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In nature, many bacteria are motile inside uids of very di erent rheological proper-ties ranging from Newtonian to complex yield stress uids. This presents many practical problems and health threat, as for example in medecine, bacteria can penetrate mucus protective barriers and create in amatory conditions or in the eld, microbes can contaminate groundwater reservoirs out of septic tanks. To understand from a fundamental point of view, the problem of bacterial motility in various rhelogical environments, I studied the swimming and exploration properties of a motile E. coli bacterium inside di erent model non-Newtonian uids, such as carbomers or mucine gels. To characterize the exploration properties, I used a 3D Lagrangian tracking system which allowed to obtain the 3D swimming trajectories. I observed and characterized how the swimming behavior is modi ed as a function of the mechanical interaction between the uid and the swimmer. I also characterized the in uence of local mechanical heterogeneities which create transient trapping and reorientations, and de ned the concept of "medium assisted tumbling" which progressively controls the large-scale exploration features in gel forming uids. These results are promising and at the same time, of great help to understand, the mechanism of penetration a bacterium inside the intestinal mucus. Along those lines, I obtained preliminary results in native porcine mucus extracts, in collaboration with a team of the Sorbonne Université medical school. R Dans la nature, de nombreuses bactéries sont mobiles à l'intérieur de uides aux propriétés rhéologiques trés di érentes, allant du newtonien aux uides de contrainte de rendement complexes. Cela présente de nombreux problémes pratiques et menace pour la santé, comme par exemple en médecine, les bactéries peuvent pénétrer les barriéres de protection du mucus et créer des conditions in ammatoires ou sur le terrain, les microbes peuvent contaminer les réservoirs d'eau souterraine des fosses septiques. Pour comprendre d'un point de vue fondamental, le probléme de la motilité bactérienne dans divers environnements rhéologiques, j'ai étudié les propriétés de nage et d'exploration d'une bactérie E. coli mobile à l'intérieur de di érents uides modéles non newtoniens, tels que des carboméres ou des gels de mucine. Pour caractériser les propriétés d'exploration, j'ai utilisé un systéme de suivi lagrangien 3D qui a permis d'obtenir les trajectoires de nage 3D.

J'ai observé et caractérisé comment le comportement de nage est modi é en fonction de l'interaction mécanique entre le uide et le nageur. J'ai également caractérisé l'in uence des hétérogénéités mécaniques locales qui créent des piégeages et des réorientations transitoires, et dé ni le concept de " tumbling assisté moyen " qui contrôle progressivement les caractéristiques d'exploration à grande échelle dans les uides géli ants. Ces résultats sont prometteurs et en même temps, d'une grande aide pour comprendre, le m 'ecanisme de pénétration d'une bactérie à l'intérieur du mucus intestinal. Dans cette optique, j'ai obtenu des résultats préliminaires sur des extraits de mucus de porc natif, en collaboration avec une equipe de la faculté de médecine de Sorbonne Université. C 1 I Bacteria are probably the oldest form of life as we know it on this planet. Fossilized bacteria were found in rocks billions of years old. In the tree of life, bacteria belong to the prokaryotes kingdom ,which encompasses unicellular organisms that lack a nuclear membraneenclosed nucleus. Bacteria are everywhere on earth and constitute one of the most prominent forms of biomass (13 % ) behind plants (82 % ) [START_REF] Yinon | The biomass distribution on Earth[END_REF]. Bacteria adapted their lifestyle to many environments bearing very di erent physical and chemical properties. They usually perform a life cycle where they dwell for long times in dense bio lms. Eventually, they will grow a motility apparatus suited to explore their environment either by gliding on surfaces or by moving freely in suspension in the surrounding uid. The last state is called the planktonic state and constitutes an essential step for many bacteria to escape from deleterious environments and/or reach a new ecological niche.

From an ecological viewpoint, bacteria play a determinant role in the sustainability of life on this planet. For example, they are an essential component of soil and in particular at the near subsurface, they participate to the recycling of organic matter, a capital step for biodiversity and also for all agricultural production. Also, in symbiosis with fungi, they contribute to the nutrition of plants as they foster the plant ability to x nitrogen when interacting with roots.

They also essential to the life of human beings as we all live in symbiosis with many bacteria. The total number of bacteria in a 70 kg "reference man" body is about 3.8 10 13 . The number of bacteria in the body is actually of the same order as the number of C 1 human cells, and their total mass is about 0.2 kg [START_REF] Sender | Revised estimates for the number of human and bacteria cells in the body[END_REF]. For example, in the intestine, bacteria populations form an abundant microbiota which is essential to the nutrition process but more generally, is a capital asset to the maintenance of good health conditions.

The versatility of the environments that can be explored by the bacteria is such that the ability to move in environments with rheological properties much di erent than simple Newtonian uids, is an essential question. Not only because their current living environment can be a complex uid as many bio uids, but also, is the case of bio-barriers, where the ability of microorganisms to breach in speci c places is a crucial issue. For example in clay sediments, where the preservation from pathogenic microbial contamination of fresh water reservoirs in central. Or in the gut, where the capacity to penetrate mucus layer and eventually induce epithelial cells in ammation is often the starting point of many diseases [START_REF] Benoit | Dietary emulsi ers impact the mouse gut microbiota promoting colitis and metabolic syndrome[END_REF]. In this thesis, I will present a rational path towards the characterisation of swimming and exploration properties of model motile bacteria in controlled rheological environments, going from a viscous medium to a gel.

E. Coli: a general presentation

The bacteria model I use corresponds to di erent variants of E. Coli (Escherichia Coli), a bacterium commonly found in the intestine. It is one of the simplest and best understood living things but still, remarkably sophisticated. Cells are rod-shaped, and the body size is approximately 2 µm long (1 µm width), with hemispherical end caps. In nutrient-rich environments, as time proceeds, the size increases, cells lengthen to nally divide and produce two almost identical copies of the microorganism. In nutrient rich media such as laboratory growth media, when put in an incubator at a temperature of T = 30 • C, division occurs typically every 20 minutes. E. Coli are of Gram-negative type, meaning that these cells have a thin, threelayered wall, enclosing a relatively homogeneous molecular soup called the cytoplasm ( gure 1.1). As a general characteristics of the prokaryotic group among living species, the cytoplasm does not contain a nucleus to store and protect genetic material. The relative hard wall protecting the cell is composed of a thin peptidoglycan cell wall sandwiched between the outer membrane and the inner cytoplasmic wall. It is a rather e cient protective barrier I against antibiotics, meaning that the techniques based on selective pressure such as to obtain genetically speci c strains are delicate to elaborate and quite sensitive for each species, to the speci city of the antibiotics used. Along those lines, all techniques of genetic transformation involving the penetration of a foreign genetic material in the cell (often called cell competency) require very well adapted protocols. However, nowadays, biologists have developed many "tricks of the art" in the development of synthetic biology, and E. Coli is one of the most well-studied family of microbes undergoing genetic transformations.

Wild type E. Coli, one of our model bacteria, is a motile species. It is growing a agellar apparatus formed of 4 -5 helical shaped laments individually hooked to a rotary motor by a exible shaft. Flagella laments are relatively sti , but they can switch between distinct polymorphic forms) [START_REF] Turner | Real-time imaging of uorescent agellar laments[END_REF]. The lament is a polymer of a single protein called agellin, which molecules can bind in two di erent ways. They appear as 11 rows of proto laments along the surface of a cylinder. When agellin molecules are bonded in one way, the row is short; when they are bonded in the other way, the row is long. If all the proto laments in a agellar lament are identical, the lament is straight. There are two kinds of straight laments, short or long, but the di erence in their lengths is relatively small. However, if some of the proto laments are short and others are long, the lament becomes helical: the short proto laments run along the inner side of the helix. This molecular assembly de nes the pitch of the helix [START_REF] Turner | Real-time imaging of uorescent agellar laments[END_REF].

In a uid, rotation of the helices assembles the laments into a bundle via hydrodynamically attractive forces. This agellar organization drives the microorganism propulsion. In water, at a temperature of 25 • C, the swimming velocity is about 30 µm/s. Considering the previous length and velocity variables, one obtains Reynolds numbers 1 around R e ∼ = 10 -5 and therefore, the hydrodynamics of the swimming activity in Newtonian uids, is very well described by the zero Reynolds Stokes equation. In addition to the agella apparatus, E. Coli have external organelles made of thin straight laments called pili that allows the microorganism to adhere to speci c substrates.

Across the membranes, from the outside and to the cytoplasm, these bacteria display two remarkable complex multi-protein assemblies dedicated (i) to the respiration gov- 1 Reynolds number is the ratio of inertial forces to viscous forces, de ned by the relation R e = ρV B d/η. The body is made up of 3 di erent layers, one of them being the cell wall, which is made of a thick layer of protein and sugar that prevents the cell from bursting. The internal plasma membrane, in contact with the cytoplasm, is made up of lipids and proteins. The periplasm is the space between the inner and outer membrane in Gram-negative bacteria. In the cytoplasm, ribosomes produce proteins, and DNA does not have any structure attached to a surrounding membrane. Flagellar motors go through the cell membranes and activate in rotation the agella, which represents the mean of propulsion of the bacterium.

erning the energy budget and the metabolism by the production of adenosine triphosphate (ATP) via dioxygen reduction and (ii), the chemotactic circuitry probing the chemical environment and driving the bacteria motion inside chemical gradients [START_REF] Berg | coli in motion[END_REF]. Interestingly, E. Coli are also " facultative anaerobic", meaning that in the absence of oxygen, the respiration circuitry switches to a fermentation process hence producing ATP from the degradation of organic nutrients. In this case, the motility is drastically switched o [START_REF] Douarche | E. coli and oxygen: a motility transition[END_REF].

In aerobic conditions, the kinetic of E. Coli motility is characterized by a succession of linear piece-wise trajectories that mimic a random walk. The changes of direction are marked by a disassembly and reassembly of the agella bundle. Linear parts of the trajectory correspond to a "run" process, and the changes of direction correspond a "tumbling" process.

Chemotactic sensory path and the run and tumble activity

The rotary motor driving the agella rotation is a sophisticated rotary machine of nanometric size. It plays a central role in the bacteria behavior either from the propulsive point of view or as key to understand the complex exploration processes associated with the chemotactic response [START_REF] Berg | coli in motion[END_REF].

The chemotactic2 circuitry is a complex sensory pathway, made of several aggregated proteins, coupling the environmental chemical information to the control of a bias in the motor rotation direction via the phosphorylation of protein CheY [START_REF] Wadhams | Making Sense of it All: Bacterial Chemotaxis[END_REF]. In normal run mode, motors rotate counterclockwise (CCW). However, in the motor vicinity, the higher the concentration of the phosphorylated protein CheY -P the higher is the probability for the motor rotation to switch from CCW to CW (clockwise). If one of the motors undergoes a CW rotation, the corresponding helix is changing conformation, and the agella bundle will disassemble. Consequently, the hydrodynamic forces acting on the bacterium changing its global shape, will change the body orientation and induce a new swimming direction when the agella bundle is formed again.

In an environment displaying a gradient of chemical attractants, the production of phosphoryl groups via the activity of a kinase protein (CheA), part of the sensory apparatus, is reduced when a bacterium moves in the direction of increasing gradient, promoting longer run times. Otherwise, for descending gradients, the kinase activity is increased, producing more phosphoryl groups and consequently promoting shorter run times due to the abundance of Chey -P in the motor vicinity [START_REF] Khan | The steady-state counterclockwise/clockwise ratio of bacterial agellar motors is regulated by protonmotive force[END_REF]. For this process to be robust and assures that bacteria are bound to nd their ecological niche (and stay there), there is a feed-back loop controlling the kinase activity via an adaptation circuitry involving other proteins. A detailed description of the chemotactic circuitry can be found in Wadhams et al. [START_REF] Wadhams | Making Sense of it All: Bacterial Chemotaxis[END_REF].

For the present purpose of this thesis, I worked in a so-called "adapted situation", with no gradient of chemical neither attractant nor repellent in the suspension. Consequently, for wild-type bacteria, one can assume that the internal chemotactic mechanism will correspond essentially to an equilibrium steady state of the phosphorylation reaction:

CheY + P ←-Chey -P , which de nes the rates of run and tumble processes [START_REF] Khan | The steady-state counterclockwise/clockwise ratio of bacterial agellar motors is regulated by protonmotive force[END_REF]. Interestingly, one can modify bacteria genetically such as to suppress the production of CheY in the cytoplasm (∆CheY mutants) [START_REF] Khan | The steady-state counterclockwise/clockwise ratio of bacterial agellar motors is regulated by protonmotive force[END_REF]). Therefore, motors will always rotate in the same direction and the tumbling reorientation process is suppressed. We call these mutants "smooth swimmer". Note nally that for all motile strains, wild types or mutants, continuous changes of direction due to thermal Brownian rotation are still present. For E. Coli strains we have, the time scale associated with a loss of swimming orientation due to Brownian motion corresponds typically to several tens of seconds [START_REF] Gaspard | Run-to-tumble variability controls the surface residence times of E.Coli bacteria[END_REF].

Run and tumble dynamics

Almost 45 years ago, Brown and Berg showed for the rst time using an original 3D Lagrangian tracking technique that an "adapted" wild-type E. Coli performs in space a random walk as a compound of straight swimming phases (run) and changes of directions (tumble) [START_REF] Howard | Chemotaxis in Escherichia coli analysed by three-dimensional tracking[END_REF]. At that time, the technique was revolutionary and this pioneering work marks the beginning of many quantitative studies relating to chemotaxis and bacterial exploration kinematics. Their central claim is that the run phase is essentially characterized by a Poisson process with a typical run time around 1 s. Interestingly, in their original 1972 article, Brown and Berg [START_REF] Howard | Chemotaxis in Escherichia coli analysed by three-dimensional tracking[END_REF] reported a rather large distribution of mean run-times among the dozen trajectories they could record and attributed that to a phenotype variability among the bacteria. For the tumbling phase, they also claim a Poisson distribution of tumbling times but with a time scale around 0.1 s. Note that those numbers and the hypothesis that runs and tumble are stemming from memory-less stochastic Poisson processes is at the origin of many quantitative modelling in biology and environmental science [START_REF] Kafri | Steady-state chemotactic response in E. coli[END_REF][START_REF] Justus | Decision making improves sperm chemotaxis in the presence of noise[END_REF][START_REF] Goswami | Nonequilibrium dynamics and thermodynamics of some singleparticle activity-induced di usive systems[END_REF][START_REF] Daftari | Self-avoidant memory e ects on enhanced di usion in a stochastic model of environmentally responsive swimming droplets[END_REF], involving contamination and transport processes of microbial species.

However, several decades later, direct measurements on a sequence of rotation switches performed on a single cell [START_REF] Korobkova | From molecular noise to behavioural variability in a single bacterium[END_REF], demonstrated that the stochastic process associated with the CCW (run phase) turning CW (tumble phase) is not a Poisson process but instead displays a thick tail distribution that could empirically be described as a power-law for large run-times. This observation was quantitatively interpreted by Tu and Grinstein [START_REF] Tu | How white noise generates power-law switching in bacterial agellar motors[END_REF] putting forwards a stochastic process based on the concentration uctuations of CheY -P proteins around the motor, hence modifying the energy barrier associated with the run to I tumble transition rate.

More recently, Figueroa et al. [START_REF] Figueroa-Morales | 3D spatial exploration by E. coli echoes motor temporal variability[END_REF] using a 3D Lagrangian tracking technique, similar to the one I am using in my thesis, tracked for very long times (several 10's of minutes) wild-type E. Coli bacteria and have shown that the swimming direction persistence time displays a large behavioral variability with a memory scale around 20 s (see gure 1.4 (c) and discussion infra). To interpret these experimental measurements, they put forwards a model describing the alternation of run and tumbles as well as changes of orientation during the tumbling phase. The stochastic model describing the run to tumble transition is based on the Tu and Grinstein [START_REF] Tu | How white noise generates power-law switching in bacterial agellar motors[END_REF] description of CheY -P concentration uctuations around the mean, assuming a simple Ornstein-Uhlenbeck process 3 . This model describing the "behavioral variability" of the random walk exploration features, was called the "BV-model". Its main outcome is that the distribution of run-times is very large and of log-normal type. Following the measurements by [START_REF] Saragosti | Modeling E. coli tumbles by rotational di usion. Implications for chemotaxis[END_REF], the tumbling phase is rendered by a simple rotational di usion process lasting a tumbling time which value stems from a Poisson process. Consequently, if one extracts in a population of bacteria, out of individual trajectory measurements, the persistent times over relatively short times (typically for trajectories lasting a few minutes), the distribution of average persistence times from one trajectory to the other will be large. But contrarily to Berg's initial interpretation [START_REF] Howard | How to track bacteria[END_REF], this is not due to an inherent phenotype variability of motility features, but it comes naturally as direct consequence of the behavioral variability. As a consequence, di erent bacteria observed for short times have di erent levels of Chey -P in their cytoplasm and thus display di erent run-to-tumble transition rates.

Modeling bacterial motility as a random-walk stochastic process

Following the work of Brown and Berg [START_REF] Douglas | Temporal stimulation of chemotaxis in Escherichia coli[END_REF], Lovely and Dahlquist [START_REF] Peter | Statistical measures of bacterial motility and chemotaxis[END_REF] provided a very general framework to handle mathematically the emerging di usivity, which could describe the spatial exploration kinematics of bacteria qualitatively as a random walk. Their framework is based on the compound of vectors l i representing the travelled distance after the i th tumbles. The run event lasts time τ r i . After N steps of this process, a motile particle travels a vectorial distance: R N = N i=1 l i over a time t N = N i=1 τ r i . The reorientation process after a tumble is characterised by an angular variation θ i between l i+1 and l i (see gure 1.2). For a motile bacterium with a constant swimming velocity V B , one has

l i = V B τ i .
If one supposes that during the reorientation phase, the bacterium is not moving and the reorientation process lasts a time τ t i , Lovely and Dahlquist [START_REF] Peter | Statistical measures of bacterial motility and chemotaxis[END_REF] have shown that over a large number of steps in a space of dimension d, a di usive process will emerged and will be characterized by a di usion coe cient: For a Poisson process corresponding to an exponential distribution of run times, one gets exactly S = 2, hence yielding a di usion coe cient:

D = V 2 B τ r d (S(1 + α) -2α) 2(1 -α) f, (1.1 
D p = V 2 B d τ r f 1 -α . (1.2)
Note that, importantly, relation (1.1) makes sense only if the distributions of the stochastic processes composing the run and tumble, are not too pathological such that the di erent moments ( rst and second for the run-times and rst for the tumbling times), converge. Also, in their derivation, Lovely and Dahlquist [START_REF] Peter | Statistical measures of bacterial motility and chemotaxis[END_REF] assume that stochastic processes are essentially Markovian (,i.e., memory-less), meaning in practice, that the convergence to a di usion bearing the same quantitative features as their derivation ((1.1)) should occur for time scales larger than any memory time-scale in the system. As a reminder, for processes characterized by the BV-model applied to a wild-type E. Coli, the memory time scale was found to be around ∼ 20 s [START_REF] Figueroa-Morales | 3D spatial exploration by E. coli echoes motor temporal variability[END_REF]. In practice, for many realizations of a run and tumble kinetics, for example numerically, but also for this thesis, by the direct assessment of many bacteria trajectories, the process can be characterised by the calculation of the mean square displacement (MSD) R 2 (τ ), which is the average quadratic distance performed by bacteria over a time τ . At large time scales, if the isotropic spatial exploration taking place in dimension d converges to a di usion process, the MSD follows the relation:

R 2 (τ ) = 2dDτ. (1.3)
On the other hand, for small time scales, the transport process will essentially be governed by the swimming velocity of the bacteria and one should expect a ballistic relation:

R 2 (τ ) = V 2 0 τ 2 , (1.4) 
with V 0 being an e ective ballistic transport velocity.

