAI. It is difficult to extrapolate on the directicof this adaptation: are B2 and A
isolates evolving towards host specialisation, o@ 81 isolates distinguishing

themselves from host adapted phylogroups? An ingieswer may result from the
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phylogenetic reconstruction we performed and therlap with PAi values, as
presented irFigure 4.24 The most ancestral group is phylogroup D, fromcWwh
phylogroups B2 and F, and then E, A and Bl diverg@édure 4.24. If this
phylogeny is correct, this would mean that D, hgvrelatively high PAi values
(Figure 4.23, is the most ancestral phylogroup, from which otigers diverged. B2
and A would then have lost their high PAi, while Bdnserved it. However, if the
phylogeny is as reported by Lecointre et al. (1998cing B2 as the most ancestral
group, it would then be D and B1 that evolved taisamore host generalism and a

higher nonhost adaptation.

It is nevertheless remarkable that an ecologiaallgvant definition of possible
environmental adaptation traits follow such a clphylogenetical distribution. Our
results taken altogether seem to strengthen thethgpis thatE. coli strains of
various phylogenetic background and ancestries bdferent ecological behaviour.
In the light of our observations, it is plausibleat these differences are linked to

different life histories in different ecologicalahies.

4.4.3. Ecological ranking of theE. coli 0104:H4 2011 German outbreak

strain

In May to June 2011, an outbreakEf coli 0104:H4 linked to the consumption of
uncooked vegetable sprouts in Germany caused 303]€¥08 cases of haemolytic
uremic syndrome and 3167 non-HUS cases of infeditohde et al. 2011). This
outbreak was the largest and deadliestoli outbreak ever recorded. The genome

sequences were quickly made public and a large dgowrcing effort produced
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valuable and rapid insights into the nature of {héhogenic strain (Rohde et al.
2011). As mentioned earlier in this thesis, we ibletd the genome sequences of 2
related outbreak strains and, using MLST sequerplased the outbreak strains in
phylogroup B1. In the previous section, we found dBhins to have singularities in
terms of possible plant adaptive traits, and as thitbreak originated from fresh
vegetables, it became very interesting to try aealshere this strain would place in
our ecological ranking of strains according to PHi. August 2011, we received
0104:H4 strain H1-1218 from the Health ProtectiageAcy (HPA) and obtained its
Biolog GN2 profile Figure 4.25 thanks to Stephanie Schiller (IFR) who helped in
manipulating the strain in a CL-3 laboratory.
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Figure 4.25. Characteristics and growth values on iBlog GN2 plates after 24h incubation at
37°C for selected C-sources by¥. coli 0104:H4 strain H1-1218 involved in an outbreak in
Germany in 2011.Panel A represents Figure 4.4 and panel B repres$égure 4.7 presented in this

thesis. The values for strain H1-1218 are indicatdalue.
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Strain H1-1218 was overall a very low metabolisdle to reach O§>0.63 after 24
h of incubation at 37°C on 33 C-sources only, wiptdces it at a lower level than
any ECOR strain, and among the bottom 25% of allBG#trains Figure 4.25A).
When C-sources shown to discriminate ECOR and GMiabwolic profiles to the
greatest extent were examined, H1-1218 was alwagsgst the lower metabolisers
(Figure 4.25B, which was also observed when looking at sucrasé p-HPA

metabolism Figure 4.26.
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Figure 4.26. Nutritional abilities, sucrose andp-HPA metabolism as used to define the PAi and
comparison of values oft. coli 0104:H4 strain H1-1218 involved in an outbreak inGermany in
2011 after 24h of incubation on Biolog GN2 platesta&87°C. H1-1218 values are indicated in red.

“Nutritional abilities” represents the average ajufe 4.25B.

Surprisingly, we observed no growth after 24 h oargse or on D-serine geHPA.
After examining the public genome sequence of H18]2ve could identify the

presence of sucrose metabalgc genes disrupting the D-serine utilisation genes, b
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we could not find thdapacluster forp-HPA utilisation. However, when incubated for
more than 24 h on Biolog GN2 plates, H1-1218 cowuldeed grow on sucrose
(reaching Olgy=1.697 at 72 h), but not D-serine pfHPA, in accordance with
genomic observations (data not shown). Interestindgle growth of H1-1218 on
sucrose was among the slowest we observed (datahoein), suggesting possible
differences in the metabolic utilisation of sucrbostween the O104:H4 strain and the

rest of our collection.

Unfortunately, because of time and safety congBawkve were not able to quantify
biofilm formation of the ©0104:H4 pathogenic straso, we could not calculate its PAi
as we did before. However, we can account for 60%s d>Ai (the metabolic factors;
Figure 4.26: nutritional abilities would place the O104:H4ash at rank 35/170,
sucrose metabolism at 110/170 gnHPA metabolism at 112/170, which means that
even if the O104:H4 strain had the top ranks fafilon formation and siderophore

production, it would be ranked 22/170 for PA..

From this seemingly poor “plant association indagtording to our criteria, we can
speculate that the 0104:H4 strain may not be vegll \adapted to nonhost
environments, or did not persist long in the enwinent before living in or infecting
its hosts. However, it is also plausible that theayvation that the overall metabolic
abilities are very low at 24 hFigure 4.25 is a direct consequence of the stress
resistance abilities being very high, as a restithe SPANC balance introduced
earlier (section 4.2.4 of this thesis). These hypseés have to be verified

experimentally, but in any case the fact that thusbreak strain does not perfectly
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“fit” the expected profile we assembled from oufl@ction of nonhost strains from

plants is informative.

