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Abstract. 

Grapevine is worldwide grafted on rootstocks to create a biological barrier to the phylloxera 

(Daktulosphaira vitifoliae). Despite the key role of rootstock in the adaptation to environmental 

conditions, a limited number of genotypes is available for winegrowers, showing a narrow genetic 

background. The gap between the importance of rootstocks in abiotic stress tolerance and their low 

genetic variability leads to consider rootstock breeding as a promising strategy to face climate change. In 

the last decades, new breeding programs were developed with the aim to provide new rootstocks able to 

cope with drought and other abiotic stresses. Nowadays, the continuous progress in genetic techniques 

can assist and accelerate the selection process of new tolerant genotypes. 

In the present PhD project, several genotypes at different stages in rootstock selection process 

were analyzed for drought tolerance. The first part of the thesis focused on 3 genotypes belonging to the 

recent M-series, the second part was about a new selection of 30 genotypes, coming from different 

breeding programs, and in the last part a breeding population of 141 genotypes was used for a genome 

wide association study (GWAS).  

The new M-rootstocks (M1, M3 and M4), recently placed on the market, were compared to 

traditional rootstocks, in order to better understand their behavior under drought. In a pot experiment 

under controlled conditions, M1, M3 and M4 were compared to nine rootstocks with different genetic 

background at decreasing levels of water availability. M-rootstock performance under water deficit was 

similar to the tolerant rootstocks 1103P and 110R, in both phenotypic and genetic responses to water 

stress. These rootstocks adopted a strategy of tolerance to face water stress, increasing the water use 

efficiency (WUE) under deficit conditions. To deeply investigate the behavior of tolerant rootstocks under 

drought, a second experiment in semi-controlled conditions was set up, comparing M4 to 1103P under 

progressive water deficit, in grafting combination with V. vinifera cv Pinot Blanc. Similar performances 
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were reported by the two grafting combinations under mild to moderate water deficit, but a different 

response occurred under sever conditions: 1103P reduced stomatal conductance, transpiration, and 

carbon assimilation more than M4, which was able to preserve water use efficiency and operating 

efficiency of photosystem II. 

In the second part of the thesis 30 new selected genotypes were compared to rootstock M2 for 

water stress tolerance and nutritional status, in order to characterize the rootstock material before the 

marketing process and to identify new pre-breeding material. The experiment was carried out in un-

grafted conditions for two years and in two experimental fields, characterized by different water 

availability. Several parameters were analyzed, such as transpiration, WUE, vigor, macronutrients and 

micronutrients in the leaves. Genotypes ranked for both abiotic stresses and the differences between the 

two sites allowed to estimate their plasticity for each trait. 

Finally, a GWA approach was applied on a breeding population, counting 141 genotypes, in order 

to identify the genomic regions involved in drought tolerance. The population was genotyped with a 18k 

SNP array, after the validation on non-vinifera germplasm, belonging to a rootstock core-collection of 70 

genotypes. Three phenotyping cycles under increasing water deficit were performed on the breeding 

population under greenhouse-controlled conditions. Vigor, shoot growth rate, transpiration, stomatal 

conductance and leaf turgor were estimated for each genotype at different water deficit levels. A group 

of tolerant genotypes with high performance under water deficit condition was identified and used in 

GWAS approach to detect the loci associated to drought tolerance of rootstocks.  

In conclusion, this work enhanced the knowledge about rootstock response to water deficit, 

characterized the water tolerance of a large panel of rootstocks and identified potential target genes for 

future breeding programs. 

 



4 

 

Summary 

 

STATE OF THE ART 

Grapevine rootstock selection for drought adaptation: a review 

Abstract 

1. Introduction 

2. The role of rootstocks in drought adaptation 

3. Exploitation of genetic variability in Vitis spp 

4. New rootstock selected for drought tolerance 

5. Assisted selection methods for rootstock breeding  

6. Phenotyping methods for drought tolerance 

7. Conclusions 

8. Relevance of the present PhD project in the state of the art 

References 

 

PART I 

How do novel M-rootstock (Vitis spp.) genotypes cope with drought? 

Abstract 

1. Introduction 

2. Results 

3. Discussion 

4. Material and methods 

5. Conclusions 

References 

The New Grapevine Rootstock M4 Improves Water Use Efficiency of Pinot Blanc Under Severe Water 

Stress 

Abstract 

1. Introduction 

2. Material and methods 

3. Results 

4. Discussion 

References 

  



5 

 

PART II 

Phenotyping of the “G series” Vitis hybrids: First screening of the mineral composition 

Abstract 

1. Introduction 

2. Material and methods 

3. Results and discussion 

4. Conclusions 

References 

Water use efficiency and nutritional status of a new grapevine rootstock selection 

Abstract 

1. Introduction 

2. Material and methods 

3. Results and discussion 

References 

 

PART III 

Genetic Diversity and Population Structure in a Vitis spp. Core Collection Investigated by SNP Markers 

Abstract 

1. Introduction 

2. Material and methods 

3. Results  

4. Discussion 

5. Conclusions 

References 

A new genomic locus associated to drought tolerance in grapevine rootstocks 

Abstract 

4. Introduction 

5. Material and methods 

6. Results 

7. Discussion 

References 

 

GENERAL CONCLUSIONS 

  



6 

 

 

 

 

 

 

 

STATE OF THE ART 

  



7 

 

GRAPEVINE ROOTSTOCK SELECTION FOR DROUGHT ADAPTATION: A REVIEW 

Abstract. 

Adaptation of grapevine to climate change is modulated by rootstocks, as the interface between soil and 

scion. Rootstock controls the response of the plant to drought and the use of tolerant rootstocks can 

improve the adaptation to water deficit, preserving the production and the quality of grape. Among 

available rootstocks, hybrids Vitis Berlandieri x Vitis rupestris generally reported the best tolerance to 

water stress, but higher adaptation to drought could be found in other Vitis species, never involved in 

rootstock breeding programs. In contrast to the low diversity of rootstocks, high genetic variability was 

found in Vitis spp, which can be partially related to a more efficient use of water. This diversity should be 

exploited in future breeding programs to obtain a series of new rootstocks able to cope with climate 

change. The recent development of innovative methods for genotyping and phenotyping can assist the 

selection process in future breeding programs. New drought tolerant rootstocks have been recently 

released and the first studies reported high performance under water deficit conditions. Further efforts 

will be necessary to select new tolerant rootstocks to guarantee the affinity with the Vitis vinifera varieties 

and the adaptation to all the environments of viticulture. 

1. Introduction 

During the last century, viticulture has undergone deep changes. The development of technologies and 

chemistry has led to new viticultural systems, new techniques of agricultural management and new 

oenological styles. Nowadays, great attention is paid on the quality of grape and wine, besides to the 

quantity of the production. The quality of wine is strongly affected by environmental factors, such as the 

climate conditions, the soil characteristics and the biotic and abiotic stresses (Jackson and Lombard, 1993). 

Nevertheless, the environmental factors changed during the last decades, and they are expected to evolve 

in the near future. For examples, many areas under vine are expected to experience longer drought period 
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during the hottest months of the next years (Van Leeuwen et al., 2019). Rainfalls will be more exceptional 

and intense, causing waterlogging events and higher soil erosion. The use of tolerant rootstock genotype 

has been identified as a promising strategy of adaptation to climate change (Quénol et al., 2014; Van 

Leeuwen et al., 2019), but tiny progress was focused on the selection of new rootstocks during the last 

century. In fact, rootstocks have been introduced in viticulture to create a biological barrier to the 

phylloxera (Daktulosphaira vitifoliae) and the largest part of commercial genotypes has been selected in 

the end of XIX century. The lack of innovation on rootstocks contrasts with the high technological level 

achieved for management practices in modern viticultural, and new efforts are required in breeding 

programs for rootstock selection. In the present work were reviewed: i) the effect of rootstock on 

adaptation to drought; ii) genetic variability of rootstocks and the possibility to enhance it introducing 

new diversity from Vitis spp; iii) first studies on new rootstocks selected for drought tolerance; iv) 

innovative phenotyping and genetic methods to assist future breeding for drought tolerant rootstocks. 

2. The role of rootstocks in drought adaptation 

Plants respond to drought in several ways, according to the entity and the length of the water deficit. 

Grapevine is able to regulate the water potential under water stress through the control of stomatal 

conductance, this behavior is defined isohydric. Nevertheless, a large variability of stomatal control within 

Vitis has been reported, ranging from near-isohydric to near-anisohydric responses (Pou and Medrano, 

2012). Beside stomatal control, differences among the two behaviors may be explained by the ability of 

near-isohydric genotypes to inhibit the aquaporins activity in the leaves through the abscisic acid (ABA), 

reducing the leaf hydraulic conductivity (Coupel-ledru et al., 2017). Near-isohydric genotypes adopt an 

avoiding strategy to face drought, reducing the physiological activity until the water return available 

(Delzon, 2015; Ollat et al., 2018). This strategy allows to face long period of water deficit, but it can involve 

in a delay of vegetative growth and ripening of grape, due to the reduction of the photosynthetic rate. 

During short to medium drought period, near-anisohydric genotypes are able to maintain a high 
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physiological activity, preserving the stomatal conductance and coping with the low water potential, but 

this resistance strategy can be critical for long drought periods. An intermediate behavior can be adopted 

by some genotypes, reducing the stomatal conductance and maintaining the physiological activity by 

increasing the water use efficiency.  

Rootstock plays a key role in the adaptation of vine to the environmental conditions, being the 

interface between grapevine variety and soil. A meta-analysis performed by Lavoie-Lamoureux et al 

(2017) identified in rootstock genotype the main contribution to the total variability of water status, 

followed by the scion genotype. Minor contribution to the total variance was explained by methodologies 

for water stress detection and environmental factors. Water absorption is regulated by the rootstock in 

several ways: deep-rooted genotypes are able to explore deep soil layers and easily find water. In fact, 

the depth and the architecture of the root system depends on the rootstock genotype, beside to soil 

characteristics (Alsina et al., 2011; Yıldırım et al., 2018); the amount of aquaporins on the absorption roots 

is different among rootstock genotypes (Sabir et al., 2021); the transpiration from leaves is regulated by 

rootstocks, controlling the stomatal conductance through both hormonal and hydraulic signals (Zhang et 

al., 2016); under water stress conditions, embolisms in roots depend on the vessel size, which in turn 

depends on the genotype and some rootstocks are more efficient in embolism repair through higher 

remobilization of osmolytes (Knipfer et al., 2015). Several studies evidenced the differences among 

commercial rootstocks in response to drought. Lovisolo et al (2008), found that the fraction of root water 

transport controlled by cellular metabolism in grapevine rootstocks was higher for hybryds Vitis 

Berlandieri x Vitis rupestris (140Ru, 775P and 1103P) than Vitis Berlandieri x Vitis riparia (SO4, 157.11, 

420A and K5BB) under water stress condition. They also speculated that rather hybrids with V. rupestris 

embolized less than hybrids with V. riparia or they repaired more efficiently from embolisms. A tolerant 

strategy was shown by 140Ru in grafting combination with Cabernet Sauvignon, Grenache, Merlot and 

Syrah and 1103P in grafting combination with Cabernet Sauvignon (Koundouras et al., 2008; Tramontini 
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et al., 2013). In both studies, rootstock SO4 showed an avoiding strategy, reducing the physiologic activity 

more than 110R and 1103P. Satisha et al (2014), compared the water use efficiency of several rootstocks: 

Dogridge and Salt Creek (V. champinii); St. George (V. rupestris); 110 R, 99 R and 1103P (V. Berlandieri x 

V. rupestris); B2-56 (V. Berlandieri x V. rupestris x V. longii) and Teleki 5A (V. Berlandieri x V. riparia). Under 

stressed conditions 110R, 1103P, 99R, Dogridge and B2-56 increased the water use efficiency, showing a 

tolerance strategy. 

Table 1. Adaptation strategies to water deficit adopted by the main rootstock genotypes. Be = Vitis Berlandieri; Ru 

= Vitis rupestris; Ri = Vitis riparia; Ch = Vitis champinii; Vi = Vitis vinifera 

Rootstock Genetic background Adaptation strategy Reference 

1103P Be x Ru Tolerance Koundouras et al, 2008 
Satisha et al, 2014 
Faralli et al, 2021 
Bianchi et al, 2020 

779P Be x Ru Tolerance Gullo et al, 2018 
140Ru Be x Ru Tolerance/Resistance Tramontini et al, 2013 

Bianchi et al, 2020 
110R Be x Ru Tolerance Satisha et al, 2014 

Bianchi et al, 2020 
99R Be x Ru Tolerance Satisha et al, 2014 
B2-56 Be x Ru Tolerance Satisha et al, 2014 
St. George Ru Avoidance Satisha et al, 2014 
SO4 Be x Ri Avoidance Lucini et al, 2020 

Koundouras et al, 2008 
Tramontini et al, 2013 
Bianchi et al, 2020 
Faralli et al, 2021 
Galbignani et al, 2016 

K5BB Be x Ri Avoidance Bianchi et al, 2020 
420A Be x Ri Avoidance Bianchi et al, 2020 

Gullo et al, 2018 
Teleki 5A Be x Ri Avoidance Satisha et al, 2014 
1613C Be x Ri Avoidance Satisha et al, 2014 
161-49C Be x Ri Avoidance Bianchi et al, 2020 
Dogridge Ch Tolerance Satisha et al, 2014 
Salt Creek Ch Avoidance Satisha et al, 2014 
Schwarzmann Ri x Ru Avoidance Bianchi et al, 2020 
101-14 Ri x Ru Avoidance Meggio et al, 2014 

Corso et al, 2015 
41B Be x Vi Resistance Bianchi et al, 2020 

 

Ibacache et al (2016), investigated the yields of nine rootstocks (1613 Couderc, Freedom, 

Harmony, 1103P, 110R, 99R, 140Ru, Saint George and Salt Creek) grafted with three different varieties of 
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table grape under semi-arid conditions. The best performance was obtained by Salt Creek (Vitis champinii) 

across all three evaluated cultivars. Adaptation strategies adopted by rootstocks to face drought are 

summarized in Table 1. 

3. Exploitation of genetic variability in Vitis spp. 

Despite the importance of rootstock in environmental stress adaptation, a limited number of genotypes 

has been involved in breeding programs. The largest part of rootstocks has been obtained by the crossing 

of few genotypes, mainly belonging to three species: Vitis Berlandieri, Vitis riparia and Vitis rupestris. In a 

recent study, Riaz et al (2019) found that only three genotypes belonging to these three species 

(Rességuier 2, du Lot and Gloire de Montpellier) contributed to a total of 39% of the genetic background 

of 47 Vitis hybrids, representing the worldwide available rootstocks. Migliaro et al (2019), described the 

whole genetic variability of a large rootstock collection of 232 unique accessions by only 70 genotypes. 

According to Ollat et al (2016), the narrow genetic background of rootstocks is a limit for pest resistance 

of grapevine and adaptation to climate change. Using a multi-criteria approach, Padgett-Johnson et al 

(2003) compared the water stress tolerance of 17 American Vitis species. In the study, V. riparia, V. 

Berlandieri and even V. rupestris showed low tolerance to water deficit compared to other species, 

whereas the best performance was reported by V. champinii and V. doaniana. These results suggested 

that rootstock variability could be increased involving other American species in breeding programs, 

which are potentially better acclimatized to drought. 

 Recent studies revealed the large genetic diversity in the genus Vitis, which is potentially available 

for new rootstock breeding programs (Liang et al., 2019; Wan et al., 2013). Across the temperate area all 

over the world has been identified approximately 60 species belonging to the genus Vitis. Two species 

belong to the subgenera Muscadinia (2n = 40), whereas the others belong to the subgenera Vitis (2n = 

38). Has been estimated that the divergence between the two subgenera occurred at about 18 Ma (Wan 

et al., 2013). Within the subgenera Vitis, two main clades were described: the first clade included North 
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American species and the second one the species from Europe and Asia. The Eurasian clade diverged in 

minor clades, among which the European one was represented by V. vinifera in both sylvestris and sativa 

subspecies (Liu et al., 2016). According to Wen et al (2018), a rapid radiation of Vitis in North America 

began in the Neogene. American clade was further investigated by Klein et al (2018), identifying two main 

groups: clade I comprised V. riparia and V. rupestris together with V. acerifolia, V. arizonica, and V. 

monticola; clade II consisted of V. aestivalis, V. cinerea, V. labrusca, and V. mustangensis. Some genotypes 

selected among American or Asian clades might be included in future breeding programs to increase the 

genetic diversity of rootstocks and improve the adaptation to climate change. 

4. New rootstock selected for drought tolerance 

In the last decades, new breeding programs were developed with the specific purpose to obtain new 

rootstocks with high tolerance to abiotic stresses. The Georgikon series was recently selected for 

limestone and water stress tolerance by the Georgikon Faculty of Pannon University, including V. vinifera 

in the parental material. In the same programs, Zamor 17 was selected for drought tolerance, including 

V. rupestris in the genetic background. In a recent study, rootstocks Georgikon 28, Georgikon 121 and 

Zamor 17 were compared to the sensitive SO4 and the tolerant 1103P in terms of response to water deficit 

in grafting combination with Pinot gris (Faralli et al., 2021). Different responses were induced by 

rootstocks to the scion. During the experiment, Georgikon 28, Georgikon 121 and SO4 reported higher 

leaf water potential than Zamor 17 and 1103P, suggesting different behaviors in response to water deficit.  

 Other four new rootstocks have been recently selected for abiotic stress tolerance by the 

Department of Agricultural and Environmental Sciences (DiSAA) of the University of Milano. In the 

breeding program, Vitis Berlandieri was used as recurrent genotype. In particular, rootstock M1 was 

selected for the tolerance to limestone, M2 to cope with several abiotic stresses, M3 for the efficiency in 

potassium uptake and M4 for the tolerance to drought and salt. Meggio et al (2014), compared M4 to the 

commercial rootstock 101.14 in terms of biochemical and physiological responses to water stress and 
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NaCl exposure under controlled environmental conditions. During the experiment, leaf water potential 

and stomatal conductance (gs) were monitored, whereas sugars, proteins, and nutrients (in particular K, 

Mg, Ca) were measured in both leaves and roots. The two genotypes reported a similar response under 

well-watered conditions, but different physiological responses occurred at decreasing water availability. 

M4 demonstrated better acclimatizing attitude to water stress than 101.14, maintaining a more 

performant photosynthetic activity during the whole experiment. The same genotypes (M4 and 101.14) 

were further studied by Corso et al (2015) under progressive drought conditions, using a transcriptomic 

approach. M4 reported higher expression than 101.14 of genes associated to two different physiological 

processes: degradation of ABA in the leaves (genes CYP706 and CYP707) and detoxification of reactive 

oxygen species (genes VvSTS). Thus, M4 was able to keep the stomata open under water deficit and to 

limit the oxidative stress caused by drought, allowing the root growth, the transpiration from leaves and 

consequentially the water uptake. The ability of M4 to limit the ROS under water deficit was also 

suggested by Lucini et al (2020), reporting an increment of gibberellins and cytokinin’s in response to the 

stress using a metabolomic approach. In other studies, M4 was compared to the sensitive SO4 in grafting 

combination with Sangiovese and to the tolerant 1103P in grafting combination to Grechetto Gentile. In 

both studies, M4 reported higher photosynthetic activity, transpiration rate, water use efficiency (WUE) 

and water potential than the control rootstocks (Frioni et al., 2020; Galbignani et al., 2016). Under 

controlled conditions, rootstocks M1, M3 and M4 adopted a tolerance strategy in response to water 

deficit, showing a similar WUE to 1103P and 110R (Bianchi et al., 2020). Strategies adopted by the new 

rootstocks are summarized in Table 2. A new selection of about 30 genotypes has been recently obtained 

by several crosses, using in the breeding program V. Berlandieri as a recurrent genotype. These genotypes 

are in process of characterization before being released as rootstocks. A first screening for water stress 

tolerance in un-grafted conditions identified 14 promising genotypes for water stress tolerance, but 

further studies will be necessary to assess their response to water deficit (Bianchi et al., 2018). 
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Table 2. Adaptation strategies to water deficit adopted by new rootstock genotypes. Be = Vitis Berlandieri; Ru = 

Vitis rupestris; Ri = Vitis riparia; Ch = Vitis champinii; Vi = Vitis vinifera 

Rootstock Genetic background Adaptation strategy Reference 

Georgikon 28 Be x Vi Avoidance Faralli et al, 2021 
Georgikon 121 Be x Vi Avoidance Faralli et al, 2021 
Zamor 17 Be x Ru Tolerance Faralli et al, 2021 
M1 K5BB x Teleki 5C Tolerance Bianchi et al, 2020 
M3 K5BB x Teleki 5C Tolerance Bianchi et al, 2020 
M4 Unknown x 1103P Tolerance Lucini et al, 2020 

Frioni et al 2020 
Bianchi et al, 2020 
Galbignani et al, 2016 
Corso et al, 2015 
Meggio et al, 2014 

 

5. Assisted selection methods for rootstock breeding  

Only a limited number of new tolerant rootstocks has been released in the last decades. One of the 

reasons is the long time required in the breading programs, especially for perennial crops as grapevine. In 

fact, several years are needed before the breeding population can be characterized for abiotic stress 

tolerance and to identify the performing genotypes. Nowadays, early selection can be carried out using 

molecular markers related to the interested phenotypic traits, thanks to the development of genetic 

techniques in the last years and the availability of high throughput genotyping tools. In grapevine, 

quantitative trait loci (QTLs) have been detected for several traits, such as the resistance to pest and the 

quality of grapes (Martinez-Zapater et al., 2010). QTLs related to drought tolerance have been studied in 

V. vinifera by Coupel-Ledru et al (2014) on a pseudo-F1 population obtained by the cross between Syrah 

and Grenache. In the study, a large number of QTLs were found for transpiration rate and hydraulic 

conductance, suggesting that drought-tolerance of grapevine is regulated by several genes. The genetic 

architecture of rootstock control of transpiration and the adaptation to water stress has been investigated 

by Marguerit et al (2012) on a breeding population of V. vinifera × V. riparia hybrids. Also in this study, 

several QTLs for different traits were identified. In particular, 7 QTLs were related to the water extraction 

capacity, 2 QTLs were detected for the transpiration rate, 3 QTLs for the acclimatation of transpiration 
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rate linked to water deficit and 1 QTL was found for the water use efficiency, estimated by carbon 

isotopes. The confidence intervals of the detected QTLs included the genes involved in the ABA pathway. 

Further investigation on rootstock control of transpiration was performed by Trenti et al (2021) on a 

genetic core collection composed by 100 Vitis spp. accessions, using a Genome-wide association study 

(GWAS) approach. In the study, transpiration rate was estimated by thermography and 13 candidate 

genes were identified in the association analysis. Three of these genes (VIT_13s0019g03040, 

VIT_17s0000g08960, VIT_18s0001g15390) responded to water deficit in a gene expression analysis on 

reference rootstocks. These genes codify for Glycosyltransferase, Raffinose synthase and Peroxidase, 

respectively. The loci related to the rootstock control of water stress are summarized in Table 3. 

Table 3. Association between phenotypic traits related to rootstock control of grapevine water status and genetic 

data through QTL and GWAS analyses. Tr = transpiration rate; TE = transpiration efficiency; TTSW = total transpirable 

soil water; Ig = stomatal conductance index 

Trait Type LG Position  Reference 

Tr QTL Chr1 (CS) 56.8 ± 10.4 cM Marguerit et al, 2012 
Tr QTL Chr17 (CS) 19.2 ± 11.1 cM Marguerit et al, 2012 
TE QTL Chr6 (CS) 29.7 ± 9.8 cM Marguerit et al, 2012 
TE QTL Chr11 (RGM) 7.0 ± 16.1 cM Marguerit et al, 2012 
TTSW QTL Chr3 (RGM) 5.8 ± 4.1 cM Marguerit et al, 2012 
TTSW QTL Chr3 (RGM) 22.5 ± 1.0 cM Marguerit et al, 2012 
TTSW QTL Chr5 (RGM) 67.5 ± 8.2 cM Marguerit et al, 2012 
TTSW QTL Chr11 (RGM) 54.6 ± 11.3 cM Marguerit et al, 2012 
Ig SNP Chr18 13,519,938 Trenti et al, 2021 
Ig SNP Chr17 10,497,222 Trenti et al, 2021 
Ig SNP Chr13 4,177,522 Trenti et al, 2021 

 

Except the control of transpiration, other physiological mechanisms are involved in adaptation of 

rootstocks to drought, thus, further studies will be necessary to identify the loci associated to the response 

to water deficit. Specific assays to detect these loci in breeding populations will allow to assist the 

selection process and accelerate the long time required for breeding programs of new rootstocks. Another 

innovative approach that can be used to assist the selection processes is the genomic selection (GS). GS 

allows to predict the phenotype traits based on genetic data. A GS study was performed in grapevine to 

predict berry weight, pruning weight, cluster weight and cluster length (Fodor et al., 2020). A diversity 
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panel of 279 genotypes was used as training population for the phenotype prediction, obtaining the best 

prediction of each trait with determination coefficient higher than 0.3. As far as this, no studies of GS have 

been performed on grapevine to predict the tolerance to abiotic stresses.  

6. Phenotyping methods for drought tolerance 

Rather in traditional or genetic assisted breeding programs, the phenotyping methods play a key role in 

the selection of genotypes among the breeding populations. Compared to other traits, phenotyping for 

drought tolerance is challenging, due to the complexity of water deficit adaptation and the high numbers 

of traits required for the characterization. Direct measurement of water potential, transpiration or water 

use efficiency are limited by the time required for each measurement, and the consequent difficulties to 

analyze several genotypes under homogeneous environmental conditions. Thus, indirect, rapid and non-

destructive methods are necessary for water stress phenotyping. Water balance has been used to assess 

the transpiration rate under controlled conditions as the difference between input and output of water. 

Transpiration can also be estimated by thermography, monitoring the temperature of the leaves. In fact, 

the reduction of transpiration due to stomatal closure leads to a rise of leaf temperature. Thermal indexes 

have been developed normalizing the leaf temperature on environmental conditions, such as the stomatal 

conductance index (Ig) (Jones et al., 2002) and the Crop Water Stress Index (CWSI) (Idso et al., 1981). 

