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I INTRODUCTION

One of the important roles of proteins is to act as enzymes. They have the ability to accelerate biochemical reactions by well over a million fold [START_REF] Cooper | The Central Role of Enzymes as Biological Catalysts[END_REF] drawing much attention for their use in industrial processes. One of the biggest challenges in biotechnology is the optimization of enzymes for such purposes.

The following section reviews the catalytic properties of enzymes and the different methods for their improvement.

I.1 General introduction

Enzymes are powerful catalysts that make life possible by strongly accelerating biochemical reactions that would take years to occur. In any organism, a multitude of chemical reactions continually takes place and practically all of them are catalyzed by enzymes. Frequently, multiple enzymes can ensure a given reaction. Due to this versatility, the list of enzymes used in diverse technical and industrial applications is constantly growing. These applications can be beneficial to society, especially from an environmental point of view. Enzymes have the potential to solve a vast array of technical challenges ranging from the transformation of chemical energy into work [START_REF] Spudich | The myosin swinging cross-bridge model[END_REF] to the ultrasensitive detection of small molecules [START_REF] Firestein | How the olfactory system makes sense of scents[END_REF] and light [START_REF] Rosenbaum | The structure and function of G-protein-coupled receptors[END_REF].

Numerous enzymes are used in industrial processes. In 2015, the global enzyme market was valued at approximately $8.18 billion (Grand View Research, 2016). The market traditionally divides into segments. Technical enzymes, the largest segment with a sales share of 65% of the market, include enzymes used in the detergent, starch, textile, leather, pulp and paper, organic synthesis and biofuel industries. Food enzymes, the second largest segment of the market with a share of 25%, includes enzymes employed in the dairy, brewing, wine and juice, fats and oils, and baking industries. Feed enzymes, comprising enzymes used in animal feeds, contribute to approximately 10% of the market (Grand View Research, 2016).

Over 500 industrial products are currently produced using enzymes and the demand for new catalysts is continuously growing due to their potential to provide sustainable technical solutions [START_REF] Johannes | Directed evolution of enzymes and biosynthetic pathways[END_REF]. Growing population, urbanization and expanding fuel ethanol market are the chief influences driving the upward market demand for industrial enzymes [START_REF] Kumar | Global scenario of industrial enzyme market[END_REF].

The catalytic properties of enzymes, besides their power to drastically reduce the activation energy of the reaction, also include regio-and stereoselectivity, enabling the production of chiral compounds which are often difficult to synthesize through classical chemical reactions. Furthermore, they are active under relatively mild conditions of temperature, pressure, pH and they are biodegradable, offering applications within the framework of the green chemistry paradigm [START_REF] Cherry | Directed evolution of industrial enzymes: an update[END_REF].

The search for novel enzymes in the pool of biodiversity is an excellent starting point for identifying potential candidates for industrial applications [START_REF] Lee | Approaches for novel enzyme discovery from marine environments[END_REF]. However, in most cases, natural enzymes are not suitable outside their biological context since they have evolved for fulfilling their role in metabolic pathways to guarantee cell survival. Therefore, they must be tailored to perform in artificial environments for commercial applications [START_REF] Kuchner | Directed evolution of enzyme catalysts[END_REF]. Furthermore, enzymes must compete economically with often entrenched and extremely inexpensive traditional chemical processes although the advantages of replacing chemical treatments with enzymes are often compelling from a societal and environmental viewpoint [START_REF] Cherry | Directed evolution of industrial enzymes: an update[END_REF]. Despite the technological advances of the past 100 years, human-made machines cannot compete with the precision of proteins at the nanoscale [START_REF] Huang | The coming of age of de novo protein design[END_REF].

Naturally occurring enzymes only represent a tiny fraction of the vast protein sequence space [START_REF] Huang | The coming of age of de novo protein design[END_REF]. Enzymes could be the solution for a number of technical problems impacting society. For this, we need to expand the range of available catalysts.

So far, almost all protein engineering has involved the modification of naturally occurring proteins to tune or alter their function [START_REF] Arnold | The nature of chemical innovation: new enzymes by evolution[END_REF][START_REF] Dougherty | Directed evolution: new parts and optimized function[END_REF][START_REF] Goldsmith | Directed enzyme evolution: beyond the lowhanging fruit[END_REF].

In the search for ever better or even new enzymes, refined for industrial purposes, several methods were developed, summarized in the following section: De novo protein design aims at using the accumulated information about natural proteins to identify patterns and rules underlying the folding of polypeptides into active enzymes and to apply these rules to the design of synthetic proteins. The output of such computational modeling is an amino acid sequence which folds into an optimized protein capable of catalyzing the desired reaction.


The protocol for de novo enzyme design (Figure 1) has been first suggested by Sterner and colleagues [START_REF] Sterner | Computational Design of Enzymes[END_REF] and more recently optimized by Barrozo and colleagues (Barrozo et al., 2012).

Successful computational enzyme designs have paved the way for encouraging progress in this field such as Kemp-eliminase [START_REF] Röthlisberger | Kemp elimination catalysts by computational enzyme design[END_REF], retro-aldolase (Jiang et al., 2008), Dieals-Alderase [START_REF] Siegel | Computational Design of an Enzyme Catalyst for a Stereoselective Bimolecular Diels-Alder Reaction[END_REF]. However, only a small fraction of computationally designed proteins have detectable activity. Much work needs to be done to understand why current computationally designed enzymes are not better catalysts than natural ones and to pinpoint the steps hampering the design process. Since nature offers such a wide choice of versatile and efficient functional proteins, the rational design approach thus starts from existing templates that can be redesigned to fit required properties using computational design algorithms.

Rational design was the earliest approach in protein engineering dating back to the mid-1970s and was used to modify enzyme specificity [START_REF] Chica | Semi-rational approaches to engineering enzyme activity: combining the benefits of directed evolution and rational design[END_REF]. Initially utilized for the study of enzymatic catalysis and binding mechanisms [START_REF] Gutte | A synthetic 70-amino acid residue analog of ribonuclease S-protein with enzymic activity[END_REF], rational design then became an exploratory tool for improving catalytic activities [START_REF] Carter | Engineering subtilisin BPN′ for site-specific proteolysis[END_REF].

The variety of computational methods span from quantum mechanical cluster models, QM/MM calculation, MD simulations, to semi-empirical approaches like EVB based on valence bond theory [START_REF] Kamerlin | The empirical valence bond model: theory and applications[END_REF].

The majority of rational design strategies are employing primitive electrostatic models based on protein crystal structures. Theoretical enzymes are constructed by computing the optimal geometry for transition-state stabilization by functional groups. Since backbone perturbations are often neglected, computational simulations may result in many false-positive protein structures.

Nowadays, reshaping an enzyme specificity is achievable based on an in-depth knowledge of the protein's structure and mechanism [START_REF] Cedrone | Tailoring new enzyme functions by rational redesign[END_REF]. However, not all protein structures and mechanisms have been characterized, limiting rational design to already well-studied enzymes. Despite major scientific advances, the understanding at the molecular level of why one protein performs a certain reaction better than another remains elusive. Small changes in structure or chemical properties can have big, unexpected effects on catalysis [START_REF] Romero | Exploring protein fitness landscapes by directed evolution[END_REF]. Indeed, the successful design of one parameter (e.g. enhanced stability) is often accompanied by losses elsewhere (e.g. catalytic activity) [START_REF] Arnold | When blind is better: Protein design by evolution[END_REF].

I.2.3 Directed evolution

Evolution generated proteins through natural selection despite their complexity. The remarkable sequence variability of proteins allows them to adapt under selection pressure by changing their activity parameters and also their substrate range. Protein engineers exploit this evolvability using directed evolution to generate new proteins [START_REF] Romero | Exploring protein fitness landscapes by directed evolution[END_REF].

Enzyme evolution relies mainly on their promiscuity. Experiments lend credence to the proposal that promiscuity underlies much of enzyme innovation [START_REF] Copley | Enzymes with extra talents: moonlighting functions and catalytic promiscuity[END_REF].

Numerous studies have shown that an enzyme optimized for one reaction can adapt under directed evolution to take on the function of a different member of the superfamily, sometimes with efficiency that rivals nature's solutions [START_REF] Aharoni | The "evolvability" of promiscuous protein functions[END_REF][START_REF] Gerlt | Mechanistically diverse enzyme superfamilies: the importance of chemistry in the evolution of catalysis[END_REF].

Directed evolution consists in mimicking the process of natural selection to obtain proteins with specific/desired traits. Unlike rational design, such an approach does not require prior knowledge of structure or mechanism of a given enzyme, and a vast panoply of methodologies is available for carrying out evolution experiments, both in vitro and in vivo.

Four fundamental processes need to be maintained to support Darwinian evolution: mutation, translation, selection and replication [START_REF] Badran | In vivo continuous directed evolution[END_REF], Figure 2). Creating molecular diversity is the initial step in any directed evolution experiment. The effectiveness of directed protein evolution depends on the quality and the size of the genetic library. The genetic diversity should be large enough to increase the chances of finding a desirable property. At the same time, the growth in library size makes the selection more challenging [START_REF] Reetz | Addressing the Numbers Problem in Directed Evolution[END_REF][START_REF] Shivange | Advances in generating functional diversity for directed protein evolution[END_REF]. In the literature there is a large spectrum of library generation methods which can be grouped into three main categories:

 Random mutagenesis  Focused mutagenesis  Recombination
Random mutagenesis is commonly used when protein structure-function knowledge is lacking [START_REF] Labrou | Random mutagenesis methods for in vitro directed enzyme evolution[END_REF]. Even when the enzyme structure is available, random generation of diversity is applied to reveal favorable mutations in unexpected positions outside of the active site [START_REF] Morley | Improving enzyme properties: when are closer mutations better?[END_REF]. Such mutations influence protein thermostability and tolerance of reaction conditions by inducing conformational changes in the enzyme backbone. In general, random mutagenesis introduces nucleotide variations in the DNA sequence, divided into five categories:

 Transitions, which consists of a substitution of a purine nucleotide with another purine or a pyrimidine nucleotide with another pyrimidine  Transversions, which consists of a substitution of a purine nucleotide with a pyrimidine or a pyrimidine nucleotide with a purine  Deletions, where one or more nucleotides are deleted from the sequence  Insertions, where one or several nucleotides are incorporated into the gene  Inversions, DNA rearrangements in which a segment of two base pairs (bp) or longer is reversed end to end Large libraries of variants can be created through different techniques. These include subjecting DNA to UV radiation [START_REF] Bridges | Mutagenic repair in Escherichia coli: products of the recA gene and of the umuD and umuC genes act at different steps in UV-induced mutagenesis[END_REF] or chemical mutagens [START_REF] Kadonaga | A simple and efficient method for chemical mutagenesis of DNA[END_REF][START_REF] Lai | A new approach to random mutagenesis in vitro[END_REF], application of bacterial mutator strains [START_REF] Greener | An efficient random mutagenesis technique using an E. coli mutator strain[END_REF], error-prone PCR (epPCR) [START_REF] Mccullum | Random mutagenesis by error-prone PCR[END_REF] or by errorprone rolling circle amplification (epRCA) [START_REF] Fujii | One-step random mutagenesis by errorprone rolling circle amplification[END_REF].

Each method has its pros and cons (Table 1). Error-prone PCR (epPCR), which produces random mutations during PCR by reducing DNA polymerase fidelity, is perhaps the most widely used method [START_REF] Packer | Methods for the directed evolution of proteins[END_REF]. Many successful examples of enzyme optimization via mutagenesis by epPCR are cited in the literature such as the successful increase of the enantioselectivity of a lipase [START_REF] Reetz | Creation of Enantioselective Biocatalysts for Organic Chemistry by In Vitro Evolution[END_REF].

However, since every protein behaves differently, there is no generalized strategy of diversity generation and selection in directed evolution. Many protocols which function for one protein fail when applied to other proteins. In turn, natural evolution remains still unbeaten, turning many protein engineers into evolutionists [START_REF] Peisajovich | Protein engineers turned evolutionists[END_REF]. The advancement in enzyme engineering depends not only on technological breakthroughs but also on a thorough understanding of how theses biomolecules evolved in nature. The reconstruction of mutational trajectories has shown the presence of dead ends in the mechanisms of protein divergence [START_REF] Weinreich | Perspective: Sign epistasis and genetic constraint on evolutionary trajectories[END_REF]. To explain this observation, it is necessary to examine the effects of protein mutations [START_REF] Camps | Genetic constraints on protein evolution[END_REF]. A single mutation could be deleterious, neutral or advantageous for a certain protein property. However, a pleiotropic mutation favoring the gain in one activity might be accompanied by a loss of another property. This effect is also known as mutation trade-off, which usually occurs between:

 New function and stability  New and existing function

 New function and expression

In reality, the effects of mutations are even more complex, implying the interactions between two or several mutations. The notion of epistasis is introduced when an effect of a given mutation is modulated by other mutations [START_REF] Poelwijk | Empirical fitness landscapes reveal accessible evolutionary paths[END_REF][START_REF] Breen | Epistasis as the primary factor in molecular evolution[END_REF]. For example, a new-function mutation might rely on another stabilizing, compensatory mutation to be fixed. Likewise, a compensatory mutation can be neutral on its own but beneficial in combination with a destabilizing mutation [START_REF] Bloom | Protein stability promotes evolvability[END_REF]. Under laboratory conditions, the problem of cooperative mutations can be partially overcome by shuffling methods recombining point mutations on the target DNA [START_REF] Coco | DNA shuffling method for generating highly recombined genes and evolved enzymes[END_REF].

Another tool for the fine-tuning of protein engineering, which helps to bypass the problem of dead ends in protein evolutionary divergence, is neutral drift selection [START_REF] Bloom | Neutral genetic drift can alter promiscuous protein functions, potentially aiding functional evolution[END_REF]. During first evolution rounds, the selection conditions are chosen such that the accumulation of mutations without altering protein function or stability is favored. The resulting gene pool then contains polymorphic non-adaptive variations enhancing protein evolvability and avoid dead ends. In a second step, a more stringent selection pressure is applied to improve the desired property [START_REF] Bibliography Agresti | Ultrahigh-throughput screening in drop-based microfluidics for directed evolution[END_REF][START_REF] Aharoni | The "evolvability" of promiscuous protein functions[END_REF][START_REF] Bershtein | Intense Neutral Drifts Yield Robust and Evolvable Consensus Proteins[END_REF][START_REF] Gupta | Directed enzyme evolution via small and effective neutral drift libraries[END_REF].

I.2.3.2 Selection and screening

The methods for screening and selection are far less developed than the strategies enabling genetic diversification, making selection the limiting step in directed evolution of proteins. While the approaches for diversification are quite general and could be applied to any gene, the selection or screening must be adapted to the enzyme and the desired property that needs to be improved. A suitable selection method for enzyme evolution must fit several criteria:

 Specific to the desired property  Sensitive to low enzyme activity  Robust, reproducible, simple in set-up  Enable a high-throughput approach  Allow the modulation of selection pressure

The selection scheme must be highly specific to the evolvable property and capable of sensing even small improvements. A high-throughput approach enables the analysis of large mutant libraries, increasing the chances of finding the best variants. Before choosing a selection method, it is necessary to define the objectives and the size of libraries clearly. Through iterative cycles of mutagenesis and amplification of selected library members, beneficial mutations accumulate as in natural Darwinian evolution.

In general, directed evolution methods are sequential and handle each of the four steps discretely (mutation, translation, selection, and replication). Some of these steps can be very time-and labor-intensive.

As mentioned previously, even a protein library containing millions of variants would still only represent a tiny fraction of the sequence space of an average protein. The number of possible permutations for a protein consisting of N residues would be 20 N .

For a rather small protein of 100 residues, the number 20 100 (= 1.3 x 10 130 ) of unique combinations of amino acids already exceeds by far the achievable library size of all known protein library creation methods [START_REF] Romero | Exploring protein fitness landscapes by directed evolution[END_REF], making it infeasible to cover the entire mutational space of a protein.

Biases, with respect to certain types of mutations inherent to the experimental method and the degeneracy of the genetic code, further skew and restrict the sequence variability of the library [START_REF] Wong | The Diversity Challenge in Directed Protein Evolution[END_REF]. Rather than addressing these problems through bigger libraries and larger screening scales, some scientists turn to in vivo methods of directed evolution.

I.2.4 Directed evolution in vivo

Directed evolution in vivo relies on spontaneous mutations occurring in a growing cell population. The population, which grows under defined conditions, is constantly diluted.

This dilution puts a selective pressure on the cells, leading to an overgrow of the population by cells which carry a mutation enabling them to grow faster under the given conditions. The dilution protocol and culture conditions distinguish the different approaches of directed evolution in vivo.

I.2.4.1 Directed evolution in batch culture

The most basic way to conduct in vivo directed evolution experiments is the daily dilution of a culture growing in the batch mode. In general, the cells serially go through the distinct phases of growth (lag, exponential, transition, and stationary). A particularly interesting set of evolution experiments in batch culture was performed by Lenski and coworkers which encompassed the fitness analysis of 12 independent Escherichia coli (E. coli) populations inoculated from the same ancestor. Daily serial transfer propagated these populations for 66 000 generations (from February 1988 to November 2016) in the simple environment of a glucose-supplemented minimal medium in shaking flasks.

This experiment, called the long-term evolution experiment (LTEE), has become a model system for studying many fundamental evolutionary questions [START_REF] Barrick | Genome evolution and adaptation in a long-term experiment with Escherichia coli[END_REF].

Although LTEE have proven to be a very efficient way to mimic evolution in a laboratory [START_REF] Gerrish | The fate of competing beneficial mutations in an asexual population[END_REF][START_REF] Elena | Evolution experiments with microorganisms: the dynamics and genetic bases of adaptation[END_REF][START_REF] Barrick | Genome evolution and adaptation in a long-term experiment with Escherichia coli[END_REF][START_REF] Tenaillon | Tempo and mode of genome evolution in a 50,000-generation experiment[END_REF], it also requires the presence of an experimenter for each dilution and absolute sterility to avoid contamination. Furthermore, during batch culture, cells are subjected to alternating periods of growth and stasis upon serial transfer. After a period of exponential growth, a stationary phase is often reached due to exhaustion of one of the nutrients. Alternatively, cells may reach their upper pH limits or become CO2 limited long before nutrients become the limiting factor [START_REF] Hinga | Effects of pH on coastal marine phytoplankton[END_REF]. Thus evolutionary events may arise from selection pressure other than the ones chosen by the experimenter.

I.2.4.2 Directed evolution in continuous culture

Evolution in continuous culture, initially demonstrated as a surrogate for Darwinian evolution by Spiegelman and coworkers (D. R. [START_REF] Mills | An extracellular Darwinian experiment with a self-duplicating nucleic acid molecule[END_REF], is based on growing populations subjected to automated dilution regimes. According to the experimental objectives pursued, two regimes, chemostat and turbidostat, are used.

I.2.4.2.1 Chemostat

The chemostat was independently described by Monod and Novick & Szilard (Monod, 1950;[START_REF] Novick | Description of the Chemostat[END_REF]. In a chemostat regime, cells are grown in a vessel with a fixed volume of medium. The medium is continuously diluted by a regular inflow of fresh medium while a corresponding outflow of old medium keeps the whole culture volume constant in the vessel (Figure 3). The growth medium provides all nutrients necessary for growth in excess except one(s), which is limiting. Monod proposed [START_REF] Monod | La technique de culture continue, theorie et applications[END_REF] that cell growth occurred analogous to a Michaelis-Menten type relationship depending on external nutrient concentrations (Equation ( 1)).

The rate of change in cell density (x) over time depends on the maximal growth rate of the cells (µmax) and a half-maximal growth rate constant (Ks)

The rate of change in the limiting nutrient concentration (Equation ( 2)) depends on its concentration in the inflowing media (R), its dilution by outflow (D) and cell consumption of nutrient.

( The chemostat has reached steady-state when measured variables, such as cell density, remain constant over time. Unlike for the batch culture, a constant nutrient flow and a stable cell density keep the growth environment of the chemostat stable. Mutant cells are selected for a more efficient utilization of the limiting nutrient since they are able to make more biomass and hence will accumulate in the population.

I.2.4.2.2 Turbidostat

In the turbidostat regime, unlike the chemostat, no nutrient is limiting in the growth medium. Dilutions are not occurring at fixed intervals but are triggered by the growth of the culture. The optical density of the culture is constantly monitored and compared with a threshold fixed by the operator. As soon as the cell density exceeds the threshold, the culture receives a dilution. The appearance in the population of a faster-growing mutant will trigger a higher dilution rate which in turn counter selects the slowergrowing, non-mutated cells. In this case, the growth rate equals the dilution rate of the culture, the volume being kept constant.

I.2.4.3 An automated continuous culture device: GM3

In continuous culture, a population of bacteria in suspension is constantly diluted with fresh growth medium. The main difficulty in maintaining a culture for a long period of time is the appearance of dilution-resistant variants. These variants escape the selection, normally acting on the organisms in suspension, by forming biofilms (de [START_REF] De Crécy-Lagard | Long term adaptation of a microbial population to a permanent metabolic constraint: overcoming thymineless death by experimental evolution of Escherichia coli[END_REF]. The effective elimination of biofilms has proven to be critical for reprogramming and improving the metabolism of microbial populations [START_REF] Marlière | Chemical Evolution of a Bacterium's Genome[END_REF].

To circumvent this difficulty, a continuous culture device, the GM3, was developed (Mutzel and Marliere, 2004, patent No.: US6,686,194 B1). The GM3 automates enable the maintenance of steady-state microbial growth over an extended period of times while preventing biofilm formation (Figure 4). The first vessel is sterilized with 5 M NaOH washing out any biofilm formed. The culture grows in the second vessel while the sterilizing agent in the first vessel is discarded (W) and rinsed. The culture is then transferred back into the first vessel. The second vessel is sterilized with 5 M NaOH, rinsed, and the cycle then repeats. Typically, two to four such cleaning cycles are programmed during 24 h, depending on the organism evolving.

The in vivo selection of gene variants is based on the spontaneous appearance of point mutations in cells growing in suspension. Thus the setup of the GM3 device needs to be adequate to statistically encompass at least one mutation per base pair in the total chromosome. In E. coli, the mutation rate has been determined to be 2.2×10 -10 per nucleotide per generation [START_REF] Lee | Rate and molecular spectrum of spontaneous mutations in the bacterium Escherichia coli as determined by wholegenome sequencing[END_REF] meaning that statistically each base pair of the chromosome is mutated in a suspension of about 4.5×10 9 cells. Given that a suspension of E. coli at OD600 = 0.4 (density generally set in the GM3 at steady state) is about 2.8 ×10 8 β.ml -1 [START_REF] Sezonov | Escherichia coli Physiology in Luria-Bertani Broth[END_REF], a culture of 16 ml of such a cell suspension should contain at least one mutant for every base pair. Evidently, these statistical values do not take into account the influence of chromosomal topology on mutability [START_REF] Williams | Spontaneous mutation rates come into focus in Escherichia coli[END_REF]. The DNA replication process is the principal entry point of genetic mutations, but chemical DNA modifications (nucleobase methylations, etc.) and damage (UV light, etc.) also contribute. A variety of enzymatic machinery exists in the cell capable of correcting all types of mutations. Cells having lost one or more of these error-correcting mechanisms show up to three orders of magnitude higher mutation rates [START_REF] Marinus | DNA methylation and mutator genes in Escherichia coli K-12[END_REF][START_REF] Yang | Structure and function of mismatch repair proteins[END_REF].

Different culture regimes can be applied to modulate selective pressure:

 Chemostat regime  Turbidostat regime  Medium SWAP regime

I.2.4.3.1 Chemostat and turbidostat regime

As described previously, the chemostat is a regime where the dilution rate is kept constant throughout the evolution experiment, while the turbidostat is characterized by a variable dilution rate triggered by the growth of the culture.

In order to be operational, both regimes require a minimal growth rate under the selection conditions of the culture. Only in growing populations generate the mutations which are the "material" of evolution. Also, from a practical point of view, cultures in the GM3 which are not diluted loose volume through evaporation.

I.2.4.3.2 Medium SWAP regime

The medium SWAP regime has been conceived to enable difficult selections overcoming the limits of the turbidostat and chemostat regimes. The medium SWAP regime consists in diluting the culture alternatively between two different media (Figure 5):

 A relaxing medium composed to sustain stable growth of non-adapted cells  A stressing medium composed according to the selection of the culture which does not support growth of the non-adapted cells As for the chemostat regime, pulses of media are sent to the vessel at regular time intervals set by the experimenter. While the frequency of pulses does not depend on cell density, the composition of the medium at a given time point of the experiment does.

Depending on the turbidity measured, a pulse of either the relaxing medium (if the density is lower than the fixed threshold) or stressing medium (if the density is higher than the fixed threshold) is sent to the vessel. The culture is thus diluted at a fixed dilution rate. The volume of the medium pulse injected into the culture vessel is set by the experimenter and will impose the generation time. Upon adaptation of the population, the proportion of stressing pulses will rise until reaching 100%. Figure 5 compares the dilution events occurring in a culture growing under a turbidostat and a medium SWAP regime. 

I.3 Directed evolution in the GM3 device

The GM3 device offers the possibility to maintain steady-state microbial growth over extremely long time periods. This enables directed evolution setups to target complex phenotypic traits, as well as pathways or even single enzymes. In an application of the GM3 device [START_REF] Marlière | Chemical Evolution of a Bacterium's Genome[END_REF], E. coli was evolved to substitute the canonical DNA base thymine with an artificial base, the chemical homolog 5-chlorouracil. The initial strain, an E. coli thymine auxotroph, was grown in the GM3 device under a medium SWAP regime alternating between:

 A relaxing medium containing 3 µM of thymine  A stressing medium containing 3 µM of 5-chlorouracil Every 10 min, a pulse of either relaxing or stressing medium was sent into the vessel depending on the culture turbidity relative to a threshold of OD880 = 1. After six months of adaptation in the GM3 (around 1000 generations), the culture was able to grow in the stressing medium. The chemical analysis of the chromosomal DNA of isolates showed a 90% substitution of thymine by 5-chlorouracil.

I.3.1.2 Evolution of a specific enzyme

Another successful example of directed evolution with the GM3 device is the evolution of a non-natural chorismate mutase enzyme in E. coli [START_REF] Müller | Directed Evolution of a Model Primordial Enzyme Provides Insights into the Development of the Genetic Code[END_REF]. Chorismate mutase converts chorismate to prephenate, an essential step in the biosynthesis of phenylalanine and tyrosine. The selection strain was an E. coli lacking the wild-type (WT) chorismate mutase and expressing a weakly active artificial variant that has been previously designed using a nine amino acid code. The culture was grown in the GM3 device under turbidostat regime applying conditions of increasing stringency:

 First of all, a growth medium supplemented with phenylalanine  Then, a growth medium lacking both tyrosine and phenylalanine

The culture was propagated for more than 200 days. Chorismate mutase variants with an expanded amino acid set (ten or eleven amino acids) could be isolated. The variants were shown to have improved activity compared to the parent enzyme.

These results show that directed evolution in vivo can be an efficient way to explore the vast mutational space of proteins or even entire genomes and to discover optimized and new functions.

I.3.2 Directed evolution projects

The previous examples only show a glimpse of the potential applications for directed evolution in the GM3. The main part of the present work targets, the evolution of specific proteins. In a separated project, a phenotype of a bacterial strain was selected, for which no prior knowledge about the possible genetic targets involved was available. Both projects will be introduced in the following sections.

I.3.2.1 Directed evolution of Clostridium phytofermentans

Various evolution projects can be envisioned in the GM3 device including evolving organisms towards the resistance to toxic compounds, the degradation of specific substrates, the production of compounds of interest and so forth.

The directed evolution of an organism in the continuous culture in the GM3 was addressed in collaboration with the Tolonen team (University of Paris-Saclay, Genoscope). The Tolonen team focuses on studying and developing bioengineering tools for a group of plant-fermenting bacteria, the clostridia. Clostridia contribute significantly to the recycling of plant biomass in soil, making them top candidates to transform biomass into fuels and commodities [START_REF] Lynd | Microbial cellulose utilization: fundamentals and biotechnology[END_REF]. Their primary model, Clostridium phytofermentans, is able to ferment plant polysaccharides to ethanol and hydrogen (Warnick et al., 2002). The Tolonen group has shed light on key plant-fermentation mechanisms (Tolonen et al., 2011;Boutard et al., 2014;[START_REF] Tolonen | Quantitative Proteomics Using Reductive Dimethylation for Stable Isotope Labeling[END_REF]Tolonen et al., 2015;[START_REF] Petit | Genome and Transcriptome of Clostridium phytofermentans, Catalyst for the Direct Conversion of Plant Feedstocks to Fuels[END_REF]. They also aim at developing strains with novel properties such as resistance to plant-deriving inhibitors.

Plants are primarily composed of lignocellulose, an intricate matrix of polysaccharides and polyphenolic lignin. The plant biomass fermentation by Clostridium phytofermentans releases phenolic and acidic growth inhibitors. A collaboration project between the Laboratory of Applications (LA) and the Tolonen group was undertaken for the directed evolution of Clostridium phytofermentans towards increased concentration of plant inhibitors. I.3.2.2 Directed evolution of Iron (II)/α-keto acid-dependent oxygenases (α-KAOs) Iron(II)/α-ketoacid-dependent oxygenases (α-KAOs) are of great interest because of their capacity to oxidize unactivated C-H bonds. A more detailed presentation of these enzymes will follow in section I.4.

The GM3 device can be used to improve their efficiency and evolve them towards new substrates. In the frame of this study, we address the issue of improving α-KAOs towards natural and new substrates in vivo. The development of catalytic systems for the stereospecific oxidation of C-H bonds is still a major goal in chemistry. This versatile functionalization of organic molecules is a challenge for chemists but is frequently found in biosynthetic pathways.

Enzymes, such as cytochrome P450 monooxygenases (CYPs), are able to catalyze the insertion of oxygen into unactivated C-H bonds under mild reaction conditions. The remarkable reactivity of CYPs and their substrate promiscuity have sparked interest among researchers [START_REF] Fasan | Tuning P450 Enzymes as Oxidation Catalysts[END_REF] and found applications for the production of a broad range of industrially important substrates. However, the use of these enzymes in industrial processes is hampered since they need the presence of expensive cofactors including NADPH and a redox partner such as cytochrome P450 reductase or a ferredoxin/ferredoxin reductase system [START_REF] Chefson | Replacement of Natural Cofactors by Selected Hydrogen Peroxide Donors or Organic Peroxides Results in Improved Activity for CYP3A4 and CYP2D6[END_REF].

Over the past decade, an increasing number of publications have revealed the diversity of another oxygenase superfamily-the iron(II)/α-ketoacid-dependent oxygenases (α-KAOs) [START_REF] Baud | Synthesis of Mono-and Dihydroxylated Amino Acids with New α-Ketoglutarate-Dependent Dioxygenases: Biocatalytic Oxidation of C-H Bonds[END_REF]. Concomitant to the oxidation of a substrate specific to each dioxygenase by molecular oxygen, most frequently hydroxylation, these enzymes mediate the oxidative decarboxylation of α-ketoglutarate (α-KG) to succinate. Unlike CYPs, α-KAOs catalyze these reactions without additional cofactors or regenerating enzymatic system. α-KAOs are involved in various biological processes, for example, DNA and RNA repair [START_REF] Shen | Mechanism and function of oxidative reversal of DNA and RNA methylation[END_REF], oxygen sensing [START_REF] Taabazuing | Oxygen sensing strategies in mammals and bacteria[END_REF], fatty acid metabolism [START_REF] Wanders | Phytanic acid metabolism in health and disease[END_REF], post-translational modification of collagen [START_REF] Gorres | Prolyl 4-hydroxylase[END_REF], demethylations related to epigenetic regulation [START_REF] Johansson | The roles of Jumonji-type oxygenases in human disease[END_REF], biosynthesis of antibiotics [START_REF] Hamed | The enzymes of β-lactam biosynthesis[END_REF] and secondary metabolites [START_REF] Cheng | The Function and Catalysis of 2-Oxoglutarate-Dependent Oxygenases Involved in Plant Flavonoid Biosynthesis[END_REF].

Several bacterial α-KAOs have been reported to hydroxylate the side chain of free amino acids or tethered peptides in non-ribosomal peptide biosynthesis [START_REF] Hausinger | Biochemical Diversity of 2-Oxoglutarate-Dependent Oxygenases[END_REF][START_REF] Martinez | Catalytic Mechanisms of Fe(II)-and 2-Oxoglutarate-dependent Oxygenases[END_REF]. Hydroxylated amino acids contain several stereogenic centers and are thus valuable chiral building blocks for fine chemical synthesis.

However, except for the production of hydroxyprolines by L-proline hydroxylases, which found applications in pharmaceutical and feed industries, α-KAOs are rarely used in industrial biocatalytic processes [START_REF] Baud | Synthesis of Mono-and Dihydroxylated Amino Acids with New α-Ketoglutarate-Dependent Dioxygenases: Biocatalytic Oxidation of C-H Bonds[END_REF].

