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1  Supplementary Methods
Supplementary Methods S1. Additional experimental methods
S1.1  Plant material
Dormant, virus-tested cuttings (30 cm in length) retained one blinded basal bud (1 cm above the basal cut) and one intact apical bud. They were disinfected by immersion in 1% (w/v) 8-hydroxyquinoline sulfate, stored at 4 °C after collection in February 2024, and rehydrated overnight before the start of the experiment.
S1.2  Foliar fertilization
All plants received the same foliar fertilization program, comprising three applications of each product. Nutriplant 8-8-6 (NPK; Lebosol® Dünger GmbH) was applied at 1% (v/v) on days 77, 85, and 92; EPSO Top (MgO and SO₃; K+S Minerals and Agriculture GmbH, Germany) at 1% (w/v) on days 79, 89, and 96; and Calcinit (Ca and N; Yara International ASA, Oslo, Norway) at 0.3% (w/v) on days 82, 91, and 98. For each application, 10 L of working solution was prepared and distributed across all plants.
S1.3  Root staining and microscopy
Root colonization was assessed following modifications of the methods cited in the main text. Roots were cut into 1-cm segments and placed in tissue-processing cassettes wrapped in synthetic-fiber cloth. Segments were cleared in 5% (w/v) KOH at 90 °C for 30 min, rinsed twice with distilled water, incubated in 3% H₂O₂ at room temperature for 30 min, rinsed and acidified in 1% HCl for 10 min. Without a subsequent rinse, roots were stained in 0.1% methylene blue dissolved in 5% lactic acid and 50% glycerol at 90 °C for 10 min, briefly destained in 5% lactic acid and 50% glycerol, and stored in lactic acid:glycerol:distilled water solution (1:1:1, v/v/v) at 4 °C until observation. Analyses used the recorded plant-level percentages; microscope-point counts were not reconstructed from rounded percentages.
S1.4  Foliar nutrients
Concentrations of P, K, Ca, Mg, C and N were expressed as percentages of dry weight, whereas Fe, Zn, Mn and Cu were expressed as mg kg⁻¹ dry weight. Shoot and root dry weights were recorded separately.
S1.5  Proline
For each sample, 200 mg of lyophilized leaf material was extracted with 2 mL of lithium citrate sample-dilution buffer (0.12 N, pH 2.20; Sykam Chromatographie Vertriebs GmbH, Germany). Samples were homogenized, sonicated for 30 min in a cooled water bath and centrifuged at 4,000 rpm for 15 min at 4 °C. The supernatant was syringe-filtered into glass vials. Proline was quantified using a Sykam amino acid analyzer system S433, including an S 7130 Reagent Organizer and an S 4300 Reaction Module (Sykam Chromatographie Vertriebs GmbH, Germany). Amino acids were separated chromatographically, derivatized post-column with ninhydrin and detected spectrophotometrically. Quantification was based on external calibration with mixed amino acid and proline standard solutions, and results were expressed as mg kg⁻¹ dry weight.
S1.6  Leaf optical traits
Some optical readings were unavailable because of sensor errors; analyses used the available readings. Leaf N status was assessed both destructively through foliar N concentration and non-destructively through the nitrogen balance index (NBI).
S1.7 DNA quality control, PCR and library preparation
DNA concentration was determined using a Qubit fluorimeter and the Qubit dsDNA High Sensitivity kit (Invitrogen, 15860210), and DNA purity was assessed using a NanoPhotometer® NP80 (Implen, Westlake Village, CA, USA). PCRs were performed in a total volume of 50 μL containing 1 μL of DNA template, 25 μL of Phusion Green Hot Start II High-Fidelity PCR Mastermix (Thermo Fisher Scientific, USA), 1 μL of each AML1/AML2 primer (25 μM stock concentration), and 22 μL of water. The thermal profile comprised initial denaturation at 95 °C for 1 min; 30 cycles of 95 °C for 20 s, 55 °C for 30 s, and 72 °C for 120 s; and a final extension at 72 °C for 5 min. Amplicon size was verified by agarose gel electrophoresis, and PCR negative controls yielded no visible amplicon.
PCR products were purified using the E.Z.N.A.® Cycle Pure Kit (Omega Bio-tek, USA) and quantified using the Qubit dsDNA High Sensitivity kit. Purified amplicons were barcoded using the Native Barcoding Kit 96 V14 (SQK-NBD114.96; Oxford Nanopore Technologies, UK), following the manufacturer’s protocol “Ligation sequencing amplicons – Native Barcoding Kit 96 V14 (SQK-NBD114.96)” [43]. Individual libraries were pooled in equimolar amounts, and the final library was loaded onto an R10.4.1 PromethION Flow Cell (PRO114M). Sequencing was performed using a PromethION 2 Solo device at the Department of Plant Breeding, Hochschule Geisenheim University.
S1.8 Bioinformatics and analysis scripts
The sequence-processing workflow is described in the main Methods. Custom Python scripts were used to extract complete amplicon sequences and compile count and taxonomic assignment information into individual sample matrices and a combined sample-by-VTX read-count matrix. The commands and scripts supporting this workflow are documented in the analysis repository [61].
Per-sample VTX-assigned read counts, taxonomic affiliations, individual community profiles and complete statistical results are provided in Supplementary Data Table S4G.

