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was the first E. coli pathotype described in 1945 in the United Kingdom (fig 1a). This type of E. coli tightly binds to the epithelial cells of the intestines and modifies its cytoskeleton creating a pedestal like shape. Similarly, the enterohaemoragic E. coli (EHEC) can modify the shape of the cells of the intestines, but also produce shiga toxins. It is generally found in the bovine intestinal tract, and can contaminate humans mainly through the consumption of undercooked meat, and raw vegetables (fig 1b). EHEC are responsible of bloody diarrhea as well as the life threatening complication: hemolytic uremic syndrome, particularly among children. The most frequent serogroup found among these strains, is E. coli O157:H7, however other serogroups have been described. EHEC O104:H4 for instance, was responsible for the mostly German outbreak in 2011 that provoked 53 deaths and over 4000 cases of bloody diarrhea. The putative source of contamination originated from some Egyptian organic fenugreek sprouts [START_REF] Buchholz | German outbreak of Escherichia coli O104: H4 associated with sprouts[END_REF]. The enterotoxigenic E.coli (ETEC) is responsible for traveler's diarrhea that results from enterotoxin production (fig 1c). The enteroaggregative E.coli (EAEC) also produces enterotoxins and cytotoxines, but most notably creates a biofilm by stacking bacteria on one another on the epithelia. These strains are responsible of watery diarrhea in young children from developing countries. (fig 1d). The enteroinvasives E. coli (EIEC), are highly invasive strains that produce no toxins but use adhesion proteins to bind and enter the epithelial cells, multiply inside it and moves from adjacent cells to adjacent cells causing cell destructions (fig 1e). They are closely related to Shigellas, a group of E. coli that have acquired a virulence plasmid and that produce shiga toxins. They exhibit the same clinical syndrome as the Shigella ranging from a mild diarrhea to dysentery. Finally, the diffusely adherent E. coli (DAEC), induce the development of long cellular extensions that wraps around the adherent bacteria (fig 1f). These strains are associated with persistent diarrheas among children in developing countries.

Figure 1 Pathogenic schema of diarrhoeagenic E. coli. The six recognized categories of diarrhoeagenic E. coli each have unique features in their interaction with eukaryotic cells. Here, the interaction of each category with a typical target cell is schematically represented. These descriptions are largely the result of in vitro studies and might not completely reflect the phenomena that occurs in infected humans. a | EPEC adhere to small bowel enterocytes, but destroy the normal microvillar architecture, inducing the characteristic attaching and effacing lesion. Cytoskeletal derangements are accompanied by an inflammatory response and diarrhoea. 1. Initial adhesion, 2. Protein translocation by type III secretion, 3. Pedestal formation. b | EHEC also induce the attaching and effacing lesion, but in the colon. The distinguishing feature of EHEC is the elaboration of Shiga toxin (Stx), systemic absorption of which leads to potentially lifethreatening complications. c | Similarly, ETEC adhere to small bowel enterocytes and induce watery diarrhoea by the secretion of heat-labile (LT) and/or heat-stable (ST) enterotoxins. d | EAEC adheres to small and large bowel epithelia in a thick biofilm and elaborates secretory enterotoxins and cytotoxins. e | EIEC invades the colonic epithelial cell, lyses the phagosome and moves through the cell by nucleating actin microfilaments. The bacteria might move laterally through the epithelium by direct cell-to-cell spread or might exit and re-enter the baso-lateral plasma membrane. f | DAEC elicits a characteristic signal transduction effect in small bowel enterocytes that manifests as the growth of long finger-like cellular projections, which wrap around the bacteria. AAF, aggregative adherence fimbriae; BFP, bundle-forming pilus; CFA, colonization factor antigen; DAF, decay-accelerating factor; EAST1, enteroaggregative E. coli ST1; LT, heat-labile enterotoxin; ShET1, Shigella enterotoxin 1; ST, heat-stable enterotoxin. (from [START_REF] Kaper | Pathogenic Escherichia coli[END_REF] 

E. coli are responsible for extra intestinal infections

In addition to the intraintestinal pathologies, some E. coli (named ExPEC) also behave as opportunistic pathogens involved in extraintestinal diseases (fig2), making E. coli the most common infecting bacteria of the urinary tract. Indeed, E. coli infects every other woman at least once in her life [START_REF] Russo | Medical and economic impact of extraintestinal infections due to Escherichia coli: focus on an increasingly important endemic problem[END_REF]. In this type of infection, the Uropathogenic E. coli (UPEC) strains bind to urinary tract urothelial cells using type 1 fimbriae to colonize the bladder. The attachment then triggers apoptosis and exfoliation of the bladder epithelial cells.

In cystitis, the type I fimbriae is continually expressed and the infection is confined to the bladder, while in pyelonephritis the type I fimbriae expression is turned off which allows the organism to ascend through the ureter to the kidneys where it can attach by P fimbriae to receptors on the kidney epithelium, that end up being damaged by the haemolysin and other bacterial products.

E. coli can also cross the one cell thick blood barrier to cause a bacteremia. From the blood, E. coli can invade further the central nervous system especially in premature newborn for which the full development of the brain barrier is not yet achieved. This results in neo-natal meningitis with a fatality rate of 15-40%, and severe neurological defects in the survivors. Finally, E. coli is responsible for bacterial pneumonia, spontaneous peritonitis and even ascending cholangitis [START_REF] Russo | Medical and economic impact of extraintestinal infections due to Escherichia coli: focus on an increasingly important endemic problem[END_REF]. These extraintestinal pathologies have long been neglected as a major public health, partly because of their versatility. However in 2003, a global study revealed that they could produce close to a million death a year and more than 100,000,000 hospitalizations worldwide [START_REF] Russo | Medical and economic impact of extraintestinal infections due to Escherichia coli: focus on an increasingly important endemic problem[END_REF]. All these factors make E. coli a public health enemy, and as not all the members of the species have the same propensity to produce different pathologies, it is of great interest to understand the underlying evolutionary mechanisms that rules its adaptation, and to understand what factors determines the pathogenicity and the life style of the strains.

E. coli a structured species

To study adaptation, an epidemiological approach can be used to track down the diversity of the species. Along those lines, the first step is to produce a phylogeny of the different E. coli known strains. Studies based on both multilocus enzyme electrophoresis and DNA markers allowed the identification of 4 main phylogenetic groups A, B1, D and B2 and a potential fifth group E (fig 3).

With more genomics input and more strains, up to 7 groups have now been identified, adding groups C and F [START_REF] Herzer | Phylogenetic distribution of branched RNA-linked multicopy single-stranded DNA among natural isolates of Escherichia coli[END_REF]. Interestingly these phylogenetic groups, or phylogroups, are also characterized by different profiles of isolation both as commensal and as pathogens suggesting an association between those groups and the different lifestyles of E. coli strains [START_REF] Escobar-Paramo | A Specific Genetic Background Is Required for Acquisition and Expression of Virulence Factors in Escherichia coli[END_REF]. 

Variability in strain carriage as commensals

The different E. coli phylogroups appear to be differentially distributed in the different commensal habitats. For instance the prevalence of the four main phylogroups varies significantly between humans and animals. In human, A group is predominant (40, 5%), followed by B2 strains (25, 5%), and lastly B1 and D that are the least represented (17% each). In animals it is the B1 strains that are dominant (41%), followed by A (22%), B2 (21%) and D with the lower prevalence (16%) [START_REF] Tenaillon | The population genetics of commensal Escherichia coli[END_REF]. Domesticated animals have also an increased proportion of A strains than their wild counterparts (from 14% in the wild to 27% in zoo animals), and less B2 (from 30% to 11% respectively). Further studies, showed that those observations could not be simply explained by the existence of a host specific strain, as only a low number of strains seemed to exhibit such a relation with their host. Indeed large variations in the prevalence of the different subgroups could also be found among human populations, suggesting that environmental factors were playing a major role in shaping the distribution of the subgroups. Comparative studies focusing on human [START_REF] Duriez | Commensal Escherichia coli isolates are phylogenetically distributed among geographically distinct human populations[END_REF][START_REF] Tenaillon | The population genetics of commensal Escherichia coli[END_REF] showed that commensal E. coli strains isolated from Europe in the 1980's (France and Croatia), Asia (Pakistan), Africa (Mali and Benin), and South America (French Guiana, Colombia and Bolivia) belonged predominantly to the A (55%) and B1 (21%) groups, whereas strains from the D (14%) and B2 (10%) phylogroups were less common. On the other hand, strains isolated from Europe in the 2000's (France and Sweden), Japan, North America (USA), and Australia belonged mainly to the B2 group (43%), followed by the A (24%), D (21%), and to a lesser extend B1 (12%) groups (table 2) [START_REF] Escobar-Paramo | A Specific Genetic Background Is Required for Acquisition and Expression of Virulence Factors in Escherichia coli[END_REF]). Here, we can clearly see a contrast between B2 prevalences, which is high in the industrialized countries, whereas it is lower in tropical countries. This observation was confirmed by the study of metropolitan French people that moved to French Guyana [START_REF] Skurnik | Characteristics of human intestinal Escherichia coli with changing environments[END_REF]. Their E. coli phylogroup prevalence became somewhat intermediary between the two patterns, having a prevalence of A similar to metropolitan French people, and a prevalence of B2 similar to the one of the native resident. We could consider that those differences could be related to geographical localization or climate, but the shift in B2 proportion in France between 1980 and 2000, seems to favor socioeconomics factors, such as dietary or hygiene habits.

Variability among pathogenic isolation

Associations could also be found between phylogroups and pathogenicity [START_REF] Escobar-Paramo | A Specific Genetic Background Is Required for Acquisition and Expression of Virulence Factors in Escherichia coli[END_REF]. Indeed it is obvious that ExPEC strains are clustered mostly in two phylogenetic groups, B2 and D [START_REF] Duriez | Commensal Escherichia coli isolates are phylogenetically distributed among geographically distinct human populations[END_REF]. Concerning intraintestinal pathogenic strains, we can see that the EPEC strains are distributed in two groups: B1 and B2. EHEC strains on the other hand are distributed among groups A and B1, but the major concentration of those strains are found in strains of serotype O157:H7 of group E. ETEC strains are found in groups A, B1, and C. Shigellas and EIEC strains are highly localized and represent highly specialized monophyletic groups. Lastly, DAEC and EAEC strains are more or less distributed all over the phylogroups, except in the E group (fig 3). With those observations, we can clearly see a relation between the life style of the strains and their phylogroups, but we can still wonder what the determinants of such behaviors are. Part of the answer came around the year 2000 and with the beginning of the sequencing era that gave a better understanding of the genome architecture of E. coli.

E. coli genome 1.4.1 Core genome and pan genome

Even though E. coli is considered the preferred model for biochemical genetics, and was one of the earliest organisms suggested for whole genome sequencing, the K12 strain of E. coli was only the seventh organism to be fully sequenced. The first complete genome sequence of E. coli was published in 1997 (Blattner et al., n.d.). It was followed in 2001 by the O157:H7 strain that was responsible for a hemorrhagic colitis outbreak in the school of Sakai city in Japan [START_REF] Hayashi | Complete genome sequence of enterohemorrhagic Eschelichia coli O157: H7 and genomic comparison with a laboratory strain K-12[END_REF]. This study revealed a new facet of E. coli genomics as it identified important differences between the genome of the two strains, with a 859kb difference, and 1632 proteins not encoded in K12. Further studies showed similar results, and it became useful to distinguish between two categories of genes (fig 4). In the first one, called the genes of the core genome, we would consider the genes that are ubiquitous among the species or the group of genomes studied, meaning genes that we are assured to find in every new strain sampled. This group is accounting for around 2,000 genes in the E. coli genome. On the other hand, the second group represents the totality of the gene collected from the specie, which combines both the core genome and the accessory genes. It is composed of more than 15,000 genes. The extended set of genes is usually called the pan genome, but pan genome can sometimes also be used in opposition to the core genome, to designate the variable part of the genome, meaning the genes for which the presence in a newly sequenced strain is uncertain. In this thesis, we will refer to pan genome for the whole set of genes and to accessory genes for the genes that are found only in subset of strains. Taking into account that the mean gene content of an E. coli strain is around 4 to 5 thousand genes, we can see that only half of those belongs to the core genome, while the rest of the genes are only partially found in the species. Those differences in genome could be explained by horizontal gene transfer, in which one strain from the same species, or not, transfers genes to a second one using plasmids or bacteriophages that mediate the dissemination of genetic material. Overall, those observations showed how plastic the genomes of E. coli can be, changing the vision that the scientific community had of a rather stable genome, to a highly dynamic structure with a constant flux of insertion and deletions of genes. As the conserved part is highly conserved and genes are not inserted randomly, the genomic organization of E. coli can be qualified as organized disorder [START_REF] Touchon | Organised Genome Dynamics in the Escherichia coli Species Results in Highly Diverse Adaptive Paths[END_REF].

Difference in gene content and adaptation

Among the genes of the accessory genome that differed between pathogenic and nonpathogenic strain, one could identify genes related to pathogenicity that can be considered as The pan genome designates the ensemble of gene that may be found in some E. coli genomes, while the core genome indicates the part of the genome that is common to all strain. Numbers given represent an approximate number of genes. virulence factors. Indeed, when searching through the difference in gene content of the nonpathogenic K12 and pathogenic 0157:H7 strain, from Japan, the researcher were able to identify 131 genes that seemed to be related to virulence [START_REF] Hayashi | Complete genome sequence of enterohemorrhagic Eschelichia coli O157: H7 and genomic comparison with a laboratory strain K-12[END_REF]. Because those factors are generating diarrhea, we can easily understand that they have an adaptive value, as diarrhea offers a good way for a strain to move from one host to another. However things do not look so obvious when looking at extraintestinal pathogenic strains, for which the pathogenic phenotype does not confer any transmission advantage. It then became interesting to look into the reasons for the existence of such virulence factors. Indeed, they could seem to drive their carrier into an evolutionary dead end that would, by killing or weakening the host, reduce its own transmission to other host. This is even more troubling when we know that the loss of virulence seems relatively easy to achieve. Such a paradox could be explained by looking at the extraintestinal strains of the B2 phylogroup, for which virulence factors were identified as genes coding for adhesins or proteins involved in iron metabolism for instance. Indeed, such genes where also identified as being associated with persistence of the strains in the commensal microbiota [START_REF] Gall | Extraintestinal virulence is a coincidental by-product of commensalism in B2 phylogenetic group Escherichia coli strains[END_REF]. Furthermore, it was shown that deletion of all pathogenicity island of strain 536 came at a cost in a mice model of commensalism [START_REF] Diard | Pathogenicity-Associated Islands in Extraintestinal Pathogenic Escherichia coli Are Fitness Elements Involved in Intestinal Colonization[END_REF]. In other words, it is because E. coli strains are selected to be highly competitive in one particular environment, the human gut for instance, that they can survive, grow and become consequently pathogenic in another environment such as the urinary tract. In the end, extraintestinal virulence in E. coli is suggested to be a coincidental by product of commensalism.

Difference in conserved genes and adaptation

Besides presence and absence of genes, adaptation may also rely on variation in conserved genes. How much of adaptation does rely on gene acquisition and how much is achieved by modifying the core genome remains an important question. Looking at gene presence and absence is easy, therefore, as soon as genomes were sequenced it was possible to do so. Researchers looked for instance at how to set apart the pathogenic strains from the commensal ones using the differences in genes content. While the virulence factors were identified in that way, presence and absence could not explain all the specificities of the E. coli phylogroups. As mentioned before these groups have specific patterns of prevalence and associated pathologies, yet, no clear group of genes were identified as being determinant for such a differentiation. For example, there was no clear signature in gene content of the B2 group, and horizontal transfer alone wasn't sufficient to account for the differences between the different groups [START_REF] Touchon | Organised Genome Dynamics in the Escherichia coli Species Results in Highly Diverse Adaptive Paths[END_REF]. This shows that the differentiation of E. coli phylogroups and phenotypes does not only come from the variation in gene content, but can also arise from modifications inside the core genome. An example of such gene modifications could be the ones observed in the fimH gene. This gene code for the type I fimbriae, a protein that is implicated in the binding of E. coli to mucosa. It was showed that naturally occurring mutations in fimH result in a better binding to the urinary tract. FimH mutations are therefore an important factor when shifting from the gut commensal habitat to the urinary tract more pathologic habitat [START_REF] Sokurenko | Pathogenic adaptation of Escherichia coli by natural variation of the FimH adhesin[END_REF].

Therefore it is of great interest to look at the microevolution of E. coli, if we want to gain a full insight its adaptation process in the different habitats humans offer.

IN VITRO EXPERIMENTAL EVOLUTION:

While ecological and evolutionary questions can be tackled using comparative and theoretical observations, bacteria offer the unique opportunity to study their adaptation in the laboratory, in the course of experimental evolution experiments. In such a approach, an organism is placed in a controlled environment in which growth is assured, and its evolution is assessed along the way by phenotypic and genotypic studies.

The different types of in vitro experimental evolution

Three main techniques can be used to perform experimental evolution [START_REF] Barrick | Genome dynamics during experimental evolution[END_REF] (fig 5). They can be adapted to both unicellular and multicellular organisms:

-In the first method called mutation accumulation experiments, a random single individual of a population is sampled at each cycle (fig 5a). The resulting strong genetic bottleneck impedes the opportunity for selection and leads to the fixation of arbitrary mutations with any (but lethal) fitness value. This protocol is therefore used to quantify the mutation rates, biases and effect in the absence of the filtering action of natural selection. The simplest protocol is to plate a colony on a fresh agar plate daily and to pick a random colony on the incubated plate to initiate the next cycle.

-In the two other methods, on the other hand, selection for the fittest individual is at play, leading to an adaptive evolution. In these two methods, repeated growth is assured by a renewal of the media. The first way to do so, is to use a chemostat (fig 5b). A chemostat is a form of test tube in which a constant flow of new media is incoming while old media is continuously discarded from the culture. Bacteria present in the culture are therefore kept in a constant environment at the limit of starvation as they reach an equilibrium in which they exhaust all resources but the new coming ones.

This system has several main drawbacks. First, expensive peristaltic pumps are needed so the replication is always limited as well as the power to analyze evolved lineages. Second contamination of the incoming nutrients is always an issue. Third, the bacteria can evolve to stick to the tube walls and are then no longer affected by the outgoing flux. Fourth, as bacteria are close to starvation the first mutations to invade the population are inactivation of rpoS, the general stress response that allow growth to persist in very low nutrient concentration. However such a pleiotropic mutation may not necessarily be desired.

-The last method developed to evolve bacteria in the laboratory is the use of serial transfers (fig 5c). In that setting, every cycle is characterized by the inoculation of a subsample of the previous cycle's population in a fresh tube or flask filled with fresh media. The size of the bottleneck is set to maintain a sufficient number of individuals to keep genetic diversity high enough from transfer to transfer to allow adaptation to proceed [START_REF] Barrick | Genome dynamics during experimental evolution[END_REF]. It is this form of experiment that was mainly used for experimental evolution studies implying E. coli. It has several benefits: it requires low technology equipment's allowing (i) high replication, (ii) high analytical power for evolved lineages characterization (iii) low contamination rate. Moreover, there are no issues with biofilm formation. However, this system has one drawback: the environment is quite complex with a daily cycle of lag, exponential growth and stationary phase.

Long term evolution experiment (LTEE)

Since the 90ies serial transfer has become the dominant system with notably the most famous experiment using it. In 1988, Richard Lenski, at the University of California Irvine, (and now at [START_REF] Barrick | Genome dynamics during experimental evolution[END_REF] Michigan State university) started his now famous long term evolution experiment (LTEE) that is still running today [START_REF] Lenski | Long-term experimental evolution in Escherichia coli. I. Adaptation and divergence during 2,000 generations[END_REF][START_REF] Wiser | Long-Term Dynamics of Adaptation in Asexual Populations[END_REF]. In that experiment, 12 replicate populations derived from E. coli B (a strain isolated by Felix d'Herelle) has been left to evolve through serial transfer on a daily basis with a 100 fold dilution in 10ml of fresh media containing very limited amount of glucose buffered with citrate. Every 500 generations (75 days) a frozen record of every population was stored for further studies. The revival of these samples allowed direct comparison with the ancestral clones for phenotypic assays or fitness measurements. In February 2016, the strains from Lenski's experiment reached 64,000 generations of evolution. Many landmark papers have been published from that experiment, dealing with the emergence of innovation or, studying more basic facets of adaptation: fitness improvement [START_REF] Wiser | Long-Term Dynamics of Adaptation in Asexual Populations[END_REF], and changes in mutation rates [START_REF] Sniegowski | Evolution of high mutation rates in experimental populations of E. coli[END_REF]. For instance, one of the most famous observations was the apparition of strains able to use the citrate of the media around the generation 31,000 [START_REF] Blount | Genomic analysis of a key innovation in an experimental Escherichia coli population[END_REF][START_REF] Blount | Historical contingency and the evolution of a key innovation in an experimental population of Escherichia coli[END_REF]. , Citrate is normally not accessible as a nutrient for E. coli. This interesting observation was furthermore reproducible with 19 different successful attempts at evolving citrate usage from the ancestor of the same lineage but only after the generation 20,000, suggesting that another older mutation was required for such a phenotype to appear.

Fitness improvement

One of the most basic observation of the LTEE is that fitness is increasing with time. When comparing the fitness of the newly evolved strains to the ancestral strain of E. coli REL606, it was obvious that the strain had adapted to the new environment, having a fitness increased by almost a 1.65 fold at 50,000 generations [START_REF] Wiser | Long-Term Dynamics of Adaptation in Asexual Populations[END_REF]. In itself this observation is a validation of the experimental protocol, but it was also really interesting to see that the adaptation seemed to slow down through time. Indeed, if fitness seemed to increase by 65% at 50,000 generations, it was already almost at 50% at 10,000, and therefore had an increase of only 15% for 40,000 generations afterwards (fig 6). However even if adaptation slowed down, it was still present, and never stopped even after 50,000 generations of adaptation. Models using a power law seemed furthermore to fit best with the data, comforting a never-ending but always slower fitness increase. One reason for the decaying rate of adaptation may come from the fact that beneficial mutations have a lesser impact on fitness in the presence of other beneficial mutations, a phenomenon called diminishing return epistasis [START_REF] Chou | Diminishing Returns Epistasis Among Beneficial Mutations Decelerates Adaptation[END_REF][START_REF] Khan | Negative Epistasis Between Beneficial Mutations in an Evolving Bacterial Population[END_REF].

Mutator selection

Another interesting observation that came out of the study of these lineages was the evolution of their mutation rate [START_REF] Sniegowski | Evolution of high mutation rates in experimental populations of E. coli[END_REF]. Mutation rates can be computed in two ways.

Experimentally by plating the lineages on selective media: counting the selected mutants is then used to estimate a mutation rate. Now with genomics, analyses of the accumulation of mutations through time in the lineages can also be used to infer changes in mutation rates. An early study of the LTEE lineages at 10,000 generations revealed that 3 lineages, Ara-2 Ara-3 and Ara+4, out the 12 original lineages, where found to have an increased mutation rate (fig 7). Furthermore it was shown that the increased mutation rate remained in the population. This experiment then offered an interesting view on how mutator alleles spontaneously emerged, and raised to high frequency in populations adapting to new environments. Later studies using genomics have showed that 6 out of the 12 populations have become mutator populations [START_REF] Tenaillon | Tempo and mode of genome evolution in a 50,000-generation experiment[END_REF]. Overall, 4 populations have inactivated genes in the mismatch repair gene and 2 populations have selected an inactivation of mutT. Interestingly, a close study of one of the population has revealed that mutation rate may decay after fixation of mutator alleles. Population Ara-1, in which mutator increased to fixation at around generation 25,000, showed a twofold decrease in mutation rate that emerged through two independent mutations in mutY.

(See below) Furthermore, another population Ara-2, presented an even stronger mutation rate fluctuation as the mutation rate reverts towards its ancestral state after about 30,000 generations at high mutation rate. In that case, it is an exact reversion of the mutation that lead to the mutator phenotype that was selected for (O. Tenaillon unpublished data). Hence the LTEE provides a complete picture of the rise and fall of mutator alleles or how natural selection may modulate mutation rate. As this aspect will be further investigated in the results of this thesis, I will now present some more details on the genetic control of mutation rate and how selection is affecting it.

Genetics of mutation rate

Control of mutation rate

During the life of a bacteria, its DNA can be altered in many different ways. Therefore several mechanisms exist in the cell to mitigate those mutations. They act at different levels [START_REF] Friedberg | DNA Repair and Mutagenesis[END_REF] -It is first during the replication phase that the higher risk of mutation can be observed. Indeed, the DNA polymerase can produce around one mismatch every 10,000 to 100,000 base pair. To counteract those replication errors, the DNA polymerase III, the one responsible of the main replication of the chromosome, possess a subunit encoded by the gene dnaQ, which allows for a proofreading function. Thanks to this subunit, the fidelity of the replication is multiplied by 10,000.

-After replication, some mistakes may have escaped the proofreading activity of the polymerase. a system known as the methyl-directed mismatch repair (MMR) is recruited is The MutS protein detects the mismatch, and reacts with MutL to recruit and activates MutH into a complex. MutL filaments drive MutH to specific sites that are targets of methylation. Just after replication, there is a time window during which only the matrix strand is methylated while the neosynthetized strand has not yet been methylated. The MutH protein uses that asymmetric methylation to identify the neosynthetized strand. It then recruits a helicase and some exonuclease in order to cut the neosynthetized strand and degrade a fraction of it including the detected mismatch.

DNA polymerase, PolIII [START_REF] Li | Mechanisms and functions of DNA mismatch repair[END_REF] is then recruited to resynthesize the degraded fraction [START_REF] Harfe | DNA mismatch repair and genetic instability[END_REF] (fig 9).

-In addition to replication errors, chemical of physical alteration of the DNA are also at the origin of mutations: they generate non-conventional structures that may be repaired or replicated [START_REF] Harfe | DNA mismatch repair and genetic instability[END_REF] erroneously. One highly mutagenic damage is the oxidation of the dNTPs G in 8-oxo-GTP in the nucleotidic pool of the cell. Indeed once integrated in the DNA, the 8-oxo-GTP, can be matched equally with a dATP or a dCTP by the polymerases creating AT->CG mutations. To counteract these mutations, several enzymes have evolved and are conserved from bacteria to human. Among them, the MutT protein is able to hydrolyses 8-oxo-GTP in 8-oxoGDP before it is used for DNA replication [START_REF] Fowler | The role of the mutT gene of Escherichia coli in maintaining replication fidelity[END_REF]. The MutY and MutM glycolase also enter into action if the modified nucleotide is integrated inside the DNA. MutM removes the oxidized base in the Go:C pairs. MutY protein is acting on the Go:A mismatches that it resolves as if the A was the mis-incorporated base (fig 10).

If mutation is often discussed as needed for adaptation, the mutation rate resulting from the action of all these repairs and fidelity systems is extremely low. Using the synonymous mutations in 1997) the LTEE, an average per base mutation rate of 0.8 10 -10 was found [START_REF] Wielgoss | Mutation Rate Inferred From Synonymous Substitutions in a Long-Term Evolution Experiment With Escherichia coli[END_REF]. However, inactivation of the repair mechanisms lead to an increase in mutation rate. As different repair mechanisms play on different facets of the error correction and fidelity, their inactivation results in variable rates. For instance, inactivation of the Mismatch repair genes mutL or mutS, lead to an increase of about 100 fold, with mostly transitions. Inactivation of mutT, results in a 500-fold increase in AT to CG mutations. mutY inactivation results in a 10 fold increase in G to T mutations, however, it lead to a reduction of AT to CG mutation rate if mutT is inactivated. If mutT is not functional, then incorporation of Go in the DNA is the source of Go and not the oxidation of G in the DNA. As Go may be incorporated in front of an A with 50% chance, then mutY will treat the A as the source of problem and mis-repair it to a C enforcing the mutation. Hence, MutY inactivation can lead to an increase or a decrease in the overall mutation rate depending in which background it occurs.

Selection for and against increased mutation rate

How can selection act on mutation rate? Models of population genetics have been used to tackle this question for a century [START_REF] Sturtevant | Essays on Evolution. I. On the Effects of Selection on Mutation Rate[END_REF]. Selection of an allele changing the mutation rate may not directly result from its direct effect on fitness, but rather on the effect of the mutations it generates, a process called second order selection [START_REF] Tenaillon | Second-order selection in bacterial evolution: Selection acting on mutation and recombination rates in the course of adaptation[END_REF]. This process is particularly efficient in asexual populations in which an allele increasing the mutation rate or mutator allele remains physically linked to the mutations it produces and therefore may benefit or suffer from their fitness effect. As most mutations are deleterious, overproducing mutations is costly and alleles decreasing mutation rate owe to be selected for, as the low bacterial mutation rate suggest. However, simulations and theory show that a few beneficial mutations produced by the mutator alleles in excess may lead to an increase in mutator allele frequency [START_REF] Tanaka | The evolution of mutator genes in bacterial populations: the roles of environmental change and timing[END_REF]. However, the association between beneficial mutations and mutator allele is only possible if the mutator population is large enough to produce some beneficial mutations. This has been experimentally tested in vitro or in the gut of mice by competing different fraction of mutator alleles with the wild type [START_REF] Giraud | Costs and Benefits of High Mutation Rates: Adaptive Evolution of Bacteria in the Mouse Gut[END_REF].

When the fraction of mutator is low, their subpopulation is not large enough to produce the rare beneficial mutations and they will eventually go extinct as they overproduce frequent deleterious mutations. On the other hand, the wild type population will be large enough to produce the rare beneficial mutations. When the frequency of mutator is higher they produce beneficial mutations and hitch-hike with those to high frequency and subsequently increase their chance to produce the next beneficial mutation [START_REF] Chao | Competition Between High and Low Mutating Strains of Escherichia coli[END_REF]. Theory has shown that a few large effect beneficial mutations or some recurrent beneficial mutations due to changing environment were enough to select for mutator alleles in large populations despite a constant overproduction of deleterious mutations at much higher rates [START_REF] Tanaka | The evolution of mutator genes in bacterial populations: the roles of environmental change and timing[END_REF][START_REF] Tenaillon | Mutators, population size, adaptive landscape and the adaptation of asexual populations of bacteria[END_REF]. One easy way to select for mutator is to apply multiple antibiotic treatments [START_REF] Mao | Proliferation of mutators in A cell population[END_REF]. If the mutator is increasing X fold the mutation rate and its initial subpopulation is large enough to produce at least one resistant bacteria per round of selection, then each round of antibiotic treatment is increasing the mutator frequency by an X fold factor. With a 100 fold effect, the initial frequency is increased by a millions fold with three consecutive treatments. This type of selection is certainly responsible for the high prevalence of mutators in bacterial populations colonizing the lung of cystic fibrosis patient [START_REF] Oliver | High Frequency of Hypermutable Pseudomonas aeruginosa in Cystic Fibrosis Lung Infection[END_REF].

