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Dynamics of the viral community on the cheese surface during maturation and persistence across production years

The surface of smear-ripened cheeses constitutes a dynamic microbial ecosystem resulting from the successive development of different microbial groups. Recent studies indicate that a viral community, mainly composed of bacteriophages, coexists with cellular microorganisms in this ecosystem, but its ecological significance remains to be elucidated. In this work, we studied a French smear-ripened cheese by both viral metagenomics and 16S metabarcoding approaches to assess both the dynamics of phages and bacterial communities on the cheese surface during the ripening period, and their persistence in ready-to-eat cheeses over the years of production. We observed a clear transition of the phage community structure during ripening with a decreased relative abundance of viral species (vOTUs) associated with Lactococcus phages, which were replaced by vOTUs associated with phages infecting ripening bacteria such as Brevibacterium, Glutamicibacter, Pseudoalteromonas and Vibrio.

The dynamics of the phage community was strongly associated with bacterial successions observed on the cheese surface. Finally, a core of abundant vOTUs were systematically detected in ready-to-eat cheeses produced at different dates spanning more than 4 years of production, indicating long-term persistence of the main phages in the cheese production environment. Together, these findings offer novel perspectives on the ecology of bacteriophages in smear-ripened cheese and emphasize the significance of incorporating bacteriophages in the microbial ecology studies of fermented foods.

IMPORTANCE

Smear-ripened cheeses are microbial ecosystems made up of various microorganisms including bacteria, yeasts and also viruses such as bacteriophages, which infect and regulate bacterial populations. In this work, a French smear-ripened cheese was used to study how these viruses and bacteria interact over time and during cheese production. It revealed that the composition of the bacteriophage community shifts during the ripening process, aligning with the bacterial successions observed on the cheese surface between lactic acid bacteria and ripening bacteria. Additionally, the vast majority of these bacteriophages were found consistently in cheese products made over a 4-years period, showing that they represent a persistent component of the cheese-making environment. This research highlights the importance of considering these bacteriophages when studying the microbial life of fermented foods like cheese.

.

INTRODUCTION

Due to their unique ripening process, involving frequent washes with saline and/or alcoholic solutions, smear-ripened cheeses host a peculiar and diverse microbiota composed of lactic acid bacteria (LAB, mainly starter cultures added at the beginning of the process for milk acidification), yeasts and salttolerant bacteria belonging to the Actinomycetota, Bacillota and Pseudomonadota phyla [START_REF] Mounier | Chapter 38 -Smear-Ripened Cheeses[END_REF]. The surface microbiota of smear-ripened cheeses is considered to be responsible for the typical flavour and organoleptic properties of this type of cheese [START_REF] Corsetti | Interactions between yeasts and bacteria in the smear surface-ripened cheeses[END_REF]. From the past two decades, numerous studies have been conducted to describe the composition of this microbiota using isolation-based methods [START_REF] Larpin-Laborde | Surface microbial consortia from Livarot, a French smear-ripened cheese[END_REF][START_REF] Lavoie | Characterization of the fungal microflora in raw milk and specialty cheeses of the province of Quebec[END_REF], molecular fingerprinting [START_REF] Feurer | Assessment of the rind microbial diversity in a farmhouse-produced vs a pasteurized industrially produced soft red-smear cheese using both cultivation and rDNA-based methods[END_REF][START_REF] Mounier | Assessment of the microbial diversity at the surface of Livarot cheese using culture-dependent and independent approaches[END_REF][START_REF] Mounier | Surface Microflora of Four Smear-Ripened Cheeses[END_REF][START_REF] Rea | Stability of the Biodiversity of the Surface Consortia of Gubbeen, a Red-Smear Cheese[END_REF], and more recently amplicon-based metagenomics also commonly referred to as metabarcoding [START_REF] Delcenserie | Microbiota characterization of a Belgian protected designation of origin cheese, Herve cheese, using metagenomic analysis[END_REF][START_REF] Dugat-Bony | Highlighting the microbial diversity of 12 French cheese varieties[END_REF][START_REF] Quigley | High-throughput sequencing for detection of subpopulations of bacteria not previously associated with artisanal cheeses[END_REF][START_REF] Wolfe | Cheese rind communities provide tractable systems for in situ and in vitro studies of microbial diversity[END_REF].

Time series studies also enabled to reveal microbial successions occurring on the surface of smearripened cheeses during the maturation process [START_REF] Rea | Stability of the Biodiversity of the Surface Consortia of Gubbeen, a Red-Smear Cheese[END_REF][START_REF] Irlinger | Temporal differences in microbial composition of Époisses cheese rinds during ripening and storage[END_REF]. Lactic acid bacteria (LAB), usually originating from starter cultures, grow first in the milk and represent the dominant microorganisms in the curd.