Supplementary Methods S2. Detailed statistical methods
S2.1  Endpoint definitions and model scope
Mycorrhization frequency and the frequencies of arbuscules, vesicles, and hyphae were analyzed as plant-level percentages following empirical-logit transformation with a continuity adjustment to retain observations at the boundaries of the percentage scale. The transformation was z = logit([p(Nphase − 1) + 0.5]/Nphase), where p is the plant percentage divided by 100 and Nphase is the number of nonmissing records for that endpoint across the phase. Nphase is distinct from the number of microscope observation points. Each plant was considered a biological sampling replicate. Primary endpoints were mycorrhization frequency, root dry weight, shoot dry weight, and leaf water potential. Secondary endpoints were the frequencies of arbuscules, vesicles, and hyphae, which were considered supporting components of the microscopy assessment rather than independent confirmations of mycorrhization. Exploratory endpoints comprised foliar nutrient concentrations, fresh weight, length, spore frequency, leaf optical indices, and proline. Proline was summarized descriptively and was not included in confirmatory inference because well-watered measurements were available only for Control plants.
Gaussian recovery models included inoculation treatment, previous water regime, and their interaction and were fitted separately within each rootstock. These model outputs formed part of the complete exploratory adjustment families, while recovery outcomes were interpreted descriptively following treatment-based regrouping. Drought model tests outside the scope of the conditional block bounds were exploratory. Cross-rootstock interactions were interpreted cautiously because rootstock and sampling day were partly confounded.
S2.2  Contrasts and multiplicity adjustments
Planned estimated marginal mean contrasts compared each inoculant with the Control using the “emmeans” package, version 2.0.4 [50]. The three inoculant-versus-Control contrasts were Holm-adjusted within each modeled condition for primary and secondary endpoints. Confidence intervals were Bonferroni-adjusted within the same three-comparison families and may therefore include zero despite a Holm-adjusted P-value below 0.05. In the exploratory analyses, contrast P-values were first Holm-adjusted within each three-comparison condition, followed by Benjamini–Hochberg correction across all 1,935 contrasts covering 43 traits. Exploratory omnibus P-values were Benjamini–Hochberg-adjusted separately across 215 tests. Planned simple contrasts were evaluated independently of the significance of the corresponding omnibus interaction. Interpretation of rootstock-dependent or water-dependent responses required both a relevant interaction term and compatibility of the model with the allocation and sampling structure. Block-adjusted optical contrasts and conditional block-variance sensitivities used the same three-comparison Holm tests and Bonferroni intervals. Exploratory q-values were reported separately for models without block adjustment and for optical models with block adjustment. The complete multiplicity inputs are provided in S4F and optical replacements in S4D–S4E. Recovery tests remain in the complete exploratory families, with descriptive interpretation.
S2.3  Conditional sensitivity to block structure
For eligible destructive endpoints, conditional Gaussian variance bounds assessed the sensitivity of planned contrasts and factorial interactions to block structure. Treatment models for these endpoints were fitted without a block term, and the bounds used the reported balanced sampling design because individual sample-to-block identifiers were unavailable. During establishment, one plant per treatment combination was sampled from each of four blocks. Establishment contrast standard errors were multiplied by √(36/33), and tests and intervals used 33 residual degrees of freedom, with Holm and Bonferroni adjustments within each three-comparison family. The calculation provides upper bounds on contrast standard errors under an additive, homoscedastic Gaussian block model. These model-based bounds do not correct for potential bias from nonrandom allocation. For drought contrasts fitted separately within each rootstock, the corresponding calculation used SE × √(24/22) and 22 residual degrees of freedom, conditional on sampling two plants per treatment combination from each of two blocks within each water regime. For contrasts, this calculation was restricted to inoculant-versus-Control comparisons within a water regime.
Under the same balanced, additive and homoscedastic Gaussian assumptions, centered block columns are orthogonal to both the full factorial model and its reduced additive model. Consequently, the interaction sum of squares is unchanged and the full-model residual sum of squares cannot increase when block is added. Let F0 denote the interaction F statistic from the factorial treatment model without a block term. A lower bound for the interaction F statistic is therefore F0 × 33/36 at establishment and F0 × 22/24 during drought; upper P-value bounds use F(6,33) and F(3,22), respectively. These conditional calculations were not applied to the water-regime main effect, leaf water potential with three observations per cell, or recovery. The calculations covered 180 establishment and 360 drought contrasts, including 54 and 108 primary and secondary contrasts, respectively. Corresponding interaction bounds were calculated for all 80 eligible models of 20 endpoints, including 24 primary and secondary models.
Figure asterisks use the conditional Holm contrast bounds. M indicates that a displayed significant contrast also has nominal global interaction support under the corresponding conditional bound (P < 0.05); it is model context, not a product-specific interaction test or an additional multiplicity correction. Interaction tests are not a gatekeeper for planned contrasts, and no joint error control across endpoints is claimed.
S2.4  Optical block assignments and covariance sensitivity
For establishment optical endpoints, models included block as a fixed effect, rootstock, inoculation treatment, and the rootstock × inoculation treatment interaction, with estimated marginal means equally weighted across blocks. Day-100 Dualex fits retained the recorded treatment labels; unresolved SO4 allocation in block 3 was assessed by excluding that block in a sensitivity analysis. For day-115 PolyPen, the preserved source-row order yielded an unambiguous block for 186 of 192 records. All 16 block sequences compatible with the remaining six records were evaluated under Gaussian and HC3 covariance estimates, without selecting one sequence. This analysis assumed that missing rows represented omissions from the preserved order; unique plant identity remains unresolved for some records. Measurement records and available mappings are provided in S4H.
Optical sensitivity q-values were calculated separately for Gaussian and HC3 covariance estimates across each complete 1,935-contrast and 215-omnibus family, replacing the 261 optical establishment contrasts and 29 establishment omnibus tests while retaining the other members of the same families. This calculation was repeated for all 16 compatible PolyPen block sequences; these q-values characterize optical sensitivity, while recovery outcomes were interpreted descriptively.
S2.5  Model diagnostics
Model assumptions were assessed for the Gaussian models listed in Supplementary Data Table S4A using residual-versus-fitted, normal Q-Q, scale-location, and residual-versus-leverage plots, together with Shapiro-Wilk tests, leverage values, and Cook’s distances. Diagnostic statistics were treated as screening tools and were interpreted jointly with visual inspection of the residual plots. Observations were not removed solely because of residual non-normality, leverage, or influence. Supplementary Data Table S4A identifies the diagnostic coverage and models assessed through focused visual inspection. Optical diagnostics covered 404 optical establishment block fits: four Dualex endpoints and 25 PolyPen indices under each of 16 compatible block sequences. The four Dualex endpoints and all 25 PolyPen endpoints under the first sequence were visually reviewed; the remaining sequences received numerical screening. Unequal residual variance was screened using the nR² statistic from a squared-residual auxiliary regression and assessed using HC3 covariance estimates.
S2.6  Microscopy sensitivity analyses
For mycorrhization frequency and the frequencies of arbuscules, vesicles, and hyphae, the planned contrasts were evaluated using two model-based sensitivity analyses. First, the empirical-logit models were evaluated using heteroscedasticity-consistent HC3 covariance estimates calculated with the “sandwich” package, version 3.1-2 [51, 52]. Second, Gaussian models were fitted to arcsine-square-root-transformed proportions. The same planned inoculant-versus-Control contrasts and Holm correction were applied in both analyses. These analyses assess covariance and transformation sensitivity and do not validate missing block assignments. S4B provides observed-scale microscopy means and differences; the complete measurements are provided in S4H. All recovery hyphal frequencies were measured zeros, so recovery hyphal inference and differences standardized by the phase SD were unavailable. Other zero-variance HC3 contrasts were also marked non-estimable.
S2.7  Community sensitivity analyses
Community analyses were performed using the “vegan” package, version 2.7-5 [55]. Bray–Curtis dissimilarities were calculated from relative VTX-assigned read abundances in the 48 individual root samples without rarefaction. PERMANOVA used sequential terms in the order rootstock, inoculation treatment, and their interaction, with 999 unrestricted permutations (seed 20260730); product references were excluded. PCoA used uncorrected Bray–Curtis dissimilarities, and displayed axis percentages use the sum of positive eigenvalues as denominator. PERMDISP used spatial medians, without bias adjustment or square-root transformation; vegan set negative squared distances to zero. Sensitivity to this treatment was assessed using Lingoes-corrected dissimilarities with the same median and permutation settings. Because root communities contained few VTX (median two per sample) and 45 of 48 samples were more than 90% dominated by a single VTX, Bray–Curtis dissimilarities largely reflected differences in dominant VTX profiles; PERMANOVA and PERMDISP are therefore reported as supplementary analyses. All community tests were exploratory because sample-to-block linkage was unavailable. Significant differences in multivariate dispersion limit interpretation of PERMANOVA as a difference in average community composition. Exploratory taxon-level differences were assessed using Kruskal–Wallis tests for relative abundance and Fisher’s exact tests for occurrence, defined as at least one assigned read in the processed count matrix, with Holm correction across 13 estimable taxa for each grouping factor and test type. VTX00090 was retained in the primary matrix despite discordant assignments between MaarjAM and EUKARYOME. Its exclusion, followed by renormalization, used the same permutations and baseline Holm family size. Counts, individual profiles, paired sensitivity results, and complete taxon tests are provided in S4G.
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2  Supplementary Tables
Supplementary Table S1. Commercial inoculant products containing arbuscular mycorrhizal fungi (AMF) used in the experiment. 
Products are referred to as Inoculants A, B and C throughout the manuscript.
	Attribute
	Inoculant A
	Inoculant B
	Inoculant C

