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Summary  

 
The valorization of genetic variability through the identification of the most suitable genotypes 
seems to be an effective strategy for tackling ongoing climate change. Heat and drought affect 
grapevine physiology in numerous aspects but still little information is available on intravarietal 
variability regarding responses to these stress. The objective of this work is to study the 
intravarietal genetic variability of the Portuguese variety Vitis vinifera L. CV Arinto in terms of 
yield and tolerance to abiotic stress, through indirect, rapid and non-destructive measurements 
carried out in the field. The experiment took place in PORVID’s experimental vineyard in 
Pegões (Setubal, Portugal). The traits analyzed were Surface Leaf Temperature (SLT), yield, 
pruning wood weight, NDVI (Normalized Differences Vegetation Index), PRI (Photochemical 
Reflectance Index) and chlorophyll content through SPAD index. Linear mixed models were 
fitted to the data of the several traits evaluated, and the empirical best linear unbiased 
predictors (EBLUPs) of genotypic effects were obtained as well as the coefficient of genotypic 
variation (CVG) and broad sense heritability. The trait with the highest CVG was found to be 
yield, followed by those based on PRI and SPAD indices. Some hypotheses for polyclonal 
selection were explored: the highest predicted genetic gains were obtained with the selection 
based on the yield and on PRI and SPAD indices. In general, weak correlations between 
predicted genotypic values were found between the evaluated traits. The results obtained 
confirmed the effectiveness of the phenotyping methods and the experimental design used.  
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Resumo  
 
A valorização da variabilidade genética através da identificação dos genótipos superiores 
relativamente a várias características de interesse cultural e económico parece ser uma 
estratégia eficaz para fazer face às alterações climáticas. Calor e seca afetam a fisiologia da 
videira em vários aspectos, mas ainda há poucas informações disponíveis sobre a 
variabilidade intravarietal em relação às respostas a esse stresse. O objetivo deste trabalho 
foi analisar a variabilidade genética intravarietal da variedade portuguesa Arinto em termos de 
rendimento e tolerância ao stresse abiótico por meio de medidas indiretas, rápidas e não 
destrutivas realizadas em campo. As avaliações foram realizadas no ensaio instalado no Pólo 
Experimental de Conservação e Diversidade da Videira da Associação Portuguesa para a 
Diversidade da Videira (PORVID), em Pegões (Setúbal, Portugal). As características 
analisadas foram: temperatura superficial das folhas (SLT), rendimento, peso da lenha de 
poda, NDVI (índice de vegetação por diferença normalizada), PRI (índice de reflectância 
fotoquimica) e teor de clorofila pelo índice SPAD. Foram ajustados aos dados das diferentes 
características modelos linear mistos com o objectivo de prever os melhores preditores 
lineares não enviesados empíricos (EBLUPs) dos efeitos genotípicos, calcular o coeficiente 
de variação genotípico (CVG) e a heritabilidade em sentido lato. Verificou-se que a 
característica com maior CVG foi o rendimento, seguida pelos índices PRI e SPAD. Foram 
exploradas algumas hipóteses de seleção policlonal, sendo que os maiores ganhos genéticos 
foram obtidos para o rendimento e para as seleções baseadas nos índices PRI e SPAD. A 
correlação entre os valores genotípicos previstos das diferentes características analisadas foi, 
em geral, fraca. Os resultados obtidos confirmaram a eficácia dos métodos de fenotipagem e 
do delineamento experimental adotado.  

Palavras-chave 

Variabilidade intravarietal da videira - Seleção policlonal - Fenotipagem – stresse por calor - 
stresse por seca 
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Resumo alargado  

A videira é uma das espécies cultivadas economicamente mais importantes a nível mundial. 
Portugal tem mais de trezentas variedades oficialmente descritas na lista oficial de castas. É 
um país extremamente rico em termos de diversidade, tendo em conta também que para cada 
variedade existe uma ampla diversidade intravarietal (Almadanim et al., 2007). 

Esta riqueza de biodiversidade constitui uma importante reserva de variabilidade 
potencialmente útil para lidar com as temperaturas médias mais elevadas e uma maior 
frequência de ondas de calor e secas que irão afectar o ambiente mediterrânico e a sua 
viticultura no futuro (Fraga et al., 2013). A resposta à seca, em particular o controle estomático, 
tem-se mostrado dependente do genótipo (Chaves et al., 2010), mas o comportamento das 
variedades em termos de eficiência no uso da água ainda é pouco conhecido. Os fatores que 
contribuem para a tolerância incluem aqueles relacionados à morfologia, anatomia e 
bioquímica foliar e algumas diferenças nessas características foram já encontradas (Shultz, 
1996; Moutinho-Pereira et al., 2007). Quanto às diferenças intravarietais, existem poucos 
estudos disponíveis na literatura. Um resultado promissor vem da comparação feita entre a 
variabilidade de uma coleção de clones de Tempranillo e a de uma coleção de variedades, 
verificando-se que suas gamas de variação são semelhantes quanto ao uso da água e 
condutância estomática (Tortosa et al., 2016). 

O objetivo deste trabalho é caracterizar a variabilidade genética intravarietal da variedade 
portuguesa Arinto, em termos de tolerância ao stresse abiótico, como o calor e a seca. 

O trabalho experimental foi realizado num ensaio com 166 clones de Arinto, instalado de 
acordo com um delineamento experimental linha-coluna resolúvel, com 6 repetições e 3 
plantas por unidade experimental. Este ensaio pertence ao primeiro ciclo de seleção da 
metodologia desenvolvida em Portugal (Gonçalves e Martins., 2012), recomendada pela 
Organização Internacional da Vinha e do Vinho (OIV) desde 2019, e está localizado no Pólo 
de Conservação da Diversidade da Videira da PORVID, em Pegões. 

As características avaliadas foram escolhidas com base na possibilidade da sua medição 
expedita e na sua relação com alguns dos processos fisiológicos ligados à utilização de água 
e aos mecanismos de tolerância ao stresse térmico: SPAD, teor relativo de clorofilas; PRI, 
índice de reflectância fotoquimica, um estimador da eficiência do ciclo das xantofilas; NDVI, 
índice de vegetação por diferença normalizada, um estimador do crescimento vegetativo e da 
tolerância ao stresse; SLT, temperatura da superfície foliar, relacionada com a regulação 
estomática e o estado da água da planta. Para além destas características foram ainda 
avaliados o rendimento (kg/planta) e o peso da lenha de poda (kg/planta).  

Para a análise dos dados foram ajustados modelos lineares mistos. Nestes modelos foram 
incluídos o factor genótipo e todos os factores associados ao delineamento experimental. Em 
todos os casos, admitiram-se esses factores como de efeitos aleatórios. As componentes de 
variância foram estimados pelo método de máxima verossimilhança restrita (REML; Patterson 
e Thompson, 1971). A partir das equações do modelo misto, foram obtidos os melhores 
estimadores lineares não enviesados empíricos (EBLUEs) dos efeitos fixos e os melhores 
preditores lineares não enviesados empíricos (EBLUPs) dos efeitos aleatórios (Henderson, 
1975). A componente de variância genotípica foi testada através de um teste de razão de 
verossimilhanças restritas. Para a caracterização da variabilidade intravarietal das 
características avaliadas e para avaliação do sucesso da seleção policlonal foram calculados 
os seguintes indicadores: 1) coeficiente de variação genotípico; 2) heritabilidade em sentido 
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lato; 3) ganho genético previsto (média dos EBLUPs dos clones selecionados para cada 
característica). 

Para uma melhor compreensão da relação existente entre o rendimento e as características 
avaliadas para analisar a tolerância ao stress abiótico, foram estudadas as diferenças de 
rendimento médio entre quatro classes de SLT, PRI e NDVI, definidas de acordo com os 
quartis das distribuições empíricas das respetivas características. Para cada característica, 
foi realizada uma análise de variância a um factor de efeitos de efeitos fixos. Para os casos 
em que foi encontrado efeitos significativo da classe sobre o rendimento, foi realizado o teste 
de Tukey para obter uma informação mais detalhada sobre as diferenças entre as médias de 
rendimento entre classes.  

O software usado para análise de dados foi o R (R Core Team 2017, The R Foundation for 
Statistical Computing Platform). Para o ajustamento dos modelos lineares mistos foi usado o 
pacote ASREML-R (Butler et al., 2017). 

Quanto aos resultados, encontrou-se variabilidade genotípica significativa para o NDVI, PRI, 
SPAD e rendimento (p-value <0,001). Comparando os coeficientes de variação genotípicos 
entre características, a que revelou maior variabilidade intravarietal foi o rendimento, seguida 
pelo PRI e SPAD. Quanto aos valores de heritabilidade em sentido lato, estes variaram entre 
0,56, para NDVI, e 0,67, para o SPAD, revelando um satisfatório controlo da variabilidade 
ambiental. Estes resultados revelaram-se promissores para fins de seleção. No contexto da 
seleção policlonal, ao selecionar os 15 genótipos superiores para cada uma dessas 
características o maior ganho genético previsto foi observado para o rendimento (32,1%), 
seguido pelo PRI (13,7%) e SPAD (12,3%). Por outro lado, selecionando os 15 clones com 
menor temperatura foliar, observou-se uma redução da temperatura foliar prevista de 5,4% 
em relação à media da população, transportando este grupo um ganho genético previsto de 
cerca de 4,5% para o SPAD, 3,7% para o PRI e 14,1% para o rendimento. Foram conduzidos 
vários exercícios de seleção policlonal, todos eles com ganhos genéticos previstos 
associados. 

Relativamente à correlação entre características, foram encontradas correlações positivas 
entre NDVI e PRI, SPAD e NDVI, e entre SPAD e PRI. Entre SLT e NDVI, PRI, SPAD e 
rendimento não foram encontradas correlações, tendo o mesmo sido verificado quanto ao 
rendimento. Quanto à relação existente entre o rendimento e PRI, a classe de genótipos com 
menores valores de PRI revelou um rendimento médio significativamente diferente das 
classes com maiores valores de PRI, tendo-se verificado o mesmo tipo de resultado para o 
NDVI. 

Em síntese, este trabalho demonstrou a existência de diversidade intravarietal da casta Arinto 
quanto a características potencialmente atribuíveis a uma maior tolerância ao stress abiótico. 
É consensual que para fazer face às mudanças climáticas não existe uma solução única, mas 
sim um conjunto de esforços em diferentes frentes, principalmente ambientais, tecnológicas e 
genéticas. Com este trabalho tornou-se claro que a preservação da variabilidade intravarietal 
das castas autóctones e a seleção policlonal são ferramentas importantes para enfrentar o 
problema, com a vantagem de valorizar as castas autóctones, marca histórica e cultural da 
viticultura.  
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1. Introduction  

Grapevine is one of the most economically important crop species in Portugal. Its main product, 
grapes, feeds the wine sector, highly significant for the national economy and a major export. In 
2017 Portugal was the fourth European country in terms of vineyard area (194,000 ha), the fifth 
wine producer in the EU (6.6 million hl), and the eleventh worldwide (OIV statistical report 2018). 
Portugal is also extremely rich in grapevine biodiversity with more than 300 officially described 
varieties (“castas”), consisting of hundreds of clones (Almandanim et al., 2007). These different 
genotypes are themselves the natural reservoir of the genetic and phenotypic variability of the 
varieties and behave differently regarding the most important economic traits (quality and 
productivity). The fact that climate change is underway is now widely confirmed. Higher average 
temperatures and more frequent climate extremes (such as events of drought and heat) will affect 
Mediterranean viticulture (Fraga et al., 2012). On the long term one of the most effective strategies 
to overcome these changes is the use of more suitable genotypes.  

The objective of this work is to characterize the intravarietal genetic variability regarding tolerance 
to abiotic stress in the variety Arinto, based on a set of fast and non-destructive phenotyping 
techniques to be used in field conditions. Another aim is to identify the best methodology to obtain 
robust and reproducible data to help to assess diversity regarding abiotic stress tolerance. To 
achieve these goals it is first necessary to understand the main genetic traits characterizing Vitis 
vinifera as a crop species, as well as the domestication and breeding history which led to the 
current varieties.  

Efficient breeding programs for crop species are necessarily based on knowledge of genetic and 
phenotypic characteristics which distinguish the species/genotypes in analysis. Because of the 
specific purposes of this work, an overview of the physiological effects of abiotic stress and the 
tolerance mechanisms that plants have developed is also a necessary premise. Some 
peculiarities of the Vitis vinifera species, such as the long history of asexual propagation, the high 
heterozygosity, the susceptibility to inbreeding depression, and also limitations imposed by the 
market and by the wine culture and history, affect the choice of the most suitable techniques. The 
clonal selection of ancient varieties is a potentially efficient method for selection regarding 
quantitative traits.The improved method developed in Portugal, and recommended by the 
International Organisation of Vine and Wine (OIV) since 2019 (OIV, 2019), overcome some 
limitations found in the classical protocol (Gonçalves and Martins, 2012).  

One of the most challenging aspects of breeding programs is the phenotyping work. This is due 
to the high number of samples needed (several replicates of hundreds of genotypes) and the 
extensive layout required for an effective statistical analysis, which makes the measurement of 
several important physiological parameters impractical and sometimes even unfeasible. 
Therefore, the development of more adequate and feasible measurements for field phenotyping 
is paramount.   

This experimental work was undertaken on the variety Arinto in a field trial corresponding to the 
first experimental cycle of a selection program following the methodology developed in Portugal. 
The field is located in the Experimental Center of PORVID, in Pegões and laid out in a row-column 
design (168 genotypes X 3 plants per plot X 6 resolvable replicates). 