Overall, theories and experimental data suggest that observing mutator alleles at high frequency in populations is a signature of an active process of adaptation, in which many beneficial mutations are being selected for, while the mutator allele hitchhikes with them.

Molecular bases of adaptation

Genetic convergence

In addition to observations on the dynamics of adaptation, experimental evolution provides also some insights on the molecular bases of adaptation. Sequencing costs allow now with the coupling of experimental evolution with deep sequencing to uncover the primary targets of natural selection. Using whole genome sequencing, we can compare the evolved lineages to the ancestral strain in order to identify mutations that have accumulated in the genome in the course of the experiment. Using this method 42 mutations were identified in the ARA-1 lineage from the LTEE experiment [START_REF] Barrick | Genome evolution and adaptation in a long-term experiment with Escherichia coli[END_REF]. As none of the coding mutations were found to be synonymous mutations, it appears that most mutations should result from the action of natural selection rather than chance. Furthermore, convergence at the genes level could be observed between all the lineages of the LTEE experiment. When looking at 14 mutated genes from ARA-1 in the other 12 lineages, 3 mutations were present in all lineages, 9 mutations were found in another lineage, and only 2 genes were specific to ARA-1. This evolutionary convergence can be considered as a hallmark of adaptation: Mutations in genes that grant an adaptive advantage will be selected in several populations independently. In another study convergence was analyzed through the comparison of observed and this time hundreds of different adaptive mutations were identified suggesting that many mutations can contribute to adaptation [START_REF] Tenaillon | The Molecular Diversity of Adaptive Convergence[END_REF].

Clonal interference

As both selection of mutators and multiple sign of convergence suggest, bacterial adaptation in vitro is supported by many independent beneficial mutations. Yet, in asexual populations these mutations cannot go to fixation simultaneously and they compete with one another in a phenomenon called clonal interference [START_REF] Gerrish | The fate of competing beneficial mutations in an asexual population[END_REF]. This phenomenon was demonstrated experimentally multiple times. For instance, Lang et al followed some asexual population of yeast [START_REF] Lang | Pervasive genetic hitchhiking and clonal interference in forty evolving yeast populations[END_REF], and by sequencing the whole population at the genome level they could show that clusters of mutations were competing with one another until one finally reaches fixation. In extreme cases, when one loci is under strong selection and has a high rate of beneficial mutation, clonal interference can even be seen within a gene: several mutations affecting the same gene are found segregating in the population. This was shown in Methylobacterium extorquens AM1 in which up to 17 beneficial alleles inactivating trfA coexisted in a single population [START_REF] Lee | Synchronous Waves of Failed Soft Sweeps in the Laboratory: Remarkably Rampant Clonal Interference of Alleles at a Single Locus[END_REF]. So clonal interference seems to be the regime under which beneficial mutations evolve in experimental evolution.

Recruitment of mutations in global regulators

What types of mutations are found? At the molecular level all types of mutations can be found: single nucleotide polymorphisms (SNPs), indels, large deletions and duplications, IS element insertions. Many gene inactivations seem to be adaptive, but adaptation also recruit mutations in important or essential genes. In fact, among the first targets of adaptation, mutations in global regulators play an important role. In the LTEE, among the genes mutated early on across several lineages, two genes, spoT and topA were found to be implicated in the supercoiling of DNA [START_REF] Cooper | Parallel changes in gene expression after 20,000 generations of evolution in Escherichia coli[END_REF]. As such, these genes are global regulators as coiling of DNA plays a role on the expression of many genes. In the thermal adaptation previously mentioned, the clearest target was the very pleiotropic RNA polymerase gene. In combination with other studies (Hindré et al., n.d.), these observations suggest that adaptation recruit first modifications in global regulatory pleiotropic hubs, controlling many genes, and later modification in more specialized regulators with a narrow spectrum that adjust the effects of the first mutations (fig 11). This can be seen as a quick and dirty way to adapt to a new environment by selecting first for mutations that will have a great effect on the bacteria, and, in a second step of fine tuning, either by adjusting the possibly deleterious side effects of the first steps of adaptation, or adapting one step further.

Fig 11:

In vivo evolution of regulatory networks. The structure of the network is hierarchical in the ancestral strain, with hub-encoding genes (dark blue circles) controlling many lower-level regulatory and target genes (light blue circles). The expression profiles of each gene as a function of growth conditions are shown as green curves, with the sum of all curves defining the phenotypic landscape of the individual. The early steps of experimental evolution are characterized by the occurrence of a mutation (yellow arrow) within a hub-encoding gene (red circle), which subsequently shows altered expression. These changes diffuse (red arrows) inside the entire connected network and affect the expression (red curves) of many genes. The overall effect is beneficial, but there are many pleiotropic effects. Later during evolution, compensatory mutations that correct for the deleterious effects of the early mutation affect lower-level genes (orange circles) in the regulatory network and almost restore their expression as well as the expression of some target genes (orange curves). This figure highlights the evolvable structure and organization of regulatory networks. (from Hindré et al, 2012) The recruitment of global regulators in the early steps of adaptation seems to be a hallmark of bacterial experimental evolution in the laboratory. Yet, when one looks at the natural diversity present in these genes, it is surprising to see that they seem incredibly stable in nature. For instance the RNA polymerase genes, like rpoB are often found to be mutated in laboratory experiment, but seems to be really conserved in the wild (fig 12). Why are changes in this operon so often favored in experimental evolution whereas those genes are highly conserved in nature? There is no clear answer to these question, but this somehow suggests that these environment differ drastically from nature.

All this studies gave great insight the mechanisms that drives the adaptations of E. coli, and what factors are selected inside a population, But, if the LTEE and similar experiment allowed to identify several remarkable traits of E. coli adaption, it is still mainly based on bacteria cultivated in laboratory conditions, that are far from mimicking the natural habitat of the specie. Therefore to gain any medical, or even ecological insights, it is crucial to try to go further and to analyze E. coli's differentiation in natura. 

SHORT TERM EVOLUTION IN VIVO AND OBJECTIVES

The aim of this thesis is to use Next Generation Sequencing (NGS) to study the evolution of E. coli in environments closer to nature than what has mostly been used in the laboratory. I will first review knowledge on the evolution of E. coli in its natural environment.

Evolution in the mice

A good approach, to get a realistic vision of E. coli diversification in the wild, was to keep the experimental evolution aspect of the study but to change the environment of the experiment to something closer to the natural environment of the species. To do so several protocols were designed using mice's gut, as E. coli is a commensal of the vertebrates' gut. For instance, a study from 2001 used isogenic germ free mice [START_REF] Giraud | Costs and Benefits of High Mutation Rates: Adaptive Evolution of Bacteria in the Mouse Gut[END_REF] bred on a sterile environment such that the gut is completely free of microbiota, offering a perfect habitat for E. coli without any competitors. The mice where then inoculated with a K12 strain. The researcher showed that, after 42 days, almost all the lineages had evolved and had sometimes gained high mutation rates through a mutation in a DNA repair gene, converging towards results from Lenski's work. They later found that some global regulator were also involved in the early stages of adaptation [START_REF] Giraud | Dissecting the Genetic Components of Adaptation of Escherichia coli to the Mouse Gut[END_REF]. However, these results have a limited power for two reasons. First the strain used was a laboratory strain, that has been passed in laboratory and mutagenized for decades (see below), second and most importantly for that experiment, germ free mice are far from any natural environment: first the immune system is quite abnormal as it has not fully matured due to the lack of bacterial challenging during development.

Second, the physiology is very different with a massive septum full of mucus. Third this environment is really different from that of a natural situation, as the absence of other microbes leaves the whole niche to E. coli while it is naturally a minority species. To get closer to natural settings, other teams suggested the use of conventional mice treated with streptomycin. The use of streptomycin is required to allow the colonization of the gut by a streptomycin resistant E. coli. Although it alters some part of the microbiota, its effects are supposed to be minor on the dominant anaerobic microbiota. With that system, Barroso-baptista, observed in the course of 24 days a convergence towards the inactivation of the gat operon which is used in the metabolism of galactitol and in the oxygen pathway [START_REF] Barroso-Batista | The First Steps of Adaptation of Escherichia coli to the Gut Are Dominated by Soft Sweeps[END_REF]. Galacticol being a part of the host's metabolism of galactose, it was hypothesized that the bacteria were frequently exposed to it and therefore that the strain would be selected for the gat-negative phenotype. The authors argued for a fast rate of adaptation in vivo. Yet, a closer look reveals some limitations of this approach. The strain used is a K12 E.coli for which the expression of gat operon is constitutive due to inactivation of its repressor. However, the repressor is conserved in all natural isolates suggesting it is under selective pressure in natural environments.

Moreover other mutations in respiration could also results from the specificity of the strain, which has been grown on plates for a long time with high oxygen. All in all, we can clearly see that if those studies have results that seem to go along the observations made by the LTEE experiment, they still have some major defaults. Indeed they rely on using environments that are quite far from the natural ones of the bacteria, and on using E. coli strains that are also far from the natural ones, like the K12 strain, that has been used inside the laboratory for almost a century now. Hence, if these experiments suggest a move towards a more natural environment, it is still difficult to know if what was observed is comparable to what happens in the wild. To move further in that direction the use of E. coli K12 should not be taken as a realistic model for the evolution in natura of E. coli. It is necessary to move towards using both natural strains of E. coli and trying to get closer to natural environments of the bacteria for such experiment. In this line of thought, an experimental evolution mice gut study using strains of E. coli closer to the ones found in the wild, will be discussed in the first article, as this could give us a more realistic view of the adaptation of E. coli.

Evolution in human

Chronic infections

As mentioned early on, E. coli has a special relationship with human, and in that respect, the use of mice as a natural environment may be of limited interest. Mice have a different gut physiology, alimentation and metabolism and indeed E. coli is not the dominant enterrobacteria found in their gut [START_REF] Nguyen | How informative is the mouse for human gut microbiota research?[END_REF]. Yet, doing experimental evolution in humans is obviously a really difficult task, as it require for the strains to be maintained in the gut, the host to be checked regularly, and the intake of antibiotics to be regulated. Moreover, the environment cannot be maintained as constant as in the laboratory without rising some severe ethical issues. However studies found ways to go around such limitations, by following patients in a medicalized controlled environment. For instance, in other bacterial species, epidemiological studies followed the modification of one clone while it propagated in a population. Lieberman conducted a retrospective study on 14 subject with cystic fibrosis infected in a Burkholderia dolosa outbreak [START_REF] Lieberman | Parallel bacterial evolution within multiple patients identifies candidate pathogenicity genes[END_REF]. They analyzed 112 isolates collected over a period of 16 years. They identified 492 polymorphic loci. The mutations were accumulating at a steady rate of 2 single nucleotide polymorphisms per year, and using those it was possible to compute a maximum likelihood tree, which retraced the network of transmission between patients. Furthermore, they observed a great amount of evolutionary convergence, with 17 genes mutated independently amongst the different patients (fig 13). There was even a convergence at the functional level, as the mutated genes could be arranged in functional groups, O2 related gene regulation, antibiotic resistance, outer membrane synthesis, secretion, and a fifth group for which the functions were unknown. It is easy to make sense of some of those mutations, given the environment of the strains sequenced. We can correlate the O2 regulatory genes mutation with the pulmonary localization of the bacteria, the antibiotic resistance with the treatment received by the subject, and the secretion genes with pathogenicity. Given that some of the genes mutated here were not previously identified as being implicated in pathogenesis, such an observation can be of great medical interest. This pioneer study has however some specificities: the lungs of cystic fibrosis patients is not the natural environment of B. dolosa which is in that case an opportunistic pathogen. To study E. coli, a controlled within human evolution experiment was made in a case of UTI.

In that study, the colonization of the bladder was carried out with controlled inoculation of a specific type of E. coli: asymptomatic bacteriuria strains (ABU). ABU infections are peculiar, as the E. coli strain colonizes the bladder of the patient, but do not result in a pathology. Because it expresses such an exceptional phenotype, the E. coli strain 83972, can be used for treatment of chronic urinary tracts infections. The strain colonizes the urinary tract, preventing the invasion of other pathogenic strains, while not harming the patient. As the strain remains in the urinary tract of the patient, its evolution can be studied in detail, as both the ancestral genome and its date of inoculation are known. A study was published in 2010, in which they inoculated 6 patients with strain 83972 and then re sampled it at several time points over a period of 423 days [START_REF] Zdziarski | Host Imprints on Bacterial Genomes-Rapid, Divergent Evolution in Individual Patients[END_REF]. They identified 37 mutations, out of which 34 where genic. Amongst the genes mutated they observed signs of convergence, towards regulatory genes, those genes being mutated independently in different patients. For instance the gene barA was found mutated in two patients, and encodes for a protein that controls a global regulatory network affecting flagella or adhesins expression, and biofilm formation. It was previously proposed as a virulence trait in urinary tract infection. Other genes found mutated were implicated in adaptations to different stress conditions, like the gene fnr implicated in oxidative stress response, and mutated in two patients. For medical reasons three patients had to be re inoculated with the ancestral strain. This allowed the researchers to evaluate the reproducibility of the experiment. This second round of evolution revealed that several loci were repeatedly mutated. This observation is of great interest as it shows that such experiments are reproducible and that the mutations observed could not be due to drift, but represent an adaptation of the strain to the environment of the host.

Furthermore they identified that the mutations lead mostly to loss of functions (fig 14). Similarly to in vitro evolution, some regulators were found in the repeated targets of adaptation. This study suggests that during pathogenesis some of the conclusions learned from experimental evolution in vitro could be valid, but the specificity of the environment used requires further experiments before any conclusion can be drawn.

Acute infections

An alternative approach to inoculation of strains, which can only be done in very specific conditions in humans, is to look at the diversity present in samples. For instance, following an infection, it may be interesting to sample several clones and study their diversity. This has been performed in E. coli with several extraintestinal infections. 226 isolates were gathered from 19 patients suffering from deep and closed E. coli infection. Using enterrobacterial repetitive intergenic consensus PCR (ERIC-PCR) and pulse field electrophoresis (PFGE), Levert el al [START_REF] Levert | Molecular and Evolutionary Bases of Within-Patient Genotypic and Phenotypic Diversity in Escherichia coli Extraintestinal Infections[END_REF] were able to explore the diversity of the samples. They first identified that 4 patients had a polyclonal infection, in which the strains sampled were coming from different phylogroups. Furthermore, micro heterogeneity, in which isolates appeared close but still different using ERIC-PCR and PFGE, was found in the 4 polyclonal infections, as well as in 7 monoclonal infections. The best hypothesis to explain this micro heterogeneity is then that the sampled bacteria have evolved from a common ancestor. Theses microevolved isolates from an infection were then phenotypically compared to one another and differences in antibiotic resistance and growth rates were found. Furthermore when comparing with commensal clonal population, the variability in phenotype was significantly higher in the infectious samples, which would suggest that the isolates raised from an infectious common ancestor, instead of diversifying in the gut and then creating an infection. Amongst the phenotypic observation, 3 isolates exhibited a mutator phenotype, with the mutations rate having increased by more than 50 fold for one. These 3 samples will be studied in depth using whole genome sequencing in the article n°2 of this thesis.

Similarly, in another bacterial species, signs of selection acting on regulators were found in a study on Streptococcus agalactiae [START_REF] Almeida | Whole-Genome Comparison Uncovers Genomic Mutations between Group B Streptococci Sampled from Infected Newborns and Their Mothers[END_REF], a commensal bacteria that can cause infections in newborns. Newborns are very likely to acquire the S. agalactiae from their mother at birth. To investigate if this transition from mother to infected child is associated with some selection, A. Almeida and collaborators compared the genome of 19 mother-child pairs of S. agalactiae strains, identifying 14 mutations. Amongst those mutations, they observed a convergence with two independent mutations affecting the covRS locus that encode for a regulatory system of virulence.

The expression of virulence genes related to covRS, such as bibA, cylE and gbs1895 showed a higher expression in the mutant. These results show that the observed mutations are adaptive, and positively selected during the transition between commensal and pathogenic state and contribute to the virulence of the pathogenic strains. All these findings tend to show that parallels can be made between laboratory experimental evolution and what is observed in natura.

Commensal evolution

However, those studies where oriented towards humans but they focused on infections and did not provide real insights on the commensal environment of E. coli. A study by James R Johnson aimed at analyzing the evolution of E. coli in the human gut [START_REF] Johnson | Escherichia coli Colonization Patterns among Human Household Members and Pets, with Attention to Acute Urinary Tract Infection[END_REF]. To do so, they followed the members of a household for 3 years and made 6 samplings in the father the two daughters, the son and the dog. They identified 2 independent clones that maintained during this period, which allowed them to see how the clones diversified during this period. They followed more precisely one of the clone and were able to retrace how it was transferred from one host to another.

They found around 20 mutations in all their samples, amongst which 10 were nonsynonymous. From the data, they deduced a rather low substitution rate with around only 1.1 substitutions per genome per year. This observation suggests, that this strain seems to be already adapted to its environment, whereas the strain from experimental evolution that were facing laboratory extreme conditions, exhibited a larger substitution rate.

Objectives

Then can we really trust the results of experimental evolution to make assumption on natural samples of E. coli? Indeed, there is still work that can be done to improve the protocols to conduct experimental evolution in natura. To answer such a question, we need to use the most recent and effective tools that are at our disposal. Indeed, the recent advances in sequencing technologies bring great promises to this type of study as they allow a deeper visualization of adaptation. Following those lines of thought, we have been conducting several experiments in order to respond to those burning questions:

1 -We have conducted an experimental evolution study inside the mice's gut using a naturally isolate of E. coli: E. coli 536. This experiment offers the opportunity to study the evolution of a natural strain inside an environment closer to E. coli natural niche than an axenic mouse can offer.

2 -We used the samples from 3 of the patients used in the Levert et al. [START_REF] Levert | Molecular and Evolutionary Bases of Within-Patient Genotypic and Phenotypic Diversity in Escherichia coli Extraintestinal Infections[END_REF].

By comparing the different isolates sampled from each patients using whole genome sequencing, we are able to identify the forces driving diversification during an infection.

NEXT GENERATION SEQUENCING (NGS)

Recent advances in sequencing technologies have drastically reduced the cost and time needed to sequence a full genome. These methods are therefore particularly suitable for the study of bacterial population diversification in which we want to sequence a large number of clones in different samples or evolved lineages. In this section, I am going to describe the technical aspects of this sequencing revolution as well as the tools I used during my thesis in order to study the diversification of E. coli in different environments.

Sequencing technologies

Sanger Sequencing

I will start with a brief history of sequencing. It is James Watson an Francis Crick that first hypothesized and showed the double helix structure of DNA [START_REF] Watson | THE STRUCTURE OF DNA[END_REF]. In this model, DNA is composed of two strands coiled in a helix, and connected to one another by hydrogens bond, each strand being composed by a sequence of nucleotides, adenine (A), thymine (T), guanine (G), and cytosine (C). The two strands being complementary from one another, a A always being bonded to a T on the other strand, and a G with a C, Watson and Crick proposed that one strand could be used to reconstruct the other [START_REF] Watson | THE STRUCTURE OF DNA[END_REF]. In 1977 Frederick Sanger was the first to develop a DNA sequencing method using a primer extension strategy, which would remain the main DNA sequencing technology used in the world for decades [START_REF] Sanger | DNA sequencing with chain-terminating inhibitors[END_REF], and would earn him a Nobel Prize in 1980. His method uses a primer that binds to the reference sequence, and that is then used by a DNA polymerase. The polymerase uses the deoxynucleosidetriphosphates (dNTPS) present in the mixture. However alongside the regular dNTPs, the media is also rich in radioactively marked di-deoxynucleosidetriphosphates (ddNTPs) that lack 3'-OH which blocks the elongation of the new sequence. Four different mixtures are prepared with only one type ddNTPs. In each of the mixture, we would find a random number of sequences stopped at different length. The fragments are then separated by size using gel electrophoresis with the mixture of each ddNTPs in a different row, and visualized using the radioactivity of the ddNTPs. By relating the distance migrated to the length of the sequence, we are then able to extract a sequence. Over the years, the method was improved most notably by changing the termination method and getting rid of the radioactive phosphorus and replacing it by a fluorescent dyes. In that case, each type of ddNTPs is being marked by a fluorescent dye that emits at a different wavelength, allowing identification of each nucleotide. The first automated machines dedicated to sequencing were produced, and were able to produce sequences of slightly less than 1 kilo bases. This method was used, and is still used, at large scale to sequence DNA previously amplified by PCR. However, as the will to sequence genome of unknown sequence improved, a new protocol called shotgun sequencing emerged [START_REF] Anderson | Shotgun DNA sequencing using cloned DNase I-generated fragments[END_REF][START_REF] Staden | A strategy of DNA sequencing employing computer programs[END_REF]. In this method, the genome is sheared into small random fragments that are then cloned in a plasmid of known sequence in E. coli.

Each of the fragments is then sequenced, and computers reconstruct the larger picture of the genome sequence. If the number of fragment sequenced is large enough and the shearing of the DNA random enough, as the number of sequences increases, more and more of the sequences overlap with one another. From the overlaps a whole genome can be recovered. This method was used extensively for the first whole genomes that were produced [START_REF] Feldmann | Complete DNA sequence of yeast chromosome II[END_REF], and in the 1990's the Human genome project used this technology to sequence the human genome [START_REF] Lander | Initial sequencing and analysis of the human genome[END_REF]. It took several hundreds of scientist for 15 years and an approximate cost of 3 billion dollars to release the first draft of the genome in 2001. With an optimization of the protocol, Craig Venter and his company managed to release simultaneously another human genome (his) that they produced in 4 years for a cost of about 100 million dollars [START_REF] Venter | Celera Genomics, 45 West Gude Drive[END_REF]. Few years later, the genome of James Watson was released. This time, it took four months, a handful of scientist and 1.5 million dollars [START_REF] Wheeler | The complete genome of an individual by massively parallel DNA sequencing[END_REF]. Nowadays, we are able to produce a full genome by a single person in about a week for a cost of about 1000 dollars. This revolution was made possible by the new generation of sequencer.

Next generation sequencing principle: the case of 454

The method used to sequence James Watson genome was pyrosequencing [START_REF] Heather | The sequence of sequencers: The history of sequencing DNA[END_REF][START_REF] Ronaghi | A Sequencing Method Based on Real-Time Pyrophosphate[END_REF], licensed to 454 life science. It has been one of the base of the next generation sequencing revolution (fig 15a). In these technologies, the time consuming step of cloning is avoided. This drastically reduces the costs, as no more large-scale automation are required to handle libraries of thousands of clones. In the protocol, the genome is first randomly fragmented, and then adapters are ligated to the denatured DNA fragments. Then, an emulsion PCR is done. In this procedure, the sequences are placed in water drops in an emulsion of oil with only one fragment per drop and a bead covered with a sequence complementary to the one of the adapters. The DNA fragments binds to the bead, and because all reagent for a DNA amplification are present, starts replicating like in a PCR, allowing a massive in parallel amplification of each fragment. The newly produced fragments then binds to the bead and so on. Then the beads are inserted into a multi-well plate in which a single bead per well is inserted. The sequencing protocol can then start. In this method, the pyrophosphate produced when the dNTPs are incorporated in a growing DNA strand by the DNA polymerase, is converted into ATP by an ATP sulfurylase. The ATP is then used by the luciferase that produces a luminous signal proportional to the quantity of pyrophosphate. As the 4 different dNTPs are given sequentially to the DNA polymerase, recording the production of fluorescence allows the unraveling of the multiple sequences. This method allowed observing the sequencing process in real time in comparison to the electrophoresis used in Sanger method, and could also be done using regular dNTPs. The main inconvenient of this method is to distinguish the number nucleotides added to the sequence in a row, when long nucleotide monomers are sequenced.

Indeed, the intensity of the light produced is nonlinear after 5 similar nucleotides.

Overall, the procedure outputs sequences, called reads, for each of the fragments of the original DNA. Even if the fragments sequenced were initially drastically smaller than the one provided by the Sanger sequencing method, the method allows a throughput much larger than the one used for Sanger sequencing that were in the thousands bp. With this technic, we can get an output closer to the millions of reads, and even, for other technologies, to about 100 of millions of reads.

The methods developed to assemble genome based on shotgun sequencing can then be applied to those large numbers of reads. Sheer numbers once again compensates the lower sequence quality of these methods: each base of the genome is found in many reads such that a consensus at the base can be identified. The mean number of time a base is represented in the sequencing results is called coverage.

In the end, if Sanger sequencing allows for the production of long sequences, next-generation sequencing gives short sequences but in much greater numbers, (3 to 6 orders of magnitude more).

Furthermore, the main advantage of the next-generation sequencing protocol such as the one described, lies in the amplification process, as it allows for the massively parallel amplification of independent fragments whereas the cloning process of the Sanger method was really the limitation factor of the protocol. These methods allow therefore for highly parallelized, cheaper and faster sequencing. Indeed, methods such as pyrosequencing were outcompeted by Sanger method in the 1970's as they had lower sequence quality and length. But with the renewed interest in them, each of the sequencing technologies used in NGS have made important progress over the last decade. For instance, the length of the reads produced by 454 started with less than 150bp and reached close to 800bp recently (tough 454 is already history now). Indeed, the sequencing technology continues to evolve in such a way that the cost decrease is going faster than predicted by Moore's law which predict a doubling of computing power every two years. Adapter ligation and PCR produces DNA librarieswith appropriate 5′ and 3′ ends, which can then bemade single stranded and immobilized onto individual suitably oligonucleotide-taggedmicrobeads. Bead-DNA conjugates can then be emulsified using aqueous amplification reagents in oil, ideally producing emulsion droplets containing only one bead (illustrated in the two leftmost droplets, with differentmolecules indicated in different colors). Clonal emplification then occurs during the emPCR as each template DNA is physically separate from all others, with daughter molecules remaining bound to the microbeads. This is the conceptual basis underlying sequencing in 454, Ion Torrent and polony sequencing protocols. (b): Bridge amplification to produce clusters of clonal DNA populations in a planar solid-phase PCR reaction, as occurs in Solexa/Illumina sequencing. Single-stranded DNA with terminating sequences complementary to the two lawnoligos will anneal when washed over the flow-cell, and during isothermal PCRwill replicate in a confined area, bending over to prime at neighboring sites, producing a local cluster of identical molecules. (c) and (d) demonstrate how these two different forms of clonally-amplified sequences can then be read in a highly parallelized manner: emPCR-produced microbeads can be washed over a picotiter plate, containing wells large enough to fit only one bead (c). DNA polymerase can then be added to the wells, and each nucleotide can be washed over in turn, and dNTP incorporation monitored (e.g. via pyrophosphate or hydrogen ion release). Flow-cell bound clusters produced via bridge amplification (d) Can be visualized by detecting fluorescent reversible-terminator nucleotides at the ends of a proceeding extension reaction, requiring cycleby-cycle measurements and removal of terminators. (from [START_REF] Heather | The sequence of sequencers: The history of sequencing DNA[END_REF] 

Next generation sequencing's various technologies

Several other parallelized technologies appeared over the year the most notable being the Ion Torrent, Illumina, Pacbio and Nanopore technologies.

Ion Torrent: The ion torrent technology is pretty similar to the 454 one, but instead of measuring light emitted as a consequence of the addition of a new base, it uses the hydrogen ion released when a new base is incorporated and a PH probe that is more precise than the regular light based methods is then used. [START_REF] Rothberg | An integrated semiconductor device enabling non-optical genome sequencing[END_REF] Illumina: -In Illumina sequencing, the fragmented DNA is ligated to adapters (fig 15bc). The reads are then distributed on a flow cell where both the adapters can bind. There is then an amplification process with the newly sequenced fragments that binds again, nearby, to the flow. This amplification process forms clusters of DNA fragments that are all close together. The chemistry is also different from pyrosequencing. There, all the dNTPs are added simultaneously. They are however distinguishable due to a bound fluorescent dye. The fluorescent group is used as well as a blocking agent that stops the replication process. During the sequencing steps, a dNTPs is incorporated and the replication stops. Then, a laser excites the fluorescent dye to identify the base incorporated. The fluorescent dye that blocks replication is then removed and the process continues. (Bentley et al., 2008) PacBio: The PacBio sequencing technology uses dNTPs differentially coupled with a fluorescent dye, this time placed in the terminal phosphate (fig 16a). In this procedure one strand of DNA is placed in a well with a polymerase that is fixed at the bottom of the well. When the replication occurs, the DNA polymerase recruits the dNTP necessary and immobilizes it for a few milliseconds, which creates a light signal. The fluorescence at the level of the DNA polymerase being recorded, one can deduce the sequence dNTP according to the fluorescence detected. The technique offers the particularity that it doesn't need an amplification procedure and generates longer sequences, up to several kb. [START_REF] Eid | Real-Time DNA Sequencing from Single Polymerase Molecules[END_REF] Nanopore: Lastly, the Nanopore technology represents the last step in sequencing efforts (fig 16b). It can be separated from all the other methods, as it does not use biological reaction per se to read the DNA. It requires neither amplification nor fluorescence to work. It uses a membrane with a biologic pore with an electrolyte. A current is applied so that the ions go through the pore. When a single strand of DNA goes through the pore, it is easy to read out the changes in ion flow through the obstructed pore and to deduce the nucleotide associated with such a reduction in current. Very long read can be produced up to several tens of kb. Once again, it is possible to parallelize several sequencing at the same time, while the operation does not need too much reagent. Because of this last reason it can also be miniaturized to the point of being smaller than a hard drive. A recent study using Nanopore was able to reconstruct a genome of a K12 E. coli strain, obtaining one single complete sequence of the full chromosome [START_REF] Loman | A complete bacterial genome assembled de novo using only nanopore sequencing data[END_REF]. However, they found a nucleotide identity of 99.5% to the K12 reference, and therefore, concluded on the necessity to improve the method's accuracy. One limitation of the method giving short reads it that shot gun sequencing assembly methodologies have trouble with repeated sequence (see below). In the days of Sanger sequencing libraries of 3 or 10kbs were produced and sequenced from both ends. This provided further information that was used to assemble whole genome. Here, the same approach can be used. The two reads produced from each ends are then marked as coming from the same fragment, and are called pair end. However, the fragments amplified are still usually quite small, less than a Kb in Illumina.

