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Abstract 

By increasing fruit exposure to sunlight and influencing fruit development, leaf thinning in the 

fruit zone can improve grape quality and lower disease incidence; however, further investigations 

on the timing, varietal response and intensity are needed to optimize results and to better 

understand underlying physiologic responses. Fruit zone leaf thinning was applied at different 

timing and intensities to evaluate its effect on cluster health and fruit composition in Cabernet 

Sauvignon and Chardonnay. Treatments consisted of control (C), pre-bloom leaf thinning (PB) 

and two levels of fruit-set leaf thinning (three leaves, PF3 and six leaves, PF6). In an additional 

project on Cabernet Sauvignon, two levels of hedging (17th node, NH and 12th node, H) were 

integrated with no leaf thinning (L) and fruit set leaf thinning (LR, three leaves).  

All leaf thinning treatments consistently reduced disease incidence compared to control vines in 

both varieties, with the reduction extent varying between 2017 and 2018. Yield was not negatively 

affected by leaf thinning treatments, even though PB reduced cluster compactness by decreasing 

the number of berries per cluster of Chardonnay in 2017. Control vines tended to have greater 

titratable acidity than defoliated vines, while Brix and pH responses varied between seasons. No 

direct positive correlation was found between sunlight exposure and norisoprenoids concentration. 

Post fruit set leaf thinning PF6 consistently increase free norisoprenoids at harvest, while pre-

bloom defoliation never did. Heterogeneous responses were observed for bound and total 

norisoprenoids. In Cabernet Sauvignon free, bound and total 1,1,6-trimethyl-1,2-

dihydronaphtalene (TDN) was consistently increased by PF3. Hedging negatively influenced Brix 

and anthocyanins accumulation in 2017, and increased free norisoprenoids while decreasing the 

bound and total fraction. Results revealed that a high level of stress possiblt caused by excess 

sunlight and/or reduced photosynthesis might negatively affect norisoprenoids glycosylation.  
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General audience abstract 

This project evaluates the effect of a grapevine canopy management practice on grape quality. The 

objective was to find a suitable technique to expose the fruits to sunlight in order to increase grape 

aroma concentration and improve grape sanitary status of Virginia vineyards. Leaves were 

removed from the fruit zone with different intensities at two grape developmental stages, in two 

varieties (Chardonnay and Cabernet Sauvignon). Treatments consisted of control, three leaves 

removed before blooming (PB) and three or six leaves removed after fruit set (PF3 and PF6 

respectively) In an additional project with Cabernet Sauvignon, the effect of canopy height was 

integrated with the fruit zone defoliation. Results showed that the removal of leaves from the fruit 

zone is effective in improving grape sanitary status at harvest, with the improvement extent 

depending on the season climatic conditions and on the amount of leaves removed. Crop yield was 

not negatively affected by treatments. Non defoliated grapes tended to have greater acidity at 

harvest, while sugar responses were inconsistent. Aroma compounds responded heterogeneously 

to fruit zone defoliation, but volatile odorants were consistently greatest in the most exposed grapes 

(PF6) compared to all other treatments at harvest. Pre-bloom defoliation instead, never increased 

volatile aroma compounds compared to control at harvest. Generally, non-volatile odorants were 

greater in less severely defoliated vines or control. An overall positive effect was observed with 

PF3. Canopy height was demonstrated to be able to indirectly affect grape quality and composition, 

with the short canopy reducing grape’s sugar and color content and increasing grape’s volatile 

aroma compounds concentration at harvest in 2017. The removal of three or six leaves from the 

fruit zone in post fruit set could be a suitable practice to improve grape quality in the Virginia 

environment.   
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Introduction 

 

Fruit zone leaf thinning is a canopy management practice used to increase direct sunlight exposure 

and improve the microclimate of grapevine’s fruit zone, enhancing grape quality. This practice has 

been reported to improve berry composition (Smart, 1985) by increasing total soluble solids (TSS), 

anthocyanins (Palliotti et al., 2011c; Poni et al., 2009; Song et al., 2015) and aromatic compounds 

-particularly certain monoterpenoids and C13-norisoprenoids- (Alessandrini et al., 2018; Bureau et 

al., 2000; Feng et al., 2017; Kwasniewski et al., 2010; Lee et al., 2007; Liu et al., 2015; Young et 

al., 2016). Modified cluster architecture and microclimate, and lower disease incidence and/or 

severity of the fruits at harvest have also been extensively reported (Austin and Wilcox, 2011; 

English et al., 1993; Intrieri et al., 2008; Palliotti et al., 2011a; Poni et al., 2006a; Sivilotti et al., 

2016; Tardáguila et al., 2010). However, fruit zone leaf thinning has produced variable responses 

depending on the timing and intensity of application, grapevine variety and environmental 

conditions in which the research was performed. The latter has a major impact on grapevine 

metabolism and berry ripening process (Young et al., 2016; Zenoni et al., 2017). Therefore, further 

investigations on the timing, intensity and varietal responses in a specific environment are needed 

to optimize results and to better understand underlying physiological responses. This project takes 

into consideration two significant variables for grape quality determination: aroma compounds (in 

particular C13-norisoprenoids) and grape disease status. 

C13-norisoprenoids, grapes’ aroma compounds deriving from carotenoid degradation (Baumes et 

al., 2002; Mathieu et al., 2005), are of particular interest for their role in the final aroma profile of 

wines (Yuan et al., 2015). Among the most common compounds, ß-damascenone, vitispirane, ß-

ionone and megastimane-4,6,8-triene contribute to the berries, flowery and woody wine aroma 
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(Winterhalter and Rouseff, 2001), while 1,1,6-trimethyl-1,2-dihydronaphtalene (TDN) is 

responsible for the kerosene-like flavor typical of Riesling (Simpson, 1978).  Greater accumulation 

of C13-norisoprenoids has been observed under high sunlight conditions in many studies (Asproudi 

et al., 2016; Bureau et al., 2000; Gerdes et al., 2001; Kwasniewski et al., 2010; Lee et al., 2007; 

Marais et al., 1992; Razungles et al., 1998; Young et al., 2016). The increase of C13-norisoprenoids 

has been related to greater carotenoid accumulation, changes in the carotenoid pool and/or faster 

carotenoid degradation (Baumes et al., 2002; Crupi et al., 2010; Razungles et al., 1998; Young et 

al., 2016). The mechanisms involved in sunlight stimulation of C13-norisoprenoids are thought to 

depend on the time of exposure of the fruits. Pre-veraison exposure might increase carotenoid 

concentration because berries are photosynthetically active, therefore the exposure might increase 

both pigments and photo-protectants (Marais et al., 1991). In later ripening stages, greater exposure 

might accelerate carotenoid degradation by overexpressing the enzyme carotenoid cleavage 

dioxygenase (Ibarz et al., 2006; Razungles et al., 1998). Another mechanism is explained by the 

xanthophyll cycle, which is activated at veraison and is involved in the protection of photosystem 

PSII from reactive oxygen species (ROS), allowing the plant to adapt to different light conditions 

(Baumes et al. 2002; Hirschberg, 2001). Low light levels cause the epoxidation of zeaxanthin to 

violaxanthin, while high light intensity causes the de-epoxidation from violaxanthin to zeaxanthin 

(Liotenberg et al., 1999; Pfündel and Bilger, 1994). Once the xanthophyll cycle is activated, 

enhanced exposure can modify the composition of the carotenoid pool by increasing de-epoxified 

xanthophylls -especially zeaxanthin- in relation to epoxified xanthophylls (Baumes et al., 2002; 

Hirschberg, 2001; Joubert et al., 2016; Razungles et al., 1998; Young et al., 2016). The increment 

of de-epoxidized xanthophylls can result in a greater pool of precursors or in a modification of the 

substrate levels involved the C13-norisoprenoids formation (Baumes et al., 2002). This latter 
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hypothesis might conflict with the fact that carotenoids undergo bioconversion after veraison 

(Baumes et al., 2002; Mendes-Pinto, 2009, Oliveira et al. 2006) and that different C13-

norisoprenoids might have common precursors like ß-carotene and neoxanthin (Mendes-Pinto, 

2009). Therefore, different epoxidized and de-epoxidized xanthophylls might, by harvest, yield 

the same C13-norisoprenoids compounds. Many authors have reported a significant increase of 

zeaxanthin in exposed clusters until mid-season with no differences in the carotenoid level at later 

stages, resulting in a greater concentration of many analyzed C13-norisoprenoids at harvest (Gerdes 

et al., 2001; Joubert et al., 2016; Kwasniewski et al., 2010).  

Recent research demonstrated that enzymes involved in the formation of norisoprenoids (called 

CCD – carotenoid cleavage dioxygenase) have been found to catalyze the cleavage of specific C40-

apocarotenoids to specific C13-apocarotenoids, showing specificity for their substrates 

(Lashbrooke et al. 2013). Three enzymes’ transcripts (VvCCD1 cytosolic, VvCCD4a and -4b 

plastidial) were detected in all berry developmental stages, from green to harvest (Lashbrooke et 

al., 2013). The enzymes VvCCD1 and VvCCD4a were found to be more abundant in leaves, with 

VvCCD4a upregulated in both leaves and berry tissues towards the end of ripening (Chen et al., 

2017; Guillaumie et al., 2011; Lashbrooke et al., 2013). Most importantly, transcript VvCCD4b 

was consistently found at the greatest concentration in berry plastids, being up to 30-fold 

upregulated at the ripe stage relatively to the green stage. The VvCCD4b enzyme was therefore 

thought to be the isoform most likely responsible for catalyzing carotenoid cleavage to yield 

norisoprenoids in the fruits (Chen et al., 2017; Lashbrooke et al., 2013; Young et al., 2016). In 

addition to the enzymes’ substrate specificities shown in the cleavage of carotenoids, the different 

locations and expression patterns regulate the enzyme activities at different levels and may 

contribute to the norisoprenoids formed (Lashbrooke et al., 2013; Mathieu et al., 2005).  
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Beside the relation between carotenoids and norisoprenoids, many studies evaluated the response 

of norisoprenoids to different levels of light exposure. Greater levels of norisoprenoids were 

observed in sun-exposed clusters compared to shaded ones in Shiraz (Bureau et al., 2000), Pinot 

Noir (Feng et al., 2017), Semillon (Alessandrini et al., 2018), Sauvignon Blanc (Joubert et al., 

2016; Young et al., 2016), Riesling (Kwasniewski et al., 2010; Marais et al., 1992) and Nebbiolo 

(Asproudi et al., 2016). By contrast, other studies reported greater or no difference in the levels of 

norisoprenoids, in shaded compared to exposed berries (Lee et al., 2007; Song et al., 2015). Lee et 

al. (2007) observed a general tendency of norisoprenoids to increase with increasing sunlight 

availability, except in the case of the most shaded treatment, which had a great concentration of 

TDN and vitispirane, and the greatest concentration of ß-damascenone among the different 

exposure treatments. Similarly, Asproudi et al. (2016) reported a sharp decrease of bound 

norisoprenoids in the last phase of ripening in the less vigorous and more exposed south-facing 

vines, as opposed to the more shaded north-facing block. Extreme heat and/or sunlight stress could 

in fact lead to the degradation of aroma compounds or their precursors (Marais et al., 2001; Scafidi 

et al., 2013). It is common in dry regions or seasons for excess sunlight exposure to cause sunburn 

damage and reduce berry quality, including aroma concentrations (Oliveira et al., 2014; Tarara et 

al., 2008). High temperature (between 33 and 35 °C) was recently shown to affect VvCCD 

transcript levels, even though the impact on norisoprenoids was unclear (Lecourieux et al., 2017).  

Sunlight quality therefore might also have an impact on C13-norisoprenoids accumulation, and 

several studies have evaluated the effect of UV light on berry metabolites. During early stages of 

berry development, UVB attenuation has been reported to significantly decrease the xanthophyll 

pool size and also the de-epoxidation state (Joubert et al., 2016). In high light environment, 

norisoprenoids were also negatively affected by UVB attenuation compared to control, while no 
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differences between control and UVB attenuation have been observed in low light conditions 

(Joubert et al., 2016). These results suggest that UV light might impact norisoprenoids 

concentration when berries are already subjected to a certain level of stress (high sunlight 

exposure). Besides, different species and concentrations of carotenoid involved in the acclimation 

response to UV light in low light (lutein epoxide) compared to high light conditions (zexanthin) 

(Joubert et al., 2016), might also have influenced final norisoprenoid concentration. Other studies 

found lower levels of ß-damascenone in Riesling wines derived from UV-screened grapes 

compared to control (Lafontaine et al., 2005). By contrast, Song et al. (2015) evaluated the effect 

of UV radiation on aroma compounds in Pinot Noir, but did not find significant differences in ß-

damascenone or ß-ionone concentration in wines derived from UV-screened grapes compared to 

UV exposed grapes. Additional research is needed to analyze the effect of different wavelengths 

on specific carotenoids and norisoprenoids, as they each might respond distinctively and influence 

grapes and wine aroma concentrations.  

It is evident that many factors and variables are involved in norisoprenoid accumulation during 

berry ripening. Further research is needed to clarify how those factors impact the concentration of 

these important aroma compounds in grapes and wine.  

As previously mentioned, fruit zone leaf thinning can also greatly improve the disease status of 

the grapes at harvest. Pre-bloom leaf thinning has been proven to affect cluster microclimate, 

architecture and berry development (English et al., 1993; Intrieri et al., 2008; Palliotti et al., 2011a; 

Poni et al., 2006b; Zenoni et al., 2017). It has been demonstrated that this practice can reduce fruit-

set, leading to looser clusters and lower yield over different environments and on different 

genotypes (Alessandrini et al., 2018; Palliotti et al., 2011; Pastore et al., 2013; Poni et al., 2006b; 

Sivilotti et al., 2016). This is mainly due to a reduction of the photosynthetic capacity of the canopy 
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during berry set and inflorescence formation, which leads to an alteration of the source-sink 

balance within shoots (Frioni et al. 2018). The level of leaf removal at which this alteration actually 

reduces fruit set seems hard to set, and depends on the sink strength of the shoot apex (Frioni et 

al., 2018), which is in turn dynamic and sensitive to vine manipulation and climatic conditions 

(Keller, 2015).  Looser clusters experience increased evaporative potential and tend to dry faster; 

a less conducive environment for fungal infection (English et al., 1993), especially Botrytis and 

other bunch rots (Intrieri et al., 2008; Poni et al., 2006b; Tardaguila et al., 2010). Many authors 

reported a decrease in late-season bunch rots as a consequence of pre-bloom leaf removal and 

reduced cluster compactness (Alessandrini et al., 2018; Palliotti et al., 2011b; Sivilotti et al., 2016; 

Tardaguila et al., 2010). Poni et al. (2009) observed an increase in the relative skin mass of berries 

from pre-bloom defoliated vines, a factor that could provide an additional barrier against fungal 

infections. In this regard, it has been suggested that sunlight exposure of young and highly 

susceptible fruits might increase host resistance to infection (Keller et al., 2003). Many 

mechanisms might be responsible for the improved sanitary status of exposed grapes. In the case 

of powdery mildew, whose development is inhibited by UV irradiation, those mechanisms might 

relate to the heating of exposed tissues and/or the exposure of the fungus to UV radiation (Austin 

and Wilcox, 2011).  

Even when applied at later berry developmental stages, leaf thinning in the fruit zone can 

effectively aid disease management, through improved cluster microclimate and fungicide 

coverage (Chellemi and Marois, 1992). Recent work observed a similar reduction in Botrytis 

severity with both pre-bloom and after fruit set leaf removal in Merlot (Sivilotti et al., 2016). By 

contrast, no disease severity reduction was observed in Riesling despite the lower fruit set (Hed 
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and Centinari, 2018), illustrating that reduced fruit set is not always correlated with reduced 

disease severity (Hed and Centinari, 2018; Sivilotti et al., 2016). 

Despite the abundant literature on the subject, the effects of fruit zone leaf thinning are not fully 

understood and need clarification. Results are often inconsistent and among different studies, the 

application of the treatments is variable in both timings and levels. Moreover, the decisive effect 

of the environment on grape ripening processes (Zenoni et al., 2017) underlines the importance of 

evaluating the effects of specific canopy management strategies in specific environments on a 

given variety.   

The objective of this study was to evaluate grape responses to different timings and levels of fruit 

zone leaf thinning in order to optimize the application of this canopy management technique in a 

humid subtropical/continental region like Virginia. The concentration of C13-norisoprenoids and 

the disease status of harvested grapes were the two principal responses evaluated with Chardonnay 

and Cabernet Sauvignon.  

In an additional project with Cabernet Sauvignon, two levels of hedging were integrated with fruit 

zone leaf thinning in order to evaluate how different canopy manipulation practices might interact 

with leaf thinning and affect grape ripening processes, including aroma compound accumulation.  
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Review of literature 

2.1 Carotenoids and C13-norisoprenoids in grapes. 

Carotenoids are 40-carbon isoprenoids associated with the multiprotein complexes of plant’s 

chloroplast membranes, part of the PSI and PSII photosynthetic systems (Britton, 1982; Moneger, 

1968). They act as accessory light-harvesting pigments by capturing and transferring light energy 

to chlorophylls (Hirschberg, 2001), and respond to environmental stresses (Oliveira et al., 2003, 

2004). Major carotenoids are ß-carotene and lutein, accompanied by minor carotenoids such as 

zeaxanthin, neoxanthin, violaxanthin, lutein-5,6-epoxide and others (Razungles, 1996). 𝛽-carotene 

is the only carotenoid hydrocarbon, while all others are oxidized carotenoids called xanthophylls 

(Baumes et al., 2002). ß-carotene and lutein act mainly as accessory pigments in the light 

harvesting antennae of the chloroplasts, while the other carotenoids serve as photo-protective 

agents, by dissipating the excess excitation energy in a non-radiative manner (Niyogi, 1999, 2000).  

In grapes, carotenoids are mainly accumulated during berry’s green stage and decline thereafter, 

with a major reduction usually observed around veraison (Razungles 1988). Individual carotenoids 

though, exhibit heterogeneous behavior following different accumulation and degradation patterns 

and varying across grape variety (Asproudi et al., 2018). Generally, ß-carotene, lutein and 

neoxanthin tend to peak in pre-veraison and beginning to decrease around a week before veraison 

(Mathieu et al. 2005), while other xanthophylls behave differently. Violaxanthin for example, have 

been observed to increase from veraison to a month post-veraison, maintaining an almost constant 

content afterwards in Barbera (Asproudi et al., 2018), while a decrease of its concentration during 

the same period was observed in Pinot Noir (Asproudi et al., 2018; Yuan and Qian, 2016). 

Zeaxanthin was found at the highest concentration at harvest in Sauvignon Blanc (Young et al., 
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2012), while it was observed to peak at veraison or post-veraison and decline thereafter in Merlot, 

Chardonnay and Riesling (Crupi et al., 2010; Kwasniewski et al., 2010). 

Carotenoid content is primarily under developmental regulation, but total and individual 

carotenoid concentration level depends on many variables including climatic conditions, 

agricultural practices, grape variety and clone (Asproudi et al., 2016, 2018; Chen et al., 2017; 

Razungles et al., 1996). In particular, light is recognized as one of the most important factor to 

induce carotenoid biosynthesis; fruits from warmer regions or more exposed fruits, tend in fact to 

have a greater carotenoid content (Hickey et al., 2018; Marais et al., 1991). Chen et al. (2017) 

analyzed the transcriptomical expression patterns of carotenoids metabolism in Cabernet 

Sauvignon from two regions with distinct climate, and observed two isoform of the gene phytoene 

synthase (PSY), which catalyze geranylgeranyl diphosphate (GGPP) to phytoene (a key-step in 

the carotenoid biosynthetic pathway). One of the two isoform (PSY2) had higher transcript in the 

grapes from the arid region compared to the humid one, but surprisingly the other one (VvPSY1) 

showed low transcript levels in the same fruits, which were exposed to longer sunshine hours and 

higher daily radiation. As suggested by the author, multiple environmental factors, rather than light 

alone, may induce synergistic or antagonistic responses in the expression patterns of genes 

responsible for carotenoid biosynthesis.  

In addition to their primary function as light harvesting antennae and photo-protectors, carotenoids 

are also precursors of the hormone abscisic acid (Chenys and Zeevaart 2000) and of the aroma 

compounds C13-norisoprenoids, which derive from carotenoids enzymatic or oxidative cleavage 

(Baumes et al. 2000; Mendes-Pinto 2009; Winterhalter and Rouseff 2001). C13-norisoprenoids are 

of particular interest for their role in the final aroma profile of both red and white varieties, 

including Chardonnay and Cabernet Sauvignon (Sefton et al., 1993; Naiker, 2001), where C13-
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norisoprenoids are associated with “tea, lime, honey and pineapple” (William et al. 1992) and 

“fruits and floral” flavors, respectively. Among the most common compounds, ß-damascenone, 

vitispirane, ß-ionone and megastimane-4,6,8-triene contribute to the berries, flowery and woody 

wine aroma (Winterhalter and Rouseff, 2001), while 1,1,6-trimethyl-1,2-dihydronaphtalene 

(TDN) is responsible for the kerosene-like flavor typical of Riesling (Simpson, 1978). Each grape 

variety is characterized by different norisoprenoids composition and levels, which are in turn 

affected by the environmental conditions (Chen et al., 2017; Crupi et al., 2010; Razungles et al., 

1998).  ß-damascenone is one of the most studied norisoprenoids. It has a complex aroma, whose 

descriptor are honey, tropical fruit, tea, dark berries, quince and apple (Rutan et al., 2014; 

Winterhalter and Rouseff, 2002), and it has also been reported to increase the odor threshold of 

ethyl esters and to decrease the one of methoxypyrazines in wines, impacting indirectly wine 

sensory profile (Pineau et al., 2007). ß-damascenone is thought to derive from the degradation of 

the allenic carotenoids neoxanthin with key intermediate formation of an allenic triol, even though 

in Cabernet Sauvignon juice multiple different precursors were found to be capable of generating 

ß-damascenone by acid hydrolysis (Naiker 2001). ß-carotene primary cleavage product is ß-

ionone, which might in turn be transformed to other norisoprenoids (Mathieu et al., 2009). Many 

pathways have also been proposed for other norisoprenoids, supposedly deriving from 

megastigmane glycosides, the carotenoids breakdown intermediates (Mendes-Pinto, 2009).  

