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The control of plant diseases represents a significant challenge in agriculture, particularly with the current emphasis on reducing pesticide use, necessitating alternative approaches. Among them, resistant plant breeding programs offer a promising alternative. Considering the stressful conditions in space, space conditions emerge as an innovative method for advancing crop improvement. This study explored the unique potential of the International Space Station (ISS) environment to induce beneficial modifications in grapevine, resulting in plants with reduced susceptibility to diseases. Canes of two Vitis vinifera L. cultivars, Cabernet Sauvignon (CS) and Merlot (Me), have undergone a 10-month space journey on-board the ISS, while others stayed on Earth (Ground Control, GC). We conducted a 2-year analysis of the response to downy mildew (Plasmopara viticola) of plants developed from ISS and GC canes, called Mother plants. The disease development of progenies produced from Merlot Mother plants was also evaluated. A higher proportion of individuals with low-susceptibility was noted in the ISS Mother group compared to the controls for both cultivars. This trend was also observed for the Merlot progenies. Finally, 11% of Merlot individuals (Mother and progenies, and for the 2 years of study) were distributed in the low susceptibility class. This study suggests that grapevine canes exposure to ISS conditions resulted in an enhanced percentage of plants showing reduction of susceptibility to downy mildew.
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1 INTRODUCTION
Today, agriculture faces significant difficulties, whether it concerns climate change (Malhi et al., 2021) or the increased concerns about environmental and health issues associated with chemical pesticides (Rani et al., 2021). The grapevine’s perennial nature makes it one of the most affected plants by both challenges. Various pathogens continuously threaten grapes production in terms of quantity and quality. The highly destructive disease, downy mildew, caused by the oomycete Plasmopara viticola, stands out as a significant challenge (Gessler et al., 2011; Bove et al., 2020). Since viticulture is significant in several countries’ economies, there is a growing imperative to explore sustainable alternatives for managing downy mildew. In this study, we chose to focus on the two following cultivars, Vitis vinifera cv. Cabernet Sauvignon and Merlot, being in the top 5 out of the world’s 10,000 known grapevine varieties (CS and Me cover an area of 4% and 3% of the world’s vineyards (341,000 and 266,000 ha in 2015), respectively (OIV, 2017)). These two varieties are widely popular and well-established red wine varietals but are vulnerable to several diseases, mainly downy mildew. Fungicides are regularly applied to avoid quantitative and qualitative losses due to this disease (Rani et al., 2021). However, the intensive use of such chemicals causes human health risks and a negative environmental impact, and thus, it is becoming more and more restrictive.
Cultural practices, resistant grapevine varieties, plant defense stimulators, biopesticides, and biological control agents present promising avenues for sustainable disease management (Pertot et al., 2017). Considering resistant grapevines, most of the breeding programs have been developed to confer protection against downy mildew and powdery mildew, resulting in the availability of new varieties offering durable resistance to these two diseases but often with susceptibility to other major diseases, such as Black rot and gray mold (Foria et al., 2019). Moreover, wine from resistant cultivars sometimes does not reach expected quality standards (Pedneault and Provost, 2016; Bavaresco, 2019; Bavaresco and Squeri, 2022).
Those breeding techniques take several decades to produce a useable grapevine variety (Töpfer and Trapp, 2022). Other ways to obtain resistant plants are to use techniques such as genome editing (Wan et al., 2020) or cisgenesis-generated resistant plants. However, technical issues and legal regulations hamper these approaches (Pirrello et al., 2023). In addition, environmental and chemical stressors can drive the evolution of plants by inducing genetic and epigenetic modifications that could modify plant characteristics. Thus, anatomical and physiological changes could be induced, such as vascular modifications and metabolism changes, in particular at the level of specialized metabolites (Salem-Fnayou et al., 2011; Ferrandino et al., 2023). These adaptive responses enable plants to thrive in diverse and often harsh environments, highlighting the dynamic interplay between environmental stress, genetic variation, and epigenetic regulation in the evolutionary trajectory of plant species. Such environmental conditions can shape the selection and allow the obtaining of plants with traits of agronomical interest (Ahloowalia and Maluszynski, 2001). Evolutionary engineering consists of an alternative approach to conventional modern techniques, such as genetic or metabolic engineering, that mimics the natural evolution process to develop or obtain desired traits, as for instance: enhancement of tolerance of organisms to stress, increase of cell performance, improvement of the production of compounds of interest (for review, see Prasad et al., 2020).