4.5. Conclusions and industrial relevance

4.5.1. Ecological considerations and possible link betweergenetic

regulation and genome dynamics

In summary, we were able to observe clear phenotgigferences between plant
(GMB) and faecal (ECOR) isolates. We first observadation in metabolic abilities,
as monitored using Biolog GN2 plates. The bigg&étrgnce we observed was that
ECOR strains were faster metabolisers than GMBnstraspecially when growing on
amino acids as sole C-source, and could reach migtler OQoo values on average

after 24 h incubation on common C-sources suchua®se, fructose or mannitol.

As mentioned in previous sections, it is possibbg this observed lower metabolism
is an indirect consequence of a higher stresstaesis by GMB strains (Ferenci
2005), which we unfortunately did not test for imst work. This speculation is
ecologically plausible as nonhost environmentsnat@stimated to harbour half of
all living E. coli (Savageau 1983), are presumably more stressfiloanvents than
the gastrointestinal tract of mammals, the primaservoir ofE. coli. Additionally,
GMB strains were in proportion more able to use@se and the aromatic compound
p-HPA and this ability was strongly correlated withyjpgroups B1 and D. These two
C-sources have tremendous ecological significansematic compounds are

believed to be most abundant and availablg.tgoli in soils (Diaz et al. 2001) and
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sucrose is the most abundant carbohydrate in pkamdsvegetation. The primary
environment oft. coli being the mammalian gastrointestinal tract, coratgdy soil,
vegetation and water are the most common nonhegbements encountered by any

excretecE. coli

Looking at a range of colonisation-associated ptgres, we also observed that
GMB strains were on average more motile, could pecedmore biofilmin vitro but
were poorer siderophore producers than ECOR strdihese observations that
flagellar motility, sucrose metabolism are potdhtianportant factors foE. coli life

on plants and that amino acids metabolism is aftediore interesting similarities
with the transcriptional profile oE. coli O157:H7 strain EDL933 grown in the
presence of shredded lettuce juice (Kyle et alL020In this work, the most highly
upregulated categories of orthologous genes (C@Ghe presence of plant lysates
were cell motility and the related intracellulaafficking and secretion, and sucrose
metabolism genes (Kyle, Parker et al. 2010; Maria Brandl, unpublished
observations). Surprisingly, amino acids and nacéaid transport and metabolism
genes were globally and most severely downreguldteel combination of our results
with the study on the transcriptomic response ttude lysates (Kyle, Parker et al.
2010) also stresses that important traits requimgdE. coli pathogens to colonize
plants may not necessarily be pathogenesis-assdcifaitnctions as sometimes
suggested (Berger et al. 2010), but functions @éinatcommonly shared within tie
coli species, possibly from the flexible gene pool.sTaiso suggests that there is a
link between the transcriptomic response to enwvitemntal conditions and the shaping
of genome contents in populations associated wighcorresponding environment.

Environments that provide advantages to a certagtabolic ability cause an
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upregulation of the corresponding metabolic gepesyiding the strain possess them
as selective advantage. In that sense, it souadsiple that gene regulation has a role
to play in genome dynamics, the shaping of gengetdnn bacterial genomes and
possibly the different types of selection pressuhed can be observed on various

parts of the genome.

4.5.2. Industrial relevance

The most significant meaning of the PAI is thatepresents a combination of traits
characterisinge. coli isolates according to their fitness in secondaryirenment,

with B2 and A having the lowest values and B1 amddame extent D having the
highest Figure 4.23 Figure 4.24. As presented in the Introduction (section 12),3.

strains from phylogroup B2 and A seem to be evgvioward an increased host
specialisation, whereas strains from phylogroupsBém to be generalists, without
any clear host preference (White et al. 2011). Busly published studies suggest
thatE. coli phylogroups differ in their host association dl@, as some phylogroups
are host specialists (the archetype being B2) vaserethers seem to be host
generalists (B1) (White et al. 2011; Sims and K&f11). The analyses presented in
this chapter contribute to further this dichotorhy, showing that host generalisation
in phylogroup B1 is additionally associated withnhost adaptation. In a study
involving intestinal colonisation of infants, phglmup B2 has been shown to be
much more frequent among resident strains, pergigor long periods in hosts as
opposed to transients, only transiting for a fewsdar weeks in the intestines

(Nowrouzian et al. 2005). In this study, B1 wasvery low quantities in residents,
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and slightly more in transient, but reflected anerall poor host association

(Nowrouzian et al. 2005).

Taken altogether, our observation and the presditézdture can highlight the very
interesting possibility that PAI levels can predicth plant and host adaptedness, and
thus the possibility for any given strain to be mdbkely to be either a resident or a
transient if ever recolonizing a host. For the fandustry, this has a potentially
important impact, a€. coli from food are potentially ingested. When currently
monitoring for E. coli, the industry is aware of the levels Bf coli on its food
products, and is trying to keep it as low as pdssiBonceivably, further information
could be obtained, as it can be imagined that dpeijation structure of isolates from
specific locations (e.qg., agricultural fields) i®nitored, and would provide additional
useful data on (a) the overall likelihood of susfekrecolonisation if the produce is
eaten as well as (b) the possible source of conttion (see Chapter 3 section 3.6).
Of course, this hypothesis relies on the combimadiopublished data by other groups
as well as interpretation of our results, and maes important to confirm it

experimentally.
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5. Dynamics of E. coli colonisation of salads and interaction

U)

with the natural phyllosphere microflora

5.1. Context of this study

The agricultural field environment is heavily pogiédd by soil-borne and plant-
associated microbes. Being outdoor open envirorsnemaily temperature
fluctuations, but also variation in chemical congsenf soils, humidity or radiation
exposure are common and impact on the structurenabfiral microflorae and
functional communities. When immigrating bacteridonise agricultural fields, they
have to interact with an existing community preshiypéully adapted to versatile and
stressful conditions, with which competition fosoeirces has to be fierce. However,
colonisation by invading bacteria, including plamt human pathogens, can be
successful prompting questions about their intevastwith the resident microflora,
and the mechanisms they developed to maintain @imoemental fithess conducive
to growth and survival. It has been suggested epgthytic bacteria could stimulate
or suppress colonisation by plant pathogenic bactgindow and Brandl, 2003).
Conceivably, epiphytic bacteria could have a sintitde on the persistence of human

pathogens and commensals colonising plants.

