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The impact of shear stress on bacterial functionality and bacterial physical state : a theoretical and experimental study †

Recently-described adhesive interactions between Lactic Acid Bacteria with probiotic potential and milk components are likely to play a role during the structuration of dairy products, thus impacting efficient probiotic delivery [Gomand et al., Annual Review of Food Science and Technology, 2019, 10, 285-310]. Food manufacturing steps (spray-drying e.g.) may induce shear stress on bacteria. In this study, we explore how this stress may impact bacterial functionality (using bacterial adhesion as a proxy), as well as bacterial physical state, through experiments as well as through modeling. The model strain Lactobacillus rhamnosus GG (LGG) "wild type" (WT) known to adhere to β -lactoglobulin thanks to pili was used, as well as three mutant strains including spaCBA (pili-depleted), welE (expolysaccharides-depleted), and a double mutant. Experimentally, functionality losses always remained inferior to 20 % for LGG WT but were higher for LGG welE, suggesting that exopolysaccharides help protecting pili. Adhesive capabilities of LGG spaCBA slightly increased after shearing, which could have removed part of the exopolysaccharides layer thus exposing other adhesive surface proteins. Bacterial chains were broken down in 2-cell chains even at low air pressures, however very high pressures were required to obtain single cells. Through modeling, bacterial cells within a chain were found to be more protected than the ones on the outside, which were all the more impacted by shearing than chains were long. As initial chains get broken down, forces applied on the cells of remaining chains get smaller, thus helping preserving their functionality and preventing them from getting broken again. The chain breaking-down process could therefore be thought as a functionality protective process.

Introduction

Lactic Acid Bacteria (LAB) have been long used as starter cultures in food manufacturing, especially of dairy products [1][2][3][4] . Recently, they have also been increasingly used when it comes to designing functional foods, due to their probiotic potential i.e. their ability to provide health benefits to their host 4 . Food manufacturing, storage, and digestion conditions, as well as food matrix structure and composition, have been shown to play an important role in enhancing or lowering LAB probiotic abilities [5][6][7] . In order to benefit human health, LAB cells not only need to remain viable but also functional, i.e. able to interact with their host through adhesive interactions and to multiply 7 . Whereas † Electronic Supplementary Information (ESI) available: Complete data set for microscopic observations on bacterial chain distribution. See DOI: 10.1039/cXsm00000x/ most studies have been able to assess reliably bacterial viability, bacterial functionality has often been neglected, because of its complexity which makes it difficult to ascertain. A common approach to evaluate LAB functionality consists of monitoring their adhesive behavior to models of intestinal cells, thus providing a proxy of bacterial ability to colonize the host; however, this approach alone remains unreliable, since dead bacteria have also been shown to adhere to Caco-2 cells but would later fail to multiply 8,9 . Up to now, clinical studies have been the most reliable way to assess bacterial functionality but remain very disparate thus hardly comparable to one another, therefore failing in providing guidelines to design efficient food matrices able to preserve bacterial functionality 7 . Factors likely to impact LAB functionality are numerous, ranging from their level of entrapment within the food matrix to the loss or inactivation of bacterial surface biomolecules modulating bacterial-host interactions and adhesion 10 . Exterior and environmental stresses may damage bacterial surface, thus altering bacterial cells adhesive abilities. Such stresses can occur in a wide variety of situations, including common food manufacturing steps, such as acidifica- tion 8 , heat stress 11 , and spray-drying and extrusion, generative of shear stress 11,12 . Low-intensity heat stress may induce permanent structural changes related to significant cell collapse and membrane integrity loss, and also leads to bacterial chains fragmentation 11 , which would prevent bacterial cells from colonizing the host. Similarly, powder formulation and LAB encapsulation performed through spray-drying were also shown to impact bacterial physical state causing bacterial chains to break, thus resulting in an apparent increase in bacterial cells concentration in sprayed solution 12 . Although bacterial viability was found to be little impacted by spray-drying in this latter study, no insight was provided on the impact of this process on bacterial functionality; therefore bacteria may have survived but their surface could have been damaged, thus rendering them unable to adhere to the host. In the case of Gram-positive bacteria, bacterial adhesion is known to be mediated by sortase-dependent proteins 13,14 , which are covalently anchored to the cell wall and possess an LPxTG like motif at their C-terminal end 15 . The model strain Lactobacillus rhamnosus GG (LGG) features well-known adhesive capabilities [16][17][18] mediated by pili, which are filamentous, proteinaceous surface appendages found in both Gram-negative and Gram-positive bacteria [19][20][21] . The role of pili in maintaining attachment to surfaces or to optimize surface colonization in stressful conditions has previously been investigated 22,23 . Cell adhesion forces range from a few to hundreds of picoNewtons, which is sufficient to maintain attachment in a variety of flow environments. In some rare cases, bacterial strains are able to withstand shear stresses as high as 1 MPa 22 . Pathogenic strains featuring type I and type IV-pili were even found to feature shear stress-enhanced adhesive properties [24][25][26] , which can for low stresses participate in biofilm formation 22 . Although most studies have focused on describing pili belonging to Gram-negative bacteria and, more generally, bacteria responsible of infections, to our best knowledge no study has yet described the impact of shear stress on pili featured by probiotic bacteria, despite the fact that these pili mediate adhesion to the host and are therefore crucial to ensure probiotic action. In this article, we investigate the impact of shear stress generated by spray-drying on bacterial functionality and in particular on LGG pili, assessed using the method developed by Gomand et al. (2018) 27 . One great advantage of this method consists in allowing assessing at the same time both bacterial functionality as well as bacterial viability by correlating bacterial adhesion with bacterial growth, thus providing a more global insight on the impact of the process on the maintenance of probiotic abilities in response to stress. Bacterial chain breakage phenomenon, as previously observed as a response to shear stress, is also monitored in order to determine whether or not a relationship between bacterial functionality and bacterial physical state can be drawn.