Yeasts, e.g. Debaryomyces hansenii and Geotrichum candidum, which exhibit acid tolerance and metabolize lactate, subsequently colonize the cheese surface, resulting in its deacidification. With the pH increase, the establishment of a diverse bacterial community is progressively observed. The most common bacterial taxa detected at the end of ripening on smear-ripened cheese belong to coryneform bacteria (e.g. species of the Glutamicibacter, Brevibacterium, Corynebacterium or Brachybacterium genera), Staphylococcus species and halophilic or halotolerant gram-negative bacteria (e.g. species of the Psychrobacter, Halomonas, Pseudoalteromonas, Hafnia, Vibrio, Pseudomonas or Proteus genera) [START_REF] Kothe | Unraveling the world of halophilic and halotolerant bacteria in cheese by combining cultural, genomic and metagenomic approaches[END_REF].

Microbial interactions are key biotic factors determining the structure and functioning of cheese microbial ecosystems and, ultimately, affecting cheese quality and safety [START_REF] Irlinger | Microbial interactions in cheese: implications for cheese quality and safety[END_REF][START_REF] Mayo | Microbial Interactions within the Cheese Ecosystem and Their Application to Improve Quality and Safety[END_REF]. In many natural ecosystems, bacteriophage infections shapes the composition of bacterial populations [START_REF] Brown | Ecological and functional roles of bacteriophages in contrasting environments: marine, terrestrial and human gut[END_REF] and recent work suggests the same applies to fermented foods [START_REF] Ledormand | Phage community involvement in fermented beverages: an open door to technological advances?[END_REF][START_REF] Paillet | Bacteriophage ecology of fermented foods: anything new under the sun?[END_REF]. In the dairy industry, the impact of LAB phages is well documented because their lytic activity can disturb the milk acidification step, causing . CC-BY-NC-ND 4.0 International license perpetuity. It is made available under a preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in The copyright holder for this this version posted November 8, 2023. ; https://doi.org/10.1101/2023.11.06.565837 doi: bioRxiv preprint delay in the production and even total loss of production [START_REF] Garneau | Bacteriophages of lactic acid bacteria and their impact on milk fermentations[END_REF][START_REF] Pujato | Bacteriophages on dairy foods[END_REF]. Consequently, the most studied dairy phages are Lactococcus, Streptococcus, Lactobacillus and Leuconostoc phages, infecting the main starter cultures [START_REF] Marcó | Bacteriophages and dairy fermentations[END_REF]. Viral metagenomics has been recently employed to characterize the bacteriophage communities in dairy samples, including whey [START_REF] Muhammed | Metagenomic analysis of dairy bacteriophages: extraction method and pilot study on whey samples derived from using undefined and defined mesophilic starter cultures[END_REF] and cheeses [START_REF] Dugat-Bony | Viral metagenomic analysis of the cheese surface: A comparative study of rapid procedures for extracting viral particles[END_REF][START_REF] Queiroz | High Level of Interaction between Phages and Bacteria in an Artisanal Raw Milk Cheese Microbial Community[END_REF]. These investigations have demonstrated that such viral communities are not restricted to LAB phages, but encompass a diverse array of phages that could potentially also infect non-inoculated and ripening bacteria during cheese production.

However, only few studies report the isolation of such virulent phages from cheese infecting ripening bacteria, i.e. Propionibacterium freudeunreichii and Brevibacterium aurantiacum [START_REF] Cheng | Complete genomic sequences of Propionibacterium freudenreichii phages from Swiss cheese reveal greater diversity than Cutibacterium (formerly Propionibacterium) acnes phages[END_REF][START_REF] De Melo | DNA tandem repeats contribute to the genetic diversity of Brevibacterium aurantiacum phages[END_REF][START_REF] Gautier | Occurrence of Propionibacterium freudenreichii bacteriophages in swiss cheese[END_REF]. We also isolated in a previous work five new virulent phages, targeting Glutamicibacter arilaitensis, Brevibacterium aurantiacum, Psychrobacter aquimaris and Leuconostoc falkenbergense, from the surface of a French smear-ripened cheese suggesting that predation is likely to occur on such ecosystems for most of the dominant bacteria [START_REF] Paillet | Virulent Phages Isolated from a Smear-Ripened Cheese Are Also Detected in Reservoirs of the Cheese Factory[END_REF]. However, little is known about their ecology. In this study, our aim was to enhance our understanding of the temporal distribution of bacteriophages and their bacterial hosts on the surface of a French smear-ripened cheese across two distinct time scales. Initially, cheeses were obtained directly from the production facility at five distinct ripening stages over 28 days, to analyze phage dynamics throughout a production cycle (Figure 1, dynamic study). Subsequently, ready-to-eat cheeses of the same brand and variety were sampled in 2017, 2019, and 2022 to assess the long-term persistence of phages in this ecosystem (persistence study).