Because of weightlessness and ionizing radiation, space is one of the harshest environments for biological materials. Since the 80s, space crop breeding programs have been carried out on the basis that such a stressful environment, never experienced on Earth for a terrestrial plant, is associated with genetic and phenotypic shifts and then could lead to accelerated evolution (Mohanta et al., 2021). Indeed, space radiation and microgravity profoundly affect plant cells, influencing their fundamental biological processes (Prasad et al., 2020). Space radiation, comprising ionizing particles from sun events and cosmic rays, can impact DNA integrity. Radiations can induce DNA double-stranded break that lead to, if not repaired properly, chromosomal aberrations, stable and inheritable genetic alternations, and epigenetic modifications (Belli and Tabocchini, 2020; Furukawa et al., 2020; Mohanta et al., 2021; De Micco et al., 2023). Microgravity or zero gravity has been shown to impact gene expression and metabolism, thus cellular functions and physiological development (Manzano et al., 2022; De Micco et al., 2023). For example, studies conducted on micro or altered gravity highlight an affected expression of genes involved in mechanisms like cell wall remodeling, photosynthesis, and defense reactions, such as oxidative stress, in Arabidopsis thaliana (Kimbrough et al., 2004; Manzano et al., 2022).
In this study, space, a unique environment that combines many stressors never experienced by organisms on Earth, was used as a potential tool for obtaining grapevines with modified traits, such as plants with varying susceptibility levels to downy mildew. In this experiment, grapevine canes, the organs used for vegetative propagation, were exposed to 10 months of storage inside the International Space Station (ISS). After their return to Earth, leaves of plants developed from these grapevine canes were subjected to P. viticola inoculation.
2 MATERIALS AND METHODS
2.1 Plant conditions
2.1.1 Plant material
Vitis vinifera L. cv. Cabernet Sauvignon (CS, clone 0169) and cv. Merlot (Me, clone 0349) canes from Mercier Nursery (La Lande de Fronsac, France) were cut in 2019 and kept in a controlled environment at 4°C ± 2°C, in the dark and high humidity (75%–80%) until their use. One week before the launch, canes were cut into 4 cm-long sections containing one bud (Figure 1A. They were surface sterilized as follows: 5 min à 54°C (hot water treatment), 1 min in ethanol:H2O (70:30, v/v), water rinsed 2 times, 5 min in hypochlorite sodium:H2O (50:50, v/v) in the presence of Tween 20 (0.1%) and water rinsed 3 times. Then, canes were placed by pair (buds upside down) in each alveolus of specific containers. These containers, designed especially for this experimentation, consisted of plastic boxes with 16 alveoli each (Figures 1B, C). A cap with holes recovered by a membrane in ePTFE closed each alveolus. This membrane allowed gas exchange during the cane’s storage. Each cane was meticulously drilled with two holes, allowing for a secure fixation during travel as the caps presented two inward peaks (Figures 1C, D). A total of 10 containers were prepared for ISS storage: 5 containers for Merlot (160 canes), 5 for Cabernet Sauvignon (160 canes), and 5 containers for the Ground Control condition (GC, Earth): 2.5 containers for Merlot (80 canes) and 2.5 for Cabernet Sauvignon (80 canes). An exploded drawing of a container is presented in Figure 1E.
[image: Figure 1]FIGURE 1 | Grapevine cane material and container used (A) Grapevine canes sections of 4 cm in length with one bud. (B) Detailed view of a canes container. (C) Alveolus in which a cane has been placed, (D) Close-up of mounted canes and (E) Exploded drawing of flight hardware.
2.1.2 ISS and Ground Control storage conditions
A total of 10 containers (160 canes of Merlot and 160 canes of CS) were transported aboard a space vessel to the International Space Station (ISS), initiating a 10-month mission spanning from 3 March 2020, to 12 January 2021. In the ISS, the containers were stored inside the Columbus Laboratory at specific temperature and humidity conditions (4°C ± 2°C, 75%–80%), in addition to darkness. Active and passive radiation detectors monitored the radiation environment inside the Columbus Laboratory at fixed locations (DOSTEL-2). The recorded parameters included the absorbed dose rate (D) and the dose equivalent rate (H), measuring 361 µGy/day and 775 µSv/day, respectively. These values amounted to 113.1 mGy and 242.5 mSv throughout the space mission (Table 1). Comprehensive information about all measurements is available in Supplementary Figure S1. A total of 5 containers (80 canes of Merlot and 80 canes of CS) were kept on Earth and stored under conditions similar to those of ISS, such as temperature, humidity, and darkness in a fridge of the ISVV building (Villenave d’Ornon, France).