Experimental

Experimental shearing

Bacterial adhesion to β -lactoglobulin and bacterial chain distribution were evaluated experimentally on model strains before and after shearing in order to estimate the impact of shear stress on bacterial functionality (bacterial adhesion standing for a proxy of bacterial surface integrity) and bacterial physical state. Bacterial adhesion to Bovine Serum Albumin (BSA), to which LGG has been found to feature low adhesive affinities 18,27,28 was also recorded as a negative control. Experimental configuration and steps are represented in Figure 1. The experimental steps followed to achieve this goal are detailed in following sections.

Bacterial strains and cultures.

Four strains were used in this study: the model strain Lactobacillus rhamnosus GG ATCC53103 (LGG wild type, "WT") and the three derivative mutant strains LGG spaCBA CMPG 5357, impaired in pili synthesis 29 , LGG welE CMPG5351, impaired in exopolysaccharides (EPS) production 30 , and LGG welE-spaCBA CMPG5355, double mutant 17 . These strains feature well-known adhesion properties that have been previously described 17,18,29,31 .

All strains were pre-cultivated at 37 • C overnight in 10 mL of liquid MRS medium (de Man, Rogosa and Sharpe) inoculated each with 100 µL of frozen cultures stored at -80 • C. The next day, 100 µL of the pre-cultures were used to inoculate 10 mL of liquid MRS medium and left for incubation at 37 • C until the suspensions reached an optical density of 0.8 at 595 nm (OD 595 nm = 0.8). Suspensions were then centrifuged at 3,618 g (i.e. 3,000 rcf) for 10 min. The resulting cell pellets were resuspended in Phosphate Buffered Saline (PBS) adjusted at pH 6.8 and bacterial suspensions were subsequently used for shearing experiments. Triplicates on independent cultures were performed as well as six repetitions by strain for a given culture.

Preparation of the β -lactoglobulin solution and microplate coating.

β -lactoglobulin (Sigma-Aldrich Co. LLC, St Louis, MO, USA) and BSA were prepared in solution (1 % w/w) as described by Gomand et al. 27 . Briefly, solutions were left homogenizing for a minimum of 2 h, and then 200 µL were introduced by well on highbinding 96-well microplates, each microplate containing half-βlactoglobulin, half BSA. Microplates were stored overnight at 9 • C to allow biomolecules immobilization. Wells were washed twice the next day with 300 µL of Phosphate Buffered Saline (PBS, P4417, Sigma-Aldrich Co. LLC, St Louis, MO, USA) supplemented with the blocking reagent Tween 20 (PBST, 5 % Tween 20 v/v, pH adjusted at 6.8), and subsequently used for adhesion assays.

Shearing process and characteristic atomization shear rates.

Bacterial suspensions were sheared at laboratory scale using a two-fluid spray-drying nozzle with a Fluid Cap 60100 / Air Cap 120 configuration (Spraying Systems Co., Wheaton, IL, USA; inner and outer diameters for the liquid channel D i L = 1.524 mm, D o L = 2.540 mm; air hole diameter D A = 3.048 mm). The bacterial suspension was pumped into the nozzle using a peristaltic pump (reference number 324064, VWR International Europe bvba, Leuven, Belgium) connecting the sample with the nozzle with a 48 mm-diameter tube such as presented in Fig. 1.

