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Propionibacterium freudenreichii is a beneficial food-grade actinobacterium, widely implemented, and thus consumed, in various food products. As the main application, P. freudenreichii is used as a cheese-ripening starter, mostly in hard type cheeses. Indeed, during manufacture of "Swiss-type" cheeses (or opened-body cheeses), the technological process favors propionibacteria growth, as well as the corresponding propionic fermentation. This leads to the characteristic flavor of these cheeses, through the release of short chain fatty acids and through lipolysis, as well as to their specific texture. To fulfil this ripening, massive amounts of propionibacteria are industrially produced, dried and stored, prior to cheese making. Furthermore, P. freudenreichii is commercialized in various probiotic food supplements aiming at preserving intestinal health and comfort, in line with its ability to produce beneficial metabolites (short chain fatty acids, vitamins), as well as immunomodulatory compounds. Other industrial applications of P. freudenreichii include the production of food-grade vitamins of the B group, of trehalose, of conjugated linoleic acid, and of biopreservatives. For these different applications, maintaining survival and activity of propionibacteria during production, drying, storage and finally implementation, is crucial. More widely, maintaining live and active probiotic bacteria represents a challenge as the market for probiotic products increases. Probiotic bacteria are, for a bulk majority, freeze-dried, but spray drying is also more and more considered. Indeed, this process is both continuous and more cost-efficient, as it utilizes less energy compared to freeze-drying; on the other hand, it exposes bacteria to higher heat and oxidative stresses. Apart from process optimization and strain selection, it is possible to enhance the resistance of bacteria by taking advantage of their adaptation capacity. Indeed, P. freudenreichii stress tolerance can be boosted by different pretreatments applied before the drying step, thus considerably increasing its final survival. In particular, adaptation to hyperosmotic conditions improves stress tolerance, while the presence of osmoprotectants may mitigate this improvement. Thermal adaptation also modulates tolerance towards these technological challenges. The composition of the growth medium, including the ratio between the carbohydrates provided and the non-protein nitrogen, plays a key role in driving the accumulation of osmoprotectants. This, in turn, determines P. freudenreichii tolerance towards different stresses, and overall towards both freeze-drying and spray-drying. As an example, the accumulation of trehalose enhances its spray-drying survival, while the accumulation of glycine betaine enhances its freeze-drying survival. Growth of propionibacteria in hyperconcentrated whey was used to trigger multiple stress tolerance acquisition, underpinned by overexpression of key stress protein, accumulation of cytoplasmic storage compounds, and leading to enhanced spray-drying survival. A simplified process, from cultivation to atomization, was developed by using whey as a 2-in-1 medium in which propionibacteria were grown, protected and dried with minimal cell death. This innovative process was then subjected to scaling up at the industrial level. In this aim, a gentle multi-stage drying process offering mild drying conditions by coupling spray drying with belt drying, led to final probiotic survival close to 100% when stress tolerance acquisition was previously implemented. Such innovation opens new avenues for the efficient, cost-effective and sustainable development of new probiotic production technologies, as well as probiotic application in the context of food and feed.

Key points

• Propionibacteria acquire multi-stress tolerance when grown in hyper-concentrated whey.

• Spray drying of osmo-adapted probiotic bacteria is possible with limited cell death.

• A two-in-one drying method is developed to grow and dry probiotic bacteria in the same matrix.