TABLE 1 | Radiation measurement (dose rate (D) and dose equivalent rate (H)) realized in the Columbus laboratory of the ISS during the mission flight.
[image: Table 1]2.1.3 Growing condition of plants from canes stored in ISS and on earth
At the end of the storage period, all canes (ISS and Earth stored canes), except 6 canes for each cultivar and storage place condition (planned to be used for further microscopy analyses), were transplanted in pots filled with Substrat 5 perlite, Ref. 446 (Klasmann-Deilmann, France) and placed in greenhouse under the following controlled conditions: 25/20°C day/night air temperature, 75% relative humidity and a 16 h photoperiod (350 μmol/m2/s). A phenotypic monitoring (plant growth and phenological development) was carried out and no difference between ISS and GC plants was observed (Supplementary Figure S2). In October 2021 (10 months after the cane plantation date), the plants developed from canes originally stored in ISS or Earth (Ground Control, GC), called Mother plants, were placed under a tunnel. The use of tunnels was chosen in order to be as close as possible to the natural environment conditions since temperature, light, and humidity cannot be controlled and only protection towards rain was present. Such conditions prevented the development of natural downy mildew, allowing us to test the plants towards this disease in laboratory in a controlled way (e.g., strain, sporangia number). Mother plants were continuously fertilized with a solution of Peters Professional Soluble Plant Food 20–20–20 General Purpose (Scotts company) at 1 g/L. Each plant constituted a specific individual.
2.1.4 Production of progenies and growing condition of these progenies
In January 2022 and January 2023, canes were harvested from each Mother plant. Canes of 10 cm in length with one bud were generated and transplanted in pots filled with Substrat 5 perlite, Ref. 446 (Klasmann-Deilmann, France). Then, they were placed in a greenhouse under controlled conditions: 25/20°C day/night air temperature, 75% relative humidity, and a 16 h photoperiod (350 μmol/m2/s). When these foliar cuttings reached the 6-leaf stage, they were used for downy mildew experiments.
2.2 Downy mildew material and bioassays
The bioassays of downy mildew susceptibility level in laboratory conditions were conducted with the P. viticola isolate ANN-01 collected in 2015 in a vineyard of V. vinifera L. cv. Ugni-blanc in Charente (France). Plasmopara viticola was maintained as previously described (Corio-Costet et al., 2011).
We collected the fourth leaf below the apex to analyze the susceptibility level of Merlot (Me) and Cabernet Sauvignon (CS) plants to P. viticola. Leaves from Mother plants and their respective progenies (only for Merlot) developed from canes stored in ISS conditions (ISS) or Earth (Ground Control, GC) were considered. At least three foliar disks (25 mm wide) were produced from each leaf and placed on the abaxial side upwards into Petri dishes containing humidified Whatman paper. Each plant was tested at least twice, generally three times, for most plants during a growing season. Sporangia from 7 days old P. viticola infected leaves were collected and suspended in distilled water, and the concentration of sporangia was adjusted to obtain a suspension at 5,000 sporangia/mL. Each disk was inoculated with 3 drops of 15 μL of the sporangia suspension and kept in the dark at room temperature one night before vacuuming the drops. Then, Petri dishes were incubated at 25°C with a photoperiod of 16/8 h day/night (Corio-Costet et al., 2011). After 6–7 days of incubation, the estimation of the sporulation density was performed by visual scoring. Three groups were created based on the level of sporulation on leaves, using a descriptor-like scale adapted from the OIV descriptor 452–1 as follows (Supplementary Figure S3): low-susceptibility (0%–35%), moderate-susceptibility (35.1%–60%), and high-susceptibility (60.1%–100%) (Bove et al., 2020; Štambuk et al., 2021).
2.3 Statistical analyses
Statistical analyses were conducted using R software version 4.3.1 and RStudio version 2023.06.2 + 561. To assess the significant differences in means of sporulation level between ISS and GC plants, according to the normality of the data, a Welch t-test was used, and this was done for each year (2022 and 2023) and for each cultivar (Cabernet Sauvignon and Merlot). Moreover, we compared each GC and ISS individual to the total population of individuals (all ISS and GC plants) to identify individuals that differed from the mean of the total population using a Mann-Whitney U test as the distribution of data was not normal. We then classified individuals according to their mean sporulation level in three classes (0%–35%, 35.1%–60%, and 60.1%–100%) and the significance of the difference. The analysis was carried out for each cultivar and year, for Mother plants and progenies separately or with all the 2 years’ data combined. The percentage of individuals belonging to a given category allows for a comparison and discrimination between plants originating from canes stored in GC or ISS conditions.