These indexes reported a strong relation to stomatal conductance, especially when they were measured 

during the middle of the day (García-tejero et al., 2016; Pou et al., 2014). Beside the thermal infrared, 

other regions of the spectra are related to the water status of the leaf, and they can be investigated 

through spectroscopy. In particular, Rapaport et al (2015) identified the spectra regions of visible (530 – 

550 nm and 700 – 750 nm) and near-infrared (1380 – 1590 nm) as affected by water deficit. Several optical 

indexes have been developed using specific wavelengths in these regions to estimate the water potential 

and the stomatal conductance. Among them, one of the most applied was the water index (WI), which 

reported a strict relation to the stomatal conductance under controlled and field conditions (Serrano et 
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al., 2010), whereas a lower but significant regression was observed between WI and the predawn water 

potential (González-Flor et al., 2019). The new frontier of spectroscopy is represented by the development 

of chemometric models using hyperspectral data. Chemometric models were designed by Tardaguila et 

al (2017) to predict the stem water potential and the relative leaf water content (RWC), acquiring the 

spectra from several varieties of V. vinifera.  

Intrinsic water use efficiency (iWUE) can be estimated analyzing the isotope carbon patterns. In 

fact, a reduction of stomatal conductance affects the internal CO2 and water concentration, reducing 

preferable 12CO2 than the isotope 13CO2 (Leavitt and Danzer, 1993). Thus, the ratio of carbon isotopies 

(δ13C) is related to the ratio of carbon assimilation and the stomatal conductance, noted as intrinsic WUE. 

Using δ13C, Bota et al (2016) were able to discriminate the genotypes with high iWUE among a panel of 

23 varieties of V. vinifera. Leaf water potential (ΨL) can be estimated by the leaf angle occurring between 

petiole and leaf blade, which is affected by cell turgor (Smart, 1974). In a recent study, high relation 

between ΨL and leaf angle was found using both manual recording and 3D imaging (Briglia et al., 2020). 

This method (3D imaging) can also be used to assess the leaf area and consequently the vegetative growth 

of genotypes (Milella et al., 2019). Active growth of shoots can be also evaluated using the “apex method”, 

developed from Rodriguez Lovelle et al (2009). Major difficulties may be found to phenotype the root 

system architecture. Destructive analyses after a period of water deficit allow to measure the root 

biomass produced and the ratio with the epigeal biomass. A periodic observation of root development 

under controlled conditions is possible using rhizotrons through a transparent material (Dumont et al., 

2016; Fort et al., 2017). This method allows to measure the geotropic angle of the root system, which 

depends on genotype beside to the environmental characteristics (Smart et al., 2006). The use of electrical 

imaging to investigate the root development for pot and field conditions has been revised by Zhao et al 

(2019). Innovative methods for water stress detection and their relationship with the relative direct 

measurements are reported in Table 4. Another critical issue in phenotyping for water stress is the 
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difficulty to obtain homogeneous conditions among genotypes, even under controlled conditions. Usually, 

genotypes are compared at the same level of soil water content (SWC), but an approach based on the 

fraction of transpirable soil water (FTSW) has been proposed (Bindi et al., 2005; Marguerit et al., 2012; 

Sinclair and Ludlow, 1986). In this approach, the fraction of soil water able to support the transpiration is 

calculated as the ratio between the water extraction capacity and SWC. In these studies, FTSW were used 

to fix the response curves of the transpiration rate to water deficit, in order to assess the acclimatation 

and the plasticity of the trait. 

Table 4. Relationship among rapid phenotyping methods and direct measurements of some traits related to the 

grapevine water status. R2 = coefficient of determination; r = Pearson Index 

Method/Index Reference method Goodness Reference 

Thermography    
Ig gs R2 = 0.78 Pou et al., 2014 
Ig gs R2 = 0.76 García-tejero et al., 2016 

CWSI gs R2 = 0.61 García-tejero et al., 2016 

Spectroscopy    
WI gs R2 = 0.95 Serrano et al, 2010 
WI ΨPD R2 = 0.41 González-Flor et al., 2019 

Hyperspectral ΨS rc = 0.82; rcv = 0.77 Tardaguila et al., 2017 

Hyperspectral  RWC rc = 0.83; rcv = 0.77 Tardaguila et al., 2017 

Carbon isotopes    
δ13C iWUE R2 = 0.64 Tomás et al, 2012 

Turgor    
Leaf angle ΨL R2 = 0.86 Briglia et al, 2020 

Leaf angle (3D imaging) ΨL R2 = 0.73 Briglia et al, 2020 

 

7. Conclusions 

This work focused on the adaptation to climate change of viticulture through the selection of new drought 

tolerant rootstock. Several studies reported an important and consistent effect of rootstocks on many 

parameters related to drought tolerance. Nowadays the genetic diversity of rootstocks is narrow, but it 

can be enhanced by introducing new genotypes from Vitis spp. in future breeding programs. Few 

genotypes have been recently selected for drought adaptation, showing high tolerance to water deficit in 

the first characterization studies, nevertheless more efforts are required in this direction. Critical issues in 

selection process are represented by the difficulties for water stress phenotyping, despite innovative 
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methods have been recently developed. New phenotyping methods (i.e., thermography, hyperspectral 

models or 3D imaging) allow to analyze a large number of genotypes maintaining high level of precision. 

Furthermore, the development of genetic techniques (i.e., QTL, GWAS and GS) can assist the early 

selection of promising genotypes among the breeding populations, but few studies are available on 

rootstock control of grapevine water status so far. New efforts are required in rootstock breeding, 

exploiting the genetic diversity of genus Vitis and applying innovative methods in the selection process. 

Grapevine is grown in several countries under different environmental conditions, which are rapidly 

evolving along with climate change. Thus, a larger number of rootstocks would allow to adapt to the 

abiotic stresses of each area, to face the changing climate conditions and to guarantee higher affinity with 

all the varieties grown all over the world. 

8. Relevance of the present PhD project in the state of the art 

In this context fitted the present PhD project, which aimed to i) identify new promising rootstocks for 

drought tolerance, among a large panel of analyzed genotypes; ii) to investigate the physiological 

response of tolerant rootstocks to water deficit, at both physiological and genetic levels; iii) to identify the 

genetic regions involved in drought tolerance to assist the selection process of future breeding programs 

for drought tolerant rootstocks. The project is structured in three main parts.  

Specific aim of Part I was to assess the drought tolerance of M-rootstocks in comparison to other 

commercial genotypes largely used in viticulture, and it included two experiments: the first one is titled 

“How do novel M-rootstock (Vitis spp.) genotypes cope with drought?” and has been published on Plants 

(doi:10.3390/plants9101385), the authorship of the study includes Davide Bianchi, Leila Caramanico, 

Daniele Grossi, Lucio Brancadoro and Gabriella De Lorenzis; the second experiment is unpublished and 

the title is “The New Grapevine Rootstock M4 Improves Water Use Efficiency of Pinot Blanc Under Severe 

Water Stress”, the contributors are Davide Bianchi, Andrea Caputo, Carola Pozzoli and Lucio Brancadoro.  
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The main objective of Part II was to characterize a new selection of rootstocks obtained by a 

recent breeding program for abiotic stress tolerance, and it also consisted in two experiments: the first 

one was published on Scientia Horticulturae (doi:10.1016/j.scienta.2019.109155) with the title 

“Phenotyping of the “G series” Vitis hybrids: First screening of the mineral composition” and the 

authorship includes Davide Bianchi, Daniele Grossi, Giovambattista Simone Di Lorenzo, Yang Zi Ying, Laura 

Rustioni and Lucio Brancadoro; the second experiment is unpublished and it is titled “Water use efficiency 

and nutritional status of a new grapevine rootstock selection”, written by Davide Bianchi and Lucio 

Brancadoro. 

Part III aimed to characterize the genetic structure and the drought tolerance of a breeding 

population, to identify genetic regions involved in water deficit adaptation. In the first study, a promising 

tool for the genetic characterization was validated on grapevine rootstocks and it was published on 

Diversity (doi:10.3390/d12030103) with the title “Genetic Diversity and Population Structure in a Vitis 

spp. Core Collection Investigated by SNP Markers”, the authorship was Davide Bianchi, Lucio Brancadoro 

and Gabriella De Lorenzis; the second experiment of Part III is unpublished and the title is “A new genomic 

locus associated to drought tolerance in grapevine rootstocks”, with the contribution of Davide Bianchi, 

Martino Bolognini, Carola Pozzoli, Gabriella De Lorenzis and Lucio Brancadoro. 
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HOW DO NOVEL M-ROOTSTOCK (Vitis spp.) GENOTYPES COPE WITH DROUGHT?  

Abstract 

Most of the vineyards around the world are in areas characterized by seasonal drought, where water 

deficits and high temperatures represent severe constraints on the regular grapevine growth cycle. 

Although grapevines are well adapted to arid and semi-arid environments, water stress can cause 

physiological changes, from mild to irreversible. Screening of available Vitis spp. genetic diversity for new 

rootstock breeding programs has been proposed as a way from which new viticulture challenges may be 

developed. In 2014, novel genotypes (M-rootstocks) were released from the University of Milan. In this 

work, the behavior of M1, M3 and M4 in response to decreasing water availabilities (80, 50 and 20% soil 

water content, SWC) was investigated at the physiological and gene expression levels, evaluating gas 

exchange, stem water potential and transcript abundances of key genes related to ABA biosynthesis 

(VvZEP, VvNCED1 and VvNCED2) and signaling (VvPP2C4, VvSnRK2.6 and VvABF2), and comparing them 

to those of cuttings of nine commercial rootstocks widely used in viticulture. M-rootstocks showed a 

change at physiological levels at severe water-stressed conditions (20% soil water content, SWC), reducing 

the stomatal conductance and stem water potential, but maintaining high photosynthetic activity. Water 

use efficiency was high at water-limiting conditions. The transcriptional changes were observed at 50% 

SWC, with an increment of transcripts of VvNCED1 and VvNCED2 genes. M-rootstocks showed similar 

behavior to 1103P and 110R rootstocks, two highly tolerant commercial genotypes. These rootstocks 

adopted a tolerant strategy to face water-stressed conditions. 

1. Introduction 

Grapevine (Vitis vinifera L.) is one of the most widely cultivated and prized fruit crops around the world. 

In arid and semi-arid environments the vines undergo a slow decrease in water availability during the 

growing season (Chaves et al., 2003). Traditionally, grapevine is a non-irrigated crop due to the adaptation 
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to water limited conditions, though severe water stress displays from minor to irreversible physiological 

and biochemical changes (Jackson and Lombard, 1993; Pellegrino et al., 2005). 

World viticulture is characterized by the use of V. vinifera varieties grafted onto a rootstock (Vitis 

spp.) due to the arrival of phylloxera (Daktulosphaira vitifoliae Fitch), a severe threat for grapevine 

survival, which was accidentally imported into Europe from North America (Gale, 2002). North American 

Vitis species are able to resist to phylloxera due to the co-evolved with the pathogen, therefore they are 

utilized as rootstocks, as single or inter-specific hybrids. Rootstocks also contribute to control other soil-

borne pests such as nematodes, as well as various abiotic constraints, such as drought, salinity, lime-rich 

soils and deficient mineral nutrition (Bianchi et al., 2020; Bianchi et al., 2018; Cochetel et al., 2017; 

Vannozzi et al., 2017). They also modify whole plant development, biomass accumulation and phenology 

(Ollat et al., 2016).  

The Mediterranean basin is considered one of the most vulnerable regions of the world to climate 

change and will potentially have to deal with water scarcity and soil erosion in the next few years (Giorgi 

and Lionello, 2008; IPCC, 2018). Its climate is characterized by infrequent rainfall (less than 100 days per 

year) that is unevenly distributed over time (long periods of summer drought) and sometimes quite sparse 

(about 300 to 500 mm per year in some semi-arid regions). Most climate change scenarios for this area 

predict a decrease in rainfall and higher temperatures. IPCC forecasts indicate a yearly temperature 

increase between 2 and 4°C and a decrease in rainfall between 4 and 30% by 2050 (IPCC, 2013). Due to 

their perennial status, grapevines will be highly vulnerable to environmental changes, representing a 

substantial risk for viticulture (Schultz, 2000).  

Water flows into the plant in a soil-plant-atmosphere continuum (Lazar, 2003). The whole water 

transport system in the plant is influenced by the anatomical structure of xylem vessels (Shao et al., 2008), 

hydraulic constraints (Steudle, 2000) and chemical signals (Schachtman and Goodger, 2008; Tombesi et 

al., 2015). When soil water availability decreases, one of the earliest responses is stomatal closure, in 
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order to maintain a favorable water balance, buffering the drop of xylem water potential and avoiding 

embolisms (Hochberg et al., 2016; Jones and Sutherland, 1991). The closure of guard cells leads to a 

reduction of CO2 assimilation and H2O transpiration from leaves, consequently the photosynthetic activity 

decreases sharply (Medrano et al., 2015). 

One of the factors inducing stomatal closure is abscisic acid (ABA), an hormone produced by roots 

and leaves (Audran et al., 1998; De Smet and Zhang, 2013; Farquhar and Sharkey, 1982; Ikegami et al., 

2009; Lovisolo et al., 2016; Manzi et al., 2016, 2015; McAdam et al., 2016; Ren et al., 2007). ABA 

accumulates in the plant when soil dries out and water potential drops (Farquhar and Sharkey, 1982), the 

synthesis of which is entrusted to a minor branch of the carotenoid pathway. The early steps of ABA 

biosynthesis are catalyzed by zeaxanthin epoxidase (ZEP) and 9-cis-epoxycarotenoid dioxygenase (NCED) 

enzymes (Rock et al., 1991). VvZEP and VvNCED gene expressions are strongly induced by water stress 

(Qin and Zeevaart, 1999; Rossdeutsch et al., 2016; Speirs et al., 2013) and salt stress (Iuchi et al., 2001). 

This hormone, through the xylem sap, reaches guard cells, enhancing the content of reactive oxygen 

species (ROS, especially H2O2). Stopping the influx and promoting the efflux of potassium ions (K+) results 

in a rise of calcium ions (Ca2+) in the cytosol and, consequently, cells lose their turgor. The ABA signaling 

pathway is mediated by three main components: i) pyrabactin resistance1/pyr1-like/regulatory 

components of ABA receptors (PYR/PYL/RCAR family of ABA receptors); ii) ABA-regulated Protein 

Phosphatase 2Cs (PP2CA); iii) ABA-regulated SNRK2 Protein Kinase (SnPK2) (Santiago et al., 2009; Yoshida 

et al., 2002). Without stimuli, the ABA receptor is an unliganded form and the protein kinase is bound to 

the protein phosphatase. Specific receptors (PYR/PYL/RCARs) bind to ABA when its concentration 

increases and the hormone-receptor complex becomes an active site for the protein PP2C. The activated 

receptor binds to PP2C, frees SnPK2 which in turn is phosphorylated by another protein kinase. Multiple 

step phosphorylation of SnRK2 activates ABRB (ABRE-binding protein)/ABF (ABRE-binding factor) which 

induce many ABA-responsive genes’ expression (Raghavendra et al., 2010).  
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In grapevine, the expression of VvNCED1, VvNCED2 and VvZEP genes have been directly 

correlated with ABA accumulation in response to water stress (Rossdeutsch et al., 2016; Soar et al., 2006; 

Speirs et al., 2013) and their expression was suggested as marker of ABA biosynthesis (Boneh et al., 2012). 

The expression of genes involved in the ABA signaling pathway revealed that the genes coding for RCAR, 

SnRK and ABF are downregulated in drought conditions, while VvPP2C genes are generally up-regulated 

(Boneh et al., 2012; Haider et al., 2017). 

In the context of global warming, the exploitation of grapevine genetic diversity and the better 

understanding of plant response to environmental stresses represents the way from which new 

viticultural challenges may be developed (Bianchi et al., 2020; Migliaro et al., 2019; Vivier and Pretorius, 

2002).  Although a significant number of efforts in grapevine rootstock selection was carried out so far, 

less than 10 rootstocks are widely used in viticulture, with negative impact on the grapevine response to 

biotic and abiotic stresses (Keller, 2015; Ollat et al., 2016). Since 1985, the Department of Agricultural and 

Environmental Sciences (DiSAA) research group operating at the University of Milan has been working on 

the selection of new rootstocks able to cope with abiotic stresses. Some genotypes (M-series: M1, M2, 

M3 and M4) were selected and released in 2014 and registered in the National Register of Vine Varieties 

(RNVV). M1 and M3 exhibit tolerance to iron-limited conditions (M1 > M3) (Porro et al., 2013; Vannozzi 

et al., 2017), M2 and M4 display moderate resistance to salinity (Porro et al., 2013; Meggio et al., 2014) 

and M4 shows high tolerance to drought (Porro et al., 2013; Meggio et al., 2014; Corso et al., 2015).  

To assess the drought-tolerance of M-rootstocks in comparison to other commercial genotypes 

largely used in viticulture, physiological (gas exchange and stem water potential) and transcriptomic 

performances (genes involved in ABA-synthesis and ABA-mediated responses to drought) were evaluated 

under well-watered and water-stressed conditions.  

 

2. Results 
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2.1.  The physiological response of grapevine rootstocks to drought 

The physiological parameters photosynthesis (Pn), stomatal conductance (Gs), transpiration (E) and stem 

water potential (ΨS) were evaluated on 12 own-rooted grapevine rootstocks under decreasing water 

availability (from 80 to 20% SWC) (Table 1).  

Table 1. List of 12 grapevine rootstocks subjected to water limitation and information about their pedigree 
(based on Migliaro et al (2019)) 

Rootstock Pedigree 

1103P V. Berlandieri cv. Resseguier nr. 2 x V. rupestris cv. Du Lot 

110R V. Berlandieri cv. Boutin x V. rupestris cv. Du Lot 

140Ru V. Berlandieri cv. Boutin x V. rupestris cv. Du Lot 

161-49C V. Berlandieri x V. riparia 

41B V. vinifera cv. Chasselas x V. Berlandieri cv. Planchon 

420A  V. Berlandieri x V. riparia 

K5BB V. Berlandieri Resseguier nr. 2 x V. riparia cv. Gloire de Montpellier 

M1 Kober 5BB x Teleki 5C (V. Berlandieri cv. Planchon x V. riparia)  

M3  Kober 5BB x Teleki 5C  

M4 unknown x 1103 P 

Schwarzmann V. riparia x V. rupestris 

SO4  V. Berlandieri cv. Resseguier nr. 2 x V. riparia cv. Gloire de Montpellier 

 

The physiological activity reported in well-watered conditions (80% SWC) was maintained at 50% 

SWC and decreased at 20% SWC. The water condition showing the most significant differences (20% SWC) 

was used to investigate the behavior of each grapevine rootstock under water deficit conditions, in terms 

of photosynthetic activity and intrinsic water use efficiency (iWUE) (Figure 1). The V. Berlandieri x V. 
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rupestris hybrids (1103P, 110R and 140Ru rootstocks), 41B, M4 and M3 rootstocks carried out high 

photosynthetic activity under both water conditions, exceeding average levels. The V. riparia x V. 

Berlandieri hybrids (161-49C, 420A, K5BB) showed Pn values lower than average values at both water 

availabilities. The M1 rootstock showed similar Pn values at both conditions, exceeding the average value 

at 20% SWC (Figure 1a). Differences between genotypes also occurred when iWUE, calculated as the ratio 

between Pn and stomatal conductance values, was taken into account: 110R, 140Ru and M1 rootstocks 

maintained high efficiency when SWC decreased; iWUE values of the 161-49C reduced at 20% SWC; the 

41B, K5BB and SO4 rootstocks reported iWUE values under average levels at 80% SWC maintaining the 

same efficiency at 20% ; 1103P, M3 and M4 rootstocks increased their efficiency under the water-stressed 

condition (Figure 1b). 

 

Figure 1. Comparison of performances in 12 own-rooted grapevine rootstocks under both well-watered 
(80% SWC; soil water content) and water-stressed (20% SWC) in terms of net photosynthesis (Pn) (a) and 
intrinsic water use efficiency (iWUE) (b). Colors were attributed according to the breeding materials (Table 
1). M-rootstock pedigree: M1 – K5BB x Teleki 5C; M3 – K5BB x Teleki 5C; M4 – unknown x 1103P. Lines 
are set to the mean values of Pn (a) and iWUE (b) for each water condition. Lines 1:1 are reported in cyan 

 

To investigate rootstock WUE in depth, Pn was analyzed as function of Gs under the water-

stressed condition (20% SWC). Clear differences emerged in the behaviour of 12 genotypes, resulting in 

three different groups (Figure 2): i) Group A, genotypes reporting Gs values lower than the water-stressed 
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threshold (50 mmol H2O m-2 s-1, based on Cifre et al (2005)) and Pn values higher than the general average 

value (2.5 µmol CO2 m-2 s-1) (1103P, 110R, M1, M3 and M4 rootstocks); ii) Group B, genotypes reporting 

Gs values lower than the water-stressed threshold and Pn values lower than the general average value 

(161-49C, 420A, K5BB, Schwarzmann, and SO4 rootstocks); iii) Group C, genotypes reporting Gs values 

higher than the water-stressed threshold and Pn values higher than the general average value (140Ru and 

41B rootstocks).  

 

Figure 2. Stomatal conductance (Gs) as function of net photosynthesis (Pn) in 12 own-rooted grapevine 
rootstocks at and 20% SWC (soil water content). Colors were attributed according to the breeding 
materials (Table 1). M-rootstock pedigree: M1 – K5BB x Teleki 5C; M3 – K5BB x Teleki 5C; M4 – unknown 
x 1103P. Thresholds for group identification were set to 50 mmol H2O m-2 s-1 (Cifre et al., 2005) for Gs and 
to average for Pn at 20% SWC. The dotted line shows the average Gs value at 20% SWC 

 

The three rootstock groups (A, B and C) were compared in term of ΨS at the decreasing levels of 

SWC (80, 50 and 20%). Stem water potential settled at -0.4 MPa at 80 and 50% SWC without showing 

significant differences among groups. At 20% SWC, Group A and C rootstocks decreased ΨS value, whereas 
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Group B rootstocks maintained higher ΨS values, without a significant reduction of ΨS values with respect 

to 50% SWC. At 20% SWC, Group A rootstocks reported ΨS values lower than Group B rootstocks (Figure 

3a). Moreover, the ΨS was analyzed as function of stomatal conductance and differences among groups 

were identified as well (Figure 3b): Group A rootstocks showed, mainly, Gs and ΨS levels below stress 

threshold (50 mmol H2O m-2 s-1, based on Cifre et al (2005)) and average value, respectively; Group B 

rootstocks showed Gs values below threshold and, mainly, ΨS values above the average value (except for 

K5BB rootstocks); Group C rootstocks showed Gs values exceeding stress threshold, whereas ΨS value was 

higher than the average for 140Ru rootstock and lower than the average for 41B rootstock.  

 

Figure 3. Stem water potential (ΨS) as function of decreasing soil water content (SWC) (a) and stomatal 
conductance (b). Groups are defined in Figure 2, according to the gas exchange values. Group A: 1103P, 
110R, M1, M3 and M4 rootstocks; Group B: 161-49C, 420A, K5BB, Schwarzmann and SO4 rootstocks; 
Group C: 140Ru and 41B rootstocks. Letters show the statistical differences defined according to Tukey 
post-hoc test at p-value 0.05. In plot b, thresholds were set to 50 mmol H2O m-2 s-1 (Cifre et al., 2005) for 
Gs and to average for ΨS at 20% SWC 

 

At 20% SWC, groups were compared for all physiological parameters and results are summarized 

in Table 2. Group B rootstocks significantly differed from Group A and C rootstocks for Pn and ΨS values, 

while Group C rootstocks significantly differed from Group A and B rootstocks for Gs and E values. 

Table 2. Average value and standard deviation of physiological parameters for grapevine rootstock 
genotypes of group A (1103P, 110R, M1, M3 and M4), group B (161-49C, 420A, K5BB, Schwarzmann and 
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SO4) and group C (140Ru and 41B) at 20% SWC (soil water content). Groups are defined in Figure 2, 
according to the intrinsic water use efficiency. Pn = net photosynthesis (μmol CO2 m-2s-1); Gs = stomatal 
conductance (mmol H2O m-2 s-1); E = transpiration (mmol H2O m-2s-1); ΨS = stem water potential (MPa). 
Statistical differences among groups for each parameter are defined according to Tukey post-hoc test at 
p-value 0.05 

Parameter Group A Group B Group C 

Pn  2.93 ± 0.66 a 1.47 ± 1.15 b 3.68 ± 1.62 a 

Gs  35.80 ± 13.40 a 28.26 ± 16.16 a 67.25 ± 36.23 b 

E  0.77 ± 0.26 a 0.66 ± 0.36 a 1.38 ± 0.67 b 

ΨS  -0.76 ± 0.13 a -0.59 ± 0.14 b -0.66 ± 0.14 ab 

 

2.2.  The transcriptional response of grapevine rootstocks to drought 

Based on the physiological behavior presented in Figure 2, the gene expression values (VvNCED1, 

VvNCED2, VvZEP in roots and VvPP2C4, VvSnRK2.6, VvABF2 in leaves) were compared among the three 

groups (A, B and C) by discriminant analysis (Figure 4). At 50% SWC, the three groups showed a different 

transcriptional behavior: Group A and C rootstocks were discriminated along the first function (p = 0.000), 

while Group A and B rootstocks were discriminated along both the first (p = 0.034) and the second (p = 

0.000) functions (Figure 4a). Functions 1 and 2 accounted for 81.0% and 19.0% of total variability, 

respectively. The most discriminating variables among the groups were VvABF2 gene for function 1 and 

VvNCED1 and VvNCED2 genes for function 2. Function 1 was significantly correlated to VvABF2 (0.350) 

and VvNCED2 (-0.105) gene expression values and function 2 to VvZEP (-0.346), VvNCED1 (-0.644), 

VvSnRK2.6 (0.443) and VvPP2C4 (0.314) gene expression values. At 20% SWC, Group A and C rootstocks 

showed a similar behavior for the first function (0.881), different from the one shown by Group B 

rootstocks. Group B rootstocks were discriminated along the first function from Group A (p = 0.000) and 

C (p = 0.000) rootstocks (Figure 4b). The second function discriminated Groups A and C (0.021). Functions 
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1 and 2 accounted for 88.6% and 11.4% of total variability, respectively. The most discriminating variables 

among groups were VvNCED1 and VvNCED2 genes for function 1 and VvSnRK2.6 and VvZEP genes for 

function 2. Function 1 reported significant and positive correlations to VvPP2C4 (0.394) and VvABF (0.234) 

gene expression values, whereas function 2 reported significant and positive correlations to VvZEP 

(0.801), VvNCED1 (0.872), VvNCED2 (0.499) and VvSnRK2.6 (0.156) gene expression values.  

