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Abstract 49 

Background – Drought is expected to have a major impact for viticulture and other agriculture 50 

worldwide. The soil microbiome has been shown to be an important sustainable tool to mitigate the 51 

effects of climate change since its manipulation leads to increased plant resilience with little 52 

ecosystem disturbance and low cost. However, the identification of drought-induced shifts in bulk 53 

soil and rhizosphere microbiota associated with grapevine remains largely unexplored. We 54 

conducted a thorough analysis of this holobiont over two seasons in a Syrah vineyard submitted for 55 

six years to three irrigation strategies (absent, deficit and full irrigation). The study combined 16S 56 

rRNA and ITS1 based metabarcoding, physiological measurements, and edaphic and climate data. 57 

Results – Leaf water potential and stomatal conductance agreed with the irrigation regime applied 58 

but one of the studied growth seasons presented more pronounced differences in microbiome 59 

diversity and structure than the other, highlighting the effect of climate. Prokaryotic members of the 60 

community may present growth promoting properties, but a wider array of putative functionalities 61 

were identified in the mycobiome ranging from pathogenicity and biofertilization to biocontrol. 62 

Fungal members also showed higher sensitivity to drought than prokaryotes. The mycobiome 63 

enrichment in Basidiomycota, the abundance of the basidiomycetous yeast Solicoccozyma aeria 64 

and the abundance of the bacterial family Chitinophagaceae have not been previously reported for 65 

grapevine associated microbiome. 66 

Conclusions – This study highlighted the specificities of restructuring of grapevine rhizosphere 67 

microbiomes under drought stress where the irrigation strategy, climate, genotype, and soil 68 

parameters interact. The stability of the prokaryotic component may be eventually due to their 69 

functional redundancy while a lower ecological memory of fungi may be balanced by diverse 70 

functional attributes.  Ultimately, our results suggest that members of the altered grapevine 71 

microbiota might contribute to grapevine survival under extreme environmental conditions, opening 72 

the door to more sustainable practices in viticulture. 73 

 74 

 75 
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Background 76 

Portugal and other Mediterranean basin countries will be one of the most impacted regions in the 77 

globe by climate change (Pereira et al., 2021). The increase in drought periods has already been 78 

shown to have deep socio-economic implications in agricultural management (Schleypen et al., 79 

2022). Viticulture and the wine-making industry are set to be one of the most affected agricultural 80 

sectors due to their high dependence on climate (Venios et al., 2020), ultimately resulting in a 81 

decrease in the wine’s quality and productivity (Greer & Weston, 2010; van Leeuwen & Darriet, 2016). 82 

The key strategy of the wine-making industry to tackle several viticultural issues, like prolonged 83 

drought periods, is selecting and breeding different adapted cultivars to a given stress (Nerva et al., 84 

2022). The use of drought-tolerant grapevine varieties under drought conditions has been shown to 85 

be effective in improving productivity, yield, and overall crop quality (Vaz et al., 2016; Vink et al., 86 

2021). Nevertheless, these practices are highly time-consuming when immediate answers are 87 

required. Due to the more frequent periods of drought, the implementation of irrigation regimes to 88 

vineyards has been growing in use (Zarrouk et al., 2016). And even though grapevines have been 89 

traditionally grown under rainfed conditions, it has been shown that deficit irrigation techniques are 90 

able to create a balance between reproductive and vegetative growth in the vineyard that maintains 91 

the crop’s quality and productivity (Costa et al., 2016; Zarrouk et al., 2016). However, these 92 

techniques come at a cost, both economic and environmental, as water becomes a scarcer and ever 93 

more valuable resource (Azorín & García, 2020; van Leeuwen & Darriet, 2016). Hence, the 94 

development and application of more sustainable practices become imperative. 95 

One aspect often overlooked when considering Vitis vinifera’s fitness to different environmental 96 

stresses is the inherent power of its indigenous soil and rhizosphere microbiota (Bettenfeld et al., 97 

2022; Nerva et al., 2022). Several plants have been shown to harbor soil microbial communities with 98 

plant growth promoting (PGP) properties that enhance the crop’s fitness to drought or induced water 99 

stress (Cherni et al., 2019; Liu et al., 2021; Marasco et al., 2012). For instance, the modulation of 100 

phytohormones (like auxins, ethylene, and/or abscisic acid), the production of exopolysaccharide 101 

matrices and antioxidant metabolites, as well as the increase of the water use efficiency and nutrient 102 

exchange, are a few known mechanisms in which microbes partake ameliorating the drought status 103 
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of a plant (Poudel et al., 2021). Although it has already been shown that the grapevine’s microbiota 104 

showcases a vast array of these PGP traits (Rolli et al., 2015), there is still a knowledge gap in the 105 

exploitation of this microbiota for drought mitigation. 106 

The soil is the main reservoir of microorganisms for plant-microbe associations (Darriaut et al., 107 

2022b), and the selection of this microbiota is bound to plant mechanisms (Zarraonaindia et al., 108 

2015) intrinsically connected to the plant genotype (Marasco et al., 2018). The grapevine scion 109 

cultivar Syrah has been shown to display high control of its stomatal conductance under water 110 

stress (Damásio et al., 2025). Additionally, the rootstock 1103 Paulsen (1103P) is characterized as 111 

drought-tolerant due to its growth plasticity to soil moisture and depth (Marín et al., 2021). However, 112 

studies on the correlation between grapevine physiological parameters and the rhizosphere and 113 

bulk soil microbiome have not been carried out, so far. 114 

In the present work, we studied in two growth seasons the rhizosphere microbiome harbored by the 115 

Vitis vinifera cultivar Syrah grafted on the rootstock 1103P and grown in a commercial vineyard 116 

conducted under three different irrigation regimes for six years. By integrating plant physiology, soil, 117 

and climate data to our 16S rRNA and ITS1 meta-analysis, we observed differences and similarities 118 

in the microbial communities’ diversity and structure among conditions, and defined core 119 

microbiota and rare taxa for each growing season. 120 

 121 

Methods 122 

Sample Collection - The study site was identified at the ampelographic collection vineyard of 123 

Herdade do Esporão (38°22'48.4"N; 7°33'38.6"W), located in Reguengos de Monsaraz, Portugal. The 124 

sample collection was carried out in July of 2022 and 2023, from grapevines of Syrah cultivar (Vitis 125 

vinifera L.) grafted on the rootstock 1103 Paulsen at veraison stage. The vineyard has been 126 

conducted, over the course of six years (2017-2023), under three different irrigation regimes: No 127 

Irrigation (NI – 0% ETc, corresponding to Rainfed Irrigation), Deficit Irrigation (DI – 50% ETc), and Full 128 

