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Influence of bacteria on the maintenance of a yeast during Drosophila melanogaster metamorphosis
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Interactions between microorganisms associated with metazoan hosts are emerging as key features of symbiotic systems. Little is known about the role of such interactions on the maintenance of host-microorganism association throughout the host's life cycle. We studied the influence of extracellular bacteria on the maintenance of a wild isolate of the yeast Saccharomyces cerevisiae through metamorphosis of the fly Drosophila melanogaster reared in fruit. Yeasts maintained through metamorphosis only when larvae were associated with extracellular bacteria isolated from D. melanogaster faeces. One of these isolates, an Enterobacteriaceae, favoured yeast maintenance during metamorphosis. Such bacterial influence on host-yeast association may have consequences for the ecology and evolution of insect-yeast-bacteria symbioses in the wild.

Background

In microorganism-metazoan associations, the microorganism can influence host phenotype while the host can affect microbial multiplication and dispersal [START_REF] Ferrari | Bacterial symbionts in insects or the story of communities affecting communities[END_REF]. Such interactions may be influenced by interactions between microorganisms themselves, a phenomenon that is generally better understood in the context of parasitism than in the context of beneficial symbiosis [START_REF] Alizon | Multiple infections and the evolution of virulence[END_REF][START_REF] Zélé | Ecology and evolution of facilitation among symbionts[END_REF]. Beneficial microorganisms can however interact in a wide variety of mechanisms [START_REF] Comolli | Intra-and inter-species interactions in microbial communities[END_REF][START_REF] Seth | Nutrient cross-feeding in the microbial world[END_REF][START_REF] Hassani | Microbial interactions within the plant holobiont[END_REF] that affect each of them as well as the phenotype of their host [START_REF] Wargo | Fungal-bacterial interactions: a mixed bag of mingling microbes[END_REF][START_REF] Newell | Interspecies interactions determine the impact of the gut microbiota on nutrient allocation in Drosophila melanogaster[END_REF][START_REF] Callens | Microbiota inoculum composition affects holobiont assembly and host growth in Daphnia[END_REF][START_REF] Gould | Microbiome interactions shape host fitness[END_REF][START_REF] Sommer | Metabolic basis for mutualism between gut bacteria and its impact on the Drosophila melanogaster host[END_REF].

Fungal-bacterial interactions have important implications for human health, agricultural productivity, and food production [START_REF] Kobayashi | Bacterial/fungal interactions: from pathogens to mutualistic endosymbionts[END_REF][START_REF] Jouhten | Saccharomyces cerevisiae metabolism in ecological context[END_REF][START_REF] Carbonetto | Bakery yeasts, a new model for studies in ecology and evolution[END_REF][START_REF] Kodio | Eukaryotic and prokaryotic microbiota interactions[END_REF]. In non-cultivated systems, yeasts and other fungi associate with extracellular bacteria, including in decaying plant materials where they interact with the larvae and adults of saprophagous insects such as Drosophila flies. Symbioses between Drosophila and either yeasts or bacteria have been extensively studied separately. However, both yeasts and bacteria may affect Drosophila physiology, nutrition, reproduction, and behavior [START_REF] Ryu | Innate immune homeostasis by the homeobox gene caudal and commensal-gut mutualism in Drosophila[END_REF][START_REF] Anagnostou | Influence of dietary yeasts on Drosophila melanogaster life-history traits[END_REF][START_REF] Shin | Drosophila microbiome modulates host developmental and metabolic homeostasis via insulin signaling[END_REF][START_REF] Storelli | Lactobacillus plantarum promotes Drosophila systemic growth by modulating hormonal signals through TOR-dependent nutrient sensing[END_REF][START_REF] Becher | Yeast, not fruit volatiles mediate Drosophila melanogaster attraction, oviposition and development[END_REF][START_REF] Broderick | Gut-associated microbes of Drosophila melanogaster[END_REF][START_REF] Wong | Gut microbiota dictates the metabolic response of Drosophila to diet[END_REF] and may maintain through the Drosophila life cycle [START_REF] Bakula | The persistence of a microbial flora during postembryogenesis of Drosophila melanogaster[END_REF][START_REF] Starmer | The transmission of yeasts by Drosophila buzzatii during courtship and mating[END_REF][START_REF] Hoang | Interactions between Drosophila and its natural yeast symbionts-is Saccharomyces cerevisiae a good model for studying the fly-yeast relationship?[END_REF][START_REF] Pais | Drosophila melanogaster establishes a species-specific mutualistic interaction with stable gut-colonizing bacteria[END_REF]. The handful of studies considering both yeast and bacteria shows that interactions between these microorganisms can modulate fly behavior [START_REF] Fischer | Metabolite exchange between microbiome members produces compounds that influence Drosophila behavior[END_REF] and nutrition [START_REF] Mcmullen | How gut microbiome interactions affect nutritional traits of Drosophila melanogaster[END_REF] and that bacteria can affect fly attraction to yeast [START_REF] Leitão-Gonçalves | Commensal bacteria and essential amino acids control food choice behavior and reproduction[END_REF]. Yet, there is little information on how such interactions between yeasts and bacteria may affect their transmission from the host or their maintenance among host life stages, which would have consequences for the ecological dynamics and symbiotic relationships of flies with microorganisms.