C13-norisoprenoid are found in grapes as glycosidically bound precursors and as free fraction 

(Crupi et al. 2010; Winterhalter and Rouseff 2002). Their accumulation follows the opposite curve 

of the one of carotenoids, starting near veraison and reaching the maximum approaching maturity, 

3-4 weeks post veraison (Figure 1) (Asproudi et al. 2015; Baumes et al. 2002; Marais et al. 1992; 

Young et al. 2016). Interestingly, recent studies have reported contrasting observations, with lower 
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levels of ß-ionone and ß-damascenone in Pinot Noir and Barbera wines deriving from fully ripened 

grapes compared to early harvest (Asproudi et al., 2018). C13-norisoprenoids formation from 

carotenoids proceeds via enzymatic and non-enzymatic (oxidative, chemical and photochemical) 

pathways (Baumes et al. 2002; Kanasawud et al. 1990), even though, in recent years more studies 

supported the necessary involvement of region-specific oxygenase in their formation. In the 

enzymatic process three main steps are consequential: hydrolysis by region-specific dioxygenase, 

eventual glycosylation and final acid-catalysis of glycosides (Baumes et al. 2002). Enzymes 

involved in the formation of norisoprenoids (CCD – carotenoid cleavage dioxygenase) (Auldridge 

et al., 2006), have been found to catalyze the cleavage of specific C40-apocarotenoids to specific 

C13-apocarotenoids, showing specificity for their substrates (Lashbrooke et al. 2013). Three 

enzymes’ transcripts, VvCCD1, VvCCD4a and -4b, seem to be primarily involved with 

norisoprenoids formation and they were detected in all berry developmental stages, from green to 

harvest (Lashbrooke et al., 2013; Mathieu et al., 2005). Transcript VvCCD1 was found to peak 

approaching veraison in Chardonnay and Cabernet Sauvignon berries (Chen et al., 2017; Deluc et 

al., 2008), and to be capable of cleaving zeaxanthin and lutein (in vitro) to form 3-hydroxy-β-

ionone (Mathieu et al., 2005). From further studies, it appears that VvCCD1 may be only indirectly 

involved with norisoprenoids formation (Chen et al., 2017; Lashbrooke et al., 2013; Young et al., 

2016). Its expression appeared constitutive, with the highest levels in leaf tissues, and no apparent 

correlation between the transcript expression levels and carotenoids or norisoprenoids 

concentration was found (Lashbrooke et al., 2013). VvCCD4a was also found to be most abundant 

in leaves, but upregulated in both leaves and berries tissues towards the end of ripening (Chen et 

al., 2017; Guillaumie et al., 2011; Lashbrooke et al., 2013). Most importantly, transcript VvCCD4b 

was consistently higher in berries plastids than in other tissues, being up to 30-fold upregulated at 
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the ripe stage relative to the green stages, and therefore, thought to be the isoform most likely 

responsible for catalyzing carotenoids cleavage to yield grape norisoprenoids (Chen et al., 2017; 

Lashbrooke et al., 2013; Young et al., 2016). In addition to the enzymes’ substrate specificity 

shown in the cleavage of carotenoids, the different locations and expression patterns regulate the 

enzyme activities at different levels and may contribute to the norisoprenoids formed (Lashbrooke 

et al., 2013; Mathieu et al., 2005).  

Once the glycosylated precursors are formed in the fruits, these can also be released during 

fermentation or wine aging processes, influencing wine final norisoprenoids concentration 

(Asproudi et al., 2018; Mendes-Pinto, 2009).  

Despite the established role of C13-norisoprenoids in the final aroma of wines, their actual 

contribution of in defining wine aroma is still controversial (Pineau et al., 2007; Barbe et al., 2008). 

The controversy arises from the fact that the impact of C13-norisoprenoids on the final product is 

still not unequivocally determined. Very low levels of these compounds are found in the grapes 

and/or in wines, where, due to the complexity of the wine-matrix, it is hard to define a perception 

threshold, which in turn varies depending on the matrix composition (Pineau et al., 2007). Barbe 

et al. (2008), reported that the wine perception threshold is much higher than that of hydro-

alcoholic solutions, increasing for ß-damascenone from 50 ng/L in water to 2-7µg/L in wine.  

This suggests that wine composition will influence the sensorial effect of norisoprenoids on the 

wine aroma, while grapevine genome and environmental conditions will determine the potential 

aroma content of grapes (Chen et al., 2017; Deluc et al., 2009; Razungles et al., 1998). 

Leaf removal is a vine canopy management technique used to increase direct sunlight exposure of 

the fruits, that has been found to improve berry composition (Palliotti et al. 2011; Smart, 1985; 
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Poni et al. 2009) and to greatly impact aromatic compounds, particularly C13-norisoprenoids. Many 

studies observed an increase of these compounds in sun exposed grapes (Asproudi et al., 2016; 

Bureau et al., 2000; Kwasniewski et al., 2010; Lee et al., 2007; Liu et al., 2015; Young et al., 

2016). Depending on the time of exposure of the fruits, the mechanisms involved are thought to 

be different. Pre-veraison exposure might increase carotenoids concentration because berries are 

photosynthetically active, therefore the exposure might increase both pigments and photo-

protectants (Marais et al., 1991). In later ripening stages, greater exposure might accelerate 

carotenoid degradation by overexpressing the enzyme carotenoid cleavage dioxygenase (Ibarz et 

al. 2006; Razungles et al. 1998). Another mechanism is explained by the xanthophyll cycle (Figure 

2), which is activated at veraison and is involved in the protection of photosystem II from ROS, 

allowing the plant to adapt to different light conditions (Baumes et al. 2002; Hirschberg, 2001). 

Low light environment causes the epoxidation of zeaxanthin to violaxanthin, while high light 

intensity causes the de-epoxidation from violaxanthin to zeaxanthin (Liotenberg et al. 1999; 

Pfundel and Bilger 1994). It has been recently shown that the ratio lutein-to-lutein epoxide is also 

affected by berry exposure, with an increase of lutein in the early part of the berry development 

under high light conditions (Young et al. 2016). Light regulates the switching of PSII from a light-

harvesting state (with epoxidized xanthophylls, present in low light or darkness) to an energy 

dissipating state (with de-epoxidized xanthophylls present in high light), with these cycles 

providing for the short- and long-term acclimation of plants to varying light conditions (Jahns and 

Holzwarth, 2012). The photo-protective action of zeaxanthin has been related to the action of 

zeaxanthin in the lipid phase of the thylakoid membrane (Havaux et al., 2004), where it acts 

synergistically with tocopherols to reduce the formation or remove ROS involving peroxide 

(Havaux et al., 2007), and it is involved in the stabilization of the membrane lipids (Gruszecki and 
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Strzalka, 2005). Lutein is also involved in photo-protective reactions by quenching chlorophyll 

triplets (harmuful excited states that react with oxygen yielding ROS) (Mathis et al., 1979). 

Once the xanthophylls cycle is activated, enhanced exposure can therefore, modify the 

composition of the carotenoid pool by increasing de-epoxified xanthophylls -especially 

zeaxanthin- in relation to epoxified xanthophylls (Baumes et al., 2002; Joubert et al., 2016; 

Razungles et al., 1998; Young et al., 2016). The increment of de-epoxidized xanthophylls can 

result in a greater pool of precursors or in a modification of the substrates levels involved in the 

C13-norisoprenoids formation (Baumes et al., 2002). This latter hypothesis might conflict with the 

fact that carotenoids undergo bioconversion after veraison (Baumes et al., 2002; Mendes-Pinto, 

2009, Oliveira et al. 2006) and that different C13-norisoprenoids might have common precursors 

like ß-carotene and neoxanthin (Mendes-Pinto, 2009). Therefore, different epoxidize and de-

epoxidized xanthophylls might yield the same C13-norisoprenoids at harvest. Many authors have 

reported a significant increase of zeaxanthin in exposed clusters until mid-season with no 

differences in the carotenoids levels in later stages, which resulted in a greater accumulation of 

many analyzed C13-norisoprenoids at harvest (Gerdes et al., 2001; Joubert et al., 2016; 

Kwasniewski et al., 2010).  

Another reported effect of fruit zone leaf thinning and sunlight exposure is an increase in the 

relative skin tissue of the berry (Palliotti et al., 2011; Poni et al. 2009). This can lead to greater 

concentration of carotenoids, which accumulate mainly in the skin of the berry (Razungles et al., 

1988). Conversely, excess light can result in sun burnt damaged berries (Chorti et al., 2010), 

lowering yield and berry quality, including aroma compounds concentration (Oliveira et al. 2014; 

Tarara et al. 2008). Sunburning is common in regions with intense sunlight radiation, high 

temperatures and water deficit during the growing period (Greer and Weedon, 2012). Genes 
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encoding for carotenoids biosynthesis (PSY) were found to be down regulated in heat stressed 

berries (about 35 °C), most likely affecting precursors availability for norisoprenoid formation 

(Lecourieux et al., 2017). Interestingly, also transcript VvCCD4a was found to be down regulated 

in heat stressed berries, but VvCCd4b was transiently up-regulated in high heated berries at 

veraison. Thus, temperature most likely also plays a role in terms of aroma compounds, but its 

consequences are not yet understood (Lecourieux et al., 2017).  

As above mentioned, the research on C13-norisoprenoids biosynthesis continues, and the 

relationship between carotenoids and norisoprenoids, as well as the effect of sun exposure on these 

compounds, are still subject of analysis. Kwaniewski et al. (2010), analyzed the carotenoids and 

C13-norisoprenoids concentration in Riesling juice and wine following 75% leaf removal at 2, 33 

and 68 days post berry set (PBS). Zeaxanthin concentration was greater in the 33 PBS treatment 

compared to control (no leaf removal) and the other treatments until mid-season, but at harvest no 

differences were found, suggesting an increased biosynthesis and subsequent degradation of this 

compound only in the 33 PBS treatment. 1,1,6-trimethyl-1,2-dihydronaphtalene (TDN) and 

vitispirane were in fact significantly greater in the 33 days PBS juice, with TDN being greater also 

in the derived wine. Other fruit exposure studies conducted on Riesling, found similar results 

(Gerdes et al. 2002; Marais et al. 1992), indicating that cluster exposure applied relatively early in 

the season increased TDN and other norisoprenoids, possibly by increasing the pool of precursors 

or substrates.  

Another recent work conducted on Sauvignon Blanc (Elgin, South Africa-temperate region) 

demonstrated that increased bunch exposure leads to higher levels of specific carotenoids, with 

early berry stages reacting distinctly from the post-veraison developmental stages (Young et al. 

2016). Lutein and lutein epoxide were altered only in pre-veraison with an increase of lutein in 
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exposed berries; after which no differences were found. Antheraxanthin and zeaxanthin (both de-

epoxidized xanthophylls) were constantly higher in leaf removal treatments throughout the whole 

season. This was further confirmed from the transcriptomic analysis, showing that three genes 

related to the xanthophyll metabolism were upregulated in exposed berries in all developmental 

stages (Young et al. 2016). In the same study, the carotenoid pool was correlated with greater 

norisoprenoids concentration in exposed berries: the fact that gene VvCCD4b was not significantly 

differentially expressed, suggested that the increased level of these compounds in exposed berries 

was due to greater substrate availability. Alessandrini et al. (2018) also reported greater glycoside 

norisoprenoids in exposed grapes, and enhanced fruity notes in the derived wines in cv. Semillon 

after pre-bloom leaf removal (4 leaves removed). Conversely, Oliveira et al. (2004), observed 

consistently greater carotenoids (especially lutein and neoxanthin) in naturally shaded berries 

compared to exposed berries of two white Portuguese varieties until harvest, when the difference 

was less evident. Considering the much hotter and drier climatic condition of Vinho Verde in 

Portugal (where the study was performed), it is hard to explain this result, since it is not clear how 

the treatment was applied (it is reported as natural exposure vs shade) and if the temperature was 

monitored. Furthermore, carotenoids were analyzed only in the final month of ripening, missing 

data of exposed berries during previous stages; hypothetically exposed berries could have had a 

greater concentration of carotenoids before veraison and a faster degradation afterwards. 

More work has been conducted on red varieties, reporting interesting and often contradictory 

results. Adding complexity to this, the studies were mainly conducted in different climatic and 

environmental conditions, on different varieties and with different methods. Therefore, the results 

are not easily comparable. Bureau et al. (2000) observed greater concentration of bound 

norisoprenoids in both Syrah grapes and wine of sun-exposed clusters compared to shaded clusters 
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when the treatment was applied at E-L 29 (pea size berry). Also in Pinot Noir leaf removal applied 

at pea size increased free and bound 𝛽-damascenone, TDN- and vitispirane-glycosides, even 

though, this was significant only when fruits were 100% exposed (Feng et al., 2017).  

Partially contrasting previously reported results, Lee et al. (2007) observed an interesting response 

of C13-norisoprenoids in Cabernet Sauvignon to shade and sun exposure. The experiment was 

conducted in Gonzales (CA) and leaf removal applied after fruit set (it is not further specified) at 

different levels, from shade (cluster tucked into canopy) to full cluster exposure. TDN, vitispirane 

and ß-damascenone were significantly greater in the most exposed fruits and resulting wines, 

showing negative linear correlation with leaf layer number, but no positive correlation with 

sunlight. This was due to the fact that the most shaded treatments (no leaf removal and shaded 

cluster inside the canopy) had a similar high concentration of these norisoprenoids, specifically 

the highest concentration of ß-damascenone, indicating that light and heat alone cannot account 

for the increase in norisoprenoids. ß-damascenone seems to be one of the compounds that varies 

the most in response to exposure, with some studies reporting an increase, and others showing a 

decrease or no response to sun exposure (Marais et al. 1992a). When fruit exposure was considered 

in relation to vigor and row orientation, higher exposure was observed in the less vigorous and 

south-facing vines, promoting greater norisoprenoid concentration from pre- until post-veraison 

(Asproudi et al. 2016). Only these grapes though, showed a sharp decrease in norisoprenoids in 

the last phase of ripening. The author reports that these vines experienced greater heat (>35 °C) 

compared to the more vigorous north-facing vines, suggesting that extremely elevated temperature 

could lead to the degradation of aroma compounds. The same south block-berries presented also 

more fragile skins, which is in contrast with the previously observed thickening of the skin in sun 

exposed berries (Poni et al. 2009). Many studies declared that extreme heat and sunlight stress can 
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reduce aroma precursors content (Marais et al., 1999; Scafidi et al., 2013), while others, sustained 

that glycoconjugated levels of C13-norisoprenoids are more closely related to the effect of light 

than to the effect of temperature (Bureau et al., 2000; Morrison and Noble, 1990). As mentioned 

above, there is evidence now that temperature influences the expression of enzymes involved in 

the formation of both carotenoids and norisoprenoids (Lecourieux et al., 2017). When applying 

leaf removal, it is really difficult to separate the effect of light and temperature: increasing the 

exposure leads inevitably to an increase of temperature, with one factor impacting the other and 

therefore, contributing to the final results. Despite the possible effect of temperature affecting 

norisoprenoids evolution and concentration hypothesized in Asproudi et al. (2016), other studies 

observed differential evolution patterns for different norisoprenoids. ß-damascenone, TDN and 

vitispirane were found to increase during berry ripening, while ß-ionone slowly decreased (Yuan 

and Qian, 2016). Asproudi et al. (2018) detected the greatest levels of ß-damascenone and ß-ionone 

in Barbera and Pinot Noir wine deriving from grapes collected 7 or 15 days earlier respect to full 

ripening. It needs to be noted that only the content of free norisoprenoids was reported, meaning 

that total norisoprenoids might have been greater in the wine deriving from more ripened grapes. 

To this regard though, early harvest wines still had greater ß-damascenone content after three 

months of aging (Asproudi et al., 2018). The final concentration of norisoprenoids in wines is 

influenced not only by the grapes’ ripening stage, but also by the yeast, fermentation and aging 

conditions (Mendes-Pinto, 2009) and the matrix composition (Lloyd et al., 2011). In particular, 

wine acidity seems to be highly correlated with ß-damascenone concentration (Asproudi et al., 

2018; Ferreira and Guedes de Pinho, 2004). 

Further studies have considered the effect of light quality on carotenoids and C13-norisoprenoids 

accumulation. Attenuated UV radiation was able to reduce both grapes’ carotenoids and 
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norisoprenoids content in white varieties (Joubert et al., 2016; Liu et al., 2015), with a more 

significant reduction in berries that were acclimated to higher light conditions (Joubert et al., 

2016). By contrast, no effect of UV-attenuation on norisoprenoids (ß-ionone and ß-damascenone) 

was observed in Pinot Noir wines (Lafontaine et al., 2005; Song et al., 2015), and in some cases 

ß-damascenone level was even found greater in wine made from UV-excluded grapes (Lafontaine 

et al., 2005). It is evident that the correlation between light quality and aroma compounds needs 

further evaluation and again, that light alone cannot account for norisoprenoids concentration.  

The effect of fruit zone leaf thinning in pre-flowering (separated closed flowers) on transcriptional 

responses of red varieties to defoliation has been recently evaluated, trying to provide a general 

and deeper understanding of the effects of this management practice on berry development and 

composition. As it is often the case in viticulture studies, the environmental effect was found to be 

stronger than the treatment effect on the transcriptional ripening program, underscoring that berry 

ripening within the same genotype respond with plasticity to, and it is determined by, the 

environment (Zenoni et al. 2017). Moreover, cultivars also respond uniquely to the treatment, as 

demonstrated by specific up- and down-regulated genes throughout all berry stages only in 

Sangiovese but not in the other varieties analyzed by the study (Zenoni et al. 2017). When 

considering berry developmental stages individually, early leaf removal led to shared modified 

transcriptional responses across environments, years and genotypes. For example, across the 

varieties Nero D’Avola, Cigliegiolo and Ortrugo grown in different regions, flavonol synthase was 

the most upregulated gene 20 days after leaf removal for both 2012 and 2013. Similarly, a delay 

in the down-regulation of jasmonate O-methyltransferase gene was observed at veraison, which is 

in agreement with a general delay in transcriptional ripening program found in defoliated 

Sangiovese by Pastore et al. (2013). Interestingly, jasmonic acid was demonstrated to play an 
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important role for grape berry softening and coloring by inducing the transcription for many 

ripening-related genes, including genes involved in aroma accumulation (Jia et al., 2016). Thus, 

the observed delay in the down regulation of this gene might influence aroma accumulation. 

Lastly, ABA receptor was found to be down-regulated after veraison (18 Brix) (Zenoni et al. 2017). 

These results demonstrate that in grapes there are not universal or direct transcriptional responses 

to leaf removal and sunlight exposure related to carotenoids and norisoprenoids accumulation. The 

differential accumulation of these compounds depends most likely on the environmental 

conditions, the grape variety, berry ripening stage, while also being affected by fruit zone leaf 

thinning. With these considerations taken, further studies are needed to clarify grapevine 

physiological responses to this canopy management technique. The timing and level of application 

of the treatment are equally important, and since the majority of the studies applied the treatment 

on or after fruitset, closer to a standard defoliation, there are not enough data comparing pre-

blooming with post-fruitset leaf removal. Besides, the relationship between carotenoids and 

norisoprenoids needs to be assessed by analyzing the accumulation/degradation of both 

compounds during the season and not only one or the other, as done in the majority of the literature 

cited. Further evaluation is also needed on sunlight quality, as different UV radiation might 

differentially affect individual and/or total norisoprenoids.   
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2.2 Cluster microclimate and grape sanitary status 

Leaf removal and sunlight cluster exposure affect not only berry composition, but the grapevine 

entirely. Pre-blooming leaf removal has a great impact on cluster architecture and microclimate, 

influencing grape development conditions. Fruit set is usually reduced, leading to looser clusters 

(Frioni et al., 2018; Intrieri et al., 2008; Poni et al., 2006b) and lower yield, through modified 

cluster weight or less berries per cluster (Alessandrini et al., 2018; Hed and Centinari, 2018; 

Sivilotti et al., 2016; Zenoni et al., 2017). This response was reported in largely different 

environments and on different genotypes, illustrating that pre-bloom leaf removal physiological 

control is dominant over other variability factors (Palliotti et al. 2011). Frioni et al. (2018) further 

investigated the mechanism behind the reduction in fruit set caused by pre-bloom fruit zone leaf 

thinning, which caused an alteration of carbon partitioning among the shoot sink organs. The 

reduction in fruit set increased with the level of severity of leaf thinning, and was linearly 

correlated with the shoot apex sink strength (Frioni et al., 2018). Despite this, the minimal level of 

leaf removal required to obtain a reduction in fruit set is still hard to set, as underlined by the 

dynamicity of the prioritized sink within the plant, which is in turn influenced by vine manipulation 

and climatic conditions (Frioni et al., 2018; Keller, 2015). Another recent work reports that leaf 

removal at pre-bloom (E-L 18 modified system) can also shorten cluster length, offsetting the 

desired effect of cluster loosening (Hed and Centinari, 2018). Pre-bloom defoliation can also 

increase relative skin mass (Poni et al. 2009), providing an additional barrier to the fungal 

infections.  