Another similar procedure is creating mate pairs that can be further away. In this procedure a large fragment of 2 to 5 kb of genome are produced as done previously with Sanger sequencing. Both ends are marked with biotin, and the fragment is circularized before it is fragmented once more into 400 to 600 pieces. Then the biotin fragments are recovered and sequenced at both ends which corresponds to the extremities of the large fragments. Those two methods can prove to be really useful as they allow us to keep some information on the structure of the larger scale structure of the genome sequence. They can be used to handle recombination events, or to deal with repeated regions.

Bioinformatics of genomics

Overall, the gain in time, ease and price over the last decade have drastically democratized the use of sequencing. If it was before unthinkable to sequence the whole genome of a bacteria to pinpoint mutations responsible of a particular phenotype; it is now an easy and cheap procedure. This technologies also offers great opportunities to study the ecology and evolution of organisms such as bacteria. Indeed the price of the sequencing of a single genome can today be reduced to around 50€. This allows us to sequence a great number of strains in order to identify candidate genes related to a phenotype, pattern of adaptation, or sequence and annotate a newly sampled strain for instance. However, because of the high parallelization, the sequencing procedure does not directly output a single sequence, but provides high numbers of short reads of between 50 to 300bp for Illumina, the cheapest technology. How to use such data has been a challenge for the field of bio-informatics and genomics for the last 10 years.

With reference genome: alignment and SNP calling algorithms

The new sequencing technologies represent a revolution of the biological studies similar to what the Sanger sequencing was 40 years ago. It provides a quantity of information at least 100 times larger than Sanger sequencing. A major advantage of NGS is that it allows for the detection of genetic variants that deviates from a reference genome. In our case a good example of such a usage of NGS would be sequencing a clone from one lineage from Lenski's LTEE experiment to compare it to the ancestral strain E. coli REL606. In this case, the REL606 strain has already been sequenced and annotated, meaning that we have its complete genome and a good understanding of the different gene positions inside it. We can then compare this reference to the reads of the sequenced evolved genome by using two steps: an alignment to the reference and a SNP calling.

Mapping: Before the rise of the NGS era, when trying to align two DNA sequences together, people would use algorithm based on the Smith-Waterman method. However such algorithm are really sensitive to the length of the sequences that are aligned, which in the case of NGS can be problematic as we are trying to align a great number of small reads to a presumably really long reference. To overcome this difficulty, mapping approaches have been developed. These approaches take advantage of the particular format of the alignment of a NGS output to a reference, by first indexing the reference genome, and then use the created index to search matches with the read. This indexing is usually done using the Burrows wheeler transformed (Li and Durbin, 2009) which produces an index that is around 1.5 times larger than the reference sequence but allows for a quick run through. Then each read is compared to the index, by searching the best match but allowing gaps and errors, similarly to a regular alignment algorithm. This technique reduces the cost in time and memory of such algorithms, and produces an output file that is then easy to parse. Amongst all the mapping algorithms that are in use, BWA (Li andDurbin, 2010, 2009) and Bowtie2 [START_REF] Langmead | Fast gapped-read alignment with Bowtie 2[END_REF] proved to be the most popular ones.

Mutation calling and breseq: Mutation calling programs usually function in a similar manner.

In a first step, the reads are aligned to a reference genome using a mapping algorithm. The programs usually proceed in 3 steps: (i) mapping of the reads to the reference, (ii) identification of mismatches and coverage, (iii) assumption of the mutational events. To characterize the procedure, I will now describe the workflow of one of the available SNP calling algorithm: breseq [START_REF] Barrick | Identifying structural variation in haploid microbial genomes from short-read resequencing data using breseq[END_REF][START_REF] Deatherage | Identification of mutations in laboratory-evolved microbes from next-generation sequencing data using breseq[END_REF].

The program takes two inputs: (i) sequencing reads in fastq format and (ii) a reference genome. The reference genome can either be in a simple fasta format with only the sequence or in a more complete genebank format, which combine the sequence with the annotation information. It is those information, that will then be used to deduce how the mutations observed modified the genes of the reference. When identifying mutations, the program stores mutation evidence that can take the form of either read alignment evidence (RA), corresponding to SNPs and short indels, missing coverage (MC), and new junction evidence (JC), corresponding to sign of rearrangement.

In the first step of the workflow, breseq will map the reads using bowtie2 [START_REF] Langmead | Fast gapped-read alignment with Bowtie 2[END_REF], with "stringent" options in order to spot reads with near perfect matches to the reference. Then the unmapped reads are realigned but using more relaxed parameters, that allows split matches, where a read as one side mapping at one point on the reference and another part mapping somewhere else. The split reads are then stored as new junction candidates as they could potentially be the expression of a genomic rearrangement. To assess the reliability of those junction candidates, breseq recreates them by concatenating the two parts of the genomes that seems to have been rearranged, and then remaps all the reads with bowtie with stringent parameters. Then the reads are allocated to their best matches be it on the reference genome or on one of the newly constructed junctions. Each junction is then evaluated, by considering only reads going through the breakpoint of the junction. Then breseq looks at the beginning points of each reads. If the beginning point are too few compared to the number of reads, then the junction is considered as false, as the reads are not mapped evenly across the junction. The confirmed new junctions are then stored as JC evidence by breseq.

Looking at the identified mismatches, whether they are indels or a SNPs, breseq uses a standard Bayesian SNP caller. A score is calculated as the negative log10 of the posterior probability that the base is not the reported base, corrected for multiple testing by multiplying by the genome size. Mismatches are then stored as RA evidence by the program. Lastly, breseq looks at coverage along the reference genome. It first identifies regions with no reads mapping. The program then expends those missing coverage region on each side as long as the coverage is below a calculated cutoff value. Those missing coverage regions are then stored as MC evidence.

breseq uses the different RA, JC and MC evidences stored to make predictions on the mutational events. The program uses the JC and MC evidence jointly in order to identify large deletions, deletions of repeated regions, amplifications of unique sequences, as well as mobile element insertions (see fig 17). Finally breseq returns all the mutations that are observed, with the mutations that were assigned to predicted mutations, along with those for which the program was not able to make a prediction. To present the results, breseq matches the predicted mutations with the reference annotations to clearly identify the impact of the mutations on the reference genome. In the output, the program gives an html table that allows an easy visualization of the mutations as well as a close-up of the mapping of the reads. Indeed, given the high number of reads produced by high throughput sequencing, all sorts of situation can arise that can lead to false positives mutations. Furthermore, the quality of this type of analysis is directly linked to the quality of the reference genome. Indeed, we are using the reference as a model, and make the assumption that no major structural changes have happened. These types of algorithm are usually oriented towards organism with a stable genome and a stable gene repertoire. However, some bacterial species present particularly plastic genomes. Indeed, E. coli genome harbors such variability from one strain to another with potentially more than half of the genome being different. Therefore if we used K12 for instance as a reference genome to study an E. coli strain on which we do not have any information, we are certain to miss a lot as several genes from the newly sequenced strain will not be in K12.

Furthermore, the reads from the strain corresponding to genes that are not present in K12 will have a tendency to be falsely aligned to an analogous sequence of K12, which result in having lots of noise in our output. These types of analysis put in the context of E. coli genomics are therefore mainly used in order to allow for the comparison of an ancestral strain to an evolved one. Indeed, for the outputs to be meaningful a certain level of relatedness between the reference and the query strain in necessary.

When trying to study an E. coli strain for which no previous knowledge has been recovered which reference genome should we use? It is a question that is really hard to answer and often the best approach is to turn towards procedures that will try to reconstruct the genome de novo by assembling the reads more than trying to reconstruct it using a possibly wrong reference.

-Assembly of genome when there are no clear reference genome

NGS can be used on model organisms with a good reference genome. The democratization of NGS offers however the opportunity to sequence lots of new organisms, previously un-described. It is also useful in the case of model organisms with plastic genome like E. coli. Therefore it was necessary to build tools able to reconstruct the genomes de novo using the short reads provided by the sequencing technologies. These methods are called de novo assembly as they create a new sequence from scratch, using assembler programs. The main idea behind de novo assembly is to use overlapping reads and to concatenate those in order to reconstruct the whole genome sequence. To do so several methods have been developed and most of them are based on graphs. A graph is an abstraction used in computer science that is composed of nodes connected to each other by edges.

When the edges are associated with a direction, then the graph is oriented, and can be roughly visualized by circles connected by arrows. It is this type of graphical representation that is used by programs to assemble genomes.

Computationally, although it can vary from one assembler to another, the method usually revolves around the construction of de Bruijn graph [START_REF] Miller | Assembly algorithms for next-generation sequencing data[END_REF][START_REF] Zerbino | Velvet: Algorithms for de novo short read assembly using de Bruijn graphs[END_REF] and to search for the simplest path inside those graph (fig 18). To construct a de Bruijn graph, the assembler takes each reads of the sample and cut it into k-mers, fragments of an arbitrary length k.

For each k-mer, the program creates one prefix corresponding of the left side of the k-mer, of length k-1, and a suffix corresponding to the right side of length k-1. Consequently, the prefix and suffix overlap on a length of k-2. The assembler starts then building the graph: for each prefix and suffix, of a k-mer, a new node is created, unless a similar node has already been created, and an edge connecting the suffix to the prefix is created. To interpret this with a concept that is easier to grasp, when a pre-existing node is connected to another, it means that we have observed an overlap between two k-mers. It is this type of overlaps that will allow the program to reconstruct the genome by identifying reads that have overlapping beginning and ends. Once the graph is complete, it is reduced by collapsing the adjacent nodes together when the first has one edge getting out, and the next has one edge getting in.

Once it is done, we can sometimes observe the formation of bubbles along the graph or dead ends. Dead ends are generally associated with sequencing errors and can be easily ruled out by their coverage or by filtering the reads using their quality scores. The bubbles on the other hand are due to problematic regions. Such problematic regions can be repeated regions of which we will talk further later. The program then outputs the different sequences it was able to reconstruct until it reached a bubble. Those sequences are called the contigs. If the sequencing was made using paired ends or mate pair, the program can still go one step further and use the information given by the association of the two reads: If we have two paired reads matching two different contigs with a short distance between them, we can organize the two contigs one after the other in to what is called a scaffold.

In conclusion, the assembly programs like Velvet [START_REF] Zerbino | Velvet: Algorithms for de novo short read assembly using de Bruijn graphs[END_REF], SOAPdenovo [START_REF] Luo | SOAPdenovo2: an empirically improved memory-efficient short-read de novo assembler[END_REF] or Spades [START_REF] Bankevich | SPAdes: A New Genome Assembly Algorithm and Its Applications to Single-Cell Sequencing[END_REF] represent the first step of analysis when sequencing a new organism. They offer the opportunity of reconstructing a genome from scratch, and give therefore the full power to NGS by allowing non -model organisms to be sequenced at low price.

The produced scaffolds or contigs can then be used with annotation programs like prokka [START_REF] Seemann | Prokka: rapid prokaryotic genome annotation[END_REF] to identify genes and find their most probable functions.

Computational challenges for bacterial sequencing and repeated regions

As we have seen, the NGS era brought a numbers of computational problems. Several tools were produced, but one technical challenge remain across most of the tools: repetitive DNA [START_REF] Treangen | Repetitive DNA and next-generation sequencing: computational challenges and solutions[END_REF]. Mini-satellites, macro-satellites and satellites sequences represent examples of repeated region, as well as transposon, or the ribosomal DNAs. Those repeated regions are actually fairly common in the genome of all living organisms. For example, in human around 50% of the genome is composed of repeats [START_REF] Batzer | ALU REPEATS AND HUMAN GENOMIC DIVERSITY[END_REF][START_REF] Schmid | Sequence organization of the human genome[END_REF]. In the extremes of the spectrum, we can find repeated transposable element covering up to 80% of the maize genome (Schnable et al., 2009). In E. coli K12, there are only 4% of repeated regions, which might seem low but is still substantial for de novo assembly. For NGS data, only highly similar repeated regions are problematic, not the diverged ones. For instance, a sequence that is at least 100bp long, and exhibits more than 97% of identity with at least one other sequence in the genome is problematic. Those regions can cause great trouble when dealing with NGS as they produce ambiguities for the different programs be it alignment algorithms or assembly programs.

Mapping and repetitions

Repeated sequences can be really tricky to deal with when using mapping programs. Indeed if two region are really similar sequence wise, the reads from both of the regions will map to each region. This can, of course, happen when two regions are identical but also when they are quite close because mapping algorithms allow for some differences. Those reads can be called multiple mapped reads. They generate a real problem, as they can create a noise for SNP calling algorithms.

Furthermore, when dealing with mapping, another problem can appear when aligning reads against a partial reference that might have lost some repeated region. In that case, the reads corresponding to the missing part will erroneously map on the conserved repeat. A few methods can be used to deal with such problems. The first extreme solution is to completely ignore multiple mapped read, but it can prove to be really deleterious as lots of reads are then ignored. Another extreme solution is to accept all the alignments, but it could also as previously stated result in noises. A third option that can appear better would be to only consider the read to map in the regions where it is aligned with the best score. However this can still cause troubles if the wrong reads don't have anywhere else to go. For instance, when trying to match a whole human genome to only one chromosome, the reads coming from homologous regions of the missing chromosome will be mapped on the only remaining one. If such a problem can easily be solved by aligning against the full reference, cases more cryptic can appear like for instance if there was a deletion of a repeated region in the reference itself. Some tools, like samtools [START_REF] Li | A statistical framework for SNP calling, mutation discovery, association mapping and population genetical parameter estimation from sequencing data[END_REF]Li et al., 2009), allow the user to choose where to map the read in case of an ambiguity, but it is not really applicable when dealing with huge dataset. This problematic is still troublesome and it seems that only longer reads could help us go further.

Assembly and repetitions

When looking at assembly programs, once again repeated regions are problematic [START_REF] Treangen | Repetitive DNA and next-generation sequencing: computational challenges and solutions[END_REF]. Indeed if there is no read that spans all across a repeated region, meaning that it is not anchored on both sides, then the program will not be able to decide which side of the repeated region to assemble to each other (fig 19a). This ambiguity may result in short contigs in the better case, and chimeric contigs in the worse. In the same manner when dealing with tandem repeats where repeated region are one after the other, the program is not able to distinguish the number of repeated regions. Increasing the coverage will not solve the problem as long as the reads are too short to span across repeated regions, so other technics needed to be developed. A first obvious way to resolve the problem could be to use technologies producing longer reads in order for them to spam across the repeat. However as it is not always possible, another way of dealing with the problem could be to use pair ends and mate pair (fig 19b). Indeed having reads that are associated with one another at a known distance is a great tool to help assemblers to put together contigs in order to build scaffolds. A study furthermore showed that by increasing the length of the insert size of mate pair/pair end helped a lot when trying to assemble the genome of the potato, which has 62% of repetitive sequences (Xu et al., 2011). They used the N50 metric, corresponding to a weighted median statistic such that 50% of the entire assembly is contained in contigs or scaffolds equal to or larger than this value, to found a 100 fold improvement by switching from 2kb inserts in the pair ends to 20kb [START_REF] Lieberman | Parallel bacterial evolution within multiple patients identifies candidate pathogenicity genes[END_REF].

Another good strategy that was implemented was to use a statistics based on coverage. Indeed, if we 59 assume a uniform coverage of the genome, repeated regions should have at least twice the coverage of the rest of the genome.

Overall if repeated regions are a problem in all the aspect of NGS sequencing analysis, some methods have been developed with mitigated success. However, if those solutions are possibly helping they are just temporary, as the only ultimate solution to this problem will be the production of much longer reads.

NGS for the study of the ecology and evolution of E. coli

During my PhD I was interested in using the recent advances in NGS tools to identify signs of selection in the genome of E. coli in order to infer information on the ecology and evolution of the species. I focused on NGS data as it allows the sequencing of complete genomes at low cost, and the subsequent identification mutations, whereas previous approaches, phenotypic as well as genetic, were more targeted towards one character or one particular fraction of the genome. Thanks to NGS, we have the potential to scan for mutations without a prior knowledge or hints towards the genotype of phenotype of the strain, allowing for a broader and less biased vision of the genome.

As discussed above, the first and easiest way to scan for mutations, genome wide is to use a mapping approach. However such a methodology demands a well-annotated genome. In the case of laboratory experimental evolution, it is easy to use as an ancestor a strain that has been well characterized, as the strain REL606 used by Richard Lenski [START_REF] Deatherage | Detecting rare structural variation in evolving microbial populations from new sequence junctions using breseq[END_REF]. The genome of the ancestral strain can then be used as a reference to identify mutations. However, when studying natural samples of E. coli, things can be a little bit more difficult. When studying such types of samples, several studies try to use closely related reference genomes in order to identify SNPs and signs of selection. However, as discussed in the first part of this thesis, the genome, and more particularly the gene content of E. coli can be really plastic. As a result, when sequencing a new strain, only about half of its gene pool can be extrapolated. Therefore we cannot effectively pick a reference genome even as related as possible, as there would always be a risk of missing a part of the genome. Amongst other problems that could arise, reads from one part of the newly sequenced genome that would not be present in the reference could cause noise or false positive results when scanning for SNP variants. To go around this type of problems it is possible to use only a previously established core genome of E. coli. The idea here is to use only the genes that we know for sure to be present in the newly sequenced genome. Those genes are extracted from a closely relative strain and used as the reference genome, as we know that it is going to be present in all E. coli samples. This approach was, for instance, used in epidemiology when conducting genomics investigation of outbreaks of the O157:H7 E. coli strain, allowing for a better discrimination of the strains that was not possible using regular methods [START_REF] Rusconi | Whole Genome Sequencing for Genomics-Guided Investigations of Escherichia coli O157:H7 Outbreaks[END_REF] However if such a strategy can be sufficient for this type of study, it is still limited. Indeed, as we have previously shown the variable part of the genome is important when looking at the specialization of the strain. Lots of medically and ecologically meaningful genes are indeed found differentially across the specie like virulence factors or antibiotic resistance genes. For this reason it is important to be as conservative as possible when conducting a comparative studies on natural samples for which no reference genome can be found. For these studies adding a de novo approach to the methodology is mandatory.

A good example of such an analysis can be found in the work from Alexandre Almeida where isolates of Streptococcus agalactiae are sampled and sequenced from a mother and her infant 23 . The genome of the strain from each mother is assembled and annotated. The reads from the infant isolates are then compared to the reference genome of the mother to identify SNPs. This approach is furthermore really instinctive, as it seems logical for the mothers S. agalactiae to be the source of the isolates from their infants, and therefore be used as an ancestral genome.

Coming back to E. coli, it is possible to do a similar procedure with closely related natural isolates coming from the same source, be it from the digestive tract or from an extra intestinal infection. To do so one of the samples is reconstructed using de novo assembly, and then annotated.

It is then this reference genome that is used as a reference for SNP calling against the other samples. This way we can identify how each strain differed from the sample that was arbitrarily chosen as the reference. It is then easy to deduce, using simple parsimony, how the different samples differed from the ancestral clone of the population. This method allows us to uncover the molecular bases of the genetic diversification that occurred in the recent past of the isolates considered.

However this last approach can have several downsides. It is first really susceptible to the quality of the assembly of the reference. Indeed a badly assembled genome with a high number of small contigs can be really hard to process when looking for rearrangement of the genome. For instance, if it is easy for breseq to identify a large deletion in a contigs, which correspond to both a drop in coverage of the sequence and a new junction of both sides of the deletion, it becomes impossible to solve if the deleted region in the reference is separated in several contigs during the aseembly. The program will show several deletions of the different contigs, but will not be able to connect the different events in order to conclude on a singular large event. This observation means that it is necessary for the user of the program to go along the breseq results in order to infer the different events that took place during the diversification of the strain.

Similarly a curation step must also be done for the SNPs and indels events identified, as noise can be present in the sample. A great source of such noise can be prophage genes integrated in the genome. Indeed as mobile elements, they are a vector for lateral gene transfer, and account for a great amount of the inter-strain variability in several bacteria. E. coli is no stranger to this observation with an extreme case represented by the food pathogen Escherichia coli O157:H7 strain Sakai that contains 18 prophage elements, which amount to 16% of its total genome content. Those genes can prove to be really difficult to handle when using SNP calling algorithms due to their high similarity. Indeed, we can clearly see when realizing a simple dot plot of the different lambda like prophage sequences of 0157:H7 against one another that they share a high degree of similarity in a fraction of their sequence (fig 20) while still exhibiting some large differences in other parts [START_REF] Boyd | Common themes among bacteriophage-encoded virulence factors and diversity among the bacteriophages involved[END_REF]. Indeed when comparing the sequences of the Shiga toxin 2-producing prophage from two O157 strains, EDL 933 and Sakai, the sequence were nearly identical over 85% of the prophage genome. Such a level of similarity can cause trouble in both the assembly and the mapping stages. At the assembly stage, both genes can be combined in a single chimeric contig, or fragmented in several very short contigs. Consequently at the mapping stage mis-mapping may be quite common. These errors will result in a high rate of false positive in the mutation detection. In order to get rid of those errors, another step of manual curation then becomes necessary. This stage is both time consuming and prone to errors and biases.

In conclusion, both the assembly and mapping programs can be used to analyze E. coli sequencing both from laboratory experimental evolution, by using a pre-existing reference genome, or from natural samples, by producing a reference de novo. We can then easily scan for convergence or other signs of selection amongst the samples. However, this type of technique really relies on the quality of the reference used or constructed, and imply a certain amount of manual filtration of the data. The difficulty of the last stage has prevented most analyses to focus on very short-term diversifications of strains. Indeed, most epidemiological studies focus on quite diverged clones and limit their studies to SNPs in the core genome and a few deletions. During my thesis, I have tried to tackle the question of short-term diversification and to be as stringent as possible in the detection of mutations, using as much of the genome as possible. I have developed many tools and approaches to address the technical problems inherent to the use of a constructed reference. The final approach retained will be presented in paper chapter 2. It is however noteworthy that I have devoted a lot of [START_REF] Boyd | Common themes among bacteriophage-encoded virulence factors and diversity among the bacteriophages involved[END_REF] my PhD to develop somehow more ambitious strategies. I used for instance a reference panel of E. coli genomes to do annotation transfer and to assist the ordering of contigs. However in all these approaches I could not achieve a clean output without the need of an important manual curation step.

Once again repeated regions and worse, partially repeated regions such as proghagic regions were part of the problem. The final option we took has the benefit of being simpler compared to the ones I developed previously, we therefore choose it for the final analysis.

II -EXPERIMENTAL EVOLUTION OF NATURAL STRAINS OF E. COLI

IN A COMMENSAL ENVIRONMENT: THE MICE GUT MODEL 1 E. COLI EXPERIMENTAL EVOLUTION IN THE MICE GUT

E. coli experimental evolution can be a powerful tool to identify the basis of adaptation and evolution in a broad sense. Using this type of experiment researchers were able to identify the different steps of adaptation with for instance a first step corresponding to a "quick and dirty" adaptation, acting on strong regulatory genes, followed by a "fine tuning" step touching genes that are less pleiotropic. But can experimental evolution be used to make assumptions on the adaptation of the bacteria in the wild as we are mainly using laboratory strains evolving in laboratory conditions?

To answer this question a protocol of experimental evolution in the mice's gut was designed, with the clear goal of being as close as possible to natural conditions. These characteristics sets this study apart from other similar experiments that rely on either heavily modified strains or axenic mice or on both. To do so, a natural strain of E. coli, E. coli 536, was inoculated to mice. To maintain the strain in the gut of the animal, a pressure on the gut microbiome was imposed by the use of streptomycin in the drinking water of the mice, the 536 strain being naturally resistant. Adaptation was then allowed to proceed for one year in 30 mice, grouped in pairs in 15 independent cages. The whole genome of one colony coming from one mouse from each cage was then sequenced using Illumina 51bp single reads.

In this project, I analyzed the produced genomes with breseq in order to identify mutations of interest. As a reference, we used the genome of E.coli 536 that was recovered from the Genoscope website. However, as we wanted to be as close as possible to our ancestral strain, which could slightly differ from the one of the Genoscope, we also sequenced our ancestral strain. I then used breseq in order to identify differences between our ancestral strains and this completely annotated genome, and to correct it accordingly. This modified reference was then used in the comparative study against the samples from each of the cages.

Overall we observed 95 mutations in the 15 lineages, which would indicate a substitution rate of 1,85 10 -10 mutations per base per generation for point mutations, considering 18 generation per day. Such an observation is rather low, being 2 to 4 time lower than the ones made in other experimental evolution studies.

It was particularly striking to observe signs of convergence at the mutational, gene, operon and functional level. Indeed, 6 mutations were found in at least 2 independent lineages, which could indicate a contamination across the cages. However, those mutational events seemed to be incoherent 1 E. coli experimental evolution in the mice gut 66 with one another as there wasn't a simple evolutionary explanation for such a pattern. Furthermore, as most of those mutations appeared in genes for which a strong patterns of genic convergence was observed (i.e. other mutations were found in the genes), selection may have driven the multiple occurrence of these mutations. At a higher level, convergence was observed in 3 of the genes from the dgo operon, the genes dgoR, dgoD and dgoT, that is implicated in galactonate pathway. Further inquiries showed that those mutations had indeed, an effect, with the mutated lineages having a better growth in minimal media supplemented by D-galactonate. Similarly convergence was observed in the rluD and gidB genes that are both responsible for the maturation of ribosomal RNAs, with 13 lineages, out of the 15, that harbored mutations in either one of the gene. Streptomycin being an antiobiotic targeting the translation of RNA, those mutations can be seen as an even stronger adaptation of the lineages to the selective pressure produced artificially during the experiment. To test this hypothesis, 536 strains mutated in either one or both of the genes, were grown on both LB and LB + streptomycin media, revealing a better growth when any one of the mutation was present.

However, the effect of the mutation did not seem to be additive as the association of the two mutations did not appear to have an effect higher than that of rluD on its own.

ARTICLE N°1

Using long-term experimental evolution to uncover the patterns and determinants of molecular evolution of an Escherichia coli natural isolate in the streptomycin treated mouse gut Mathilde Lescat 1,2,3,* , Adrien Launay 1,4* , Mohamed Ghalayini 1,2 , Mélanie Magnan 1,4 , Jérémy Glodt 1,4 , Coralie Pintard 1,4 , Sara Dion 1,4 , , Erick Denamur 1,4,5 , Olivier Tenaillon 1,4,# Mathilde Lescat: mathilde.lescat@inserm.fr; Adrien Launay: adrien.launay@inserm.fr; Mélanie Magnan: melanie.magnan@inserm.fr; Jeremy Glodt: jeremy.glodt@laposte.net; Coralie Pintard: coralie.pintard@inserm.fr; Sara Dion: sara.dion@inserm.fr; Mohamed Ghalayini mohamed.ghalayini@inserm.fr; Erick Denamur: erick.denamur@inserm.fr; Olivier Tenaillon: olivier.tenaillon@inserm.fr Though microbial ecology of the gut is now a major focus of interest, little is known about the molecular determinants of microbial adaptation in the gut. Experimental evolution coupled with whole genome sequencing can provide insights of the adaptive process. In vitro experiments have revealed some conserved patterns: intermediate convergence, epistatic interactions between beneficial mutations and mutations in global regulators. To test the relevance of these patterns and to identify the selective pressures acting in vivo, we have performed a long-term adaptation of an E. coli natural isolate, the streptomycin resistant strain 536, in the digestive tract of streptomycin treated mice. After a year of evolution, a clone from 15 replicates was sequenced. Consistently with in vitro observations, the identified mutations revealed a strong pattern of convergence at the mutation, gene, operon and functional levels. Yet, the rate of molecular evolution was lower than in in vitro and no mutations in global regulators were recovered. More specific targets were observed: the dgo operon, involved in the galactonate pathway that improved growth on D-galactonate, and rluD and gidB, implicated in the maturation of the ribosomes, which mutations improved growth only in the presence of streptomycin. As in vitro, the non-random associations of mutations within the same pathways suggested a role of epistasis in shaping the adaptive landscape. Overall, we show that "evolve and sequence" approach coupled to an analysis of convergence, when applied to a natural isolate, can be used to study adaptation in vivo and uncover the specific selective pressures of that environment. Bacteria have evolved for billions of years and colonized all available ecological niches. Many studies have been performed to understand how evolution has shaped the genome of these complex organisms. Comparative genomics as unravelled the dynamics of gene acquisition and losses in bacterial genomes [START_REF] Touchon | Organised Genome Dynamics in the Escherichia coli Species Results in Highly Diverse Adaptive Paths[END_REF], and the general constraints acting on genome composition [START_REF] Hershberg | Evidence that mutation is universally biased towards AT in bacteria[END_REF]). Yet, much less is known about bacterial genomes evolution in the short term in their natural habitat. While we know through the emergence of resistance to antibiotics that bacterial evolution can be caught in the act, most of our evidence of short-term evolution in the wild is linked to drastic selective pressures such as antibiotics [START_REF] Wong | Genomics of adaptation during experimental evolution of the opportunistic pathogen Pseudomonas aeruginosa[END_REF] or escape of the immune system [START_REF] Flint | Stress Responses, Adaptation, and Virulence of Bacterial Pathogens During Host Gastrointestinal Colonization[END_REF]. Can other selective pressures be strong enough to drive significant changes in bacterial genomes in the sort term? To investigate that possibility, we have decided to study the evolution of a natural isolate of Escherichia coli in the gut of mice.

E. coli is one of the most characterised bacterial species; it has been used as a model organism in the laboratory to unravel the multiple facets of bacterial biology from biochemistry to genetics.

Yet, the natural environment of E. coli is not the laboratory. In the wild, E. coli is a versatile species, known as both a widespread gut commensal of the vertebrates and a dangerous pathogen that can also be retrieved in the environment [START_REF] Tenaillon | The population genetics of commensal Escherichia coli[END_REF]. As a pathogen E. coli is responsible for about 1 million human deaths yearly due to intra and now mostly extra intestinal diseases [START_REF] Russo | Medical and economic impact of extraintestinal infections due to Escherichia coli: focus on an increasingly important endemic problem[END_REF]. The species is a structured species subdivided in seven phylogenetic groups A, B1, B2, C, D, E and F [START_REF] Jaureguy | Phylogenetic and genomic diversity of human bacteremic Escherichia coli strains[END_REF]. These groups are not randomly distributed. Previous studies have shown an association between the phylogenetic groups and virulence, with most extra intestinal E. coli pathogens (including urinary tract infection and meningitis strains) belonging to phylogenetic group B2 [START_REF] Bingen | Phylogenetic Analysis of Escherichia coli Strains Causing Neonatal Meningitis Suggests Horizontal Gene Transfer from a Predominant Pool of Highly Virulent B2 Group Strains[END_REF][START_REF] Picard | The link between phylogeny and virulence in Escherichia coli extraintestinal infection[END_REF]. The prevalence of the different phylogenetic groups as commensals varies largely across host species and even within host populations [START_REF] Tenaillon | The population genetics of commensal Escherichia coli[END_REF]. For instance, the B2 phylogenetic group can be frequently retrieved in wild animal's guts [START_REF] Gordon | The distribution and genetic structure of Escherichia coli in Australian vertebrates: host and geographic effects[END_REF][START_REF] Lescat | Commensal Escherichia coli strains in Guiana reveal a high genetic diversity with host-dependant population structure[END_REF], rarely found (<10%) as a commensal among human tropical populations while it is dominant (>30%) among the populations of industrialized countries [START_REF] Tenaillon | The population genetics of commensal Escherichia coli[END_REF]. Indeed, over the last decades, the prevalence of the B2 phylogroup has significantly increased in frequency in some western countries such as France. B2 phylogroup strains being both highly efficient extra intestinal pathogens, and more and more prevalent as sthe molecular determinants explaining the differences in prevalence of the different subgroups of E. coli among different hosts or populations remain largely unknown.

