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ABSTRACT  

Grape quality and its nutrient composition vary depending on agronomical 

management practices (fertilization, irrigation, weed and pest control), and 

agrochemicals treatments (such as, kaolin, hormones and sucrose), viticultural (grape 

cultivars and varieties, training, pruning, cluster thinning, and trunk girdling), and 

biotechnological techniques, as well as growth stage and environmental changes (soil, 

climate, and season). Understanding the mentioned agro-biotechnological techniques 

assist grape growers and geneticists in breeding grapevines to improve yield, 

tolerance, quality, and nutraceutical values based on their usage purposes. Thus, this 

review article focuses on the up-to-date approaches and incentivizes further studies on 

the unknown mechanisms related to engineering grape flavonoid/phenylpropanoid 

biosynthetic pathways to improve its health promoting effects in both grape and human. 

The engineering/breeding strategies and viticultural practices have been proposed 

based on the grape usage purposes and environmental conditions.  
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Introduction 

Grapevine is a commercially valuable plant, which can be used as a rich source of 

nutrient in multiple industries (Xu et al. 2017; Chitarrini et al. 2017). Plant phenolic 

compounds possess a number of bioactive functions, such as, protective effects against 

cardiovascular and hepatic diseases, anticancer, anti-inflammatory, antioxidant, antimicrobial 

and antiviral activities, organoleptic properties, color and protection against environmental 

challenges, and their synthesis and distribution can be affected by climate, soil, agronomic 

management practices, and seasonal conditions (He et al. 2010; Han et al. 2017; Basile et al. 

2018). The phenylpropanoids represent a major group of plant secondary metabolites 

associated with a wide range of biological functions. It mainly includes flavonoids, 

monolignols, phenolic acids, stilbenes, and coumarins (Deng and Lu 2017). The flavonoids 

including, flavanols (catechins and proanthocyanidins (PAs)), anthocyanidins, anthocyanins, 

chalcones, flavones, flavonols, flavanones, flavanonols, bioflavonoids, isoflavones, and other 

important phenolic compounds, such as tannins, stilbenes, curcuminoids, coumarins, lignans, 

quinones are widespread in plant kingdom and play critical roles in plant and human health 

(Cai et al. 2004; Petridis et al. 2016). Grapevine (Vitis vinifera) flavonoids are largely 

consisted of flavonols, anthocyanins and flavan-3-ols (monomers, oligomers and polymers), 

among which PAs, that is, oligomer and polymer flavan-3-ols, are the dominant flavonoids in 

berries (Gou et al. 2011). In plants, anthocyanins attract pollinators and seed dispersers, 

protect plants against multiple stresses (e.g., drought, high salinity, high light irradiation, cold 

and oxidative stress) and prolong life span (Chen et al. 2013; Kovinich et al. 2015; Yan et al. 

2016). Anthocyanins possess multifaceted beneficial effects on human health, including 
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antioxidant, anti‐inflammatory, anticarcinogenic (protective roles against certain cancer 

types), cardioprotective (Pojer et al. 2013), and antiaging properties (Liu et al. 2011), 

protective roles against cognitive function disorders (Pojer et al. 2013), light- and H2O2-

induced damage in retina (Liu et al. 2011; Huang et al. 2018), and protective roles and 

control of metabolic syndromes or disfunctions (i.e., obesity and diabetes by modulating 

mitochondrial pathways related to glucose and lipid metabolism for the systematic regulation 

of energy balance) (Skates et al. 2018). Modification of grapevines metabolites, particularly 

flavonoids, through genetically engineering or conventional breeding programs and 

manipulation of their biosynthetic pathways have the potential to improve grape yield, 

tolerance/resistance (to biotic and abiotic stresses), quality (e.g., color, size), nutraceutical 

values (nutrition, antimicrobial, and antioxidant properties), and marketability (Xu et al. 

2017; Chitarrini et al. 2017). To achieve these goals, this review article discusses the critical 

regulatory aspects of flavonols, anthocyanins and PAs and agro-biotechnological approaches 

to assist grape breeders and growers improve grape quality, yield, nutraceutical values, and 

stress tolerance, the latter with particular emphasize on cold and heat tolerance.    