 

Figure 4. Discriminant analysis of transcript (VvZEP, VvNCED1, VvNCED2, VvPP2C4, VvSnRK2.6 and VvABF2 
genes) abundance data detected for 12 own-rooted grapevine rootstocks grown under limited water 
conditions. a: data collected at 50% SWC (soil water content). b: data collected at 20% SWC. The 
genotypes are classified in three groups (A, B and C), as defined in Figure 2, according to the intrinsic water 
use efficiency. Group A: 1103P, 110R, M1, M3 and M4 rootstocks; Group B: 161-49C, 420A, K5BB, 
Schwarzmann and SO4 rootstocks; Group C: 140Ru and 41B rootstocks 

 

In Figure 5, the trend of gene expression for each gene and each group is shown. The VvZEP gene 

showed a significant increment of transcripts only for Group C rootstocks (Figure 5a). For VvNCED1 gene, 

the gene expression levels increased significantly at 50% SWC and reached the highest value at 20% SWC 

for Group A rootstocks (Figure 5b). For VvPP2C4, VvSnK2.6 and VvABF2 genes, Group B rootstocks showed 

a significant increment of transcripts at 20% SWC (Figure 5d-f).  
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Figure 5. Graphical representation of gene expression data of six genes related to the ABA metabolism in 
roots (a-c: VvZEP, VvNCED1 and VvNCED2) and leaves (d-f: VvPP2C4, VvSnRK2.6 and VvABF2) of 12 own-
rooted grapevine rootstocks grown under limited water conditions (from 80 to 20% of soil water content, 
SWC). The genotypes are classified in three groups (A, B and C), as defined in Figure 2, according to the 
intrinsic water use efficiency. Average values and standard error are shown. Statistical differences are 
defined according to Tukey post-hoc test at p-value 0.05. Group A: 1103P, 110R, M1, M3 and M4; Group 
B: 161-49C, 420A, K5BB, Schwarzmann and SO4; Group C: 140Ru and 41B 

 

In figure 6, gas exchange (Pn, Gs, E) detected at 20% SWC reported a significant negative 

correlation to the expression of the gene VvNCED1 obtained at 20% and 50% SWC. Transpiration and 

stomatal conductance also reported a negative correlation to VvZEP at 50% SWC. Vpd at 20% SWC 

correlated to VvNCED1 and VvZEP expressed at 50% SWC and to VvNCED1 expressed at 20% SWC. Ψs 

detected at 20% SWC reported a positive correlation to VvZEP at 80% SWC, whereas a negative correlation 

to VvPP2C4 and VvSnRK2.6 at both 80% and 50% SWC.  
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Figure 6. Heatmap of correlation matrix (Pearson Index) among physiological (E, Gs, Pn and ΨS) and 
transcriptional (VvZEP, VvNCED1, VvNCED2, VvPP2C4, VvSnRK2.6 and VvABF2 genes) data detected for 12 
own-rooted grapevine rootstocks grown under limited water conditions (from 80 to 20% of soil water 
content). E: Transpiration; Gs: Stomatal conductance; Pn: Photosynthetic activity; ΨS: Stem water 
potential. Statistically significant differences are reported at 0.05 (*) and 0.01 (**) levels 

 

3. Discussion 

3.1.  Water-limiting conditions for grapevine rootstocks 

Grapevine can easily face conditions of mild water stress without their physiological activity being 

affected, allowing these plants to grow in many marginal areas, usually characterized by limited soil water 

availability. Roots are the major interface between plants and soil and the first organ to perceive water 

availability. They are involved in activating key steps for triggering a drought reaction to water stress: 

signal perception, signal transduction to shoot and leaves and water stress-inducible gene expression 

(Lovisolo et al., 2016). Therefore, rootstocks play an essential role in the water stress response in 
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grapevines. In this study, the short-term response to drought of three new-generation (M1, M3 and M4) 

and nine commercial rootstocks was evaluated. At the physiological level, soil water capacity at 50% was 

not a limiting condition for M-rootstocks and the nine commercial rootstocks analyzed, with no 

statistically significant changes occurring in terms of Pn, Gs, E and ΨS in comparison with the well-watered 

condition (80% SWC). Photosynthetic activity reached by all plants under well-watered conditions was 

lower than regular field activity due to the adaptation of leaves to moderate light [∼PPFD of 600 μmol of 

photons/(m2 s)], with values between high and low light conditions obtained by Schubert et al (1996) 

under field conditions.  

3.2.  The effect of water stress on grapevine rootstock genotypes 

Under water deficit conditions (20% SWC), the V. Berlandieri x V. rupestris hybrids (140Ru, 1103P and 

110R) and the M-rootstocks and 41B rootstocks maintained high photosynthetic activity in comparison 

with the V. riparia x V. Berlandieri hybrids and Schwarzmann rootstocks (Figure 1a). Besides 

photosynthesis, M-rootstocks and V. Berlandieri x V. rupestris hybrids were more efficient in the use of 

water under limited conditions, reporting higher iWUE values than V. riparia x V. Berlandieri hybrids and 

41B rootstocks (Figure 1b). On reducing the water availability, M3 and M4 rootstocks and most of the 

commercial rootstocks closed stomata, showing significant differences in Gs values compared to the well-

watered condition. M4 and other rootstocks (110R, 161-49C, and SO4) significantly reduced both Gs and 

Pn values in response to water-stressed conditions (Figure 1). These genotypes are considered “plastic”, 

due to their ability to modify their performances under different environmental conditions (Bianchi et al., 

2018; Silvia Dal Santo et al., 2018; Pinto et al., 2016). However, M1 and 140Ru showed an “elastic” 

behavior, as they maintain unchanged Pn and iWUE levels under both well-watered and water-stressed 

conditions. 
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The genetic background of M-rootstocks and nine commercial grapevine rootstocks became 

discernible in their performances under water-deficit conditions (Figure 1, Figure 2). In agreement with 

the literature (Carbonneau, 1985; Lovisolo et al., 2016; Serra et al., 2014), the V. riparia x V. Berlandieri 

hybrids (161-49C, 420A, K5BB and SO4 rootstocks) showed lower tolerance to water stress than V. 

Berlandieri x V. rupestris hybrids (1103P, 110R and 140Ru rootstocks), with lower Pn values. In Padgett-

Johnson et al (2003), V. rupestris showed higher drought tolerance than V. riparia and V. Berlandieri. 

Schwarzmann (V. riparia x V. rupestris) showed a performance similar to V. riparia x V. Berlandieri hybrids, 

whereas 41B rootstock (V. Berlandieri x V. vinifera), typically classified as a tolerant genotype, showed a 

behaviour similar to V. Berlandieri x V. rupestris hybrids.  

In our study, the performances of M-rootstocks (M1, M3 and M4), characterized by different 

genetic backgrounds, were similar to that shown by the V. Berlandieri x V. rupestris hybrids 1103P and 

110R. M4 (unknown x 1103 P) and 1103P rootstocks, both considered highly tolerant to water stress 

(Corso et al., 2015; Lovisolo et al., 2016; Meggio et al., 2014), showed similar performances (Figure 2).  

A recent study compared M4 to 1103P in grafting combination with Grechetto Gentile. The two 

combinations maintained similar water potential under water stress, though M4 showed higher 

photosynthesis and water use efficiency (Frioni et al., 2020). Galbignani et al (2016) found higher Pn values 

and higher instantaneous WUE values in Sangiovese grafted on M4 than grafted on SO4 under moderate 

water-stressed conditions.  

Vitis species possess the ability to show different strategic behaviors in response to drought 

(Padgett-Johnson et al., 2003). In this study, three different strategies based on gas exchange and iWUE 

were identified in response to severe water-deficit conditions: i) M-rootstocks (M1, M3 and M4), 1103P 

and 110R rootstocks showed high Pn at limiting Gs values (Group A); ii) Schwarzmann rootstock and V. 

riparia x V. Berlandieri hybrids showed low Pn values at low Gs values (Group B); iii) 140Ru and 41B 

rootstocks showed high Pn values without reduction of Gs values (Group C) (Figure 2). The three groups 
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reported differences in stem water potential under low SWC (Figure 3a), as well as in the expression of 

genes related to ABA biosynthesis and signaling (Figure 4). 

3.3.  Delineation of group strategies to face drought 

Based on physiological performance under water-limiting conditions, the rootstocks were classified into 

three groups (A, B and C) (Figure 2). The same three clusters were clearly discriminated according to the 

expression of six genes related to the ABA pathway at both mild (50% SWC) and limiting (20% SWC) water-

stressed conditions (Figure 4). ABA mediates many physiological responses of plants to drought: 

avoidance, as well as tolerance responses. It is synthesized in both roots and leaves (De Smet and Zhang, 

2013). In both organs, its levels increase upon exposure to drought and they are accompanied by major 

changes in gene expression and physiological responses, such as stomatal closure (Tombesi et al., 2015). 

Differences among groups in physiological activity were only detected under water-limiting conditions 

(20% SWC), nevertheless the three groups were clearly discriminated at mildly water level (50% SWC) 

according to their gene expression (Figure 4). At 20% SWC, the discriminant function 1 correlated with 

VvPP2C4 and VvABF2 gene expression in leaves, involved in the ABA signal transduction (Boneh et al., 

2012; Chan, 2012; Rattanakon et al., 2016). The discriminant function 2 was mainly correlated with VvZEP, 

VvNCED1 and VvNCED2 gene expression in roots, involved in ABA biosynthesis (Rattanakon et al., 2016; 

Rossdeutsch et al., 2016). 

Vines can use several strategies for drought adaptation, including avoidance, tolerance and 

resistance (Delzon, 2015; Ollat et al., 2018). The expression of genes related to the ABA biosynthetic 

pathway helped to investigate the strategies adopted by groups to deal with the water deficiency. Group 

A rootstocks (M1, M3, M4, 1103P and 110R) experienced the stress at 20% SWC (Figure 2), increasing the 

transcripts of genes related to ABA biosynthesis, especially VvNCED1 and VvNCED2 (Figure 5b-c). 

However, they showed low expression of genes linked to ABA signal transduction, reporting negative 
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values of discriminant function 1 (Figure 4b). The evidence that genes related to ABA signal transduction 

(VvPP2C4, VvSnRK2.6, VvABF2) showed low levels of gene expression at low Gs levels allows us to suppose 

that the stomatal closure in response to ABA rise might be associated with a different mechanism. An 

alternative way to achieve a fast increment in ABA content is via hydrolysis of the ABA-glucosyl ester (ABA-

GE), an inactive glucose-conjugated form of ABA (Rattanakon et al., 2016). Nevertheless, Group A 

rootstocks reduced the stomatal conductance, despite which they retained high Pn activity, proving high 

water use efficiency (Figure 2, Figure 1b). Photosynthetic activity and stomatal closure involved reductions 

of both sub-stomatal CO2 concentration (Ci) and vapor pressure deficit (Vpd). This performance could be 

ensured by an efficient ROS detoxification system, for which gene expression was noticed for M4 

rootstock under water-stressed conditions by Corso et al (2015) (Figure 3). The rootstocks clustered in 

Group A, including the M-rootstocks (M1, M3 and M4), adopted a tolerant strategy (Delzon, 2015), 

preserving their physiological activity under water stress. 

Rootstocks belonging to Group B (161-49C, 420A, K5BB, Schwarzmann and SO4) also reduced the 

physiological activity at 20% SWC (Figure 1b). Among genes related to ABA biosynthesis, they mainly 

increased transcripts of VvAPF2, VvNCED2 and VvPP2C4 genes (Figure 5c-d). According to the literature, 

the enhanced activity of VvPP2C genes during drought stress suggests that its primary role is in regulating 

ABA response (Boneh et al., 2012; Chan, 2012; Haider et al., 2017). As reported by Boneh et al (2012) and 

Rattanakon et al (2016), transcripts of PP2C genes increase to slow down the activation of the ABA 

signaling pathway that occurs from a rapid rise of the hormone itself. For Group B rootstocks, stomatal 

conductance decreased, as well as photosynthetic activity, showing low efficiency in water use (Figure 2, 

Figure 1b). For this group, low stomatal conductance seemed to buffer the drop of ΨS values at decreasing 

SWC levels (Figure 3a-b) (Figure 6). The strategy adopted by Group B genotypes under water-stressed 

conditions can be defined as avoidance (Delzon, 2015), preserving ΨS by reducing the physiological activity 
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through stomatal closure. The high water potential indicated that they could be adopted in long-term 

drought conditions. 

Unlike other rootstocks, Group C rootstocks (140Ru and 41B) maintained the stomatal 

conductance under 20% SWC, allowing leaves to continue high photosynthetic activity (Figure 2), 

regardless of ΨS (Figure 3b). The physiological activity performed at 20% SWC could be related to the 

adaptation of genotype architecture to drought conditions, such as the vessel size (Bianchi et al., 2018; 

Lovisolo et al., 2018; Tyree and Ewers, 1991) (Figure 6). However, the expression of genes linked to ABA 

biosynthesis, especially VvZEP, rose at 50% SWC before decreasing at lower water availability (Figure 5a). 

Group C rootstocks showed a resistant strategy to water stress under water-limited conditions. 

4. Material and Methods 

4.1.  Plant materials and growth conditions 

The experiment was conducted in June 2017, under environmentally controlled conditions in a 

greenhouse at DiSAA (University of Milan). The greenhouse was equipped with supplementary light and 

a cooling system, with a 16-hr light [∼PPFD of 600 μmol of photons/(m2 s)] and 8 hr dark photoperiod and 

a range of temperatures from 23 to 28°C. A total of twelve grapevine rootstocks were analyzed: the 

worldwide used 1103P, 110R, 114Ru, 161-49C, 41B, 420A, K5BB, Schwarzmann, SO4 and the newly 

released M1, M3, M4. Nine biological repetitions per genotype were monitored. Two years old cuttings 

were used. The vines were grown in 4-L plastic pots, trained on 1 m stakes and placed in a randomized 

complete block design. The growth substrate was composed of 70% sand and 30% peat, supplemented 

with a layer of expanded clay aggregate on the bottom of the pot to avoid water flooding. During the 

phenological phase of budding, the plants were maintained in well-watered conditions in order to develop 

a well-expanded canopy.  
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4.2.  Irrigation management and treatments 

Three treatments were performed: 80, 50 and 20% SWC (soil water content). Three plants were collected 

per treatments, considered as biological replications. The SWC was calculated using the gravimetric 

method, according to the formula suggested by Gardner et al (2001): 

𝑆𝑊𝐶 =
(fresh weight −  dry weight)

dry weight
 100 (1) 

where fresh weight refers to the soil weight at field capacity and dry weight to the soil dried in an oven at 

105°C for 48 hours. Each pot containing one plant was weighed daily for a period of 10 days. When SWC 

reached the values of 80, 50 and 20%, plants were selected for measurement of physiological parameters 

and gene expression analysis.  

4.3.  Plant phenotyping 

At each measurement time (80, 50 and 20% SWC), gas exchange parameters and stem water potential 

(ΨS) were evaluated on three different plants (replications) per each rootstock. Both measurements were 

carried out between 11:00 am and 2:00 pm solar time. Two fully expanded leaves (8th and 9th leaf) per 

plant were selected to measure gas exchange indicators: photosynthetic activity (Pn; μmol CO2 m-2s-1), 

stomatal conductance (Gs; mmol H2O m-2 s-1) and transpiration (E; mmol H2O m-2s-1). Gas exchange was 

measured with a leaf portable photosynthesis system (CIRAS-2, PP Systems, Amesbury, MA, USA) 

equipped with PLC6 (U) cuvette 18 mm circular (2.5 cm2 head plate), under constant saturating PPFD of 

1500 µmol photons m-2s-1, CO2 concentration of 300 μmol mol-1, block temperature of 25°C and relative 

humidity between 60% and 70% allowing ~1.5 kPa of VPD inside the leaf chamber. Intrinsic water use 

efficiency (iWUE) was calculated as Pn/Gs ratio and expressed as μmol CO2 mol-1 H2O. As suggested by 

Scholander et al (1965), ΨS (MPa) was calculated using the Scholander-pressure chamber (Soil Moisture 

Equipment Corporation, Santa Barbara, CA, USA). The same leaves used to evaluate gas exchange were 
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placed in a plastic bag wrapped with an aluminum foil for 1 hr. Subsequently, they were excised with a 

razor blade and put in the Scholander chamber for the analysis. The ΨS value was recorded within 30 sec 

from the cutting of the leaf by slowly pressurizing the chamber until sap came out from the cut end of the 

petiole.  

4.4.  Gene expression analysis 

After the in vivo measurements of physiological parameters at 80, 50 and 20% SWC, the whole root system 

and fully expanded leaves (i.e. from the fifth to the eighth node of primary shoot) of the same plants per 

each rootstock were immediately sampled, frozen in liquid nitrogen and stored at −80°C until RNA 

extraction. The total RNA was extracted from 100 mg of liquid nitrogen-ground tissue with Spectrum™ 

Plant Total RNA (Sigma-Aldrich, Germany) commercial kit, according to the manufacturer’s instructions. 

To evaluate RNA quality, 260/230 and 260/280 ratios were checked via NanoDrop Spectrophotometer 

(Thermo Scientific, MA, USA). For those samples showing a 260/230 absorbance ratio lower than 1.8, a 

lithium-chloride treatment was carried out (as reported in De Lorenzis et al., 2016). RNA integrity was 

checked by electrophoresis on 1.5% agarose gel. RNA quantification was performed using Qubit® RNA HS 

Assay Kit by Qubit® 3.0 Fluorometer (Life Technologies, CA, USA). Total RNA (200 ng) was used to 

synthetize cDNA using 200 U of SuperScript® III Reverse Transcriptase (Thermo Fisher) and 50 µM 

oligo(dT)20 primers in accordance with the manufacturer’s instructions. Six genes (Table 3) involved in the 

response to drought were evaluated via real-time RT-PCR. VvZEP, VvNCED1 and VVNCED2 genes were 

evaluated in roots and VvPP2C4, VVSnRK2.6 and VvABF2 genes were evaluated in leaves, based on 

previous evidence reporting that genes related to ABA biosynthesis are mainly associated with ABA 

increases in water-stressed roots (Rossdeutsch et al., 2016; Speirs et al., 2013), while genes related to the 

ABA signal transduction better discriminate the genotypes at leaf level (Rossdeutsch et al., 2016). 

Ubiquitin (UBI; Fujita et al., 2007) and actin (ACT; Reid et al., 2006) were used as reference genes. RT-PCR 
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was carried out in a 7300 Real Time PCR System (Applied Biosystems, CA, USA). For each reaction (20 µL), 

200 nM of each primer, 2 µL of cDNA (1:100 dilution of the synthesis reaction), 1X SYBR Green Real-Time 

PCR Master Mix (Thermo Fisher) and water up to 20 µL were added. Thermal cycling was pre-incubation 

at 95°C for 3 min, followed by 40 cycles of 94°C for 15 sec, 58°C for 20 sec and 72°C for 30 sec. For detecting 

non-specific amplifications in cDNA samples, a melting cycle with temperature ranging from 65 to 95°C 

was performed. Each real-time RT-PCR reaction was completed in triplicate. After testing the suitability of 

ubiquitin and actin as reference genes, ubiquitin was selected to normalize the Ct (cycle threshold) values 

of all analysed samples, due to a PCR efficiency value more similar to the ones observed for target genes 

(ranging from 93 to 97%). The expression of each gene in different genotypes and water conditions was 

calculated by comparing their 2-ΔΔCt values (Livak and Schmittgen, 2001). 

Table 3. List of genes evaluated via real-time RT-PCR in roots and leaves of 12 own-rooted grapevine 
rootstocks grown under water deprivation 

Genes Primer sequence (5’→ 3’)  Reference Tissue 

VvZEP 
F: GGTAAGAAGGAAAGGTTGC 

R: CAATAGGAGTCCCTGATTTGATGC 
(Hayes et al., 2010) 

roots VvNCED1 
F: TGCAGAGGACGAGAGTGTAA 

R: AGCTACACCAAAAGCTACGA 
(Hayes et al., 2010) 

VvNCED2 
F: ATGCTCAAACCGCCTCTGAT 

R: TCCCAAGCATTCCAGAGGTG 
(Lund et al., 2008) 

VvPP2C4 
F: TGGGCTTTGGGATGTTATGT 

R: TGTGCAGGAGTCTCATCAGC 
(Boneh et al., 2012) 

leaves VvSnRK2.6 
F: CACCAACCCACCTTGCTATT 

R: AAACGTGCCTCATCCTCACT 
(Boneh et al., 2012) 

VvABF2 
F: GGCACCCAGGCTAGTTAA 

R: GCAGAGTACACGCTAGATTG 
(Rossdeutsch et al., 2016) 
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4.5.  Statistical analysis  

Data were analyzed using Microsoft Office Excel and SPSS statistical software (IBM SPSS Statistics 24). A 

univariate ANOVA model was performed on phenotypical parameters (Pn, Gs, E and ΨS) at p ≤ 0.05 after 

checking for the assumption of normality and homogeneity of variance. Post-hoc comparisons were 

performed on phenotypical parameters (Pn, Gs, E and ΨS) with Tukey test at p ≤ 0.05. Gene expression 

data were used to perform a discriminant analysis, using the values as independent variables and with 

equal prior probabilities. Groups were identified by bi-plot of Pn and Gs using the available water-stressed 

threshold for Gs (50 mmol H2O m-2 s-1, based on Cifre et al (2005)) and the mean value for Pn. Differences 

among groups in terms of discriminant function scores and gene expression were detected by a univariate 

ANOVA model and a Tukey post-hoc test at p ≤0.05. Correlation among phenotypical parameters and gene 

expression was determined by Pearson’s index at p = 0.05 (*) and p = 0.01 (**) and viewed as heatmap. 

5. Conclusions 

In this study, the new M-rootstocks showed a response to water-stressed conditions similar to that of the 

1103P and 110R rootstocks, two commercial genotypes typically classified as being highly tolerant. They 

adopted a tolerant strategy, increasing the transcripts of genes related to ABA biosynthesis, especially 

VvNCED1 and VvNCED2, maintaining high water use efficiency under water-stressed conditions and 

preserving physiological activity even with low levels of stomatal conductance. Further studies will be 

necessary to confirm the performance of M-rootstocks under water stress in field conditions, evaluating 

rootstock/scion interactions. Nevertheless, a few new grapevine rootstock genotypes are not enough to 

face the challenges that modern viticulture will have to cope with in the future, therefore, new breeding 

programs should be planned. 
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THE NEW GRAPEVINE ROOTSTOCK M4 IMPROVES WATER USE EFFICIENCY OF PINOT BLANC UNDER 

SEVERE WATER STRESS 

Abstract 

Rootstocks were introduced in viticulture to obtain resistance to a specific biotic stress, but nowadays 

they represent a promising adaptation strategy to face climate change. A new grapevine rootstock series 

was recently selected for tolerance to abiotic stresses, such as limestone, nutrient deficit, salt and 

drought. In particular, tolerance to water deficit was shown by rootstock M4 in both grafted and un-

grafted conditions. The aim of this study was to investigate the response of Pinot Blanc grafted onto M4 

under progressive water stress, in comparison to the traditional tolerant rootstock 1103P. Water status 

of the two grafting combination was assessed as predawn water potential, and gas exchange were 

monitored at midday under the different water stress levels. The two rootstocks showed a similar 

behavior at mild to moderate water stress. Under sever water stress, M4 maintained higher water 

potential, transpiration, photosynthetic rate and water use efficiency than 1103P. Chlorophyll 

fluorescence confirmed that M4 was able to preserve the activity of the photosynthetic apparatus under 

sever water deficit. In line with previous studies, these results suggested that rootstock M4 can be use 

with different grafting combinations under arid and semi-arid conditions to face drought. 

1. Introduction 

In the next years, many areas under vines across the world are expected to experience drought events 

due to climate change. Innovation in viticulture is required to face drought, in terms of new agricultural 

techniques and new genetic material (Van Leeuwen et al., 2019). Genetic improvement of scion varieties 

is considered a long-term adaptation strategy, because it inevitably changes the characteristics of the final 

product, whereas genetic improvement of rootstocks allows medium-term adaptation to drought (Quénol 

et al., 2014). Thus, current challenges of viticulture renewed the interest in rootstock selection and some 
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new genotypes has been recently released. In a recent breeding program where Vitis Berlandieri was used 

as recurrent genotype, four rootstocks (M1, M2, M3, M4) were selected for their tolerance to abiotic 

stresses. The tolerance to water deficit of rootstocks M1, M3 and M4 was tested under controlled 

condition, in comparison with 9 commercial rootstocks with various genetic background: the hybrids Vitis 

riparia x Vitis Berlandieri (K5BB, SO4, 420A, 161-49C); Vitis riparia x Vitis rupestris (Schwarzmann); Vitis 

Berlandieri x Vitis rupestris (1103P, 110R, 140Ru) and Vitis Berlandieri x Vitis vinifera (41B). Under limiting 

water deficit, the three M-rootstocks showed similar water use efficiency (WUE) to rootstocks 1103P and 

110R, considered tolerant to drought (Bianchi et al., 2020). In further studies under controlled conditions, 

rootstock M4 reported higher tolerance to drought than rootstock 101.14, maintaining the 

photosynthetic activity under sever water deficit (Corso et al., 2015; Meggio et al., 2014). Both 

transcriptomic and metabolomic approaches suggested that drought tolerance of M4 could be related to 

efficient detoxification of ROS (Corso et al., 2015; Lucini et al., 2020). The performance of M4 under water 

deficit was also tested in grafting combination with Sangiovese, in comparison to rootstock SO4.  Results 

showed that M4 retained higher transpiration and photosynthetic rates under moderate water deficit, 

and higher WUE than SO4 under sever water stress (Galbignani et al., 2016). In a recent study, M4 was 

also compared to the tolerant rootstock 1103P, in grafting combination with Grechetto Gentile. In the 

study, the two rootstocks reported similar leaf water status, but M4 showed a lower reduction of 

photosyntesis under water deficit and higher WUE than 1103P (Frioni et al., 2020). The aim of this study 

was to confirm the drought tolerance of rootstock M4 in grafting combination with Pinot Blanc, in 

comparison to the tolerant rootstock 1103P under long-term progressive water deficit. 