There are several pathogens that attack the berry during its development and ripening phases, 

whose infections depends on climatic and microclimatic conditions in the clusters. Many bacteria 

and fungi can infect and compromise the fruits in the late ripening phases, (Lemut et al., 2015; 
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Steel et al., 2013), and cluster compactness favors the colonization and spread of the associated 

diseases (Hed et al., 2009).  

By contrast, less compact clusters experience less humidity and increased evaporative potential, a 

less conducive environment for fungal infection (English et al., 1990),especially less prone to 

Botrytis and other bunch rots (Intrieri et al. 2008; Poni et al. 2006; Tardaguila et al. 2010).  

Botrytis, powdery mildew and ripe rot are only some of the many fungal pathogens able to colonize 

and heavily damage grape berries. Botrytis rot is a fungal disease caused by Botrytis cinerea, a 

fungus active with wide temperature ranges (10 to 32 °C) and moisture (free water or 90%+ 

humidity), that can infect berries throughout the season, especially at flowering and after veraison 

(Keller et al. 2003). Ripe rot is caused by many species of fungal pathogens, Colletotrichum 

acutatum and C. gloeosporioides, which can start to infect the grapes at bloom and whose 

symptoms develop only close to harvest, making this disease even harder to control (Wilcox et al., 

2016). For these pathogens temperature required is above 24 °C, with presence of moisture for 

several hours (Whitten Buxton and Sutton, 2008). Powdery mildew is another fungal disease, 

caused by Erysiphe necator, which is favored by high humidity and diffuse light over a wide range 

of temperatures (Wilcox et al., 2016). In contrast to Botrytis and the ripe rot pathogens, powdery 

mildew does not require water to cause infection (Wilcox et al., 2016). Temperature above 30-35 

°C can inhibit its development and the berry becomes less susceptible 3 to 4 weeks after blooming; 

however, the rachis and the shoot are susceptible the entire season (Gadoury et al., 2011).These 

are only some of the diseases able to heavily compromise the crop yield and quality.  

Cultural practice is fundamental in the management of these diseases, especially because the 

canopy interior experiences reduced light exposure (Smart, 1989), lower temperatures (Smart and 

Sinclair, 1976) and higher humidity (English et al., 1989).Thus, looser clusters with improved 
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microclimate, evaporative potential and sunlight exposure, are desirable traits to improve fruit 

quality. Very little information is available on ripe rot, for which the effect of leaf removal and 

sun exposure have not been investigated.  

Recent studies showed that sunlight exposure of the fruits after leaf removal, can inhibit powdery 

mildew development through two synergistic mechanisms: exposure of fungus to UV radiation 

and heating of sun exposed tissues into a range unfavorable for fungal growth; it was also observed 

that disease development among different canopies is negatively correlated with admitted sunlight 

(Austin and Wilcox, 2011). Basal leaf removal applied at two weeks after 75% capfall on 

Chardonnay led to decreased disease severity consistently over two years, by approximately one-

half, even when the disease pressure was higher; the same treatment applied five weeks after 

flowering did not have any impact, underlining the importance of the time of exposure of the fruits 

(Austin and Wilcox, 2011). Keller et al. (2003), suggested that exposure of young and highly 

susceptible berries might also increase host resistance to infection, which might be correlated with 

the thicker skin layer (Poni et al. 2009). However, previous studies observed an effect also with 

late leaf removal, which they report to be due to improved fungicide coverage and microclimate 

(Chellemi and Marois, 1992). 

Palliotti et al. (2011) were successful in reducing Botrytis infection in Sangiovese for three 

consecutive years with 80% of leaf removal in the fruit-zone at “flowers separated”; yield was 

reduced every year even though at different levels, thanks to decreased berry mass and/or berry 

number per cluster, resulting in looser clusters. Relative skin mass was significantly increased in 

defoliated vines each season, potentially contributing to improve tolerance to rot by constituting a 

stronger physiological defense. Similarly, removal of the first eight leaves pre-bloom (E-L 19) and 

at fruitset (E-L 27) on Spanish varieties reduced Botrytis incidence by half or more (Tardaguila et 
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al., 2010). Post-flowering leaf removal did not modify fruit set, berries per cluster or yield per 

shoot, which were significantly reduced by the pre-blooming treatment resulting in looser clusters. 

The authors report that the late treatment created a more porous canopy with more exposed 

clusters, that had better ventilation and more effective spray treatments. Other cases observed a 

similar reduction in Botrytis severity with both pre-bloom and after fruit set leaf removal, even 

though, only pre-bloom was effective in reducing fruit set (Sivilotti et al., 2016), suggesting that a 

reduction in fruit set might not be always necessary for improving grape sanitary status. Despite 

these results, the effectiveness of leaf removal on disease control is variable and not always 

successful. As mentioned above, timing seems to play an important role, together with climate, 

genotype and other management aspects. Leaf removal two weeks after bloom on Chardonnay and 

Riesling did not affect yield components and was effective in reducing Botrytis rot incidence only 

in Riesling (Zoecklein et al., 1992). In another study, the same treatment applied on Vignoles and 

Seyval was useful for reducing bunch rot in both cultivars, even though the disease incidence 

varied with the seasons, with higher levels of disease in the cooler and rainy year (Kaps et al. 

1993). In the latter study there are no yield or cluster architecture data available, making it harder 

to contextualize the results and relate them to other studies. Recently, Hed and Centinari (2018), 

evaluated pre-bloom and post fruit-set leaf removal on Riesling: a reduction in berries per clusters 

was observed in both treatments, and despite pre-bloom leaf removal was able to reduce the 

incidence of bunch rot, no treatment successfully reduced the disease severity. 

It might be deduced from the literature, that the pre-blooming defoliation seems more efficient in 

reducing disease incidence on grapes, due to a reduction in cluster compactness. Consequently, it 

appears that fruit set or post fruit set leaf removal is less effective in creating the ideal cluster 

microclimate, even though there are studies reporting that also post-bloom defoliation can restrain 
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berry number (Hed and Centinari, 2018; Poni et al. 2006). The results are still controversial. Again, 

it is necessary to consider the specific vineyard environmental and climatic conditions due to their 

primary role in determining disease pressure, the general vineyard management (trellis systems 

can affect the amount and time of shade of exposed fruits - Zoecklein et al. 1992), treatment 

application timing, genotype and disease evaluated, which vary from study to study. As of now, 

due to the variability of the elements, more research is needed on the analysis of canopy 

management practices to reduce disease incidence in the vineyard.  

It is important to highlight that looser clusters and better cluster exposure provide better 

ventilation, increased evaporative potential, less humidity and more effective spray treatments, 

without forgetting that by lowering the yield with leaf removal, the leaf area to yield ratio is not 

usually affected, without affecting berry quality and composition (Chelleni and Marois, 1992; 

Tardaguila et al. 2010).  
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Materials and methods 

 

For simplicity the project is divided into three sub-projects.  

Project 1 – Cabernet Sauvignon (Sherman Ridge)  

Plant material and experimental design. The research was conducted in 2017 and 2018 at Sherman 

Ridge commercial vineyard in Woodstock, VA (latitude 38°55’02’’N, longitude 78°33’28” W, 

239 m a.s.l.) on Cabernet Sauvignon grapes (clone 47 grafted onto 101-14 rootstock). The vineyard 

was established in 2014, with a spacing of 1.2 m between vines, 2.6 m between rows, and trained 

to a double cane system with East/West row orientation. Vineyard floor and pest management 

were handled by the commercial cooperator in the same manner as the rest of the vineyard, 

according to typical practices for the region. Shoot thinning was applied on all panels when shoots 

were about 12 cm long, leaving 8-9 shoots per cane, for a total of 18-20 shoots per vine. The 

experiment was arranged in a completely randomized design. Four treatments, with six replicates 

each, were applied on 24 panels distributed over three rows. Each panel (experimental unit) 

comprised 5 vines, for a total of 30 vines per treatment. The treatments consisted of control (C), 

pre-bloom fruit zone leaf thinning (PB) and two levels of post fruit set fruit zone leaf thinning (PF3 

and PF6). No leafing was applied in the control treatment; three main leaves and corresponding 

laterals were removed in the fruit-zone (at the first or second cluster node, and above and/or under 

it) in the PB treatment at 20-30% blooming, and in the PF3 treatment at 50-80% fruit set; six leaves 

and corresponding laterals were removed in the fruit zone (at the first or second cluster node, and 

two or three under and above it) in the PF6 treatment at the same time of PF3. Bloom (50% of 

flowers blooming across the vineyard) was recorded on June 1st in 2017 and on June 4th in 2018. 

Fruit set (50% of fruit setting across the vineyard) was recorded on 13 June 2017 and 10 June 
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2018. New growth in the exposed fruit zone of the treatment panels was removed during the season 

to keep the exposure constant. Shoots were hedged to about 17 nodes per shoot once they started 

to bend over and shade the canopy. Veraison (50% of berries changed color across the vineyard) 

was recorded on 4 August 2017, and 7 August 2018. Grapes were harvested on 5 October  2017, 

and 1 October 2018. 

Canopy measurements. Enhanced Point Quadrat analysis was performed on all the replicates twice 

during the season. Point quadrat analysis (PQA) data and light measurement (photosynthetically 

active radiation, PAR) data were collected at berry stage pea-size and veraison. A metal probe was 

inserted into the canopy at the fruit zone level, 25 times per panel (5 insertions per vine), recording 

every contact with a leaf, cluster or gap. The panel’s posts were connected with a measuring tape 

placed at the fruit zone level, in order keep the insertion height and distance between insertions 

constant. Photosynthetic photon flux density (PPFD) was recorded between 11:00 and 14:00 hr on 

a clear day by inserting an AccuPAR ceptometer (Model PAR-80, Decagon Devices, Inc) into the 

fruit zone. Photosynthetic photon flux density was recorded orienting the ceptometer in three 

different directions east, vertical and west; those readings were then averaged. Three fruit zone 

PPFD measurements and the corresponding ambient PPFD outside the canopy were performed per 

panel. Point quadrat analysis and light measurement data were analyzed using the EPQA software 

(version 1.6.2), to generate EPQA metrics (Meyers and Vanden Heuvel, 2008).  

Yield components, disease incidence and fruit chemistry. No yield components were collected in 

2017 due to fruit losses caused by downy mildew and chemical foliar burn. In 2018, experimental 

units were individually harvested, recording the number of clusters per panel and the yield per 

panel due to very low yield and a disease incidence of 100%. The recorded values were then 

averaged per vine. Ninety berries per replicate were collected to determine primary chemistry. 
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Berries were collected from the top, central and bottom part of the clusters, from six random 

clusters per vine. Samples were immediately placed in a cooler with ice, and once in the laboratory, 

stored in a cold room at 4 °C up to 24 hr before primary chemistry analyses. Samples were weighed 

to obtain single berry weight, and were then crushed in the sample bag with a roller, applying the 

same amount of pressure along the roller, until all the berries were crushed. The crushed berries 

were then squeezed by hand with the same pressure to extract about 50 mL of juice per sample. 

The juice was collected in a 50-mL centrifuge tube and centrifuged at 4000 rpm for 3 minutes 

(Allegra 25R). At this point, about 5 mL of juice were used to measure Brix with a refractometer 

(Pocket Refractometer PAL-1, Atago), and other 5 mL of juice were added to 40 mL of distilled 

water and used to determine the titratable acidity bringing the pH to 8.2 using the Metrohm 848 

Titrino Plus (Metrohm Herisau, Switzerland). The rest of the juice was used to determine pH with 

a pH-meter (Thermo Scientific, Orion 3 Stars pH Benchtop).  

Carotenoids analysis. Berry samples were collected at stages pea-size, veraison and harvest, for 

carotenoids determination. In 2018, no sampling at harvest was performed due to grapes’ sanitary 

status and technical parameters. Within the same panel, 3 berries were collected from 6 random 

clusters per vine, from the bottom, central and top parts of the cluster, for a total of 90 berries per 

replicate. Samples were immediately placed in a cooler with ice, transported to the laboratory and 

immediately frozen at -80°C. Berries were later thawed and homogenized with a blender (Ninja 

fit Model QB3000SS) for one minute. Homogenates were placed in 50-mL centrifuge tubes and 

again frozen at -80°C until subsequent extraction of carotenoids. Homogenate samples were 

thawed, and 10 g of homogenate was weighed and placed into a 50-mL Nalgene Teflon fluorinated 

ethylene propylene centrifuge tube (Oak Ridge, part# 3114-0050). Astaxanthin standard (CAS 

472-61-7 Toronto research Chemicals A790025) was added at a concentration of 200 µg/kg 
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(=0.002 mg for a 10-g homogenate sample). Ten mL of methanol:tetrahydrofuran (MeOH:THF) 

(v/v) were added to the 10-g homogenate under a fume hood, then centrifuged at 5000rpm for 5 

minutes at 25 °C (Allegra 25R). Supernatant was poured in a 125 mL separatory funnel with 10 

mL of 20% NaCl w/v and 20 mL of 0.2 % butylated hydroxytoluene (BHT) petroleum ether (w/v). 

The funnel was gently inverted 5 times, then allowed to stand for 5 min to allow the different 

phases to separate. At this point, the organic phase (top solution) was collected in a 50-mL (VWR) 

centrifuge tube and dried under vacuum for 45 min at 60 °C (CentriVap). The dried pellet was then 

dissolved into 2 mL of ethanol (vortex 1 min) and syringe-filtered into a 2-mL amber glass vial 

(Supelco P# 29653-U). The vials were stored at -20 °C and then shipped frozen to the University 

of Missouri’s Grape and Wine Institute, for analysis of carotenoids.  

Norisoprenoids extraction. The primary norisoprenoids analyzed were 1, 1, 5-trimethyl-1, 2-

dihydronaphthalene (TDN), β-damascenone, α-ionone and β-ionone. In addition, primary 

terpenoids and other volatiles were also included in the analysis of aroma compounds.  

The source of the standards used for the analysis were as follows: 

methyl hexanoate, ethyl Hexanoate, methyl salicylate, β-phenethyl acetate, methyl anthranilate, 

ethyl dihydrocinnamte, D-limonene, p-cymene, 2-octanol, 4-methyl-2-pentanol, terpinolene, β-

linalool, β-caryophyllene, nerol, 1-hexanol, α-terpineol, 4-carvomenthenol, 1-nonanol, 2-

phenylethyl alcohol, eugenol, benzaldehyde, β-cyclocitral, phenyl acetaldehyde, 1, 1, 5-trimethyl-

1, 2-dihydronaphthalene (TDN), β-damascenone, α-ionone, β-ionone, 1-octanol, phenol and 

glucoside standards n-octyl-β-D- lucopyranoside and phenyl-β-D-glucopyranoside.  All standards 

and chemicals were obtained from Sigma (St Louis, MO, USA) at the highest purity available.  

The enzyme Rapidase Revelation Aroma was obtained from DSM Food Specialties (Delft, the 

Netherlands). 
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Berry samples were collected at veraison, post-veraison (30 days after veraison) and at harvest for 

norisoprenoids determination. In 2018 no sample was collected at harvest. Within the same panel, 

3 berries were collected from 6 random clusters per vine, from the bottom, central and top parts of 

the cluster, for a total of 90 berries per replicate. At veraison and harvest, the same sample was 

used for both carotenoids and norisoprenoids determination, by dividing the sample homogenate 

into two separate samples. Samples were immediately placed in a cooler with ice, transported to 

the laboratory and immediately frozen at -80°C. Successively, berries were thawed and 

homogenized with a blender (Ninja fit Model QB3000SS) for 30 sec. Homogenates were placed 

in 50-mL centrifuge tubes and immediately frozen at -80°C until subsequent extraction of 

norisoprenoids. The homogenate was then thawed and 40 g were weighed and placed into a 50-

mL centrifuge tube. Six mg of ascorbic acid was added to the homogenate, which was then 

centrifuged at 1500 relative centrifugal force (rcf, g-force) (Allegra 25R) for 10 min at 4 °C. The 

supernatant was separated, weighed and immediately frozen. Twenty mL of NaHPO4 buffer 

(NaH2PO4*H2O 13%etOH pH 4.5) was added to the retained skin/seed fraction. The headspace in 

the tube was sparged with N2 for 5 sec and the tube immediately capped. Buffer and pellet were 

shaken at 100 rpm at 25 °C overnight (New Brunswick Scientific, I-24/24R Benchtop Incubator 

Shaker) to allow the extraction to happen. The tubes were then centrifuged at 15000 rcf for 15 min 

at 25°C, after which the supernatant was decanted and immediately frozen. The tubes were stored 

at -80 °C and then shipped frozen to the University of Missouri’s Grape and Wine Institute, where 

they were analyzed with Gas Chromatography-Mass Spectrometry (GC-MS) as follows. Two 

standard solutions were prepared: the glycoside standard solution consisted of Octyl-β-D-

glucopyranoside, and Phenyl-β-D-glucopyranoside (10 mg/L H2O, 200 mg/L H2O respectively); 



 
31 

stock solutions of the internal standards (IS), 2-octanol and 4-methyl-2-pentanol (1 mg/L EtOH, 

10 mg/L EtOH respectively) were also prepared.  

The supernatant from grape extraction above after a centrifugation step (10 min, 15150 rcf, 4°C) 

(Eppendorf 5804R) was used for analysis.  A 5-mL aliquot of the supernatant was placed in each 

20-mL amber glass headspace screwcap vial (Leap Pal Parts, lpp.10788, Raleigh, NC). For free-

volatiles (no hydrolysis), 50 μL of IS mix (to make 10 ug/L 2-Octanol and 100 ug/L 4-methyl-2-

pentanol) and 2 g of sodium chloride were added before Head Space - Solid-Phase Microextraction 

(HS-SPME) analysis.   

For total-volatiles (enzyme hydrolysis), 50 μL of IS mix, 50 μL of the glycoside standards mix (to 

make 100 ug/L Octyl- and 2000 ug/L phenyl-β-D-glucopyranoside) total volume 100 μL were 

added to the respective buffer and Rapidase Revelation Aroma enzyme was added.  To ensure a 

complete hydrolysis, 50 μL (1000 ppm) of enzyme Rapidase solution (100 g/L H2O) was applied 

to each buffer for 4 hr equilibrated in 45°C water bath (Polyscience, Burlington VT).  Before HS-

SPME analysis, 2 g of NaCl were put in vial to inhibit enzyme activity. All samples were prepared 

for analysis in duplicate.  Enzyme hydrolysis conditions were evaluated according to protocols 

described by Hampel et al. (2014). 

A SPME fiber, 23 gauge, 65 μm, coated with PDMS/DVB (polydimethylsiloxane/divinylbenzene) 

(Agilent, Santa Clara, CA, USA) was chosen for sampling/extraction.  Fibers were conditioned 

prior to use according to the manufacturer’s recommendations.  The SPME fiber was exposed in 

the headspace of samples for 45 min at 45°C.  All samples were agitated at 500 rpm during 

extraction.  

The HS-SPME GC-MS system consisted of a Varian PAL autosampler mounted on an Agilent 

7890B gas chromatograph (Santa Clara, CA, USA) coupled with an Agilent 5977A mass selective 

https://www.google.com/search?q=Santa+Clara,+California&stick=H4sIAAAAAAAAAOPgE-LUz9U3MDTNMbBQ4gAxi8ySK7S0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxQA2Z0dpQwAAAA&sa=X&ved=2ahUKEwjznY3o2JDeAhUJbq0KHUP1C7cQmxMoATAXegQIBhAm
https://www.google.com/search?q=Santa+Clara,+California&stick=H4sIAAAAAAAAAOPgE-LUz9U3MDTNMbBQ4gAxi8ySK7S0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxQA2Z0dpQwAAAA&sa=X&ved=2ahUKEwjznY3o2JDeAhUJbq0KHUP1C7cQmxMoATAXegQIBhAm
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detector (MSD). The SPME fiber was desorbed in the inlet at 250°C for 1000 sec in splitless mode 

(inlet glass liner/ SPME direct, 0.75 mm I.D., Supelco), after which the split flow was turned on 

(50 mL/min) for the remainder of the GC-MS run. A DB-WAXTER column (30 m × 0.25 mm 

I.D., 0.25 μm film thickness; Agilent, Santa Clara, CA) and helium carrier gas (flow rate: 1.2 

mL/min) was used for all analyses. The GC oven temperature programmed was as follows: initial 

temperature was 40°C for 1.0 min, then increased to 200°C at 5°C/min followed by a second 

increase at 12°C/min to the final temperature of 240°C, and held for 10 min. The mass selective 

detector was operated in selected ion monitoring (SIM) and scan mode (121 m/z, scan m/z range 

40–250; 6.4 scans/s), and the MS transfer line was maintained at 240°C. 