For a single realization of a run and tumble process, one can perform a MSD on the trajectory as a sliding average over this trajectory, τ being then a lag time. It means in practice that for a trajectory spanning N equidistant time steps δt, i.e., lasting a time t M = N δt, r(t i ) being the vector position of the swimmer at time t i = iδt, the MSD for a lag time τ = N τ δt is:

R 2 (τ ) = 1 N -N τ N -Nτ i=1 [ r(t i + τ ) -r(t i )] 2 ,
(1.5) in the limit of very long trajectories, one obtains asymptotically a linear di usive regime R 2 (τ ) = 2dDτ with a value of the di usion coe cient converging to the Lovely and Dahlquist value ((1.1)). To extract the characteristic features of the exploration process out of the MSD, one often uses a two parameters t function F f u (τ ), initially proposed by Fürth [START_REF] Fürth | Zur Theorie der amöboiden Bewegungen[END_REF] to describe a Orstein-Uhlenbeck process for an inertial Brownian particle [START_REF] Ls Ornstein | A Survey of His Work from 1908 to 1933[END_REF].

The Fürth function is:

F f u (τ ) = 2V 2 0 τ 2 c τ τ c + e -τ τc -1 , (1.6) 
the tting parameters are the ballistic transport velocity V 0 and the cross-over time τ c separating the ballistic regime for τ τ c , from the di usive regime for τ τ c .

The di usion constant resulting from the t is then:

D f it = V 2 0 τ c d . (1.7)
In practice, to characterize a single track, one usually tries to perform a t with a sliding average. Importantly, it is crucial to realize that for a nite time trajectory spanning a maximum time t M , large lag-time values of the MSD are obtained with a very limited number of values contributing to the average. Then, the resulting analysis may not be selfaveraging enough in order to be statistically signi cant. As a rule of thumb, on a single trajectory, to limit the lack of statistics, only time-lags up to a maximum value τ max equal to 0.1 t M , are considered in order to ensure a proper separation of scales. Moreover, between the ballistic and the asymptotic di usive regime, the cross over time scale τ c must keep a value signi cantly lower than τ max in order to provide good con dence that the di usion regime was indeed reached asymptotically. Otherwise, tting the MSD with two parameters may be totally spurious since, one remains essentially in the ballistic regime during the observation of the exploration process. To obtain better statistics, in addition to the sliding average, one can also perform a second average of the MSD over a large number of trajectories and one should expect a better averaging this way. However, one must keep in mind that if the exploration process is intrinsically heterogeneous, or if the trajectory spanning time t M is largely distributed because of practical constraints, it is not clear how this second averaging is bound to converge. In this case, one would maybe need a more sophisticated theory than the one proposed by Lovely and Dahlquist, taking, for example, into account explicitly the distribution of motility features among bacteria or the presence of heterogeneities in the medium.

Orientation correlation function

Another way to characterize the exploration process of a motile swimmer is to compute the swimming direction persistence from the orientation correlation function. This is, for example, what was done by Figueroa-Morales et al. [START_REF] Figueroa-Morales | E. coli super-contaminates narrow ducts fostered by broad run-time distribution[END_REF] to characterize the exploration process of E. Coli wild-types and a smooth mutant. From the velocity orientation vector

p(t) = V B V B
, one can compute the average orientation correlation for a lag-time τ :

C 1 C(τ ) = p(t + τ ) p(t) = cos Ψ (τ ). (1.8)
Lovely and Dahlquist [START_REF] Peter | Statistical measures of bacterial motility and chemotaxis[END_REF] have shown that for a sequence of i tumbling steps lasting a time τ , with the probability P i (τ ), on has: p 0 p i = α i , where α = cos θ . The average is done over all the possible orientations of the angle θ. Therefore, the orientation correlation can be written :

C(τ ) = ∞ i=0 P i α i .
However, this sum can be computed exactly for a Poisson distribution of mean

T since P i (τ ) = (τ /T ) i /i! e -τ /T
. Hence for a compound of two Poisson processes with a mean run-time τ r and a mean tumbling time τ t , one gets:

C(τ ) = e -τ /τp , (1.9) 
with the persistence time τ p :

τ p = τ r + τ t 1 -α . (1.10)
Hence for Poisson processes, the di usion yields:

D p = V 2 B τ p d . (1.11) 
In previous work, Saragosti et al. [START_REF] Saragosti | Modeling E. coli tumbles by rotational di usion. Implications for chemotaxis[END_REF] have shown that during the tumbling phase, a E. Coli would essentially performs a rotational di usion characterized by a di usion constant D r and for which, the orientation correlation during di usion would decay exponentially with a time scale 1/2D r . Note that, if one considers a tumbling process stemming from a Poisson distribution of tumbling times with a mean time τ t , the mean cosine for the orientations along the random-walk can be computed and yields:

α = cos θ = ∞ 0 e -t/τt τ t e -2Drt dt = 1 1 + 2D r τ t
(1.12) As for the MSD, a sliding average can be performed for a single trajectory. Similarly to the MSD calculation issue discussed previously, restrictions on the maximal spanning value for the lag-time, τ < t M /10 should be applied in order to avoid spurious e ects due to the lack of statistics.

For the BV-model, there is no closed form for the orientation correlation function, however for short time scales (smaller or of the order of the memory time), if on considers that the process is locally Poissonian (i.e., CheY P concentration does not vary much), then an exponential t is natural choice to estimate the local value of the persistence time. In Whereas for the smooth swimmer mutant, the values are more clustered around an average persistence time of 25 s.

Motor working curve

As discussed previously, an E. Coli agellum is driven by a reversible rotary motor. This motor is a complex multi-proteins assembly, crossing the 3-walls membrane [START_REF] Howard | The rotary motor of bacterial agella[END_REF]. In a nutshell, it is essentially composed of two parts: (i) the "rotor", starting in the cytoplasm as a circular gear, this rotating piece is connected to an external exible shaft (the hook) rotating the helical agellum, and (ii) the stator, a protein connected by latching bonds to the inner periplasmic membrane. The inner periplasmic space contains protons maintained at a pH higher than in the cytoplam. When these protons permeate the junction between the rotor and a stator protein, to reach the cytoplasm, there is a change of con guration inducing a rotation of the rotor by a mechanical clockwork e ect. Therefore, the working power of the motor is determined by a proton motive force characteristic of the work that can be delivered by an elementary proton ux provided to each stator protein attached to the inner periplasmic membrane and connected to the rotor. Its value depends on the di erence in pH between the two compartments. This is why, in the innermost cell membrane, there are several proton pumps suited to maintain a constant pH gradient across the wall. In some sense, this design resembles very much to a classical electromagnetic stepper-motor delivering torque by magnetic ux induction on a set of peripheral stators. And as for stepper motor there is a nominal a decrease of the torque with the rotation rate such as to maintain the working energy xed by an elementary proton uxes (the electromotive force). Also, there is an upper limit for the torque that can be delivered, which seems to be given by the attachment energy of the latching bonds which rupture is limiting the torque to values around T max = 5000 pN•nm [START_REF] Howard | The rotary motor of bacterial agella[END_REF]. C 1 Therefore, the internal motor working curve T in (Ω M ) representing the torque vs the rotation rate displays two regimes: a stalled torque regime plateauing around T max for low rotation rate and a sharp decreasing quasi-linear regime at higher rotation rate (see gure 1.6). Berg and Turner estimated the value for this stalled torque as T max ≈ 5.10 3 pN.nm [START_REF] Howard | Random walks in biology[END_REF].

Note in addition that it is only very recently that, using state-to-the-art cryogenic microscopy techniques [START_REF] Deme | Structures of the stator complex that drives rotation of the bacterial agellum[END_REF], the molecular mechanism inducing the change of motor rotation was revealed. In fact, contrarily to the common belief, the stator "kick" on the rotor does not change direction in the presence of Chey -P , but rather the gear "teethes" of the rotor part in connection with the stator, self-assemble from an outward to an inward position in the presence of the phosphorylated protein, which creates a change in the motor rotation direction.

Swimming in a Newtonian uid

For an E. Coli bacterium, swimming in a Newtonian viscous uid, several motors rotate CCW, all of them are connected to their respective helical agella, which themselves are forming a bundle. This constitutes a rather complex mechanical system, but if one supposes that the system is rigid enough so that the global shape of the swimming bacterium does not change when swimming, the external torque T ext that a bacterium has to activate in order to move in the viscous uid, should be proportional both to the uid viscosity η and to the motor rotation rate:

T ext = ηΛ 3 Ω M .
This relation is a direct consequence of the zero-Reynolds Stokes equations. On dimensional grounds, Λ is a length that should be of a micron scale (bacterial size). Moreover, since there is no inertia, the internal torque should be equal to the external torque: [START_REF] Reufer | Di erential dynamic microscopy for anisotropic colloidal dynamics[END_REF], they accessed the swimming velocity and also the body rotation velocity as a function of the polymer concentration. In particular, they found that contrarily to a common belief based on previous reports, in the Newtonian regime, even for values much higher than water viscosity, the swimming velocities vary monotonously with the uid viscosity. They attributed the maximum found in earlier works [START_REF] William | E ect of viscosity on bacterial motility[END_REF] to artefacts due to the consumption and the metabolisation of small molecular weight polymers by the bacteria. They avoided this drawback by a carefully dialysis of the polymer solutions in order to remove potential nutrients for the bacteria. And indeed, they found in the Newtonian regime a monotonic behavior consistent with the model previously exposed in gure 1.5. On gure 1.7 we report their data re-plotted to present the relative swimming velocity as a function of the relative uidity (de ned as the inverse of the viscosity). The reference point for velocity V 0 B and viscosity η 0 B corresponds to the situation in the pure motility bu er. For two PVP solutions corresponding to two Newtonian uids of viscosity varying with concentration, the two data set on a master curve and, one can identify the nominal (red line) and the stalled torque (blue-line) regimes in agreement with the predictions of Stokes equations.

T int (Ω M ) = ηΛ 3 Ω M ,

Bacteria motility in a Non-Newtonian uid

Due to its practical importance in many domains of health ecology and environmental science, many studies, mostly theoretical and fewer experimental, have tackled the problem of swimming of microorganisms in complex uids. Interestingly, from a conceptual point of view, Qiu et al. [START_REF] Qiu | Swimming by reciprocal motion at low Reynolds number[END_REF] have shown that in the case of complex uids at low Reynolds number, one can obtain autonomous swimming motion by micro-swimmers undergoing reversible reciprocal motion, which is strictly forbidden in the framework of Stokes equations. From a theoretical point of view, there were propositions to extend Newtonian concepts to visco- elastic media. This would be the case for polymeric uids with possible application to many biological uids. For example, by considering the problem of propulsion via an undulating sheet [START_REF] Lauga | Propulsion in a viscoelastic uid[END_REF] or by the rotation of a helix [START_REF] Gómez | Helical propulsion in shear-thinning uids[END_REF] more recently using molecular based numerical simulation to model polymeric uids chains in the presence of a model swimming bacterium [START_REF] Zöttl | Enhanced bacterial swimming speeds in macromolecular polymer solutions[END_REF]. Most theoretical papers address the possibility of observing a non-intuitive increase of the swimming velocity with polymer concentration. In particular, they insist on the role of elasticity providing an e ect competing with the decrease of viscosity in association with the ne organization of the polymeric molecules near the swimmer, enhancing the propulsion e ciency. However, experimentally the situation is contradictory if not elusive. For example, uid elasticity has been found to either enhance [START_REF] Teran | Viscoelastic uid response can increase the speed and e ciency of a free swimmer[END_REF][START_REF] Liu | Force-free swimming of a model helical agellum in viscoelastic uids[END_REF][START_REF] Espinosa-Garcia | Fluid elasticity increases the locomotion of exible swimmers[END_REF][START_REF] Saverio E Spagnolie | Locomotion of helical bodies in viscoelastic uids: enhanced swimming at large helical amplitudes[END_REF][START_REF] Thomases | Mechanisms of elastic enhancement and hindrance for nite-length undulatory swimmers in viscoelastic uids[END_REF][START_REF] Ae Patteson | Running and tumbling with E. coli in polymeric solutions[END_REF] or hinder [START_REF] Lauga | Propulsion in a viscoelastic uid[END_REF][START_REF] Xn Shen | Undulatory swimming in viscoelastic uids[END_REF][START_REF] Vincent | Flagellated bacterial motility in polymer solutions[END_REF][START_REF] Qin | Flagellar kinematics and swimming of algal cells in viscoelastic uids[END_REF] the swimming velocity depending on many details involving swimming kinematics and rheology. Interestingly, Patteson et al. [START_REF] Ae Patteson | Running and tumbling with E. coli in polymeric solutions[END_REF] reported a study of a wild-type motile E. Coli trapped in a thin uid lm. They show that the swimming trajectories are strongly a ected when the bacterium swims in a polymeric solution of carboxy-methyl cellulose (CMC, a linear and exible polymer). The motion of the swimmer is much more persistent as if the tumbling process was suppressed, see gure 1.8 (a). In this situation, the swimming velocity increases with concentration, see gure 1.8 (b).

They associated this e ect with an action of the normal stress, taming the wobbling process (i.e., the bacteria body oscillations when swimming) which improves the swimming e ciency. In addition Patteson et al. [START_REF] Ae Patteson | Running and tumbling with E. coli in polymeric solutions[END_REF] shown an increase of the translational di usion and the swimming persistent time corresponding to a decrease of the rotational di usion. Therefore, it is important to study other kinds of polymeric uids to see if those results are generic or eventually are due to speci c structural and rheological properties of the medium.

In order to explore this new topic, in the next chapters I will present a simple model of complex uid called Carbopol, that can be prepared easily and and also its rheological properties can be con gured depending on its concentration. This will allow me to study the behavior of E. Coli bacteria swimming in a polymer solution, being the main the purpose of this thesis.

C 2 T C :

From the previous discussions of the last chapter, the question now arises as to which complex uid can be used to study the motility properties of E. Coli bacteria. Clearly it is advisable to use a complex uid that has been studied in much detail over the years, in order to establish a well-controlled rheological environment. However, a constraint is that this medium should remain bio-compatible and not alter the microorganism motility from the perspective of the internal biochemical machinery. To this purpose, I have chosen to work with a carbomer compound and, more precisely, a version called Carbopol 940 (commercial name) [START_REF] Rathapon | Viscoelastic properties of Carbopol 940 gels and their relationships to piroxicam di usion coe cients in gel bases[END_REF]. In the following I present the general motivations for this choice.

Carbopol belongs to the carbomer family. It is a cross-linked polymer of acrylic acid (see gure 2.1). This hydrophilic polymer is solvable in water up to large mass concentrations. Hydration leads to a strong volume increase of the dry mass. In a water solution at neutral pH, the polyacrylic acid is an anionic polymer. The process of Carbopol hydration begins when the neutralizing agent is added. Then the polymer chains interconnect by cross-linking and begin to hydrate and partially uncoil due to electrostatic repulsion in order to form a crossed linked physical gel (see gure 2.1).

Carbopols are, to a large extend, bio-compatible polymers that are very commonly used in the industry. In solution, they take part in many formulas in the cosmetic, pharmaceutical, or food industries as an emulsifying, viscosifying, suspending or gelling agent [20], as an emulsi er it is used to prepare O/W emulsions for topical use [START_REF] Xu | Paclitaxel skin delivery by micelles-embedded Carbopol 940 hydrogel for local therapy of melanoma[END_REF][START_REF] Milanović | Insight into the interaction between carbopol® 940 and ionic/nonionic surfactant[END_REF], for example, when the objective is to reduce the proportion of fat in food preparations. As a gelling agent, carbomers form transparent neutral gels, and the degree of transparency can be tuned depending on the solvents and on the active ingredients used. One can also easily incorporate many dyes to produce colored preparations. It is also used as a binder in the formulation of tablets. The thickening property, considered as an increase in the viscosity of the material, turns out to be homogeneous in the polymeric suspension, a ecting equally the rheological properties of the gel formed. One applications is the formulation of gels for arti cial tears in the treatment of dry eye. The reactions of carbomers with basic drugs such as ephedrine, form derivatives useful in the formulation of long-acting drugs. The so-called "ultrasound contact gel" is an aqueous or hydroalcoholic gel from Carbopol 940 to which more or less alcohol is added as more or less refreshing e ect is desired.

I have chosen speci cally Carbopol 940 not-only because it is one of the Carbopol family that has been extensively studied over the years but also because it has the highest degree of transparency in its gel state. Moreover, the pH of the solution is easy to x with some stabilizing agent. The gel phase is structurally robust, and its rheological properties do not change with time.

T C :

Because of its industrial importance, its current availability, and also the simplicity of its chemical formulation, Carbopol properties have been widely studied for many decades. For example, many researches were done on the mechanical properties of Carbopol mixtures both in the context of of industrial applications and also in the context of the most fundamental studies concerning the rheology of complex uids [START_REF] Morton | Issues in the ow of yield-stress liquids[END_REF].

Usually, Carbopol rheological behavior is characterized via a Hershel-Bulkley model, involving a macrosopic yield stress σ 0 . This stress threshold value must be exceeded for the uid to ows. Below this stress, Carbopol behaves essentially as an soft elastic solid, which however may exhibit creeping properties under constant applied stress [START_REF] Lidon | Power-law creep and residual stresses in a carbopol gel[END_REF]. In this thesis, I has prepared Carbopol such as to display a continuous spectrum of rheological properties ranging from a high viscosity Newtonian uid up to to a non-linear yield stress uid, which will be described in the following sections. Yield stress values can eventually be tuned by changing the chemical formulation of the monomer or by tuning the molecular interactions, with pH or with solvent salinity.

This versatility and tunability of Carbopol macroscopic rheology has made carbomer solutions a central model in the current research on the rheology of complex uids [START_REF] Jaworski | Carbomer microgels as model yield-stress uids[END_REF]. A most appreciated property is the great level of reproducibility of the rheology provided by the de nition of a well-de ned preparation protocol and essentially, because of the lack of thixotropy, which may render the owing properties too dependent on the current age of the system. In particular, this system was found important in the quest to relate mesoscopic structural properties to the macroscopic constitutive rheology.

Carbopol is commercially available in the form of dry powders (granularity of a fraction of a micron in size) that need to be mixed and stirred to an aqueous solvent to which various chemicals are added. The rst property displayed by the grains composing the powder is swelling, up to a ratio xed by the aqueous solvent chemistry, essentially pH and salinity, which tunes the level of physical interactions. Thereafter, the grain swell and form a jammed assembly of soft grains when prepared at a su cient concentration. The homogeneity and stability of the solution is generally achieved by mechanical mixing for a time that may vary with the concentration in carbomer lling. 

Elaboration and structural characterization of Carbopol mixtures

In the context of this thesis, I am interested in developing a bio-compatible model medium in which bacteria can display motile properties (here essentially in the so-called "adapted motility" regime, i.e., in the absence of chemical gradients) and in which, the rheology can easily be tuned.