Introduction

Propionibacteria are beneficial bacteria with various biotechnological applications. They are Gram-positive, non-motile, aerotolerant, with a high GC content. They are mainly isolated from raw milk, cheese and other fermented products, including silage. They are used as ripening cultures for the manufacture of Swiss-type cheeses, as probiotics and as vitamin producers in the food industry. Their energetic metabolism relies on propionic fermentation, leading to the release of propionic acid as a major end product by using unusual transcarboxylase enzymes. Their propionic fermentation leads to the characteristic sweet and nutty flavour, and to the formation of holes (so-called eyes) in such cheeses. They were first described by Sigurd Orla-Jensen and Eduard von Freudenreich at the beginning of the twentieth century [START_REF] Von Freudenreich | Uber die in Emmentalerkäse stattfindene Propionsäure-gärung[END_REF], while propionic fermentation had been studied by Louis Pasteur and Albert Fitz [START_REF] Fitz | Ueber Spaltpilzgährungen[END_REF][START_REF] Pasteur | Studies on fermentation: the diseases of beer, their causes, and the means of preventing them[END_REF]. They are described as pleomorphic rods, or small cocci, arranged in pairs, short chains or clusters resembling Chinese characters [START_REF] Thierry | Propionibacterium spp[END_REF]. They belong to the actinomycetales order. This order comprises bacteria described with a mycelium-like aspect, colonizing various types of environments, including animal hosts and environmental niches such as soil, and known for their prolific production of small molecules, including antimicrobials. Dairy propionibacteria, including the most used species Propionibacterium freudenreichii, belong to the family of Propionibacteriaceae, which is subdivised into three genera: Propionibacterium spp, Acidipropionibacterium spp and Cutibacterium spp (Turgay et al. 2020). In the previous bacterial classification, the genus Propionibacterium used to include cutaneous species such as P. acidifaciens, P. acnes, P. australiense, P. avidum, P. granulosum, P. propionicum and P. humerusii. Other dairy (or classical) species of this Propionibacterium genus were P. acidipropionici, P. cyclohexanicum, P. thoenii, P. jensenii, P. microaerophilum and P. freudenreichii. It should be noted that the cutaneous species may constitute opportunistic pathogens, while dairy species are harmless. This classification was however modified, so that the Propionibacterium genus today comprises the P. freudenreichii and P. cyclohexanicum harmless species. The cutaneous species now belong to the Cutibacterium genus, clearly distinct from dairy propionibacteria. This minireview will focus on Propionibacterium freudenreichii, the main beneficial species used for human consumption. It should be noted, however, that Acidipropionibacterium jensenii, A. acidipropionici and A. thoenii may also occur in raw milk and in cheeses such as "Swiss-type" cheeses (or opened-body cheeses). The long-documented history of safe use of P. freudenreichii and A. acidipropionici conferred to these two species the generally recognized as safe (GRAS) status in the USA, as well as the qualified presumption of safety (QPS) one in the EU. Furthermore, P. freudenreichii is more and more considered for its probiotic use in humans [START_REF] Rabah | Dairy Propionibacteria: versatile probiotics[END_REF] and gained recent attention as it was recently described as a human commensal bacterium, acting as a symbiont responsible for immune modulation [START_REF] Colliou | Commensal Propionibacterium strain UF1 mitigates intestinal inflammation via Th17 cell regulation[END_REF]. There is a global growing demand for fermented foods, for functional foods and for probiotic foods supplements. P. freudenreichii has the potential to play a role in the answer to this growing demand, in addition to its wide utilisation as a starter in the food industry.

Propionibacterium freudenreichii is a useful industrial starter P. freudenreichii can ferment a variety of substrates including carbohydrates (such as lactose), polyols (such as glycerol and erythritol), and organic acids (such as lactate, preferred carbon and energy source). Carbohydrates and organic acids are transformed into pyruvate, a metabolic node molecule, which may be used either for the NADH-generating synthesis of acetate, or for the NADH-consuming synthesis of propionate (Fig. 1). P. freudenreichii maintains its redox balance by modulating these two pathways. Hence, fermentation of 3 lactates results in the production of 2 propionates, 1 acetate and CO 2 , as described in the Fitz equation [START_REF] Piveteau | Metabolism of lactate and sugars by dairy propionibacteria: a review[END_REF]. This propionic fermentation, and thus P. freudenreichii, are needed to achieve the characteristic eyes, as well as the typical sweet and nutty flavour of opened-body cheeses. Propionic and acetic acids, in particular, are responsible for a sweet and slightly sour flavour. Propionibacteria furthermore convert amonoacids to flavour compounds including carboxylic acids and alcohols. The aminoacids catabolites 2-methylbutyrate, 3methylbutyrate and 2-methylpropionate add cheesy and sweaty notes to the cheese [START_REF] Thierry | Conversion of L-leucine to isovaleric acid by Propionibacterium freudenreichii TL 34 and ITGP23[END_REF][START_REF] Thierry | Varied volatile compounds are produced by Propionibacterium freudenreichii in Emmental cheese[END_REF]). Propionibacteria also release succinate which, together with glutamate and propionate, participates to the umami taste of cheese [START_REF] Fröhlich-Wyder | Cheeses with propionic acid fermentation[END_REF]Turgay et al. 2020). They are also responsible for lipolysis in cheese, i.e. the release of free fatty acids from milk fat triglycerides, which in turn serve as precursors of aroma compounds (Dherbecourt et al. 2010a;[START_REF] Yee | Great interspecies and intraspecies diversity of dairy propionibacteria in the production of cheese aroma compounds[END_REF]. They perform lipolysis thanks to a secreted esterase (Dherbecourt et al. 2010b). Finally, P. freudenreichii produces esters, typical fruity aroma compounds, from alcohols and acids, using both esterification and alcoholysis reactions (Turgay et al. 2020). It is also responsible for the formation of eyes, which requires saturation of the cheese matric with CO 2 and the presence of nuclei in the cheese curd.