Chromatograms were analyzed using identification system (National Institute of Standards and 

Technology, Gaithersburg, MD, USA) and compound identification was confirmed by injection 

of authentic standards.  

For quantitative comparison of free- and total-volatile compounds, individual peak areas were 

integrated using Masshunter MS Quantitation software (B.07.01, Agilent).  Response ratios of 

analyte and IS were used to calculate relative abundance ((peak area analyte/peak area IS) × 100). 

 

Project 2 – Chardonnay (Shenandoah Springs)  

Plant material and experimental design. The research was conducted in 2017 and 2018 at 

Shenandoah Springs commercial vineyard in Woodstock, VA (latitude 38°55’ 48’’N, longitude 

78°34’18” W, 239 m a.s.l.) on Chardonnay grapes (clone 96 grafted onto Courdec 3309 rootstock). 

The vineyard was established in 2001, with a spacing of 1.8 m between vines, 2.7 m between 

north/south-oriented rows, and trained to bilateral cordon system. Vines were spur-pruned. 

Vineyard floor and pest management were handled by the commercial cooperator in the same 

https://www.google.com/search?q=Santa+Clara,+California&stick=H4sIAAAAAAAAAOPgE-LUz9U3MDTNMbBQ4gAxi8ySK7S0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxQA2Z0dpQwAAAA&sa=X&ved=2ahUKEwjznY3o2JDeAhUJbq0KHUP1C7cQmxMoATAXegQIBhAm
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manner as the rest of the vineyard, according to typical practices for the region. Shoot thinning 

was applied on all panels when shoots were about 10 to 12 cm, leaving 8-9 shoots per cordon, for 

a total of 18-20 shoots per vine. The experiment was arranged in a completely randomized design. 

Four treatments, with six replicates each, were applied on 24 panels distributed over four rows. 

Each panel, an experimental unit, comprised 5 vines, for a total of 30 vines per treatment. 

Treatments were identical to those use in project 1: control (C), pre-bloom leaf thinning (PB), and 

two levels post fruit set leaf thinning, when 3 or 6 leaves were removed (PF3 and PF6 respectively).  

Bloom (50% of flowers blooming across the vineyard) was recorded on 25 May 2017 and on 31 

May 2018. Fruit set (50% of fruit setting across the vineyard) was recorded on 3 June 2017 and on 

7 June 2018. New growth in the exposed fruit zone of the treatment panels was removed during 

the season to keep the exposure constant. Vines were shoot-hedged to 17 nodes/shoot. Veraison 

was recorded on 1 August 2017, and on 3 August 2018. Fruits were harvested on 9 September 

2017, and on 6 September 2018. 

Canopy measurements. Canopy measurements were identical to those used in project 1 and 

consisted of PQA and PPFD measurements in the fruit zone at berry stage pea size and veraison.  

Yield components, disease incidence and fruit chemistry. Clusters were collected per vine, counted 

and weighed at commercial harvest. For the grape disease status evaluation, no distinction between 

types of rot was made. When two or more berries per cluster were visibly infected and damaged 

by fungal pathogens (mainly Botrytis), the cluster was considered diseased. The number of 

diseased clusters per vine was recorded in order to obtain the disease incidence per vine expressed 

as the ratio of number of diseased cluster over the total number of clusters. In addition, a visual 

evaluation of the diseased clusters was performed: two persons individually observed the amount 

of rotten berries per diseased cluster and rated the amount as an average percentage of rotten berries 
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per diseased cluster; then the average of the two figures was taken as an estimate of disease 

severity. In 2017, cluster compactness in C and PB treatments was also evaluated. Two clusters 

per vine (for a total of 60 clusters per treatment) were kept, and the berries per cluster were counted 

and the rachis length measured. When the cluster had wings, the length of the wings was included 

with the total rachis length. The ratio of berry number and rachis length was used to express cluster 

compactness. Due to very low yield and very little clusters in 2018, yield components were 

evaluated per panel and not per vine. Furthermore, the cluster compactness evaluation was not 

performed, as results would have not been representative of normal harvest weights.   

A hundred berries per panel in 2017, and 75 in 2018, were collected immediately before harvest 

to analyze fruit primary chemistry. Berries were collected and analyzed as for project 1.  

Norisoprenoids analysis. Ninety berries per replicate (2017) and 75 berries per replicate (2018), 

were collected only at harvest to analyze norisoprenoids concentration of the fruit, and processed 

as described for project 1.  

 

Project 3 – Cabernet Sauvignon (AREC vineyard) 

Plant material and experimental design. The experiment was conducted on Cabernet Sauvignon 

grapes (clone ENTAV-INRA 337 grafted onto 101-14 or Riparia) in 2017 and 2018 at the Alson 

H. Smith Jr. Agricultural Research Extension Center vineyard in Winchester, VA (39 06’ 40” N 

78 16’ 54”W, 300 m a.s.l.). The vineyard was planted in 2006, with a space of 2.7 m between rows 

and 1.5 m between vines, which were trained to a bilateral cordon training system and spur-pruned. 

Rows were oriented generally north/south. Vineyard floor and pest management were handled in 

the same manner as the rest of the vineyard, according to typical practices for the region. Shoot 
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thinning was applied on all panels when shoots were about 10 to 12 cm, leaving 8-9 shoots per 

cordon, for a total of 18-20 shoots per vine. The experiment was arranged in a completely 

randomized design. Four treatments, with 12 replicates each, were applied on single vines 

distributed throughout the vineyard. Because the vineyard was previously planted for the 

evaluation of the effect of rootstock on vine vigor, 6 of the experimental grapevines were grafted 

onto 101-14 and the other six on Riparia. The rootstock factor was included in the statistical 

analysis to determine if rootstock was significant. Two levels of fruit zone leaf thinning were 

applied at ~50% fruit set: L (no fruit zone leaf removal) and LR (3-4 leaves and corresponding 

laterals removed from the fruit zone, at the first or second cluster node, above and under it). Two 

levels of shoot hedging were applied before veraison, when shoots started to bend over the canopy 

(around berry stage pea-size): NH (standard hedging, with a retained shoot length of 17-18 nodes) 

and H (short hedging, with a retained shoot length of 11-12 nodes. A total of four treatments was 

yielded: Control (NH-L), LR (NH-LR), H (H-L) and HLR (H-LR). New growth in the fruit zone 

was removed during the season to maintain constant exposure, while hedging was re-applied a 

second time after veraison. Fruit set was recored on 12 June 2017, and on 14 June 2018; veraison 

was recorded on 3 August 2017 and 6 August 2018, and grapes were harvested on 6 October 2017 

and on 1 October 2018.  

Canopy measurements. Fruit zone structure and sunlight exposure were evaluated in the same way 

as described for projects 1 and 2, after treatments were applied (berry stage pea-size) and at 

veraison, through PQA and light measurements. In addition, the effect of the treatments on the leaf 

area was evaluated in 2018. Each treatment was applied on two additional vines (one grafted on 

101-14 and one on Riparia) in order to measure the total leaf area, main- and lateral leaf area and 

number of laterals. After the treatments were applied, 6 shoots per vine of average length for the 
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treatment were removed. Each main shoot was separated from associated laterals, the number of 

main leaves were counted and the leaf area measured with a leaf area meter (LI-3100 Area Meter, 

LI-COR, inc. Lincoln. NE. Model LI-3100C). Laterals per shoot and their leaves were kept 

separate and counted, and the leaf area individually measured for each lateral. Total leaf area per 

shoot was calculated by summing the main leaf area and the lateral leaf area. A statistical analysis 

was performed to confirm that leaf area per shoot was significantly different among treatments, 

then, after the number of shoots per vine was counted on every experimental unit, the average leaf 

area per shoot per treatment and the average of its components were used to calculate leaf area per 

vine, main leaf area per vine, lateral leaf area per vine and number of laterals per vine.  

Yield components, disease incidence and fruit chemistry. Harvest data were collected, and yield 

components and disease incidence calculated as for projects 1 and 2. Immediately before harvest, 

60 berries per experimental unit were collected from the top, bottom and central part of random 

clusters, to analyze fruit primary chemistry. These samples were processed as described for project 

1 and 2.  

Norisoprenoids analysis. Treatments were sampled at three points, veraison, post-veraison (about 

a month after veraison), and harvest, by collecting 60 berries per vine. These samples were used 

to analyze the norisoprenoids concentration and evolution of the fruits. Samples were stored and 

processed as described in project 1 and 2. Harvest samples were not collected in 2018 due to poor 

fruit quality.  

Anthocyanins analysis. An additional 40 berries per vine were collected at harvest in 2017 (for a 

total of 100 berries sample) to analyze the total anthocyanin content of the berries. Samples were 

immediately placed in a cooler with ice, and transported to the lab, where they were frozen at -80 

°C until analyzed. Samples were thawed and homogenized with a blender (Ninja fit Model 
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QB3000SS,) for 30 sec, and about 30 g of homogenate intended for the anthocyanins analysis 

placed into centrifuge tubes and immediately re-frozen. For analysis, homogenates were thawed 

and vortexed for about 10 sec. A 0.5-g sample of homogenate was weighed and placed into each 

of two separate 50-mL centrifuge tubes (tube A and tube B). Thirty mL of sodium acetate buffer 

(0.4 M, pH 4.5) was added to tube A, while 30 mL of potassium chloride buffer (0.025 M, pH 1.0) 

was added to tube B. The tubes were manually inverted five times over a period of 20 min and 

then centrifuged (Allegra 25R) at 10,000 rcf for 5 min. At this point, 2 mL of each supernatant 

was pipetted into two different quartz cuvettes (Fisher Scientific, 10.0 mm Path length, Cat. No. 

14-385-906C), and the absorbance of both cuvettes was measured at 520 nm and 700 nm, against 

a blank cell filled with distilled water, with a spectrophotometer (Genesys 10S UV-VIS, Model 

Gen10S UV-VIS, Thermo Scientific). The ratio between the weights of the two (A and B) 

homogenate was then calculated and the absorbance was adjusted for the sample ratio with the 

equation A=(A520 nm – A700 nm)pH 1 x ratio – (A520 nm – A700 nm)pH 4.5. Finally the concentration of 

anthocyanins expressed as malvidin-3-glucoside (mg/g) could be calculated as it follows: 

Anthocyanins (mg/g)= A* MW*DF*1000/(e*path length), where MW is the molecular weight of 

malvidin-3-glucoside, DF is the dilution factor (mL of solution divided by the weight of A, e is 

the coefficient of molar absorptivity for malvidin-3-gluoside (28000) and the path length of the 

cuvette is 1.0 cm, resulting in anthocyanins (mg/g)= A*493.2*DF/28000*1 

Statistical analysis. Statistical analysis was conducted using SAS JMP Pro 13 and JMP 14 Pro 

(SAS Cary, NC). One-way ANOVA was used to evaluate the effect of fruit zone leaf thinning on 

the evaluated parameters in project 1 and 2 (Prob >F, p-value < 0.05). A model (Standard Least 

Squares) was used to determine the main effects of rootstock, fruit zone leaf thinning, hedging and 

the interaction between leaf thinning and hedging on the evaluated parameters in project 3 (F-test, 
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p-value < 0.05). In project 1 and 3, ANOVA was used to analyze differences in aroma 

concentration, divided by treatment, over time (sampling date set as independent variable). 

Tukey’s HSD was used to determine a significant separation of least squares means. A p-value 

less than 0.05 was required for results to be reported as significant. Data were always checked for 

the normal distribution with Shapiro Wilk test (prob < W, p-value < 0.05). 
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Results.  

 

Seasonal meteorology. Data were recorded at the Winchester (Virginia Tech, Alson H. Smith Jr. 

AREC), weather station. Reported data are from the period of 1 April through 31 October in 2017 

and 2018. In general, it was drier with a greater ambient solar radiation in 2017 compared to 2018 

(Table 1). There was 52% less total rainfall in 2017 (520 mm) compared to 2018 (1073 mm), 

which had rainfall frequency and intensity above regional standards. Monthly rainfall was greater 

than 200 mm in May, June and September, and greater than 100 mm in July and August in 2018 

(Figure 3). Daily ambient solar radiation averaged 12% lower in 2018 (470 MJ/m2) compared to 

2017 (534 MJ/m2). The lowest daily ambient solar radiation was recorded in September 2018 (275 

MJ/m2). Temperature and growing degree days (GDD) were similar in the two years. Average 

daily temperature was 21.5 °C in 2017 and 22.2 °C in 2018. Growing degree days accumulation 

was 1946 in 2017 and 2052 in 2018. July accumulated the greatest GDD in 2017, and August in 

2018.  

 

Project 1. Cabernet Sauvignon (Sherman Ridge) 

Fruit zone architecture and exposure. As expected, treatments modified fruit zone architecture and 

exposure in both years, and EPQA values were maintained almost constant between post-treatment 

(June) and veraison (August) in both 2017 and 2018 (Table 2). Photosynthetically active radiation 

(PAR) was similar between the two dates of measure in both 2017 and 2018, with C<PB=PF3<PF6 

(Table 2). Leaf layer number followed the opposite trend, with C always having the highest values 

and PF6 the lowest. Cluster (CEFA) and leaf exposure flux availability (LEFA) varied between 

the two seasons. In 2017, no differences in CEFA or LEFA were observed between PB, PF3 and 
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PF6, which had significantly higher CEFA and LEFA compared to C. In 2018 the values better 

reflected those of PAR, being the highest in PF6, intermediate in PB and PF3, and lowest in C.  

Components of yield and fruit primary chemistry. Components of yield were only collected in 

2018, and no significant differences were observed among treatments (Table 3). Leafing 

treatments did not significantly affect berry weight or berry primary chemistry parameters at 

harvest in either year (Table 4). There was a decreasing trend of Brix with increasing level of leaf 

removal in 2017, while an opposite trend was observed in 2018, but these differences were 

statistically insignificant in either year. 

Grapes C13-norisoprenoids. Only the 2017 results are presented because the 2018 samples are 

currently being analyzed. Despite measuring many aroma compounds, only TDN and ß-

damascenone are reported, as these were the only compounds present in concentrations near or 

above their perception threshold. For the veraison samples, TDN values are not reported due to 

low detection levels as a consequence of enzyme malfunctioning during the analysis. Free ß-

damascenone was consistently affected by leaf thinning at all sampling times (Table 5). Its level 

was significantly lower in PF6 compared to PF3 and C at veraison, while in post-veraison only PB 

had free ß-damascenone concentration significantly lower than the other treatments, which did not 

show statistical differences between them. At harvest, PF6 had the greatest concentration of free 

ß-damascenone (43.99 µg/L), which was about 49% lower in C and PF3, and 80 % lower in PB. 

Beside PF6 being significantly greater than any other treatment, only C (26.97 µg/L) and PB (9.08 

µg/L) were significantly different. When observing its evolution, free ß-damascenone appeared to 

peak at post-veraison (Figure 4). Harvest concentration was similar to that of veraison in C and 

PF6, while it was lower than veraison in PB and PF3. Bound and total ß-damascenone were 

affected by fruit zone leaf thinning only at post-veraison: bound ß-damascenone was greatest in 
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PB (289.21 µg/L), with PB>C>PF3>PF6 (Table 5), all being significantly different from each 

other. Total ß-damascenone concentration was greater in C and PB compared to either PF3 or PF6 

treatments. Even though bound and total ß-damascenone appear to be greater in PF3 and slightly 

lower in PF6 at harvest, no differences among treatments were observed. Bound and total ß-

damascenone averaged 157 µg/L and 181 µg/L, respectively.  Bound ß-damascenone 

concentration followed different evolution patterns in every treatment (Figure 4). In C, it increased 

from veraison to post-veraison with no further significant changes. In PB, it was greater in post-

veraison compared to both veraison and harvest, which did not significantly differ. In both post-

fruit set treatments, bound ß-damascenone reached its maximum concentration at harvest, which 

was significantly greater than previous sampling time. Total ß-damascenone followed the same 

pattern observed for the bound form in PB, peaking in post-veraison with no significant differences 

between veraison and harvest (Figure 4). In C, total ß-damascenone peaked in post-veraison, but 

decreased to an intermediate value, greater than veraison, at harvest. In PF3, total ß-damascenone 

increased significantly from veraison to post-veraison without further significant change. In PF6, 

despite an apparent increase, there were no significant differences between sampling dates. All ß-

damascenone values reported were well above the perception threshold of 7µg/L (Barbe et al., 

2000).  

TDN was affected in all its forms at both post-veraison and harvest by fruit zone leaf thinning 

treatments (Table 6). At post-veraison, free TDN was significantly greater in PF6 compared to PB 

and C, and in PF3 compared to PB. At harvest, PF6 had the greatest free TDN concentration and 

C the least, with almost no free TDN (0.01 µg/L). PF3 and PB had intermediate values, with PF3 

being significantly greater than C. A significant decrease in free TDN occurred from post-veraison 

to harvest with all treatments (Figure 5). Bound and total TDN were significantly greater in C and 
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PB compared to PF3 and PF6 in post veraison. At harvest, PB and PF3 had bound and total TDN 

concentration significantly greater than C and PF6. Bound and total TDN concentrations were 

above 6 µg/L in PB and PF3, and below 2 µg/L in C and PF6. No further significant differences 

were observed among treatments. No significant differences in TDN evolution was observed for 

either bound or total TDN among leaf thinning treatments: In all cases, bound and total TDN 

increased from post-veraison to harvest (Figure 5).  

 

Project 2. Chardonnay (Shenandoah Springs)  

Fruit zone architecture and exposure. Fruit zone leaf thinning treatments modified canopy 

architecture and exposure to a similar extent (Table 7). Photosynthetically active radiation (PAR) 

was always the least in C and the greatest in PF6. Leaf layer number (LLN) followed an opposite 

pattern, being the greatest in C and least in PF6, with intermediate values in PB and PF3. An 

exception is represented by veraison 2017, when there was no significant difference between PB 

and PF6. Generally, after treatments were applied, PF6 had the greatest CEFA and LEFA, PF3 and 

PB had intermediate values, and C the least. By veraison, no differences among leafing treatments 

were recorded, while C maintained the lowest value among all variables measured. No significant 

differences in CEFA were observed among treatments at berry stage pea-size in 2018, despite the 

apparently lower value in C. Very few any clusters were intercepted with the PQA at that stage, 

due to the extremely low number of clusters per vine, aggravated by the fact that the clusters were 

also at an early stage of development. By veraison of 2018, CEFA values reflected those of PAR, 

with PF6>PF3=PB>C.  

Components of yield and fruit primary chemistry. Yield was affected by fruit zone leaf thinning 

only in 2017, when PB had significantly lower yield than PF3 (Table 8). A similar pattern was 
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found for cluster number per vine. Yield per vine averaged 3.7 kg in 2017 and only 0.5 kg in 2018. 

In both years, C had the greatest berry weight (averaging 1.6 g), followed by PB and PF3, and 

lastly PF6, which had consistently the least berry weight (averaging 1.4 g). In 2017 only C and 

PF6 had significantly different berry weights. In 2018, C berry weight was significantly greater 

than either PF3 or PF6; PB was also significantly greater than PF6. Cluster weight was consistently 

greater in C compared to the leaf thinning treatments, although only PB and PF6 were significantly 

lower than C in 2017 and PF3 in 2018; no significant cluster weight differences were observed 

among the leaf thinning treatments. Disease incidence and disease severity were consistently 

reduced by fruit zone leaf thinning in both years (Table 8). In 2017, all leaf thinning treatments 

reduced disease incidence (57-82%) and severity (70-92%) to the same extent compared to C, with 

no significant differences among them. No significant differences were observed between C and 

PB in 2018, while both PF3 and PF6 again significantly reduced disease incidence by 48 and 89%, 

and disease severity by 71 and 95% compared to control.  

PB reduced cluster compactness compared to C in 2017(Table 9); PB had significantly fewer 

berries per cluster than did C, as well as fewer berries per cm of rachis. 

Fruit primary chemistry was not significantly affected by fruit zone leaf thinning in 2017, despite 

a noticeable greater titratable acidity (TA) in C fruits (Table 10). All parameters were to some 

extent modified by one or more treatments compared to control in 2018. Brix was significantly 

lower (average 7.4%) in C compared to all leaf thinning treatments, and significantly lower in PB 

and PF3  compared to PF6. pH was significantly lower in C compared to post fruit set treatments. 

Titratable acidity values reflected sugar levels, with C having the greatest TA among treatments, 

and PB significantly greater than PF6, but not different from PF3. 



 
44 

Grape C13-norisoprenoids. Only the 2017 results are presented because the 2018 samples are 

currently being analyzed. Despite measuring many aroma compounds, only TDN and ß-

damascenone are reported, as these were the only compounds present in concentrations near or 

above their perception threshold. Free norisoprenoids responded different than did bound and total 

norisoprenoids (Table 11). Free ß-damascenone was significantly greater in both post-fruit set leaf 

thinning treatments compared to C and PB; no differences were observed between C and PB, or 

between PF3 and PF6. By contrast, C had significantly greater concentration of bound and total ß-

damascenone (184.71 µg/L and 238 µg/L, respectively) than did PB and PF6. No differences were 

observed among leaf thinning treatments, despite PF3 having a substantially greater concentration 

(109.08 µg/L of bound ß-damascenone, and 190.82 µg/L of total ß-damascenone) than either PB 

or PF6 (52.46 and 25.36 µg/L of bound ß-damascenone, and 101.29 and 103.08 µg/L of total ß-

damascenone). Only the free fraction of TDN was significantly affected by treatments (Table 11), 

while bound and total TDN showed no statistical difference, despite the great variability of values 

across treatments. Free TDN concentration was significantly lower in C (0.27 µg/L) compared to 

PF3 and PF6 (0.55 µg/L and 1.04 µg/L, respectively), and significantly greater in PF6 compared 

to all other treatments. Despite a lack of significant differences, it is noteworthy that only PB had 

total TDN values below 2 µg/L, the sensory threshold for TDN in wine (Sacks et al., 2012). 