RESULTS

Composition of the cheese surface virome.

The sequence assembly obtained from all the studied samples (15 from the dynamic study and 9 from the persistence study) led to the production of a metavirome composed of 331 vOTUs >2 Kb (Table 1). The vast majority of these contigs (284) were detected in samples from both the dynamic and persistence studies.

The most abundant phages detected in the dataset were identified as Lactococcus phages from the 949 and 936 groups (Audreyjarvisvirus and Skunavirus genera, respectively) and Glutamicibacter phage Montesquieu (Table 2). Of importance, the five virulent phages previously isolated from the same cheese, namely Montesquieu, Voltaire, Rousseau, D'Alembert and Diderot were also detected in this metagenomics survey. Remarkably, the vOTUs with no match (BLAT identity × coverage < 30%) to any known dairy phages (Table S1) represented only 3% of the relative abundance in the dataset, showing that most of the dominant phages present in this ecosystem have already close-relatives that have been isolated and characterized.

The composition of the viral community present on the cheese surface evolves through the ripening process.

The effect of each production step on the cheese virome composition was assessed by computing Bray-Curtis dissimilarity (BC). The PERMANOVA test indicated a significant effect of this variable (p-value = 0.001, R 2 =0.658) and the principal coordinate analysis revealed that the first axis clearly discriminates samples from the first 3 washes (NaCl) and samples from the two last washes (NaCl + alcoholic liquor) (Figure 2A). The second axis helps discriminating samples from the third wash (W3) and samples from the two first (W1 and 2). Regarding the viral diversity, as estimated by the Shannon index, a slight decrease was noted from W3 onwards. However, this decrease was not statistically significant, suggesting that there were no major alterations of the viral diversity related to the production step (p>0.05, Kruskal-Wallis test; Figure 2B).

In order to visualize the abundance of the different vOTUs in the samples, we kept only those with a normalized relative abundance above 5x10 -5 in average (168 contigs) and represented their distribution across samples through a heatmap (Figure 2C). Three blocks of vOTUs were detected. The first one (top of the figure) was characterized by contigs whose abundance do not vary with the ripening and that corresponded mainly to virulent Lactococcus phages belonging to the 936 group (Skunavirus genus). The second block (bottom of the figure) contained contigs whose abundance decreased with ripening and that corresponded to other Lactococcus phages, close to the P335 group containing both temperate and virulent members (here qualified as ex-temperate phages). Finally, the third block (middle of the figure) was essentially composed of a few vOTUs that increased in relative abundance with ripening. These mainly corresponded to phages targeting ripening bacteria such as Brevibacterium, Glutamicibacter, Pseudoalteromonas and Vibrio, and non-starter lactic acid bacteria (NSLAB) such as Leuconostoc. These few vOTUs correspond to uncharacterized phages, except Glutamicibacter phage Montesquieu, Brevibacterium phage Rousseau and Leuconostoc phage Diderot which we previously isolated from the same type of cheese.

As observed by the principal coordinate analysis of the Bray-Curtis dissimilarity (Figure 2A), the virome composition was similar between samples from W1 and W2, and between samples from W4 and W5 indicating the presence of two main viral communities, according to these two ripening stages. Samples from W3 exhibited a composition in between samples from W1-2 and W4-5 reflecting a transition stage captured in those samples.

Phage community shift during ripening follows changes in bacterial composition.

We then applied the DESeq2 method to identify differentially abundant viral contigs between the two stable stages represented by W1-2 and W4-5 samples (Figure 3A). Interestingly, two groups emerged, with very readable outlines: vOTUs corresponding to phages infecting starter cultures, such as Lactococcus and Streptococcus phages, had a negative log2 fold change meaning their relative abundances significantly decreased during the ripening process. Conversely, vOTUs of virulent phages targeting NSLAB and ripening bacteria (e.g. Brevibacterium, Glutamicibacter, Pseudoalteromonas and Vibrio) were significantly more abundant in W4-5 samples compared to W1-2 samples (positive log2 fold change) reflecting a higher population level for such phages on the cheese surface in later ripening stages. Among them were two vOTUs with high similarity to the genomes of Glutamicibacter phage Montesquieu (2017-3_NODE2; 47,703 bp; 100% identity × coverage by BLAT), and Brevibacterium phage Rousseau (2022-5_NODE4; 41,077 bp; 54% identity × coverage by BLAT but 98% identity at the nucleotidic level over a portion of >9 kb). In this group, we also detected a vOTU partially related to Brevibacterium phage AGM1 (SA2-0_NODE10; 37148 bp; 3.5% identity × coverage by BLAT but 88% identity at the nucleotidic level over a portion of 1324 nt), which was isolated from a Canadian washed-rind cheese.