3 RESULTS
We analyzed the level of susceptibility to downy mildew on the leaves of CS and Me plants that have been stored in ISS or not (GC) for Mother’s plants and their progenies during the years 2022 and 2023. As it was impossible to test them simultaneously due to space and staff time, we performed our assays with plant batches. In 2022, we tested 49 Me ISS, 54 CS ISS, 30 Me GC, and 36 CS GC for the Mother plants and 40 Me ISS and 20 Me GC for progenies, meaning 229 different plants. As repetitions were done, at least 2 were done for Mother plants and 4 or 5 for progenies, meaning a total of 338 assays for Mother plants and 240 for progenies plants; thus, 578 plants were tested. As we did not perform the experimentation at a similar time for all plants (batches), we had to consider the potential occurrence of experimental bias due to, for instance, changing environmental conditions under a tunnel. Thus, to smooth out the variability of the values of downy mildew development among the different batches and years, we chose to apply a correction factor. To calculate this correction factor, a reference value for GC plants was required. Based on our data and the literature, the reference value of sporulation mean of GC plants was set at 50%. Indeed, as example, for Merlot, several authors reported a disease severity around 50% (Calonnec et al., 2013; Bove et al., 2020). To proceed, the sporulation mean of GC plants was calculated for each batch and we determined the correction factor by dividing the reference value (50%) to this value. Then, using this determined correction factor, we transformed the sporulation values of all plants (GC and ISS).
3.1 Sporulation means
Firstly, we considered the mean of downy mildew sporulation, expressed in percentage, for all ISS Mother plants compared to all GC Mother plants for Me and CS in 2022 and 2023. Each year’s value was the mean of two or three bioassays. Based on these 2 years of analysis, we noticed a different profile depending on the year considered. For 2022, no significant differences can be put in evidence between the mean of sporulation of ISS plants and one of GC plants, both for CS and Me. However, in 2023, the levels of P. viticola sporulation on Mother CS and Me ISS plants were significantly lower, with 42% and 41% of mean sporulation, respectively, compared to the GC plants at 50% (Table 2).
TABLE 2 | Mean of P. viticola sporulation of all ISS (International Space Station) Mother plants compared to all GC (Ground Control) Mother plants.
[image: Table 2]Then, we considered the mean of downy mildew sporulation for Merlot ISS progenies plants compared to Merlot GC progenies plants for 2022 and 2023. Only Merlot progenies individuals were studied as the experimentation conditions (greenhouse place, personal staff dedicated to these experimentations) did not allow us to evaluate CS plants. We noted a similar profile in both years of experimentation, observing a reduction in downy mildew sporulation on ISS progeny plants, as in 2023 for the Mother plants. Indeed, the levels of downy mildew sporulation on progenies ISS plants were significantly lower with 39.7% and 42% of mean sporulation, respectively, in 2022 and 2023, in comparison to the one of GC plants at 50% (Table 3).
TABLE 3 | Mean of P. viticola sporulation of Merlot ISS (International Space Station) progenies plants compared to Merlot GC (Ground Control) progenies plants.
[image: Table 3]3.2 Frequency distribution of Merlot and Cabernet Sauvignon Mother individuals
For each Mother individual, according to its respective mean of sporulation level, we classified this plant into one of the three following classes adapted from the OIV descriptor 452–1: low-susceptibility (0%–35%), moderate-susceptibility (35.1%–60%), and high-susceptibility (60.1%–100%). This simple descriptor-like scale that divides each individual inside one of these three classes allowed us to inform about the frequency of distribution of GC and ISS Mother individuals for 2022 and 2023 and the two varieties (CS and Me).
To illustrate the distribution of Merlot and CS plants according to their downy mildew sporulation levels, we made a density plots analysis (Figure 2). We noted, regardless of the year (2022 and 2023), the cultivar (CS and Me), and the condition (ISS and GC) considered, a density distribution that tended to be center around medium values of sporulation, between or relatively close to the two red lines that represent threshold of low and high susceptibility, respectively 35% and 60% (Figure 2). In particular, in 2023, the density distribution of Merlot and CS plants, for ISS and GC conditions, exhibited a Gaussian-like curve shape. This results was confirmed by a frequency analysis in which a high proportion of individuals falled into the class of moderately susceptible plants with between half and two-thirds of frequency distribution (Supplementary Table S1). The other two classes (low and high susceptible plants) had similar proportions of individuals with frequency distribution varying between 7% and 30%. However, differences between ISS and GC conditions were observed.