The point of departure of this study is the standard motility bu er currently used for our E. Coli strains. This minimal medium (MB) is poor in nutrients and essentially composed of a phosphate bu er xing the pH at 7 in order to optimize the motility conditions.

I added to the MB various amounts of Carbopol 940.

Dry powder

Carbopol 940 is commercially available as a dry powder. I started with simple experiments to characterize its granularity. First, under the microscope at a magni cation of 63X and available at the ESPCI with the help of Justine Laurent, an engineer at the PMMH, I was able to visualize the dry powder formed by grains of sub micro-metric size. 

Preparation protocol for the Carbopol mixture

Carbopol preparation consists simply in dissolving the powder in the motility bu er (MB)

and stabilizing the pH of the suspension to achieve the desired value of 7. However, this preparation is in practice delicate if one is looking for reproducible results. Based on the protocols described in the literature I was able to elaborated a reproducible preparation procedure suited to study the bacterial suspensions in Carbopol. The control parameter for the Carbopol is the fraction of polymer mass used in the MB solution (expressed in percent):

C = m C m C + m M B • 100, (2.1) 
where m C is the Carbopol mass and m M B in the solvent (MB) mass. To avoid problems with the formation of non-swollen grains aggregates in the mixture, I designed together with the engineer Xavier Benoit-Gonin of the PMMH laboratory, a special device that consists in a helical mixer displayed in gure 2.6a, manufactured with a 3D printer, that together with a servo-motor, can mix the Carbopol sample at a constant revolution rate for a long time. The whole device consists in a cubic box of Plexiglas containing a support for a falcon tube of 150 ml. I 3D printed a shaft with a helical structure at one end that can be placed inside the falcon tube. The shaft is also xed at the other end to a servo-motor controlled by an Arduino chip. The rotation frequency used for mixing is 60 rpm. An advantage of mixing Carbopol in a closed box is that it signi cantly reduces the probability of contaminating the sample with particles in suspension in the air, and also to prevent the sample from drying.

The preparation protocol for 50 ml of a Carbopol mixture is the following: • Pour into a falcon tube with capacity of 150 ml, 50 ml of MB (Mobility Bu er) and introduce inside of the bottle, the helical mixer and rotate at 60 rpm.

• Slowly drop a given mass m C of Carbopol powder at in order to achieve the required mass fraction into the Falcon bottle with MB. Disperse with a spoon a small amount of Carbopol powder at a time, and wait for its dissolution in the solution. This process is repeated until the entire amount of Carbopol is dissolved in MB. This pouring process is very slow and should be done over a period of half an hour.

• Then, let the solution mix for two hours, until all the clumps have completely dissolved in the MB solution. At the end, one should obtain a semitransparent viscous substance of gray color.

• After two hours, add 150µm/l of Triethanolamine (TEA) at concentration ≥ 99%

into the solution and mix with the helical mixer to homogenize the gel. TEA is a bio-compatible weak base that also helps clarifying the solution and does not change the pH (Standard TEA bu er is at pH = 7.5).

• At the end of the process, verify that the solution stays at pH= 7 ± 0.2.

• Subsequently, leave the mixer in rotation for 48 hrs at 60 rpm. After this time, the pH should be stable at the desired pH = 7 ± 0.2 value (control after the proccess).

• The standard protocols in the literature recommend a 24 hrs up to 48 hrs, mixing process, but to ensure the maximum Carbopol hydration, I left the Carbopol for a 7

days in the mixer.

The gel hence formed, is rather robust in time and can be used for experiments over few days. However, a very important recommendation is to store the mixture in the refrigerator at a temperature of 4 • C to extend the useful life of the gel, and to decrease the rate of evaporation of the solvent, which would eventual changes its nal concentration.

When conducting the experiments, I allow the sample to stand at room temperature long enough to reach the appropriate temperature of 25 • C, the one used to ensure the motility of the bacteria in a standard way.

To guarantee a reproducible result of the nal concentrations of Carbopol, I found that it is much better to initially prepare a mother solution at concentration C = 0.5 % and then dilute this sample to obtain the di erent values according to the following relationship:

C i V i = C f V f , (2.2) 
where C i corresponds to the initial gel concentration, V i to the initial volume of gel, C f the nal gel concentration to which the initial gel is to be diluted and V f the nal MB volume to which the sample must be diluted. For the dilution process, I mix the solution with the vortex mixer1 for 120 s, to achieve a good mixing. The nal step consists in centrifuging the sample at 1350 rpm during 120 s, in order to remove any micro bubbles eventually created when the sample is mixed with the vortex machine.

White-light contrast experiments

The global aspect of the Carbopol mixture, for all the concentrations I used (up to C ≤ 0.5%) is microscopically clear, hence probing a relatively homogeneous medium. However, T C : to have an idea of possible residual heterogeneities generated by the overall swelling of the grains (that can be up to 1000 times its dry volume) and the vertical inter-grains polymeric reorganizations, I carried out a simple experiment, which consists in illuminating a Carbopol sample in white light and visualizing it under the microscope with an objective C-Apochromat 63x/1.2 W, using a Di erential Interference Contrast (DIC) lter (see gure

2.7a).

A microscope slide was prepared with a pool of height 230 µm, containing a mixture of Carbopol and MB. The visualizing protocol consists rst in detecting the bottom surface of the pool and then xing the reference height above, for all the images at 110 µm.

Once this is done, a picture is taken with the same light intensity conditions for all the concentrations of Carbopol used. Then, a visualization of the heterogeneities is obtained in post-analysis by subtracting the reference image at C = 0 using the ImageJ software embedding the 16 bytes image into 32 bytes in order to avoid a resetting at zero of negative values. These images are presented in gure 2.7b and reveal an inherent micro-structure essentially featuring a globular contrast pattern with alternated dark and white "grains". I obtained an estimation of the apparent scale by computing the spatial intensity correlation function C(R) where R is the radial distance:

C(R) = I( r + R)I( r) -( I( r) r ) 2 r | R|=R I( r) 2 r , (2.3) 
The correlation function C(R) shows a typical damped oscillation feature representative of a disordered globular structure that can be quantitatively characterized by the passage to zero at ξ 0 such as to de ne a structural scale λ 0 = 2xξ 0 , which corresponds to half the distance between white and black extrema. By systematically carrying out experiments, varying the concentration of Carbopol, it has been possible to probe the existence of the structural scale evolution with concentration: ξ 0 (C). In gure its is likely related to the typical diameter achieved by the swollen Carbopol grains in the solvent. Importantly in the context of this thesis, this heterogeneity scale is comparable to the size of the bacteria.

Rheology of the Carbopol mixtures

When Carbopol is added to the MB aqueous solvent, the mechanical features in terms of Within this scope, many complex uids such as granular materials, concentrated suspensions, gels, glasses, foams, or pastes display a behaviour that can be described empirically by a non-linear relation between shear stress σ and shear rate γ. To characterize the rheological response quantitatively, one often uses a generic form composed of a yield stress value σ 0 added to a non-linear power-law relation. The general form of this relation is called the Herschel-Bulkley model (HB) and is featured by the equation:

σ = σ 0 + a γn , (2.4) 
where σ 0 , a and n are 3 tting parameters. To analyze my experimental data, I will use another model which provides more information and will be presented after wards.

In the case of Carbopol many characterisation measurements were performed either in the industrial world or in the context of more fundamental research [START_REF] Dinkgreve | Everything ows: elastic e ects on startup ows of yield-stress uids[END_REF]. Among the important parameters to consider when studying the rheology of Carbopol mixtures, one should keep good control of the mass concentration and of the pH [START_REF] Barry | The rheological properties of carbopol gels I. Continuous shear and creep properties of carbopol gels[END_REF][START_REF] Curran | Properties of Carbopol Solutions as Models for Yield-Stress Fluids[END_REF]. In all cases, it has been found that the HB functional form is able to t correctly all the empirical data.

However, a very vivid question remains to provide a clear physical interpretation for the empirical tting parameters hence identi ed.

The physical interpretation for the rst parameter σ 0 is clear; this is a yield shear stress below which no ow is possible. It has to do with the necessity to overcome some energy barrier per unit volume in order to be able to sustain a macroscopic ow. Its value depends on physical parameters such as con nement pressure for granular matter [START_REF] Andreotti | Granular media: between uid and solid[END_REF] but also for other materials on microscopic details such as cohesive/adhesive stresses that bring particle or molecular elements bound together. However, in general, the physical signicance for the two last parameters a and n remains quite elusive except in some limiting cases.

For example, for n = 1, the model is called a "Bingham uid" [START_REF] Coussot | Bingham's heritage[END_REF] and a represents dimensionally an e ective dynamical viscosity. This form is, for example, appropriate to describe dry and frictional granular matter (for not too high shear) and nds its justi cation in a dimensionless parameter (the inertia number) that controls the rheology [START_REF] Andreotti | Granular media: between uid and solid[END_REF]. In this case, a can be expressed as a function of physical quantities such as the con ning pressure P , the material density ρ, and grain size d (a ∝ √ ρP d) [START_REF] Favier De Coulomb | Rheology of granular ows across the transition from soft to rigid particles[END_REF].

In the case of frictionless dry granular matter or viscous granular suspensions, a power law n = 1/2 [START_REF] Andreotti | Granular media: between uid and solid[END_REF] is obtained. For dry frictionless granular materials, hard or soft, the HB parameter a is ∝ P 3/2 √ ρd [START_REF] Favier De Coulomb | Rheology of granular ows across the transition from soft to rigid particles[END_REF] whereas for granular suspensions a ∝ √ P η 0 where η 0 is the solvent viscosity [START_REF] Boyer | Unifying suspension and granular rheology[END_REF]. Interestingly a similar HB rheology can be generalized to model the ow behavior of dense soft particle glasses, which forms a broad family of materials made of deformable particles in a solvent such as micro-gels, emulsion droplets, star polymers, block copolymer micelles and proteins, which are jammed at a volume fractions where they are in contact and interact via soft elastic repulsion [START_REF] Jyoti | A micromechanical model to predict the ow of soft particle glasses[END_REF]. In the framework of numerical simulations and also from experiments on microgels, a power-law n = 1/2 was obtained, value only under a key assumption that the ow is dominated by lubrication layers. Also other parameters de ning the HB rheology were identi ed as a function of material properties.

In the moderate range of concentrations 0 % < C < 0.5%, I am operating, I propose to describe the rheology of the mixture with a tting function bridging the Newtonian viscous behavior at low Carbopol concentrations, to the rheology at higher concentrations where an HB ow-curve is expected. In the spirit of soft glassy materials rheology, I will use a HB form with an exponent n = 1/2 characteristic of microgels suspensions and analyze the experimental rheological curves with the following empirical relation:

σ = σ 0 + η γ 1 + (τ 0 γ) 1/2 . (2.5)
where the parameter De = τ 0 γ can be viewed as a Deborah number involving an internal reorganisation time scale τ 0 . At low shear De 1 a linear Bingham-uid form is obtained (eventually with a Newtonian rheology for σ 0 = 0 ) and for De 1, this expression recovers the HB form with n = 1/2. In this picture the parameter η can still be qualitatively interpreted, at least from a dimensional perspective, as a viscosity (HB parameter a = η/ (τ 0 )).

This model can be compared with another presented by Caggioni et al. in 2020 [START_REF] Caggioni | Variations of the Herschel-Bulkley exponent re ecting contributions of the viscous continuous phase to the shear rate-dependent stress of soft glassy materials[END_REF], where they use the following model:

σ = σ 0 (1 + γτ 0 ) 1/2 + η bg γ. (2.6)
The parameter σ 0 is the dynamic yield stress, η bg corresponds to a viscosity that is related to the viscosity of the continuous phase and 1/τ 0 a typical strain rate. This model simple constitutive equation that considers viscous dissipation, elastic and plastic dissipation, to describe the ow behavior of uids with yield stress. Note that these two models di er in the cross-over regime where τ 0 γ = O(1). It would be interesting to compare the quality of the ts however in my thesis, but I will use only the model presented in (2.5).

Low-Shear rheometry

The range of concentrations used for the Carbopol mixtures starts from dilute solutions with viscosity near water value. Then, the best is to use a low-shear rheometer as the shear stress signal, because it allows the measurement of viscosities in shear rates (0.02 -60 s -1 ), depending on the viscosity of the sample (0.5 to 100,0 mPa•s), where only a part of this range is really accessible.

The rheometer used is a low-shear Couette Contraves 30, especially designed to probe low viscosity uids. The central feature, what makes this instrument very accurate for low shear stress measurements is that the angular position of the centerpiece is held xed by counter-rotation feedback of the suspending wire (see gure 2.9a) and the instrument measures the compensating torque [START_REF] Matías | Turning Bacteria Suspensions into Super uids[END_REF]. The shear rate depends of the rotation rate ω R of the outer cylinder, through the relation:

γ = ω R R o δ , (2.7) 
where δ in the gap space and R 0 the internal cylinder radius. Note there is a The outer cylinder wall has a radius R 0 + δ mm) with a gap space δ = 0.5 mm. The outer cylinder is rotating at an angular rate ω R which is the control parameter of the rheometer. The resulting torque is measured via a torsion wire suspending the inner cylinder. On gure (b) is displayed series of measurement for a Carbopol sample of C = 0.075 % where the shear stress signal is represented as a function of time, for di erent rotation rates ω R . The red square indicates the time interval corresponding to gure (c). By post-analysis, the value of the shear stress is obtained rst by determining the baseline via a linear t of the blue an green points. The limits corresponding to the vertical lines that can be determined manually. Then, the estimation of the stress value is obtained by subtraction of the baseline (represented by red points), which interval can also be selected manually. Thereafter, the corresponding values are averaged to obtain the mean shear stress for this rotation rate.

to C = 0.1 %.

The protocol used for the data acquisition is displayed in gure 2.9b, where one can visualize the raw stress signal captured by the rheometer as a function of time. The stress data are recorded from the lower rotation rates; to the higher rotation rates, then, the procedure is repeated decreasing the rotation rates. The graph displays stress responses with 3 di erent calibration ranges that have to be adjusted during the measurements and after there reintroduced in the post-treatment. The principles for analyzing the raw stress signal are detailed in gure 2.9.

In order to characterize the di erent Carbopol mixtures, it is good to rst obtain measurements with some uids of well-known rheology. The rst sample used was miliQ water at temperature 25 Once the reference curve for water was obtained, the rheology for the mobility bu er (MB)

and the di erent Carbopol mixtures was performed. I found that in the range of concentrations investigated, a reproducible rheological response between the up and the down rotation rates steps. For MB (see gure 2.10d), the viscosity value is extracted by tting the data with a linear function and I obtained a value about ≈ 1.1 mPa•s. This value is higher than water because MB contains other chemical compounds (L-serine, NaCl).

For the di erent Carbopol concentrations C < 0.1 % the ow curves remain linear (see gure 2.12), but with an increases of the viscosity with Carbopol concentration.

Viscosity values are obtained with a simple linear, one parameter t.

However, for a Carbopol concentration C = 0.1%, we can see on gure 2.13b, the signature of a clear non-linear rheology which cannot be captured by a simple Newtonian constitutive relation. Then, we turn to the three parameters as described by equation 2. 

Cone-plane rheometery

Now I present rheology experiments on Carbopol obtained with the Anton Paar Physica MCR 501 rheometer using a cone-plane geometry CP 25 -2). The cone diameter is D c = 24.9 mm, the angle α = 2.0 • and the truncation at about 105 µm from the bottom. (see gure 2.14a). The main advantage of this tool is that it allows at a xed rotation rate ω R to impose -for Newtonian uids-a constant shear rate everywhere in the uid: Similarly to the low-shear rheometry experiments, it is necessary to implement a well de ned protocol to measure the shear stress as a function of the shear rate. sitive when probing the low shear limit. Also, at the lower shear rates, I observe remaining stress oscillations with amplitudes of the order of ∆σ = 0.1 Pa.

γ = ω R / tan α (2.8) (a) (b)
What is important here, for each measurement step, is to drive in rotation long enough so that the cone has performed a full rotation many times in order to be able to perform an average on the stress measurements. In gure 2.15 are represented the mean (magenta and red diamonds) and error bars corresponding to the standard deviation. Now, using the average stresses σ as function of the shear rate γ (see equation 2.8), one can construct for each concentration the ow curves σ( γ). In gure 2.16, I represent for all the Carbopol concentration tested, the ow curves for increasing and decreasing rotation rate ramps. In this gure I represent separately the lower concentrations corresponding to approximately a linear regime (see gure 2.16a), and the higher concentrations featuring a non-linear (NL) rheology (see gure 2.16b, 2.16c).

For concentrations strictly lower than C = 0.1 %, we observe linear curves in accordance with the previous low-shear rheology results. We chose to t the data with a Newtonian uid law corresponding to an equation (2.4) xing parameter τ 0 = 0. However, consistently with low-shear experiments, the tting parameter values (σ 0 ≤ 0.025 Pa) do not really carry a physical meaning but would rather correspond to measurement noise. Concentrations larger or equal than C = 0.1% (see gure 2.16), we use the three parameters relation (equation (2.4) ). The non-linarity seems to be well captured by our tting function.

From each ow curves displaying a non-linear regime it is possible to extract from the three parameter tting relation (2.5), the yield stress σ 0 , the viscosity parameter η and the internal time scale τ 0 .

Rheological characterisation of the Carbopol mixtures

Having performed systematic rheology experiments with the two types of rheometers (coneplate and low shear), it is possible now to compare the ow curves and the parameter extracted in order to verify the reproducibility and consistency of the data generated by both tools. This is what is presented in gure 2.18 where I superpose the ow curves obtained for both rheometers. 

∆σ = (σ -σ 0 )τ 0 η (2.9)
In gure 2.19 are plotted all the experimental data: ∆σ as a function of the Deborah number De = γτ 0 to be compared with the non-linear interpolating function: the three set of tted parameters extracted from the rheology data.

F (X) = X 1 + X 1/2 (2.
On gure 2.20a, I display the yield stress σ 0 as a function of Carbopol concentration. One observes the emergence of a macroscopic yield stress for concentrations larger than C = 0.1 % and an increase in the measurement range up to about ≈ 100 Pa in the gel phase. This result corroborates the measurements of Di Giuseppe et al. [START_REF] Di | Characterization of Carbopol hydrogel rheology for experimental tectonics and geodynamics[END_REF] and Gutowski et al. [START_REF] Gutowski | Scaling and mesostructure of Carbopol dispersions[END_REF], who also report a yield stress above C = 0.1% in similar Carbopol solutions. 

A model motility bu er with tunable rheological properties

In conclusion to this chapter, I have shown that one can elaborate in a controllable and reproducible way, a model motility medium mixing a standard motility bu er aqueous solution with a Carbopol 940 polymer at various mass concentrations. The actual biocompatibility of this environment with the microorganisms studied will be more precisely the subject of the next chapter, however, for all the mixtures obtained, I veri ed that the addition of Carbopol does not change the pH value (pH= 7). This is essential to keep a good E. Coli swimming activity as far as the rotary motor performances are concerned.

The nal hydrated Carbopol preparations look homogeneous and transparent to the visible light, which greatly facilitates the studies of embedded microorganisms under the micro- T max /a, where a is a microscopic scale which should be of the order of the bacterium size.