It is established that Drosophila flies influence bacteria and yeasts life cycles through effects on local multiplication and dispersal [START_REF] Starmer | The transmission of yeasts by Drosophila buzzatii during courtship and mating[END_REF][START_REF] Gilbert | Dispersal of yeasts and bacteria by Drosophila in a temperate forest[END_REF][START_REF] Ganter | The vectoring of cactophilic yeasts by Drosophila[END_REF][START_REF] Chandler | Yeast communities of diverse Drosophila species: comparison of two symbiont groups in the same hosts[END_REF][START_REF] Stamps | Drosophila regulate yeast density and increase yeast community similarity in a natural substrate[END_REF][START_REF] Buser | Niche construction initiates the evolution of mutualistic interactions[END_REF]. For example, adult flies,
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Animal Microbiome *Correspondence: guilhoro@gmail.com 1 CBGP, INRAE, CIRAD, IRD, Montpellier SupAgro, Univ Montpellier, Montpellier, France Full list of author information is available at the end of the article attracted by bacteria-or yeast-emitted volatiles, may acquire a microorganism (e.g. through feeding) and eventually deposit it in a fruit where larvae develop. In addition, bacteria and yeasts that interact with larvae may survive insect metamorphosis, a phenomenon that may allow their acquisition by freshly emerged adults and subsequently their dispersal to new resource sites. The maintenance of yeasts or bacteria throughout the Drosophila life cycle has been investigated [START_REF] Pais | Drosophila melanogaster establishes a species-specific mutualistic interaction with stable gut-colonizing bacteria[END_REF][START_REF] Rohlfs | Maternal effects increase survival probability in Drosophila subobscura larvae[END_REF], including their maintenance from larvae to adults through metamorphosis (also known as transstadial maintenance or transstadial transmission) [START_REF] Bakula | The persistence of a microbial flora during postembryogenesis of Drosophila melanogaster[END_REF][START_REF] Starmer | The transmission of yeasts by Drosophila buzzatii during courtship and mating[END_REF][START_REF] Ridley | Impact of the resident microbiota on the nutritional phenotype of Drosophila melanogaster[END_REF][START_REF] Duneau | Persistence of an extracellular systemic infection across metamorphosis in a holometabolous insect[END_REF]. However, it is not known whether interactions between such microorganisms affect microbial maintenance through Drosophila life stages. To explore this question, we investigated the maintenance of a wild yeast isolate during the metamorphosis of Drosophila melanogaster larvae that have been associated to different extracellular bacteria. We hypothesized that the identity of bacteria associated with larvae would affect yeast maintenance through fly metamorphosis. We found that the presence of the yeast in adults only occurred when larvae were associated with bacteria and that yeast frequency depended indeed on the identity of these bacteria.