P. freudenreichii is naturally present in soil, in silage, in the rumen and intestine of ruminants, and thus in raw milk, but at low populations. Traditional PDO (Protected Designation of Origin) cheeses such as Comté may undergo spontaneous, yet limited, propionic fermentation. However, it is added at initial doses of 10 3 to 10 4 CFU.mL -1 to milk in the manufacture of Emmental, to reach a final population of 10 8 to 10 9 CFU per gram of cheese. The bulk majority of starters comprising P. freudenreichii is nowadays produced under the form of dried powders. Indeed, before the development of concentrated and dry starter cultures, commercial starter cultures were originally provided under a liquid form. Industrials had to subculture in order to make intermediate and bulk starters for inoculation of fermentations. Further development in biomass production provided frozen and freeze-dried cultures for "direct-to-vat" inoculation. Dried starter cultures eliminate inplant subculturing, reduce costs associated with bulk culture preparation, reduce the risk of bacteriophages infection, as well as microbial contamination.

Propionibacterium freudenreichii is a beneficial probiotic bacterium

As aforementioned, the main species, P. freudenreichii, is consumed in large amounts in some cheeses and is largely recognized as safe. It is moreover considered as a beneficial commensal of the healthy human gut microbiota [START_REF] Colliou | Commensal Propionibacterium strain UF1 mitigates intestinal inflammation via Th17 cell regulation[END_REF][START_REF] Ge | Neonatal intestinal immune regulation by the commensal bacterium, P. UF1[END_REF]) and as a probiotic [START_REF] Rabah | Dairy Propionibacteria: versatile probiotics[END_REF]. Probiotic microorganisms are defined as live microorganisms, which, when administered in adequate amounts, confer a health benefit to the host (FAO/WHO 2002). Probiotic microorganisms, owing to their ability to modulate the gut microbiota and/or the gut physiology, are studied in humans for their potent role in the management of intestinal dysbiosis, antibiotic-related diarrhoea, Helicobacter pylori infections, traveler's diarrhoea, recurrence of Clostridium difficile, inflammatory bowel disease such as ulcerative colitis, and irritable bowel syndrome [START_REF] Sniffen | Choosing an appropriate probiotic product for your patient: an evidence-based practical guide[END_REF]. The dairy propionibacterium P. freudenreichii is commercialized as a probiotic microorgansim in various countries including France (Sécuril, Yalacta), Finland (PJS, Valio) and Japan (BGF, Meiji), in food supplements aiming at preserving intestinal health and comfort. It indeed constitutes a promising probiotic candidate, although it is less studied that lactobacilli or Bifidobacteria. In humans, it was shown to survive during the transit through the digestive tract [START_REF] Bouglé | Effect of propionibacteria supplementation on fecal bifidobacteria and segmental colonic transit time in healthy human subjects[END_REF]Jan et al. 2002b;[START_REF] Suomalainen | In vitro and in vivo gastrointestinal survival, antibiotic susceptibility and genetic identification of Propionibacterium freudenreichii ssp shermanii JS[END_REF]). In the human digestive tract, its presence was shown to maintain an active propionic fermentation [START_REF] Hervé | Transcarboxylase mRNA: a marker which evidences P. freudenreichii survival and metabolic activity during its transit in the human gut[END_REF]) and to modulate intraluminal short chain fatty acids in the favour of propionate (Jan et al. 2002b). Consumption of P. freudenreichii modulates the human gut microbiota in the favour of bifidobacteria [START_REF] Seki | Effects of fermented milk whey containing novel bifidogenic growth stimulator produced by Propionibacterium on fecal bacteria, putrefactive metabolite, defecation frequency and fecal properties in senile volunteers needed serious nursing-care taking enteral nutrition by tube feeding[END_REF][START_REF] Mitsuyama | Treatment of ulcerative colitis with milk whey culture with Propionibacterium freudenreichii[END_REF]). Modulation of the intestinal motility was also reported [START_REF] Bouglé | Effect of propionibacteria supplementation on fecal bifidobacteria and segmental colonic transit time in healthy human subjects[END_REF], as well as alleviation of constipation [START_REF] Hojo | Effect of ingested culture of Propionibacterium freudenreichii ET-3 on fecal microflora and stool frequency in healthy females[END_REF]. In human neonates, its presence within the gut microbiota, allowed by maternal breast-feeding, coincides with a reduced probability to develop necrotizing enterocolitis [START_REF] Colliou | Commensal Propionibacterium strain UF1 mitigates intestinal inflammation via Th17 cell regulation[END_REF]. Accordingly, a Japanese human pilot study indicated alleviation of ulcerative colitis symptoms, as a result of the consumption of dried cultures of P. freudenreichii [START_REF] Mitsuyama | Treatment of ulcerative colitis with milk whey culture with Propionibacterium freudenreichii[END_REF].