Irrigation (FI – 100% ETc). Five biological replicates were collected for each irrigation treatment, and 129 

30 soil samples were analyzed (15 from each year of sampling). The samples were therefore divided 130 
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into six types corresponding to the three irrigation strategies and the two years of sampling. The 131 

actual soil samples were collected in a composite way from 2 to 4 cardinal directions very close to 132 

the grapevine trunk (15-20 cm) in order to catch the root-influence area across 10-20 cm depth. 133 

Rhizosphere samples were then homogenized and stored in ice before being moved to -80°C freezer 134 

and kept until analysis. 135 

Analysis of Edaphoclimatic Conditions - The different climatic conditions associated with sampling 136 

were assessed through evaluation of atmospheric and edaphic variables. As for the climate, 137 

precipitation and temperature data were provided by the Instituto Português do Mar e da Atmosfera 138 

(IPMA) from their Reguengos de Monsaraz station (0840); this data was assessed in between the 1st 139 

of January and the 31st of June of 2022 and 2023. 140 

As for the soil’s physical and chemical properties, these were characterized in terms of dry bulk 141 

density (DBD), pH, water content (or humidity), grain size distribution, organic matter content (OMC), 142 

and other geochemical analyses for the quantification of metallic oxides and micronutrients. DBD 143 

was calculated as the dry sample weight (g) of the soil, after 48 hours in an oven at 60ºC, contained 144 

in vials of known volume (2.0 or 2.5 cm3), and divided by the original wet sample volume (cm3). The 145 

soil water content was calculated as the difference between net weight and dry weight and 146 

expressed as a percentage of the net weight. Soil pH was determined using the electrometric 147 

method (LNEC E203-1967) as proposed by the Portuguese Laboratório Nacional de Engenharia Civil 148 

(LNEC), where the soil samples were left in a pre-boiled and cooled distilled water solution for 24 149 

hours at a ratio of 30g of soil for 75cm3 of water; pH was measured with the InoLab WTW pH730 150 

potentiometer using a WTW SenTix-41 electrode (Xylem Analytics, WTW GmbH, Germany) and 151 

calculated as a mean value of three measurements that did not differ more than 0.05 pH between 152 

them. For OMC, the adapted loss on ignition (LOI) method (Heiri et al., 2001) was used, where 2g of 153 

homogenized soil was incinerated at 500ºC for 2 hours in a Lenton Thermal Designs EF 11/88 154 

chamber furnace (Lenton Laboratory & Scientific Equipment, South Africa). Particle size analysis 155 

was carried out on the fraction below 1mm, after sieving 1g of soil, by laser diffraction using a 156 

Malvern Mastersizer 2000 diffractometer (Malvern Panalytical, United Kingdom); the fraction above 157 

1mm was weighed and combined with the Malvern results to characterize the grain size distribution. 158 
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For the geochemical analyses, 10g of homogenized soil was used for the quantification of total 159 

nitrogen, and whole rock composition (metallic oxides, and other trace elements) with ICP-OES 160 

following protocols 4F and 4B, respectively, by Activation Laboratories Ltd. (Ontario, Canada). 161 

Assessment of Plant Physiological Parameters – The characterization of the grapevine water status 162 

was assessed through predawn water potential (Ψpd), and stomatal conductance (gs) 163 

measurements. These parameters were assessed on the same day of sample collection for both 164 

years. For each parameter, five pre-selected homogenous grapevines from each irrigation strategy 165 

were randomly selected. Briefly, predawn water potential was performed at 05:00 am, using 166 

Scholander-type pressure chamber (Manofrigido, S. A., Lisboa, Portugal), using at least two leaves 167 

per plant. Fully expanded, healthy, and well-exposed leaves, from the third to fifth node of one of the 168 

main central shoots of the plant, were selected for the measurements. Leaves were removed using 169 

sharp scissors and immediately sealed in a plastic bag containing a damp paper towel to prevent 170 

water loss and wrapped with aluminum foil to avoid light during transport to the pressure chamber. 171 

Stomatal conductance measurements were performed with LI-600 porometer/fluorometer (LI-COR 172 

Inc., Lincoln, Nebraska, USA). Measurements were performed on sunny, cloud-free days between 173 

11:00 am and 12:00 pm. Fully expanded, photosynthetic active, healthy and well-exposed to the sun 174 

leaves, from the third to fifth node of the main central shoots of the plant were selected for the 175 

measurements. Two leaves per grapevine from five plants per genotype and treatment were used. 176 

Additionally, the daily accumulated crop evapotranspiration (ETo) was measured corresponding to 177 

total crop measurements. 178 

Soil DNA Extraction and Sequencing - Soil DNA was extracted with the DNeasy ® PowerSoil Pro Kit 179 

(QIAGEN, Germany), using an optimized protocol where two additional steps of enzymatic 180 

incubation were introduced prior to the application of the manufacturer’s protocol. These were an 181 

incubation in a water bath with lysozyme (Carl Roth GmbH + Co. KG, Germany) for 1 hour at 37ºC, 182 

followed by another hour of incubation with proteinase K (Thermo Fisher Scientific, USA) at 55ºC. 183 

DNA yield and quality were assessed with Qubit 4 Fluorometer with the Qubit™ 1X dsDNA High 184 

Sensitivity Assay kit (ThermoFisher™ Scientific, USA) and with NanoDrop ND-1000 (NanoDrop 185 

Technologies, Inc., USA). A negative control was also processed for verification of the method. The 186 
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extracted environmental DNA was sequenced with Illumina MiSeq, following the manufacturer’s 187 

guidelines, in a commercial sequencing service (MR DNA – Molecular Research LP, Shallowater, TX, 188 

United States of America), targeting the V4-V5 hypervariable regions of the 16S rRNA gene and ITS1 189 

region, for archaea/bacteria and fungi, respectively. The primer pairs used were 515f/926r (5’-190 

GTGCCAGCMGCCGCGGTAA-3’, 5’-CCGYCAATTYMTTTRAGTTT-3’) for the 16S rRNA gene, and ITS1f-191 

ITS2 (5’-CTTGGTCATTTAGAGGAAGTAA-3’, 5’-GCTGCGTTCTTCATCGATGC-3’) for the ITS1 region 192 

(Walters et al. 2016). For both regions, a PCR using the HotStarTaq Plus Master Mix Kit (QIAGEN, 193 

Germany) was performed under the following conditions: 95ºC for 5mins, followed by 30-35 cycles 194 

of 95ºC for 30secs, 53ºC for 40secs, and 72ºC for 60secs, with a final elongation step at 72ºC for 195 