The traits evaluated were Normalized Difference Vegetation Index (NVDI), Photochemical 
Reflectance Index (PRI), Surface Leaf Temperature (SLT), Chlorophyll content (SPAD), yield and 
pruning weight. The measurements were performed during the period most affected by heat and 
drought stresses (June to September). The analyses made were chosen considering their 
correlation with some of the most important physiological parameters involved in stress response 
and tolerance and the feasibility of being carried out on the experimental design layout.  
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1.1. Grapevine breeding  

Plant breeding is a branch of agriculture that aims to develop new or improved plant types by 
manipulation of the genetic material (Acquaah, 2012). To reach this goal several techniques are 
available, and the choice is often conditioned by the variety considered or by the specific breeding 
purpose. The oldest breeding activity dates back to the early days of agriculture (Zohary and 
Hopf, 2000), when the first farmers instinctively chose the best plants for propagation. Since then 
the history of agriculture has been and still is closely related to the genetic improvement of 
cultivated species.  

Grapevine (Vitis vinifera) belongs to the Vitacea family, together with circa 60 wild species, most 
of the more important varieties for table and wine grape production are classified within the subsp. 
vinifera or sativa of Vitis vinifera L., derived from the wild Vitis vinifera L. subsp. Sylvestris (Terral 
et al., 2010). The origin of cultivated grapevines remains unclear. A recent research found traces 
of vinification 8000 years old in a site located 50 km south of Tbilisi, Georgia (Mc Govern et al., 
2017). Although this cannot be considered a proof of domestication/cultivation it is an indication 
of an ancient connection between man and wine. According to several studies the domestication 
could be dated to between the 7th and 4th millennia BC (Terral et al., 2010). Parallel to the 
hypothesis of a single domestication center from which Vitis vinifera was then spread throughout 
Europe, there are elements that suggest that domestication has occurred more than once, in 
different places and times. In fact, a study based on chloroplast DNA polymorphism analysis 
pointed out the existence of at least two possible main centers of domestication, one in eastern 
Europe and another in the western Mediterranean region (Arroyo-Garcia et al., 2006). After 
domestication, and just like other perennial crops, vines were mainly propagated by vegetative 
means (cuttings, grafting) for two main reasons: the strong segregation during sexual 
reproduction caused by the high heterozygosity, that leads to the loss of traits previously selected, 
and the long time needed for the progeny to reach sexual maturity. Data from different studies 
suggest that European cultivars originated from importation, introgression and de novo 
domestication, but except for recent cultivars the origin of most varieties is unknown (Jackson, 
2014).  

During millennia of viticulture a great amount of variability has been accumulated thanks to 
accidental crossing, somatic mutation and in the last century, by intentional crossings. The current 
ampelographic landscape consists in hundreds of local varieties in the main European and 
Caucasian countries dedicated to viticulture. The number of grape varieties in the world is 
estimated at 6000 to 8000 (Maul et al., 2018) and other authors report a total of 10000 (OIV, 
2017). The “Vitis International Variety Catalogue”, comprising accessions belonging to the genus 
“Vitis”, has 22422 registered accessions from 86 countries including breeding lines and Vitis 
species existing in grapevine repositories and/or described in bibliography (Maul et al., 2019), 
According to the catalogue, in 2011 a total number of 1902 varieties (for fruit production and 
rootstock) are officially authorized for cultivation at least in one state of the EU, of which 1246 are 
registered in one single state (Lacombe et al., 2011) and should be considered local varieties.   
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Table 1. Grape varieties included in the national catalogues (Lacombe et al., 2011). 

 

The first proof of intentional plant breeding goes back to the late 1600, when hybrid hyacinths 
were developed in Holland (Zohary and Hopf, 2000). However, selection of accidental improved 
strains of food crops began with agriculture itself.  

Until about a century ago, deliberate operations to develop new grapevine cultivars were limited. 
Some of the earliest attempts involve crossings between V. vinifera and V. labrusca, V. rupestris, 
V. riparia and V. aestivalis. in order to obtain cultivars resistant to Phylloxera and with the 
oenological attributes of V. vinifera (Jackson, 2014). They were successively abandoned because 
of their different aromatic profiles. Nowadays there are several molecular techniques for 
fingerprinting that allow to discover the relationship between different varieties and how they were 
originated but it is not possible to ascertain whether the crossing was intentional or not (Jackson, 
2014).  

The goals of most grape breeding programs (e.g. improve tolerance to biotic and abiotic stress 
and increase yield), are almost the same since the early works of breeders (Jackson, 2014). The 
major changes occurred in the analytical techniques available and in the deeper understanding 
of genetic sequences resulting from the use of those tools. Currently, genetic maps can show the 
position of some genes of interest and adjacent SSR and SNP-based markers (Di Gaspero and 
Cattonaro, 2010). These maps could permit marker-assisted breeding and support traditional 
breeding techniques, identifying the desirable trait in parents for crossing or in the progenies 
without having to evaluate the phenotypic expression (Di Gaspero and Cattonaro, 2010). 
Nevertheless, this is mainly possible for traits associated with one or few dominant genes. Other 
new methods of genetic engineering involve the insertion or deletion of specific genes by gene 
editing (Pretorius and Høi, 2005).  
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The high heterozygosity of most desirable traits and inbreeding depression, combined with the 
fact that most of the interesting traits are quantitative are the main reasons why grapevine 
breeding is challenging. Other problems are the time necessary to reach the wine evaluation 
phase and the strict legislation regarding the varieties allowed in specific appellations. Also, the 
consumers’ preferences are often addressed to “traditional” varieties. For these reasons classic 
breeding, specifically clonal and mass selection, still finds ample space in viticulture. 

 

1.2. Clonal selection, an improved method  

Clonal selection is the main method by which it is possible to breed grapevine for specific 
quantitative traits, and without modifying the variety’s distinctive characteristics and consequently 
maintaining the same name. The starting point for any improvement is the existing genetic 
variability within the variety. Such variability is due to somatic mutations at bud level (somatic cells 
of the L1 layer) and the successive fixation by asexual propagation (Franks et al., 2002). Some 
mutations are visually recognizable, like the ones affecting grape pigments or vine morphology 
but most of them are more difficult to detect, such as the ones related to enzymes involved in 
aromatic compounds profile, yield or biotic and abiotic stress resistances. Mutations tend to 
accumulate slowly, for this reason they are present at higher rates in old varieties (Jackson, 2014).  

According to the resolution “OIV-VITI-564A-2017” the clonal selection process must follow three 
main steps before the clone registration: 

 
1. Selection of initial material  

The selection of initial material should be done preferably in vineyards planted without selected 
clones and before the beginning of selection programs. 

Varietal identity confirmation carried out by ampelographic and/or genetic investigation. 

Elimination of individuals affected by transmissible diseases. Usually about 1000 plants in more 
than 20 vineyards are evaluated and this step ends with the selection of approximately 100 plants.  

 

2. Observation and conservation of the vegetative progeny of selected individuals. 

Individuals selected in the previous phase are propagated and planted in a comparable trial, 
preferably in two different environments, the trial should include one or more existing standard 
clones as reference. Each candidate clone should be planted at least with 5 vines replicated at 
least three times. Evaluation for 3-5 years with the aim to select 20-30 superior clones.  

           3. Full study of individuals selected in step 2.  

Investigation of the candidates in several locations and on several rootstocks, with enough plants 
per clone in order to have enough grapes for microvinification. This evaluation should be carried 
out for at least two years. Experimental design must be done with a minimum of three repetitions 
per clone candidate and sanitary diagnosis is required.  

 

With the exception of the advices regarding the vineyards suitable for the first selection, this 
methodology is almost the same that has been used from the beginning of clonal selection 
programs and has been followed during the first selection studies in Portugal and many other 
countries. However, results obtained after 1984 in experimental clone collections in Portugal 
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revealed some weaknesses in this method (Martins and Gonçalves, 2015), especially regarding 
the inefficacy of the initial phase of individual phenotypic selection in vineyards. According to 
these authors, the first problem was identified observing the large variation in yield between plants 
of the same genotype in an experimental field trial, corresponding to the second phase of the 
process. The variation due to the environment was much larger than the one caused by the 
genotypes, making it impossible to identify genotypic differences through visual analysis of 
phenotypes. This suggests that the initial visual selection of superior clones is ineffective. Another 
fact that supports this idea is the lack of correlation between the yield of mother plants and the 
yield of the related clones in experimental conditions, observed in a collection of 52 clones of 
Antão Vaz selected in four vineyards. The third observation that prompted the researchers to 
develop a new method was the very low heritability of yield calculated in large computer-simulated 
collections, applying the expression of genetic gain R (Falconer and Mackay, 1996), where R is 
the genetic gain, S the selection differential (the difference between the mean of the selected 
genotypes and the overall mean) and h2 is broad-sense heritability.  

                                                                     R=S × h2                    (1) 
 
The run of 10000 simulations obtained an estimation of broad-sense heritability between 0 and 
0.25.  

The premises that clonal selection can be effective only if there is enough initial variability and the 
weaknesses found in the classical method led to some changes in the methodology applied in 
Portugal, the main one concerns the first phases of the protocol. As it was proven that that the 
visual selection of ‘apparently’ superior clones is ineffective, a new method of sampling the 
intravarietal genetic variability was developed. The importance of having a good representation 
of the variability is inferable from Eqn 1, where it is possible to see that the genetic gain (R) 
depends on the selection differential (S) and this depends on the diversity within the population. 
To obtain a representative sample it is first necessary to define the minimum number of mother 
plants; this number has been determined through simulation experiments (Martins et al., 1990; 
Gonçalves and Martins, 2012) and corresponds to 50 - 70 genotypes per each region where the 
variety is cultivated. A minimum number of 70 genotypes is thus recommended where there aren’t 
optimal trial conditions. Other advices to obtain representative samples are given in order to 
minimize the probability of collecting plants with the same genotype: 1) for each region the 
samples should be taken from old vineyards, planted before homogeneous material was available 
from the nurseries, 2) few plants should be chosen in each vineyard (from two to five plants in 
more than 20 vineyards), belonging to different owners and if possible geographically distant; 3) 
during sampling a visual and enzymatic diagnosis must be performed to exclude virus-infected 
plants. The variety identification is usually obtained with ampelographic analysis and in case of 
doubts, with genetic identification. The genotypes collected should be grafted onto the same 
rootstock in an experimental field with homogeneous soil and an adequate experimental design 
that allows to manage the spatial variability. In fact, a trial with so many genotypes requires an 
area between 0.75 and 1.5 ha (Gonçalves et al., 2010), and this surface is large enough to cause 
large environmental variation. To overcome this, it was established, after many years of 
experiments, that the more suitable designs to manage dozens or hundreds of different genotypes 
are alpha designs and row-column designs (Gonçalves et al., 2010; Gonçalves and Martins, 
2012). If the genotypes are more than 400 and the main objective is to study genetic variability it 
is possible to use also unreplicated designs (Gonçalves et al., 2013). The new methodology 
obtained, recommended by the OIV since 2019 (OIV, 2019) is briefly schematized in Figure 1. 
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The most important aspects of this method are the possibility to quantify the intravarietal genotypic 
diversity of the varieties studied and to perform the selection of a superior group of genotypes 
(mass genotypic selection or polyclonal selection) and to predict the corresponding genetic gain 
of selection during the second step of the process. The setting up of the first field trial is also very 
useful in terms of conservation against genetic erosion (Martins and Gonçalves, 2015). The 
genetic variability for any quantitative trait can be analyzed with various metrics, among these the 
coefficient of genotypic variation turned out to be particularly adequate (Gonçalves and Martins, 
2012). Polyclonal selection is based on the principles of quantitative genetics and allows 
prediction of genetic gains by using Eqn 1. It could be performed several times concerning 
different quantitative traits, allowing to follow the needs of the producer, which often change over 
time. It is also possible to obtain a first fast result useful for producers, during the long clonal 
selection procedure.  

Polyclonal selection (mass genotypic selection) was tested in two Portuguese varieties, Arinto 
and Vital, considering yields and °brix data collected in several years (Gonçalves and Martins, 
2012). The trials were laid out according to a randomized complete block design with 247 
genotypes for Arinto and 232 for Vital. Linear mixed models were fitted to yield and brix data and 
the empirical best linear unbiased predictors (EBLUPs) of genotypic effects for these traits were 
obtained. After finding that the genotypic variance component was statistically significant (p-value 

Figure 1. Methodology of grapevine selection developed in Portugal (Martins and Gonçalves, 2015) 
and recognized by the OIV since 2019 (OIV,2019).  
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<0.0001), the EBLUPs of genotypic effects were used to select two groups of 30 superior clones 
per each variety. The performance of the group of clones selected has been compared to the 
performance of individual clones during different years and the result was that the predicted 
genetic gain in the group is more stable than the behavior of individual clones. This experiment 
highlights another important advantage of polyclonal selection that is to minimize genotype X 
environment interaction. This methodology of polyclonal selection was expressly recognized in 
2019 by the International Organization of Vine and Wine, through the “Resolution OIV-VITI 564B-
2019: OIV Process for the recovery and conservation of the intra-varietal diversity and the 
polyclonal selection in grape varieties with wide genetic variability”. 
 
 

1.3. Importance of water and temperature on grapevine physiology in a warming world 

1.3.1. High temperature scenarios   

According to the Intergovernmental Panel on Climate Change (IPPC), the average global 
temperature has risen about 0.85 °C between 1880 and 2012 (IPPC, 2013) and many regions 
worldwide have experienced even greater warming. The trend in soil temperature recorded at the 
Nanchang Weather Station also shows a significant increase from 1960 to 2018 with an even 
more rapid increase from 1990 and it also shows a reduction in the difference between air and 
soil temperature at different depths (Zhan et al., 2019). The projection shows that the increase of 
global surface temperature is likely to be from 0.3 to 1.7 °C in the lowest emissions scenario and 
between 2.6 and 4.8 °C under the highest emissions scenario (IPCC, 2014). More frequent high 
temperature extremes are also predicted, together with more frequent heat waves and changes 
in precipitation intensity and frequency (IPCC, 2014).  