This argument yields a maximal thrust stress T max /a 3 and then a penetration number: To unravel the behavior of swimming bacteria in complex uids, it is necessary to be able to track them in their environment. But a challenge is that current and straightforwards methods are often limited to 2D observation and by the visualization eld limited by the standard microscope possibilities to obtain a 3D track reconstruction. There were recently signi cant advances using a defocused patterns analysis [START_REF] Wu | Collective bacterial dynamics revealed using a three-dimensional population-scale defocused particle tracking technique[END_REF], fast vertical scanning [START_REF] Corkidi | Accurate determination of embedded particles within dispersed elements in multiphase dispersions, using a 3D micro-stereoscopic vision system[END_REF],

N p = T max σ 0 a 3 . ( 2 
and holographic imaging reconstruction [START_REF] Chiong | Strategies for three-dimensional particle tracking with holographic video microscopy[END_REF][START_REF] Memmolo | Recent advances in holographic 3D particle tracking[END_REF][START_REF] Bianchi | Holographic imaging reveals the mechanism of wall entrapment in swimming bacteria[END_REF]. Advantageously, these techniques can be high throughput, however they inherently remain Eulerian, i.e., the observation is conned to a visualization eld xed in space which limits the tracking possibilities for the motile microorganisms. The real conceptual and experimental breakthrough on this question was actually achieved 50 years ago by Berg [START_REF] Howard | Chemotaxis in Escherichia coli analysed by three-dimensional tracking[END_REF], who developed the rst Lagrangian tracking technique under a microscocope in order to investigate the swimming tracks of a E.Coli bacteria in 3D.

Recently, in the PMMH laboratory, Darnige et al. [START_REF] Darnige | Lagrangian 3D tracking of uorescent microscopic objects in motion[END_REF] developed a 3D Lagrangian tracking system under the microscope, based on a Z-axis refocusing technique through the image of the defocused pattern created by a uorescent object. This system (see gure center of the visualization eld. The set-up is mounted on an inverted microscope (Zeiss-Observer, Z1 with an objectif C-Apochromat 63X/1.2W). Images of the tracked objects are acquired at 80 Hz with a Hamamatsu Orca-ash 4.0 camera. This technique was already used to assess motility features of E. Coli swimming in MB [START_REF] Figueroa-Morales | E. coli super-contaminates narrow ducts fostered by broad run-time distribution[END_REF], to probe its interaction with solid walls [START_REF] Gaspard | Single-trajectory characterization of active swimmers in a ow[END_REF] and also, to monitor motile bacteria transported in a ow [START_REF] Gaspard | Swimming bacteria in Poiseuille ow: The quest for active Bretherton-Je ery trajectories[END_REF][START_REF] Gaspard | Single-trajectory characterization of active swimmers in a ow[END_REF].

Tracking in plane X -Y and in Z

Now I will describe in detail some aspects of the tracking technique that I have used for my thesis. In gure 3.1 a red square is shown, corresponding to a region of 100x100 pixel, "the virtual trap" in which a bacterium is kept in focus during its motion by feedback motion of the XY stage. Noticeably, it is very important to use dilute suspensions in order to prevent bacteria from crossing the bacterium being currently monitored and eventually loose it.

3D L

Bacteria swimming in the bulk of the pool will naturally go out of focus, and the tracking algorithm has a refocusing strategy based on the image of the tracked bacterium.

At rst, what is monitored during the tracking is the half-width intensity of the bacterium spot and the eventual presence of de-focusing rings. In addition, the program keeps track of the rising or descending history of the bacterium position, which may be useful at some point to decipher whether an up or a down motion is more likely for the next re-focusing step.

Prior to the tracking experiments calibration procedure was developed based on a vertical scan of bacteria images stuck at the surfaces of the bottom glass slide [START_REF] Darnige | Lagrangian 3D tracking of uorescent microscopic objects in motion[END_REF]. Close to the focal plane, the intensity half-widths of the uorescent images were determined as a function of the o -focus distance, and this calibration relation is used to determine the refocusing steps. Even though this variation is slightly non-symmetrical with respect to the focal position, the value of this parameter corresponding to a focused position is essentially a minimum. This ne detection method is then based on a minimum principle, which is inherently problematic to determine with precision whether the focal plane is below or above the bacterium vertical position. This could be a source of oscillations or high-frequency detection noise in Z, hence rendering the vertical position detection less reliable than the horizontal positions in X and Y . In the case of a signi cant de-focusing far above, the presence of rings can be used to refocus properly. However, in the other direction, this is not the case. And eventually, the bacterium can be lost in case of a bad choice of direction for the refocusing step, even though the program keeps track of the history of descent or raising in order to inform the subsequent motion choice. For the X and Y positions, the detection method is based on a rather accurate determination of a centroid corresponding to a segmented image of the bacterium. This is essentially why for quantitative analysis, when I determined the positions and consequently the velocities of the bacteria, I have used a frequency lter through a smoothing procedure that is di erent for vertical and horizontal positions.

3D swimming tracks of bacteria in mobility bu er

Now I present reference experiments, suited to determine the standard behavior of E. Coli bacteria swimming in the motility bu er (MB), a Newtonian uid which viscosity was de- 3D L termined in the previous chapter. These experiments are very similar to the 3D tracking experiments carried out by Figueroa-Morales et al. [START_REF] Figueroa-Morales | E. coli super-contaminates narrow ducts fostered by broad run-time distribution[END_REF].

To do that, I used two wild-type E. Coli bacteria, the RP437 [START_REF] John S Parkinson | Isolation and behavior of Escherichia coli deletion mutants lacking chemotaxis functions[END_REF] with a body emitting in the yellow range via a protein YFP. Furthermore, I used two ∆CheY mutants for which the tumbling process was suppressed. The rst, CR20, is derived from RP437 [START_REF] Taejin L Min | High-resolution, long-term characterization of bacterial motility using optical tweezers[END_REF] and the second, AD63 is stemming from AD62. In the following subsection, I will describe the protocols used to grow bacteria and prepare the samples in order to do the tracking experiments.

E. Coli culture protocol

Bacteria preparation was carried out of the following standard protocol [START_REF] Howard C Berg | coli in Motion[END_REF]. The E. Coli inoculation is made overnight, in a falcon tube of 50 ml, using 5 ml of standard culture medium (M9G), plus 0.5 µml of antibiotic per ml of growth media using inoculation loop.

The bacteria are obtained via scratching the surface of a stock tube frozen at -80 • C.

An antibiotic is used to select bacteria containing a speci c plasmid with a uorescence competency and a defense against the prescribed antibiotic. The antibiotic used depends on the bacterial strain. In my case, I am using Ampiciline for E. Coli CR20, AD63, AD63, and chloramphenicol for E. Coli RP437.

After the growth of the bacteria population overnight (15 -16 hrs), the nal bacteria suspension has an optical density OD ≈ 0.5. (values of 0.44 < OD < 0.5, are considered as good values 1 ). The desired amount of bacterial solution is washed three times, before carrying out any type of experiments. To do that, the suspension is centrifuged for 5 min at 5000 rpm. Then the supernatant liquid is removed and MB plus L-serine (0.08 g/ml) is added and the bottom bacteria pellet re-suspended.

Usually, after the last wash, the clean bacteria pellet is nally re-suspended in 1 ml of MB, with one OD ≈ 0.35. With this mother sample, solutions can be made to obtain mixtures with a low density of bacteria, which is essential to carry individual tracking of swimming bacteria for a long time.

In my experiments, bacteria naturally undergo gravity e ects which causes a sedimentation process. This is a big issue because after some times, most of the bacteria will only be swimming at the bottom surface. To avoid this issue, I used a standard preparation and washing protocol as previously described [START_REF] Figueroa-Morales | E. coli super-contaminates narrow ducts fostered by broad run-time distribution[END_REF][START_REF] Gaspard | Single-trajectory characterization of active swimmers in a ow[END_REF][START_REF] Gaspard | Run-to-tumble variability controls the surface residence times of E.Coli bacteria[END_REF]. At the end of the washing procedure, bacteria were re-suspended in a solution consisting in 50% of MB plus L-Serine and 50 % of Percoll to obtain a non-buoyant suspension. Moreover, I added a tiny amount of PVP360 prepared at 1% of concentration (1µml). This last addition is used to avoid bacteria sticking at the solid glass walls.

Note as an important manipulation detail, I used syringes instead of pipettes to capture an deliver the bacterial uids. Actually, the hole of a 1 ml syringe without needle has a relatively large diameter and reduces damages to the agella due to high shear heated at the outlet. It is also more e cient when working with Carbopol, since the suction power of a micro-pipette is too limited to be able to handle such a highly viscous uid.

Preparing the bacteria swimming pool

To perform experiments using the 3D tracking system, I prepared swimming pools for bac- 3.3a. I Also found that the sealing was not perfect and some evaporation was taking place for long tracking times.

teria
To avoid this issue, in most of my experiments, I preferentially used a transfer double tape (Gudy 804), represented in gure 3.3b. This device also presents the advantage of letting the possibility to design pool shapes according to my needs and, eventually, larger edges that can slow down the evaporation process. The pool has a diameter of 10 mm and a height of 230µm, dimensions for which I found that the bacteria tracking was more reliable.

And indeed, this new design seems to present less problems of evaporation, which is good for long-time tracking.

Also, I found out that when using a standard microscope slides of thickness 150µm, the weight of the pool and the uid sample were creating a curvature on the slide. All this caused a displacement of the reference zero, which turned out to be problematic for quantitative measurements. This issue could be solved using a glass slide microscope of thickness 2 mm, however, the water 63X objective is not designed to work with slides of such thickness, then it is necessary to invert the system like in gure 3.4, where I present the nal version of the tracking cell. In this arrangement, the cover slide of standard thickness 1.5 mm serves as the bottom surface for the swimming pool. This is the preferred design I used to study bacteria swimming in various complex uids. 

Wild-Type Bacteria and Smooth Runner in motility bu er

To perform a good and e cient tracking, bacterial suspensions were prepared in a dilute regime in order to avoid inter-bacteria collisions that can fool the tracking algorithm. From a bacteria solution in high OD ≈ 0.35, I take, one droplet full with bacteria with an inoculation loop of capacity 1 µl, and I deposit it in an Eppendorf tube with 0.5 ml of MB, 0.5 ml of Percoll and 1 µl of PVP360. Finally, I obtain a solution with an optical density of OD ≈ 0.1, which generates the ideal conditions to carry out an individual tracking of swimming bacteria.

When swimming in the pools, E. Coli bacteria can explore either the bulk or the surfaces of the container. On surfaces, agellated bacteria display very speci c circular trajectories due to the hydrodynamic interactions of the body and the rotating agella with the surfaces [START_REF] Willow R Diluzio | Escherichia coli swim on the right-hand side[END_REF][START_REF] Lauga | Swimming in Circles: Motion of Bacteria near Solid Boundaries[END_REF] (see gure 3.5b). Tumbling processes are essential for bacteria to leave the surfaces [START_REF] Molaei | Succeed escape: Flow shear promotes tumbling of Escherichia colinear a solid surface[END_REF][START_REF] Gaspard | Run-to-tumble variability controls the surface residence times of E.Coli bacteria[END_REF], and wild-type strains display large residence times at surfaces [START_REF] Gaspard | Run-to-tumble variability controls the surface residence times of E.Coli bacteria[END_REF]. This propensity to stay at the surfaces is manifested macroscopically by a higher concentration in the vicinity of solid walls [START_REF] Allison | Hydrodynamic attraction of swimming microorganisms by surfaces[END_REF]. For smooth swimmer mutants, however, the only mechanism that allows a surface escape is the Brownian rotation di usion [START_REF] Schaar | Detention times of microswimmers close to surfaces: In uence of hydrodynamic interactions and noise[END_REF]. Consequently, this mechanism being rather ine cient, the surface residence time for smooth strains is very long, even much longer than for wild-types. Figure 3.5: 3D trajectories obtained with the 3D Lagrangian tracking system for (a) a RP437 "wildtype" and (b) a CR20 "smooth-runner" mutant in the same standard mobility bu er (plus Percoll and PVP360, see text). The rst bacterium presents a typical run and tumble process and, the mutant only performs a run in the bulk with disorientation due to the Brownian rotational di usion. The starting point is set at coordinates (0,0,0).

In my thesis I, was essentially interested in characterizing the dynamics of bacteria swimming in the bulk. However, it is much easier to "chase" a candidate for tracking at the surfaces. Consequently, when working with smooth runner strains I had sometime to wait very long, to get a trajectory of a bacterium performing swimming in the bulk after the taking-o .

For quantitative analysis of the bulk trajectories, one has to de ne a separation boundary between surfaces and the bulk. I chose a limiting height based essentially on the size of a bacterium, including agella. Since the body size of a bacterium for a so-called "baby runner" (i.e., just after the last division) is 2 µm and the agella distance is around 6 -10 µm, it is appropriate to de ne these limits in a length of 10 µm from each surface (top and bottom). In gure 3.6 are displayed the Z coordinate as a function of X for a wildtype RP437 ( gure 3.6b) and a smooth runner CR20 ( gure 3.5b). I show the separation between the surface and bulk regions with a dotted red line, at Z = 10 µm. The red points correspond to the surface region and the blue points correspond to the bulk.

The mobility of a bacterium re ects not only its own internal ability to move autonomously through the inherent capacities of the rotary motor as well as the internal chemotactic sensory system, but also it is a probe of the mechanical properties of its micro-environment. Analyzing data for a single particle allows to quantify the mechanical properties of the micro-scale environments non only through the swimming velocity but also through the calculation of the mean-square displacement (MSD) and the orientation persistence time as de ned in the previous chapter (See equations (1.5) and (1.8)). In the presently discussed case, we have a motility bu er, with a Newtonian viscosity value of η = 1.05 • 10 -3 Pa•s. In the following, I will expose how these information can be extracted from individual tracks in the simple Newtonian rheology case. Also in the case of the various non-Newtonian uids exposed further, the methods will be essentially the same with some eventual adaptations that will be described when necessary.

Swimming velocities

From the 3D reconstructed trajectories in the bulk, it is possible to obtain information about the swimming velocity V B as a function of time along each track. To compute the velocity coordinates, I performed a ltering process of the spatial coordinate with a smoothing time of t xy = 0.2 s in X -Y coordinates and t z = 0.5 s in the Z direction2 . Smoothing are performed with a standard Savitzky-Golay procedure 3 . Figure 3.7 displays the swimming velocities V B for a smooth runner and a wild type bacterium as a function of time.

From gure 3.7 it is possible to appreciate that for those two tracks, the swimming velocity of the smooth runner displays less uctuations than for the wild-type. This is generally what is happening essentially due the suppression of the tumbling process.

In gure 3.8, I displayed the probability density function (PDF) for the swimming velocity of the strains presented previously. To characterise the swimming velocity V B for each track, I determine the mode corresponding to the peak of the distribution. In practice, from the highest PDF value, I selected all the values around this point corresponding to a distribution larger or equal to 1/3 of this value. On those selected point I perform a twoparameter t (V B and σ V ) with the Gaussian distribution: regimes is clearly much larger than τ max , which means that the determination of a di usion constant in those conditions is essentially spurious. This is the case for most tracks, either wild-type or smooth runner in these conditions (MB). The reason is that the continuous trajectories taken in bulk will not last long enough before being recaptured by surfaces to display a cross-over to the di usive regime. Therefore in the rest of the thesis, we will qualify those tracks as "Pure Ballistic" (PB), and for those tracks, no di usion coe cient can be extracted.

F (V ) = 1 σ V √ 2π e - (V -V B ) 2 2σ 2 V , ( 3 
Note that eventually, in some cases, the value of the tting limit τ max could be increased to test if provided a good adjustment to the fürth-function remains valid, the cross-over time τ c would eventually come-out signi cantly smaller than τ max . In this case, the tted di usion constant can be viewed as a fair representation of the exploration process. I designed an analysis program that can o er this possibility by adjusting by hand the τ max value for each track. In this case the di usion coe cient can be measured and the track falls in the category ballistic di usive (BD). 

Orientation correlation function

C f it (τ ) = A exp(-τ /τ p ), (3.2) 
where, τ p is a tting parameter representing the orientation persistence time. Due to the high frequencies process ltering, and also to the possibility for bacteria to display fast wobbling body oscillations, the short time correlation decay may not necessarily represent the long-time orientation de-correlations that we are looking for. This is why I performed exponential ts between a cut-o lag-time τ cut = 0.5 s and τ max = t m /10 s. Also, as a function of the normalize shifted time τ = (τ -τ cut )/τ p for all the tracks. In this gure is also represented the exponential decay function exp(-x). One can observe a collapse of the data on this function and the con rmation that for these tracks, particularly for the smooth runner, the tracking time duration can sometimes be too short to display a full decay of the orientation correlation. On gure 3.12 are displayed the tted persistence times for each tracked bacterium (identi ed by a number). For a smooth runner, the average persistent time is τ p = 37, 8 ± 7, 4 s, and for wild-type bacteria, the average persistence time is 7.6 ± 2.2 s. Interestingly these results are consistent with those of Figueroa et al. (2019) [START_REF] Figueroa-Morales | Mechanical shear controls bacterial penetration in mucus[END_REF], con rming a large distribution of persistence time for the wild-type essentially associated with behavioral variations. In contrast, for the smooth runner, data are more gathered around 30 s.

I

Two-colors Lagrangian tracking method

From the turning of this century, several experimental techniques managed to visualize agella by uorescence staining, For example in 2010, Turner et al. [START_REF] Turner | Visualization of agella during bacterial swarming[END_REF], used uorescence microscopy to visualize the agellar laments of E. Coli bacteria. To do that, they added in the bacterial suspension, a thiol-reactive dye, to label the agella. Such direct visualisation methods were found to be essential to the clari cation of the detailed bacteria kinemat-3D L ics in association with motility features. This was an important step to describe the full kinematics associated with the tumbling process and the bundling/de-bundling dynamics [START_REF] Turner | Real-time imaging of uorescent agellar laments[END_REF]. These techniques were also used to study the morphological transitions undergone by agella laments when a an extension force is applied [START_REF] Nicholas | Force-extension measurements on bacterial agella: triggering polymorphic transformations[END_REF]. More recently, Berg's group developed a technique to visualize agella while tracking [START_REF] Turner | Visualizing agella while tracking bacteria[END_REF]. Using this Lagrangian tracking technique they noticed the presence of events in which laments undergo polymorphic transformations but remain in the bundle, leading to small de ections in the direction of travel. Also, they could describe that actually, very commonly, only a small fraction of laments were involved in the tumbling process.

In the following, I will describe how in the PMMH group, we were able to extend our 3D Lagrangian tracking technique to follow the agellar dynamics of E. Coli strains while swimming. This technique was applied recently in the PMMH group to visualize and compare the dynamics of bacteria tumbling in bulk and at surfaces [START_REF] Gaspard | Run-to-tumble variability controls the surface residence times of E.Coli bacteria[END_REF]. Here I show how to adapt this technique to bacteria swimming in di erent complex uids.