2. Material and methods  

2.1  Experimental design 



55 

 

The experiment was set up under semi-controlled conditions in 2020, from May (DOY 153) to July (DOY 

227). A total of 22 five years old plants of Vitis vinifera cv Pinot Blanc were tested in two different grafting 

combinations, with rootstocks 1103P and M4 (11 biological repetitions per rootstock). Vines were grown 

in 60 L plastic pots and the substrate was composed of 70% sand and 30% peat, supplemented with a 

layer of expanded clay aggregate on the bottom of the pot to reduce water flooding. The training system 

was Guyot. During the phenological phase of budding, vines were maintained in well-watered conditions 

in order to develop a well-expanded canopy. Soil was maintained at field capacity level till the beginning 

of the experiment, after that the irrigation was interrupted for the whole period to achieve a progressive 

water deficit. To avoid water infiltration by rainfall, the tested pots were covered using a plastic film during 

the whole experimental period. Physiological analysis of each vine was performed in 7 days across the 

experiment (DOY 153 – 174 – 181 – 190 – 202 – 213 – 227). 

2.2.  Physiological analysis 

The analysis of water potential wwas performed in predawn (Ψpd), from 3 am to 5:30 am, using a 

Scholander pressure chamber (Scholander et al., 1965), produced by PMS Instrument Company, Corvallis, 

Oregon (USA). For the analysis of Ψpd, one median leaf per plant of about 30 days old was chosen from a 

primary shoot at each experimental day. Gas exchange was measured in one sunny leaf per each biological 

repetition using a leaf portable photosynthesis system (CIRAS-3, PP Systems, Amesbury, MA, USA) 

equipped with PLC6 (U) cuvette 18 mm circular (2.5 cm2 head plate), under constant saturating PPFD of 

1500 μmol photons m−2 s−1, CO2 concentration of 300 μmol mol−1, block temperature of 25°C and relative 

humidity between 60% and 70% allowing ~1.5 kPa of VPD inside the leaf chamber. Intrinsic water use 

efficiency (iWUE) was determined as the ratio between carbon assimilation (A) and stomatal conductance 

(gs). In correspondence to gas exchange measurements on sunny leaves, chlorophyll fluorescence was 

measured using the CFM-3 Chlorophyll Fluorescence Module connected to CIRAS-3.  
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2.3.  Data analysis 

Data were analyzed using Microsoft Office Excel and SPSS statistical software (IBM SPSS Statistics 24). A 

univariate ANOVA model was performed on physiological parameters (Ψpd, A, gs, E, iWUE, φPSII, Fv’/Fm’ 

and J) at 0.01 < p ≤ 0.05 (*), 0.001 < p ≤ 0.01 (**) and p ≤ 0.001 (***), after checking for the assumption 

of normality and homogeneity of variance.  

3. Results 

The environmental conditions were relatively stable throughout the period when the experiment was 

conducted. From DOY 153 to DOY 181, photosynthetically active radiation (PAR) measured at midday, 

remained quite stable, largely above 1000 µmol m-2 s-1.  Thereafter, on DOY 227 PAR decreased to a 

minimum of about 700 µmol m-2 s-1 (Figure 1 a). Air temperature (T) ranged between 34°C and 37°C, 

except for DOY 213, when temperature increased significantly, recording a maximum of about 39°C 

(Figure 1 b).  

 

 

Figure 1. Trends of environmental conditions during the experimental period. A) Average 
photosynthetically active radiation (PAR). B) Average air temperature (T). C) Average relative humidity 
(RH). DOY = day of the year 
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Average daily relative humidity (RH) ranged between 50% and 60% for the whole experimental 

period, recording a minimum level of 49% on DOY 213. During the experiment, pre-dawn water potential 

(Ψpd) gradually decreased and a similar trend of was reported by the two grafting combinations (Figure 

2). Significant differences between genotypes only occurred on DOY 227, resulting in a higher Ψpd for M4 

(-0,5 MPa) in comparison to 1103P (-0,9 MPa).  

 

 

Figure 2. Trend of predawn water potential (Ψpd) during the experimental period. Significant differences 
between gentypes are considered for 0.01 < p ≤ 0.05 (*), 0.001 < p ≤ 0.01 (**) and p ≤ 0.001 (***). DOY = 
day of the year 

 

The two rootstocks also reported a similar trend in terms of gas exchange. In particular, they 

maintained a performant photosynthetic activity (about 15 µmol CO2 m-2 s-1), stomatal conductance 

(about 200 mmol H2O m-2 s-1) and transpiration (about 5 mmol H2O m-2 s-1) until DOY 202 and gas exchange 

rapidly dropped to minimum levels on DOY 213 and DOY 227 (Figure 3 a, b, c). Significant differences 

between rootstocks occurred at low level of gas exchange (DOY 213 and DOY 227), with higher A, gs and 

E for rootstock M4, whereas gas exchange of rootstock 1103P was close to zero (Figure 3 a, b, c). Under 
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progressive water deficit, 1103P maintained the intrinsic water use efficiency (iWUE) around 80 µmol CO2 

mol−1 H2O until DOY 202, but it was considerably reduced to about 15 µmol CO2 mol−1 H2O in the last two 

days, following a similar trend to gas exchange. On the other hand, M4 was able to maintain stable iWUE 

for the whole experiment, with values around 80 µmol CO2 mol−1 H2O (Figure 3 d).  

 

 

Figure 3. Trends of: A) photosynthetic rate (A); B) stomatal conductance (gs); C) transpiration rate (E); and 
intrinsic water use efficiency (iWUE) during the experimental period. Significant differences between 
genotypes are considered for 0.01 < p ≤ 0.05 (*), 0.001 < p ≤ 0.01 (**) and p ≤ 0.001 (***). DOY = day of 
the year 
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Similarly, M4 performed stable operating efficiency of photosystem II during the experiment, with 

an average value of about 0.50 for φPSII (Figure 4 a) and about 0.65 for Fv’/Fm’ (Figure 4 b). Thylakoid 

electron transport rate (J) was also stable at about 250 μmol e- m-2 s-1 for M4 under progressive water 

deficit (Figure 4 c). As for iWUE, rootstock 1103P maintained similar φPSII, Fv’/Fm’ and J to rootstock M4 

until DOY 202, with slightly lower φPSII and J on DOY 174. In the last two dates, φPSII of 1103P dropped 

to 0.3, Fv’/Fm’ decreased at 0.4 and J reduced to 150 μmol e- m-2 s-1 (Figure 4 a, b, c).  

 

 

Figure 4. Trends of: A) operating efficiency of photosystem II (φPSII); B) operating efficiency of 
photosystem II, far-red (Fv’/Fm’); C) Thylakoid electron transport rate (J) during the experimental period. 
Significant differences between genotypes are considered for 0.01 < p ≤ 0.05 (*), 0.001 < p ≤ 0.01 (**) and 
p ≤ 0.001 (***). DOY = day of the year 

 

4. Discussion 

According to the thresholds defined by Deloire et al. (2004), water stress was absent on DOY 153 (Ψpd < -

2MPa) and became mild from DOY 174 to DOY 190 (-4MPa < Ψpd < -2MPa). Mild to moderate water stress 

occurred on DOY 202 and moderate to severe on DOY 213 and DOY 227. Stomatal conductance below the 

threshold of 50 mmol H2O m-2 s-1 confirmed the severe water stress in the last two experimental days 

(Cifre et al., 2005).  The condition of severe water stress can be attributed to the low water availability 

but also to other limiting environmental conditions, such as the exceptional air temperature of 39°C on 
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DOY 213, matched by low RH, as well as non-saturating PAR on DOY 227. From mild to moderate water 

stress, physiological activity was stable for both grafting combinations, in terms of A, gs and E. At mild 

water stress, iWUE slightly increased from 60 to 80 µmol CO2 mol−1 H2O and it was maintained until 

moderate water deficit. Both rootstocks guaranteed high performance to the scion from mild to moderate 

water stress, whereas under severe conditions significant differences occurred in response to water 

deficit. Reduction of gas exchange was more evident for 1103P than M4, which showed higher levels of 

A, gs and E. Photosynthetic activity of M4 under severe stress level can be explained by the good 

performance of the photosynthetic apparatus, with stable efficiency of PSII and stable electron transport 

rate in thylakoids. These factors allowed M4 to maintain high iWUE for the whole experiment. These 

results confirmed the tolerance to water deficit of rootstock M4, already proven in previous studies under 

different grafting combinations, in comparison to both susceptible (Galbignani et al., 2016; Meggio et al., 

2014) and tolerant rootstocks (Frioni et al., 2020). Thus, M4 seemed to be able to improve drought 

tolerance of different varieties, but the physiological mechanism of response was not fully described. 

Future studies could further investigate the physiological response to water deficit of rootstock M4 in 

different grafting combinations, also considering the effect on the production and quality of grape. 
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PHENOTYPING OF THE “G SERIES” Vitis HYBRIDS: FIRST SCREENING OF THE MINERAL COMPOSITION 

Abstract 

Grapevine rootstocks affect the nutritional status of plants and thus the production and the quality of 

grape. In this study, a screening of mineral level in vine leaves is performed to a series of 35 Vitis hybrids 

for rootstock selection, in two different growing conditions at two sampling times. Mineral levels were 

determined by elemental analyzer (N) and ICP-MS (P; K; Mg; Ca; Na; Fe; Cu; Fe) in leave samples. 

Generally, the effect of growing conditions was predominant, whereas genotype effect and their 

interaction were significant for N, K, Ca, Mg, Na, Mn and Cu. A cluster analysis was used to identify the 

affinity of each genotype to K, Mg and Ca. Furthermore, response of genotypes to the different 

environments was assessed by a plasticity index. An elastic behavior was shown by 14 genotypes. Within 

this group, genotypes G.05, G.21, G.71, G.76 and G.77 reported high potassium level, beside the already 

demonstrated tolerance to water stress. 

1. Introduction 

Mineral deficiencies result in physiological dysfunctions characterized by specific symptoms (Caramanico 

et al., 2017; Rustioni et al., 2018). Besides the vegetative growth, nutritional disequilibrium affects the 

production and the quality of grape. For example, nitrogen may affect the Yeast Assimilable Nitrogen 

(YAN) in the must, involving in microbial instability during fermentation (Bell and Henschke, 2005) and 

potassium excess may increase the must pH, due to the salification of tartaric acid (Brancadoro et al., 

1994; Kodur, 2011). Nutrients are mainly uptaken by the soil, translocated through different plant tissues, 

and stocked in the wood or moved to leaves and berries. Thus, besides the environmental conditions 

(including mineral content in the soil, water availability, and, in general, climatic and edaphic conditions), 

also agronomical practices, affecting plant physiology, influence the nutritional status of vines. In this 

framework, one of the major effect could be ascribed to the cultivated genotypes of varieties and 
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rootstocks (Fisarakis et al., 2004; Ibacache and Sierra, 2009; Tomasi et al., 2015). The effect of rootstocks 

on the nutritional status can be explained by different attitude of each genotype in terms of nutrient 

uptake, translocation in the shoot and assimilation (Ozdemir et al., 2011). Both root density and 

distribution are affected by rootstocks (Swanepoel and Southey, 1989) and the differences in the root 

morphology between genotypes may produce differential nutrient uptakes (Williams and Smith, 1991). 

Mineral translocation can also be affected by rootstock genotype, for example, by the synthesis of 

different levels of cytokinins (Skene and Antcliff, 1972).  

Nutritional status of genotypes can be largely affected by the environmental conditions, and, thus, 

the stability of the performances of a rootstock acquire a major importance. Genotypes called ‘plastic’, 

respond to each environment strongly modifying their phenotype, while genotypes called ‘elastic’ 

maintain similar characteristics in different environments. Recently, different studies were focused on this 

property (Bianchi et al., 2018; Dal Santo et al., 2018; Pinto et al., 2016; Rustioni et al., n.d.). Rootstock 

selection should consider the plasticity of genotypes besides their average performance, in order to find 

elastic genotypes to ensure a good nutritional status under a wide range of environments and plastic 

genotypes able to adapt to critical conditions. Among commercial rootstocks, SO4 (V. Berlandieri × V. 

riparia) and 44-53 M (V. riparia × V. cordifolia × V. rupestris) show high levels of potassium (Brancadoro 

et al., 1994; Wooldridge et al., 2010). During last decades, a new set of rootstock genotypes was obtained 

by Università degli Studi di Milano, through a breeding program. Four of them have been recently 

registered and commercialized with the name of “M” series. Rootstocks M1 and M2 preforms high 

efficiency in K uptake (Brancadoro et al., 2014; Carnevali et al., 2014). Other genotypes of the collection 

(“G” series) have been genetically characterized (Migliaro et al., 2019) and they have been tested by 

Bianchi et al (2018) in terms of water stress tolerance, nevertheless their efficiency in nutrient uptakes is 

still unknown. The aims of the present study are to: i) identify the main synergies and antagonisms in 

nutrient uptakes among several Vitis spp hybrids; ii) evaluate the relative effect of sampling time, growing 
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condition, genotypes and their interactions on the total variability of nutrient levels in the leaves; iii) 

provide a first screening of the nutritional status of the 35 different genotypes, including their plasticity. 

2. Material and methods 

2.1. Experimental plan 

The study was conducted in 2017. Nutritional status was assessed as the leaf concentration of the 

macronutrients N, P, K, Ca, Mg and the micronutrients Na, Mn, Fe, Cu. Experimental sites, sampling times 

and plant genotypes were considered as variability factors. The experimental sites are Arcagna and 

Riccagioia, characterized by different environmental conditions. Samplings were carried out on July 14th 

(DOY 195) and August 8th (DOY 220). The 35 genotypes belong to the collection of Dipartimento di Scienze 

Agrarie e Ambientali of Università degli Studi di Milano. The breeding material composing the analyzed 

genotypes includes several interspecific hybrids of Vitis species. The analyzed genotypes are reported in 

Table 1 with indicated  the genetic characterization, studied by Migliaro et al (2019), and the relative sex 

of flowers. Genotype M2, belonging to the M series, was used as reference. 

2.2. Characterization of growing conditions 

The two experimental vineyards are located in Lombardy (Italy): Arcagna (45.340276N, 9.449786E, 83m 

a.s.l.) and Riccagioia (44.984783N, 9.089038E, 133m a.s.l.). The distance between the two experimental 

sites is 46km. Six un-grafted vines per genotype were planted in 2014 and 2015 in Riccagioia and Arcagna, 

respectively. In Riccagioia, plants were spaced 2.40m inter-row and 1.10m intra-row, whereas in Arcagna 

the layout was 3.10m inter-row and 2.00m intra-row. In both sites, plants were trained in creeping system 

and spur pruned during winter. Soil characteristics of the two sites are shown in Table 2. According to 

USDA (United States Department of Agriculture), the soil in Riccagioia is classified as sandy clay loam, 

whereas the soil in Arcagna is sandy loam. The organic matter (OM) content is higher in Arcagna, but the 

total cation exchangeable capacity (CEC) is major in Riccagioia. However, due to the different amount of 

https://context.reverso.net/traduzione/inglese-italiano/with+indicated
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precipitations during the vegetative period and the different vineyard management (e.g. plant density), 

plants grown in Arcagna had a sufficient water availability, whereas in Riccagioia vines underwent drought 

stress, as discussed by Bianchi et al (2018) and reported in Table 2. 

2.3. Mineral quantification 

For each genotype, in each growing condition and in both the considered dates, 3 leaves were collected 

in the middle of the shoots, then they were dried and grinded. The amount of 0.3g of each sample was 

mineralized in 10mL of HNO3 (>60%) at 210°C for 20 mins + 20 mins of cooling and filtered on a 0.45 µm 

nylon membrane. Concentration of P, K, Ca, Mg, Na, Mn, Fe, Cu were determined in the leaf samples by 

Inductively Coupled Plasma Mass spectrometry (ICP-MS) using a quadrupole spectrometer (Aurora M90, 

Bruker). Leaf N concentrations were estimated with an elemental analyzer (NA 1500 series 2 NC, Carlo 

Erba, Italy), starting by 7mg of each grinded sample. 

2.4. Data elaboration 

Data were processed using Microsoft Office Excel Professional Plus 2016 and SPSS statistical software (IBM 

SPSS Statistics 24). Correlations among nutrients were determined by Pearson index and they were 

significant at the 0.05 (*) and 0.01 (**) levels (2-tailed). Single effects of factors and their interactions 

were assessed by analysis of variance (ANOVA), performed at the 0.05 (*) and 0.01 (**) levels (2-tailed). 

To classify the rootstock behaviors based on the absorption of K, Mg and Ca, residues from the averages 

were normalized at the maximum. Normalized residues were submitted to hierarchical cluster analysis, 

using the UPGMA method (Unweighted Pair Group Method with Arithmetic Mean). The Plasticity Index 

(PI) was calculated by the following steps: 1) differences between Riccagioia and Arcagna levels of each 

nutrient (Δ); 2) residues from the averages of Δ; 3) normalization of the absolute value of residues (PIX); 

4) sum of the PIN of each nutrient (𝑃𝐼 =  𝑃𝐼𝑃 + 𝑃𝐼𝐾 + 𝑃𝐼𝑀𝑔 + 𝑃𝐼𝐶𝑎 + 𝑃𝐼𝑀𝑛 + 𝑃𝐼𝑁𝑎 + 𝑃𝐼𝐶𝑢). 
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Table 1. Genetic characterization of the hybrids collection (Migliaro et al, 2019) and flower sex 

Genotype Involved species Breeding material Flowers* 

G.03 V. Berlandieri -  V. riparia 5 A Gosek x Teleki 5 C 4 

G.05 V. Berlandieri -  V. riparia K 5 BB x Teleki Stieler  1 

G.07 V. Berlandieri -  V. riparia 161-49 x Resseguierr n. 1 1 

G.09  V. Berlandieri -  V. riparia K 5 BB x SO 4  1 

G.12 V. Berlandieri - V. riparia - V. rupestris Teleki 8 B x 1103 P 1 

G.13 V. Berlandieri - V. riparia - V. rupestris Teleki 8 B x 110 R  4 

G.16 V. Berlandieri -  V. riparia K 5 BB x SO 4  1 

G.17 V. Berlandieri -  V. riparia 225 Ru x 420 A 1 

G.19 V. Berlandieri -  V. riparia K 5 BB x SO 4  N 

G.21 V. Berlandieri - V. riparia - V. rupestris K 5 BB x 110 R  1 

G.23 V. Berlandieri -  V. riparia K 5 BB x Teleki Stieler 1 

G.24 V. Berlandieri - V. rupestris 1447P x 110R  1 

G.25 V. Berlandieri -  V. riparia (Borrisquou  x Rupestris Scheele) x 779 P  1 

G.26 V. Berlandieri - V. rupestris - V. vinifera (Borrisquou  x Rupestris Scheele) x 779 P  3 

G.27  V. Berlandieri - V. rupestris - V. vinifera 5 A Gosek x SO 4 3 

G.28 V. Berlandieri - V. riparia - V. rupestris K 5 BB x 140 Ru 3 

G.29 V. Berlandieri -  V. riparia 225 Ru x 420 A 4 

G.30  V. Berlandieri -  V. riparia K 5 BB x 420 A 4 

G.30 B V. Berlandieri - V. riparia - V. rupestris K 5 BB x 1103 P 1 

G.34 V. Berlandieri -  V. riparia K 5 BB x Resseguierr n. 1 4 

G.37  V. Berlandieri -  V. riparia 141-69 x SO 8  1 

G.69 V. Berlandieri - V. riparia - V. rupestris - 
V. vinifera 

Teleki 8 B x 1045 P  4 

G.70 V. Berlandieri - V. rupestris - V. vinifera 41 B x Resseguier n. 1 1 

G.71 V. Berlandieri -  V. riparia Reckendorferr 27 x Teleki 5 C 4 

G.72  V. Berlandieri - V. riparia - V. rupestris K 5 BB x 140 Ru N 

G.73 V. Berlandieri -  V. vinifera 41 B x Resseguier n. 1 1 

G.74  V. Berlandieri - V. cordifolia - V. riparia - 
V. rupestris 

106-8 x Resseguier n. 1 N 

G.74 B V. Berlandieri - V. cordifolia - V. riparia - 
V. rupestris 

106-8 x Resseguier n. 1 N 

G.75 V. Berlandieri -  V. vinifera 41 B x Resseguier n. 1 1 

G.76  /  / N 

G.77 V. Berlandieri -  V. riparia K 5 BB x 420 A 4 

G.81  /  / 1 

G.82 V. Berlandieri - V. rupestris - V. vinifera (Borrisquou  x Rupestris Scheele) x 
Resseguierr n. 1 

4 

G.83 V. Berlandieri -  V. riparia Reckendorferr 27 x Teleki 5 C 4 

M2 V. Berlandieri - V. riparia - V. vinifera Teleki 8 B x 333 EM  4 

* OIV character (151): 1= fully developed stamens and no gynoecium; 2= fully developed stamens and 
reduced gynoecium; 3= fully developed stamens and fully developed gynoecium; 4= reflexed stamens and 
fully developed gynoecium. N= no flowers 
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Table 2. Characterization of the two experimental sites (Riccagioia and Arcagna) in terms of soil 

proprieties, soil nutrient contents, soil water availability and water stress of plants 

 Parameter U.M. Riccagioia Arcagna 

Soil proprieties 

Sand % 58 75 

Silt % 19 14 

Clay % 23 11 

OM g/kg 8.95 11.3 

CEC me 100g-1 14.5 8 

pH H2O pH 7.3 6.2 

pH KCl pH 6.9 5.9 

Soil nutrient contents 

N ppm 5500 4000 

P2O5 ppm 32.0 74.5 

K ppm 114.0 177.5 

Ca ppm 2770.0 1010.5 

Mg ppm 389.0 170.5 

Fe ppm 41.7 135.2 

Mn ppm 17.2 14.9 

Cu ppm 4.5 11.2 

Na ppm 17.0 8.5 

Water characterization 

Rainfalls1 mm 169.4 246.6 

ΨSOIL 
2 MPa -0.19 -0.13 

ΨSTEM 3  MPa -1.16 -0.68 

CWSI 4 - 0.82 0.52 

1 Total precipitation during the vegetative period, ranging from DOY 91 to DOY 243, 2017 
2 Soil water potential, analyzed on DOY 195 and DOY 220 (Bianchi et al, 2018) 
3 Stem water potential at midday, analyzed on DOY 195 and DOY 220 (Bianchi et al, 2018) 

 

3. Results and discussion 

3.1. Mineral compounds in Vitis spp. – synergies and antagonisms  

Correlation between nutrient concentration in the leaves is reported in Table 3. The main correlations 

involve alkali metals; alkaline-earth metals and Mn among transition elements. Non-metals (especially N) 

were less correlated with other minerals, as well as Cu and Fe among transition elements. High positive 
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correlations are K–Mn (0.631), Mg–Na (0.623) and Mg–Ca (0.582), whereas main negative correlations 

are noticed for K–Mg (-0.748), K–Ca (-0.566), Mg–Mn (-0.582) and K–Na (-0.502). Other relevant 

correlations are shown by P with both K (0.426) and Mn (0.453). Low correlations are found between N 

and other nutrients, although some of them are significant (P, Mg, Fe, Cu). Finally, positive correlation is 

shown by Fe and Ca. 

 

Table 3. Pearson correlation between nutrients in leaves. Significant correlations are reported for 

0.01<p<0.05 (*) and p<0.01 (**). Synergies between nutrients are shown in green, whereas antagonisms 

in red. The color intensity is proportioned to the Pearson Index 

 N P K Mg Ca Mn Na Fe Cu 

N 1 
-
0.241** 

0.100 -0.179* -0.132 -0.050 -0.144 0.201* 0.302** 

P -0.241** 1 0.426** -0.136 -0.174* 0.453** -0.141 -0.043 -0.058 

K 0.100 0.426** 1 
-
0.748** 

-
0.566** 

0.631** 
-
0.502** 

0.087 
-
0.296** 

Mg -0.179* -0.136 
-
0.748** 

1 0.582** 
-
0.582** 

0.623** -0.146 0.253** 

Ca -0.132 -0.174* 
-
0.566** 

0.582** 1 
-
0.349** 

0.334** 0.291** 0.265** 

Mn -0.050 0.453** 0.631** 
-
0.582** 

-
0.349** 

1 
-
0.586** 

0.229** 
-
0.390** 

Na -0.144 -0.141 
-
0.502** 

0.623** 0.334** 
-
0.586** 

1 -0.193* 0.264** 

Fe 0.201* -0.043 0.087 -0.146 0.291** 0.229** -0.193* 1 -0.031 

Cu 0.302** -0.058 
-
0.296** 

0.253** 0.265** 
-
0.390** 

0.264** -0.031 1 

 

 

 Correlation analysis highlights synergies and antagonisms among nutrients (Table 3). Relation 

between K, Mg and Ca in plants is reported in several studies (Casanova-Gascón et al., 2018; Fisarakis et 

al., 2004; Garcia et al., 1999; Jakobsen, 1993; Toumi et al., 2016). In particular, K competes for the root 

uptake against Ca an Mg (Brataševec et al., 2013; Jakobsen, 1993). Antagonistic effect between Na–K and 

synergies between Na–Ca–Mg highlighted by our results are well known as well (Downton, 1985; Fisarakis 
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et al., 2004), representing important factors to consider in salinity conditions. Results from this study also 

highlight a strong relation between Mn and all the other minerals considered, except for N. Significant 

synergy between Mn and Fe in Vitis leaves is also reported by Alagić et al (2018). Synergy between N and 

Cu is also reported by Yruela (2018), whereas the synergy between Fe and Ca is confirmed by Amorós et 

al (2018). Cu and Fe appeared not correlated in our results, and interactions among these two elements 

are still not clearly defined neither in literature. In fact, copper accumulation in soil may diminish iron 

uptake (Keller, 2015), however Fe–Cu antagonism is not confirmed in leaves, showing positive correlation 

(Alagić et al., 2018).  

3.2. Mineral content variability among samples 

Table 4 shows the percentage of variability explained by factors and their interactions for each nutrient. 