[image: Figure 2]FIGURE 2 | Density plots of Merlot and CS Mother plants according to the observed level of downy mildew sporulation. (A) Merlot 2022; (B) Merlot 2023; (C) CS 2022 and (D) CS 2023. Plants from the ISS condition are represented in light purple and plants from the GC condition are represented in green. The dark purple color indicates areas where the two conditions overlap. Red lines on the x-axis illustrates the threshold of low to moderate susceptibility (35%) and moderate to high susceptibility (60%).
Considering Merlot cultivar in 2022, based on the density plot, a similar density curve shape with a major peak was noticed for both ISS and GC conditions, although the ISS peak was present at a slightly lower sporulation percentage (next to the left side of the 35% red line) and higher compared to the GC peak (Figure 2A). However, the GC density was slightly higher than the one of ISS at very low and very high sporulation percentage. It was confirmed by the frequency analysis (Supplementary Table S1). Specifically, we noted a similar frequency distribution for ISS and GC plants categorized as highly-susceptible, and a tendency to have fewer individuals of ISS compared to GC. In 2023, both conditions had again a similar shape but with steeper density curves. However, we noted that ISS density curve was shifted to the left compared to the GC curve, peaking at lower sporulation percentages (ISS at 35% and GC at 50%) indicating a tendency to have more ISS plants with a low susceptibility level to P. viticola compared to Control (Figure 2B). Indeed, a higher number of ISS individuals were classified in the low-susceptible class (30% of ISS plants in comparison to 17% of GC) (Supplementary Table S1). Concerning the highly-susceptible class, as in 2022, a similar frequency distribution between ISS and GC was observed.
Regarding Cabernet Sauvignon plants and the year 2022, the density distribution at the lowest sporulation percentages was similar between ISS and GC conditions (Figure 2C). A higher density of GC plants was observed around the low sporulation threshold (35%) and at moderate and high sporulation percentage compared to the ISS plants density. At high sporulation percentages, the ISS density was higher than that of GC. However, frequency analysis highlighted that there was slightly more individuals classified as low-susceptible under ISS conditions compared to GC (Supplementary Table S1).
In 2023, similarly to Merlot, density curves displayed for CS were steeper and with higher peaks than in 2022. ISS and GC density curves were very similar but ISS one was shifted to the left, peaking at lower sporulation percentages (40% compared to GC that peaked at 55%). These observations indicated a tendency towards a higher proportion of ISS plants that displayed lower susceptibility to P. viticola compared to Control plants (Figure 2D). These observations were supported by the frequency data: 26% of ISS plants were classified as low-susceptible compared to 11% of GC plants, while only 7% of ISS plants were classified into the highly-susceptible class compared to 17% of GC plants (Supplementary Table S1). A graphical representation of the distribution of each CS and Merlot Mother plant according to the average sporulation percentages obtained over the 2 years of experimentation is provided in Supplementary Figures S4, 5, respectively.
With all these results, it came out that, whatever the grapevine variety, plants of the ISS condition showed a tendency towards being classified as low susceptible, despite slightly pronounced results in 2022.
3.3 Frequency distribution of Merlot progenies individuals
For each Merlot progeny individual, according to its mean sporulation level, we classified it into one of the three following classes: low-susceptibility (0%–35%), moderate-susceptibility (35.1%–60%), and high-susceptibility (60.1%–100%), as done for the Mother plants.
The density plots for both 2022 and 2023 exhibited a similar trend (Figure 3). However, the peak for the ISS condition was shifted to the left compared to the GC condition, highlighting a higher proportion of ISS plants with a low downy mildew susceptibility. For example, in 2022, the density curve of the GC and ISS progenies peaked around 45% and 35% sporulation, respectively. Moreover, the ISS progenies density curve showed a higher density at very low sporulation percentages, while the GC condition was more widely distributed at sporulation levels above 50%. As for Mother plants, a large overlap at moderate development percentages was noted for GC and ISS both conditions.
[image: Figure 3]FIGURE 3 | Density plots of Merlot progenies 2022 (A) and 2023 (B) according to the observed level of downy mildew sporulation. Plants from the ISS condition are represented in light purple and plants from the GC condition are represented in green. The dark purple color indicates areas where the two conditions overlap. Red lines on the x-axis illustrates the threshold of low to moderate susceptibility (35%) and moderate to high susceptibility (60%).