The composition of the bacterial community of the cheese surface also varied through the ripening process (Figure 3B). As for the virome composition, we observed a clear transition in the bacterial community structure from W3 onwards. Lactococcus was the dominant genus in samples from W1 and W2, and was progressively replaced by typical surface aerobic bacteria such as members of Psychrobacter, Vibrio, Glutamicibacter and Pseudoalteromonas genera. Based on plate counts (Figure 3 C-E), this results should be mainly attributed to the growth of aerobic bacteria (~ 2 logs increase between W1 and W5, from ~ 10 8 to ~ 10 10 CFU/g) since lactic acid remained stable over time (~ 10 8 CFU/g) during the whole kinetic. This shift indicates that changes observed on the phage community structure is strongly associated with bacterial successions on the cheese surface.

The dominant fraction of the cheese virome persists across production years.

The effect of the production year (2017, 2019 and 2022) on the composition of the virome of the cheese surface (ready-to-eat cheeses, meaning after packaging and storage) was assessed by computing Bray-Curtis dissimilarity (Figure 4A). The PERMANOVA test indicated a significant effect of this factor (p-value of 0.002, R2 = 0.814) suggesting structural variations of the phage community across production years. The principal coordinate analysis revealed that the first axis clearly discriminates 2019 samples from 2017 and 2022 samples. The second axis helps discriminating samples from years 2017 and 2022.

The heatmap visualization showed that the vast majority of the most abundant contigs were shared among the 3 production years and that only a few low-abundant contigs were detected specifically in one or two production years (blue zones on the graph) (Figure 4C). This result is congruent with the stability of the bacterial community composition over the three sampling campaigns (Figure 4B).

We then evaluated the proportion of vOTUs that were shared across production year. When using the complete dataset (no filtering on relative abundance, Figure 4D), we observed that 56.6% of the 297 vOTUs present in at least one of the three years were shared in all production years (75.4% in two different production years). Interestingly, samples from year 2022 had a higher number of unique vOTUs (48, 32.1% of the total) than samples from years 2017 and 2019 (3 and 11, respectively). We next applied the same analysis only on the most abundant vOTUs (average normalized relative abundance > 5 × 10 -5 , 99 vOTUs in total) (Figure 4E). The vast majority of the vOTUs, i.e. 89.9%, were shared among the 3 productions years and this value rose to 97% when considering only two different years. This result indicates that the cheese surface virome was mostly stable in terms of composition (presence/absence) and that dominant phages persist across productions years. The disparity between production years, as detected by beta-diversity analysis, may therefore primarily be attributed to the presence or absence of phages in low abundance, and fluctuations in the relative abundance of dominant phages.

DISCUSSION

Recent studies of cheese samples using viral metagenomics [START_REF] Dugat-Bony | Viral metagenomic analysis of the cheese surface: A comparative study of rapid procedures for extracting viral particles[END_REF][START_REF] Queiroz | High Level of Interaction between Phages and Bacteria in an Artisanal Raw Milk Cheese Microbial Community[END_REF] or exploration of cheese microbial metagenomes [START_REF] Walsh | Meta-analysis of cheese microbiomes highlights contributions to multiple aspects of quality[END_REF] have revealed that the cheese environment harbours a diverse bacteriophage community whose targets go beyond lactic acid starter cultures. The isolation of a few representatives of these non-starter phages [START_REF] De Melo | DNA tandem repeats contribute to the genetic diversity of Brevibacterium aurantiacum phages[END_REF][START_REF] Gautier | Occurrence of Propionibacterium freudenreichii bacteriophages in swiss cheese[END_REF][START_REF] Paillet | Virulent Phages Isolated from a Smear-Ripened Cheese Are Also Detected in Reservoirs of the Cheese Factory[END_REF] suggests that phage activity occurs in this ecosystem, raising the question of their overall impact on microbial successions during the ripening process. Recently, the deliberate addition of one of those phages, Brevibacterium phage AGM9, was proven to slow down the development of the orange rind color in a model system mimicking a smear-ripened cheese [START_REF] De Melo | The impact of Brevibacterium aurantiacum virulent phages on the production of smear surface-ripened cheeses[END_REF]. In the present study, we described the viral community of a French smear ripened cheese over time, by combining two timescales: the 28-days long ripening process, as well as from ready-to-eat cheeses spanning four years of production. The virome was predominantly composed of vOTUs associated with a variety of Lactococcus phages as well as the Glutamicibacter phage Montesquieu, a virulent phage we had previously isolated from the same cheese variety [START_REF] Paillet | Virulent Phages Isolated from a Smear-Ripened Cheese Are Also Detected in Reservoirs of the Cheese Factory[END_REF]. This phage targets the ripening bacterium Glutamicibacter arilaitensis. Several other phages were detected at sub-dominant levels.