Due to the risks posed to agriculture, it is undoubtedly necessary to reverse this trend. Although 
grapevine and wine production are not crucial for survival of humanity viticulture is an important 
socio-economic activity in several countries, and wine belongs to the tradition and culture in many 
countries as well (Estreicher, 2006; Dougherty, 2012). For these reasons, it is crucial that the 
wine sector finds solutions for higher sustainability under adverse climate conditions. 

Grapevine is considered susceptible to short duration climate variability and to long-term climate 
changes (Jones and Webb, 2010). Literature also points out changes in the geographic 
distribution of wine production (Lallanilla, 2013), mainly with a shift to higher latitudes and/or uphill. 
An increased frequency of heat wave events has already been observed in the most susceptible 
regions (Perkins et al., 2012). Projections for future climatic conditions in Portugal indicate a 
warming and drying trend, with a potential impact on grapevine phenology and growth and on 
wine characteristics. Also, the suitability of some regions for viticulture will be affected, suggesting 
a reshaping of Portugal’s wine geography (Fraga et al., 2017). 

Despite the possibility of more or less efficient agronomic interventions against drought and heat 
stress, in the long term the strategies can only be aimed at the choice of less exposed sites and 
at the use of suitable genotypes, through the use of less sensitive varieties and possibly, 
considering the historical value of some varieties, less sensitive clones within those varieties. 
 

1.3.2. Temperature and water: influences on grapevine physiology  

The importance of temperature and water on vine’s growth and berry ripening have long been 
known. The main aspects relating to them are summarized by Keller (2015). The most relevant 
physiological processes influenced by temperature and water are reported below.  
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Temperature, together with water, is one of the main factors responsible for the changes in berry 
quality between seasons. The optimal temperature for grapevine metabolism for growth and 
ripening is below 30 °C (Keller, 2015), heat stress is usually defined when temperature exceeds 
5 °C above the optimal temperature for grapevine metabolism. Higher temperature accelerates 
plant growth and development, speeding up phenology. Acceleration of phenological stages 
under global warming conditions may be particularly relevant because earlier veraison anticipates 
ripening to the warmer period of the growing season. This shift has been already observed in 
France (Duchêne and Schneider, 2005), and led to higher sugar content and lower acidity 
(Drappier et al., 2019). In some cases this could be correlated with higher wine quality, but this is 
not a general rule. Moreover, the gap between technological and phenolic ripeness increases.  

More than 5 °C above the optimum causes a marked decline in photosynthetic mechanism 
efficiency (Salvucci and Crafts-Brandner, 2004). In hot regions the temperatures could exceed 
the photosynthetic optimum during the day and increase the proportion of carbon lost through 
respiration during the night, directly affecting the sugar available to the clusters; also, prolonged 
periods above 40 °C inhibit the long-distance transport of assimilates through the phloem and can 
limit berry size and fruit ripening. The decrease of photosynthesis and the shift of carbon partition 
in favor of vegetative growth can lead to a suppression of fruit growth and ripening (Greer and 
Weston, 2010; Sepulveda et al., 1986), especially when it happens in post-veraison. Anthocyanin 
content is also affected by temperature, the synthesis increases until 30 °C and is inhibited above 
35 °C (Kliewer, 1977). Excessive temperature may also cause oxidative stress, which could lead 
to anthocyanin degradation (Mori et al., 2007). Also, tannins and amino acids increase with higher 
temperature. Heat stress could also interfere with pollen maturation and viability (De Storme and 
Geelen, 2014; Zinn et al., 2010).  

Even brief periods of leaf temperature above 45 °C can cause irreversible decline in stomatal 
conductance and photosynthesis, and longer periods can cause death (Gamon and Pearcy, 1989; 
1990). High temperatures are often associated with high vapor pressure deficit  and stomata close 
in response to this condition. Heat damage usually depends on the irreversible disintegration of 
membranes caused by lipid and protein denaturation. As in other stresses, the recovery capacity 
depends on intensity, duration and on the phenological stage at which it occurs. There is also a 
variation in terms of sensitivity among Vitis species and cultivars (Keller, 2015). An example 
reported by Keller (2015) concerns the different behavior between Sangiovese and 
Montepulciano observed during an hot summer in Italy in which Sangiovese vines lost most of 
their basal leaves, in particular on the west side of the canopy, whereas Montepulciano vines 
didn’t lose any leaves (Palliotti et al., 2009). Heat stress tends to have similar symptoms to drought 
stress because it affects plant water relations.  

Leaves are able to regulate their temperature and thus increase heat tolerance through 
evaporative cooling due to transpiration, whereas grape berries are designed to minimize water 
loss by transpiration, which is particularly true after veraison and which makes berries quite 
susceptible to overheating (Keller, 2015). This can lead to inhibition or denaturation of berries’ 
proteins (Keller, 2015), despite the synthesis of heat shock proteins, which help other proteins 
keep their native structure (Iba, 2002). The accumulation of calcium ions in the cytosol of heat-
stressed cells seems to help reduce membrane permeability and stimulate plant’s antioxidant 
system to protect the photosynthetic apparatus against oxidative damage (Keller, 2015). 
Isoprene, monoterpenes and other volatile isoprenoid emissions help leaves to survive brief 
episodes of high temperature (>40 °C) by stabilizing the thylakoid membranes and removing 
reactive oxygen species (Loreto and Shnitzler, 2010; Pichersky and Gershenzon, 2002). 

Water is crucial for plant growth and survival. It is also very important for yield, fruit composition, 
and ripening (Keller, 2015). V. vinifera is quite tolerant to drought stress and can grow in areas 
with less than 300 mm annual precipitation but with very limited yield (Huglin and Schneider, 
1998). Most of the world’s vineyard acreage is located under Mediterranean type climate 
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conditions, characterized by dry and warm summers, with high evaporative demand and low soil 
moisture. In warm climates, vineyard water use ranges approximately from 450 to 800 mm during 
the growing season (Williams and Baeza, 2007), water availability depends on rainfall quantity 
but also on evaporation, soil holding capacity, depth, texture and organic matter content (Keller, 
2015). The water potential at field capacity varies between -0.01 to -0.03 MPa, and under arid 
conditions it can decline to -3.0 MPa. We must bear in mind that the lowest limit for grapevine’s 
suction activity (permanent wilting point) is -1.5 MPa (Keller, 2015). 

A high soil water content stimulates vigor, which can lead to a dense canopy and cluster shading, 
and also requires more water for transpiration, making the plant more susceptible to drought 
(Keller, 2015). Conversely, severe water deficit may cause leaves abscission by early senescence 
and consequent exposure of the fruits (Romero et al., 2010). Shoot growth and tendril 
development are highly sensible to water stress, shoot growth is even more sensitive than 
photosynthesis (Hsiao and Xu, 2000; Stevens et al., 1995). In a non-stressed vine the uppermost 
tendrils extend beyond the top of the shoot, in water stress conditions tendrils remain small. In 
severe stress conditions (leaf water potential below -1.5 MPa and stomatal conductance reduced 
below 20% compared to well-watered conditions) growth can slow drastically or even stop and 
photosynthetic metabolism is damaged, initially by a decreasing of electron transport and ATP 
synthesis which leads to the inhibition of the Calvin cycle and in severe conditions by inhibition of 
light harvesting in photosystem II, accompanied by a small decrease in respiration (Keller, 2015). 
This metabolic limitation of photosynthesis, in contrast to stomatal limitation, is irreversible 
(Escalona et al., 1999; Lawlor and Cornic, 2002). In water stress conditions, an increasing 
proportion of CO2 derived from stored carbohydrates is lost from the leaves (Mc Dowell, 2011). 
When leaves lose turgor, they wilt and reduce light absorption because the surface area 
decreases, avoiding a potential “energy overload” that could damage the photosynthetic system 
(Flexas et al., 1999; Lawlor and Cornic, 2002).  

Usually reduction of vegetative growth due to water stress is more severe than reduction of fruit 
growth (Williams, 1996). However, water deficit also affects yield, especially when deficits occur 
early in the growing season, and even moderate and short water stress periods during male 
meiosis can interfere with pollen development because of the inhibition of sugar transport (De 
Storme and Geelen, 2014), with negative consequences for pollination and fruit set. After fruit set 
vines usually maintain fruit development rather than the vegetative growth and carbohydrate 
storage (Eibach and Alleweldt, 1985) and this could have long term implications in budbreak. 
During berry growth, the most sensitive phase to water stress is cell expansion (Ojeda et al, 2001). 
Other authors consider that yield reduction can be severe even after fruit setting but they regard 
it insensitive to changes in water status after veraison (Hardie and Considine, 1976; Hofacker et 
al 1976, McCarthy, 1997; Williams and Matthews, 1990). The effect of early drought stress on 
shoot elongation and yield was studied on Merlot (Korkutal et al., 2011) under water deficit. The 
authors report yellowing of leaves and partial leaf fall, smaller shoots and a 50% yield reduction.  

Water can also affect berry sugar content, acidity, pH and color. Indirect improvement of berry 
quality could be achieved because of lower yield and smaller berry size but in case of severe 
stress, especially during ripening, the decrease in photosynthesis and sugar export can reduce 
sugar accumulation (Keller, 2015). Mild water deficit could have positive effects on grapes aroma 
potential, increasing the amount of thiol precursors (Peyrot et al., 2005) and accelerate the post-
veraison breakdown of methoxypyrazine (Sala et al., 2005). 

One universal mechanism adopted by plants that have to face cell dehydration caused by drought 
is the accumulation of solutes inside the cells (Bohnert et al., 1995) to support water uptake and 
prevent water loss. Thanks to stomata regulation plants are also able to avoid xylem cavitation 
caused by water deficit (Brodribb and Holbrook, 2003; Jones, 1998). Decreasing stomata 
transpiration and keeping the leaf water potential constant in low soil water potential conditions is 
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a mechanism to avoid cavitation. Different behavior in response to drought and vapor pressure 
deficit could be attributed to aquaporins activity (Sade et al, 2009; Vandeleur et al., 2009). Twenty-
eight different aquaporins (AQP) have been identified in Vitis (Fouquet et al., 2008). There is a 
relationship between leaf hydraulic conductance and AQP gene expression (Cochard et al., 
2007). They could also influence shoot recovery from embolism (Lovisolo and Shubert, 2006). A 
study regarding isohydric and anisohydric vines behavior suggests the major role of physiological 
and anatomical differences in water transport in roots (Vandeleur et al., 2009) and their 
relationship with gene expression for some major AQPs at the membrane level. The role of AQP 
in the hydraulic behavior has also been demonstrated for tomatoes (Sade et al., 2009). Another 
important factor is the mesophyll conductance (gm) (Flexas et al., 2002; 2006). If genetic 
differences in stomatal conductance are confirmed it could be a way to improve WUE (Flexas et 
al., 2006). Also night time transpiration and water use could affect WUE but there is still little 
information about these processes in grapevine (Shultz and Stall 2010; Coupel-Ledru et al., 
2014). In many horticultural crop species an incomplete stomatal closure during the night has 
been observed (Caird et al., 2007) which can lead to water loss through transpiration. The quantity 
of water transpired depends on the cuticular conductance and on the vapor pressure deficit and 
can be between 5 and 15% or even more compared to the daytime rates (Shultz and Stoll, 2010). 

 
1.4. Genetic differences in drought and heat stress tolerance  
 
1.4.1. Differences among varieties   

The response to drought stress, in particular stomatal control, is mostly genotype-related 
(Escalona et al., 1999) but the behavior concerning WUE is still unknown for most genotypes. 
Stomata regulation allows to avoid xylem embolism maintaining the water flow within safe limits 
(Sperry et al., 2002) and grapevine is generally considered efficient in this mechanism. Other 
factors involved in drought resistance could be related to leaves morphology, anatomy and 
biochemistry and differences in these characteristics have been found among varieties (Schultz 
et al., 1996; Moutinho-Pereira et al., 2007). Varieties can be classified as isohydric, when they 
reduce the transpiration rate by closing the stomata in drought conditions, or anisohydric when 
they maintain the transpiration rates almost constant and decrease leaf water potential (Schultz 
et al., 2003; Soar et al., 2006). In the case of Grenache, a nearly isohydric variety, the stomata 
behavior has been correlated with the higher concentration of ABA in the xylem and higher 
expression of key genes involved in ABA biosynthesis in leaves, compared with Syrah, an 
anisohydric variety (Soar et al., 2006). However, a partition of varieties in two strict categories 
may be inadequate because stomatal regulation is also dependent on rootstock, climatic 
conditions and intensity and duration of water deficit as well as on growing conditions (Chaves et 
al., 2010). Several varieties subjected to moderate water deficit had different transpirational 
behavior and WUE, Cabernet Sauvignon, Syrah, and Touriga Nacional behaved as anisohydric 
(Chaves et al., 2010; Costa et al., 2012) while Aragonez can be isohydric, near-isohydric or even 
anisohydic (Chaves et al., 2010). Another study on 23 varieties in field conditions (Bota et al., 
2015) pointed out that a strict classification into iso- or anisohydric varieties is inappropriate, 
despite confirming significant genotypic variations in stomatal behavior and WUE among the 
varieties. 

Thermography can be used to assess plant temperature and plant water status (Jones et al., 
2002; Moller et al., 2007; Costa et al., 2012). A close correlation between leaf temperature (Tleaf), 
stomatal conductance (gs) and leaf water potential (ψpd) was found. The comparison of thermal 
imaging and leaf-gas exchange between five varieties showed that for very similar leaf water 
potential, leaf temperature changes with the variety, because of different stomata regulation, 
suggesting different adaptations to warmer climate, with Touriga Nacional identified as the more 
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able to adopt evaporative cooling strategies under conditions of water availability. Conversely 
Syrah seems to be more efficient in water use but less in heat dissipation which can be 
problematic for heat stress. The results found regarding Syrah contrast with previous reports 
which identify the variety as isohydric.  