As mentioned earlier, the bacteria strains used for the two-color tracking are different from the RP437 and CR20 used before. They are genetically modi ed to express a green uorescent protein in the body and most importantly, the agella bear a genetic modi cation to bind with a uorescent protein called Alexa Fluor 647 C2-maleimide (Thermo Fisher Scienti c 420347). Bacteria AD62, improperly called "wild-type", are performing a run and tumble kinematics, whereas, AD63 is a smooth-runner ∆CheY mutant of this strain. Both strains were constructed out of E. Coli AB1157 [START_REF] Susanne | The occurrence of a genetic transposition in a strain of Escherichia coli[END_REF]. The wild type iC gene, which encodes the agellin subunit (which polymerises to form the bacterial agella lament) was modi ed so that a cysteine was substituted for a serine amino acid at position 219 (S219C). This mutation allows a labeling of the agella with Alexa Fluor 647 dye. This mutation technique was developed in the group of Wilson Poon in Edinburgh by Angela Dawson.

To achieve what we call a "two-color tracking", we use a led light source (Zeiss Colibri 7) that illuminates the bacterium with 2 colors to excite both the GFP and Alexa-Red uorophores. The body emits in the green range (EGFP) with an excitation wavelength for the body λ b ex = 489 nm and an emission wavelength λ b em = 509 nm. For the alexa-red uorophore, the excitation wavelength is λ f ex = 594 nm, and the emission wavelength is λ f em = 633 nm. It is also necessary to use a special lter (Filter Set 90 HE LED) that allows to pass only the emission wavelengths mentioned before. Then, at the outbound of the microscope, along the light-path to the visualization camera, we implemented a beamsplitter, W-VIEW GEMINI from Hamamatsu. This image-splitting optics separates through a dichroic mirror, the light coming out of the microscope into two beams ltered around di erent wavelengths. The corresponding ltered images are then put at two di erent places of the camera chip, which is a pixel matrix of size 1024 × 1024 pixels. See gure 3.14 for a representation of the experimental setup.

After post-processing of the camera chip image, a 1024 × 512 pixels image is obtained, where the red-colored agella are re-associated to the green-colored body. To obtain simultaneous body/ agella visualization in two colors, we designed a Matlab program to fabricate a composite Red-Gren-Blue (RGB) image made of 3 channels, each coded on 2 8 levels. The original image out of the camera is coded on 2 16 levels. The image processing consists in merging the image corresponding to the body of the bacterium at the top of the camera pixel matrix (put into the green channel), with the agella image at the bottom of the pixel matrix (put into the red channel). Finally, the green and red channels are reassociated to create a RGB-colored image. The blue channel is kept in black. The spatial shift parameters used for the superposition of the images were primarily de ned from a test mire image.

Two colors bacteria preparation protocol

The microbiology protocol suited to prepare the "two colors bacteria", consists in inoculating the strain overnight in Luria-Bertani (LB) broth plus ampicillin as an antibiotic, using an orbital shaker placed in the incubator at 30 circ C. The shaking speed is 200 rpm. After one night, 50 µl of bacteria suspension is transferred into a falcon tube of 50 ml containing 5 ml of TB and 5 µl of ampicillin. After 4 hours inside the incubator at 30 circ C, the bacteria suspension is washed 3 times and transferred into an Eppendorf tube containing 1 ml of Berg's Mobility Bu er (BMB) and 10 µl of Alexa Fluor 647. After that, the suspension needs to be shaken for 2 hours so that the Alexia-red uorophore will bind to the agella. When nished, bacteria need to be washed three times and they will be ready for the tracking experiments. Taking bacteria from an Eppendorf tube (the concentration will be around OD ≈ 0.35) with an inoculation loop of 1µl, one should dilute this in another tube containing 500mul of Percoll, 500mul of BMB and 1mul of PVP360, Once this is done, the new suspension is ready to perform the tracking experiments in good uorescence conditions and with the correct low concentration. . The rst displays a trajectory with multiple changes in direction and the second swims in bulk with a rather persistent direction.

Two-colors Lagrangian tracking

Now I present the tracking experiments for both strains AD62 and AD63. Unfortunately, we realized that, even though the tracking of the body could be performed for long times as before, the red agella signal would fade away after a minute or so because of the photobleaching of Alexa-red by the excitation light. Therefore, for both bacteria strains, I characterized the swimming behavior as in the previous chapters, but rst, without the agella visualization.

In gure 3.15 are presented the 3D trajectories for both bacterial strains. Figure 3.15a corresponds to the wild type in BMB, going from the bottom surface to the top surface of the visualization chamber. Figure 3.15b shows the same for a smooth-runner bacterium.

Time resolved velocities V b (t) are displayed in gure 3.16. The smooth-runner has a velocity, which contains less uctuations than the wild-type. Analyzing the probability density function (PDF) for the wild type AD62 (see gure 3.16a) and the smooth runner AD63 (see gure 3.16c), one can observe indeed a lesser variance for the smooth strain and also a larger swimming velocity V B out of the PDF mode value. Quantitatively, one obtains V B = 29.0 ± 7.5 µm/s for AD62 (wild-type) and V B = 35.6 ± 1.8 µm/s for AD63 the smooth-runner.

A time lapse for a swimming wild-type AD62 bacteria is displayed in gure 3.17. 3D L On the run process, bacterium AD62 run with all its agella bundled (see gure 3.17(a)), but in the tumbling phase (see gures from 3.17(b) until 3.17(g)), the bacterium un-bundles its agella to change the swimming direction, and then continues with the run process, see gure 3.17(h). However for a smooth runner AD63 bacterium, displayed in gure 3.18, one can observe the bacterium swimming in only one direction during the entire tracking time, without presenting any disturbance in its trajectory. Most importantly, one can observes that the agella always stay in bundles during the swimming process.
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In the next chapter, the swimming process will be characterized for the 4 types of bacteria presented in this chapter (RP437, CR20, AD62, AD63), but in a uid with a complex rheology, out of di erent Carbopol mixtures. To study the motility of bacteria in an environment with tunable rheological properties, a

Carbopol mixture is prepared at a given concentration according to the method described in chapter 2. Once the bacterial suspension is prepared in the standard motility bu er, bacteria must be re-suspended in the Carbopol mixture prepared at a given concentration C, in order to obtain the sample that will be observed under the microscope. To do that, I take 1 µl of bacteria suspension and put it in an Eppendorf tube with 1 ml of MB plus L-Serine, such as to obtain a nal OD ≈ 0.2. I take 5 µl from this sample and dilute it in an Eppendorf containing a volume of 1 ml of the Carbopol solution. The mixture is thereafter agitated by hand very gently for 60 seconds. Once the bacteria mixture is ready, I prepare a microscope slide with a swimming pool of height 230 µm. With a syringe, a drop of Carbopol plus bacteria suspension is deposited inside the pool and covered with a glass cover-slide. Then, the sample is ready to perform the tracking experiments. This procedure is the same for all bacteria strains.

Smooth-runner E. Coli swimming in Carbopol: a rst qualitative description

The motility of bacteria in standard MB was studied earlier and characterized using the 3D

Lagragian tracking technique [START_REF] Figueroa | Active bacterial suspensions: From microhydrodynamics to transport properties in micro uidic channels[END_REF][START_REF] Figueroa | Active bacterial suspensions: from microhydrodynamics to transport properties in micro uidic channels[END_REF][START_REF] Figueroa-Morales | 3D spatial exploration by E. coli echoes motor temporal variability[END_REF][START_REF] Figueroa-Morales | E. coli super-contaminates narrow ducts fostered by broad run-time distribution[END_REF][START_REF] Junot | Active versus passive hard disks against a membrane: mechanical pressure and instability[END_REF][START_REF] Gaspard | Swimming bacteria in Poiseuille ow: The quest for active Bretherton-Je ery trajectories[END_REF]. In chapter 3, I recovered similar results as far as the swimming velocities and the orientation correlation times are concerned (both for the wild-type and the smooth-runner strains). In the following, I will rst focus on the "smooth-runner" CR20 strain in Carbopol and describe how its motility evolves with Carbomer concentration. The idea is to remove, in a rst step, the tumbling process in the description of the emerging motility features. The study of the wild-type RP437 will come afterwards and will be compared to the outcome of the smooth-swimmer strain. Systematic experiments with E. Coli CR20 were performed for a collection of 30 tracks taken in the bulk, per Carbopol concentration. I used a range of Carbopol concentrations C from 0.025 % to 0.5 %, similar to the range explored in the previous studies presented in the chapter on Carbopol rheology.

Starting from the results of the previous chapter de ning a reference situation for a smooth-swimmer in MB, I found, for an increasing value of the concentration, the accumulations of episodes with strong changes in direction. Also, I could visualize the progressive emergence of a "stop and go" dynamics. In In the rst two cases, the tracks present strong changes in the swimming directions, sometimes associated with transient stoppage ("stop and go dynamics"). In the third, the bacterium loses its persistent swimming velocity and in the fourth it is almost completely stuck. In the sub gure titles are indicated the di erent modes characterising the trajectories (BD: "ballistic di usive", PD: "pure di usive" and AS: "almost stuck"). real e ective large scale displacement. For concentrations above C = 0.4 %, I could not nd any situation were bacteria where actually moving. The emergence of a stop and go dynamics is also concomitant to the presence of multiple changes in direction that do not necessarily coincide with a full stoppage. Noticeably, "stop and go" events may appear very transients, even for quite dilute concentrations, I could observe short slowing down events, sometimes leading to transient trappings, for concentrations as small as C = 0.025 %.

Structural evolution of the trajectories

From the previous section, we have seen a signi cant qualitative evolution of the exploration process for the smooth-swimmer mutants when the Carbopol concentration is in- creased. Now, I am going to characterize more quantitatively the progressive structural evolution of the swimming trajectories.

B C (a) (b) (c) (d) 
In a previous contribution, Miño et al.in 2011, studied active swimmers at a solid surface and categorized them into "active swimmers" for swimmers performing ballistics trajectories and "random swimmers", for those performing random di usion-like trajectories [START_REF] Mino | Enhanced di usion due to active swimmers at a solid surface[END_REF]. This separation was found crucial to understand the activation of a passive tracer in a bath of bacteria. In practice, the separation was founded on a tool that computes for each track, a dimensionless number called the "compacity number" N c and an angle θ , called the "mean redirection angle" at each step. In the following, I will describe how those quantities can be adapted to the present situation and can be used to characterize the progressive evolution of the exploration kinematics. First, the compacity number N C is built to separate between compact tracks and elongated linear tracks (see gure 4.4). It is essentially the ratio between the maximal ex-B C tension of the track L T (i.e., the smallest sphere diameter that encompasses the track) and the actual length l T along the track, for a track duration T :

N C = L T l T = L T τ T ∆r , (4.1) 
where τ is the time de ned for one step where vector ∆ r is the displacement for a time step τ . ∆r = ∆ r is the the mean step length along the track. In Using all the trajectory data for the "smooth-runner" CR20, I computed the (N C , |θ| ) values. The value chosen to de ne the time step is τ = 0.2 s. On gure 4.6, the values are displayed with a symbol color code rendering the Carbopol concentration. One can observe a progressive shift of the track shapes with concentrations, roughly along the line joining the (1, 0) to the (0, π/2) points. It means that at low concentration, the trajectories are essentially ballistic and persistent, to become di usive and eventually con ned at higher concentration with a redirection angle at each step becoming more and more randomized.

Finally, from this graph, one can already see that for a given concentration there is still a diversity of trajectories coexisting with di erent values of the compacity numbers and the mean redirection angles. In the following I will seek to extract more quantitative information from those tracks.

Trajectory classi cation and motility parameters

Now I seek to characterize the motility features similarly to as what was done for bacteria in the motility bu er. However, prior to that, I need to characterize the tracks according to the di erent parameters that one can extract from a statistical analysis of the trajectories (swimming velocity, di usivity, persistence time). For example, in the motility bu er, the tracks would enter essentially in the category "Pure Ballistic" (PB) and we have seen that we could obtain values for the swimming velocity and the persistence time but not for the di usivity since the track duration were not long enough to reach a fully di usive regime.

In next subsections, I will describe in detail 5 categories characterizing the exploration process out of the tracking data: Pure Ballistic (PB) , Ballistic-Di usive (BD), Mixed-Di usive (MD), Pure Di usive (PD) and nally, Almost Stuck (AS). This will be useful to identify the di erent parameters that can be extracted and to de ne some statistical ensemble in order to obtain average quantities that will be discussed thereafter.

Pure Ballistic behavior (PB)

At lower concentrations, I obtained several "Pure Ballistic" trajectories. See an example at concentration C = 0.025 % in gure 4.7 with the corresponding velocity along the tracks V b (t), the velocity PDF, the mean square displacement and the orientation correlation functions. These trajectories are very similar to the one found in the motility bu er.

In this swimming category, bacteria's velocity undergoes more uctuations and the mean value extracted from the PDF, is found to have a lesser value than for the bacteria swimming in standard MB (we will see that quantitatively later). From the MSD it is still not possible to extract a di usive parameter D using the Fürth tting function but still one can obtain a value for the orientation correlation persistence time τ p .

Ballistic Di usive behavior (BD)

In Carbopol, one can observe a new category of trajectories for which the MSD displays two distinct regimes separated by a cross-over time τ c smaller than the maximum time lag time (see gure 4.8). This cross-over value was determined out of a Fürth function t and delimits a cross-over between a ballistic and a di usive regime. Moreover, the velocity PDF is such that one can extract the mode of the velocity distribution through a Gaussian t to obtain V B . As for the case in standard motility bu er, the tted data are obtained B C between 1/3 of the max and the max. Sometimes, to be able to separate for the velocity data stemming from the stoppage dynamics, I chose the data above a cut-o value, usually taken at V cut = 10µm/s.

In this category, the orientation correlation C(τ ) displays a decay and it is possible to extract via an exponential t, a persistence time τ p . The details of the method are described in the previous chapter for swimming in standard MB.

Mixed Di usive behavior (MD)

When the concentration of Carbopol is increased over the yield stress point (C * = 0.1 %), there is, as we have seen, an increase of the periods where the stoppage is present. These can be seen in gure 4.9a. There are tracks where the swimming velocities are not easily obtained by the previous method using the velocity PDF. However, there are parts of the trajectory where eventually it is still possible to extract the swimming velocity by selecting manually the right times where manifestly bacteria are swimming (see g 4.9b and 4.9c).

Moreover, for the MSD 4.9d), one can hardly see a ballistic regime (the cross over time is lower than 0.5 s our trajectorysmoothing cut-o ) and sometimes for the orientation correlation, it happens that no persistence time can be extracted. In this MD category essentially there is at least one parameter either V B or τ p that cannot be obtained. Importantly, for this category a di usion constant D can still be obtained.

Pure Di usive behavior (PD)

There are tracks were no swimming velocity can be extracted and neither a persistence time (see g 4.10). Those trajectories display a velocity that uctuates strongly from the base line at V = 0 to values that can be at high as 20µm/s or 30µm/s with some times interruptions due to a transient stoppage of the bacteria. In this case however the mean square displacement is essentially linear and only a di usion constant can be extracted.

Almost Stuck behavior (AS)

For this category, bacteria cannot swim in the bulk of the Carbopol suspension at least over a large distance for the time of observation. The 3D trajectories reduce only to displacements of a fraction of a micron or less, eventually oscillating and from time to time and B C uctuating more actively, which probably represents attempts to free from the entrapment.

PDF distributions are strongly peaked at zero with a mean width σ V that represents eventual peaks of velocity uctuations. In this Almost Stuck mode (AS), the MSD may increase to saturate to an almost nite value or eventually display a very small creeping displacement. The correlation orientation here has a strong decay immediately to zero, denying the possibility of extracting a persistence time τ p .

Trajectory classi cation and evolution with concentration

First, to summarize all the behavioral categories found for the E. Coli smooth-runner bacteria exploring the Cabopol mixture, I displayed in table 4.1, for each category, the possibility to extract the di erent motility parameters V B , D and τ p .

V B D τ p PB √ x √ BD √ √ √ MD √ /x √ √ /x PD x √ x AS x x x
Table 4.1: Motility variables that can be measured for each trajectory trajectories. "

√ " means that it can be measured, "x" means that it cannot be measured and " √ /x" that in some cases it can be measured.

For all the tracks that were recorded and lasting more than 15 s, I display in gure 4.12, f s the fraction of the tracks falling in the (AS) category. Noticeably, I obtained a sharp onset for concentrations larger than C = 0.1 %, the onset of yield stress and this fraction reaches f s = 1 at concentrations C > 0.4% for the smooth swimmers and above C > 0.3%

for the wild-types. a given concentration one can observe trajectories in di erent categories also pointing to on the disordered character of the mechanical situation at the level of one bacterium. This evolution describes a progressive trapping process in presence of activity that we are going to quantify in the next section.

Wild-type E. Coli Bacteria swimming in a Carbopol mixture

Having revealed and characterized the swimming behavior of smooth runner bacteria in Carbopol in the previous section, I now extend the study to wild type bacteria using the RP437 strain to compare with smooth runner CR20 strain.

After performing systematic 3D Lagrangian tracking experiments with the wildtype bacteria at di erent Carbopol concentrations, the resulting swimming behavior appears to be very similar than the one obtained for the CR20 strains. The tracks could be categorized in the same way (PD, BD, MD, PD, AS). In gure 4.14, I displayed all the results pointing on the possibility for a common scenario describing the trapping process.

Therefore, in the following section, I will present the statistical analysis for both the smooth-runner and the wild type bacteria, going through all the variables extracted from the previously performed analyzes.

Statistical analysis of the motility features

Once having classi ed the bacteria trajectories it is possible to carry out a statistical analysis of the di erent motility features by eventually grouping or separating the di erent categories to obtain average values of the three main characteristic features: the swimming velocity, the di usion coe cient, and the persistence time. This analyze is also important as we seek try to establish a link between the rheological properties of Carbopol and bacteria motility.

Mean Bacteria Velocity V B in Carbopol

Here, I decide to group all the categories for which it was possible to perform a measurement of the swimming velocity V B (PB, BD and MD) at a given Carbopol concentration C. In gure 4.15, one can observe that the fraction f s of such bacteria displays a plateau at a value of one in the viscoues regime and then a strong decrease to zero in the C = 0.1 % -C = 0.3% range. From the reference experiments in Chapter IV , it has been found that the mean swimming value < V 0 B > of both bacteria strains in the standard motility bu er is di erent. In gure 4.15b, I plotted the relative speed V B / V 0 B as a function of the concentration C. The data show a gradual decreases from the situation in the standard motility bu er which seems very similar for both strains. This may be an indication that the environment essentially governs the swimming dynamics. At concentrations above C ≈ 0.3 % seems to emerge a motility barrier that arrests most of the swimming bacteria. Interestingly for smooth-runners, I still could nd few isolated trajectories where bacteria could swim even deep in the soft gel phase, looking like those described in low concentrations of Carbopol, but with a reduced exploration volume.

In Chapter I, section 1.1.6, I presented a graph extracted from the article of Martinez et al.(2014) [START_REF] Vincent | Flagellated bacterial motility in polymer solutions[END_REF], who characterized the swimming behaviour of E. Coli in di erent polymeric uids of Newtonian rheology. From there, a relationship between the relative swimming velocity and the relative uidity (inverse viscosity) was extracted and found to be characteristic of the rotary motor response. In gure 4.16, I plotted on the same graph the relative velocity versus the relative uidity de ned by the viscosity parameters extracted from the previous rheology measurement. In the Newtonian regime the agreement of the B C relation between the swimming velocity and the viscosity, for the wild-type and the smooth runner is good, and the results match those of Martinez et al. [START_REF] Vincent | Flagellated bacterial motility in polymer solutions[END_REF]. Above the yield stress, if tentatively,I consider a uidity de ned with the viscosity parameter extracted for the rheology measurements ( tting equation (2.5)). Then it appears that this quantity is not at all a good predictor -even qualitatively-for the swimming velocity. One has a quasi-null uidity but still a signi cant swimming velocity. 