10mins. After the amplification, the PCR products were checked in a 2% agarose gel and purified 196 

using calibrated AMPure XP beads (Beckman Coulter Life Sciences, USA). With the purified PCR 197 

products, an Illumina DNA library was prepared. Sequences with under 150bps and ambiguous base 198 

calls were removed. Afterwards, the sequences were quality filtered, dereplicated, denoised, and 199 

chimeras were removed. 200 

Metagenomic Data Processing - Raw reads were processed using QIIME 2 v.2023.2.0 (Bolyen et al., 201 

2019) with its DADA2 tool allowing for the inference of Amplicon Sequence Variants (ASVs), merging 202 

forward and reverse reads with the default parameters, and eliminating reads smaller than 243/251 203 

nts for the prokaryotic dataset, and 248/268 nts for the eukaryotic dataset. The taxonomic 204 

classification of our ASVs was obtained by using a sckit-learn Naïve-Bayes machine-learning 205 

classifier trained on the Greengenes2 v.2023.03 database (McDonald et al., 2023) for the 206 

prokaryotes, and the UNITE v.9.0 database (Abarenkov et al., 2022) for the eukaryotes. ASVs 207 

corresponding to unknown sequences were filtered out from both datasets, and eukaryotic ASVs 208 

that were classified to any kingdom other than Fungi were also removed. ASVs with relative 209 

abundance below 0.005% were filtered out, as suggested by Bokulich and colleagues (Bokulich et 210 

al., 2013). ASVs present in the negative control were also filtered out from the remaining samples. 211 

Microbial Diversity Analyses - Sequences were aligned using MAFFT-FastTree algorithm (using 212 

Jukes-Cantor + CAT models) and the phylogenetic distances were calculated between the obtained 213 

ASVs. Followingly, indices of alpha diversity (Observed ASVs – richness, and Shannon) and beta 214 
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diversity (Bray-Curtis Dissimilarity) were calculated using the sampling depth that retained the 215 

highest amount of ASVs in 100% of the samples. Statistical tests were computed through QIIME2, 216 

including the Kruskal-Wallis’ test to compare the α-diversity indices between groups, and 217 

Permutational Multivariate Analysis of Variance (PERMANOVA) for β-diversity metrics. In addition, 218 

the correlation of both alpha and beta indices to the soil’s edaphic parameters was calculated.  219 

Microbial Relationships and Structure - The taxonomic composition and structure of the microbiome 220 

was assessed with the aid of MicrobiomeAnalyst 2.0 (Lu et al., 2023), using the Marker Data Profiling 221 

workflow. With this tool, the taxonomic pattern of the samples was uncovered, followed by the 222 

prediction of a core microbiome. The core microbiome for the prokaryotic dataset was calculated at 223 

the Family level, while the core of the fungal dataset was calculated at the Species level; for both 224 

these cores, only taxa present in 75% of the samples and with a relative abundance higher than 225 

0,01% were considered. To identify differentially abundant taxa in between extreme irrigation 226 

treatments, the Analysis of Compositions of Microbiomes with Bias Correction (ANCOM-BC) was 227 

applied within each year, between independent groups of soils subjected to no irrigation (NI) and full 228 

irrigation (FI); for a better resolution prokaryotic and fungal ASVs were collapsed at genus and 229 

species levels, respectively. Afterwards, a Multiple Linear Regression with Covariate Adjustment 230 

(MaAsLin2) was calculated comparing the irrigation strategies previously mentioned, using the 231 

sampling year as a covariate, and integrating with the ANCOM-BC data. 232 

 233 

Results 234 

Characterization of Vineyard’s Soil and Climate 235 

Climate conditions and irrigation regime are known to affect soil parameters. In this study, we 236 

conducted diverse analyses in two consecutive years in a vineyard located in a dryland in Southern 237 

Portugal (Figure 1A and 1B). The years 2022 and 2023 were distinct regarding the pattern of 238 

precipitation and temperature. While the first year of sampling was characterized by heavy 239 

precipitation events in March and April, 2023 was characterized by rain evenly distributed 240 

throughout the period of growth, and fruit ripening. In terms of temperature, 2022 was generally 241 
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hotter than 2023, except in the months during which heavy precipitation events occurred (Figure S I, 242 

Additional File 1). Moreover, 2022 experienced prolonged heatwaves throughout the growing season 243 

starting in May, as shown by IPMA data (IPMA, 2025) 244 

The vineyard’s soil is classified as a rhodic-luvisol, which formation is typical of weathered basic to 245 

intermediate parent material, such as the main rocks that outcrop the study area (vulcanites and 246 

microquartz diorite), as shown in Figure 1C. The soil exhibits granulometric characteristics typical of 247 

a sandy loam (Figure S II, Additional File 1), with about 50% of sand, proving excellent drainage, good 248 

aeration, and moderate water retention capacity, greater than that of sandy soils but lower than that 249 

of clay soils. The 2023 samples exhibit a slight increase in sand content compared to the 2022 250 

samples, likely due to differing climatic conditions between those years. 251 
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 252 

Figure 1. View of the vineyard under study in Alentejo (Southern Portugal) from A) the sampling site 253 

and its respective B) satellite view and C) geologic context (Carvalhosa, 1967). 254 

The assessment of edaphic parameters revealed that the irrigation regimes led to more pronounced 255 

differences in terms of soil humidity and pH (Figure 2). These parameters show significant 256 

differences among the irrigation strategies adopted in the soils in both years but are consistent 257 

within the same strategy across the two years (i.e. 22SN vs 23SN). Dry Bulk Density did not reveal 258 

significant differences between water treatments in both years. The differences that this parameter 259 

returned were observed in the sampling year (p < 0.01, ANOVA), where 2022 showed a higher DBD 260 

than 2023 (Figure S IIIA, Additional File 1). In terms of organic matter content, the soils of the first 261 
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sampling year showed significant differences among water treatments (p < 0.01, ANOVA), but the 262 

same did not occur in the next year (p = 0.12, ANOVA) (Figure S IIIB, Additional File 1). Finally, the 263 

relative soil particle contents as assessed with the grain size distribution showed no significant 264 

differences between the irrigation strategy or the sampling year. 265 

 266 

Figure 2. Water content (A) and pH (B) of soils sampled in 2022 and 2023, with lower dispersion of 267 

water content in 2023. ANOVA showed statistically significant differences in the soils in function of 268 

the irrigation strategy adopted both in terms of water content (2022: p = 0.03; 2023: p < 0.01) and pH 269 

(2022: p < 0.01; 2023: p < 0.01). 22SN: 2022 Syrah No irrigation (corresponding to Rainfed irrigation), 270 

22SD: 2022 Syrah Deficit irrigation, 22SF: 2022 Syrah Full irrigation, 23SN: 2023 Syrah No irrigation 271 