To identify the molecular bases that may lead E. coli to specialize to certain environmental conditions, two main approaches can be used: comparative genomics of natural isolates and experimental evolution. Thanks to the sequencing revolution, more than two hundred complete genomes of E. coli are now accessible and thousands more are underway. We can subsequently compare these genomes in order to identify some genetic characteristics likely to contribute to the phenotypic differentiation of the subgroups. For instance, we compared 130 sequenced genomes to identify the core region that was the most different between B2 to non-B2 strains: the nhaAR operon involved in pH control. Though we could find a contribution of the operon in extra intestinal virulence, we were not able to observe its implication in colonization of the mouse gut [START_REF] Lescat | The Conserved nhaAR Operon Is Drastically Divergent between B2 and Non-B2 Escherichia coli and Is Involved in Extra-Intestinal Virulence[END_REF] nor in any pH linked phenotypes we could measure in the laboratory. This example illustrates the limitation of comparative genomics: though some specific genomic signatures may be found, we have not access to the environmental conditions that shaped them and it is therefore difficult to assess their evolutionary relevance.

An alternative approach relies in evolving bacteria in controlled conditions. In vitro experimental evolution has been used for decades to study bacterial adaptation. Over the last years, the coupling of experimental evolution with whole genome sequencing allowed progresses in the understanding of the genetic bases of adaptation. The most charismatic experiment in the field is the one initiated more than 25 years ago by Richard Lenski. His 12 lineages long-term evolution experiment (LTEE) has now reached more than 60,000 generations. The genomic data as well as targeted sequencing approaches have revealed convergence among the first targets of adaptation involving several global regulators [START_REF] Maddamsetti | Adaptation, Clonal Interference, and Frequency-Dependent Interactions in a Long-Term Evolution Experiment with Escherichia coli[END_REF]. Another large scale study confirmed these results using 115 lineages adapting for 2,000 generations to high temperature: the first target of adaptation was the RNA polymerase one of the most pleiotropic gene in the genome, and a large convergence was observed between replicates [START_REF] Tenaillon | The Molecular Diversity of Adaptive Convergence[END_REF]. These studies and others [START_REF] Herring | Comparative genome sequencing of Escherichia coli allows observation of bacterial evolution on a laboratory timescale[END_REF][START_REF] Hindré | New insights into bacterial adaptation through in vivo and in silico experimental evolution[END_REF][START_REF] Gac | Evolutionary history and genetic parallelism affect correlated responses to evolution[END_REF] suggest that the first steps of adaptation may involve global modifications of gene expression rather than a specific small-scale optimization of some specific pathways. Interestingly, global regulators such as rpoS, have also been found to be involved in the diversification that seems to occur during infections [START_REF] Levert | Molecular and Evolutionary Bases of Within-Patient Genotypic and Phenotypic Diversity in Escherichia coli Extraintestinal Infections[END_REF]. However, the relevance of these in vitro or in infectio observations in the primary habitat of E. coli, the gut of vertebrates, remains to be tested.

In vivo assays have also been performed to study adaptation to a more relevant environment for E. coli. In the early 2000's, Giraud et al. tested the implication of mutator alleles of E. coli in the adaptation to the gut of germ free mice and showed that mutator bacteria possessed a short-term advantage and long-term disadvantage in colonizing new environments [START_REF] Giraud | Costs and Benefits of High Mutation Rates: Adaptive Evolution of Bacteria in the Mouse Gut[END_REF]. Later, Giraud et al. also used germ-free mice inoculated with E. coli MG1655 [START_REF] Giraud | Dissecting the Genetic Components of Adaptation of Escherichia coli to the Mouse Gut[END_REF] and observed a rapid adaptation by a single point mutation in EnvZ/OmpR, a two component signal transduction system, which controls more than 100 genes. These observations suggest that global regulators could also be the targets of adaptation in the mouse gut. However, these works are entailed by an important limitation: the gut of adult germ free mice is an artificial environment. Mice that have developed without flora have abnormal immune system and gut physiology [START_REF] Khoury | SMALL INTESTINAL MUCOSAL CELL PROLIFERATION AND BACTERIAL FLORA IN THE CONVENTIONALIZATION OF THE GERMFREE MOUSE[END_REF][START_REF] Umekasi | Use of gnotobiotic mice to identify and characterize key microbes responsible for the development of the intestinal immune system[END_REF][START_REF] Welling | Biochemical effects on germ-free mice of association with several strains of anaerobic bacteria[END_REF]. Furthermore, in these experiments, E. coli was alone in the gut. In the wild, E. coli is a minority species of the gut microbiota, which is largely dominated by numerous anaerobes [START_REF] Arumugam | Enterotypes of the human gut microbiome[END_REF]. As a consequence, E. coli is facing intense competition for nutrients, and may also have access to other nutrients processed by the rest of the microbiota. More recently, Barroso-Batista et al. performed an evolution experiment using the laboratory strain E. coli K-12 in streptomycin treated mice. Streptomycin treatment allows the colonization of the digestive tract by a streptomycin resistant E. coli, without altering theoretically the anaerobic microbiota [START_REF] Barroso-Batista | The First Steps of Adaptation of Escherichia coli to the Gut Are Dominated by Soft Sweeps[END_REF]. They observed the rapid apparition of mutations in the different lineages leading to convergence in inactivation of the gat operon conferring advantage to the strains bearing the mutations and unable to utilize the galactitol. Here the first target of adaptation was not a global regulator. However, one limitation of these studies is the use of a laboratory strain that has been subject to many genetic alterations and that has not seen a gut for close to a century. E. coli K-12 is a strain evolved in in vitro conditions since 1922, date of its isolation in Palo Alto, from a diphtheria convalescent patient. Genetic modifications, adaptation to oxygen rich media from the laboratory as well as accumulation of mutations favoured by UV irradiations or strong bottlenecks may modify its adaptation to the mouse gut.

In this context, the aims of this study are (i) to identify the basis of molecular adaptation in in vivo commensal conditions using long-term evolution during one year of a natural isolate of E. coli belonging to the phylogenetic group B2 in the digestive tract of streptomycin treated mice and (ii) to test the phenotypic significances of the molecular modifications observed and their possible advantages in this natural environment.

Materials and Methods

Bacterial strains

We used E. coli K-12 BW25113 (phylogenetic group A) from the KEIO collection [START_REF] Baba | Construction of Escherichia coli K-12 in-frame, singlegene knockout mutants: the Keio collection[END_REF] and 536 (phylogenetic group B2, serotype O6:K5:H31) reference strains. The 536 strain has been isolated from a patient suffering from urinary tract infection in the early 1980's [START_REF] Berger | Cloning of the chromosomal determinants encoding hemolysin production and mannose-resistant hemagglutination in Escherichia coli[END_REF] and subsequently shown to be a good gut colonizer in streptomycin treated mouse [START_REF] Diard | Pathogenicity-Associated Islands in Extraintestinal Pathogenic Escherichia coli Are Fitness Elements Involved in Intestinal Colonization[END_REF]. This strain was acquired by our laboratory in 1998 from Jörg Hacker who isolated it and then stored at -80°C with glycerol.

Mutant strains of K-12, obtained from the KEIO collection (K-12ΔdgoR:kan, K-12ΔrluD:kan, K-12ΔgidB:kan) and of 536, obtained during the course of this study using the lambda-red disruption method [START_REF] Datsenko | One-step inactivation of chromosomal genes in Escherichia coli K-12 using PCR products[END_REF] (536ΔdgoR:cm, 536ΔrluD:cm, 536ΔgidB:cm, 536ΔgidBΔrluD:cm), were also used. For the flux cytometry assays, we used K-12 pdgoR issued from the Zaslaver collection [START_REF] Zaslaver | A comprehensive library of fluorescent transcriptional reporters for Escherichia coli[END_REF] which beared the plasmid pdgoR which contained the gfp gene placed under the control of the promoter of the dgoRKADT operon. After extraction of this plasmid, we electroporated it in the K-12ΔdgoR:kan mutant strain. We thus obtained K-12ΔdgoR pdgoR strain.

Mouse intestinal colonization assay and sampling strategy

All animal experiments were performed in compliance with the recommendations of the French Ministry of Agriculture and approved by the French Veterinary Services (accreditation A 75-18-05). The mouse gut colonization model was conducted after approval by the Debré-Bichat Ethics Committee for Animal Experimentation (Protocol Number 2012-17/722-0076) in accordance to the European Decret and French law on the protection of animals. Intestinal colonization by 536 E. coli strain was performed using a mouse model as described elsewhere [START_REF] Diard | Pathogenicity-Associated Islands in Extraintestinal Pathogenic Escherichia coli Are Fitness Elements Involved in Intestinal Colonization[END_REF]. Thirty 6week-old female outbred mice (Charles River CD-1) were housed in 15 cages (numbered from C1 to C15) during one year (two mice per cage named Ma and Mb). Five days before inoculation of the 536 strain, and throughout the experiment, streptomycin was added to the sterile drinking water at a final concentration of 5 g/L. Likewise the mice were fed with sterile food all along the experiment.

Mice free of coliform flora (controlled by plating the faeces on Drigalski plates) were inoculated per os with 10 6 bacteria in 200 μl of physiological water. The day after the inoculation and during the experiment (Days 1,5,33,47,155,188,217,294,336 and 363, the intestinal population of E. coli was estimated by plating dilutions of weighted fresh faeces for each mouse on lysogeny broth (LB) agar with streptomycin (5 g/L) and supplementary samples were performed for sequencing assays (Days 61,124,155 and 250). Faeces were harvested for each mouse by putting the mouse in a sterile plastic cage until it defecated. The faeces were stored at -80°C with glycerol for further analysis. For sequencing, the frozen faeces were diluted and plated on LB agar with streptomycin. One colony per LB plate was then randomly picked, grown in LB, stored at -80°C with glycerol and thereafter called "clone". In addition, to study the reproducibility between the sample of the two mice from each cage, 50 colonies were picked from the faeces on the LB plate for each mouse (100 colonies in total) in cage 1 at Day 363. For the polymorphism study, we picked a pool of about 50 colonies from 4 mice (C2Ma, C3Ma, C8Ma and C11Ma) at both the last time point (Days 250,336,363 and 363,respectively) and an intermediate time point (Days 124,155,155 and 155,respectively).

High throughput sequencing

From the glycerol stocks, the clones were plated on LB plates, and one colony was randomly picked, and DNA was extracted using Wizard® genomic DNA purification kit (Promega). The genomes of the evolved clones, as well as that of the ancestor 536 strain used for inoculation were sequenced on the Illumina HiSeq 2000 (IntegraGen), with one line of single-end 51-bp reads per genome. We also sequenced after DNA extraction the pool of colonies for the reproducibility and polymorphism assays.

Sequence analyses

Point mutations were identified by comparing sequence reads to the genome of the ancestral strain 536, considered as the reference, using breseq 0.23, a pipeline for analyzing resequenced microbial genomes [START_REF] Deatherage | Identification of mutations in laboratory-evolved microbes from next-generation sequencing data using breseq[END_REF].

Reference reconstruction. In a first step, we sequenced the 536 reference genome and compared the reads to the original strain genome [START_REF] Brzuszkiewicz | How to become a uropathogen: comparative genomic analysis of extraintestinal pathogenic Escherichia coli strains[END_REF] from the MicroScope website (https://www.genoscope.cns.fr/agc/microscope/mage/viewer.php) to identify differences using breseq 0.23 [START_REF] Deatherage | Identification of mutations in laboratory-evolved microbes from next-generation sequencing data using breseq[END_REF]. This pipeline maps the reads on an annotated reference genome in gbk format to precisely identify the mutations that occurred: the type of the mutation, the genes it fell into, or the closest ones, and in the case of point mutation the changes in amino acid associated. We then used gdtools utility program from breseq 0.27.1 [START_REF] Deatherage | Identification of mutations in laboratory-evolved microbes from next-generation sequencing data using breseq[END_REF] to integrate the identified mutations inside the reference genome. We repeated this operation of comparison and modification of the reference five times until there was no more mutation identified. The iterations are required to correct mutations in close neighbourhood of one another.

Using this method, we identified a total of 351 mutations (230 being point mutations, and 121 indels) between our ancestral 536 strain and the one from the database we used, a number compatible with errors due to Sanger sequencing method at the genome level.

Detection of mutations.

Once the reference genome was obtained, we compared this reference to the sequences of the different evolved clones using the same approach. The identified mutations were then manually checked. We did the same for the pooled colonies and also obtained the frequencies for each mutation from breseq 0.27.1 [START_REF] Deatherage | Identification of mutations in laboratory-evolved microbes from next-generation sequencing data using breseq[END_REF].

Quantification of convergence. To quantify how significant convergence at the gene level is, for each gene of the genome, we computed the expected number of mutations Ei, that would alter this gene if mutations were randomly spread in the chromosome. We compared that expectation to the observed results Oi through the computation of a G statistics for nonsynonymous mutations: in which the sum is made on all genes with some observed mutations. The number of degrees of freedom of G statistics being difficult to compute when many classes are null (genes with no mutations) we compared the observed G value to that of simulated dataset with mutations randomly spread [START_REF] Tenaillon | Tempo and mode of genome evolution in a 50,000-generation experiment[END_REF].

Phenotypic assays

Flux cytometry. The strain K-12 pdgoR and the mutant strain K-12ΔdgoR pdgoR were compared using flux cytometry as described elsewhere [START_REF] Bleibtreu | Fitness, Stress Resistance, and Extraintestinal Virulence in Escherichia coli[END_REF].

Growth curves.

For the comparative growth assays, strains were grown at 37°C in four media, all supplemented with streptomycin at 5 g/L: LB and minimum Davies medium (DM) with glucose, gluconate or galactonate (20 mmol/L for each sugar). Each medium was adjusted at pH 7 and pH 5.7 with MOPS® and TAPS® products, respectively (Sigma). LB is a complex media, whereas DM is a minimal media with only one source of carbon. All the strains studied were grown overnight (O/N) in LB media in deep-weel plates at 37°C with constant stirring at 280 rpm. O/N cultures were prediluted at 1/100 in physiological serum and strains were inoculated each at 1/100 in a Costar® 96 flat-bottomed well plate and recovered by 50µl of mineral oil. Growth was recorded by an Infinite 200 Tecan®, which measured the OD600 in each well every 5 minutes at 37°C, while stirring for 24 hours. Growth assays were repeated 3 times. The maximum growth rate (MGR) was calculated from growth curves obtained by Tecan®. OD600 in nm were collected and Logtransformed. Curves were calculated from a smoothed spline function. The MGR was defined as the time point at which the maximum value of the derivative of the smoothed function was observed. The doubling times (DTs) in mn have then been computed as followed: DT=Log2/(MGR*60).

Statistical analysis.

The DTs were compared by strain and by medium using a Welch test. All statistics were computed using R (R Development Core Team, 2009, Vienna, Austria) and statistical significance was determined at a p-value of less than 0.05.

Results

Mouse colonization assay and clone sampling

Thirty mice in 15 independent cages (2 mice per cage) were colonized by the E. coli 536 strain. As it is known that mice are coprophages, we postulated that sampling one clone of one randomly selected mouse per cage should be representative of the population of E. coli colonizing both mice within a single cage. To validate this approach, we sampled in cage 1 at Days 61, 155, 250 and 363,, one clone from each mouse as well as a mix of 50 clones at Day 363 for each mouse and performed sequencing of the individual clones and the mix. We observed a single mutation difference between the two individual clones per cage and this site was the only polymorphic site recovered in the pooled sequencing. These results validate our strategy, sampling a single mouse per cage being relevant.

The 536 strain was maintained in all alive mice throughout the experiment that lasted 363 days. However, ten mice died in the course of the experiment (figure 1), most of these were issued from different cages except for 2 cages (cages 7 and 14) in which the two mice died before day 363 (supplementary table 1). The average population density was 1.4.10 9 unity forming colony (UFC)/g of faeces along the experiment. More precisely, density first decreased from 3.10 9 UFC/g of faeces to 2.10 4 UFC/g of faeces at day 188 and stabilized at 6.10 7 until the end of experiment at day 363 (figure 1). One clone per cage has been used for sequencing. The sampling points corresponds (i) to the end of the experiment when at least one of the two mice of the cage was still alive (Day 363 for 10 cages: C1, C4, C5, C6, C8, C9, C10, C11, C13, C15), (ii) the time at which the last mouse of the cage died (Day 250 for cage C2, C7 and C14), and for three cages we could not recover E. coli from the frozen faeces and we sampled the last point that produced an E. coli clone (Day 124 for cage C12 and Day 336 for C3) (supplementary table 1).

Description of mutations in the 536 evolved clones

Using breseq pipeline [START_REF] Deatherage | Identification of mutations in laboratory-evolved microbes from next-generation sequencing data using breseq[END_REF], we identified 95 independent mutations that occurred during the experiment of mice gut evolution in the 15 genomes as shown in the supplementary table 2. Amongst those mutations, 70 were point mutations, 17 were small indels (less than 50bp), 6 were large indel events (>25bp) and two were IS insertion. For the point mutations, 44 were non-synonymous including 10 stop mutations; 13 were synonymous and 13 intergenic. The synonymous mutations recovered were only transitions and 11 out of 13 were of C-G to T-A type, a bias reported before [START_REF] Wielgoss | Mutation Rate Inferred From Synonymous Substitutions in a Long-Term Evolution Experiment With Escherichia coli[END_REF]. Assuming 18 generations a day in the mice gut [START_REF] Rang | Estimation of Growth Rates of Escherichia coli BJ4 in Streptomycin-Treated and Previously Germfree Mice by In Situ rRNA Hybridization[END_REF], we could compute a mutation rate of 1.85 10 -10 per base-pair per generation using synonymous mutation. This is consistent with previous estimates of mutation rate of 8.9 10 -11 found in the LTEE [START_REF] Wielgoss | Mutation Rate Inferred From Synonymous Substitutions in a Long-Term Evolution Experiment With Escherichia coli[END_REF]. The ratio of rate of non-synonymous to the rate of synonymous, Ka/Ks, was 1.90 (Confidence Interval (CI) estimated by bootstrapping mutations: 1.09-4.01). Such a value suggests that about 50% of non-synonymous mutations (including nonsense mutations) are the product of natural selection. Stop codons were even more overrepresented in the dataset compared to the expectation based on synonymous (Kstop/Ks=6.72, CI: 2.78-15.86) or on all non-stop mutations (Kstop/Ka_nonstop=4.51, CI: 1.96-8.39). This suggests a strong selection for gene inactivation.

Among the 17 small indels (<50bp), 13 lead to frameshifts, and none were intergenic. For the 10 lineages that survived over the 363 days, an average of 7 mutations were found per sequenced genome (4 to 11).

Convergence among lineages

Convergence was observed at several levels. First, while 95 mutations were recovered, they corresponded indeed to 76 different mutations. Six mutations were recovered in 2 to 8 lineages. For instance 8 lineages shared the same C to T mutation in an intergenic region between yjiH and kptA, and 5 shared a G to A non-sense mutation in dgoR. While these shared mutations could be a signal of cross contamination, the star like phylogeny of the samples and the mapping of mutations on that phylogeny suggest that these common mutations must have occurred multiple times (figure 2). In other words, using the previous two examples, the lineages having the yjiH/kptA mutations were not fully included in, fully encompassing or mutually exclusive with the lineages having the afore mentioned dgoR mutations: some lineages have both mutations, one, the other or none. This suggests that if the population evolved asexually, in at least one locus the same mutations occurred several times independently. These convergent mutations account for 26% (25/95) of the mutations found.

Convergence could be integrated further at the gene level. Nine genes were found to be mutated repeatedly in different cages. Adding a large deletion recovered 3 times, the mutations showing some sign of convergence among lineages at the gene level accounted for 56% (53/95) of the mutations found. With the limited number of mutations found in each genome, this is a clear sign of convergence (see below). This signal is further reinforced by the fact that all genes affected multiple times presented at least 2 different mutations at the origin of the convergence (table 1). The fact that different alleles are found in the different lineages, excludes the possibility that convergence is only due to a single mutation that was by chance at high frequency in the initial stock used to inoculate the different mice. For instance, ECP_4610, a putative transporter is affected in 5 lineages with 5 different mutations.

To quantify how significant this convergence at the gene level is, for each gene of the genome, we computed a statistical test for convergence (see method) in the form of a G statistics (Tenaillon et al., 2016). We found G=482.3 that has to be compared to a mean value of 399.2 for simulations, with a Z-score of 8.3. This suggests that the observed value is more than 8 standard deviations away from the simulations mean and results in a p-value lower than 2.10 -16 . This overwhelming signal of convergence suggests the filtering action of natural selection.

Among this list of genes showing signs of convergence, two clusters of linked genes can be further identified. dgoR, dgoD and dgoT are implicated in the same metabolic pathways. This observation suggests further that convergence may occur at a higher level of integration than the gene.

In the same manner, 6 mutations in the rluD gene were found, and 7 in gidB. Both genes are implicated in the maturation of the ribosomes, and both are linked to streptomycin resistance.

Polymorhism within lineages

To have a better insight on the dynamics of adaptation, we sequenced a pool of about 50 colonies from 4 mice (C2Ma, C3Ma, C8Ma and C11Ma) at both the last time point (Days 250,336,363 and 363,respectively) and an intermediate time point (Days 124,155,155 and 155,respectively).

Using an analysis of polymorphism in these data, we can detect mutations with a frequency higher than 5% in most samples. The analysis of the mutations found at the population level confirmed the presence of the mutations of interest we detected in the clone sequenced. Polymorphism data revealed however if mutations were fully fixed (frequency of 100%) in the population or if they had reached intermediate frequencies. Moreover, several mutations affecting the same gene were found simultaneously in some populations. This suggests some competition between these various alleles.

Interestingly, all cases of multiple allele affecting the same gene were restricted to the genes we identified as target of selection with the clone sequencing approach (supplementary table 2). This confirms that we have identified the biggest targets of selection.

The loci under selection showed traces of polymorphism in two ways (supplementary table 3). Either a single allele was present in the population but not fixed or several alleles were found simultaneously in the population. gidB showed the strongest sign of polymorphism. In mouse C11Ma, at day 155, the whole population seems to have mutated gidB, but 4 alleles are involved: a 25bp deletion, a frameshift, P79L and Q23* at respective frequencies of 8%, 60.2%, 8.7% and 31.3% (note that the frequencies are based on local coverage statistics so the sum is not supposed to be precisely 1). At day 363, the 25bp deletion overtook the other alleles and reached a frequency of 100%. In mice C2Ma, two alleles of gidB, Q167* and the ∆25bp deletion, are found polymorphic at both sampling time. dgoR also had traces of polymorphism, with C8Ma having two competing alleles (∆360bp at 75.3% and Q212* at 20.9%) at one time point (Day 155). Out of the 3 mice studied for polymorphism that had mutations in dgoR at the last sampling time point, only in one case fixation was reached, while in the others the frequency of the alleles was of 55.8% and 74.1%. The study of polymorphism revealed also new alleles in some of the locus of interest. A mutation in the promoter of dgoR reached a frequency of 7.4% in C2Ma at day 124 and another allele between yjiH and kptA reached a frequency of 24% in C8Ma at Day 155 before being out competed by another allele. Finally, in mouse C11Ma, while we did not find any mutation in dgoR in the clone sequenced at the last time point, a mutation was recovered at high frequency in that gene at an earlier time point, but disappeared later on.

The comparison of the alleles found polymorphic in the different populations studied revealed another gene with evidence of convergence. Clone sequencing revealed a frameshift in uxuR in mouse C11Ma. The polymorphism analysis revealed that this mutation was fixed in that population. In 2 other mice we found mutations affecting uxuR. These mutations were at low frequencies (Q116* at 16.7% in mouse C2Ma, A213V at 6.6% in mouse C3Ma) which explains why we have not sampled them with the clone approach. UxuR is a transcriptional factor that regulates a cluster of operons involved in transport and degradation of the sugar acids β-D-glucuronides, glucuronate, gluconate and L-galactonate.

We further focused on both dgoRKADT operon and rluD and gidB complex as the other important convergence targets, the intergenic region between yijH and kptA (hit 11 times but with only 3 alleles) or ECP_4610 (hit 5 times) affect proteins of unknown functions. To limit the use of animals, functional tests were made only in vitro.

Galactonate operon

Role of dgoR and dgoRKADT operon Among the most notable mutated genes, the genes related to the galactonate operon, dgoRKADT, seemed particularly interesting. Seventeen mutations comprising 6 stop codons, 2 frameshifts, and 3 missenses were recovered in dgoR, 4 missenses in dgoD and 2 missenses in dgoT such that in 11 out of the 15 cages the operon was mutated (figure 3). The operon is composed of dgoR (coding for the repressor), dgoK (coding for a kinase), dgoA (coding for a aldolase), dgoD (coding for a dehydratase) and dgoT (coding for the D-galactonate transporter). This operon is responsible for the utilization of the D-galactonate sugar in a pathway that is somehow parallel to the Entner Doudouroff pathway (EDp): contrary to this pathway the input is D-galactonate rather than gluconate but likewise to the EDp the outputs are pyruvate and D-glyceraldehyde 3P [START_REF] Lamble | Gluconate dehydratase from the promiscuous Entner-Doudoroff pathway in Sulfolobus solfataricus[END_REF]. We confirmed that dgoR is the repressor of the pathway, which is expressed at low level in the absence of D-galactonate and allows the inhibition of the expression of the operon. We observed this regulator activity using reporter strains carrying the gfp gene under control of the dgoRKADT operon promoter in K-12 strain. In LB, which does not contain galactonate, no fluorescence was observed. The presence of D-galactonate, induced fluorescence that was revealed using flux cytometry. Moreover the strain E. coli K-12∆dgoR [START_REF] Baba | Construction of Escherichia coli K-12 in-frame, singlegene knockout mutants: the Keio collection[END_REF] using the same construct presented a constitutive induction of fluorescence in both media (figure 4). These results confirmed the repressor activity of DgoR, which had not yet been observed. To test the effects of the dgoR mutations selected for in our experiments, one evolved lineages of 536 obtained at the end of the experiment from the mouse C8Ma and the ancestor 536 were transformed with the reporter construct plasmid pdgoR. It showed a constitutive expression of fluorescence similar to the one found in E. coli K-12∆dgoR, confirming that inactivation of the repressor has been selected for (data not shown).

Interestingly, mutations in dgoD always occurred in lineages having mutation in dgoR and dgoT mutations always occurred in lineages having also dgoR and dgoD mutations (p=0.009). For instance lineages 5 and 13 both had the 3 genes modified, using 6 different mutations.

To test for a potential benefit linked to mutations in the dgoRKADT operon, we cultured the 15 evolved lineages in different conditions. Growth curves were assayed in different media (LB and minimum medium with glucose or gluconate as the sole carbon source) at different pH (5.7 and 7) and in minimum medium with D-galactonate at pH 5.7 because the sugar is not soluble at neutral pH (figure 5). We then compared the DTs of the seven evolved strains with mutations in dgoR, the two evolved strains with mutations in dgoR and dgoD and the two evolved strains with mutations in dgoR, dgoD and dgoT and the four evolved lineages unaffected in dgoR as well that of the ancestor strains.
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80 A significant difference in growth was found in minimum medium with D-galactonate between dgoR mutant strains and the others using a Welch test (p=0.000114). In more details, the data suggest that dgoR and dgoR-dgoD (p=0.001) mutants have a higher growth rate than strains non mutated in dgo operon, and that strains with the three mutations dgoR, dgoD and dgoT grow even better than the ones with only two (p=0.0014). Of note, truncating (non sense and frame shift) mutations were observed only in the regulator coding gene dgoR. This suggest that despite an induction of the operon of dgoRKADT operon by D-galactonate, inactivation of the repressor of the operon promotes growth in D-galactonate, and that growth is further improved when genes implicated in the pathway of degradation of the D-galactonate are mutated. No difference was observed in LB, minimum medium with glucose and minimum medium with gluconate between the wild type and the mutant strains at both pH 5.7 and 7 (data not shown).

Focus on rluD and gidB

rluD and gidB, are other genes that attracted our attention. Specifically, 6 mutations, including frame shifts were found in rluD, and 7 mutations, including 25bp deletions were recovered in gidB. rluD encodes for a pseudo uridin synthetase that catalyses the formation of pseudo uridine on the 23S rRNA, in other words rluD is involved in 23S rRNA maturation. Similarly gidB is implicated in the maturation of the 16S subunit of the ribosomes as it encodes for a S-adenoside methionine dependant methyltransferase. In other bacterial species, both genes have been shown to be involved in streptomycin resistance, as streptomycin antibiotic targets the ribosome [START_REF] Okamoto | Loss of a conserved 7-methylguanosine modification in 16S rRNA confers low-level streptomycin resistance in bacteria[END_REF][START_REF] Sato | Genetic analyses of the antibiotic resistance of Bifidobacterium bifidum strain Yakult YIT 4007[END_REF]. It is therefore very likely that these mutations have been selected for the adaptation to the antibiotic selective pressure that was maintained during our experiment. Moreover the selected functions of both genes seem to be associated as no evolved lineage presented mutations in both genes. Given the frequency of these mutations (7 and 6 mutations), we could find a significant repulsion between the mutations (test of non random association using a correlation: p<0.001), suggesting that once one is found in one of the genes the acquisition of a mutation in the other is no more selected for.

We first wanted to test if these mutations increased resistance to streptomycin in our strain.