Pumping was performed at constant liquid flow rate qB = 20.3 ± 0.32 mL.s -1 . Shear rate were manipulated by altering the flow rate of atomizing air through the nozzle. Air pressures used were respectively of 0.2, 0.4, 0.6, 1, and 4 bars.

To determine the shear rates values corresponding to the range of air pressures we used, we relied on a previous study performed by Ghandi et al. (2012) 32 as well as on a review on two-fluid atomization written by Hede et al. ( 2008) 33 . Ghandi et al. give directions to determine characteristic shear rates for an external mixing type two-fluid nozzle such as represented in Figure 2 knowing the velocities of air and bacterial suspension v A , v B , the mass and volumetric flow rates of air and bacterial suspension ṁA , qA , ṁB , qB , and nozzle characteristics (diameters D i L , D o L , D A ). Hede et al. give a more comprehensive overview of the effect of formulation, nozzle geometry, and feed and gas flow rates for two-fluid nozzles introducing basic nozzle theory and thermodynamics, and can be referred to for more detailed information on these matters 33 . Characteristic shear rates have been calculated based on the two following equations described by Ghandi et al. (2012) 32 :

Mixing zone v av

Spraying zone

Atomization air

v A , m A, q A Bacterial suspension v B , m B, q B,
γ = 2(v av -v B ) D i L (1) 
v av = v A ṁA + v B ṁB ṁA + ṁB (2) 
Where v av is the average velocity in the mixing zone, assuming transfer of momentum between the bacterial suspension and air which both leave the atomization zone at constant velocity. In equations ( 1), ( 2), characteristic shear rate γ is expressed in s -1 , velocities in m.s -1 , mass flow rates in kg.s -1 , and inner diameter of the liquid D i L in m. Air and liquid velocities have been calculated using the following relationships:

v A = qA πD 2 A 4 - πD 2 O L 4 (3) v B = 4 qB πD 2 i L (4) 
The liquid and air flow rates qB , qA were determined experimentally; qB was found to be independent from the value of air pressure used, and qA was measured using a gas meter (Itron Gallus G4) for air pressures of 0.2, 0.4, 0.6, and 1 bar. This experimental set of flow rates was combined with the nominal set of flow rates specific to our nozzle (Spraying Systems Co., Wheaton, IL, USA) and a polynomial model was fitted allowing predicting the air flow rates as a function of air pressure: qA = -1.67 P 2 + 26.78 P + 30.58, R 2 = 0.999

The mass flow rates have been calculated using the relation ṁ = ρ q where ρ is the fluid density (in kg.m -3 ) and q the volumetric flow rate (m 3 .s -1 ). The bacterial suspension density ρ B has been determined experimentally. The relevant parameters used to determine characteristic shear rates have been gathered in Table 1. For a given air pressure, flow was adjusted before collecting the output. Five milliliters of output bacterial suspension were collected for each value of air pressure at a distance of about 50 cm of the nozzle exit, at ambient temperature. This allowed avoiding altering droplet formation in the spray while optimizing atomized concentrate recovery 32 . Five milliliters of output were also collected when no air pressure went through the nozzle (the air channel was then disconnected) as a control, to determine whether going through the nozzle itself could impact bacterial functionality even in the absence of air pressure. In this case, control shear rate shall be determined using the following formula:

γctrl = 2v B D i L (6) 
Based on these calculations, the characteristic shear rates we used during our experiments have been gathered in Table 2. Based on ), R 2 = 0.996 (7) with γ in s -1 and P in bars.

We also evaluated the effect of a repeated stress by comparing results obtained for the highest shear rate when applied once versus three times in a row for the same bacterial suspension.

Functionality assessment.

Bacterial functionality was assessed through the proxy of bacterial adhesion to β -lactoglobulin using the method described by Gomand et al. (2018) 27 . Briefly, bacterial suspensions after shearing, as well as control bacterial suspensions, were diluted until reaching an OD 5 95nm of 0.5. One hundred and twenty milliliters were then introduced into each well of the high-binding 96-well microplates where the milk biomolecules had been immobilized and left 1 h for incubation at 37 • C. Each well was then washed 5 times using 300 µL of PBST (pH 6.8) for 96-well microplates to eliminate non-adherent strains. Two hundred microliters of MRS were finally introduced into each well and bacterial growth was monitored through OD 595nm measurements over 20 h. The quicker the apparent growth starts, the higher the bacterial affinity towards β -lactoglobulin, i.e. the less shear-impacted the bacterial suspension. Strain growth comparison was performed using times at which the apparent bacterial growth starts. These time values (t start ) match an OD 595nm threshold which was defined according to the baseline corresponding to the absence of growth detection 27 . In order to be proportionally and visually representative of adhesion ability the value of 1000/t start was calculated.