(corresponding to Rainfed irrigation), 23SD: 2023 Syrah Deficit irrigation, 23SF: 2023 Syrah Full 272 

irrigation. 273 

Geochemical analyses showed that most soil nutrients were significantly influenced by the irrigation 274 

strategy applied, with a more pronounced effect observed in 2022 (Table S I, Additional File 2). 275 

Among the metallic oxides that showed significant differences in both sampling years (p < 0.05), 276 

sodium oxide (Na2O), potassium oxide (K2O), and phosphorus pentoxide (P2O5) stood out. These 277 

oxides showed no significant difference between rainfed and deficit-irrigated soils, but their levels 278 

were markedly higher in soils under full irrigation. Their concentration in fully irrigated soils were 279 

nearly double those found in rainfed and deficit irrigation conditions (Figures S IVA, S IVB, and S IVC, 280 
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Additional File 1). An opposite trend was observed for magnesium oxide (MgO) and calcium oxide 281 

(CaO), with the highest concentrations found in rainfed soils and the lowest in fully irrigated soils 282 

(Figure S IVD, and S IVE, Additional File 1). However, these differences were only significant in 2022 283 

(p < 0.05). 284 

Assessment of Grapevine Water Status 285 

Irrigation strategies affected grapevine physiological performance. Based on diverse physiological 286 

parameters, it can be assumed that harsher conditions were experienced in the 2022 season 287 

compared to 2023. As shown in Table 1, the most negative Ψpd value was registered in the non-288 

irrigated grapevines in 2022, indicating the limited soil water availability. Irrigation improved the 289 

grapevine’s water status in both years, in which Ψpd showed similar values for the plants under 290 

deficit- and full irrigation. This suggests that despite different stress conditions, irrigation in the 291 

vineyards alleviated the drought stress in a similar manner. Stomatal conductance (gs) showed 292 

differences in accordance with irrigation treatments applied, particularly in 2023. As for 293 

evapotranspiration, the accumulated ETo was similar between years of sample collection, 294 

indicating that the total seasonal water need was the same; the key difference lies in the intensity of 295 

daily demand, which was higher in 2022, likely due to the high frequency of heatwave occurrences. 296 

Taking into account these three different physiological parameters, it appears that the vineyard in 297 

2022 experienced a higher water stress pressure than in 2023. 298 

 299 

 300 

Table 1. Physiological parameters measured from V. vinifera cv. Syrah on the day of soil sample 301 

collection at Herdade do Esporão. For the predawn water potential (Ψpd) and stomatal conductance 302 

(gs), 5 plants from each irrigation strategy were randomly picked for these measurements. The 303 

reference evapotranspiration (ETo), both daily and accumulated, refers to the effect of 304 
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meteorological conditions on total crop water exportation. NI: No irrigation (corresponding to 305 

Rainfed irrigation), DI: Deficit irrigation, FI: Full irrigation. 306 

 2022 2023 

 Ψpd 

(MPa) 

St. 

Error 

gs    

(mol 

m-2 s-1) 

St. 

Error 

ETo 

(daily 

mm) 

ETo 

(accumulated 

mm) 

Ψpd 

(MPa) 

St. 

Error 

gs    (mol   

m-2 s-1) 

St. 

Error 

ETo 

(daily 

mm) 

ETo 

(accumulat

ed mm) 

NI -0.63 0.07 0.13 0.01 

5.7 642.1 

-0.56 0.01 0.05 0.01 

3.9 647.1 DI -0.28 0.03 0.22 0.01 -0.27 0.02 0.16 0.01 

FI -0.08 0.01 0.28 0.01 -0.09 0.07 0.38 0.02 

 307 

Attributes of Sequencing Datasets 308 

The total number of raw reads obtained for the 16S rRNA and ITS1 amplicons were 601 765 and 309 

1 038 163, respectively. After quality and abundance filtering, removing unassigned sequences, and 310 

retaining only reads classified to prokaryotes and fungi, the number of sequences decreased to 311 

553 401 for the 16S rRNA and 888 447 for the ITS1 datasets. In the prokaryotic set of sequences, a 312 

minimum of 13 703 and a maximum of 25 499 reads per sample were found, while the fungi 313 

sequences retrieved a minimum of 17 293 and a maximum of 46 007 per sample. The final number 314 

of ASVs retained for further analyses was 5164 for the prokaryotes and 1601 for the fungi. 315 

Irrigation Drives Microbial Community and Structure 316 

The prokaryotic and fungal portions of the microbiome showed statistically significant differences 317 

for the Shannon Index and Observed Richness when comparing the sampling year (p < 0.05, Kruskal-318 

Wallis test – all groups). The same could be found for the type of samples, however, this was mostly 319 

due to the effect of the sampling year; in fact, only the mycobiome sampled in 2022 showed statically 320 

significant differences for the communities’ richness in function of the irrigation strategy employed, 321 

highlighting the non-irrigated samples (Table S II, Additional File 2). A curious trend could be 322 

observed for both types of microbial communities in the first year of sampling, where the highest 323 

diversity was harbored in the non-irrigated soils, while the lowest was found in the fully irrigated soils 324 

(Figure 3). The same could not be said for the sampling in 2023, which, although it showed higher 325 



15 
 

diversity than the 2022 communities, the irrigation regime did not seem to show great differences for 326 

the α-diversity measurements assessed. 327 

The distances between the communities calculated with the Bray-Curtis Dissimilarity Index of β-328 

diversity and its corresponding ordination plot revealed the effect of the sampling year within the 329 

communities, although more pronounced in the prokaryotic part of the soil microbiome. 330 

Nevertheless, for both datasets – prokaryotes and fungi, it could be observed that the samples 331 

seemed to organize by the gradient of water supplied in the soils, the communities from non-irrigated 332 

and fully-irrigated soils being the most distant from each other, and the communities from deficit-333 

irrigated soils being as an intermediary between them (Figure 4). Corroborating these observations, 334 

the results from PERMANOVA revealed a statistical significance (p < 0.05) that could be attributed 335 

to the sampling year, the type of samples, and the irrigation strategy for both types of communities 336 

and both years, with the exception of the prokaryotic community of 2023 that revealed a p-value 337 

higher than 0.05 (Table S III, Additional File 2). 338 

 339 
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Figure 3. Prokaryotic (A) and fungal (B) α-diversity measurements of richness (top) and diversity 340 

(bottom) for the type of sample assessed. For all measurements, significance was found when 341 

comparing sampling year (p < 0.05). Irrigation strategy didn’t show significantly different diversity, 342 

with the exception of fungal Observed Richness in 2022 (p = 0.016) 22SN: 2022 Syrah No irrigation 343 