In order to gain insight on how colonising humathpgens and gut-adapted bacteria
such a<E. colican persist and successfully colonise plants, iglievant to investigate
their dynamics of nonhost contamination, as welltlair interactions with the
rhizosphere or phyllosphere natural microbial comities. E. coliO157:H7 has been

shown to grow in vegetables (Li et al., 2001; Cgaeal., 2003) or at least persist for
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long periods (Solomon et al.,, 2003; Islam et aD04£ Ibekwe et al., 2007).
Additionally, studies focused on the microbial @t of plants have reported a
significant reduction oE. coli counts in the presence of epiphytic bacteria (Epet
al., 2006) or even alteration of the microbial commity structures caused & coli
(Lopez-Velasco et al., 2010). However, there igteohknowledge on this last point,
even if preliminary studies seem to indicate thetré could be an explicative link
between howE. coli can colonise certain salad crops and how naturglgsphere

communities react to such a colonisation (Lopezaseb, Davis et al. 2010).

In this chapter, we investigate that link by expemtally contaminating spinach
grown either in the field or in controlled laboratoconditions. Here, we present
analyses of the salad colonisation dynamic& bgoli and of the interactions between
the natural microbial communities living in agricull soils and field-grown plants

and contaminating. coli

267



5.2. Testing of DGGE protocol using field samples

In this chapter, we present data resulting fromeexpental contamination witk.

coli of field-grown plants. As our access to field-groplants was limited to summer,
we could not spend a lot of method development tomethe actual experimental
contamination and decided to test the DGGE protooosoil and leaf samples from

regular commercial spinach and rocket salad grawielids in Norfolk EFigure 2.14).
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Figure 5.1. Relatedness between representative comnity profiles of field-grown spinach and
rocket salad This dendrogram was calculated with the neightjoiming method on the Pearson
correlation between individual profiles of the saff@ rDNA DGGE gel. “dps”: days post-sowing.

This figure was created using Nonlinear DynamicsrBtix 1D v11.1 (demo version).
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The protocol for DNA extraction from soil and leahterial and the subsequent PCR-
DGGE worked well as we observed multiple bandsaicheprofile from soil or leaves
(Figure 5.1). We observed a higher richness (number of bands)ils than on leaves
(Mann-Whitney U=2.00; p=0.0003). Rocket and spinasil profiles showed
averages of 40.75 and 37.5 distinct bands resgdgticompared to 23 and 14.5
bands in rocket and spinach leaves profiles. Tifisrdnce in richness can of course
be caused by different DNA extraction protocolst ibalso possibly highlights that
soils generally harbour higher levels of microba#ersity, as they offer a more
protected environment than aerial parts of plamtsch are more exposed to outdoors
variation and subject to more intense stress exposionsistently, we observed a
very clear grouping according to the origin of ghefiles (Figure 5.1). Samples from
rocket and spinach leaves clustered separately,batid leaves-associated profiles
were more distant than from soil samples, whicb #&sd to weakly correlate to the

type of plant grown in thent{gure 5.1).

This simple test of protocol indicated that we lthdsen a suitable way to monitor

the dynamics of bacterial populations on leaves @uil), which could be applied to

our experimental contamination investigation plan.
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5.3. Experimental E. coli contamination of spinach plants grown

in controlled conditions

5.3.1. Spinach cultivar used in this study

We asked our partner farms for different spinadhivars to grow in our laboratory-
scale experiment and they provided us with seeds fcultivars Toucan, Lazio,
Picasso, Douglas and Sardinia. To determine whicthese varieties would be the

easiest to handle in laboratory conditions, weetk#iteir germination abilities at 20°C

(Figure 5.2).
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Figure 5.2. Germination frequencies of different smach cultivars. Seeds (n=~100) from 5 cultivars
were placed on filter paper in sterile Petri dishes watered regularly for 13 days. The number of

germinated seeds was determined after 3, 7 andys3 d
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Cultivar Picasso had the higher germination rat8d days and 13 day§&igure 5.2),
and was the cultivar we chose for culture chambewth. We collaborated with staff
and facilities from the John Innes Centre Hortiaxdt Centre (Norwich, UK) to grow
spinach in culture chambers with controlled tempugea humidity and light cycles.
Plants were grown in non-sterile soil to maximise tlikelihood of getting a
representative and biologically meaningful micradl@n leaves. It was confirmed by
the JIC Horticultural Centre staff that cultivacc®so was the fastest to germinate in
soil, although cultivars that were observed noeabl germinate welin vitro (i.e.

Douglas) could also, to some extent, germinatebeattsoil (data not shown).

As an additional control step and to determing.itoli could be present in or within
commercially available seeds, we crushed roughl§ 28eds from each cultivar,
placed the powder into BGLBB medium f&. coli enrichment and plated after
incubation on TBX medium. We did not retrieve anyebcolony on TBX (data not
shown) indicating thaE. coli was not likely to be present in any of our seetthes

and would not perturb our colonisation experiments.