First, we tested if E. coli K-12 mutants of those two genes, K-12ΔrluD and K-12ΔgidB had a higher resistance level by determining the minimum inhibition concentrations (MIC) of streptomycin. K-12ΔrluD and K-12ΔgidB had an MIC of 20 and 80 mg/L, compared to 16 mg/L for K-12, confirming that the genes could play a role in resistance. We then measured the MIC of streptomycin of strain identified previously by others and is responsible for high resistance to streptomycin [START_REF] Pelchovich | The contribution of common rpsL mutations in Escherichia coli to sensitivity to ribosome targeting antibiotics[END_REF]. Indeed, MIC was over 150 g/L (more than 30 times higher than the concentration used in the experiment in the water of mice) and fairly similar across evolved lineages and the ancestor. We decided not to go further with MIC as such an incredibly high level of resistance prevents any accurate and reproducible measurement.

To go further, we then inactivated both genes independently or in combination in strain 536 and performed growth curves in LB supplemented or not with streptomycin at 5 g/L. The underlying idea was that the mutations could compensate the cost of resistance to streptomycin that has been shown to be costly. Wild type strain 536 and 536ΔgidB grew faster than 536ΔrluD and 536ΔrluDΔgidB (p = 0.001) in LB rejecting the idea that the mutations were compensating a general cost of resistance. Yet, the mutant strains grew faster than the wild type strain 536 in LB with streptomycin (figure 6), revealing that these mutations could readily be selected for under the antibiotic selective pressure used. rluD mutants were dominant over gidB mutations in the sense that rluD was sufficient to promote the reducing of the DT; adding gidB to it did not bring any further improvement. Hence, once rluD is inactivated, we do not expect to find any further mutations in gidB, however, under the conditions we tested, if gidB is mutated first, rluD could still be selected for.

Hence our experimental test in LB could only partially explain the observed full repulsion between the two mutated genes.

Discussion

Experimental evolution coupled to whole genome sequencing is a powerful tool to study bacterial adaptation [START_REF] Long | Elucidating the molecular architecture of adaptation via evolve and resequence experiments[END_REF]. Over the last decades, many E. coli populations have been adapted to different media using that approach. Genomics was then used to uncover the molecular determinants of these adaptations and to follow how reproducible adaptation is. Most studies have been done in vitro and have shown some similarities. First, the response to selection is proportional to the initial maladaptation: clones with initial low fitness tend to improve faster [START_REF] Couce | The rule of declining adaptability in microbial evolution experiments[END_REF]. Second, intermediate convergence is observed among replicate lineages. Moreover this convergence is involving different mutations that affect the same genes or functional units.

Though integration at the gene level seems the most relevant to study convergence, mutations in different genes involved in the same function can also be identified as a source of convergence [START_REF] Tenaillon | The Molecular Diversity of Adaptive Convergence[END_REF]. Third, some epistatic interactions may be found between mutations within genes or among genes [START_REF] Tenaillon | The Molecular Diversity of Adaptive Convergence[END_REF]. Fourth, global regulators tend to be frequently recruited during the first steps of adaptations (Hindré et al., n.d.). As most studies, especially long-term ones have been done in vitro or in vivo with laboratory strains, the relevance of these observations remained to be questioned. We therefore wanted to know what fraction of these results would still hold if we were to adapt a natural isolate of E. coli to a more natural environment, the mouse gut. We therefore performed a 363-day assay of colonization of the digestive tract of 30 streptomycin treated mice in 15 independent cages with the B2 strain E. coli 536, and sequenced one evolved clone from each cage. Assuming 18 generations per day for E. coli in streptomycin treated mice [START_REF] Poulsen | Physiological state of Escherichia coli BJ4 growing in the large intestines of streptomycin-treated mice[END_REF], this represents about 6,534 generations.

Similarities and differences with in vitro lessons of experimental evolution

We found some similarities and differences with the previous experiments done:

-We recovered an important signal of convergence between lineages at the mutation, gene/operon and function levels. Convergence at the genome level was highly significant; it was variable among lineages. For instance, 3 out of 10 affected genes of in lineage 9 were targeted in other lineages, while the 6 genes affected in lineage 6 were at least found in another lineage. On average, 56% of the mutations affected genes that were also found mutated in at least another lineage.

For instance, lineages 5 and 13 shared mutations in dgoR, dgoD, dgoT, rluD and in between yjiH-kptA. They have therefore 5 common targets (hit by different mutations for 3 out of 5) out of 9 or 7 affected genes respectively. They have hence a more than 50% convergence at the gene level.

-As found in vitro, this convergence was based on different mutations in the affected genes, and could be integrated into higher functional levels: rluD-gidB modifications of the ribosomal RNA for instance.

-Also some interactions among mutations within genes or among genes could be found. For instance, though 11 mutations were found in dgoR, no lineage was found with a double mutation in dgoR (p<0.004), which suggest that once the gene is inactivated, no further mutations in the gene are selected for. Among genes, mutations in gidB and rluD were mutually exclusive, while mutations in dgoT only occurred in lineages having a mutation in both dgoR and dgoT. These nonrandom associations of mutations suggest an important role of epistasis in shaping the adaptive landscape.

One important difference with previous work was that no global regulator was recovered among the mutations found. In vitro, for instance rpoB is a very frequent target of adaptation [START_REF] Conrad | RNA polymerase mutants found through adaptive evolution reprogram Escherichia coli for optimal growth in minimal media[END_REF][START_REF] Tenaillon | The Molecular Diversity of Adaptive Convergence[END_REF]. Despite a extremely high level of conservation within the species, with just 4 non-synonymous mutations in rpoB among 128 E. coli isolated genomes for a 4 Kb gene [START_REF] Lescat | The Conserved nhaAR Operon Is Drastically Divergent between B2 and Non-B2 Escherichia coli and Is Involved in Extra-Intestinal Virulence[END_REF], the mutations is one of the most frequent target of adaptation in many systems [START_REF] Long | Elucidating the molecular architecture of adaptation via evolve and resequence experiments[END_REF]). The lack of mutations in global regulators in our system, suggests that the conditions encountered may be less artificial than in vitro conditions. Yet, if no global regulators are hit, we may still question the targeted functions to the mouse gut to uncover how specific they are from our experimental conditions or from our strain?

Functional targets of adaptation

One of the dominant targets of adaptation is the inactivation of dgoR that leads to an enhanced ability to grow on D-galactonate. Other studies performed in chemostats with specific sugar as nutrients allowed the observation of mutation in genes enhancing the increase of utilization of these sugars [START_REF] Ferenci | Bacterial Physiology, Regulation and Mutational Adaptation in a Chemostat Environment[END_REF][START_REF] Lederberg | Adaptive Evolution of Escherichia coli K-12 MG1655 during Growth on a Nonnative Carbon Source, l-1,2-Propanediol[END_REF]. However, the specific convergence in the dgoR gene has never been reported so far. Particularly, it was not recovered by Barroso-Batista et al [START_REF] Barroso-Batista | The First Steps of Adaptation of Escherichia coli to the Gut Are Dominated by Soft Sweeps[END_REF] who used also streptomycin treated mice to study the evolution of the K-12 strain. Many hypotheses could be proposed. These observations could be linked to the strain studied. We used the strain E. coli 536 which was isolated after a urinary tract infection in a human patient [START_REF] Brzuszkiewicz | How to become a uropathogen: comparative genomic analysis of extraintestinal pathogenic Escherichia coli strains[END_REF], whereas in other studies the strain used for the experiment of colonization was E. coli K-12 which is the typical laboratory strain (Blattner et al., n.d.). One possibility is that strain 536 could harbor an abnormal genetic background relative to other strains.

For instance, Barroso-Batista et al found that the first response of E. coli K-12 to the gut was mutations inactivating gat operon, but this operon is abnormal in E. coli K-12: it is constitutively expressed due to an insertion sequence integration in its repressor (Barroso-Batista et al., 2014).

Hence the observed response could be more a specificity of the strain than a signature of the environment. When we looked at dgoR, in E. coli 536, we could not find any clear specificity. Our functional assays showed that dgoR does repress efficiently the operon in the presence of glucose and release the repression in the presence of D-galactonate. We performed further analysis of dgoR gene history using fully sequenced genome of E. coli isolates. We observed that the entire operon dgoRKADT was missing in the strains E. coli from the serotype O157:H7 belonging to the E group. This group is usually responsible for enterohemorragic diarrhea in patients but it is also retrieved as commensal in digestive tracts of cattle [START_REF] Cray | Experimental infection of calves and adult cattle with Escherichia coli O157:H7[END_REF]. This particular observation could be linked to the specific digestive tract of cattle. We further used more than 110 E. coli genome sequences [START_REF] Lescat | The Conserved nhaAR Operon Is Drastically Divergent between B2 and Non-B2 Escherichia coli and Is Involved in Extra-Intestinal Virulence[END_REF] to retrieve the mean pairwise rate of synonymous (Ks) and nonsynonymous substitutions (Ka) of dgoR, dgoD and dgoT. For each of these genes, the ratio Ka/Ks was much less than 1 (0.0055, 0.013 and 0.019 respectively) which comforts the idea that the operon is under strong purifying selection.

We then tried to identify the source of D-galactonate in the digestive tract of animals or human individuals, but nothing has been described about this sugar except the big amount produced in specific tissues of patients or mice with a specific genetic disease [START_REF] Ficicioglu | Galactitol and galactonate in red blood cells of children with the Duarte/galactosemia genotype[END_REF][START_REF] Yager | Galactitol and galactonate accumulation in heart and skeletal muscle of mice with deficiency of galactose-1phosphate uridyltransferase[END_REF]. However, this sugar can be produced from galactose using the De Ley Doudoroff pathway present in specific aerobic bacteria such as Stenotrophomonas maltophilia [START_REF] Brechtel | l-Glucitol Catabolism in Stenotrophomonas maltophilia Ac[END_REF].

Saffarian et al. recently identified that these bacteria especially S. maltophilia can be retrieved in the crypts of mice [START_REF] Saffarian | Draft Genome Sequences of Acinetobacter parvus CM11, Acinetobacter radioresistens CM38, and Stenotrophomonas maltophilia BR12, Isolated from Murine Proximal Colonic Tissue[END_REF]. Besides, we know that S. maltophilia can be retrieved in the mucous membranes of patients under antibiotic selective pressure especially with imipenem treatment, this bacteria being naturally resistant to this antibiotic as well as to all aminoglycosides, including streptomycin. We therefore retrospectively searched for the presence of this species in mouse feces stored at -80°C in glycerol, but failed to find it. Surprisingly, in other experiments with CD1 mice used for colonization assay, we identified the presence of this species in the feces but were not able to find if the species could produce D-galactonate (data not shown). We can also hypothesize that dgoRKADT operon may be used to catabolize some alternative sugars found in the digestive tract of mice, and that this sugar is unable to relieve the repression by dgoR and favors therefore its inactivation. Overall, from the data we have, we can say that selection for dgoR inactivation seem not to be a specificity of the strain we used, and must be due to the environmental conditions we evolved the strains in. However, it is hard to know if the selection for dgoR loss is generally selected in the mouse gut or if it is selected here as an indirect consequence of the use of streptomycin that alters the composition of the microbiota as Leatham-Jensen et al observed missenses in other genes of an E. coli K-12 strain evolved model of colonization [START_REF] Leatham-Jensen | The Streptomycin-Treated Mouse Intestine Selects Escherichia coli envZ Missense Mutants That Interact with Dense and Diverse Intestinal Microbiota[END_REF]. Nevertheless, these convergences illustrate the ability of E. coli to adapt to the specificity of its gut environment, whether they are linked to the host, its diet or E. coli interactions with the gut microbiota [START_REF] Maltby | Nutritional Basis for Colonization Resistance by Human Commensal Escherichia coli Strains HS and Nissle 1917 against E. coli O157:H7 in the Mouse Intestine[END_REF].

Our second target of adaptation was directly linked to the use of antibiotic in our experimental setting. Thirteen out of the 15 lineages had mutations either in gidB or in rluD, two genes involved in maturation of ribosomal RNAs and linked to the rpsL gene in which mutations may be responsible of resistance to streptomycin. Experiments in which bacteria are evolved in presence of antibiotics represents one of the typical cases of selection that favors the fast emergence of mutations. It is also a case of medical importance due to the drastic increase of resistance among pathogenic bacteria [START_REF] Andersson | Antibiotic resistance and its cost: is it possible to reverse resistance?[END_REF][START_REF] Toprak | Evolutionary paths to antibiotic resistance under dynamically sustained drug stress[END_REF]. Two types of mutations are generally selected for in such a regime: mutations that increase resistance to the antibiotic on the one hand and compensatory mutations on the other. The latter are mutations that are selected as they compensate the cost of some previously acquired costly resistance mutations [START_REF] Andersson | Antibiotic resistance and its cost: is it possible to reverse resistance?[END_REF]. In our case, as the concentration of antibiotic used was much lower than the MIC of the strain (5 g/L compared to an MIC of more than 150 g/L), we were therefore not expecting resistance mutations to be selected for. Indeed, in the case of streptomycin, subinhibitory concentrations higher than 1/4 of the MIC can select for resistance mutations [START_REF] Gullberg | Selection of Resistant Bacteria at Very Low Antibiotic Concentrations[END_REF], while in the present setting, strains were exposed to concentrations lower than 1/30 of the MIC. We found however that gidB and rluD inactivations were not compensatory mutations, but mutations that improved growth only in the presence of the antibiotic. Interestingly gidB was found to be inactivated in several streptomycin resistant laboratory strains [START_REF] Jeong | Genome sequences of Escherichia coli B strains REL606 and BL21(DE3)[END_REF] suggesting that the selection of its inactivation may occur quite broadly under streptomycin selective pressure.

Finally, the pattern of convergence suggests that two other sets of genes of unknown functions are involved in adaptation to the streptomycin treated mice gut. ECP4610, a putative transcriptional regulator is affected 8 times and the intergenic region between yjiH and kptA is modified 11 times. It would be interesting to look in more details at the phenotypic effects of these mutations to uncover the specificity of their contribution to adaptation.

Rates of adaptation

Besides the targets of adaptation, our data gave also the rate at which mutations are selected for in the mice gut. In experimental evolution, fast rate of substitutions can be found, with about 11 mutations in 2,000 generations in a thermal adaptation experiment using a very maladapted strain [START_REF] Tenaillon | The Molecular Diversity of Adaptive Convergence[END_REF], 15 mutations after 5,000 generations in a less challenging environment [START_REF] Barrick | Genome evolution and adaptation in a long-term experiment with Escherichia coli[END_REF] In vivo, Barroso-Batista et al. found a mean of 2.3 mutations per lineage over 400 generations [START_REF] Barroso-Batista | The First Steps of Adaptation of Escherichia coli to the Gut Are Dominated by Soft Sweeps[END_REF]). Here we found 95 mutations over 4,838 days of evolution, a rate 4.4, 2.4 and 4.7 times lower than the one found in the afore mentioned experiments if we assume 18 generations per day [START_REF] Rang | Estimation of Growth Rates of Escherichia coli BJ4 in Streptomycin-Treated and Previously Germfree Mice by In Situ rRNA Hybridization[END_REF] and no mutation in the global regulators.

Hence, the selective pressures may not be as strong as in other setting, reflecting that despite the antibiotic selective pressure, the strain was more adapted to its environment than the ones of the previous experiments. The polymorphism data were suggesting low selective pressure as in mice C3Ma and C2Ma some polymorphic alleles shifted their frequency by less than 40% over more than 125 days of evolution (table S3) and over 4 populations sequenced after more than 125 days of evolution, a single mutation was found fixed (data not shown). The value of Ka/Ks was substantially higher than one (Ka/Ks=1.90, 95% CI 1.09-4.02) but less than the one found in other studies. For instance, a Ka/Ks close to 5 was found in thermal adaptation suggesting that 80% of non-synonymous mutations were the product of selection in that setting. Such high values of Ka/Ks are not rare, for instance in the long-term experimental evolution, the population sequenced [START_REF] Barrick | Genome evolution and adaptation in a long-term experiment with Escherichia coli[END_REF] had no synonymous mutations fixed after 20,000 generations. The lower value found here is coherent with a much weaker selective pressure in the mouse gut compared to in vitro evolution.

Overall, our data show that an "evolve and sequence" approach [START_REF] Long | Elucidating the molecular architecture of adaptation via evolve and resequence experiments[END_REF] coupled to an analysis of convergence can be used to uncover the molecular bases of short-term adaptation in an in vivo study. With that approach, we identified several genes as targets of selection in the gut of streptomycin treated mice and showed that adaptation could be caught in the act in a somehow natural setting with a natural isolate. This suggests that short term adaptation may contribute to some of the patterns of prevalence we observed in the wild [START_REF] Tenaillon | The population genetics of commensal Escherichia coli[END_REF]. While some of the dominant targets, gidB/rluD and dgo operon do not seem to be specific of the strain we used, others such as ECP4610 and mutations between yjiH and kptA are more enigmatic and could be specific of the strain, especially ECP4610 that is only found in few strains. Further studies with various strains will be required to investigate the fraction of that adaptation that is dependent on the genetic background of the host. Finally, the presence of genetic responses linked to the antibiotic used to maintain the strain, call for the development of some colonization assays without such a selective pressure.

Data accessibility
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(http://datadryad.org) with the number doi:10.5061/dryad.4g503 and in the table S1 The date used to produce the figures 2 and 3 are presented in the table S2 and in the MicroScope website (http://www.genoscope.cns.fr/agc/microscope/home). The dendrogram of the evolved lineages (on the left) was computed using parsimony method and the presence or absence of mutations among the lineages. The convergence at the mutation level is showed in red (light red absence of mutation, bright red: presence of mutation) and illustrates similar mutations that appeared in different lineages with the name of the gene or regions it falls into, and the position on the Escherichia coli 536 genome. The specificity at the gene level is shown in blue (light blue: absence of mutations, bright blue: presence of mutation) for the dgoR, dgoT, and dgoD genes, and in green (light green: absence of mutations, bright green: presence of mutation) for the gidB and rluD genes illustrating mutations falling in the same genes, but with possible differences. Boxplots of the doubling times in minutes of 11 mutated strains of E. coli 536 in dgoR and 5 non mutated strains in dgoR with the ancestor, in minimum medium D-galactonate at pH 5.7. We found a significant difference between the dgoR mutated strains and the wild type strains using a Welch test (p =0.001) Figure 6: Inactivation of rluD and gidB genes confers an advantage to the Escherichia coli strains in LB with streptomycin. Boxplots of the doubling times in minutes of 536, 536ΔgidB, 536ΔrluD and 536ΔrluDΔgidB in LB, and in LB with streptomycin at 5 g/L. We observed in one side that wild type strain 536 and 536ΔgidB grew faster than 536ΔrluD and 536ΔrluDΔgidB in LB and that the mutant strains grew faster than the wild type strains 536 in LB with streptomycin (p < 0.001). 1: Summary of the mutations that were found in the evolved lineages. The name of the genes as well as the orientation (defined by the arrow), the position along the genome, and the flanking genes in case of an intergenic mutation are furthermore displayed, with the mutations, its type, the number of occurrence, and a description of the gene product. Stop codons are indicated with the symbol *. 

EVOLUTION OF E. COLI DURING ACUTE INFECTION:

Over the last 3 decades, experimental evolution studies revealed many facets of the adaptive process of E. coli. It showed how convergence or the apparition of mutator strains could be seen as clear signs of adaptation. However, when trying to bring such experiments closer to the natural conditions of E. coli, the results appear to be less striking. Indeed we showed in the previous study that evolution of E. coli in the mouse's gut is showing clear signs of convergence but no recruitment of global regulators and a lower substitution rate.

In order to continue investigating the evolution of E. coli in the wild, we looked at one particular case that isn't well documented, the evolution of E. coli during acute infection. Indeed if studies tried to tackle the question of long term evolution of E. coli in the case of chronical infections [START_REF] Zdziarski | Host Imprints on Bacterial Genomes-Rapid, Divergent Evolution in Individual Patients[END_REF], less is known about the diversification process taking place during short infectious events. Levert et al [START_REF] Levert | Molecular and Evolutionary Bases of Within-Patient Genotypic and Phenotypic Diversity in Escherichia coli Extraintestinal Infections[END_REF] showed by looking at 226 isolates gathered from 19 patients from deep E. coli infections that even in the case of mono clonal infections, were all isolates from one patient came from a common ancestor, signs of micro heterogeneity and phenotypic differences could be seen. The variability of the phenotypes was significantly higher than when comparing with commensal strains, leaning towards the ideas of that the observed diversification occurred in the extraintestinal environment rather than in the gut before the infection. Furthermore, mutator isolates were identified in 3 patients, indicating that adaptations was at stake. In order to go further we used the isolates of these three patient to try to characterize the genomic diversity within these infections.

The three patient had three different types of infections: the Patient 11 was suffering from a rare adult meningitides, where the strains were found in the cerebrospinal fluid (CSF); the patient 13 suffered from a pyelonephritis and lastly, the patient 17 suffered from a peritonitis. For the two first patient 7 isolates were sequenced using Illumina technology while 8 were sequenced for the patient 17. Because of the plasticity of E. coli's genome previously described, we were not able to use a previously sequenced reference genome. We assembled de novo the genome of one strain, annotate it and then use it as a reference for the other strains of the same infection.

Using this method we were able to identify a high number of mutations across the isolates from the samples. Our first observation was that there was indeed presence of mutator strains in each patient, with the isolate 54 of the patient 11 being mutated in the mutS gene, like the isolate p5_36 from the patient 17, while the patient 13's isolate 4433 was mutated in the mutL gene. Furthermore, convergences at the gene level were observed in intra-patient and inter-patient comparisons.
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Abstract:

While there are clear evidences of the adaptive process in chronic bacterial diseases such as lung infections in cystic fibrosis patients, much less is known about the adaptive process in acute infections. The presence of mutator strains in urinary tract infections of Escherichia coli, suggests that adaptation may play a role in acute extraintestinal infections as mutators are strains with increased mutation rate that can be driven to high frequency when adaptation is at play. To investigate if acute infections caused by E. coli can lead to adaptation, we have sequenced 7 to 8 clones of three distinct extra-intestinal infections representing a gradient of distance from the gut: a peritonitis, a pyelonephritis and a rare case of adult meningitides. All infections were chosen as having one of the sampled clones with an increased mutation rate. Genomic analysis revealed a higher diversity in the peritonitis than in the meningitides, and a large contribution of the mutator clones to the population diversity. Within each infection, some genes were altered several time independently, a sign of convergence and a hallmark of natural selection. Some loci such as putA, fimH, glpD, rbsR, rpoS, fnr or hupA, were mutated multiple time both within patients and between, revealing that natural selection may recruit the same targets in these different infections. Finally, in two out of the three mutator strains, the mutation at the origin of the increased mutation rate was a deletion that extended to a gene that was in itself mutated multiple time in the infection. This indicates that the early stages of mutator selection may have been facilitated by a coincidental selection. Overall, these observations support an active role of natural selection in shaping the genomes of E. coli during acute extraintestinal infections.
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Background

When they change of environment, microorganisms are facing new opportunities for adaptation. Experimental evolution, in which bacterial populations are evolved in an artificial media in the laboratory, has given ample proofs of that concept. Using either long-term evolution [START_REF] Wiser | Long-Term Dynamics of Adaptation in Asexual Populations[END_REF] or replicate evolution with clones of different initial fitnesses, it was shown that adaptation to new conditions was faster when the initial fit to these conditions was poorer (reviewed in [START_REF] Couce | The rule of declining adaptability in microbial evolution experiments[END_REF]). Yet, much less is known about the extent of bacterial adaptation in the wild due to changes of environment, presumably because it is hard to track bacterial population facing changes of environment. Nevertheless, one such switch that is well documented and has an important medical relevance is the switch to pathogenic environment made by opportunist pathogens.

Opportunist pathogens are not meant to be colonizing pathogenic environment but may take the opportunity if they have the chance. As a consequence, the pathogenic environment represent a new environment to which they may adapt. The most acknowledged case of such a transition, is found in the colonization of the lung of cystic fibrosis patient by soil bacteria such as Bulkolderia dolosa [START_REF] Lieberman | Parallel bacterial evolution within multiple patients identifies candidate pathogenicity genes[END_REF] and Pseudomonas aeruginosa [START_REF] Jorth | Regional Isolation Drives Bacterial Diversification within Cystic Fibrosis Lungs[END_REF][START_REF] Smith | Genetic adaptation by Pseudomonas aeruginosa to the airways of cystic fibrosis patients[END_REF][START_REF] Yang | Evolutionary dynamics of bacteria in a human host environment[END_REF].In these chronic infections that may last for years, multiple studies have revealed proofs of molecular adaptation. First, as those patients are heavily treated with antibiotics, multiple antibiotic resistances have been found to emerge in these bacterial populations over the years. Second, among these bacterial populations, a large fraction of high mutation rate clones named mutators have been found. Mutators are bacteria that have inactivated some repair system and that subsequently have high mutation rate [START_REF] Oliver | High Frequency of Hypermutable Pseudomonas aeruginosa in Cystic Fibrosis Lung Infection[END_REF]. The most common defect found among natural mutator isolates is affecting methyl-directed mismatch repair (MMR) a post replication error correction system relying in the action of genes mutS, mutL and mutH [START_REF] Denamur | Evolution of mutation rates in bacteria[END_REF]. Experimental evolution [START_REF] Sniegowski | Evolution of high mutation rates in experimental populations of E. coli[END_REF], simulations [START_REF] Tenaillon | Mutators, population size, adaptive landscape and the adaptation of asexual populations of bacteria[END_REF] and theoretical analysis [START_REF] Good | Evolution of mutation rates in rapidly adapting asexual populations[END_REF] have shown that an increase in mutation rate can be selected for when the supply of beneficial mutations is large: the excess of beneficial mutation produced by the mutator clones drive them to high frequency. Finding mutators is therefore a signature of sustained adaptation.

Third, whole genome sequences of epidemic clones that infected several patients revealed traces of convergence. Convergence at the molecular level can also be seen as a hallmark of adaptation [START_REF] Tenaillon | The Molecular Diversity of Adaptive Convergence[END_REF]. Among all the possible mutations that may occur, finding mutations with similar effects reflects the filtering action of natural selection. For instance, in B. dolosa infections [START_REF] Lieberman | Parallel bacterial evolution within multiple patients identifies candidate pathogenicity genes[END_REF], apart from convergence in antibiotic resistances genes, recurrent mutations in the respiration pathway were found implying a specific adaptation to the lung environment. All these observations prove that adaptation is at play in these chronic infections. Indeed, these chronic infections offer the best opportunity for adaptation to proceed: population sizes are large and time is long, both factors giving opportunities for mutation to emerge and be selected for. One question that

remains nevertheless more open is whether acute infections, that have a much shorter lifespan and tend to have smaller population sizes, are also coupled to adaptation.

Escherichia coli extraintestinal pathogens can be used as a model of opportunistic pathogen responsible of acute infections. E. coli is a versatile species. It is a commensal of the gut of vertebrates, the dominant facultative anaerobe of the human microbiota [START_REF] Tenaillon | The population genetics of commensal Escherichia coli[END_REF]. E.

coli is also a health threatening pathogen responsible of close to 1 million death per year due to intraintestinal and extraintestinal pathologies. Now that diarrheas are better treated, most of the burden imposed by E. coli relies on extraintestinal diseases. E. coli is responsible of several acute infections such as urinary tract infections (UTI), septicemia and new born meningitides. As these pathologies are not epidemic, they can be seen as opportunistic. Yet, not all strains are equally likely to produce these infections. B2 and D phylogroups of E. coli are overrepresented among the strains sampled from these infections [START_REF] Bingen | Phylogenetic Analysis of Escherichia coli Strains Causing Neonatal Meningitis Suggests Horizontal Gene Transfer from a Predominant Pool of Highly Virulent B2 Group Strains[END_REF][START_REF] Picard | The link between phylogeny and virulence in Escherichia coli extraintestinal infection[END_REF]. They harbor indeed a larger number of genes named virulence factors that are required for survival in the extra-intestinal niches.

These factors suggest at first look a specialization of these strains to extraintestinal virulence.

However, D and particularly B2 strains can also be successful commensals of humans. The B2 group is representing close to 50% of commensal strains in the human American population [START_REF] Zhang | Both Urinary and Rectal Escherichia coli Isolates Are Dominated by Strains of Phylogenetic Group B2[END_REF]. It is increasing in France where it was less than 10% in the 80ies and is now of 35 % [START_REF] Daubié | Phylogenetic, virulence and antibiotic resistance characteristics of commensal strain populations of Escherichia coli from community subjects in the Paris area in 2010 and evolution over 30 years[END_REF]. Closer investigation has now revealed that virulence factors contribute to the commensal success of the strains carrying them. Deletion of all pathogenicity island of E. coli strain 536 came at a cost in a mouse model of commensalism [START_REF] Diard | Pathogenicity-Associated Islands in Extraintestinal Pathogenic Escherichia coli Are Fitness Elements Involved in Intestinal Colonization[END_REF]. These observations suggest that virulence is a by-product of commensalism (Le [START_REF] Gall | Extraintestinal virulence is a coincidental by-product of commensalism in B2 phylogenetic group Escherichia coli strains[END_REF] and therefore comfort our hypothesis that E. coli extraintestinal pathologies are opportunistic.

As for the case of chronic infections, several studies provides some indirect hints that adaptation may occur during E. coli acute extra intestinal infections. First, populations sampled from infectious sites show signs of diversity. Early studies, revealed diverse colony morphology of monoclonal E. coli UTI [START_REF] Bettelheim | A study of Escherichia coli isolated from chronic urinary infection[END_REF]. More recently, analysis of several clones from the same extraintestinal sample in 19 E. coli extraintestinal infections revealed that in the majority of infections, traces of genetic heterogeneity were recovered. This diversity could be neutral and just the product of chance, but phenotypic analysis revealed that it was associated to some phenotypic diversity. Indeed, clones from the same infection differed in their antibiotic resistance, their growth rate and their stress resistance, changes that resulted in differences in their intrinsic virulence tested in a mouse model of septicemia [START_REF] Levert | Molecular and Evolutionary Bases of Within-Patient Genotypic and Phenotypic Diversity in Escherichia coli Extraintestinal Infections[END_REF]. Second, among these clones [START_REF] Levert | Molecular and Evolutionary Bases of Within-Patient Genotypic and Phenotypic Diversity in Escherichia coli Extraintestinal Infections[END_REF], and more broadly among urinary tract infections, mutators strains are recovered more frequently than in commensal strains [START_REF] Denamur | High Frequency of Mutator Strains among Human Uropathogenic Escherichia coli Isolates[END_REF]. Infectious populations can have a small fraction of mutators among them or be dominated by mutator clones [START_REF] Couce | Intrapopulation variability in mutator prevalence among urinary tract infection isolates of Escherichia coli[END_REF]. As mentioned before, the presence of mutators can be seen as proofs that adaptation is at play. Third, experiments with mutators have shown in animal models that adaptation could proceed. Using a mouse model of urinary tract infection, Labat et al. [START_REF] Labat | Mutator phenotype confers advantage in Escherichia coli chronic urinary tract infection pathogenesis[END_REF] showed that mutator strains could avoid clearance and establish as chronic infections. Similarly, Cooper et al [START_REF] Cooper | Involvement of Mismatch Repair in the Reciprocal Control of Motility and Adherence of Uropathogenic Escherichia coli[END_REF] showed that deletion of MMR genes was selected for during a 48h ascending UTI, presumably due to a faster switching rate of motility expression in MMR deficient strains.