(corresponding to Rainfed irrigation), 22SD: 2022 Syrah Deficit irrigation, 22SF: 2022 Syrah Full 344 

irrigation, 23SN: 2023 Syrah No irrigation (corresponding to Rainfed irrigation), 23SD: 2023 Syrah 345 

Deficit irrigation, 23SF: 2023 Syrah Full irrigation. 346 

 347 

Figure 4. Principal coordinates analyses of the A) prokaryotic and B) fungal communities. Ordination 348 

plots were calculated using the Bray-Curtis Dissimilarity Index for each sample type. Beta diversity 349 

measurement revealed significant grouping both in terms of sampling year and irrigation strategy (p 350 

< 0.01), except for prokaryotic community of 2023 (p = 0.08). 351 

 352 

Composition of Syrah’s Soil Microbiome 353 

The grapevines soil microbial communities were highly diverse with over 10 distinct phyla identified 354 

in both datasets. The prokaryotic communities were dominated by bacteria belonging to 355 

Pseudomonadota, followed by Actinobacteriota, and Acidobacteriota, accounting for around 60% 356 

of total sequences between the samples (Figure 5A). As for the top 3 most abundant fungal phyla, 357 



17 
 

these represented around 90% of the total communities, Basidiomycota being the phylum with 358 

highest abundance, Ascomycota and Mortierellomycota coming after (Figure 5B). 359 

The most abundant prokaryotic species belonged to uncultured lineages of bacteria and archaea, 360 

and to mitigate these information gaps, it was chosen to analyze the prokaryotic microbiome to the 361 

family level. Although the abundance differences between the types of samples were very subtle, it 362 

could be seen that the samples collected in 2022 showed a higher relative abundance for the 363 

families with the highest number of sequences (Figure S VA, Additional File 1). These families were 364 

present among all samples, and, as expected, most of those were estimated to be part of the 365 

prokaryotic core microbiota (Figure 6). Between these 12 families, only one belonged to the domain 366 

of Archaea, this being Nitrosospheraceae; the family with highest prevalence among samples was 367 

Chitinophagaceae (Bacteroidota), the following being Gaiellaceae (Actinobacteriota), and the third 368 

most prevalent being the metagenomically assembled genome UBA 2999, belonging to the order 369 

Vicinamibacterales (Acidobacteriota). Curiously, none of these three earlier mentioned bacteria 370 

belong to the most abundant prokaryotic phylum in our soil samples, Pseudomonadota. 371 

Additionally, a few other ASVs were classified to an uncultured lineage of bacteria presented as a 372 

core microbe, this being Env.OPS12 of the order Anaerolinales (Chloroflexota). 373 

 374 
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Figure 5. Taxonomic partition of A) prokaryotes and B) fungi found in the soils of the grapevine cv. 375 

Syrah put through three different water regimes for two seasons. Microbial composition is shown at 376 

phylum level and top 10 most abundant taxa are presented. ‘Others’ refers to more than one phylum 377 

in the datasets (total abundance was lower than the top 10 shown). ‘Not Assigned’ in the fungal 378 

dataset refers to sequences that could only be classified to the kingdom level (Fungi). 22SN: 2022 379 

Syrah No irrigation (corresponding to Rainfed irrigation), 22SD: 2022 Syrah Deficit irrigation, 22SF: 380 

2022 Syrah Full irrigation, 23SN: 2023 Syrah No irrigation (corresponding to Rainfed irrigation), 23SD: 381 

2023 Syrah Deficit irrigation, 23SF: 2023 Syrah Full irrigation. 382 

 383 

Figure 6.Hypothesized core prokaryotic families prevalent in at least 75% of samples and with 384 

relative abundance higher than 0.01% found in the soils of the grapevine cv. Syrah 385 

Contrary to the prokaryotes, the majority of the most abundant fungal species could be classified to 386 

this level (Figure S VB, Additional File 1). The most abundant fungal species across all samples was 387 

Solicoccozyma aeria, where in both years it was observed a slightly higher relative abundance in soil 388 

samples that had been supplied water. Most of these fungi were evenly distributed throughtout the 389 

irrigation regimes employed in the soil, with a few exceptions; for instance, sequences belonging to 390 

Coprinellus verrucispermus were only found in soils sampled in 2023, and with a much higher 391 
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abundance among the non-irrigated soils. As for the core mycobiome, species from the three most 392 

abundant phyla were identified as members of the core, the basidiomycete S. aeria found with the 393 

highest prevalence, followed by the ascomycete Hormonema viticola, and the mortierellomycete 394 

Mortierella alpina (Figure 7). 395 

 396 

Figure 7. Hypothesized core fungal species prevalent in at least 75% of samples and with relative 397 

abundance higher than 0.01% found in the soils of the grapevine cv. Syrah. 398 

 399 

Rare Taxa Found between Water Extremes 400 

Diversity analysis revealed the communities from non- and fully irrigated soils to be the most distant 401 

from each other in both types of microorganisms, hence, only among these samples were rare taxa 402 

scanned for. Both prokaryotes and fungi had more differentially abundant taxa in 2022 than in 2023 403 

as discovered by the ANCOM-BC analyses. These datasets showcased a similar pattern, where in 404 

2022 there was a somewhat even partition of taxa enriched between the irrigation strategies tested. 405 

In 2023 the bacteria only seemed to be enriched in the fully irrigated soils, and the fungi mostly in the 406 

non-irrigated soils (Table S IV, Additional File 2). 407 

In the first year of sampling, bacteria belonging to the genus Actinoallomurus showed the highest 408 

enrichment among soils under no irrigation (q = 1.16E-3), followed by the non-cultivated genus FEB-409 

22 from the family Xanthobacteraceae (q = 1.06E-3), and Rhizorhabdus (q = 2.77E-3). Under full 410 

irrigation, the taxa enriched were mostly uncultivated genera, the most significant being SCUD01 411 

from the family Steroidobacteraceae (q = 8.19E-205). Interestingly, this same taxon was also shown 412 

to be enriched in 2023 under soils put through full irrigation, although with a much higher false 413 
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discovery rate than in the previous year (q = 1.13E-3). The remaining enriched prokaryotic genera 414 

were also found only between fully irrigated soils. 415 

Among the fungi differentially abundant in 2022, Penicillium canescens (q = 0), Phialophora sp. (q = 416 

1.36E-12), and Penicillago nodositata (q = 7.84E-5), were the taxa with the highest enrichment 417 

between non-irrigated soils. In the soils with 100% ETc, the fungi enriched belonged to Mortierella 418 

sp. (q = 7.80E-67), followed by Gongronella brasiliensis (q = 2.49E-2), and an unclassified genus from 419 

the family Herpotrichiellaceae (q = 1.92E-30). In the next year of sampling, only one taxa was 420 

enriched among the fully irrigated soils, this being Bovista plumbea (q = 3.66E-102). The soils with 421 

no water supplied to them observed the enrichment of six taxa, Vishniacozyma globispora (q = 2.00E-422 

