Frank Delvigne 
email: delvigne@ulg.ac.be
  
Alison Brognaux 
  
Nathalie Gorret 
  
Angélique Delafosse 
  
Marie-Laure Collignon 
  
Dominique Toye 
  
Michel Crine 
  
Philippe Thonart 
  
  
Taking into account cell membrane permeability to account for the response of GFP microbial biosensors : integrating the secretome in the scaling-up procedures

Keywords: microbial stress, protein leakage, bioreactor mixing, secretome stress microbien, relargage de protéine, bioréacteur, mélange, sécrétome

Mixing deficiencies can be potentially detected by the use of dedicated whole cell microbial biosensor. In this work, a csiE promoter induced under carbon limitation has been involved in the elaboration of such biosensor. The cisE biosensor exhibited interesting response after up and down-shift of the dilution rate in chemostat mode. Glucose limitation is accompanied by GFP leakage to the extracellular medium. In order to test the responsiveness of microbial biosensors to substrate fluctuations in large-scale, a scale-down reactor (SDR) experiment has been performed. The glucose fluctuations have been characterized at the single cell level and tend to decrease the induction of GFP. GFP leakage has been observed to a great extent in the case of a culture operated in well-mixed fed-batch mode, by comparison with those operated in SDR. GFP leakage seems to be correlated to a higher membrane permeability, confirming previous studies highlighting a better cell viability in cultures operated in a fluctuating environment. Our results suggest that GFP leakage could be used in parallel to the normal GFP biosensor function in order to assess microbial viability in process conditions.

Introduction

In previous works, the dynamics of Green Fluorescent Protein (GFP) synthesis from several microbial biosensors has been evaluated in different scale-down bioreactor configurations [START_REF] Delvigne | Bioreactor mixing efficiency modulates the activity of a prpoS::GFP reporter gene in E. coli[END_REF][START_REF] Delvigne | Evaluation of a set of E. coli reporter strains as physiological tracer for estimating bioreactor hydrodynamic efficiency[END_REF]. These studies involved the use of stress responsive promoters coupled to the GFP coding sequence in order to allow an easy detection of the fluorescent signal. In this context, we have used semi-specific whole cell microbial biosensors involving stress promoters responsive to carbon limitation. The term semi-specific means that the promoter can be induced by a set of environmental conditions [START_REF] Sorensen | Making bio-sense of toxicity : new developments in whole-cell biosensors[END_REF], i.e. in our case such conditions leading to the induction of a stress regulon involving several interconnected genes. The induction of such stress regulon can have severe final consequences at the level of the bioprocess, such as a significant reduction of the growth rate.