Methods

Biological material

We used a Drosophila melanogaster (Meigen, 1830) Oregon-R strain usually maintained on a banana-based diet (233 g L -1 banana, 62 g L -1 sugar, 62 g L -1 dead yeast, 25 g L -1 ethanol, 10 g L -1 agar and 5 g L -1 nipagin) at 21 °C with a 14 h/10 h day-night cycle.

The bacterial strains used had been isolated from feces of adult flies from the colony presented above [START_REF] Guilhot | Environmental specificity in Drosophila-bacteria symbiosis affects host developmental plasticity[END_REF]. The bacterial strains were identified as Staphylococcus sp. (accession number MK461976 in the NCBI database), Enterococcus sp. (MK461977), an Enterobacteriaceae (MK461978) and an Actinobacteria (MK461979). While these bacterial strains do not belong to lactic acid and acetic acid bacteria groups that usually dominate the Drosophila gut microbiota, bacterial taxa close to them have frequently been identified as associated with laboratory and wild populations of Drosophila melanogaster [START_REF] Chandler | Bacterial communities of diverse Drosophila species: ecological context of a host-microbe model system[END_REF][START_REF] Wong | Low-diversity bacterial community in the gut of the fruitfly Drosophila melanogaster[END_REF][START_REF] Staubach | Host species and environmental effects on bacterial communities associated with Drosophila in the laboratory and in the natural environment[END_REF][START_REF] Han | Comparative analysis of Drosophila melanogaster gut microbiota with respect to host strain, sex, and age[END_REF]. Moreover, microbial species and strains can evolve rapidly with large consequences on their effects on host phenotype [START_REF] Winans | A genomic investigation of ecological differentiation between free-living and Drosophila-associated bacteria[END_REF][START_REF] Martino | Bacterial adaptation to the host's diet is a key evolutionary force shaping Drosophila-Lactobacillus symbiosis[END_REF]. To understand symbiosis, low taxonomical resolution may be partly offset by the study of microbial effects on host phenotype in relevant experimental conditions, as this was done for the bacterial strains used in the present study [START_REF] Guilhot | Environmental specificity in Drosophila-bacteria symbiosis affects host developmental plasticity[END_REF].

A strain of the yeast Saccharomyces cerevisiae (Meyen ex Hansen, 1883) was isolated from a wild Drosophilid captured in the 'Le Domaine de l'Hortus' vineyard, near Montpellier in southern France. The yeast was isolated by the fly walking across the surface of an agar plate and purified before DNA being extracted (methods described in Lam and Howell 2015 [START_REF] Lam | Drosophila-associated yeast species in vineyard ecosystems[END_REF]). The yeast was identified using PCR amplification of the 26S ribosomal DNA region using the NL1 and NL4 primers [START_REF] Kurtzman | Identification and phylogeny of ascomycetous yeasts from analysis of nuclear large subunit (26S) ribosomal DNA partial sequences[END_REF]. S. cerevisiae have been previously detected in several natural Drosophila populations [START_REF] Chandler | Yeast communities of diverse Drosophila species: comparison of two symbiont groups in the same hosts[END_REF][START_REF] Lachance | Yeast communities associated with Drosophila species and related flies in an eastern oak-pine forest: a comparison with western communities[END_REF][START_REF] Quan | The ecology of the Drosophila-yeast mutualism in wineries[END_REF]; [START_REF] Hoang | Interactions between Drosophila and its natural yeast symbionts-is Saccharomyces cerevisiae a good model for studying the fly-yeast relationship?[END_REF] have argued other yeast species frequently associated with flies should be studied as well.

Experimental design

The experiment was conducted in sterile tubes at 24 °C. Each tube contained twenty D. melanogaster eggs manually deposited on a small wound of a surface-sterilized grape berry that was inoculated, or not, with specific microorganisms.