 

 

Project 3. Cabernet Sauvignon (AREC vineyard) 

 

Fruit zone architecture and exposure. Photosynthetically active radiation (PAR), CEFA and LEFA 

were consistently greater in LR compared to L, with LR having greater PAR values in 2018 than 

in 2017 (Table 12). Leaf removal (LR) increased CEFA by about 75% and LEFA by about 40% 
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in both years. Photosynthetically active radiation (PAR) was significantly greater (58%) in H 

compared to NH only in 2018. Hedging did not significantly affect other EPQA parameters in 

either year. No interaction of leaf removal and hedging was found for EPQA parameters.  

 Leaf area. Both leaf thinning and hedging treatments significantly affected total leaf area (LA) 

and its components (Table 13). No leaf removal (L) and NH had significantly greater total LA/vine, 

primary shoot leaf area/vine, lateral shoot leaf area/vine and number of laterals per vine than did 

LR and H. A significant interaction was found between hedging and leaf thinning levels for all the 

leaf area components. Total leaf area per vine was about 39% greater in L-NH than all other 

treatments, with L-H and LR-NH having similar intermediate values, and LR-H having the least 

leaf area per vine (49% less than L-NH and about 24% less than L-H and LR-NH). Leaf area from 

primary shoots was significantly greater in NH treatments compared to H independent of the 

leafing levels, with NH-LR 16% lower than NH-L, and no differences between H-LR and H-L. By 

contrast, lateral shoot leaf area was significantly lower in LR treatments compared to L 

independently from the hedging levels, with no significant differences between LR-NH and LR-H 

(2.6 and 1.9 m2, respectively) and L-NH > L-H (5.2 and 3.5 m2).  Number of laterals shoots per 

vine was greatest in L-NH (133), intermediate in L-H and LR-NH (98 and 106, respectively) and 

lowest in LR-H (67).  

Components of yield and fruit primary chemistry. No component of yield was consistently affected 

by leaf thinning or hedging during the period of study (Table 14). No significant differences were 

observed between treatments in 2017, with the exception of higher crop yield and greater cluster 

weight in vines grafted onto Riparia rootstock compared to 101-14 (Table 14). Leaf area to yield 

ratio was significantly greater in NH vines (5.2 m2/kg) compared to H (3.2 m2/kg) in 2018. Single 

berry weight and cluster weight were significantly reduced by LR compared to L (1.4 g and 1.6 g 
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for berry weight, and 76.7 and 94.3 g for cluster weight, respectively) in 2018. Riparia had 

significantly more clusters per vine compared to 101-14 in 2018, but not in 2017. In contrast to 

2017 results, no effect of rootstock on crop yield or cluster weight was observed in 2018. Disease 

incidence was significantly lowered by LR compared to L in both 2017 (59% lower) and 2018 

(50% lower). In 2018, H also reduced the disease incidence by 28% compared to NH, resulting in 

a significant difference between hedging levels. No interaction between leaf thinning and hedging 

levels was found for these parameters.  

In 2017, Brix, pH and TA were significantly affected by the treatments applied (Table 15). LR had 

a significantly lower TA (8.00 g/L) than did L (8.73 g/L) but it did not affect Brix or pH. Hedging 

(H) significantly reduced Brix compared to NH (21.9 and 22.4 Brix, respectively), and slightly 

increased the pH; however, the pH difference was not enologically significant (only 0.03). No 

effect of hedging on fruit primary chemistry parameters was found in 2018, while TA was again 

significantly reduced by LR compared to L (5.74 g/L in LR versus 6.72 g/L in L). No interaction 

between treatments was observed in either year.  

Grapes anthocyanins. Grape anthocyanins were analyzed at harvest in 2017, when hedging levels 

affected fruit technological maturity (Table 15). Leaf removal significantly increased anthocyanin 

accumulation compared to L, with a final content of 1.155 mg/g berry. Hedging reduced 

anthocyanin content by 16% compared to NH. No interaction was found between leaf thinning and 

hedging levels with respect to anthocyanin content.  

Grapes C13-norisoprenoids. Because 2018 samples are currently being analyzed, only the 2017 

results are presented. Both leaf thinning and hedging greatly affected norisoprenoids grape 

concentration during at least one grape ripening stage. Free ß-damascenone was affected by leaf 

thinning only in post-veraison, when LR had significantly greater free ß-damascenone than L 



 
47 

(Table 16). Similarly, bound ß-damascenone was affected by leaf thinning only at veraison, when 

LR was significantly greater than L. No differences between L and LR were found at harvest for 

free, bound or total ß-damascenone, which averaged 48.25, 90.64 and 139.55 µg/L, and 51.50, 

83.79 and 139.77 µg/L, respectively. Hedging by contrast, consistently impacted ß-damascenone 

accumulation at both veraison and harvest, while in post-veraison no differences between H and 

NH were observed for any of the fractions. Free ß-damascenone was significantly increased in H 

compared to NH, while the opposite trend was observed for bound and total ß-damascenone, which 

were both greater in NH than in H. At harvest, an interaction was found between leafing and 

hedging levels for both bound and total ß-damascenone (Table 16). NH had significantly greater 

bound and total ß-damascenone concentration than did H, independently from the leaf thinning 

level, resulting in NH-LR=NH-L>H-LR=HL. Total ß-damascenone concentration averaged 

183.31 µg/L in NH-LR, 156.61 µg/L in NH-L, 122.48 µg/L in H-L and 90.25 µg/L in H-LR. When 

ß-damascenone evolution was analyzed, it was observed that the free form decreased during 

ripening under all treatments, with a significant difference in concentrations between veraison and 

harvest only (Figure 6). Total ß-damascenone also decreased in all treatments during ripening, 

with a major decrease from veraison to post-veraison and no significant difference between post-

veraison and harvest. Bound ß-damascenone evolved with different patterns depending on the 

treatment: no differences between sampling times were shown in L, while a significant decrease 

between veraison and post-veraison was observed in LR, without further changes between post-

veraison and harvest; in H vines bound ß-damascenone decreased gradually with veraison and 

harvest values significantly different. Finally, in NH bound ß-damascenone decreased significantly 

from veraison to post-veraison, increasing again to an intermediate concentration at harvest.  
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All TDN fractions (free, bound and total) were consistently greater in LR compared to L with the 

exception of bound TDN in post-veraison, when no significant difference was found between the 

two treatments (Table 17). Free TDN was significantly greater in H compared to NH at veraison 

and harvest, with no differences between treatments at the post-veraison sampling. Bound and total 

TDN were not affected by hedging levels at veraison, but TDN levels were significantly greater in 

NH compared to H at both post-veraison and harvest. A significant interaction between leaf 

thinning and hedging was found for bound and total TDN at both post-veraison and harvest (Table 

17): LR-NH grapes had significantly greater concentration of TDN than any other treatment at 

both sampling times; in post-veraison, no further differences were found across the remaining 

treatments, all resulting in a similar bound and total TDN concentrations; at harvest, L treatments 

(L-H and L-NH) had significantly greater concentrations of both bound and total TDN than did 

LR-H treatment. Total grapes’ TDN averaged 3.56 µg/L in LR-NH, 1.51 µg/L in L-NH, 1.70 µg/L 

in L-H and 1.19 µg/L in LR-H.  

When analyzing the evolution of TDN concentration during berry ripening, it appeared that free 

and bound TDN behaved slightly differently among different treatments (Figure 7), while total 

TDN evolution pattern was not significantly modified by any treatment at any sampling time 

(Figure 7). Free TDN decreased significantly from veraison to post-veraison, without further 

changes, under L and H treatments. In LR and NH it significantly decreased from veraison to 

harvest, with veraison, post-veraison and harvest values being all significantly different. Bound-

TDN increased significantly from veraison to post-veraison without further significant 

concentration changes, in NH and L. No significant differences in bound TDN levels were found 

between any ripening stage in H and LR. 
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Discussion.  

The project’s aim was to evaluate the extent and timing of fruit zone leaf thinning on grapes’ 

norisoprenoid concentration and grape disease status, in order to optimize the application of this 

technique in a humid continental region like Virginia.  

 

Project 1, Cabernet Sauvignon (Sherman Ridge) 

Fruit zone exposure, components of yield and fruit primary chemistry. The significant difference 

of CEFA and LEFA between leaf thinning treatments (PB, PF3 and PF6) observed in 2018, but 

not in 2017, can probably be accounted to yield levels (2017 yield data not available as reported 

above) and vine vigor (visual observation). Vine vigor was extremely high in 2018, most likely 

due to exceptionally frequent and abundant rainfall, and crop yield was extremely low. The 

removal of 3 or 6 leaves in the fruit zone allowed a similar proportion of above canopy photon 

flux to reach the clusters (CEFA) and leaves (LEFA) in 2017, despite the different number of leaf 

layers (LLN) among treatments. By contrast, the imbalance of the vines in 2018 caused the sunlight 

to differentially reach clusters and leaves, resulting in different CEFA and LEFA among leaf 

thinning treatments and highlighting the impact of fruit zone leaf thinning levels on highly 

vigorous vines.  

No differences were observed in crop yield level between treatments in 2018. Pre bloom leaf 

thinning (PB) did not lower the yield or the number of cluster per vine compared to the other 

treatments, underlining that there was no carryover effect from the previous year (2017 data not 

available). Many authors reported that pre-bloom leaf removal can potentially lower the yield in 

the current season by reducing fruit set, (Candolfi-Vasconcelos and Koblet, 1990; Intrieri et al., 

2008; Palliotti et al., 2011b; Poni et al., 2009; Sivilotti et al., 2016), but also in the subsequent year 
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by reducing bud fruitfulness, due to a decreased carbon assimilation during inflorescence 

primordia formation (Risco et al., 2014). These effects are not consistently observed, and depend 

in part on the severity of carbohydrate source reduction caused by leaf removal (Palliotti et al., 

2011b; Sivilotti et al., 2016). Frioni et al. (2018) reported that in order to reduce fruit set and lower 

crop yield, the reduction in carbon assimilation needs to be severe enough to cause a change in 

sink hierarchy within the shoot. These results are in agreement with previous research, where a 

minimum of six to eight leaves removed at bloom were necessary to reduce fruit set and yield 

(Acimovic et al., 2016). As expected, fruit-set leaf thinning treatments did not affect components 

of yield, even though some authors have reported lower yield also with fruit-set defoliation, due 

to lower cluster weights possibly caused by berry abortion (Hed and Centinari, 2018; Intrieri et al., 

2008).  

No effect of treatments was observed on fruit primary chemistry in either year. Leaf area was 

probably sufficient to support berry ripening in all treatments, especially considering that by 

veraison, the maximum photosynthetic activity is shifted to the younger leaves of the shoot (Intrieri 

et al., 1992; Poni and Silvestroni, 1994). Numerous studies have shown that leaf thinning 

treatments can modify berry composition (Alessandrini et al., 2018; Intrieri et al., 2008; Poni et 

al., 2006b; Tardaguila et al., 2010), while others, including this study, reported no effect on primary 

chemistry (Sivilotti et al., 2016; Young et al., 2016). The effect (or lack of one) of defoliation on 

fruit primary chemistry seems to be linked mainly to environmental conditions, cultivar and leaf 

area-to-fruit ratio (Lee and Skinkis, 2013; Risco et al., 2014; Sivilotti et al., 2016). A slight 

reduction of Brix (non-significant) with leaf thinning treatments was observed in 2017. This 

response was most likely related to the canopy photosynthetic efficiency during ripening, which 

might have been reduced by leaf thinning, slightly lowering sugar accumulation. Leaves were also 
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severely affected by chemical burn in the last phase of ripening, a factor that might have 

contributed to further reduce the photosynthetic capacity and the functional leaf area-to-yield ratio 

in leaf thinned-vines.  

Grapes norisoprenoids. Both TDN and ß-damascenone were significantly and differentially 

affected by leaf thinning treatments, at all sampling stages in at least one of their fractions (free 

and bound). In post-veraison free, bound, and total norisoprenoids were significantly modified by 

treatments, underlining the importance of the last phase of ripening in relation to aroma 

accumulation. At harvest, PF6 had the greatest concentration of free ß-damascenone, a result that 

could correlate well with sunlight exposure of the fruit zone, as reported in previous studies (Feng 

et al., 2017). However, this is in disagreement with what observed for the other treatments. PB 

had, in fact, the lowest concentration of free ß-damascenone, being significantly lower than 

control, despite having greater PAR than C and same CEFA of the other leafing treatments. In 

addition, bound and total ß-damascenone did not differ among treatments at harvest. It appears 

therefore, that these changes and differences in ß-damascenone concentration among treatments 

cannot be correlated with sunlight exposure or severity of defoliation. ß-damascenone does not 

increase with higher PAR and CEFA, as PB, PF3 and PF6 had consistently higher PAR and CEFA 

than C, a factor that should have clearly separated the leaf thinning treatments from the control. 

As Lee et al. (2007) also surmised, sunlight exposure does not fully explain the accumulation of 

ß-damascenone. Even a change in the precursor pool early in the season could be disregarded, as 

the total amount of ß-damascenone is not affected by treatments at harvest. Free ß-damascenone 

concentration might be enhanced by sunlight exposure only when PAR in the fruit zone is above 

a certain level (3% in PF6), but variables other than exposure need to be taken into consideration 

when analyzing free ß-damascenone (Feng et al., 2017; Lafontaine et al., 2005; Lee et al. 2007). 
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Recently, temperature near 35 °C have been reported to modify transcript levels of carotenoid 

cleavage dioxygenases (CDD) involved in norisoprenoid formation (Lecourieux et al., 2017). 

Thus, sunlight exposure and temperature interaction might influence norisoprenoid concentration. 

In this study, the level of sunlight exposure in PF6 supposedly led to greater berry temperature in 

PF6 berries compared to other treatments, possibly resulting in an upregulation of berry’s enzyme 

transcript VvCCD4b (Lecourieux et al., 2017) after veraison. CCD enzymes have been 

demonstrated to be able to degrade carotenoids directly to free norisoprenoids (Lashbrook et al., 

2013; Mendes-Pinto, 2009). This hypothesis might explain the increase of free ß-damascenone 

concentration and the lack of effect on bound and total ß-damascenone fractions.  

When the evolution of all ß-damascenone forms is considered, the results become really 

interesting. ß-damascenone evolution pattern is similar in post fruit set treatments PF3 and PF6, 

as opposed to C and PB. PF3 and PF6 increased the concentration of bound ß-damascenone from 

post-veraison to harvest, when a decrease was observed in C and PB. Total ß-damascenone 

increased significantly from veraison to post-veraison in all treatments, but while in C and PB it 

decreased back to a lower level by harvest, it remained constant in PF3 and PF6. This response 

ameliorated the differences between the four treatments in terms of total ß-damascenone. Despite 

no significant difference in total and bound ß-damascenone concentrations among treatments at 

harvest, timing and level of fruit zone leaf thinning influenced the evolution patterns of both forms 

during ripening. Chen et al. (2017) also reported different evolution patterns for free and bound 

norisoprenoids in grapes from two distinct regions characterized by different sunlight intensity and 

temperatures. Post fruit set exposure might have differentially affected carotenoids cleavage 

dioxygenases activity or levels during berry ripening relatively to PB and C, as suggested by the 

evolution patterns of all ß-damascenone forms among treatments. The decrease in C berries (versus 
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PF) of bound ß-damascenone constrasts with previous research, where a sharper decrease of bound 

norisoprenoids was observed in a less vigorous and more exposed vines compared to more 

vigorous and cooler ones (Asproudi et al., 2016). From these results it was also apparent, that ß-

damascenone reached its maximum concentration in post veraison, not at full maturity, in 

agreement with what was reported by Asproudi et al. (2016, 2018). Other research has also 

reported an increase of total norisoprenoids from veraison to 20 days after veraison, and a decrease 

thereafter (Coello et al., 2007). It is noteworthy that ß-damascenone maintained a concentration 

level above perception threshold at all sampling dates in all treatments (Barbe et al., 2008), 

underscoring that this compound is part of the grape-derived odorants typical of Cabernet 

Sauvignon. These results are in agreement with previous studies reporting a norisoprenoids 

concentration at harvest up to 350 µg/L (Lee et al. 2007; Strauss et al., 1987).  

TDN responded more consistently to treatments than did ß-damascenone. Free TDN concentration 

was consistently greater in post-fruit set treatments compared to C and PB. No further significant 

differences were observed between PB and C at any sampling time, while PF6 had significantly 

greater free TDN concentration than PF3 at harvest. These results highlight that both the timing 

and intensity of leaf thinning have an impact on free TDN concentration. By contrast, bound and 

total TDN responded differently to treatment than did free TDN. Post-fruit set exposure negatively 

affected bound TDN concentration compared to C and PB at the post-veraison sampling, while the 

intermediate level of exposure (PB and PF3) had significantly greater bound TDN than C and PF6 

at harvest. As suggested for ß-damascenone, greater exposure, and possibly higher temperature, 

could stimulate free norisoprenoids accumulation, perhaps through enhanced enzymatic activity 

(Lecourieux et al., 2017), with possible repercussion on the total and bound fraction. Interestingly, 

only PF3 was able to significantly increase the concentration of all forms (free, bound and total) 
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of TDN compared to C at harvest, underscoring the positive impact of post fruit set intermediate 

level of leaf thinning on TDN. Other authors reported a positive impact of sunlight exposure on 

bound and total TDN (Bureat et al., 2000; Kwaniewski et al., 2010; Marais et al., 1999). The fact 

that this is not observed in PF6, suggest that above a certain range of exposure, the glycosylation 

of TDN might be negatively affected. Previous studies reported that sunlight penetration in the 

fruit zone stimulates norisoprenoids glycosylation (Bureau et al., 2000), and that the glycosylation 

of free norisoprenoids increases between veraison and maturity, lowering the free fraction 

(Baumes et al., 2002; Razungles et al., 1988). This study’s results suggest that intense post fruit 

set leaf thinning (PF6) can negatively affect this glycosylation, resulting in higher free 

norisoprenoids and lower bound norisoprenoids. This is perhaps due to an interaction between 

exposure and temperature, in agreement with Asproudi et al. (2016). Considering the perception 

threshold of TDN being around 2 µg/L (Sacks et al., 2012), the differences observed for free TDN, 

even if significant, would not have a great impact on the derived wine aroma profile. By contrast, 

the concentration of bound TDN in PB and PF3 has the potential to release free TDN in 

concentration greater than the perception threshold during the vinification processes depending on 

the fermentation and aging conditions (Mendes-Pinto, 2009). 

In conclusion, the post fruit set highest exposure level (PF6) resulted by harvest, in the greatest 

concentration of both free norisoprenoids, suggesting that a certain level of sunlight radiation 

(perhaps PAR above 3%) in the fruit zone promotes the accumulation of the free form of 

norisoprenoids. This can be a disadvantage to the bound fraction, depending on the compound, the 

level of exposure, berry temperature and on the berry ripening stage. At harvest, a higher 

concentration of bound norisoprenoids might be desirable especially if the wine will undergo long 

aging processes, in which case an intermediate level of exposure might be more suitable. This 
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project’s results are just partially in agreement with previous studies reporting greater 

accumulation of free and/or bound norisoprenoids with higher fruit exposure (Bureau et al., 2000; 

Feng et al., 2017; Kwasniewski et al., 2010; Young et al., 2016).  

 

Project 2. Chardonnay (Shenandoah Springs) 

Fruit zone exposure, components of yield and fruit primary chemistry. As observed for project 1, 

removing three or six leaves had the same effect on CEFA in 2017. The difference in CEFA values 

observed in 2018, is most likely due to the extremely low crop yield and high vigor (visual 

observation) of the vines, which caused the sunlight to differentially reach the clusters when 

removing three or six leaves.  

The significant difference in yield observed between PB and PF3 in 2017, is most likely due to the 

difference observed in number of clusters per vine. Pre-bloom fruit zone leaf thinning has been 

reported to lower crop yield (Hed and Centinari, 2018; Intrieri et al., 1992; Poni et al., 2006b; 

Zenoni et al., 2017), but the mechanism has always been linked to reduced fruit set (Frioni et al., 

2018; Palliotti et al., 2011b), not to reduced cluster number. This is in agreement with the reduced 

cluster compactness and cluster weight in PB in 2017. By constrast, the lower number of clusters 

per vine in PB compared to PF3 cannot be attributed to the leaf thinning treatments, as no treatment 

was applied in 2016, when bud fruitfulness could have been affected (Vasconcelos et al., 2009). 

In agreement with previous results (Hed and Centinari, 2018; Palliotti et al., 2011b; Sivilotti et al., 

2016), no carryover effect of leaf thinning treatment from 2017 was observed in 2018 in terms of 

fruitfulness (number of clusters per vine). In this vineyard, commercial crop yield was dramatically 

reduced between 2017 and 2018 (to about 1.0 ton/acre in 2018), and it was not affected by leaf 

thinning treatment.  
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Berry weight tended to be greater in C, and lower than the other treatments in PF6, in both seasons. 