Frequency analysis revealed that the largest number of ISS and GC individuals (approximately two-thirds of them) were classified into the moderately-susceptible group (Supplementary Table S2). This analysis confirmed a distinct distribution of progenies in the low and high-susceptible classes based on the condition considered (ISS or GC) (Supplementary Table S2). More GC progeny plants were categorized as highly-susceptible (15% and 17% in 2022 and 2023, respectively) compared to 5 and 2% for ISS plants. The inverse frequency distribution was observed in the low-susceptibility class with more ISS individuals (23% and 13% of ISS compared to 5% and 4% of GC in 2022 and 2023, respectively). These results confirmed that progenies of individuals originated from canes placed in the ISS environment were more likely to exhibit a lower level of susceptibility towards downy mildew.
A graphical representation of the distribution of each Merlot progeny plant according to the average sporulation percentages obtained over the 2 years of experimentation is provided in Supplementary Figure S6.
As one of the main goals of this project was to benefit the space environment as a tool for obtaining grapevines with modified traits such as reducted susceptiblity to downy mildew, we considered the percentage of individuals based on the number of specific individuals that presented a mean of sporulation level significantly different from the total population (all individuals) through the 2 years of experimentation and considering Mothers and their respective progenies. Firstly, we noted that 41% of GC individuals and 62% of ISS were always distributed in the same class, regardless of the year of the experimentation and if we consider the Mother plant or one of its progenies. We also noted that a higher percentage of plants fell in the moderate-susceptibility class and less in the two other classes (Table 4). Then, our results showed a higher percentage of ISS Merlot individuals said low-susceptible compared to GC, with 11% and 0%, respectively (Table 4). Conversely, a lower percentage of ISS individuals than GC was noted in the highly-susceptible class (0% and 6%, respectively). Space conditions likely resulted in an enhanced percentage of plants showing a reduced susceptibility to downy mildew. Secondly, we considered all data of sporulation mean percentage for each Merlot Mother plant and its progenies over the 2 years of experimentation to obtain a representative value for each individual, regardless of the generation and the year. For that, a graphical representation of the distribution of each individual plant is provided in Figure 4. We observed that the sporulation percentages were in the range of 27% and 70%, with a mean of the total population of 44%. The majority of the plants (81% and 82% for GC and ISS, respectively) presented an moderate mean of sporulation. Considering GC plants, we noted one highly-susceptible plant (representing 6% of all GC plants) that was significantly different from the total population and one that is low-susceptible. No individual can be classified as highly-susceptible for the ISS condition even though four plants presented a sporulation mean higher than 55%. On the contrary, six plants (18% of all ISS plants) were significantly considered as low-susceptible.
TABLE 4 | Percentage of GC (Ground Control) and ISS (International Space Station) Merlot individuals classified as Low-Susceptibility, Moderate-Susceptibility, or High-Susceptibility) during the 2 years of experimentation (2022 and 2023).
[image: Table 4][image: Figure 4]FIGURE 4 | Sporulation percentage for each GC and ISS Merlot individual. The sporulation percentage is given for Ground Control (GC) plants and for those originating from canes stored in space conditions (ISS). It represented the mean of the data obtained from a Mother and its progenies for each individual over the 2 years of the experiment (2022 and 2023). The mean of the total population corresponding to all plants tested over the 2 years of experiment (2022 and 2023) Mother and progenies is represented by a black bar. Colors are assigned depending on the level of susceptibility against Plasmopara viticola as follows: red corresponds to highly susceptible plants (60.1%–100%), grey corresponds to moderately susceptible plants (35.1%–60%), and green corresponds to low susceptible plants (0%–35%). Significant difference levels of each individual compared to the total population were set at ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.
4 DISCUSSION
This study investigated the ISS environment’s influence on grapevine material during cane storage with the idea of taking advantage of evolutionary engineering, which could result in grapevines having higher resistance to various stresses. For that, dormant grapevine canes bearing one bud were exposed to a 10-month storage inside the International Space Station (ISS). A prolonged storage period was chosen to enhance the probability of triggering modifications of the phenotype of plants. In this study, we investigated the downy mildew susceptibility level of leaves of developed plants from ISS-stored canes.