Before use, grape berries were dipped in a 2% bleach solution and rinsed with sterile water to remove all microorganisms present at the surface of the fruit. Fruit skin was then slightly incised to create an artificial wound to deposit fly eggs and specific microorganisms. Drosophila eggs were gently collected from grape juice plates exposed to groups of conventionally reared D. melanogaster Oregon-R females for 12 h. Such plates were supplemented with the antibiotic streptomycin (1 mg L -1 , from a standard streptomycin solution of 1 mg mL -1 in 1 mM EDTA (Sigma-Aldrich ref. 85886)) to inhibit growth of female-associated bacteria. Repeated assays (plating on Lysogeny Broth (LB) solid media incubated at 24 °C) showed that both berries and eggs were free of cultivable bacteria and yeasts.

After egg deposition on fruit incision, fruit flesh was inoculated with 10 4 S. cerevisiae yeast cells (suspended in 10 µl of sterile phosphate-buffered saline solution (PBS), from overnight culture in LB liquid media at 24 °C). Fruit incisions were then inoculated, or not, with the different bacteria (following the procedure described above). Experimental treatments were: no bacteria ('Control' , i.e. PBS without bacterial cells; n = 18 rep.); one of the four bacterial strains (10 4 cells; n 'Staphylococcus' = 13 rep., n 'Enterococcus' = 13 rep., n 'Enterobacteriaceae' = 11 rep., n ' Actinobacteria' = 13 rep.); and a mixture of the four bacteria (2.5 × 10 3 cells of each bacteria; n = 9 rep.). Replicates were organized in eleven blocks launched over four days.

Newly formed Drosophila pupae were removed daily from their tube with a sterile fin brush and placed in a new sterile tube until adult emergence. This procedure reproduces natural insect behavior as most D. melanogaster larvae usually crawl out of their substrate before pupation [START_REF] Sokolowski | Ecological genetics and behaviour of Drosophila melanogaster larvae in nature[END_REF][START_REF] Woltz | Pupation behavior and larval and pupal biocontrol of Drosophila suzukii in the field[END_REF], which incidentally prevent the exposure of most young adults to the microorganisms present in the larval substrate. As it was not logistically feasible to sample every adult independently, we randomly selected a single pupa for each grape berry and pooled all the adults, females and males, that emerged the same day than this pupa. To detect yeast and bacterial cells in freshly emerged adults, sampled adults were homogenized in sterile PBS with two Ø3 mm glass balls using a Tissue Lyser II (Qiagen). Serially diluted fly samples were then plated on LB plates. Exact location of the microbial cells detected in the samples, i.e. either inside the fly, at the surface or both, remains therefore unknown. After incubation for 48 h at 24 °C, colonies of the five microorganisms (yeast and bacteria) were distinguished according to their morphology (shape, color, transparency, and texture) as described in a previous study [START_REF] Guilhot | Environmental specificity in Drosophila-bacteria symbiosis affects host developmental plasticity[END_REF]. This method gave robust results as (i) preliminary essays confirmed growth of each microorganism on LB plates incubated for 48 h at 24 °C, (ii) repeated molecular essays (PCR amplification and Sanger sequencing from pure colonies) attested specificity of each microorganism' morphology under our experimental conditions, and (iii) no microbial growth was detected in fruit and insect samples from experimental controls (fruits without flies or fruits with yeast-and bacteria-free flies).

As microbial content of fly adults may be partly linked to microbial growth in the larval fruit, we collected the remaining juice from grape berries two days after the formation of the last pupa. Serially diluted fruit samples were plated on LB plates to detect yeast and bacterial cells as described above.