Among them, only a few, such as the Brevibacterium phage Rousseau, Leuconostoc phage Diderot, Psychrobacter phage d'Alembert, Glutamicibacter phage Voltaire, and a novel vOTU displaying minimal sequence homology to Brevibacterium phage AGM1, have been previously documented in cheese. The diversity of these sub-dominant phages is therefore not yet completely sampled and, in particular, underscores the necessity to isolate a more comprehensive collection of phages from this ecosystem. Notably, we identified vOTUs that partially aligned with genomic sequences from phages infecting halotolerant bacteria (e.g., Pseudoalteromonas, Halomonas, Vibrio, and Proteus species).

Even though these bacteria are not intentionally inoculated into smear-ripened cheese, they tend to dominate by the end of the ripening process [START_REF] Kothe | Unraveling the world of halophilic and halotolerant bacteria in cheese by combining cultural, genomic and metagenomic approaches[END_REF]. Their phages should therefore be looked for in future isolation initiatives. The dynamics of bacterial and fungal communities has been extensively studied in a wide diversity of cheese products during ripening [START_REF] Irlinger | Temporal differences in microbial composition of Époisses cheese rinds during ripening and storage[END_REF][START_REF] Pasquale | Microbial Ecology Dynamics Reveal a Succession in the Core Microbiota Involved in the Ripening of Pasta Filata Caciocavallo Pugliese Cheese[END_REF][START_REF] Flórez | Microbial diversity and succession during the manufacture and ripening of traditional, Spanish, blue-veined Cabrales cheese, as determined by PCR-DGGE[END_REF][START_REF] Fuka | Dynamics of Bacterial Communities during the Ripening Process of Different Croatian Cheese Types Derived from Raw Ewe's Milk Cheeses[END_REF][START_REF] Larpin | Geotrichum candidum dominates in yeast population dynamics in Livarot, a French red-smear cheese[END_REF][START_REF] Pangallo | Microbial diversity and dynamics during the production of May bryndza cheese[END_REF], enabling to accurately describe cellular successions occurring in cheese production processes [START_REF] Mayo | Microbial Interactions within the Cheese Ecosystem and Their Application to Improve Quality and Safety[END_REF]. In this study, we present the first analysis of viral dynamics throughout cheese ripening. Similar to the observed transitions in bacteria and fungi, there was a distinct shift in viral composition over the course of the ripening process. Some vOTUs associated with LAB starter-phages, primarily targeting Lactococcus lactis, were progressively replaced by vOTUs specific to phages that infect ripening bacteria. When comparing phage to bacterial dynamics, there was a notable relationship between phage trajectories and bacterial successions on the cheese surface. Specifically, the relative abundance of phages exhibited a concomitant increase with the relative abundance of their predicted bacterial hosts. This findings is of importance since the increase in the relative abundance of a specific vOTU within a virome can be interpreted as indicative of the active replication of the corresponding phage and further suggests the presence of a predator-prey interaction within the investigated ecosystem.

Surprisingly, despite the changes in bacterial and viral communities' composition during the production process, the relative abundance of some vOTUs remained very stable during ripening.

They mainly corresponded to virulent Lactococcus phages, belonging to the Skunavirus genus (formerly 936 group). Among Lactococcus phages, this genus is by far the most frequently detected in the dairy industry [START_REF] Jolicoeur | Longitudinal Study of Lactococcus Phages in a Canadian Cheese Factory[END_REF]. Given that Lactococcus lactis predominantly proliferates during milk acidification and maintains consistent concentration levels throughout the ripening period in this type of cheese [START_REF] Irlinger | Temporal differences in microbial composition of Époisses cheese rinds during ripening and storage[END_REF], we theorize that the maintenance of Skunavirus is indicative of the stability of phage particles produced at the onset of cheese maturation. The remarkable stability of Skunavirus particles in comparison to other Lactococcus phage groups, especially the P335 group, has been reported earlier [START_REF] Madera | Milk contamination and resistance to processing conditions determine the fate of Lactococcus lactis bacteriophages in dairies[END_REF][START_REF] Wagner | Whey powders are a rich source and excellent storage matrix for dairy bacteriophages[END_REF]. In contrast, we suggest that the relative decline observed in our experiment for certain Lactococcus phages, specifically those affiliated to the P335 group, denotes their temporal instability.