Also Carvalho et al. (2016) studied the varieties Touriga Nacional (TN) and Trincadeira (TR), in 
order to better understand the origin of such different behavior in relation to water stress (WS), 
heat stress (HS) and high light stress (LS), individually and combined. The authors report that 
during stress conditions involving heat stress the thermal dissipation in light-harvesting 
complexes tended to be higher than in other stress conditions, in particular when water and heat 
stresses were combined there were significantly higher values of intrinsic water use efficiency 
because of the very low gs. TN had higher rates of water use and higher water use efficiency. 
The authors conclude that each genotype has specific responses to the different stresses and TN 
seems to be more tolerant to abiotic stress, keeping the stomata open and allowing evaporative 
cooling and photosynthesis, except when water stress was involved, while TR could be 
considered as more “stress sensitive”.  

Couple-Ledru et al. (2014) hypothesized that the hydric behavior can be due to differences in 
stomatal sensitivity to water deficit, which affect the more or less efficient maintenance of leaf 
water potential during the daytime (Buckley., 2005). The mechanism of stomatal closure involves 
abscisic acid production in response to drought (Tardieu and Davies, 1992; Borel et al., 1997; 
Tardieu and Simonneau, 1998) and plant hydraulic conductance plays a role on leaf water 
potential (Franks et al, 2007; Pantin et al., 2013); differences in hydraulic conductivity in roots 
(Vandeleur et al., 2009) and petioles (Shultz, 2003) have also been related to isohydric or 
anisohydirc behavior. The study was conducted on a pseudo-F1 progeny obtained by a reciprocal 
cross between Syrah and Grenache. A QTL approach in the genomic region associated with the 
trait was used to analyze leaf water potential variability, in parallel with transpiration rates (TrS) 
and hydraulic conductance (KS) measurements. The authors found a highly significant genotypic 
effect on leaf water potential under water deficit. Also, KS and TrS have been found to be highly 
variable in the progeny. A high genotypic correlation was also found for leaf area, which was 
negatively correlated with TrS and also with leaf water potential. The leaf area was the trait which 
showed the highest broad-sense heritability (H) and with an amplification of variability in drought 
conditions. Thus, the variability in leaf water potential in water deficit conditions is largely 
determined by the genotype and four QTL, each one explaining 11% of the variability, were 
detected. The role of hydraulic conductance was also analyzed, high heritability and many QTLs 
were found but only one of these co-localized with a QTL for leaf water potential, suggesting that 
genetic variability in hydraulic conductance cannot fully explain hydric behavior. A physiological 
explanation can be found in the water transport capacity mediated by aquaporin expression in 
roots (Vendeleur et al., 2009) or leaves (Pou, et al., 2013).  

In conclusion, there are significant differences between varieties in the response to drought 
stress, and this supports the need for carrying out selection of more resistant genotypes to face 
climate change conditions. However, differences seem to depend on a series of distinct complex 
physiological factors, whose complete understanding still needs to be clarified.  

1.4.2. Intravarietal differences  

In the last years much research was undertaken in order to understand the different behavior in 
terms of heat and drought stress tolerance between different varieties. It is known that the 
intravarietal differences regarding traits such as yield, especially in ancient varieties, are huge, 
but very few studies tackled with intravarietal genetic variability related to abiotic stress. One of 
them was performed by Spanish researchers to evaluate the variability in water use efficiency in 
a clone collection of 30 accessions of Tempranillo, compared with a collection of 23 varieties 
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(Tortosa et al., 2016). The accessions were analyzed for water status using several physiological 
parameters and three water status categories: plants under non-stress conditions, moderate 
water stress and severe water stress. The results show a wide range of variation for cultivars in 
the same water availability conditions, proving the different behavior of the varieties. Tempranillo 
clones show a range of variation similar to those found among cultivars and it was possible to 
identify six clones with higher WUE and three with lower WUE. The coefficient of variance, 
calculated as an estimator of the variability, was lower between clones than between cultivars for 
WUE and gs, achieving about 70-80% of the cultivars’ variance. The authors conclude that the 
different behavior between clones and the genetic variability found were enough to consider clonal 
selection an effective method to improve cultivar water use efficiency.  

 
1.5. The challenge of phenotyping  

Plant phenotyping consists in the quantification of plant physiological, agronomical and qualitative 
traits. Its main goals are to study plant physiology or to evaluate and select superior genotypes in 
breeding programs. The work necessary is often long and problematic because of the large 
number of accessions and the high spatial variability required, especially in field conditions and 
because of the impracticality of some longsome physiological measurements. As much as the 
urgency to obtain improved crop species to overcome climate change, the need for fast and 
efficient methodologies to perform phenotypic analysis is universally recognized. This topic has 
been discussed and studied by several researchers especially for herbaceous plants and cereals; 
in the last years good progress has been made in remote and proximal sensing tools that could 
meet the need for phenotyping technologies. These technologies could be helpful especially for 
greenhouse trials on annual crop species, where it is now possible to use automated multi-sensor 
phenotyping machines. For perennial crops with complex canopies, such as grapevine, the use 
of these devices is still difficult, especially in field conditions, and there is less experimentation in 
this area. However, the principle of using indirect measurements to quantify physiological traits is 
suitable for grapevine phenotyping.  This approach is getting more attention in parallel with the 
increasing availability of the necessary technologies. The main analyses useful for phenotyping 
with a proximal sensing approach, especially for “stress-tolerance” purposes are Visible RGB 
imaging, canopy temperature and thermo-imaging, chlorophyll fluorescence and Hyperspectral 
imaging. Their applications are briefly described below. In the next years the major challenges for 
crops phenotyping will be the development and validation of new experimental methods based 
on the technology available nowadays in terms of sensors and data collection devices, allowing 
to fully explore the potentials of these new technologies.  

 
1.5.1. Visible RGB imaging  

Shoot growth, leaf area and yield are important agronomical and morphological parameters 
related to plant vigor. The classical measurement methods consist in weighing or measuring shoot 
elongation and yield and/or weight or measure leaf area. Despite the ease of these measurements 
they are very time-consuming and inadequate for large scale experiments. 

RGB imaging analysis has shown to be an efficient method to assess leaf area and also yield in 
grapevine (Mabrouk and Sinoquet, 1998; Nuske et al., 2011; Arnò et al., 2013; Diago et al., 2012; 
Dogan et al., 2018). Image analysis performed automatically after selection of representative 
pixels for each category such as “leaves” “wood” or “grapes”, in comparison with destructive 
methods showed high values of R2 for leaves and for yield (Diago et al., 2012). RGB also proved 
to be a feasible strategy to estimate yield. Berry detection was based not only on the color but 
also on berries geometry, specifically the radial symmetry, to distinguish them from the 
background even when green (Nuske et al., 2011). More recently Munitz et al. (2019) established 
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a relationship between Leaf Area Index (LAI) and the crop coefficient (Kc), obtained as the ratio 
between ETc, the actual crop evaporation and ET0, the reference evapotranspiration. They 
measured LAI with a canopy analysis system based on 64 quantum sensors sensitive to 
Photosynthetic active Radiation (PAR), and compared the results with a destructive measurement 
using an area meter. They found a high correlation between the two methods and also between 
LAI and Kc. 

RGB images have also been used to estimate the whole plant leaf area (LA) and fresh biomass 
(Couple-Ledru et al., 2014). The use of RGB images has also proved to be effective as a simple 
and inexpensive method of calculating single leaf area, which consists of counting the pixels using 
a Photoshop program tool and then apply a proportion between the pixels value and the pixels 
relative to figures with a known area (Doğan et al., 2018). LAI was also successfully estimated 
with a laser sensor (Arnò et al., 2013), the authors obtained good correlations between LAI and 
canopy volume, as well as between LAI and tree area index. 

 
1.5.2. Canopy and leaf temperature  

Infrared thermography or canopy temperature also shows potential for plant/crop phenotyping in 
both greenhouse and field crops and assess their response to drought (Jones, 2002; Maes and 
Steppe, 2012; Costa et al., 2013). Stomatal behavior is correlated with the plant water status and 
is also responsible for plant evaporative cooling, because when stomata are closed plant 
temperature increases. According to these principles there have been attempts to use thermal 
images instead of the time-consuming leaf gas exchange measurements. The temperature 
analysis can be performed using cameras recording electromagnetic radiation in the infrared 
region (Humplik et al., 2015), where most of the heat electromagnetic spectrum is located. Even 
if thermal imaging has proven to be adequate for different plant species and in different conditions, 
factors responsible of environmental variability such as wind speed, light intensity, humidity etc. 
could affect the representativeness of the imaging compared to the actual plant status (Costa et 
al., 2013). This can be minimized with the use of so-called thermal indexes. 

In 2005 in a vineyard in Israel thermal and visible images were used for grapevine water status 
estimation (Möller et al., 2006). The devices used were a FLIR thermal imaging system and a 
digital camera, aluminum crosses were used to match the two types of images and an artificial 
wet surface was used as reference wet temperature to calculate the crop water stress index 
(CWSI). The spatial variability of leaf temperature, another parameter previously identified as 
related to water stress, was calculated (Jones, 1999; Jones et al., 2002), but in this experiment 
the correlation between canopy temperature variability and gL was very weak and without 
statistical significance. For LAI calculation, the Gap Fraction Inversion method, based on visible 
image analysis was used (Cohen et al., 1997; 2000). To test the efficacy of the method several 
physiological parameters were also measured. The CWSI (Jackson et al., I988) index is 
calculated as the difference between canopy temperature and a well-watered crop temperature 
(CWSI = Tcanopy – Twet / Tdry – Twet) and has proved to be robust in arid and semi-arid conditions but 
is sensitive to environmental factors such as wind and radiation (Jackson et al., 1988; Jones, 
1999) and the identification of the non-water-stressed crop temperature could be problematic. A 
development of this method (Clawson et al., 1989) is based on the use of wet and dry reference 
surface temperatures. Tdry can be calculated as Tair+5 °C (Irmak et al., 2000).  A high and stable 
correlation between CWSI and gL, was found especially when CWSI was calculated using the 
temperature at the center of the canopy or its sunlight fraction. Twet was calculated from the 
Penman-Monteith-FAO equation or by using an artificially wet canopy, with high correlation, while 
when Tdry was computed from climate data the correlation decreased during the season. A high 
positive correlation between gL and ψsteam during the season was also found.  
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In turn, Matese et al. (2015) compared the CWSI obtained from proximal and remote thermal 
sensing with physiological parameters in the varieties Vermentino, Caberent and Cagnulari. The 
authors found a high correlation between CWSI and Pn and Fv’/Fm’ in all the varieties. Other 
reports emphasize the fact that canopy size and architecture and leaves orientation can be 
responsible for temperature variations with the same stomatal conductance (Grant et al., 2006). 
A very important development is the use of low cost equipment (e.g. thermal camera connected 
to a smartphone) to calculate several water status indices, including CWSI and the conductance 
index (Petrie et al., 2019). The same approach was used in a research in South Australia, with 
promising results for the development of smartphone-based sensors methodology to evaluate 
grapevine water status (Skewes et al., 2018). A comparison between a low cost thermal camera 
connected with a smartphone and a conventional one has also been successfully performed on 
almond (García-Tejero et al., 2018).  

 
 

1.5.3. Chlorophyll fluorescence 

The emission of chlorophyll fluorescence is a process through which plants protect the 
photosynthetic apparatus by dissipating energy that exceeds the photosynthetic demands. The 
antennae system of photosystem II is the first CF emission source (Dobrowski et al., 2005).The 
intensity of CF is variable over time depending on the photosynthetic activity and has been used 
to estimate plant stress, PSII efficiency, quantum yield and electron transport rate. At leaf level it 
is measured with a class of instruments called pulse amplitude modulating fluorometers. The 
measurement consists in exposing the leaves to light at low wavelength in the visible range and 
the successive registration of the re-emitted light at long wavelengths after applying a light pulse 
for a short time. It is a widespread analysis in plant physiology with which it is possible to 
determine parameters related to photosynthesis activity, also it is useful to biotic and abiotic stress 
susceptibility evaluation (Walter et al., 2012).  

The photosynthetic light-harvesting apparatus is often damaged by cold, heat and UV stress and 
this makes chlorophyll fluorescence analysis a useful tool for screening for stress tolerance 
(Furbank and Tester, 2011). Cold and heat stress affect the photosynthetic apparatus and 
membrane properties and thus can rapidly cause changes in chlorophyll fluorescence (Berry and 
Biorkman, 1980). Because of its easiness of measurement, the most common parameter used in 
studies of stress resistance is dark-adapted Fv/Fm, which represents the maximum intrinsic 
photochemical efficiency of light harvesting in photosystem II. Other parameters which can be 
obtained from chlorophyll fluorescence analysis are the electron transport rate (ETR) and the non-
photochemical quenching (NPQ), which is related with the dissipation of energy as heat and is a 
valid indicator of the photoprotection mechanism in the photosynthetic apparatus; it has been 
frequently used as a stress indicator in model plants and also crop species (Baker, 2008). 
Chlorophyll fluorescence induction (CFIN) is a method widely used in physiology research related 
to photosynthesis because it provides several information and is cheap and non-destructive at 
the same time (Humplik et al., 2015).   