Bacterial chain distribution assessment.

Bacterial chain distribution assessment was evaluated visually through microscopic observations. For each assay, 5 µL were collected by shearing condition from 1 mL of half-diluted bacterial suspensions, dried, stained with crystal violet and washed with distilled water. Microscopic observations were performed using an Olympus microscope alongside with Toupcam software. Thirty pictures were taken and analyzed by condition.

Data treatment and statistics.

Bacterial functionality results were standardized by experiment using the measured adhesion of control LGG WT to βlactoglobulin.

Distinct categories created to assess bacterial chain distribution include from single cells to 10-cell chains, chains featuring more than 10 cells (which will be called 'long chains' throughout the text), and flocs. Bacterial cells forming flocs were not counted twice (i.e., they were not included in another categories). Flocs have been defined to stand for bacterial cells that either (i) stick together by their sides (and not their ends), meaning that they were not initially part of the same chain, when 3 or more cells are stuck in parallel (ii) bend excessively such as forming apparent "nodes", suggesting that the chain will not recover its initial form, when two or more chains close to one another bend excessively (iii) combined both bending and sticking characteristics. The floc type (ii) has been previously shown to be caused by mechanical strain sensing amongst other factors, which was identified as an important component of bacterial cell shape regulation for Escherischia coli 34 fit normal distribution using Kyplot software (Kyens Lab Inc.) to highlight the main observed differences by strain between the different shear stress conditions.

Model and numerics

Experimental results and discussion

Bacterial chain distribution

Bacterial chain distribution have been monitored before and after shearing for the characteristic shear rates of 0.00244, 3.0, 3.7, 4.2, 4.9, and 11 10 5 s -1 for LGG WT, LGG spaCBA, and LGG welE and are presented in Figure 4 for shear rates at the extremes of the spectrum: 0.00244, 3.0, 4.9, and 11 10 5 s -1 . Comprehensive data sets for all shear rates tested are available in Electronic Supplementary Information (ESI) †.

All strains feature a majority of long chains (length superior to 10 cells) in their initial state before shearing, accounting for about 25 % of the total number of chains and flocs present in solution, whichever the strain is. Flocs also represent an important proportion of the initial volume, proportion however more disparate between strains, varying from 16 % for LGG welE to more than 30 % for LGG spaCBA. Little or none single cells were found initially, and distribution of other chain lengths appears to be randomly distributed, with proportions varying between 1 and 10 %.

When sheared at very low shear rate (244 s -1 ) with no air pressure, the chain distribution of LGG WT remains mostly similar to the control. For the two other strains, however, a significant decrease in long chains occur, of about 10 % for both LGG spaCBA and LGG welE. This loss is compensated by a proportional increase of 2-cell chains for LGG welE, whereas it is more homogeneously divided between the different chain lengths categories for LGG spaCBA.

When performing atomization even for very low air pressures, the proportion of 2 cell-chain drastically increases by a factor of 6, representing at least 35 % of the total number of chains and flocs in solution, and almost all chains featuring more than 4 cells get broken whichever strain is considered. Proportion of chains featuring from 7 to more than 10 cells remains inferior to 1 %; 6-cell and 5-cell chains represent each around 2 % of the total number of chains and flocs (up to 4 % for LGG welE). The proportion of 4-cell chains also increases of 10 % for low air pressures for the strains LGG WT and spaCBA.

The strain LGG spaCBA is the one the less impacted at low air pressures in terms of chain breakage, as 2-cell chains represent only 35 % of the total, versus 50 % or more for the two other strains.

LGG spaCBA is also the strain the most likely to flocculate, flocs representing the major category of bacterial organization even in the initial solution, before long chains. For this strain, the increased proportion of 2-cell chains due to shearing may result from flocs breakage instead of chain breakage (proportions loss and increase being relatively similar). Given the fact that 50 % of 2-cell chains is reached for a shear rate of 4.9 × 10 5 s -1 for LGG spaCBA versus for a shear rate of 3.0 × 10 5 s -1 for LGG WT and welE, it can be argued that flocs are maintained by forces more difficult to break than those maintaining bacterial chain integrity, thus, flocculating tend to preserve bacterial chains from breaking.