In parallel to the experiment on grape berries, bacteria were inoculated on cubes of laboratory banana-based diet (containing lysed yeast extract) following the procedure above to assess bacteria transstadial maintenance in their environment of origin, being the nutritive medium used to rear the fly colony. The six different bacterial treatments were: no bacteria ('Control' , i.e. PBS without bacterial cells; n = 12 rep.); one of the four bacterial strains described above (n 'Staphylococcus' = 12 rep., n 'Enterococcus' = 7 rep., n 'Enterobacteriaceae' = 8 rep., n ' Actinobacteria' = 11 rep.); and a mixture of the four bacteria (n = 14 rep.). Replicates were organized in fifteen blocks launched over four days.

Statistical analyses

We tested whether larval bacteria would influence yeast transstadial maintenance. We estimated yeast transstadial maintenance in groups of 1 to 11 freshly emerged adults (median = 5, IQR = 4). Yeast-positive samples contained 1 to 150 cells per adult fly (Additional file 1: Fig. S1). The variation in number of cells was not investigated statistically due to low statistical power. Whether live yeast cells were present or not was analyzed using a generalized linear model with binomial distribution and logit link function. Tested factors comprised bacterial treatment, number of adults in the groups, yeast concentration in the fruit, age of the adults, and experimental block. Backward model selection allowed to eliminate non-significant terms (yeast concentration in the fruit and age of the pooled flies) from the initial complete model. Post hoc contrasts were used to detect significant differences between bacterial treatment levels. Numbers of replicates varied among bacterial treatments due to differential larval mortality. However, the analysis of larval survival revealed no significant effect of the bacteria on this trait [START_REF] Guilhot | Environmental specificity in Drosophila-bacteria symbiosis affects host developmental plasticity[END_REF]. Low statistical power did not enable testing the interaction between bacterial treatment and number of adults in the groups (but see Additional file 1: Fig. S2 for a presentation of these results). Our biological material (i.e. wild and laboratory strains and populations) informs on the factors that can influence transstadial symbiont maintenance in a qualitative fashion and does not indicate their quantitative occurrence in the field.

To test the effect of the bacterial treatment on the yeast concentration (log-transformed) in larval fruit substrate, we used a linear mixed model with Restricted Maximum Estimate Likelihood. Experimental block was defined as a random factor.

All analyzes were performed using JMP (SAS, 14.1).

Results

Bacterial treatment significantly affected S. cerevisiae presence in freshly emerged adult flies (χ 2 = 20.30, df = 5, p = 0.001). Yeasts were not detected in adult flies that emerged from control treatments, unlike treatments with bacteria at the larval stage (contrast ' All treatments with bacteria' vs 'Control': χ 2 = 11.2, df = 1, p < 0.0001). Young adult flies that developed associated with the Enterobacteriaceae alone or in mixture with the other bacteria were more likely to harbor live yeast cells than the other treatments with bacteria at the larval stage (contrast 'With Enterobacteriaceae' vs ' All other treatments with bacteria': χ 2 = 4.52, df = 1, p = 0.03) (Fig. 1). The number of individuals in the assayed group significantly and positively affected the likelihood of yeast observation (χ 2 = 7.54, df = 1, p = 0.01) (Additional file 1: Fig. S2) -supporting the need to include this factor in all the analyses. The age of freshly emerged adult flies (χ 2 = 0.65, df = 1, p = 0.42) and the yeast concentration in the larval medium (χ 2 ~ 0, df = 1, p ~ 1) did not significantly influence yeast presence in adults. Bacterial treatment did not significantly affect yeast concentration in the medium two days after the formation of the last pupa (F 5,49 = 1.18, p = 0.33) (Fig. 2). Yeast presence in fruit flesh was detected in all replicates but one.

Bacteria could be observed in young adults that emerged from most combinations of larval environment (i.e. grape berry and laboratory medium) and bacterial treatment (Additional file 1: Fig. S3). When bacteria were detected, load varied from 1 to 33 bacterial cells per adult fly, a variation that was not investigated statistically due to low statistical power. The observation of the inoculated bacteria in emerged adults suggest that such bacteria sampled in laboratory adults reared on artificial diet could associate with larvae, even in fruit substrate.