CF can be measured at canopy or plant level by fluorescence imaging obtained with laser or flash 
lamp to induce CF, the small spatial extension of the laser pulse and the difficulties to control 
spatial variability still don’t allow an application on large spatial scales (Dobrowski et al., 2005). A 
parameter related to CF is the steady-state fluorescence (Fs), the fluorescence emitted in the 
range between 600 nm and 800 nm under constant illumination without saturating flashes. 
Currently, researchers are exploring the link between Fs and plant photosynthetic status; there 
are evidences of a strong positive correlation between Fs and water and irradiance-related 
parameters such as stomatal conductance and CO2 assimilation (Flexas et al., 1999; 2000; 2002).  
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The use of chlorophyll fluorescence imaging (CFI) allows the study of spatial and temporal 
heterogeneities in fluorescence emission patterns at the level of cells, leaves or whole plants with 
a potential use in stress detection and genotype screening for breeding programs (Gorbe and 
Calatayud, 2012). CFI is useful to asses stomatal patchiness and photosynthetic activity 
heterogeneity (Omasa and Takayama, 2003), overcoming the problems of punctual 
measurements due to the high variability at leaves level (Ehlert and Hincha, 2008). A review for 
the use of CFI in horticulture was proposed by Gorbe and Calatayud (2012) in order to explore 
the usefulness of CFI for stress detection in greenhouse and field conditions, postharvest fruit 
and flower quality evaluation and phenotyping for stress tolerance. There are several reports of 
successful uses of fluorescence indexes for water stress detection in tobacco leaves (Lang et al., 
1996), bean leaves (Lichtenthaler et al., 2000; 2005) and roses (Calatayud et al., 2006) and also 
of correlations between fluorescence and heat and light stress effects on the photosynthetic 
apparatus. 
 
 

1.5.4. Hyperspectral imaging  

Some important photosynthesis-related parameters can be investigated through the spectral 
composition of the light reflected by the plant canopy. The principle is that color differences are 
related to chlorophyll, carotenoids and or/nitrogen content, vigor, water status and other 
parameters (Walter et al., 2012), in particular the reflectance analyzed in the visual, near-infrared, 
and short wavelength infrared spectrum (SWIR) reflectance is used for the estimation of plant’s 
water status. These measurements initially used for remote sensing analysis result to be very 
suitable for phenotyping (Humplink et al., 2015), the main limitation, as for the canopy temperature 
analysis, is the spatial variability to which the plants are subjected during the measurement. SWIR 
measurements are at the basis of indices like the normalized difference vegetation index (NDVI), 
an estimator of the chlorophyll content, and the proportion of chl a in relation to chl b, and the 
photochemical reflectance index (PRI) which allows to estimate the photosynthetic efficiency by 
measuring the redox status of carotenoids (Humplik et al., 2015) that is part of the non-
photochemical de-excitation pathway (Demmig-Adams and Adams, 1992), and in turn is 
correlated with photosynthetic light use efficiency (Gamon et al.,1992; Peñuelas et al., 1995).  

A portable apparatus for NDVI ground-based measurement was tested for estimation of vine vigor 
by vine leaf area index (VLAI; Drissi et al., 2009), and the authors report that the sensor is 
adequate to estimate vine vigor as VLAI and canopy gap but only until the canopy growth doesn’t 
saturate the response.  

An experiment has been carried out to verify if a simple reflectance index, calculated in the red-
edge spectral region could be adequate to track changes in steady-state chlorophyll fluorescence 
due to heat and water stress (Dobrowsky et al., 2005). In the experiment the link between 
reflectance and physiological parameters was evaluated. During the experiment, after imposing 
water and heat stress the authors measured simultaneously leaf gas exchange parameters and 
Fs. They calculated two indices based on reflectance measurements: R690/R600 and 
R740/R800, where R690 and R740 are the chlorophyll fluorescence emission peaks and R600 
and R800 are bands not affected by chlorophyll fluorescence. Both indices had a strong positive 
curvilinear relation with Fs.   

Both proximal and remote sensing technologies have undergone great developments in recent 
years, the attention of the scientific and production communities towards them is high due to their 
potential in the analysis and subsequent management of variability in the field. These 
technologies are constantly being developed and improved. Although their main application, 
especially in viticulture, is in the agronomic management of the vineyard, they are also potentially 
very promising for phenotyping work. For this purpose, it will be necessary to deepen and clarify 
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the link between the indirect measurements obtained by the sensors and the physiological 
parameters under examination, which sometimes is still doubtful. The following step would be to 
develop specific protocols for the use of these technologies for grapevine phenotyping in 
greenhouse and in field conditions regarding traits closely related to physiologically complex 
phenomena such as that of resistance to abiotic stress. 

 

 

 

1.6. Objectives of the work 

The objectives of the experimental work are the following: 

- to verify the existence of genetic variability within Arinto variety and to quantify its consistency 
for the analyzed traits, including agronomic traits such as yield and pruning weight and traits 
related to tolerance to water and heat stress;  

- to identify the clones or the group of clones with the most suitable characteristics to tolerate 
abiotic stress conditions; 

- to investigate the existence of correlations between the traits, to validate the experimental 
approach, namely the use of indirect measurements; 

- to identify the traits and indices more adequate to set up a selection process aiming at increasing 
tolerance to abiotic stress. 
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2. Material and methods  

2.1. Field location and set up  

The field trial is located in the experimental center of PORVID in Pegões(38°38'54.9"N 
8°38'38.2"W; Setúbal district, Southern Portugal), and is laid out in a resolvable row-column 
design consisting of six resolvable replicates (Figure 2), with incomplete blocks in row and column 
direction within each resolvable replicate (complete block). The climate of the region is 
Mediterranean with hot and dry summers and mild winters. The average annual rainfall is 550 
mm, 400 of which usually fall during autumn and winter. The soil is mostly sandy with some clay-
rich spots and is derived from podzols (Santos et al., 2007). The rows have a Northeast – 
Southwest orientation.  
 

 
Figure 2. PORVID experimental field with a representation of the six resolvable replicates.  
 
2.2. Climatic data  

Meteorological data were recorded from the nearest weather station, which is located in Faias, 
about 15 km from Pegões experimental field (Figure 3). The annual rainfall for 2019 was 401.00 
mm which is in line with the average annual rainfall of the region. Most of the precipitation was 
recorded from October to December while only about 5 mm of rain fell from the beginning of June 
to the end of August. The highest maximum and medium average temperatures were recorded 
in August with a maximum temperature of 31.03 °C and a medium temperature of 22.53 °C, 
followed by September and July with maximum average temperatures of 29.67 °C and 29.20 °C 
respectively, while the mean temperature was 22.08 °C in July and 21.27 °C in September. In 
July there were eleven days with maximum temperature above 30 °C. The two hottest days of the 
season were July 10th and July 11th with a Tmax of 35.6 °C and 38.0 °C respectively. In August, 
17 days had a Tmax above 30 °C and five days above 35 °C. The coldest month was January 
with an average Tmin of 3.29 °C.  
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2.3. Plant material  

In this work 168 different genotypes/clones of Arinto were evaluated. For each clone three 
consecutive plants are present in each plot of each complete block. The genotypes belong to the 
first stage of selection (random sampling of the intravarietal variability) - explained in section 3. 
This field trial belongs to the second stage of the selection methodology (Figure 1). All the plants 
are the same age and are grafted onto 1103 Paulsen rootstock, trained as bilateral cordon with 
vertical shoots position and pruned and managed with standard procedure and without irrigation. 
The non-completely formed plants and the ones visually recognizable as affected by diseases 
were not included in the experiment.  

 

2.4. Data collection 

2.4.1. Physiological parameters measured in the field 

The measurements related to the physiological condition of the plants, namely indicators of 
possible stress conditions were chlorophyll content (through SPAD), PRI index, NDVI index and 
surface leaf temperature (SLT). 

All the measurements were carried out during the months of July and August 2019 and were 
performed on all the repetitions in all the clones in the shortest time possible, and proceeding 
incomplete block by incomplete block within each complete block to reduce environmental 
variability. All the leaf parameters were measured on leaves chosen using the same criteria: one 
fully developed and fully exposed leaf per plant, in the central region of the canopy. The 
measurements were performed in the hottest hours of the day, between 11 AM and 16 PM, in 
days with clear sky, intense solar irradiation and absent or weak wind. Chlorophyll content, PRI 

Figure 3. Monthly total rainfall and average maximum, minimum and medium day temperatures 
(source: weather station of Faias, IPMA).  
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and NDVI were measured at the same time for each leaf and the results were exported to a 
spreadsheet for analysis.  

2.4.1.1. Chlorophyll content  

Chlorophyll content was indirectly measured at leaf level with the portable Chlorophyll content 
meter CL-01 (Hansatech Instruments Ltd, Pentney, King’s Lynn, Norfolk, UK). The device is 
equipped with 2 LED light sources at 620 nm and 940 nm, the relative chlorophyll content range 
varies between 0 and 2000 units. Calibration and temperature compensation are automatic. 
Chlorophyll content is expressed in logarithmic scale through the SPAD index.  

2.4.1.2. PRI  

The photochemical reflectance index was measured at leaf level using a Plant Pen PRI 200 
(Photon System Instrument, Drásov, Czech Republic). The device has an internal dual 
wavelength light source and measures in two narrow wavelength bands, centered close to 531 
nm and 570 nm with a +/- 5 nm tolerance. The PRI index is defined as:  

)570531(

)570531(

pp

pp
PRI




 , 

where p531 is the reflectance at 531nm and p570 is the reflectance at 570nm. A calibration 
program is also included in the device and the need for calibration is indicated by the instrument 
itself.  

 

2.4.1.3. NDVI  

Normalized Difference Vegetative Index was measured by a device similar to the one used for 
PRI, the Plant Pen NDVI 300 (Photon System Instrument, Drásov, Czech Republic), this 
instrument has an internal dual wavelength light source, one in the visible (VIS: 625 nm – 645 
nm) and one in the near infra-red (NIR: 750 nm – 760 nm), the tolerance is +/- 5 nm. NVDI is 
calculated from individual measurement as:  
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

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Calibration modality and frequency are indicated by the instrument itself.  
 

     2.4.1.4. Surface Leaf temperature  

Individual surface leaf temperature (SLT) was measured using an infrared thermometer 
SCANTEMP 440 (Dostmann Electronic, Wertheim-Reich-olzheim, Germany), a non-contact 
infrared thermometer. For each leaf, selected as previously explained, ten consecutive 
measurements were performed to overcome the instrumental error. Temperature measurements 
were performed under the same conditions as the previous parameters, measuring incomplete 
block by incomplete block to manage environmental variability. Data were also exported to a 
spreadsheet for analysis.  

2.4.2. Yield evaluation 

Harvest was performed on the 6th of September, in parallel with yield measurement. The harvest 
date was chosen according to Brix and sensorial analysis. All the bunches from every plot, 
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consisting of three plants per plot, were harvested in individual boxes and then weighted, so that 
the yield of each clone was not an estimation but the actual yield. During the harvest the actual 
number of plants harvested was registered, as sometimes a plant is missing or malformed. In the 
data analysis that followed the yield per plot was divided by the actual number of plants present 
in each plot to obtain the mean yield per plant.  

 

  

Figure 4 and 5. Yield evaluation in the field trial of Arinto located in the experimental center of 
PORVID in Pegões. 

 

2.4.3. Pruning weight evaluation 

Pruning was performed on January 22nd 2020. The plants are trained in a double permanent 
cordon, for each vegetative point two buds were left for the next year production, the remaining 
part of the canopy, consisting of shoots and lateral shoots was pruned and weighted. Shoots from 
plants in the same plot, corresponding to the same clone were weighted together and the final 
weight was then divided by the number of plants. Pruning weight was measured in three 
repetitions.  

 

Figure 6 and 7.  Pruning weight evaluation in the field trial of Arinto located in the experimental center 
of PORVID in Pegões. 
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2.5. Data analysis  

2.5.1. Statistical model  

According to the available literature, linear mixed models are the most suitable for data analysis 
from initial trials for selection within ancient grapevine varieties (Gonçalves and Martins, 2012). 
In matrix notation, the general expression for a linear mixed model is:  

𝒚 = 𝑿𝜷 + 𝒁𝒖 + 𝒆 

where 𝐲 is the n × 1 vector of observations; 𝑿 is the n × p design matrix of fixed effects; 𝒁 is the 
n×q design matrix of random effects; 𝒖 is the q×1 vector of random effects and 𝒆 is the n×1 vector 
of random errors. Vectors 𝒖 and 𝒆 are assumed to be mutually independent with multivariate 
normal distribution, with mean zero and variance-covariance matrices 𝑮 and 𝑹, respectively. As 
a consequence, vector 𝒚 has multivariate normal distribution, with mean 𝑿𝜷 and variance 
covariance matrix 𝑽 =  𝒁𝑮𝒁𝑻 + 𝑹 (𝐙୘ is the transposition of 𝒁). 

In this study, the linear mixed models fitted to the collected data followed the experimental design 
of the field trial, a resolvable row-column design, which can be described by the general equation:  

𝑦௜௝௟௠ =  𝜇 + 𝑢௚௜ + 𝑢௥௝ + 𝑢௖௢௟(௥)௝௜ + 𝑢௥௢௪(௥)௝௠ + 𝑒௜௝௟௠     (2) 

for 𝑖 = 1, ⋯ , 𝑔, 𝑗 = 1, ⋯ , 𝑟, 𝑙 = 1, ⋯ , 𝑠, 𝑚 = 1, ⋯ , 𝑘. 𝑦௜௝௟௠  represent the observations, 𝜇 the 
population mean, 𝑢௚௜ the genotypic effects (a representative sample of Arinto variety), 𝑢௥௝ the 
resolvable replicate effects, 𝑢௖௢௟(௥)௝௜  the column effects within replicates, 𝑢௥௢௪(௥)௝௠ the row effects 
within replicates, and 𝑒௜௝௟௠ the random errors associated with observations 𝑦௜௝௟௠.  

For yield data, the mean yield of the plot was used, therefore the fitted model was the exact model 
(2). For physiological traits (NDVI, PRI, SPAD and SLT) individual measurements on different 
leaves were made, as a result in the fitted models the effect of the plot, 𝑢௣௟௢௧, was added. In all 
cases, model effects (with the exception of μ) were assumed independent and identically 
distributed normal variables with zero mean and respective variances 𝜎௚

ଶ, 𝜎௥
ଶ, 𝜎௖௢௟(௥)

ଶ , 𝜎௥௢௪(௥)
ଶ  

𝜎௣௟௢௧
ଶ  and 𝜎௘

ଶ. All random effects were assumed mutually independent. As a consequence of this 

model, in the same random effect the observations are correlated (Searle et al., 1992; McCulloch 
et al., 2008).  
 