These evidences are based on diversity within an infection or on short-term evolution in animal models. There are also some epidemiological evidences that selection may recruit pathoadaptive mutations during acute infections, especially during UTI [START_REF] Sokurenko | Pathoadaptive Mutations in Uropathogenic Escherichia coli[END_REF]. The pioneer work of Sokurenko [START_REF] Sokurenko | Pathogenic adaptation of Escherichia coli by natural variation of the FimH adhesin[END_REF] used comparative genomics to identify the signature of selection in type I Fimbriae component fimH. They found that UTI strains were enriched in nonsynonymous variants of that gene. Experimental studies [START_REF] Sokurenko | Pathoadaptive Mutations in Uropathogenic Escherichia coli[END_REF] confirmed the role of these mutations in modulating adhesion affinity/specificity and revealed their contribution to pathology in animal models. Other adhesion genes such as Dr Family adhesins or fimbriae genes such as papG were also found to accumulate nonsynonymous mutations in uropathogenic E. coli. These epidemiological evidences support the contribution of mutation to pathogenicity. However, as the evidence are based on comparative studies, whether the mutations occurred before the infection or during it remains an open question. For instance in patients with recurrent acute urinary tract infection, a pathoadaptive mutation in fimH was found to be polymorphic in the E. coli sampled in the bladder, but it was also found to be polymorphic in the fecal population at the time of the infection, suggesting that the mutation preexisted in the commensal habitat [START_REF] Sokurenko | Pathoadaptive Mutations in Uropathogenic Escherichia coli[END_REF].

Hence, all the keys for adaptation seem to be present in E. coli acute extraintestinal infections: genetic diversity associated with some phenotypic diversity having consequences on virulence, proof that adaptation is possible in some conditions, existence of candidate genes that seem to contribute to the adaptive process. Yet, further descriptions of the dynamic of the adaptive process at the infectious site would improve our understanding of that process [START_REF] Sokurenko | Pathoadaptive Mutations in Uropathogenic Escherichia coli[END_REF]. Along these lines, we decided to characterize the genomic diversity present within the infective population of 3 patients sampled from the 19 infections previously mentioned [START_REF] Levert | Molecular and Evolutionary Bases of Within-Patient Genotypic and Phenotypic Diversity in Escherichia coli Extraintestinal Infections[END_REF]. We choose to examine patients in which a mutator was found as the presence of mutator is an indirect evidence that selection is going on in these infections, furthermore we took three different types of infections. The first one, a peritonitis is linked to the gut bacterial population, the second a pyelonephritis required E. coli to move from the gut to the bladder and subsequently to move upward to the kidneys, and the third was sampled from a rare case of adult meningitides, which requires for E. coli to reach the cerebrospinal fluid (CSF).

Materials and Methods

Isolation of clone isolates

Three adult patients with severe extraintestinal E. coli infections were studied [START_REF] Levert | Molecular and Evolutionary Bases of Within-Patient Genotypic and Phenotypic Diversity in Escherichia coli Extraintestinal Infections[END_REF] : Patient 11 (P11) had neurosurgery postoperative infection of the cerebrospinal fluid, patient 13 (P13) suffered from pyelonephritis and patient 17 (P17) had peritoneal fluid infection. In all cases, E. coli alone was recovered. Each patient was infected by a single clone with micro diversity [START_REF] Levert | Molecular and Evolutionary Bases of Within-Patient Genotypic and Phenotypic Diversity in Escherichia coli Extraintestinal Infections[END_REF] . 7, 7 and 8 colonies per patient, respectively, were randomly selected after seeding the pathological sample on blood agar (P11 and P17) or cysteine lactose electrolyte deficient (P13) plates (fig 1A). The isolates were sub cultured twice and stored in glycerol at -80°C.

Human ethics statement

All the sampling procedures of the infected patients were performed in the course of the clinical diagnosis. No additional procedure was performed in the patients for the present study. The study was approved by the institutional ethics committee (Comité de Protection des Personnes, Hôpital Saint-Louis, Paris; #2004-06). The participants were informed of their role in the study and written informed consent was provided by study participants.

Sequencing

The different samples were sequenced using the Illumina sequencing technology. All the isolates of the patient 13 as well as 7 of the patient 17 were sequenced in 51bp single reads. The isolate p5_36 of the patient 17 was sequenced in 101bp single reads later on. Lastly, the isolates from the patient 11 were all sequenced in 101bp paired ends. This resulted in an mean coverage of 177X

for the patient 17 (min 37X, max 447X), 156X for the patient 13 (min 112X, max 405X) and 80X for the patient 11 (min 10X, max 90X)

Genomic analysis.

In order to analyze the diversity among the different samples, we used an approach combining de novo assembly and mapping to try to reconstruct the history of the strains infecting one patient.

For each patient one clone was assembled and annotated. Then the other clones from the same patient were mapped to this genome to identify mutations (fig1)

Reads correction and de novo assembly:

In a first step all the sequences were corrected using the correction functions implemented in SPAdes 3.6.2 [START_REF] Bankevich | SPAdes: A New Genome Assembly Algorithm and Its Applications to Single-Cell Sequencing[END_REF] that rely on bayeshammer. Then one clone, for which no mutator phenotype was observed, was randomly picked for each patient to serve as the reference genome. This clone was reconstructed using SPAdes with the careful option activated. The contigs were filtered in order to only keep sequences with a length larger than 500bp, in order to discard small erroneous contigs. Then, as we wanted to use the assembled clones, we annotated them using Prokka 1.11 [START_REF] Seemann | Prokka: rapid prokaryotic genome annotation[END_REF]. At the end of this step we obtained a genebank files of one clone for each patient with the fasta sequence and the annotations transferred from the closest genes by Prokka. Those files were then used as reference genome for the mapping analysis (fig 1C).

Read mapping:

We used breseq 0.27.2 [START_REF] Deatherage | Identification of mutations in laboratory-evolved microbes from next-generation sequencing data using breseq[END_REF] in order to identify mutations differentiating each clones from one patient. To do so, we used the previously assembled and annotated clone from one patient as a reference and mapped the corrected reads of the other clones to it. We also mapped the reads from the clone that we chose as a reference back to itself in order to identify possible assembly errors. We then filtered the mutations identified by breseq (fig 1B). When identifying mutations, the program stores mutation evidence that can take the form of either read alignment evidence (RA), single nucleotide polymorphisms (SNPs) and short indels, missing coverage (MC), and new junction evidence (JC), corresponding to reads mapping to one part of the reference on one of its side and to another part on the other side, indicating a possible rearrangement. The program then uses these evidences to make mutation predictions. The RA are easily transformed into prediction as SNPs or short indels when they are supported by at least 85% of the reads. However to identify a large deletion breseq needs to have both a missing coverage of the region as well as the new junction evidence that both sides of the region form a new junction. Therefore in the outputs of breseq we can still find some unassigned missing coverage for which no junction evidence was found.

When filtering the outputs of breseq, we first look at the predicted SNPs and short indels. We first removed the mutations that appeared when the reference genome's reads are mapped back onto itself, as they can be the result of wrongly mapped reads coming from a closely related part of the genome that isn't in the assembly. We then removed mutations when they were close to one another.

We disregarded mutations that were less than 51bp apart from one another. These clustered mutations are usually caused by reads erroneously mapped. They are typically found in proghagic regions which are repeated in the genome but don't have 100% identity. These regions tend to create trouble to the assembly and produce either chimeric contigs or fragmented contigs that are discarded by our contig length selection. We also removed all mutations that were found in all strains, as well as mutations for which the frequency of the mutated reads was less than 0.95. Then we looked at the unassigned missing coverage evidences that were only maintained when they represented a possible deletion of more than 1000 bp. A single large deletion may encompass several unlinked contigs, and appear therefore as multiple missing coverage evidences. To avoid counting a single deletion multiple times, all contigs with a loss of coverage extending to one extremity (or both) were blasted. Deletions involving contigs that blasted within 5kb of an E. coli genome or plasmid were clustered together and counted as a single large deletion.

Reconstruction of the diversification:

The mutations identified for each clones represents how they differed from the clone that we arbitrarily used as the reference. To try to deduce how these strains would differ from their common ancestor, we used a parsimony method. For each mutations that we observed in the clones of one patient, we looked at how common it was across all the clones.

If the exact same mutation was identified in more than half of the total number of clones then it is more likely to be the ancestral state. So, we then shifted this mutation by removing it from the clones bearing it, while adding the opposite mutation to the mutation list of the clones that did not have it.

This way we can have a vision of how the clones are most likely to have diversified from a common ancestor.

Multi locus sequence typing (MLST) and serotyping:

In order to identify the MLST for the isolates of each patient, we used the contigs of the reconstructed genome that we used as a reference in the CGE website [START_REF] Larsen | Multilocus Sequence Typing of Total-Genome-Sequenced Bacteria[END_REF] by using both the two methods: #1 [START_REF] Wirth | Sex and virulence in Escherichia coli: an evolutionary perspective[END_REF] and
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111 #2 [START_REF] Jaureguy | Phylogenetic and genomic diversity of human bacteremic Escherichia coli strains[END_REF]. Similarly we also used the same website and files to do the serotyping of the isolates [START_REF] Joensen | Rapid and Easy In Silico Serotyping of Escherichia coli Isolates by Use of Whole-Genome Sequencing Data[END_REF].

Mutation rate assay

Mutation frequencies of the isolates were estimated by monitoring their capacity to generate mutation conferring resistance to rifampicin in triplicates in at least three independent cultures (9 values minimum), as described [START_REF] Denamur | High Frequency of Mutator Strains among Human Uropathogenic Escherichia coli Isolates[END_REF].

Red and dry and rough (rdar) morphotype and H2O2 resistance

Cells of the mutants of the isolate P5-35 from patient 17 were tested with these two phenotypic assays, which are depending of RpoS. For the rdar phenotype, cells were grown on lysogeny broth (LB) agar plates without NaCl (LB0) at 28°C. We determined colony morphology and color using LB0 agar supplemented with Congo red (40µg.ml-1) and Coomassie brilliant blue (20 µg.ml-1), as described previously [START_REF] Levert | Molecular and Evolutionary Bases of Within-Patient Genotypic and Phenotypic Diversity in Escherichia coli Extraintestinal Infections[END_REF][START_REF] Robbe-Saule | Crl Activates Transcription Initiation of RpoS-Regulated Genes Involved in the Multicellular Behavior of Salmonella enterica Serovar Typhimurium[END_REF]. For the H2O2 resistance assay, cells were grown overnight in LB, washed, and re-suspended in 0.9% NaCl to a concentration of about 1.108 cells ml-1. H2O2 was added to a final concentration of 50mM. Aliquots of bacteria were removed at 0, 60 and 90 minutes, and numbers of viable cells were determined on LB plates [START_REF] Levert | Molecular and Evolutionary Bases of Within-Patient Genotypic and Phenotypic Diversity in Escherichia coli Extraintestinal Infections[END_REF].

Construction of mutants

rpoS mutants: Deletion and allelic exchanges of rpoS were performed on the P5-35 isolate exhibiting the D118Y RpoS mutation according to the slightly modified protocol of Datsenko and

Wanner [START_REF] Datsenko | One-step inactivation of chromosomal genes in Escherichia coli K-12 using PCR products[END_REF][START_REF] Gerlach | Rapid Oligonucleotide-Based Recombineering of the Chromosome of Salmonella enterica[END_REF]. Briefly, resistance genes tetA and tetR were PCR amplified with 60 mer primers matching in their extremities to the 5' and 3' parts of the rpoS gene (Table SX) and electroporated in P5-35 isolate previously transformed by the pKD46 plasmid. Recombinant clones were selected on Bochner Maloy [START_REF] Bochner | Positive selection for loss of tetracycline resistance[END_REF] . Recombinants were checked by PCR using custom primers. Then, the tetAR cassette was either deleted (P5-35 ∆rpoS) or replaced by the rpoS wild type allele amplified from the P5-40 isolate (P5-35 WT) or the original D118Y allele (P5-35 D118Y).

hupA mutants: Deletion of hupA was performed on the 4429 and 4431 isolates of patient 13 and on the archetypal B2 phylogroup strain 536 using the Datsenko and Wanner protocol [START_REF] Datsenko | One-step inactivation of chromosomal genes in Escherichia coli K-12 using PCR products[END_REF]. Chloramphenicol acetyl transferase gene (cat) was amplified with the H1P1_hupA and H2P2-hupA primers (Table SX) and electroporated in the isolates previously transformed by the pKD46 plasmid. Recombinants were selected by plating on antibiotic containing plates and verified by PCR. The cat cassette was then removed in the 4429 ∆hupA::cat strain using the pCP20 plasmid. The scar sequence after FLP-mediated excision of antibiotic resistance gene was verified by PCR and Sanger sequencing. Complementation of the 4429 ∆hupA mutant was performed as follow. The hupA gene was PCR amplified and cloned in the pSMARTGCLK plasmid using GC

Cloning & Amplification kits (Lucigen Corporation). The recombinant plasmid was electroporated in the E. coli K-12 strain, purified and then electroporated in the 4429 ∆hupA mutant. The insertion was verified by PCR using the SL1 and SR2 primers and classical Sanger sequencing (Table SX).

Sanzer technology sequencing of hupA and put A

hupA (273bp) and putA (3963bp) genes were amplified by PCR in one and five fragments, respectively. The PCR products were then sequenced by classical Sanger technology.

Mouse sepsis assay

A mouse sepsis model was used to assess the intrinsic extraintestinal virulence of the isolates as described elsewhere [START_REF] Picard | The link between phylogeny and virulence in Escherichia coli extraintestinal infection[END_REF]. Briefly, for each isolate, 10 outbred female Swiss OF1 mice (3-4 weeks old) from Janvier (France) received a subcutaneous injection into the nape of the neck of approximately 2x10 8 CFU of stationary-phase bacteria. After inoculation, the mice (which had free access to food and water) were observed for up to 1 week. Time of death was recorded for each mouse. Surviving mice were euthanatized on day 7 by cervical dislocation. In each lethality assay, two control isolates were included: K-12 MG1655 isolate, which does not kill mice by 7 day post challenge, and CFT073 isolate which shows a lethality of ≥80% by 7 day post challenge [START_REF] Johnson | Experimental mouse lethality of Escherichia coli isolates, in relation to accessory traits, phylogenetic group, and ecological source[END_REF]. Control isolates were prepared in the same conditions as test isolates and injected in 5 mice each. Isolates were categorized as killer (K) or non-killer (NK) if they killed ≥80% or ≤20% of the inoculated mice, respectively. Isolates killing mice between these two values were categorized as intermediate killer (IK) [START_REF] Johnson | Experimental mouse lethality of Escherichia coli isolates, in relation to accessory traits, phylogenetic group, and ecological source[END_REF]. In some experiments, the size of the inoculum was decreased as in [START_REF] Tourret | Effects of single and multiple pathogenicity island deletions on uropathogenic Escherichia coli strain 536 intrinsic extraintestinal virulence[END_REF].

Competition experiments were performed by inoculating 5 to 6 mice in the same conditions as above by a 1/1 ratio of the various mutant and wild type strains. Bacterial cells were numbered in the spleens of animals after grinding and sprawl on LB plates. Distinction between wild type and mutant strains was done either phenotypically looking for the rdar morphotype, which is depending of RpoS (Robbe-Saule et al., 2006) (rpoS mutants) or genetically by PCR using the Verif_hupA_F and Verif_hupA_R primers which gave a 537 or 640bp product according to the absence or presence of hupA, respectively (Table SX) (hupA mutants).

Animal ethics statement

Animal experiments were performed in compliance with the recommendations of the French Ministry of Agriculture and approved by the French Veterinary Services (accreditation A 75-18-05). 

Results and discussion

We sampled clones from 3 infections of our collections of infections that we previously characterized. We choose three types of infections that also presented traces of genetic heterogeneity and the presence of a mutator. Mutation rate estimates of the clones sampled in each of these 3 patients, are reported in figure 2. Clearly each patient had a mutator allele, as clone p5_36 of patient 17, clone 4433 of patient 13 and clone 54 of patient 11 had an elevated mutation rate, comparable to the rate estimated from our control MMR deficient strain M13.

Mutation analysis

For each of the three patients, we sequenced the whole genome of 7 clones, for the ptient 11, and 8 clones for the patient 17. As. E. coli genome is variable in terms of gene content, for each patient, one non-mutator clone was assembled de novo, and the other sequenced clones where then mapped on the subset of contigs of the assembled-one. The missing parts are regions that are in multiple slightly diverged copies in the genome and that can therefore not be assembled de novo.

Moreover, as the reference genome we have is composed of independent contigs, it is not possible to be as stringent in mutation detection as we can be using evolved lineages with a known ancestral genome. While we can detect point mutations, and small indels in non-repeated regions with high efficiency, the detection of large deletions generate more trouble as they can encompass several contigs. Using genomes of other E. coli genomes, we can nevertheless cluster deletions affecting independent contigs. Insertion sequences integrations are also difficult to identify as breseq is providing many possible junctions between contigs and we could not identify a consistent way to sort out robustly the various outputs provided by the software. We therefore decided not to report that type of mutations. Nevertheless, using our methodology, we were able to identify a substantial level of variability across isolates from the same patient (table S1).

Within sample diversity

Interestingly the level of diversity in the three patients and correlated with the expectation based on the portal of entry of the infection. In the patient 17 suffering from peritonitis, the isolates appeared to be from the phylogroup A, belonging to the ST4358 using EC#1 and ST132 using EC#2, while the predicted serotype was O25:H16. It had the highest level of diversity with 223 independent mutations in total, leading to a mean of 27.9 mutations by isolates (table S1) ( 120 and 17,14 when discarding the mutator isolates that accounts for a big part of the observed mutations). Among those mutations, 142 SNPs were found, among which 22 were intergenic, 95 were nonsynonymous, 6 were nonsense mutations, and 19 were synonymous mutations. We identified 81 indels events with 37 being small indels while 44 where large deletions. Considering small indels, 18 were found to be genic causing frameshifts in 15 cases while 3 cases did not cause any frameshift. Finally, 19 events were intergenic. Many large deletions were found in these patients. A large fraction of these were linked to plasmids. The high level of diversity, with an overall mutation rate similar to the one of the other populations (figure 3) suggests a quite long divergence between the strains, a divergence that presumably predate the origin of the infection. Some non-mutator clones differed from one another by more than 20 mutations. Assuming a mutation rate of about 2 10 -10 per site per generation [START_REF] Lee | Rate and molecular spectrum of spontaneous mutations in the bacterium Escherichia coli as determined by whole-genome sequencing[END_REF], this would suggest about a thousand generations of divergence between some of the samples. As the entry point of the infection is directly connected to the gut, such a large diversity is not unexpected and may result from preexisting diversity in the gut. This observation can furthermore be reinforced by the fact that 24 mutations were found to be informative (specific to two isolates at least).

For the isolates sampled from the patient 13, with a pyelonephritis, the strain used as a reference was identified as a B2 strain belonging to the ST372 using EC#1 and an unknown ST using EC#2 while the predicted serotype was O83:H31. In this patient, the isolates exhibited an intermediate level of diversity, with a mean of 9.57 mutations per isolates, for a total number of 67 mutations ( 6.83 and 41 when discarding the mutator isolates). 45 SNPs were identified with 8 intergenic mutations, 7 synonymous, 23 non synonymous and 7 stop mutations. 22 indel were found, with 15 small indels, 6 being intergenic, 9 in coding regions with 7 causing frameshifts and 2 not causing frameshift, and 7 large indels. Only 8 mutations were informative, suggesting a recent emergence of diversity and a star like phylogeny for this group of isolates (fig 3).

Lastly, the patient 11 isolates, sampled from the CSF, had a lower number of mutation, and the strain used as a reference was identified as a A strain belonging to the ST1434 using EC#1 and an unknown using EC#2, while the predicted serotype was O18ab:H55s. Only 38 mutations were identified (table S1) in total with a mean of 5.57 mutations by isolates mutations (21 and 3.5 when discarding the mutator isolates). 24 SNPs were found, with 5 intergenic mutations, 5 synonymous mutations, 13 non synonymous mutations and 1 stop mutation. Furthermore 14 indels were identified in total, with 8 large deletion events, and 6 small indels events, 2 being intergenic, 1 not producing any frameshift, and 3 producing a frameshift in coding genes (fig 3). Furthermore, only 2 informative mutations were found identified in this patient.

Structure of the Diversity using point mutations

Focusing on point mutations and excluding in each population the mutator clone, we could quantify diversity and its structure using a population genetics approach. The measure of diversity as estimated by [START_REF] Watterson | On the number of segregating sites in genetical models without recombination[END_REF] was 26.5, 11.8 and 4.8 at the genome level for patients 17, 13 and 11 respectively. The structure of the tree was more star like than expected under classical coalescent as revealed by negative Tajima's D statistics in all cases (-1.34, -1.29 ,and -1.44 for patient 17, 13 and 11 respectively, but not statistically different from 0 in all cases).

Looking at mutations in coding regions, we could find that excluding mutator clones, there was 48 nonsynonymous mutations for 3 synonymous among the clones of patient 17, 20 nonsynonymous for 2 synonymous in patient 13 and 8 nonsynonymous mutations and a lack of
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116 synonymous mutations in patient 11. As we roughly should have 3 fold more nonsynonymous mutations than synonymous, there is a clear over representation of nonsynonymous mutations in the dataset which suggests that natural selection is at play in all patients. In mutator isolates, as observed previously [START_REF] Wielgoss | Mutation Rate Inferred From Synonymous Substitutions in a Long-Term Evolution Experiment With Escherichia coli[END_REF], the ratio is much closer to expectation with 16 synonymous for 53 nonsynonymous in the mutator clone of patient 17, 5 synonymous and 10 nonsynonymous in patient 13 and 5 and 6 respectively for patient 11. Both the structure of the tree and the fraction of synonymous mutations suggest that selection could have shaped the diversity we observed.

Mutator genotype and contribution to diversity

A high level of total mutations was found in each patient, and within each one of them, we were able to identify at least one isolate with a really high mutations rate. Using genomic sequences, we were able to identify the molecular defect responsible of the mutator phenotype affecting in all cases the MMR machinery. Indeed, we were able to identify a deletion of a part of the mutS gene in one isolates of the patient 17, while this gene was completely absent from the one of the patient 11.

Lastly one isolate from the patient 13 showed 2 kind of mutations, with a complete deletion of the mutL gene along with an intergenic point mutation close to the mutH gene end that could interact with the termination process during transcription. As all the mutator phenotypes were related to the mismatch repair system our results are consistent with previous work on mutators in the wild [START_REF] Denamur | Evolution of mutation rates in bacteria[END_REF].

Mutators specific mutations contributed to 41% in patient 17, 38% in patient 13 and 44% in patient 11 of the total number of mutations and 53%, 38%, 54% of the point mutations, respectively.

These numbers illustrate that despite their quite low frequency in the samples (12.5 to 14.2% in our samples) MMR deficient strains harbor a much larger fraction of the genetic diversity present in the population.

It is known that MMR defect tend to increase mostly transitions, as well as small indels. When comparing the number of transversion and transition between the mutator strains from each patient to the rest of the isolates we were able to identify a significant difference in the patient 17 (p<0.0001) and patient 11 (p=0.0009), whereas we could not conclude on the association of the mutator genotype with the high number of transversion in patient 13 (p=0.3339) most probably because of the lower number of mutations identified.

Within patient convergence
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117 One of the goal of our approach was to look for signature of adaptation in the sequences. One particular case of such signature is the existence of convergence at the gene level within the population. Experimental evolution has revealed that when genes are targets of adaptation, many mutations in the genes may be adaptive, even in essential genes that are highly constrained [START_REF] Long | Elucidating the molecular architecture of adaptation via evolve and resequence experiments[END_REF]. As a consequence, convergence at the gene level, i.e, finding different mutations affecting the same gene, is very often observed between populations [START_REF] Tenaillon | Tempo and mode of genome evolution in a 50,000-generation experiment[END_REF][START_REF] Tenaillon | The Molecular Diversity of Adaptive Convergence[END_REF][START_REF] Woods | Tests of parallel molecular evolution in a long-term experiment with Escherichia coli[END_REF] or within [START_REF] Lee | Synchronous Waves of Failed Soft Sweeps in the Laboratory: Remarkably Rampant Clonal Interference of Alleles at a Single Locus[END_REF]. Within population genic convergence is sign of vigorous adaptation: it shows that the population is large enough to drive several beneficial mutations simultaneously to detectable frequency, a phenomenon named clonal interference [START_REF] Gerrish | The fate of competing beneficial mutations in an asexual population[END_REF]. In the three populations under study we could find signs of such convergence (table 1).

Indeed, in the patient 17, 13 genes were found to be mutated independently more than once, through point mutations, small indels or through some large overlapping deletions. In patient 13 and 11, 9 and 4 genes were independently mutated respectively. The mutations found in these convergent loci represented 13.9% of all mutations in patient 17 and 25.8% of mutations if we exclude mutations from the mutator clone of that infection. In patient 13, convergent mutations represented 40.3 % of all mutations and 48.9% if we exclude the mutator. Finally, in patient 11, they represented 26.3% of all mutations and 42% if we exclude mutations found in the mutator clone. Hence convergence was substantial in all patients and higher in the two infections that are further away from the gut, suggesting that convergence is somehow more marked in extraintestinal environment.

Between patient convergence

While we expected to see convergence among strains isolated from of a patient, it was interesting to observe that convergence also appeared between patients (table 1). Indeed even if the type of infection are quite different, we could observe some convergence at the gene level between clones of the different patients. These convergence could encompass genes in which convergence was observed within patients, or genes mutated only once per patient but recovered in several patients.

For instance putA was mutated 4 times in both patient 17 and 13. rpoS and rbsR were mutated twice in patient 13 and 11 and once in patient 17, they were also previously recovered in another patients [START_REF] Levert | Molecular and Evolutionary Bases of Within-Patient Genotypic and Phenotypic Diversity in Escherichia coli Extraintestinal Infections[END_REF]. fnr was also mutated twice in both patient 13 and 17. fimH was mutated 4 times in patient 11 and once in both patient 13 and 17. Here again, convergence was substantial, for instance in patient 13, 18 mutations out of 67 (26.9%) were affecting genes also affected in the other two patients. The number is even higher if we focus on the mutations that show a sign of convergence in patient 13: out of the 9 clusters of genes that present sign of convergence within patient 13 strains, 6 are also found mutated in the other patients. Similarly 4 out of 13 loci with signs of convergence of patient 17 strains were found mutated in the other infections and 3 out of 4 in patient 11. Some of the loci involved in convergence will be later discussed.

Mutator and convergence

In each of the three infections, a mutator clone was found among a subset of related clones.

This dataset represents therefore a unique opportunity to understand the early emergence of mutator clones in the wild. Interestingly, 2 of the mutators occurred through deletions that encompassed some other genes involved in convergence. In patient 11, the deletion of mutS extends all the way to rpoS which is also found mutated in another clone of that infection. Similarly, the deletion of mutL in patient 13 extends to the neighboring miaA which is also found mutated in two other clones. This suggests that the molecular defect generating the mutator may in itself be under selection in 2 out of three cases. This type of coincidental selection may favor the emergence of mutator to a frequency high enough to generate some beneficial mutations. In all three patients some of the mutations involved in convergence were recovered in mutator clones. A fimH mutation was found in patient 11 mutator clone, a frameshift in rpoS as well as a mutation in fnr and some mutations in an unknown gene in patient 13, and mutations in catM, putP, ybjJ, rpsH and PROKKA_04195 an hypothetical protein in the mutator clone of patient 17. All these mutations are therefore candidate mutations that might have contributed to the increase in frequency of the mutator allele.

Mouse model of virulence

One of the limitations of our approach compared to experimental evolution, is that once we have identified potential mutations, it is difficult to validate them experimentally. Each of the infections we have observed are different and cannot be fully reproduced even in animal models. Yet, over the years it has become clear that a mouse model of septicemia could be a good candidate model to explore the extrinsic extraintestinal virulence of the isolates [START_REF] Picard | The link between phylogeny and virulence in Escherichia coli extraintestinal infection[END_REF]. We thus assessed extraintestinal intrinsic virulence of the clone isolates using this model. In that model, 10 mice are injected with a culture of E. coli and the lethality and death timing are recorded. Strains fall mostly in two categories, killer strains that kill more than 8 out of 10 mice, and non-killer that kill less than 2.
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119 While isolates from patient 11 were all non killers, surprisingly, the isolates of the patient 13 and 17 exhibited a wide range of virulence ranging from killer (K) to non-killer (NK) phenotype in similar proportions in the two patients: K (28.5 and 33 % of the isolates, respectively), intermediate killer (IK) (14 and 11 %, respectively) and NK (57 and 55.5 %, respectively). As expected, among the isolates exhibiting a K phenotype, the isolates of the patient 13 which belong to the B2 phylogroup were more virulent as they killed at least 6 mice in less than 18 hours as compared to the A phylogroup isolates of the patient 17 that killed the mice in two to three days [START_REF] Picard | The link between phylogeny and virulence in Escherichia coli extraintestinal infection[END_REF].

As all phylogenies are star like, we performed an association test between the impact on mortality of the strains in the mice model of septicemia and the presence of the various mutations showing signs of convergence. As clone 32 and 35 from patient 17 had the same genotype and were clearly not independent, they were merged into a single strain. Using this approach, we were note able to identify a clear signal, which tends to suggest that in this situation, virulence may be a complex trait that can be modulated by several mutations acting together. However, we could also argue about the size of the sample.