Nevertheless, a more comprehensive examination of this phenomenon warrants dedicated investigations. Cheese microbial communities of washed-rind cheese are generally dominated by environmental microorganisms detected in processing environments, the so-called "house" microbiota [START_REF] Bokulich | Facility-Specific "House" Microbiome Drives Microbial Landscapes of Artisan Cheesemaking Plants[END_REF], which is specific to each production facility and provides a microbial signature distinguishing cheeses belonging to the same variety but manufactured by distinct producers [START_REF] Dugat-Bony | Highlighting the microbial diversity of 12 French cheese varieties[END_REF]. Recently, the analysis of several Quebec's terroir cheeses revealed that the dominant microorganisms remain stable from year to year, which could be linked to typical manufacturing practices and consistency in the use of starter and ripening cultures by cheesemakers [START_REF] Raymond-Fleury | Analysis of Microbiota Persistence in Quebec's Terroir Cheese Using a Metabarcoding Approach[END_REF]. Here, we describe a similar observation for bacteriophages. We indeed identified a core-virome composed of a large proportion of the most abundant vOTUs, consistently detected across four production years. Previous work on an undefined starter culture used for the production of a Swiss-type cheese, propagated for decades in the same dairy environment, revealed that phages and bacteria stably coexist over time in this system and suggests that this may contribute to the stable maintenance of the cheese starter culture over years [START_REF] Somerville | Functional strain redundancy and persistent phage infection in Swiss hard cheese starter cultures[END_REF]. The same may apply for phages and bacteria on the surface of smear-ripened cheese since both are contaminating the cheese production environment, and are therefore likely to repeatedly contaminate cheese from one production cycle to another [START_REF] Paillet | Virulent Phages Isolated from a Smear-Ripened Cheese Are Also Detected in Reservoirs of the Cheese Factory[END_REF][START_REF] Bokulich | Facility-Specific "House" Microbiome Drives Microbial Landscapes of Artisan Cheesemaking Plants[END_REF].

In conclusion, the observed dynamics of the cheese virome throughout the ripening process, coupled with its relative persistence across production years, support an important role of bacteriophages in the cheese microbial ecosystem. Recognizing this biotic factor is essential for a comprehensive understanding of microbial successions during milk fermentation. Moreover, this knowledge may offer cheesemakers novel avenues to refine and control their production processes.

MATERIAL AND METHODS

Cheese samples.

(i) Dynamic study design: French smear-ripened cheeses, all from the same production batch, were collected directly from the cheese plant at five different stages during the ripening process (Figure 1). These stages, labeled W1 to W5, correspond to distinct washing steps. The initial three washes utilized a NaCl solution, while the final two employed a NaCl solution supplemented with increasing concentrations of alcoholic liquor. At each stage, three distinct cheeses were sampled and designated as replicates A, B, and C. Cheeses were immediately stored at 4°C after sampling and processed within 48h.

(ii) Persistence study design: ready-to-consume cheeses of the same type and same brand as the previously described cheeses were purchased in a local supermarket in December 2017, November 2019 and February 2022, spanning >4 years of production. Three different cheeses, with the same production date, were sampled each year and used as replicates. Cheeses were immediately stored at 4°C after sampling and processed within 48h.

For both dynamic and persistence studies, cheese samples were analysed immediately after reception at the lab. Using sterile knives, the rind, approximately 2-3 mm thick, was carefully separated from the core. It was then blended and processed for microbial counts, viral DNA extraction for metavirome analysis, and microbial DNA extraction for extensive amplicon sequencing targeting the 16S rRNA gene, which will be subsequently referred to as 16S metabarcoding.

Microbiological analysis.

Bacteria and yeasts were enumerated by plating serial dilutions (10 -1 to 10 -7 ) of one gram of cheese rind mixed in 9 mL of physiological water (9 g/L NaCl) on three different culture media. Brain Heart Infusion Agar (BHI, Biokar Diagnostics) supplemented with 50 mg/L amphotericin (Sigma Aldrich, Saint-Louis, MO, USA) was used to count total aerobic bacteria after 48 h of incubation at 28°C. Man, Rogosa and Sharpe Agar (MRS, Biokar Diagnostics, Allonne, France) supplemented with 50 mg/L amphotericin was used to count lactic acid bacteria after 48 h of incubation at 30°C under anaerobic conditions. Yeasts were counted on Yeast Extract Glucose Chloramphenicol (YEGC, Biokar Diagnostics, Allonne, France) after 48 h of incubation at 28°C.