I.4.2 Catalyzed reactions

The α-KAOs catalyze the hydroxylation reaction of non-activated Csp3-H. Unlike CYPs, the iron is non haeminic. The reaction catalyzed implicates three different substrates, i.e. molecular oxygen, a α-ketodiacid (α-KG in most cases) and a substrate specific for the enzyme. Both oxygen atoms of the O2 molecules are transferred, one to α-KG which is oxidatively decarboxylated to form succinate upon liberation of carbon dioxide, the other to the specific substrate to form the hydroxyl group (Figure 6). [START_REF] Wu | Ferrous iron and α-ketoglutarate-dependent dioxygenases in the biosynthesis of microbial natural products[END_REF]. In these cases, the second oxygen atom is usually not transferred to the second substrate but can be found in a water molecule. The diverse substrate specificities of the members of the α-KAO enzyme family are reflected by a likewise high diversity in amino acid sequences. However, some structural features are common to these proteins: a double-stranded β-helix fold and a His-Xxx-(Asp/Glu)-(Xxx)n-His consensus sequence which coordinates the mononuclear ferrous iron in the active center [START_REF] Clifton | Structural studies on 2-oxoglutarate oxygenases and related doublestranded beta-helix fold proteins[END_REF][START_REF] Elkins | X-ray crystal structure of Escherichia coli taurine/alpha-ketoglutarate dioxygenase complexed to ferrous iron and substrates[END_REF]. A general mechanism has been elaborated (Figure 8, [START_REF] Wu | Ferrous iron and α-ketoglutarate-dependent dioxygenases in the biosynthesis of microbial natural products[END_REF], implicating the formation of a Fe 2+ α-KG bidentate binding complex (II). The crystal structure of some α-KAOs has been solved in the presence of the specific substrate, revealing residues of the active center [START_REF] Elkins | X-ray crystal structure of Escherichia coli taurine/alpha-ketoglutarate dioxygenase complexed to ferrous iron and substrates[END_REF][START_REF] Helmetag | Structural basis for the erythro-stereospecificity of the L-arginine oxygenase VioC in viomycin biosynthesis[END_REF][START_REF] Qin | Crystal Structure of a Novel N-Substituted L-Amino Acid Dioxygenase from Burkholderia ambifaria AMMD[END_REF]. One of the most extensively studied α-KAO enzymes, the taurine dioxygenase TauD of E. coli, shows some flexibility in its catalytic site, enabling TauD to be active on a range of sulfonic acid substrates [START_REF] Eichhorn | Characterization of alpha-ketoglutarate-dependent taurine dioxygenase from Escherichia coli[END_REF].

I.4.4 Candidates for evolution

In an attempt to identify new enzymes of the α-KAO family able to broaden the set of substrates hydroxylated, Baud and coworkers screened gene sequences deposited in databases -mainly from prokaryotic genomes -for homologs [START_REF] Baud | Synthesis of Mono-and Dihydroxylated Amino Acids with New α-Ketoglutarate-Dependent Dioxygenases: Biocatalytic Oxidation of C-H Bonds[END_REF]. A total of 131 candidate genes were thus identified, amplified via PCR, cloned and expressed in a high throughput format. Enzymatic activities were screened for different substrates using a generic spectrophotometric test. Emphasis was put on candidates showing activity for lysine or ornithine since none of the two amino acids are substrates of a α-KAO described so far. Six new enzymes were found to be active towards L-lysine, Lornithine, and L-arginine on this screen. Further testing revealed a high stereospecificity and stereoselectivity of these enzymes for the basic amino acids [START_REF] Baud | Synthesis of Mono-and Dihydroxylated Amino Acids with New α-Ketoglutarate-Dependent Dioxygenases: Biocatalytic Oxidation of C-H Bonds[END_REF].

However, neither the in vivo substrate nor the enzymatic activity parameters have been determined for these catalysts.

Since stereo-controlled hydroxylations of polar amino acids can provide synthons for the production of complex chiral natural or non-natural compounds, these catalysts were chosen for this study (Table 2). The final objective was to ameliorate their activity towards the natural amino acid and to alter their specificity towards non-natural homologs.

In addition to these new α-KAOs, the enzyme L-isoleucine dioxygenase (Ido) was studied. This enzyme was described to hydroxylate stereospecifically isoleucine at carbon 4, and to complement an E. coli strain auxotrophic for succinate. It was also shown to exhibit some activity for structural homologs of isoleucine, rendering it suitable as a model enzyme for activity amelioration via directed evolution in continuous culture [START_REF] Hibi | Characterization of Bacillus thuringiensis l-Isoleucine Dioxygenase for Production of Useful Amino Acids[END_REF]. As detailed previously, the appearance of spontaneous mutations in cells has been the subject of numerous studies which have enabled the determination of mutation frequencies. By contrast, questions concerning the fixation of adaptive mutations in a cell population, influenced by the nature of the selection, but also by the copy number and expression profile of the targeted gene, have not been addressed in detail.

Knowledge about the influence of these parameters on the fixation kinetics of mutations in continuous culture regimes may help to optimize the setup of a given genetic screen.

I.5.1 Experimental strategy

In order to study the impact of gene expression formats on the penetration of a beneficial mutation throughout an evolving population, we employed a strategy based on the reversion of a point mutation introduced into a gene of E. coli coding for an essential enzymatic activity. The mutation entails a loss of function of the enzyme resulting in an auxotrophic phenotype of the cells harboring the mutated allele. Upon reversion of the point mutation, the auxotrophic growth restriction is abolished. This event can be selected in continuous culture enabling the comparison of the influence of different growth regimes and expression formats of the mutated gene on the appearance and the fixation of the reversion.

In Figure 9 case A, the essential gene of interest (goi) codes for the enzyme that catalyzes the reaction converting the compound α into the compound β in the WT strain.

This reaction is essential to the normal growth of the bacteria as it needs de compound β to survive.

In case B, the genetic screen is the strain where the essential gene has been deleted

(Δgoi) making it unable to produce the essential enzyme. Thus the catalysis of the reaction converting the compound α into the compound β does not occur, and the strain becomes auxotrophic for the compound β.

In case C, variants of the essential gene with no or reduced activity (goi*) are designed and expressed in the genetic screen whose fitness directly relies on the enzyme activity.

Partial or no complementation for compound β depends on the enzyme activity and the expression format.

The case D shows the expected scenario where a point mutation in a targeted gene can be reverted under selection in continuous culture. If a reversion occurs, i.e. a mutation that restores the WT activity of the enzyme, the revertant should be selected and fixed in the population over time. The reversion allowing full recovery of prototrophy, the kinetic of fixation of the corresponding point mutation in the population can be monitored following the growth profile of the culture in the GM3.

The following questions will be addressed:

1. What is the influence of the culture regime in the kinetics of evolution?

2. What is the influence of the expression format in evolution? Standard molecular biology protocols were used in order to clone dioxygenases into different vectors (Table 3, Figure 10, Figure 11, and Figure 12). Figure 13 illustrates a simplified workflow for this procedure. Important steps are described in greater details in the following sections. Yield and length of PCR products were verified using 0.8% agarose gel electrophoresis in 0.5X TBE in the presence of bromoethidium and visualization under UV.

II.1.1.2 Digestion

The PCR products to be cloned were digested in a final volume of 30 μl along with the backbones by the appropriate enzyme. The digested products were purified with a QIAQuick PCR Purification kit (Qiagen, Ref: 28014) and their concentrations determined by Nanodrop. DNA was stored at -20°C.

II.1.1.3 Ligation

Digested inserts and vectors were mixed in a molar ration of 5:1 and incubated with Quick ligase for 5 minutes at room temperature in a final volume of 10 μl following supplier's instructions (Fermentas). Ligation products were immediately purified (MinElute), and then used for cell transformation or stored at -20°C.

II.1.1.4 Transformation

Electrocompetent cells of strain β2033 were prepared according to the common protocol. Each plasmid was introduced into competent cells by electroporation. For this, 50 μl of competent cells were mixed on ice with 2 µl of ligation product or 0.5 µl of purified plasmid in an ice-cold 1 mm wide electroporation cuvette. Cells were electroporated at 1.8 kV, immediately resuspended in 1 ml of LB medium supplemented with nutrients when needed. The transformed strains were incubated at 37°C with agitation for 45 minutes in order to allow the expression of antibiotic resistance gene before applying selection.

II.1.1.5 Blue White screening

Transformants were selected on LB medium-agar plates with antibiotic, the colorless analog of lactose X-galactoside, and IPTG. IPTG induces the transcription of the gene located downward the pLac promoter. X-galactoside is a substrate of β-galactosidase LacZ; its cleavage by LacZ releases 5-bromo-4-chloro-3-hydroxyindole, which spontaneously dimerizes and is rapidly oxidized to form a bright blue insoluble pigment 5,5'-dibromo-4,4'-dichloro-indigo. This reaction allows distinguishing the colonies harboring an empty plasmid (blue colonies) from those harboring a plasmid where the insert of interest has been successfully ligated (white colonies).

II.1.1.6 Validation

The conformity of the plasmids present in the selected white colonies was validated in two steps. Firstly, presence and length of the insert in the extracted plasmid were checked after PCR DNA amplification using primers homologous to vector specific sequences (M13FW and M13RV) and analysis of PCR products in electrophoresis agarose gel with a reference ladder. Secondly, the conformity of the insert DNA sequence was verified by Sanger sequencing.

II.1.2 Directed mutagenesis

Directed mutagenesis protocols are used to introduce targeted point mutations in genes of interest. Figure 14 illustrates a simplified workflow for this procedure. Important steps are described in greater details in the following sections. The mutation is introduced using PCR primers homologous to the sequence of the gene locus to be modified but differing by one base in the targeted codon to be modified (Figure 15). Primers designed and used for directed evolution in this study are listed in Table 5. 
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In order to perform site-directed mutagenesis, the Platinum® Pfx DNA polymerase was used because of its very high levels of fidelity. The PCR mix was performed in 100 µl reaction instead of 50 µl for higher yield. The following PCR protocol was used: melting, 95°C-5'; [melting, 95°C-30"; annealing and amplification, 68°C-4'30"]x20; termination, 68°C-5'. The time of elongation is determined according to the plasmid length and polymerase processivity (approximately 1 minute for 1000 bp for Platinum® Pfx DNA polymerase). Template DNA was digested with DpnI for 2 hours at 37°C. PCR products were verified by electrophoresis on a 0.8% agarose gel and extracted from the gel.

The purified plasmids were electroporated into the β2033 strain for amplification.

Plasmids were extracted with a Qiaprep kit (Qiagen, Ref: 27104) according to manufacturer's protocol. The presence of the mutation was verified by Sanger sequencing. To avoid any other undesired mutation in the backbone, a subcloning step was added where the plasmid containing the mutated gene was digested with PacI and NotI and ligated into the original vector. The selection strain specific to the gene tested was then transformed with the plasmid from the subcloning step. Finally, phenotypic tests were performed in order to determine the growth rate of each mutation and the parameters to set for directed evolution in the GM3.

II.2 Molecular genetics protocols

II.2.1 Genetic screen construction

Various molecular genetics protocols were applied in order to construct the genetic contexts required for directed evolution experiments in vivo. For this study, several metabolic screens were used. All genetic constructs derived from the E. coli K12 strain MG1655, the selection strains were built by serial substitutions of chromosomic loci with deletion alleles. The various deletion alleles used in this study arose from the E. coli K12 single-gene knockout KEIO collection. They were introduced in the recipient bacteria by homologous recombination mediated by transduction with the P1 bacteriophage [START_REF] Miller | Experiments in molecular genetics[END_REF].

The KEIO Collection is a library of 3985 single-gene knockout mutants of Escherichia coli K-12 [START_REF] Baba | Construction of Escherichia coli K-12 in-frame, single-gene knockout mutants: the Keio collection[END_REF]. Each gene that has been knocked out in this library was replaced by a Kanamycin resistance cassette flanked by FLP recognition target (FRT)

sites and 50 bp homologies to adjacent chromosomal sequences. For each deletion, a phage P1 was prepared of the targeted deletion. The transduction was then performed on the host strain.

II.2.1.1 P1 bacteriophage-mediated allele transduction

Transduction is a process by which DNA is transferred from one bacterium to another by a bacteriophage. P1 bacteriophages were used to transfer one or more selectable alleles in the same recipient strain [START_REF] Miller | Experiments in molecular genetics[END_REF]. For this, a stock of P1 phages was prepared by infecting a growing culture of the donor strain with an aliquot of lytic P1

phages. During their lytic infection cycle of Escherichia coli, P1 phages can mistakenly encapsidate bacterial DNA fragments in place of normal phage DNA, but remaining infectious. This erroneous phenomenon is rare, but if some selectable marker is present on bacterial DNA, it can be recovered in the convenient recipient strain after genetic transfer by infection and homologous recombination with chromosomic DNA and allelic substitution.

II.2.1.1.1 P1 Bacteriophage preparation

The donor strain was grown in 2 ml LB medium at 37°C, 150 RPM, until OD600 = 0.7. To the culture was added CaCl2 at a final concentration of 2.5 mM and the culture was incubated 30 min at 37°C, 150 RPM. A volume of 100 μl of donor strain culture was added to 100 μl of P1 phage diluted to 10 -3 and 10 -4 in triplicates. A negative control with 100 μl of water instead of phages was also prepared. All tubes were incubated 20 min at 37°C without shaking. The whole volume of 200 μl is transferred into 4 ml of semi-solid agar (maintained at 60°C) and immediately poured on an LB petri dish and incubated at 37°C overnight. Where phages have formed plaques of lysis, semi-solid agar was harvested, and 800 μl of CHCl3 was added for each petri dish harvested. Tubes are mixed and centrifuged for 10 min at 10 000 RPM. The supernatant is stored at 4°C with few drops of CHCl3.

II.2.1.1.2 P1-mediated transduction

The host strain was grown in 5 ml LB medium at 37°C, 150 RPM, until OD600 = 0.7. To the culture was added CaCl2 at a final concentration of 2.5 mM and the culture was incubated 30 min at 37°C, 150 RPM. To 1 ml of the host-strain culture is added 3 μl and 30 μl of P1 phages prepared with the donor strain. A negative control with water instead of P1 phage was also prepared. All tubes were incubated 15 min at 37°C without shaking then centrifuged for 1 min at 7 000 RPM. The pellet was resuspended in 1 ml of LB citrate 0.1 M, incubated 45 min at 37°C, 150 RPM and centrifuged for 1 min at 7 000 RPM. The pellet was resuspended in 100 μl of LB and spread on a petri dish with the appropriate selection and incubated at 37°C overnight.

II.2.1.2 Cassette excision

To gather multiple gene deletions in a same bacterial construct, the cassette for antibiotic resistance has to be excised to enable its use for further recombinations. In order to perform cassette excision, the pCP20 plasmid was used. The pCP20 contains the yeast FLP recombinase gene, a temperature sensitive replication origin and chloramphenicol and ampicillin resistance genes (Figure 16). The FLP recombinase recognizes the FRT target sites flanking the resistance cassette (Figure 17). Electrocompetent cells of the strain were prepared and transformed with pCP20 (1.8 kV, cuvette gap 1 mM). Cells were spread on an LB ampicillin petri dish and incubated at 30°C overnight for FLP expression and excision. Selected clones were streaked on an LB petri dish and incubated at 42°C overnight for pCP20 degradation.

Clones were tested on LB ampicillin, LB antibiotic, LB at 37°C in order to verify the excision of the targeted cassette and the plasmid degradation. 

II.2.2 Allelic exchange

Wanner's method [START_REF] Datsenko | One-step inactivation of chromosomal genes in Escherichia coli K-12 using PCR products[END_REF] enables efficient allelic substitution on E. coli chromosome by homologous recombination using the recombinase of phage lambda. This method has been applied to insert a copy of a gene in the E.coli chromosome at the kdgK locus [START_REF] Bouzon | A synthetic alternative to one-carbon metabolism[END_REF].

As shown in Figure 18, the simplified workflow for this procedure is the following:

1.

Cloning of the gene of interest into the pEVL411 vector (Figure 19)

2.

Amplification of the recombinant plasmid in the BW19610 strain

3.

Gene recombination in the +2440 strain induced by arabinose 4.

Recombinant selection and characterization

5.

Transduction of the chromosomal allele in the appropriate genetic screen Each step is explained in greater details in the following sections.

II.2.2.1 Gene cloning in pEVL411

To insert a gene in the chromosome of a strain, the plasmid pEVL411 was used. The plasmid contains the sequences homologous upstream (kdgKUP) and downstream (kdgKDO) of the kdgK locus, R6K origin, chloramphenicol, and kanamycin resistance cassettes (Figure 19). The gene of interest is cloned in the pEVL411 between the PacI/NotI restriction sites (Table 4) as described in II.1.1 and amplified in the BW19610 strain which allows the propagation of plasmid harboring the R6K origin of replication.

II.2.2.2 Gene recombination

The resulting purified plasmid is linearized by double digestion with SacI/KpnI. A growing culture of +2440 bacteria at 30°C is incubated with L-arabinose for 45 minutes (10 mM). The strain +2440 is an MG1655 containing the plasmid pKD46 λ-red recombinase+. L-arabinose induces the expression of λ-red, the recombinase protein of phage λ, which is under the control of an araBAD promoter. Electrocompetent bacteria are prepared from the +2440 induced bacteria. A volume of 2 μl linearized pEVL411

was used in 50 μl of electrocompetent +2440 for transformation (1.8 kV, cuvette gap 1 mM). Recombinant cells were selected on LB kanamycin at 37°C. The insertion of the gene by recombination event was validated by PCR using specific primer matching outside the construct up and down from kdgK locus. It was also tested phenotypically as the kdgK gene coding for 2-keto-3-deoxygluconokinase is necessary for E. coli to grow with glucuronate as the sole source of carbon. Growth phenotype of recombinant was determined on MS glucuronate (0.2%) plates to assess recombination at the kdgK locus.

Clones validated by PCR and unable to grow with glucuronate were stored at -80°C.

II.2.2.3 Allele transduction

A preparation of P1 phage as described in II. Primers were designed to incorporate the N-terminal or C-terminal His•Tag® (Table 6).

Genes of interest were amplified with the appropriate primers and purified using

QIAquick PCR purification protocol. The pET22 (+) plasmid was digested with EcoRV and purified. The purified insert and pET22 (+) were treated with 2 units T4 DNA polymerase in the presence of dGTP 0.5 mM, 100 µg.ml -1 bovine serum albumin in a final volume of 60 µl and incubated 20 min at 37°C then 10 min at 65°C. After purification with QIAquick PCR purification, a volume of 0.5 µl of pET22 (+) vector was added to 5.0 µl of the insert and incubated 30 min at room temperature. 

ido AAAGAAGGAGATAGGATCATGCATCATCACCATCACCATGAGGTTTTTATAATGACGTT TGTTCTTAG N-terminal GTGTAATGGATAGTGATCTTATTTTGTCTCCTTATAAGAAAATGTTAC ido AAAGAAGGAGATAGGATCATGGAGGTTTTTATAATGACGTTTGTTCT C-terminal GTGTAATGGATAGTGATCTTAATGGTGATGGTGATGATGTTTTGTCTCCTTATAAGAAA ATGTTACTAATAAAATATC odo AAAGAAGGAGATAGGATCATGCATCATCACCATCACCATCACCGCTTGGCCCTG N-terminal GTGTAATGGATAGTGATCTTAGTAAATGACCCGGTC kdo1 AAAGAAGGAGATAGGATCATGCATCATCACCATCACCATAAGAACCTGTCTGCGTATG N-terminal GTGTAATGGATAGTGATCTTAGCTGAACCTCGCAGAGAC kdo2 AAAGAAGGAGATAGGATCATGCATCATCACCATCACCATAGACCCTTAGACGTGACACC N-terminal GTGTAATGGATAGTGATCTTAAAGGTTTGCCAGGTGAG kdo3 AAAGAAGGAGATAGGATCATGCATCATCACCATCACCATAAATCACAATCATTAATT N-terminal GTGTAATGGATAGTGATCTTAAGCCTGATCAAAAACTTTTCC kdo4 AAAGAAGGAGATAGGATCATGCATCATCACCATCACCATGAAACCATCATCGAATC N-terminal GTGTAATGGATAGTGATCTTACTGCTGAGAGTGGAACAG kdo5 AAAGAAGGAGATAGGATCATGCATCATCACCATCACCATAAATCTCAGTCTATCATGTCT

GTTG

N-terminal GTGTAATGGATAGTGATCTTAGTCCAGGTCGAAGATTTTAC pET22 analogous sequence are underlined and His tags are in bold blue.

II.3.1.2 Chemical transformation

A volume of 5 µl of plasmids previously prepared was added to 20 µl of chemically competent BL21 DE3 codon+ cells and incubated for 30 min on ice. Cells were then incubated for 1 min at 42°C for heat shock and put back on the ice for 2 min. Cells were then resuspended in 100 µl of LB medium and incubated for 1 h at 37°C. Culture was spread on LB amp 0.1 mg.ml -1 and incubated at 37°C overnight. A volume of 10 ml LB amp was inoculated with single colonies and incubated at 37°C overnight.

II.3.1.3 Protein overexpression

Flasks of 500 ml of TB amp 0.1 mg.ml -1 were inoculated to obtain a starting OD600 of 0.1 and incubated at 37°C. When OD600 reached 2.0, IPTG was added to the culture at a final concentration of 1 mM and incubated at 20°C overnight.

The protein overproduction was verified by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). A 10 µl sample of each culture was mixed with 4 µl of loading buffer, 1 µl of SDS and heated 10 min at 90°C. The samples were then loaded on a 12% acrylamide gel in Nu PAGE MOPS Buffer and migrated for 1 h at 200 V. Gels were stained overnight in Coomassie blue (Simply Blue Safe Stain, Novex).

The rest of the protein was centrifuged 30 min at 4°C, 10 000 g. Supernatant was discarded and pellets stored at -80°C.

II.3.1.4 Cell lysis

II.3.1.4.1 For KDO1 to KDO5

Pellets were resuspended in 60 ml lysis buffer (50 mM Phosphate (Na/K) pH 8.0, 500 mM NaCl, 10 mM imidazole, 15% glycerol, 1 mM DTT, 1 mM Pefabloc ® ) and incubated with the lysis buffer 30 min at room temperature with agitation. Samples were treated by sonication cycles (1 cycle = 3 x 30 sec ultrasounds at 70%) and centrifuged 30 min at 4°C, 10 000 g. Lysate concentrations were estimated with a Bradford protein assay, and concentrations were adjusted to 3 mg.ml -1 .

II.3.1.4.2 For IDO

Pellets were resuspended in 32 ml lysis buffer (50 mM Phosphate (Na/K) pH 8.0, 500 mM NaCl, 30 mM imidazole, 30% glycerol, 1 X BugBuster (Millipore, Ref: 70921), 1 mM DTT, 1 mM Pefabloc ® ) and incubated with the lysis buffer 30 min at room temperature with agitation. Samples were centrifuged 30 min at 4°C, 20 000 g. Lysate concentrations were estimated with a Bradford protein assay, and concentrations were adjusted to 3 mg.ml -1 . Proteins were filtered on a 0.22 µm membrane (Millipore, Ref: 1609203).

II.3.1.5 Protein purification

Fast protein liquid chromatography (FPLC) was performed with a Ni-NTA agarose nickel-charged affinity resin specifically used for purification of proteins containing a polyhistidine sequence. Ni-NTA column was equilibrated with 10 ml lysis buffer without DTT and then 10 ml lysis buffer with 1 mM DTT. The volume of lysate loading was 0.5 ml.min -1 , for cleaning was 5 ml.min -1 and for elution was 2 ml.min -1 with a gradient from 0% to 100% of elution buffer (50 mM Phosphate (Na/K) pH 8.0, 500 mM NaCl, 250 mM imidazole, 15% glycerol, 1 mM DTT). Pools of purified proteins were desalted on a Hi Prep 26/10 Desalting column (Ref: 17508701). Columns were equilibrated with 50 mM Tris pH 8.0, 50 mM NaCl, Glycerol 15%. Fractions of interest were pooled, and concentrations were estimated with a Bradford protein assay and samples were then loaded on a 12% acrylamide gel in Nu-PAGE MOPS Buffer and migrated for 1 h at 200 V for purification verification.

II.3.2 Succinic acid assay

The succinic acid assay performed with the Megazyme kit (Ref: K-SUCC) function as follows. In the presence of adenosine-5'-triphosphate (ATP), succinic acid (succinate) is converted to succinyl-CoA by the enzyme succinyl-CoA synthetase (SCS), with the concurrent formation of adenosine-5'-diphosphate (ADP) and inorganic phosphate (Pi) [START_REF] Metzger | Sustainable global energy supply based on lignocellulosic biomass from afforestation of degraded areas[END_REF].

(1) 𝑆𝑢𝑐𝑐𝑖𝑛𝑎𝑡𝑒 + 𝐴𝑇𝑃 + 𝐶𝑜𝐴 (

) 𝐴𝐷𝑃 + 𝑃𝐸𝑃 (𝑃𝐾) → 𝐴𝑇𝑃 + 𝑃𝑦𝑟𝑢𝑣𝑎𝑡𝑒 2 
The pyruvate produced is reduced to L-lactate by L-lactate dehydrogenase (L-LDH) in the presence of reduced nicotinamideadenine dinucleotide (NADH), with the production of NAD + (3).

(

) 𝑃𝑦𝑟𝑢𝑣𝑎𝑡𝑒 + 𝑁𝐴𝐷𝐻 + 𝐻 + (𝐿-𝐿𝐷𝐻) → 𝐿 -𝐿𝑎𝑐𝑡𝑎𝑡𝑒 + 𝑁𝐴𝐷 + 3 
The amount of NAD + formed in the above-coupled reactions is stoichiometric with the amount of succinic acid in the sample. The NADH consumption is measured by the decrease in absorbance at 340 nm.

For the α-KG activity assay, the enzymatic mix contained 50 mM HEPES Buffer (pH 7.5), NADH (kit), ATP/PEP/CoA (kit), 1 mM enzyme's specific substrate, 0.5 mM FeSO4, PK/L-LDH (kit), SCS (kit) and successive dilution of α-KG starting from 2.5 mM to 0 mM.

The reaction was started by adding the enzyme to a final concentration of 0.005 µg.µl -1 and the decrease in absorbance at 340 nm followed at room temperature in real time.

For the specific substrate assay, the enzymatic mix contained 50 mM HEPES Buffer (pH 7.5), NADH (kit), ATP/PEP/CoA (kit), 0.5 mM α-KG, 0.5 mM FeSO4, PK/L-LDH (kit), SCS (kit) and successive dilution of specific substrate starting from 2.5 mM to 0 mM. The reaction was started by adding the enzyme to a final concentration of 0.005 µg.µl -1 and the decrease in absorbance at 340 nm followed at room temperature in real time. The Megazyme kit previously mentioned was not adequate for the characterization of Ido due to pH incompatibility. Thus the kinetic parameters were determined by mass spectrometry. Reactions were performed with various concentrations of substrate [START_REF] Weber | Adaptation mechanisms of microorganisms to the toxic effects of organic solvents on membranes[END_REF][START_REF] Tolonen | Fungal lysis by a soil bacterium fermenting cellulose[END_REF][START_REF] Branda | Biofilms: the matrix revisited[END_REF]100,175,250,375, 500 and 1000 µM) at different time points (0, 1, 2 and 5 min).

For the α-KG activity assay, the enzymatic mix contained 50 mM MES Buffer (pH 6), 0.5 mM ascorbate, 0.5 mM FeSO4, 1 mM isoleucine, and various concentrations [START_REF] Weber | Adaptation mechanisms of microorganisms to the toxic effects of organic solvents on membranes[END_REF][START_REF] Tolonen | Fungal lysis by a soil bacterium fermenting cellulose[END_REF][START_REF] Branda | Biofilms: the matrix revisited[END_REF]100,175,250,375, 500 and 1000 µM) of α-KG in a final volume of 100 µl.

For the isoleucine activity assay, the enzymatic mix contained 50 mM MES Buffer (pH 6), 0.5 mM ascorbate, 0.5 mM FeSO4, 0.5 mM α-KG, and various concentrations [START_REF] Weber | Adaptation mechanisms of microorganisms to the toxic effects of organic solvents on membranes[END_REF][START_REF] Tolonen | Fungal lysis by a soil bacterium fermenting cellulose[END_REF][START_REF] Branda | Biofilms: the matrix revisited[END_REF]100,175,250,375,500 Phase A was aqueous solution of 100 mM of ammonium formate at pH 3 and phase B was acetonitrile. The following gradient was used: 0.5 min isocratic step at 80% of solvent B, linear gradient from 80% to 40% of solvent B for 6 min followed by isocratic elution at the achieved composition (40% of solvent B) for 1.5 min, return to the initial composition (80% of solvent B) in 1.5 min, and finally, reconditioning under these conditions for 4.3 min.

II.3.3.2.2 Mass spectrometry

The QTRAP mass spectrometer was operated in positive ionization mode. Mass spectrometry analyses on a QTRAP hybrid instrument were performed using multiple reaction monitoring (MRM) mode with the following in source parameters: ion source (IS) 5.5 kV, curtain gas (CUR) 20 a.u., temperature (TEM) 500°C, gas 1 (GS1) 45 a.u., gas 2 (GS2) 60 a.u., CAD -medium.

Extended method parameters and transitions for 4-OH-ile and OH-norv are specified in Table 7. The data analysis was performed using Analyst software (ABSciex).

The calibration curve for 4-OH-ile quantitation was perfomed with various dilutions of a commercial preparation of 4-OH-ile (Sigma, Ref: 50118). However, OH-norv is not commercially available. The calculation curve for OH-norv was conducted using an enzymatic production in the presence of isoleucine and α-KG. OH-norv concentration was then estimated quantifying succinate using the Megazyme kit as described in section II.3.2.

II.4 Bioscreen C ©

To analyze bacterial growth, a Bioscreen C © apparatus was used. It consists of a thermostatic incubator chamber, a growth monitoring device (OD reader) and an automated growth curve analyzer (Figure 21). The media to be tested were inoculated with bacteria from over-night cultures at a starting OD600 of 0.2 and incubated at 37°C, 150 RPM, until OD600 = 0.7. The cultures were centrifuged 10 min at 4°C, 4000 RPM and the cell pellets were resuspended in 200 μl of extract solution (H2O + methanol + chloroform 1 : 3 : 1). Bacteria were lysed by 3 freeze/thaw cycles by freezing in -80°C ethanol + dry ice bath for 10 min and then vortexed at room temperature for 30 sec. Samples were incubated 1 h at 4°C, 150 RPM then centrifuged 3 min at 12000 rpm -4°C. The supernatants were transferred into new tubes. Solvent was evaporated using a Speed Vacuum overnight. Lyophilizates were resuspended in 200 μl of mobile phase (80% acetonitrile and 20% methanol).

The detection of (non-labeled and labeled by 13 C) succinate in metabolomes was carried out using Thermo Scientific™ Dionex™ UltiMate™ 3000 Thermostatted Column Compartment Rapid Separation (TCC-3000RS) LC-MS system (Thermo Fisher Scientific Courtaboeuf, France) coupled to ultra-high resolution Orbitrap Elite hybrid mass spectrometer (Thermo Fisher Scientific Courtaboeuf, France) equipped with electrospray ionization (ESI) source.

II.5.2 HPLC conditions

HPLC separation was performed on a Sequant ZICpHILIC column 5 µm, 4.6 × 150 mm (Merck, Darmstadt, Germany) at 40° C with a mobile phase gradient flow rate of 0.5 ml/min. Aqueous solution of 10mM (NH4)2CO3 (at a pH of 9.9 adjusted by NH4OH) was used as phase A and acetonitrile was used as solvent B. Elution was conducted using following gradient conditions: 2 min isocratic step at 80% of phase B; 20 min linear gradient from 80 to 40% of phase B; keeping constant this ration for 8 min, return to 80% of phase B in 15 min and a reconditioning step under these conditions of 15 min.

II.5.2.1.1 Mass spectrometry

The Orbitrap Elite mass spectrometer was operated in the ESI negative ion mode. For LC-MS and MS/MS (using collision induces dissociation, CID) experiments the resolving power was set at 60000 m/∆m (full width at half maximum, FWHM at m/z=400). Ion spray (IS) was set at -4.0 kV and capillary temperature at 275°C. Sheath gas and auxiliary gas flow rates were set at 60 and 50 arbitrary units (a. u.), respectively. Mass spectra were acquired over an m/z range from m/z 50 up to m/z 1000.

Raw data were analyzed using the Qual-browser module of Xcalibur version 2.2 (Thermo Fisher Scientific, Courtaboeuf, France).

The percentage of 13 C incorporation in succinate (as metabolite) was calculated using the ratios of intensities of monoisotopic and first isotopic (involving one 13 A couple of primers for each gene of interest was designed and a couple of primers for a conserved region of the 16S as a reference for normalization (Table 8). Master Mix:

 VRTBuffer= 2µl  VdNTP= 0.8µl  VRTRandomPrimers= 2µl  VNucleasefreewater= 4.2µl  VMultiScribeRT= 1µl  VRNA = 10µl
Thermal cycler program:

{

Step 1:25°C for 10min

Step 2: 37°C for 120min

Step 3:85°C for 5min

Step 4:4°C for ∞ II.6.5 Quantitative PCR (qPCR)

For qPCR, the KAPA SYBR ® FAST qPCR Kits (Kapa Biosystems, Ref: KK4620) was used.

cDNA concentration was measured with Nanodrop and adjusted to 10 ng.μl -1 . Each sample was measured in triplicates where 2 μl of cDNA sample was added to 18 μl of Master Mix for each well in the plate. In the case of a qPCR from bacterial suspension, 5.3 µl of culture adjusted at OD600 = 0.1 was used per reaction. The volume was calculated to approximately reach 20 ng of DNA per reaction.

The plate was put in a Quantitative PCR thermocycler Stratagene MX 3000 and the software used to follow the measurements in real time was MXPro (Agilent). For the analysis of relative gene expression, the 2 -ΔΔ CT method was used [START_REF] Livak | Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR and the 2-ΔΔCT Method[END_REF].