Since these conditions are usually strongly interrelated and met in fed-batch bioreactor, GFP is actively synthesized in normal cultivation conditions (i.e., the exposure of the cells to a progressive substrate limitation condition) and is deactivated when biosensors are exposed to substrate heterogeneities. In this work, we have used the Carbon Starvation Induced csiE promoter, which exhibits a significantly higher level of GFP expression than the previously used rpoS promoter [START_REF] Delvigne | Bioreactor mixing efficiency modulates the activity of a prpoS::GFP reporter gene in E. coli[END_REF]. This csiE promoter is subjected to the control of the rpoS sigma factor and is induced when cells encounter carbon limitation. Considering its location far below the global regulatory level (on the opposite of the rpoS promoter which is a global regulator located at the top of the transcriptional network [START_REF] Ma | Hierarchical structure and modules in the Escherichia coli transcriptional regulatory network revealed by a new top-down approach[END_REF])), we expect more specificity from this kind of promoter. This principle can be thus used to detect bioreactor mixing imperfections at the single cell level. However, during cultivations, significant release of GFP to the extracellular medium can be observed [START_REF] Delvigne | Characterization of the response of GFP microbial biosensors sensitive to substrate limitation in scale-down bioreactors[END_REF]. This phenomenon is not well documented in the literature in relation with bioprocess performances. It is known that about 30% of the proteome of Gram negative bacteria is exported to the extracellular medium, this fraction being described as the secretome [START_REF] Song | Bioinformatic comparison of bacterial secretomes[END_REF]. The secretome fraction of E. coli comes from the specific leakage (and not from membrane lysis) of proteins which are initially located in the outer membrane compartment [START_REF] Nandakumar | Proteomic analysis of extracellular proteins from Eschercihia coli W3110[END_REF]. Protein leakage can be correlated to the occurrence of stress and/or changes in growth conditions. There is indeed a strong correlation between growth rate, membrane stress and protein leakage [START_REF] Ling | Escherichia coli high-cell-density culture: carbon mass balances and release of outer membrane components[END_REF][START_REF] Shokri | Growth rate dependent changes in Escherichia coli membrane structure and protein leakage[END_REF][START_REF] Shokri | Characterisation of the Escherichia coli membrane structure and function during fedbatch cultivation[END_REF]. More recently, a series of cultivation tests carried out in intensive fed-batch bioreactor has allowed the validation of the periplasmic origin of the secretome of E. coli and the fact that this secretome is modulated in function of cell density and growth rate (Xia, 2008). The purpose of this work is to determine if this release can be correlated to the extracellular fluctuations met in the scale-down bioreactors. At this level, relationship between GFP leakage and membrane permeability would be a very interesting parameter to investigate, considering the fact that membrane integrity is one of the most used parameter to assess microbial viability [START_REF] Klotz | The relationship between membrane damage, release of protein and loss of viability in Escherichia coli exposed to high hydrostatic pressure[END_REF]. If the relationship with GFP leakage can be established, this information could be potentially used to expand to use GFP microbial biosensors for viability assessment. As stated before, the proteome of E. coli, as well as its secretome fraction has been relatively well characterized in the literature [START_REF] Han | The Escherichia coli proteome : past, present and future prospects[END_REF], but only a few studies deal with the release of protein in process-related conditions. Only a single study involving the characterization of the E. coli secretome in high cell density culture with control of the main environmental variables (i.e. dissolved oxygen, glucose level, pH and temperature) has been performed so far (Xia, 2008). However, this study has been conducted in a lab-scale, well-mixed bioreactor. In industrial bioreactors, considering the drop at the level of the mixing efficiency, microbial cells are exposed to fluctuations at the level of the main environmental variables [START_REF] Enfors | Physiological responses to mixing in large scale bioreactors[END_REF][START_REF] Hewitt | The scale-up of microbial batch and fed-batch fermentation processes[END_REF]. It could be thus interesting to characterize the secretome fraction affected by these fluctuations since some studies suggest a strong modulation of the secretome in function of the environmental conditions [START_REF] Pugsley | Protein secretion in Escherichia coli K-12: dead or alive?[END_REF].

Material and methods

Strains and medium

E. coli K12 MG1655 bearing a pMS201 (4260 bp) plasmid with a stress promoter and a kanamycin resistance gene. The strain is provided from a cloning vector library elaborated at the Weizmann Institute of Science (Zaslaver, 2006). The carbon starvation induced promoter csiE has been chosen as a biosensor of carbon limitation in our different bioreactor experiments. Microbial biosensors are maintained at -80°C in working seeds vials (2 mL) in solution with LB media and with 40% of glycerol. Precultures and cultures have been performed on a defined mineral salt medium containing (in g/L): K 2 HPO 4 14.6, NaH 2 PO 4 .2H 2 O 3.6 ; Na 2 SO 4 2 ; (NH 4 ) 2 SO 4 2.47, NH 4 Cl 0.5, (NH 4 ) 2 -H-citrate 1, glucose 5, thiamine 0.01, kanamycin 0.1. Thiamin and kanamycin are sterilized by filtration (0.2 µm). The medium is supplemented with 3mL/L of trace elements solution, 3mL/L of a FeCl 3 .6H 2 O solution (16.7 g/L), 3mL/L of an EDTA solution (20.1 g/L) and 2mL/L of a MgSO 4 solution (120 g/L). The trace elements solution contains (in g/L):

CoCl 2 .H 2 O 0.74, ZnSO 4 .7H 2 O 0.18, MnSO 4 .H 2 O 0.1, CuSO 4 .5H 2 O, CoSO 4 .7H 2 O.
Before each bioreactor cultivation experiment, a precultivation step is performed in 100 mL of the above mentioned medium in baffled shake flask at 37°C and under orbital shaking at 160 rounds per minute. Cell growth has been monitored by optical density (OD) at a wavelength of 600 nm. Cell dry weight has been determined on the basis of filtered samples (0.45 µm) dried during 24 hours at 105°C. Glucose concentration has been monitored by an electro-enzymatic system YSI.