The probiotic potential of P. freudenreichii has been explored at the molecular level. It involves the active production of small metabolite molecules playing a physiological role (short chain fatty acids, vitamins), and of surface proteins responsible for adhesion and immune modulation. The short chain fatty acids, including acetate and propionate, attracted the attention of scientists in the context of beneficial effects. Indeed, enhancing their intra-intestinal concentrations is thought to help in preventing gastro-intestinal dysfunction, obesity and type 2 diabetes mellitus [START_REF] Blaak | Short chain fatty acids in human gut and metabolic health[END_REF]). P. freudenreichii was shown to induce in vitro apoptosis, the intrinsic programmed cell death, via acetate and propionate acting on colorectal carcinoma cells' mitochondria (Jan et al. 2002a). Selected strains of P. freudenreichii, able to adapt digestive stresses and to produce propionate in situ [START_REF] Lan | Survival and metabolic activity of selected strains of Propionibacterium freudenreichii in the gastrointestinal tract of human microbiota-associated rats[END_REF], were further shown to favour apoptotic depletion of colon cancer cells in mutagenized rats [START_REF] Lan | Increased induction of apoptosis by Propionibacterium freudenreichii TL133 in colonic mucosal crypts of human microbiota-associated rats treated with 1,2-dimethylhydrazine[END_REF]). Accordingly, propionibacterial metabolites were shown to synergize the action of chemotherapeutic molecules in vitro, opening perspectives for targeted functional foods [START_REF] Cousin | The probiotic Propionibacterium freudenreichii as a new adjuvant for TRAILbased therapy in colorectal cancer[END_REF].

P. freudenreichii was furthermore described as a nutraceutical producer [START_REF] Hugenholtz | Nutraceutical production by propionibacteria[END_REF]. Indeed, it produces several nutraceutical molecules beneficial to human health, such as B vitamins, including cobalamin (B12) and folic acid (B9) (Fig. 1). It utilizes vitamin B12 as a cofactor of a key step of propionic fermentation, i.e. the conversion of succinyl-CoA into methylmalonyl-CoA. The biosynthesis of B12 starts with glutamate, involves 30 genes and proceeds through the anaerobic pathway, regardless of the aerobic and anaerobic conditions of incubation [START_REF] Iida | Mechanism of the ring contraction process in vitamin B12 biosynthesis by the anaerobe Propionibacterium shermanii aerobic conditions[END_REF]. It is used in the industry in order to produce food supplements, as it is the only B12 producer known to be a GRAS bacterium [START_REF] Deptula | BluB/CobT2 fusion enzyme activity reveals mechanisms responsible for production of active form of vitamin B12 by Propionibacterium freudenreichii[END_REF][START_REF] Rabah | Dairy Propionibacteria: versatile probiotics[END_REF]. P. freudenreichii was further shown to produce and release DHNA, 1,4-dihydroxy-2-naphtoic acid, a molecule described as a bifidogenic growth stimulator [START_REF] Isawa | Isolation and identification of a new bifidogenic growth stimulator produced by Propionibacterium freudenreichii ET-3[END_REF]. Accordingly, consumption of dried supernatants of P. freudenreichii ET-3 cultures, rich in DHNA, provided by the Japanese company Meiji, enhanced fecal Bifidobacteria population in human healthy volunteers [START_REF] Hojo | Effect of ingested culture of Propionibacterium freudenreichii ET-3 on fecal microflora and stool frequency in healthy females[END_REF][START_REF] Seki | Effects of fermented milk whey containing novel bifidogenic growth stimulator produced by Propionibacterium on fecal bacteria, putrefactive metabolite, defecation frequency and fecal properties in senile volunteers needed serious nursing-care taking enteral nutrition by tube feeding[END_REF][START_REF] Mitsuyama | Treatment of ulcerative colitis with milk whey culture with Propionibacterium freudenreichii[END_REF]. DHNA, a precursor in the biosynthesis of vitamin K [START_REF] Furuichi | Aerobic culture of Propionibacterium freudenreichii ET-3 can increase production ratio of 1,4-dihydroxy-2-naphthoic acid to menaquinone[END_REF]), indeed has a potential application as a "prebiotic" molecule used to enhance the intestinal population of bifidobacteria. Another promising property is the ability of P. freudenreichii to convert linoleic acid (LA) into conjugated linoleic acid (CLA). More precisely, it produces the isomer cis9,trans-11 octadecadienoic, referred to as rumenic acid [START_REF] Mcintosh | Mechanism of conjugated linoleic acid and vaccenic acid formation in human faecal suspensions and pure cultures of intestinal bacteria[END_REF]. Animal and clinical studies reported the anti-inflammatory effects of conjugated fatty acids, including rumenic acid, by acting as PPARγ agonists [START_REF] Penedo | Intake of butter naturally enriched with cis9, trans11 conjugated linoleic acid reduces systemic inflammatory mediators in healthy young adults[END_REF][START_REF] Yuan | Modulation of peroxisome proliferatoractivated receptor gamma (PPAR γ) by conjugated fatty acid in obesity and inflammatory bowel disease[END_REF][START_REF] Viladomiu | Modulation of inflammation and immunity by dietary conjugated linoleic acid[END_REF]. Dairy propionibacteria, including P. freudenreichii, are also known to produce high amounts of trehalose, a non-reducing disaccharide. In humans, trehalose consumption improved glucose tolerance, decreased the progression to insulin resistance, and decreased systolic blood pressure, indicating that it induces systemic benefits [START_REF] Mizote | Daily intake of trehalose is effective in the prevention of lifestyle-related diseases in individuals with risk factors for metabolic syndrome[END_REF][START_REF] Lay | Identification and quantification of antifungal compounds produced by lactic acid bacteria and propionibacteria[END_REF]. Finally, dairy propionibacteria produce anti-microbial molecules and are used as food grade biopreservatives. They produce antifungal acids including propionic acid as the main antimicrobial, as well as succinic, acetic and 3-phenyllactic acid acids [START_REF] Lind | Antifungal effect of dairy propionibacteria-contribution of organic acids[END_REF][START_REF] Lind | Antifungal compounds from cultures of dairy propionibacteria type strains[END_REF]). Propionibacterial bacteriocins, antimicrobial peptides, inhibit propionibacteria, Gram-positive and Gram-negative bacteria, as well as yeasts and molds [START_REF] Rabah | Dairy Propionibacteria: versatile probiotics[END_REF]. In line with the production of these different antimicrobials, dairy propionibacteria were shown to supress the growth of undesirable bacteria and molds in many foods, prolonging their shelf-life. Skim milk fermented by P. freudenreichii is commercialized as Microgard TM product (Du pont Danisco) as a food-grade biopreservative [START_REF] Al-Zoreky | Antimicrobial activity of Microgard TM against food spoilage and pathogenic microorganisms1[END_REF]. In addition, fermentation of whey by P. freudenreichii leads to the production of Inhibit 3600 Dairy TM (Mezzoni Foods), a natural shelf-life extender (Turgay et al. 2020).