The main source of variability is the growing condition, except for N and Fe. Nitrogen variance mainly 

depends on DOY (85% of total variability), whereas the Fe variance is mainly affected by the interaction 

growing condition × DOY (53%). The influence of genotype factor on the total variability and its interaction 

with growing condition and DOY is generally lower than other factors, but always higher than the error 

variability. Significant differences are reported in Table 4: DOY differenced for N, P, Ca, Mg and Cu; the 

growing condition differenced for P, K, Ca, Mg, Na, Mn and Cu; their interaction (growing condition × DOY) 

differenced for N, P, K, Ca, Fe and Cu; genotype and its interaction with growing condition differenced for 

N, K, Mg, Ca, Na, Mn and Cu; significant differenced were not found in DOY × genotype interaction.  
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Table 4. Variance percentage of nutrient leaf levels explained by each factor and their interactions. 

Differences are significant for 0.01<p<0.05 (*) and p<0.01 (**). G.C.=growing conditions 

NUTRIEN
T 
 

G.C. 
[%] 

DOY 
[%] 

GENOTYP
E 

[%] 

GENOTYPE×DO
Y [%] 

G.C.×DO
Y 

[%] 

GENOTYPE×G.
C. [%] 

ERRO
R [%] 

N 0.80 85.41** 3.48** 0.69 5.87** 3.08** 0.68 
P 51.17** 10.83** 1.84 1.00 32.7** 1.22 1.25 
K 95.11** 0.11 0.84** 0.09 2.91** 0.77** 0.17 
Mg 91.45** 5.49** 0.96** 0.25 0.82 0.77** 0.26 
Ca 67.93** 12.58** 1.81** 0.66 14.88** 1.55** 0.59 
Na 98.78** 0.20 0.42* 0.08 0.01 0.43* 0.08 
Mn 94.43** 0.70 1.26** 0.56 1.17 1.28** 0.6 
Fe 15.76 1.58 7.93 4.67 52.77* 10.25 7.03 
Cu 60.51** 21.23** 2.54** 0.58 12.76** 1.77** 0.61 

 

3.3. The role of the growing condition 

Nutrient level in leaves is affected by the different growing conditions, except for N and Fe, which did not 

report significant differences between Arcagna and Riccagioia (Figure 1). Phosphorus level was higher in 

Arcagna (0.23±0.05%) than in Riccagioia (0.19±0.04%). Potassium had the same trend with larger 

differences, amounting to 0.92±0.26% in Arcagna and 0.44±0.09% in Riccagioia. Contrarily, calcium and 

magnesium levels were higher in Riccagioia than Arcagna, amounting respectively to 2.01±0.42% and 

1.58±0.28% for Ca, 0.51±0.12% and 0.29±0.09% for Mg. About micronutrients, Mn level was largely higher 

in Arcagna, whereas Cu and Na concentrations were higher in Riccagioia (Figure 1).  

 The effect of the environment on the mineral status of grapevines is reported in several studies. 

Soil characteristics affect the availability of minerals, the presence of calcium carbonate induces Fe 

deficiency (Bavaresco et al., 2003; Brancadoro et al., 2001), the salinity reduces the nutrients uptake 

(Ahmad, 2016; Fisarakis et al., 2004; Stevens et al., 1996), the waterlogging reduces N-P uptake and it 

increases the Na uptake (Gliński and Stępniewski, 1985; Stevens and Prior, 1994), whereas the drought 

reduces the K uptake and it increases the absorption of Mg and Ca. Synergies and antagonisms among 

these elements is already described in paragraph 3.1. In this study, the two analyzed sites show different 
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environmental characteristics, in terms of soil proprieties and water availability (Table 2). Regarding 

nutrient contents in soils, Arcagna reported higher level of K and lower levels of Mg and Ca than Riccagioia 

(Table 2). The same trend found in the soil is shown in the vine leaves (Figure 1). In Arcagna, Mn level in 

leaves is higher than Riccagioia, though the Mn content in the soil is lower. The difference in Mn uptake 

may be involved by the different soil proprieties in the two sites or the different water availability. 

 

Figure 1 Nutrient leaf levels in the two experimental sites (Arcagna and Riccagioia). Significant differencies 
are reported for 0.01<p<0.05 (*) and p<0.01 (**) 
 

3.4. The role of the sampling time and its interactions 

Only few elements significantly changed from DOY 195 to DOY 220 (Figure 2). During this period nitrogen 

decreased from 2.04±0.29% to 1.73±0.25%, phosphorous increased from 0.20±0.03% to 0.22±0.06%, 

calcium level rose from 1.69±0.33% to 1.89±0.46%, magnesium increased from 0.37±0.14% to 0.43±0.16% 

and copper decreased from 7.20±1.93ppm to 6.28±1.50ppm, whereas other nutrients has not reported 

significant differences (Figure 2). Interaction of the sampling time with the growing condition were 

noticed for N, P, K, Ca, Fe and Cu. In Arcagna only N level changed from DOY 195 to DOY 220, reducing of 
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about 20%. In Riccagioia, Ca level increased during the analyzed period, whereas N, K and Cu levels 

decreased. Interaction of the sampling time with genotypes was not noticed in nutrients levels. 

 At DOY 195, nutrient concentration settles around the standard levels reported in literature for 

different Vitis species (V. vinifera and V. lambrusca) during veraison (Failla et al., 1993; Zengin, 2012). At 

DOY 220, nitrogen level may decrease because of the remobilization from the analyzed leaves to the 

younger leaves , through the phloem (Lawlor, 2002; Schreiner, 2016). Contrarily, calcium level widely 

increased because it is phloem-immobile and it cannot be remobilized (Pradubsuk and Davenport, 2010; 

Vázquez Vázquez et al., 2016). Concentration of P, K, Mg, Fe Na and Mn didn’t change or lightly increased 

probably because the uptake was balanced by their remobilization in young leaves and fruits (Figure 2). 

Similar trends between veraison and harvest are reported by Köse et al (2016) and Vázquez Vázquez et al 

(2016) on grafted plants. Assimilation of nutrients during the season are also affected by environmental 

conditions, as shown by DOY × growing condition interaction. In fact, Ca level was stable in Arcagna but it 

increased in Riccagioia, where water availability was limited. Contrarily, all the genotypes reported the 

same trend of nutrient levels between the two sampling times, showing a lack of DOY × genotype 

interaction.  

 

Figure 2 Nutrient leaf levels in the two sampling times (DOY 195 and DOY 220). Significant differencies are 
reported for 0.01<p<0.05 (*) and p<0.01 (**) 
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3.5.  The role of the genotype 

Genotype factor significantly affected the level of all the analyzed nutrients, except for iron and 

phosphorus. Average levels of both micronutrients and macronutrients in the leaves of each genotype are 

shown in Table 5: genotype M2 reported the highest N level; the major P uptake was performed by G.30 

and G.83; the highest K level was in G.07 and the lowest in G.34; G.19 was the most efficient genotype in 

Fe uptake. G.28 reported good amount of all the nutrients, except for Mn, whereas G.73 was poor in both 

macro and micronutrients. The cluster analysis collected the genotypes with similar levels of K, Mg and 

Ca (Figure 3): group A is composed by nine genotypes with high bent for K; the three genotypes of group 

B are characterized by low levels of these nutrients; group C includes ten genotypes with high level of Ca 

and the other genotypes are collected in group D, showing high bent for Mg. 

 The effect of rootstock genotypes on N status is reported in several studies (Fisarakis et al., 2004; 

Köse et al., 2016; Somkuwar et al., 2015; Williams and Smith, 1991; Wooldridge et al., 2010), however it 

is not always confirmed (Angyal et al., 2002; Bavaresco et al., 1993). The effect of grapevine rootstocks on 

micronutrients have been found (Köse et al., 2016; Ozdemir et al., 2011) and the effect on Fe level is also 

reported by Bavaresco et al (2003), contrarily to this study. Köse et al (2016) has not found significant 

differences in P rootstock levels, as well. Significant rootstock effect on K, Mg and Ca is known in literature 

(Brancadoro et al., 1994; Fisarakis et al., 2004; Kidman et al., 2014; Köse et al., 2016; Somkuwar et al., 

2015; Stevens et al., 1995; Wooldridge et al., 2010). Genotypes can be grouped according to their affinity 

to K, Mg or Ca, due to the antagonism between these macronutrients (Figure 3). Genotypes in group A 

may further the K uptake, against Mg or Ca, whereas genotypes in group D may be interesting to avoid 

Mg deficiencies. 
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Table 5. Average leaf levels of nutrients for each genotype and their standard deviation. The heatmap 
shows in blue the nutrient levels over the total average and, in red the levels lower than the average.  
Least Significant Differences (LSD) are reported for each nutrient (p<0.05)  

 

 

 

Figure 3 Cluster analysis of genotypes according to their level of potassium, magnesium, and calcium in 

leaves.  Normalized levels over the nutrient average are shown in blue, whereas the levels lower than the 

average are reported in red. The color intensity is proportioned to the residues from the average levels 
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3.6. Genotype × growing condition interaction: the rootstock plasticity 

Interaction between sites and genotypes is significant for all the nutrients, except for N and Fe (Table 4). 

Where the interactions were significant, differences of the nutrient levels in the two growing conditions 

have been used to assess the plasticity of genotypes, through the Plasticity Index (PI), as shown in Figure 

4. According to the variability of each element between sites, genotypes have been clustered and 

classified in group A (PI < 2), group B (2 ≤ PI < 3) and group C (PI ≥ 3). Genotype M2 is classified in group A 

with the genotypes G.05, G.71, G.25, G.81, G.75, G.82, G21, G.69, G.24, G.74, G.77, G.37 and G.76. 

 Besides the average performance, it is important to consider the susceptibility of each genotype 

to different environmental conditions. Some studies investigated the interaction of rootstock genotypes 

with salinity (Fisarakis et al., 2004; Stevens et al., 1996) and limestone (Bavaresco et al., 2003) on the 

mineral uptake. In this study, the interaction has been evaluated through the plasticity of genotypes 

among the two growing conditions (Figure 4). Group A collects the elastic genotypes, which are stable 

among environments being less affected by the growing condition, whereas group C includes the plastic 

genotypes. Genotypes of group B shows a plastic behavior for a few nutrients. Among the elastic 

genotypes, G.05, G.21, G.71, G.76 and G.77 reported high level of K (Figure 3) and showed at least one 

mechanism of tolerance to the water stress in a recent study (Bianchi et al., 2018). It is possible to 

speculate that drought-tolerant genotypes are able to uptake potassium because they maintain a better 

water flow in water-limited conditions. Moreover, potassium with sugar and starch may repair embolism 

of trunks and shoots (Brodersen et al., 2010; Keller, 2015; Salleo et al., 2009), providing a better 

adaptation to drought conditions. 
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Figure 4 Plasticity Index of genotype (in purple) and the residues between the leaf levels in the two 
growing conditions for each nutrient. The color intensity is proportioned to the differences between 
growing conditions 
 
 

4. Conclusions 

In Vitis species, the leaf levels of K, Mg, Ca, Na and Mn are strongly correlated. In particular, the synergy 

K–Mn is opposed to the synergy Mg–Ca–Na. The effect of the sampling time, the growing condition, the 

genotype and their interactions on the nutritional status is confirmed. Nitrogen level is mainly affected by 

the sampling time, due to the remobilization in berries, whereas Iron level depends on the interaction 

between the sampling time and the growing condition. For the other nutrients, growing condition factor 

represents the main source of variability. Differences among genotypes were used as a first screening of 

the nutritional status of the 35 un-grafted hybrids, identifying different affinities of genotypes to each 

nutrient. Hybrids were classified according to their affinity to K, Mg and Ca. Furthermore, plastic or elastic 

behaviors of genotypes were tested in response to the different growing conditions. This first screening 

provided an overview on the nutrient uptake efficiency of the hybrid series and their responses to 

different environments. In further studies, the most promising genotypes of this series should be tested 
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in grafted condition, considering the interaction with different varieties of V. vinifera and the effect of the 

selected rootstocks on the production and quality of grape.   
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WATER USE EFFICIENCY AND NUTRITIONAL STATUS OF A NEW GRAPEVINE ROOTSTOCK SELECTION 

Abstract 

Production and quality of grape are determined by hydric and nutritional status of vine. In modern 

viticulture, the interface between grapevine and soil is represented by the rootstock, which modulates 

the uptake of water and nutrients. Thus, selection of new rootstocks for abiotic stress tolerance 

represents an adaptation strategy for viticulture to the new environmental condition imposed by climate 

change. The aim of this work is to evaluate the water use efficiency and the nutritional status of a selection 

of 30 new rootstock genotypes coming from several breeding programs. Water use efficiency and gas 

exchange were measured for each genotype in two environments characterized by different water 

availability and the levels of N, P, K, Mg, Ca, Na, Fe, Mn and Zn in the leaf blades were determined during 

the phenological stages of flowering and ripening. Genotypes were classified according to their drought 

tolerance, vigor and affinity to macronutrients and micronutrients. A total of 14 genotypes showed 

tolerance to water stress and 10 of them reported high vigor and carbon assimilation. Furthermore, the 

largest part of drought tolerant genotypes was more affined to Mg than K. In further studies, the most 

promising rootstocks will be evaluated in grafting combination with Vitis vinifera. 

1. Introduction 

In the new environmental scenario affected by climate change, adaptation of viticulture to abiotic stresses 

is becoming a crucial issue to preserve the production and the quality of grape and wines. Since the end 

of XIX century, grapevine is worldwide grafted onto rootstocks to avoid the attack of phylloxera 

(Daktulosphaira vitifoliae). Thus, tolerance of grapevine to abiotic stresses is not only depending on the 

cultivar, but it is mediated by the rootstock genotype. In a recent study, the effect of rootstock genotype 

and its interactions on grape yield has been assessed to 13.29 % and the contribute to sugar content has 

been evaluated in 14.80 % (Migicovsky et al., 2021). The effect of rootstocks on yield and quality of grape 
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can be explained by the different uptake of water and nutrients from the soil and the vigor induced to the 

scion (Keller, 2005; Zombardo et al., 2020). 

 Rootstocks control the water status of vines involving different physiological mechanisms. A main 

mechanism has been identified in the control of stomatal conductance and transpiration by hydraulic and 

hormonal signaling (Zhang et al., 2016). Drought tolerant rootstocks showed different levels of stomatal 

control in response to water deficit. For example, the tolerant rootstock 1103P reduced the water loss by 

closing the stomata, whereas another tolerant rootstock, M4, maintained higher stomatal conductance 

under water deficit and increased the water use efficiency (Frioni et al., 2020). This strategy can face short 

to medium water stress periods supporting the vegetative growth and the ripening of grape, and it may 

involve physiological systems to detox the reactive oxygen species (ROS) caused by water stress (Corso et 

al., 2015).  

 The vigor of the shoot is induced by rootstocks, causing an effect on the vegetative-productive 

balance (Leão and Chaves, 2020; Migicovsky et al., 2021). In fact, rootstock genotype affected the 

assimilation of carbon from the air and the uptake of macronutrients from the soil, such as nitrogen and 

phosphorous, directly related to the development of biomass (Ibacache et al., 2019; Rossdeutsch et al., 

2021; Verdugo-Vásquez et al., 2021). Excess or deficit of nitrogen can affect the yeast assimilable nitrogen 

(YAN) in the must, causing microbial instability during fermentation (Bell and Henschke, 2005).  

 The uptake of other macronutrients like potassium, magnesium and calcium depends on 

rootstock genotypes, beside to environmental conditions. In a recent study, rootstocks with Vitis riparia 

in their genetic background reported lower levels of Mg than rootstocks without V. riparia (Gautier et al., 

2020). Antagonisms in the uptake of K and Mg has been reported in literature, as well as the synergies 

between Mg and Ca (Casanova-Gascón et al., 2018; Toumi et al., 2016). Rootstocks ranked according to 

the level of K in leaves, grape and must (Brancadoro et al., 1994). High levels of K in the must can involve 
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in a reduction of the total acidity, due to the salinification of tartaric acid (Kodur, 2011). The choice of a 

rootstock affined to Mg rather than K can be made as an agronomical practice to maintain the acidity of 

wines under unfavorable environmental conditions and to avoid Mg deficit. Rootstocks also affect the 

uptake of micronutrients, such as iron, manganese, zinc and sodium (Gautier et al., 2020). The ability to 

uptake iron is relevant with high concentration of limestone in the soil. Some rootstocks can cope with 

limestone in the soil, and they can be chosen to avoid Fe deficit, inducing specific uptake strategies 

(Marastoni et al., 2020).  

 Hydric and nutritional status of vines are driven by environmental conditions; thus, the plasticity 

of rootstocks play a key role in the interaction of genotypes with the environment: rootstocks that 

respond to changes of external conditions by modifying their performance are defined “plastic”, whereas 

rootstocks that maintain a stable performance under different environments are defined “elastic” (Dal 

Santo et al., 2018; Pinto et al., 2016). The plasticity of specific traits related to hydric and nutritional status 

should be considered in the selection process of new rootstocks able to cope with abiotic stresses. 

 The Department of Agricultural and Environmental Sciences (DiSAA) of the University of Milano is 

currently working on the selection of new grapevine rootstocks for the tolerance to abiotic stresses. The 

four genotypes of the M-series were recently released to cope with different environmental conditions. 

In particular, M1 was selected for limestone tolerance, M2 reported high efficiency in K and Mg uptake, 

M3 showed affinity to K and M4 reported high tolerance to water deficit and salt stress. A new selection 

of 30 genotypes coming from the same breeding programs is currently under investigation. A first 

screening on water stress tolerance has been performed in Bianchi et al (2018), whereas a first screening 

on mineral nutrition was reported in Bianchi et al (2020). The aims of this work are: i) to assess the water 

use efficiency and the transpiration control of the new selection of genotypes; ii) to evaluate their vigor 

and carbon assimilation; iii) to analyze their nutritional status in terms of macro and micronutrients and 

their affinity to potassium or magnesium; iv) to investigate the plasticity of key traits in response to 
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different environments and v) to identify among them the most promising rootstocks for abiotic stress 

tolerance. 

2. Material and methods 

2.1.  Experimental design 

The experiment was carried out in 2019. New 30 grapevine rootstock genotypes were studied in un-

grafted conditions and the commercial rootstock M2 was used as control. The genetic background of all 

genotypes is reported in Migliaro et al (2019). Genotypes were analyzed under field conditions in two 

different environments, located in Arcagna (45.340276 N, 9.449786 E, 83 m a.s.l.) and Riccagioia 

(44.984783 N, 9.089038 E, 133 m a.s.l.). In each site, three biological repetitions per genotype were 

considered, represented by three different plants. Estimation of water status using thermography was 

performed in three days per site, during the phenological stages of flowering (DOY 164), veraison (DOY 

200) and ripening (DOY 220). During ripening also gas exchange was measured. Concurrently to the 

phenological stages of flowering and ripening, leaf samples were collected for mineral analysis. To assess 

the vigor of vines, pruning weight was measured in the two sites during winter.  

2.2.  Characterization of the experimental sites 

The two experimental fields were located in Lombardia, Italy, and the distance between them was about 

46 km. The experimental field in Riccagioia was set up in 2014 with inter-row distance among plants of 

2.40 m and intra-row distance of 1.10 m. The soil in Riccagioia is classified as sandy clay loam (USDA 

Textural Soil Classification), reporting 58% of sand, 19% of silt and 23% of clay. Total organic matter 

amounted to 8.95 g/kg and the CEC was 14.5 me 100g-1. The values of pH in Riccagioia were 7.3 and 6.9 

in H2O and KCl, respectively. Nitrogen content in the soil was 5500 ppm and the ratio K/Mg was 0.29. Daily 

meteorological data for Riccagioia were provided by the station network of ARPA Lombardia (reference 

station of Voghera). The experimental field in Arcagna was set up in 2015 with inter-row distance among 
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plants of 3.10 m and intra-row distance of 2.00 m. According to the USDA Textural Soil Classification the 

soil type was sandy loam, with 75% of sand, 14% of silt and 11% of clay. Total organic matter amounted 

to 11.30 g/kg and the CEC was 8.0 me 100g-1. The content of N was 4000 ppm and the ratio K/Mg 

amounted to 1.04. Temperature and precipitations in Arcagna were monitored in situ by a meteorological 

station. In both sites, vines were trained in creeping system. 

2.3.  Leaf temperature and gas exchange 

On DOY 164, 200 and 220 the water status of plants was monitored by thermography. Thermal images 

were recorded by the thermal camera Thermo Gear Model G100EX/G120EX (Detector Uncooled focal 

plane array; Number of pixels 320 H × 240 V; Spectral range 8–14 μm; dynamic resolution at 14 bit), 

produced by InfReC, NEC Avio Infrared Technologies CO., Ltd. Emittance was set to 0.96, as suggested for 

grapevine leaves by Grant et al (2006). One image was taken for each biological repetition and three 

shaded leaves (Jones et al., 2002) were chosen in each image. Temperature was recorded in three points 

per leaf using the software “InfReC Analyzer NS9500 Lite”. Leaf temperature was normalized on a dry 

reference (Tdry) and wet reference (Twet) to determinate the thermal index Crop Water Stress Index (CWSI), 

proposed by Idso et al (1981) and modified by Jones (1999)  as follow:  

𝐶𝑊𝑆𝐼 =  
𝑇𝐶 − 𝑇𝑤𝑒𝑡

𝑇𝑑𝑟𝑦 −  𝑇𝑤𝑒𝑡
 

TC = canopy temperature; Twet = reference temperature for fully closed stomata; Tdry = reference 

temperature for fully transpiring leaves. 

 On DOY 220, gas exchange was measured in one sunny leaf per each biological repetition using a 

leaf portable photosynthesis system (CIRAS-3, PP Systems, Amesbury, MA, USA) equipped with PLC6 (U) 

cuvette 18 mm circular (2.5 cm2 head plate), under constant saturating PPFD of 1500 μmol photons m−2 

s−1, CO2 concentration of 300 μmol mol−1, block temperature of 25 °C and relative humidity between 60% 
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and 70% allowing ~1.5 kPa of VPD inside the leaf chamber. Instantaneous water use efficiency (WUE) was 

determined as the ratio between carbon assimilation (A) and the transpiration rate (E), whereas intrinsic 

water use efficiency (iWUE) was calculated as the ratio between A and stomatal conductance (gs). 

Plasticity of iWUE (diWUE) and A (dA) were calculated as the absolute value of the difference of each trait 

between the two environments (Arcagna and Riccagioia). 

2.4.  Mineral analysis 

Nutritional status of vines was assessed by the mineral composition of leaves. During flowering (DOY 164) 

and ripening (DOY 220), 3 samples per biological repetition were collected and each sample was 

composed by 3 leaves close to bunches. Samples were dried in an oven at 60 °C until a constant mass was 

achieved and grinded. An amount of 0.3 g for each sample was mineralized in 10 mL of HNO3 (> 60%) at 

210 °C for 20 min + 20 min of cooling and filtered on a 0.45 μm nylon membrane. Levels of P, K, Ca, Mg, 

Na, Mn, Fe, Zn were determined in the leaf samples by Inductively Coupled Plasma Mass spectrometry 

(ICP-MS) using a quadrupole spectrometer (Aurora M90, Bruker). An amount of 7 mg for each grinded 

sample was processed by an elemental analyzer (NA 1500 series 2 NC, Carlo Erba, Italy) to detect the levels 

of C and N. Photosynthetic nitrogen use efficiency (PNUE) was calculated as the ratio between A and the 

level of N. The ratios potassium magnesium (KMg) and potassium magnesium calcium (KMgCa) were also 

determined. Plasticity of KMgCa (dKMgCa) and Fe (dFe) were calculated as the absolute value of the 

difference of each trait between Arcagna and Riccagioia. 

2.5.  Statistical analysis 

All data were processed using Microsoft Office Excel Professional Plus 2016 and R statistic environment 

(R Core Team, 2021). Single effect of factors and their interactions were tested by univariate ANOVA 

model, after accounting for normality of distribution and homogeneity of variance. Level of significance 

was considered at p = 0.05. Data were standardized for multivariate analyses according to z distribution. 
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Cluster analyses were performed using the Euclidean distance and a complete linkage method. Principal 

component analyses (PCA) were carried out using the factoextra R package. Venn diagram was obtained 

using the open-source component for web environment jvenn (Bardou et al., 2014). 

3. Results and discussion 

3.1. Plasticity of traits in response to the environment  

The water and nutritional status of rootstocks was affected by environmental conditions, beside by the 

genotype. During the vegetative period, the site of Riccagioia reported lower cumulative precipitations 

than Arcagna, amounting to 202.6 mm and 277,8 mm, respectively. Water deficit in Riccagioia and well-

watered conditions in Arcagna were confirmed by the soil water potential, measured along the vegetative 

period during the phenological stages of flowering, veraison and ripening. On DOY 164, 200 and 220, soil 

water potential in Riccagioia was -0.04 MPa, -0.17 MPa and -0.20 MPa, respectively, whereas in Arcagna 

amounted to -0.01 MPa, -0.09 MPa and -0.14 MPa. The effect of the environment and its interaction with 

the genotype were significant for all the physiological parameters related to water stress, except for WUE 

(Table 1). Riccagioia reported higher CWSI than Arcagna during all the vegetative period and the larger 

differences between the two sites occurred in the stages of veraison and ripening. During ripening, 

average stomatal conduction in Arcagna amounted to 201.71 ± 10.47 mmol H₂O m⁻² s⁻¹, whereas in 

Riccagioia was 46.18 ± 3.49 mmol H₂O m⁻² s⁻¹. The same trend was shown for transpiration and 

photosynthesis. The photosynthetic rate in Arcagna was higher than in Riccagioia, amounting to 10.43 ± 

0.32 and 3.84 ± 0.34 µmol CO₂ m⁻² s⁻¹, respectively, whereas the iWUE was higher in Riccagioia, amounting 

to 93.24 ± 8.47 µmol CO₂ mol⁻¹ H₂O.  
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Table 1. Mean values and standard error for each analyzed trait in the two environments (Arcagna and 
Riccagioia) at each phenological stage: f = flowering; v = veraison; r = ripening; d = dormancy. Significant 
effect of environment (E), genotype (G) and their interaction (G x E) is reported for p<0.001 (***), 
0.001<p<0.01 (**), 0.01<p<0.05 (*) and p>0.05 (n.s.) 