 

The roles of agrochemicals and biotechnological approaches in improving fruit 

quality and grapevine flavnoids, mainly anthocyanins, flavonols, and proanthocyanidins 

Agrochemicals and biotechnological approaches differentially affect expression of 

genes encoding different types of anthocyanins, including glucosilated (i.e., monoglucosides 

and diglucosides), hydroxylated (e.g., di- and tri-hydroxylated), acetylated, and coumaroylated 

derivates (Olivares et al. 2017). Abscisic acid (ABA) induces gene expression by activating 

ABA-responsive cis-acting elements (ABRE; core-sequence: ACGTGG/TG) and a coupling 

element (CE; core-sequence: CACC), in addition to one or more ABRE-like and also CE-like 

sequences in their promoter regions. Sucrose, which can also be stimulated by cluster thinning 
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(CT), induces gene expression by activating sucrose responsive elements (SURE) and W box 

elements in their promoter regions (Pastore et al. 2011; Olivares et al. 2017). Accumulation 

of anthocyanin pigments in red grape varieties starts from véraison and reaches its peak at the 

terminal stages of fruit maturation when its synthesis halts (Figure 1) (Basile et al. 2018). 

Accordingly, in grapevine, the regulatory roles of environmental cues and agrochemicals on 

gene expression and, thereby, flavonoid biosynthetic pathways greatly vary depending on the 

plant genotype-environment interactions, particularly growth season. Olivares et al.’s (2017) 

study demonstrated that under anthocyanin inductive conditions (AICs) ABA and/or sucrose 

application has the potential to improve grape ripeness and quality attributes without exerting 

negative effects on firmness, TSS, and TA as occurs by applying ethephon. Application of 

sugar and/or ABA at early stages of véraison accelerates grape ripening, promotes moderate 

softening and color development by anthocyanin accumulation and chlorophyll metabolism 

(Olivares et al. 2017). A review of the pertinent literature indicates that the skin color of 

ABA-treated grapes are more attractive than untreated ones and have the higher potential to 

increase ripeness and the percentage of harvestable fruit at a certain time period (Olivares et 

al. 2017). Joint application of ABA and sucrose upregulates the expression of VvPAL (V. 

vinifera phenylalanine ammonia-lyase), VvCHS (V. vinifera chalcone synthase) and VvCHI 

(V. vinifera chalcone isomerase) genes as well as VvMYBA1 (V. vinifera myeloblastosis 

anthocyanin1) and VvUFGT (V. vinifera uridine diphosphate glucose (UDP)-flavonoid 3-O-

glucosyltransferasegenes) at 26 days after véraison more than control treatments (Olivares et 

al. 2017). In V. vinifera ‘Crimson Seedless’ grape, 400 mg L-1 ABA + sucrose at véraison 

had stronger effect on improving grape quality attributes than 400 g L-1 ABA, activating a 

wider range of genes and, thereby, pigments. Tri-hydroxylated anthocyanins (malvidin, 

delphinidin, and petunidin) were increased by ABA not sucrose (Olivares et al. 2017). In V. 

vinifera L. ‘Rubi’ grape, two-step application of 400 mg L-1 ABA at Véraison + 200 mg L-1 



5 
 

ABA at 25 days after the first application was more effective in inducing the accumulation of 

anthocyanins and total carotenoids and total phenolic compounds (Neto et al. 2017). 

Benzothiadiazole (BTH), jasmonic acid (JA), methyl jasmonate (MeJA), salicylic acid (SA), 

and chitosan can also improve grape phenolic compounds as well as responses to both biotic 

and abiotic stresses. Because the agrochemicals’ effects vary depending on their crosstalk, 

combinations, concentrations, growth stage, applied tissue (leaves or berries), environmental 

conditions and grape species, all these factors in addition to cultivation purpose in specific 

grape species should be taken into accounts for viticultural management in large scales (Ruiz-

Garcia et al. 2013; Prakongkha et al. 2013; Champa et al. 2015). In V. vinifra ‘Flame 

Seedless’, application of 1.5 mM SA at pea stage and at véraison promoted berry maturation, 

color, size, weight, yield, and produced less compact bunches during growth stage, reduced 

pectin methyl esterase activity, electrolyte leakage, and weight loss and promoted TSS, TA, 

color, phenols, organoleptic properties, firmness and shelf life during storage, while reducing 

rachis browning and decay incidence (Champa et al. 2015). Chitosan and BTH are also 

capable of inducing SA to activate defense responses against biotic stresses in grapevine 

(Prakongkha et al. 2013). Ruiz-García et al. (2013) reported that joint application of BTH and 

MeJA at véraison and 3 and 6 days after the first application improved V. vinifera 

‘Monastrell’ anthocyanin and flavonol contents and its wine, while ABA was less effective in 

improving its wine chromatic characteristics.  