Most of the shearing impact on bacterial chain distribution can be observed for an air pressure of 0.2 bars ( γ = 3.0 × 10 5 s -1 ). Higher shear rates generate very little additional change in bacterial distribution. Globally, all proportions of chains featuring more than 2 cells decrease (up to 10 %-decrease). However, some additional changes appear to be more strain-dependent. Proportion of 2-cell chains does not change much for LGG WT and LGG welE, but keep on increasing for LGG spaCBA until reaching a threshold similar to the two other strains (between 50 and 60 %), while the number of flocs of LGG spaCBA keeps on decreasing proportionally. Very high pressures are required to obtain single cells, which proportion gradually increases for LGG WT as shear rate increases, whereas it suddenly increases of respectively 10 and 20 % for the two mutant strains spaCBA and welE.

Overall, this suggests that chain breakage is more likely to occur for strains organized in long chains than for strains which tend to flocculate, and that it occurs even when low air pressures are applied (P = 0.2bars, γ = 3.0 × 10 5 s -1 .). In fact, most breakage events occur at very low air pressures and lead to a drastic increase in 2-cell chains, which seem to be the major and most stable form for bacterial chains in flow. Indeed, this form is able to resist even shear rates as high as 11 × 10 5 s -1 and still not break. Higher shear rates than 3.0 × 10 5 s -1 , although not inducing as drastic a change to bacterial chain distributions compared to low shear rates, generate additional strain-dependent breakage and lead to an increase proportion of single cells. A hypothesis for why 2-cell chains appear to be a more favorable configuration in shear flow than longer chains or single cells could be that forces exerted on the bodies of a 2-cell chains are minimized compared to other forms, due to its symmetry but also to its very short LGG WT

LGG spaCBA

LGG welE length; exposure to traction forces would therefore be reduced. This hypothesis will be furthered explored in the modeling part.

Four-cell chains is the second major and most stable form; its breakage occurs in parallel of an increase in proportions of single cells and 2-cell chains, suggesting that it would break in 3 pieces, 2 single chains and 1 2-cell chains. The way bacterial chains break will also be furthered explored in the modeling part.

The effect of repeated shear stress versus punctual shear stress on bacterial chain distribution have been gathered in Table 3 for LGG WT, spaCBA, and LGG welE using a characteristic shear rate Table 3 Impact of repeated shear stress ('Repeated') versus punctual shear stress ('Punctual') at high shear rates (11 × 10 5 s -1 ) on bacterial chain distribution (in % of total number of chains and flocs) for Lactobacillus rhamnosus GG, spaCBA, and welE; standard errors are presented for 30 measurements; different letters within the same row for a given strain attest of statistically significant differences by strain

LGG WT

LGG spaCBA Repeated shear stress reduces the proportion of all kind of chains and proportionally increases the proportion of single cells whatever the strain considered. However, the intensity of the impact of repeated stress appears to be both strain-and chain length-dependent. When comparing between strains, the chain distribution of the mutant strain LGG welE is indeed more impacted than the chain distribution of the two other strains. The proportion of single cells of LGG welE increases by a factor of 2.5 for repeated stress vs. punctual stress while the proportion of 2-cell chains gets divided by a factor of 2, whereas only a small decrease (not statistically significant) is observed for this same category for both LGG WT and spaCBA. Similarly, 4-cell chains proportion gets divided by a factor of 10 for LGG welE, whereas it only gets divided by two for LGG WT and by three for LGG spaCBA.

LGG welE Control Punctual Repeated Control Punctual Repeated Control Punctual Repeated Single cells 0.0 ± 0.0 a 22 ± 1.7 b 38 ± 2.0 c 1.2 ± 0.5 a 16 ± 1.3 b 36 ± 1.1 c 0.18 ± 0.18 a 18 ± 1.8 b 52 ± 2.4 c 2-cell chains 4.8 ± 1.5 a 55 ± 2.0 b 47 ± 2.4 b 6.7 ± 1.2 a 48 ± 1.5 b 43 ± 1.0 b 9.3 ± 1.3 a 58 ± 1.8 b 33 ± 2.0 c 3-cell chains 2.0 ± 1.0 a 3.4 ± 0.
LGG welE appears therefore to be more sensitive to repeated shear stress than the two other strains.