2.5.2. Genetic parameters estimation  

Residual maximum likelihood (REML) estimation method was used for covariance parameter 
estimation (Patterson and Thompson, 1971). Empirical Best Linear Unbiased Estimators 
(EBLUE) of fixed effects and Empirical Best Linear Unbiased Predictors (EBLUP) of random 
effects were obtained from mixed model equations (Henderson, 1975). The EBLUPs of the 
genotypic effects obtained for each evaluated traits were ranked and used to perform selection.  

The genotypic variance component was tested (hypotheses: 𝐻଴: 𝜎௚
ଶ = 0 𝑣𝑠 𝐻ଵ: 𝜎௚

ଶ > 0) using a 
residual maximum likelihood ratio test. This test compares two models: model without genotypic 
effects (𝐻଴) and model considering genotypic effects (𝐻ଵ). Because the null hypothesis was on 
the boundary of the parameter space, the p-value of the test was assumed to be half of the 
reported p-value from the Chi-squared distribution with one degree of freedom (Self and Liang, 
1987; Stram and Lee, 1994).  

Additionally, other genetic indicators were computed: (1) genotypic coefficient of variation (CVୋ) 
and (2) a generalized measure of broad-sense heritability (Hଶ). 
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The CVୋ is the ratio between the estimate for the genotypic standard deviation (𝜎ො௚) and the overall 
mean. It is a relative measure of variability, therefore it is useful to compare genetic variability 
among traits,  

𝐶𝑉 =  
ఙෝ೒

୓୴ୣ୰ୟ୪୪ ୑ୣୟ୬
× 100. 

Broad sense heritability (𝐻ଶ) is necessary to evaluate how much phenotypic variability is due to 
genetic causes, and consequently, to evaluate the potential success of genetic selection (as it 
reflects the relationship between true and predicted genotypic effects). The classical formula for 
broad sense heritability is  

𝐻ଶ =  
𝜎௚

ଶ

𝜎௚
ଶ + 𝜎௘/௥

ଶ  

where σ୥
ଶ is the genotypic variance and σ୥

ଶ + σୣ/୰
ଶ  is the phenotypic variance at the level of the 

mean of the genotypes. However, this formula is only applicable for balanced data and models 
with one random effects factor with diagonal variance-covariance matrix. As such conditions were 
not satisfied in our analysis, a generalized measure of broad-sense heritability (𝐻ଶ) (Oakey et al., 
2006; Gonçalves et al., 2013) was considered,  

𝐻ଶ =  

∑ ቆ1 −
𝑃𝐸𝑉௜

𝜎ො௚
ଶ ቇ

௤భ
௜ୀଵ

𝑡
 

where 𝑃𝐸𝑉௜ is the predicted error variance of the genotypic effect for genotype 𝑖 (𝑖 = 1, … . , 𝑞ଵ), 𝜎ො௚
ଶ 

is the genotypic variance component estimate, and 𝑡 = 𝑞ଵ − 1. 

For each trait, the predicted genetic gain of polyclonal selection was computed as the mean of 
the EBLUPs of the top-ranked 15 selected clones. 
 
2.5.3. Relation between the traits studied 

2.5.3.1. Correlation between traits 

The Pearson correlation coefficient (r) was used to study the linear correlation between the 
predicted genotypic values of two traits. 

2.5.3.2. Differences in yield among four classes of SLT, PRI and NDVI 

For SLT, PRI and NDVI, the clones were divided into four classes corresponding to the quartiles 
of the distributions, and for each one the mean yield value was calculated (yield data of four 
different classes of SLT, PRI, and NDVI). In this approach, the response variable is the yield and 
the factor is the class of the trait (with four levels). For each trait, one-way fixed effects analysis 
of variance (ANOVA) was conducted. When statistically significant differences between class 
yield means were found, the Tukey's honestly significant difference (HSD) test was performed to 
obtain a more detailed information about the differences between the class yield means.  
 
2.5.4. Software  

Data analysis was carried out with R (R Core Team, 2017, The R Foundation for Statistical 
Computing Platform). Linear mixed models were fitted using ASREML-R software (Butler et al., 
2017). To perform ANOVA and Tukey's HSD test the functions aov and TukeyHSD were used, 
respectively. 
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3. Results and discussion  

3.1. Intravarietal genetic variability for the studied traits 

The results regarding intravarietal genetic variability for all the studied traits are shown in Table 
2. The first results obtained are the estimates of the variance components and the related 
standard errors. For NDVI, PRI, SPAD and yield the highest variance value is associated with the 
error, and the lowest with the row within replicate; for SLT the highest variance is the replicate’s 
variance, and the lowest is associated to the error. The genotypic variance is the second highest 
for yield, SPAD and PRI, while it is the 4th and the 5th for SLT and NDVI respectively. In general, 
these results reflect the experimental design adopted. For example, the higher replicate’s 
variance for SLT reflects the differences in air temperatures among the days of the 
measurements. Also, there is a strong relationship between the genotypic variance estimates and 
the values of broad-sense heritability. 

Considering the genotypic variance component for NDVI, PRI, SPAD and yield, the null 
hypothesis was rejected (p-value<0.001), stating that there is genotypic variability relative to these 
traits, while for pruning weight no genotypic variability was observed.  

Once the significance of the genotypic variability had been ascertained, the following step was to 
make it comparable among the various traits. For this purpose, the genotypic coefficient of 
variation (𝐶𝑉 ) was calculated. Comparing the obtained results, it emerges that the trait with the 
greatest genotypic variability, with the highest 𝐶𝑉 , corresponds to yield. This is consonant with 
bibliographic sources that previously had identified yield as a trait with high variability among 
clones (Martins and Goncalves, 2015).  

Regarding a clonal selection focused on lower susceptibility to heat and water stresses no 
literature is available for grapevine, while regarding other crops, four cotton genotypes analyzed 
for drought resistance had coefficient of variation (CV%) values of circa 6.6 for chlorophyll content 
under moderate and severe drought (de Brito et al., 2011). In lima bean subjected to water and 
salt stress a coefficient of variation of 7.69 was reported for SPAD under drought and of 12.19 
under salinity (Pereira-Filho et al., 2019). A significant reduction of SPAD values in drought stress 
was also found in wild Tibet barley genotypes (Zhang et al., 2009).In our results, among the 
indexes related to physiological traits and susceptible to stress conditions, the higher 𝐶𝑉  is 
associated with PRI, immediately followed by SPAD. The parameters with the lowest genotypic 
variation coefficients are SLT and NDVI.  

In the perspective of a genetic selection process, a higher coefficient of variability, together with 
a good heritability widens the selection possibilities for specific performances that meet specific 
needs of the users of the selected material. In fact, genetic variability is the “raw material” on 
which selection is applied, the higher the variability, the larger the breeding opportunities. Broad 
sense heritability provides an indication of the component of a given character due to genetic 
causes, it is a value that varies between zero and one. In the present work the trait associated 
with the highest heritability value is SPAD, followed by Yield, PRI, SLT, and NDVI (Table 2). All 
the values of H2 are higher than 0.5, except for pruning weight but, as previously explained, this 
trait didn’t show a significant genotypic variance. All the other values obtained for H2, ranging from 
0.57 to 0.67, indicate a genetic control on the traits. The obtained result for yield was expected 
and is in line with other previous works (Martins and Gonçalves, 2015). For physiological traits, 
the results constitute a new knowledge and are of fundamental importance in the perspective of 
an effective genetic selection. The analysis of heritability of traits related to drought stress on 140  
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Table 2. Variance components estimates and respective standard errors, residual maximum likelihood ratio 
test for genotypic variance component and associated p-value, overall mean, coefficient of genotypic 
variation and broad sense heritability for NDVI, PRI, SPAD, SLT (Surface leaf temperature), yield 
and pruning weight.  

Trait 
Variance 

component 
Variance estimate Standard error 

REMLRT  
(p-value) 

Overall 
mean 

𝑪𝑽𝑮 𝑯𝟐 

NDVI 

σ2
g 0.0000535 1.094E-05 47.478 0.679 1.077 0.565 

σ2
r 0.0001291 8.797E-05 (<0.001)    

σ2
row(r) 0.0000113 5.167E-06     

σ2
col(r) 0.0001135 2.101E-05     

σ2
plot 0.0000800 1.235E-05     

σ2
e 0.0003635 1.206E-05         

PRI 

σ2
g 0.0000063 1.216E-06 60.300 0.0187 13.485 0.597 

σ2
r 0.0000025 1.928E-06 (<0.001)    

σ2
row(r) 0.0000004 4.042E-07     

σ2
col(r) 0.0000048 1.124E-06     

σ2
plot 0.0000042 1.368E-06     

σ2
e 0.0000523 1.736E-06         

SPAD 

σ2
g 1.7424131 2.919E-01 96.496 14.275 9.247 0.674 

σ2
r 1.3564718 9.476E-01 (<0.001)    

σ2
row(r) 0.2236592 1.077E-01     

σ2
col(r) 1.3925592 2.891E-01     

σ2
plot 1.7185961 2.539E-01     

σ2
e 7.3183833 2.429E-01         

SLT 

σ2
g 1.4884611 2.851E-01 69.770 31.157 3.916 0.583 

σ2
r 15.2055702 1.559E+01 (<0.001) °C   

σ2
row(r) 6.0712044 1.393E+00     

σ2
col(r) 0.4127452 1.664E-01     

σ2
plot 7.2444456 3.035E-01     

σ2
e 0.2649085 3.351E-03         

Yield 

σ2
g 0.994924 1.750E-01 84.420 4.586 21.752 0.636 

σ2
r 0.461406 3.354E-01 (<0.001) kg/plant   

σ2
row(r) 0.193722 7.934E-02     

σ2
col(r) 0.483789 1.248E-01     

σ2
e 2.784582 1.610E-01         

Pruning 
weight  

σ2
g 0.0056617 0.0047111 1.5524 0.698 10.777 0.132 

σ2
r 0.0010321 0.0025368 (0.106) kg/plant   

σ2
row(r) 0.0049569 0.0029034     

σ2
col(r) 0.0076062 0.0035492     

σ2
e 0.0845698 0.0072733         

σ2
r - replicate variance; σ2

row(r) - row within replicate variance; σ2
col(r) - column within replicate variance; σ2

g - 
genotypic variance; σ2

plot - plot variance; σ2
e - error variance. REMLRT – value of Residual Maximum 

Likelihood Ratio Test statistic; 𝐶𝑉  - Coefficient of genotypic variation; 𝐻ଶ - Broad sense heritability. 
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genotypes of Arachis hypogea L. reports a broad sense heritability of 0.27 for chlorophyll content 
measured through SPAD (Painawadee et al., 2009). The authors also found that most of the 
drought resistance traits were not correlated with yield. Among the authors’ conclusions it 
emerges that the heritability was considered low to moderate, implying potentially poor results in 
terms of breeding for stress resistance.  

According to these first results the parameters that appear to be more suitable for a selection 
process are yield, PRI and SPAD. PRI and SPAD results seem to be the most promising for 
drought and heat stress resistance selection.  
Nowadays the most important objectives in grapevine breeding are related to resistance to biotic 
and abiotic stresses. For the type of abiotic stress we have focused on, namely resistance to heat 
and drought, it could also be interesting to study intravarietal variability in terms of phenology. 
However, obtaining the necessary data is complicated by the breadth of the experimental design 
and the number of clones used.  

 
3.2. Predicted genotypic values  

The following step in processing the results was to calculate the empirical best linear unbiased 
predictors (EBLUP) of the genotypic effects for each trait. These values allow the understanding 
of how much of the calculated genotypic variability actually affects the traits of each clone (the 
deviations from the overall mean explained by genetic causes). With the EBLUPs of genotypic 
effects, the predicted genotypic values were obtained. For a given clone and trait, the predicted 
genotypic value (PGV) is the predicted value of the trait due to genotypic causes, that is, the 
predicted value of the trait in the absence of environmental deviations. These values allow us to 
make a comparison between clones regarding their actual genotypic potential for each trait. The 
complete lists of clones with the respective EBLUPs of genotypic effects and PGVs for NVDI, PRI, 
SPAD, SLT and yield are shown in annex 1. 

Table 3 shows a classification of the first and the last fifteen clones in terms of predicted genotypic 
values for all the parameters analyzed. On the basis of these rankings it is possible to set a 
selection process, for example choosing the group of clones with the highest or lowest yield, or 
according to their performances in terms of photosynthetic activity. From a quick visual 
comparison of the classifications, a similar behavior of the clones for the photosynthesis-related 
indexes is recognizable. In fact, at the first 15 positions there are several recurring clones for 
NDVI, PRI and SPAD. The relationship between the various parameters is further analyzed.  

Considering yield and SLT, the first thing that emerges is the result associated to clone AR2601: 
it revealed the lowest SLT and the highest yield. Additionally, the clone AR2651 is in sixth position 
for SLT and third for Yield, while the clone AR40509 is in tenth position for both SLT and Yield, 
and AR2572 is in the fourteenth position for SLT and second for yield. But several other clones 
are among the first fifteen for different traits. For example, the clone AR4101 appears in the top 
15 positions for NDVI, PRI, SPAD, and yield. The first 4 clones for SLT and Yield are among the 
top 15 at least for one of the other traits studied. Altogether 22 clones are present among the first 
15 positions in at least two of the traits analyzed. 
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Table 3. Ranking of the first and last 15 clones for each trait according to their performance based on the 
predicted genotypic value (PGV). 