Master Mix:

 VKapa= 10µl  VFwdPrimer= 0.4µl  VRevPrimer= 0.4µl  Vwater= 7.2µl
Thermal cycler program: i.

Step Enzyme activation: 95°C for 3 min ii. Cultured bacteria were centrifuged (10000 rpm; 10 min) and then the pellet was resuspended in PBS in order to obtain a cell count of 106 cells.ml -1 . For the cell sorting a MoFlo Astrios (Beckman Coulter) machine was used equipped with a 70 nm nozzle. The cells were collected in a 384 well flat bottom micro plates where in each well 2 µl of PBS were deposited in order to avoid the adherence of the cells to the bottom of the wells.

For cell detection, we used the 488 nm laser and the plots of forward scatter (FSC) and side scatter (SSC) were used to identify single cells (doublet discrimination gating was used to exclude the doublets from sorting).

For the single cell genome amplification, the Repli-g Single Cell Kit (Qiagen) was used following the proposed protocol of Qiagen. This kit uses isothermal genome amplification termed Multiple Displacement Amplification (MDA), which involves the binding of random hexamers to denatured DNA, followed by strand displacement synthesis at constant temperature using the φ29 polymerase.

For the bacterial lyses and the DNA denaturation, alkaline lysis was used at 65°C for 10 min, and the solution was neutralized. For amplification the master mix and the enzyme of the kit were added and then incubated overnight at 30°C. The amplification reaction was stopped at 65°C for 3 minutes. Generally at the end of the amplification procedure the yield was 400-450 ng/µl in 25 µl of total volume.

Amplified genomic DNA was sonicated using the E210 Covaris instrument (Covaris, Woburn, MA). The fragments were end-repaired, then 3'adenylated and Illumina compatible adaptors (Bioo Scientific, Austin, TX) were added by using NEBNext Sample Reagent Set (New England Biolabs, Ipswich, MA). Ligation products were purified by AMPure XP (Beckman Coulter Genomics, Danvers, MA). All these steps were performed using a FXP robot (Beckman Coulter Genomics, Danvers, MA). DNA fragments were then PCR-amplified using Illumina adapter-specific primers and one of the two enzymes:

Platinum Pfx DNA polymerase (Invitrogen, Carlsbad, CA) or Kapa Hifi DNA polymerase (Kapa Biosystems, Wilmington, MA). Libraries were purified with AMPure XP beads by using a FXP robot (Beckman Coulter Genomics, Danvers, MA).

III.1 Fixation of beneficial mutations in a gene under selection in an evolving cell population

A central question for an optimized experimental setup aiming at a targeted in vivo evolution of an enzymatic activity concerns the expression format of the gene specifying the enzyme to be evolved. The influence of different expression formats on the appearance and the fixation of adaptive mutations in cell populations were studied. A strategy based on the reversion of a point mutation introduced into a gene of E. coli coding for an essential enzymatic activity was used. For this purpose, a genetic selection screen had to be constructed.

III.1.1 Genetic screen construction

Genetic selection screens are strains lacking essential genes for growth and are auxotrophic for one or several compounds needed for proliferation. We choose to mutate the gene metA of E. coli, coding for L-homoserine O-succinyltransferase. This enzyme catalyzes the synthesis of O-succinyl-homoserine from L-homoserine and succinyl-CoA (Figure 22), an essential step of the methionine biosynthetic pathway. A number of catalytic residues have been identified, and the impact of mutations at these positions on the MetA activity was studied [START_REF] Ziegler | Identification of Catalytic Cysteine, Histidine, and Lysine Residues in Escherichia coli Homoserine Transsuccinylase[END_REF][START_REF] Zubieta | A Single Amino Acid Change Is Responsible for Evolution of Acyltransferase Specificity in Bacterial Methionine Biosynthesis[END_REF]. The selection strain G3724 (ΔmetA::kan+) was constructed by replacing the metA gene by a kanamycin resistance cassette. The strain construction involved the preparation of a stock of P1 phages from the strain JW3973 contained in the Keio collection of E. coli single-gene knockout mutants [START_REF] Baba | Construction of Escherichia coli K-12 in-frame, single-gene knockout mutants: the Keio collection[END_REF][START_REF] Yamamoto | Update on the Keio collection of Escherichia coli single-gene deletion mutants[END_REF]. The P1 preparation was used to transduce the E. coli K12 strain MG1655 according to the protocol described in section II.2.1. Phenotypic tests confirmed methionine auxotrophy for strain G3724.

III.1.2 Variants construction

Point mutations were introduced into the gene metA changing catalytically important residues. These residues have previously been identified through in vitro activity tests [START_REF] Ziegler | Identification of Catalytic Cysteine, Histidine, and Lysine Residues in Escherichia coli Homoserine Transsuccinylase[END_REF][START_REF] Zubieta | A Single Amino Acid Change Is Responsible for Evolution of Acyltransferase Specificity in Bacterial Methionine Biosynthesis[END_REF]. Since the in vivo enzyme activity of a mutated variant cannot easily be extrapolated from in vitro activity data, a large set of point mutations was constructed and tested for in vivo activity. According to the published results, the mutations can be separated into two groups:

 Mutations leading to enzyme inactivation (labeled "Essential")



Mutations leading to a reduced enzyme activity (labeled "Reduced activity")

The list of selected variants is given in Table 9. 

III.1.3 Expression formats and growth tests

Three replicons were chosen as expression formats for the gene metA WT and the mutated alleles listed in Table 9. The copy numbers of the replicons in the cell are 1, 5-15 and 50-70, respectively (Table 10). The plasmid constructions were realized following classical ligation protocols of PCR amplified genes. For the one copy constructions, genes were inserted into the E. coli chromosome via allelic exchange at the kdgK locus coding for 2-keto-3deoxygluconokinase, an enzyme implicated in the galacturonic acid degradation [START_REF] Bouzon | A synthetic alternative to one-carbon metabolism[END_REF]. The inserted fragment comprised a T7 derived promoter enabling constitutive expression of the inserted gene. Details of the allelic exchange protocol and the tests which were conducted to verify the insertions are given in section

II.2.2.
As shown in Table 11, the selection strains expressing the gene metA WT and the mutated alleles were tested for complementation at 37° as well as at 30°C. It is commonly seen that residual enzymatic activity can sustain cellular growth at conditions of attenuated proliferation rates. This was observed for the mutations at residue E237, i.e. the alleles E237A and E237D, for which complementation was only obtained at 30°C. This finding is in accordance with in vitro activity data: the E237D mutation was shown to reduce the activity of the enzyme by a factor of twelve [START_REF] Zubieta | A Single Amino Acid Change Is Responsible for Evolution of Acyltransferase Specificity in Bacterial Methionine Biosynthesis[END_REF]. 

pSP100 pGEN992 N/A N/A pVDM18 pGEN1041 G3841 + + Chromosomal none N/A N/A K47R pSP100 pGEN993 N/A N/A pVDM18 pGEN1042 G3842 N/A N/A Chromosomal none N/A N/A C142Y pSP100 pGEN1001 N/A N/A pVDM18 pGEN1044 G3844 - - Chromosomal none N/A N/A C142R pSP100 pGEN1002 G3748 - - pVDM18 pGEN1045 G3845 N/A N/A Chromosomal none N/A N/A H235S pSP100 pGEN1005 G3749 - - pVDM18 pGEN1048 G3848 - - Chromosomal none N/A N/A E237D pSP100 pGEN1086 G4011 + - pVDM18 pGEN1085 G4010 + - Chromosomal none G3880 + - E237A pSP100 pGEN1007 N/A N/A pVDM18 pGEN1050 G3850 + - Chromosomal none N/A N/A
All transformed strains showed in this table are descendant of strain G3724 (ΔmetA). Complementation tests on solid medium were performed at 37°C for 48 h. The bacterial growth observed is indicated with signs for normal (+++), medium (++), residual (+), no complementation (-) and data not available (N/A).

The conditional phenotype of the E237 alleles was particularly suitable for our reversion strategy. It enabled the maintenance of the culture in a turbidostat regime at 30°C for both plasmidic and chromosomal expression. Since the mutated gene was indispensable for growth, no loss of plasmid had to be anticipated.

The reversion event and its spreading throughout the culture, which should result in a decrease in the generation time, can be monitored in the GM3. The number of generations necessary for the restoration of WT growth of the cell population due to reversion will -after verification of the reversion event by sequencing -be compared between the different expression setups.

The impact of the mutation E237D on the growth kinetics at 30°C and 37°C was further investigated and compared to the corresponding WT constructs. The strains used are listed in Table 12. Strains G4008, G4009, and G3997 (Table 12), which harbor the gene metA WT, were grown in mineral MS glc (0.2%) medium at 30°C and 37°C. When comparing expression formats at 37°C (Figure 23, triangles), there is a significant difference between the growth of strain G3997 (chromosomal format) and strains G4008 and G4009 (plasmid formats). As previously described in the literature [START_REF] Bentley | Plasmidencoded protein: the principal factor in the "metabolic burden" associated with recombinant bacteria[END_REF][START_REF] Bhattacharya | Metabolic burden as reflected by maintenance coefficient of recombinant Escherichia coli overexpressing target gene[END_REF][START_REF] Glick | Metabolic load and heterologous gene expression[END_REF], extensive gene expression due to multicopy plasmids causes a significant reduction in the growth rate of cells, mainly due to metabolic burden. Reasons for this metabolic burden are various. The introduction of foreign DNA containing coding sequences in a host organism drains energy to maintain and express the recombinant protein. Furthermore, the metabolic load has been described to increase with plasmid copy number [START_REF] Birnbaum | Plasmid presence changes the relative levels of many host cell proteins and ribosome components in recombinant Escherichia coli[END_REF], promoter and ribosome binding site strength [START_REF] Popov | Effects of a recombinant gene expression on ColE1-like plasmid segregation in Escherichia coli[END_REF]. Cultures of strain G4008 (ΔmetA, pGEN118 (pSP100::metA+)): red line.

Cultures of strain G4009 (ΔmetA, pGEN1084 (pVDM18::metA+)): green line.

Cultures of strain G3997 (∆metA, ΔkdgK::metA+): blue line.

By contrast at 30°C (Figure 23, circles), growth rates are very similar independently of the expression format. At lower temperature, E. coli metabolism is slowed down which probably leads to an attenuation of the plasmid metabolic load observed at 37°C.

As expected, when conducting the same experiment with strains expressing the allele metA:E237D (strains G4011, G4010, and G3880 in Table 12), the influence of the temperature on cellular growth was found to be even more pronounced. None of the strains grew at 37°C within 45h (Figure 24, triangles), whereas the three strains grew at 30°C (Figure 24, circles) with growth rates depending on their metA:E237D expression format. Cultures of G3880 (∆metA, ΔkdgK::metA:E237D+): blue line.

These observations confirm that the temperature can be used to modulate the selective pressure. It also indicates that the turbidostat is applicable at 30°C as the culture regime for reversion studies of the metA:E237D mutation, but not at 37°C.

Unlike the results obtained for strains G4008, G4009 and G3997 at 30°C (Figure 23, circles), where growth rates were similar for gene metA WT expressed from different formats, growth rates for strains G4011, G4010 and G3880 were expression format dependent at 30°C (Figure 24, circles). The best growth for strains expressing the variant metA:E237D variant was obtained for the high-copy number expression format (Figure 24, circles, red line), showing that the accumulation of mutated enzymes exhibiting low activity can outweigh the growth burden caused by the high number of plasmid replicons present in the cell. When comparing the growth at 30°C (Table 13) of the selection strain expressing the gene metA WT with the corresponding strain expressing the allele E237D, we observe an increase in the generation time of the latter of around 1 hour, except for the chromosomal expression format where generation times are comparable. Differences in growth rate between WT and mutant are a prerequisite for selection; if these differences are too small, a turbidostat regime might not be appropriate for the fixation of a given mutation. 

III.1.4 Reversion dynamics in continuous culture

Each culture in the GM3 device was given a 3-letter code corresponding to the project name (in the present case MET) followed by an iterative number increasing each time a new culture is launched. All cultures mentioned in the following section are listed in Table 14. 25). Isolates from samples were obtained on solid mineral salt glucose medium. The gene metA was sequenced for 3 isolates of each culture. In the case of culture MET 10,codon 237 GAT was mutated to GAG coding for glutamic acid in all three isolates. This mutation is equivalent to a reversion event since the aspartic acid 237 changed to glutamic acid, which is the WT residue at position 237 of MetA. This observation confirms that the revertants appeared during the evolution experiment and not from a contamination of the original strain, which carries the codon 237 GAA. Despite the similar evolution of their generation time, no reversion events were detected for the isolates obtained from cultures MET 6 and MET 7.

To assess the fixation kinetics of the reversion of genes expressed on a high copy number plasmid in turbidostat, culture samples along the evolution timeline of culture MET 10 were analyzed. For each sample, 100 colonies were isolated on solid mineral glucose medium at 30°C (permissive growth conditions) and patched on solid mineral glucose medium grown at 37°C (nonpermissive growth conditions). Figure 26 shows the proportion of clones which grew at 37°C for each time point (blue line), together with the evolution of the generation time of the culture (red line). tested for growth on solid mineral glucose medium at 37°C and the percentage of colonies which grew at that condition were recorded (Figure 26, purple line).

Sequencing of a fraction of these colonies growing at 37°C (up to 10 for each time point) revealed 100% reversion of the metA gene (codon 237 GAT to GAG).

The following conclusions can be drawn from these data:

 Growth of cells at 37°C was related to the presence of a reversion of the gene metA carried on the plasmid.

 Despite the high copy number of plasmids in a cell, it only took around 100 generations from the appearance of the first cells exhibiting the mutated phenotype (at generation 170) to the complete fixation of the reverted phenotype (at generation 286).

 The lower number of positive transformants (Figure 26, purple line) with respect to the positive cells present in each sample (Figure 26, blue line) can be attributed to the fact that the cells in the evolving population growing at 37°C contain a mixture of plasmids, carrying either the original metA allele 237Asp or the reverted allele 237Glu. The question of plasmid populations within a cell will be dealt with in section III.1.5.

III.1.4.2 Medium SWAP regime

Strains G4011, G4010 and G3880 (respectively culture MET 18,MET 17 and Met 15 in Table 14) were inoculated into the culture vessel of GM3 devices in a medium SWAP regime (Figure 27).

Conditions of the medium SWAP regime for cultures MET 15 (strain G3880), MET 17

(strain G4010) and MET 18 (strain G4011) were as follows:

 Relaxing medium: MS glc (0.2%) met (0.05mM)

 Stressing medium: MS glc (0.2%)

 Generation time 2 h at 37°C

Figure 27: Evolution of cultures MET 15,MET 17 and MET 18 in medium SWAP regime Shown is the ratio of stressing medium dilution pulses per day in medium SWAP regime. The relaxing medium was MS glc (0.2%) met (0.05 mM) and the stressing medium was MS glc (0.2%). The generation time was fixed at 2 h, and growth temperature at 37°C. Crosses indicate sampling points, the corresponding number of generations is indicated. Culture MET 18 of strain G4011 (ΔmetA, pGEN1086 (pSP100::metA:E237D+)): red line.

Culture MET 17 of strain G4010 (ΔmetA, pGEN1085 (pVDM18::metA:E237D+)): green line.

Culture MET 15 of strain G3880 (∆metA, ΔkdgK::metA:E237D+): blue line.

Cultures MET 15,MET 18 and MET 17 were diluted with 100% of stressing medium at growth points corresponding to 70, 80 and 99 generations respectively, signifying the growth of the bacterial population without methionine. After reaching this point, all cultures were switched to a turbidostat regime in MS glc (0.2%) at 37°C. Generation times were then stable at around 50 min for all cultures (data not shown). Samples were collected at generation 105 (culture MET 18), 120 (culture MET 17) and 134 (culture MET 15), colonies were isolated and sequenced as described in the previous section.

Unlike for the turbidostat adaptation, codon 237 was reverted to GAG for all metA genes sequenced, regardless of the expression format. This suggests that the medium SWAP regime exerted a higher selection pressure in this particular setup, certainly due to the fact that the cultures were operated at 37°C. As seen previously, the temperature modulates the growth rate. At 37°C, the optimum growth temperature for E. coli, the metabolism works at its fastest speed. When one enzyme is deficient, i.e. the homoserine O-succinyltransferase MetA, it creates a metabolic bottleneck and displaces fluxes. At 30°C, the metabolism is slowed down, diminishing the stress around the metabolic bottleneck. In consequence, the selective pressure in the turbidostat adaptation might be attenuated. As in the turbidostat adaptation, the reversion event selected at codon 237, in medium SWAP regime, is a T to G transversion in the three evolution experiments. This transversion type seems favored over the T to A transversion, in line with the rates of spontaneous mutations determined in E. coli as published by [START_REF] Lee | Rate and molecular spectrum of spontaneous mutations in the bacterium Escherichia coli as determined by wholegenome sequencing[END_REF].

To assess the fixation kinetics of the reversion in the medium SWAP regime, culture samples along the evolution timeline of cultures MET 15 and MET 18 were analyzed. As described previously for the analysis of culture MET 10 (Figure 26), 100 colonies were isolated for each sample at 30°C and patched on solid mineral glucose medium grown at 37°C. The proportion of clones which grew at 37°C for each time point, together with the evolution of the culture is shown in Figure 28 for culture MET 15 and Figure 29 for culture MET 18. The following conclusions can be drawn from these data:

 The data corroborate the previous results obtained for the turbidostat (section III. 1.4.1) showing that the growth of cells is related to the reversion of the gene metA carried on the plasmid.

 Independently of the expression format, it took less than 50 generations from the appearance of the first cells exhibiting the mutated phenotype to the complete fixation of the reverted phenotype for both cultures MET 15 and MET 18. This is about twice as fast as in turbidostat. In the light of the experimental results obtained, we can ask the following questions:

1. What is the dynamic of intracellular reversion accumulation throughout the selection?

2. What is the minimal percentage of reverted metA copies in a cell required for growth at 37°C?

3. Do all cells of a culture adapted to growth at 37°C contain the reverted allele at 100%?

To address these questions, experimental methods enabling the collection of statistical data are necessary. A cell sorting/single cell sequencing approach was performed to obtain a first response. The sample at generation 186 from culture Met 10 (Figure 26)

was analyzed with this method. Cells were separated in a 384-well microtiter plate.

Single cells were deposited in each well with a negligible error rate. Cell membranes were disrupted and the whole genome sequenced. For each well, sequencing reads were aligned against the reference genome for E. coli and the plasmid bearing the gene metA.

Each read mapping on the metA sequence was analyzed at the position 711 where the point mutation is located. Data were cleaned from base calling errors and only cells for which the coverage at position 711 was superior to 100 were considered. The ratio of reads at the position 711 of the gene metA containing the base G (corresponding to the revertants) per cell was determined. The ratio was also calculated for reads at the position 711 containing the other bases (A and C) but systematically amounted to less than 2% (data not shown). In order to smooth out uncertainties due to amplification biases, a moving average was calculated and the results are plotted in Figure 31. The distribution of the moving average of the percentage of G at position 711 of the gene metA follows an exponential decay.

The sample at generation 186 from culture MET 10 was previously phenotypically analyzed (Figure 26, blue line). At this time point, the percentage of cells from the culture growing at 37°C was 6% meaning that 6% of the cells expressed enough reverted MetA to allow growth at 37°C.

When applying this data to the exponential decay (Figure 31), we find 𝑦 = 124.7454 × 𝑒 -0.1919×6 = 39.44% ± 3.58%. This suggests that approximately 39.44% of reverted metA copies per cell is required for growth at 37°C. The sequencing of the additional samples from culture MET 10 is currently in progress to confirm these observations. Selection schemes can be designed where the entire carbon for biomass formationwith the exception of the C5 amino acids, produced from α-KG -would come from the α-KAO activity. This screen would thus be of maximal stringency. Selections with lowered stringency are also possible, relying on the addition of a second carbon source in the growth medium. Two different generic selection contexts were constructed for this study, deviating in the stringency of the selection:

Percentage of cells (%)

 A ppc-pck-selection context  A pck+ selection context
Given the fact that α-KAOs all have a specific second substrate hydroxylated during the reaction, this compound needs to be present in the cell in sufficient concentrations. In general, it is added to the growth medium and thus has to enter the cells.

III.2.1.1 The ppc-pckselection context

The less stringent selection strain was designed to install a succinate auxotrophy by blocking the different pathways listed above (Figure 32). The TCA oxidative branch leading to succinyl-CoA was blocked by deleting the gene encoding 2-oxoglutarate decarboxylase (sucA). The glyoxylate shunt allowing the conversion of D-isocitrate to succinate and glyoxylate was blocked with the deletion of the isocitrate lyase (aceA). The degradation pathways of arginine and putrescine were blocked with the deletion of the two genes coding for 4-aminobutyrate aminotransferase (gabT, puuE). The synthesis of succinate through the TCA reductive branch was impeded by deleting the genes encoding the malate synthases (maeB, sfcA), the phosphoenolpyruvate carboxylase (ppc) and the phosphoenolpyruvate carboxykinase (pck). The genes of citrate synthase (gltA) and methylcitrate synthase (prpP) were deleted as well. In this genetic context, the carbon metabolism is decoupled as followed:

 Sugars such as D-glucose (C6), pentoses (C5) or pyruvate are provided to feed the glycolytic pathway and the pentose phosphate pathway.

 Glutamate is provided as source of the amino acids C5 (glutamate, glutamine, arginine, proline) and of the α-KAO co-substrate α-KG.

 Succinate, the product of the α-KAO reaction by the oxidative decarboxylation of α-KG, is the precursor of the amino acids C4 and the pyrimidines.

III.2.1.2 The pck+ selection context

The more stringent genetic context was designed to select for a succinate production from α-KAO-catalyzed α-KG decarboxylation able to sustain all the carbon requirements of the cell (Figure 33). In this genetic context, the carbon metabolism is decoupled as followed:

 Glutamate is provided as the sole source of carbon. It is the precursor of the amino acids C5 (glutamate, glutamine, arginine, proline) and of α-KG as α-KAO co-substrate.

 Succinate, the product of the α-KAO reaction, feeds the whole metabolism of carbon, apart from the amino acids C5 via pyruvate formation from PEP, gluconeogenesis and the biosynthesis pathways of the amino acids C4 and of the pyrimidines.

III.2.2 Selection strain construction

Selection strains constructed for this study derived from the E. coli K12 strain MG1655.

For each selection strain, successive deletions of chromosomal loci were performed by serial transductions as described in section II.2.1. The analysis of the PCR products obtained using specific primers, and the chromosomal DNA of the various genetic constructs as template confirmed the genotype. The resulting strains are listed in Table 15. It has to be noted that strain G3700 is a derivative of G3513 just lacking a kanamycin resistance cassette. 

III.2.3 Selection strain stability

An important feature of a selection strain is its genetic stability. Due to enzyme promiscuity, cryptic pathways might exist which upon mutations can evolve and circumvent genetic selections. For strain G3513, which needs a sugar complement like glucose in its growth medium, this possibility had to be envisioned.

The stability of selection strain G3513 was tested in continuous culture under a medium SWAP regime (Figure 34). Conditions of the medium SWAP regime for the culture of G3513 were as follows:

 Relaxing medium: MS glc (0.2%) glu (2 mM) suc (100 µM)  Stressing medium: MS glc (0.2%) glu (2 mM)

 Generation time 2 h at 37°C

Figure 34: Evolution of the culture of strain G3513 in medium SWAP regime Shown is the ratio of stressing medium dilution pulses per day in medium SWAP regime. The relaxing medium was MS glc (0.2%) glu (2 mM) suc (100 µM) and the stressing medium was MS glc (0.2%) glu (2 mM). The generation time was fixed at 2 h, and growth temperature at 37°C. Crosses indicate sampling points with the corresponding number of generations.

The low concentration of succinate in the relaxing medium (100 µM) strongly limited the daily number of stressing medium pulses at the onset of the culture. The daily ratio of stressing medium pulses remained stable for about 1500 generations (50 days) before detecting a sudden increase in the number of dilution pulses of stressing medium.

It took 2200 generations for the culture (91 days) to reach 100% of stressing medium.

Samples were collected before the increase in the ratio of stressing medium (generation 1620) and around a ratio of 80% stressing medium (generation 1991). From each sample, two clones were isolated, G3886 and G3887 at generation 1620 and G3685 and G3686 at generation 1991.

Phenotypic tests (Table 16) showed that the isolates collected at generation 1620 started to have residual succinate complementation. A clear shift in retrieving the succinate prototrophy happened for both isolates from generation 1991. These data suggest that some mutations have been fixed in the population allowing a cryptic pathway to generate succinate when bacteria are grown in the stressing medium.

The carbon sources available in this medium are D-glucose, glutamate, and citrate (present at a final concentration of 4 mM for chelating metal ions, Appendix 6). We tested whether the growth in the stressing medium of the evolved isolates depended on the presence of citrate. For this, phenotypic tests were performed replacing MS medium by MA medium which lacks citrate (Appendix 7, Table 17). These results show that the isolates from generation 1991 acquired the ability to aerobically use citrate.

The absence of growth with citrate as a carbon source in aerobic conditions is a characteristic trait of the E. coli species. However, the isolation of E. coli spontaneous mutants able to utilize citrate aerobically as carbon and energy source has been described by various authors, and the genetic basis of this gain of function explored.

Aerobic citrate utilization was selected in the Long Term Evolution Experiment (LTEE)

of Lenski after more than 30 000 generations [START_REF] Blount | Genomic analysis of a key innovation in an experimental Escherichia coli population[END_REF] but it can appear much more rapidly in directed selections [START_REF] Hall | Chromosomal mutation for citrate utilization by Escherichia coli K-12[END_REF][START_REF] Hofwegen | Rapid Evolution of Citrate Utilization by Escherichia coli by Direct Selection Requires citT and dctA[END_REF]. The acquisition of a stable citrate utilization phenotype requires the expression of two transporters, the citrate transporter, encoded by the gene citT, whose expression is down-regulated in aerobic conditions and the dctA-encoded dicarboxylic acid transporter, known to be involved in the transport of succinate, fumarate, malate, orotate and citrate [START_REF] Hofwegen | Rapid Evolution of Citrate Utilization by Escherichia coli by Direct Selection Requires citT and dctA[END_REF][START_REF] Quandt | Recursive genomewide recombination and sequencing reveals a key refinement step in the evolution of a metabolic innovation in Escherichia coli[END_REF]. Upregulation of these two genes can arise following various genetic events such as gene duplication, insertion of an IS which places the gene under a strong promoter, or various chromosomal rearrangements leading to promoter capture.

These previous experiments were all carried out with E. coli strains expressing an unmodified central carbon metabolism, where once citrate is transported into the cell, it is metabolized through the oxidative branch of TCA. However, in our experimental setup, the strain G3513, as well as the citrate-utilizing isolates G3685 and G3686, are devoid of functional TCA (icd) and glyoxylate shunt (aceAK). This raises the question of how citrate is metabolized in these evolved isolates.

The genomes of strain G3513 and its derivatives G3886, G3887, G3685, and G3686 were sequenced (Myseq, Illumina); the reads were analyzed with PALOMA (Polymorphism Analyses in Light Of Massive DNA sequencing) in the Microscope platform (Score ≥ 0.5, HQ Reads ≥ 5). In total, 24 non-synonymous genic SNPs, 5 intergenic SNPs and 23 small in/dels common to both isolates from each time-point were detected. The evolution timeline can be split in two, the period before the increase of stressing medium in the culture (before 1620 generations), and the period after. An overview of the nonsynonymous intragenic SNPs is presented in Figure 35. At generation 1620, 20 non-synonymous intragenic SNPs are common to both isolates G3886 and G3887 (Figure 35, mutations in green and yellow). Among those mutations, we notice a mutation in mutS (Figure 35, mutation n°10). The protein MutS is one of the components of the MutHLS complex which has a role in the methyl-directed mismatch repair pathway. A mutation in mutS could result in a mutator phenotype for which the spontaneous mutation frequency has increased compared to the initial strain. It has been shown that mutator genes can accelerate adaptation of populations growing in a new environment [START_REF] Taddei | Role of mutator alleles in adaptive evolution[END_REF].

Also, among the 20 mutations detected at generation 1620, 3 mutations are located in genes related to transport mechanisms: ydgI, yhgN, and the aforementioned dctA, which encodes the dicarboxylic acid transporter. Moreover, two intergenic SNPs are detected 21 and 25 bp upstream of the ATG START codon of dctA, which might modulate the expression level of DctA.

These combined upstream and intragenic mutations affecting the dctA locus were not sufficient on their own to allow the isolates G3886 and G3887 to metabolize citrate. This corroborates the observations made in the phylogenetic analysis of the Cit + trait in the LTEE [START_REF] Quandt | Recursive genomewide recombination and sequencing reveals a key refinement step in the evolution of a metabolic innovation in Escherichia coli[END_REF].

Four additional mutations were detected in the genomes of the isolates G3685 and G3686 sampled at generation 1991 (Figure 35, mutations in orange) as well as a twofold amplification of the read coverage profile of the rhsB-rhsA region (140 kbp long)

where dctA is situated, compared to the coverage of the rest of the chromosome (x100).

Interestingly, this amplification suggests a genetic event constituting an independent duplicate described in Van Hofwegen et al., 2016. As citrate utilization as a carbon and energy source requires the activation of both CitT and DctA transporters, the citT locus of our isolates was PCR amplified using specific pairs of primers and the DNA fragments obtained were sequenced. Sequence analysis excluded the presence of an IS upstream of the citT gene or local rearrangements which would have modified the promoting region of this gene.

No evident clue was found which could indicate how citrate might be converted into succinate. However, some activities specified by the cit operon (citCDEFXG), notably the citrate lyase, are likely to be involved in this metabolic pathway, despite the fact that this enzyme is described to be active under anaerobic conditions [START_REF] Lütgens | Why a Co-substrate is Required for Anaerobic Growth of Escherichia coli on Citrate[END_REF]. Further analyses are required to understand the mechanisms of citrate utilization but would be beyond the scope of the present work.

Overall, we can conclude from this experiment that:

 The genetic screen was stable for about 1500 generations (50 days), which allows us to consider this strain for the selection of α-KAOs variants (within the timeframe of 1500 generations).

 An unknown cryptic pathway converting citrate to succinate was activated. To avoid the selection of the mutations leading to its activation, MA mineral medium which lacks citrate was used in subsequent long-term evolution experiments (Appendix 7). 1

III.2.4 Complementation tests of α-KAOs expressed in selection strains

The α-KAOs active with basic amino acids (Table 2) were cloned in different expression formats (Table 10). Constructs were then introduced in the selection strain G3513 (Table 15), and succinate complementation tests were performed. As can be seen in Table 18, no succinate complementation was detected for any of the constructs tested.

The following hypothesis can be put forward to explain this lack of complementation:

 The activity of the enzyme is too low to produce enough succinate required for triggering growth of the selection strain  The enzyme is poorly expressed  The enzyme is inactive in the heterologous host E. coli because of misfolding  The hydroxylated amino acid resulting from the enzymatic reaction is toxic 1 Some evolution experiments were started prior to the aforementioned results and were thus conducted in MS mineral medium instead of MA mineral medium. 

Odo pSP100 G3513 G3542 - ++ - pVDM18 G3513 G3543 - +++ - Kdo1 pSP100 G3513 G3544 - ++ - pVDM18 G3513 G3545 - +++ - Kdo2 pSP100 G3513 G3982 - ++ - pVDM18 G3513 G3547 - +++ - Chromosomal G3700 G4160 - +++ - Kdo3 pSP100 G3513 G3548 - ++ - pVDM18 G3513 G3549 - +++ - Kdo4 pSP100 G3513 G4087 - ++ - pVDM18 G3513 G3984 - +++ - Kdo5 pSP100 G3513 G4089 - ++ -
Complementation tests on solid medium were performed at 37°C for 48 h. The bacterial growth observed is indicated with signs for normal (+++), medium (++), residual (+) and no complementation (-). Refer to Table 15 or Appendix 1 for a precise genotype of selection strains.

III.3 Biochemical analysis of α-KAOs

The α-KAOs were expressed in the selection strain, but no succinate complementation was detected. In order to determine if the activity of the enzyme was too low to produce enough succinate required for detectable growth of the selection strain, the kinetic parameters of the α-KAOs were determined.

α-KAOs were expressed with a N-terminal His-tag from vector pET22 (Table 6) and purified for in vitro analysis. Purification and enzymatic assays were performed as described in section II.3. Kinetic parameters were determined for both the α-KG and the amino acid substrate (Table 19). The α-KAOs tested exhibit similar turnover rates (kcat) and enzymatic efficiencies (kcat/KM). The enzymatic efficiency is 3 to 5 times higher for α-KG than for lysine, the deviation being mainly due to differences in KM values. Statistics of known enzymatic activity parameters concerning all types of enzymes have been exploited to define an "average enzyme" (Arren [START_REF] Bar-Even | The moderately efficient enzyme: Evolutionary and Physicochemical trends shaping enzyme parameters[END_REF]. According to this study, the average enzyme exhibits a kcat ~ 10 s -1 and a kcat/KM ~ 10 5 s -1 .M -1 . The parameters determined for the α-KAOs (Table 19) are compared to the average enzyme in Figure 36 and Figure 37. These data suggest that the α-KAOs tested in this study belong to the group of enzymes catalyzing reactions of the secondary metabolism. In the secondary metabolism, selection pressure might be lower on the kinetic parameters as low fluxes can be maintained with relatively weak enzymes compared to those operating in the central metabolism (Arren [START_REF] Bar-Even | The moderately efficient enzyme: Evolutionary and Physicochemical trends shaping enzyme parameters[END_REF]. However, in the present genetic screen, the α-KAOs have to produce enough succinate to fulfill the needs for the C4 amino acids and the pyrimidines by bridging the TCA cycle. These observations could explain why no succinate complementation is observed with the α-KAOs tested (Table 18). This opens the possibility of improving the activity of the α-KAOs for a higher succinate production and in parallel a higher hydroxylation rate of lysine as second substrate using the low-stringency genetic screen constructed (described in section III.2.1.1).