When comparing for chain lengths for LGG WT, 3-cell and 4cell chains appear to be more sensitive to repeated shear stress than 2-cell chains and flocs. For both these latter categories, the impact of repeated stress compared to punctual stress was not demonstrated statistically, although trends can be observed in average. A similar phenomenon can be observed for LGG spaCBA, which proportion of 2-cell chains does not seem to be impacted by repeated stress compared to shear stress. However, proportions of 3-cell and 4-cell chains are significantly reduced by repeated stress vs. punctual stress, reduction factors being respectively of 1.6 and 3. This suggests that the increase in single cells when higher shear rates are applied actually results more from the ruptures of 4-cell and 3-cell chains than of 2-cell chains for LGG WT. Proportion of flocs decrease for both strains due to repeated vs. punctual stress, although this decrease is only significant for the mutant strain LGG spaCBA. Flocs breakage may also provide for the increase proportion of single cells. It appears that flocs of LGG spaCBA are more sensitive to repeated stress than flocs of LGG WT, which may be due to the absence of pili on LGG spaCBA which would help maintaining floc cells together. Pönisch et al. (2016) indeed previously show that certain types of pili mediate the dynamics of single cells and cellular aggregates 35 .

When comparing the sensitivity of chain lengths for LGG welE, a sensitivity gradient appears: 4-cell chains are the most impacted, then 2-cell chains, then flocs. The impact of repeated stress com-pared to punctual stress was not supported statistically for 3-cell chains, although a trend can be observed.

This suggests that the impact of repeated stress on bacterial cells depends both on the strain considered and preferred bacterial organization (chain lengths and flocs). Whereas punctual stress does not seem to be able to break 2-cell chains even when high shear rates are applied (Figure 4), repeated stress is able to do so, and the intensity of this breakage was found to be strainsensitive. Flocs seem to be the most resistant configuration to stress, whether punctual or repeated, as the floc proportion remain little impacted in any case. LGG welE has found to be the strain the most sensitive to repeated shear stress in terms of bacterial physical state amongst the three strains tested. Two hypothesis can be made to explain this fact. The first one could be that because this strain is impaired in EPS, connections between cells within a chain are less protected from outer stresses. However, this hypothesis does not explain the differential impact of stress as a function of chain length, especially for repeated stress. The second hypothesis relates to the fact this strain is most adhesive of the three due to increased pili exposure 18,28 . This could have caused it to adhere to the walls of the nozzle while getting through, thus resulting in increasing traction forces exerted on bacterial chains attached to the walls, causing them to break more. Proximity to the walls could be fostered for some chain types, therefore resulting in differential stress impact for different chain lengths. Differential distribution of cells in stream channels is indeed a long-observed phenomenon in cardiology research 36,37 , where it has been identified as one of the factor leading to differential adhesion to the channel walls, alongside with shear-enhanced diffusivity due to high granular pressure 37,38 .

Bacterial functionality

The impact of shear stress on bacterial adhesive functionality was evaluated for shear rates ranging from 244 s -1 to 11 × 10 5 s -1 for all LGG WT and the three mutant strains LGG spaCBA, LGG welE, and the double mutant LGG welE-spaCBA (LGG D2). Results are presented in Table 4 and have been expressed both in 1000 / t start (normalized on the adhesion of the control LGG WT to β -lactoglobulin) to allow inter-strain comparison, and in percentages of functionality losses (assuming the bacterial functionality of the control for each strain is equal to 100 %) to allow intra-strain comparison.

Although overall bacterial adhesive functionality appears to be little affected by shear stress for most strains, whichever shear rate is considered, this shear stress impact appears to be highly The wild type strain is the one which adhesive functionality is the less affected by shear stress. When punctually applied, shear stress appears not to impact bacterial functionality at all. Even when the highest shear rate is applied repeatedly, functionality losses remain inferior to 20 %, this loss itself not being statistically significant although this is probably due to the small number of measurements taken for this condition (4) compared to the others (30).

The adhesion of the pili-depleted strain LGG spaCBA was increased by shear stresses up to 20 % for low shear rates. However, when the highest shear rate is repeatedly applied, the bacterial functionality gets back to the control level. This could be explained by partial removal of the EPS layer covering the surface of LGG spaCBA at low shear rates, which would expose other adhesive surface proteins. This is supported by the fact that the double mutant strain LGG D2 (pili-and EPS-depleted) was found to have an adhesive capacity superior to LGG spaCBA in control conditions, which could be due to the presence of other adhesive proteins on the cell surface (usually hidden under the EPS layer). The existence of such proteins has previously been brought to light 28 . Potential candidates that would mediate adhesion in the absence of pili include the Mucus Binding Factor MBF, the protein MbA, lipoteichoïc acids or peptidoglycans, all present on the surface of LGG cells underneath the EPS layer 17,28 . The EPS themselves have been previously found to play a role in adhesion 28 .