Bioreactor configurations

Microbial GFP biosensors have been cultivated in a lab-scale stirred bioreactors (Biostat B-Twin, Sartorius) operated in fed-batch mode (total volume: 3L; initial working volume: 1L; final working volume: 1.5L; mixing provided by a standard RTD6 rushton turbine). The bioreactor platform comprises 2 cultivation vessels in parallel monitored and controlled by the same control unit (remote control by the MFCS/win 3.0 software). For each reporter strains, experiments have been conducted in parallel by considering a culture performed in the classical stirred vessel and another one conducted with the stirred vessel connected to a recycle loop. This last apparatus correspond to a scale-down strategy allowing to reproduce heterogeneities expected in large-scale bioreactors [START_REF] Delvigne | A methodology for the design of scale-down bioreactors by the use of mixing and circulation stochastic models[END_REF][START_REF] Hewitt | The scale-up of microbial batch and fed-batch fermentation processes[END_REF][START_REF] Lara | Living with heterogeneities in bioreactors -Understanding the effects of environmental gradients on cells[END_REF]. The scale-down reactor arrangement is based on the previously described stirred bioreactor connected to a recycle loop (silicon pipe; diameter 0.005m ; length 12m). A continuous recirculation of the broth between the stirred reactor and the recycle loop is ensured by a peristaltic pump (Watson Marlow 323) with the glucose feed solution being added at the inlet of the recycle loop in order to generate a concentration gradient. Fed-batch is controlled on the basis of dissolved oxygen (setpoint : 30% above saturation). During the experiments, pH was maintained at 6.9 (regulation by ammonia and phosphoric acid) and temperature at 37°C. Stirrer rate is maintained at 1000 rpm with a RDT6 impeller and air flow rate is set to 1 L/min at the beginning of the culture. Once fed-batch phase is started, the agitation rate and the air flow rate are progressively raised to 1300 rpm and 2 L/min respectively. Culture is fed with 500 mL of a solution containing 400 g/L of glucose diluted in mineral medium (see above for composition).

Flow cytometry

The analysis of the GFP expression level has been performed by Fluorescence Activated Cell Sorting (FACS) on a FACScan (Becton Dickinson) flow cytometer. Samples are taken directly from the reactor and are diluted in 900 µL of PBS and 100 µL of a chloramphenicol solution (50 µg/mL) in order to stop protein synthesis. For each measurement, 30,000 cells are analyzed. GFP is excited at 488 nm and emission signals are collected by using filters at 530 nm. The FSC, FL1, FL2 and FL3 channels are logarithmically amplified with the following settings: FSC E00, FL1 620, FL2 420, FL3 420. The results have been analyzed by the FlowJo version 7.6.1 software. Flow cytometry has also been used in order to determine the residence time distribution inside the recycle loop of the SDRs and the membrane permeability of the cells (see above).

Supernatant analysis: fluorescence, SDS-page and western blot

Samples coming from bioreactor are centrifuged at 12000 rpm for 3 minutes and filtered on 0.2 µm cellulose membrane in order to remove the cells. Fluorescence of the supernatant (samples of 200 µL on 96 wells black microtiter plate) is analysed by spectrofluorimetry (Victor³ V Wallac, Perkin Elmer). Proteins coming from the supernatant (20 µL) are separated on 30% polyacrylamide gels (Biorad). Immunoblot is performed in order to detect the band corresponding to GFP (ECL plus detection system, Amersham). Detailed procedures can be found in our previous work [START_REF] Delvigne | Characterization of the response of GFP microbial biosensors sensitive to substrate limitation in scale-down bioreactors[END_REF].

Membrane permeability

Samples taken from bioreactor are diluted in PBS in order to reach an optical density of 4. Cells are stained by adding 10µL of propidium iodide solution (PI) for 15 minutes at 37°C. After staining, cells are washed twice in order to remove excess PI by alternating centrifugation and resuspension in PBS. Samples are then analyzed by flow cytometry with the following settings: FSC E00, FL1 620, FL2 420, FL3 520. Heat stressed cells have been obtained by exposing 1mL of cell suspension in PBS (at an optical density of 4) to 60°C for 30 min.