	Declared AMF taxa
	Rhizophagus irregularis plus two other Glomeraceae species
	Rhizophagus irregularis (single species)
	Three Glomeraceae taxa, including an unspecified Glomus sp.; R. irregularis not declared

	Declared AMF content
	AMF propagule density declared
	AMF propagule density declared
	No separate AMF propagule density declared; total microbial density declared for the whole consortium

	Other declared components
	Mineral fraction with high S and Ca contents
	Inactivated yeast-derived component
	Non-AMF microbial consortium: Trichoderma spp., a nematophagous fungus, and Bacillus, Pseudomonas and Streptomyces spp.

	Dose placed beside roots
	4.5 g plant⁻¹
	6 g plant⁻¹
	4 g plant⁻¹


[bookmark: _GoBack]Note. Composition is summarized from the product labels and was not independently verified, except for the AMF sequence profiles reported in the main text. Products were purchased commercially in 2024; product names and lot numbers are on file with the authors and can be provided to the editor in confidence. Doses follow manufacturer-recommended application rates and exclude the unquantified material retained during the preceding root dip in a 10 g L⁻¹ product suspension (see Methods). Rhizophagus irregularis and Rhizoglomus irregulare are taxonomic synonyms; the main text follows EUKARYOME nomenclature (Rhizoglomus irregulare).
Supplementary Table S2. Substrate use and physicochemical characterization.
During the initial propagation period, from day 0 to day 40, the cuttings were grown in propagation substrate (“Typ Vermehrung”, Einheitserde/Patzer Erden, Germany). On day 40, plants were transplanted into 5-L pots containing a non-sterilized experimental substrate composed of 45% nutrient-poor substrate (“Nullerde”, Einheitserde/Patzer Erden, Germany), 45% ED73 soil substrate (“Typ ED-73”, Einheitserde/Patzer, Germany), and 10% perlite (v/v/v). The analytical values below refer to the individual commercial substrates. Perlite and the final substrate mixture were not analyzed separately.
S2A. Bulk density, pH, electrical conductivity, salt content, and selected mineral characteristics.
	Substrate
	Bulk density (g L⁻¹)
	pH
	EC (µS cm⁻¹)
	Salt (g L⁻¹)
	P₂O₅ (mg L⁻¹ FM)
	K₂O (mg L⁻¹ FM)
	Mg (mg L⁻¹ FM)

	Nullerde
	362.2
	5.3
	295
	0.596
	10.87
	14.49
	116.40

	Vermehrung
	353.5
	5.5
	309
	0.609
	106.05
	98.98
	80.81

	ED73
	360.1
	5.4
	780
	1.567
	64.81
	338.45
	119.90


S2B. Mineral nitrogen concentrations in the individual commercial substrates.
	Substrate
	Nmin (mg N L⁻¹ FM)
	NH₄–N (mg N L⁻¹ FM)
	NO₃–N (mg N L⁻¹ FM)

	Nullerde
	94.92
	0
	94.92

	Vermehrung
	145.06
	50.36
	94.70

	ED73
	348.09
	101.62
	246.47


Note. FM, fresh matter; Nmin, total mineral nitrogen calculated as the sum of NH₄–N and NO₃–N. Volumetric concentrations were calculated using the bulk densities reported in Table S2A.
S2C. Micronutrient and related element concentrations.
	Substrate
	Mn (mg L⁻¹ FM)
	Fe (mg L⁻¹ FM)
	Cu (mg L⁻¹ FM)
	Zn (mg L⁻¹ FM)
	Na (mg L⁻¹ FM)
	B (mg L⁻¹ FM)

	Nullerde
	10.52
	33.87
	1.11
	1.24
	15.76
	0.19

	Vermehrung
	7.55
	15.24
	0.92
	1.03
	11.37
	0.07

	ED73
	6.04
	62.72
	1.30
	6.89
	22.23
	0.58



Supplementary Table S3. Schedule and nominal biological sample sizes for nondestructive measurements and destructive sampling.
	Phase
	Measurement or sampling
	Nominal biological n per treatment combination
	Endpoint used in analyses

	Establishment
	Dualex monitoring
	20
	Day 100

	Establishment
	PolyPen monitoring
	20
	Day 115

	Establishment
	Destructive sampling
	4
	Day 120

	Drought
	Dualex monitoring
	8
	Day 134

	Drought
	PolyPen monitoring
	8
	Day 135

	Drought
	Leaf water potential
	3
	SO4: day 135; Börner and Vinto: day 141

	Drought
	Destructive sampling and proline
	4
	SO4: day 135; Börner and Vinto: day 141

	Recovery
	Leaf water potential
	3
	SO4: day 142; Börner and Vinto: day 149

	Recovery
	Dualex monitoring
	4
	Day 162

	Recovery
	PolyPen monitoring
	4
	Day 162

	Recovery
	Destructive sampling
	4
	SO4: day 162; Börner and Vinto: day 169


Note. During establishment, n refers to plants within each rootstock × inoculation treatment combination. During drought and recovery, n refers to plants within each rootstock × inoculation treatment × water regime/history combination. The individual plant was the biological sampling unit; water regimes were allocated to two physical blocks per regime. Optical records (n) in Supplementary Data Tables S4D and S4E are the observed nonmissing counts and may differ from these nominal allocations. Monitoring dates reflect the available trait-specific records; destructive endpoint dates differed among rootstocks.