Concerning modulation of the immune response and of inflammation by surface proteins, a pioneer study evidenced promising immunomodulatory properties in P. freudenreichii [START_REF] Foligné | Promising immunomodulatory effects of selected strains of dairy propionibacteria as evidenced in vitro and in vivo[END_REF]. Selected strains induced the release of the regulatory cytokine IL-10 in blood mononuclear cells PBMCs. Consumption of these strains protect mice from chemically induced colitis, and furthermore delays colonization of the gut and colitis induced by pathogenic Citrobacter rodentium. Noteworthy, this property is highly strain-dependent and only selected strain induce this response [START_REF] Foligné | Tracking the microbiome functionality: focus on Propionibacterium species[END_REF]. Selective extraction of P. freudenreichii surface proteins abrogates this immunomodulatory property (Le [START_REF] Marechal | Surface proteins of Propionibacterium freudenreichii are involved in its anti-inflammatory properties[END_REF]. A comparative study of strains, combining genomics, transcriptomic and proteomics, further indicated the key role of surface proteins SlpB [START_REF] Deutsch | Identification of proteins involved in the anti-inflammatory properties of Propionibacterium freudenreichii by means of a multi-strain study[END_REF]. Inactivation of the corresponding slpB gene abrogates P. freudenreichii adhesive and immunomodulatory properties. Finally, SlpB protein was purified and it induces expression of IL-10 in cultured colonocytes [START_REF] Flr D | Probiotic Propionibacterium freudenreichii requires SlpB protein to mitigate mucositis induced by chemotherapy[END_REF].