Results and discussion

The extracellular fluctuations are more complex in the case of cultures operated in fed-batch mode and in scaleddown conditions. Indeed, the extracellular environment of the biosensor depends on the global mixing efficiency of the system as well as the residence time in the recycle loop. Electroenzymatic analysis performed at the different locations of the SDR and at different cultivation times highlights a glucose variation ranging between 0.01 and 0.25 g/L (results not shown). These results are of importance because the simulated glucose levels are sufficient to induce overflow metabolism resulting in lower biomass yield (Xu, 1999). According to the fact that microbial biosensors displacement is stochastic and depends on the respective residence time inside the stirred part and the recycle loop of the SDR, each biosensor exhibits its own glucose concentration profiles. Considering that oxygen is required for GFP maturation [START_REF] Tsien | The green fluorescent protein[END_REF], dissolved oxygen has been measured at two points of the recycle loop during the culture by a set of optical probes (results not shown). Oxygen limitation is observed at the outlet of the recycle loop for the whole duration of the culture. However, considering the fact that GFP maturation time (about 4 min. in the case of the gfpmut2 variant [START_REF] Cormack | FACS-optimized mutants of the green fluorescent protein (GFP)[END_REF]) is significantly higher than the mean residence time in the recycle loop, oxygen limitation is expected to have no impact on GFP folding. This process seems to have not impact at the level of the maximum GFP expression level, as shown by the flow cytometry diagrams recorded for the different cultivation tests (Figure 1). However, the maximal level for GFP induction has been noticed after 14 hours of culture in normal mode, whereas the same process take 23 hours in the case of the SDR, suggesting that the exposure of microbial biosensors to glucose excess in the recycle loop tends to diminish csiE promoter activation. Another mechanisms possibly involved is the leakage of GFP to the extracellular medium. This hypothesis is not valid since the amount of protein excreted is significantly higher in the case of the culture operated under the normal fed batch mode (Figure 2). In the case of the classical bioreactor, GFP is detected earlier after only 7 hours of culture. GFP is only detected after 14 hours of culture in the SDR and the amount excreted are significantly lower than in the case of the classical fed-batch bioreactor. A 37 kD band corresponding to GFP conformation exhibiting fluorescence and a 60 kD band, probably corresponding to a GFP dimer have been detected in great amount only in the case of the culture operated in normal mode. The presence of such form indicates the leakage of a large amount of GFP in the medium, with a fraction being not affected by the denaturing procedure preceding SDS-PAGE analysis. GFP leakage seems also to be correlated with membrane permeability, as shown by PI staining experiments (Figure 4).

Figure 4: evolution of the membrane permeability of microbial biosensors according to permeability to propidium iodide (PI). Red intensity related to the accumulation of PI inside cells is detected at the level of the FL3 channel. Cell size is determined on the basis of the FSC channel A : culture operated in normal mode B : culture operated in SDR

Conclusion

Detection of GFP in the extracellular medium is correlated with bioreactor operating mode. Our results suggest that the amount, but also the forms (mono or oligomeric) of the GFP in the extracellular medium are indicative of the stress encountered by microbial cells in a given bioreactor. Interestingly, membrane state seems to be better in the case of the SDR than in the case of the classical fed-batch bioreactor. This result is in good accordance with those obtained previously by Hewitt and co-workers [START_REF] Hewitt | Studies related to the scale-up of high-celldensity E. coli fed-batch fermentations using multiparameter flow cytometry : effect of a changing microenvironment with respect to glucose and dissolved oxygen concentration[END_REF] by using approximately the same techniques, suggesting that in SDR biomass yield is lower but cell viability tends to be better. This statement can be confirmed by our results showing that the secretome exhibited by the csiE GFP biosensor exhibits a significantly lower amount of GFP, probably due to a lower membrane permeability. In the case of the classical bioreactor, GFP is detected earlier during the fed-batch phase and tends excreted in great amount in the medium. Our results suggest that GFP leakage could be used in parallel to the normal GFP biosensor function in order to assess microbial viability in process conditions. In addition, the results highlighted in this work are also of practical importance in the case of recombinant protein expression since our observations suggest that protein excretion is lower in scale-down conditions.

Figure 1 :

 1 Figure 1: flow cytometry diagrams (FSC : cell size ; FL1 : GFP-related fluorescence) showing the comparison of the GFP content of the microbial cells in standard fed-batch bioreactor (maximum level recorded after 14 hours of culture) and in SDR (maximum level recorded after 23 hours of culture). Basal level is shown for comparison

Figure 2 :

 2 Figure 2 : evolution of the microbial growth (A) supernatant fluorescence (B) and supernatant protein content (C) in reference bioreactor and in SDR. The arrow indicates the beginning of the fed-batch mode

Figure 3 :

 3 Figure 3 : western blot analysis of the supernatant collected at different times during the culture of the csiE biosensor in standard fed-batch (left) and scale-down (right) conditions
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