Supplementary Data Table S4. Treatment means, model diagnostics, planned contrasts and sensitivity analyses. The complete table is provided as a separate Excel workbook. S4A reports diagnostics for 136 Gaussian models of 20 destructive or water-potential endpoints and 404 optical establishment block fits. S4B reports the 306 primary and secondary contrasts from factorial models without block adjustment and the HC3 and arcsine microscopy checks, together with all 540 eligible conditional block-variance contrasts, 80 corresponding interaction bounds (24 primary/secondary models), figure annotation decisions, observed-scale microscopy means and differences, and descriptive recovery and proline summaries. Estimates, confidence intervals, raw and Holm-adjusted P-values, estimability and interpretation are identified by analysis. Recovery model outputs are provided as model summaries; recovery interpretation is descriptive. Tables S4C–S4E report arithmetic means and standard deviations (SD), together with planned endpoint contrasts, for foliar nutrient concentrations, Dualex indices, and selected PolyPen reflectance indices across experimental phases. Tables S4D and S4E also report the number of nonmissing optical records contributing to each mean and SD. During recovery, water regime denotes the preceding water-treatment history; establishment measurements preceded assignment to water regimes. NBI, nitrogen balance index; NDVI, normalized difference vegetation index; OSAVI, optimized soil-adjusted vegetation index; PRI, photochemical reflectance index; RDVI, renormalized difference vegetation index; SIPI, structure-insensitive pigment index. S4D and S4E also report block-adjusted Gaussian and HC3 results for all four Dualex endpoints and 25 PolyPen indices at establishment, including complete-family optical sensitivity q-values across all 16 compatible PolyPen block sequences. Models with and without block adjustment and their q-values are identified separately. S4F provides the complete baseline probabilities and exploratory adjustment families; S4G provides community counts (VTX-assigned reads per sample), individual profiles, taxonomic assignments, taxon-level abundance and occurrence tests, and community sensitivity tests; S4H provides plant-level measurements and optical block assignments.





Supplementary Table S5. Descriptive water-status summaries, factorial interaction tests, and community and optical analyses.
	Results section
	Phase
	Response
	Model scope
	Term or test
	Statistic or mean ± SD
	Nominal P
	Adjustment and interpretation

	A. Descriptive leaf water potential

	Water status
	Drought
	Midday leaf water potential (MPa)
	SO4
	Drought
	-1.73 ± 0.32
	—
	Descriptive; n = 12 (3 plants × 4 inoculation treatments)

	Water status
	Drought
	Midday leaf water potential (MPa)
	SO4
	Well-watered
	-0.56 ± 0.13
	—
	Descriptive; n = 12 (3 plants × 4 inoculation treatments)

	Water status
	Drought
	Midday leaf water potential (MPa)
	Börner
	Drought
	-2.58 ± 0.38
	—
	Descriptive; n = 12 (3 plants × 4 inoculation treatments)

	Water status
	Drought
	Midday leaf water potential (MPa)
	Börner
	Well-watered
	-0.48 ± 0.10
	—
	Descriptive; n = 12 (3 plants × 4 inoculation treatments)

	Water status
	Drought
	Midday leaf water potential (MPa)
	Vinto
	Drought
	-1.73 ± 0.18
	—
	Descriptive; n = 12 (3 plants × 4 inoculation treatments)

	Water status
	Drought
	Midday leaf water potential (MPa)
	Vinto
	Well-watered
	-0.40 ± 0.04
	—
	Descriptive; n = 12 (3 plants × 4 inoculation treatments)

	Water status
	Recovery
	Midday leaf water potential (MPa)
	SO4
	Previously drought-stressed
	-0.69 ± 0.14
	—
	Descriptive; n = 12 (3 plants × 4 inoculation treatments)

	Water status
	Recovery
	Midday leaf water potential (MPa)
	SO4
	Continuously well-watered
	-0.51 ± 0.10
	—
	Descriptive; n = 12 (3 plants × 4 inoculation treatments)

	Water status
	Recovery
	Midday leaf water potential (MPa)
	Börner
	Previously drought-stressed
	-1.16 ± 0.30
	—
	Descriptive; n = 12 (3 plants × 4 inoculation treatments)

	Water status
	Recovery
	Midday leaf water potential (MPa)
	Börner
	Continuously well-watered
	-0.75 ± 0.19
	—
	Descriptive; n = 12 (3 plants × 4 inoculation treatments)

	Water status
	Recovery
	Midday leaf water potential (MPa)
	Vinto
	Previously drought-stressed
	-0.76 ± 0.20
	—
	Descriptive; n = 12 (3 plants × 4 inoculation treatments)

	Water status
	Recovery
	Midday leaf water potential (MPa)
	Vinto
	Continuously well-watered
	-0.94 ± 0.15
	—
	Descriptive; n = 12 (3 plants × 4 inoculation treatments)

	B. Growth models and conditional factorial interactions

	Growth responses
	Establishment
	Shoot dry weight
	All rootstocks
	Rootstock × inoculation
	F(6, 36) = 2.240
	0.061
	Gaussian model without block adjustment; SO4 contrasts do not establish rootstock dependence; allocation qualifications apply

	Growth responses
	Drought
	Root dry weight
	SO4
	Inoculation × water
	F(3, 24) = 0.139
	0.936
	Gaussian model without block adjustment; no interaction detected; allocation qualifications apply

	Growth responses
	Drought
	Root dry weight
	Börner
	Inoculation × water
	F(3, 24) = 8.394
	<0.001
	Gaussian model without block adjustment; interaction detected; allocation qualifications apply

	Growth responses
	Drought
	Root dry weight
	Vinto
	Inoculation × water
	F(3, 24) = 2.095
	0.127
	Gaussian model without block adjustment; no interaction detected; allocation qualifications apply

	Growth responses
	Drought
	Root dry weight
	All rootstocks
	Rootstock × inoculation × water
	F(6, 72) = 3.519
	0.0041
	Gaussian model without block adjustment; Secondary/context term; rootstock and sampling day are partly confounded; allocation qualifications apply

	Growth responses
	Recovery
	Shoot dry weight
	Börner
	Inoculation × previous water
	F(3, 24) = 1.250
	0.314
	Gaussian model summary; recovery interpretation is descriptive

	Conditional interaction bound
	Establishment
	Arbuscules (%)
	All rootstocks
	Rootstock × inoculation
	F lower bound (6,33) = 1.789
	≤ 0.13194
	Conditional bound does not establish nominal interaction support

	Conditional interaction bound
	Establishment
	F (%)
	All rootstocks
	Rootstock × inoculation
	F lower bound (6,33) = 1.779
	≤ 0.13402
	Conditional bound does not establish nominal interaction support