Swimming direction persistence

Now, I will characterize the motility of bacteria in the polymeric suspension, using the orientation correlation function C(τ ) as a direct measurement for the swimming direction persistence. The persistence time τ p is extracted from an exponential decay t (see gure Interestingly, for a small addition of Carbopol, one observes a persistence time τ p for wild-type and for smooth-swimmers, bearing very similar value, whereas in standard MB, their values is very di erent as discussed previously. Thereafter, at higher concentration, the value decreases down to values of the order of the lag time cut-o τ cut = 0.5s for In gure 4.20, I plotted the di usion constant for the ballistic di usive tracks (BD) as a function of the expected value for di usion in the case of a run and tumble process with a Poisson distribution for the running and tumbling times and random reorientation at each step (see (1.11) in Chapter 1). There is a tendency for both strains, to collapse their data over the theoretical curve. However, a remarkable feature here, is the lack of systematic variation with concentration, which somehow contradicts the clear decrease observed for V B and τ p with concentration. This result points to the fact that each bacteria could potentially experience in time, all the possible categories but with a probability that would depend on the actual Carbopol concentration. This scenario is also consistent with the fact that for changing concentrations, the di usion values for (BD), (MD) and (PD) categories display a speci c range of di usivity, more or less independent of the actual concentration. Within the limited range of observation in time of my experimental measurements, essentially limited to few tens of seconds up to a minute, I was only able to identify some typical category but I did not capture all the possibilities that bacteria could eventually undergo through their spatial exploration at a given concentration. This results also points on an 

Characterization of the agellar dynamics using twocolor tracking in Carbopol

From the previous study, it appears that the progressive structuring of the Carbopol mixtures with concentration plays a primordial role in controlling the bacteria motility features.

It is probable that the emergence of a cross-linked network and also, the presence of swelled Carbopol grains suspended in the motility bu er, is ruling over the intrinsic motility features of the bacteria. Remarkably, the behavioral changes displayed by the wild-type strain that can tumble by de-bundling of its agella, follows a very similar phenomenology than the smooth-runner, which does not have this possibility. However, the previous analysis on the tracks did not identify any microscopic process that could lead to control of the motility features in the complex uid. In this section, I will be using the 2-colors tracking method to see if it is possible to provide a more precise vision of what physical process may lead to changes of direction while swimming in Carbopol. In As shown in this gure, this remarkable feature seems to be related to the manifestation of a fully developed buckling process undergone by the body/ agella structure. There is an alternation of successive blockades followed by buckling and a subsequent propulsion at a high velocity in another direction. The compound of such small jumps and subsequent changes in moving direction eventually lead to a di usion process. This process is a reminiscent of the tumbling process reported for some mono-agellated marine bacteria using shear gradients to induce a bucking process of the agella [START_REF] Dr Brumley | Flagella, exibility and ow: Physical processes in microbial ecology[END_REF][START_REF] Potomkin | Flagella bending a ects macroscopic properties of bacterial suspensions[END_REF]. The main motivation of this doctoral thesis was to understand how E. Coli, a model motile bacterium, can swim in a complex uid and eventually in which conditions it may cross a motility barrier made of a gel-forming polymeric uid. To deepen the understanding of bacterial behavior in such a complex environment, I elaborated a minimal model medium, with varying and controllable rheology ranging from a Newtonian uid to a non-linear yield-stress uid. I have chosen Carbopol polymer at various dilutions states as a complex uid model.

I have shown that in Carbopol, which is a network-forming gel composed of swelled hydrated grains, the bacteria motility can be strongly a ected by an increase in the polymer concentration. At high polymer concentrations, i.e., in the gel phase, and signi cantly above the onset of a yield-stress rheology, a motility barrier is formed by permanently trapping the swimming micro-organisms and thus preventing bacterial contamination. Quantitatively, the extension of the penetration domain below the formation of the motility barrier was rationalized by putting forward a dimensionless number coined as the "penetration number", which compares the maximal penetration stress developed by the micro-organisms to the complex uid yield stress that can be varied by increasing the polymer concentration. In the bacteria permeable region, I brought evidences for a new motility regime, which seems to take control of the swimming kinetics very rapidly after adding the polymer in the motility bu er. I call this novel motility regime "Medium Assited

Tumbling" (MAT), and its features are summarized in the following.

The presence of polymer in the suspension seems to overdrive the di erent exploratory modes undergone by two motile E. Coli strains ,i.e., a wild-type performing run and tumble kinematics and a "smooth-swimmer" mutant where tumbling is suppressed.

The rst one displays, in a standard motility bu er, a strong behavioral variation of its persistence time controlled by the succession of tumbling processes. The second, displays continuous uctuations of its swimming orientation driven by thermal uctuations (Brownian rotation noise). Soon after the addition of the polymer in the form of dry Carbopol grains that swell and interpenetrate in a water solvent, one can observe in the medium a new scale for the directional swimming persistence time, which characterizes the emergence of a di usive exploration process. This scale and its subsequent values for both strains when polymer concentration is increased, are essentially the same. The mean persistent time decreases in average with the concentration until it reaches a quasi undetectable value at the edge of the motility barrier. In parallel, the swimming velocity -as long as it could be detected -decreases slowly with concentration, even above the onset of the yield stress.

Above the yield stress onset, the complex uid macroscopic rheology is characterized by orders of magnitude increase of the yield stress and the e ective viscosity values. However, the swimming velocities as long as it can be measured, seems to be moderately a ected by this.

In a phenomenological way, the 3D bacterial tracks reveal the emergence of a may undergo bending or even buckling e ects under longitudinal forcing due to the penetration process. This complex uid/structure process leading to a change of shape of the agella bundle is also bound to a ect the swimming orientation and the spatial exploration process.

Importantly, the situation I describe in this thesis associated with the emergence of Medium Assisted Tumbling (MAT) is radically di erent, if not totally opposite to the phenomenology described by Patteson et al. [START_REF] Ae Patteson | Running and tumbling with E. coli in polymeric solutions[END_REF] (see Chapter 1) on the motility in a polymeric uid. However, Patteson et al., use a linear polymer as a complex uid, which seems to induce a very di erent motility scenario compared to the network forming polymeric structure I am using.

It would also be interesting to see to which extend the MAT scenario could be extended to the understanding of contamination containment in important cases of biological uids such as mucus (see appendix A), or also environmental materials such as clay in soils.

In those cases the eventual deletion of the motility barrier has crucial implications in terms of health and fresh water preservation. An interesting application would be to extend the model I developed in my thesis to those media in order to understand more fundamentally this complex phenomenology.

A A B M

Once the motility of E. Coli bacteria in Carbopol mixtures with tunable rheology, has been characterized using the 3D tracking system, I tried a bio-polymer called Mucin5, which comes from porcine stomach, to build a proxy for bacteria swimming in mucus.

During the course of my doctorate, one opportunity has arisen to establish a collaboration with the School of Medicine, at Sorbonne University with the group of Prof.

Karine Clément, to study the possible physical and biological insights stemming from bacterial crossing mucus barriers in the context of metabolic diseases. The objective is to shed new light on the mucus/microbiota link alterations together with the physical and physicochemical factors associated with bacteria motility through intestinal mucus. For this, I begun to carry out experiments with mucin coming from pig stomach, together with a post-doc of this group, Thiphaine le Roy. We de ned a protocol to purify the mucin extract out of the Sigma-Aldrich catalog in order to prepare powder components that will be use to elaborate the motility medium. Thereafter, we performed experiments using the 3D Lagrangian tracking system, from where I obtained results similar to my experiments with the Carbopol model.

In the next sections I will present a small review on mucin, together with the preparation protocol that we have de ned to carry out the tracking experiments with E. Coli. Finally, I will present some preliminary results.

A Then a precipitation process will take place until the next day, such as to remove all impurities in the bulk mucin solution.

B) For the second day (from ≈ 9:00 -18:00):

• Set the centrifuge apparatus temperature at 4 • C.

• Transfer the mucin solution into falcon tubes of 50 ml.

• Centrifuge the mucin solution to remove larger impurities during 40 min at 3200 g at a temperature of 4 • C.

• During the centrifuge process, take a new set of 50 m falcon tubes and dispense in them 28 ml of ethanol previously cooled at -20 • C.

• Transfer 18 ml of the supernatant solution per falcon tubes and return gently the mixture in the tubes 5 times.

• Centrifuge the falcons during 10 min at 3200 g and empty the supernatant out of the falcons.

• Re-suspend the pellet in 7.5 ml of NaCl solution for each falcon tube and pool them by 2.

• Add in addition, 24 ml of ethanol cooled at -20 • C, and return gently the mixture in the tubes 3 times.

• Centrifuge the falcon tubes for 20 min at 3200 g.

• Re-suspend the pellets in 15 ml of NaCl solution.

• Add in the falcons tubes 24 ml of ethanol cooled at -20 • C and return gently the mixture in the tubes 3 times.

• Centrifuge for 20 min at 3200 g the falcon tubes.

• Remove the supernatant and dissolve the pellets in the falcon tubes in 20 ml of mQ water cooled at 4 • C.

• Transfer the nal mixture (all the falcons contents) into dialysis tubes.

A.2 Smooth-runner E. Coli swimming in Mucin: a rst qualitative description

After carried out the experimental tracking of smooth-runner bacteria in one color, the analysis protocol is the same as with Carbopol. The 3D trajectories are reconstructed to obtain information on the swimming velocity, the MSD and the orientation correlation function C(τ ).

In the next subsection I will present trajectories found at di erent mucin concentrations, in a range of 0.025 % < C < 7 %.

A.2.1 Trajectory classi cation in mucin

Previously in Chapter 4, section 4.4, I had de ned 5 categories to classify the bacteria swimming behavior. I also found in mucin the categories: "pure ballistic" (PB) (see gure A.3), "ballistic di usive" (BD) (see gure A.4), "mix di usive" (MD) and "pure di usive" (PD) (see gure A.5), at di erent concentrations C. However, in spite of the presence of a "stop and go" dynamics (see gure A.4), its seems that the category "almost stuck" (AS) was not really present. Bacteria always managed to escape on the long run. This could come from di erences between the polymer chemical structures. An answer could dwell in the value of the "penetration number", because it is a parameter that depend on the bacteria pushing strength respectively to the yield-stress value. Unfortunately, I had no time to perform systematic rheology experiments in order to access this information.

Globally, I also found that increasing the concentration there is a progressive shift from PB, BD, MD and PD categories. 

A.2.2 Statistical analyze.

Grouping the experiments per category, I did a simple analyze for the statistical variables I could measure. First, the mean swimming velocity V B , de ned in chapter 4 is displayed in gure A.6. Globally, the swimming velocity V B decreases for the whole range of mucin concentration C. From the MSD it is possible to extract the di usive parameter D for the categories BD, MD and PD. This is displayed in gure A.7, where the di usivity parameter decreases in almost 2 decades with increasing concentration. Finally, on gure A.8 is displayed the persistence time τ p as a function of mucin concentration C. As with Carbopol, one can observe a sharp decrease of the persistence time as soon as mucin is added. However, in this case its seems that we have a plateau of value ≈ 8 s up to concentration C = 3 %. Thereafter, the persistence time decreases to low values on almost one decade. This part is also similar to Carbopol phenomenology. All these results are interesting because they describes a phenomenology akin to the one observed for E. Coli bacteria swimming in Carbopol, reinforcing the idea that the medium is taking control on the swimming and the exploration processes. It would be interesting in the future, to study in more details these e ects because this could help to understand from a mechanical perspective how bacteria can penetrate mucus barriers, and The protocol I used for mucin mixtures is the same as a with Carbopol, but with the little di erence that Alexa-red interacts naturally with mucin, hence providing a good visualization contrast for the surrounding under the excitation wavelength without the necessity for white light addition.

In gure A.9, I displayed a time-lapse of a smooth-runner swimming in mucin at a concentration C = 4 %. Remarkably, the agella present qualitatively the same behavior as in Carbopol. In snapshots from A.9(a) until A.9(i), we can see clearly the bacterium undergoing a strong change in swimming direction, globally rotating by an angle of ≈ 180 • , through a manifest buckling process of the agella bundle. Using all this information, I could easily discriminate the spurious 3D tracks and associated them to the Almost Stuck (AS) category.
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 11 Figure 1.1: Schematic representation of an E. Coli bacterium.The body is made up of 3 di erent layers, one of them being the cell wall, which is made of a thick layer of protein and sugar that prevents the cell from bursting. The internal plasma membrane, in contact with the cytoplasm, is made up of lipids and proteins. The periplasm is the space between the inner and outer membrane in Gram-negative bacteria. In the cytoplasm, ribosomes produce proteins, and DNA does not have any structure attached to a surrounding membrane. Flagellar motors go through the cell membranes and activate in rotation the agella, which represents the mean of propulsion of the bacterium.
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 22 ) the average is performed mathematically over a large number of random walk realizations, with the average run time τ r = τ r i , S = τ and α = cos θ i . Parameter f represents the fraction of time bacteria are in the run phase, i.e., f = τr τr+τt , with τ t = τ t i the average tumbling time.
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 12 Figure 1.2: Illustration of a Run and Tumble spatial exploration as a random walk. (a) Schematic representation of the compound of steps l i forming the random-walk process. For the i th step, the angle θ i is the angle between l i and l i+1 at tumbling location i. (b) Example of a random walk generated numerically with a velocity V B = 1. The run and tumble processes are Poisson processes of mean times τ r = 1 and τ t = 1 respectively. The tumbling reorientation is a di usive process with a rotation di usion constant D r = 1 hence yielding α = 1/3 ((1.12)). (c) Corresponding Mean Square Displacement (MSD) as a function time τ averaged over 100 realisations. The theoretical relation of Lovely and Dahlquist [66] (see equation (1.2)) is tested. The t, following Fürth equation (equ. (1.6)) yields D f it = 0.2484, and Lovely and Dahlquist theory yields D = 1/4. The inset is a zoom on the ballistic region. Simulations are courtesy of Quentin Guigue, PMMH-ESPCI [46].
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 13 Figure 1.3: Bacterium velocity orientation vector p(t) along the trajectory traveled by a bacterium swimming at a velocity V B = V B p. At the two points, M at time t and M at time t + τ , the change of angular direction is Ψ such that: cos Ψ = p(t). p(t + τ ).
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 14 Fig 1.4 (b), I display the results of Figueroa-Morales et al. [38], showing the correlation times computed from short-time trajectories and for di erent Wild-type E. Coli. The graph displays indeed a large distribution of values and an average persistence time around 1.5 s.
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 14 Figure 1.4: Swimming persistence times obtained from E. Coli 3D tracking by Figueroa-Morales et al. [38]. (a) Example of two trajectories of monoclonal wild-type E. Coli swimming in the same motility bu er. (b) Collection of the swimming persistence times τ p obtained for di erent tracks pieces in di erent conditions for short observation times. All values are for wild-type strains except for the black symbols on the rightmost position corresponding to a smooth-runner. (c) Long-time evolution of the persistence time τ p obtained for 2 individual tracks of a wild type E.Coli in motility bu er. The τ p values for each track are extracted from intervals successive of span 20 s shifted 5 s along the trajectory.
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 15 Figure 1.5: Schematics of a rotatory motor. The motor is made up of concentric rings attached to the agella through a exible hook. The stators drive the rotor in rotation when it is crossed by a proton ux. Image from Nirody et al. (2016) [76].
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 16 Figure 1.6: Torque-speed curve T int (Ω M ) for the agellar motor of an E. Coli as a function of the rotation rate Ω M and the di erent temperatures according to Berg et al. [9]. In red the nominal regime at 23C corresponding to a sharp decrease of the motor torque with the rotation rate. In blue the stall torque regime of almost constant value T max . The two green curves correspond to the external torque values T ext for low and high uid viscosity. Zero Reynolds hydrodynamic equations yield a relation T ext ∝ ηΩ M . A motor working point corresponds to an intersection point between the external and internal torque curves (T ext = T int ). The nominal regime changes with temperature.
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 17 Figure 1.7: Swimmming relative velocity V B /V 0 B for an E.Coli, as a function of relative uidity η 0 /η of the surrounding uid. Blue data represent PVP60 solution and red data, PVP360 solutions. One can identify the two motor regimes: the nominal regime ( red line) and the stalled regime (blue line) where V b ∝ 1/η.
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 18 Figure 1.8: Swimming kinematics of E. Coli in both Newtonian and viscoelastic uids (after Patteson et al. [79]). (a) Trajectories of E. coli cells in a motility bu er and (b) in a polymeric solution (CM CM W = 710 5 , c = 500 ppm, c * = 104, η = 19 mPa•s). (b) Swimming velocity as a function of CMC concentration. (c) Translations di usion coe cient as a function of CMC concentration. (d) Rotation di usion coe cient as a function of CMC concentration.
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 21 Figure 2.1: Carbopol: (a) Chemical structure of the carbomer ,i.e., a polyacrylic acid (CH 2 -CHCO 2 H) n , (b) dry powder as the initial preparation component (c) Hydration process corresponding to the swelling of the polymer chains and the formation of a physical cross-linked gel (after review by Jaworski et al. [48]).
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 22 Figure 2.2: Results obtained by Lee et al. (2011) using light scattering technique to explore the structural scales in a Carbopol mixture at di erent concentrations and pH. In graph (a) are the scattered light intensity S(q) for Carbopol concentration C = 0.1 % and pH = 3.8, unveiling a large length scale ξ 1 = 6.0 ± µm and a short length scale ξ 2 = 0.4µm . The parameters D f 1 and D f 2 represent the fractal dimension and the lower image display the residual. The second image (b), show the values obtained for large scale ξ 1 as a function of pH, the image (c) display the scale parameter for the small scale ξ 2 as a function of pH.

Figure 2 . 3 :

 23 Figure 2.3: Confocal microscopy of a Carbopol gel labelled by Rhodamine B. Image shows uorescent Carbopol structures at a concentration C = 0.5% wt (scale bar represent 10 µm and the image area is 101x101µm 2 ) [42].
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 2425 Figure 2.4: Schematics of the visualization set-up under a reversed microscope (a). A white-light is illuminating the Carbopol dry grains dispersed in oil over the bottom cover slip surface. (b) image obtained with a magni cation 63X and using a DIC lter. The scale bar represent in the image 4 µm.

Figure 2 .

 2 5a displays the SEM image of a Carbopol 940 powder deposited on a double contact tape. The image was captured with a electron beam of intensity 10.0 kV and an inner chamber pressure of 100 Pa. Figure2.5b shows under the same conditions, a small aggregate, where it is possible to distinguish individual grains of diameter of approximately 0.2µm, in agreement with the study of E Di Giuseppe et al. (2015)[START_REF] Di | Characterization of Carbopol hydrogel rheology for experimental tectonics and geodynamics[END_REF].