Convergence case studies:

In the next sections we will present some detail analysis of the mutations we found. These are either based on a literature or they involved further experiments. Before we go into those details it is first important to mention that some mutations are known to occur at high rate in bacterial strains passaged many times in the laboratory. Such mutations may lead to spurious convergences. It is for instance well established that rpoS gene is frequently inactivated during laboratory storage in stabs [START_REF] Bleibtreu | The rpoS Gene Is Predominantly Inactivated during Laboratory Storage and Undergoes Source-Sink Evolution in Escherichia coli Species[END_REF]. Our strains were nevertheless submitted to few subcultures and were stored in -80°C after two growth cycles. Moreover, in patient 11 the mutS mutator is linked to an inactivation of rpoS and is loaded with 17 mutations, suggesting a quite ancient emergence. To test if hupA or putA inactivations could also emerge in laboratory conditions in the same way as rpoS inactivations, we sequenced hupA and putA and in the 82 strains of the IAI collection [START_REF] Bleibtreu | Fitness, Stress Resistance, and Extraintestinal Virulence in Escherichia coli[END_REF]. In this collection, rpoS is inactivated in 31% of the strains, and we observed a single of HupA inactivation by an IS2 as well as no inactivating mutation in putA.

fimH and fliC

In the patient 11, a strong convergence was observed in the fimH gene that was mutated 3 times independently, with one isolate exhibiting two mutations. Indeed mutations V133L and L150V

were found together in the isolate 50, while the mutations Q62K and T179A were found in the isolate 49 and 54 respectively. FimH was affected at least once in all patients. This gene has already been well characterized, and code for the subunit FimH of the type I fimbriae, which is also composed of the FimA, FimG, FimF and FimC subunits. This protein is implicated in the binding of E. coli to mucosa, and more particularly to the oropharyngeal epithelium, during fecal oral transmission of E.

coli, in order to pass through the stomach to reach the large intestine. It was shown the mutations in fimH could be pathoadaptative as mutations could lead to variation in the binding characteristics of the cell. Naturally occurring mutations in fimH could allow for a better binding to the urinary tract, and therefore be a strong factor when shifting from a commensal to a more pathologic habitat [START_REF] Sokurenko | Pathogenic adaptation of Escherichia coli by natural variation of the FimH adhesin[END_REF]. In the patient 17 the gene fimH was truncated by a large deletion of 3557bp deleting a part of the gene. A deletion of 36bp was found in patient 2. In patient 11, fimH was the dominant signature of convergence with 4 independent mutations, isolate 50 isolate being even mutated twice. All those mutations were nonsynonymous SNPs. If we take into account the infectious nature of the isolates considered, we can hypothesized on the outcomes of such mutations. Indeed as the two mutations in the patient 17 and the patient 13 seems to be deleterious for the protein, we could argue that the absence of binding of the bacteria to the mucosae could be advantageous in these infections. Infection of patient 11 is a rare case of adult meningitides caused by E. coli. In that case, moving all the way from the gut to the brain may have required several binding strategies that lead to the selection of multiple variants in fimH.

Other exposed structures showed sign of convergence. The flagellin component fliC and a major regulator of flagel expression, ydiV, were also found mutated in patient 13 and 11.

rpoS

RpoS is a major stress response sigma factor that controls the expression of many genes under stress [START_REF] Hengge-Aronis | Signal Transduction and Regulatory Mechanisms Involved in Control of the σS (RpoS) Subunit of RNA Polymerase[END_REF]. rpoS has an extremely complex regulation for a bacterial gene with control at all possible level: transcription, translation, degradation. rpoS was found mutated twice in patient 11, including a large inactivating deletion, twice in patient 13, including a 11bp frameshift, and once in patient 17. Moreover, miaA which directly controls the production of RpoS was also found mutated repeatedly in patient 13. These results confirm that rpoS inactivation seem to be under selection in extraintestinal infections [START_REF] Levert | Molecular and Evolutionary Bases of Within-Patient Genotypic and Phenotypic Diversity in Escherichia coli Extraintestinal Infections[END_REF] with a source-sink epidemiology [START_REF] Bleibtreu | The rpoS Gene Is Predominantly Inactivated during Laboratory Storage and Undergoes Source-Sink Evolution in Escherichia coli Species[END_REF].
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We explored further the functional consequences of the D118Y rpoS mutation found in the P5-32 and P5-35 isolates of patient 17. This mutation is localized in an important region of the protein, the sub region 2.2, which is essential for the binding of the RNA polymerase core (Lonetto, J Bacteriol, 1992, 174, 3843). This amino acid has been reported mutated in a natural isolate of Salmonella enterica (Robbe-Saule, AEM, 2003, 69, 4352). We generated by allelic exchange three The combination of mutants yielded in all the cases a similar killer phenotype as the individual mutants. Furthermore, the numeration of the different mutants using the rdar morphotype in the spleens of the mice did not evidenced statistical differences in the ratio of the mutants in the spleens as compared to the inoculum.

Collectively, these data indicated that the D118Y has no impact in the mouse model of sepsis, in line with an epidemiological study on 82 E. coli natural isolates showing no correlation between the RpoS status and the virulence in the mouse sepsis model [START_REF] Bleibtreu | Fitness, Stress Resistance, and Extraintestinal Virulence in Escherichia coli[END_REF]). Yet, the mutation still seems to have a phenotypic effect and may correspond to a reduced functionality of rpoS.

putA-hupA

putA gene, coding for both a transcriptional repressor and a membrane based enzyme involved in proline degradation, was found to be independently mutated 4 times in both the patient 13 and 17

(fig 4). Out of the 8 mutations, one was a large deletion, 6 were nonsynonymous and 1 synonymous.

putP a transporter of proline that is regulated by putA was also found mutated 3 times (plus the large deletion that encompasses putA and putP) in patient 17 suggesting that modification of proline pathway is under selection in that patient.

In both patients with mutation in putA, 4 mutations in hupA and one in hupB were found and always in association with mutations in putA (p=0.02). hupA and hupB gene, which encodes the subunits of the HU protein, a histone like protein that acts as a global regulator. As mutations in putA could be found without mutations in hupA or hupB in patient 13, this suggests, provided selective pressure are identical in both infections, that putA mutations preexisted the selection of hupAB mutations. As hupA inactivations (one clone in each patient has a truncated protein) are known for reducing the growth rate of the bacteria [START_REF] Huisman | Multiple defects in Escherichia coli mutants lacking HU protein[END_REF], this further suggests that putA modifications may alleviate the cost of hupA inactivation.

We therefore explored further the functional consequences of the truncating hupA mutation in two isolates of the patient 13, i.e. 4429 and 4431 as well as in an archetypal B2 phylogroup strain 536. These three strains are highly virulent in the mouse model of sepsis as they killed at least 6 mice over the 10 inoculated in less than 18 hours [START_REF] Picard | The link between phylogeny and virulence in Escherichia coli extraintestinal infection[END_REF]. We choose both 4429 and 4431 isolates as the latest but not the first exhibited a putA mutation, which we hypothesized to be involved in the compensation of the hupA mutation (see above). We first used the classical mouse sepsis assay by inoculating 10 mice with 2 X 10 8 CFU of each of the following mutants: 4429 ∆hupA, 4429 ∆hupA::cat, 4431 ∆hupA::cat and 536 ∆hupA::cat and the corresponding wild type isolates. No difference was observed in the killing of mice between the wild type and mutant isolates. To evidence a milder effect of the mutation, we then decreased of an order of magnitude the inoculum and increased the number of tested mice to 20, as in [START_REF] Tourret | Effects of single and multiple pathogenicity island deletions on uropathogenic Escherichia coli strain 536 intrinsic extraintestinal virulence[END_REF]. For ethical reason, we focused these analyses only on the 4429 / 4429 ∆hupA strains. In these conditions, the 4429 isolate killed 6 mice over 20 inoculated whereas the 4429 ∆hupA mutant killed 1 mouse over 20, with no difference in the time of death of the mice (Fisher test p=0.09). The complemented mutant 4429 ∆hupA pSMARThupA tested in 10 mice did not killed any mouse, indicating a non-significant effect of the complementation on the phenotype. Lastly, we performed a competition experiment by inoculating a 1/1 ratio of the 4429 and 4429 ∆hupA isolates at 2 X 10 8 CFU in 6 mice. We analyzed the presence of both isolates in the spleens of dead mice by PCR on 100 colonies per mice, the length of the PCR product differentiating the WT and the deleted mutant. No statistical difference in the ratio between the wild type and the mutant in the spleen as compared to the inoculum was observed.

Collectively, these data indicated a weak if any role of hupA in the virulence of the isolates observed. Anyway, it cannot account for the drastic difference of the virulence between the isolates of patient 13.

rbsR.

Interestingly, rbsR was found to be mutated in all patients. rbsR is the repressor of the operon controlling ribose degradation and import. In each patient, at least one mutation inactivated that gene,
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123 suggesting that selection is favoring a nonfunctional gene, and therefore a constitutive expression of the operon. The gene rbsR was furthermore found to be mutated in another patient, the patient 3, by [START_REF] Levert | Molecular and Evolutionary Bases of Within-Patient Genotypic and Phenotypic Diversity in Escherichia coli Extraintestinal Infections[END_REF]. We have previously observed a similar constitutive activation of an inducible pathway in an experimental adaptation of E. coli to the mice gut of streptomycin treated mice. In that case inactivation of dgoR lead to a better growth in culture with galactonate despite a functional induction of the dgo operon in the presence of galactonate [START_REF] Lescat | Data from: Using long-term experimental evolution to uncover the patterns and determinants of molecular evolution of an Escherichia coli natural isolate in the streptomycin treated mouse gut[END_REF].

Interestingly, deletion of the ribose operon is one of the first target of adaptation in the long term experimental evolution of Richard Lenski [START_REF] Tenaillon | Tempo and mode of genome evolution in a 50,000-generation experiment[END_REF]. Indeed other targets of adaption in experimental evolution were found mutated in one or several patient. The glp operon with glpD and glpK, for instance, was previously described [START_REF] Applebee | Functional and Metabolic Effects of Adaptive Glycerol Kinase (GLPK) Mutants in Escherichia coli[END_REF]. Similarly, mreB (Tenaillon et al., 2016[START_REF] Tenaillon | The Molecular Diversity of Adaptive Convergence[END_REF] a gene involved in rod shape has been found mutated with diverse mutational strategies along the different experiments. The conservation of the targets of adaptation in different systems indicates that some genes are more prone to be recruited by adaptation than others.

Conclusion

In order to study adaptation in opportunistic extraintestinal infections of E. coli we have studied the genomic diversity present in 3 infections that varied in their pathophysiology. We found that diversity in the sample was connected to the proximity of the gut. The highest diversity was recovered in the infection closely connected to the gut and the lowest in the most distant from the gut: the meningitis. The identity of the mutations revealed a high level of convergence both within and between infections: in both the meningitis and the pyelonephritis, mutations found in genes hit multiple times represented more than 40% of mutations when mutator specific mutations were excluded from the analysis. As convergence is a hall mark of adaptation, these results suggest that adaptation is at play in these infections and that adaptive diversity may be generated efficiently even in deep and complex infections that require a priori several bottlenecks.

Our data also illustrate for the first time the early emergence of mutator alleles in wild conditions. Here, the mutators harbored only a few mutations and we could therefore hope to identify mutations that drove them to high frequency. Indeed several mutations involved in convergence were found in mutator background. The mutator allele may have used some of these to increase in frequency. Yet, in two cases out of three, we observed that the mutation generating the mutator allele may in itself be adaptive. In both cases the mutator phenotype is due to a large deletion that encompass other genes. In both cases the genes co-deleted were found to be targets of selection as they were mutated in some other strains. Hence, in both of these infections, the mutator may have emerged as a byproduct of a selection acting on the deletion of a neighboring gene. This could explain the presence of mutators in short lived infections that may have endured severe bottlenecks. Yet, even if the early selection of mutators may be coincidental, in each of the infections, despite a frequency of less than 14%, mutator clones contributed to close 40% of all mutation and close to 50% of all point mutations. Hence they may greatly contribute to the evolvability of the population.

Figures

Fig 1: Workflow of the mutation identification for each patient. All the isolates are sequenced using illumina technology (A). For each patient, one isolate represented in red is used to construct a reference genome using Spades for the assembly process and prokka for the identification and annotation of genes (B). Then the reads of each sample is compared one by one to the reference genome using breseq (C) to identify variants. The mutation frequencies of the isolates was estimated by their capacity to generate mutation conferring resistance to rifampicin in three independent cultures as described [START_REF] Denamur | High Frequency of Mutator Strains among Human Uropathogenic Escherichia coli Isolates[END_REF]. The Two controls are a MMR deficient strain, M13, and the k12 MG1655 strain Table S1: Mutations identified in the isolates from the three patients. For intergenic mutations the positions in regards to the two closest genes is indicated in brackets. When multiple genes are touched, a list of the genes is indicated in the the description column, and genes partially deleted are indicated in square brackets.

E. COLI EXPERIMENTAL EVOLUTION: GETTING OUTSIDE THE LAB

It has now been several decades since Richard Lenski initiated his long-term experimental evolution study. Yet, these still evolving lineages continue to be a source of new discoveries. They have contributed to a better understanding of adaptation, and revealed several evolutionary processes such as the selection of mutator strains, or the primary selection of mutations in highly pleiotropic genes. The fundamental value of this experiment is therefore doubtless. However, the artificial nature of the strains and environment used forces us to question the relevance of the observed conclusion in the wild: How many of the observations would hold true in the nature, how many would be specific to laboratory conditions? To answer to this question, we conducted two studies aiming at identifying the genomic patterns of adaptation in E. coli during its evolution in both, either a commensal environment or during an infection. Applying this approach to E. coli commensal and pathogenic environment is of medical importance as the genetic determinants involved in each of these environments are not fully known.

EVOLUTION IN COMMENSAL ENVIRONMENT

In our first study, we used mice that were artificially colonized by the streptomycin resistant E. coli strain 536. Mice were bred for one year under constant administration of streptomycin in the water to maintain the strain 536. A comparison of the evolved genome to that of the ancestor strain, revealed clear signs of adaptation. Indeed convergence could be found at both the gene and functional level, in the form of independent mutations being recovered in different lineages. Two main functional roles clearly emerged from the mutated genes: (1) genes implicated in the metabolism of galactonate, revealing optimization of carbon source utilization and (2) genes implicated in the maturation of ribosomal RNA, suggesting a stronger adaptation to streptomycin.

Interestingly, the observed substitution rate was lower than the ones observed in other experimental studies, be it in artificial media or in axenic mice. Furthermore, if we rule out the mutations in the ribosomal RNA maturation genes that are directly linked to streptomycin selective pressure, we found no highly pleiotropic genes among the targets of adaptation. These two observations suggest that adaptation in the mice gut is less active than in laboratory experiments, indicating that the strain we used to initiate the experiment was more adapted to the mouse gut. This is not surprising as natural isolates have experienced recently some gut environment. It suggests nevertheless that some of the patterns of adaptation found in experimental system may be specific to strong maladaptation and may have limited relevance in environment commonly encountered. Yet, experimental evolution in which one strain is moved to a completely new environment could still be representative of some important natural situations for E. coli: the colonization of extraintestinal habitat in humans?

ADAPTATION DURING ACUTE INFECTIONS

Colonization of new environments is not rare for E. coli. Indeed, as described previously, certain strains can produce extra-intestinal infections that result most often from a strain living in the commensal habitat that after passing one or more barriers is exposed to a completely new niche.

Therefore, we focused our second series of analysis on human infectious produced by E. coli. We analyzed samples of E. coli coming from three different types of infections, a peritonitis, a pyelonephritis and a meningitis, that were shown to come from a single E. coli clone that eventually diversified. All of the infection we chosen had one mutator clone among the 7 to 8 strain sampled.

This project prove to be particularly challenging because we did not have access to the ancestral strain and given that E. coli genomes are very variable, we could not arbitrarily pick a sequenced genome as a reference. To resolve this problem we tried different approaches, and finally decided to use one of the isolates from one patient as a reference. All the isolates from the infection were then compared to that reference in order to identify their genetic specificities and to deduce the most probable evolutionary history of the isolates. When trying to see how the different isolates were differentiated from one another, we observed once more strong signs of convergence, with several genes being mutated independently in each patient. We also confirmed the presence of one mutator isolate for each patient that had accumulated a high number of mutations due to a mutation in MMR system. This observation is, to our knowledge the first ever observation of the emerging process of a mutator strain in a wild environment. Mutator strains are usually considered as being a footprint of adaption, as in order to spread to high frequency, the mutator allele relies on the production of beneficial mutations. However, it was striking to observe that 2 out of our 3 mutator phenotypes were due to a large deletion that would delete the MMR genes but also other genes for which convergence was found. This raised a question: where the mutator alleles initially selected for their mutator phenotype, or as a byproduct of the selection acting on the co-deleted gene?

Whatever the selective pressure involved in their early selection, mutator alleles were later associated with a large fraction of the diversity present in the populations and could therefore contribute to later adaptations. An alternative sign of adaptation was the presence of convergence in genes like rpoS, which encodes for the sigma factor involved in general stress response. Finding mutations in highly pleiotropic regulatory genes is reminiscent of the first step of adaptation of in vitro experimental evolution, in which mutations affecting such high effect genes, allow a quick adaptation. In the end this study re-enforced our convictions that the observations made by Richard

Lenski and his colleges have meaningful effects on the evolution of E. coli in the wild, but more in infections than in commensal conditions. During an infection, E. coli is often found alone and has therefore a large number of option for adaptation, while in the gut it may be much more constrained by the rest of the microbiota.

PERSPECTIVES:

Though we were able to identify convergence during adaptation to the gut of streptomycin treated mice, an undesired bias appeared, the selective pressure exerted by the streptomycin leaved a footprint in the genome. Despite an extremely high initial level of resistance, strains evolve to cope with the sub-inhibitory antibiotic concentration they were facing. Furthermore, even metabolic genes involved in convergence, affecting for instance the metabolism of galactonate, could be selected because streptomycin. As it affects the microbiota, streptomycin may favor the proliferation of certain species over others and therefore change the metabolic composition of the gut. Stenotrophomonas are for instance galactonate producer that are naturally resistant to streptomycin, and have been found in mice's gut (though we could not detect them directly in the experiment we did) [START_REF] Pedron | A Crypt-Specific Core Microbiota Resides in the Mouse Colon[END_REF]. Streptomycin treatment could favor these species, and as a result, galactonate level would increase and lead to the selection of mutations in the dgo operon of E. coli. To avoid artificial modification of the environment due to streptomycin, a mostly streptomycin-free protocol was developed. Pregnant mice were treated with streptomycin and inoculated by strain 536 E. coli. Streptomycin treatment was ceased at birth, and infants inherited from their maternal microbiota. The infants were then separated from the mother and their E. coli followed through time. This study is now over and the genomes, currently being sequenced, will be analyzed as I have done.

To avoid the trouble of streptomycin, an alternative is to study E. coli in its natural environment the human gut. In that respect, we are currently studying 24 isolates gathered from the gut of one person at 3 different time points. The analysis are still running but were able to identify mutations in the putA, rbsR as well as rpoS gene, three genes that showed sign of convergence in the infection we studied. This result can be really startling as we associated convergence in those mutations as traces of adaptation during the infection. From this observation, we can build two hypotheses: (1) the mutations in these genes were selected in the gut or (2) this type of mutation is a typical case of a mutation selected for commensalism that also gives an advantage during an infectious event. Given the high number of independent mutations that we observed in the gene putA, the first hypothesis would then mean that the infections we studied were not caused by a single bacteria but rather a subpopulation of closely related isolates with some preexisting diversity in putA. A good way to test for this hypothesis would be to have access to both the infectious samples but also the feces of the concerned patient, and to do a population studies in order to quantify the diversity of putA present in the gut community of E. coli. Yet, it is difficult to have both samples. An alternative way to test for the adaptive impact of the observed mutations would be to test their effect in conditions of commensalism as we could not find a clear effect of putA on virulence. It would indeed be interesting to see if such mutations could provide a fitness gain to the strains.

As a conclusion, I was able to use the NGS tools to show signs of adaptation of E. coli to its environment in natural conditions, and to show that the observations made by laboratory experimental evolution, even though slightly biased by nature, could hold true in the natural environment of the bacteria. During this analysis the genomic tools proved to be a really helpful tools, allowing for the comparative analysis of several isolates. However, as mentioned, the task was daunting because of the need of manual curation of the mutation detection outputs. More modern sequencing techniques like PacBio and Nanopore with their much longer reads would help produce a better reference for each clone and presumably accelerate the analysis of the data. Along with those new technologies, there is great hopes that such analysis will get easier in the future. Branches separating the B2 phylogenetic group strains from the other group strains are indicated in blue.

The CC87 and its specific genes I was also involved in [START_REF] Skurnik | Emergence of Antimicrobial-Resistant Escherichia coli of Animal Origin Spreading in Humans[END_REF] study in which we analyzed 403 Escherichia coli / Escherichia clades isolated from human and animal populations that had differential contacts with one another. The study identified of a specific B1 clonal complex, CC87, which was responsible for the increased antimicrobial resistance observed in strains coming from environment with a high human mediated antimicrobial pressure. Indeed the strains appeared to have a high capacity of acquiring and disseminating antimicrobials resistance genes. In this study I helped with the genomic analysis of the CC87 strains. I analyzed the presence/absence patterns of the genes of the strains using a mapping approach based on a database of 128 E. coli genome, and compared it to the pattern of the non CC87 B1 strains (fig 2). This allowed for the identification of 33 genes differentially present in the two groups, 20 of which were regrouped in 3 synteny blocks, two of these being specific to the CC87, while the third one was absent of the CC87. This allowed for the identification of candidates genes that could be responsible for the particular phenotypes of the CC87. strains rooted on the phylogroup C was computed with 500 core genes. Gene presence (green) /absence (red) is illustrated for the set of genes that presented a contrasted signature between CC87 strains and non CC87-B1.

Among this set, four groups of linked genes are represented with the following color code: blue for metabolic genes; orange for transporters; pink for genes with alternative functions and white for genes of unknown functions.

Afin de répondre à ces questions, mais aussi à des questions plus globales en termes d'évolution, des expériences d'évolution expérimentales utilisant E. coli ont été mises en place depuis déjà plusieurs décennies. La plus célèbre, menée par Richard Lenski, est aujourd'hui encore en cours depuis son lancement en 1988 [START_REF] Lenski | Long-term experimental evolution in Escherichia coli. I. Adaptation and divergence during 2,000 generations[END_REF]. Les douze lignées d'E. coli propagées quotidiennement en parallèle ont maintenant évolué pendant plus de 60 000 générations au laboratoire. Ce type d'études a permis de mettre en évidence les bases de l'adaptation, et d'étudier plusieurs phénomènes évolutifs. Il y a par exemple été observé l'apparition de souches mutatrices, ayant un taux de mutation fortement augmenté [START_REF] Sniegowski | Evolution of high mutation rates in experimental populations of E. coli[END_REF]. La sélection d'allèle augmentant le taux de mutation est un signe fort de l'adaptation : pour qu'une tel allèle envahisse la population il faut qu'il produise des mutations bénéfiques et se propage dans la population grâce à l'avantage sélectif produit par celles-ci. Une autre observation fréquente en évolution expérimentale est le recrutement de mutations dans des gènes hautement pléiotropiques au cours de premières phases de l'adaptation. Ces mutations permettent une adaptation rapide et grossière (« quick and dirty ») ayant un impact globale très fort sur la cellule, alors que dans un second temps se sont des gènes plus secondaire qui vont être sélectionné, représentant une étape d'ajustement (Hindré et al., n.d.). 

Figure 2 :

 2 Figure 2: Pathogenesis of urinary tract infection caused by uropathogenic E. coli. The figure shows the different stages of a urinary tract infection. Panels 2, 4, 5 and 11 are courtesy of N. Gunther, A. Jansen, X. Li and D. Auyer (University of Maryland), respectively. CFU, colony-forming units; PMNs, polymorphonuclear leukocytes. (from[START_REF] Kaper | Pathogenic Escherichia coli[END_REF] 

Fig 4 :

 4 Fig 4: Representation of the all gene repertoire of E. coli.The pan genome designates the ensemble of gene that may be found in some E. coli genomes, while the core genome indicates the part of the genome that is common to all strain. Numbers given represent an approximate number of genes.

Fig 5 :

 5 Fig 5: the different methods of experimental evolution and their effect on population sizes. (from[START_REF] Barrick | Genome dynamics during experimental evolution[END_REF] 

Fig 6 :

 6 Fig 6: Relative fitness in comparison to the ancestral strain across 50,000 generations of the LTEE. The lines represents a hyperbolic model and a power law model (from Wiser et al 2013)

Fig 7 :

 7 Fig 7: Rates of mutations to nalidixic acid resistance in the 12 Ara-and Ara+populations at 10,000 generations (from[START_REF] Sniegowski | Evolution of high mutation rates in experimental populations of E. coli[END_REF] 

Fig 9 :

 9 Fig 9: the bacterial paradigm for mismatch repair of DNA replication errors[START_REF] Harfe | DNA mismatch repair and genetic instability[END_REF] 

Fig 10 :

 10 Fig 10: Consequences of incorporation of 8-oxodGTP opposite template C and A, and the role of the mutT or mutY and mutM genes in avoiding A•T→C•G and G•C→T•A transversion mutations. 8-oxodG is represented by a circled G. Not included in this diagram is oxidation of G to 8-oxoG while in DNA. These 8-oxoGs are thought to be processed as 8-oxoGs incorporated opposite C. If unrepaired by the MutM and MutY pathways, they will result in G•C→T•A transversion (from fowler and shaper,1997) 

Fig 12 :

 12 Fig 12: RNA polymerase B (rpoB) sequence alignments for replicate populations (rows) evolved at high temperature79 (top panel) and those in naturally occurring isolates148 (bottom panel). rpoB is targeted repeatedly in laboratory-based adaptation to high temperature, but is largely invariant between naturally occurring E. coli strains. Colors correspond to different base changes (A, green; C, blue; G, orange; T, red; and deletions, black). (from long et al 2015)

Fig 13 :

 13 Fig 13: the 17 genes under positive selection grouped by biological function. The color intensity indicates the number of mutations observed within this subject. The number of mutations is indicated left. (from Lieberman et al, 2011)

Fig 14 :

 14 Fig 14: different adaptational strategies of E. coli 83972 during prolonged growth in the bladder of 3 different human hosts: PIII-4, PI-2, PII-4. (from Zdziarski et al, 2010)

Fig. 15 :

 15 Fig. 15: Second-generation DNA sequencing parallelized amplification. (a): DNA molecules being clonally amplified in an emulsion PCR(emPCR). Adapter ligation and PCR produces DNA librarieswith appropriate 5′ and 3′ ends, which can then bemade single stranded and immobilized onto individual suitably oligonucleotide-taggedmicrobeads. Bead-DNA conjugates can then be emulsified using aqueous amplification reagents in oil, ideally producing emulsion droplets containing only one bead (illustrated in the two leftmost droplets, with differentmolecules indicated in different colors). Clonal emplification then occurs during the emPCR as each template DNA is physically separate from all others, with daughter molecules remaining bound to the microbeads. This is the conceptual basis underlying sequencing in 454, Ion Torrent and polony sequencing protocols. (b): Bridge amplification to produce clusters of clonal DNA populations in a planar solid-phase PCR reaction, as occurs in Solexa/Illumina sequencing. Single-stranded DNA with terminating sequences complementary to the two lawnoligos will anneal when washed over the flow-cell, and during isothermal PCRwill replicate in a confined area, bending over to prime at neighboring sites, producing a local cluster of identical molecules. (c) and (d) demonstrate how these two different forms of clonally-amplified sequences can then be read in a highly parallelized manner: emPCR-produced microbeads can be washed over a picotiter plate, containing wells large enough to fit only one bead (c). DNA polymerase can then be added to the wells, and each nucleotide can be washed over in turn, and dNTP incorporation monitored (e.g. via pyrophosphate or hydrogen ion release). Flow-cell bound clusters produced via bridge amplification (d) Can be visualized by detecting fluorescent reversible-terminator nucleotides at the ends of a proceeding extension reaction, requiring cycleby-cycle measurements and removal of terminators. (from[START_REF] Heather | The sequence of sequencers: The history of sequencing DNA[END_REF] 

Fig. 16 .

 16 Fig. 16. Third-generation DNA sequencing nucleotide detection. (a): Nucleotide detection in a zero-mode waveguide (ZMW), as featured in PacBio sequencers. DNA polymerase molecules are attached to the bottom of each ZMW (*), and target DNA and fluorescent nucleotides are added. As the diameter is narrower than the excitation light's wavelength, illumination rapidly decays travelling up the ZMW: nucleotides being incorporated during polymerization at the base of the ZMW provide real-time bursts of fluorescent signal, without undue interference from other labelled dNTPs in solution. (b): Nanopore DNA sequencing as employed in ONT's MinION sequencer. Double stranded DNA gets denatured by a processive enzyme ( †) which ratchets one of the strands through a biological nanopore ( ‡) embedded in a synthetic membrane, across which a voltage is applied. As the ssDNA passes through the nanopore the different bases prevent ionic flow in a distinctive manner, allowing the sequence of the molecule to be inferred by monitoring the current at each channel. (from Heather and chain 2016)

Figure 17 :

 17 Figure 17: Predicting structural variation from new junction and missing coverage evidence. Types of structural variation for which breseq can predict precise mutational events from new junction sequences (JC) and missing read coverage (MC) evidence are shown in the context of the reference and mutant genomes. For JC evidence, the matched sequence on each side is shown as a solid arrow with a dashed line connecting the two sides. Orange JC arrows indicate that this side of a new sequence junction maps equally well to multiple locations in the reference genome. (from[START_REF] Barrick | Identifying structural variation in haploid microbial genomes from short-read resequencing data using breseq[END_REF] 

Figure 18 :

 18 Figure 18: A pair-wise overlap represented by a K-mer graph. (a) Two reads have an error-free overlap of 4 bases. (b) One K-mer graph, with K=4, represents both reads. The pairwise alignment is a by-product of the graph construction. (c) The simple path through the graph implies a contigs whose consensus sequence is easily reconstructed from the path.( fom miller et al, 2010)

Fig 19 :

 19 Fig 19: the effect of repeated regions on de novo assembly. (a)The repeated region induce an ambiguity in the assembling process that leads to the reconstruction of only 4 contigs from the reads. (a) Here we can see how longer reads spanning across the repeated region (1) or paired reads (2) can help to remove abiguity to reconstruct a complet genome.

Fig 20 :

 20 Fig 20: A dot-plot matrix for all lambda-like Sakai prophages including bacteriophage lambda of Escherichia coli O157:H7 strain Sakai (from[START_REF] Boyd | Common themes among bacteriophage-encoded virulence factors and diversity among the bacteriophages involved[END_REF] 
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Figure 1 :

 1 Figure 1: Population density of Escherichia coli 536 per gram of feces of the streptomycin treated mice in 15 independent cages after oral colonization of the strain during 363 days. The population density is represented in logarithmic scale. All density populations from the same mice at the different points in the time are relied by a grey curve. The percentage of alive mice is also represented with the black curve.