III.4 Evolution in vivo of α-KAOs in a ppc-pckselection context

The kinetic parameters of the α-KAOs determined in the previous section showed that they might belong to the group of enzymes involved in the secondary metabolism. These observations could explain why no succinate complementation was observed (Table 18). The following section summarizes the evolution experiments of α-KAOs in continuous culture.

III.4.1 Evolution in vivo of α-KAOs expressed from a plasmidic format

The α-KAOs expressed on a high copy number plasmid did not complement the succinate requiring selection strain G3513 (Table 18). Succinate had to be added to the medium to obtain growth of the strains. Under these conditions, the possibility of plasmid loss had to be considered since the presence of the gene is not necessary for growth. To stabilize the plasmids in the evolving cell population, antibiotic resistance genes are not suitable since resistance mutations are likely to appear. Therefore a plasmid, the pEVL404, was constructed containing the essential gene thyA of E. coli coding for thymidylate synthase [START_REF] Munch | Transport of nucleic acid precursors[END_REF] in place of the antibiotic resistance gene. Selection strains carrying a thyA deletion in their chromosome depend on the presence of thymidine in the medium for growth. In theory, the thyA+ plasmid substitutes for this growth factor requirement and cannot be lost by cells growing in the absence of exogenous thymidine.

The genes coding for the α-KAOs, Odo, Kdo1 and Kdo2 (Table 2) were cloned in the plasmid pEVL404 (Figure 12) and the resulting constructs transformed into the strain G3752, a thymidine auxotroph derivative of the selection strain G3700 (Table 20). In Figure 39 are depicted the experimental steps involved in the evolution of α-KAOs in plasmidic format. Plasmids are represented by a circle: pGEN1066 (orange), pGEN1070 (green), pGEN1080 (blue), and pGEN1126 (purple). For every medium SWAP regime, generation time was fixed at 2 h, and growth temperature at 37°C.

III.4.1.1 Evolution in vivo of Odo, Kdo1 and Kdo2 in medium SWAP regime

Strains G3935, G3951 and G3986 (Table 20) were inoculated in GM3 devices and cultivated under medium SWAP regime. Each culture was given a 3-letter code corresponding to the project name followed by an iterative number increasing each time a new culture is launched (Table 20).

Conditions of the medium SWAP regime for the culture ODO 8 (strain G3935 grown with ornithine, Figure 40, orange line) were as follows:

 Relaxing medium: MS glc (0.2%) glu ( 5 Culture ODO 8 of strain G3935 (G3752 pGEN1066 (pEVL404::odo+)): orange line. Relaxing medium was MS glc (0.2%) glu (5 mM) orn (5 mM) suc (0.8 mM) and stressing medium was MS glc (0.2%) glu (5 mM) orn (5 mM). Culture KDA 10 of strain G3951 (G3752 pGEN1070 (pEVL404::kdo1+)): green line. Relaxing medium was MS glc (0.2%) glu (5 mM) lys (5 mM) suc (0.8 mM) and stressing medium was MS glc (0.2%) glu (5 mM) lys (5 mM). Culture KDB 10 of strain G3986 (G3752 pGEN1080 (pEVL404::kdo2+)): blue line. Relaxing medium was MS glc (0.2%) glu (5 mM) lys (5 mM) suc (0.8 mM) and stressing medium was MS glc (0.2%) glu (5 mM) lys (5 mM).

The ratio of stressing medium pulses over total pulses per day was stable at around 60% for more than 1000 generations in the case of cultures ODO 8 and KDA 10. By then, the cultures were stopped. In the case of culture KDB 10, the ratio of stressing medium pulses over total pulses per day increased steadily and reached 100% of stressing medium pulses after 450 generations. The gene odo and kdo2 from samples of cultures ODO 8 and KDA 10 were sequenced; no mutations were detected in the genes.

Isolates were obtained from a sample of the culture KDB 10. Plasmids were extracted from one of the clones (strain G4097, Figure 39), and designated pGEN1126 (Figure 41).

No mutation was found in the gene kdo2. Sequencing of the whole plasmid revealed a deletion of about 1500 bp when compared with the initial plasmid pGEN1080 (Figure 42). The excised part contained the gene thyA. Besides this excision, no other mutations were detected in the plasmid pGEN1126. Imbalanced dNTP levels, which can be provoked by the overexpression of genes coding for enzymes involved in the biosynthesis of DNA precursor molecules, have been shown to be mutagenic [START_REF] Kumar | Mechanisms of mutagenesis in vivo due to imbalanced dNTP pools[END_REF][START_REF] Kunz | Mutagenesis and deoxyribonucleotide pool imbalance[END_REF]. Thus, it is probable that the expression of thyA on the plasmid might have limited its copy number. This limitation could have been released through excision of the gene thyA from the plasmid and its integration in the genome of the host strain. This might, in turn, have enabled the relaxation of the control of the copy number of the plasmid pGEN1126 up to a point where the number of kdo2 gene copies would be sufficient to assure succinate complementation in the selection strain. This hypothesis was tested in two ways:

 Transformation of plasmid pGEN1126 into the selection strain G3700 and complementation test  Determination of the copy number of the plasmid pGEN1126, the gene thyA and the gene kdo2 in the strain G4097 (Figure 39) Previous results showed that an isolate (strain G4097, Figure 39) from culture KDB 10 capable of succinate complementation contained plasmids with a 1500 bp excision (plasmid pGEN1126, Figure 41) compared to the initial plasmid (plasmid pGEN1080, Figure 42). The excised sequence contained the gene thyA.

Is succinate complementation phenotype related to the evolved plasmid pGEN1126?

To test the impact of the modified plasmid pGEN1126 on the phenotype, it was transformed back into the initial genetic screen (Figure 39). This allows focusing on the impact of the plasmid pGEN1126 on succinate complementation while excluding the influence of any other potential mutations in the genome that might have occurred during the adaptation in the GM3 device.

Since the plasmid pGEN1126 was lacking the gene thyA, the plasmid had to be transformed back into the selection strain G3700 (thyA+) instead of the strain G3752 (∆thyA). Transformants had to be selected on their capacity to grow without succinate.

Based on the hypothesis that the modification in the plasmid pGEN1126 is involved in the succinate complementation phenotype, it was theoretically possible to select transformants on plates containing MS mineral glc (0.2%) glu (5 mM) lys (5 mM) medium.

It was noted that transformation efficiency was unusually low for competent bacteria transformed by electroporation, suggesting that the transformants isolated might have been selected for other traits such as increased plasmid copy levels or different mRNA expression levels.

One resulting transformant, strain G4096 (G3700 pGEN1126, Figure 39) was tested for succinate complementation (Table 21). The strains G4097 and G4096 both showed succinate complementation depending on the presence of lysine, strongly suggesting that an active Kdo2 enzyme was responsible for this phenotype. Given the absence of mutations within the coding region of the gene, an increase in the copy number of the plasmid and therefore an increase in the levels of kdo2 expression is the most likely explanation for this result. III.4.1.4 Plasmid and mRNA copy number analysis in isolates from culture KDB 10 In the hypothesis that the copy number of plasmid pGEN1126 -and therefore the number of kdo2 gene copies in the cells -might have been impacted in strains G4097 and G4096, qPCR assays were performed on culture samples (as described in section II.6.5) to determine the kdo2 gene copy number in the cells.

The results of the qPCR experiments are shown in Figure 43. Strain G4097 (isolate after evolution) shows a three-fold increase in the copy number of kdo2 compared to the initial strain G3986. This observation is in accordance with the hypothesis that the level of expression of kdo2 was increased in the evolved strain G4097.

Figure 43: Copy number comparison of gene kdo2 between strains G3700, G4096 and G4097 relative to strain G3986

Copy number of gene kdo2 in strains G3700 (selection strain), G4096 (G3700 pGEN1126) and G4097

(isolate from culture KDB 10) relative to the initial strain G3986 (G3752 pGEN1080) before evolution in the GM3. Copy number was measured by qPCR and quantified as 2 -∆∆Ct normalized to 16S copy number; bars show means of triplicate measurements ± sd.

The strain G4096 shows an 11-fold increase in the copy number of the gene kdo2 compared to strain G3986. This is also almost four times more than the copy number of the gene kdo2 in strain G4097. As mentioned previously, low transformation efficiency was observed when strain G3700 was transformed with plasmid pGEN1126 and selected for kdo2 activity. It is likely that the transformants obtained exhibited a genetic predisposition for plasmid copy number upregulation.

To further investigate the adaptation process observed for culture KDO 10, thyA gene copies were quantified for the evolved and retransformed strains. Figure 44, shows that the strain G3986 contains around 138 times more copies of the gene thyA than the strain G3700 which has one copy in the chromosome. In the strain G4097, an isolate from culture KDB 10, the copy number of the gene thyA has considerably decreased compared to strain G3986 and is only two-fold higher than the strain G3700. This result corroborates the hypothesis that the gene thyA has been excised from the plasmid pGEN1080 and integrated into the genome of the evolved strain G4097. Copy number of gene thyA in strains G3700 (selection strain), G4096 (G3700 pGEN1126) and G4097

(isolate from culture KDB 10) relative to the strain G3986 (G3752 pGEN1080) before evolution in the GM3. Copy number was measured by qPCR and quantified as 2 -∆∆Ct normalized to 16S copy number; bars show means of triplicate measurements ± sd.

To determine the actual level of expression of gene kdo2, RT-qPCR assays were also performed (Figure 45).

Figure 45: mRNA expression comparison of gene kdo2 in strain G4096 relative to strain G3986 mRNA expression of gene kdo2 in the strain G4096 (3700 pGEN1126) relative to strain G3986 (G3752 pGEN1080) before evolution in the GM3. Expression was measured by RT-qPCR and quantified as 2 -∆∆Ct normalized to 16S mRNA expression; bars show means of triplicate measurements ± sd. The RT-qPCR results show that the mRNA expression of gene kdo2 in strain G4096 is around four times higher than in the initial strain G3986. This observation is consistent with the results of the phenotypic and qPCR analysis obtained for this strain.

We can conclude that:

 Succinate complementation results from an increase in the level of expression of the gene coding for Kdo2.

 The increase of gene kdo2 expression is mediated by the increase of plasmid copy number.

 Overexpression of gene thyA was counter-selected, probably due to DNA precursor pool imbalances, leading to a thyA free plasmid.

 The expression of plasmid pEVL404 is unstable in a thymidine auxotroph and not suitable for directed evolution in continuous culture.

III.4.1.5 Isotopic labeling analysis of isolates from culture KDB 10

To confirm the in vivo activity of Kdo2 other than by growth phenotype of selection strains and the actual formation of succinate by -KG decarboxylation, an isotopic labeling analysis was performed. The GM3-evolved strain G4097, as well as control strains, were grown in the presence of [1,2-13 C2]-labeled glutamate. Glutamate being the direct precursor for α-KG, the succinate formed by the reaction through Kdo2 activity should be 13 C-labeled at one carbon atom.

Bacteria of the studied strains were grown in the two following media:

 Medium I: MS glc (0.2%) lys (5mM) [1,2-13 C2]-glu (5 mM) suc (0.8 mM)

 Medium II: MS glc (0.2%) lys (5mM) [1,2-13 C2]-glu (5 mM) Metabolomes of cultures in the presence of [1,2-13 C2]-labeled glutamate were analyzed by liquid chromatography-mass spectrometry (LC-MS). Results are shown in Figure 46.

Figure 46: 13 C enrichment of succinate in metabolome of evolved strain G4097 and control strains 13 C-succinate enrichment in metabolome of strains G3700 (selection strain), G3986 (G3752 pGEN1080), G4096 (G3700 pGEN1126) and G4097 (isolate from culture KDB 10). Medium I (blue): MS glc (0.2%) lys (5mM) 13 C-glu (5 mM) suc (0.8 mM) and medium II (red): MS glc (0.2%) lys (5mM) 13 C-glu (5 mM). NG: No growth

The isotopic analysis of succinate shows significant 13 C-succinate enrichment in the metabolomes of the evolved strain G4097 and the transformed strain G4096 grown in the presence of succinate and labeled glutamate.

The dilution of 13 C-succinate by standard succinate is greater in the metabolome of the strain G4096. No enrichment is detected in the strain G3700 which lacks gene kdo2. This strongly suggests that Kdo2 is responsible for succinate production from α-KG. When strains G4097 and G4096 were grown in the absence of standard succinate the percentage of 13 C-succinate in succinate peak separated by liquid chromatography is even higher, although a maximal ratio would be expected.

No enrichment is detected in the metabolome of the strain G3986, although the latter harbors multiple copies of gene kdo2 as indicated by qPCR quantification of the copy number of gene thyA (Figure 44). These results combined with the quantification of the kdo2 transcript mRNA (Figure 45) suggests that the gene kdo2 is weakly transcribed or repressed in strain G3986. We previously concluded from experimental observations that the plasmidic expression format pEVL404 was not suitable for the directed evolution of gene kdo2. To avoid difficulties linked to plasmid loss, the gene kdo2, which was found to complement the succinate dependence of the selection strain G3700 upon gene overexpression (section III. 4.1.4), was inserted in the kdgK locus of the selection strain resulting in the strain G4160 (Figure 47).

This chromosomal locus has previously been used for the constitutive expression of heterologous genes in E. coli. In accordance with the results from plasmidic expression formats, succinate complementation tests were negative for the chromosomal format (Table 18).

The rational and final goals of evolving strain G4160 in continuous culture was the same as for the plasmid-bearing strains:

1. Evolution towards succinate complementation with lysine by selecting either higher expression levels of the gene kdo2 or a mutated variant of the gene kdo2 with improved kinetic parameters.

2. Evolution towards lysine analogs to broaden the scope of application of Kdo2 to new substrates.

Given the absence of complementation, the medium SWAP was the continuous culture regime of choice to evolve the strain G4160. A general overview of the experimental steps involved in the evolution of the α-KAO Kdo2 in chromosomal format is depicted in Figure 47. Strains embedded in a red box contain a deletion upstream of the gene kdo2. The star symbol (*) indicates that the gene kdo2 has a deletion upstream of its coding sequence (kdo2*). For all medium SWAP regimes, generation time was fixed at 2 h, and growth temperature at 37°C.

III.4.2.1 Evolution of Kdo2 in medium SWAP regime

Since the strain G4160 showed no succinate complementation in the presence of lysine (Table 18), a medium SWAP regime was imposed (Figure 48) with a relaxing medium containing succinate.

Conditions of the medium SWAP regime for the cultures KDB 15 and KDB 16 (strain G4160 grown with lysine) were as follows:

 Relaxing medium: MS glc (0.2%) glu (5 mM) lys ( 5 In the absence of succinate, the growth of the isolates was dependent on the presence of lysine in the medium.

III.4.2.3 Sequence analysis of isolates from culture KDB 15 and culture KDB 16

Sequencing of the gene kdo2 revealed a WT coding sequence. However, a modification upstream of the gene kdo2 was detected for all three isolates G4275, G4276 and G4292 (Figure 49).

Taking the ATG START codon of gene kdo2 as a reference, a deletion of 14 bp was detected from position -322 to -336 in isolates G4275 and G4276, from culture KDB 15.

In isolate G4292 from culture KDB 16, a deletion of 3 bp was detected, overlapping the region deleted in strains G4275 and G4276 from position -333 to -336. An overlapping deletion found in independent isolates from separate cultures strongly suggests that this modification is involved in an evolutionary adaptation. In Figure 49, we can see that the deletions are located at the beginning of the gene pdeH (GenBank: AOO71725).

What could be the consequences of a 3 or 14 bp deletion in the gene pdeH?

In C-di-GMP is a bacterial second messenger involved in the regulation of a number of complex physiological processes including cell-cell signaling, biofilm formation, motility, differentiation, virulence, etc [START_REF] Olsén | Fibronectin binding mediated by a novel class of surface organelles on Escherichia coli[END_REF][START_REF] Zhao | Adaptation in bacterial flagellar and motility systems: from regulon members to "foraging"-like behavior in E. coli[END_REF][START_REF] Pesavento | Inverse regulatory coordination of motility and curli-mediated adhesion in Escherichia coli[END_REF]. It has also been shown to control gene expression (transcription and translation), activity, stability, localization and interaction of specific proteins [START_REF] Jenal | Cyclic di-GMP: second messenger extraordinaire[END_REF]. Cellular levels of c-di-GMP are regulated in response to internal and environmental cues.

Overall, the fact that c-di-GMP is involved in various important biological processes suggests that the deletion in the gene pdeH, probably resulting in PdeH function loss and thus increased levels of c-di-GMP, might have an impact (directly or indirectly) on the expression of gene kdo2. Alternatively, the deletions upstream of the gene kdo2 might have a cis-acting effect through altering expression levels of gene kdo2.

In order to test this hypothesis, the mRNA expression levels of kdo2 were determined for the initial strain G4160, and the evolved isolate G4275 by RT-qPCR and compared.

III.4.2.4 mRNA expression of Kdo2 in isolate from culture KDB 15 In the hypothesis that the aforementioned genetic event, i.e. short deletions might have impacted the expression of kdo2 in the evolved strains, RT-qPCR assays were performed (Figure 51). Strain G4160 (G3700 ΔkdgK::kdo2+) and strain G4275 (isolate from culture KDB 15). Expression was measured by RT-qPCR and quantified as 2 -∆∆Ct normalized to 16S mRNA expression; bars show means of triplicate measurements ± sd.

The results of the RT-qPCR experiments show that the mRNA expression of Kdo2 in the evolved isolate G4275 is 62 times higher than in the initial strain G4160. This observation confirms that the expression of Kdo2 has been upregulated. As seen previously with the plasmidic format (III. 4.1.4), succinate complementation in the presence of lysine could result from an increase in the level of expression of kdo2.

However, other mutations elsewhere in the genome can also have an impact. To determine the actual influence of the short deletion upstream of the gene kdo2, the deletion was introduced in the initial strain G3700 (Figure 47) via transduction. The gene kdo2 along with the upstream 14 bp deletion (noted kdo2*) was transduced back in the initial strain G3700, resulting in the strain G4434 (G3700 ΔkdgK::kdo2*+) (Figure 47). Succinate complementation tests were performed to determine if the upstream deletion was sufficient to reestablish succinate prototrophy (Table 23). The strain G4434 shows succinate prototrophy in the presence of lysine. This observation confirms that the locus harboring the 14 bp deletion upstream of the gene kdo2 and the gene kdo2 are necessary and sufficient for triggering the succinate complementation phenotype.

The present evolution experiments led to the selection of mutants capable of succinate complementation. These isolates have evolved towards lysine, the natural substrate of Kdo2, for which an increase in the expression level of the gene kdo2 was sufficient to enable succinate complementation. These isolates can be used as starting points for evolution towards new substrates.

III.4.3 Evolution in vivo of Kdo2 towards lysine analogs

α-KAOs have been reported to be very stereospecific and stereoselective [START_REF] Baud | Synthesis of Mono-and Dihydroxylated Amino Acids with New α-Ketoglutarate-Dependent Dioxygenases: Biocatalytic Oxidation of C-H Bonds[END_REF]. Evolution of α-KAOs towards new substrates could provide new synthons of interest for the chemical and pharmaceutical industry.

This section will focus on the evolution of Kdo2 towards two lysine analogs, thialysine and 6-aminocaproic acid (Table 24). An in vitro substrate promiscuity survey revealed that Kdo2 has some activity towards thialysine [START_REF] Baud | Synthesis of Mono-and Dihydroxylated Amino Acids with New α-Ketoglutarate-Dependent Dioxygenases: Biocatalytic Oxidation of C-H Bonds[END_REF]. Toxicity tests were performed on strain G4275 in order to calibrate the culture conditions in the GM3 (Figure 52). The lysine analog 6-aminocaproic acid did not show toxicity at the concentrations tested while thialysine slightly diminished growth above 3 mM. For both analogs, a concentration of 1.5 mM was fixed for evolution experiments. At that concentration, no succinate complementation with these compounds was observed (Table 25). 

III.4.3.2 Evolution in vivo of Kdo2 towards lysine analogs in medium SWAP regime

Since neither the isolate G4275 nor G4276 showed succinate complementation in the presence of thialysine or 6-aminocaproic acid (Table 25), a medium SWAP regime was imposed for evolution towards these compounds (Figure 53).

Conditions of the medium SWAP regime for culture KDB 21 (strain G4275 grown with 6aminocaproic acid, Figure 53, purple line) were as follows:

 Relaxing medium: MS glc (0.2%) glu ( 5 For about 600 generations, the culture KDB 22 (strain G4276 with thialysine) remained stable with only a slight increase of the ratio of stressing medium pulses called in the growth vessel. Sequencing analysis of isolates obtained from samples after 600 generations did not show mutations in the gene kdo2. The growth yield of these isolates grown in test tubes with limiting succinate did not augment upon addition of thialysine in the medium, demonstrating that the stressing medium ratio increase was not due to a positive thialysine effect. By contrast, lysine could no longer complement the succinate auxotrophy of the isolates (data not shown). This observation suggests a loss of function of the gene kdo2 in the evolved descendants of strain G4726 as a response to the toxicity of thialysine. An alternative explanation would be the loss of uptake capacity of the cells for lysine and its homologs. The culture KDB 21 (strain G4275 with 6-aminocaproic acid) showed an unusual evolution pattern. A rapid increase at generation 400 in the amount of stressing medium pulses was followed by an oscillating behavior spanning for 100 generations before reaching 100% of stressing medium in the vessel around generations 520. A sample of the culture was streaked on solid medium composed of the ingredients of the stressing medium, but no clone could be isolated and stored. Sequencing analysis of culture samples did not show any mutation in the gene kdo2.

The evolution experiments of Kdo2 towards lysine analogs did not yield to variants which was the goal of these experiments. We decided not to pursue our efforts trying other lysine analogs, but to study the evolving capacity of another member of the α-KAO enzyme family.

III.5 L-isoleucine dioxygenase (Ido) in a ppc-pckselection context

The L-isoleucine dioxygenase (Ido) belongs to the family of the α-KAOs and catalyzes the following reaction (Figure 54). Reprinted from [START_REF] Smirnov | Metabolic engineering of Escherichia coli to produce (2S, 3R, 4S)-4-hydroxyisoleucine[END_REF] This experiment showed that the need for succinate of the 2Δ strain could be complemented by the activity of a α-KAO expressed on a high copy number plasmid.

However, the 2Δ strain is not suitable for directed evolution in vivo in continuous culture as this genetic screen is not tight. As it appears in Smirnov et al. 2010, the 2Δ bacteria were able to proliferate in M9 glucose medium without isoleucine after prolonged time of incubation.

We expressed Ido in the genetic screen designed in this study to test whether succinate complementation was possible through the activity of a α-KAO. To be suitable for evolving Ido in continuous culture, the screen had to be modified.

III.5.1 Genetic screen construction for Ido

For the expression of Ido in our genetic screen, the additional deletion of the ilv operon was preferable to avoid interference in the biosynthesis of branched-chain amino acids by the addition of exogenous isoleucine in the medium [START_REF] Szentirmai | Regulation of branched-chain amino acid biosynthesis[END_REF].

Synthesis of branched-chain amino acids in E. coli K12 is controlled by end-product inhibition:

 Isoleucine inhibits threonine deaminase  Valine inhibits acetohydroxy acid synthetase  Leucine inhibits α-isopropylmalate synthetase Thus the ilv operon was deleted from the initial selection strain G3513 and all branchedchain amino acid added to the medium (Table 26). The genotype of the resulting strain G3990 was confirmed by PCR, and phenotypic tests confirmed succinate, isoleucine, leucine and valine auxotrophies. The gene ido (GenBank ref: HM358019) used by Smirnov and colleagues [START_REF] Smirnov | Metabolic engineering of Escherichia coli to produce (2S, 3R, 4S)-4-hydroxyisoleucine[END_REF], was cloned from the Bacillus thuringiensis strain 2-e-2 (acc. no. AKU 0251) from the culture collection of the Faculty of Agriculture, Kyoto University [START_REF] Kodera | A novel l-isoleucine hydroxylating enzyme, lisoleucine dioxygenase from Bacillus thuringiensis, produces (2S,3R,4S)-4hydroxyisoleucine[END_REF].

Using the Blast research algorithm, we found a gene from Bacillus cereus ATCC 14579 (GenBank ref: AE016877) showing 98% sequence identity with ido from Bacillus thuringiensis strain 2-e-2. The DNA of this strain was already available in the Genoscope genome library (DSMZ ref: DSM31T).

The gene ido from Bacillus cereus was PCR amplified (primers Table 4), cloned into the plasmid pSP100 (Figure 10) and transformed into the selection strain G3990 (Table 26).

The gene ido was also inserted into the kdgK locus of the selection strain G3990 to obtain a one-copy expression format. Succinate complementation tests were performed with the resulting strains G4136 and G4110 (Table 27). Complementation tests on solid medium were performed at 37°C for 48 h. The bacterial growth observed is indicated with signs for normal (+++), medium (++), residual (+) and no complementation (-).

Succinate complementation in the presence of isoleucine in the growth medium was observed when Ido was expressed on a high copy number format, demonstrating that the α-KAO activity of Ido was able to supply sufficient succinate for the growth of the selection strain in this context. Expression from a single chromosomal copy was insufficient for complementation. The result obtained with strain G4136 is in contrast to those obtained with the lysine-depending α-KAOs studied so far (Table 18), where complementation with a pSP100-derived plasmid required secondary events in the cells leading to an increase in plasmid copy number well above the usually observed levels.

III.5.3 Evolution in vivo of Ido expressed in a chromosomic format

Since the strain G4136 (G3990 pGEN997 (pSP100::ido+)) already showed normal growth through succinate complementation with isoleucine (Table 27), evolution experiments towards a more efficient isoleucine hydroxylation in the GM3 using this expression format were of little interest. By contrast, strain G4110 (G3900 ΔkdgK::ido+), expressing Ido in a chromosomal format, showed no succinate complementation in the presence of isoleucine (Table 27). This strain was thus suitable for directed evolution in vivo towards a better isoleucine hydroxylation.

A general overview of the experimental steps for the evolution of Ido in the chromosomal format is depicted in Figure 56. 

III.5.3.1 Evolution in vivo of Ido in medium SWAP regime

The strain G4110 was inoculated in the GM3 device, and a medium SWAP regime experiment started to adapt the cells to grow on isoleucine without succinate (Figure 57). To lower the stringency of the selection, two of the essential metabolites derived from succinate, L-methionine (met) and diaminopimelic acid (DAP), were added to the media together with the aliphatic amino acids valine (val) and leucine (leu).

Conditions of the medium SWAP regime for the cultures IDO 3 and IDO 6 (strain G4110 grown with isoleucine) were as follows:

 Relaxing medium: MS glc (0.2%) glu (5 mM) val (0.3 mM) leu (0. Isolates from cultures IDO 3 (G4170) and IDO 6 (G4173) were tested for succinate complementation in the presence of isoleucine. Results are shown in Table 28. Complementation tests on solid medium were performed at 37°C for 48 h. The bacterial growth observed is indicated with signs for normal (+++), medium (++), residual (+) and no complementation (-).

Both isolates G4170 and G4173 showed succinate complementation depending on the presence of isoleucine.

III.5.3.3 Sequence analysis of isolates from cultures IDO 3 and IDO 6

Isolates G4170 and G4173 were sequenced at the ido gene region and no mutation inside the gene was detected. However, an insertion of approximately 1.3 kb was noticed upstream of the gene ido. A blast analysis on the 1.5 kb insertion matched the sequence of an IS2 element (Insertion Sequence 2) with 100% identity.

An IS is a short DNA sequence that behaves like a transposable element. IS2 has been described as a turn-off and turn-on element of gene activity depending on its orientation with respect to adjacent genes [START_REF] Saedler | IS2, A Genetic Element for Turn-off and Turn-on of Gene Activity in E. coli[END_REF]. In orientation I (polar), IS2 has been described to serve as a very efficient turn-off signal, and in orientation II it is a turn-on signal. From the sequencing data of isolates G4170 and G4173, it could be concluded that the IS2 inserted directly upstream of ido is in orientation II, probably leading to a higher expression of the gene ido. Figure 58 shows a simplified scheme of the gene ido and its surrounding genomic context as it can be deduced for the initial strain G4110 and the evolved isolates G4170 and G4173.

Similarly to the cultures KDB 15 and KDB 16 (section III.4.2.3), this genetic event occured in isolates obtained from independent cultures suggesting that they had a direct impact on the acquisition of the new phenotype. It is also noteworthy that the two cultures evolved in a parallel manner suggesting the insertion event to have taken place at the same moment in the growing cell population.

Figure 58: Map of the ido locus on the chromosome of strain G4110 and strains G4170/G4173 III.5.3.4 mRNA expression of Ido in isolate from culture IDO 3 In the hypothesis that the aforementioned genetic event, i.e. IS2 insertion upstream of gene ido, impacted the expression of the gene in the evolved strains, RT-qPCR assays were performed to determine the ido-mRNA content in the cells (Figure 59). The results of the RT-qPCR experiment show that the mRNA expression of ido in the evolved strain G4170 is 87 times higher than in the initial strain G4110.

Similarly to what was observed during the evolution of kdo2 towards lysine (III.4.2.4), we observe that the expression of ido has been upregulated. In order to determine if the insertion of the IS2 upstream of ido is sufficient for succinate complementation, the ido chromosomal region containing the IS2 element was transferred in the selection strain G3990. A P1 transduction was performed to transfer the chromosomal region containing the gene ido along with the upstream IS2 (Noted ido*) from the evolved strain G4170 into the selection strain G3700. The resulting strain G4351 (G3700 ΔkdgK::ido*+) was then tested for succinate complementation to determine if the IS2 upstream of the gene ido was sufficient to establish succinate prototrophy in the presence of isoleucine (Table 29). Complementation tests on solid medium were performed at 37°C for 48 h. The bacterial growth observed is indicated with signs for normal (+++), medium (++), residual (+) and no complementation (-).

As indicated in Table 29, the strain G4351 shows succinate complementation depending on the presence of isoleucine. This observation confirms that the IS2 upstream of the gene ido has a direct influence on the succinate complementation phenotype.

The present evolution experiments led to the selection of mutants capable of efficient succinate complementation due to an increase in the expression level of the gene ido.

These isolates have evolved with the natural substrate of Ido, the isoleucine. III.5.3.6 Isotopic analysis of isolates from cultures IDO 3 and IDO 6

An isotopic labeling analysis was performed to confirm the activity of Ido in vivo as it was performed for Kdo2 (Section III. 4.1.5). Bacteria of the strains studied were grown in the following media:

 Medium I: MS glc (0.2%) [1,2-13 C2]-glu (5 mM) val (0.3 mM) leu (0. Figure 60: 13 C enrichment of succinate in the metabolome of evolved isolates of cultures IDO 3 and IDO 6 and control strains 13 C-succinate enrichment in metabolome of strain G3990 (selection strain), G4110 (G3990 ΔkdgK::ido+), strain G4170 (isolate from culture IDO 3) and strain G4173 (isolate from culture IDO 6). Medium I (blue): MS glc (0.2%) 13 C-glu (5 mM) val (0.3 mM) leu (0.3 mM) met (0.1 mM) DAP (0.3 mM) ile (3 mM) suc (0.8 mM) and medium II (red): MS glc (0.2%) 13 C-glu (5 mM). val (0.3 mM) leu (0.3 mM) met (0.1 mM) DAP (0.3 mM) ile (3 mM). NG: No growth

No 13 C-succinate has been detected in the metabolome of the selection strain G3990 which does not express Ido. In the case of the evolved strains G4170 and G4173, we observe similar significant 13 C-succinate enrichments. In the absence of succinate supplementation during growth, the succinate in the metabolome of strain G4170 is 96% 13 C-enriched and 99% for strain G4173. After growth in the presence of standard succinate, the whole succinate content of the metabolome of strain G4170 showed a similar decrease of the 13 C-labeled form of succinate.

In the case of the non-evolved strain G4110, no 13 C-succinate enrichment has been detected, although the strain harbors one copy of gene ido at the kdgK locus. The expression of Ido in strain G4110 might be so low that the 13 C-succinate enrichment originating from -KG conversion cannot be distinguished from natural occurrence of 13 C-in standard succinate by the detection method. This is at odds with the results obtained with the gene metA, whose expression from the very same genetic configuration fully complemented the methionine needs of a ΔmetA strain.

In addition to these results, the specific product of Ido, 4-OH-isoleucine, has been identified in the metabolome of strains G4170 and G4173 (Figure 61). Extracted-Ion Chromatogram in positive and negative mode in the metabolome of strain G3990 (selection strain), strain G4110 (G3990 ΔkdgK::ido+), strain G4170 (isolate from culture IDO 3) and strain G4173

(isolate from culture IDO 6).

These observations confirm the activity of Ido in vivo.

III.5.4 Evolution in vivo of Ido towards isoleucine analogs

Similarly to the gene kdo2, we attempted to evolve the gene ido towards new hydroxylation substrates. The strain G4170 was used as a starting point. However, this strain was deleted for the ilv locus requiring the addition of the aliphatic amino acids ile, leu and val in the growth medium. The presence of these amino acids can have uncontrolled influences on the evolution experiments with analogs, notably concerning the cellular uptake of the compounds. Also, isoleucine as natural substrate of Ido is in competition with any analog for which enzymatic adaptation is sought.