	Conditional interaction bound
	Establishment
	Shoot dry weight (g)
	All rootstocks
	Rootstock × inoculation
	F lower bound (6,33) = 2.053
	≤ 0.08611
	Conditional bound does not establish nominal interaction support

	Conditional interaction bound
	Establishment
	Hyphae (%)
	All rootstocks
	Rootstock × inoculation
	F lower bound (6,33) = 3.140
	≤ 0.01512
	Nominal global context; P upper bound < 0.05

	Conditional interaction bound
	Establishment
	Root dry weight (g)
	All rootstocks
	Rootstock × inoculation
	F lower bound (6,33) = 0.140
	≤ 0.98982
	Conditional bound does not establish nominal interaction support

	Conditional interaction bound
	Establishment
	Vesicles (%)
	All rootstocks
	Rootstock × inoculation
	F lower bound (6,33) = 1.574
	≤ 0.18591
	Conditional bound does not establish nominal interaction support

	Conditional interaction bound
	Drought
	Arbuscules (%)
	SO4
	Inoculation × water
	F lower bound (3,22) = 2.009
	≤ 0.14203
	Conditional bound does not establish nominal interaction support

	Conditional interaction bound
	Drought
	Arbuscules (%)
	Börner
	Inoculation × water
	F lower bound (3,22) = 3.087
	≤ 0.04819
	Nominal global context; P upper bound < 0.05

	Conditional interaction bound
	Drought
	Arbuscules (%)
	Vinto
	Inoculation × water
	F lower bound (3,22) = 1.924
	≤ 0.15525
	Conditional bound does not establish nominal interaction support

	Conditional interaction bound
	Drought
	F (%)
	SO4
	Inoculation × water
	F lower bound (3,22) = 1.844
	≤ 0.16873
	Conditional bound does not establish nominal interaction support

	Conditional interaction bound
	Drought
	F (%)
	Börner
	Inoculation × water
	F lower bound (3,22) = 2.958
	≤ 0.05465
	Conditional bound does not establish nominal interaction support

	Conditional interaction bound
	Drought
	F (%)
	Vinto
	Inoculation × water
	F lower bound (3,22) = 1.491
	≤ 0.24468
	Conditional bound does not establish nominal interaction support

	Conditional interaction bound
	Drought
	Shoot dry weight (g)
	SO4
	Inoculation × water
	F lower bound (3,22) = 1.338
	≤ 0.28769
	Conditional bound does not establish nominal interaction support

	Conditional interaction bound
	Drought
	Shoot dry weight (g)
	Börner
	Inoculation × water
	F lower bound (3,22) = 0.896
	≤ 0.45895
	Conditional bound does not establish nominal interaction support

	Conditional interaction bound
	Drought
	Shoot dry weight (g)
	Vinto
	Inoculation × water
	F lower bound (3,22) = 1.776
	≤ 0.18109
	Conditional bound does not establish nominal interaction support

	Conditional interaction bound
	Drought
	Hyphae (%)
	SO4
	Inoculation × water
	F lower bound (3,22) = 1.346
	≤ 0.28533
	Conditional bound does not establish nominal interaction support

	Conditional interaction bound
	Drought
	Hyphae (%)
	Börner
	Inoculation × water
	F lower bound (3,22) = 0.143
	≤ 0.93281
	Conditional bound does not establish nominal interaction support

	Conditional interaction bound
	Drought
	Hyphae (%)
	Vinto
	Inoculation × water
	F lower bound (3,22) = 0.587
	≤ 0.63003
	Conditional bound does not establish nominal interaction support

	Conditional interaction bound
	Drought
	Root dry weight (g)
	SO4
	Inoculation × water
	F lower bound (3,22) = 0.128
	≤ 0.94275
	Conditional bound does not establish nominal interaction support

	Conditional interaction bound
	Drought
	Root dry weight (g)
	Börner
	Inoculation × water
	F lower bound (3,22) = 7.694
	≤ 0.00107
	Nominal global context; P upper bound < 0.05

	Conditional interaction bound
	Drought
	Root dry weight (g)
	Vinto
	Inoculation × water
	F lower bound (3,22) = 1.921
	≤ 0.15574
	Conditional bound does not establish nominal interaction support

	Conditional interaction bound
	Drought
	Vesicles (%)
	SO4
	Inoculation × water
	F lower bound (3,22) = 2.084
	≤ 0.13147
	Conditional bound does not establish nominal interaction support

	Conditional interaction bound
	Drought
	Vesicles (%)
	Börner
	Inoculation × water
	F lower bound (3,22) = 0.870
	≤ 0.47128
	Conditional bound does not establish nominal interaction support

	Conditional interaction bound
	Drought
	Vesicles (%)
	Vinto
	Inoculation × water
	F lower bound (3,22) = 1.533
	≤ 0.23404
	Conditional bound does not establish nominal interaction support

	C. Root AMF community tests (taxon-level analyses; PERMANOVA and PERMDISP supplementary)

	AMF community
	Establishment
	Bray-Curtis composition
	Root samples
	PERMANOVA: Rootstock
	pseudo-F(2, 36) = 0.740; R² = 3.0%
	0.516
	Permutation P (999 permutations)

	AMF community
	Establishment
	Bray-Curtis composition
	Root samples
	PERMANOVA: Inoculation treatment
	pseudo-F(3, 36) = 3.110; R² = 18.8%
	0.026
	Permutation P (999 permutations)

	AMF community
	Establishment
	Bray-Curtis composition
	Root samples
	PERMANOVA: Rootstock × inoculation
	pseudo-F(6, 36) = 0.480; R² = 5.8%
	0.901
	Permutation P (999 permutations)

	AMF community
	Establishment
	Multivariate dispersion
	Inoculation treatment
	PERMDISP
	F(3, 44) = 4.067
	0.015
	Permutation P

	AMF community
	Establishment
	Multivariate dispersion
	Rootstock
	PERMDISP
	F(2, 45) = 0.598
	0.556
	Permutation P

	AMF community
	Establishment
	Multivariate dispersion
	Inoculation treatment
	PERMDISP (Lingoes sensitivity)
	F(3, 44) = 5.720
	0.003
	Permutation p; sensitivity analysis; qualitative conclusion unchanged

	AMF community
	Establishment
	Multivariate dispersion
	Rootstock
	PERMDISP (Lingoes sensitivity)
	F(2, 45) = 0.533
	0.612
	Permutation p; sensitivity analysis; qualitative conclusion unchanged

	AMF community
	Establishment
	VTX00114 occurrence
	Root samples
	Fisher's exact test
	Presence/absence across four treatments
	0.0014
	Holm-adjusted P = 0.018

	AMF community
	Establishment
	VTX relative abundance
	Root samples
	Kruskal–Wallis across inoculation treatments; minimum result for VTX00114
	H(3) = 12.636
	0.0055
	Holm-adjusted p = 0.071; no VTX remained significant