Trait Stage u.m. Arcagna Riccagioia E G G x E 

gs r mmol H₂O m⁻² s⁻¹ 201.71 ± 10.47 46.18 ± 3.49 *** *** *** 

E r mmol H₂O m⁻² s⁻¹ 3.22 ± 0.12 1.2 ± 0.07 *** *** *** 

WUE r mmol CO2 mol-1 H2O 3.48 ± 0.13 3.17 ± 0.26 n.s. *** *** 

iWUE r µmol CO₂ mol⁻¹ H₂O 61.68 ± 3.11 93.24 ± 8.47 *** *** *** 

VPD r kPa 1.94 ± 0.06 2.95 ± 0.09 *** *** *** 

CWSI f - 0.39 ± 0.01 0.52 ± 0.01 *** ** *** 

CWSI v - 0.2 ± 0.01 0.71 ± 0.01 *** *** *** 

CWSI r - 0.23 ± 0.01 0.63 ± 0.01 *** *** *** 

Vigor d kg 1.2 ± 0.06 0.48 ± 0.03 *** *** *** 

A r µmol CO₂ m⁻² s⁻¹ 10.43 ± 0.32 3.84 ± 0.34 *** *** *** 

C f % 44.72 ± 0.13 43.48 ± 0.13 *** n.s. * 

C r % 43.68 ± 0.38 45.08 ± 0.17 ** n.s. n.s. 

N f % 2.99 ± 0.06 2.63 ± 0.04 *** *** *** 

N r % 1.62 ± 0.03 1.86 ± 0.02 *** *** *** 

PNUE r µmol CO₂ %N-1 m⁻² s⁻¹ 4.64 ± 0.14 1.98 ± 0.16 *** *** *** 

P f % 0.32 ± 0.01 0.37 ± 0.02 ** *** ** 

P r % 0.22 ± 0.01 0.22 ± 0.01 n.s. *** n.s. 

K f % 0.98 ± 0.02 0.76 ± 0.03 *** *** ** 

K r % 0.95 ± 0.04 0.44 ± 0.01 *** *** *** 

Mg f % 0.18 ± 0.01 0.27 ± 0.01 *** *** *** 

Mg r % 0.31 ± 0.01 0.52 ± 0.01 *** *** *** 

Ca f % 1.54 ± 0.05 1.38 ± 0.05 ** *** ** 

Ca r % 2.57 ± 0.07 2.51 ± 0.05 n.s. *** *** 

KMg f - 6.03 ± 0.34 2.99 ± 0.14 *** *** *** 

KMg r - 3.75 ± 0.33 0.93 ± 0.05 *** *** *** 

KMgCa f - 0.62 ± 0.03 0.51 ± 0.03 *** *** *** 

KMgCa r - 0.36 ± 0.02 0.15 ± 0.01 *** ** ** 

Na f ppm 37.68 ± 2.86 46.96 ± 3.92 n.s. n.s. ** 

Na r ppm 59.36 ± 7.33 34.56 ± 2.27 ** n.s. n.s. 

Fe f ppm 235.51 ± 7.44 120.5 ± 5.94 *** *** *** 

Fe r ppm 313.79 ± 8.95 276.03 ± 6.53 *** *** ** 

Mn f ppm 179.16 ± 7.34 144.02 ± 7.43 *** *** *** 

Mn r ppm 156.26 ± 6.94 62.21 ± 2.61 *** *** *** 

Zn f ppm 21.75 ± 1.02 40.06 ± 3.22 *** *** *** 

Zn r ppm 24.91 ± 1.49 25.15 ± 1.46 n.s. n.s. n.s. 
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Differences between the two sites also occurred in the nutritional status of rootstocks. Significant 

effect of the environment was found for all the nutrients analyzed in the leaves, except for P, Ca and Zn 

during ripening and Na during flowering (Table 1). Significant interaction of the environment and 

genotypes was also reported for all nutrients, except for C, P, Na and Zn during ripening. The site of 

Arcagna reported higher levels of K, Fe and Mn than Riccagioia in both physiological stages, as well as the 

ratios K/Mg and K/(Mg+Ca). In both stages, the level of Mg was higher in Riccagioia, whereas the level of 

N was higher in Arcagna during flowering and in Riccagioia during ripening. PNUE in Arcagna during 

ripening was higher than in Riccagioia, amounting to 4.64 ± 0.14 µmol CO₂ %N-1 m⁻² s⁻¹ and 1.98 ± 0.16 

µmol CO₂ %N-1 m⁻² s⁻¹, respectively. In the end of the season, the produced biomass estimated by pruning 

weight amounted to 1.2 ± 0.06 kg in Arcagna and 0.48 ± 0.03 kg in Riccagioia. 

 The measured parameters concurred to establish different water conditions in the two 

environments. The lack of precipitations in Riccagioia led to low water potential of the soil in the 

phenological stages of veraison and ripening, and to physiological response of vines in terms of stomatal 

closure and the consequent reduction of photosynthesis. In fact, according to Cifre et al (2005), the 

stomatal conductance in Riccagioia was below the threshold of severe water stress amounting to 50 mmol 

H₂O m⁻² s⁻¹. Due to stomatal closure, the temperature of the leaves in Riccagioia generally increased, as 

detected by the thermal index CWSI. According to Bellvert et al (2014), the level of CWSI in Riccagioia 

showed a condition of severe water stress during veraison and moderate water stress during ripening, 

whereas the level in Arcagna was below the threshold of mild water stress. The different water conditions 

in the two environments led to differences in terms of nutrient levels, with higher uptake of K in Arcagna, 

probably promoted by the wider water availability (Brancadoro et al., 1994). Nonetheless, different levels 

of water stress and different affinity to nutrients were shown from individual genotypes. 
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3.2.  Water use efficiency and transpiration control 

Rootstock genotypes were classified according to gs, E, CWSI, iWUE and their plasticity of iWUE in 

response to water deficit (diWUE). Based on Euclidean distance, four groups were identified: group 1 

counted 9 genotypes; group 2 amounted to 8 genotypes including rootstock M2; 4 genotypes belonged 

to group 3; and 10 genotypes were collected in group 4 (Figure 1a). The different behaviors among groups 

were analyzed by PCA including all the parameters related to water stress. Two principal components 

were identified, representing about the 65% of the total variance. The first component explained the 

41.8% of variance and it was positively affected by gs and E, and negatively affected by VPD, CWSI, WUE, 

iWUE and diWUE. The second principal component explained the 23.6% of variance and it increased along 

with gs, E, WUE, iWUE, diWUE, and decreased with VPD and CWSI. The biplot of the two first principal 

components is reported in figure 1b: genotypes belonging to groups 1 and 2 reported high levels of VPD 

and CWSI; the 4 genotypes in group 3 reported high WUE, iWUE and diWUE; whereas genotypes collected 

in group 4 reported high gs and E. 

 

Figure 1. Classification of rootstock genotypes for water use efficiency and transpiration control based on 
cluster analysis (a) and PCA (b). WUE = instantaneous water use efficiency; iWUE = intrinsic water use 
efficiency; diWUE = plasticity of water use efficiency; E = transpiration rate; gs = stomatal conductance; 
VPD = vapor pressure deficit; CWSI = crop water stress index 
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 The groups of genotypes detected by the cluster analysis were confirmed by PCA. The 

physiological meaning of the first principal component can be identified in the regulation of stomatal 

conductance. The second principal component was related to the tolerance to water stress, regardless 

the adopted strategy. The best performance was shown by groups 3 and 4, but different strategies were 

adopted: group 4 reported the higher transpiration rate, maintaining similar iWUE in the two 

environments without altering the gas exchange; group 3 reported the higher iWUE, reducing the 

stomatal conductance but preserving the photosynthetic activity in the environment under water deficit, 

as shown by diWUE. Groups 1 and 2 were more susceptible to water stress, reporting low iWUE and 

stomatal conductance, which involved in low transpiration rate and high VPD in the sub-stomatal 

chamber. Thus, temperature of leaves increased as detected by the thermal index CWSI. Genotypes 

belonging to groups 3 and 4 reported a better water use efficiency and stomatal conductance than 

rootstock M2, which is considered tolerant to water deficit conditions. In a preliminary study, some 

genotypes belonging to group 4 (i.e. G.13, G.19, G.23, G.26, G.30 and G.76) showed a mechanism of 

tolerance to water stress, rather increasing the wood hydrophobicity to reduce embolisms or repairing 

them by starch remobilization (Bianchi et al., 2018). In a recent study (Rustioni and Bianchi, 2021), some 

genotypes of group 4 (G.13, G.16, G.19 and G.81) and G.25, classified in group 3, increased the 

concentration of chlorophyll in woody tissues under water deficit, as a possible strategy of detoxification 

related to stem photosynthetic activity. 

3.3.  Vegetative growth, carbon assimilation and nitrogen use efficiency 

A second cluster analysis classified the genotypes according to their vigor (represented by the pruning 

weight), carbon assimilation, levels of N and P and photosynthetic nitrogen use efficiency. Results of the 

analysis identified four groups: group 1 was composed by 2 genotypes; group 2 comprised 18 genotypes, 

including M2; group 3 collected 7 genotypes and group 4 included 4 genotypes (Figure 2 a). Groups were 

characterized by PCA, considering two principal components able to explain about the 60% of the total 
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variance. The first principal component represented the 34.3% of the variance and it was negatively 

affected by vigor and N, whereas it was positively affected by A and PNUE. The second component was 

mainly related to A, PNUE, C and P and it explained the 25.7% of variance. The highest vigor was reported 

by genotypes belonging to groups 1 and 3, whereas the highest carbon assimilation and nitrogen use 

efficiency was performed by groups 3 and 4. Both low vigor and photosynthesis were shown by genotypes 

belonging to group 2, which reported high level of C and the largest differences in carbon assimilation 

between the two environments (Figure 2 b). 

 

Figure 2. Classification of rootstock genotypes for vigor, carbon assimilation and nitrogen uptake based 
on cluster analysis (a) and PCA (b). A = carbon assimilation; dA = plasticity of carbon assimilation; PNUE = 
photosynthetic nitrogen use efficiency; N = nitrogen; P = phosphorous; C = carbon 

 

 Wide differences in terms of vigor were found among genotypes in the end of the season. The 

high vigor of genotypes of group 3 was also supported by high photosynthetic activity during the season 

and high levels of N in the leaves. Differently, genotypes belonging to group 4 reported low level of N and 

vigor, but the highest photosynthetic rate during the season. This involved in high photosynthetic nitrogen 

use efficiency. Group 4 also reported an elastic behavior in terms of photosynthesis, reporting similar 

performance in the two environments. These results suggested that genotypes of group 4 can be use in 
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several environments to maintain the photosynthetic activity and to support the vegetative growth and 

the ripening of grape. On the other hand, genotypes of group 3 can confer vigor to the scion under limiting 

environments, ensuring high nitrogen and phosphorus uptake. The high N levels of genotypes belonging 

to group 3 (i.e. G.24, G.37, G.82, G.13, G.16 and G.23) confirmed the results obtained in a first screening 

on the mineral nutrition of the same genotypes (Bianchi et al., 2020). 

3.4.  Affinity to potassium or magnesium uptake 

Genotypes were further classified according to their affinity to K or Mg. Three groups outcome from 

cluster analysis. The first group included 5 genotypes, the second group counted 13 genotypes and the 

third one included 13 genotypes, comprising rootstock M2 (Figure 3 a). Two principal components were 

found by PCA to explain the 76% of the total variance. The first component represented the 56% of 

variance and it increased along with the level of Mg and it decreased with the level of K, the ratios k/Mg 

and K/(Mg+Ca), as well as with the plasticity of K/(Mg+Ca) (i.e. dKMgCa). The second principal component 

explained the 20% of variance and it is mainly affected by the level of Ca. The three groups of genotypes 

were well discriminated according to the first principal component (Figure 3 b). Group 1 reported the 

higher level of K and high values of the ratios K/Mg and K/(Mg+Ca). Group 3 reported high level of Mg and 

low level of K, whereas group 2 reported intermediate levels of both K and Mg. Group 1 also reported the 

widest differences between the two environments in terms of K/(Mg+Ca). Two sub-groups can be 

identified in group 3: the first one included genotypes G.16, G.24, G.25, G.37, G.71 and G.76 which 

reported high levels of Ca, whereas the second sub-group included genotypes G.17, G.26, G.30, G.30B, 

G.70 and G.75 with low levels of Ca. 

  



95 

 

 

Figure 3. Classification of rootstock genotypes for potassium and magnesium based on cluster analysis (a) 
and PCA (b). K = potassium; Mg = magnesium; Ca = calcium; KMg = ratio potassium magnesium; KMgCa = 
ratio potassium magnesium calcium; dKMgCa = plasticity of the ratio potassium magnesium calcium 

 

 The three groups identified by cluster analysis showed different affinity to K or Mg. Genotypes 

with high level of K generally reported low level of Mg, confirming the antagonism in the uptake of these 

nutrients (Casanova-Gascón et al., 2018; Toumi et al., 2016). Affinity to K and Mg was described by the 

first principal component of PCA, whereas the second component was related to Ca uptake. Genotypes 

collected in group 1 were affined to K and excluded Mg. These genotypes have already reported high 

levels of K in a preliminary study, except for G.19 which reported an average K level (Bianchi et al., 2020). 

Group 1 also reported the largest differences of the affinity to K, Mg and Ca in response to the 

environment, showing a plastic behavior. On the other hand, group 3 was affined to Mg, with lower levels 

of K. In group 3, genotypes G.17, G.24, G.26, G.30, G.70, G.71 and G.75 confirmed the affinity to Mg proven 

in the first screening (Bianchi et al., 2020). Genotypes in group 3 showed an elastic behavior, maintaining 

similar levels of Mg and K in the two environments. Avoiding magnesium deficit, they could reduce the 

risk of desiccation of the rachis. Furthermore, for specific oenological goals these genotypes can be use 
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as rootstocks to limit the uptake of K, reducing the salinification of tartaric acid and maintaining acidity 

and freshness of wines (Kodur, 2011). 

3.5.  Uptake affinity to micronutrients 

Differences among genotypes also occurred in terms of micronutrient levels. A cluster analysis was used 

to classify the genotypes according to their levels of Fe, Mg, Na and Zn. The plasticity of Fe in response to 

the environment was also considered (dFe). In the analysis four groups were identified (Figure 4 a): group 

1 comprised 9 genotypes; group 2 and group 4 counted 4 genotypes each one; and group 3 collected 14 

genotypes. Rootstock M2 was included in group 4. PCA approach was used to analyze the differences 

among groups (Figure 4 b). The first two principal components explained the 40.6% and 22.9% of total 

variance, respectively. The first principal component was positively affected by the levels of Fe, Mg and 

by dFe, whereas it was negatively affected by the level of Na. The second principal component was mainly 

related to the levels of Zn and Na. Group 1 was discriminated by others according to the first principal 

component, reporting high levels of Mn and Fe, as well as high dFe. The other three groups were 

discriminated by the second principal component. Levels of Zn and Na were high in group 2 and low in 

group 4. Group 3 reported average levels of the analyzed micronutrients. 

 Genotypes showed different affinities to micronutrients. Genotypes in group 1 were able to 

uptake high levels of Fe and Mn. They also showed a plastic behavior in Fe uptake in response to the 

environment, with higher levels of Fe in Arcagna. On the other hand, genotypes belonging to group 2 were 

affined to Zn and Na uptake. Genotypes collected in group 4 reported low levels of all the analyzed 

micronutrients, and they can be the most susceptible to a deficit of these elements. Genotypes in group 

3 resulted particularly interesting for their balance in the levels of micronutrients, reporting no deficit for 

specific elements. Genotypes in this group have already shown affinity to Na (G.12, G.28, G.30, G.70, G.77, 

G.81, G.82), Mn (G.09, G.12, G.13, G.23, G.24, G.30, G.75, G.81) and Fe (G.07, G.13, G.19, G.23, G.24, G.82) 
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in the preliminary study on their nutritional status (Bianchi et al., 2020). In the same study, genotypes of 

group 1 confirmed high levels of Mn (G.16, G.25, G.30B, G.71, G.83) and Fe (G.16, G.30B, G76, G.83). 

 

 

Figure 4. Classification of rootstock genotypes for micronutrients based on cluster analysis (a) and PCA 
(b). Na = sodium; Zn = zinc; Mn = magnesium; Fe = iron; dFe = plasticity of iron level 

 

3.6.  Promising rootstocks for adaptation to abiotic stresses 

The groups identified in the four cluster analyses were compared using a Venn diagram (Figure 5). In the 

diagram, the set “water stress tolerance” considered the genotypes belonging to group 3 and 4 from 

cluster analysis 1. Similarly, the set “vigor and carbon assimilation” included groups 3 and 4 from cluster 

analysis 2. The sets “affinity to Mg” and “balance in micronutrients” considered groups 3 from cluster 

analysis 3 and cluster analysis 4, respectively. Overall, the genotypes in the diagram amounted to 23. A 

number of 10 genotypes belonged to both the sets “water stress tolerance” and “vigor and carbon 

assimilation”. Among them, 5 genotypes (G.16, G.25, G.26, G.37 and G.70) were also collected in “affinity 

to Mg”, whereas 6 genotypes (G.13, G.19, G.23, G.70, G.81 and G.82) were also included to “balance in 
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micronutrients”. Only G.70 belonged to all the four sets and the control rootstock M2 was only included 

in the set “affinity to Mg”. 

 Venn diagram was used to summarize the results from the four cluster analyses, in order to 

characterize the promising genotypes for all the analyzed traits. Except to G.24, all the genotypes with 

high photosynthetic activity (groups 3 and 4 in cluster analysis 2) also reported high tolerance to water 

stress, in terms of transpiration or water use efficiency (groups 3 and 4 in cluster analysis 1). The largest 

part of tolerant genotypes to water stress also reported affinity to Mg rather than K. Among the genotypes 

affined to Mg, only four of them (G.24, G.30, G.70 and G.75) reported a balance in micronutrients. In 

future studies, the promising genotypes identified in this work can be further investigated for drought 

tolerance and mineral nutrition in grafting combination with some cultivars of Vitis vinifera, under 

different environmental conditions. Furthermore, their tolerance to other abiotic stresses such as 

limestone in the soil could be tested. All the collected data can be used to characterize the new rootstocks 

and their fundamental role in the adaptation of viticulture to the new environmental scenario imposed 

by climate change.  

 

Figure 5. Venn diagram of promising rootstocks for abiotic stress tolerance 
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Figure S1. Pearson correlation among all the traits analyzed in the study. Significant correlations are 
considered for 0.01 < p ≤ 0.05 (*), 0.001 < p ≤ 0.01 (**) and p ≤ 0.001 (***) 
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GENETIC DIVERSITY AND POPULATION STRUCTURE IN A VITIS SPP. CORE COLLECTION INVESTIGATED 

BY SNP MARKERS 

Abstract 

Single nucleotide polymorphism (SNP) genotyping arrays are powerful tools to measure the level of 

genetic polymorphism within a population. The coming of next-generation sequencing technologies led 

to identify thousands and millions of SNP loci useful to assess the genetic diversity. A Vitis genotyping 

array, containing 18k SNP loci, has been developed and used to detect genetic diversity of Vitis vinifera 

germplasm. So far, this array was not validated on non-vinifera genotypes used as grapevine rootstocks. 

In this work, a core collection of 70 grapevine rootstocks, composed by individuals belonging to Vitis 

species not commonly used in the breeding programs, was genotyped using the 18k SNP genotyping array. 

SNPs results were compared to the established SSR (Simple Sequence Repeat) markers, in terms of 

heterozygosity and genetic structure of the core collection. Genotyping array has proved to be a valuable 

tool for genotyping of grapevine rootstocks, with more than 90% of SNPs successfully amplified. Structure 

analysis detected a high degree of admixed genotypes, supported by the complex genetic background of 

non-vinifera germplasm. Moreover, SNPs clearly differentiated non-vinifera and vinifera germplasm. 

These results represent a first step in studying the genetic diversity of non-conventional breeding material 

that will be used to select rootstocks with high tolerance to limiting environmental conditions.  

1. Introduction 

Vitis vinifera, the most important economic fruit species in the modern world, is usually grown on 

rootstocks (a mixture of non-vinifera grapevine species and hybrids) due to its susceptibility to phylloxera 

attack, a homopteran insect (Daktulosphaira vitifoliae Fitch) that feeds on the V. vinifera roots (Granett 

et al., 2001). Nevertheless, rootstocks play a key role in the adaptation of vines to the environmental 

conditions, affecting the production and the quality of grape and wines. Several studies report an effect 
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of rootstocks on limestone tolerance (Brancadoro et al., 1995; Ollat et al., 2016), nutrients uptake (Köse 

et al., 2016) and water stress tolerance (Corso and Bonghi, 2014). Although relevant efforts in grapevine 

rootstock selection were made on the turn of the 20th century, only few genotypes found a large spread 

in vineyards and nowadays more than the 90% of V. vinifera varieties are grown grafted onto less than 10 

rootstocks (Keller, 2015), with negative consequences on the tolerance to biotic and abiotic stresses (Ollat 

et al., 2016) and on genetic diversity. It was already demonstrated that the genetic background of 

rootstock germplasm is narrow, traceable in a limited number of species. Based on Riaz et al (2019) results, 

three genotypes of three Vitis species contributed to the 39% of rootstock genetic diversity. In this 

context, rootstock collections represent a relevant starting-point for new breeding programs, aimed to 

select new promising genotypes able to face the environmental challenges of modern viticulture. 

Whilst much work has been performed to study the genetic diversity of large V. vinifera 

germplasm collections (Bacilieri et al., 2013; Cipriani et al., 2010; Emanuelli et al., 2013; Laucou et al., 

2011), few information is available on genetic identification of non-vinifera germplasm (Crespan et al., 

2009; Cseh et al., 2006; De Andrés et al., 2007; Dzhambazova et al., 2007; Jahnke et al., 2014; Riaz et al., 

2019; Sefc et al., 1998; Upadhyay et al., 2007). Recently, the grapevine rootstock collection of University 

of Milan (Italy), composed of 379 accessions and including the largest part of the rootstock germplasm 

currently available worldwide, has been genotyped by SSR (Simple Sequence Repeats) to investigate 

genetic diversity, infer population structure, analyze pedigrees and design a core collection (Migliaro et 

al., 2019). Molecular analysis identified 232 unique genotypes with a high level of admixture and a narrow 

genetic background. Among the 232 unique genotypes, 70 genotypes were selected to be included in a 

core collection designed to capture the entire allelic richness of the non-vinifera collection. Some of these 

genotypes are Berlandieri × rupestris and Berlandieri × riparia varieties (7%), some other have labrusca 

and vinifera parentage (30%), but most of them are individuals not still genetically identified or poorly 
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characterized by the ampelographic and agronomic point of view, making this core collection even more 

interesting as new materials for the further breeding programs. 

So far, SSR markers were one of the most reliable and robust tool used for the genetic 

characterization of vinifera and non-vinifera germplasm, widely adopted for their high degree of 

information provided by the large number of detected alleles per locus (Crespan et al., 2009; Cseh et al., 

2006; De Andrés et al., 2007; Dzhambazova et al., 2007; Jahnke et al., 2014; Lin and Walker, 1998; Migliaro 

et al., 2019; Riaz et al., 2019; Sefc et al., 1998; Upadhyay et al., 2007). Recently, SNP (Single Nucleotide 

Polymorphism) markers have rapidly gained high popularity in the scene of V. vinifera molecular genetics 

(Cabezas et al., 2011; De Lorenzis et al., 2019; Emanuelli et al., 2013; Laucou et al., 2018; Ruffa et al., 

2016). The number of SNP loci used to study the genetic diversity increased as changed the technologies 

to detect them in the genome. Prior to the emergence of next-generation sequencing (NGS) technologies, 

SNP sets included tens (Cabezas et al., 2011) or hundreds (Emanuelli et al., 2013) loci. With the coming of 

NGS technologies, the number of SNP loci rapidly increased up to thousands: 10k (Myles et al., 2010), 18k 

(Laucou et al., 2018) and 37k (Marrano et al., 2017) SNPs. Their popularity is mainly due to the abundance 

in the genome (they are the most abundant polymorphisms among the individuals of the same species), 

amenability to high-throughput detection and high reproducibility, since normalization with reference 

varieties is not required (De Lorenzis et al., 2019). These molecular markers are widely used to study 

genetic diversity and to dissect complex traits via QTLs (Quantitative Traits Loci) or GWASs (Genome-Wide 

Association Studies) for breeding program (Laucou et al., 2018). 

The most used SNP set is the Vitis18kSNP array, which was set up by the GrapeReSeq Consortium, 

re-sequencing the genome of 47 V. vinifera genotypes and 18 American genotypes, belonging to the 

species Vitis aestivalis, Vitis Berlandieri, Vitis cinerea, Vitis labrusca, Vitis lincecumii and Muscadinia 

rotundifolia. In this project, a total of 18,071 SNPs were selected, a third of which (4,510 SNPs) identified 

in Northern American species genome (Laucou et al., 2018). Several studies validated the 18k SNP set for 
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the evaluation of genetic diversity in V. vinifera (De Lorenzis et al., 2019, 2017; Degu et al., 2015; Mercati 

et al., 2016; Ruffa et al., 2016; Sunseri et al., 2018), but Vitis18kSNP array could also represent a potential 

effective tool for rootstock characterization, due to the consistent number of SNPs detected in Northern 

American species genome. The aim of this study was to evaluate the goodness of the non-vinifera 

germplasm core collection (Migliaro et al., 2019), representing the whole genetic diversity of grapevine 

rootstock collection housed at the University of Milan, by Vitis18kSNP array. SNP and SSR profiles have 

been compared for their usefulness to detect genetic diversity and population structure.  

2. Material and methods 

2.1.  Plant material 

Seventy Vitis ssp. genotypes, belonging to a core collection identified in Migliaro et al (2019) were 

genotyped using 18k SNP. The pedigree of 31 genotypes is unknown and the others are 31 hybrids 

genotypes and 8 traced to pure Vitis species (Table 1). The core collection is located in Torrazza Coste, 

Pavia, Italy (44.984783N, 9.089038E, 133m a.s.l.). 