We therefore restored the ilv operon for further evolution experiments towards isoleucine analogs in strain G4170 (Figure 56). Strain G4170 was transduced with a P1 phage prepared on the E. coli K12 strain MG1655, and the ilv operon was restored resulting in the strain G4383 (Table 30). As analogs, the amino acids norvaline and norleucine, possessing a simplified side chain with respect to isoleucine were chosen. Preliminary results have been published

showing some activity on these compounds in an in vitro test [START_REF] Hibi | Characterization of Bacillus thuringiensis l-Isoleucine Dioxygenase for Production of Useful Amino Acids[END_REF]. In addition valeric acid, lacking the alpha amino group, was chosen (Table 31). Shown is the ratio of stressing medium dilution pulses per day in medium SWAP regime. The generation time was fixed at 2 h, and growth temperature at 37°C. Crosses indicate sampling points, the corresponding number of generations is indicated. Culture IDO 9 of strain G4383: blue line. Relaxing medium was MA glc (0.2%) glu (5 mM) norvaline (1.5 mM) suc (0.8 mM) and stressing medium was MA glc (0.2%) glu (5 mM) norvaline (1.5 mM) Culture IDO 11 of strain G4383: orange line. Relaxing medium was MA glc (0.2%) glu (5 mM) valeric acid (1.5 mM) suc (0.8 mM) and stressing medium was MA glc (0.2%) glu (5 mM) valeric acid (1.5 mM) Culture IDO 13 of strain G4383: green line. Relaxing medium was MA glc (0.2%) glu (5 mM) norleucine (1.5 mM) suc (0.8 mM) and stressing medium was MA glc (0.2%) glu (5 mM) norvaline (1.5 mM)

The culture IDO 11 growing in the presence of valeric acid remained stable for 300 generations. As expected, sequencing of isolates obtained at generation 287 showed no mutation in the gene suggesting that Ido has no promiscuous activity towards valeric acid.

Both cultures IDO 9 and IDO 13 rapidly reached 100% of stressing medium. Samples at generation 42 for culture IDO 13, and at generation 186 for culture IDO 9, were withdrawn. Isolates were obtained on plates of the corresponding stressing medium and the ido gene locus sequenced. G4495 G3700 pGEN1138 (pSP100::ido+) -+++ -G4490 G3700 pGEN1143 (pSP100::ido:E65K+) -+++ -G4584 G3700 pGEN1154 (pSP100::ido:A62P+) -+++ -

Complementation tests on solid medium were performed at 37°C for 48 h. The bacterial growth observed is indicated with signs for normal (+++), medium (++), residual (+) and no complementation (-).

As depicted in Table 32, the evolved strains G4571 and G4569 show succinate complementation in the presence of both isoleucine and norvaline. The transformants G4490 and G4584, strains which have not evolved in continuous culture, did not show succinate complementation towards norvaline after incubation of 48 h. However, after a prolonged incubation of 72 h, some clones appeared in the case of strain G4490. One of these clones (strain G4525) was isolated. The genotype of strain G4525 was confirmed by PCR excluding the possibility of a contamination. Additional succinate complementation tests were performed on this strain to confirm the norvaline-positive phenotype (Table 33). These observations suggest that:

 Ido has been shown to have some activity towards norvaline. This promiscuous activity might be enhanced in the Ido:E65K variant.

 Alternatively, the activity of the Ido:E65K variant might be enhanced for the substrate α-KG. Under conditions of norvaline saturation, this would also lead to an augmentation of the succinate production of the mutated Ido.

 The overexpression of Ido:E65K on a high copy plasmid allows succinate complementation within 48 h in the presence of isoleucine and a weak complementation after 72 h in the presence of norvaline. This suggests that the activity of Ido:E65K towards norvaline is lower than its activity towards isoleucine.

 The strain G4525 appeared as a single colony when the strain G4490 was kept on norvaline plates for a prolonged time (72 h). This points to a secondary adaptation event necessary for succinate complementation of the non-evolved genetic background of strain G3700 in the presence of norvaline.

In order to further study the impact of the mutations E65K and A62P on Ido, biochemical analysis is necessary.

III.5.4.3 Biochemical analysis of Ido and variants

The enzyme Ido was expressed with a N-terminal His-tag (Table 6). However, the formation of inclusion bodies constrained us to change the His-tag position to the Ctermini instead of the N-termini. Also, the working buffer of the activity assays for succinate detection used for the determination of the kinetic parameters for the other α-KAOs (II.3.2) was in the alkaline range (pH 8.4), whereas the optimum pH for Ido activity is slightly acidic (pH 6.0). To cope with this difficulty, several methods were tested including decoupling the reaction using different buffers for each step, but none of them were adequate for the determination of the kinetic parameters of Ido.

We finally opted for the determination of the kinetic parameters via mass spectrometry as described in II.3.3. Kinetic parameters were determined for Ido and Ido:E65K for the α-KG, isoleucine and norvaline (Table 34). The catalytic efficiency of Ido:E65K for isoleucine shows an increase by a factor of 2.5 as compared to Ido WT and 3.8 for norvaline.

III.6 Evolution in vivo of Ido and Kdo2 in a pck+ selection context

In the previous evolution experiments towards natural substrates, i.e. L-lysine and Lisoleucine, isolates obtained after evolution in continuous culture exhibited a higher expression level of α-KAOs. These modifications fixed during the adaptation were sufficient for succinate complementation without mutations in the gene encoding for the α-KAOs kept under selection.

In the hypothesis that a higher selection pressure might enable the selection of variants of α-KAOs, a tighter genetic screen was tested.

As introduced in detail in section III.2.1.2, the pck+ selection context is a tighter genetic screen for succinate complementation. In this genetic context, glutamate is provided as sole carbon source for the cells. Glutamate is converted into α-KG which is then converted by the α-KAOs in succinate, which provides all carbon necessary for biomass production.

The selection strain G4343 was constructed by deleting the genes aceAK, sucA, ppc, puuE, and gabT. The genes kdo2 and ido with their upstream modification, i.e. the 14 bp deletion and the IS2 respectively, were introduced in the kdgK locus of strain G4343.

The resulting strains were tested for succinate complementation (Table 35) and no complementation was observed. The strains G4497 and G4499 were inoculated in the GM3 in medium SWAP regime (Figure 63).

Conditions of the medium SWAP regime for the cultures KDB 26 and KDB 27 (strain G4497 grown with lysine) were as follows:

 Relaxing medium: MA glu (10 mM) lys (10 mM) (1). Plant biomass is primarily composed of a macromolecular network of polysaccharides linked with lignin, a polymer of phenylpropanoid subunits with aromatic rings of varying degrees of methoxylation [START_REF] Klinke | Inhibition of ethanol-producing yeast and bacteria by degradation products produced during pre-treatment of biomass[END_REF]. Thus, when microorganisms hydrolyze lignocellulose to access sugars, they also liberate three main types of inhibitors: aliphatic acids, furans, and solubilized phenolics. The relative amounts of inhibitors depend on the species and condition of the plant matter ( 3), but hydrolysates generally contain inhibitors at concentrations that impede growth of microorganisms ( 4) by damaging the cell membrane, metabolic enzymes, and nucleic acids [START_REF] Mills | Cellulosic hydrolysate toxicity and tolerance mechanisms in Escherichia coli[END_REF]. The most abundant aliphatic acids are generally acetate, particularly in acetylxylan-rich hardwoods [START_REF] Jönsson | Bioconversion of lignocellulose: inhibitors and detoxification[END_REF], and formate from furan breakdown. The main furans are furfural and hydroxymethylfurfural (5-HMF) that are formed by the dehydration of pentose and hexose sugars, respectively. The most potent inhibitors released during biomass hydrolysis are generally phenolics released from lignin [START_REF] Ibraheem | Molecular adaptation mechanisms employed by ethanologenic bacteria in response to lignocellulose-derived inhibitory compounds[END_REF].

The resistance of model, sugar-fermenting bacteria such as E. coli to biomass inhibitors has been well-studied for aliphatic acids ( 8), [START_REF] Roe | Perturbation of anion balance during inhibition of growth of Escherichia coli by weak acids[END_REF], furans [START_REF] Ibraheem | Molecular adaptation mechanisms employed by ethanologenic bacteria in response to lignocellulose-derived inhibitory compounds[END_REF], and phenolics [START_REF] Weber | Adaptation mechanisms of microorganisms to the toxic effects of organic solvents on membranes[END_REF]. However, much less is known about resistance in bacteria like C. phytofermentans that hydrolyze and ferment lignocellulose, even though plant inhibitors are important to the ecology of these species. Moreover, developing inhibitor-resistant microorganisms that directly metabolize biomass is needed for consolidated bioprocessing in a single reactor, which is generally regarded as the most economical configuration for microbial transformation of biomass into value-added chemicals [START_REF] Lynd | Consolidated bioprocessing of cellulosic biomass: an update[END_REF].

Here we study and increase resistance to plant-derived inhibitors in C. [START_REF] Warnick | Clostridium phytofermentans sp. nov., a cellulolytic mesophile from forest soil[END_REF]. We initially define the effects of a panel of biomass inhibitors including phenolics, furans, and aliphatic acids on C. phytofermentans growth. Among these compounds, we focus on ferulic acid, a guaiacyl lignin precursor that is one of the most abundant phenolic inhibitors in woods, grasses, and agriculturally important crops [START_REF] Skerker | Dissecting a complex chemical stress: chemogenomic profiling of plant hydrolysates[END_REF]. We examine the transcriptional response to ferulate stress by quantifying genome-wide mRNA expression changes. We apply long term, anaerobic growth selection in a GM3 device [START_REF] Mutzel | Method and Device for Selecting Accelerated Proliferation of Living Cells in Suspension[END_REF] to isolate a series of increasingly ferulate-resistant strains. We examined the phenotypes of clones from along the selection and sequenced their genomes to identify positively-selected genomic point mutations, small insertions and deletions (indels), and large structural rearrangements. Finally, we discuss how these results improve our understanding of the genetic basis of how bacteria evolve to resist chemical inhibitors.

Methods

Cell cultivation: C. phytofermentans ISDg (ATCC 700394) was cultured anaerobically in GS2 medium [START_REF] Cavedon | Cellulase system of a freeliving, mesophilic clostridium (strain C7)[END_REF]. Growth of batch cultures containing inhibitors (Table S1) was measured in 100-well microtiter plates (Bioscreen 9502550) containing 400 μl GS2 medium with 3 g L -1 glucose supplemented with a given inhibitor neutralized to pH Ferulate-resistant C. phytofermentans clones were selected using a GM3 automat ( 14), a dual chamber continuous culture device that maintained anaerobic conditions by flushing cultures with 100% N2 gas. A 50 ml culture was maintained at 30°C with optical density readings every 30 seconds, and was transferred between growth chambers every 12 h to clean the empty chamber with 5N sodium hydroxide.

Cells were acclimated to increased ferulate using medium-swap mode, a modified chemostat (6h generation time) with dilutions every 30 minutes of stressing medium (high ferulate) if the cell density exceeded the density threshold (measured as OD 880 30, which is equivalent to OD 600 0.4) and relaxing medium (low ferulate) otherwise. Once cell densities stabilized at a constant cell density in the stressing medium for 24 h, the GM3 was run as a turbidostat using the stressing medium until the culture reattained a 3.75 h generation time, similar to the WT strain in minus-ferulate medium. In turbidostat mode, 20% of the culture volume was replaced with fresh medium each time the cell density reached OD 880 30. Initially, the stressing medium contained 1 g L -1 ferulate, the highest concentration at which a WT culture could be established in the GM3, and the relaxing medium lacked ferulate. The medium-swap/turbidostat approach was iterated by incrementing the stress medium by 0. [START_REF] Langmead | Fast gapped-read alignment with Bowtie 2[END_REF]. Sequence variants (SNPs, indels) in the CFY strains relative to the reference genome were identified using the GATK ( 21) as described previously [START_REF] Tolonen | Physiology, genomics, and pathway engineering of an ethanol-tolerant strain of Clostridium phytofermentans[END_REF].

Structural variations were detected using the Breseq split-read analysis tool [START_REF] Barrick | Identifying structural variation in haploid microbial genomes from short-read resequencing data using breseq[END_REF].

Insertion sequences (IS) were identified using ISfinder [START_REF] Siguier | Bacterial insertion sequences: their genomic impact and diversity[END_REF].

Optical genome mapping: High molecular-weight DNA of strain CFY2C was extracted in agar plugs, which were solubilized with 0. using molybdatophosphoric acid and specific functional groups identified using spray reagents specific for defined functional groups [START_REF] Daniels | Chemical Analysis[END_REF].

Results

on March 31, 2017 29), [START_REF] Miller | Silencing of NADPH-dependent oxidoreductase genes (yqhD and dkgA) in furfuralresistant ethanologenic Escherichia coli[END_REF]. Growth lags are proposed to be due to alcohol dehydrogenase (ADH) reducing furan, causing NADH depletion and acetaldehyde accumulation [START_REF] Palmqvist | Influence of furfural on anaerobic glycolytic kinetics of Saccharomyces cerevisiae in batch culture[END_REF]. Supportingly, the ADH protein Cphy1179 shares 28% amino acid identity with a furfural-reducing, Zn-dependent ADH [START_REF] Kang | Furfural reduction mechanism of a zinc-dependent alcohol dehydrogenase from Cupriavidus necator JMP134[END_REF]. However, if C.

phytofermentans detoxifies furans, this mechanism is abruptly overwhelmed at concentrations above 2 g L -1 5-HMF and 1 g L -1 furfural.

We examined the toxicities of two types of phenolic acids: hydrocinnamic acids likely due to their reactivity, resulting in formation of adducts with nucleophilic sites on DNA, proteins, and other macromolecules [START_REF] Lopachin | Molecular mechanisms of aldehyde toxicity: a chemical perspective[END_REF].

Genome-wide mRNA expression during ferulate stress: We quantified genomewide mRNA expression changes at two timepoints (t=0.5 h, t=4 h) following supplementation of mid-log cultures with 2 g L -1 ferulate, which reduced growth (Fig 2A)

similar to the initial growth screen (Fig 1F). Three to five million read pairs were aligned to the genome for each culture (Table S3A) to calculate gene expression levels (Table S3B). The number of differentially-expressed genes (Table S3C- Gene expression at t=0.5 h shows abrupt ferulate stress induces expression of genes encoding the efflux pump cphy1055-6, which is similar to E. coli mdlAB conferring resistance to organic solvents [START_REF] Foo | Improving microbial biogasoline production in Escherichia coli using tolerance engineering[END_REF]. Many of the genes up-regulated at t=0. [START_REF] Melville | Type IV pili in Gram-positive bacteria[END_REF] for adhesion to solid substrates to form protective biofilms [START_REF] Tomich | The TadV protein of Actinobacillus actinomycetemcomitans is a novel aspartic acid prepilin peptidase required for maturation of the Flp1 pilin and TadE and TadF pseudopilins[END_REF], reflecting how ferulate represses motility genes in C. beijerinckii [START_REF] Lee | Analysis of Clostridium beijerinckii NCIMB 8052's transcriptional response to ferulic acid and its application to enhance the strain tolerance[END_REF]. The other cluster cphy1838-45 includes genes for the flavin mononucleotide (FMN) binding proteins WrbA [START_REF] Grandori | Biochemical characterization of WrbA, founding member of a new family of multimeric flavodoxin-like proteins[END_REF] and two NADPH:FMN reductases. NADPH:FMN reductase inactivation confers ferulate resistance in C. beijerinckii by an unknown mechanism [START_REF] Liu | Engineering Clostridium beijerinckii with the Cbei_4693 gene knockout for enhanced ferulic acid tolerance[END_REF]. While this appears in opposition to our data that NADPH:FMN reductases are up-regulated by ferulate, both results support the importance of FMN-mediated oxidoreduction in ferulate resistance.

This island also includes genes encoding an acetyltransferase and Cphy1845 that shares 41% amino acid identity and the metal coordination with E. coli YhhW, which cleaves the plant phenolic quercetin ( 41) C. phytofermentans may thus up-regulate genes to transform or detoxify plant phenolics, similar to some ruminal clostridia [START_REF] Schoefer | Anaerobic degradation of flavonoids by Clostridium orbiscindens[END_REF].

Selection and physiology of ferulate-resistant strains: We selected C.

phytofermentans strains with increased ferulate resistance by cultivation in a GM3 automat, a dual chamber, continuous-culture device that automates delivery of fresh As toxicity of aromatic molecules is often associated with disruption of the cell membrane, we profiled fatty acids (FA) to determine if ferulate resistance is associated with altered membrane phospholipids (Table S4). We found that when WT was exposed to ferulate, the plasmalogen (vinyl ether phospholipid) content in the membranes which is associated with increased ethanol tolerance in E. coli [START_REF] Ingram | Alcohol tolerance in Escherichia coli[END_REF]. CFY3F shifted to branched FA (especially C15) and longer chain lengths (C18, C20), which increases membrane rigidity [START_REF] Weber | Adaptation mechanisms of microorganisms to the toxic effects of organic solvents on membranes[END_REF] to potentially combat the membrane fluidizing effects of ferulate.

on March 31, 2017 by FUDAN UNIVERSITY http://aem.asm.org/ Downloaded from C. phytofermentans fatty acids are decorated with a diversity of phospho-, glyco-, and amino-head groups (Fig S5C). While we did not detect changes in these head groups in the WT response to ferulate or in the CFY strains, we consider it likely that they participate in the response to solvents, similar to some other bacteria [START_REF] Weber | Adaptation mechanisms of microorganisms to the toxic effects of organic solvents on membranes[END_REF].

Genomes of ferulate-resistant isolates: We sequenced the genomes of eight CFY1-3 clones giving between 106 and 705-fold coverage (Table S5A) to identify DNA variants relative to wild-type (Table S5B). Seven single-nucleotide variations (SNV) and S6) including 12 ISL3 comprised of 2 isoforms: 8 ISL3-1 elements and 4 ISL3-2 elements. IS elements inactivate genes through their transposition and act as substrates for homologous recombination. In addition, the IR of all 12 ISL3 contain a 5'-TTGACA-3' sequence matching an outwardfacing, consensus -35 box from this organism (60) (Table S6), suggesting ISL3 could activate expression of adjacent genes ( 61). An ISL3 Our approach uses continuous, directed evolution as a framework for 'real time' study of natural selection by analyzing the succession of microbial strains with progressively higher fitness. Genome analysis of these strains using both highcoverage, short reads and long-range, optical mapping reveals both the small and large genomic changes that underlie a complex phenotype. When coupled with RNA-seq to study the transcriptional response to abrupt change, this approach gives a portrait of how the cell adapts to a given perturbation on different time scales. These results can be applied to prioritize genes to engineer bacterial stress resistance. For example, abrupt ferulate stress could be mitigated by overexpressing efflux pumps and flavoproteins, whereas long-term ferulate resistance could be improved by altering the primary surface layer protein and membrane biosynthesis (fab genes) to favor longer fatty acids.

on March 31, 2017 Improving enzymes catalytic capacities is a persisting challenge in biotechnology.

Directed evolution in vivo in continuous culture is an alternative to the numerous in vitro methods of enzyme mutation and activity screening.

The main objective of this study was to determine the experimental parameters enabling the selection of enhanced enzymes variants. The α-KAO enzyme family, catalyzing reactions difficult to realize with the methods of classical organic chemistry, was chosen as a target. These enzymes hydroxylate non-activated C-H bonds in a stereospecific manner, giving rise to synthons of value for chemical synthesis.

The reaction catalyzed by the α-KAOs produces succinate via decarboxylation of α-KG. A generic screen based on succinate auxotrophy was implemented in E. coli. Succinate is a precursor for essential C4-compounds of the metabolism. The expression of a member of the α-KAOs, isoleucine α-KG dioxygenase (Ido) from Bacillus cereus, led to complementation of the succinate auxotrophy depending on the presence of isoleucine and α-KG in the growth medium, thus validating the selection screen.

The screen was then used to evolve α-KAOs which had been identified in a sequencebased screen and shown to hydroxylate basic amino acids, i.e. L-lysine and L-ornithine in vitro [START_REF] Baud | Synthesis of Mono-and Dihydroxylated Amino Acids with New α-Ketoglutarate-Dependent Dioxygenases: Biocatalytic Oxidation of C-H Bonds[END_REF].

The activity of these enzymes (Odo and Kdo1 to Kdo5) expressed from a high copy number plasmid was found insufficient for complementation of the succinate auxotrophy of the selection strain.

The determination of enzymatic activity parameters revealed KM and turnover numbers typical for enzymes involved in pathways of secondary metabolism. Table 36 compares the activity constants determined for Kdo2 with constants published for a number of α-KAOs with different substrate specificities. The affinity and activity parameters of Kdo2 are within the range of these enzymes, which are involved in the secondary metabolism of the host cells. Surprisingly, the catalytic efficiency measured in this study for Ido is lower than the ones for Kdos despite the in vivo observations that the selection strain showed succinate complementation when expressing Ido on a high copy number plasmid (Table 27) and not when expressing Kdos (Table 18). This suggests that the catalytic efficiency of Kdos is not the limiting factor explaining the lack of complementation. In the absence of growth, a medium SWAP regime establishing a gradient of succinate, which decreases as a response to accelerated growth of the selection strain, is adequate to select enzyme variants with higher activity. A high copy number plasmid enabling stable propagation under the non-selective culture conditions, which prevails during growth in the relaxing medium containing succinate, was used for α-KAO expression.

Conservation of the plasmid is ensured through co-expression of an essential gene of the DNA precursor synthesis, thymidylate synthase. The chromosomal copy of the gene thyA has been deleted in the selection strain for this purpose.

Selection strains expressing gene kdo2 adapted to the stressing medium in the SWAP regime and acquired prototrophy for succinate (strain G4097). Sequencing of the plasmid showed no mutation in the kdo2 coding sequence but revealed the absence of the thyA gene (plasmid pGEN1126). The determination of kdo2 gene copy number in the evolved cells showed an increase with respect to the initial strain G3986. The concomitant increase in kdo2 transcript level strongly suggests that the copy number of the plasmid rose to enable a higher expression of the gene. For this augmentation, the transfer of the gene thyA from the plasmid to the chromosome seemed to be a prerequisite to avoid toxic overexpression of this gene.

The truncated plasmid pGEN1126 has been introduced into the selection strain G3700

selecting for growth on lysine without succinate (Table 21, strain G4096). The kdo2 gene copy number was 11 times higher in this strain than in strain G3986 harboring the initial thyA+ plasmid construct (plasmid pGEN1080). Given a plasmid copy number of about 100 in strain G3986, as calculated from the thyA gene number, strain G4096 contains about 1000 copies of the truncated plasmid. Obviously, complementation required a large amount of kdo2 gene templates, pointing to some inefficiency in the expression mechanisms of this gene. Also, misfolding or low stability of the protein might play a role.

The strain obtained grew well on lysine without succinate and therefore was no longer a starting point for the selection of enhanced kdo-variants. The studies on the appearance and fixation of mutations cancelling a loss of function phenotype (section III.1) have shown that the chromosomal format of gene expression is suitable for selecting beneficial point mutations in genes specifying enzymes under selection. Albeit a multicopy plasmid offers a higher probability to generate beneficial variants, the metabolic burden inherently linked to the copy number of a plasmid can be a hurdle for the directed evolution. In addition, the process of fixation of a beneficial mutation in the evolving population has to be considered. As was shown for the metA reversion experiment, a threshold ratio of mutated over unchanged plasmid copies needs to be surpassed for the manifestation of the phenotype (Section III.1.5, Figure 31). This can be an obstacle for the fixation of mutations with only a small beneficial increment on growth. Also, the chromosomal format has the advantage of stability since the gene copy cannot be lost.

Gene kdo2 was inserted into the chromosome of the selection strain and evolved in a medium SWAP regime as was done for the plasmid context. Two parallel cultures, KDB 15 and KDB 16, were performed. Both evolved towards succinate prototrophy. While the time needed for adaptation was different for the two cultures (255 and 439 generations), a sharp increase in the number of dilution pulses with stressing medium leading to prototrophy was observed for both cultures (Figure 48), suggesting a single or few mutational event to be responsible for the evolution. Sequencing of the kdo2 insertion locus of culture isolates showed an unchanged coding sequence. However, short deletions upstream of the gene were found, in the N-terminal coding region of gene pdeH. This gene codes for an enzyme involved in the inactivation of the second messenger c-di-GMP which has pleiotropic effects on cell proliferation. Transcript copy number of gene kdo2 was greatly enhanced (62 times) as compared with the initial strain G4160. Whether this effect is due to an altered phosphodiesterase activity of the PdeH enzyme variants or to a direct effect on RNA polymerase template recognition has not been studied. Again, a mutational event effecting gene expression and not enzymatic activity parameters was selected.

The study was extended for the enzyme Ido hydroxylating isoleucine. This enzyme, when expressed from a high copy number plasmid, complemented the succinate auxotrophy of the selection strain, but failed to do so when expressed from one chromosomal copy. A medium SWAP evolution of the corresponding strain resulted in succinate prototrophic cells depending on isoleucine for growth. Sequencing of the ido chromosomal locus of evolved isolates revealed the presence of an IS2 element known to enhance transcription of downstream genes, while the coding region was found unchanged. The ido transcript copy number was strongly increased (87 times) as compared to the initial strain G4110, suggesting that, as was seen for the KDB cultures, evolution "acted" on the regulation of gene expression rather than enzymatic activity.

A more stringent selection context for succinate complementation was also tested.

Glutamate, precursor of α-KG, was provided as sole carbon source and the succinate produced by the α-KAO provides all carbon necessary for growth. Both genes kdo2 and ido were inserted into the chromosome of the selection strain and evolved in a medium SWAP regime. After 500 generations, the daily ratio of stressing medium was still stable (about 40%) suggesting that no beneficial mutations, neither in the coding region nor in chromosomal loci regulating expression of the genes kdo2 or ido, have appeared.

When comparing those observations with the results of the study on the fixation of a beneficial mutation (section III.1), it is noteworthy that it took less than 50 generations in medium SWAP regime for the reversion of gene metA to be fixed in the population regardless of the expression format. This suggests that the number of protein residues in α-KAOs which, upon a change to another amino acid, would improve enzyme activity is limited, and the beneficial change might require more than one base pair to mutate.

The selection strains growing with glutamate and either lysine or isoleucine as second substrate for the respective α-KAO expressed from the chromosome were evolved to grow on analogs of the amino acid substrate. The experiments were conducted using the medium SWAP regime of continuous culture. To enable selection of enzyme variants, the relaxing medium contained succinate but not the natural substrate. In general, a shift in substrate specificity of an enzyme provoked by mutations increasing the affinity or the turnover number for a substrate analog decreases the kinetic parameters for the natural substrate. Such mutations would not be fixed in a medium SWAP culture setup where the relaxing growth conditions would depend on wild-type activity.

For Kdo2, continuous cultures were conducted for two analogs of L-lysine, thialysine (S-2-aminoethylcysteine) and 6-aminocaproic acid. Kdo2 was previously found to have some activity on thialysine [START_REF] Baud | Synthesis of Mono-and Dihydroxylated Amino Acids with New α-Ketoglutarate-Dependent Dioxygenases: Biocatalytic Oxidation of C-H Bonds[END_REF]. However, this compound is toxic for E.

coli due to its incorporation into proteins where it can replace lysine [START_REF] Girolamo | Thialysine utilization by E. coli and its effects on cell growth[END_REF]. The concentration of thialysine in the culture media of the medium SWAP was fixed at 1.5 mM. Thialysine exhibits only a moderate growth inhibition at this concentration. The cultures evolved only very slightly, gaining 10% of stressing pulses per day after 600 generations. The kdo2 gene sequence of isolates of the cultures obtained at this time point was unchanged. The cells did not grow in the presence of lysine as was the case for the initial strain. The adaptation was, therefore, most probably due to a loss of function, either of Kdo2 or of the transport systems which channels lysine/thialysine into the cells.

An unusual evolution pattern was observed for the cultures conducted for 6aminocaproic acid adaptation. The stressing/relaxing dilution ratio showed strong oscillations and finally reached 100% stressing pulses. The cell growth in suspension could not be reproduced on solid medium; no isolates could therefore be obtained. The coding sequence of the gene kdo2 was found unchanged when a DNA preparation of a culture sample was sequenced. A deeper analysis of the cell population, for instance through sequencing of the DNA of single cells, would be necessary to better understand the evolution of these cultures.

The lysine dependent α-KAOs, which were evolution targets in this study, have not been characterized in detail. By contrast, the isoleucine α-ketoglutarate dioxygenase from Bacillus thuringiensis has been studied more extensively; it was shown that isoleucine analogs like norvaline function as substrates for Ido [START_REF] Hibi | Characterization of Bacillus thuringiensis l-Isoleucine Dioxygenase for Production of Useful Amino Acids[END_REF]. Evolution in medium SWAP continuous culture regime for the growth of the selection strain overexpressing the gene ido from the chromosome (strain G4383) with norvaline yielded suspensions stably proliferating without succinate. Isolates harbored ido gene variants with a changed coding sequence, affecting either residue 62 (alanine to proline)

or 65 (glutamate to lysine). In addition, some succinate prototrophic isolates contained an unchanged ido gene. Obviously, the medium SWAP regime permitted cells with different adaptive genotypes to prevail in the population. Similar observations have been made for other medium SWAP evolution experiments [START_REF] Marlière | Chemical Evolution of a Bacterium's Genome[END_REF]. This continuous culture regime resembles a chemostat in that the doubling time of the culture is fixed, lowering the selective pressure which -in a turbidostat -would lead to a homogenous population of the fastest growing cells.

Expression of the E65K ido from a high copy number plasmid in the selection strain complemented succinate auxotrophy in the presence of either isoleucine or norvaline.

As judged from growth profiles on solid medium, complementation with norvaline, but not with isoleucine, seemed to require additional adaptations of the cells.

Ido WT allows succinate complementation in the presence of isoleucine but not in the presence of norvaline in the strain G4383, suggesting that the activity of Ido towards norvaline is insufficient to allow cellular growth.

The kinetic characterization of Ido E65K variant showed that the kcat for norvaline was increased by a factor of 2.4 as compared to the wild-type enzyme. These results can be linked to those published by Hibi and colleagues who reported for Ido WT that the formation reaction rate of 4-OH-ile was 2.6 times higher than the one measured for OHnorv. In those conditions, an increase in the catalytic activity of Ido by a factor of 2.4 in the presence of norvaline should allow the production of enough succinate to ensure cellular growth. This is precisely the effect of the mutation on the catalytic constant kcat for norvaline. The catalytic efficiency (kcat/kM) of Ido:E65K is 4 times higher for norvaline than the one of Ido WT. However, it is noticeable that the catalytic constant of Ido WT found for isoleucine and norvaline are similar, diverging from the published data by Hibi and colleagues. It is important to stress that the quantitation of OH-norv could not be performed with a reference standard as described in section II. 3.3.2.2. This could have led to overestimate the kcat.

The conservation of the amino acid residues at each position of Ido was evaluated using a set of 1859 non-redundant sequences of α-KAOs collected with BLAST CD-search and aligned with Cobalt alignment analyzer. The amino acids A62 and E65 are weakly conserved (7.2% and 4.3%, respectively). Interestingly, some neighboring positions are highly conserved (89.9% for L58, 81.1% for D61, 93% for R67 and 88.4% for R69) and proline at position 62 is significantly more frequent (26%). The mutated amino acids seem to belong to a rather conserved region of the proteins. However, in the absence of any 3D structure for Ido, the selected mutations cannot easily be linked to possible functional alterations.

A BLAST alignment of the sequences of Ido and of the L-proline cis-4-hydroxylase of Mesorhizobium loti (Pdo) shows weak homology between the two proteins (17% identities, 29% positives over total length) but local higher similarities in our region of interest, as shown in the following alignment:

The structural analysis of L-proline cis-4-hydroxylase in the presence of the natural substrate L-proline points to the interaction of Pdo R93 with the carboxylic acid function of L-proline [START_REF] Koketsu | Refined Regio-and Stereoselective Hydroxylation of l-Pipecolic Acid by Protein Engineering of l-Proline cis-4-Hydroxylase Based on the X-ray Crystal Structure[END_REF]. One can hypothesize that the corresponding R73 of Ido might interact with Ido substrates and that these interactions might be modulated by the selected mutations A62P and E65K.

In addition, the directed evolution of an organism in continuous culture in the GM3 was studied. The plant fermenting strain, Clostridium phytofermentans, was adapted in medium SWAP regime to increased concentration of ferulic acid, a phenolic inhibitor.

Ferulate resistant isolates exhibited transcriptional adaptations similar to what was obtained for the evolution of Kdo2 and Ido. Intergenic changes arose affecting the expression levels of adjacent genes in response to ferulic acid stress.