In vivo, consumption of P. freudenreichii-fermented products delivers metabolically active propionibacteria to the pig's gut (Cousin et al. 2012b) and triggers enhanced growth and attenuated inflammatory response of the gut epithelium to LPS, with lower levels of IL-8 (Cousin et al. 2012a). It modulates the gut-associated cellular immune response with enhanced population of Treg lymphocytes and reduced proinflammatory response of PBMCs to LPS [START_REF] Rabah | The cheese matrix modulates the immunomodulatory properties of Propionibacterium freudenreichii CIRM-BIA 129 in healthy piglets[END_REF]. In mice, consumption of such products protects from colitis, whether P. freudenreichii is consumed alone [START_REF] Plé | Single-strain starter experimental cheese reveals antiinflammatory effect of Propionibacterium freudenreichii CIRM BIA 129 in TNBS-colitis model[END_REF], or in combination with a L. delbrueckii strain (Plé et al. 2016). In particular, consumption of P. freudenreichii limited the increase in the colic macroscopic Wallace score, the histopathological Ameho score, the weight loss, blood inflammatory markers, colic expression of inflammatory and oxidative stress markers, as well as the overall intensity of the disease [START_REF] Foligné | Promising immunomodulatory effects of selected strains of dairy propionibacteria as evidenced in vitro and in vivo[END_REF][START_REF] Plé | Single-strain starter experimental cheese reveals antiinflammatory effect of Propionibacterium freudenreichii CIRM BIA 129 in TNBS-colitis model[END_REF]Plé et al. 2016;[START_REF] Rabah | Beneficial propionibacteria within a probiotic emmental cheese: impact on dextran sodium sulphate-induced colitis in mice[END_REF]. These results open new perspectives for the development of fermented foods and of food supplements in order to prevent and to help in treating intestinal disorders linked with inflammation. While new fermented foods will require innovative design of functional food, food supplements are still limited by the available drying technologies, acting as a bottleneck for cheap and sustainable production of stable dried probiotic products.

Adaptation of P. freudenreichii ameliorates its stress tolerance and drying survival

As dairy starters and as probiotics, propionibacteria are exposed to technological and digestive stresses, and stress adaptation constitutes a bottleneck for their efficacy. Early investigations revealed that P. freudenreichii was constitutively susceptible and suffered massive cell death upon exposure to technological and digestive stresses. However, pre-exposition to moderate doses of stress conferred remarkable stress tolerance, a process known as stress adaptation. As an example, acid adaptation, i.e. exposure to pH values between 4 and 5, encountered in many fermentation processes, triggers acid tolerance response, leading to survival to pH values down to 2 [START_REF] Jan | Acid stress susceptibility and acid adaptation of Propionibacterium freudenreichii subsp[END_REF][START_REF] Jan | Changes in protein synthesis and morphology during acid adaptation of Propionibacterium freudenreichii[END_REF]. This relies on the induction of adaptation proteins involved in DNA synthesis and repair, in propionic fermentation, as well as ATP-dependent proteases and chaperons [START_REF] Jan | Changes in protein synthesis and morphology during acid adaptation of Propionibacterium freudenreichii[END_REF]. Similarly, naive P. freudenreichii cells experience massive cell death when exposed to concentrations of bile salts encountered within the intestine. This mortality can be supressed, provided that P. freudenreichii is exposed to lower doses of bile salts, an adaptive response which relies on the induction of proteins stress sensing, signal transduction, oxidative stress remediation and detoxification [START_REF] Leverrier | Susceptibility and adaptive response to bile salts in Propionibacterium freudenreichii: physiological and proteomic analysis[END_REF]. Moreover, thermal adaptation confers cross-protection towards acid, bile salts and heat challenges, by inducing general stress chaperones and proteins involved in SOS response [START_REF] Leverrier | Mass spectrometry proteomic analysis of stress adaptation reveals both common and distinct response pathways in Propionibacterium freudenreichii[END_REF]. Osmotic adaptation, i.e. adaptation of P. freudenreichii to elevated osmotic pressure, was early demonstrated and involves intracellular accumulation of endogenous osmoprotectants such as glutamate and trehalose and exogenous ones including glycine betaine, dimethylsulfoniopropionate and dimethylsulfonioacetate [START_REF] Boyaval | Stress and osmoprotection in propionibacteria[END_REF][START_REF] Cardoso | Biochemical and genetic characterization of the pathways for trehalose metabolism in Propionibacterium freudenreichii, and their role in stress response[END_REF]). Later, it was shown that osmoadaptation (at elevated concentrations of salt) in the absence of exogenous osmoprotectant molecules (in a chemically defined medium) enhances P. freudenreichii heat, oxidative and acid stress tolerance, as well as survival upon freeze-drying. By contrast, addition of glycine betaine as exogenous osmoprotectant suppressed stress tolerance, while restoring optimal growth (Gaucher et al. 2019a). The bottleneck of the freeze-drying process is the limited survival of bacteria during drying and storage. Growing of P. freudenreichii under hyperosmotic constraint, triggering osmoadaptation, was further combined with acid or thermal pre-treatments. Such combinations in turn triggered intracellular accumulation of stress proteins, of compatible solute glycine betaine, as well as modulations of membrane fatty acids composition. These rearrangements led to enhanced survival of P. freudenreichii upon freeze-drying (Gaucher et al. 2019c). Spray drying constitutes a more productive and efficient way to produce dried cultures, but a more stressing one, imposing severe oxidative and thermal challenges. Modulation of the growth conditions, heat pre-treatment and osmotic pretreatment was optimized to enhance survival of P. freudenreichii under technological constraints. Carbohydrate addition, coupled to heat pre-treatment, triggered accumulation of glycine betaine and of trehalose, which in turn provided high tolerance towards spray drying and storage (Gaucher et al. 2019b). Finally, hyperosmotic growth conditions can be modulated to adjust the intracellular compatible solutes content. Indeed, modulating the ratio between carbohydrates and non-protein nitrogen, during growth, modulates the ratio between glycine betaine and trehalose, and thus P. freudenreichii tolerance towards freeze-and spray-drying. Trehalose accumulation correlates with enhanced spray-drying survival, and glycine betaine with enhanced freeze-drying survival [START_REF] Gaucher | Intracellular osmoprotectant concentrations determine Propionibacterium freudenreichii survival during drying[END_REF]. In line with these results, a new growth medium was developed for P. freudenreichii. It consists of hyperconcentrated sweet whey, i.e. at 20 to 30% dry matter, instead of 5%. Growth in this medium led to remarkable enhanced multistress tolerance acquisition, overexpression of key stress proteins, together with intracellular accumulation of storage molecules glycogen and polyphosphates and of trehalose. This, in turn, led to enhanced survival upon spray drying (Huang et al. 2016b). These results allow the development of new drying technologies, from bench to industrial pilot scale.