4), Ascotricha erinacea (q = 2.15E-2), and Filobasidium oeirense (q = 2.32E-4), being the ones with 423 

the highest Log fold-change. Contrary to the prokaryotes, no fungal taxa were conserved between 424 

years with a statistical significance. 425 

Most taxa discovered with MaAsLin2, could also be found in the ANCOM-BC results (Table S V, 426 

Additional File 2). In total, the prokaryotes observed eight enriched taxa in which only three did not 427 

require an adjustment for their significance, these being SCUD01, PALSA_1355, and 428 

Noviherbaspirillum. From the seven enriched fungal taxa, only two were not adjusted for their 429 

significance, these being Mortierella sp. and P. canescens. 430 

Additionally, the correlation of the microbiota to the irrigation strategy was calculated with the 431 

Pearson distance for each year of sampling (Figure S VI, Additional File 1). However, only in 2022 was 432 

it found to be a significant correlation and only to prokaryotes, these being the metagenomically 433 

assembled genera SCUD01(q = 0.03), WYBL01(q = 0.03), and QUBU01(q = 0.03) to the fully irrigated 434 

soils, and Noviherbaspirillum (q = 0.05) to the samples that went through no irrigation. 435 

 436 

Discussion 437 

Climate and irrigation regime influence grapevine physiology and soil parameters 438 
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The summer of 2022 has been reported as one of the hottest and dryest seasons in Europe in a long 439 

time (Toreti et al., 2022) and for Portugal it was the third dryest summer since 1931, leading to great 440 

losses in agricultural production (Governo da República Portuguesa, 2022). This comes in line with 441 

the data obtained between January 1st and June 30th in 2022 and 2023 for the Reguengos de Monsaraz 442 

area (Figure S I, Additional File 1), where most of the rain observed in 2022 was attributed to an 443 

abnormal event between March and April. Extreme precipitation like this increases soil erosion, 444 

leading to reduced water infiltration, which may affect water availability (Eekhout et al., 2018). 445 

Additionally, the high frequency and prolonged heatwaves in 2022 may increase soil evaporation and 446 

plant transpiration contributing to exacerbated water deficit. As expected, these climate conditions 447 

were reflected in the physiological parameters. The leaf water potential at predawn being a reliable 448 

indicator of drought exposure and soil water potential (Da Sois et al., 2024), revealed the higher 449 

hydric pressure felt by the grapevines under non-irrigated conditions in 2022. It should be noted that 450 

the Syrah cultivar, generally classified as drought-sensitive, anisohydric cultivar (Hochberg et al., 451 

2013; Schultz, 2003; Tramontini et al., 2014) has recently been shown to tightly regulate stomatal 452 

opening under water stress in the Alentejo region. This response is likely the result of plastic 453 

adaptation to local conditions, associated with a high [ABA]/[IAA] ratio under water deficit, which 454 

enhances hydraulic control and reduces water loss through transpiration (Damásio et al., 2025). 455 

On the other hand, both leaf water potential and stomatal conductance align with the irrigation 456 

regime applied, confirming its impact on grapevine physiological responses. Interestingly, annual 457 

differences in gs values were detected in NI and DI, with lower gs in 2023 compared to 2022, while no 458 

year-to-year differences were found in water potential. This suggests a possible decoupling between 459 

stomatal aperture and plant water status, likely driven by the high sensitivity of stressed grapevines 460 

to elevated vapor pressure deficit during 2023. These findings corroborate previous reports 461 

indicating that grapevine stomata are relatively insensitive to vapor pressure deficit under well-462 

watered conditions (Charrier et al., 2018; Dayer et al., 2020; Rogiers et al., 2012) but become highly 463 

responsive when subjected to water stress. 464 

Regarding soil water content and pH, the season seemed to have a lesser profound effect than the 465 

irrigation strategy in these parameters. Nevertheless, the dry bulk density indicated that more 466 
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compact soils were sampled in 2022 (Figure S IIIA, Additional File 1); this parameter is directly linked 467 

to soil compaction and permeability, with an increase of this density, the soil water retention 468 

decreases (Indoria et al., 2020). 469 

 470 

 Microbial dynamics is altered more significantly by climate than by irrigation regime 471 

Climate and irrigation strategy are known to impact ecotype-like microbial assemblies. Statistically 472 

significant differences were found between the communities α- (Table S II, Additional File 2) and β-473 

diversity (Table S III, Additional File 2) regarding the year the soils were sampled. The same could not 474 

be found when comparing the α-diversity of the year specific irrigation strategy communities (except 475 

for the fungal microbiome sampled in 2022). Nevertheless, communities under the same irrigation 476 

strategy revealed significance when comparing its β-diversity, except for the prokaryotic 477 

communities sampled in 2023. 478 

The extent of differences found in the microbial communities is dependent on the scale we are 479 

looking at. It is true that most prokaryotic and fungal microbiomes seemed to be highly conserved at 480 

higher levels of classification, not only between irrigation strategies adopted but also between years 481 

of sample collection (Figure 5). This may be due to the influence of the plant’s genotype on the 482 

assemblage of the microbial communities (Marasco et al., 2018) but also due to the impact of 483 

recurrent long-term drought events. Ecological memory developed over six years of water stress 484 

could be attributed to these homogenizing assemblies (Canarini et al., 2021). Soil microbial 485 

communities seem to have a higher degree of homogenization under drought stress (Swift et al., 486 

2024; Ullah et al., 2019). 487 

The compositional differences in the microbiomes start becoming evident at lower levels of 488 

classification (Figure SIII, Additional File 1), in which rare and differentially abundant taxa create the 489 

distinction between the irrigation strategies. Despite the higher diversity found in the soils sampled 490 

in 2023 (Figure 3), it was in 2022 that the highest amount of differentially enriched taxa was found 491 

(Table S IV, Additional File 2). This microbiota may eventually make part of a functional microbiome 492 

that mitigates the effects of drought Besides this, rare taxa may help bridge the functional gaps found 493 
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in the core microbiome, even though this assembly is thought to be a highly host-specialized 494 

selection of microbial life (Darriaut et al., 2022a; Kaminsky et al., 2021; Wang et al., 2023). 495 

 496 

Prokaryotic microbiota exhibits resilience under water stress and putative growth promoting 497 

properties 498 

Soil-borne prokaryotes have been shown to display a high degree of resilience towards drought 499 

stress in forest management, agricultural systems, and greenhouse experiments (Bastida et al., 500 