Figure 2 :

 2 Figure 2: Mutation pattern among the evolved lineages.The dendrogram of the evolved lineages (on the left) was computed using parsimony method and the presence or absence of mutations among the lineages. The convergence at the mutation level is showed in red (light red absence of mutation, bright red: presence of mutation) and illustrates similar mutations that appeared in different lineages with the name of the gene or regions it falls into, and the position on the Escherichia coli 536 genome. The specificity at the gene level is shown in blue (light blue: absence of mutations, bright blue: presence of mutation) for the dgoR, dgoT, and dgoD genes, and in green (light green: absence of mutations, bright green: presence of mutation) for the gidB and rluD genes illustrating mutations falling in the same genes, but with possible differences.

Figure 3 :

 3 Figure 3: Diagrammatic representation of the dgoRKADT operon of the 15 evolved lineages compared to the Escherichia coli 536 ancestor strain. The mutations are shown at scale all along the operon. Each evolved lineage mutation is represented with a symbol defined in the legend.

Figure 4 :

 4 Figure 4: Comparison of total fluorescence of a reporter plasmid of the promoter activity of the dgoRKADT operon in Escherichia coli K-12 derived strains. Boxplots of the total fluorescence of the strain K-12 pdgoR and the mutated strain K-12ΔdgoR pdgoR have been compared in LB and in minimum medium D-galactonate.

Figure 5 :

 5 Figure 5: Mutated strains of Escherichia coli 536 in dgoR grew faster than wild type strains in minimum medium D-galactonate.Boxplots of the doubling times in minutes of 11 mutated strains of E. coli 536 in dgoR and 5 non mutated strains in dgoR with the ancestor, in minimum medium D-galactonate at pH 5.7. We found a significant difference between the dgoR mutated strains and the wild type strains using a Welch test (p =0.001)

  All animal experimentation was conducted following European (Directive 2010/63/EU on the protection of animals used for scientific purposes) and National (RD 53/2013) regulations for transport, housing and care of laboratory animals. The protocol used was approved by the Animal Welfare Committee of the Veterinary Faculty in Lugo, University of Santiago de Compostela (AE-LU-002/12/INV MED.02/OUTROS 04). All efforts were made to minimize suffering.

  mutants of the P5-35 isolate: an rpoS deletion mutant (P5-35 ∆rpoS), a wild type rpoS allele (P5-35 WT) and the reconstruction of the original D118Y allele (P5-35 D118Y). We first assessed the effect of the mutations on the rdar morphotype and the H2O2 resistance of the mutants. Both assays indicated that the P5-35 D118Y isolate was intermediate between the P5-35 WT and the P5-35 ∆rpoS isolates. We then tested the mutants in the mouse model of sepsis and observed that the three mutants have a killer phenotype similar to the P5-35 isolate. Lastly, we performed competition experiments in the mouse model of sepsis by inoculating a 1/1 ratio of different combinations of mutants: P5-35 WT/P5-35 D118Y, P5-35 WT/P5-35 ∆rpoS and P5-35 D118Y /P5-35 ∆rpoS with 5 mice per combination.

Fig 2 :

 2 Fig 2: Mutation Frequency of rifampicin resistance for the isolates of each patients.The mutation frequencies of the isolates was estimated by their capacity to generate mutation conferring resistance to rifampicin in three independent cultures as described[START_REF] Denamur | High Frequency of Mutator Strains among Human Uropathogenic Escherichia coli Isolates[END_REF]. The Two controls are a MMR deficient strain, M13, and the k12 MG1655 strain

Fig 4 :

 4 Fig 4: Patterns of convergence in the hupA, hupB and putA genes for the patient 17 and 13. The phylogenetic representation were reconstructed by neighbor joining methods and using the mutations identified for the patients 17 and 13. The mutations in putA, hupA, and hupB are shown in red, green and yellow respectively.

Fig 3 :

 3 Fig 3: Phylogenetic representation of the isolates of each patient. Representation reconstructed by neighbor joining methods and using the mutations identified for each patients. The lineages with mutator phenotypes were represented with a light blue edge.

Figure 1

 1 Figure 1 MLST and nhaA phylogenetic trees for 121 strains of E. coli. The trees were reconstructed from (A) multi-locus sequence typing of 8 partial housekeeping genes from the Pasteur scheme representing the species phylogeny and (B) from the nhaA sequences using PHYML (Guindon et al., 2010). Bootstraps values are indicated. Strains studied and belonging to phylogenetic group B2 (red boxed) are indicated.

Fig 2 .

 2 Fig 2. Specific genic presence/absence pattern of CC87 among B1 strains. The phylogeny of the B1

  Ces observations sont elles pertinentes pour l'adaptation de E. coli à son environnement naturel ? Jusqu'à présent les rares études s'intéressante à l'adaptation dans des milieux plus naturels, suggèrent une forte similarité avec les observations faites in vitro. Cependant l'utilisation de souche de laboratoire ou de souris sans flore, ou les deux, limitent fortement la pertinence de ces observations. Durant ma thèse, j'ai visé à utiliser les techniques de séquençage haut débit moderne couplés à des méthodes bio-informatique afin d'analyser les résultats d'expériences visant à identifier la diversification d'E. coli tout en restant le plus proche possible des conditions naturelles de l'espèce. Se faisant nous avons cherché à voir si les résultats des expériences d'évolution expérimentales avaient une signification pour des souches en condition naturelles. Pour ce faire nous avons réalisé deux études :1-Une expérience d'évolution d'un isolat naturel d'E. coli naturelle dans le tube digestif de la souris afin d'étudier l'évolution de l'espèce en condition de commensalisme.2-Une analyse d'échantillons de patient atteint d'infection aigue de E. coli, afin de mesurer et caractériser la diversité observée dans les infections.1 Evolution expérimentale chez la souris :Nous avons dans un premier temps réalisé un protocole d'évolution expérimentale dans le tube digestif de souris en utilisant un isolat naturel, E. coli 536. La souche 536 étant résistante à la streptomycine, un traitement antibiotique a été administré aux souris tout au long de l'expérience afin de vider leurs tubes digestifs des enterobactéries, laissant place libre à notre souche qui a ainsi pu se maintenir. Au bout d'un an, les souches ont finalement été prélevées, séquencées, puis j'ai comparé leurs génomes à celui de la souche ancestrale afin d'identifier de possibles mutations s'étant fixées au cours de l'expérience. J'ai ainsi pu observer 95 mutations dans les 15 lignées, avec un taux de mutations de 1.85 10 -10 substitutions par base par génération pour les mutations ponctuelles en considérant 18 générations par jours, ce qui semble plutôt bas en comparant aux résultats obtenus en évolution expérimentale. Des signes de convergence génétique ont aussi été identifiés, au niveau de la mutation, du gène, de l'opéron et au niveau fonctionnel. Ces convergences témoignent des effets de la sélection naturelle et de l'adaptation de nos souches à leur nouvel environnement. Notamment l'opéron dgo, impliqué dans la dégradation du galactonate, semble particulièrement touché, les gènes dgoR, dgoT et dgoD étant mutés indépendamment à plusieurs reprises dans les différentes lignées. Ces mutations révèlent une adaptation métabolique de la souche à son nouvel environnement et la recherche de nouvelles sources de carbone.Pareillement les gènes rluD et gidB, tous deux impliqués dans la maturation des ARN ribosomaux, apparaissent mutés indépendamment de nombreuses fois entre lignés avec 13 des 15 lignée touchées dans l'un ou l'autre des gènes. La streptomycine étant un antibiotique touchant l'étape de la traduction, on peut facilement en déduire que les mutations dans ces gènes ont été sélectionnées à cause de la pression de sélection qu'elle exerce sur les souches. Afin de tester cette hypothèse, des souches mutées dans l'un, l'autre ou les deux gènes ont été cultivées en milieu LB et LB plus streptomycine. Il a été possible de montrer que les deux mutations apportent un avantage en milieux LB plus streptomycine, mais que l'association des deux mutations ne semble pas permettre une meilleur résistance. En définitive, des signes d'adaptation ont été trouvés, sous la forme de convergences évolutives. Cependant aucune souche mutatrice n'a été retrouvée, et si des gènes fortement pléiotropiques comme gidB et rluD ont été retrouvés mutés, on sait qu'ils ont été sélectionnés plus pour la résistance à la streptomycine que pour leur caractère pléiotropique. Cette observation, mis en commun avec le taux de substitutions plutôt bas, suggère que les souches sont dans une phase d'adaptation secondaire, la souche étant déjà bien adaptée à son environnement. Si tel est le cas, il est normal que les mutations observées n'aient pas de forts impacts pléiotropiques, mais soient impliqués dans des taches plus secondaires comme la recherche de nouvelles sources de carbone. Ainsi si une partie des observations faites en évolution expérimentale semblent s'appliquer, il est clair que les souches utilisées dans cette expérience étaient nettement mieux adaptées initialement à leurs environnements que les souches utilisée dans l'évolution de Richard Lenski. Cependant la streptomycine ayant produit un biais dans nos mutations, il est nécessaire de réaliser un protocole avec un environnement plus naturel et moins perturbé pour les souches d'E. coli. Un protocole a été mise en place dans lequel une mère enceinte est traitée à la streptomycine et inoculée avec E. coli 536. Apres la naissance, les souriceaux récupérant le microbiote de leur mère, la souche implantée peut se maintenir sans streptomycine. L'expérience est maintenant finie et les résultats sont en phase d'analyse.2 Evolution lors d'infection aigüeAfin de me rapprocher toujours plus d'un environnement naturel d'E. coli et plus particulièrement de l'homme, je me suis ensuite intéressé à des échantillons provenant de patients souffrant d'infections extra-intestinales causées par E. coli, afin de savoir si la sélection pouvait jouer lors des évènements court d'infection aigue. Pour répondre à cette question, nous avons choisi plusieurs échantillons d'infections précédemment analysée phénotypiquement (Levert et al., 2010): une péritonite (patient 17), une pyélonéphrite (patient 13), et un cas rare de méningite chez l'adulte (patient 11). Pour chaque patient, nous avons séquencé de 7 à 8 isolats et utilisé ces échantillons afin d'identifier quelles mutations ont été sélectionnées au sein de ce nouvel environnement. Pour ce type d'analyse, la plasticité du génome de E. coli peut poser problème. En effet nous n'avons pas accès à l'ancêtre infectieux de nos souches, et le génome d'E. coli étant tellement plastique nous ne pouvons pas être sûr de la composition du génome. Il nous est par conséquent impossible d'utiliser un génome de référence arbitraire sans perdre de l'information. Pour palier à ce problème, nous avons utilisé une méthode mixant assemblage de novo, annotation puis « SNP calling » pour identifier la diversification. Dans ce « workflow », nous prenons un des isolats pour chacun de nos patients. Cet isolats est alors assemblé à l'aide de SPades 3.6.2 avant d'être annoté à l'aide de Prokka 1.11. Ce génome est alors utilisé comme référence dans une approche de « SNP calling » et de mapping à l'aide de breseq 0.27.2 en le comparant a tous les isolats du même patient. Il devient alors facile en compilant les résultats de tous les isolats d'un même patient de reconstruire par maximum de vraisemblance comment chaque souche se différencie de l'ancêtre commun. En utilisant cette méthodologie, nous avons été capable d'identifier 223 mutation indépendantes chez le patient 17, 67 chez le patient 13, et 38 chez le patient 11. La première observation a été la mise en évidence de mutations dans mutS chez les patients 17 et 11, et mutL chez le patient 13, ainsi qu'un grand nombre de mutations dans ces clones mutateurs. Cette observation est très intéressante car il s'agit de la première fois à notre connaissance que l'émergence d'une souche mutatrice en milieu naturelle ait pu être documentée. De plus des convergences ont aussi pu être identifié avec notamment certains gènes retrouvés mutés indépendamment à plusieurs reprises entre les isolats. Ainsi des signes de convergence ont pu être retrouvés pour les gènes putA et hupA chez les patients 13 et 17. Ces deux gènes, montrent de plus de forts signes d'association, une mutation dans hupA n'étant jamais retrouvée sans qu'il n'y ait une mutation dans putA. Des signes de convergence ont aussi été retrouvés pour le gène fimH, codant pour l'adhésine du fimbriae de type 1 qui est connus comme un gène jouant un rôle important dans la pathoadaptation des souches responsables d'infections extraintestinales. En effet 160 fimH a été retrouvé muté chez les trois patients et présentait même des signes de convergence au sein du patient 11. Le gène rpoS, codant pour un facteur sigma impliqué dans la réponse au stress, et représentant un gène fortement pléiotropique, a aussi été retrouvé muté deux fois dans le patient 11, deux fois dans le patient 13 et une fois dans le patient 17. En parallèle, un modèle d'analyse de virulence chez la souris a été mis en place, dans lequel les souris sont injectées avec chacun des isolats et la mortalité des souris est quantifiée. Cette analyse a permis de révéler une grande diversité dans la capacité à tuer la souris au seins des isolats du patient 13 et 17. Cependant, en cherchant une association entre les gènes mutés et le caractère tuer/non-tueur des isolats aucune corrélation n'a pu être trouvé indiquant la complexité de ce caractère. En définitive, cette analyse nous a permis de montrer de fort signes d'adaptation pendant l'infection : de la convergence a été observée, tout comme la présence de souches mutatrice et de mutations dans des gènes hautement pleiotropique similairement a ce qui a été décrit dans les expériences d'évolution expérimentale. Ainsi dans le cas d'infection aigue l'adaptation des E. coli semble suivre celle des souches de laboratoire. Cela peut s'expliquer par le brusque changement de milieu que représente pour la bactérie la colonisation des habitats extra-intestinaux. Pour conclure, les résultats des analyses que j'ai conduis tendent à montrer que les grandes règles de l'adaptation décrites à la suite d'évolution expérimentales réalisées au laboratoire sont en grande partie pertinente pour l'adaptation d'E. coli dans les environnement naturels. Ces règles doivent cependant être légèrement modulées dans le cadre de l'adaptation à la niche commensale car le niveau d'adaptation à cette niche semble être initialement élevé et donc la première phase de l'adaptation moins similaire à celles observées au laboratoire.

  

  

  

  

  

  

  

Table

  

					Number of		
	Gene	Position	Mutation	Mutation type	occurrence of the	Mouse	Gene info
					mutation		
		2742937	IS100	IS insertion	1	C8Ma	
	rluD ←	2743335	Δ151 bp	deletion	1	C10Ma	23S rRNA pseudouridine synthase
		2743427	Δ7 bp	deletion	1	C1Ma	
		2743564	Δ6 bp	deletion	3	C5Ma ; C9Mb ; C13Mb	
	dgoT ←	4055032 4055282	C→T C→T	A380T (GCA→ACA) M296I (ATG→ATA)	1 1	C13Mb C5Ma	D-galactonate transporter
		4056705	G→A	P230S (CCA→TCA)	1	C5Ma	
	dgoD ←	4056714	T→C	T227A (ACG→GCG)	1	C6Ma	Galactonate dehydratase
		4056917	G→A	A159V (GCG→GTG)	1	C13Mb	
		4057008	T→C	I129V (ATC→GTC)	1	C1Ma	
		4058921	G→A	Q212* (CAG→TAG)	5	C2Ma; C5Ma; C12Mb; C14Ma; C15Ma	
		4059047	Δ360 bp	deletion	1	C8Ma	
	dgoR ←	4059269 4059403	8 bp x 2 G→A	duplication S51L (TCG→TTG)	1 1	C9Mb C1Ma	DNA binding transcriptional regulator
		4059431	G→A	R42C (CGC→TGC)	1	C3Ma	
		4059436	G→A	T40I (ACC→ATC)	1	C13Mb	
		4059478	G→T	S26* (TCG→TAG)	1	C6Ma	
		4106867	G→A	Q167* (CAA→TAA)	1	C2Ma	
	gidB ←	4106902 4107005	Δ25 bp G→A	deletion Q121* (CAG→TAG)	4 1	C3Ma; C6Ma; C7Mb; C11Ma C15Ma	S-adenosine methionine dependent methyltransferase-
		4107347	Δ80 bp	deletion	1	C14Ma	
		4816907	A→T	L185Q (CTG→CAG)	1	C3Ma	
		4816998	10 bp→10 bp	substitution	1	C8Ma	
	ECP_4610 ←	4817034	C→T	G143S (GGC→AGC)	1	C5Ma	Putative transcriptional regulator
		4817174	G→A	T96I (ACT→ATT)	1	C14Ma	
		4817222	G→A	A80V (GCC→GTC)	1	C1Ma	
	yjiH ← / → kptA	4863869 4863869	C→T C→G	intergenic (-68/-182) intergenic (-68/-182)	8 1	C1Ma; C2Ma; C3Ma; C5Ma; C7Mb; C9Mb; C10Ma; C13Mb C6Ma	Putative inner membrane protein/2'-phosphotransferase
		4863894	A→G	intergenic (-93/-157)	2	C8Ma; C15Ma	
	Group of 77 genes	294397	Δ68069 bp	deletion	3	C6Ma; C11Ma; C14Ma	Prophagic region

table S3: Mutation polymorphism in genes of interest at intermediate and final points.

  

		2. Article n 1 2. Article n 1 2. Article n 1					
	gene proA → lacA ← lacI ← purK ← lnt ← yliD → ybjO → hcr ← rutR → pepT → torY ← ECP_1979 ← ECP_2075 ← trmC → purM → rluD ← hycB ← dgoD ← ECP_4610 ← / → ECOLI4668 uxuR → Position Mutation dgoR ← dgoR ← / → yidX Gene C→A yjiH ← / → kptA G→A dgoR ← Δ360 bp gidB ← deoB → G→A Group of 77 genes G→A Δ25 bp gidB ← G→A +A ECP_2819 → G→A recD ← rbsB → C→T uxuR → C→T	position 294002 440941 446129 614522 717564 886038 912263 925876 1069082 1177210 1869108 4056705 4817222 2062160 2142758 2474432 2619283 2742937 2743335 2743427 2743564 2827044 4056714 4056917 4057008 4817473 4859241 Mutation type 4058921 4059047 4863869 intergenic (-135/-144) 2 bp→CCA mutation G→A C→T C→T C→T G→A A→G C→T G→A C→T C→T G→A G→A G→A G→A +T G→A G→A IS100 Δ151 bp Δ7 bp Δ6 bp G→A T→C G→A T→C G→A Day 124 G→A (MC 32.8 ± 4) C2Ma A352T (GCC→ACC) mutation type G15D (GGC→GAC) G166D (GGT→GAT) A204T (GCG→ACG) P35S (CCT→TCT) synonymous (CGA→CGG) synonymous (GGC→GGT) synonymous (TAC→TAT) synonymous (GCC→GCT) H162Y (CAT→TAT) synonymous (CTG→TTG) P230S (CCA→TCA) A80V (GCC→GTC) T1394M (ACG→ATG) insertion C294Y (TGC→TAC) D17N (GAC→AAC) IS insertion deletion deletion deletion synonymous (GCC→GCT) T227A (ACG→GCG) A159V (GCG→GTG) I129V (ATC→GTC) intergenic (-13/-2) substitution Day 250 Day 155 occurrence of the number of mutation 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 3 1 1 1 1 1 C3Ma 1 Day 336 Q212* (CAG→TAG) 5 (MC 94.9 ± 8.3) (MC 72.3 ± 5.2) (MC 58.3 ± 4.8) Δ360 bp deletion 1 C→T intergenic (-68/-182) 8 7.4% 0% 0% 0% Q212* (CAG→TAG) 0% 74.1% 0% 0% 4059269 8 bp x 2 duplication 1 4059403 G→A S51L (TCG→TTG) 1 4863869 C→G intergenic (-68/-182) 1 4863894 A→G intergenic (-93/-157) 2 deletion 0% 0% 0% 0% 4059431 G→A R42C (CGC→TGC) 1 4059436 G→A T40I (ACC→ATC) 1 4059478 G→T S26* (TCG→TAG) 1 4106867 G→A Q167* (CAA→TAA) 1 4917873 G→A synonymous 1 R42C (CGC→TGC) 0% 0% 16.3% 54.8% (CTG→CTA) 294397 Δ68069 bp deletion 3 Q167* (CAA→TAA) 52.5% 80.9% 0% 0% deletion 21.4% 16.9% 100% 100% 4106902 Δ25 bp deletion P79L (CCT→CTT) 0% 0% 0% 0% 4 insertion 0% 0% 0% 0% 2967951 C→T synonymous 1 4107005 G→A Q121* (CAG→TAG) 1 4107347 Δ80 bp deletion 1 Q23* (CAG→TAG) 0% 0% 0% 0% (CGC→CGT) 2982208 G→A P287S (CCC→TCC) 1 4120422 C→T Q116* (CAG→TAG) 0% 16.7% 0% 0% synonymous (CTG→TTG) 1 A213V (GCC→GTC) 0% 0% 0% 6.6%	mices C9Mb C14Ma C1Ma C10Ma C7Mb C15Ma C7Mb C4Mb C11Ma C9Mb C5Ma C1Ma C4Mb C5Ma C13Mb C14Ma C9Mb C8Ma C10Ma C1Ma C5Ma ; C9Mb ; C13Mb C2Ma C6Ma C13Mb C8Ma C9Mb C11Ma Day 155 C1Ma C1Ma ; C2Ma ; (MC 19.2 ± 3.2) (MC 145.8 ± 8.4) gamma-glutamylphosphate reductase gene information thiogalactoside acetyltransferase DNA-binding transcriptional repressor N5-carboxyaminoimidazole ribonucleotide synthase apolipoprotein N-acyltransferase putative peptide transporter permease subunit: membrane component of ABC superfamily putative inner membrane protein HCP oxidoreductase NADH-dependent DNA-binding transcriptional regulator of the alternative pyrimidine degradation pathway peptidase T putative cyclic-di-GMP phosphodiesterase; TMAO reductase III (TorYZ) cytochrome c-type subunit putative peptide/polyketide synthase putative glycosyltransferase fused 5-methylaminomethyl-2-thiouridine-forming enzyme methyltransferase ; FAD-dependent demodification enzyme phosphoribosylaminoimidazole synthetase 23S rRNA pseudouridine synthase galactonate dehydratase putative Transcriptional C11Ma regulator/hypothetical protein Day 363 Day 155 Day 363 DNA-binding transcriptional repressor (MC 80 ± 7.4) (MC 81.8 ± 8.7) C2Ma ; C5Ma ; C12Mb ; C14Ma ; C15Ma putative DNA-binding transcriptional regulator C3Ma ; C5Ma ; C7Mb ; C9Mb ; 0% 0% 0% 0% putative inner membrane C10Ma ; C13Mb protein/2'-phosphotransferase 20.9% 0% 0% 0% C8Ma C9Mb C6Ma 75.3% 100% 94.7% 0% C8Ma ; C15Ma C1Ma C3Ma C13Mb C6Ma C11Ma 0% 0% 0% 0% phosphopentomutase 0% 0% 0% 0% C6Ma ; C11Ma ; Prophaggic region 0% 0% 8.0% 100% C14Ma C2Ma methyltransferase SAM-dependent methyltransferase glucose-inhibited 0% 0% 60.2% 0% C3Ma ; C6Ma ; C7Mb ; C11Ma 0% 0% 8.7% 0% hydrogenase 3 Fe-S subunit C11Ma no information cell-division protein C15Ma 0% 0% 31.3% 0% C14Ma C3Ma exonuclease V (RecBCD complex) alpha chain 0% 0% 0% 0% D-ribose transporter subunit ; C15Ma periplasmic-binding compoent of ABC superfamily 0% 0% 0% 0%
	yjiH ← / → kptA	ycgF ← prfA → oppB → ydcT → ydiV ← ynjB → prc ← edd ← ptsP ← ilvM → 2 bp→CCA bglA → ECP_3029 ← garK ← rspA → C→T malF ← C→T A→G yhfZ ← yrhA → malF ← A→G ECP_3758 ← dcuA ← ECOLI4668 ECP_3843 ← dgoT ← ECP_4610 ← ECP_4609 ← yjeE → Supplementary 1237724 1288777 1324900 1487629 1706492 1749449 1826617 1845731 2997249 4135934 insertion 3062548 3189191 3385169 4366232 intergenic (-68/-182) 4457127 intergenic (-78/-172) intergenic (-93/-157) 3618362 3702573 4457483 intergenic (-205/-45) 3940609 4597046 3978547 4013586 4055032 4055282 4817174 4817034 4816998 10 bp→10 bp C→A C→T C→T C→T C→T G→A G→A Δ8 bp C→T C→T 0% G→A G→A C→T A→G 0% Δ1 bp 0% 0% 8 bp x 2 G→A C→T 0% G→A +C IS911 G→A C→T C→T G→A C→T 4816907 A→T 4816138 43 bp x 2 4625327 T→C	M238I (ATG→ATT) T247I (ACT→ATT) synonymous (ATC→ATT) P312S (CCT→TCT) G102D (GGC→GAC) G242R (GGA→AGA) synonymous (GGC→GGT) deletion V598M (GTG→ATG) T16I (ACC→ATC) 0% G56S (GGC→AGC) Q287* (CAA→TAA) A49T (GCG→ACG) synonymous 61.2% (CGA→CGG) deletion 0% 0% duplication E130K (GAA→AAA) W361* (TGG→TAG) 0% synonymous (CGC→CGT) insertion IS insertion pseudogene (343/1065 nt) 0% 73.9% 0% 0% 0% A380T (GCA→ACA) M296I (ATG→ATA) T96I (ACT→ATT) G143S (GGC→AGC) substitution L185Q (CTG→CAG) duplication F79L (TTT→CTT)	1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1	0% 100% 0% 0% 5.7%	C1Ma C1Ma C2Ma C15Ma C9Mb C10Ma C3Ma C11Ma C5Ma C8Ma 0% C4Mb C2Ma C7Mb C11Ma 0% 24% C1Ma 0% C8Ma C9Mb C13Mb 0% C3Ma C1Ma C6Ma C11Ma C5Ma C14Ma C13Mb C5Ma C8Ma C3Ma C5Ma C9Mb	blue-light sensing protein using FAD (BLUF); peptide chain release factor RF-1 oligopeptide transporter subunit ; membrane component of ABC superfamily putative spermidine/putrescine transporter subunit ; ATP-binding component of ABC superfamily tranporter no information no information carboxy-terminal protease for penicillin-binding protein 3 6-phosphogluconate dehydratase fused PTS enzyme: PEP-protein 0% 0% 100% acetolactate synthase II small subunit phosphotransferase (enzyme I) ; GAF domain containing protein 6-phospho-beta-glucosidase A conserved hypothetical protein 0% 0% 0% putative enolase/dehydratase maltose transporter subunit ; membrane 0% 0% 0% 100% 0% 0% component of ABC superfamily glycerate kinase I no information maltose transporter subunit ; membrane 0% 0% 0% component of ABC superfamily no information C4-dicarboxylate antiporter putative phosphotransferase system IS66 family (partial) D-galactonate transporter putative Transcriptional regulator fragment of putative transposase ORF 1 putative Transcriptional regulator putative transcriptionnal regulator fructose-specific IIC component ATPase with strong ADP affinity
				96 97 98			
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Je dédie ce travail à Brice et à mes deux Grands-mères.
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IV -DISCUSSION

1. E. coli experimental evolution: getting outside the lab

SUPPLEMENTARY STUDIES

In addition to the two studies previously described, I also contributed to other studies for which I am credited as a secondary author:

nhaAR operon and the nhaA phylogeny Indeed, I was involved in [START_REF] Lescat | The Conserved nhaAR Operon Is Drastically Divergent between B2 and Non-B2 Escherichia coli and Is Involved in Extra-Intestinal Virulence[END_REF], a study aiming to identify the differences in core genes between B2 and non B2 E. coli in a set of 128 genomes. As the study identified strong differences in the nhaAR operon, amongst the strain studied, I did reconstruct a phylogeny bases on the nhaA gene of 121 strains (fig 1). The study then showed a strong implication of the nhaA gene in virulence that wasn't known before hand, whereas no effect on the commensalism of the strain was observed.

RESUME :

Escherichia coli est une espèce commensale du tube digestif, mais elle peut aussi se révéler être un dangereux pathogène intra ou extra intestinal. Un même clone pouvant passer d'un état commensal à pathogène, la compréhension des mécanismes impliqués dans la diversification d'E. coli dans ces deux habitats représente un enjeu majeur de santé publique. Des expériences d'évolution expérimentale utilisant E. coli ont permis de révéler différentes facettes de l'adaptation bactérienne. Cependant, ces expériences de laboratoire utilisant des conditions artificielles, on peut s'interroger sur la pertinence des observations qui en découlent en milieu naturel et plus globalement s'interroger sur la part de la sélection naturelle dans la diversification de E. coli dans la nature. Pour répondre à ces questions, j'ai analysé les profils génomiques de diversification de E. coli au cours (1) d'une adaptation au tube digestif de souris ou (2) dans des infections extra-intestinales. Dans les deux cas, j'ai pu montrer une importante convergence au niveau du gène : un même gène étant muté plusieurs fois indépendamment, un signe que l'adaptation est active. Dans les infections aigues, des mutations touchant des régulateurs globaux ont été retrouvées, alors que dans le tube digestif les cibles de l'adaptation semblaient plus spécifiques. Enfin, les échantillons issus des infections incluant des souches a fort taux de mutation dites mutatrices, j'ai pu documenter pour la première fois la génomique de l'émergence de bactéries mutatrices en milieu naturel.

En conclusion, mes travaux montrent que l'adaptation joue un rôle important dans la diversification de E. coli en milieu naturel et que ce processus s'apparente à celui observé dans des milieux artificiels de laboratoire. L'adaptation semble néanmoins plus active en conditions d'infections aigues que dans le tube digestif de souris.

Mots clés :

Escherichia coli / évolution expérimentale / model souris de colonisation de l'intestin / infection aigue / souches mutatrices

ABSTRACT:

Escherichia coli is a commensal species living in the digestive tract of vertebrates, but can also be a harmful pathogen involved in both intra and extraintestinal diseases. As clones can behave both as commensals and pathogens, the comprehension of the mechanisms involved in the diversification of E. coli in those two habitats represents a major public health concern. In vitro experimental evolution studies using E. coli have unraveled the different faces of bacterial adaptation. However, as those experiments used artificial conditions, the relevance of these observations and more generally the contribution of adaptation to the diversification of E. coli in the wild remain questionable. To answer these questions, I analyzed the genomic profiles of diversification of E. coli during (1) adaptation to the mice digestive tract or (2) during acute extraintestinal infections. In both cases, I found a strong convergence at the gene level, i.e. observation of several impendent mutations in the same gene, suggesting a dynamic adaptation. In acute infections, mutations in global regulators were recovered, while more specific genes were recruited in the mice gut. Finally, the existence of clones with high mutation rate in the infections, allowed me to document for the first time the genomics of mutator emergence in the wild.