New drying technologies are developed

Freeze-drying is a discontinuous and energy-consuming process that generally allows high cell survival. However, the specific energy consumption of dairy bacteria freeze-drying is more than 10 times higher than that of spray-drying [START_REF] Schuck | Spray drying of dairy bacteria: new opportunities to improve the viability of bacteria powders[END_REF]). The latter, on the other hand, is more energyefficient, but may cause massive cell death because of heat, osmotic and oxidative stress exposition. Indeed, such harsh conditions, in particular at the last stage of drying, limit the use of spray-drying for the production of probiotics [START_REF] Fu | Towards a maximal cell survival in convective thermal drying processes[END_REF]. Many studies thus aimed at improving this process by limiting bacterial death during spray-drying [START_REF] Broeckx | Drying techniques of probiotic bacteria as an important step towards the development of novel pharmabiotics[END_REF]. In our experience, dairy propionibacteria including P. freudenreichii are freeze-dried without major cell damage, so more than 50% survival is classically observed, whatever the growth medium used (Gaucher et al. 2019c). However, the first attempts to spray-dry P. freudenreichii without specific adaptation after growth in YEL medium led to less than 4% survival (Huang et al. 2016b). The remarkable ability of dairy propionibacteria, including P. freudenreichii and A. acidipropionici, to respond to stressing environmental conditions and to acquire enhanced stress tolerance allowed to develop new drying technologies, based on spray-drying, where fine-tuned adaptation leads to reduced bacterial death during drying. In particular, the contact with atmospheric oxygen and with temperatures in range 45°C to 75°C prevailing during the spray drying process constitute the main challenges responsible for bacterial death, thus limiting the industrial production of viable probiotics. A multistage drying process was first developed to circumvent the use of too high temperatures [START_REF] Schuck | Spray drying of dairy bacteria: new opportunities to improve the viability of bacteria powders[END_REF]. It allowed to dry A. acidipropionici with limited bacterial death in a semi industrial scale spray drying process, while implementing low temperatures, and limiting stickiness occurrence by the use of a crystallizer or a belt drying step. In this process, propionibacteria were cultured in 13.5 (w/v) dry mater acid whey, and then concentrated by membrane ultrafiltration. Sweet whey permeate powder was then added prior to spray drying. The spray dryer was coupled to a crystallizer followed by a vibro-fluidizer, which contributed to water elimination, so that mild spray drying parameters could be fixed upstream. Indeed, the inlet temperature was set at 130°C, while the outlet one was 60°C.