2017; Kost et al., 2024; Zhang et al., 2019). This goes in line with data obtained here for the 501 

prokaryotic microbiome, where its intraspecific diversity did not change in function of the soil water 502 

content (Table S II, Additional File 2). In terms of composition, the higher relative abundance of the 503 

prokaryotic phyla Pseudomonadota, Actinobacteriota, and Acidobacteriota goes in agreement with 504 

what was previously recorded from grapevine soil bacterial communities (Berlanas et al., 2019; 505 

Marasco et al., 2018, 2022; Zarraonaindia et al., 2015). 506 

Among the core prokaryotic families, the one with the highest prevalence, the Bacteroidota 507 

Chitinophagaceae, has been shown to be part of the wood microbiome of healthy grapevines as 508 

opposed to plants afflicted with esca disease (Bruez et al., 2020). In fact, not only most members of 509 

this bacterial family present chitinolytic properties (Kämpfer, 2011), but also its capability of fungal 510 

disease suppression at plant root-level has been highlighted (Carrión et al., 2019). Additionally, this 511 

clade has been strongly linked to priming the rhizosphere (Cui et al., 2023), likely due to its high 512 

organic matter degradation power, increasing soil mineralization, and in turn promoting plant-513 

growth (Jia et al., 2024). And although there have been many reports of the presence of this bacterial 514 

family in agroecosystems, it is the first time that it is described at this high relative abundance to the 515 

best of our knowledge. 516 

The second most prevalent family was the actinobacteria Gaiellaceae. Although very little is known 517 

about this taxon, its presence is often verified in viticultural soils across the globe (Gamalero et al., 518 

2020; Gupta et al., 2019; Novello et al., 2017), but also observed in enrichment in other plant-519 

associated soils (Bañeras et al., 2022; Reis et al., 2019). Bacteria from this family have also been 520 
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linked to the soil’s available phosphorus content and phosphatase activity (W. Wang et al., 2022), as 521 

well as the ratio of soil C:N (Hermans et al., 2017). Even though poorly understood, the ubiquitous 522 

presence of this actinobacteria and its strong correlation to several soil nutrient mechanisms make 523 

it a good candidate for further exploration in relation to its plant-growth promoting properties. 524 

Recently, a few prokaryotic families presented in our core were found in higher relative abundance 525 

in soils under drought than in control conditions, namely Gaiellaceae, Steroidobacteraceae, 526 

Xanthobacteraceae, Beijerinckiaceae and Nitrosospheraceae (Goemann et al., 2024). Interestingly, 527 

most of these have been linked to plant-growth promotion. For instance, the archaeal family 528 

Nitrosospheraceae, besides being constantly reported in vineyard soils (Gobbi et al., 2022), is a 529 

group of ammonia-oxidizing archaea that have been strongly correlated to agricultural practices 530 

(Naylor et al., 2023; Zhalnina et al., 2013), displaying its role in the soil’s nitrogen cycling. 531 

Beijerinckiaceae and Xanthobacteraceae families are also frequently related to their ability to 532 

increase nitrogen availability in the soil (Bullergahn et al., 2024), this last one also being involved in 533 

other plant-growth promotion mechanisms like phosphate solubilization and auxin synthesis 534 

(Sánchez-Yañez, 2022). Metagenomically assembled genomes of Steroidobacteraceae seem to 535 

present all the genes encoding for the nitrogen cycle in its genome (Richy et al., 2024); on the other 536 

hand, there are only two validly published genera within this family, Steroidobacter, commonly 537 

isolated from rhizosphere soils (Huang et al., 2019; Huang et al., 2021) and first described by its 538 

steroid degradation properties (Fahrbach et al., 2008), and Povalibacter, a bacterium first isolated 539 

from grape berries (Nogi et al., 2014). Taking this into account, it is possible that this family may be 540 

involved not only in plant growth promotion, but also in biocontrol by steroid hydrolysis, such as 541 

ergosterol, the main steroid in fungal membranes (Rodrigues, 2018). 542 

Regarding rare bacteria, Actinoallomurus, that was enriched in non-irrigated soils in 2022, has not 543 

only been seen to be enriched under drought conditions (Li et al., 2021), but also to be part of the 544 

core soil microbiome of drought-tolerant plant species (Legeay et al., 2024). Other bacteria enriched 545 

in these conditions, like Noviherbaspirillum and Rhizorhabdus have been isolated from agricultural 546 

soils (Francis et al., 2014; Ishii et al., 2017), this last one even showing biodegradation properties of 547 

soil contaminants (Aulestia et al., 2022; Yao et al., 2016). The remaining bacteria enriched under the 548 
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non-irrigated soils of 2022 were classified as FEB-22 from the family Xanthobacteraceae, and that 549 

has only been identified once copulated to the anaerobic oxidation of methane (Cai et al., 2018), and 550 

WS-7 belonging to the phylum Candidatus Eisenbacteriota, which have recently shown to possess 551 

biosynthetic gene clusters encoding for compounds with antimicrobial activity that could be 552 

compared to those of Actinobacteriota, known for their high biosynthetic capacity (Chen et al., 553 

2020). From the fully irrigated soils the abundance of SCUD001 in both years of sample collection is 554 

highlighted. This uncultured genus is present in highly water saturated soil environments (Mosley et 555 

al., 2022; Tian et al., 2020); it is also known that it belongs to the family Steroidobacteraceae, being 556 

very likely that it performs similar activities as discussed previously. Additionally, another rare 557 

bacterium found in fully irrigated soils (but only in 2022) was Nitrospira, known for its ability to 558 

complete nitrification (Daims et al., 2015) and high sensitivity to drought conditions (Hafeez et al., 559 

2023; Séneca et al., 2020).  560 

In conclusion, the soil prokaryotic microbiota harbored by the drought tolerant cultivar Syrah seem 561 

to be highly static in terms of composition and may be already adapted to the terroir while eventually 562 

providing aid to the host through biofertilization, biocontrol, among other processes. 563 

Mycobiome seems to present lower ecological memory than prokaryotic microbiota 564 

Contrary to the prokaryotic microbiota, the fungi seemed to present a more pronounced drought-565 

related effect as revealed by its community α- and β-diversity (Table S II and Table S III, Additional 566 

File 2). In fact, this is not the first account of different irrigation regimes, water limitation, or drought 567 

inducing a more noticeable response in fungi than in prokaryotes (Hopkins et al., 2018; Kost et al., 568 

2024; Lozano et al., 2021) And as for the prokaryotes, this effect had a higher impact in 2022. 569 

However, this higher sensitivity should not be mistaken with higher susceptibility to drought, since 570 

these organisms showcase a great plasticity to very diverse environmental conditions (Fierer, 2017). 571 