	D. Exploratory families and optical block sensitivities

	Exploratory endpoints
	Recovery
	Foliar nutrients
	All rootstocks
	Minimum omnibus interaction (P (%); inoculation 
treatment × water)
	F(3, 88) = 4.307
	0.0070
	Model without block adjustment: BH-adjusted q = 0.215; no nutrient interaction remained significant; recovery interpretation is descriptive

	Exploratory endpoints
	Recovery
	Foliar nutrients
	Vinto; Drought
	Minimum planned contrast (K (%); Inoculant B − Control)
	t(24) = -4.281
	<0.001
	Model without block adjustment: BH-adjusted q = 0.203; no nutrient contrast remained significant; recovery interpretation is descriptive

	Exploratory endpoints
	Establishment
	Anthocyanin index
	All rootstocks
	Rootstock × inoculation
	F(6, 228) = 2.636
	0.017
	Model without block adjustment: BH-adjusted q = 0.283; interaction not retained

	Exploratory endpoints
	Establishment
	Anthocyanin index
	Vinto
	Inoculant A − Control
	t(228) = -4.385; estimate = -0.0226 [-0.0351, -0.0102]
	<0.001
	Model without block adjustment: BH-adjusted q = 0.103; contrast not retained 

	Exploratory endpoints
	Recovery
	Other Dualex /PolyPen indices
	SO4; Drought
	Minimum planned contrast (Flav; Inoculant B − Control)
	t(24) = 4.713
	<0.001
	Model without block adjustment: BH-adjusted q = 0.167; no other optical contrast remained significant; recovery interpretation is descriptive

	Optical sensitivity
	Establishment
	Anthocyanin index
	Vinto; fixed block
	Inoculant A − Control; Gaussian
	Estimate = -0.02265; 95% CI [-0.03513, -0.01017]
	0.000019
	Holm P = 0.0000555; q = 0.1074; all 16 families

	Optical sensitivity
	Establishment
	Anthocyanin index
	All rootstocks; fixed block
	Rootstock × inoculation; Gaussian
	Wald F(6, 224) = 2.614
	0.018108
	BH q range = 0.2831–0.2831; 16 families

	Optical sensitivity
	Establishment
	Anthocyanin index
	Vinto; fixed block
	Inoculant A − Control; HC3
	Estimate = -0.02265; 95% CI [-0.04651, 0.00121]
	0.022965
	Holm P = 0.0688964; q = 1.0000; all 16 families

	Optical sensitivity
	Establishment
	Anthocyanin index
	All rootstocks; fixed block
	Rootstock × inoculation; HC3
	Wald F(6, 224) = 1.500
	0.178987
	BH q range = 0.8778–0.8879; 16 families

	Optical sensitivity
	Establishment
	25 PolyPen indices
	All rootstocks; fixed block
	Gaussian and HC3; 16 sequences
	450 contrasts per sequence (225 per covariance)
	See S4E
	No contrast q < 0.05 in either covariance method; complete 1,935-contrast families


Note. F, mycorrhization frequency. Inoculation comprises Control and Inoculants A, B and C. Drought and recovery models were fitted within each rootstock unless otherwise specified. During recovery, water denotes previous treatment history, and interpretation is descriptive. Gaussian model summaries and conditional block-variance bounds are identified separately. Conditional interaction P entries are upper bounds under the reported balanced sampling and additive, homoscedastic Gaussian assumptions; they are not tests using recovered block labels. M indicates a contrast with a conditional Holm-adjusted P-value upper bound below 0.05 and nominal global interaction support under the corresponding bound, not a product-specific interaction test. No joint family-wise error control is claimed across the 24 primary/secondary interaction models. Exploratory contrast q-values use Benjamini–Hochberg adjustment of 1,935 Holm-adjusted P-values (43 traits × 45 contrasts); omnibus q-values use a separate family of 215 unadjusted P-values. Optical sensitivities repeat these complete families separately under Gaussian and HC3 covariance for all 16 compatible PolyPen block sequences, replacing only optical establishment tests. Community tests were exploratory because sample-to-block linkage was unavailable. In baseline Bray–Curtis PERMDISP, negative squared distances to group spatial medians were set to zero for 8/48 observations grouped by inoculation and 10/48 grouped by rootstock. Lingoes correction eliminated these cases without changing the qualitative dispersion conclusions. Assumptions and adjustment procedures are detailed in Supplementary Methods S2.2–S2.7. Planned contrasts are provided in Supplementary Data Table S4B, baseline probabilities in S4F, paired community sensitivities in S4G, and optical results in S4D–S4E.

Supplementary Table S6. Selected inoculant-versus-Control contrasts and conditional block-variance sensitivity.
	Trait
	Phase
	Rootstock
	Water
	Inoc.
	Model estimate (95% Bonferroni CI)
	Model P (Holm)
	P upper bound (Holm) and M

	Arbuscules (%)
	Estab.
	SO4
	NA
	B
	+1.41 (+0.37, +2.44)
	0.005
	0.0075

	Arbuscules (%)
	Estab.
	Vinto
	NA
	A
	+1.01 (-0.03, +2.04)
	0.039
	0.0513

	Arbuscules (%)
	Estab.
	Vinto
	NA
	C
	+1.21 (+0.18, +2.25)
	0.017
	0.0242

	Mycorrhization frequency, F (%)
	Estab.
	SO4
	NA
	B
	+1.38 (+0.33, +2.42)
	0.006
	0.0097

	Mycorrhization frequency, F (%)
	Estab.
	Vinto
	NA
	A
	+1.01 (-0.04, +2.05)
	0.041
	0.0532

	Mycorrhization frequency, F (%)
	Estab.
	Vinto
	NA
	C
	+1.21 (+0.17, +2.25)
	0.018
	0.0255

	Hyphae (%)
	Estab.
	Börner
	NA
	A
	+1.59 (+0.53, +2.66)
	<0.001
	0.0017 M

	Hyphae (%)
	Estab.
	Börner
	NA
	B
	+1.62 (+0.56, +2.69)
	<0.001
	0.0017 M

	Hyphae (%)
	Estab.
	Börner
	NA
	C
	+1.74 (+0.68, +2.80)
	<0.001
	0.0012 M

	Hyphae (%)
	Estab.
	Vinto
	NA
	A
	+1.32 (+0.25, +2.38)
	0.011
	0.0164 M

	Shoot dry weight (g)
	Estab.
	SO4
	NA
	A
	-9.04 (-15.85, -2.23)
	0.006
	0.0093

	Shoot dry weight (g)
	Estab.
	SO4
	NA
	B
	-6.93 (-13.74, -0.12)
	0.030
	0.0398

	Vesicles (%)
	Estab.
	Börner
	NA
	A
	+1.26 (-0.23, +2.75)
	0.040
	0.0499

	Vesicles (%)
	Estab.
	Börner
	NA
	B
	+1.91 (+0.42, +3.40)
	0.005
	0.0083

	Vesicles (%)
	Estab.
	Börner
	NA
	C
	+2.10 (+0.61, +3.59)
	0.003
	0.0055

	Arbuscules (%)
	Drought
	Börner
	D
	A
	+1.75 (+0.07, +3.43)
	0.039
	0.0522

	Arbuscules (%)
	Drought
	SO4
	D
	B
	+2.04 (+0.37, +3.71)
	0.013
	0.0191

	Arbuscules (%)
	Drought
	Vinto
	WW
	B
	+1.02 (+0.03, +2.01)
	0.042
	0.0563

	Mycorrhization frequency, F (%)
	Drought
	Börner
	D
	A
	+1.75 (+0.00, +3.50)
	0.049
	0.0654