Contrasting results have been reported on the effect of leaf thinning on berry mass, with exposure 

causing a decrease (Palliotti et al., 2011a; Poni et al., 2006b), an increase (Poni et al., 2009), or no 

change (Poni et al., 2009). The increase in berry mass has been related to a compensatory effect 

consequent to a reduction in number of berries per cluster in the case of early leaf removal (Poni 

et al., 2009), or to a positive effect of sunlight on cell division and elongation, if berry temperature 

remains in the optimal range for berry development (Bergqvist et al., 2001; Dokoozlian, 1990). By 

contrast, the decrease in berry mass has been associated with limited carbohydrates during early 

stages of berry development (Tardaguila et al., 2010), with exposed clusters reaching temperatures 

above the optimum range for berry development (Bergqvist et al., 2001; Hale and Buttrose, 1974), 

and/or with high temperatures causing increased berry transpiration rates and consequent 

dehydration (Crippen and Morrison, 1986b; Hale and Buttrose, 1974). According to the above 

mentioned studies, the reduction of berry weight with increased sunlight exposure observed in this 

study, is most likely due to limited carbohydrates during berry development or higher temperatures 

(not measured) associated with sunlight exposure, rather than sunlight exposure itself.   

Fruit zone leaf thinning was successful in reducing both disease incidence and severity per vine in 

both seasons. The low disease pressure (disease incidence in control vines only 5%) caused the 

different leaf thinning treatments to be equally effective in 2017, despite PB’s lower cluster 

compactness. As reported by Hed and Centinari (2018), reduced cluster compactness does not 

necessarily imply improved cluster health. When the disease pressure was considerably higher 

(2018), leaf thinning intensity had a significant impact on disease incidence and severity, with PF6 

further improving grape disease status compared to PB and PF3. These results suggest that, when 

considering grape disease status, fruit zone leaf thinning intensity should be based on the severity 
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of disease pressure. Removal of only 3 leaves per shoot may be sufficient to reduce disease severity 

under low disease pressure conditions, whereas greater defoliation might be necessary under 

increased disease pressure to achieve the same effect. The timing of leaf thinning had mixed 

results. No timing effect was observed in 2017, and only a slight decrease of disease incidence and 

severity in PB compared to C (not significant) was observed in 2018. These results are in 

agreement with other studies reporting similar inconsistencies (Hed and Centinari, 2018); although 

it is not clear why PF3 has been more efficient than PB in lowering both incidence and severity 

compared to C. Disease incidence and severity results appear to correlate well with PAR values, 

suggesting again that sunlight radiation in the fruit zone might have a greater impact on grapes 

health than cluster compactness. 

Fruit primary chemistry has been significantly affected by the treatments only in 2018. Fruit 

composition did not differentially respond to any treatments in 2017, suggesting that leaf thinning 

did not cause major changes in leaf area-to-fruit ratio, in sink hierarchy or in berry primary 

metabolism (Kliewer and Dokoozlian, 2005; Kliewer and Schultz, 1964). These parameters might 

have been affected by treatments in 2018, an exceptionally rainy season combined with low crop 

yield level that resulted in unbalanced vines. Berry ripening is in fact, mainly affected by 

environmental conditions and by vine balance (Poni et al., 2009; Risco et al., 2014; Zenoni et al., 

2017). The greater sugar accumulation (6 to 10%) observed with increasing sunlight exposure is 

probably due to an indirect effect of leaf thinning, which might have brought the leaf area-to-yield 

ratio closer to an ideal value (Kliewer and Dokoozlian, 2005) when more leaves and laterals were 

removed. By contrast, in control vines, the shading and high imbalance in favor of green growth 

throughout the season (visual observations), might have negatively affected berry sugar 

accumulation (Palliotti et al., 2011). This is also in agreement with greater TA values of control 
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grapes, which might be accounted to the level of malic acid. Malic acid is in fact, found at greater 

concentration in shaded grapes, and in vines with high leaf area (Intrigliolo and Castel, 2009; 

Smart, 1985). Exposed fruits could have also reached higher temperatures than shaded fruits, factor 

that might have led to a faster and more intense degradation of malic acid in these fruits compare 

to control ones (Kliewer and Schultz, 1964).  

Grapes norisoprenoids. In Chardonnay, free norisoprenoids (2017) responses at harvest are similar 

to those observed for Cabernet Sauvignon in project 1. Free ß-damascenone responded to the 

timing of exposure but not to the level of exposure, as highlighted by greater free ß-damascenone 

concentration in post fruit set treatments (PF3 and PF6) compared to PB and C, without further 

differences between PF3 and PF6. Bound and total ß-damascenone were instead greater in C and 

PF3 compared to PB and PF6. These results suggest that PF6 might promote free over bound ß-

damascenone accumulation, or might interfere with the glycosylation of free ß-damascenone 

during ripening (Baumes et al., 2002). This is somewhat different from what observed in project 

1, where PF6 accumulated more free ß-damascenone without affecting bound and total 

concentration. Despite many authors attributed norisoprenoids responses mainly to sunlight 

exposure (Bureau et al., 2000; Marais et al., 1999; Razungles et al., 1998), temperature and its 

interaction with sunlight might also have a great impact on norisoprenoid concentration. The 

negative effect of PF6 on bound ß-damascenone might in fact be caused by high temperature 

reached by the fruits, in agreement with previous studies reporting a decrease in bound 

norisoprenoids with higher temperatures (Asproudi et al. 2016; Marais et al., 1999). Pre-bloom 

exposure had no positive effect on either free or bound ß-damascenone. In addition, in project 1 

PB had the least free ß-damascenone concentration at harvest. These results suggest that also the 

timing of exposure might be critical for norisoprenoid formation. Free TDN responded to sunlight 
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exposure intensity, with PF6 averaging double the concentration of PF3 and PB. Despite bound 

and total TDN concentrations not being significantly different among treatments, a lower TDN 

concentration is noticeable in PB compared to the other three treatments, with an apparent 

detrimental effect of this treatment on TDN concentration. These results underline again a possible 

negative effect of timing of fruit zone leaf removal on norisoprenoids concentration in 

Chardonnay. These results contrast with Cabernet Sauvignon results (project 1), where PB and 

PF3 had the greatest bound and total TDN concentration, and with previous research reporting an 

increase of bound TDN with greater sunlight exposure in pre veraison (Kwasniewski et al., 2010; 

Marais et al., 1992). Results from 2018 are needed to confirm and further evaluate the effect of 

pre bloom defoliation on norisoprenoid response. These results suggest again that sunlight alone 

cannot account for norisoprenoids accumulation, that timing of exposure might also play a 

significant role in determining free and bound norisoprenoids concentration, and that there is great 

variability among aroma compounds forms, grapevine varieties and individual aroma compound 

responses. Two responses were consistent between the two projects: PF6 increased free 

norisoprenoids concentration at harvest, and PB did not. It is also noteworthy that PF3 never 

decreased free or bound norisoprenoids compared to C in either projects, resulting in either an 

increase or in no change of norisoprenoids concentration. 

 Intense sunlight exposure of the fruits is usually correlated with a significant increase in berry 

temperature (Hickey et al., 2018), which was recently reported to upregulate berry’s enzyme 

carotenoid cleavage dioxygenase transcript VvCCD4b approaching veraison (Lecourieux et al., 

2017), possibily leading to greater free norisoprenoids concentration in PF6. By constrast, an 

excess of sunlight might negativaly affect norisoprenoids glycosylation, as suggested by the lower 

concentration of bound norisoprenoids in PF6 but not in PF3, when compared to C. Chemical or 
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oxidative cleavage of carotenoids into free norisoprenoids might also be stimulated by post fruit 

set exposure (Baumes et al., 2002; Kanasawud and Crouzet, 1990). A possible explanation for the 

consistent lack of pre-bloom exposure effect, is the acclimation of the fruits to high sunlight 

intensity. PB berries set and develop in higher sunlight conditions and they might adapt to sunlight 

exposure through measures other than by increased carotenoid accumulation (Young et al., 2016). 

Recent research analyzed berry transcriptomic response to pre bloom defoliation highlighting how 

this treatment resulted in major transcriptome reprogramming (Pastore et al., 2013; Zenoni et al., 

2017). In particular, Pastore et al., (2013) found a significant difference in the responses between 

pre bloom and veraison defoliation, with veraison defoliation having more responses being 

associated with “sudden sunlight stress”. Sunlight exposure in PB might not be experienced by the 

berry as a sudden stress, which could cause the upregulation of CCD enzymes or other chemical 

responses involved in free aroma compound formation (Baumes et al., 2002; Ibarz et al., 2006; 

Lecourieux et al., 2017). Pre bloom and post fruit set defoliation were also found to disrupt berry 

hormonal signal mediating ripening (Pastore et al., 2013), possibly affecting norisoprenoids 

formation. Hormone abscisic acid (ABA) is involved in aroma compounds metabolism during 

berry ripening (Chen et al., 2017; Lecourieux et al., 2014) and ABA levels might be affected by 

fruit zone leaf thinning through a possible limitation of ABA influx in the berries (Palliotti et al. 

2013). The accumulation of ABA in the berries at veraison is in fact triggered by a small amount 

of hormone, that was suggested to possibly come from the leaves (Antolìn et al., 2003). Pastore et 

al. (2013) transcriptome results suggested that berry ripening delay is more pronounced with pre 

bloom defoliation. Pre bloom leaf thinning might delay norisoprenoid accumulation, despite many 

observations of greater grapes carotenoids levels due to early leaf removal (Hickey et al., 2018; 

Razungles et al., 1988). By contrast, Zenoni et al., (2017) reported that ABA metabolism is hasten 
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by pre bloom defoliation, and not delayed, as hypothesized here. Multiple environmental factors, 

rather than the light alone, and multiple vine metabolic responses may induce synergistic or 

antagonistic responses in the expression patterns of genes responsible for carotenoid and 

norisoprenoid biosynthesis (Chen et al., 2017). Further evaluation of pre-bloom exposure on 

norisoprenoid concentration is needed to clarify the underlying mechanisms and clarify this 

study’s results.  

 

Project 3. Cabernet Sauvignon (AREC vineyard) 

Fruit zone exposure and grapevine leaf area. As previously reported for the other projects, 2018 

was characterized by exceptionally frequent and intense rainfall, resulting in extremely vigorous 

vines, as demonstrated by leaf area results. In these circumstances, the removal of six to eight 

nodes from the top of the canopy was enough to increase the amount of sunlight reaching the fruit 

zone, resulting in higher PAR in H vines, compared to NH. 

Total leaf area per vine was lowered to the same extent by hedging or leaf removal, as highlighted 

leaf area values in H and LR treatments and in their interactions L-H and LR-NH. Interestingly, 

no significant differences in lateral shoots leaf area were observed between LR-NH and LR-H, 

indicating no impact of hedging on lateral leaf area per vine when leaf removal was applied. The 

fact that the number of laterals was higher in LR-NH compared to LR-H suggests that either the 

leaf area of laterals in the top part of the canopy was insignificant and most likely constituted by 

undeveloped leaves, or that LR-H developed lateral shoots with greater leaf area above the fruit 

zone compared to LR-NH, ameliorating the difference between treatments. These results constrats 

with previous works indicating a greater number of laterals and lateral leaf area per vine in severely 

hedged vines compared to standard hedging (Cartechini et al., 2000; Candolfi-Vasconcelos and 
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Koblet, 1990). Palliotti et al., (2013) reported that the number of laterals and relative leaves formed 

after hedging varies in function on the total leaf area and the leaf area-to-yield ratio of the vines. 

In the same study, no additional lateral were formed after hedging, when vines had a leaf area-to 

yield ratio of 1.13 m2/kg after treatment, in agreement with this study’s results. 

Components of yield, grape sanitary status and fruit primary chemistry. No treatment consistently 

affected crop yield levels. As expected, hedging levels did not influence components of yield in 

either year, in agreement with other studies (Zheng et al., 2017a). A reduction in berry weight and 

yield per vine due to severe hedging has been reported when the hedging caused a strong reduction 

of the leaf area-to-yield ratio (around 0.8-0.5 m2/kg), most likely affecting berry development and 

ripening (Martinez de Toda et al., 2013; Stoll et al., 2009). The vines in this project maintained a 

leaf area-to-yield ratio well above optimal (1-1.2 m2/kg) in 2018, and the ratio was most likely 

never suboptimal in 2017, as vines in this area are typically vigorous. The reduction in berry and 

cluster weight observed in exposed versus shaded fruits in 2018, could be due to both less berries 

per cluster (possibly a reduction in cluster compactness) and an increase in berry temperature, 

which might have affected berry development (Bergqvist et al., 2001; Hale and Buttrose, 1974). 

A reduced cluster compactness with fruit set defoliation has been previously reported (Hed and 

Centinari, 2008; Intrieri et al., 2008) and attributed to berry abortion after bloom. Considering the 

leaf area of LR, it is unlikely that removing three leaves in fruit zone caused a reduction in 

photosynthesis significant enough to affect berry development (Poni et al., 2006b; Tardaguila et 

al., 2010), as demonstrated also by unaffected Brix values. By constrast, a higher temperature in 

exposed berries is in agreement with TA results. Rootstock differences, although not always 

significant, underline the higher productivity of Riparia compared to 101-14 roostocks, in 

agreement with previous studies from this vineyard (Hatch et al., 2011; Hickey et al., 2016). 
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Disease incidence was consistently decreased by LR compared to L by about 50% in both years, 

underscoring the efficiency of LR to decrease grape disease status through the improvement of 

fruit zone microclimate, by increasing the evaporative potential and sunlight penetration (English 

et al., 1989) among other reasons. These results are in agreement with project 1 and 2. Exposure 

of young berries to sunlight can in fact, increase berry resistance to infection (Keller et al., 2003). 

Thicker skin layers observed in exposed berries may partially explain this mechanism (Poni et al., 

2009). Other studies reported a negative effect of UV sunlight on powdery mildew development 

(Austin and Wilcox, 2011). Higher temperatures reached by exposed clusters might also have a 

negative effect on disease development, depending on the specific pathogen’s optimal range of 

temperature for infection and disease development. Finally, leaf removal enhances fungicide 

coverage of the fruit zone (Chellemi and Marois, 1992). The positive effect of sunlight on fruit 

sanitary status is further confirmed by the lower disease incidence of H compared to NH in 2018, 

which can be correlated with the increase in PAR observed in H vines. 

Increased fruit exposure significantly and consistently decreased grape titratable acidity (TA), but 

did not affect Brix. The lower TA is most likely due to a decrease in malic acid, which is the acid 

generally responsible for changes in TA level and mainly correlated with berry exposure and 

temperature (Hale and Buttrose, 1974). Higher temperature reached by exposed clusters stimulates 

malic acid degradation, leading to lower TA in exposed compared to shaded fruit (Kliewer and 

Schultz, 1964). Malic acid was also found to increase in fruits from grapevine with leaf area above 

8 m2 (Intrigliolo and Castel, 2009) in correlation with cluster shading by leaves. Sugar 

concentration has been reported to increase thanks to leaf removal when it caused the leaf area-to-

yield ratio to change towards optimal values for sugar and color accumulation (~1.0 m2/kg) in 

regions where this ratio was already close to optimal in non-defoliated vines (Kliewer and 
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Dokoozlian, 2005). In other studies, leaf removal also enhanced lateral shoots growth before 

veraison, resulting in a younger canopy during ripening that improved sugar accumulation at 

harvest (Palliotti et al., 2011a; Poni et al., 2006b). As previously mentioned, the vines of the 

viticultural area where this study was conducted are characterized by high vigor. Therefore, LR 

most likely did not significantly affect leaf area-to-yield ratio, canopy photosynthetic efficiency 

and berry sugar accumulation in either year. By contrast, H had significantly lower Brix than NH 

in 2017, when H might have caused a sufficient reduction in canopy photosynthesis to decrease 

Brix level. By removing the upper part of the canopy, intense hedging can remove younger leaves 

that exhibit maximum leaf function during ripening, negatively affecting sugar accumulation 

(Intrieri et al., 1992; Poni and Silvestroni, 1994). It is also possible that the hedging stimulated the 

growth of lateral shoots after veraison (data not available), which could have competed with 

clusters for photosyntates, lowering berry sugar accumulation (Palliotti et al., 2012). Many studies 

have reported lower sugar accumulation with short hedging applied near pea size (Cartechini and 

Palliotti, 1995; Martinez de Toda et al., 2013; Stoll et al., 2009), but the results can vary depending 

on hedging intensity and the subsequent formation and growth of laterals (Poni et al., 2003; Zheng 

et al., 2017). The reduction in sugar accumulation in H berries in 2017 can be correlated with the 

reduction in anthocyanin content in the same berries, compared to NH. It can be hypothesized that 

hedging caused a delay in berry ripening, negatively affecting anthocyanins accumulation. Sugar 

accumulation is, in fact, the first signal for anthocyanins accumulation at veraison (Castellarin et 

al., 2007). Previous studies have reported a decrease in anthocyanins accompanying the decrease 

in sugar in short hedged vines, in agreement with this study’s results (Filippetti et al., 2011; 

Martinez de Toda et al., 2013). As expected, LR significantly improved anthocyanin content 

compared to L, according to the necessary and stimulating effect of sunlight on anthocyanin 
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biosynthesis (Bergqvist et al., 2001; Kliewer, 1970). Recent research also demonstrated that leaf 

removal causes an upregulation of genes involved in the anthocyanins biosynthetic pathway across 

multiple environments and varieties (Zenoni et al., 2017). This result also underlines that exposed 

berries did not reach extremely high temperatures (>35°C), or that the berries did not remain at 

temperatures higher than 35°C for long enough to cause a reduction in anthocyanin biosynthesis 

or increase anthocyanin degradation (Bergqvist et al., 2001; Kliewer, 1970; Tarara et al., 2008).  

Somewhat unexpected is the difference in TA between rootstocks observed in 2017, with Riparia 

having greater TA than 101-14, despite this difference being only 0.41 g/L with minimal 

enological repercussions. Since Riparia had a greater crop yield than 101-14, it could be 

hypothesized that more clusters were shaded in Riparia, or that ripening was slightly slower in 

these grapes compared to 101-14, influencing TA level. None of these hypotheses can be 

confirmed, as Riparia CEFA and PAR did not differ from 101-14 in 2017, nor did other primary 

chemistry parameters differ. Previous studies have observed a decrease (or no change) in TA with 

greater yield levels (Naor et al., 1985; Ough and Nagaoka, 1984), contrasting with the current 

study. The changes in TA are usually associated with changes in malic acid (Intrigliolo and Castel, 

2009), which is mainly determined by changes in temperature and vine leaf area (Hale and 

Buttrose, 1974). By contrast, tartaric acid evolution and accumulation has been found to be more 

stable than malic acid with inconsistent responses to canopy management practices (Intrigliolo and 

Castel, 2009; Zheng et al., 2017b). In this case, despite having the same CEFA and PAR as 101-

14, Riparia had significantly more berries per cluster, as suggested by the greater cluster weight 

without differences in berry weight. Thus, more berries per cluster might have been shaded in 

Riparia clusters compared to 101-14, enough to cause a slight increase in malic acid, resulting in 

greater TA.   
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Grape norisoprenoids. Sunlight exposure did not increase ß-damascenone concentration, which 

was unaffected by leaf thinning treatments at harvest. Previous studies reported that ß-

damascenone responses to sunlight exposure are variable (Lee et al., 2007; Marais, 1992; Song et 

al., 2015), as observed also in project 1 and 2 of this study. Sunlight exposure (LR) significantly 

and consistently increased free, bound and total TDN concentration, as observed for PF3 in project 

1. This is in agreement with previous studies (Asproudi et al., 2016; Chen et al., 2017; Feng et al., 

2017; Kwasniewski et al., 2010; Lee et al., 2007; Young et al., 2016). Surprisingly, H increased 

both free TDN and free ß-damascenone concentration compared to NH at harvest. By contrast, 

NH had significantly greater bound and total concentration of both norisoprenoids. Despite not 

always significant, this response was consistently observed at all sampling times, underscoring the 

effect of hedging levels on norisoprenoids throughout the whole ripening season. Hedging did not 

modify fruit zone PAR or CEFA in 2017, but it might have had an effect on sunlight quality. 

Hedging could have modified the amount of UV light, or the red to far-red ratio in the fruit zone 

(Dokoozlian and Kliewer, 1995), thus directly or indirectly affecting norisoprenoid synthesis. The 

red-to-far red ratio plays an important role by regulating phytochrome functions, which in turn 

control a large amount of enzyme and reactions during berry development and ripening (Castillon 

et al., 2007; Schalkwyk, 2001; Smart, 1986). To my knowledge though, there is no evidence or 

studies on phytochrome signaling being involved in aroma accumulation. Previous research has 

studied the impact of UV sunlight on norisoprenoids concentration in the berries, reporting a 

positive effect (Joubert et al., 2016; Liu et al., 2015) or no response (Lafontaine et al., 2005; Song 

et al., 2015). It has been hypothesized that norisoprenoids might serve as sensing and signaling 

compounds when vines are subjected to abiotic stresses (Joubert et al., 2016), and UV light might 

influence their concentration in grapes. The effect of UV light on specific norisoprenoids, and their 
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forms, needs further study. Hedging might have also reduced ABA biosynthesis, by lowering 

canopy photosynthesis (Palliotti et al., 2013), in agreement with the reduced Brix and anthocyanin 

content in H compared to NH. ABA in fact, signals sugar accumulation at veraison (Pilati et al., 

2017), after which ABA and sugar signaling are strictly correlated in regulating berry ripening 

processes (Coombe and Hale, 1973; Lecourieux et al., 2014; Katayama-Ikegami et al., 2016). 