At the onset of véraison, the elevated ethylene (ETH) in grape berries (V. vinifera L.) 

upregulates TRYPTOPHAN AMINOTRANSFERASE OF 

ARABIDOPSIS1/TRYPTOPHAN AMINOTRANSFERASE RELATED (TAA1/TAR) 

proteins. TAA1/TAR converts tryptophan to indole-3-pyruvate which is, then, converted to 

indole 3-acetic acid (IAA) by the YUCCA (YUC) family of flavin-containing 

monooxygenases, inducing the biosynthesis of free indole 3-acetic acid (IAA). 
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Synergistically, the elevated ETH, ABA, and sucrose at véraison induce the expression of 

Gretchen Hagen 3-1 (GH3-1) to conjugate IAA to aspartic acid (IAA-Asp) and participate in 

AUX homeostasis by releasing a low level of free IAA, thereby, promoting anthocyanin 

biosynthesis and ripening (Böttcher et al. 2010; Böttcher et al. 2013). In a dose dependent 

manner, application of indole 3-acetic acid (IAA), naphthaleneacetic acid (NAA) and 2,4-

dichlorophenoxyacetic acid (2,4-D) inhibit or promote anthocyanin biosynthesis by 

differentially targeting anthocyanin biosynthetic pathways (Liu, Shi, and Xie 2014) and, thus, 

like the ETH inhibitors (e.g., aminoethoxyvinylglycine) (Böttcher et al. 2013) have the 

potential to improve the quality of red and white wine grapes by inhibiting or promoting 

anthocyanin production. However, because the influence of ETH and ETH inhibitors on 

AUX homeostasis vary depending on the concentration and crosstalk with ABA and sucrose 

(Böttcher et al. 2013; Liu, Shi, and Xie 2014), their influence on grape and wine quality 

attributes require more investigations. In a pioneer effort, Dinis and coworkers’ (2018) study 

on Mediterranean grapevines showed that foliar exogenous application of kaolin promoted 

stomatal conductance, water use efficiency, net CO2 assimilation, photosynthesis, and 

hormone homeostasis by slightly reducing ABA and increasing IAA levels, thereby, 

enhancing summer stress tolerance (Dinis et al. 2018). In this regard, studies on the influence 

of kaolin on other hormones and chemical composition, and regulation of TFs and genes in 

different grape genotypes under different environmental and viticultural conditions provides 

valuable information for improving grapevine quality and yield in the future. Overall, 

understanding the effects of separate and joint application of BTH, MeJA, ETH, AUX, 

chitosan, SA, ABA, and/or sucrose as well as manipulation of their signalling and metabolic 

pathways on both grape and wine quality require more investigations.   

Plant metabolic engineering by manipulation of biosynthetic pathways through 

modification of transcriptional regulators, small RNAs (sRNAs) and, thereby, gene regulation 
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is an effective strategy to improve plant secondary metabolites and phytochemicals involved 

in regulating plant growth, development, tolerance, fruit quality, pigmentation and nutritional 

values (Gou et al. 2011; Zhang et al. 2018). Hence, the regulatory roles of TFs and genes on 

grapevine chemical composition (Table 1, Figures 1 and 2), fruit quality and tolerance (Table 

1) is discussed. Grape internal signalling and environmental cues induce the activities of 

MYB-bHLH-WD40 [Repeat2Repeat3 (R2R3) myeloblastosis- basic helix-loop-helix-WD40 

termed as MBW] TF complexes (Lai et al. 2016; Petridis et al. 2016) as the key regulator of 

flavonoid biosynthetic genes, such as glutathione S-transferases (GSTs) (Xu et al. 2018) and 