:Figure 2 . 6 :

 26 Figure 2.6: Helical vortex mixer built to prepare the Carbopol mixtures in reproducible conditions. Image 2.6 displays a general photography of the whole setup. Image 2.6b is the schematic representation of the 3D printed helical mixer with a length of H = 9.5 cm, the helical structure has a thickness of D 1 = 0.5 cm and the central axis a diameter of D 2 = 1 cm. The helical mixer shaft is xed to the motor by means of an aluminum connector.
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 2728 Figure 2.7: White-light experiment under the microscope to visualize the Carbopol heterogeneities, where in the rst image it is shown a schematics of the set-up 2.7a, consisting of an C-Apochromat 63x/1.2 W objective and a (DIC) lter. In gure 2.7b, resulting images after post processing (see text) displaying the contrast heterogeneities at di erent Carbopol concentrations C. The scale bar for all the pictures represents 6 µm.

  the ability to ow (viscosity or yield stress), change drastically. For the highest concentration I used, one has clearly a solid gel that stops owing when manipulated and thus can sustain gravity forces. To quantify at the macroscopic level, the owing properties, I performed systematic rheology measurements using two di erent rheometric devices. A standard rheometer (Anton Paar Physica MCR 501) with a cone-plate geometry (diameter of 25 mm), in the PMMH laboratory and a low-shear rheometer (Contraves 30) with a cylindrical Couette geometry, in the FAST laboratory in Orsay with the help of Harold Auradou.

(Figure 2 . 9 :

 29 Figure 2.9: Low-shear rheometry. Figure (a) displays the Couette shear tool used to carry out the low-shear rheology experiments. The inner cylindrical piece is cylinder with a radius R 0 = 5.5mm)The outer cylinder wall has a radius R 0 + δ mm) with a gap space δ = 0.5 mm. The outer cylinder is rotating at an angular rate ω R which is the control parameter of the rheometer. The resulting torque is measured via a torsion wire suspending the inner cylinder. On gure (b) is displayed series of measurement for a Carbopol sample of C = 0.075 % where the shear stress signal is represented as a function of time, for di erent rotation rates ω R . The red square indicates the time interval corresponding to gure (c). By post-analysis, the value of the shear stress is obtained rst by determining the baseline via a linear t of the blue an green points. The limits corresponding to the vertical lines that can be determined manually. Then, the estimation of the stress value is obtained by subtraction of the baseline (represented by red points), which interval can also be selected manually. Thereafter, the corresponding values are averaged to obtain the mean shear stress for this rotation rate.

Figure 2 . 10 :

 210 Figure 2.10: Flow curves for MiliQ water and mobility bu er (MB) are obtained in same conditions at a temperature of 25• C, by increasing and decreasing the shear rate. Graph 2.10a corresponds to the ow curve of MiliQ water, graph 2.10c corresponds to mobility bu er. On the right-hand side of the ow curves, is represented the corresponding viscosity as a function of the shear rate (obtained using a linear tting function F linear = η γ). In the two ow curves, a perfectly linear t of the curves can be obtained. From rheograms the viscosity for the four samples is presented, thus noting that the value increases along with the concentration. For water, η = 0.9 mPa•s and MB 2.10d, η = 1.1 mPa•s.

Figure 2 . 12 :

 212 Figure 2.12: Flow curves for Carbopol mixtures obtained at a temperature of 25 • C. Graphs 2.11a and 2.11c, correspond to Carbopol at concentrations C = 0.0375 % and C = 0.0625 % respectively.From rheograms the viscosity for the two samples is presented, Also here, the value increases along with the concentration. For Carbopol, corresponding to concentration C = 0.0375 % 2.11b , η = 2.25 mPa•s and η = 3.5 mPa•s and for concentration C = 0.0625 % 2.11d.
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 213 Figure 2.13: Flow curve for the Carbopol mixture at a concentration C = 0.1 % displayed in gure (a). Experimental data are tted with with a viscous function (black line). On gure (b) is displayed the corresponding e ective viscosity η ef f = σ/ γ (red line).

From gure 2 . 75 s - 1 .Figure 2 . 14 :

 2751214 Figure 2.14: Figure (a) displays a schematic representation of the cone-plate geometry, α is the angle between the cone and the bottom surface and ω R represents the rotation rate of the cone. In gure (b), sketch of the rheological protocol used to carry out the experiments (see details in the text).Region I corresponds to the high shear rejuvenation process, region II to ascending rotation rates, region III, the relaxation pause and region IV to the descending rotation rates corresponding to similar rotation rate values as in II.

Figure 2 . 15 :

 215 Figure 2.15: Shear stress raw data obtained with the cone-plane rheometer as a function of time, for concentrations (2.15a) C = 0.025 %, (2.15b) C = 0.1 % and (2.15b) C = 0.5 %. Data are generated for two rotation rates steps series (see protocol details the in text): rst increasing the rotation rate 1 < ω R < 100 s -1 and then decreasing the shear rates, 100 < ω R < 1 s -1 . For each set of rotation rates are represented the average stresses (magenta diamond for ascending and red diamond for descending). The error bars correspond to the standard deviations around the mean.

Figure 2 .

 2 Figure 2.18a shows the data for Carbopol concentrations at C = 0.025 % and gure 2.18 for C = 0.1 %. The agreement between both rheology methods is rather satisfactory, especially considering that we are probably working close to the accuracy limits of the Anton-Paar rheometer. It also con rms the validity and reproducibility of the method used for the Carbopol mixture preparation.

10 )Figure 2 . 16 :

 10216 Figure 2.16: Flow curves displaying shear stress σ as a function of the shear rate γ for the coneplane rheometer in linear scale. In graph (a) are shown the linear region corresponding to Carbopol concentrations 0.025 % < C < 0.075 %. The graph below (b) represent concentrations 0.1 % < C < 0.175 % and the graph at the bottom (c), shows the ow curves for concentrations of 0.2 % < C < 0.5 %. In all the graphs, circles markers represent the ascending data and diamond markers the descending. The tted red curves correspond to the ascending data acquisition and the tted blue lines to the descending shear rate acquisition.
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 217218 Figure 2.17: Flow curves displaying shear stress σ as a function of the shear rate γ for the cone-plane rheometer. All the graphs correspond to the same ones shown above in gure 2.16, but displayed in semilog scale.

Figure 2 . 19 :

 219 Figure 2.19: Rescaled shear stress ∆σ as a function of the Deborah number for both rheological experiments. In gure 2.19a, Log-log scale representation and 2.19b same data in a linear representation. The inset corresponds to Deborah numbers in the cross-over region between the linear (X) and the HB (X 1/2 limiting regimes. Diamonds correspond to low-shear and crosses to the coneplane data. The red line is the function F (De) = De/(1 + De 1/2 ) (see equation 2.10).

Figure 2 . 20 :

 220 Figure 2.20: This gure displays the three rheological parameters extracted from the ow curves, as a function of Carbopol mass concentration C (in per cent). The rst graph 2.20a displays the shear stress threshold σ 0 , revealing the appearance of a shear stress threshold at C ≈ 0.1 %. The second graph 2.20b displays the tted parameter viscosity η. The green line is the exponential regime η N (C) = η 0 eC/C * with C * = 0.05 %, tted on the Newtonian response of the low-shear rheometry. The last graph 2.20c shows the internal relaxation time scale τ 0 . For all the graphs, blue circles represent the cone-plate rheometry and red diamond, the low shear rheometry.

Figure 2 . 21 : 7 .

 2217 Figure 2.21: Picture of a sample of Carbopol mixture prepared with mobility bu er at concentration C = 0.5 % neutralized by TEA at pH = 7.

. 12 )

 12 Considering a maximal torque value T max = 5.10 3 pN•nm[START_REF] Howard | Torque generated by the agellar motor of Escherichia coli[END_REF] and a microscopic size a = 1-5µm, one can obtain a cross-over estimation (N c = O(1)) around typical yieldstress values σ 0 = T max /a 3 = 0.6 -5 P a, which interestingly would correspond to typical concentrations 0.15 -0.2 percent (see gure 2.20a),i.e., right in the range of Carbopol mass concentrations we have studied. Note also that this simple argument is strictly valid for one motor. It is not clear how the pushing force would vary for a bundle composed of 4-5 agella individually driven by their motors. Therefore, with this model motility bu er, I will be able to study systematically, the penetration properties of motile bacteria in a gelforming complex uid when changing the rheological environment by simply tuning the

3. 1 )

 1 is able to assess in real time, the 3D coordinates of a swimming uorescent bacterium, through a time-resolved feedback based on successive images of the tracked object, which are analysed by a computer program in Labview. The image characteristics are then used to drive (i) a mechanical horizontal stage in X and Y and (ii) a piezoelectric vertical stage, such as to keep the object Z position in focus and in a virtual trapping area close to the

Figure 3 . 1 :

 31 Figure 3.1: The Lagrangian tracking device contains a three-axis XYZ automated stages. A camera placed at an outer window of a Zeiss ®inverted microscope is lming the uorescent bacterium position in a virtual trapping area (red square). A feedback action on the stage positions is made out of an image processing via a Labview ® program, such as to keep the bacterium focused in Z and remaining in the central region of the trapping area. The time-resolved 3D XYZ trajectories can be stored and then subsequently analyzed .

Figure 3 . 2 :

 32 Figure 3.2: Calibration of the re-focusing strategy. Normalized intensity pro le for a uorescent E. Coli bacterium as a function of the distance to the focal plane ∆Z corresponding to three regions: (a) "far above" the focal plane, characterized by the presence of rings around the bacterium image, (b) "at the center" ,i.e., close to the focal plane where the intensity is maximal and (c) "far below", characterized by a decrease in the spot intensity but without presenting rings. (d) Calibration curve for the half-height width of the intensity pro le displays a minimum at the focal plane (after Darnige et al. [27]).

Figure 3 . 3 :

 33 Figure 3.3: Schematic representation of the con ning working pools used in the tracking experiments. (a) con guration with a square shape Gene Frame ® sticker. In (b), is presented the handmade double tape designed as a circular pool over the microscope slide. The suspension is deposited via a syringe as a 1 mL droplet, and then the preparation is covered by a top slide.

Figure 3 . 4 :

 34 Figure 3.4: Schematic representation of the experimental set-up used to track bacteria in 3D, featuring the bacteria suspension con ned between two glass slides.

Figure 3 . 6 :

 36 Figure 3.6: De nition of the separation between bulk and surfaces for the tracking experiments. In both graphs, are displayed the height Z as a function of the X coordinate.Figure (a) corresponds to a wild-type RP437 and (b) to a smooth runner CR20. For all experiments, the bulk was delimited between 10 µm < Z < 190 µm and the dashed lines show the boundaries.

  Figure 3.6: De nition of the separation between bulk and surfaces for the tracking experiments. In both graphs, are displayed the height Z as a function of the X coordinate.Figure (a) corresponds to a wild-type RP437 and (b) to a smooth runner CR20. For all experiments, the bulk was delimited between 10 µm < Z < 190 µm and the dashed lines show the boundaries.

Figure 3 . 7 :

 37 Figure 3.7: Swimming velocity modulus V b (t) as a function of time corresponding to tracks of gure 3.6. Figure (a) is the wild-type RP437 and gure (b) is the smooth runner CR20. The red lines correspond to the mode velocities and the dashed lines correspond the standard deviations around the mode (see text and gure 3.8 for de nition).

Figure 3 . 8 :

 38 Figure 3.8: Probability density function of the swimming velocity V b (t) corresponding to a wild-type (a) and smooth-runner (b). Points between the maximal value and 1/3 of it, are selected to perform a Gaussian t and determine the mode value de ned by V b and the standard deviation σ V . For the smooth-swimmer: V b = 26.6 ± 2.1µm/s and for the wild-type V b = 27.4 ± 2.0µm/s.

. 1 )Figure 3 . 9 :

 139 Figure 3.9: Means of swimming velocity V b as a function of bacteria number. Graph (a) for wild type bacteria, where the mean is V B = 23.0 ± 3.8µm/s, magenta line represent the standard deviation of V B for dashed line. For smooth-runner strain, the same is shown in graph (b), with a population avarage mean swimming velocity of V B = 24.0 ± 3.8µm/s.

Figure 3 . 10 :

 310 Figure 3.10: Mean square displacement for wild-type (a) and smooth-runner bacteria (c), tted with a two parameters Fürth function (1.6) to extract the ballistic velocity V 0 and the ballistic/di usive cross-over time τ c . The vertical green bar represents the maximal time-lag time τ max over which the t was performed. In both cases, the cross-over time τ c is not signi cantly related from the maximal lag time τ max and thus no di usion constant can be extracted. The track fall into the pure ballistic category (PB). In the rigth-side is displayed the time correlation orientation for wild-type (see gure (b)) and for smooth-runner (see gure (d)), from where the persistence time can be extracted by a exponential t, providing a value of τ p = 10.7 s (wild-type) and τ p = 51.3 s (smooth-runner).

  Now, we consider for each track the swimming velocity orientation p = V b / V b along a trajectory. Then one can compute the orientation correlation function C(τ ) according to equation (1.8) for each individual track using a sliding average up to the maximal value of the time-lag τ max = t m /10, where t m is the maximal track duration. Two examples of orientation correlation functions are presented for the same tracks as the previous MSD examples in gure 3.10, (b) for the wild-type and (d) for the smooth runner. For both tracks one can observe a decay that can be captured using an exponential function:

  have taken A = 1/C(τ cut ) and tted the correlation data with one parameter to extract τ p . Therefore, this parameter is an estimation of the persistence time, essentially limited in precision by the limitations in track duration. In gure 3.10 (b) (for the wild-type) and (d) (for the smooth runner), I present some examples of the shifted correlation function for the wild type and the smooth-swimmer. In gure 3.11, I displayed all the re-scaled correlations functions C(τ ) = C(τ )/C(τ cut )
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 311312 Figure 3.11: Re-scaled orientation correlation C(τ ) as a function of re-scaled shifted lag time τ MB. Graph (a) shows C(τ ) for the case of RP437 bacteria, graph (b) displays the same for smooth-runner bacteria. The function y = e -x is represented in dashed line.

Figure 3 .

 3 Figure 3.13: E. Coli bacterium with a agellar lament, visualized by H. Berg (2003) [9] using a uorescent microscope at an acquisition frequency of 60 Hz.

Figure 3 . 14 :

 314 Figure3.14: Two-color bacteria visualization technique, where the schematic of the two-colors upgrade of the 3D tracking system is represented. A beam-splitter optical device projects green and red light onto the upper and lower part of the pixel matrix of the camera, allowing to obtain a visualization of a bacterium with its agella in a color di erent from its body. The tracking is performed on the green body.
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 315 Figure 3.15: 3D trajectories for a wild-type bacterium AD62 ( gure (a)) and for the smooth-runner AD63 ( gure (b)). The rst displays a trajectory with multiple changes in direction and the second swims in bulk with a rather persistent direction.

Figure 3 . 16 :

 316 Figure 3.16: Swimming velocity V b (t) as a function of the time with the corresponding PDF, for a wild-type AD62 [(a), (b)] and a smooth-runner AD63 [(c), (d)]. On the PDF the velocity mode is extracted to characterize the swimming velocity V B . For AD62 (wild -type) V B = 29.0 ± 7.5 µm/s and for AD63 the smooth-runner V B = 35.6 ± 1.8 µm/s.

Figure 3 .

 3 Figure 3.17: Two-colors visualization of the swimming process. Time lapse for an AD62 bacterium 3.17 with a green uorescent body and red agella stained with Alexa Red 647. For wild-type bacteria the snapshot has been taken in (a) = 6.64 [s], (b) = 6.80 [s], (c) = 6.84 [s], (d) = 6.86 [s], (e) = 6.90 [s], (f ) = 6.92 [s], (g) = 6.96 [s], (h) = 6.99 [s], (i) = 7.01 [s], (j) = 7.04 [s], (k) = 7.08 [s], (l) = 7.14 [s], (m) = 7.17 [s], (n) = 7.21 [s], (o) = 7.25 [s] and (p) = 7.28 [s], all the pictures describe the tumbling process. Bar scale represent 5 µm.

Figure 3 . 18 :

 318 Figure 3.18: Two-colors visualization of the run-phase process. Time lapse for an AD63 3.18. Smooth-runner bacterium is describing a swimming process without change the direction, the time correspond to (a) = 9.21 [s], (b) = 10.25 [s], (c) = 11.44 [s], (d) = 12.30 [s], (e) = 13.12 [s] and (f ) = 13.97 [s]. Scale bars of gure (a) are the same for gure (b).
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 41 Sample preparation to study E. Coli in Carbopol by 3D Lagrangian tracking

Figure 4 . 1 :

 41 Figure 4.1: 3D trajectories of smooth-runner bacteria swimming in the bulk at Carbopol concentrations C = 0.05% (a), C = 0.15% (b), C = 0.2 % (c) and C = 0.4 % (d).In the rst two cases, the tracks present strong changes in the swimming directions, sometimes associated with transient stoppage ("stop and go dynamics"). In the third, the bacterium loses its persistent swimming velocity and in the fourth it is almost completely stuck. In the sub gure titles are indicated the di erent modes characterising the trajectories (BD: "ballistic di usive", PD: "pure di usive" and AS: "almost stuck").

Figure 4 . 2 :

 42 Figure 4.2: Swimming velocity V b as a function of time for a concentration C = 0.05 % in gure (a) and C = 0.15 % in gure (c). The corresponding velocity PDF's are displayed on the right-hand side of the respective gure. In (b) and (d) the mode velocity V B can be obtained using a Gaussian t.

Figure 4 . 3 :

 43 Figure 4.3: Swimming velocity V b as a function of time for a concentration C = 0.2 % (see gure (a)) and for C = 0.4 % (see gure (c)). The corresponding velocity PDF's are displayed on the righthand side of the respective gures. For (b) and (d), no swimming velocity could be extracted as the orientation persistence time is too short.

Figure 4 . 4 :

 44 Figure 4.4: (a) Qualitative representation of the compacity number N C for a trajectory lasting a time T cut in pieces of time τ (see details in the text). Three typical trajectories: (b) a straight uniform trajectory, (c) a di usive trajectory and (d) a con ned trajectory.

  gure 4.4 (a) I displayed a sketchy representation of this number. In gure 4.4 (b),(c),(d), are presented three simple cases o ering a qualitative interpretation for N C . If the trajectory is straight and made of regular steps of length ∆r = V τ , one obtains N C = 1. Thus for dominantly ballistic trajectories , one should expect a N C values close to one. For a di usive trajectory this number goes to zero as 1/ √ T . Therefore, for a ballistic-di usive regime this number value should be intermediate. Finally, for a particle which motion is con ned within a sphere of radius r 0 , N C goes to zero as 1/T . The second characterisation parameter is the "mean redirection angle" θ for each step of duration τ . A qualitative representation of it is displayed in gure 4.5. For each step, one de ne a redirection angle between 0 and π. For persistent tracks, one expect a value θ = 0 and for a random re-orientation process, a value θ = π/2.

Figure 4 . 5 :

 45 Figure 4.5: (a) Angle θ k between two successive steps ∆ r k and ∆ r k+1 along the track, for a time lag τ . (b), schematic representation of the position of the di erent tracks of gure 4.4 in the (N C , |θ| ) plane.

Figure 4 . 6 :

 46 Figure 4.6: Mean redirection angle |θ| as a function of compacity number N C of smooth-runner bacteria as a function of Carbopol concentration, where a changes in the swimming characteristics were quanti ed by relation 4.1.