 

 

3.3. Empirical density functions of the empirical best linear unbiased predictors of the 
genotypic effects for each trait 
 
Figure 8 shows a representation of the empirical distribution of the empirical best linear unbiased 
predictors (EBLUPs) of the genotypic effects for each trait. Except for the presence of a few 
outliers, it is clear that for all the traits these predictors are distributed according to a curve similar 
to a normal one and rather symmetrical, and with mean zero.  

This finding indicates the validation of the model assumptions concerning genotypic effects and 
allows an in-depth analysis of the relationship between the different parameters. 
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Figure 8. Empirical density function of EBLUPs of the genotypic effects for NDVI, PRI, SPAD, 
SLT and yield. 
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The analysis of the clones with EBLUPs of genotypic effects values external to the population’s 
distributions revealed that for NDVI and PRI three of the four outliers are the same for the two 
traits (clones AR10312, AR10504 and AR10804). Among the latter clones are the two that also 
hold the position of outliers for SPAD (clones AR10312 and AR10504). The SLT distribution has 
four outliers, one of which (clone AR2601) is also an outlier of the distribution for yield. The other 
outliers not shared between the different distributions are AR11502 for NDVI, AR10503 for PRI, 
and AR40105, AR3601 and AR12607 for SLT. 

The presence of these outliers, and the fact that some of them are the same for different traits, 
requires to formulate hypotheses about their nature, among which one possible, although in need 
of further confirmation, is that they do not belong to the Arinto variety, i.e., at the time of 
prospection they were considered as Arinto variety while instead they belong to other variety. This 
result recommends a new observation in the field focused on ampelography and, in the case of 
doubt, this hypothesis can be definitively confirmed or denied through molecular analysis. This 
operation will probably be carried out to clarify any doubt before future work, but given the lack of 
certainty during the execution of the current study, the correctness of the previous varietal 
identification has not been questioned and the aforementioned clones have been considered as 
part of the Arinto variety. 

 

3.4. Genetic gains for polyclonal selection  

The purpose of this work is to study the genetic variability of a population of clones for traits 
connected to stress tolerance and to give an overall description of the clones’ performances. The 
ultimate goal of such a work is to perform a selection process allowing the use of genetic variability 
to benefit the needs of winemakers and viticulturists. Although the ranking of clones’ 
performances allows the identification of clones with the highest and lowest genotypic values, the 
actual phenotypic performances of these clones are always susceptible to genotype×environment 
interaction and, as reported in the introduction, the stability of a group of clones rather than a 
single one is considerably greater. For this reason, the work focused mostly on studying the 
behavior of clone groups (polyclonal selection), rather than individual clones.  

Table 4 shows the predicted genetic gains associated to the selection of the first 15 genotypes 
for the traits evaluated. The genetic gain for pruning weight was not calculated since no genotypic 
effects were found. 

Table 4. Predicted genetic gains (R) obtained for each trait with the selection of the top 15     
selected genotypes. 

Trait  Overall mean  

Predicted genetic Gain (R) 
Mean of the EBLUPs of the 

genotypic effects of the 
selected clones 

Predicted genetic gain in 
percentage of the mean  

R(%) 

NVDI  0.679 0.007 1.1 

PRI 0.019 0.003 13.7 

SPAD 14.275 1.753 12.3 

SLT (ºC) 31.157 -1.680 -5.4 

Yield (kg/plant)  4.586 1.472 32.1 

 
The highest genetic gain can be obtained through the selection of the best genotypes in terms of 
yield, followed by PRI and SPAD, while for SLT the value is modest, as well as for NDVI, with the 
lowest value. For temperature the negative value is due to the fact that the genotypes with the 
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lowest temperature values were chosen. These results are in accordance with the values obtained 
for heritability and 𝐶𝑉 , from which it emerges that the most promising parameters are yield, PRI, 
and SPAD. The most suitable parameters for a selection process seem to be once again yield, 
PRI and SPAD.  

 

3.4.1. Polyclonal selection based on SLT  

Table 5 shows the genetic gains for each trait that would be obtained through the selection of the 
first 15 clones in terms of SLT. The analysis carried out revealed that there is a significant genetic 
component for SLT, however, the genotypic coefficient of variation is low. Despite this value, and 
due to its physiological meaning, it was still decided to calculate the genetic gain relative to the 
other traits in the hypothesis of selecting the first 15 clones with the lower SLT. With a selection 
based on SLT it is possible to achieve a genetic gain of 3.6% for PRI, 4.5% for SPAD and 14.0% 
for yield. It therefore emerges that with this type of selection the performance of the clones can 
be increased for all of the most important parameters, not least the yield, which is also indicative 
of a better physiological adaptation of the plant and certainly a trait of interest for producers. 
 
Table 5. Predicted genetic gains (R) for each trait with the selection of the top 15 selected 

genotypes for SLT.  

Trait  Overall mean  

Predicted genetic Gain (R) 
Mean of the EBLUPs of the 

genotypic effects of the 
selected clones 

Predicted genetic gain in 
percentage of the mean  

R(%) 

NVDI  0.679 0.001 0.1 

PRI 0.019 0.001 3.6 

SPAD 14.275 0.648 4.5 

SLT (ºC) 31.157 -1.680 -5.4 

Yield((kg/plant)  4.586 0.640 14.0 

 

3.4.2. Polyclonal selection based on PRI 

When selecting the first 15 clones for PRI the genetic gain obtained is 5.0% for SPAD and 3.7% 
for yield (Table 6). The opportunity to use PRI to perform a selection in relation to water and heat 
stress resistance arises from the fact that in numerous works carried out on grapevine as well as 
on other crops, PRI was significantly correlated to the main photosynthetic parameters and 
sensitive to the different conditions of water availability. PRI is based on the xanthophyll cycle, a 
process by which plants dissipate energy exceeding the photosynthetic demand. A certain 
amount of light energy is always lost during the photosynthetic process in the form of heat and 
fluorescence, this process is in competition with photosynthetic electron transport so changes in 
the photosynthetic rate cause a complementary change in fluorescence and/or heat dissipation 
(Schreiber et al., 1995). For these reasons leaf pigment content evaluation can be a useful tool 
for leaf physiological performance estimation (Sims and Gamon, 2002). PRI has been evaluated 
as an indicator of efficiency of photosynthetic radiation use in seven species with C3, C4 and 
CAM photosynthesis and it has been found to be exponentially related to it in several species and 
field conditions (Penuelas et al., 1995).  

To summarize the results regarding PRI already presented, a 𝐶𝑉  of 13.5% was found, the 
heritability was 0.597 and by selecting the first 15 clones the predicted genetic gain is 13.7%. 
Differences in PRI values between clones from a physiological point of view indicate differences 



30 
 

in terms of photosynthetic activity and photoprotection processes, what allows to hypothesize that 
the first ranked clones are better adapted to withstand stress conditions. 

The use of PRI can provide non-destructive assessments of photosynthetic radiation use 
efficiency (Penueles et al., 1997) and it is one of the few spectral indices which has been shown 
to be able to highlight rapid changes in plant photosynthetic status (Gamon et al., 1992; Penuelas 
et al., 1997). Schreiber et al. (1995) reported variations of PRI during the day from 0.11 to 0.07 
while in shaded leaves used as a control the PRI values was always 0.125, in several species.  
 

Table 6. Predicted genetic gains (R) for each trait with the selection of the top 15 selected 
genotypes for PRI.  

Trait  Overall mean  

Predicted genetic Gain (R) 
Mean of the EBLUPs of 
the genotypic effects of 

the selected clones 

Predicted genetic 
gain in percentage 

of the mean  
R(%) 

NVDI  0.679 0.003 0.4 
PRI 0.019 0.003 13.7 
SPAD 14.275 0.710 5.0 
SLT (ºC) 31.157 -0.286 -0.9 
Yield (kg/plant)  4.586 0.171 3.7 

 
Leaves from plants affected by stress have significantly higher reflectance in the visible spectrum 
and lower in the near infra-red compared to non-stressed plants; this is the principle that explains 
why NDVI index can identify stressed leaves, but PRI provides better physiological information 
(Penuelas et al., 1994). PRI increases until midday and then decreases until dusk and also 
correlates well with several physiological parameters (Penuelas et al., 1994; Gamon, 1997). 
However, Dobrowski, (2005) warned that that the relationship of PRI with steady state 
fluorescence (Fs) was masked by the high noise of the PRI values compared to other indexes 
(for example FRI fluorescence ratio index) in plants subjected to heat and water stress.  

A selection performed on the basis of PRI finds support in the fact that PRI correlates well with 
important physiological mechanisms and responses to environmental factors related to 
temperature and water availability. From the results of the current work the genetic gain for a 
polyclonal selection based on this trait appears satisfactory. However, while selecting this group 
of clones, the genetic gain for the other traits, in particular SLT, appears modest. It is therefore a 
matter of deepening in physiological terms which of these two parameters should be given greater 
importance in terms of adaptation to environmental stress. 

3.4.3. Polyclonal selection based on SPAD 

The last trait considered as adequate for a polyclonal selection process is SPAD, this index is 
considered a quick tool to evaluate the photosynthetic performance of plants and is also reported 
as enabling the detection of water stress. 

A reduction in chlorophyll concentration is common in plants subjected to water stress, indicating 
oxidative stress probably due to the photo-oxidation of pigments associated with the degradation 
of chlorophyll (Carlin et al., 2012), but few studies are already available regarding the accuracy 
of spectral indices to detect this type of stress (Lin et al., 2015). 

In a recent work SPAD quantified in Sauvignon Blanc leaves had a positive correlation with 
chlorophyll content, allowing an efficient indirect and non-destructive estimation of the chlorophyll 
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content in grapevine leaves (Cantona et al., 2017). In the same study it was reported that SPAD 
varied from 12 to 42 (Cantona et al., 2017), confirming previous results on 13 grapevine cultivars 
that had set SPAD values between 11 and 41 (Fanizza et al., 1997). SPAD was found to be 
accurate in the estimation of leaf chlorophyll content when it is below 300 mg m-2 (SPAD around 
30), above this level the sensitivity of SPAD to chlorophyll content decreases (Steele et al., 2008).  

The Predicted genotypic SPAD values ranged from 10.99 in clone AR10312 to 16.59 in clone AR 
2672, well within the values considered as well correlated with chlorophyll content (Steele et al., 
2008). The mean of the first 15 clones was 16.02, while the mean of the last 15 was 12.06. The 
group formed by the last 15 clones had values close to the minimum values recorded for vine 
leaves in its vegetative cycle (Fanizza et al., 1997; Cantona et al., 2017). This finds its causes in 
the period in which the surveys were carried out and in the type of leaf that was chosen: the 
analysis was performed on leaves almost at the end of their vegetative cycle, which coincides 
with the period in which the vines are exposed to low water availability and heat stress. This allows 
to emphasize the differences between the more and the less resistant genotypes. However, with 
the choice of this type of leaves at this time of year there is a risk of "flattening" any genotypic 
differences in terms of chlorophyll content and maximum photosynthetic efficiency. The choice of 
method included a compromise between the goals of the study and the practicality of carrying out 
field surveys on a large scale and in the shortest time interval possible.  

Even if is not related to the aim of this work, it is important to highlight that SPAD index is also a 
good predictor of leaf N concentration, and thus of vegetative vigor. SPAD values from berry set 
to maturity were found to be positively correlated with yield and wood production (Taskos et al., 
2015). 

Table 7 shows how the selection of the group of clones with best SPAD values affects the other 
traits, and it is possible to see that the genetic gain for NDVI is negligible, for PRI and SLT a slight 
increase is obtained in the group's performance compared to the population. Regarding yield, the 
selection of SPAD would lead to its slight decrease, compared to the entire population. 

 

Table 7. Predicted genetic gains (R) for each trait with the selection of the top 15 selected 
genotypes for SPAD. 

Trait  Overall mean  

Predicted genetic Gain (R) 
Mean of the EBLUPs of 
the genotypic effects of 

the selected clones 

Predicted genetic 
gain in percentage 

of the mean  
R(%) 

NVDI  0.679 0.003 0.4 

PRI 0.019 0.001 5.7 

SPAD 14.275 1.753 12.3 

SLT (ºC) 31.157 -0.521 -1.7 

Yield (kg/plant)  4.586 -0.072 -1.6 

 

Looking for an index that could efficiently detect water stress in an experiment conducted on 
Cinnamomum camphora L., Lin et al. (2015) reported for the first time a significant correlation 
between SPAD and Chl content but they also found that SPAD is not adequate for analysis of 
wilting or highly water-stressed leaves. Regarding water stress on grapevine, leaf greenness 
evaluated through SPAD has been successfully used to analyze table grape genotypes in water 
stress conditions (Fanizza et al., 1991), with SPAD varying from 34 to 44 in expanded leaves of 
non-stressed genotypes and from 34 to 41 in stressed genotypes, while in the apical leaves 
values ranged from 14 to 17 in stressed plants and from 9 to 10 in non-stressed ones. The authors 
concluded that the most tolerant genotypes had the lowest SPAD values (Fanizza et al., 1991). 
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Similar results were observed in potato (Solanum tuberosum L.) (Rolando et al., 2015), where 
there was an initial increase of chlorophyll content after a drought stress, due to the decrease of 
leaf growth. SPAD has been tested together with temperature and other indexes as a potentially 
fast, easily assessed and non-destructive tool for screening drought-tolerant sugarcane plants 
(Silva et al., 2007). Significant decreases of SPAD were reported in drought stressed plants 
compared to well-watered ones, with sensitive genotypes showing the higher decreases. Leaf 
temperature followed a similar behavior and was circa 4 °C higher in drought-stressed plants than 
in well-watered ones, with higher values reported in susceptible genotypes. The authors conclude 
that the most promising traits for a rapid and non-destructive screening to distinguish between 
tolerant and susceptible genotypes seem to be chlorophyll fluorescence, SPAD index and leaf 
temperature.  