Here, we chose to work with grapevine canes since they represent the basic material for vegetative propagation, the most prevalent technique in viticulture. A particular advantage of using canes (cuttings) is that with this method, genetically identical plants and clones of the parent vine were obtained. Thus, it allows the maintenance of desirable traits of the Mother grapevine of interest as these traits are more likely to be fixed across generations thanks to the vegetative propagation (Kashtwari et al., 2022). On the contrary, seeds will lead to distinct grapevine varieties that result from crossings of two parent varieties, so there is a risk of losing some desirable traits. Nevertheless, as seeds, canes can stay alive for several months without any specific maintenance. It is an excellent advantage as, in the ISS, no astronaut intervention is required. They must be maintained in the dark, near 4°C, and at a high humidity (70%–80%).
In our study, two grapevine cultivars, Cabernet Sauvignon (CS) and Merlot (Me), chosed as they are among the most cultivated across the world, were mainly distributed in the moderate- or high-susceptiblility classes (with a sporulation density above 35%). This observation is in accordance with the literature that mentioned that these two cultivars are susceptible to downy mildew (Calonnec et al., 2013; Bove et al., 2019).
Our study highlight a tendency to obtain a grapevine plants with a low susceptibility level to downy mildew after a space storage of the canes inside the ISS. Those results were observed for both cultivars. However, we noted discrepancies between both years of analysis in the sporulation means and frequencies of plants falling into the different categories. These discrepancies could result in a bias generated by our classification choice. Indeed, by looking in more detail at the values, we noted that the frequency distribution could be more comparable between years if we include plants from a larger sporulation threshold. Indeed, if instead of considering as highly-susceptible, plants with a mean of sporulation above 60.1%, we considered plants with a mean sporulation level above 55%, for instance, in 2023 the value of CS ISS highly-susceptible individuals will be 18% (instead of 7), wich is closer to the one observed in 2022. In addition, we noted a higher variability in the sporulation results and a lower amount of data in 2022 compared to 2023 that could lead to underestimating significantly different plants from the general population. Moreover, it is also possible that the environmental conditions encountered by the Mother plants, which were grown under a tunnel and not in a greenhouse, modified the susceptibility level of the plants to a further downy mildew infection. Such variations of the susceptibility level were already reported for experiments done with powdery mildew leaf disk assays performed on V. vinifera subsp. sylvestris seedlings for several years (Lukšić et al., 2022). Nevertheless, in our study, such heterogeneity was not noted for all individuals, and it did not hinder us from identifying a higher proportion of plants with a significant susceptibility reduction in the ISS condition compared to the GC condition, particularly in the case of Merlot. Leaf disk assays are recognized as an accurate method for performing the first screening of plants to evaluate their susceptibility level towards downy mildew (Calonnec et al., 2013). Nevertheless, such bioassay’s estimated level of plant susceptibility was sometimes not linked to what was further observed in a vineyard (Vezzulli et al., 2018). In our study, the Mother plants were placed under a tunnel, and such environmental conditions were similar to field conditions. Therefore, our results could accurately reflect the level of disease susceptibility during a vineyard assay. However, such vineyard assays must be done to confirm the results, especially due to a diversity of P. viticola isolates.
Concerning Progenies downy mildew susceptibility, unlike what was observed with Mother plants, no discrepancies between the data obtained in 2022 and 2023 have been noted. It could result from the fact that, during these two consecutive years, the progenies have grown under controlled conditions in a greenhouse, thus reducing the variability of plant responses to downy mildew.
A key finding of our study consist on the obtention of plants lineages, from the Mothers who have directly undergone space storage to their progenies, that show a significantly reduced susceptibility towards P. viticola. In this study, with regards to Merlot, space environment conditions (ISS) lead to 11% of individuals with a significant low-susceptibility to downy mildew, identified based on bioassays performed on Mother plants and their progenies over 2 years of experimentation. As a comparison, when a classical methodology for grapevine selection is performed, between 1% and 10% of clones with characteristics of interest are usually obtained (Gonçalves et al., 2019). Such classical clonal selection is time-consuming, taking approximately 15–20 years, and requires a genetic variability of the starting population (Rühl et al., 2004; Gonçalves et al., 2019; Farkas et al., 2023). Our results highlighted that using space environment could be a time-saving method that did not necessitate genetic variability of the starting population to obtain individuals with characteristics of interest in a proportion similar to or even higher than a classical selection methodology.