	Mycorrhization frequency, F (%)
	Drought
	SO4
	D
	B
	+1.87 (+0.05, +3.70)
	0.043
	0.0578

	Hyphae (%)
	Drought
	SO4
	WW
	B
	-2.20 (-3.67, -0.73)
	0.002
	0.0038

	Root dry weight (g)
	Drought
	Börner
	D
	A
	-4.33 (-8.82, +0.16)
	0.041
	0.0535

	Root dry weight (g)
	Drought
	Börner
	D
	C
	-5.51 (-10.00, -1.02)
	0.013
	0.0188 M

	Root dry weight (g)
	Drought
	Börner
	WW
	A
	+4.38 (-0.11, +8.87)
	0.019
	0.0252 M

	Root dry weight (g)
	Drought
	Börner
	WW
	B
	+5.31 (+0.81, +9.80)
	0.011
	0.0162 M

	Root dry weight (g)
	Drought
	Börner
	WW
	C
	+6.43 (+1.94, +10.93)
	0.003
	0.0057 M

	Root dry weight (g)
	Drought
	Vinto
	WW
	A
	+3.22 (+0.40, +6.04)
	0.021
	0.0303

	Vesicles (%)
	Drought
	Börner
	D
	A
	+2.27 (+0.06, +4.48)
	0.042
	0.0566

	Shoot dry weight (g)
	Recovery
	Börner
	WW
	C
	+8.87 (+2.09, +15.65)
	0.008
	Descriptive

	Vesicles (%)
	Recovery
	Vinto
	WW
	C
	+1.58 (+0.71, +2.46)
	<0.001
	Descriptive


Note. Inoc. A/B/C, Inoculants A/B/C; WW, well-watered; D, drought; NA, not applicable during establishment. The table includes 30 contrasts selected using unrounded Holm-adjusted P < 0.05 in factorial models without block adjustment; these contrasts do not constitute a joint multiplicity family. Microscopy estimates are on the empirical-logit scale and biomass estimates are in grams. Model estimates, 95% Bonferroni-adjusted confidence intervals and Holm-adjusted P-values are from models without a block term. Confidence intervals may include zero despite Holm-adjusted P < 0.05 because the two adjustments differ. The final column reports conditional Holm-adjusted P-value upper bounds for establishment and drought. M identifies contrasts with an upper bound below 0.05 and nominal global interaction support under the corresponding conditional bound; it does not identify a product-specific interaction. Eight rows meet both criteria. Recovery results are descriptive. Bounds are shown to four decimal places to distinguish the Börner–Inoculant A vesicle result (0.0499) from 0.05. Eligibility and assumptions are detailed in Supplementary Methods S2.3. Supplementary Data Table S4B provides all contrasts, conditional intervals and the 162 eligible primary/secondary contrast decisions. Conditional interaction results are also reported in Supplementary Table S5, section B.



3  Supplementary Figures

[image: ]
Supplementary Figure S1. Physiological validation of drought imposition and recovery. (A) Midday leaf water potential (Ψleaf) measured at the final drought endpoint and during recovery. Columns represent SO4, Börner and Vinto, and inoculation treatments are shown on the x-axis. SO4 was measured on days 135 and 142, whereas Börner and Vinto were measured on days 141 and 149. Small symbols represent individual plants, and large symbols with error bars represent means ± SD (n = 3 per rootstock × inoculation treatment × water-regime/history cell). Teal circles indicate well-watered plants and brown triangles indicate droughted plants or, during recovery, plants previously exposed to drought. (B) Leaf proline concentration measured at the final drought endpoint (SO4 on day 135; Börner and Vinto on day 141). Small symbols represent individual plants, and large symbols with error bars represent medians and interquartile ranges (n = 4 per observed cell). The proline axis is pseudo-logarithmic to accommodate zero values and the strongly right-skewed distribution. Well-watered proline measurements were available only for the uninoculated Control; both panels are presented descriptively, and panel B does not support inference about inoculation treatment × water interactions. 
[image: ]
Supplementary Figure S2. Principal coordinate analysis of root AMF community composition at the end of establishment. The ordination was based on Bray–Curtis dissimilarities among 48 root samples. Colors indicate inoculation treatments and symbols indicate rootstocks. Percentages indicate the variation represented by the first two principal coordinates. Some points overlap because samples with identical or nearly identical community profiles occupy the same coordinates. PERMANOVA and PERMDISP results are reported in Supplementary Table S5C. Because most samples were dominated by a single VTX, the ordination largely reflects differences in dominant VTX profiles.









[image: ]
Supplementary Figure S3. Nutritional and Dualex responses to inoculation across experimental phases. (A) Foliar nutrient concentrations. (B) Dualex indices. Cells display treatment means, and fill shows the difference from the matched uninoculated Control standardized by the phase-specific standard deviation of each trait. Purple and green indicate values below and above the Control, respectively. Only inoculated treatments are displayed. WW and D indicate well-watered and drought conditions; during recovery, D denotes previous drought. This figure presents descriptive treatment means. Optical inference from models with and without block adjustment, including Gaussian and HC3 sensitivity q-values, is reported separately in Supplementary Table S5, section D, and Supplementary Data Tables S4D–S4E. NBI, nitrogen balance index. Numerical treatment means for nutrients, Dualex indices and selected PolyPen reflectance indices are provided in Supplementary Data Tables S4C–S4E.
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1  Supplementary Methods


 


Supplementary Methods S1. 


Additional experimental methods


 


S1.1  Plant material


 


Dor


mant, virus


-


tested cuttings (30 cm in length) retained one blinded basal bud (1 cm above the basal cut) and one intact apical 


bud. They were disinfected by immersion in 1% (w/v) 8


-


hydroxyquinoline sulfate, stored at 4 °C after collection in February 


2024, 


and rehydrated overnight before the start of the experiment.