Discussion

We studied the influence of bacteria on the maintenance of the yeast Saccharomyces cerevisiae throughout fly metamorphosis. Our results show that larval bacteria influenced transstadial maintenance of yeasts (Fig. 1). In control treatments where no bacteria were inoculated, yeasts were not found in freshly emerged adult flies. On the contrary, the presence of bacteria at the larval stage favored yeast maintenance through host metamorphosis. In particular, inoculation by our Enterobacteriaceae isolate (alone or in mixture) led to greater S. cerevisiae transstadial maintenance than observed when other bacteria were inoculated (Fig. 1). The propensity to increase yeast maintenance hence seemed to vary among bacteria.

It is well known that coinfecting symbionts (mutualistic as parasitic) often affect each other's horizontal transmission to new hosts in holometabolous insects [START_REF] Azambuja | Gut microbiota and parasite transmission by insect vectors[END_REF][START_REF] Fellous | Infectious dose affects the outcome of the withinhost competition between parasites[END_REF][START_REF] Gendrin | The Anopheles mosquito microbiota and their impact on pathogen transmission[END_REF][START_REF] Hegde | The microbiome modulates arbovirus transmission in mosquitoes[END_REF] and other multicellular organisms [START_REF] Zélé | Ecology and evolution of facilitation among symbionts[END_REF][START_REF] Azambuja | Gut microbiota and parasite transmission by insect vectors[END_REF][START_REF] Lass | Generating super-shedders: co-infection increases bacterial load and egg production of a gastrointestinal helminth[END_REF][START_REF] Barret | Plant microbiota affects seed transmission of phytopathogenic microorganisms[END_REF][START_REF] Bonnet | The tick microbiome: why non-pathogenic microorganisms matter in tick biology and pathogen transmission[END_REF]. We know a single other case of microbial interactions affecting symbiont maintenance throughout complete metamorphosis: in Galleria mellonella butterflies, the bacterium Enterococcus mundtii interacts with host immunity during the pupal stage to shape adult bacterial microbiota [START_REF] Johnston | Host and symbiont jointly control gut microbiota during complete metamorphosis[END_REF]. Our experiment shows bacteria can affect yeast transstadial maintenance in D. melanogaster. The experimental design of the present study however prevents drawing excessive conclusions regarding the magnitude of the phenomenon in natura. This would have necessitated the testing of a greater number of microbial strains in various host genotypes, including isolates recently isolated from the field or more frequently found in wild Drosophila flies [START_REF] Hoang | Interactions between Drosophila and its natural yeast symbionts-is Saccharomyces cerevisiae a good model for studying the fly-yeast relationship?[END_REF]. Follow-up studies are therefore necessary to quantify the weight of interactions between microbial symbionts on their transstadial maintenance in the field.