2.2.  DNA extraction and SNP genotyping 

One hundred milligrams of freeze-fresh young leaf tissue were ground with liquid nitrogen and genomic 

DNA was extracted using NucleoSpin® Plant II (MACHEREY-NAGEL – Düren, Germany), according to 

manufacturer’s protocol. Concentration of DNA and its quality were checked by electrophoresis on 

agarose gel, by spectroscopy (260/230 and 260/280 ratios) using NanoDrop Spectrophotometer (Thermo 

Fisher Scientific, Waltham, MA) and the Quant-iT dsDNA HS assay kit for Qubit 3.0 Fluorometer (Thermo 

Fisher Scientific). SNP genotyping was performed on 200 ng of genomic DNA per sample using the 

Vitis18kSNP array (Illumina Inc., San Diego, California), containing 18,071 SNPs, by the laboratory of 

Fondazione Edmund Much (San Michele all’Adige, Trento, Italy).  
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Table 1. List of the vine rootstock core collection. For each accession is reported the genotype name and 
the breeding material (Migliaro et al., 2019) 

Accession ID Genotype Pedigree 

1 101.14 Millardet et de Grasset V. riparia x V. rupestris 

4 110 Richter V. rupestris x V. Berlandieri 

6 1202 C V. vinifera x V. rupestris 

10 161.49 Couderc V. Berlandieri x V. riparia 

16 3309 Couderc V. riparia x V. rupestris 

17 333 Ecole de Montpellier or Tisserand V. vinifera x V. Berlandieri 

19 41 B Millardet et de Grasset V. vinifera x V. Berlandieri 

28 Cosmo 10 V. Berlandieri x V. riparia 

29 Dog Ridge V. rupestris x V. candicans 

38 Isabella V. labrusca x V. vinifera 

39 Jacquez V. aestivalis x V. vinifera 

40 Geilweilerhof V.348 V. vinifera 

41 Kober 5BB V. Berlandieri x V. riparia 

42 LN 33 or LLYOD'S NUMBER 33 V. riparia x V. longii x V. vinifera 

43 Malegue 44.53 V. riparia x V. cordifolia x V. rupestris 

46 Salt Creek Unknown 

55 Vitis riparia Fabre V. riparia 

56 Vitis riparia Gloire de Montpellier V. riparia 

68 Genotype 01 Unknown 

69 Genotype 02 V. Berlandieri x V. riparia x V. cinerea 

70 Genotype 03 V. Berlandieri x V. riparia x V. cordifolia x V. rupestris 

71 Genotype 04 Unknown 

81 Genotype 15 V. Berlandieri x V. riparia x V. rupestris 

83 Genotype 17 V. Berlandieri x V. riparia 

84 Genotype 18 Unknown 

96 Genotype 29 V. riparia x V. vinifera x ? 

99 Genotype 33 V. riparia x V. longii x ? 

112 Genotype 46 Unknown 

114 Genotype 48 Unknown 

116 Vitis riparia Lombard V. riparia 

118 Genotype 52 Unknown 

120 Genotype 54 Unknown 

121 Genotype 55 Unknown 

125 Vitis labrusca Muncy V. labrusca 

126 Genotype 60 Unknown 



109 

 

127 Genotype 61 Unknown 

129 Genotype 63 V. Berlandieri x V. riparia x ? 

132 Genotype 66 Unknown 

134 Genotype 68 Unknown 

136 Genotype 70 V. vinifera x V. Berlandieri x V. riparia x V. candicans 

140 Genotype 74 V. Berlandieri x V. riparia 

150 Kober 125 AA V. Berlandieri x V. riparia 

152 Genotype 86 Unknown 

153 Genotype 87 Unknown 

154 Genotype 88 Unknown 

155 Genotype 89 Unknown 

161 Genotype 95 Unknown 

162 Genotype 96 Unknown 

163 Genotype 97 Unknown 

164 Genotype 98 Unknown 

166 Genotype 100 Unknown 

169 Genotype 103 Unknown 

171 Genotype 105 Unknown 

172 Genotype 106 V. riparia x V. rupestris x ? 

173 Genotype 107 Unknown 

176 Genotype 110 Unknown 

177 Genotype 111 Unknown 

184 Genotype 118 Unknown 

187 143 B Millardet et De Grasset V. vinifera x ? 

192 202-4 Millardet et De Grasset V. riparia x V. longii x ? 

198 33 Ecole de Montpellier V. Berlandieri x V. riparia 

199 420 B Millardet et De Grasset V. Berlandieri x V. riparia 

206 Dufour 11 F V. riparia x V. rupestris 

214 Genotype 148 Unknown 

215 Vitis riparia Sericea V. riparia 

216 Vitis riparia Sombre V. riparia 

217 Vitis riparia Tomenteux V. riparia 

223 Genotype 157 V. labrusca x V. riparia x V. rupestris 

224 Genotype 158 Unknown 

231 Genotype 165 Unknown 
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 2.3.  Data analysis 

For SNP data, samples with call quality value (p50GC) lower than 0.54 and loci with GenTrain (GT) score 

value lower than 0.6 (De Lorenzis et al., 2015) were filtered from the dataset, as well as those with more 

than 20% of missing data and monomorphic loci. Number of alleles and their frequency, observed 

heterozygosity (Ho), expected heterozygosity (He) and minor allele frequency (MAF) were assessed using 

PEAS V1.0 software (Xu et al., 2010). In order to identify the minimum number of SNP loci able to explain 

the observed diversity in our data set, the accumulation curve approach implemented in the package 

poppr and AMaCAID for R software (R Core Team, 2019) were used. The results were viewed as a barplot.  

The genetic structure of the core collection was analyzed using LEA package (Frichot and Franc, 

2015) of R software by varying the number of ancestral genetic groups (K) from 1 to 10 in ten repetition 

runs for each K value. The Principal Components Analysis (PCA) was run by using adegenet package of R 

software (Jombart, 2008) and the first two components values were plotted on a 2-D scatterplot. The 

genetic distance among genotypes was set up on Nei’s distance (Nei, 1972), performed in PEAS, and the 

clustering was performed using Unweighted Pair Group Method with Arithmetic Mean (UPGMA). Circular 

dendrogram was plotted using MEGA 7.0 software (Kumar et al., 2016). The validation of clustering results 

was performed considering the pairwise Nei’s genetic distance. The values were calculated using nei.dist 

function of R software. 

In order to compare SNP and SSR results, the Migliaro et al (2019) core collection SSR profiles 

were used to detect the number of alleles, Ho and He, using the GenAlEx 6.5 software (Peakall and Smouse, 

2006). Structure analysis was performed using STRUCTURE 2.0 software (Pritchard et al., 2000). Burn-in 

and MCMC (Markov Chain Monte Carlo) values were set on 100,000 replicate runs, the number of clusters 

(K) varied from 1 to 10, and 10 replicate runs were carried out to quantify the variation of the likelihood 

for each K. The most likely K value was chosen according to Evanno et al. (2005) method. PCA was 

performed using adegenet package and the UPGMA circular dendrogram was drawn using MEGA 7.0 
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software on the Nei’s distance matrix assessed by GenAlEx 6.5. Clustering results were validated by 

pairwise Nei’s genetic distance (GenAlEx 6.5). 

To investigate the genetic relationship between non-vinifera and vinifera germplasm, our dataset 

was merged with those reported in De Lorenzis et al (2019), Laucou et al (2018) and De Lorenzis et al 

(2015). The final dataset resulted in 1044 genotypes. PCA and parentage analysis were performed on the 

new dataset. Parentage analysis was performed to account for first-degree (parent-offspring) 

relationships among core collection genotypes and vinifera genotypes. The analysis was carried out by 

PLINK 1.07 software, calculating the identity-by-descent (IBD). The following parameters were set: MAF = 

0.1 and r2 of linkage disequilibrium = 0.05. The parent-offspring (PO) relationships among genotypes were 

assigned based on Z0 (probability of sharing 0 IBD allele identical-by-descent), Z1 (probability to share 1 

IBD allele), Z2 (probability to share 2 IBD alleles), and PI-HAT (the relatedness measure measured as PI-

HAT = P (IBD = 2) + 0.5 × P (IBD = 1)) parameters. To assign the PO relationships, the experimental values 

were compared to the theoretical ones: Z0 and Z2 values similar to 0, Z1 similar to 1 and PI-HAT to 0.5. 

Only relationships with core collection genotypes will be discussed. 

3. Results 

Seventy Vitis ssp. genotypes of a grapevine rootstock core collection (Migliaro et al., 2019) were 

genotyped using the Vitis18kSNP array. Filtering the genetic profiles for a call quality value (p50GC) higher 

than 0.54, 66 out of 70 genotypes were retained, probably due to low quality of DNA. Accessions 152, 

192, 216, and 231 were not considered for further analysis. The number of SNP loci with GT score value 

higher than 0.6 was 16,495 (91.3% of the total) and the loci showing a percentage of missing data lower 

than 20% amounted to 15,688 (86.8%). Finally, 1,508 monomorphic SNPs were removed, obtaining a final 

dataset of 14,180 SNPs (78.5%) suitable for genetic characterization of the analyzed genotypes. The final 

dataset accounted for 11,717 vinifera SNPs (around 86% of SNPs identified in the V. vinifera genome) and 
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2,463 non-vinifera SNPs (around 55% of SNPs identified in the genome of other species). Among the non-

vinifera SNPs, the M. rotundifolia SNPs showed the lowest percentage of loci successfully amplified (19%), 

while V. Berlandieri SNPs showed the highest (66%). Two R packages (poppr and AMaCAID) were used to 

identify the minimum number of loci able to distinguish the 66 genotypes (100% of genetic diversity). The 

genotype accumulation curves reported in Figure 1 indicated that randomly sampling 64 or 49 SNPs, 

respectively based on the simulation performed with poppr package (Figure 1a) and AMaCAID package 

(Figure 1b), the 100% of core collection genetic diversity is detected. 

 

Figure 1. Genotype accumulation curve of 66 grapevine rootstock accessions, genotyped over 14180 SNP 
loci, obtained with poppr package (a) and AMaCAID package (b). Value on Number of loci axis was limited 
to 100. The red dashed line represents 100% of the total observed genotypes 

 

Genetic diversity of core collection was evaluated using both SNP and SSR molecular markers. The 

average number of alleles for SNPs is 1.80 and the minor allele frequencies (MAF) is equal to 0.10. The 

percentage of SNPs reporting MAF higher than 0.05 was about 57%. For the largest part of SNPs (10,162), 

no difference (p≤0.05) was found between Ho and He values. In the other loci, Ho was lower than He in 

3,584 SNPs and higher in the remaining 434 SNPs. Both molecular markers showed similar Ho and He values 

(0.143 vs 0.157 and 0.823 vs 0.879, respectively for SNP and SSR loci) as reported in Table 2. 
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Table 2. Observed (Ho) and expected (He) heterozygosity of the vine rootstock core collection and the 
ancestral groups identified by the structure analysis, based on SNP and SSR profiles. N = number of 
genotypes 

Marker Plant material N Ho He 

SNP 

Core collection 66 0.143 0.157 

Group 1 8 0.100 0.095 

Group 2 16 0.303 0.280 

Group 3 15 0.125 0.099 

Group 4 27 0.071 0.067 

SSR 

Core collection 70 0.823 0.879 

Group 1 10 0.882 0.730 

Group 2 24 0.779 0.771 

Group 3 36 0.836 0.891 

 

In order to identify ancestral population in the analyzed core collection a structure analysis was 

performed with both SNP and SSR profiles. The analyses estimated the most likely number of ancestral 

populations at K = 4 for SNPs and K = 3 for SSRs. A bar plot representation of the two structures is shown 

in Figure 2. Based on SNP profiles, the percentage of admixed genotypes (reporting the predominant K 

values lower than 0.8) was about 53% (Figure 2a). The SNP-group 1 was the smallest group, where only 

12% of genotypes were included, whereas SNP-group 4 was the biggest (41%). V. Berlandieri x V. riparia 

genotypes and those having an unknown pedigree were grouped in all the four SNP-groups. The majority 

of unknown genotypes belonged to SNP-group 4 (11 out of 29). In the SNP-group 1, only three known 

genotypes were clustered, a V. Berlandieri x V. riparia (ID 83), a V. vinifera x V. rupestris (ID 6) and a V. 

labrusca (ID 125). In the SNP-group 2, we had genotypes with other species in their genetic background 

(such as V. cordifolia, V. labrusca, V. rupestris and V. vinifera), as well as in the SNP-group 3, where 
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genotypes with V. candicans, V. labrusca, V. longii and V. rupestris in their pedigree were clustered. Pure 

V. riparia genotypes were assigned to the SNP-group 4 together with V. candicans, V. cinerea, V. longii, V. 

rupestris and V. vinifera genotypes. Based on SSR profiles, 31% of genotypes were admixed and 69% of 

genotypes were grouped in three ancestral groups (10% of genotypes in SSR-group 1, 23% in SSR-group 2 

and 36% in SSR-group 3) (Figure 2b). The V. Berlandieri x V. riparia genotypes were mainly grouped in 

ancestral SSR-group 1, whereas V. rupestris genotypes were assigned to SSR-group 2 and V. vinifera to 

SSR-group 3. 

 

Figure 2. Genetic structure of the grapevine rootstock core collection (66 genotypes) defined using 14k 
SNP (a) and 17 SSR (b) molecular markers. Ancestral groups are reported in different colors 

 

PCA was performed to identify correlations among structure groups (Figure 3). Regarding SNPs, 

the first two principal components (PCs) explained 37% of the total variability. PCA was able to 

discriminate among the ancestral groups identified by the structure analysis. PC1 separated SNP-group 2 

from the others, whereas PC2 highlighted the differences among SNP-group 1, 3 and 4. SNP-group 2 was 

the group showing the highest diversity, with four out of five not-admixed genotypes (ID 39, 40, 71 and 

120) clustered aside from the other genotypes (Figure 3a). Performing PCA on SSR profiles, the first two 

PCs described the 49% of the total variability. As for SNPs, ancestral groups were discriminated by PCA. 

SSR-group 2 and 3 were separated along the PC1 and SSR-group 1 along the PC2 (Figure 3b). Admixed 

genotypes were generally placed in between the genotypes of each ancestral group, independently from 

the used molecular markers. 
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Figure 3. Principal component analysis (PCA) of the grapevine rootstock core collection (66 genotypes), 
defined using 14k SNP (a) and 17 SSR (b) molecular markers. Genotypes are classified according to the 
ancestral groups identified in the structure analysis. White filled dots are admixed genotypes. Colors are 
according to ancestral groups reported in Figure 2 

 

Genetic distance among genotypes of the grapevine rootstock core collection is reported in Figure 

4. Based on the SNP analysis, the genotypes showed different levels of similarity, ranging from 85 to 98%. 

Using the threshold value of 95% for similarity index, two main groups were identified, one grouping 

genotypes belonging to the structure SNP-group 1, 3 and 4 and the other genotypes of SNP-group 2. In 

each cluster, genotypes were clustered according to the ancestral group they belong to. Similarly to the 

PCA analysis, genotypes of the SNP-group 2 were the most different, with samples 39, 40, 71 and 120 

clustering as outgroups. SSR dendrogram showed similarity values ranging from 75 to 95%. Two main 

clusters were identified (threshold value = 83%), one grouping mainly genotypes of the ancestral SSR-

groups 1 and 2 and the other the genotypes of SSR-group 3. Each genotype was clustered according to 

their ancestral group. Genotypes of SSR-group 3 were the most different (Figure 4b). 
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Figure 4. Clustering of the grapevine rootstock core collection (66 genotypes), according to Nei’s distance, 
defined using 14k SNP (a) and 17 SSR (b) molecular markers. White filled dots are admixed genotypes. 
Colors are according to ancestral groups reported in Figure 2 

 

Ho and He values per each ancestral group were similar each other for both SNP and SSR groups, 

with Ho, generally, higher than He (Table 2). About SNPs, SNP-group 2 and SNP-group 4 were the groups 

showing the highest (0.303 vs 0.280) and lowest (0.071 vs 0.067) Ho and He values, respectively. The 

highest pairwise Nei’s genetic distance was detected for the combination SNP-group 2 – SNP-group 3 

(0.197) and the lowest for the combination SNP-group 3 – SNP-group 4 (0.037). About SSRs, Ho values 

ranged from 0.779 (SSR-group 2) to 0.882 (SSR-group 1) and He values from 0.730 (SSR-group 1) to 0.891 

(SSR-group 3). Pairwise Nei’s genetic distance showed the highest value for the combination SSR-group 2 

– SSR-group 3 (0.674), and the lowest for combination SSR-group 1 – SSR-group 2 (0.484).  

In order to highlight the genetic relationship between non-vinifera and vinifera germplasm (De 

Lorenzis et al., 2015, 2019; Laucou et al., 2018), a second dataset was built, accounting for 1044 genotypes 

and 6375 SNPs. PCA results were plotted on a scatter plot (Figure 5). The first two principal components 

(PCs) explained the 23% of total genetic variability (19 and 4% for PC1 and PC2, respectively). The 

genotypes were discriminated along the PC1 in two well distinct groups: i) vinifera group; ii) non-vinifera 
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group. Moreover, some genotypes belonging to the non-vinifera dataset overlapped with the vinifera 

genotypes (ID 39, 40, 71, and 120, two genotypes with a vinifera background and two genotypes with an 

unknown pedigree), and some other were strongly differentiated from the rest of non-vinifera genotypes. 

The last group of genotypes were mainly genotypes with a riparia background. Some vinifera-

backgrounded genotypes and some unknown genotypes were included as well. 

 

Figure 5. Principal component analysis (PCA) of non-vinifera (66 genotypes) and vinifera genotypes (978 
genotypes (De Lorenzis et al., 2015, 2019; Laucou et al., 2018)), defined using 6k SNP molecular markers 

 

On the same dataset, parentage analysis was performed to account for first- and second-degree 

relationships among core collection genotypes and vinifera germplasm (De Lorenzis et al., 2015, 2019; 

Laucou et al., 2018). Only one PO relationship was observed in the new dataset: ID 40 (Geilweilerhof 

V.348) = Pinot noir x Riesling. The experimental values for relationship parameters were as follow: i) ID 

150 – Pinot noir, Z0 = 0.012, Z1 = 0.923, Z2 = 0.092, PI_HAT = 0.553; ii) ID 150 – Riesling, Z0 = 0.035, Z1 = 

0.898, Z2 = 0.058, PI_HAT = 0.507.  
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4. Discussion 

4.1.  The 18k SNP genotyping array is a suitable tool to characterize non-vinifera germplasm 

Increasing efforts in new rootstock selection require effective tools able to investigate the diversity in the 

genus Vitis. Recently, a 18k SNP genotyping array has been developed, containing 13,561 SNPs isolated 

from V. vinifera and 4,510 SNPs from other Vitis species (Laucou et al., 2018). So far, the Vitis18kSNP array 

was used in several studies on V. vinifera germplasm characterization, but its effectiveness on grapevine 

rootstocks has not been tested yet. In this work, the array was validated on 70 genotypes of a grapevine 

rootstock core collection, obtaining a final dataset of 14,180 SNP loci. This number of SNP loci was in line 

with the ones reported for V. vinifera germplasm, ranging from 10,041 to 16,501 SNPs (De Lorenzis et al., 

2019, 2017; Degu et al., 2015; Mercati et al., 2016; Ruffa et al., 2016; Sunseri et al., 2018), resulting to be 

an informative tool for grapevine rootstock genetic characterization. Among the core collection genotypes 

with a known pedigree (Migliaro et al., 2019), the species mostly represented are V. riparia (n. 29 

genotypes), V. Berlandieri (n. 16), V. rupestris (n. 11) and V. vinifera (n. 10). Although, V. riparia and V. 

ruprestris, two species worldwide used in the breeding programs of grapevine rootstocks for their 

resistance trait to phylloxera (Riaz et al., 2019), were not included in the panel of species used to identify 

and selected the SNPs (Laucou et al., 2018), genotypes having in their pedigree the genetic background of 

these two species were successfully analyzed. On the other hand, about the 56 and 59% of SNPs identified 

in the genome of V. aestivalis and V. cinerea, respectively, were amplified, even though in the core 

collection these two species appeared less represented (only two genotypes among the ones with a 

known pedigree). Nevertheless, it is not possible to exclude that among the unknown genotypes there 

are some having aestivalis and cinerea background. These results confirm that molecular markers 

identified in V. vinifera are appropriate to genotype different Vitis species and viceversa, as already 

verified for other molecular markers, such as SSR (Sefc et al., 1999), REMAP (D’Onofrio et al., 2010) and 
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iPBS (Guo et al., 2014). Only the SNPs loci detected in the genome of M. rotundifolia were not useful for 

Vitis non-vinifera genotyping (only the 19% of M. rotundifolia SNPs were successfully amplified). 

Muscadinia (2n = 40) and Vitis (2n = 38) are the two subgenera of Vitis genus. The two subgenera are 

distinguishable based on morphological traits and are nearly reproductively isolated, exhibiting significant 

divergence each other (Wan et al., 2013). 

To genotype the vinifera germplasm, a set of nine SSRs has been established as reference tools to 

distinguish among the grapevine cultivars. Seven out of these nine SSR loci were found to be suitable to 

distinguish among the non-vinifera genotypes (Migliaro et al., 2019). Regarding the Visit18kSNP 

genotyping array, Mercati et al. (2016) suggested a minimal set of 12 SNP loci to discriminate among 

Sicilian cultivars and Laucou et al. (2018) found 14 as minimal number of SNP loci to distinguish among 

783 grapevine cultivars. In this work, a minimum number of SNP loci has been proposed for the non-

vinifera germplasm as well, using two different R packages. Both packages detected a number of loci (64 

and 49 SNPs; Figure 1) higher than the one detected by Laucou et al (2018) and Mercati et al (2016). 

Because the minimal set of loci can change depending on the genetic diversity of genotypes analyzed, the 

higher size of minimal SNP set detected for non-vinifera germplasm reflects the low genetic distance 

detected by SNPs in comparison to the one detected by SSR markers (Figure 4).  

4.2.  SNP profiles reveal a high level of admixture 

Genetic characterization of grapevine rootstocks can be performed by different marker types, which 

results do not always overlap (Emanuelli et al., 2013). In this study, SNP and SSR profiles were compared 

to assess genetic diversity of the grapevine rootstock core collection. Differences between SNPs and SSRs 

were observed with respect to heterozygosity (Table 2). As expected due to their multiallelic nature and 

high level of polymorphism, SSR loci exhibited a significantly higher heterozygosity than bi-allelic SNP loci. 

The same trend was observed by Emanuelli et al (2013) comparing a set of 384 SNPs to 22 SSRs on 122 
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rootstock genotypes. In particular, they observed rootstock heterozygosity values of Ho = 0.099 and Ho = 

0.734 for SNPs and SSRs, respectively, slightly lower than the heterozygosity observed in this work (Table 

2), suggesting that 384 SNPs related to phenotypical traits have the same power than 14k SNPs unrelated 

to phenotypical traits to detect the heterozygosity. SSR He value of core collection (Table 2) was larger 

than the values detected in other studies about different rootstock material (Dzhambazova et al., 2007; 

Emanuelli et al., 2013; Sefc et al., 1998; Upadhyay et al., 2007), confirming the uniqueness and 

preciousness of the analyzed germplasm collection. Ho value of core collection was lower than the He for 

both molecular markers. This result can be addressed to a Wahlund effect, due to population 

substructure. Indeed, although the high percentage of admixed genotypes (Figure 2), structure groups 

were detected with both molecular markers. The average minor allele frequency among the 14,180 SNPs 

(MAF = 0.10) was slightly higher than rootstock germplasm studied by Emanuelli et al (2013) (MAF = 0.08), 

but lower than the sativa compartment (MAF = 0.26).  

A different genetic structure was defined according to the marker type: using SSRs, three ancestral 

groups were identified (Figure 2b), whereas SNPs defined a more complex structure, consisting of four 

ancestral populations (Figure 2a). Same trend was reported by Laucou et al (2018) on V. vinifera cultivars 

genotyped with the same set of SNP and SSRs. A different result was described by Emanuelli et al (2013), 

where K = 6 and K = 5 were identified for SSRs and SNPs, respectively, probably due to the lower number 

of SNP loci used to genotype the individuals. As a result of the higher number of SNP ancestral groups, the 

percentage of admixed genotypes was lower for SSRs (most of them resulted admixed also for SNP 

analysis). According to Klein et al (2018), two main clades can be discerned among North American Vitis 

species: clade I comprised V. riparia and V. rupestris together with Vitis acerifolia, Vitis arizonica and Vitis 

monticola; clade II consisted of Vitis aestivalis, V. cinerea, V. labrusca and Vitis mustangensis. SNP and SSR 

profiles were not able to capture this division between V. riparia and V. rupestris and the other species 

such as V. labrusca, probably due to the low number of genotypes having one species in their pedigree. 
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The core collection was designed to maximize the genetic variation of our non-vinifera germplasm 

collection and a high number of genotypes having a genetic background derived from three or four species 

have been included. The complex pedigree of selected genotypes supports the high level of admixture, 

with any strong evidence of differentiation among species. 

PCA (Figure 3) and cluster analysis (Figure 4) produced consistent results, which clearly 

discriminated the structure ancestral groups for both marker types. Nei’s genetic distances reflected 

structure, PCA and cluster distribution, confirming the SNP-group 2 and SSR-group 3 as the most different, 

although SSR Nei’s genetic distance values among groups were higher than SNP ones. Both groups 

clustered individuals having in their genetic background species different from V. Berlandieri, V. riparia 

and V. rupestris (the three species mostly used in the rootstock breeding programs (Riaz et al., 2019)), 

such as V. aestivalis, V. candicans, V. cordifolia and V. longii. Some of these genotypes were clustered as 

much different in comparison to the individuals belonging to the same group (such as ID 39, 40, 71 and 

120 for SNP analysis). Based on the comparison between non-vinifera and vinifera germplasm (Figure 5), 

these genotypes were assigned to the vinifera germplasm. Although V. vinifera was not used to breed 

rootstock material so far, due to their susceptibility of phylloxera (Granett et al., 2001), rootstock (non-

vinifera) and scion (vinifera) do not always make up a successful graft. Indeed, the higher the inter-

specificity between rootstock and scion, the higher the incompatibility. For this reason, it could be 

interesting to investigate these genotypes by the phenotypical point of view for further breeding 

programs. 

In contrast to the trend of the whole core collection, Ho values within the SNP and SSR structure 

groups were slightly higher than the expected ones (except for the SSR-group 3) (Table 2). This result is 

due to the absence of clear discrimination among species based on the structure analysis (Figure 2) and 

low genetic variation (Figure 4) due to inbreeding among species (Riaz et al., 2019). The difficulty in finding 

a clear differentiation among genotypes with different genetic background can be traced back to 



122 

 

classification of Vitis genus. Indeed, the Vitis species are interfertile with most of their distribution areas 

overlapping, where natural hybridization can occur. This hybridization can mix the morphological traits 

and make difficult the identification of a true species (Wan et al., 2013). 