5.3.2. E. coli strain used in this experiment

As this study was scheduled to be performed befmdorming most of the

experiments and analyses presented earlier inthbss, we had limited knowledge
on the GMB strains to select one with relevant props (for instance, metabolic).
We chose strain GMB30 as the main strain used megperimental contamination
experiments, based on the decision that we woldd 10 use a strain arguably

representative of the “average plant-associatddteso We then based our selection
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at the time on the fact that GMB30 scored averageliofilm experiments (rank
50/173). Retrospectively and after the DGGE expenits were performed, we could
examine how GMB30 performed in all other assaydersiphore production (rank
101/173), nutritional abilities (109/173), sucrosslisation (76/173) andp-HPA

utilisation (149/173). Combined together, theseuesal indicated a PAI rank of
118/173, placing the strain slightly above the dott30% of strains that are
presumably less adapted for plant persistence r@diogpto the criteria described in

Chapter 4.

At first, this retrospectively indicated to us tHaMB30 was perhaps not the best
choice for our experiment. Nevertheless, we obskiméeresting results with this

strain, as described in this section.

5.3.3. Colonisation dynamics ofE. coli on laboratory-grown spinach

From most of the studies looking at interactionwasin E. coli and plants, it is
assumed thak. coli can infect plants from an original epiphytic cantaation
(irrigation, rain splashes, or faecal contaminawdravian origin). We also followed
this assumption in our experiment by inoculatthgcoli GMB30 by spraying leaves
of grown plants. We then sought to know if GMB30svectively growing, surviving
or dying after being sprayed on spinach plants.irfiguil?2 days, we monitored
bacterial counts on 3 infected plants per time ploynplating bacterial suspensions on
violet red bile with glucose (VRBG) agar medium,leséve for bile-resistant

coliforms Figure 5.3. Negative control plates on uninfected plantsreéiti show any
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E. coli count on VRBG, although we could isolate colonyrphotypes distinct from

E. colithroughout the experiment (data not shown).
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Figure 5.3. Colonisation dynamics of. coli GMB30 infecting spinach cultivar Picasso plants
grown in controlled environmental conditions.(A) Bacterial counts from 0 to 12 days post-infenti
(dpi). Error bars represent the standard deviaffom the mean after 3 technical replicates. (B)
Pictures of representative VRBG plates obtainednducounts presented in panel A. “1" and “2”
represent the two distinguishable phases in whielobtained different types of colonies growing on

agar plates.

We observed that GMB30 counts were first declirang stabilising (days 0 to 5 after

infection) and then increasing (days 6 to 12 aiftéection). However, to our great
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surprise, we could reproducibly get two differemds of colony patterns on VRBG
plates, depending on the days after infectioicbygoli (Figure 5.3B). From days O to
5 after infection, we observed purite coltHlooking colonies growing homogenously
on VRBG but from days 6 to 12 after infection, wieserved the same colonies in
majority, but mixed with different other coloniet different sizes, colour and smell.
This observation was first dismissed as a posstwatamination during our
processing of the plants on the grounds that weodegibly observed it specifically
occurring roughly a week aftdt. coli infection. Additionally, we never observed
such high counts of noB: coli strains on negative control plates, from plantsyggd
with only water (data not shown) suggesting that ttould be arkE. colispecific
effect. When identified by 16S rDNA sequencingstheolonies were identified to be
mostly from genusStenotrophomonas sgfamily: Xanthomonadaceaeand genus
Rahnella sp (family: Enterobacteriacege These genera are usually associated with
soil or water environments, but are also found reag quantities on plants in
agricultural settings (Suckstorff and Berg, 2008aR et al., 2009; Vyas et al., 2010).
Additionally, Rahnella spare usually psychrotrophic bacteria that are oifteolved

in produce spoilage (Randazzo et al., 2009).

This observation suggests that contaminatiorEbygoli can perturb the structure of
bacterial populations residing on spinach plantcaBise we saw counts of bacteria
such asStenotrophomonasndRahnellaincreasing, this also suggests thatoli was
somehow able to enhance the growth of these bacteraybe by synthesising a

growth-promoting substance.
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5.3.4. Perturbation by colonising E. coli of natural resident communities

associated with spinach

We reproduced these resident bacterial populatienugbations observed during
spinach experimentd. coli contamination, this time by extracting total DN
the phyllosphere and monitoring bacterial commuuigyamics using DGGE. The
main objective of this study being to understana it coli interacts with natural
phyllosphere microbial communities in the agrictdtufield environment, we
performed spraying experiments on both field-grgMants (n=2), and plants grown
in controlled environmental conditions (n=5), moning bacterial communities from
1 dpi to 8 dpi by DGGE. In this section, we willosh the results of one spraying
experiment on field-grown plants and 2 sprayingegixpents on laboratory-grown

plants.

5.3.4.1. Experimental contamination of field-grown spinach

We transferred 3-weeks old field-grown spinach gamto individual pots and
brought them back in the laboratory for sprayinghvit. coli GMB30. We sprayed
5mL/plant of bacterial suspensions containing déffi¢ concentrations (1o 10
cells per mL) ofE. coli GMB30. After 1, 4 and 7 days, we extracted baatddNA
from leaves and amplified the V3 region of the IBSIA gene to use for DGGE (see

Methods). We obtained the gel showrFigure 5.4
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Figure 5.4. Denaturing gradient gel electrophoregren showing community-profiling of field-

grown spinach sprayed with different concentrationof E. coli strain GMB30. Red arrows indicate
the major bands amplified from a single pure celtof E. coli GMB30 (Lane “E"); black arrows
indicate the major bands of chloroplastic DNA; “days post-infection (witk. col)); m: clone ladder

prepared and given by P. Tourlomousis and usedlydolegel analysis.