Lower ABA levels in H might have therefore affected free and bound norisoprenoids 

concentrations at harvest.  

The interaction between leaf thinning and hedging levels differentially affected ß-damascenone 

and TDN concentrations and forms. Total ß-damascenone was significantly modified by treatment 

interactions at harvest, when NH treatments had significantly greater concentration than H 

treatments, with no influence of leaf thinning level. The positive effect of sunlight exposure on 

bound and total TDN appeared to be canceled by the short hedging. In fact, LR-H had the least 

TDN concentration at harvest, significantly lower also than shaded treatments (L-H and L-NH). 

Therefore, the interaction effect appears to depend on the compound analyzed. Sunlight exposure 

did not affect total ß-damascenone (in agreement with project 1), while hedging decreased its 

concentration. Canopy height appears to be positively correlated with bound and total ß-

damascenone. TDN was instead enhanced by sunlight exposure, but only when the vine was not 

subjected to other stresses (like the short hedging), in which case bound and total TDN were 

negatively affected. This reduction in bound TDN concentration in stressed berries is in agreement 

with the reduction of bound TDN observed in project 1 in PF6 but not in PF3. When the vine is 

subjected to severe stress, the degradation of carotenoids might be shifted towards ABA 

production, lowering norisoprenoids final concentration (Chen et al., 2017). This mechanism 

might explain lower bound norisoprenoids in PF6 (project 1 and 2) and LR-H. The presumed lower 
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photosynthetic canopy efficiency of H vines during ripening might also have negatively affected 

norisoprenoids glycosylation. In addition, also carotenoid biosynthesis might have been affected 

by hedging in pre-veraison, lowering norisoprenoid precursors levels. As above mentioned, the 

complex interaction between ABA, sugar, and ripening processes, might have altered both 

norisoprenoids glycosylation and/or CCD genes expression, affecting norisoprenoids final 

concentration (Chen et al., 2017; Deluc et al., 2007; Lecourieux et al., 2014). These results 

demonstrate that hedging levels can (most likely indirectly) affect norisoprenoids concentration, 

and that bound norisoprenoids respond differently than free norisoprenoids to canopy management 

techniques. As observed for projects 1 and 2, post fruit set sunlight exposure appears to 

consistently enhance the concentration of free-norisoprenoids, with variable effects, depending on 

the compound and on the grape variety, on the bound and total fraction.  

Both ß-damascenone and TDN followed different evolution patterns during ripening, than those 

observed in project 1. Only free TDN decreased from veraison to harvest consistently with project 

1. In this project, the greatest concentrations of free and bound ß-damascenone were observed at 

veraison and not at post-veraison sampling time. Free and total ß-damascenone evolution patterns 

were not differentially affected by leaf thinning levels, contrasting with project 1. Bound ß-

damascenone tended to increase from post-veraison to harvest in only NH grapes, suggesting a 

second phase of carotenoids degradation, or an increase in ß-damascenone glycosylation, towards 

full maturity when photosynthesis is not limited. As reported by Asproudi et al. (2018), it appears 

that norisoprenoids maximum concentration is reached before, and not at, full maturity (defined 

as berry technological maturity determining commercial harvest), as previously observed (Baumes 

et al., 2002; Marais et al., 1992).  
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Interestingly, free TDN evolution appeared to correlate with bound TDN evolution in NH and L 

treatments; from veraison to post-veraison, as bound TDN increased free TDN declined. In LR or 

H instead, bound TDN concentration did not significantly vary between sampling times, 

highlighting again an alteration of the glycosylation of aroma compounds in function of removal 

and hedging levels.  

From these projects’ results, it emerges that, even when considering one variety, norisoprenoids 

respond individually to canopy management techniques and, in agreement with recent research 

(Chen et al., 2017), free-norisoprenoids are differently affected than bound norisoprenoids.  
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Conclusions.  

 

The study explores fruit zone leaf thinning effects on grape quality in Cabernet Sauvignon and 

Chardonnay, in the Virginia wine region. Different timing and level of this canopy management 

practice were evaluated in two projects; in a third project, hedging height and its interaction with 

defoliation was also evaluated. Pre-bloom leaf thinning did not negatively affect crop yield level, 

but when analyzed, cluster compactness was successfully reduced by this technique. Fruit primary 

chemistry parameters were not influenced by different timings and levels of leaf thinning except 

for harvest 2018 in Chardonnay, when leaf thinning presumably helped controlling vine vigor, 

resulting in greater sugar content and lower titratable acidity. Generally, leaf removal showed a 

tendency to decrease grape acidity, most likely due to an increased degradation of malic acid in 

exposed berries driven by higher berry temperature. All leaf thinning treatments were consistently 

successful in improving grape disease status, with the extent of improvement depending on the 

season’s climatic conditions. When the disease pressure was high, the most severe post fruit set 

defoliation was the most effective in decreasing disease incidence and severity.  

C13-norisoprenoids were differentially affected by defoliation levels showing variability between 

varieties, ripening stage, free and bound forms. The removal of six leaves in post fruit set 

consistently increased free-norisoprenoids concentration at harvest, in both varieties. Pre-bloom 

leaf thinning by contrast, did not increase free norisoprenoids at harvest and actually reduced their 

concentration in some cases.  Bound norisoprenoids responses were more variable. Bound ß-

damascenone concentration tended to be greater in non-defoliated treatments relatively to 

defoliated ones. In Cabernet Sauvignon, free and bound TDN concentrations were consistently 

and positively increased by the removal of three leaves in post fruit set, while ß-damascenone 
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responses were heterogeneous but never negative. These results underscore the different influence 

of sunlight on individual aroma compounds and the overall positive response of aroma compounds 

to the post fruit set intermediate exposure level. From the third project, it emerges that hedging 

levels can influence fruit composition, most likely depending on its effect on grapevine 

photosynthetic capacity and leaf area-to-fruit ratio. More surprisingly, hedging influenced aroma 

compounds as well, presumably affecting photosynthesis efficiency, ripening hormones levels or 

influencing sunlight quality in the fruit zone. It appeared also that in conditions of stress caused 

by excess sunlight or interaction of sunlight with temperature (possible PF6), or by canopy 

efficiency (possibly H), the glycosylation of norisoprenoids is negatively affected. Further research 

is needed to clarify this response. The evolution patterns of analyzed norisoprenoids revealed the 

maximum concentration of free TDN and ß-damascenone was reached before commercial harvest.  

The study’s results reinforce that fruit zone leaf removal is an effective canopy management 

practice to improve grape disease status and influence grape aroma. An intense defoliation was the 

most successful in consistently reducing disease severity and increasing free norisoprenoid 

concentration. Therefore, an intense post fruit set leaf thinning (removal of six leaves) might be 

the most suitable technique for the Virginia wine region. From this study, it is also evident that 

sunlight exposure might have a direct impact on TDN but not on ß-damascenone. In particular, the 

removal of three leaves in post fruit set consistently increased free, bound and total TDN in 

Cabernet Sauvignon. Finally, it emerges that free and bound norisoprenoids responded 

differentially to canopy management practices. 
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Table 1. Average monthly temperature, monthly rainfall, growing degree days (GDD) and ambient solar radiation at the Agricultural 

Research Extension Center (AREC) of Winchester (VA) from 1 April through 31 October in 2017 and 2018. 

  April May June July August September October 

2
0
1
7
 

Temperature (°C) 15.5 16.5 22.3 24.2 21.6 18.8 15.2 

Rainfall (mm) 51 177 27 120 68 77 128 

GDD (base 10 °C ) 180 202 265 453 378 285 183 

Solar radiation (MJ/m2) 494 529 692 633 574 455 361 

2
0
1
8
 

Temperature (°C) 10.0 20.3 21.4 23.4 22.8 20.6 13.9 

Rainfall (mm) 83 242 262 148 127 211 39 

GDD (base 10 °C ) 65 332 353 433 435 338 161 

Solar radiation (MJ/m2) 502 539 515 588 532 275 340 

Data were recorded at the Winchester (Virginia Tech, Alson H. Smith Jr. AREC) weather station and summarized by the Network for environment and 

weather application (newa.cornell.edu).  
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Table 2. Treatment effect on photosynthetically active radiation (PAR), leaf layer number in fruit zone (LLN, cluster exposure flux 

availability (LEFA) and leaf exposure flux availability (LEFA) at berry stages pea-size and veraison in Cabernet Sauvignon, Sherman 

Ridge.  

a
Year of data is reported beside treatment key.  

bC=Control; PB=pre-bloom thinning; PF3=post-fruitset 3 leaves removed; PF6=post-fruitset 6 leaves removed.  
c
Significance p>F; ns=not significant at 0.05 level. Comparison of means among treatments made using Tukey-Kramer HSD test. Means not sharing the same 

letter within a column are significantly different (𝛼 ≤0.05).  

  PAR %c LLN CEFA LEFA 

 Treatmentb pea-size veraison pea-size veraison pea-size veraison pea-size veraison 

2
0
1
7
 

         

C 1.3 c 1.5 c 2.2 a 2.5 a  0.2 b 0.2 b 0.4 b 0.4 b 

PB 2.2 b 2.5 b 1.0 b 0.9 b 0.6 a 0.5 a 0.6 a 0.5 a 

PF3 2.1 b 2.1 b 0.9 b 0.8 bc 0.6 a 0.5 a 0.6 a  0.5 a 

PF6 3.2 a 3.3 a 0.4 c 0.3 c 0.8 a 0.6 a 0.7 a  0.6 a 

Significancec p<0.0001 p<0.0001 p<0.0001 p<0.0001 p<0.0001 p<0.0001 p=0.0002 p<0.0001 

2
0
1
8

 

         

C 1.2 c 1.0 c 2.8 a 2.9 a 0.2 c 0.1 c 0.3 c 0.4 d 

PB 2.2 b 2.0 b 1.5 b 1.3 b 0.4 b 0.5 b 0.5 b 0.5 c 

PF3 2.4 b 2.3 ab  1.0 b 0.9 c 0.5 b 0.6 ab 0.5 b 0.7 b 

PF6 4.5 a 3.2 a 0.3 c 0.2 d  0.8 a 0.8 a 0.7 a 0.8 a 

Significance p<0.0001 p=0.0004 p<0.0001 p<0.0001 p<0.0001 p<0.0001 p<0.0001 p<0.0001 
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Table 3.Components of yield of Cabernet Sauvignon (SR) at harvest (2018) among leaf thinning treatmentsc. 

Treatmenta # Clusters/vine Yield/vine (kg) 
Single berry weight 

(g) 
Cluster weight (g) 

C 16.8 0.7 1.3 43.2 

PB 18.3 0.9 1.3 47.2 

PF3 16.7 0.9 1.3 52.6 

PF6 19.1 0.8 1.2 39.3 

Significanceb ns ns ns ns 

aC=Control; PB=pre-bloom thinning; PF3=post-fruitset 3 leaves removed; PF6=post-fruit set 6 leaves removed.  
b
Significance p>F; ns=not significant at 0.05 level. Comparison of means among treatments made using Tukey-Kramer HSD test. Means not sharing the same 

letter within a column are significantly different (𝛼 ≤0.05).  
cData were collected per panel, then averaged per vine. 
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Table 4. Cabernet Sauvignon (SR) soluble solids concentration (Brix), pH and titratable acidity (TA) among leaf thinning treatments  

at harvest in 2017 and 2018b. 

 2017 2018 

Treatmenta Brix pH TA (g/L) Brix pH TA (g/L) 

C 21.1 3.3 7.2 16.1 3.3 7.8 

PB 20.7 3.4 7.2 16.4 3.3 7.2 

PF3 20.8 3.4 7.3 16.6 3.34 6.8 

PF6 20.6 3.4 7.3 16.6 3.3 7.0 

Significancec ns ns ns ns ns ns 

aC=control; PB=pre-bloom 3 leaves removed in the fruit-zone; PF3= Post frui set 3 leaves removed in the fruit-zone; PF6= post fruit set 6 leaves removed from 

the fruit-zone. 
bOnly healthy berries were collected for primary chemistry analysis. Analysis conducted on juice from 90 berries per replicate.  
cSignificance p>F; ns=not significant at 0.05 level. Comparison of means among treatments made using Tukey-Kramer HSD test.  
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Table 5. Effect of leaf thinning treatments on free, bound and total ß-damascenone concentration (µg/L) at veraison, post-veraison  

and harvest in 2017 in Cabernet Sauvignon, Sherman Ridgeb. 

 Veraison Post-veraison Harvest 

Treatmenta Free  Bound Total Free Bound Total Free Bound Total 

C 51.46 a 71.52 122.98 117.41 a 196.65 b 314.05 a 26.97 b 156.72 183.69 

PB 46.88 ab 112.76 159.64 48.22 b 289.21 a 337.43 a 9.08 c 157.91 167.00 

PF3 50.05 a 65.17 115.23 108.14 a 100.95 c 209.09 b 17.57 bc 192.49 213.76 

PF6 35.29 b 71.66 110.97 129.89 a 26.83 d 156.69 b 43.99 a 120.39 162.79 

Significancec p=0.0237 ns ns p<0.0001 p<0.0001 p<0.0001 p<0.0001 ns ns 

aC=control; PB=pre-bloom 3 leaves removed in the fruit-zone; PF3= Post fruit set 3 leaves removed in the fruit-zone; PF6= post fruit set 6 leaves removed from 

the fruit-zone. 
bß-damascenone total concentration is given by the sum of free and bound fractions. 
bSignificance p>F; ns=not significant at 0.05 level. Comparison of means among treatments made using Tukey-Kramer HSD test. Means not sharing the same 

letter within a column are significantly different (𝛼 ≤0.05).  
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Table 6. Effect of leaf thinning treatments on free, bound and total 1,1,6-trimethyl-1,2-dihydronaphtalene (TDN) concentration (µg/L) 

in post-veraison and at harvest (2017) in Cabernet Sauvinon, Sherman Ridgea,c. 

 Post-veraison Harvest 

Treatmentb Free TDN Bound TDN Total TDN Free TDN Bound TDN Total TDN 

C 0.35 bc 1.82 a 2.26 a 0.01 c 1.95 b 2.00 b 

PB 0.28 c 2.28 a 2.57 a 0.05 bc 6.93 a 6.95 a 

PF3 0.53 ab 0.79 b 1.32 b 0.10 b 6.56 a 6.65 a 

PF6 0.69 a 0.19 b 0.89 b 0.22 a 1.28 b 1.51 b 

Significanced p<0.0001 p<0.0001 p<0.0001 p<0.0001 p=0.0013 p=0.0015 

aVeraison data are not available 
bC=control; PB=pre-bloom 3 leaves removed in the fruit-zone; PF3= Post frui-set 3 leaves removed in the fruit-zone; PF6= post fruit-set 6 leaves removed from 

the fruit-zone. 
cTDN total concentration is given by the sum of free and bound fractions. 
dSignificance p>F; ns=not significant at 0.05 level. Comparison of means among treatments made using Tukey-Kramer HSD test. Means not sharing the same 

letter within a column are significantly different (𝛼 ≤0.05).  
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Table 7. Treatment effect on photosynthetically active radiation (PAR), leaf layern number in the fruit zone (LLN), cluster exposure 

flux availability (CEFA) and leaf exposure flux availability (LEFA) at berry stages pea-size and veraison in Chardonnay. 

Year of data is reported above treatments key.  
aC=Control; PB=pre-bloom thinning; PF3=post-fruit set 3 leaves removed; PF6=post-fruit set 6 leaves removed.  
b
Significance p>F; ns=not significant at 0.05 level.Comparison of means among treatments made using Tukey-Kramer HSD test. Means not sharing the same 

letter within a column are significantly different (𝛼 ≤0.05).  

 

  

 Treatmenta PAR (%)c LLN CEFA LEFA 

  pea-size veraison pea-size veraison pea-size veraison pea-size veraison 

2
0
1
7
 

         

C 3.3 b 1.1 c 2.9 a 2.5 a 0.2 c 0. 1 b 0.3 c 0.4 b 

PB 7.0 ab 2.4 b 1.1 b 0.8 b 0.5 b 0.6 a 0.6 b 0.6 a 

PF3 5.3 b 2.5 b 1.4 b 0.7 b 0.4 b 0.6 a 0.5 b 0.6 a 

PF6 15.0 a 3.8 a 0.3 c 0.2 b 0.8 a 0.7 a 0.8 a 0.7 a 

Significanceb p<0.0001 p<0.0001 p<0.0001 p<0.0001 p<0.0001 p<0.0001 p<0.0001 p<0.0001 

2
0

1
8
 

         

C 1.9 c 1.3 c 2.9 a 3.4 a 0.3 0.1 c 0.3 c 0.3 b 

PB 4.2 bc 2.8 bc 0.9 b 0.6 bc 0.7 0.6 b 0.6 b 0.6 a 

PF3 4.3 b 3.3 b 1.0 b 0.8 b 0.7 0.5 b 0.6 b 0.7 a 

PF6 8.2 a 6.5 a 0.4 c 0.3 c 0.6 1.0 a 0.8 a 0.7 a 

Significance p<0.0001 p<0.0001 p<0.0001 p<0.0001 ns p=0.0017 p<0.0001 p<0.0001 
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Table 8.Effect of leaf thinning treatment on components of yield and grape disease status of Chardonnay at harvest in 2017 and 2018. 

 

Treatmenta 
Clusters/ 

vine 

Crop yield 

(kg/vine) 

Cluster weight 

(g)b 

Berry weight 

(g)b 

Disease 

incidence per 

vine (%)c 

Disease severity 

per vine (%)c 

2
0
1
7
 

       

C 37.5 ab 3.9 ab 105.8 a 1.7 a 4.9 a 1.1  a 

PB 33.8 b 3.2 b 95.1 b 1.6 ab 1.5 b 0.3 b 

PF3 40.5 a 4.1 a 100.6 ab 1.6 ab 2.1 b 0.3 b 

PF6 39.8 ab 3.7 ab 91.8 b 1.5 b 0.8 b 0.1 b 

Significanced p=0.0122 p=0.0101 p=0.0015 p=0.0132 p=0.0001 p<0.0001 

2
0
1
8
 

       

C 9.0 0.6 60.6 a 1.6 a 37.6 a 6.3 a 

PB 10.1 0.5 49.9 ab 1.5 ab 30.5 ab 4.4 ab 

PF3 9.7 0.4 40.2 b 1.4 bc 19.2 bc 1.8 bc 

PF6 11.8 0.6 47.9 ab 1.3 c 3.9 c 0.3 c 

Significance ns ns p=0.0023 p=0.0002 p<0.0001 p=0.0004 

aC=control PB=pre-bloom leaf thinning PF3=3 leaves removed at fruit set PF6=6 leaves removed at fruit set 
bCluster weight was estimated from yield per vine and number of cluster per vine; single berry weight was estimated by weighting the berries samples per 

panel and then dividing the weight (g) by the number of berries. 
cDisease incidence is given by #rotten clusters/total clusters*100; Disease severity=incidence*severity assessed on diseased cluster*100 

dSignificance is set at 0.05 levels, p>F. Comparison of means among treatments was made using Tukey-Kramer HSD. Means not sharing the same letter 

within a column are significantly different (0.05). 
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Table 9. Effect of PB treatment on compactness of Chardonnay clusters at harvest in 2017b. 

Treatmenta Berries/cluster 
Rachis 

length (cm) 

Berries per cm  

of rachis 

Cm of rachis  

per berry 

C 77.53 a 8.74 6.95 a 0.16 b 

PB 63.28 b 8.52 5.63 b 0.19 a 

Significancec p=0.0002 ns p<0.0001 p=0.0010 

aC=control PB=pre-bloom leaf thinning PF3=3 leaves removed at fruit set PF6=6 leaves removed at fruit set 
bAnalysis conducted on a total of 60 cluster per treatment; berries were counted on each cluster.  
eSignificance is set at 0.05 levels, p>F. Comparison of means among treatments was made using Student’s t-test.  
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Table 10. Chardonnay soluble solids concentration (Brix), pH and titratable acidity (TA) among leaf thinning treatments at harvest  

in 2017 and 2018b 

 2017 2018 

Treatmenta Brix pH TA (g/L) Brix pH TA (g/L) 

C 21.0 3.31 8.34 18.8 c 3.4 b 7.6 a 

PB 21.1 3.33 7.79 20.0 b 3.5 ab 6.8 b 

PF3 20.9 3.32 7.74 20.1 b 3.5 a 6.5 bc 

PF6 20.8 3.27 7.89 20.7 a 3.6 a 6.1 c 

Significancec ns ns ns p<0.0001 p=0.0037 p<0.0001 

aC=control PB=pre-bloom leaf thinning PF3=3 leaves removed at fruit set PF6=6 leaves removed at fruit set 
bAnalysis performed on juice from 100 (in 2017) and from 75 (in 2018) berries per replicate. 
eSignificance is set at 0.05 levels, p>F. Comparison of means among treatments was made using Tukey-Kramer HSD. Means not sharing the same letter 

within a column are significantly different (0.05). 
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Table 11. Effect of selective leaf thinning on free, bound and total 1,1,6-trimethyl-1,2-dihydronaphtalene (TDN - µg/L) and free, 

bound and total ß-damascenone (µg/L) at harvest (2017) in Chardonnay. 