However, the strain LGG D2 also features functionality losses for high shear rates (reaching 10% of functionality losses for 4.9 × 10 5 s -1 ), leading to think that these other proteins may also get damaged by shear stress, whereas the functionality gain of LGG spaCBA is only reduced when the highest shear rate is repeatedly applied. A hypothesis could be that the EPS layer of LGG spaCBA was never completely removed when shear stress was only punctually applied, and that the remaining parts of this layer may surround and therefore "protect" the EPS-removal sites that reveal the underlying protein layer. Less forces are therefore exerted on these more "buried" sites which are more preserved and could later act as adhesive patches. However, when the highest shear rate is repeatedly applied, the EPS of LGG spaCBA would be more completely removed and therefore the underlying layer more damaged, leading to a decrease in functionality gain.

The strain LGG welE, initially the most adhesive strain, was also found to be the most stress-sensitive strain amongst the four strains tested. Losses seem to occur in increments, and do happen even for shear rates as low as 244 s -1 . For shear rates from 3.0 × 10 5 to 4.9 × 10 5 s -1 , losses approach 20 %, whereas for the highest shear rate, losses reach respectively 31 % and 56 % for punctually-vs. repeatedly-applied stress. The fact that LGG welE is a lot more sensitive to stress than LGG WT may be due to the fact that pili would be partially protected by the EPS layer featured by LGG WT, which could prevent their removal and limit the forces exerted at the pili basis. The full pili-exposure of LGG welE, presented in previous studies as a competitive advantage inducing higher adhesive capacities 18,30,39 , is found here to be a competitive disadvantage regarding the strain resistance to stress. It can also be noticed that even when the highest shear rate is repeatedly applied, all strains still present significant adhesive differences from one another. This suggests that each strain features a basal functionality level below which it does not seem possible to get. However, basal functionality levels are not necessarily arranged in the same order than initial functionality levels (before shearing). Although LGG spaCBA is still the least adhesive strain and LGG D2 the second least adhesive strain after shearing, before shearing LGG welE was the most adhesive strain whereas after repeatedly-applied stress it becomes the second most adhesive, LGG WT becoming the first. This confirms the idea that LGG welE is the most stress-sensitive strain amongst the four strains tested.

Finally, functionality loss can be correlated with chain breakage for most strains (except the wild type), as the main shear stress impact on functionality occurs even at the lowest air pressures (P = 0.2 bars, γ ≈ 3.0 × 10 5 s -1 ), in parallel to the drastic increase in proportion of 2-cell chains for the same shear rate. Although functionality losses globally increase with the shear rate, these increments are small compared to the first loss experienced at the lowest air pressure. Reasons for why most of the functionality losses occur at low shear rates will be explored in the modeling part. 
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Fig. 1

 1 Fig.1Methodology and experimental configuration allowing evaluating the impact of shear stress on bacterial functionality (through bacterial adhesion) and bacterial physical state (through bacterial chain distribution).

Fig. 2

 2 Fig. 2 Vertical (left) and horizontal (right) cross-sections of the external two-fluid nozzle used subsequently for shearing experiments, adapted from Ghandi et al. (2012) 32 .

  . Bacterial floc types are represented in Figure 3. Flocs can be of various sizes, as long as all cells within the flocs remain connected to one another. Cross-analysis were performed via a Tukey test (parametric for multiple comparisons) for normal data and a Steel-Dwass test (non-parametric, multiple comparison test) for data that did not

Fig. 3

 3 Fig. 3 Representation of bacterial flocs types: parallel bacterial cells (i) and destructured chains (ii); representative microscopic pictures of Lactobacillus rhamnosus GG WT for each floc type are presented to illustrate the proposed schematic representations.

  10-cell > 10-cell Flocs % of total number of chains (%)

1 Fig. 4

 14 Fig.4 Chain distribution for the strains Lactobacillus rhamnosus GG "wild type" (WT), spaCBA, and welE before and after shearing for shear rates of 0.00244, 3.0, 4.9, and 11 10 5 s -1 . Chain categories include single cells, 2-cell to 10-cell chains, chains longer than 10-cells, and flocs. Standard errors are presented.

Figure 5

 5 Figure 5 sums up the main effects of shear stress observed experimentally on both bacterial physical state (chains and flocs) and bacterial functionality.