First, we observed that the profile frol. coli GMB30 pure culture was not
composed of a single band, as we expected. Thehaca V3 amplification of pure
cultures ofE. coliyields multiple bands has been reported in anathety, in which a
thorough analysis is presented (de Araujo and Sdane2008). It has been suggested
that the observation of multiple band amplificatfoom pure cultures is caused by the
fact thatE. coli has 7 copies of ribosomal genes having differeguences (Kang et

al., 2010) and being amplified in the same reacttap (de Araujo and Schneider
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2008). Because of this phenomenon (i.e. differemdls not necessarily representing
different bacterial species) DGGE is probably neegy accurate method for inferring
detailed bacterial abundance (de Araujo and Scknél@08) although, it is a very
flexible and quick method to compare community pesfaccurately and efficiently
(the variation in abundance of one band across acabfe profiles, regardless of its
biological significance, is interesting). In oursea a major band was present and
possibly representing the best amplification, opkidcation of similar sequences in
different copies. Nevertheless, we observed thegelbands were expectedly present

in all infected samples as early as 1 dpi andm¢heé controlsKigure 5.4).

In confirmation with our expectations based on elabunts, we observed very
notable increases in the number of bands at 7appered to 4 dpi or 1 dpi in the
coli-treated samples, but not in the contrélgyQre 5.4, Figure 5.9. This increase in
band number was observed regardless of inoculunteomration. Interestingly,
although the bands appearing at 7 dpi were at dmeesposition for each tested
inoculum concentrations, their intensity seem toyvaery much (this point is
particularly well illustrated when comparing prefil at 7 dpi between inoculums®10

and 16 onFigure 5.4).
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Figure 5.5. Number of detected bands for plants imfcted vs. non-infected withE. coli. Infected

samples represent the average of all inoculum ctrateons; “dpi”: days post-infection.
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To see how community profiles were related to eatter, we grouped similar
samples according to the Pearson correlation of B@GE profiles in a neighbour-

joining dendrogramKigure 5.6).
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Figure 5.6. Relatedness between community profilesf field-grown spinach sprayed with

different concentrations of E. coli strain GMB30. This dendrogram was calculated with the
neighbour-joining method on the Pearson correlabetween individual profiles of the same 16S
rDNA DGGE gel. “dpi”: days post-infection (witk. coli). This figure was created using Nonlinear

Dynamics Phoretix 1D v11.1 (demo version).

We expectedly observed that infected 7 dpi sampbdiles clustered together and
were the most different profiles from the relSiglre 5.6). Additionally, the control

sample profiles also grouped togethEig(ire 5.6) except for the control at 7 dpi,
which although similar, showed a slight increasétsmumber of bands. Profiles of

infected plant samples at 1 dpi and 4 dpi genemalyiped together, with the notable
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exception of the 1 dpi and 4 dpi samples infecteth &0’ cells per mL, which
grouped with the 7 dpi sampldsigure 5.6). This last observation is very interesting,
as it suggests that if the increase in bands iseddaused by the addition tBecoli,

it is also faster when motie. coli are added. In other words, the higher the inoculum
concentration is, the more perturbed are profited alpi and 4 dpi compared to

uninfected profiles.

Unfortunately for this experiment, we did not penfo plate counts ofE. coli
colonising plants. This information could have leelpus to determine if the
differences in profiles a week after infection viiaked toE. coli growth patterns on

leaves, or was even similar to what we observddgare 5.2

5.3.4.2. Experimental contamination of spinach grown in camiled

environmental conditions

We attempted to perform another experimental comaton using plants grown in
another field, but half-way through the experimerd observed heavy fungal or
oomycete contamination on our spinach plants, whvehdiscarded. We therefore
decided to continue growing spinach in laboratoonditions (as we had initially

observed the microflora perturbation) to furtherdstigate this phenomenon.

In Figure 5.7, we present profiles at 4 to 8 dpi for 2 represtvd experiments

(labelled “S2” and “S3”), to which we added pro$ilfFom the inoculated field-grown

plants (labelled “S1”) presented kigure 5.4 andFigure 5.6
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Figure 5.7. Community-profiling of field-grown (S1) and culture-chamber-grown (S2 and S3)

Perturbed

spinach sprayed withE. coli strain GMB30. This dendrogram was calculated with the neighbour
joining method on the Pearson correlation betweeividual profiles of the same 16S rDNA DGGE
gel. “dpi”: days post-infection (withe. coli); “S” stands for “spraying experiment”. This figuwas

created using Nonlinear Dynamics Phoretix 1D vi@ieimo version).

Similarly to field-grown plants, we observed anrgase of the number of bands (and
thus possibly bacterial diversity) about a weeleraihoculation of culture chamber-
grown plants. Profiles from the 3 spraying expenitseshowing an increase in
number of bands were the most correlated and cadgstegether in the dendrogram

(Figure 5.7), despite the fact that the appearing bands watrsimilar between field-
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and culture chamber-grown plants. Interestinglye thfference occurred one day
earlier (6 dpi instead of 7 dpi), which is possiliye to bacteria being able to grow
faster or at least survive better in a propagatath va constantly controlled
temperature (22°C) rather than daily fluctuatinghperatures in field conditions.
Also, there did not seem to be an observable chengemmunity structure from 4 to
7 dpi. Profiles from non-inoculated plants also extpdly grouped together, despite
their significant difference in number of bandsgure 5.8). Indeed, non-inoculated
plants grown in the field had much more bands oaraye (15.8) than culture
chamber-grown plants (6) and this difference waistically significant (Mann-

Whitney U=1.5; p=0.0278).
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Figure 5.8. Comparison of community profiles betwes non-inoculated field-grown and
laboratory-grown plants using DGGE The number of bands were determined from experisne
shown in the previous sections. Each point reptetien number of bands of a profile from non-

inoculated plants. The asterisk indicates a siggauifi difference after a MWW test.