Viral DNA extraction and metavirome analysis.

Extraction of the viral fraction from cheese rind was performed according to protocol P4 detailed in [START_REF] Dugat-Bony | Viral metagenomic analysis of the cheese surface: A comparative study of rapid procedures for extracting viral particles[END_REF] comprising a filtration step and a chloroform treatment. DNA was extracted from the viral particles according to the protocol described in the same study and sent to Eurofins Genomics for high throughput sequencing using the Illumina NovaSeq platform (2 × 150 bp paired-end reads, approximately 10 million reads per sample).

All the details about the tools, versions and parameters used in the following pipeline are available in scripts deposited in the GitLab repository (https://forgemia.inra.fr/eric.dugat-bony/cheese_virome).

Briefly, raw reads were quality filtered using Trimmomatic v0.39 [START_REF] Bolger | Trimmomatic: a flexible trimmer for Illumina sequence data[END_REF]. Then a single assembly was computed for the collection of triplicate reads from each sample with Spades v3. 15.3 (44), using either the complete dataset of trimmed reads available or after subsampling the dataset to 1.5 million, 150,000 or 15,000 trimmed reads per sample. We noted that some abundant contigs were assembled into longer, nearly complete contigs, after subsampling. Contigs of length >2kb from all assemblies were selected and clustered following an approach adapted from [START_REF] Shah | Expanding known viral diversity in the healthy infant gut. 5[END_REF]. Succinctly, a pairwise alignment was first performed for all contigs using BLAT [START_REF] Kent | BLAT-The BLAST-Like Alignment Tool[END_REF]. Then, contigs with a self-alignment > 110% of contig length, corresponding to chimeras, were removed. Remaining contigs were clustered at the species level (90% identity × coverage) and the longest contig within each cluster was selected as the representative sequence. The final contig dataset consisted in 3122 dereplicated contigs. Viral contigs were selected using a combination of three detection tools: VIBRANT v1.2.1 (47), VirSorter2 v2.2.4 (48) and CheckV v0.8.1 [START_REF] Nayfach | CheckV assesses the quality and completeness of metagenome-assembled viral genomes. 5[END_REF]. The ones retained in the final virome were those meeting at least one of the following criteria: declared "complete", "high" or "medium" quality by either VIBRANT or CheckV, declared "full" by VirSorter2. The bacterial host of the 332 viral contigs was predicted using iPHoP [START_REF] Roux | iPHoP: an integrated machine-learning framework to maximize host prediction for metagenomeassembled virus genomes[END_REF]. Finally, all sequences were compared by BLAT to an in-house database consisting of genome sequences from 32 common dairy phages (listed in Table S1) in order to identify potential related phages with known taxonomy, verified host and lifestyle (30% identity × coverage minimal cutoff). When appropriate, the host genus predicted by iPHoP was replaced by the genus of the bacterial host of the closest relative phage identified by the BLAT search. One contig, corresponding to the genome of the phage PhiX174 which is routinely used as control in Illumina sequencing runs to monitor sequencing quality, was discarded resulting in a final dataset of 331 viral contigs.

In order to evaluate the relative abundance of each viral contig in each metavirome sample, trimmed reads were mapped against the viral contigs using bwa-mem2 v2.2.1 (51) and counted with Msamtools v1.0.0 profile with the options --multi=equal --unit=ab -nolen (https://github.com/arumugamlab/msamtools). The output files from all samples were joined into an abundance table and processed using the R package phyloseq v1.38.0 [START_REF] Mcmurdie | phyloseq: an R package for reproducible interactive analysis and graphics of microbiome census data[END_REF]. For each experimental dataset (dynamic study, persistence study), read counts were rarefied to the minimum depth observed in one individual sample. Then, read counts were normalized by contig length and transformed to relative abundances, in order to enable both comparison of the viral community structure between samples and comparison of the abundance level between contigs. Making the assumption that one viral contig corresponds to one species (which is wrong each time several contigs belonging to the same phage genome are present), Bray-Curtis dissimilatory index, as computed by the distance function from the R package phyloseq, was used to compare viral communities between samples and the effect of different variables on their structure was assessed using permutational analysis of variance as computed by the adonis2 function from the R package vegan v2.6-2.

For the dynamic dataset, differential analysis was performed on raw counts using the DESeq function implemented in the DESeq2 package v1.38.0 [START_REF] Love | Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2[END_REF]. Indeed, this function already includes a normalization step (by the median of ratios method). Contigs were considered differentially abundant if adjusted pvalue > 0.01, log2 fold change > 3 or ˂ -3 and average raw counts > 1500.