What mechanisms may underlie microbial transstadial maintenance, and how do bacteria may affect this process? The maintenance of S. cerevisiae yeasts and several bacterial strains throughout Drosophila metamorphosis are congruent with previous reports of the transstadial maintenance of extracellular microorganisms in Drosophilids [START_REF] Bakula | The persistence of a microbial flora during postembryogenesis of Drosophila melanogaster[END_REF][START_REF] Starmer | The transmission of yeasts by Drosophila buzzatii during courtship and mating[END_REF][START_REF] Ridley | Impact of the resident microbiota on the nutritional phenotype of Drosophila melanogaster[END_REF][START_REF] Téfit | Stable association of a Drosophila-derived microbiota with its animal partner and the nutritional environment throughout a fly population's life cycle[END_REF], other Dipterans [START_REF] Gendrin | The Anopheles mosquito microbiota and their impact on pathogen transmission[END_REF][START_REF] Radvan | Persistence of bacteria during development in flies[END_REF][START_REF] Capuzzo | Candidatus Erwinia dacicola' , a coevolved symbiotic bacterium of the olive fly Bactrocera oleae (Gmelin)[END_REF][START_REF] Rochon | Retention of Escherichia coli by house fly and stable fly (Diptera: Muscidae) during pupal metamorphosis and eclosion[END_REF][START_REF] Damiani | Paternal transmission of symbiotic bacteria in malaria vectors[END_REF][START_REF] Lauzon | Establishment and vertical passage of Enterobacter (Pantoea) agglomerans and Klebsiella pneumoniae through all life stages of the Mediterranean fruit fly (Diptera: Tephritidae)[END_REF][START_REF] Nayduch | Flourishing in filth: house fly-microbe interactions across life history[END_REF][START_REF] Majumder | Microbiome of the Queensland fruit fly through metamorphosis[END_REF] and other holometabolous insects [START_REF] Hammer | Links between metamorphosis and symbiosis in holometabolous insects[END_REF]. During metamorphosis, microorganisms could maintain on either the inner or outer walls of the pupal chamber [START_REF] Kaltenpoth | Life cycle and population dynamics of a protective insect symbiont reveal severe bottlenecks during vertical transmission[END_REF][START_REF] Wang | Gut microbiota colonization and transmission in the burying beetle Nicrophorus vespilloides throughout development[END_REF]. In D. melanogaster, bacterial cells of Escherichia coli were found associated with the internal pupal membrane [START_REF] Bakula | The persistence of a microbial flora during postembryogenesis of Drosophila melanogaster[END_REF]. Alternatively, young adults might associate with microorganisms by consuming their own meconium-the remaining of larval midgut that is excreted after adult emergence [START_REF] Broderick | Gut-associated microbes of Drosophila melanogaster[END_REF][START_REF] Gendrin | The Anopheles mosquito microbiota and their impact on pathogen transmission[END_REF][START_REF] Moll | Meconial peritrophic membranes and the fate of midgut bacteria during mosquito (Diptera: Culicidae) metamorphosis[END_REF]. The mechanism of bacterial influence on yeast maintenance through metamorphosis is not clear either. The Enterobacteriaceae isolate that increased yeast maintenance, despite presenting a wide metabolic spectrum [START_REF] Guilhot | Environmental specificity in Drosophila-bacteria symbiosis affects host developmental plasticity[END_REF], is unlikely to have improved fruit quality by concentrating or synthetizing nutrients [START_REF] Ramiro | Facilitation through altered resource availability in a mixed-species rodent malaria infection[END_REF] as there was no significant effect on fly phenotype in this context of development in fruit [START_REF] Guilhot | Environmental specificity in Drosophila-bacteria symbiosis affects host developmental plasticity[END_REF]. The concentration of yeast cells in fruit did not correlate with the presence of yeasts in the freshly emerged adults and was not affected by the bacterial treatment (Fig. 2). This lack of quantitative relationships suggests that the maintenance of yeasts through metamorphosis may be determined by qualitative processes, involving host or yeast physiology, rather than mere cell numbers. Several bacteria are known to interact with Drosophila host signaling (e.g. [START_REF] Shin | Drosophila microbiome modulates host developmental and metabolic homeostasis via insulin signaling[END_REF][START_REF] Storelli | Lactobacillus plantarum promotes Drosophila systemic growth by modulating hormonal signals through TOR-dependent nutrient sensing[END_REF]). Symbiotic bacteria could therefore elicit host or yeast physiological responses in a way that would affect the likelihood of transstadial maintenance.