Also, IS elements related to duplication events were found to arose early in the evolution then gradually declined at the end of the experiment. These results show important differences in the cellular processes implicated in the mRNA response to short-term stress and the DNA changes enabling long-term adaptation. Strains with early transcriptional adaptation rapidly take over the population, allowing them to subsequently adapt with long-term DNA changes. 
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Figure 1 :

 1 Figure 1: Process for de novo enzyme design.Adapted from[START_REF] Barrozo | Computational Protein Engineering: Bridging the Gap between Rational Design and Laboratory Evolution[END_REF] 

Figure 2 :

 2 Figure 2: Schematic overview of directed evolution. Arrows indicate possible routes for connecting individual evolutionary steps. Abbreviations: DNA, Deoxyribonucleic acid; PCR, Polymerase chain reaction; RT-PCR, Reverse transcription PCR; epPCR, Error-prone PCR; IVC, In vitro compartmentalization; FACS Fluorescenceactivated cell sorting; FRET/BRET, Fluorescence/Bioluminescence resonance energy transfer; mRNA, messenger Ribonucleic acid. Adapted from Jäckel et al., 2008

Figure 3 :

 3 Figure 3: Diagram of a chemostat Adapted from Ziv et al., 2013

Figure 4 :

 4 Figure 4: Cultivation fluidics with twin growth vessels in the GM3 cultivation device Pressurized gas supply (G); medium source (M in green); sterilizing agent (NaOH 5 M in blue); waste (W); Bacterial cultures is shown in beige. Valves are indicated by X and O for the closed and open states, respectively. Flows in the tubing are indicated by bold lines. Adapted from Marlière et al., 2011

Figure 4

 4 Figure 4 is a simplified scheme of key steps in the GM3 cultivation fluidics starting from the top left image and going clockwise. The vessel on the left contains the growing culture. After a defined period, the whole culture is transferred into the second vessel.

Figure 5 :

 5 Figure 5: Pulse-feeding clock of turbidostat (A) and medium SWAP regime (B) of the GM3 automates (A) The circles represent a growth period between two OD measurements, generally 10 minutes. Only one medium (M) dilutes the culture in a turbidostat. Dilution pulses are sent to the vessel only if the cell density is above the fixed threshold. (B) In medium SWAP, relaxing medium (R) or stressing medium (S) dilution pulses are sent to the vessel depending on whether the cell density is lower (medium R) or higher (medium S) than the threshold.
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 4 Iron (II)/α-keto acid-dependent oxygenases (α-KAOs) I.4.1 General overview

Figure 6 :

 6 Figure 6: Hydroxylation reaction catalyzed by α-KAO

Figure 7 :

 7 Figure 7: The diversity of the reactions catalyzed by α-KAOs Reprinted from Purpero and Moran, 2007

Figure 8 :

 8 Figure 8: Proposed consensus catalytic mechanism of the α-KAO catalyzed hydroxylation reaction Reprinted from Wu et al., 2016The α-KG keto group is positioned opposite to the Glu/Asp, and the α-KG carboxylate is positioned opposite to one of the His residues, thus displacing two metal-bound water molecules (II-III). Then the substrate binds to the sixth coordination site, changing the iron to five-coordinate geometry allowing for O2 binding/activation (III-IV). The active Fe 3+ -superoxo intermediate attacks the α-KG group which triggers decomposition of α-KG to CO2 and succinate leading to the generation of the highly reactive Fe 4+ species (IV-V).
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 5 Fixation of beneficial mutations in a gene under selection in an evolving cell population

Figure 9 :

 9 Figure 9: Simplified scheme of the experimental design for studying the fixation of a point mutation in a gene of interest
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 10 Figure 10: Map of plasmid pSP100

Figure 11 :Figure 12 :

 1112 Figure 11: Map of plasmid pVDM18

Figure 13 :

 13 Figure 13: Simplified workflow of strain engineering for directed evolution with plasmids RS 1: Restriction site 1; RS 2: Restriction site 2; goi: gene of interest



  (TTAATTAA), NotI (GCGGCCGC), SphI (GCATGC), XbaI (TCTAGA) For DNA purification steps, kits from Qiagen were used following manufacturer's instructions:  QIAQuick PCR Purification kit (Qiagen, Ref: 28014) was used to purify DNA fragments obtained through PCR amplification or plasmid digestion with restriction enzymes;  QIAprep kit (Qiagen, Ref: 27104) was used to extract plasmids from overnight precultures; MinElute kit (Qiagen, Ref: 28004) was used to purify ligation products;  Gel extraction kit (Qiagen, Ref: 28604) was used to extract DNA fragments of determined length obtained after plasmid digestion with restriction enzymes and separation of the digestion products by electrophoretic migration in 0.8% agarose gels.

Figure 14 :

 14 Figure 14: Simplified workflow of directed mutagenesis for directed evolution in vivo with plasmids RS 1: Restriction site 1; RS 2: Restriction site 2; goi: gene of interest; Red cross: point mutation

Figure 15 :

 15 Figure 15: Design of mutagenesis primers
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 16 Figure 16: Map of plasmid pCP20

Figure 17 :

 17 Figure 17: Construction of single-gene deletion mutants

Figure 19 :

 19 Figure 19: Map of plasmid pEVL411

1

 1 2.1.1.1 was performed on the +2440 strain with the gene of interest recombined in the kdgK locus. The following transduction was performed as described in II.2.1.1.2 on the host strain. Chromosomal insertion was confirmed by PCR verification and glucuronate phenotypic tests as described in II.2.2Gene cloning with the LIC method In order to determine the dioxygenases kinetic parameters, each protein must be produced and purified for in vitro testing. Genes of interest were cloned in a pET-22 (+) vector with N-terminal His•Tag® or C-terminal His•Tag® sequence with the Ligation Independent Cloning (LIC) method (Aslanidis and Jong, 1990). This technique uses the 3' → 5' exo activity of T4 DNA Polymerase to create overhangs with complementarity between the vector and the insert. Incorporation of dGTP in the reaction limits the exonuclease processing to the first complementary C residue, and not present in the designed overlap, where the polymerization and exonuclease activities of T4 DNA Polymerase become "balanced". Joined fragments have 4 nicks that are repaired by E. coli during transformation. This technique allows efficient creation of scarless recombinant plasmids at many, but notall, positions in a vector (Figure20).

Figure 20 :

 20 Figure 20: Ligation Independent Cloning workflow

  of pyruvate kinase (PK), ADP reacts with phosphoenolpyruvate (PEP) to form pyruvate and ATP[START_REF] Klinke | Inhibition of ethanol-producing yeast and bacteria by degradation products produced during pre-treatment of biomass[END_REF].

  Kinetic parameters were determined by plotting the initial velocities at different substrate concentrations. Determinations of Vm, KM and kcat were calculated with the SigmaPlot software by iterative curve fitting. II.3.3 Kinetic parameters determined with mass spectrometry II.3.3.1 Enzymatic assay

Figure 21 :

 21 Figure 21: Bioscreen C © Analyzer Components



  C atom) peaks from mass spectra and CID spectra of standard (Sigma, Ref: 398055) and succinate from metabolome. II.6 Quantitative PCR and quantitative reverse transcription PCR Couples of primers were designed to best fit the qPCR standard criteria:  Target amplified region of exactly 100 bp  GC content around 50-60%  Primer length of 20 bp  Tm difference less than 1°C  Max 3' self-complementary of 1 Max poly-x of 3

  Kit) + 0.04 M DTT (ThermoFisher, Ref: P2325) were always prepared the day of the extraction. Reagents were positioned as described in the Qiacube protocol sheet. II.6.3 DNA Degradation RNA concentration was measured with Nanodrop and adjusted to 100 ng.μl -1 with 5 μl 10 X DNase buffer (ThermoFisher, Ref: EN0525), 5 μl DNAse I (ThermoFisher, Ref: EN0525) and RNase free water up to a final volume of 50 μl and incubated 30 min at 37°C. DNase was then degraded by a thermic treatment (10 min at 65°C) in the presence of EDTA (ThermoFisher, Ref: EN0525) at a final concentration of 5 mM for the stabilization of RNAs. II.6.4 Reverse transcription The High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Ref: 4368814) was used to perform reverse transcription.

Figure 22 :

 22 Figure 22: Reaction catalyzed by the L-homoserine O-succinyltransferase

Figure 23 :

 23 Figure23: Growth of descendants of selection strain G3724 (∆metA) expressing the gene metA WT from different expression formats at 30°C and 37°C Shown is the OD600 of cultures grown in MS glc (0.2%) at 30°C (circles) and 37°C (triangles) over time. Bars show means of triplicate measurements ± sd. Cultures of strain G4008 (ΔmetA, pGEN118 (pSP100::metA+)): red line. Cultures of strain G4009 (ΔmetA, pGEN1084 (pVDM18::metA+)): green line.

Figure 24 :

 24 Figure24: Growth of descendants of selection strain G3724 (∆metA) expressing the allele metA:E237D from different expression formats at 30°C and 37°C Shown is the OD600 of cultures grown in MS glc (0.2%) at 30°C (circles) and 37°C (triangles) over time. Bars show means of triplicate measurements ± sd. Cultures of G4011 (ΔmetA, pGEN1086 (pSP100::metA:E237D+)): red line. Cultures of G4010 (ΔmetA, pGEN1085 (pVDM18::metA:E237D+)): green line.

Figure 25 :

 25 Figure 25: Evolution of culturesMET 6, MET 7 and MET 10 in turbidostat regime Shown is the generation time of cultures in turbidostat regime grown in MS glc (0.2%) at 30°C with respect to the number of generations. Crosses indicate sampling points, the corresponding number of generations is indicated. Culture MET 10 of strain G4011 (ΔmetA, pGEN1086 (pSP100::metA:E237D+)): red line. Culture MET 7 of strain G4010 (ΔmetA, pGEN1085 (pVDM18::metA:E237D+)): green line.Culture MET 6 of strain G3880 (∆metA, ΔkdgK::metA:E237D+): blue line.For all three cultures, the generation time diminished, without significant differences between the evolution experiments. Samples of the cultures were collected at 515 (cultureMET 6), 622 (cultureMET 10) and 666 (culture MET 7) generations, corresponding to a time point where the generation time seemed to have reached a plateau of around 1 h. The same plateau of around 1 h was observed for selection strains expressing the gene metA WT on the same expression formats grown in the same conditions (data not shown).

Figure 26 :

 26 Figure 26: Analysis of the evolution of culture MET 10 in turbidostat regime at 30°C Shown is the generation time of culture MET 10 of strain G4011 (ΔmetA, pGEN1086 (pSP100::metA:E237D+)) in turbidostat regime grown in MS glc (0.2%) at 30°C (red line, left axis). Crosses indicate sampling points. Red symbols show data corresponding to the sample at generation 186. Percentage of cells growing at 37°C (blue line, right axis) and percentage of transformants growing at 37°C (purple line, right axis) are also shown.In addition, plasmid DNA was purified from each MET 10 sample analyzed and transformed into the selection strain G3724. For each transformation, 100 colonies were

Figure 28 :Figure 29 :

 2829 Figure28: Analysis of the evolution of culture MET 15 in medium SWAP regime at 37°C Shown is the ratio of stressing medium dilution pulses per day (left axis) in medium SWAP regime. The relaxing medium was MS glc (0.2%) met (0.05 mM) and the stressing medium was MS glc (0.2%). The generation time was fixed at 2 h, and growth temperature at 37°C. Crosses indicate sampling points.Culture MET 15 of strain G3880 (∆metA, ∆kdgK::metA:E237D+): blue line.Percentage of cells growing at 37°C for samples from culture MET 15 (dotted blue line) is shown in right axis.
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 5 Intracellular distribution of high copy-number plasmidsThe samples withdrawn from culture MET 10 (Figure26) contained an increasing number of cells showing growth at 37°C. When the plasmids extracted from a culture sample of an intermediary time point (generation 460) were sequenced, the presence of both metA alleles -bearing either codon 237GAT or 237GAG -could be demonstrated (Figure30).

Figure 30 :

 30 Figure 30: Sanger sequencing chromatogram of the gene metA at position 711 from culture MET 10 at generation 460 Color code in chromatogram: C base is blue; G base is black; A base is green, and T base is red. The red arrow shows the point mutation.

Figure 31 :

 31 Figure 31: Moving average of the percentage of G (corresponding to the revertant metA) at position 711 in the gene metA at generation 186 from culture MET 10 Shown is the moving average (gray dots) of the percentage of reads (Coverage threshold ≥ 100)containing the base G at position 711 in the gene metA per cell. At position 711, the base in the gene metA WT is an A, in the variant metA:E237D it is a T and in the revertant gene metA from culture MET 10 it is a G. The black line is the iterative curve fitting following an exponential decay with λ = 0.1919 ± 0.0082 and a = 124.7454± 5.1866 

  Succinate can be formed through different pathways in E. coli metabolism: When E. coli is grown in aerobiosis with glycolytic carbon sources, it derives from α-KG in two steps, oxidative decarboxylation of α-KG and ATP-forming cleavage of succinyl-CoA,  When E. coli is grown in aerobiosis with acetate as a carbon source, the glyoxylate shunt is activated, and succinate is formed by the cleavage of isocitrate by the enzyme isocitrate lyase,  Succinate constitutes an end-product of the arginine and putrescine degradation pathways (γ-aminobutyrate shunt),  Succinate can be obtained as well by the reductive functioning of the TCA from oxaloacetate or malate.

Figure 32 :

 32 Figure 32: Succinate selection strain construction ppc-pckselection context A: Simplified scheme showing metabolic pathways involved in the production of succinate; deleted genes are indicated (red). B: Simplified scheme of central carbon metabolism in the ppc-pckselection context after deletion of the genes involved in the production of succinate.

Figure 33 :

 33 Figure 33: Succinate selection strain construction pck+ selection context A: Simplified scheme with showing metabolic pathways involved in the production of succinate; deleted genes are indicated (red). B: Simplified scheme of central carbon metabolism in the pck+ selection context after deletion of the genes involved in the production of succinate.

Figure 35 :

 35 Figure35: Overview of the non-synonym intragenic SNPs along the evolution of the strain G3513 Mutations listed from PALOMA (Score ≥ 0.5, HQ Reads ≥ 5). Only non-synonymous intragenic SNPs common to both isolates from the same time-point are showed. Green: Mutations found at generation 1620 but not at generation 1991 compared to the initial strain G3513. Yellow: Mutations found at both time-points (1620 and 1991 generations) compared to the initial strain G3513. Orange: Mutations found only at generation 1991 compared to generation 1620.

Figure 36 :Figure 37 : 1 (

 36371 Figure 36: Comparison of the turnover rate (kcat) between the α-KAOs (Kdo1 to Kdo5) and the average enzyme

Figure 38 :

 38 Figure 38: Enzymes operating within different metabolic groups have significantly different kcat and kcat/KM values.

Figure 39 :

 39 Figure 39: Overview of α-KAOs evolution experiments in plasmidic format Strains are represented by an oval shape. Green ovals represent strains that have evolved in the GM3.Plasmids are represented by a circle: pGEN1066 (orange), pGEN1070 (green), pGEN1080 (blue), and pGEN1126 (purple). For every medium SWAP regime, generation time was fixed at 2 h, and growth temperature at 37°C.

Figure 40 :

 40 Figure 40: Evolution of cultures ODO 8, KDA 10 and KDB 10 in medium SWAP regime Shown is the ratio of stressing medium dilution pulses per day. The generation time was fixed at 2 h, and growth temperature at 37°C. Crosses indicate sampling points with the corresponding number of generations.Culture ODO 8 of strain G3935 (G3752 pGEN1066 (pEVL404::odo+)): orange line. Relaxing medium was MS glc (0.2%) glu (5 mM) orn (5 mM) suc (0.8 mM) and stressing medium was MS glc (0.2%) glu (5 mM) orn (5 mM). Culture KDA 10 of strain G3951 (G3752 pGEN1070 (pEVL404::kdo1+)): green line. Relaxing medium was MS glc (0.2%) glu (5 mM) lys (5 mM) suc (0.8 mM) and stressing medium was MS glc (0.2%) glu (5 mM) lys (5 mM). Culture KDB 10 of strain G3986 (G3752 pGEN1080 (pEVL404::kdo2+)): blue line. Relaxing medium was MS glc (0.2%) glu (5 mM) lys (5 mM) suc (0.8 mM) and stressing medium was MS glc (0.2%) glu (5 mM) lys (5 mM).
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 2 Sequencing analysis of isolates from cultureKDB 10 

Figure 41 Figure 42 :

 4142 Figure 41: Map of plasmid pGEN1126

Figure 44 :

 44 Figure 44: Copy number comparison of gene thyA between strains G3700, G4096 and G4097 relative to strain G3986
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 2 Evolution in vivo of α-KAOs expressed in a chromosomal format

Figure 47 :

 47 Figure 47: Overview of Kdo2 evolution in chromosomal expression format Strains are represented by an oval shape. Green ovals represent strains that have evolved in the GM3.

Figure 49 :

 49 Figure 49: Scheme of upstream modifications detected in isolates G4275, G4276 and G4292 from culture KDB 15 and KDB 16 Isolates G4275 and G4276 from culture KDB 15 with 14 bp deletion at position -322 to -336 and isolate G4292 from culture KDB 16 with 3 bp deletion at position -333 to -336.

  the case of the 3 bp deletion, we observe the substitution of 2 codons (ATC-CAG) by one codon (AAG) that might result in an altered activity of PdeH protein. The 14 bp deletion causes a frameshift at the beginning of the pdeH sequence suggesting a complete loss of function of PdeH. PdeH is a c-di-GMP phosphodiesterase that mediates the (3′-5′)-cyclic-diguanosine monophosphate (c-di-GMP) degradation through the reaction in Figure 50. The loss of function of PdeH might thus result in increased cellular levels of c-di-GMP.

Figure 50 :

 50 Figure 50: Reaction catalyzed by pdeH

Figure 51 :

 51 Figure 51: Comparison of mRNA expression level of kdo2 in isolate G4275 after evolution relative to the initial strain G4160
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 5 Transduction of gene kdo2 with the upstream deletion in the initial strains

Figure 52 :

 52 Figure52: Growth of strain G4275 in the presence of lysine analogs Medium: MA glc (0.2%) glu (5 mM) suc (5 mM) thialysine (orange) or 6-aminocaproic acid (purple), at 37°C for 24 h with agitation.

Figure 53 :

 53 Figure 53: Evolution of cultureKDB 21 and KDB 22 in medium SWAP regime Shown is the ratio of stressing medium dilution pulses per day in medium SWAP regime. The generation time was fixed at 2 h, and growth temperature at 37°C. Crosses indicate sampling points with the corresponding number of generations. Culture KDB 21 of strain G4275: purple line. Relaxing medium was MA glc (0.2%) glu (5 mM) 6aminocaproic acid (1.5 mM) suc (0.8 mM) and stressing medium was MA glc (0.2%) glu (5 mM) 6aminocaproic acid (1.5 mM). Culture KDB 22 of strain G4276: orange line. Relaxing medium was MA glc (0.2%) glu (5 mM) thialysine (1.5 mM) suc (0.8 mM) and stressing medium was MA glc (0.2%) glu (5 mM) thialysine (1.5 mM).

Figure 54 :

 54 Figure 54: Reaction calatyzed by Ido Reprinted from (Smirnov et al., 2010) Smirnov et al., reported the expression of Ido from Bacillus thuringiensis in an E. coli strain named 2Δ which lacked the activities of α-KG dehydrogenase (ΔsucAB) and isocitrate lyase (ΔaceAK)[START_REF] Smirnov | Metabolic engineering of Escherichia coli to produce (2S, 3R, 4S)-4-hydroxyisoleucine[END_REF]. The 2Δ strain also lacked the succinyl-CoA necessary for lysine, diaminopimelate and methionine synthesis. The expression of Ido on a high copy number plasmid restored the growth in mineral medium (M9-salts glucose (137 mM) glycerol (136 mM)) supplemented with L-isoleucine (137 mM) (Figure55).

Figure 55 :

 55 Figure 55: "Shunting" of the TCA cycle in the 2Δ strain expressing Ido

Figure 56 :

 56 Figure 56: Overview of the evolution of Ido in the chromosomal expression format Strains are represented by an oval shape. Green ovals represent strains that have evolved in the GM3. Blue ovals represent strains that have evolved in the GM3 twice on two different media. Strains containing an IS2 upstream of the gene ido are embedded in a red box. The star symbol (*) indicates the presence of the IS2 element (ido*). Plasmids are represented by a circle: pGEN1143 (pSP100::ido:E65K+) (dark blue), pGEN1154 (pSP100::ido:A62P+) (light blue). For all medium SWAP regimes, generation time was fixed at 2 h, and growth temperature at 37°C.

Figure 57 :

 57 Figure 57: Evolution of culturesIDO 3 and IDO 6 in medium SWAP regime Shown is the ratio of stressing medium dilution pulses per day in medium SWAP regime. The relaxing medium was MS glc (0.2%) glu (5 mM) val (0.3 mM) leu (0.3 mM) met (0.1 mM) DAP (0.3 mM) ile (3 mM) suc (0.8 mM) and the stressing medium was MS glc (0.2%) glu (5 mM) val (0.3 mM) leu (0.3 mM) met (0.1 mM) DAP (0.3 mM) ile (3 mM). The generation time was fixed at 2 h, and growth temperature at 37°C. Crosses indicate sampling points with the corresponding number of generations.Culture of strain G4110 (G3990 ΔkdgK::ido+) is in light blue for culture IDO 3 and dark blue for cultureIDO 6. 

Figure 59 :

 59 Figure 59: Comparison of mRNA expression level of ido in the strain G4170 from culture IDO 3 relative to the initial strain G4110 Expression was measured by RT-qPCR and quantified as 2 -∆∆Ct normalized to 16S mRNA expression; bars show means of triplicate measurements ± sd.

5

 5 Transduction in the initial strains of the modified ido gene region with the upstream IS2

  3 mM) met (0.1 mM) DAP (0.3 mM) ile (3 mM) suc (0.8 mM)  Medium II: MS glc (0.2%) [1,2-13 C2]-glu (5 mM) val (0.3 mM) leu (0.3 mM) met (0.1 mM) DAP (0.3 mM) ile (3 mM) Metabolomes of cultures in the presence of [1,2-13 C2]-labeled glutamate were analyzed by Liquid chromatography-mass spectrometry (LC-MS). Results are shown in Figure 60.

  The identity of the product was confirmed with a sample of commercial 4-OH-isoleucine (Sigma Aldrich, Ref: 50118) on the basis of its retention time and the exact mass (m/z = 148.09682 in the positive ionization mode) (data not shown).

Figure 61 :

 61 Figure 61: Extracted-Ion Chromatogram of 4-OH-isoleucine in the metabolome of strains before and after evolution in cultures IDO 3 and IDO 6 Extracted-Ion Chromatogram in positive and negative mode in the metabolome of strain G3990 (selection

1 Figure 62 :

 162 Figure62: Evolution of culturesIDO 9, IDO 11 and IDO 13 in medium SWAP regime. Shown is the ratio of stressing medium dilution pulses per day in medium SWAP regime. The generation time was fixed at 2 h, and growth temperature at 37°C. Crosses indicate sampling points, the corresponding number of generations is indicated. Culture IDO 9 of strain G4383: blue line. Relaxing medium was MA glc (0.2%) glu (5 mM) norvaline (1.5 mM) suc (0.8 mM) and stressing medium was MA glc (0.2%) glu (5 mM) norvaline (1.5 mM) Culture IDO 11 of strain G4383: orange line. Relaxing medium was MA glc (0.2%) glu (5 mM) valeric acid (1.5 mM) suc (0.8 mM) and stressing medium was MA glc (0.2%) glu (5 mM) valeric acid (1.5 mM) Culture IDO 13 of strain G4383: green line. Relaxing medium was MA glc (0.2%) glu (5 mM) norleucine (1.5 mM) suc (0.8 mM) and stressing medium was MA glc (0.2%) glu (5 mM) norvaline(1.5 mM) 

7 .

 7 Wells were inoculated with 1:10 volume cells grown to log phase in minus-inhibitor medium. The plates were sealed in the anaerobic chamber (2% H 2 , 98% N 2 ) by pressfitting adhesive sheets (Qiagen 1018104) (16) and incubated at 37°C in a Thermo on March 31, 2017 by FUDAN UNIVERSITY http://aem.asm.org/ Downloaded from Scientific Bioscreen C. The cell densities (OD 600 ) were measured every 15 minutes with 30 seconds shaking before each reading. Cellulose cultures were inoculated into GS2 containing 10 g L -1 cellulose (0.5×5 cm strips of Whatman filter paper 1001-090, >98% cellulose content). Cellulose degradation was measured as the dry mass of cellulose remaining in culture by collecting the remaining cellulose on 11 μ filters by vacuum filtration and drying it overnight at 65°C (17).

  (p-coumarate and ferulate) and hydroxybenzoic acids (vanillate and 4-hydroxybenzoic acid). We found that hydrocinnamic acids (Fig 1E-F) are more toxic than hydroxybenzoic acids (Fig 1G,H), supporting the propionic group on the benzene ring in hydrocinnamic acids enhances toxicity, likely by affecting how the molecules partition into the membrane. Moreover, we found that phenolic acids are typically less toxic than the corresponding aldehydes (Fig I-K) and catechol (Fig 1L). For example, vanillate (Fig 1G) is much less toxic than vanillin (Fig 1I) and 4-hydroxybenzoic acid (Fig 1H) is similarly less toxic than benzaldehyde (Fig 1J). The enhanced toxicity of aldehydes is on March 31, 2017 by FUDAN UNIVERSITY http://aem.asm.org/ Downloaded from

  E) increased from 0 genes before ferulate addition (Fig 2B) to 78 genes after 30 minutes (Fig 2C), then declined to 47 genes after 4 hours (Fig 2D). The most abundant functional categories of differentially-expressed genes at t=0.5 h relate to repression of energy production, coenzyme metabolism, and lipids (Fig 2E). The coenzyme-associated genes enable siroheme biosynthesis, which is repressed in clostridia in response to redox stress (34). Lipid genes include the fab gene cluster (cphy0516-23) for fatty acid biosynthesis, which was strongly repressed at t=0.5 h (Fig 2E) and recovered by t=4 h. While cultures continued active growth after the sampling, many of the differences between ± ferulate cultures at t=4 h indicate the minus-ferulate treatment had depleted nutrients in the medium, triggering expression of genes to assimilate alternative carbohydrates (Fig 2F).

  medium and transfers the evolving cell suspension between twin growth chambers to prevent biofilm formation. During acclimation to increased ferulate in medium-swap mode, cell densities oscillated for 2-5 days because high densities triggered pulses of stressing medium (high ferulate) that reduced culture density, which in turn resulted in delivery of relaxing medium (low ferulate) that enabled recovery (Fig3A). As such, the ferulate-based selection in medium-swap mode is modulated by the ratio of relaxing and stressing medium. Once cell densities stabilized in the stressing medium, growth rate at on March 31, 2017 by FUDAN UNIVERSITY http://aem.asm.org/ Downloaded from the higher ferulate concentration was improved in turbidostat mode(Fig 3B). We initiated the growth selection with stressing medium containing 1 g L -1 ferulate, the highest concentration at which we could establish a stable WT culture in the GM3. After 93 days (~500 generations) of continuous, log phase growth selection with incrementally higher ferulate, the culture grew with the same 3.75 h generation time in 3 g L -1 ferulate medium as WT in the absence of ferulate (Fig 3C). Clones isolated along the growth selection are progressively more ferulate resistant in batch culture (Fig 3D-G); while no growth was observed above 2 g L -1 ferulate in the WT strain (Fig 3D), CFY3 clones grow robustly at the ferulate solubility limit (6 g L -1 ) (Fig 3G). We assessed the ferulate resistance of 2 clones from each of the CFY1 (CFY1A-B) and CFY2 (CFY2C-D) time points and 4 clones from the CFY3 time point (CFY3E-H). The duplicate CFY1 and CFY2 clones showed similar ferulate resistance, but CFY3H is much less ferulate-resistant than the 3 other clones (Fig S2), showing cells in the GM3 culture are heterogeneous with respect to ferulate resistance. We examined whether selection for ferulate resistance in glucose medium resulted in physiological changes impacting cellulose fermentation and resistance to other inhibitors. CFY3 strains degrade cellulose similar to WT (Fig 4A) and show accelerated cellulose degradation in medium supplemented with ferulate (Fig 4B), supporting the evolved strains are potentially improved candidates for fermentation of lignocellulose. Moreover, the evolved resistance mechanisms extend to other biomass inhibitors as CFY3 strains are also more resistant to vanillate and acetate (Fig S3), albeit with considerable variability between strains. We also used mass spectrometry to investigate if ferulate was consumed or transformed in WT and CFY3 cultures, revealing on March 31, 2017 by FUDAN UNIVERSITY http://aem.asm.org/ Downloaded from the ferulate concentration was unaltered with no products corresponding to reduced, demethoxylated, or decarboxylated ferulate (Fig S4). Thus, even though C. phytofermentans up-regulates potential phenol-degrading enzymes in response to ferulate, the cell adapted to ferulate by reinforcing the cell or excluding this molecule, rather than detoxifying it.

increased 18 -

 18 fold. Moreover, CFY strains retained elevated plasmalogens even in the absence of ferulate(Fig 4C). In particular, the CFY1B plasmalogen content in minusferulate medium was 185-fold higher than WT. Related clostridia similarly increase plasmalogens in response to aliphatic alcohol stress[START_REF] Kolek | Changes in membrane plasmalogens of Clostridium pasteurianum during butanol fermentation as determined by lipidomic analysis[END_REF] [START_REF] Timmons | Analysis of composition and structure of Clostridium thermocellum membranes from wild-type and ethanol-adapted strains[END_REF], likely to fine tune membrane fluidity and protect from redox-mediated damage[START_REF] Nagan | Plasmalogens: biosynthesis and functions[END_REF]. The distribution of FA chain lengths in WT cells (Fig4D) is similar to other clostridia, but with fewer unsaturated FA and more cyclopropanes[START_REF] Johnston | Lipid composition in the classification of the butyric acid-producing clostridia[END_REF], both of which reduce membrane fluidity to protect from solvent stress[START_REF] Zhao | Expression of a cloned cyclopropane fatty acid synthase gene reduces solvent formation in Clostridium acetobutylicum ATCC 824[END_REF]. While the addition of ferulate had little immediate effect on the FA chains of WT cells (Fig S5A-B), the CFY strains showed altered FA relative to WT in the absence of ferulate (Fig4D). The CFY1B FA profile was the most perturbed with increased hydroxylated C16 and unsaturated fatty acids, largely C18:1,

  short insertions/deletions (indels) are present in all the CFY genomes (Fig 5A), which likely fixed in the population during an early selective sweep. These variants caused non-synonymous changes in 5 proteins including a homolog of Cap5F (Cphy3503), a protein for biosynthesis of capsular polysaccharides (49) that is associated with biofilm formation[START_REF] Branda | Biofilms: the matrix revisited[END_REF] and stress resistance[START_REF] Ophir | A role for exopolysaccharides in the protection of microorganisms from desiccation[END_REF]. Strains subsequently accrued strain-specific mutations consistent with the population exploring alternative mutational pathways to improve ferulate resistance, particularly by modifying sensor kinases that could transduce signals associated with ferulate stress, fatty acid biosynthesis, and the surface layer (S-layer)(Fig 5A). For example, the CFY1 and CFY2 strains incurred coding variants in 3 genes putatively encoding fatty acid biosynthesis proteins:Cphy3113 for anaerobic synthesis of unbranched fatty acids[START_REF] Isabella | Identification of a conserved protein involved in anaerobic unsaturated fatty acid synthesis in Neiserria gonorrhoeae: implications for facultative and obligate anaerobes that lack FabA[END_REF], the fatty acid dehydratase FabZ (Cphy0520), and the reductase FabV (Cphy1286) for the final step in fatty acid elongation. The genomes of CFY3E-G (high resistance) and CFY3H (low resistance) differ by variants in Cphy3510, the most highly expressed protein in the proteome that is proposed to form the S-layer[START_REF] Tolonen | Proteome-wide systems analysis of a cellulosic biofuel-producing microbe[END_REF]. The S-layer is a protein lattice that on March 31, 2017 by FUDAN UNIVERSITY http://aem.asm.org/ Downloaded from provides mechanical stabilization, sites for extracellular protein attachment, and a selective barrier for molecules[START_REF] Sára | Molecular sieving through S layers of Bacillus stearothermophilus strains[END_REF].Intergenic changes that arose in the CFY genomes affect the expression levels of adjacent genes. For example, a 15 bp sequence between the first two genes of the ABC glucose transporter operon (cphy2241-3) was duplicated in the CFY3 strains (FigS6A-B). The repeated sequence forms an inverted repeat (IR) similar to Repeated Extragenic Palindrome (REP) sequences, a widespread mechanism in bacteria to tune gene expression by modulating the stability of different mRNA segments within an operon[START_REF] Darmon | Bacterial genome instability[END_REF]. Duplication of this putative REP increases the mRNA secondary structure of the cphy2243-2242 intergenic region (Fig S6B), supporting it functions similar to REP that increase expression by forming stable stem-loop structures that protect mRNA from ribonucleases[START_REF] Newbury | Stabilization of translationally active mRNA by prokaryotic REP sequences[END_REF] [START_REF] Xu | Cellulosome stoichiometry in Clostridium cellulolyticum is regulated by selective RNA processing and stabilization[END_REF]. Supportingly, we found that mRNA expression of the two genes downstream of the insertion were elevated (Fig 5B), which could have increased fitness because the GM3 growth selections were done in glucose medium. The mRNA expression of genes in two co-located operons with upstream point mutations were upregulated in the CFY strains (Fig 5C). The A-to-G transition upstream of cphy1464 created a TG di-nucleotide 2 bp upstream of the Pribnow hexamer (Fig S6A) that enhances transcription in other bacteria[START_REF] Graves | In vivo and in vitro transcription of the Clostridium pasteurianum ferredoxin gene. Evidence for "extended" promoter elements in Gram-positive organisms[END_REF] [START_REF] Helmann | Compilation and analysis of Bacillus subtilis sigma Adependent promoter sequences: evidence for extended contact between RNA polymerase and upstream promoter DNA[END_REF] and is present in the consensus -10 promoter sequence in C. phytofermentans[START_REF] Boutard | Global repositioning of transcription start sites in a plant-fermenting bacterium[END_REF]. We propose the up-regulated operons cphy1459-61 and cphy1464-5 either enable increased production of malonyl-CoA for fatty acid biosynthesis or neutralize intracellular pH in response to ferulic acid stress through production of ammonium and lactate[START_REF] Ibraheem | Molecular adaptation mechanisms employed by ethanologenic bacteria in response to lignocellulose-derived inhibitory compounds[END_REF] and bicarbonate buffering (Fig S6C). on March 31, 2017 by FUDAN UNIVERSITY http://aem.asm.org/ Downloaded from Adaptive function can be imparted by structural changes to the genome resulting from recombination and transposition of insertion sequences (IS elements). C. phytofermentans encodes 31 IS elements (Table