Figure 4 . 7 :

 47 Figure 4.7: Figure (a) displays the 3D trajectory of a smooth swimmer at a concentration C = 0.025 %.Figure (b) the velocity V b as a function of time, gure (c) a PDF, (d) the MSD as a function of lag-time τ showing essentially a ballistic regime, and (d) the orientation correlation featuring a longtime persistence (τ p = 19.3 s) obtained by an exponential t. Such tracks are categorized as pure ballistic (PB).

Figure 4 . 8 :

 48 Figure 4.8: 3D trajectory of a smooth swimmer at a concentration C = 0.1% (a). Swimming velocity in (b), (c) PDF, (d) Mean square displacement MSD and (e) time correlation C(τ ) such tracks are categorized as ballistic di usive (BD).

Figure 4 . 10 :

 410 Figure 4.10: This gure displays the typical information that can be extracted for a mixed di usive (MD) type trajectory. (a) 3D trajectory for a concentration C = 0.3 %, (b) the velocity as a function of the time, (c) the PDF (c), (d) the MSD and (e) the orientation correlation function C(τ ).
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 4411 Figure 4.13 shows how the trajectory features evolve with concentration in the plane (N c , θ ) with special symbols attributed to the 5 categories de nes earlier. The lling color still represents the concentration values as in gure 4.6. This graph provides a more precise scenario describing the progressive decrease in motility re ected on the kinematics of spatial exploration when Carbopol concentration is increased from a Newtonian uid to a the formation of a gel. On average, one observes a progressive evolution following a path P D → BD → M D → P D → AS when concentration is increased. Note that at

Figure 4 . 12 :

 412 Figure 4.12: Fraction f s of the tracks falling in the "Almost Stuck" (AS) category, for the smoothrunner E. Coli (blue diamonds) and the wild-types (red circles), as a function of Carbopol concentration C.
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 413414 Figure 4.13: Map in the plane θ ("mean redirection angle") versus N C ("compacity number") for smooth-runner bacteria tracks in Carbopol at di erent concentrations. The symbol colors code the concentration and the symbol styles the category. Marker symbol (stars) represent a PB type, • (circle) a BD type, (diamond) a MD type, (square) a PD type and (left-pointing triangle) a AS type.

Figure 4 . 15 :

 415 Figure 4.15: Swimming velocity for the wild-type and the smooth-runner E. Coli. (a) Fraction of tracks where persistent swimming could be identi ed and measured (grouping PB, BD and MD) categories), as a function of the Carbopol concentration C. Red circles correspond to RP437 and blue diamonds to CR20. (b) Relative mean swimming velocity V B / V 0 B as a function of Carbopol concentration C. V 0 B is the corresponding swimming velocity in the standard motility bu er (MB).

4. 6 . 2 Figure 4 . 16 :Figure 4 . 17 :

 62416417 Figure 4.16: Relative velocity V B /V 0 B as a function of relative uidity η 0 /η for the linear and nonlinear regime. Data obtained by Martinez et al.(2014) [68] are represented with the data of bacteria swimming in Carbopol. In gure (a), the orange and green points correspond to the Newtonian viscous regime below C = 0.1%, where the uidity corresponds to the inverse of the viscosity. Figure (b) contains the points (blue and purple) for the yield stress uid above this concentration. Here the relative uidity corresponds to the inverse of the viscous parameter extracted from equation (2.5)

4. 19

 19 for more details). In gure 4.19 is displayed the mean persistent time τ p as a function of the Carbopol concentration C, for PD, BD and MD tracks (when available) averaged altogether. The mean persistence time values are obtained and presented for both bacteria strains.

Figure 4 . 18 :Figure 4 . 19 :

 418419 Figure 4.18: Di usion constant D extracted for the BD, MD and the PD categories as a function of Carbopol concentration C. In gure (a) is displayed the di erent di usive constant D per category for a smooth-runner bacteria. Blue circles correspond BD categoriy, showing a decrease of the order of almost two decades until di usion C 0.3 %. Red circles for MD and purple circles for PD categories. The same is represented for wild-type bacteria in graph (b). In both gures, the diamond black points shows the mean of D for each three categories.

Figure 4 . 20 :

 420 Figure 4.20: Collapse plot for the ballistic di usive (BD) tracks showing the relation between the di usion constant D and the run an tumble di usion constant for a Poisson process: D p = 1 3 V 2 B τ p (see equation 1.11). Diamonds correspond to the smooth swimmers (CR20) and circles • to the wildtypes (RP437). The red line is the function y = x. The colors correspond to Carbopol concentration C.

  gure 4.21(a), is displayed a smooth swimmer track in Carbopol at a concentration C = 0.125% and in gure 4.22(a) a B C smooth swimmer at concentration C = 0.25%. At the rst concentration, the majority of swimmers for CR20 and RP437 display an ballistic di usive (BD) and mix di usice (PD), but here the category correspond to a pure ballistic (PB), where the smooth swimmer display a huge motility with a swimming velocity of V B = 35.7 µm/s, but with a small presistence time τ p = 2.7 s. At concentration C = 0.25%, the majority of swimmers for CR20 and RP437 display an almost stuck (AS) behavior. However, this E.Coli AD63 swimmer displays in time, large uctuations of its velocity ( gure 4.22(b)) but the distribution shows clearly a mode that de nes a swimming velocity of 26.3µm/s. The persistence time is 0.3 s a value smaller than the cut-o lag time 0.5 s. This feature places this track in the Mixed di usive (MD) category. Also, one has to remind that this speci c strain (AD63) seems to have a slightly larger velocity in MB hence probably a larger maximal torque than the CR20 strain.In gure 4.23 one we can see a time-lapse of the bacterium AD63 with its agella swimming in Carbopol at C = 0.125 %. From thus it is important to emphasize that the agella of the bacteria perform a gentle bending movement, oscillating from the left to right. All this happens in a span of t = 3 s.

Figure 4 . 24 ,

 424 Also one can see the same for Carbopol concentration C = 0.25 %, taken at various moment of the trajectory (see corresponding red circles in gure 4.22(a)).

Figure 4 . 21 :

 421 Figure 4.21: 3D trajectory and velocity V b corresponding to a bacterium of gure 4.23 swimming in Carbopol at a concentration C = 0.125 %. Graph (a) displays the full track. Figure (b) displays the velocity V b as a function of the time. Figure (c) if the velocity PDF (blue line Gaussian t).Figure (d) is the mean square displacement (red line Fürth function t) and Figure (e) the orientation correlation function C(τ ). The red line is an exponential t yielding a de-correlation time scale of 0.3s i.e. below the cut-o lag time of 0.5 s.

Figure 4 . 22 :

 422 Figure 4.21: 3D trajectory and velocity V b corresponding to a bacterium of gure 4.23 swimming in Carbopol at a concentration C = 0.125 %. Graph (a) displays the full track. Figure (b) displays the velocity V b as a function of the time. Figure (c) if the velocity PDF (blue line Gaussian t).Figure (d) is the mean square displacement (red line Fürth function t) and Figure (e) the orientation correlation function C(τ ). The red line is an exponential t yielding a de-correlation time scale of 0.3s i.e. below the cut-o lag time of 0.5 s.

Figure 4 .

 4 Figure 4.22: 3D trajectory and velocity V b corresponding to the bacterium of gure 4.24 swimming in Carbopol at a concentration C = 0.25 %. Graph 4.22a displays the full track and the red circles represent the moments (c), (d), (e), (f ), (g) and (h), displayed in gure 4.24.Figure 4.22b displays the velocity V b as a function of the time. Figure if the velocity PDF (red line Gaussian t). Figure is the mean square displacement (red line Fürth function t) and Figure the orientation correlation function C(τ ). The red line is an exponential t yielding a de-correlation time scale of 0.3s i.e. below the cut-o lag time of 0.5 s.

Figure 4 .

 4 Figure 4.23: Time-lapse of the two-colors tracking of smooth-runner bacterium swimming in Carbopol at a concentration C = 0.25%. Snapshot (a) was captured at time t = 0.51 [s], (b) at t = 0.58 [s], (c) at t = 1.08 [s], (d) t = 1.23 [s], (e) t = 2.06 [s], (f ) t = 2.23[s], (g) t = 2.49[s], (h) t = 3.02[s], (i) t = 3.12[s] and (h) t = 3.17[s].
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 424 Figure 4.24: Time-lapse of the two-colors tracking of smooth-runner bacterium swimming in Carbopol at a concentration C = 0.25%. Snapshot (a) was captured at time t = 0.4[s], (b) at t = 0.9[s], (c) at t = 4.94[s], (d) t = 6.71[s], (e) t = 8.75[s], (f ) t = 12.82[s], (g) t = 13.05[s] and (h) t = 14.55[s].

  progressive "stop-and-go" dynamics rst marked by a strong transient slowing down of the swimming velocities and then a transient trapping with intermittent mobile phases up to the moment where most of the bacteria remain trapped. I could identify di erent regimes of transport characterizing the exploration process associated with a typical magnitude of the di usion constant. In average the e ective di usivity drops down by 2 or 3 orders of magnitudes. The passage from a regime to the other follows a progressive entrapment scenario of the bacteria when the concentration is increased. The probability of observing the di erent regimes seems to be a ected by the polymer concentration. However, at a one can observe concomitantly several motility regimes, which implies a large distribution of the di usion constant values. These empirical observations, based on a limited window of observation in time, seem to indicate the contribution of a strong local mechanical disorder controlling the penetration dynamics and the progressive trapping e ect. Finally, the direct observation of the agella dynamics points to a possible complementary contribution stemming from the softness of the agella structure, which

Figure A. 3 :

 3 Figure A.3: Figure (a) displays the 3D trajectory, gure (b) the velocity V b as a function of time, gure (c) a PDF, (d) the MSD as a function of lag time τ , and (e) the orientation correlation for a smooth-runner bacterium in mucin. This trajectory is classi ed in the PB category.

Figure A. 4 :

 4 Figure A.4: Figure (a) displays the 3D trajectory, gure (b) the velocity V b as a function of time, gure (c) a PDF, (d) the MSD as a function of time lag τ , and (e) the orientation correlation for a smooth-runner bacterium in mucin. This trajectory is classi ed in the BD category.

Figure A. 5 :

 5 Figure A.5: Figure (a) displays the 3D trajectory, gure (b) the velocity V b as a function of time, gure (c) a PDF, (d) the MSD as a function of time lag τ , and (e) the orientation correlation for a smooth-runner bacterium in mucin. This trajectory is classi ed in the PD category.

Figure A. 6 :

 6 Figure A.6: Mean swimming velocity for smooth-runner E.coli, V B as a function of mucin concentration C. V B = 24.0 ± 2.1 µm/s is the mean swimming velocity in the standard motility bu er (MB).

Figure A. 7 :

 7 Figure A.7: Di usivity parameter D for smooth-runner E. Coli bacteria as a function of mucin concentration C for categories BD (blue circles), MD (red circles) and PD (magenta circles).

Figure A. 8 :

 8 Figure A.8: Persistence time τ p for smooth-runner bacteria in mucin as a function of mucin concentration C for categories BD, MD and PD.

Figure A. 10

 10 Figure A.10 displays the 3D trajectory for the bacterium presented in gure A.9. The swimming velocity is V B = 12.7 ± 2.4 [µm/s]. The trajectory falls in the ballistic di usive (BD) category. The di usivity parameter is D = 316.1[µm 2 /s] and the persistence time is τ p = 6.3 s.

Figure A. 9 :

 9 Figure A.9: Time-lapse of a the two-colors tracking for a smooth-runner bacterium swimming in mucin at a concentration C = 4%. Snapshot captured at times (a) t = 42 [s], (b) t = 569 [s], (c) t = 579 [s], (d) t = 587 [s], (e) t = 591 [s], (f ) t = 595[s], (g) t = 599[s], (h) t = 603[s], (i) t = 607[s] and (g) t = 618[s].

Figure A. 10 :

 10 Figure A.10: 3D trajectory and velocity V b corresponding to the bacterium of gure A.9 swimming in mucin at a concentration C = 4 %. Graph (a) displays the full track. Figure (b) displays the velocity V b as a function of time. Figure (c) is the velocity PDF (blue line Gaussian t). Figure (d) is the mean square displacement (red line Furth function t) and gure (e) the orientation correlation function C(τ ). The red line is an exponential t yielding a de-correlation time scale of 6.3 s.

  

  

  

  

  

  

  

  

  • C, and from this, in gure 2.10a the shear stress is represented as a function of shear rate γ. The relation is linear, featuring a Newtonian uid. The corre-

sponding viscosity is about ≈ 0.9 mPa•s 2.10b, consistent with literature values

[START_REF] Korosi | Viscosity of liquid water from 25 to 150. degree. measurements in pressurized glass capillary viscometer[END_REF][START_REF] Kestin | Viscosity of liquid water in the range-8 C to 150 C[END_REF]

.

It is de ned as the movement of an organism as a function of a chemical stimulus[START_REF] George | The Encyclopaedia Britannica: a dictionary of arts, sciences, literature and general information[END_REF].

The Ornstein-Uhlenbeck process is a stochastic process that model originally the velocity of a massive Brownian motion, and it can be considered a modi cation of the "random-walk" where the particle tends to drift toward the mean of the process[START_REF] Ls Ornstein | A Survey of His Work from 1908 to 1933[END_REF] 

Vortex mixers are one of the primary technologies for mixing laboratory samples. Using a fairly simple mechanism to agitate samples and encourage the homogenization with high degrees of reliability.

In this phase, bacteria body has the minimal size (about

µm), that is the optimal size to do tracking experiments

The reason to use to di erent soothing time, is because in Z the signal contains more uctuations due to focus change and the feedback of the tracking process.

The Savitzky -Golay method is based on the calculation of a local polynomial regression (of degree k), with at least (k + 1) equally spaced points, to determine the new value of each point.

Mucins belong to a group of high molecular weight and highly glycosylated proteins produced by speci cs cells to cover some epithelial tissues. The main characteristic of mucins is their ability to form gels; this is why they are a key components in most gel-like secretions.

These proteins also play a role in the immunity defense system by trapping pathogenic organisms (for a review, see for ex. [START_REF] Bansil | Mucin structure, aggregation, physiological functions and biomedical applications[END_REF]). In proteinomics analysis, Mucin overexpression, especially MUC1, is associated with many types of cancers. This bio-polymers is mainly composed of carbohydrate units, crucial for structural architecture and conformation. The monomer of mucin is 640 kDa, with protein contributing to only 20% of the molecular weight. Carbohydrate component are attached to the threonine and serine side chains.

In the human body, the mucus layer covering the intestinal epithelium is the MUC2 mucin and is produced by the goblet cells.

In 2011, Johansson et al. [START_REF] Malin | The two mucus layers of colon are organized by the MUC2 mucin, whereas the outer layer is a legislator of host-microbial interactions[END_REF] developed a two-layers model of mucin covering the epithelium of stomach and intestine. They proposed that the outer layer is the one that governs the host-microbial interactions. In gure A.1 is displayed a schematic representation of mucin organization around the digestive lumen. In the left of the gure is shown the stomach, from where one can nd the mucin type MUC5AC. Thereafter, the small intestine containing the goblet cells, secretes the gel-forming mucin MUC2 inside and outside well developed crypts. Finally on the right side of the gure is represented the colon covered with relatively at mucus-secreting cells and crypts.

In this work I will use Mucin MUC2(100127145) from porcine stomach, found in powder form at Sigma Aldrich (M2378-100G). It should be noted that they are the only commercial producers.

A.1.1 MUC2 Mucin preparation protocol

The mucin preparation protocol consists in a long process allowing to purify the base powder. In almost all the literature ([81], [START_REF] Miner-Williams | Methods for mucin analysis: a comparative study[END_REF]), one uses an ethanol precipitation method to purify. This technique consists in adding salt and ethanol to the aqueous solution to precipitate the nucleic acids. Thereafter, the mucin solution is dialyzed and lyophilized to produce a pure mucin powder that will be used in the motility medium preparation.

The puri cation protocol is long. It was performed in several days at the school of medicine of Sorbonne University. Next, I will separate the days of preparation of the mucin and describe each step.

A) For the rst day (≈ 16:00 -17:00 hr, 30 min of work):

• Measure with a graduated cylinder, 500 ml of mQ water.

• Transfer it to a 1 L bottle and put it in a cold room (4 • C).

• Weight 10 g of mucin, 2.92 g of NaCl and 1.58 g of Na 2 HPO 4 .

• Mix the powders with a spatula and crush the mucin aggregates with the powder mixture.

• Start the magnetic stirring of mQ water and gradually deposit the powder mixture (with mucin) in the 1 L bottle.

• Stir for 15 min then adjust the pH to 7.2 with NaOH.

• During the 15 min, put at -20 • C, 1 bottle of 1 L of ethanol and in the cold room at 4 • C, 1 L of 0.1 M NaCl solution (5.84 g of NaCl in 1 L of water).

• Prepare 6 L of mQ water (in 3 buckets) and put them in the cold room at 4 • C for the next step.

M

• Put in the rst water bucket, the dialysis membranes and agitate overnight with a magnetic stirrer in the cold room at 4 • C.

C) On the third day (all the day but a presence is required around 17:00 -18:00):

• Transfer the dialysis membranes in the second water bucket.

• Stir with a magnetic stirrer for 4 hours.

• Transfer the dialysis membranes into the third water bucket.

• After 4 hours, collect the contents of the dialysis membranes and transfer them into the red-cap 40 ml collection tubes (see gure A.2).

• Store the red-cap collection tubes with the nal mucin mixture at -20 • C.

D) On the fourth day:

• Lyophilize 1 for 24 hrs 2 the red-caps collection tubes that contain the mucin mixture.

The lyophilization system that we used to extract water, was situated in the medical school department (Nathalie Kapel's lab).

E) Day ve (can be more according to the quantity of mucin mixture):

• Collect the red-cap collection tubes with the lyophilized mucin powder (this will come as yellowish powder).

• Store the dry powder at 4 • C or eventually, suspend the powder in MB and prepare mucin solutions at di erent concentrations.

After the mucin puri cation step, the real amount of bio-polymer available should be quanti ed by measuring the nal mass of the powder (see gure A.2). Then, one has to prepare the motility media knowing the exact mass of powder present in the solution.

Mucin is dissolved in MB, in a way similar to the Carbopol mixtures preparation (see chapter 2). Finally, mucin solutions at di erent concentrations were prepared and stored at -20 • C to avoid mucin degradation. 1 Lyophilization is a water removal process typically used to preserve perishable materials, to extend shelf life or make the material more convenient to transport. Lyophilization works by freezing the material, and reducing the pressure and adding heat to allow the frozen water in the material to sublimate. 2 If more red-caps collection tubes with mucin are used, more time will be needed for this process. 

A.1.2 Sample preparation to study E. Coli in Mucin by 3D Lagrangian tracking

The experimental procedure to perform the 3D Lagrangian tracking experiments is the same as with Carbopol, but with the following supplementary consideration. Once a tube of mucin, is removed from the freezer at -20 • C, it is necessary to defrost it at room temperature. Sometimes this process can create mucin clusters or aggregates. Then, with a pippete of 100 µl, the mucin solution must be mixed in order to destroy these clusters.

Once the bacteria have been washed three times, it is necessary to prepare the pool mixing bacteria and mucin motility medium, using the same procedure as explained in chapter 3, gure 3.