This observed difference in the number of bangsossibly caused by varying levels

of bacterial richness in field and controlled enomiments. When growing in fields,
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plants are subjected to irrigation from above, shetained presence of wildlife and
birds and heavily varying meteorological conditiohss therefore not surprising that
the bacterial richness in such dynamic environmentdserved to be bigger than the
bacterial richness on plants grown in very contiaitonditions. The fact that we did
not observe the same bands appearing in fielddayatatory-grown plants infected
with E. coliis a good indication that the natural microflaasumed to be different in
different growing conditions, is perturbed. We dat see any perturbation in non-

inoculated plants, which is also supporting thipdthesis.

5.3.4.3. Comment on the amplification of contaminating eukgstic

DNA

We very consistently observed very bright bandhephyllosphere samples, around
54% denaturing conditions (created by urea and daride in an 8% acrylamide gel)
for spinach and around 50% denaturing conditionsdoket salad. These bands were
identified as contaminants from chloroplastic antbalhondrial DNA by comparison
with other studies (Lopez-Velasco et al., 2010; tBgiset al.,, 2010) although
mitochondrial contamination was estimated to be fowsalad samples (Rastogi,
Tech et al. 2010). Judging by some of our profitags contamination can represent
up to around 80% of total amplicons in abundancéjckv can lead to an
overestimation of microbial abundance in certaiofiggs. However, in our analysis,
we focused on the position and the number of banéach profiles rather than their
weight. Indeed, DGGE has been considered as a cpemniitative method for
comparison across samples on different gels (Toolesis et al. 2010) but we

preferred to stay cautious and not use densitomgtformation from the gels. 16S
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rDNA PCR-based community analyses do not tend fieatevery accurately the
abundance of different species, but more the eficy of the annealing of universal
primers to particular templates. Furthermore, & baen estimated that PCR misses
half of the ribosomal diversity in environmentalngades, because of annealing

differences (Hong et al., 2009).

Nevertheless, we tried to investigate whether wddcget rid of these contaminants.
It has been recommended to use primer pairs taggdifferent hypervariable regions
to overcome this unwanted amplification. We triecdmpare amplification targeting
the V1-2, V1-3, V3, V3-5, V6-8 and V8 hypervariabiegions (see Methods) and
although we did not obtain the same bands (buthigue same number) we equally
observed a majority of chloroplastic DNA in the ditgns for both hypervariable
regions targeted, as indicated by wider bands ermdématuring gels (data not shown).
Additionally, we did not find differences in amptibtion when the annealing
temperature was raised from 50°C to 55°C. We thiad tdifferent methods for
microbial DNA retrieval, with sonication or stomawet of leaf material (mechanical
disruption of leaves). In both cases we did notrgktf chloroplastic material (data
not shown). This observation has been confirmest Iay a study where authors could
amplify plant DNA after just gently washing the fawe of leaves with diluent
(Rastogi, Tech et al. 2010). A clever way to remtivese contaminants has been
suggested in the same recent study. They identi@edgnition sites of uncommon
restriction enzymes in the lettuce chloroplasti& IBNA sequence. After extraction
from environmental samples, the DNA was digestedguthese restriction enzymes
and the band corresponding to mostly undigestetebalc16S rDNA fragments was

excised to be used for DGGE. The advantage of suamethod is that providing
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digestion is complete, contaminant chloroplastic ADId theoretically completely
removed. A disadvantage however is that one caamssdrt that fragments of bacterial

origin do not get digested as well (Rastogi, Techl.€2010).

In this study, because of the preliminary natur¢hefanalysis and the lack of a high
number of samples and field-scale replicates, \gelg focus on the comparison of
community profiles alone. Our assumption was thatlamg as contamination by
eukaryotic DNA is more or less similar across saspit should not bias too much

our interpretation and the relevance of the requttsented here.
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5.4. Conclusive remarks and industrial relevance

5.4.1. Ecological hypotheses

A study including very similar results and denatgrgel pictures than those presented
in this chapter has been published recently (Logelasco et al. 2010). It presents the
analysis of lettuce microflora community profileea contamination withE. coli
0157:H7 in refrigerated environments. Similarlydor study, authors used DGGE
(Lopez-Velasco et al. 2010) to analyse changebandttuce microflora caused By
coli and cold exposure. Authors observed that the strei@if microbial communities
was changing after 15 days of storage at 10°Crtetastingly, the addition d&. coli
0157:H7 caused a specific increase in epiphytitdoet richness at 10 days, where it
became the dominant microorganism (Lopez-Velascal.€2010). The combination
of these observations with our results constitategong argument to say thatcoli,
regardless of its pathogenic status, can influgheestructure of epiphytic bacterial

communities.

It is somewhat surprising that GMB30, a strain tlvatdo not believe as very adapted
to persist on plants, showed such a drastic efiectesident bacterial communities,
which prompts the hypothesis that this perturbati®mot strain-specific and is

something possibly caused by any infectigcoli strain. It is also possible that
GMB30 has phenotypic abilities unknown to us andfewing a particularly great

ability to influence the structure of plant resitdenicrobes. As we observed an
increase in population, we earlier formulated tigpdthesis thakE. coli strain GMB30

was secreting a growth-promoting substance on qlabod candidates for such a
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substance are siderophores and it has been suggesteSalmonellaand E. coli
siderophores might be used by epiphytic bacterrar{@ 2006), as this phenomenon
seems to be happening frequently among leaf-asedcimcteria (Loper and Buyer,
1991; Loper and Henkels, 1999). The secretion a@érsphores is typically what is
called in ecological terms a “public good” (Gardrerd Kummerli, 2008). A strain
colonising environments poor in iron will secreten-scavenging siderophore
molecules that can be used by other individual meambf the community and not
necessarily the producer itself. As iron bioavaligb has been described as
heterogeneously distributed on leaves, it is ptssifhat some areas in the
phyllosphere are experiencing iron stress. The etiag of siderophore producers in
such areas could therefore boost the growth ofralyuoccurring bacteria, at the

expense of the contaminating bacteria.