In the wild, such yeast transstadial maintenance in D. melanogaster may have consequences for the spatial spread of the yeast and the evolution of the fly-yeast association. Yeasts would benefit association with insects to disperse among the ephemeral patch of resources formed by fruits [START_REF] Starmer | Yeast ecology[END_REF]. Drosophila adults could contribute to yeast dispersal through two mechanisms. Firstly, it is established that yeasts produce chemical volatiles that attract adult flies [START_REF] Anagnostou | Influence of dietary yeasts on Drosophila melanogaster life-history traits[END_REF][START_REF] Buser | Niche construction initiates the evolution of mutualistic interactions[END_REF][START_REF] Palanca | Quantifying variation in the ability of yeasts to attract Drosophila melanogaster[END_REF][START_REF] Scheidler | Volatile codes: correlation of olfactory signals and reception in Drosophila-yeast chemical communication[END_REF][START_REF] Bellutti | Dietary yeast affects preference and performance in Drosophila suzukii[END_REF][START_REF] Günther | Are Drosophila preferences for yeasts stable or contextual?[END_REF][START_REF] Lewis | Differential impacts of yeasts on feeding behavior and development in larval Drosophila suzukii (Diptera: Drosophilidae)[END_REF], which favors their acquisition and vectoring by insects to new resource patches [START_REF] Buser | Niche construction initiates the evolution of mutualistic interactions[END_REF]. Whether this phenomenon reflects yeast adaptation to insect vectoring is debatable [START_REF] Günther | Do yeasts and Drosophila interact just by chance?[END_REF]. Secondly, yeast maintenance through Drosophila metamorphosis-as demonstrated here-would enable the dispersal to new resource patches of larval symbionts (e.g. fruit, possibly infested with insect larvae) by colonized emerging adults. Such continuity in symbiosis over the life cycle would select larval symbionts for beneficial effects on host fitness [START_REF] Ebert | The epidemiology and evolution of symbionts with mixedmode transmission[END_REF]. The microbial strains the most beneficial to larval development (for example in terms of larval survival) would be the best dispersed to new resources patches by favoring the development of vigorous or numerous adult hosts. Furthermore, the maintenance of larval microbial symbionts until adult emergence may also benefit the host as freshly emerged adults could be less susceptible to opportunistic pathogens due to symbiont prior presence [START_REF] Johnston | Host and symbiont jointly control gut microbiota during complete metamorphosis[END_REF][START_REF] Blum | Frequent replenishment sustains the beneficial microbiome of Drosophila melanogaster[END_REF][START_REF] Obadia | Probabilistic invasion underlies natural gut microbiome stability[END_REF]. As transstadial maintenance of larval symbionts could have implication for the dynamics and evolution of both hosts and microorganisms, the influence of bacteria on yeast maintenance our results suggest in this study therefore illustrates new and unanticipated consequences of bacterial association with insects.

Conclusions

Microbial interactions are emerging as key features of symbiotic systems [START_REF] Ferrari | Bacterial symbionts in insects or the story of communities affecting communities[END_REF][START_REF] Álvarez-Pérez | Yeast-bacterium interactions: the next frontier in nectar research[END_REF][START_REF] Mathé-Hubert | Nonrandom associations of maternally transmitted symbionts in insects: The roles of drift versus biased cotransmission and selection[END_REF], including associations between microorganisms and Drosophila flies [START_REF] Gould | Microbiome interactions shape host fitness[END_REF][START_REF] Fischer | Metabolite exchange between microbiome members produces compounds that influence Drosophila behavior[END_REF]. Our results suggest that a bacterial member of the Drosophila microbiome can influence the maintenance of a yeast through the insect metamorphosis. Such phenomenon may have consequences for the ecology and evolution of insect-yeast-bacteria symbioses in the wild. Although studying microbial symbionts in isolation may be attractive experimentally, our results illustrate that understanding the nature and diversity of host-microorganism relationships necessitates encompassing the complexity of natural communities.

Fig. 1

 1 Fig. 1 Transstadial maintenance of Saccharomyces cerevisiae in response to bacterial treatment. Symbols indicate the proportion of groups of freshly emerged adult flies containing yeasts per bacterial treatment (n = number of adult groups per bacterial treatment). The 95% binomial confidence intervals were calculated using normal approximation method. These results are qualitative as we used groups of adult flies to estimate yeast transstadial maintenance (Additional file 1: Fig S2)

Fig. 2

 2 Fig. 2 Yeast concentration in grape berry flesh after the formation of the last pupa. Concentration is expressed in number of yeast cells per 200 µl of fruit flesh. Symbols indicate mean ± standard error of the mean (SEM)
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