Microbial DNA extraction and 16S metabarcoding profiles.

Total DNA extraction from the cheese surface was performed as previously described [START_REF] Dugat-Bony | Highlighting the microbial diversity of 12 French cheese varieties[END_REF]. PCR amplification of the V3-V4 regions of the 16S rRNA gene was performed with the primers V3F (5'-ACGGRAGGCWGCAG-3') and V4R

(5'-TACCAGGGTATCTAATCCT-3') carrying the Illumina 5'-CTTTCCCTACACGACGCTCTTCCGATCT-3' and the 5'-GGAGTTCAGACGTGTGCTCTTCCGATCT-3' tails, respectively. The reaction was performed using 10 ng of extracted DNA, 0.5 μM primer, 0.2 mM dNTP, and 2.5 U of the MTP Taq DNA polymerase (Sigma-Aldrich, USA). The amplification was carried out using the following program: 94°C for 60 s, 30 cycles at 94°C for 60 s, 65°C for 60 s, 72°C for 60 s, and a final elongation step at 72°C for 10 min. The resulting PCR products were sent to the @BRIDGe platform (INRAE, Jouy-en-Josas, France) for library preparation and sequencing. Briefly, amplicons were purified using a magnetic beads CleanPCR (Clean NA, GC biotech B.V., The Nederlands), the concentration was measured using a Nanodrop spectrophotometer (Thermo Scientific, USA) and the amplicon quality was assessed on a Fragment Analyzer (AATI, USA) with the reagent kit ADNdb 910 (35-1,500 bp).

Sample multiplexing was performed by adding tailor-made 6 bp unique indexes during the second PCR step which was performed on 50-200 ng of purified amplicons using the following program: 94°C for 10 min, 12 cycles at 94°C for 60 s, 65°C for 60 s, 72°C for 60 s, and a final elongation step at 72°C for 10 min. After purification and quantification (as described above), all libraries were pooled with equal amounts in order to generate equivalent number of raw reads for each library. The DNA concentration of the pool was quantified on a Qubit Fluorometer (Thermofisher Scientific, USA) and adjusted to a final concentration between 5 and 20 nM for sequencing. The pool was denatured (NaOH 0.1N) and diluted to 7 pM. The PhiX Control v3 (Illumina, USA) was added to the pool at 15% of the final concentration, as described in the Illumina procedure, and the mixture was loaded onto the Illumina MiSeq cartridge according to the manufacturer's instructions using MiSeq Reagent Kit v3 ( 2× 250 bp paired-end reads).

Paired-end reads were analysed using FROGS v3.2 (54), according to the standard operating procedure. Briefly, operational taxonomic units (OTUs) were built using Swarm with an aggregation distance of 1 and the --fastidious option [START_REF] Mahé | Swarm: robust and fast clustering method for amplicon-based studies[END_REF], and each OTU that accounted for <0.005% of the total dataset of sequences was discarded, as previously recommended [START_REF] Bokulich | Quality-filtering vastly improves diversity estimates from Illumina amplicon sequencing[END_REF]. Lastly, the OTU's affiliation was checked using the EzBiocloud database v52018 (57 S1).

**vOTUs without any match to our in-house dairy phage database (30% identity × coverage minimal cutoff). 

SUPPLEMENTARY MATERIAL

Table S1. Common dairy phages and associated information.
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 1 Figure 1: Schematic representation of the experimental plan followed for the dynamic study of
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 2 Figure 2: Dynamic of the cheese surface virome along the ripening process. A) Principal
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 3 Figure 3: Relationship between phage dynamic and the composition of cheese bacterial
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 4 Figure 4: Persistence of the cheese surface virome across production years. A) Principal
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Table 1 : summary statistics about the metavirome dataset.

 1 

	). The abundance table was processed using

Table 2 : Most abundant dairy phages detected on the cheese metavirome

 2 International license perpetuity. It is made available under a preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in The relative abundance value used here is not normalized by genome size, it corresponds to the relative proportion of reads mapping to all vOTUs belonging to a given phage group present in our inhouse dairy phage database (Table

	Closest relatives

. Phages that have been previously isolated from the same cheese variety are highlighted in bold. When classification is available at the International Committee on Taxonomy of Viruses (ICTV), the viral genus is denoted in brackets. *
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Data availability.

Raw sequencing data for cheese virome and bacterial microbiome were deposited at the sequence read archive (SRA) of the NCBI (https://www.ncbi.nlm.nih.gov/sra/) as part of bioprojects PRJNA984302 (dynamic study) and PRJNA984735 (persistence study).