  -1 was precisely deleted in all CFY genomes as evidenced by reduced read coverage (Fig 6A) as well as BioNano optical mapping and Sanger sequencing (Fig S7A-B), showing ISL3 are active in C. phytofermentans. Further, the CFY2C,D strains share a 333 kb duplication from cphy2178 to cphy2461 (276 genes) (Fig 6B), which we showed by PCR exists as a tandem duplication joined by a novel ISL3-2 insertion (Fig 6C, Fig S7C). We did not observe any extrachromosomal DNA by pulsed-field gel in the CFY2C strain, supporting the cphy2178-ISL3-cphy2461 fragment did not excise as a circular molecule. Further, BioNano sequencing of DNA molecules greater than 400 kb spanning the junctions of the duplicated region localize the rearrangement as a genomic, tandem duplication (Fig 6C). We quantified the relative abundance of cells bearing this duplication by quantitative PCR of the cphy2178-ISL3-cphy2461 fragment (Fig 6D). The duplication arose between day 13 and 20 and overtook the population to comprise 68% cells by day 40, supporting it was the subject of positive selection. Subsequently, this variant declined in the population, representing 1% cells at day 63, as it was gradually replaced by mutants with higher fitness; it was not present in any of the CFY3 genomes. on March 31, 2017 by FUDAN UNIVERSITY http://aem.asm.org/ Downloaded from Discussion When plant-fermenting bacteria like C. phytofermentans degrade lignocellulosic biomass to access sugars, they also release various biomass-derived inhibitors including ferulic acid. The abilities of these bacteria to survive exposures to these inhibitors thus influences both their ecology and industrial potential. Fatty-acid (FA)biosynthesis genes such as cphy0520 (fabZ) and cphy3113 were associated with both the transcriptional and evolutionary response to ferulate. In particular, the FA profiles were massively perturbed in CFY1B, which has a strain-specific variant in FabZ, a dehydratase for unsaturated fatty acid synthesis. FabZ inactivation in CFY1B is consistent with the accumulation of hydroxylated C16 and decrease of C17 cyclopropanes, which are synthesized from C16:1. Our results also show important differences in the cellular processes implicated in the mRNA response to short-term stress and the DNA changes enabling long-term resistance. Faced with an abrupt increase in ferulate, the cell slows growth and up-regulates transcription of genes for efflux pumps, biofilm formation, and flavoproteins including two NADPH:FMN reductases that are associated with ferulate stress in C. beijerinckii[START_REF] Liu | Engineering Clostridium beijerinckii with the Cbei_4693 gene knockout for enhanced ferulic acid tolerance[END_REF]. Over longer time periods, natural selection of strains with robust growth in the presence of ferulate resulted in DNA changes associated with metabolism, gene regulation, and the cell surface (S-layer).In Gram-negative bacteria, the outer membrane protects against influx of toxic compounds. Gram-positives lack this outer membrane and instead have a thick on March 31, 2017 by FUDAN UNIVERSITY http://aem.asm.org/ Downloaded from peptidoglycan wall that cannot exclude solvents. Consequently, Gram-positive bacteria are generally more sensitive to hydrophobic solvents[START_REF] Weber | Adaptation mechanisms of microorganisms to the toxic effects of organic solvents on membranes[END_REF]. The S-layer is a lattice often composed of a single protein that covers many Gram-positive bacteria. It functions as a permeability barrier[START_REF] Sára | Molecular sieving through S layers of Bacillus stearothermophilus strains[END_REF], potentially excluding ferulate, and stabilizes the cell through non-covalently linkage to cell wall polysaccharides using threonine residues (62). A three residue (NTT) insertion near the C-terminus of the S-layer protein Cphy3510 was the sole mutation exclusively present in the three highly resistant CFY3 strains (CFY3E-G); the CFY3 strain with lower resistance (CFY3H) had a N573D variant in Cphy3510.S-layer proteins differ greatly among bacteria and neither of the Cphy3510 variants are in known domains, but our results support that modification of the S-layer could be a effective strategy to improve inhibitor resistance.In addition to minor genomic changes (SNV and indels) that alter gene expression or protein activity, both CFY2 genomes contain a tandem duplication of a 333 kb region joined by a novel ISL3-2 insertion, supporting this large genome rearrangement was positively-selected during ferulate selection. Tandem duplications of large chromosomal regions have been detected in other bacteria (55) and can improve fitness by increasing gene dosage. A tandem duplication of regions joined by an IS element in E. coli was proposed to have arisen following insertion of IS elements into each copy of the duplication; when the IS recombined with each other, the intervening region was deleted to leave a single, central IS element (63). The duplication observed in CFY2 strains arose early in the experiment, perhaps because stress induced IS element activity. Strains containing the duplication rapidly took over the population, supporting it enhanced fitness, then gradually declined to represent 1 in 10 5 cells at the on March 31, 2017 by FUDAN UNIVERSITY http://aem.asm.org/ Downloaded from end of the experiment (Fig 6D), likely because this strain was outcompeted by others with higher fitness.

Fig 5 Fig 6

 56 Fig 6 ISL3-associated genome changes in CFY strains. A Read coverage showing deletion of the ISL3-1 element including the cphy1314 transposase gene (CFY1A shown). B Read coverage in CFY2C and CFY2D (shown) reveals the duplication of a 333 kb region from cphy2178-cphy2461 (genome position 2,689,393-3,023,191). C The cphy2178-cphy2461 region is a tandem duplication joined by an ISL3-2 element. Positions of single molecule restriction fragments >400 kb shown by BioNano optical mapping to span the duplicated region are shown. D Relative abundance of the cphy2178-ISL3-cphy2461 junction in the GM3 culture from day 6 to 83. Genomic locations of the PCR primers are shown in C. Abundance was measured by qPCR, calculated as 2 -Ct of the junction fragment in the GM3 culture relative to the purified CFY2C, which has the junction present in 100% cells.

  Titre : Optimisation de catalyseurs enzymatique par évolution dirigée in vivo Mots clés : Evolution dirigée, Dioxygénase, GM3, α-KAO RÉSUMÉ: De nombreuses méthodes in vitro d'évolution d'enzymes existent mais elles sont souvent coûteuses en temps et en main d'oeuvre. Une approche alternative, l'évolution dirigée in vivo, permet la sélection de variantes d'enzymes améliorées ou modifiées à moindre coût et peut être appliquée à des enzymes de structure inconnue. Des dispositifs automatisés de culture continue (GM3), ont été développés et construits au Genoscope. Le GM3 a été conçu pour maintenir indéfiniment des cultures bactériennes en suspension tout en les soumettant à des régimes de culture sélectifs de type turbidostat et chémostat. Le principal objectif du présent travail était l'optimisation par évolution dirigée in vivo d'enzymes de la famille des dioxygénases à αcétoglutarate et fer-dépendantes (α-KAO). Les α-KAOs catalysent l'hydroxylation d'un atome de carbone non substitué et sont donc d'intéressants outils pour la fonctionnalisation de molécules en synthèse organique. La dynamique de fixation d'une mutation bénéfique dans une population en croissance en fonction du régime de culture et du format d'expression a été étudiée. Des souches d'Escherichia coli ont été génétiquement modifiées pour que leur croissance dépende strictement d'une activité α-KAO. Des populations de ces bactéries exprimant une α-KAO ont été soumises à des protocoles d'évolution dirigée in vivo pour sélectionner: dans un premier temps, des variants d'expression optimisée sur le substrat naturel de l'enzyme, dans un second temps, des variants utilisant des analogues de substrat non naturels. Deux variants de la L-isoleucine dioxygénase (Ido:E65K, Ido:A62P) ont été obtenus. L'efficacité catalytique de Ido:E65K vers la norvaline a été augmentée d'un facteur quatre par rapport à celle de Ido sauvage. En collaboration avec l'équipe du Dr. Tolonen, la culture continue a été appliquée à l'évolution de la bactérie cellulolytique Clostridium phytofermentans. Cette bactérie anaérobie stricte qui dégrade la lignocellulose en éthanol et H2 présente un intérêt applicatif pour la valorisation de la biomasse. La dégradation de la lignocellulose libère des composés phénoliques, en particulier l'acide férulique. C. phytofermentans a été adapté à résister à des concentrations croissantes de ce composé inhibiteur. Des isolats résistant au ferulate ont été analysés et leur génomes séquencés (Cerisy et al., 2017). Title : Optimization of enzymes via Directed Evolution in vivo Keywords : Directed evolution in vivo, Dioxygenase, GM3, α-KAO ABSTRACT: Numerous methods of directed evolution in vitro have been developed. These methods are often expensive and time-consuming. An alternative approach, directed evolution in vivo, allows the selection of protein variants at lower cost and does not require prior knowledge of the protein's structure and mechanism. An automated continuous culture device, the GM3, has been developed and built at the Genoscope. The GM3 technology enables the maintenance of steady-state microbial growth over an extended period of time. The main objective of the present study was the optimization by directed evolution in vivo of enzymes of the family of the Iron(II)/α-ketoacid-dependent oxygenases (α-KAOs). The α-KAOs catalyze the hydroxylation of non-activated C-H bonds and thus are interesting tools for the functionalization of organic molecules in synthetic chemistry. The dynamics of fixation of beneficial mutations in a growing cell population depending on the expression format and the culture regime has been explored. Strains of Escherichia coli have been genetically modified such that their growth strictly depended on a α-KAO activity. Populations of these bacteria expressing a α-KAO were subjected to protocols of directed evolution in continuous culture in order to select, in a first round, variants showing optimized expression on natural substrates of the enzyme, and in a second round, variants with activity towards non-natural analogs of the substrate. Two variants of L-) were obtained. The catalytic efficiency of Ido:E65K was found to be four times higher for norvaline as compared to Ido WT. In collaboration with the group of Dr. Tolonen, directed evolution in continuous culture was applied to the cellulolytic bacteria Clostridium phytofermentans. This anaerobic bacterium degrades lignocellulose into ethanol and H2 and can thus be applied for biomass valorization. The degradation of lignocellulose liberates phenolic compounds like ferulic acid known to be toxic to the bacteria. C. phytofermentans was adapted in the GM3 to resist to growing concentrations of this inhibitor. Resistant bacteria were analyzed and their genomes sequenced (Cerisy et al., 2017).
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	LIST OF ABBREVIATIONS

Table 1 :

 1 Methods for library diversification

	Category	focused? Examples and methods Random or	In vitro? In vivo or	Advantages	Disadvantages
	Chemical	EMS, nitrous acid, UV	Random	In vitro	Dose-dependent mutation rates Low mutation rates; uneven
	mutagenesis	irradiation, and		and in		mutational spectrum;
		bisulfite		vivo		hazardous chemicals
	Mutator strains XL1-red E. coli,	Random	In vivo	Easy to use	Low mutation rates; uneven
		mutagenesis plasmid				mutational spectrum
		(PACE) and yeast				
		orthogonal replication				
	epPCR	Tag supplemented	Random	In vitro	Permits high mutation rates;	Random mutagenesis at the
		with Mg 2+ .Mn 2+ and/or			easy to use commercial	nucleotide level but does
		unequal dNTPs;			formulations; relatively even	not evenly sample amino
		proprietary enzyme			mutational spectrum	acid codon space
		mixes (Mutazyme)				
	Homologous	DNA shuffling, family	NA	In vitro	Can identify beneficial	Rely heavily on sequence
	recombination	shuffling, StEP,		or in vivo	combinations of mutations or	homology; evolved clones
		RACHITT, NExT,			eliminate passenger mutations;	and natural orthologues can
		heritable			can also shuffle sequences of	be divergent in nucleotide
		recombination, ADO,			orthologous proteins to	sequence
		and synthetic shuffling			repurpose functional diversity	
					from nature	
	Non-	ITCHY, SHIPREC, NRR,	NA	In vitro	Capable of shuffling distantly	Highly efficient in niche
	homologous	SISDC and overlap			related sequences, permuting	applications but challenging
	recombination	extension PCR			order and combinatorial gene	to implement as a general
					fusions	strategy

ADO, assembly of designed oligonucleotides; E. coli, Escherichia coli; EMS, ethyl methanesulfonate; epPCR, error-prone PCR; ISOR, incorporating synthetic oligonucleotides via gene reassembly; ITCHY, incremental truncation for the creation of hybrid enzymes; NA, not applicable; NExT, nucleotide exchange and excision technology; NRR, non-homologous random recombination; PACE, phage-assisted continuous evolution; RACHITT, random chimeragenesis on transient templates; REAP, reconstructed evolutionary adaptive path; SHIPREC, sequence homology-independent protein recombination; SISDC, sequence-independent site-directed chimeragenesis; StEP, staggered extension process.

Adapted from

[START_REF] Packer | Methods for the directed evolution of proteins[END_REF] 

Table 2 :

 2 Candidates enzymes for directed evolution in vivo in GM3

	Enzyme UniProtKB ID	Organism	Substrate	Product
	Kdo1	C7QJ42	Catenulispora acidiphila	L-lysine	(3S)-3-hydroxy-L-lysine
			(DSM 44928)		
	Kdo2	C7PLM6	Chitinophaga pinensis		

Table 3 :

 3 List of vector used for directed evolution in vivo

	Name	Selection	ORI	Copy number	Size	Derived from
	pSP100	bla	pMB1	20-700	2706 bp	pUC18
	pVDM18	cat	P15A	5-15	2317 bp	pSU18
	pEVL404	thyA	pMB1	20-700	2599 bp	pUC18

Table 4 :

 4 List of primers used for cloning genes

	Gene Primer	Restriction	Sequence (5' to 3')	Used for
		site		cloning in
	M13 Fwd		AGGGTTTTCCCAGTCACGACGTT	pSP100,
	M13 Rev		GAGCGGATAACAATTTCACACAGG	pVDM18,
				pEVL404
	metA	PacI	CCCTTAATTAATGCCGATTCGTGTGCCGG	pSP100,
		NotI	TATGCGGCCGCTTAATCCAGCGTTGGATTC	pVDM18,
				pEVL404,
				pEVL411
	ido	PacI	CCCTTAATTAATGGAGGTTTTTATAATGACGTTTGTT	pSP100,
		NotI	TATGCGGCCGCTTATTTTGTCTCCTTATAAGAAAATGTTAC	pVDM18,
				pEVL411
	odo	PacI	CCCTTAATTAATGCACCGCTTGGCCCTGAC	pSP100,
		NotI	TATGCGGCCGCTTAGTAAATGACCCGGTCGTCCG	pVDM18
	kdo1	PacI	CCCTTAATTAATGAAGAACCTGTCTGCGTATGAAG	pSP100,
		NotI	TATGCGGCCGCTTAGCTGAACCTCGCAGAGACG	pVDM18
		SphI	TATGCATGCTTAGCTGAACCTCGCAGAG	pEVL404
	kdo2	PacI	CCCTTAATTAATGAGACCCTTAGACGTGACAC	pSP100,
		NotI	TATGCGGCCGCTTAAAGGTTTGCCAGGTGAG	pVDM18,
				pEVL411
		XbaI	TATTCTAGATTAAAGGTTTGCCAGGTGAGC	pEVL404

Table 5 :

 5 Table of primers designed for directed mutagenesis of metA

	Primers	Gene	Target mutation	Primer sequence (5' -> 3')
	4924	metA	K46R_fw	CCTGATGCCGAGGAAGATTGAAACTGAAAATCAGTTTCTGCGCCTG
	4925	metA	K46R_rv	CAGTTTCAATCTTCCTCGGCATCAGGTTAAGGATCAGAACCTTAAGTGG
	4926	metA	K47R_fw	CCTGATGCCGAAGAGGATTGAAACTGAAAATCAGTTTCTGCGCCTG
	4927	metA	K47R_rv	CAGTTTCAATCCTCTTCGGCATCAGGTTAAGGATCAGAACCTTAAGTGG
	4928	metA	K46R K47R_fw	TAACCTGATGCCGAGGAGGATTGAAACTGAAAATCAGTTTCTGCGCCTG
	4929	metA	K46RK47R_rv	TTTTCAGTTTCAATCCTCCTCGGCATCAGGTTAAGGATCAGAACCTTAAG
	4951	metA	C142R_fw	GTTTGTCCGCTGGGCGGTACAGGCCGCGCTCAATATCC
	4952	metA	C142R_rv	GTACCGCCCAGCGGACAAACAGCGTCGAGGTGACGTG
	4953	metA	C142Y_fw	GTTTGTCTACTGGGCGGTACAGGCCGCGCTCAATATCC
	4954	metA	C142Y_rv	GTACCGCCCAGTAGACAAACAGCGTCGAGGTGACGTG
	4955	metA	H235Y_fw	GACGGGCTATCCCGAATATGATGCGCAAACGCTGGCGCAGGAATTTTTC
	4956	metA	H235Y_rv	CATATTCGGGATAGCCCGTCACAAAGGCAATGCGCTTATCTTTACTGGC
	4957	metA	H235R_fw	GACGGGCCGTCCCGAATATGATGCGCAAACGCTGGCGCAGGAATTTTTC
	4958	metA	H235R_rv	CATATTCGGGACGGCCCGTCACAAAGGCAATGCGCTTATCTTTACTGGC
	4959	metA	H235S_fw	GACGGGCAGTCCCGAATATGATGCGCAAACGCTGGCGCAGGAATTTTTC
	4960	metA	H235S_rv	CATATTCGGGACTGCCCGTCACAAAGGCAATGCGCTTATCTTTACTGGC
	4961	metA	E237D_fw	CCATCCCGATTATGATGCGCAAACGCTGGCGCAGGAATTTTTCCGCG
	4952	metA	E237D_rv	GCGCATCATAATCGGGATGGCCCGTCACAAAGGCAATGCGCTTATC
	4963	metA	E237A_fw	CCATCCCGCATATGATGCGCAAACGCTGGCGCAGGAATTTTTCCGCG
	4964	metA	E237A_rv	GCGCATCATATGCGGGATGGCCCGTCACAAAGGCAATGCGCTTATC

Table 6 :

 6 Primers used to clone the His-tag

	Gene	Primer sequence (5'->3')

  and 1000 µM) of isoleucine in a final volume of 100 µl.

	trifluoroacetic acid (Sigma, Ref: T6508) after 0, 1, 2 and 5 min of incubation. The pH was
	adjusted with the addition of 1.3 µl of K2CO3 (5 M) and mixes were filtered on a 0.22 µm
	membrane (Milex, Ref: SLGV004SL). Samples were diluted 1:4 in mobile phase (80%
	acetonitrile and 20% ammonium formate).
	II.3.3.2 LC/MS Method for 4-hydroxy-isoleucine and hydroxy-norvaline
	The detection of 4-hydroxy-isoleucine (4-OH-ile) and hydroxy-norvaline (OH-norv) was
	performed using Thermo Scientific™ Dionex™ UltiMate™ 3000 Thermostatted Column
	Compartment Rapid Separation (TCC-3000RS) LC-MS system (Thermo Fisher Scientific
	Courtaboeuf, France) coupled to QTRAP 5500 hybrid mass spectrometer from ABSciex
	(Toronto, Canada) equipped with electrospray ionization (ESI) source.
	Enzymatic reactions were triggered by the addition of Ido at a final concentration of 0.04
	µg.µl -1 at room temperature. The reactions were stopped by adding 1 µl of pure

II.3.3.2.1 HPLC conditions

HPLC separations were performed on a Sequant ZICpHILIC columns 5 µm, 2.1x50 mm (Merck, Darmstadt, Germany) termostated at 40°C. The flow rate was 200 µl.min -1 .

Table 7 :

 7 Extended MRM conditions for the detection of 4-OH-ile and OH-norv (positive mode)

		Q1 m/z	Q3 m/z	DP (Volts)	CE (Volts)	CXP (Volts)
		148	74	41	19	14
	4-OH-Ile	148	84	41	19	10
		148	102	41	13	6
		134	70	41	19	10
	OH-Norv	134	74	41	19	10
		134	88	41	13	6
	(DP: Declustering Potential, CE: collision energy, CXP: Collision Cell Exit Potential)	

Table 8 :

 8 Primers used in this study for qRT-PCR

	Primer number Gene	Function	Sequence
	5355	kdo2	Forward primer for 100 bp	GCAGGAAACCGACCATGAA
	5356	kdo2	Reverse primer for 100 bp	TCGCTGCGCGAAATACTC
	5357	16s	Forward primer for 100 bp	CCCTTACGACCAGGGCTACA
	5358	16s	Reverse primer for 100 bp	ATCCGGACTACGACGCACTT
	5376	ido	Forward primer for 100 bp	ACTATGACGATGGCGGGAAA
	5377	ido	Reverse primer for 100 bp	AATTCAGTATCGAAACGCACGA
	5425	thyA	Forward primer for 100 bp	GCGCCGCATTATTGTTTC
	5426	thyA	Reverse primer for 100 bp	TTTGCCGTCTGCCACATAG

(Qiagen, Ref: 74524) 

with the QIAcube. The QIAcube is a fully automated robot for purification of DNA, RNA or proteins. The full program name installed on the QIAcube to execute this protocol was "Purification of total RNA from up to 5×10 8 bacteria with enzymatic lysis". TE buffer RNase-Free pH8.0 (Sigma-Aldrich, Ref: AM9849) + 1 mg.ml -1 lysozyme (Sigma-Aldrich, Ref: L4919) and RLT buffer (RNeasy® Protect Bacteria Mini

Table 9 :

 9 Mutations introduced in the gene metA

	Amino acid	Mutation	Codon	Group	Mutation type
	C142	C142R	UGC to CGC	Essential	Transition C to U
		C142Y	UGC to UAC	Essential	Transition A to G
	H235	H235Y	CAU to UAU	Essential	Transition U to C
		H235R	CAU to CGU	Essential	Transition G to A
		H235S	CAU to AGU	Essential	Transversion A to C
					Transition G to A
	E237	E237D	GAA to GAU	Reduced activity	Transversion U to A
		E237A	GAA to GCA	Reduced activity	Transversion C to A
	K46	K46R	AAG to AGG	Reduced activity	Transition G to A
	K47	K47R	AAG to AGG	Reduced activity	Transition G to A
	K46, K47	K46RK47R	AAGAAG to AGGAGG	Reduced activity	Transition G to A
	Mutations are in bold red.			

Table 10 :

 10 Expression formats used in this study

	Expression format	Derivation	Selection cassette	ORI	Copy number
	Chromosomal insertion	N/A	N/A	N/A	1
	pVDM18	pSU18	cat	P15A	5-15
	pSP100	pUC18	bla	pMB1	50-70

Table 11 :

 11 Methionine auxotrophy complementation of strains expressing different metA alleles

						Growth
	Allele	Expression format	Plasmid	Strain	30°C	37°C
	WT	pSP100	pGEN118	G4008	+++	+++
		pVDM18	pGEN1084	G4009	+++	+++
		Chromosomal	none	G3997	+++	+++
	K46R					

Table 12 :

 12 Strains used for growth test

	Strain	Genotype

Table 13 :

 13 Generation time of descendants of selection strain G3724 (∆metA) expressing either metA WT or metA:E237D from different expression formats at 30°C

	Strain	Genotype	Expression format	Generation time at 30°C
	G4011 ΔmetA, pGEN1086 (pSP100::metA:E237D+)	High copy number	2h55
	G4008 ΔmetA, pGEN118 (pSP100::metA+)	High copy number	2h06
	G4010 ΔmetA, pGEN1085 (pVDM18::metA:E237D+)	Low copy number	3h11
	G4009 ΔmetA, pGEN1084 (pVDM18::metA+)	Low copy number	2h00
	G3880 ΔmetA, ΔkdgK::metA:E237D+	Single copy number	2h15
	G3997 ΔmetA, ΔkdgK::metA+	Single copy number	2h02

Table 14 :

 14 GM3 cultures launched to study the dynamics of genetic reversion

	GM3 culture name	Strain	Genotype

Table 14 )

 14 were inoculated into the culture vessel of GM3 devices and cultured in mineral salt glucose medium (MS glc 0.2%) at 30°C following a turbidostat regime. The change in generation time throughout the experiment was recorded (Figure

Table 15 :

 15 Genotype of the different selection strains used for α-KAO evolution

	Strain Genotype

Table 16 :

 16 Growth tests of isolates from evolution of strain G3513

			Growth in MS glc (0.2%) glu (5 mM)
	Strain	Genotype	Ø	suc (0.1 mM)
	G3513	C> ΔArgF-lac ΔgltA Δicd::aad+ Δpck Δppc	-	+++
		ΔaceBAK ΔglcDEFGB ΔsfcA ΔmaeB ΔpuuE ΔgabT		
		ΔsucA::kan+		
	G3886 and	Isolates sampled from culture of G3513 at	+	+++
	G3887	generation 1620		
	G3685 and	Isolates sampled from culture of G3513 at	+++	+++
	G3686	generation 1991		
	Complementation tests on solid medium were performed at 37°C for 48 h. The bacterial growth observed
	is indicated with signs for normal (+++), medium (++), residual (+) and no complementation (-).

Table 17 :

 17 Growth tests for the utilization of citrate as succinate source

			Growth in MA glc (0.2%) glu (5 mM)
	Strain	Genotype	Ø	cit (4 mM)
	G3513	C> ΔArgF-lac ΔgltA Δicd::aad+ Δpck Δppc	-	-
		ΔaceBAK ΔglcDEFGB ΔsfcA ΔmaeB ΔpuuE ΔgabT		
		ΔsucA::kan+		
	G3886 and	Isolates sampled from culture of G3513 at	-	-
	G3887	generation 1620		
	G3685 and	Isolates sampled from culture of G3513 at	-	+++
	G3686	generation 1991		

Complementation tests on solid medium were performed at 37°C for 48 h. The bacterial growth observed is indicated with signs for normal (+++), medium (++), residual (+) and no complementation (-).

Table 18 :

 18 Succinate complementation tests of α-KAOs expressed from different formats

		Expression	Selection			MS glc (0.2%) glu (5mM)	
	Enzyme	format	strain	Strain	Ø	suc (5 mM)	orn (5 mM)	lys (5 mM)

Table 19

 19 

	: α-KAOs kinetic parameters		
	Enzyme	Substrate	KM (µM)	kcat (s -1 )	kcat/KM (s -1 .M -1 )
	Kdo1	Lysine α-KG	29.97 ± 5.69 11.44 ± 3.06	0.64 ± 0.04 0.80 ± 0.05	2.12 × 10 4 6.98 × 10 4
	Kdo2	Lysine α-KG	96.24 ± 19.13 31.09 ± 4.18	1.79 ± 0.10 2.20 ± 0.07	1.86 × 10 4 7.07 × 10 4
	Kdo3	Lysine α-KG	73.64 ± 6.48 21.46 ± 2.61	2.14 ± 0.05 2.20 ± 0.05	2.90 × 10 4 1.02 × 10 5
	Kdo4	Lysine α-KG	48.26 ± 3.13 18.98 ± 2.43	1.81 ± 0.003 1.80 ± 0.005	3.75 × 10 4 9.49 × 10 4
	Kdo5	Lysine α-KG	129.22 ± 25.77 27.92 ± 1.97	4.34 ± 0.26 3.20 ± 0.005	3.36 × 10 4 1.15 × 10 5

Table 20 :

 20 Strains used for α-KAO evolution in vivo in plasmidic format

	Strain Genotype

Table 21 :

 21 Succinate complementation tests for isolates from cultureKDB 10 

				MS glc (0.2%) glu (5 mM)
					lys (5 mM)
	Strain	Genotype	Ø	lys (5 mM)	suc (0.8 mM)
	G3700 C> ΔArgF-lac ΔgltA Δicd::aad+ Δpck Δppc	-	-	+++
	ΔaceBAK ΔglcDEFGB ΔsfcA ΔmaeB ΔpuuE ΔgabT			
	ΔsucA				
	G3752 G3700 ΔthyA::erm+		-	-	-
	G3986 G3752 pGEN1080 (Figure 42)	-	-	++
	G4097 Isolate sampled from culture KDB 10	-	+++	+++
	G4096 G3700 pGEN1126 (Figure 41)	-	+++	+++
	Complementation tests on solid medium were performed at 37°C for 48 h. The bacterial growth observed
	is indicated with signs for normal (+++), medium (++), residual (+) and no complementation (-).

Table 22 .Table 22 :

 2222 Phenotypic analysis of isolates from culture KDB 15 and cultureKDB 16 Isolates obtained from cultures KDB 15 and KDB 16 at the indicated time points were tested for succinate complementation in the presence of lysine. Results are shown in Succinate complementation tests of isolates from culturesKDB 15 and KDB 16 

	mM) suc (0.8 mM)

Complementation tests on solid medium were performed at 37°C for 48 h. The bacterial growth observed is indicated with signs for normal (+++), medium (++), residual (+) and no complementation (-).

Table 23 :

 23 Succinate complementation test of strain G4434

				Growth in MS glc (0.2%) glu (5 mM)
	Strain	Genotype	Ø	lys (5 mM)	lys (5 mM) suc (0.8 mM)
	G3700 C> ΔArgF-lac ΔgltA Δicd::aad+ Δpck Δppc	-	-	+++
	ΔaceBAK ΔglcDEFGB ΔsfcA ΔmaeB ΔpuuE			
	ΔgabT ΔsucA				
	G4434 G3700 ΔkdgK::kdo2*+			

-++ +++

Complementation tests on solid medium were performed at 37°C for 48 h. The bacterial growth observed is indicated with signs for normal (+++), medium (++), residual (+) and no complementation (-).

Table 24 :

 24 Lysine analogs tested for evolution

	Name	Chemical formula	Structural formula
	L-Lysine	C6H14N2O2	
	6-		
	aminocaproic	C6H13NO2	
	acid		
	Thialysine	C5H12N2O2S	

III.4.3.1 Phenotypic analysis with lysine analogs

Table 25 :

 25 Succinate complementation tests of strains G4275 and G4276 with lysine analogs

				Growth in MA glc (0.2%) glu (5 mM)
				Thialysine (1.5	6-amino Caproic
	Strain	Genotype	Ø	mM)	acid (1.5 mM)
	G3700 C> ΔArgF-lac ΔgltA Δicd::aad+ Δpck Δppc ΔaceBAK	-	-	-
	ΔglcDEFGB ΔsfcA ΔmaeB ΔpuuE ΔgabT ΔsucA			
	G4160 G3700 ΔkdgK::kdo2+		-	-	-
	G4275 Isolates sampled from culture KDB 15	-	-	-
	G4276 Isolates sampled from culture KDB 15	-	-	-

Complementation tests on solid medium were performed at 37°C for 48 h. The bacterial growth observed is indicated with signs for normal (+++), medium (++), residual (+) and no complementation (-).

Table 26 :

 26 Genotype of the selection strain G3990 used for Ido evolution

	Strain Genotype

Table 27 :

 27 Succinate complementation tests with Ido

				MS glc (0.2%) glu (5 mM) leu val (0.3 mM)
	Strain	Genotype	Ø	ile (5 mM)	ile (5 mM) suc (0.8 mM)
	G3990 C> ΔArgF-lac ΔgltA Δicd::aad+ Δpck	-	-	+++
	Δppc ΔaceBAK ΔglcDEFGB ΔsfcA			
	ΔmaeB ΔpuuE ΔgabT ΔsucA			
	Δilv::Cm+				
	G4136 G3990 pGEN997 (pSP100::ido+)	-	+++	++
	G4110 G3900 ΔkdgK::ido+	-	-	+++

Table 28 :

 28 Succinate complementation tests of isolates from culturesIDO 3 and IDO 6 

			MS glc (0.2%) glu (5 mM) leu val (0.3 mM)
				ile (1.5	ile (1.5 mM) suc
	Strain	Genotype	Ø	mM)	(0.8 mM)
	G3990 C> ΔArgF-lac ΔgltA Δicd::aad+ Δpck	-	-	+++
		Δppc ΔaceBAK ΔglcDEFGB ΔsfcA ΔmaeB			
		ΔpuuE ΔgabT ΔsucA Δilv			
	G4110 G3990 ΔkdgK::ido+	-	-	+++
	G4170 Isolate sampled from culture IDO 3	-	+++	+++
	G4173 Isolate sampled from culture IDO 6	-	+++	+++

Table 29 :

 29 Succinate complementation test of strain G4351

				Growth in MS glc (0.2%) glu (5 mM)
	Strain	Genotype	Ø	ile (1.5 mM) ile (1.5 mM) suc (0.8 mM)
	G3700 C> ΔArgF-lac ΔgltA Δicd::aad+ Δpck	-	-	+++
		Δppc ΔaceBAK ΔglcDEFGB ΔsfcA ΔmaeB		
		ΔpuuE ΔgabT ΔsucA		
	G4351 G3700 ΔkdgK::ido*+	-	+++	+++

Table 30 :

 30 Genotype of strains used for the evolution of Ido towards isoleucine analogs

	Strain Genotype
	G3990 C> ΔArgF-lac ΔgltA Δicd::aad+ Δpck Δppc ΔaceBAK ΔglcDEFGB ΔsfcA ΔmaeB ΔpuuE ΔgabT
	ΔsucA Δilv::Cm+
	G4110 G3990 ΔkdgK::ido+
	G4170 Isolate sampled from culture IDO 3 (ΔkdgK::ido*+)
	G4383 G4170 ilv+

Table 32 :

 32 Succinate complementation for norvaline-positive isolates

				MA glc (0.2%) glu (5 mM)
	Strain	Genotype	Ø	ile (1.5 mM)	norv (1.5 mM)
	G3700 C> ΔArgF-lac ΔgltA Δicd::aad+ Δpck Δppc ΔaceBAK	-	-	-
		ΔglcDEFGB ΔsfcA ΔmaeB ΔpuuE ΔgabT ΔsucA			
	G4383 C> ΔArgF-lac ΔgltA Δicd::aad+ Δpck Δppc ΔaceBAK	-	+++	-
		ΔglcDEFGB ΔsfcA ΔmaeB ΔpuuE ΔgabT ΔsucA			
		ΔkdgK::ido* (IS2 upstream)			
	G4571 Isolate from culture IDO 9 with ΔkdgK ::ido:E65K+	-	+++	++
	G4569 Isolate from culture IDO 9 with ΔkdgK ::ido:A62P+	-	+++	++

Table 33 :

 33 Succinate complementation tests with norvaline for strain G4525

			Growth in MA glc (0.2%) glu (5 mM)
	Strain	Genotype	Ø	ile (1.5 mM)	norv (1.5 mM)
	G3700 C> ΔArgF-lac ΔgltA Δicd::aad+ Δpck Δppc ΔaceBAK	-	-	-
		ΔglcDEFGB ΔsfcA ΔmaeB ΔpuuE ΔgabT ΔsucA			
	G4490 G3700 pGEN1143 (pSP100::ido:E65K+)	-	+++	-
	G4525 Isolate from strain G4490 adapted on norvaline	-	+++	++
	Complementation tests on solid medium were performed at 37°C for 48 h. The bacterial growth observed
	is indicated with signs for normal (+++), medium (++), residual (+) and no complementation (-).