4.3.  SNPs performed well in dicriminating non-vinifera and vinifera germplasm 

The Vitis18kSNP genotyping array was mainly developed to analyze V. vinifera germplasm, but in this work 

it was demonstrated working well also with non-vinifera germplasm, amplifying a high number of loci and 

discriminating well among non-vinifera and vinifera germplasm (Figure 5). It was already demonstrated 

that the two germplasms are clearly differentiated when analyzed with both SSR and SNP molecular 

markers (Emanuelli et al., 2013; Laucou et al., 2011). The genotyping array strongly discriminated the two 

germplasms, even though some (four) core collection genotypes overlapped with the vinifera-genotypes. 

These four genotypes are two (ID 39 and 40) vinifera-backgrounded genotypes (ID 40 has a V. vinifera x 

V. vinifera pedigree) and two (ID 71 and 120) unknown genotypes, suggesting a likely vinifera background 

also for the latter genotypes. In the non-vinifera group, part of riparia genotypes were placed in between 

non-vinifera and vinifera genotypes, appearing as the less homogeneous genotypes. Because together 

with riparia genotypes, some vinifera-backgrounded and unknown genotypes were also placed, it can be 

suggested a “riparia x vinifera” background for those genotypes with an unknown pedigree. The strong 

differentiation among non-vinifera and vinifera germplasm was also confirmed by the lack of PO 

relationships between the two groups of genotypes. 

4.4.  From SSR to SNP genotyping 

SNPs are widely used to genotype crops and are markers of choice for QTL and GWAS (Bérard et al., 2009; 

Ha et al., 2007; Tian et al., 2011) due to their number, distribution and density along the genome. In V. 

vinifera, the genotyping SNP array has been used successfully to investigate the genetic diversity of 

grapevine, to discriminate among the wild and cultivated compartments, to infer population structure 
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and to reconstruct the pedigree of cultivars (De Lorenzis et al., 2019, 2017; Laucou et al., 2018; Mercati 

et al., 2016; Ruffa et al., 2016; Sunseri et al., 2018). Its attractiveness is due to a number of advantages, 

such as their high reproducibility among the laboratories, transferability, throughput, automatization and 

inexpensiveness. Nevertheless, the success of this tool will be established once laboratories will fully 

adopt SNPs as genotyping method, instead of SSRs, and the number of individuals analyzed with SNP array 

raises, as well as the reference databases. If this shift appears difficult to be applied due to the great 

efforts made in genotyping the vinifera germplasm using a universal panel of 9 SSR loci, for the non-

vinifera germplasm the genotyping is still at the beginning, making this shift a more feasible change.  

5. Conclusions 

The genetic base of available Vitis rootstocks derived from a restricted number of genotypes, selected 

among North American Vitis species at the end of the XIX century. Considering the relevant role of 

rootstocks on environmental stress tolerance, the low genetic diversity reduces the ability of grapevine 

cultivars to adapt to several environmental constraints. This issue can be faced increasing the genetic and 

phenotypic diversity of breeding material, including non-conventional material in the further breeding 

programs. Living germplasm collections are valuable resources for exploring the genetic and phenotypic 

diversity and providing new genetic resources to support plant breeding efforts. The non-vinifera 

collection housed at the University of Milan has been established with the purpose of collecting as much 

as possible the diversity of non-vinifera germplasm and to design a core collection, where the putatively 

novel breeding material are included. Because the SNP genotyping is becoming even more popular for a 

number of advantages (rapid processing of large populations and data harmonization), 70 individuals of 

the non-vinifera germplasm core collection have been genotyped by Vitis SNP genotyping array. The SNP 

genotyping array has proved adequate to study the genetic diversity of non-vinifera germplasm. The 

genetic characterization provided the uniqueness and preciousness of the core collection as source of 
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plant breeding material not commonly used so far. The 18k SNP genotyping array will be a valid tool to 

assist the selection on the most promising individuals. 
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A NEW GENOMIC LOCUS ASSOCIATED TO DROUGHT TOLERANCE IN GRAPEVINE ROOTSTOCKS 

Abstract 

Rootstocks are worldwide used in modern viticulture, but their genetic base is narrow, and few genotypes 

are available for winegrowers. New challenges caused by climate change draw attention on the selection 

of new rootstocks, in order to improve the adaptation of viticulture to abiotic stresses. In breeding 

programs, early selection of promising genotypes can be achieved using marker-assisted selection (MAS), 

which allows to considerably reduce the long time required by traditional selection. Nevertheless, drought 

tolerance related markers have not been detected in grapevine rootstocks so far. The aim of this study 

was to apply a genome-wide association (GWA) approach to a rootstock breeding population 

characterized for drought tolerance and genotyped with a 18k SNP array. Phenotyping for drought 

tolerance was performed under controlled conditions, with a multi-parameter approach. Vegetative 

growth and transpiration, estimated by thermography, were used to classify the genotypes in four groups 

according to their response to increasing water deficit. Groups were used in GWA to identify one 

significant association with one locus in chromosome 6. The detected locus is included in the U-box 

domain, which play an important role in abiotic stress adaptation in other plant species. This study 

provides a potential target gene in assisted breeding programs for drought tolerance. 

1. Introduction 

In the last decades, viticultural areas underwent to increasing temperature and longer drought periods 

due to climate change. Production and quality of grape and wine are strongly affected by environmental 

conditions, such as light and water availability, and their interaction with genotypes and viticultural 

techniques (Van Leeuwen et al., 2019). Resilience of viticulture to climate change can be improved by 

selecting new plant material adapted to drought conditions. Drought adaptation of vine involves several 

physiological mechanisms, such as root growth, transpiration control, water use efficiency and embolism 
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repair through remobilization of osmolytes (Brodersen et al., 2010; Flexas et al., 2009; Steudle, 2000). 

Selection of drought-adapted rootstocks has been identified as a promising strategy to face climate 

change (Delzon, 2015; Ollat et al., 2018). Rootstocks are worldwide used in viticulture since the end of XIX 

century after the spread of phylloxera (Daktulosphaira vitifoliae). Unlike the European Vitis vinifera, the 

roots of American Vitis species showed resistance to the aphid due to the coevolution in the same areas, 

and they were used in breeding programs to obtain rootstocks. Nevertheless, the genetic base of 

rootstocks is narrow. Riaz et al (2019), found that the 39% of the genetic variability among commercial 

rootstocks is represented by only three genotypes: Vitis riparia Gloire de Montpellier, Vitis rupestris du 

Lot and Vitis Berlandieri Rességuier. Thus, new efforts in rootstock selection are required: introducing 

more diversity in future breeding programs could be possible to obtain rootstocks with higher tolerance 

to drought. The selection of promising genotypes is a crucial step in breeding programs, which require 

long time especially for perennial crops as grapevine. The recent development of genetic techniques and 

the availability of high throughput genotyping tools paves the way on the marker-assisted selection (MAS), 

which allows an early selection of promising genotypes for the interested phenotypic traits. In grapevine, 

quantitative trait loci (QTLs) related to drought tolerance have been studied in V. vinifera by Coupel-Ledru 

et al (2014) on a pseudo-F1 population obtained by the breeding of Syrah and Grenache. Results of the 

study suggested that drought-tolerance of grapevine is regulated by several genes, due to the large 

number of QTLs related to transpiration rate and hydraulic conductance. The genetic architecture of 

rootstock control to transpiration and the adaptation to water stress were investigated by Marguerit et al 

(2012) on a breeding population of V. vinifera × V. riparia hybrids. Also in this study, several QTLs were 

identified, related to water extraction capacity, transpiration rate, transpiration efficiency, acclimatation 

of transpiration rate to water deficit and water use efficiency, estimated by carbon isotopes. The 

confidence intervals of the detected QTLs included the genes involved in the ABA pathway. A Genome-

wide association (GWA) approach was used by Trenti et al (2021) to identify the loci related to 
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transpiration, estimated by thermography, on a genetic core collection composed by 100 Vitis spp. 

accessions. In the analysis, 13 candidate genes were identified and 3 of them, codifying for 

Glycosyltransferase, Raffinose synthase and Peroxidase, responded to water deficit in a gene expression 

analysis on reference rootstocks. Except the control of transpiration, other physiological mechanisms are 

involved in adaptation of rootstocks to drought. The aims of the present study are: i) to characterize the 

genetic structure of a new breeding population obtained by rootstock M; ii) to phenotype the breeding 

population for drought tolerance using a multi-parameters approach and to identify promising genotypes 

for arid conditions; iii) to identify genetic regions involved in drought tolerance through a GWA approach. 

2. Material and methods 

2.1.  Plant material 

The breeding population analyzed in this study was obtained in 2012 by the open pollination of rootstock 

M1. The population included 141 genotypes and it is maintained under field conditions in the germplasm 

collection of the Department of Agricultural and Environmental Sciences (DiSAA) of University of Milano, 

located in Torrazza Coste, Pavia, Italy (44.984783 N, 9.089038 E, 133 m a.s.l.). During the pruning period, 

cuttings of each genotype were collected for genotyping and phenotyping under controlled conditions. 

2.2.  SNP genotyping 

One hundred milligrams of freeze‐fresh young leaf tissue were ground with liquid nitrogen, and genomic 

DNA was extracted using NucleoSpin® Plant II (MACHEREY‐NAGEL—Düren, Germany), according to 

manufacturer’s protocol. Concentration of DNA and its quality were checked by electrophoresis on 

agarose gel by spectroscopy (260/230 and 260/280 ratios) using NanoDrop Spectrophotometer (Thermo 

Fisher Scientific, Waltham, MA, USA) and the Quant‐iT dsDNA HS assay kit for Qubit 3.0 Fluorometer 

(Thermo Fisher Scientific). SNP genotyping was performed on 200 ng of genomic DNA per sample using 
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the Vitis18kSNP array (Illumina Inc., San Diego, CA, USA), containing 18,071 SNPs, by the laboratory of 

Fondazione Edmund Much (San Michele all’Adige, Trento, Italy). 

2.3.  Phenotyping for drought tolerance 

The experiment was carried out in 2020 under controlled conditions in the greenhouse of DiSAA 

(University of Milano). The greenhouse was equipped with supplementary light and a cooling system, with 

a 16 hr light [∼PPFD of 600 μmol of photons m-2 s-1)] and 8 hr dark photoperiod and a range of 

temperatures from 23 to 28 °C. One year-old un-grafted cuttings were used for the experiment and during 

budding, plants were maintained in well-watered conditions. Vines were grown in 4 L plastic pots, filled 

with a growth substrate composed by 22% of neutral sphagnum peat and 78% of mix growing medium. 

One shoot per plant was kept and trained on 1 m graduated stake. Three phenotyping cycles were 

performed during the experiment, and 1 biological repetition per genotype was used in each cycle (a total 

of 3 repetition per genotype). The experimental plan was at randomized blocks to avoid the effect of the 

temperature gradient in the greenhouse, caused by the cooling system. At the beginning of each cycle, 

pots were maintained four days under well-watered at 70% of soil water content (SWC), in order to avoid 

waterlogging stress. In the next steps, water availability decreased to 50%, 30% and 15% of SWC and it 

was maintained at the same level for 4 days at each step. Soil water content was calculated according to 

Gardner et al (2001). Field capacity weight and dry weight of each pot were recorded before the beginning 

of the experiment. Phenotypic analyses were performed at the beginning and in the end of each SWC 

level (70%; 50%; 30%, 15%), consisting in pot weighting and in the acquisition of 4 orthogonal images in 

the visible and thermal infrared regions of spectra. Images were recorded by the thermal camera Thermo 

Gear Model G100EX/G120EX (Detector Uncooled focal plane array; Number of pixels 320 H × 240 V; 

Spectral range 8–14 μm; dynamic resolution at 14 bit), produced by InfReC, NEC Avio Infrared 

Technologies CO., Ltd. Emittance was set to 0.96, as suggested for grapevine leaves by Grant et al (2002). 

A total of 4 leaves were chosen per genotype and the temperature was recorded in two points per leaf 
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using the software “InfReC Analyzer NS9500 Lite”. Leaf temperature was normalized on a dry reference 

(Tdry), representing fully closed stomata, and wet reference (Twet), representing fully transpiring leaves, to 

determinate Crop Water Stress Index (CWSI) and stomatal conductance index (IG), proposed by Idso et al 

(1981) and Jones et al (2002), respectively. Images in the visible range were used to measure the shoot 

length (L), leaf surface (LS) and the leaf angle (LA), subtended between the leaf blade and the petiole, 

using the software ImageJ. Shoot grow rate (SGR) was calculated as the increment in shoot length per day. 

Evapotranspiration (ET) was calculated as the difference in pot weight per day, including the water added 

to the pot to maintain the level of SWC. 

2.4.  Data analysis 

For SNP data, samples with call quality value (p50GC) lower than 0.54 and loci with a GenTrain (GT) score 

value lower than 0.6 (De Lorenzis et al., 2015) were filtered from the dataset, as well as those with more 

than 20% of missing data and monomorphic loci. The genetic structure of the breeding population was 

assessed using LEA package (Frichot and Franc, 2015) of R software, varying the number of ancestral 

genetic groups (K) from 1 to 10 in 10 repetition runs for each K value. The Principal Components Analysis 

(PCA) on genetic profiles was run by using the adegenet package of R software (Jombart, 2008). Genetic 

distance among genotypes was set up on Nei’s distance (Nei, 1972), performed in PEAS, using unweighted 

pair group method with arithmetic mean (UPGMA). A circular dendrogram was plotted using MEGA 7.0 

software (Kumar et al., 2016).  

 Association analysis was performed in R software using GAPIT package (Lipka et al., 2012). MLMM 

(Multiple Locus Mixed Linear Model), FarmCPU (Fixed and random model Circulating Probability 

Unification) and Blink algorithms were tested. For fixed effect, Q-matrix (for K = 2), detected by LEA, was 

used as the covariate for association analysis accounting for population structure. A conservative 
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threshold for assessing SNP significance was calculated based on Bonferroni correction for a type I error 

rate of 0.05. 

3. Results 

3.1.  Genetic structure characterization of the breeding population 

The breeding population was genotyped using an array of 18k SNPs. The genetic profile of all genotypes 

reported a call quality value (p50GC) higher than 0.54. The total number of analyzed SNP loci was 18,071 

and 15,563 (86.12% of the total amount) of them reported a GT score value higher than 0.6. The loci 

showing a percentage of missing data lower than 20% amounted to 15,344 (84.91%). The monomorphic 

loci were also filtered to obtain a final dataset of 11,909 SNPs (65.90%) suitable for genetic 

characterization of the breeding population. A structure analysis was performed to explore the structure 

of the breeding population. The most likely number of ancestral populations was identified in K = 2. The 

first ancestral population was composed by 130 genotypes and the second one was composed 12 

genotypes, including the parental rootstock M1. A bar plot representation of the structure analysis is 

shown in figure 1. The population structure was further investigated using a PCA approach and NEI’s 

distance. The first two components identified by PCA represented the 11.23% of the total variance of data, 

and the fist principal component (PC1) alone accounted for the 6.63% of variance. The two ancestral 

population identified by the structure analysis were clearly discriminated by PC1 as shown in figure 2. 

Furthermore, the population structure was confirmed by the larger Nei’s genetic distance between the 

two ancestral groups. Dendrogram in figure 3 reported the Nei’s genetic distance among genotypes.   
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Figure 1. Structure analysis performed by LEA R package at K = 2 of a grapevine breeding population 
including 141 genotypes and the female parental M1, defined using 12k SNPs molecular markers. In the 
barplot each genotype is represented by a vertical bar. Ancestral populations are represented with 
different colors 

 

 

Figure 2. Principal component analysis (PCA) of the grapevine breeding population including 141 
genotypes and the female parental M1, defined using 12k SNPs molecular markers. Genotypes are colored 
according to the ancestral populations identified in the structure analysis in Figure 1 



136 

 

 

 

 

Figure 3. Clustering of the grapevine breeding population including 141 genotypes and the female 
parental M1, defined using 12k SNPs molecular markers. Genotypes are colored according to the ancestral 
populations identified in the structure analysis in Figure 1 

 

3.2.  Phenotyping for water deficit tolerance 

Tolerance to water deficit of the 142 genotypes was evaluated across the three phenotyping cycles by 

normalizing the data on the mean value of each cycle. The analysis of variance reported a significant effect 

of SWC on all traits and a significant effect of genotype factor on L, LS, SGR, CWSI and LA. At decreasing 

levels of water availability, vines gradually reduced SGR, LA, ET and IG with significant differences among 

all levels of SWC, whereas CWSI gradually increased. L and LS increased from 70% to 30 % of SWC and no 
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significant difference was found between 30% and 15% of SWC. All traits were significant correlated, as 

reported in figure 4a. In particular, SGR was strongly correlated to ET (r = 0.76) and ET reported high 

correlation to the thermal indexes (r = 0.75 with CWSI and r = 0.67 with IG). Correlations were confirmed 

by a PCA. The first two principal components represented the 74.2% of the total variance of which 59.3% 

was represented by the only first component. The first component was negatively affected by SGR, IG, ET 

and LA and positively affected by CWSI, whereas the second principal component was mainly related to L 

and LS. A trend in SWC was identified according to the first principal component (Figure 4b).  

 

 

 

Figure 4. Pearson correlation (A) and principal component analysis (B) on the standardized phenotypic 
traits: L = shoot length; LS = leaf surface; SGR = shoot growth rate; ET = evapotranspiration; CWSI = crop 
water stress index; IG = stomatal conductance index; LA = leaf angle; SWC = soil water content. Significant 
correlations are considered for 0.01 < p ≤ 0.05 (*), 0.001 < p ≤ 0.01 (**) and p ≤ 0.001 (***) 

 

The SWC of 30% corresponded to the level of stress that stopped the growth in the largest part 

of vines, so it was chosen to distinguish the behavior of genotypes. Four groups of genotypes were 

identified at 30% of SWC: groups A1 and A2 reported CWSI below the average level, whereas groups B1 
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and B2 were above; groups A2 and B2 exceeded the average level of SGR, whereas groups A1 and B1 

reported lower SGR. Classification in groups at 30% of SWC according to SGR, CWSI and L is reported in 

Figure 5. Behavior of the groups identified at 30% of SWC were investigated at the other levels of water 

availability. A significant effect of groups was found for L during the whole experiment, with longer shoots 

for groups B1 and B2 (Figure 6a). They also reported higher SGR under well-watered conditions (70% SWC) 

but under water deficit (30% SWC) the highest SGR was showed by groups A2 and B2 (Figure 6b). 

Significant effect of the group was found for thermal indexes at 50% and 30% of SWC (Figure 6c; Figure 

6d), with lower levels of CWSI reported by groups A1 and A2. Furthermore, a significant effect of the group 

was found for LA at 30% and 15% of SWC (Figure 6e). In particular, under water deficit group A2 

maintained the highest leaf angle. 

 

Figure 5. Classification of genotypes according to shoot growth rate (SGR), crop water stress index (CWSI) 
and shoot length (L) at 30% of soil water content (SWC). Genotypes in groups A2 and B2 reported SGR 
above the average level. Genotypes in groups A1 and A2 reported CWSI below the average level  
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Figure 6. Dynamic of groups performance under decreasing water levels for each standardized phenotypic 
trait. A) shoot length (L); B) shoot growth rate (SGR); C) crop water stress index (CWSI); D) stomatal 
conductance index IG); E) leaf angle (LA); SWC = soil water content. Bars represent standard error of 
means. Significant differences among groups are considered for 0.01 < p ≤ 0.05 (*), 0.001 < p ≤ 0.01 (**) 
and p ≤ 0.001 (***) 
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3.3.  GWA analysis and candidate gene prediction 

A GWAS approach was used to associate the genetic profiles of the breeding population with phenotypic 

results. A progressive score was assigned to each phenotypic group according to the tolerance to water 

stress and used in GWAS. Three different statistical models were used to associate phenotypic and genetic 

data (MLMM; FarmCPU; Blink). Considering the structure of the breeding population assessed by 

structure analysis, PCA and Nei’s distance, a Q-matrix for K = 2 was used as covariate in the GWA analysis. 

All the three tested models identified a significant association between an SNP (chr6_5522324_A_G) and 

water deficit tolerance, reporting a p-values of 6.70e-07, 1.02e-07 and 1.12e-07 for MLMM, FarmCPU and 

Blink, respectively (Figure 7). The associated SNP was located in chromosome 6 in the position 5,522,324 

and it was mapped in the V. vinifera reference genome (PN40024 12X) to identify the putative gene 

related to water deficit tolerance. The predicted gene belongs to the U-Box domain. 

4. Discussion 

A new frontier in breeding programs is represented by the marker-assisted selection (MAS), which allows 

to reduce the long time required in the traditional selection process. The selection of new rootstocks has 

been identified as an adaptation strategy of viticulture to climate change and in particular to face drought 

(Quénol et al., 2014). In order to apply MAS in the selection of drought tolerant rootstocks, the loci related 

to the tolerance to water deficit have to be identified. For this purpose, a breeding population belonging 

of 141 genotypes was characterized in this study at genetic level, as well as at phenotypic level in response 

to water deficit. The genetic analysis of the population was analyzed using an array of 18k SNPs, developed 

with 13,561 SNPs isolated from V. vinifera and 4510 SNPs from V. aestivalis, V. Berlandieri, V. labrusca, V. 

cinerea, V. lincecumï and M. rotundifolia (Laucou et al., 2018). This tool was widely use on V. vinifera 

germplasm (De Lorenzis et al., 2019; Laucou et al., 2018; Mercati et al., 2016) and it was validated on a 

core collection of 70 genotypes, representing the whole variability of a larger rootstock collection of 232 
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unique genotypes (Bianchi et al., 2020). Structure analysis, PCA and Nei’s distance concurred to define a 

population structure composed by two different groups of genotypes: a larger group including 130 

genotypes and another group including 11 genotypes and rootstock M1. Both groups shared the same 

female parental (M1), whereas the male parental was different. Phenotyping for drought tolerance was 

performed under controlled conditions to control the water availability of vines and to reduce the effect 

of other environmental factors except water deficit. Among the water availability levels, SWC of 30% 

resulted the most appropriate to identify the different behaviors of genotypes in response to water deficit, 

because at more sever conditions (15% of SWC) the differences among genotypes were flattened and the 

vegetative growth was stopped. Interestingly, the groups identified at 30% of SWC showed significant 

differences also at mild water stress in terms of transpiration (CWSI and IG) and at severe water stress in 

terms of leaf turgor (LA). Genotypes belonging to the group A2 were able to maintain high growth (SGR) 

and water status (CWSI, IG and LA) at mild to moderate to severe water deficit. These genotypes can be 

further studied under field conditions or in grafting combination with V. vinifera to become promising 

rootstocks for arid conditions, or to be used as pre-breeding material. The association of genetic and 

phenotypic data allowed to identify a locus related to drought tolerance. The association was consistent 

using different statistical models. The putative gene obtained by the mapping of the locus identified in 

GWAS belonged to the U-box family genes. Using RNA-seq data from Medicago truncatula, Song et al 

(2017) detected 15 drought-regulated U-box genes, of which 6 of them were also regulated by salt and 

cold stress. The putative gene was located in chromosome 6, in a genetic region that could be related to 

the transpiration efficiency, as obtained by QTL approach on an F1 grapevine rootstock population 

(Marguerit et al., 2012). Nevertheless, any significant association with stomatal conductance index (IG) 

was identify in chromosome 6 by GWAS approach on a rootstock collection (Trenti et al., 2021). Further 

studies will be necessary to validate the expression of the putative gene under water deficit, thereafter it 

can become a target gene in future rootstock breeding programs for drought adaptation. 
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Figure 7. Manhattan plot of -log10 p-values estimated for phenotypic groups in response water deficit in 
the breeding population genotyped by 18 k SNPs. Significant SNPs are circles above the Bonferroni-
adjusted threshold (green horizontal line). Association analysis results of MLMM (A), FarmCPU (B) and 
Blink (C) algorithms 
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In the present PhD project, a large panel of grapevine rootstock genotypes were analyzed for drought 

tolerance. All genotypes came from different breeding programs performed by the Department of 

Agricultural and Environmental Sciences (DiSAA) of the University of Milano, at different steps in the 

selection process: i) the M-rootstocks, analyzed in the first part of the work (Part I), were recently released 

and they are available for winegrowers; ii) a new selection of 30 genotypes coming from different breeding 

programs, in the last steps of characterization before the release (Part II); iii) a breeding population of 141 

genotypes obtained by rootstock M1 (Part III). Among these, some promising genotypes could be selected 

after the characterization process to be used as rootstocks for arid and semi-arid area, increasing the 

narrow genetic diversity of rootstocks. 

In this work, several methods were adopted for water stress phenotyping. Plants were analyzed 

under controlled condition in greenhouse (Part I, experiment 1; Part III, experiment 2), semi-controlled 

conditions (Part I, experiment 2) and field conditions (Part II, experiments 1 and 2), depending on the aim 

of the experiment. Analysis of plant water status were performed with both traditional (e.g., Scholander 

pressure chamber) and innovative methods (e.g., thermography and imaging). In each experiment, several 

parameters were considered to characterize the response of vines to water deficit. 

Results of the work can be observed at different levels: i) at practical level, with the identification 

of promising rootstocks able to face drought, such as M-rootstocks (Part I), 14 genotypes belonging to the 

new selection (Part II), and 25 genotypes belonging to the breeding population (Part III) ; ii) at physiological 

level, with the investigation of the response of rootstocks to water deficit (Part I), the rootstock control 

of scion gas exchange (Part I), the interaction between drought tolerance and nutritional status (Part II) 

and the correlation between plant growth, transpiration and leaf angle (Part III); iii) at genetic level, with 

the expression analysis of six genes related to the biosynthesis and signaling of ABA (Part I), and the 

identification of a target locus related to drought tolerance (Part III). 
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In further studies, promising genotypes can be studied for their tolerance to other abiotic stresses, 

like limestone or salt, and analyzed in grafting combinations with different varieties of Vitis vinifera. For 

the characterization of the physiological response of tolerant rootstocks, other parameters can be 

considered, such as root development, aquaporins and vessel size. The target locus related to drought 

tolerance identified in this work can be validated on reference rootstocks, analyzing the gene expression 

under water deficit, before to be involved in marker-assisted selection for future breeding programs. 

 

 