However, levels of disease severity observed in the less susceptible plants in our study is relatively high compared to what can be observed in studies on resistant grapevines, which could even be close to zero sporulation in the case of Vitis riparia and associated to the possession of resistance genes (Poltronieri et al., 2020; Štambuk et al., 2021). From our point of view, the effect we observed should not be described as a resistance phenomenon but as a reduced susceptibility towards downy mildew. Nonetheless, our results are promising since we demonstrated a marked effect. To that extent, it could be interesting to repeat this type of experiment, particularly by extending the space-storage time.
Space combines stresses, radiations and microgravity, for any terrestrial organism. In our case, this harsh environment can have resulted in a higher percentage of ISS plants with a significantly reduced susceptibility to P. viticola than GC plants. Ionizing radiations inside the ISS during the storage of the canes corresponding to radiations present in Low Earth Orbit (LEO) were 100 times higher than those measured on Earth (Restier-Verlet et al., 2021) by comparison to the natural absorbed radiation on Earth’s surface at 2.4 m/year. Thus, such radiations can induce genetic modifications, such as DNA mutations, in ISS canes. Indeed, a previous study reported that a short spaceflight of 6 days causes DNA mutations in rice seeds, resulting in modified phenotypes of plants that have developed from them. Some of these modified traits were transmitted to the next generations (Yu et al., 2007).
It has already been reported that exposing organisms to space environment conditions could result in the apparition of new strains of bacteria, yeasts, plants, or other organisms with agricultural or other industrial relevance (Horneck et al., 2010; Huang et al., 2015). He et al. (2006) mentioned that experiments done in space on seeds of more than 1,000 varieties of crops, fruits, or even forest trees resulted in plants developed from space-exposed seeds with favorable physiological and genetic variations.
Among several control plants, we occasionally observed reduction of the level of susceptibility that was similar to that observed in the low-susceptible ISS-stored plants, but this reduction did not persist from 1 year to the next nor from generation to the next. It could therefore be attributed to the natural variability of phenotypes. On the other hand, a significant percentage of ISS Mother plants and their progenies showed a low susceptibility level to downy mildew, indicating that the plant’s capacity to reduce disease severity is maintained through years and generations. Among the various possible hypotheses, this maintained downy mildew susceptibility reduction could be attributed to epigenetic modifications that would be induced by the conditions aboard the ISS. Indeed, it was mentioned that for an organism, facing a stress could lead to long-term behavioural effects, parlty through changes in the epigenome. Furthermore, some authors reported that a process involving epigenetic mechanisms, know as priming, can be set up. If occurred, by such mechanism, the plant will partially memorized the stress and could initiate a faster and/or more intense response to a subsequent stress (Berger et al., 2023). This priming effect could be transmitted to progenies through the transmission of epigenetic imprints which seems to operate more effectively in the case of agamous reproduction (Gallusci et al., 2023). Indeed, it was mentioned that spaceflight conditions induced epigenetic changes in A. thaliana seedlings with DNA methylation modifications (Xu et al., 2018). Some imprints of these DNA methylation modifications were observed in the offspring, accompanied by phenotypic modifications and changes in gene expression of various cellular metabolic pathways (Xu et al., 2021). Moreover, it has been shown that a tolerant cultivar exhibits a lower upregulation of the percentage of 5-methylcytosine (5-mC) at the early stage following P. viticola infection compared to a susceptible cultivar and a modified regulation of gene expression, suggesting that epigenetic regulation plays a role in disease susceptibility (Azevedo et al., 2022). In the future, genomic and methylome analyses could be conducted to specify potential genetic or epigenetic modifications occurring in ISS plants during the storage.
The final intention was to propose plants with a reduced susceptibility to downy mildew while maintaining the genetic background of the two international varieties studied here, Merlot and Cabernet Sauvignon. Continuing to grow such cultivars, but with enhanced disease resistance, will allow winegrowers to conduct their vineyard and winemaking process as they are accustomed to. As mentioned, the results presented in this study must be confirmed with field assays. In addition, it has to be investigated that no particular issues are encountered until the finished product is obtained, particularly when considering the wine quality. Such new clones could offer winegrowers to have at disposal a mixture of clones of these famous cultivars in their vineyard and so limiting naturally, for instance, disease development, or contrary increasing resilience of the plant to abiotic factors (Schöb et al., 2015; Newton, 2016; Savary et al., 2019; Delrot et al., 2020; Vezzulli et al., 2022). We hope that the modifications triggered by the ISS environment will be relatively different and increase the genetic diversity within these varieties. To conclude, using space environment could help to improve grapevine plasticity, representing a promising tool for developing grapevines with enhanced traits of interest to answer actual and future agricultural concerns and will contributing to reduce pesticide use.
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