In order to investigate this, it would be interegtto monitor community profiles on
plants contaminated experimentally with otlter coli strains, or even noB- coli
bacteria such asalmonella We started to do this, but the DGGE gels were
inconclusive (we could not observe any bands exicgfhe chloroplastic DNA, even
in infected samples) suggesting that we had noaetedd enough DNA, and thus used
enough plants per time point. However, we perfornsetbny counts on various
strains experimentally contaminating spinach grawiaboratory conditions: the high
siderophore producer GMB37 (rank 1/170; PAi ranldefl73), the low siderophore
producer ECOR-63 (rank 164/170; PAI rank of 124)188 well as. coli O157:H7
strain Sakai andsalmonellaTyphimurium., we did not observe any variation in
spinach colonisation trends for any of these séram their counts all decreased

between 6 and 8 dpi (data not shown). More experisnare required to understand
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the strain-specific component, if any, of the compihteractions betweds. coli and

phyllosphere resident microflora.

5.4.2. Industrial relevance and opportunities for biocontrol

There has been a growing interest over the lashddscon the possibility to add
exogenous biological agents, manipulate or altem-pathogenic microbial
communities in soils and on leaves in order to m@rdr suppress the occurrence of
unwanted microbes. Competitive exclusion using dx@éetand fungi has proven
successful to regulate insect-associated damag®ps (the most famous case being
the entomopathogeniBacillus thuringiensis but it has also been examined to
diminish plant disease, and more recently the spbodghuman pathogens on plants
(Cooley et al., 2003; Hudson et al., 2009). Natyrahe first biocontrol strains to
have been tested against human pathogens werdrénes salready proven to be
efficient in controlling plant pathogens. Biocortiseudomonas fluoresceasains
(Liao and Fett, 2001; Matos et al.,, 2005; Fett, @00iao, 2008) and different
Lactobacillusspecies (Vescovo et al., 1995; Vescovo et al., 1936 et al., 1997;
Torriani et al., 1997) have been successfully uasdantagonists against various
human pathogens such &almonella(Liao and Fett, 2001; Matos et al., 2005; Fett,
2006), Listeria monocytogeng€ail997),Staphylococcus aurey¥escovo, Torriani

et al. 1996).

The treatment with biocontrol strains has also hieeestigated to limit the growth or
occurrence oft. coli on salad leaves (Vescovo, Orsi et al. 1995) asd gteen

peppers (Liao and Fett 2001) by competitive exolusin this last study, authors
selected their antagonistic biocontrol strain fritv@ analysis of the culturable natural
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resident microflora of produce (Liao and Fett 200T)ey screened 120 strains for the
ability to inhibit the growthin vitro of various pathogens including. coli and
Salmonella found 6 good candidates froBacillus and Pseudomonagenus and

confirmed their antagonistic effect on green peplgks (Liao and Fett 2001).

In our study, although we did not thoroughly idgnbacterial species corresponding
to the bands appearing on denaturing gradientajds treatment of the plants &y
coli, we observed that strains from tl8tenotrophomonasnd Rahnella genus
increased in numbers whén coli had infected their habitat. It somehow would mean
that the presence @. coli on plants triggers events leading to the growthheke
bacteria on leaves. This seemingly “synergic coibpigy” (i.e., the fact that the
fitness of an exogenously added bacteria also lienieé fithess of the resident flora)
can also be the reflection of competition for tleme resources, and it remains
unknown whether, if applied in high number on legvB8tenotrophomonasr
Rahnella strains would inhibit the growth dE. coli or not. In that respect, it is
plausible to imagine naturally plant-associateaiss applied as biocontrol agents,
responding toE. coli contamination by outgrowing it and using its rases.
Interestingly, it is worth mentioning that straiffem the Stenotrophomonasnd
Rahnellagenus have been successfully used in the pasbesntrol agents against
fungal plant pathogens oXanthomonas campestrigobayashi et al., 2002; El-
Hendawy et al., 2005Ralstonia solanacearummn potatoes (Messiha et al., 2007) or
Penicillium sp.andBotrytis cinereaon apples (Calvo et al., 2007). In the light o th
observations presented in this chapter, it seemssiille to further investigate the role
of these bacterial species in the possible cootrathibition of E. coli contamination

on salad leaves.
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6. Conclusive remarks and perspectives

In this work, we addressed multiple questions whbitth academic and applied

industrial views, the implications of which are ait#d in this section.

* Where doesE. coli contaminating agricultural fields generally come fom?

We have shown that the population structureEofcoli contaminating plants was
strongly biased in favour of phylogroup B1l, and iagk phylogroup B2. This
observation, if confirmed using plants from diffiereother species, geographical
locations, and time of isolation, could constitateE. coli “ecological footprint” of
plant environments, with possible implications foeicrobial source tracking. Indeed,
a population-wide approach rather than singlesstagsociations seems to be the way
forward, as it seems from the yet scarce literaturehis topic that the association of
certain environments and hosts with specific pdputastructures is much more
robust than with single-strain genotypes or markbrd=igure 6.1, we present the
average population structures for primary and sgagnenvironments i&. coli, with
data taken fromTable 1.1 updated with our present analysis (additionallge s

Chapter 3 section 3.6).
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Figure 6.1. Radar plot of combined E. coli population structures from various

environments. Data was extracted and averaged fiicable 1.1

Based on the overall genomic similarity, and nafason, of plant-associated and
faecal isolates, we can exclude the possibility Ehecoli retrieved from plants come
from “naturalised” populations endogenous to sasljt was suggested earlier (Ishii et
al. 2009). Unfortunately, apart from this point, w@nnot answer fully the difficult
guestion of wheré&. coli from plants comes from, but we provide a good wetto
do so. It would be interesting to conduct fieldlscaxperiments over a growing
season, in which the population structurgzofcoli contaminating irrigation, wildlife
or soils would be compared to the population stmgcon plants. Similar approaches
have been preliminary investigated regarding catilamination of water (Carlos et
al. 2010) with promising results, and it would Bgdme interest to transpose this to

agricultural food safety.
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* Are there specific functions or traits in plant- or nonhost-associatedt. coli?