Treatmenta 
Free  

ß-damascenone 

Bound  

ß-damascenone 

Total  

ß-damascenone 
Free TDN Bound TDN Total TDN 

C 54.08 b 184.71 a 238.79 a 0.27 c 3.39 3.66 

PB 48.62 b 52.46 b 101.29 b 0.41 bc 0.21 0.63 

PF3 81.74 a 109.08 ab 190.82 ab 0.55 b 1.84 2.37 

PF6 77.92 a 25.36 b 103.08 b 1.04 a 2.06 3.10 

Significanceb p=0.0002 p=0.0018 p=0.0030 p<0.0001 ns ns 

aC=control; PB=pre-bloom 3 leaves removed in the fruit-zone; PF3= Post frui set 3 leaves removed in the fruit-zone; PF6= post fruit set 6 leaves removed from 

the fruit-zone. 
bSignificance p>F; ns=not significant at 0.05 level. Comparison of means among treatments made using Tukey-Kramer HSD test. Means not sharing the same 

letter within a column are significantly different (𝛼 ≤0.05).  
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Table 12. Effects of treatment on photosynthetic active radiation (PAR),leaf layer number (LLN), cluster exposure flux availability 

(CEFA) and leaf exposure flux availability (LEFA) at berry stages pea-size and veraison in Cabernet Sauvignon, AREC. 

 Treatmenta PAR (%) LLN CEFA LEFA 

  pea-size veraison pea-size veraison pea-size veraison pea-size veraison 

2
0
1
7
 

L 1.7 b 1.3 b 3.4 a 2.9 a 0.1 b 0.1 b 0.3 b 0.3 b 

LR 2.8 a 2.7 a 0.7 b 0.4 b 0.6 a 0.6 a 0.5 a 0.6 a 

Significanceb p<0.0001 p<0.0001 p<0.0001 p<0.0001 p<0.0001 p<0.0001 p<0.0001 p<0.0001 

H 2.0 2.2 2.0 1.6 0.4 0.3 0.4 0.4 

NH 1.9 1.8 2.0 1.6 0.4 0.3 0.5 0.5 

Significance ns ns ns ns ns ns ns ns 

2
0
1
8

 

L 1.6 b 2.3 b 3.4 a 2.7 a 0.2 b 0.2 b 0.3 b 0.4 b 

LR 3.5 a 6.0 a 0.8 b 0.7 b 0.6 a 0.6 a 0.6 a 0.6 a 

Significance p<0.0001 p<0.0001 p<0.0001 p<0.0001 p<0.0001 p<0.0001 p<0.0001 p<0.0001 

H 2.8 a 5.1 a 2.0 1.7 0.4 0.4 0.4 0.5 

NH 2.2 b 3.2 b 2.2 1.7 0.4 0.4 0.5 0.5 

Significance p<0.0259 p=0.0173 ns ns ns ns ns ns 

Year is reported beside the treatments key.  
a
L=no leaf removal; LR=leaf removal; NH=not hedged; H=hedged. 

b
Significance p>F; ns=not significant at 0.05 level.Comparison of means among treatments made using Tukey-Kramer HSD test. Means not labeled with a 

common letter within a column are significantly different (𝛼 ≤0.05). ns=not significant. Interaction are shown only if significant. Rootstock data are not reported 

(ns).  
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Table 13. Effect of fruit zone leaf thinning, hedging and their interaction, on total, primary and lateral shoot leaf area, and lateral 

shoots number in Cabernet Sauvignon, AREC (2018). 

Treatmenta 
Total leaf area/vine  

(m2) 

Primary leaf area/vineb 

(m2) 

Lateral leaf area/vineb 

(m2) 
# Laterals/vine 

L 7.5 a 3.1 a 4.4 a 117.1 a 

LR 5.1 b 2.8 b 2.2 b 87.2 b 

Significancec p<0.0001 p=0.0031 p<0.0001 p<0.0001 

H 5.3 b 2.6 b 2.7 b 83.1 b 

NH 7.2 a 3.4 a 3.9 a 121.2 a 

Significance p<0.0001 p<0.0001 p<0.0001 p<0.0001 

101-14 6.4 3.0 3.5 a 102.4 

Riparia 6.0 3.0 3.1 b 101.9 

Significance ns ns p=0.0186 ns 

Interaction 

L-NH 8.8 a 3.7 a 5.2 a 133.2 a 

L-H 6.1 b 2.5 c 3.5 b 98.8 b 

LR-NH 5.6 b 3.1 b 2.6 c 106.8 b 

LR-H 4.5 c 2.6 c 1.9 c 67.5 c 

Significance p=0.0009 p=0.0008 p=0.0096 ns 

aL=no leaf removal; LR=leaf removal; NH=not hedged; H=hedged; 101-14= rootstock 101-14; Rip=rootstock Riparia 
bPrimary leaf area per vine represents area from leaves inserted on the primary shoot only. Lateral leaf area represent leaf area from secondary shoots only.  
cSignificance: p>F; ns=not significant at 0.05 level. Comparison of means among treatments made using Tukey-Kramer HSD test. Means not sharing with a common letter within a column are 

significantly different (𝛼 ≤0.05). ns=not significant. Interaction significant at 0.05 level.  
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Table 14. Main effect of leaf thinning and hedging levels on yield components and disease incidence of Cabernet Sauvignon (AREC) 

at harvest in 2017 and 2018. 

 

Treatmenta 
Leaf area/yield 

(m2/Kg) 
Clusters/vine 

Crop yield 

(Kg/vine) 

Cluster weight 

(g)b 

Berry weight 

(g)b 

Disease 

incidence % per 

vinec 

2
0
1
7
 

       

L na 35.1 3.2 90.7 1.5 67.4 a 

LR na 36.3 3.0 82.2 1.5 27.5 b 

Significanced  ns ns ns ns p<0.0001 

H na 34.4 2.9 83.0 1.5 44.5 

NH na 37.0 3.3 89.8 1.5 50.3 

Significance  ns ns ns ns ns 

101-14 na 33.8 2.7 b 81.1 b 1.5 41.2 

Riparia na 37.6 3.5 a 91.8 a 1.5 53.7 

Significance  ns p=0.0022 p=0.0163 ns ns 

2
0
1
8
 

       

L 4.7 19.3 1.9 94.3 a 1.6 a 56.1 a 

LR 3.7 18.8 1.5 76.7 b 1.4 b 28.3 b 

Significance ns ns ns p=0.0051 p=0.0003 p<0.0001 

H 3.2 b 19.5 1.7 84.0 1.5 35.2 b 

NH 5.2 a 18.6 1.7 87.0 1.5 49.2 a 

Significance p=0.0024 ns ns ns ns p=0.0284 

101-14 4.6 17.1 b 1.5 88.7 1.5 34.8 b 

Riparia 3.7 21.0 a 1.8 82.3 1.6 49.5 a 

Significance ns p=0.0289 ns ns ns p=0.0212 
aL=no leaf removal; LR=leaf removal; H=hedging; NH=not hedged; 101-14= 101-14 rootstock and RIP= Vitis riparia rootstock 
bCluster weight was estimated by diving yield/vine by cluster/vine; single berry weight was estimated by weighting 50 berries samples per vine and then dividing 

it by 50. 
cDisease incidence %= rotten clusters/total clusters*100 per vine. 
dSignificance is set at 0.05 level, p>F. Comparison of means among treatments was made using Tukey-Kramer HSD or Student’s t-test. Means not sharing the 

same letter within a column are significantly different (𝛼 ≤ 0.05). Interactions between treatments are shown only if significant. 
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Table 15. Effect of leaf thinning and hedging treatments on soluble solids concentration (Brix), pH, titratable acidity (TA) and 

anthocyanins content of Cabernet Sauvignon (AREC) at harvest in 2017 and 2018b. 

 2017 2018 

Treatmenta Brix pH T.A. (g/L) 
Anthocyanins 

(mg/g) 
Brix pH T.A. (g/L) 

L 22.1 3.3 8.7 a 1.02 b 17.6 3.4 6.7 a 

LR 22.2 3.3 8.0 b 1.16 a 17.8 3.4 5.7 b 

Significanced ns ns p<0.0001 p=0.0183 ns ns p<0.0001 

H 21.9 b 3.3 a 8.5 0.99 b 17.6 3.4 6.2 

NH 22.4 a 3.2 b 8.2 1.18 a 17.7 3.4 6.3 

Significance p=0.0111 p=0.0352 ns p=0.0019 ns ns ns 

101-14 22.2 3.3 8.2 b 1.12 17.6 3.4 6.3 

RIP 22.1 3.3 8.6 a 1.05 17.7 3.4 6.2 

Significance ns ns p=0.0228 ns ns ns ns 

aL=no leaf removal; LR=leaf removal; H=hedging; NH=not hedged; 101-14= 101-14 rootstock and RIP= Vitis riparia rootstock 
bAnalysis was performed on 50 berries per vine.  
cSignificance is set at 0.05 level, p>F. Comparison of means among treatments was made using Tukey-Kramer HSD or Student’s t-test. Means not 

sharing the same letter within a column are significantly different (𝛼 ≤ 0.05). Interactions between treatments are shown only if significant. 
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Table 16. Effect of leaf thinning and hedging treatments on free, bound and total ß-damascenone concentration (µg/L) at veraison, 

post-veraison and harvest in 2017 in Cabernet Sauvignon (AREC). 

 Veraison Post-veraison Harvest 

Treatmenta Freeb Boundb  Totalb Free Bound  Total Free Bound  Total 

L 77.89 94.64 b 171.10 53.17b 80.36 133.31 48.25 90.64 139.55 

LR 70.91 152.22 a 210.80 77.74 a 65.66 131.79 51.50 83.79 139.77 

Significancec ns p=0.0289 ns p=0.0009 ns ns ns ns ns 

H 86.87 a 88.62 b 160.41 b 72.15 65.63 132.02 65.48 a 38.73 b 106.36 b 

NH 61.92 b 158.24 a 221.50 a 58.76 80.40 133.08 34.54 b 135.70 a 169.96 a 

Significance p=0.0046 p=0.0091 p=0.0115 ns ns  ns p<0.0001 p<0.0001 p<0.0001 

101-14 66.46 113.00 171.88 60.27 75.63 125.31 46.62 80.07 127.35  

Riparia 82.33 133.85 210.03 70.64 70.40 139.79 53.12 94.37 148.98 

Significance ns ns ns ns ns ns ns  ns ns 

Interaction ns ns ns ns ns ns ns p=0.0182 p=0.0120 

LR-NH        146.91 a 183.31 a 

LR-H        20.68 b 90.25 b 

L-NH        124.50 a 156.61 a 

L-H        56.78 b 122.48 b 

aL=no leaf removal; LR=leaf removal; H=hedged; NH=not hedged; 101-14=101-14 rootstock and Riparia=Riparia roostock 
bFree, bound and total refer to the free-, bound- and total fraction of ß-damascenone;  
cSignificance p>F; ns=not significant at 0.05 level. Comparison of means among treatments made using Tukey-Kramer HSD test. Means not sharing the same 

letter within a column are not significantly different (𝛼 ≤0.05).  
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Table 17. Effect of treatments on free, bound and total 1,1,6-trimethyl-1,2-dihydronaphtalene (TDN) concentration (µg/L) at veraison, 

post-veraison and harvest in 2017 in Cabernet Sauvignon (AREC). 

 Veraison Post-veraison Harvest 

Treatmenta 
Freeb 

TDN 

Bound 

TDN 

Total 

TDNb 

Free 

TDN 

Bound 

TDN 

Total 

TDN 

Free 

TDN 

Bound 

TDN 

Total 

TDN 

L 0.53 b 0.74 b 1.31 b 0.25 b 1.57 1.81 b 0.11 b 1.49 b 1.61 b 

LR 0.87 a 1.40 a 2.02 a 0.43 a 2.23 2.70 a 0.22 a 2.15 a 2.37 a 

Significancec p=0.0022 p=0.0136 p=0.0133 p<0.0001 ns p=0.0123 p<0.0001 p<0.0001 p<0.0001 

H 0.81 a 1.05 1.67  0.38 1.49 b 1.87 b 0.23 a 1.20 b 1.44 b 

NH 0.59 b 1.09 1.66 0.29 2.20 a  2.64 a 0.10 b 2.44 a 2.53 a 

Significance p=0.0329 ns ns ns p=0.0196 p=0.0297 p<0.0001 p<0.0001 p<0.0001 

101-14 0.63 0.93 1.48 0.32 1.64 1.96 0.15 b 1.73 1.88 

RIP 0.77 1.21 1.85 0.54 1.64 2.04 0.18 a 1.92  2.09 

Significance ns ns ns ns ns ns p=0.0416 ns ns 

Interaction ns ns ns ns p=0.0499 p=0.0275 ns p<0.0001 p<0.0001 

LR-NH     2.96 a 3.47 a  3.40 a 3.56 a 

LR-H     1.49 b 1.93 b  0.90 c 1.19 c 

L-NH     1.64 b 1.80 b  1.46 b 1.51 b 

L-H     1.50 b 1.81 b  1.70 b  1.70 b  

aL=no leaf removal; LR=leaf removal; H=hedged; NH=not hedged; 101-14=101-14 rootstock and Riparia=Riparia roostock 
bFree, bound and total refer to the free-, bound- and total fraction of TDN. 
cSignificance p>F; ns=not significant at 0.05 level. Comparison of means among treatments made using Tukey-Kramer HSD test. Means not sharing the same 

letter within a column are significantly different (𝛼 ≤0.05). 
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Supplemental tables 

 

Table S 1. Summary of free, bound and total ß-damascenone responses relative to control in leaf thinning treatments at harvest in 2017 

in Cabernet Sauvignon and Chardonnay (Project 1, 2 and 3)a. 

 ß-damascenone  

Cabernet Sauvignon 

(project 1) 

ß-damascenone  

Chardonnay 

ß-damascenone  

Cabernet Sauvignon 

(project 3)c 

Treatmentb Free Bound Total Free Bound Total Free Bound Total 

PB ↓ - - - ↓ ↓ nac na na 

PF3 - - - ↑ - - - - - 

PF6 ↑ - - ↑ ↓ ↓ na na na 

aarrows indicate significantly greater (↑) or lower (↓) concentration than control; hyphen indicates no significant difference compared to control. 
Significance p>F; ns=not significant at 0.05 level. Comparison of means among treatments made using Tukey-Kramer HSD test. 
bPB=pre bloom leaf thinning; PF3= removal of three leaves post fruit set; PF6= removal of six leaves post fruit set. 
cin project 3 leaf removal (LR) treatment corresponded to PF3 in project 1 and 2; na=data not available (treatment not part of project 3); 
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Table S 2. Summary of free, bound and total 1,1,6-trimethyl-1,2-dihydronaphtalene (TDN) responses relative to control in leaf 

thinning treatments at harvest in 2017 in Cabernet Sauvignon and Chardonnay (Project 1, 2 and 3)a. 

 

 TDN – Cabernet Sauvignon 

(project 1) 
TDN - Chardonnay 

TDN – Cabernet Sauvignon 

(project 3)c 

Treatmentb Free Bound Total Free Bound Total Free Bound Total 

PB - ↑ ↑ - - - nac na na 

PF3 ↑ ↑ ↑ ↑ - - ↑ ↑ ↑ 

PF6 ↑ - - ↑ - - na na na 

aarrows indicate significantly greater (↑) or lower (↓) concentration than control; hyphen indicates no significant difference compared to control. 
Significance p>F; ns=not significant at 0.05 level. Comparison of means among treatments made using Tukey-Kramer HSD test. 
bPB=pre bloom leaf thinning; PF3= removal of three leaves post fruit set; PF6= removal of six leaves post fruit set. 
cin project 3 leaf removal (LR) treatment corresponded to PF3 in project 1 and 2; na=data not available (treatment not part of project 3); 
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Table S 3. Summary of free, bound and total ß-damascenone responses in leaf thinning treatments relative to control at veraison, post 

veraison and harvest in 2017 in Cabernet Sauvignon (project 1)a. 

Treatmentb 

Free Bound Total 

Veraison 
Post-

veraison 
Harvest Veraison 

Post-

veraison 
Harvest Veraison 

Post-

veraison 
Harvest 

PB - ↓ ↓ - ↑ - - - - 

PF3 - - - - ↓ - - ↓ - 

PF6 ↓ - ↑ - ↓ - - ↓ - 

aarrows indicate significantly greater (↑) or lower (↓) concentration than control; hyphen indicates no significant difference compared to control. 
Significance p>F; ns=not significant at 0.05 level. Comparison of means among treatments made using Tukey-Kramer HSD test. 
bPB=pre bloom leaf thinning; PF3= removal of three leaves post fruit set; PF6= removal of six leaves post fruit set. 
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Table S 4. Summary of free, bound and total 1,1,6-trimethyl-1,2-dihydronaphtalene (TDN) responses in leaf thinning treatments 

relative to control at veraison, post veraison and harvest in 2017 in Cabernet Sauvignon (project 1)a. 

Treatmentb 

Free Bound Total 

Post-veraison Harvest Post-veraison Harvest Post-veraison Harvest 

PB - - - ↑ - ↑ 

PF3 - ↑ ↓ ↑ ↓ ↑ 

PF6 ↑ ↑ ↓ - ↓ - 

aarrows indicate significantly greater (↑) or lower (↓) concentration than control; hyphen indicates no significant difference compared to control. 
Significance p>F; ns=not significant at 0.05 level. Comparison of means among treatments made using Tukey-Kramer HSD test. 
bPB=pre bloom leaf thinning; PF3= removal of three leaves post fruit set; PF6= removal of six leaves post fruit set. 
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Table S 5. Summary of free, bound and total 1,1,6-trimethyl-1,2-dihydronaphtalene (TDN) responses  

in leaf thinning treatments relative to control at harvest in 2017 in Cabernet Sauvignon (project 1)a. 

 ß-damascenone TDN 

Treatmentb Free Bound Total Free Bound Total 

PB - ↓ ↓ - - - 

PF3 ↑ - - ↑ - - 

PF6 ↑ ↓ ↓ ↑ - - 

aarrows indicate significantly greater (↑) or lower (↓) concentration than control; hyphen indicates no significant difference compared to control. Significance 

p>F; ns=not significant at 0.05 level. Comparison of means among treatments made using Tukey-Kramer HSD test. 
bPB=pre bloom leaf thinning; PF3= removal of three leaves post fruit set; PF6= removal of six leaves post fruit set. 
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Figure 1. Change in the levels of carotenoids and C13-norisoprenoid glycoconjugates from veraison to harvest, of Muscat berries 

(Baumes et al. 2002)  
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Figure 2. Xanthophylls cycle. Pointing-downward arrows indicate conversion of xanthophylls in low light conditions, and pointing-

upward arrow indicate the conversion of xanthophylls in high light conditions (Young et al. 2016). 
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Figure 1. Average monthly rainfall from 1 Apr. to 30 Sept. 2017 and 2018  

in Winchester, Virginia.  

 

Data were recorded at the Winchester (Virginia Tech, Alson H. Smith Jr. AREC) weather station.  
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Figure 2. Evolution of ß-damascenone concentration from veraison to harvest in Cabernet Sauvignon (Sherman Ridge) among leaf 

thinning treatments in 2017  

  

  

Control= no leaf thinning; PB=pre-bloom leaf thinning; PF3= post fruit-set 3 leaves removed; PF6 = post fruit-set 6 leaves removed.   

Markers per date represent mean values. 

Significance at 0.05 level, p>F. Comparison of means between dates was done using Tukey-Kramer HSD test. Means sharing a common letter are not 

significantly different (𝛼 ≤ 0.05). If non-significant, no letters are shown. 
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Figure 3.Evolution of trimethyl-1,2-dihydronaphthalene (TDN) concentration from post-veraison to harvest in Cabernet Sauvignon 

(Sherman Ridge) among leaf thinning treatments in 2017.  

  

  

Control=no leaf thinning; PB=pre-bloom leaf thinning; PF3= post fruit-set 3 leaves removed; PF6 = post fruit-set 6 leaves removed.   

Significance at 0.05 level, p>F. Comparison of means between dates was done using Tukey-Kramer HSD test. Means sharing a common letter are not 

significantly different (𝛼 ≤ 0.05). If non-significant, no letters are shown. 
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Figure 4.Evolution of ß-damascenone concentration in Cabernet Sauvignon (AREC) among leaf thinning and hedging treatments from 

veraison to harvest in 2017.  

  

  

H=hedging; NH= not hedged; L=no leaf removal; LR= leaf removal. 

Significance at 0.05 level, p>F. Comparison of means between dates was done using Tukey-Kramer HSD test. 
Means sharing a common letter are not significantly different (𝛼 ≤ 0.05). If non-significant, no letters are shown.   
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Figure 5. Evolution of trimethyl-1,2-dihydronaphthalene (TDN) concentration from veraison to harvest in Cabernet Sauvignon 

(AREC) among leaf thinning and hedging treatments in 2017. 

  

  

H=hedging; NH= not hedged; L=no leaf removal; LR= leaf removal. 

Significance at 0.05 level, p>F. Comparison of means between dates was done using Tukey-Kramer HSD test. Means sharing a common letter are not 

significantly different (𝛼 ≤ 0.05). If non-significant, no letters are shown.
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