 


S1.2  Foliar fertilization


 


All plants received the same foliar fertilization program, comprising three applications of each product. Nutriplant 8


-


8


-


6 (NPK; 


Lebosol® Dünger GmbH) was applied at 1%


 


(v/v) on days 77, 85, and 92; EPSO Top (MgO and SO


3


; K+S Minerals and 


Agriculture GmbH, Germany) at 1% (w/v) on days 79, 89, and 96; and Calcinit (Ca and N; Yara International ASA, Oslo, 


Norway) at 0.3% (w/v) on days 82, 91, and 98. For each application, 


10 L of working solution was prepared and distributed 


across all plants.


 


S1.3  Root staining and microscopy


 


Root colonization was assessed following modifications of the methods cited in the main text. Roots were cut into 1


-


cm 


segments and placed in tissue


-


processing cassettes wrapped in synthetic


-


fiber cloth. Segments were cleared in 5% (w/v) KOH at 


90 °C for 30 min, rinsed twice with distilled water, incubated in 3% H


2


O


2


 at room temperature for 30 min, rinsed and acidifie


d in 


1% HCl for 10 min. Without a 


subsequent rinse, roots were stained in 0.1% methylene blue dissolved in 5% lactic acid and 50% 


glycerol at 90 °C for 10 min, briefly destained in 5% lactic acid and 50% glycerol, and stored in lactic acid:glycerol:distil


led 


water solution (1:1:1, v/v/v) a


t 4 °C until observation. Analyses used the recorded plant


-


level percentages; microscope


-


point 


counts were not reconstructed from rounded percentages.


 


S1.4  Foliar nutrients


 


Concentrations of P, K, Ca


, Mg, C and N were expressed as percentages of dry weight, whereas Fe, Zn, Mn and Cu were 


expressed as mg kg


?


¹ dry weight. Shoot and root dry weights were recorded separately.


 


S1.5  Proline


 


For each sample, 200 mg of lyophilized leaf material was extracted


 


with 2 mL of lithium citrate sample


-


dilution buffer (0.12 N, 


pH 2.20; Sykam Chromatographie Vertriebs GmbH, Germany). Samples were homogenized, sonicated for 30 min in a cooled 


water bath and centrifuged at 4,000 rpm for 15 min at 4 °C. The supernatant wa


s syringe


-


filtered into glass vials. Proline was 


quantified using a Sykam amino acid analyzer system S433, including an S 7130 Reagent Organizer and an S 4300 Reaction 


Module (Sykam Chromatographie Vertriebs GmbH, Germany). Amino acids were separated chrom


atographically, derivatized 


post


-


column with ninhydrin and detected spectrophotometrically. Quantification was based on external calibration with mixed 


amino acid and proline standard solutions, and results were expressed as mg kg


?


¹ dry weight.


 


S1.6  Leaf 


optical traits


 


Some optical readings were unavailable because of sensor errors; analyses used the available readings. Leaf N status was 


assessed both destructively through foliar N concentration and non


-


destructively through the nitrogen balance index (NBI


).


 




    Supplementary Material   Evaluation of commercial arbuscular mycorrhizal fungal inoculants in grapevine rootstocks through root  colonization, community profiles and plant responses to drought   Brenda Valenzuela - Aragon¹, Timo   Strack², Maximilian Schmidt², Tobias Pfeiffer¹, Davide Francioli¹*   ¹ Department of Soil Science and Plant Nutrition, Hochschule Geisenheim University, Von - Lade - Straße 1, 65366 Geisenheim,  Germany   ² Department of Plant Breeding, Hochschule Geisenheim Unive rsity, Von - Lade - Straße 1, 65366 Geisenheim, Germany   * Correspondence:  davide.francioli@hs - gm.de     1  Supplementary Methods   Supplementary Methods S1.  Additional experimental methods   S1.1  Plant material   Dor mant, virus - tested cuttings (30 cm in length) retained one blinded basal bud (1 cm above the basal cut) and one intact apical  bud. They were disinfected by immersion in 1% (w/v) 8 - hydroxyquinoline sulfate, stored at 4 °C after collection in February  2024,  and rehydrated overnight before the start of the experiment.   S1.2  Foliar fertilization   All plants received the same foliar fertilization program, comprising three applications of each product. Nutriplant 8 - 8 - 6 (NPK;  Lebosol® Dünger GmbH) was applied at 1%   (v/v) on days 77, 85, and 92; EPSO Top (MgO and SO 3 ; K+S Minerals and  Agriculture GmbH, Germany) at 1% (w/v) on days 79, 89, and 96; and Calcinit (Ca and N; Yara International ASA, Oslo,  Norway) at 0.3% (w/v) on days 82, 91, and 98. For each application,  10 L of working solution was prepared and distributed  across all plants.   S1.3  Root staining and microscopy   Root colonization was assessed following modifications of the methods cited in the main text. Roots were cut into 1 - cm  segments and placed in tissue - processing cassettes wrapped in synthetic - fiber cloth. Segments were cleared in 5% (w/v) KOH at  90 °C for 30 min, rinsed twice with distilled water, incubated in 3% H 2 O 2  at room temperature for 30 min, rinsed and acidifie d in  1% HCl for 10 min. Without a  subsequent rinse, roots were stained in 0.1% methylene blue dissolved in 5% lactic acid and 50%  glycerol at 90 °C for 10 min, briefly destained in 5% lactic acid and 50% glycerol, and stored in lactic acid:glycerol:distil led  water solution (1:1:1, v/v/v) a t 4 °C until observation. Analyses used the recorded plant - level percentages; microscope - point  counts were not reconstructed from rounded percentages.   S1.4  Foliar nutrients   Concentrations of P, K, Ca , Mg, C and N were expressed as percentages of dry weight, whereas Fe, Zn, Mn and Cu were  expressed as mg kg ? ¹ dry weight. Shoot and root dry weights were recorded separately.   S1.5  Proline   For each sample, 200 mg of lyophilized leaf material was extracted   with 2 mL of lithium citrate sample - dilution buffer (0.12 N,  pH 2.20; Sykam Chromatographie Vertriebs GmbH, Germany). Samples were homogenized, sonicated for 30 min in a cooled  water bath and centrifuged at 4,000 rpm for 15 min at 4 °C. The supernatant wa s syringe - filtered into glass vials. Proline was  quantified using a Sykam amino acid analyzer system S433, including an S 7130 Reagent Organizer and an S 4300 Reaction  Module (Sykam Chromatographie Vertriebs GmbH, Germany). Amino acids were separated chrom atographically, derivatized  post - column with ninhydrin and detected spectrophotometrically. Quantification was based on external calibration with mixed  amino acid and proline standard solutions, and results were expressed as mg kg ? ¹ dry weight.   S1.6  Leaf  optical traits   Some optical readings were unavailable because of sensor errors; analyses used the available readings. Leaf N status was  assessed both destructively through foliar N concentration and non - destructively through the nitrogen balance index (NBI ).  