Later, spray drying of dairy propionibacteria was further enhanced. Hyperconcentrated sweet whey was used to culture P. freudenreichii, providing a two-in-one medium to grow and dry propionibacteria. Dry matter was increased to 20 and 30% (w/v). Propionibacteria grew in this medium to reach higher populations than in isotonic whey, and without the need of adding growth factors. They adapted to the high osmolarity, accumulated compatible solutes and storage compounds, and subsequently reached elevated levels of stress tolerance (see above). The limited amount of water in these cultures further reduced the amount of thermal energy needed to evaporate water. A laboratory scale minor spray dryer (evaporation capacity in the range 3-5 kg.h -1 ) was first used to dry such cultures with up to 80% survival of propionibacteria as a proof of concept for patenting. The stability of the survival in the obtained powders, in terms of viability during storage at 4°C, was also increased as a result of growth in hyperconcentrated sweet whey. Thus, double use of hyperconcentrated sweet whey improved the biomass production and the viability of probiotic propionibacteria (Huang et al. 2016a). This process was then scaled up using a semi industrial pilot spray dryer (evaporation capacity in the range 70-120 kg.h -1 ). More precisely, a multistage process coupling spray drying with belt-and fluid-bed drying and thus allowing low temperature conditions was proposed [START_REF] Huang | Double use of concentrated sweet whey for growth and spray drying of probiotics: towards maximal viability in pilot scale spray dryer[END_REF]). In the final product, the propionibacterial viability was improved, reaching up to 100% (>10 9 CFU g -1 ). Moreover, the process induced a higher tolerance towards simulated intestinal fluids; compared to fresh P. freudenreichii cultures. The stability of P. freudenreichii viability, within the powders, was monitored during 6 months of storage. This evidenced that both storage temperature and powder moisture content/water activity determine the stability the probiotic.

Overall, these studies pave the route for optimizing the survival of bacteria among spray drying. As summarized in Fig. 2, the growth on concentrated culture medium should be recommended as in a generic way it rises the stress resistance of bacteria through osmoadaptation mechanisms (①). The grown and stress adapted bacteria can be separated in a conventional way, and the bacterial paste can be rinsed and resuspended in a drying medium compatible with the market applications (②). However, it is still possible to directly spray dry the culture if the culture medium is food grade and market compatible, which makes the process simpler and the contamination risk lower. Last, multistage drying should be recommended to lower inlet/outlet temperature as low as 130-140°C/50-60°C, respectively (③): it consists of distributing the evaporation of water between several stages of drying, making it possible to reduce the drying kinetics and thus the drying temperatures as the drying time is increased. The first drying stage (chamber) leads to particle formation from the original droplets: their skin and morphology is formed here, but they are still carrying 5-10% of residual moisture given the mild drying stress. The second drying stage (belt drying or crystalliser) finishes the water removal; in the case of high sugar content matrices, crystallization is obtained almost instantaneously given the high solids content, making it possible to remove the water of crystallization. Last, a fluidized bed drying stage can be used to cooling the powders and reaching the stable zone of dry glassy matrices, matching with appropriate water activity (a w in the range 0.05-0.1) and remaining below glass transition temperature.

Conclusion

The world market demand for functional microorganismscontaining foods and for food supplements is presently experiencing an exponential growth. This happens in a context of growing standard of living and growing preoccupation for the maintenance of health and comfort. Spray drying is very promising for sustainable and large-scale production of powders rich in probiotic and/or starter bacteria. However, while it is widely used in the dairy field, its use in the probiotic field is still restricted by the loss of bacterial viability. Improving the efficacy of beneficial bacteria spraydrying thus merits more efforts in research and development in order to better master bacteria physiological adaptation to such a process.

Concerning the dairy propionibacterium P. freudenreichii, a thorough investigation of bacterial adaptation, both during growth and after growth, recently opened new avenues for efficient drying of this probiotic. Growth in sublethal stressing conditions or post-culture treatments (thermal or hyperosmotic) leads to accumulation of compatible solutes including glycine betaine and trehalose. The ratio between these solutes is readily adjusted, depending on the medium composition (carbon, nitrogen). This, in turn, allows improvement of either freeze drying of spray drying of P. freudenreichii, in terms of survival, depending on the chosen stressing conditions. New possibilities to implement this immunomodulatory probiotic in functional products are opened. Indeed, probiotic bacteria susceptible to modulate the gut microbiota, and the immune system, towards preserved homeostasis, offer great perspectives. The demand for immunomodulatory bacteria, able to mitigate inflammation and to modulate the maturation of the immune response at early stages of life will increase. This is linked with the growing incidence of ailments related to immune disorders, such as atopy and inflammation in developed countries. In this context, the production of whey, functionalized by the growth of immunomodulatory probiotics, opens great perspectives of development, as whey constitutes a major ingredient of infant formulas. Propionibacteria, whose presence as a result of breast-feeding, was recently shown to correlate with low incidence of necrotizing enterocolitis [START_REF] Colliou | Commensal Propionibacterium strain UF1 mitigates intestinal inflammation via Th17 cell regulation[END_REF], may play a key role in this context.

Fig. 1

 1 Fig. 1 Propionibacteria are multipurpose beneficial bacteria. Their specific fermentative metabolism relies on the Wood and Werkman cycle. They ferment various substrates including lactate, sugars, glycerol and aminoacids. Whatever the fermented carbon source, they produce beneficial metabolites. The short chain fatty acids acetate and propionate are responsible for cheese flavor and for the antimicrobial
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