Nonetheless, it has been shown previously that the combination of abiotic stressors, namely 572 

drought and heat, had a stronger effect on the fungal community’s diversity and structure than the 573 

stressors alone (de Oliveira et al., 2020), which seems to be the case for the 2022 season. 574 
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Regarding community composition, our results come in a slight contradiction to what has been 575 

recorded before for the fungal soil microbiome harbored by the grapevine. As seen in Figure 5B, the 576 

most abundant fungal phyla in our soils were Basidiomycota, followed by Ascomycota and 577 

Mortierellomycota. However, in literature, ascomycetes tend to show a much higher abundance 578 

than basidiomycetes (Berlanas et al., 2019; Remenyik et al., 2024; Teixeira et al., 2024). This high 579 

abundance of Basidiomycota could be attributed to the high number of reads recovered from the 580 

soil yeast Solicoccozyma aeria, which showed to be the most abundant fungal species in both years 581 

of sampling and irrigation regimes (Figure S IIIB, Additional File 1), accounting for almost 50% of total 582 

relative abundance in soils that had been irrigated, and close to 40% in soils that had not. This fungus 583 

seems to have a global distribution in vineyard soils, generally being the dominant fungal genus when 584 

present (Gobbi et al., 2022). Still, not only was this trend not observed for other Portuguese terroirs, 585 

but the relative abundance for this basidiomycete seemed to be higher in the soils here analyzed 586 

than what was described by Gobbi and co-workers (2022). Recently it was shown that the inoculation 587 

of plants with S. aeria resulted in increased biomass and root lateralization, as well as the 588 

modulation of auxin ethylene phytohormonal metabolism (Carvajal et al., 2024). It was also shown 589 

that Solicoccozyma favors long-term monoculture soils (Wolińska et al., 2022) as in Herdade do 590 

Esporão. 591 

The second most prevalent taxon in our fungal core was the ascomycete Hormonema viticola, which 592 

was the most abundant fungi present in plants affected with grapevine trunk disease (GTD) in 593 

Alentejo (Billar de Almeida et al., 2020). Nonetheless, the recent reclassification of this fungus into 594 

Dothiora viticola (Crous et al., 2022) raises questions about its role in association with its host. Most 595 

of the species from Dothiora are saprobes, found in decaying parts of woody host plants (Senwanna 596 

et al., 2024), and pathogenicity is only hypothesized on already stressed plant tissues (Crous & 597 

Groenewald, 2017). Although not present in the fungal core, there were other highly abundant fungal 598 

taxa (Figure S IIIB, Additional File 1) that have been reported to take part in the GTD-complex, like 599 

Truncatella angustata (Arzanlou et al., 2013). 600 

At last, the remaining taxon in our core mycobiome was attributed to Mortierella alpina. This 601 

mortierellomycete has been traditionally used for the industrial production of arachidonic acid 602 
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(Chang et al., 2021); in turn, this lipid with high biotechnological interest has been shown to be an 603 

elicitor of plant defense response against phytopathogens (Dedyukhina et al., 2014). Additionally, 604 

M. alpina has been shown to be a great biocontrol agent, increasing plant biomass and mitigating 605 

the effects of phytopathogens (Nouri et al., 2024). Moreover, this Mortierella species has also been 606 

shown to be enriched in drought-tolerant wheat cultivars, not only contributing to the plant’s drought 607 

resistance, but also enhancing stress response in drought-susceptible cultivars (Yue et al., 2024). 608 

Between absent and complete irrigation, the soils sampled in 2022 observed a more even 609 

distribution of differentially abundant taxa than in 2023, which only observed the agaricomycete 610 

Bovista plumbea in fully irrigated soils (Table S IV, Additional File 2). The soils under full irrigation in 611 

2022 observed the enrichment of six species, however only Mortierella capitata seems to display 612 

plant-growth promotion properties, increasing the diversity of the rhizosphere microbiota and 613 

leading to increased crop biomass (Li et al., 2020). The remaining taxa seem to be pathogenic (Bruez 614 

et al., 2016; Lombard et al., 2016; Meza et al., 2024). As for the rare taxa under no irrigation, more 615 

functionality could be attributed to them; for instance, many microbes that have shown biocontrol 616 

potential against grey mold and other phytopathogens were enriched under these conditions like 617 

Penicillium canescens (Pazooki et al., 2024) in 2022, and Filobasidium oeirense (Reyes-Bravo et al., 618 

2022), Vishniacozyma (Lutz et al., 2013; Nian et al., 2023), and the well-known mycoparasite 619 

Clonostachys rosea (Funck Jensen et al., 2021) in 2023. In the first year of sampling, it was also 620 

observed the enrichment of Penicillago nodositata, a fungus that has been described as an enhancer 621 

of root nodulation, hence increased nutrient exchange, triggered by low nutrient conditions (Mohd‐622 

Radzman & Drapek, 2023). Some pathogens were also found differentially abundant under non-623 

irrigated soils, namely Phialophora sp. (Ferreira et al., 1999; Meza et al., 2024) in 2022, and 624 

Dactylonectria macrodidyma, a causal agent of black foot disease in grapevines (Probst et al., 2019), 625 

in 2023. 626 

In summary, fungal microbiota presented a higher sensitivity to environmental conditions than its 627 

prokaryotic counterparts but a wider array of putative functionalities were identified ranging from 628 

pathogenicity and biofertilization to biocontrol. Only in the mycobiome were identified 629 
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microorganisms with known biostimulant properties (since the biostimulant prokaryotes could only 630 

be classified to the family level), namely S. aeria. 631 

 632 

Conclusions and Perspectives 633 

Soil characteristics, plant physiological parameters, and microbiome composition were affected to 634 

some extent differentially by the climate/season and irrigation regimes. Interestingly, ecological 635 

memory of prokaryotes seems to be higher than fungi under prolonged drought, but our mycobiome 636 

revealed a composition that had never been reported before in other studies of grapevine associated 637 

soil microbiome, with basidiomycetes showcasing higher relative abundance than ascomycetes. 638 

This abundance could be attributed to the most present fungal taxa across all conditions, 639 

Solicoccozyma aeria. As for the prokaryotes, the bacterial family Chitinophagaceae revealed 640 

abundances that had not been described in other soil studies up to date. This highlights the 641 

specificities of terroir associated microbiomes under drought stress where the plant genotype is 642 

known to play a role. Syrah’s microbiota showed not only high taxa redundancy, but also putative 643 

growth promoting properties that may be directly linked to drought mitigation and increased 644 

pathogen resilience. This may be involved in the higher plastic adaptation of Syrah in Alentejo. The 645 

undergoing cultivation of this microbiota and the consequent application of these microorganisms 646 

in vivo may provide further insights regarding the involvement of the microbiome in grapevine 647 

plasticity under stress aiming at achieving more sustainable agricultural practices. 648 
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