Table 1

 1 Parameters used to determine characteristic shear rates used in this study; the different values of qA presented correspond to different air pressures (0.2, 0.4, 0.6, 1, and 4 bars)

	Parameter	Bacterial suspension	Air
	D i (mm)	1.524	3.048
	D O (mm)	2.540	NA
	ρ (kg.m -3 )	1025.8	1.204
	q (L.min -1 )	20.3 × 10 -3 ± 0.32	34.8 ± 0.4
			41.8 ± 0.4
			47.2 ± 0.7
			54.8 ± 1.2
			111 (fitted nominal value)

Table 2

 2 Characteristic shear rates and corresponding air pressures used in the experimental part of this study

	Air pressure (bars)	Characteristic shear rate (10 5 s -1 )
	0	0.00244
	0.2	3.0
	0.4	3.7
	0.6	4.2
	1.0	4.9
	4.0	11
	this table, a direct relation of proportionality can be established
	between the value of air pressure used and the corresponding
	shear rate such as:	

γ ≈ (2.0 × 10 5 )P + (2.8 × 10 5

  of 11 × 10 5 s -1 . Initial chain distributions are used as controls. Only impacted bacterial chain categories are presented in Table3. Comprehensive data sets including results for other categories are available in ESI †.

			45 b	1.4 ± 0.43 a	2.1 ± 0.58 a	5.0 ± 0.43 b	3.4 ± 0.31 c	4.0 ± 1.1 a	3.7 ± 0.68 a	2.9 ± 0.89 a
	4-cell chains 12 ± 2.4 a	2.6 ± 0.51 b	1.6 ± 0.35 b	6.2 ± 1.1 a	5.8 ± 0.71 a	1.7 ± 0.29 b	11 ± 1.3 a	3.6 ± 0.55 b	0.33 ± 0.22 c
	Flocs	23 ± 2.2 a	16 ± 2.0 b	11 ± 2.2 b	32 ± 2.7 a	24 ± 1.2 b	16 ± 0.65 c	17 ± 1.5 a	15 ± 1.5 ab	11 ± 1.1 b

Table 4

 4 Impact of shear stress on bacterial adhesive functionality for Lactobacillus rhamnosus GG 'wild type' (LGG WT) and the three mutant strains LGG spaCBA, welE, and double mutant D2 (welE-spaCBA); standard deviations are presented; different letters within the same 1000 / t start column attest of statistically significant differences

	γ (10 5 s -1 )	LGG WT 1000 / t start (s -1 )	Loss (%)	LGG spaCBA 1000 / t start (s -1 )	Loss (%)	LGG welE 1000 / t start (s -1 )	Loss (%)	LGG D2 1000 / t start (s -1 )	Loss (%)
	Control	1.0 ± 0.09 a	0	0.41 ± 0.05 a	0	1.8 ± 0.09 a	0	0.77 ± 0.02 a	0
	0.00244	1.0 ± 0.14 a	-1	0.41 ± 0.04 a	0.5	1.5 ± 0.06 b	17	0.70 ± 0.01 b	9
	3.0	1.0 ± 0.16 a	-5	0.50 ± 0.07 b	-22	1.6 ± 0.04 b	11	0.71 ± 0.01 ac	8
	3.7	1.0 ± 0.13 a	-3	0.49 ± 0.06 b	-19	1.4 ± 0.03 bc	19	0.73 ± 0.02 a	5
	4.2	1.1 ± 0.15 a	-6	0.49 ± 0.06 b	-20	1.4 ± 0.02 bc	18	0.72 ± 0.01 a	6
	4.9	1.0 ± 0.14 a	-2	0.49 ± 0.06 b	-19	1.4 ± 0.02 bc	22	0.69 ± 0.01 b	10
	11 (punctual)	0.99 ± 0.16 a	1	0.48 ± 0.05 b	-18	1.2 ± 0.05 c	31	0.67 ± 0.02 b	13
	11 (repeated)	0.86 ± 0.02 a	14	0.43 ± 0.02 ab	-5	0.78 ± 0.01 d	56	0.57 ± 0.01 db	26
	bacterial strain-dependent. Indeed, highest functionality losses				
	recorded for punctually-applied shear rates range from -20 %				
	(functionality gain) for LGG spaCBA to more than 50 % for LGG				
	welE.								

[1][2][3][4][5][6][7][8][9][10] 
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Breakage prediction depending on initial chain length and shear rate.

An analytic model to predict bacterial chain length distribution after shearing as a function of initial chain distribution and shear rate was built from the experimental data collected.