A very diverse E. coli population, maybe broadly attributable to nonhost
environments, was observed on plants and prompkedjgaestion of how host and
nonhost environments can shape the populationtsteuof E. coli. The simplest
assumption is to consider that strains from difiegghylogroups possess on average
different fitness-enhancing traits that modulateeirthabundance in various
environments. In order to identify these traits, w&ed a combined comparative
approach incorporating phylogeny and a large rarfigihenotypes that were reported
to be involved in the colonisation and persisteat&. coli in various settings (see
Introduction section 1.3 and Chapter 4). From cualysis, we could determine that

plant and faecal isolates differed significantlyroaltiple levels:

(a) plant-associated adaptation to sucrose and aromatmompounds metabolism

We observed that GMB isolates were strikingly mbeiiter at utilising sucrose and

aromatic compounds, two traits with a very strooglegical relevance in nonhost

environments. Sucrose is the major carbohydratadan plants (leaves and roots)
and aromatic compounds are present at naturally Rigsh concentrations in soils,

plants and water (Diaz et al. 200I).vitro competition assays are required to confirm
the fitness-enhancing properties of these traitg, ib is nevertheless striking to

observe such an enrichment of these laterally aeguunctions in plant-associated

bacteria.
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(b) nonhost-associated adaptation to stressve extrapolated that a significantly
slower metabolism on common nutrients by plant-essed isolates could be a
reflection of the trade-off between stress resttaand nutritional abilities involved
in the SPANC balance theory (Ferenci 2005). We inf@tely did not perform stress
resistance assays but if this link is proven tiuiepuld mean that one of the major
selection pressures for high fithess in nonhostirenments is the ability to better
resist better various stressful conditions, refldandirectly by a slower metabolism

in GMB isolates.

(c) phylogenetic-associated adaptation to nhonhost enanments

Based on the assumption that traits enhancingsBtirea given environment are over-
represented in isolates from this environment, @kuwated a “plant association
index” or PAI based on the traits found to sigrafitdy discriminate GMB from
ECOR. We could roughly estimate the likelihood t#nb association for individual
strains, and this potential was strikingly veryostyly phylogenetically distributed in
E. coli, with a high PAi values in phylogroups B1 and ¢ong extent D, and very low
PAI values in phylogroups B2 (and F), and A. We ldoseparately confirm this
distribution in plant and host isolates, indicatitigat this association is probably
ancient inE. coliand was not caused by our sampling of plant-agsatisolates. As
presented in the conclusion of Chapter 4 (sectid), 4here is a convergence of
evidence implying thaE. coli phylogroups differ in their host association, dhds
possibly in their transmission ecology, as somdqurpups are host specialists (the
archetype being B2) and others are host gener@Ba{s(White et al. 2011, Sims and

Kim 2011). Our study contributes greatly to furthieis dichotomy, by showing that
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host generalisation in phylogroup B1 is associat@t nonhost adaptatiorFigure

6.2).

Host specialists Host generalists
Obligate pathogens “Resident” commensals “Transient” commensals

Nonhost isolates

Shigella/EIEC B2, A < D? > B1
Loss of pHPA metabolism High pHPA metabolism

High production of siderophores Low production of siderophores

Fast metabolism Low metabolism (high stress resistance?)
Non-motility Motility

Figure 6.2 Schematic representation of the dichotomy betweest specialisation and

generalism irk. coli.

Resulting from the analysis presented in this #)ese can present a model of host
association and transmission ecoloBig(re 6.2) in which different strains dt. coli
range widely in their association (i.e. fitness impim) with host and nonhost
environments. In this model, the extremes of h@&cmlisation are the obligate
pathogensShigella and EIEC, and host generalism and nonhost adaptatre
represented by phylogroup B1 strains. It is intigmgsto notice that a large number of
traits could potentially be associated with thislegical strategies dichotomy. It has
been reported thaBhigella had lost the ability to degrade aromatic compounds
(Sabarly et al. 2011, Touchon et al. 2009), indncathat this trait is probably not
important forE. coli strains that are strongly associated with theatficAccordingly,
we observed a very low or nonexistent metabolisraromatic compounds in B2 and

A strains, and a high metabolism in B1, indicatihgt this trait could potentially be a
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good marker for assessing the host adaptationsstdtany individual strain. There
are additional minor functions that we hypothesisede associated with specific
ecological strategiesF{gure 6.2). The high production of siderophores could be
linked to adaptation to live in densely populatadhas, like host intestines (see
discussion in section 4.3.3), a fast metabolism #red absence of motility (see
discussion in section 1.2) could additionally besoagated with the intestinal

environment.

* DoesE. coliinteract with the plant resident microflora?

We addressed this question very preliminarily inafler 5 of this thesis. Using
DGGE, a PCR-based community fingerprinting metha@ could observe that
around one week after artificial contamination withcoli, a surprising increase in
levels of indigenous epiphytic resident bacteriauned, possibly including bacterial
species likeStenotrophomonas s@nd Rahnella sp More research is required to
investigate the mechanisms causkagcoli to actively (either directly or indirectly)

modulate the natural epiphytic community structure.
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