It therefore seems that the SPAD index may be useful to identify different responses to stress and 
that the range of about 6 units between the genotype with the highest and the lowest value found 
in the present work is enough to distinguish tolerant genotypes from sensitive ones. The fact that 
by selecting for SPAD small increases in PRI and decreases in leaf temperature are obtained is 
undoubtedly positive, while the fact that the yield decreases slightly compared to the population 
can be considered positive or negative depending on the producer’s demands.  

 

3.5. Correlation between different traits  

Figures 9 to 11 show the reciprocal relationships between the three reflectance indexes measured 
and their relationship with yield. The correlation between, SLT and yield is low and negative 
(Figure 9). There is a high positive correlation between PRI and NDVI, and a moderate positive 
correlation between SPAD and NDVI, and between SPAD and PRI (Figure 10). The correlation 
between these indexes and leaf temperature is less evident (Figure 11), in all the three cases 
negative and with coefficient of correlation (𝑟) of about 0.20, confirming a low correlation.  

 
Figure 9. Correlation between the predicted genotypic values of NDVI, PRI, SPAD, SLT and 
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Among the three most physiologically connected indices, namely SPAD, PRI and NDVI, as 
expected there was a positive correlation as visible in Figure 10. All the three indices are based 
on pigment (chlorophyll or carotenoids) content and/or photosynthetic efficiency, they are 
therefore intimately connected also from a physiological and genetic point of view. 

On the other hand, the correlation between the three aforementioned indices and SLT was less 
predictable. A weak correlation (r <0.3) was detected for all three indices with SLT. Maybe this 
occurred because NDVI, PRI, and SPAD respond to changes in water, heat and radiative state 
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Figure 11. Correlation between the predicted 
genotypic values of NDVI, SPAD, PRI 
and SLT. 
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of the plant in the medium-long term, while SLT provides an "instantaneous" data, with high levels 
of fluctuation during the same day, for this reason this parameter may be suitable make 
comparisons between different genotypes on short intervals of time, but not to express the overall 
response of the plant to heat and water conditions over the long term.  

Figure 11 shows the correlation between yield and NDVI, PRI, SPAD and SLT. It is possible to 
say that there is no correlation between any of these parameters, even if the tendency agrees 
with the assumption that greater photosynthetic activity and lower SLT correspond to less stress 
and greater yield. In the case of SLT, the lack of correlation can be explained, with the 
aforementioned arguments. Regarding the other parameters, it could have been thought that 
greater photosynthetic activity corresponded to greater yield, this relationship is however 
mediated by very complex physiological mechanisms of regulation and vegetative-productive 
balance, in support of this hypothesis there is also the fact that the analysis of the data on the 
pruning wood weight, an expression of the vigor of the plant, did not reveal any significant genetic 
differences. 

 

3.6. Differences in yield among classes of SLT, PRI and NDVI 

The correlations analysis took into consideration the entire population but the division of the 
population into quartiles for one trait and the comparison between the means of these groups for 
another trait may reveal significant differences between groups of clones that were previously 
missed when analyzing the population as a whole. The population was thus divided, for each of 
the traits deemed most relevant, into four groups of about 40 clones each, corresponding to the 
four quartiles, and tested looking for significant differences in terms of yield.  

3.6.1 SLT classes  

One of the attempts made was to verify whether different classes of SLT corresponded to 
significant differences in terms of yield. Despite the low correlation between yield and SLT, 
dividing the clones into groups according to increasing temperature classes, the average yield for 
each class appears decreasing, with the highest average yield for clones with lower SLT and 
lower yield for clones with the highest SLT (Figure 12). However according to the low correlation 

 

 

 

Figure 12. Average yield (kg/plant) at different SLT levels (result of ANOVA: Fcalc=1.54; p-
value 0.2056). T1, from 28.531°C to 30.605°C; T2, from 30.605°C to 31.103°C; 
T3, from 31.103°C to 31.721°C; T4, from 31.721°C to 33.571°C. 
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observed, no significant difference emerges from the analysis of variance carried out with this 
approach (p-value 0.2056). 

 
3.6.2. PRI classes  

The same approach was adopted to investigate the possibility to create classes for the various 
indexes that corresponded to significant differences in terms of yield. With this purpose, the most 
interesting parameter should be PRI, because of the greater correlation with yield compared to 
the other indexes and because of the higher coefficient of genotypic variability. The ANOVA 
shows significant differences (p-value 0.00631) in terms of mean yield between the groups of 
clones formed according to their PRI values (Figure 13). A further investigation of these 
differences performed through Tukey test is reported in Table 8. It is possible to sustain that group 
1, formed by the first 40 clones in ascending order by PRI values, has a significantly lower mean 
yield than groups 3 and 4. This result provides information that could be used to exclude a group 
of clones if a reduction in yield is not included among the selection goals.  
 
 

 
 

 
 
 
 
 

 
 

Classes Differences of means p-value 
PRI2-PRI1 0.3544 0.166 
PRI3-PRI1 0.5128 0.016 
PRI4-PRI1 0.5434 0.009 
PRI3-PRI2 0.1584 0.790 
PRI4-PRI2 0.1890 0.686 
PRI4-PRI3 0.0306 0.998 

 

Figure 13. Average yield (kg/plant) at different PRI levels (result of ANOVA: Fcalc=4.26, p-
value =0.00631). PRI1, from 0.006 to 0.018; PRI2, from 0.018 to 0.019; PRI3, from 
0.019 to 0.020; PRI4, from 0.020 to 0.022. 
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Table 8. Tukey test results for mean yield differences at different PRI levels 



36 
 

3.6.3. NDVI classes  
 
Differences in terms of yield between NDVI classes are also significant according to the ANOVA 
(p-value 0.01949). In Figure 14 it is possible to see that the first class of NDVI, i.e. the first forty 
clones with lower NDVI values, have a lower average yield than the other classes, while the 
highest yield value is associated with class 2, followed by classes 4 and 3, to confirm the absence 
of correlation and the non-linearity of the relationship between yield and NDVI.  
 

 
 
Table 9 shows the results of the Tukey test for the average yield when considering NDVI levels 
and indicates that there are significant differences between group 1 and groups 2 and 4. As with 
regard to PRI, also in this case this result can be used in a selection process where yield 
improvement is one of the goals, to discard the clones in group 1, as they have the lowest yield. 
 
 
 
 
 

Classes Differences of means p-value 

NDVI2-NDVI1 0.495 0.023 
NDVI3-NDVI1 0.268 0.407 
NDVI4-NDVI1 0.446 0.050 
NDVI3-NDVI2 -0.228 0.550 
NDVI4-NDVI2 -0.049 0.992 
NDVI4-NDVI3 0.179 0.727 

 
 

The combined analysis of the data of the whole population did not reveal any correlation between 
PRI or NDVI with yield. However, this analysis highlights significant differences in yield between 
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Figure 14. Average yield (Kg/plant) at different NVDI levels (result of ANOVA: Fcalc=3.39; p-
value=0.01949). NDVI1, from 0.649 to 0.677; NDVI2, from 0.677 to 0.680; NDVI3, 
from 0.680 to 0.682; NDVI4, from 0.682 to 0.689. 

 

 
Table 9. Tukey test results for mean yield differences at different NDVI levels 
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the group of clones with the lowest values for PRI and NDVI and the rest of the population. 
Furthermore, the fact that the clones with the lowest values, therefore the ones most affected by 
stress also have a lower yield, suggests that in conditions of more severe stress this trend could 
be even more marked and could affect the yield of the entire population, with different results also 
in terms of correlation between the traits. 

 
4. Conclusions  

The work carried out has led to the addition of several interesting details on the profile of the clones 
of Arinto. First of all, a significant genetic component was found for almost all the traits studied (Table 
2), with the exception of the pruning wood weight. The coefficients of variability found were low for 
SLT and NDVI but consistent for yield, PRI and SPAD, heritability stands at values ranging from 0.57 
to 0.67.  

The calculation of the predicted genotypic values (Table 3) allowed to rank the clones in terms of 
performance according to each trait. The empirical probability density distributions (Figure 8) were 
similar to a normal curve, however, the presence of some outliers will advise that, in the future, a 
molecular analysis should be performed to confirm that these clones actually belong to the Arinto 
variety. 

Considering a polyclonal selection process, one of the ultimate goals and practical application of this 
type of study, the predicted genetic gain obtainable with the selection of 15 clones was calculated on 
the basis of different selection hypotheses. In the first of these hypotheses (Table 6), to select the 
group of clones for each parameter that maximizes the genetic gain for the parameter itself, the results 
ranged from a low circa 1% for NDVI to 32% for yield. The second approach was to choose the index 
or traits more correlated to heat and drought tolerance and to select the best clones according to them 
without neglecting the genetic gain or the genetic lost for the other traits. With this in mind, the 
selection was based on SLT (Table 7), PRI (Table 8) and SPAD (Table 9). 

Regarding the correlations between different traits, calculated with the predicted genotypic values, a 
moderate to high positive correlation was found between the three traits related to photosynthetic 
performance: NDVI, PRI and SPAD (Figure 10). Nevertheless, between yield and SLT and between 
these two traits and the others mentioned above (Figures 9 and 11), no correlation was identified. 

Regarding NDVI, the genotypic variance was significant. However, a low level of genetic variability 
was detected (low coefficient of genotypic variation, 1.077), while the heritability was good. The 
predicted genetic gain obtained when selecting for NDVI was very low (1.1%), this is clearly due to 
the low coefficient of genotypic variation. As for the analysis of the literature, nothing has been found 
that supports the idea that this index can be used to discriminate between genotypes in terms of water 
and heat stress. On the basis of these elements it is possible to conclude that for the moment there 
are no elements supporting a selection based on this index. 

PRI has a more consistent coefficient of variation, which leads to higher values of genetic gain 
(13.7%). The relationship between this index and water and heat stress conditions is widely treated 
in literature, several authors hypothesize the use of PRI to detect the presence or absence of stress. 
For these reasons, in this study it was considered as one of the most suitable for selection. When 
checking the behavior of the other traits when the first 15 best clones are selected for PRI, there is a 
decrease of 1% in SLT and a yield increase of 3.7%. Among the indexes used, PRI appears to be the 
one which better meets the goals of this work.  

SPAD, whose genotypic component was also significant, had a coefficient of genotypic variation of 
9.24, slightly lower than that of PRI but still high, and the predicted genetic gain obtained by selecting 
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the first 15 clones was 12.3%. Also in this case the literature consulted highlights a close relationship 
with physiological processes dependent on environmental factors such as temperature and water, 
thus supporting its use in identifying situations of tolerance and susceptibility. By selecting for SPAD, 
there is a 5.7% increase in PRI, a 1.7% reduction in SLT, and a 1.6% reduction in yield. Regarding 
this last item, it must be said that the decrease is minimal, but its importance is still relative depending 
on the objectives of the selection and the needs of the producers; if among the goals there was an 
increase in yield, a selection centered on this index would have to be excluded. It also remains to be 
clarified why by selecting the clones that should be less sensitive to stress, there is a decrease in 
yield, even if only slight. In conclusion, SPAD together with PRI are the most promising indices. 

SLT is one of the most interesting traits because it is closely linked to leaves transpiration and the 
regulation of stomatal opening, thus also reflecting the water status of the plant. However, it showed 
a rather small coefficient of genetic variation, which in turn limits the genetic gain in a selection 
perspective, probably the problem lies within the variability of this trait when short periods of time are 
considered. Even if the analysis of variance for yield between the different classes of SLT revealed 
that higher temperatures correspond to lower yields, the differences found were not significant. On 
the basis of the data collected so far, the information is not enough to set a selection on this trait but 
still encourages further studies in this direction.  

Yield is the trait that expressed the greatest genotypic variability and the largest range between the 
first and last clone in predicted genotypic values. The predicted genetic gain obtained from the 
selection of the first fifteen clones is 32.36%, the highest in this study, confirming that there is a great 
chance for genetic improvement by clonal selection for this trait. Some sources also suggest that a 
higher yield is itself indicative of a better adaptation to stress. In this work, however, there are no 
elements to confirm or deny the relationship between water and heat conditions and production.  

Regarding the pruning wood weight, the genotypic variance component was not significant, for this 
reason there was no purpose in taking this trait further into consideration for analysis.  

The experimental design was confirmed to be adequate for the collection of data and their statistical 
analysis, highlighting genotypic differences in a very large collection of clones in open field and 
therefore subject to high environmental variability. The phenotyping work has been effective but 
nevertheless it is certainly possible to optimize it in the future, with the help of faster and better 
performing technologies. The choice of the indices and traits analyzed did not always have the desired 
results. In the future, it will probably make sense for this type of work to focus on SPAD, PRI and yield 
and less on other indices, and to test different methods for SLT detection. Furthermore, the link 
between reflectance indices and the physiological processes involved in stress should be further 
explored. 

We are still far from univocally defining the behavior of clones in terms of greater or lesser tolerance 
to water and heat stress, but it has been confirmed that there are genetic differences between clones 
potentially involved in tolerance traits, and some details were added to Arinto clones characterization. 
Certainly, the approach used, namely to perform indirect measurements and to work with an adequate 
statistical model, is effective and deserves to be improved. Furthermore, with this type of work, large 
in situ collections of plant material are maintained, which otherwise would not be economically 
sustainable. 

There is still work to be done on phenotyping techniques, finding faster and more effective systems, 
for example testing devices based on the detection of images and their automated processing, for 
which new technologies are being developed at a fast rate.  
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It is well known that there is no single solution to the global warming conditions we are facing, but the 
approach must be to put together efforts on different fronts: environmental, technological and 
genetical. We also have the responsibility to preserve intra-varietal genetic variability, polyclonal and 
clonal selection are tools that allow us to keep old varieties as part of historical and cultural heritage, 
and to adapt them to conditions that are necessarily changing.  
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Annex 1. Empirical Best Linear Unbiased Predictor (EBLUP) of the genotypic effect and 
predicted genotypic value (PGV) for all clones and traits evaluated.  
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