Table 34 :

 34 Ido and Ido:E65K kinetic parameters 

				Kinetic constants
	Enzyme	Substrate		
			KM (µM)	kcat (min -1 )	kcat/KM (s -1 . M -1 )
	Ido (WT)	α-KG a	29.8 ± 3.4		1,7 10 3

Table 35 :

 35 Complementation tests for genes ido and kdo2 in pck+ selection context

				Growth in MA glu (5 mM)	
	Strain	Genotype	Ø	lys (5 mM)	ile (5 mM)	suc (5 mM)
	G4343 C> ΔaceAK ΔsucA Δppc ΔpuuE	-	-	-	+++
	ΔgabT					
	G4497 G4343 ΔkdgK::kdo2*+kan+	-	-	N/A	+++
	G4499 G4343 ΔkdgK::ido*+kan+	-	N/A	-	+++
	Complementation tests on solid medium were performed at 37°C for 48 h. The bacterial growth observed
	is indicated with signs for normal (+++), medium (++), residual (+) and no complementation (-).

Table S2 )

 S2 . The abundance of the DNA variant in the mixed population was calculated relative to the 2 -Ct of a CFY clone that bears the variant in 100% of cells.

	G09200) and dialyzed for 45 minutes. DNA was treated using IrysPrep® Reagent Kit measurements of duplicate cultures calculated as 2 -Ct (26), normalized to 16S rRNA Cellular fatty acids were analyzed in ± ferulate WT and CFY3E cultures and -	
	(BioNano Genomics) to prepare NLRS (Nicked, Labeled, Repaired and Stained) DNA. levels and multiplied by a scaling factor of 10 6 . To calculate the relative abundance of ferulate CFY1B, CFY2C, CFY2D, and CFY3F cultures. Late log phase cells were	
	Briefly, 300 ng of DNA was nicked with 10 U Nt.BspQI (NEB R0644S) for 2 h at 37 °C. DNA variants in the GM3 cultures, genomic DNA was extracted as for genome collected by centrifugation from cultures grown in medium either with 2 g L -1 ferulate or	
	Nicked DNA was incubated for 1 h at 72 °C with fluorescently-labelled Alexa546-dUTP and Taq Polymerase (NEB M0273). Nicks were ligated using Taq ligase (NEB M0208) with dNTPs. DNA was counterstained with YOYO-1 (Life Technologies). NLRS DNA was loaded into IrysChips® (BioNano Genomics) and data were collected on the Irys® sequencing from samples directly taken from the GM3 at 8 time points. The abundance of a DNA variant was measured by qPCR (KAPA KK4621) relative to 16S (primers in lacking ferulate. Fatty acid methyl esters (FAME) were obtained from 100 mg cells by saponification, methylation, and extraction (27) and were identified using the DSMZ Identification Service (Braunschweig, Germany). Briefly, FAME mixtures were separated using the Sherlock Microbial Identification System (MIS) (Microbial ID, USA):	Downloaded from Downloaded from Downloaded from
	instrument (BioNano Genomics) until reaching ≥1000-fold coverage of molecules ≥100 kb. CFY2C DNA molecules were filtered using BioNano IrysView software (version 2.5.1) retaining molecules ≥ 100 kb with at least 6 label sites, yielding 32,359 molecules Mass spectrometry and chromatography: Ferulate concentrations were compared in WT and CFY3E cultures after 5 days growth in GS2 medium containing 6 g L -1 ferulate by LC/ESI-MS and MS/MS using a Dionex TCC-3000RS chromatographic an Agilent model 6890N gas chromatograph with a 5% phenyl-methyl silicone capillary column (0.2 mm x 25 m), a flame ionization detector, and an automatic sampler (Agilent model 7683A). Peaks were integrated and fatty acid names and percentages calculated using Sherlock MIS Standard Software (Microbial ID, USA). Plasmalogens were	http://aem.asm.org/ http://aem.asm.org/ http://aem.asm.org/
	with a N50 of 172 kb. The NCBI assembly (NC_010001) was in silico digested with BspQI (5'-GCTCTTC-3') and used to align and assemble CFY2C molecules using the BioNano assembly pipeline (Pipeline version 4618, RefAligner and Assembler version 4704) with the parameters used for small genomes. Molecules ≥400 kb were aligned against the NCBI assembly with a tandem duplication of bp 2,689,393-3,023,191 joined by an ISL3-2 element in order to identify molecules spanning the duplicated zone. Quantitative PCR: We measured mRNA expression by quantitative reverse transcription PCR (qRT-PCR) as described previously (25). Briefly, RNA was extracted from log phase WT and CFY3E cultures as for RNA-seq. RNA was reverse transcribed system (Thermo Fisher Scientific) coupled to an Orbitrap Elite mass spectrometer (Thermo Electron Corporation) equipped with a HESI source. HPLC separation was performed on a 5 µm, 4.6 × 150 mm Sequant ZICpHILIC column (Merck) at 40° C with a flow rate of 0.5 ml min -1 and a mobile phase of 10 mM (NH 4 ) 2 CO 3 pH 9.9 (phase A) and acetonitrile (phase B). Elution was conducted using the following gradient conditions: 2 min at 80% phase B, 20 min linear gradient from 80 to 40% of phase B, 8 min at 40% phase B, 5 min increase to 80% phase B, and 15 min of 80% phase B. The mass spectrometer was operated in ESI negative ion mode using a -4.5 kV ion spray, a 275°C capillary temperature, and a mass resolution of 60,000. Sheath gas, auxiliary gas, and sweep gas flow rates were set to 60, 10 and 2 arbitrary units, respectively. Mass quantified as dimethyl acetyl fatty acids. Polar lipids were extracted from 100 mg cells using a chloroform:methanol:0.3% aqueous NaCl mixture 1:2:0.8 (v/v/v) by stirring overnight. Cells were centrifuged and the polar lipids were recovered in the chloroform phase by adjusting the chloroform:methanol:0.3% aqueous NaCl mixture to 1:1:0.9 (v/v/v). Polar lipids were resolved by 2D silica gel thin layer chromatography: dimension 1 was chloroform:methanol:water (65:25:4 v/v/v), dimension 2 was chloroform:methanol:acetic acid:water (80:12:15:4 v/v/v/v). Total lipids were detected	on March 31, 2017 by FUDAN UNIVERSITY on March 31, 2017 by FUDAN UNIVERSITY on March 31, 2017 by FUDAN UNIVERSITY
	(Applied Biosystems 4368814) and mRNA expression was quantified by qPCR (KAPA spectra were analyzed using Xcalibur version 2.2 (Thermo Fisher Scientific).	
	4 U of GELase (Epicentre KK4621) with primers in Table S2. Expression values are means of triplicate	

  Growth improvement of C. phytofermentans GM3 strains in ferulate medium. A Cells were acclimated to increased ferulate using medium swap mode, a chemostat with dilutions of stressing medium if density exceeds a threshold and otherwise with relaxing medium. B Growth rate was improved using turbidostat mode in which the culture was diluted each time it reached the threshold. In A and B, dashed red lines show cell density threshold (OD 880 30) and red arrows are when the growth chamber was sterilized. C C. phytofermentans growth rate over 93 day GM3 experiment in medium with increasing ferulate concentrations (shown above plot). Shaded areas are periods of medium-swap with fixed 6h generation time. Black line shows average daily generation time (h) during turbidostat growth selection. Red points are sample times for physiology and genome sequences (CFY1, CFY2, CFY3). Batch culture growth (OD 600 )

	(purple), 2 (blue), 3 (dark green), 5 (light green), 10 (yellow), 20 (orange), and 30 (red).	
	Data shows mean cell density (OD 600 ) of 4 cultures ± standard deviation (sd).	
	Fig 2 C. phytofermentans growth and gene expression during ferulate stress. A Growth	
	in log phase cultures in medium either lacking ferulate (-ferulate, circles) or containing 2 g L -1 ferulate (+ferulate, triangles). Points are mean cell density (OD 600 ) of duplicate cultures ± sd with red points showing times sampled for RNA-seq: t=0 h (immediately before dilution), t=0.5 h, and t=4 h. mRNA expression from cultures at B t=0h, C t=0.5 h, D t=4 h. Differentially-expressed genes in B-D are red triangles; unchanged genes are gray circles. Five most abundant COG functional categories (64) of differentially-expressed genes at E t=0.5 h and F t=4 h. Positive y-axis is up-regulated genes and negative y-axis is repressed genes. Fig 3 of D wild-type and clones E CFY1A, F CFY2C, and G CFY3E in GS2 glucose medium containing either 0 (gray), 1 (purple), 2 (blue), 4 (yellow), or 6 (red) g L -1 ferulate. Data	http://aem.asm.org/ Downloaded from
	shows mean cell density (OD 600 ) of 4 cultures ± sd.	
	Fig 4 Growth physiology and membrane fatty acid composition of C. phytofermentans	
	WT and GM3 strains. Rate of cellulose degradation by CFY3E (blue triangles) and WT (red circles) in A medium lacking ferulate and B medium supplemented with 2 g L -1 ferulate. C Plasmalogen content expressed as percent of total fatty acids of WT and GM3 strains grown in presence (+F) or absence (-F) of ferulate. D Cellular fatty acid profiles of log phase WT, CFY1B, CFY2C, and CFY3F cultures in -ferulate medium. Fatty acids classified by acyl chain length (C12-20) and whether acyl chains were saturated (dark blue), unsaturated (light blue), hydroxylated (green), cyclopropane (red), branched (yellow). Data in A-C show mean of duplicate cultures ± sd.	by FUDAN UNIVERSITY

Table 36 :

 36 Kinetic parameters of various dioxygenases

					Kinetic parameters
	Enzyme	Organism	Substrates	KM (mM)	kcat (s -1 )	kcat/KM (s -1 .M -1 )	Source
	L-lysine hydroxylase (Kdo2)	Chitinophaga pinensis	L-lysine	0.096	1.79	1.86 x 10 4	This study
	L-isoleucine hydroxylase	Bacillus cereus	L-isoleucine	0.096	0.05	5.2 x 10 2	This study
	L-asparagine hydroxylase	Streptomyces coelicolor	L-asparagine	0.48	4.98	1.04 x 10 4	(Strieker et al., 2007)
	L-arginine Hydroxylase	Streptomyces vinaceus	L-arginine	3.4	43.5	1.28 x 10 4	(Helmetag et al., 2009)
	L-proline 3-hydroxylase	Streptomyces sp.	L-proline	0.4	3.2	0.8 x 10 4	(Mori et al., 1997)
	L-proline 4-cis-hydroxylase	Mesorhizobium loti	L-proline	0.54	25	4.6 x 10 4	(Hara and Kino, 2009)
	taurine dioxygenase	Escherichia coli taurine	0.052	3	5.8 x 10 4	(Luo et al., 2006)
	clavaminate synthase	Streptomyces clavuligerus	proclavaminate	0.19	0.76	0.40 x 10 4	(Salowe et al., 1990)
	-butyrobetaine dioxygenase	Homo sapiens	4-(trimethylammonio) butanoic acid	0.16	5.3	3.3 x 10 4	(Rydzik et al., 2012)
	flavonol synthase	Arabidopsis thaliana	dihydroquercetin	0.059 0.056	1.7 x 10 4	(Chua et al., 2008)

  TTAATTAA), NotI (GCGGCCGC), SphI (GCATGC), XbaI (TCTAGA), pET22 analogous sequence are underlined and His tags are in bold blue. Primers for directed mutagenesis (Dir mut) are underlined at the mutated codon Appendix 4: List of all GM3 cultures cited in this study

	Appendix 3: List of all primers cited in this study Primer Gene Use Sequence (5' to 3') GM3 Strain Regime Generation Relaxing medium	Stressing medium
	Ido 57 Pdo 77 Gene Use Cloning Cloning odo His-tag odo His-tag kdo1 His-tag kdo1 His-tag kdo2 His-tag kdo2 His-tag kdo3 His-tag kdo3 His-tag kdo4 His-tag kdo4 His-tag kdo5 His-tag kdo5 His-tag metA Cloning metA Cloning kdo1 Cloning kdo1 Cloning kdo2 Cloning metA Dir mut metA Dir mut metA Dir mut metA Dir mut metA Dir mut metA Dir mut metA Dir mut metA Dir mut kdo2 Cloning kdo3 Cloning kdo4 Cloning ido His-tag ido His-tag ido His-tag ido His-tag kdo2 qPCR kdo2 qPCR 16s qPCR 16s qPCR ido qPCR ido qPCR thyA qPCR thyA qPCR Strain Regime G3513 Medium SWAP G4110 Medium SWAP G4110 Medium SWAP G4383 Medium SWAP IDO 11 G4383 Primer M13 Fwd M13 Rev culture name G3513 IDO 3 IDO 6 IDO 9 Medium culture name KDB 21 G4275 Medium SWAP KDB G4276 Medium SWAP KDB G4497 Medium SWAP KDB G4497 Medium SWAP MET 6 G3880 Turbidostat 30°C NLEDDAYGECRARSYSRYIKYVDSPDYI 84 N D + + + Y+R I+ ++ I NELLDNHFDRDSIRYARIIRISENACII 104 Sequence (5' to 3') AGGGTTTTCCCAGTCACGACGTT GAGCGGATAACAATTTCACACAGG AAAGAAGGAGATAGGATCATGCATCATCACCATCACCATCACCGCTTGGCC CTG GTGTAATGGATAGTGATCTTAGTAAATGACCCGGTC AAAGAAGGAGATAGGATCATGCATCATCACCATCACCATAAGAACCTGTCT GCGTATG GTGTAATGGATAGTGATCTTAGCTGAACCTCGCAGAGAC AAAGAAGGAGATAGGATCATGCATCATCACCATCACCATAGACCCTTAGAC GTGACACC GTGTAATGGATAGTGATCTTAAAGGTTTGCCAGGTGAG AAAGAAGGAGATAGGATCATGCATCATCACCATCACCATAAATCACAATCA TTAATT GTGTAATGGATAGTGATCTTAAGCCTGATCAAAAACTTTTCC AAAGAAGGAGATAGGATCATGCATCATCACCATCACCATGAAACCATCATC GAATC GTGTAATGGATAGTGATCTTACTGCTGAGAGTGGAACAG AAAGAAGGAGATAGGATCATGCATCATCACCATCACCATAAATCTCAGTCT ATCATGTCTGTTG GTGTAATGGATAGTGATCTTAGTCCAGGTCGAAGATTTTAC CCCTTAATTAATGCCGATTCGTGTGCCGG TATGCGGCCGCTTAATCCAGCGTTGGATTC CCCTTAATTAATGAAGAACCTGTCTGCGTATGAAG TATGCGGCCGCTTAGCTGAACCTCGCAGAGACG CCCTTAATTAATGAGACCCTTAGACGTGACAC GACGGGCCGTCCCGAATATGATGCGCAAACGCTGGCGCAGGAATTTTTC CATATTCGGGACGGCCCGTCACAAAGGCAATGCGCTTATCTTTACTGGC GACGGGCAGTCCCGAATATGATGCGCAAACGCTGGCGCAGGAATTTTTC CATATTCGGGACTGCCCGTCACAAAGGCAATGCGCTTATCTTTACTGGC CCATCCCGATTATGATGCGCAAACGCTGGCGCAGGAATTTTTCCGCG GCGCATCATAATCGGGATGGCCCGTCACAAAGGCAATGCGCTTATC CCATCCCGCATATGATGCGCAAACGCTGGCGCAGGAATTTTTCCGCG GCGCATCATATGCGGGATGGCCCGTCACAAAGGCAATGCGCTTATC TATTCTAGATTAAAGGTTTGCCAGGTGAGC TATTCTAGATTAAGCCTGATCAAAAACTTTTCC TATTCTAGATTACTGCTGAGAGTGGAACAGTTTAC AAAGAAGGAGATAGGATCATGCATCATCACCATCACCATGAGGTTTTTATA ATGACGTTTGTTCTTAG GTGTAATGGATAGTGATCTTATTTTGTCTCCTTATAAGAAAATGTTAC AAAGAAGGAGATAGGATCATGGAGGTTTTTATAATGACGTTTGTTCT GTGTAATGGATAGTGATCTTAATGGTGATGGTGATGATGTTTTGTCTCCTT ATAAGAAAATGTTACTAATAAAATATC GCAGGAAACCGACCATGAA TCGCTGCGCGAAATACTC CCCTTACGACCAGGGCTACA ATCCGGACTACGACGCACTT ACTATGACGATGGCGGGAAA AATTCAGTATCGAAACGCACGA GCGCCGCATTATTGTTTC TTTGCCGTCTGCCACATAG Generation time, Temperature Relaxing medium Stressing medium 2 h, 37°C MS glc (0.2%) glu (2 mM) suc (100 µM) MS glc (0.2%) glu (2 mM) 2 h, 37°C MS glc (0.2%) glu (5 mM) val (0.3 mM) leu (0.3 mM) met (0.1 mM) DAP (0.3 mM) ile (3 mM) suc (0.8 mM) MS glc (0.2%) glu (5 mM) val (0.3 mM) leu (0.3 mM) met (0.1 mM) DAP (0.3 mM) ile (3 mM) 2 h, 37°C MS glc (0.2%) glu (5 mM) val (0.3 mM) leu (0.3 mM) met (0.1 mM) DAP (0.3 mM) ile (3 mM) suc (0.8 mM) MS glc (0.2%) glu (5 mM) val (0.3 mM) leu (0.3 mM) met (0.1 mM) DAP (0.3 mM) ile (3 mM) 2 h, 37°C MA glc (0.2%) glu (5 mM) norvaline (1.5 mM) suc (0.8 mM) MA glc (0.2%) glu (5 mM) norvaline (1.5 mM) 2 h, 37°C MA glc (0.2%) glu (5 mM) MA glc (0.2%) glu (5 time, Temperature 2 h, 37°C MS glc (0.2%) glu (5 mM) 6-aminocaproic acid (1.5 mM) suc (0.8 mM) MS glc (0.2%) glu (5 mM) 6-aminocaproic acid (1.5 mM) 2 h, 37°C MS glc (0.2%) glu (5 mM) thialysine (1.5 mM) suc (0.8 mM) MS glc (0.2%) glu (5 mM) thialysine (1.5 mM) 2 h, 37°C MA glu (10 mM) lys (10 mM) suc (8 mM) MA glu (10 mM) lys (10 mM) 2 h, 37°C MA glu (10 mM) lys (10 mM) suc (8 mM) MA glu (10 mM) lys (10 mM) MS glc (0.2%) MET 7 G4010 Turbidostat 30°C MS glc (0.2%) MET G4011 Turbidostat 30°C MS glc (0.2%) MET G3880 Medium SWAP 2 h, 37°C MS glc (0.2%) met (0.05mM) MS glc (0.2%) MET G4010 Medium SWAP 2 h, 37°C MS glc (0.2%) met (0.05mM) MS glc (0.2%) Restriction sites PacI (GM3 SWAP valeric acid (1.5 mM) suc mM) valeric acid (1.5 MET G4011 Medium 2 h, 37°C MS glc (0.2%) met MS glc (0.2%)
	kdo2 kdo3 kdo3 IDO 13 G4383 ODO 8 G3935	Cloning Cloning SWAP Cloning Medium Medium	TATGCGGCCGCTTAAAGGTTTGCCAGGTGAG (0.8 mM) (0.05mM) CCCTTAATTAATGAAATCACAATCATTAATTG TATGCGGCCGCTTAAGCCTGATCAAAAACTT 2 h, 37°C MA glc (0.2%) glu (5 mM) 2 h, 37°C MS glc (0.2%) glu (5 mM)	mM) MA glc (0.2%) glu (5 MS glc (0.2%) glu (5
	kdo4	Cloning SWAP SWAP	CCCTTAATTAATGGAAACCATCATCGAATCTCG norleucine (1.5 mM) suc orn (5 mM) suc (0.8 mM)	mM) norleucine (1.5 mM) orn (5 mM)
	kdo4	Cloning	TATGCGGCCGCTTACTGCTGAGAGTGGAACAGTTTACC (0.8 mM) mM)
	kdo5 kdo5 IDO 17 G4499	Cloning Cloning Medium	CCCTTAATTAATGAAATCTCAGTCTATCATGTCTG TATGCGGCCGCTTAGTCCAGGTCGAAGATTTTACC 2 h, 37°C MA glu (10 mM) ile (10 MA glu (10 mM) ile (10
	odo	Cloning SWAP	CCCTTAATTAATGCACCGCTTGGCCCTGAC mM) suc (8 mM)	mM)
	odo IDO 18 G4499	Cloning Medium	TATGCGGCCGCTTAGTAAATGACCCGGTCGTCCG 2 h, 37°C MA glu (10 mM) ile (10	MA glu (10 mM) ile (10
	kdo1 ido	Cloning Cloning SWAP	TATGCATGCTTAGCTGAACCTCGCAGAG TATGCGGCCGCTTATTTTGTCTCCTTATAAGAAAATGTTAC mM) suc (8 mM) mM)
	ido KDA 10 G3951	Cloning Medium	CCCTTAATTAATGGAGGTTTTTATAATGACGTTTGTT 2 h, 37°C MS glc (0.2%) glu (5 mM) MS glc (0.2%) glu (5
	metA Dir mut SWAP	CCTGATGCCGAGGAAGATTGAAACTGAAAATCAGTTTCTGCGCCTG lys (5 mM) suc (0.8 mM) mM) lys (5 mM)
	metA Dir mut metA Dir mut KDB 10 G3986 Medium	CAGTTTCAATCTTCCTCGGCATCAGGTTAAGGATCAGAACCTTAAGTGG CCTGATGCCGAAGAGGATTGAAACTGAAAATCAGTTTCTGCGCCTG 2 h, 37°C MS glc (0.2%) glu (5 mM) MS glc (0.2%) glu (5
	metA Dir mut SWAP	CAGTTTCAATCCTCTTCGGCATCAGGTTAAGGATCAGAACCTTAAGTGG lys (5 mM) suc (0.8 mM) mM) lys (5 mM)
	metA Dir mut KDB 15 G4160 Medium	TAACCTGATGCCGAGGAGGATTGAAACTGAAAATCAGTTTCTGCGCCTG 2 h, 37°C MS glc (0.2%) glu (5 mM) MS glc (0.2%) glu (5
	metA Dir mut metA Dir mut SWAP	TTTTCAGTTTCAATCCTCCTCGGCATCAGGTTAAGGATCAGAACCTTAAG GTTTGTCCGCTGGGCGGTACAGGCCGCGCTCAATATCC lys (5 mM) suc (0.8 mM) mM) lys (5 mM)
	metA Dir mut KDB 16 G4160 Medium	GTACCGCCCAGCGGACAAACAGCGTCGAGGTGACGTG 2 h, 37°C MS glc (0.2%) glu (5 mM) MS glc (0.2%) glu (5
	metA Dir mut SWAP	GTTTGTCTACTGGGCGGTACAGGCCGCGCTCAATATCC lys (5 mM) suc (0.8 mM) mM) lys (5 mM)
	metA Dir mut	GTACCGCCCAGTAGACAAACAGCGTCGAGGTGACGTG
	metA Dir mut	GACGGGCTATCCCGAATATGATGCGCAAACGCTGGCGCAGGAATTTTTC
	metA Dir mut	CATATTCGGGATAGCCCGTCACAAAGGCAATGCGCTTATCTTTACTGGC

onMarch 31, 2017 by FUDAN UNIVERSITY http://aem.asm.org/ Downloaded from
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Figures Fig 1 C. phytofermentans growth GS2 glucose medium containing different concentrations of A acetate, B formate, C 5-hydroxymethylfurfural, D furfural, E coumarate, F ferulate, G vanillate, H 4-hydroxybenzoic acid, I vanillin, J benzaldehyde, K syringaldehyde, L catechol. Colors show inhibitor concentrations (g L -1 ): 0 (gray), 1
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They were quantified by qPCR using the KAPA Library Quantification Kit for Illumina Libraries (Kapa Biosystems, Wilmington, MA). The library profiles were assessed using the DNA High Sensitivity LabChip kit on a Bioanalyzer (Agilent Technologies, Santa Clara, CA). Libraries were sequenced on HiSeq 2000 instrument (Illumina, San Diego, CA) using 100 base-length read v3 chemistry in a paired-end mode.

III RESULTS

III.2 In vivo genetic screen for α-KAOs

The main objective of this thesis was to evolve α-KG dependent dioxygenases, through directed evolution in vivo, towards better activity on their natural substrate or new activity on substrate analogs. The α-KAOs studied in this work have previously been identified in an activity screen for functioning with basic amino acids [START_REF] Baud | Synthesis of Mono-and Dihydroxylated Amino Acids with New α-Ketoglutarate-Dependent Dioxygenases: Biocatalytic Oxidation of C-H Bonds[END_REF].

In a first step, a generic genetic screen for the activity of α-KAOs was designed and implemented into E. coli.

III.2.1 Genetic screen design for α-KAOs

A selection strain is a strain whose growth strictly depends on the production of an indispensable metabolite by the enzymatic activity or metabolic pathway under selection. In our study, the fitness of the selection strain should depend on the reaction catalyzed by a α-KAO (Figure 6).

Succinate is a central intermediate in the carbon metabolism. Different metabolic pathways lead to the production of succinate. Interruption of these pathways creates a dependence of succinate for the growth of the selection strain. Any α-KAO activity can thus be put under selective pressure in the cells, which in turn exhibit a proliferation rate directly correlated to the activity of the α-KAO expressed.

Succinate is a product common to every α-KAO-catalyzed reaction, arising through the decarboxylation of the enzyme co-substrate α-ketoglutarate (α-KG). We chose to design a genetic context deficient for the production of succinate. Succinate is a pivotal intermediate of the carbon central metabolism and the energetic metabolism of the cell.

Succinate being a common α-KAO product, such a genetic screen applies, in theory, for all enzymes in the dioxygenase family providing that the specific substrate of the enzyme under study can enter the cell and that there is no toxic effect.

No variants of the gene ido were identified for isolates from culture IDO 13. Complementation tests with a sample obtained from this culture showed growth to depend on the presence of either norleucine or isoleucine. Different processes might have taken place during the medium SWAP adaptation. As seen previously, an event leading to upregulation of the ido expression could explain this result. Alternatively, under the hypothesis that the norleucine hydroxylation product exerts some toxicity, an adaptive mutation could have occurred abolishing this inhibitory effect.

In the culture IDO 9, variants of Ido were identified. A sequencing analysis of 53 isolated clones yielded a 15% abundance of the allele ido:E65K (resulting from a GA to AG transition) and 7.5% of the allele ido:A62P (resulting from a GC to CG transversion).

These observations demonstrate that different genetic variants were selected in the conditions applied (medium swap regime followed by a one-week period of turbidostat regime in the stressing medim). III.5.4.2 Phenotypic analysis of isolates from culture IDO 9 Isolates G4571 (ΔkdgK::ido:E65K) and G4569 (ΔkdgK::ido:A62P) from culture IDO 9 were tested for succinate complementation in the presence of isoleucine and norvaline.

The ido gene variants encoding for Ido:E65K and Ido:A62P were subcloned in the pSP100 vector, yielding pGEN1143 and pGEN1154 respectively. The plasmids were transformed into the genetic screen, strain G3700 (Table 32).

After about 500 generations, none of the cultures has shown a significant increase in the amount of stressing medium pulses called in the vessels. The cultures are currently still running.

III.6.1.1 Directed evolution of Clostridium phytofermentans

The GM3 device has shown to be a very efficient tool for the directed evolution of E. coli [START_REF] Marlière | Chemical Evolution of a Bacterium's Genome[END_REF]. Most directed evolution studies have used E. coli albeit other organisms are of great interest such as plant-fermenting bacteria. Clostridium phytofermentans is a great candidate for directed evolution because of its capacity to ferment plant biomass that could provide a renewable alternative to fossil fuels.

However, the fermentation process of plant biomass, i.e. the degradation of lignocellulose, also releases phenolics and acidic inhibitors.

In collaboration with the Tolonen's team (University of Paris Saclay, Genoscope); the directed evolution of Clostridium phytofermentans towards increased concentration of plant inhibitors was undertaken.

A survey of a panel of biomass inhibitors including phenolics, furans, and aliphatic acids was performed on Clostridium phytofermentans growth. Among these compounds, ferulic acid, one of the most abundant phenolic inhibitors, was chosen for directed evolution. The strain was cultured in the GM3 device with increased concentrations of ferulic acid. Ferulate resistant isolates were sequenced and transcription patterns analyzed.

The results are the subject of a publication: "Evolution of a biomass-fermenting bacterium to resist lignin phenolics", Tristan Cerisy, Tiffany Souterre, Ismael Torres-Romero, Magali Boutard, Ivan Dubois, Julien Patrouix, Karine Labadie, Wahiba Berrabah, Marcel Salanoubat, Volker Döring, Andrew Tolonen.

Appl. Environ. Microbiol. doi:10.1128/AEM.00289-17.
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Abstract

Increasing the resistance of plant-fermenting bacteria to lignocellulosic inhibitors is useful to understand microbial adaptation and to develop candidate strains for consolidated bioprocessing. Here we study and improve inhibitor resistance in Clostridium phytofermentans (also called Lachnoclostridium phytofermentans), a model anaerobe that ferments lignocellulosic biomass. We survey the resistance of this bacterium to a panel of biomass inhibitors, and then evolve strains that grow in increasing concentrations of the lignin phenolic, ferulic acid, by automated, long-term growth selection in an anaerobic GM3 automat. Ultimately, strains resist multiple inhibitors and grow robustly at the solubility limit of ferulate while retaining the ability to ferment cellulose. We analyze genome-wide transcription patterns during ferulate stress and genomic variants that arose along the ferulate growth selection, revealing how cells adapt to inhibitors by changes in gene dosage and regulation, membrane fatty acid structure, and the surface layer. Collectively, this study demonstrates an automated framework for evolution of anaerobes and gives insight into the genetic mechanisms by which bacteria survive exposure to chemical inhibitors. Importance Fermentation of plant biomass is a key part of carbon cycling in diverse ecosystems. Further, industrial biomass fermentation could provide a renewable alternative to fossil fuels. Plants are primarily composed of lignocellulose, a matrix of polysaccharides and polyphenolic lignin. Thus, when microorganisms degrade lignocellulose to access sugars, they also release phenolic and acidic inhibitors. Here, we study how the plantfermenting bacterium Clostridium phytofermentans resists plant inhibitors using the lignin phenolic, ferulic acid. We examine how the cell responds to abrupt ferulate stress by measuring changes in gene expression. We evolve increasingly resistant strains by automated, long-term cultivation at progressively higher ferulate concentrations and sequence their genomes to identify mutations associated with acquired ferulate resistance. Our study develops an inhibitor-resistant bacterium that ferments cellulose and provides insights into genomic evolution to resist chemical inhibitors.

Introduction

Fermentation of lignocellulosic biomass by bacteria like Clostridium phytofermentans is central to the functioning of soil, aquatic, and intestinal microbiomes.

In 

IV DISCUSSION

The following lessons can be drawn from the experimental work performed for studying the conditions of the in vivo mutagenesis of proteins:

 In the case that heterologous genes have to be evolved, mutation processes modifying expression are favored. In general, heterologous genes are less well expressed than native genes which co-evolved with the strain. Optimizations can involve codon usage, but also protein folding and stability.

 The chromosome is a valid expression context for the target gene, avoiding loss of independent replicons and assuring rapid fixation of adaptive mutations in the population.

 The medium SWAP regime of continuous culture enables the selection of mutations conveying only small increments in enzyme activity. 

APPENDIX