CHS, determining the chemical composition of berries (Harris et al. 2013). R2R3-MYB 

proteins involved in the transcriptional regulation of anthocyanins are PRODUCTION OF 

ANTHOCYANIN PIGMENTS1 (PAP1)/MYB DOMAIN PROTEIN 75 (MYB75), 

PAP2/MYB90, MYB113, MYB114, and MYB-like Domain (MYBD) TFs, whereas, the 

bHLH proteins are GLABROUS3 (GL3), ENHANCER OF GLABRA3 (EGL3), and 

anthocyanin transporter proteins, such as, TRANSPARENT TESTA8 (TT8) in Arabidopsis 

(Gou et al. 2011; Petridis et al. 2016; Wang et al. 2016). Antagonistically, MYB-LIKE 2 

(MYBL2), an R3-MYB–related protein, LATERAL ORGAN BOUNDARY DOMAIN 

(LBD), viz. LBD37, LBD38, and LBD39, and SQUAMOSA PROMOTER BINDING 

PROTEIN-LIKE9 (SPL9) act as the negative regulators of anthocyanin biosynthesis in 

Arabidopsis (Gou et al. 2011; Petridis et al. 2016). Glutathione S-transferases (GSTs) (e.g., 

Transparent Testa 19 (TT19) and TT19-4 in Arabidopsis, anthocyanin9 (AN9) in petunia, 

flavonoid3 (Fl3) in carnation, and V. vinifera GSTs) function as the anthocyanin carriers to 

sequester and increase water solubility of cyanidin (Cya) and cyanidin-3-O-glycoside (C3G) 

synthesized in the cytosolic surface of the endoplasmic reticulum (ER) and, then, transport 

them into the tonoplast and vacuole. Though the GSTs functions as anthocyanin carrier have 

been corroborated, its influence on anthocyanin sequestration have remained controversial 
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(Li et al. 2011; Sun, Li, and Huang 2012). VvWRKY26 (Amato et al. 2016), TT19 and TT19-

4 enzymes have the potential to transport anthocyanins in aerial tissues and PAs in seed coat 

(Li et al. 2011). The Arabidopsis Transporter TT12 acts as a flavonoid/H+-antiporter on 

tonoplast to transport flavan-3-ols, PAs and C3G, with the latter in the presence of MgATP, 

to vacuoles of the seed coat, energized by the proton gradient established by AHA10 (P-type 

H+-ATPase) localized in tonoplast (Marinova et al. 2007). In grapevine, anthoMATE1 (AM1) 

and AM3 transporters are involved in vacuolar H(+)-dependent acylated anthocyanin 

transportation in the presence of MgATP, but not malvidin 3-O-glucoside or cyanidin 3-O-

glucoside forms (Gomez et al. 2009). Likewise, VvWRKY26 expression regulates ATPase 

pump activity on the tonoplast and, thereby, promotes vascular acidification, facilitating 

anthocyanin and PAs accumulation as well as berry development (Amato et al. 2016). In 

addition to the regulation of TFs involved in flavonoid biosynthesis, regulation of flavonoids 

transporters has the potential to alter their biosynthetic pathways and, thereby, their types and 

contents (Sun, Li, and Huang 2012). Transport of anthocyanins from cytoplasm to vacuole 

prevents their oxidation and polymerization and, thereby, prevents their color change from 

bright (purple-red) to brown (brick-red) and, thereby, increases the quality of wine grapes 

(Mueller et al. 2000). In Arabidopsis, sucrose-treated tt19-7 null mutant barely accumulate 

anthocyanins, but produces a higher level of flavonol than the wild-type (WT) as the result of 

upregulating flavonol synthase (FLS) genes, in ethyl methanesulfonate mutagenized seeds. 

Since TT19 has no activity of glutathionation towards Cya and C3G in vitro (with a stronger 

affinity to Cya) (Sun, Li, and Huang 2012), it can be hypothesized that additional 

transporters, such as, AN9-like type-I GST, might assist TT19 to transport anthocyanins from 

cytoplasm to vacuole. After anthocyanin glycosylation, acylation, malonylation or 

methylation, these transporters bind and sequester anthocyanin substrates. Anthocyanin 

carriers like AN9 bind to flavonoid substrate 1-chloro-2,4-dinitrobenzene (CDNB) with GSH, 
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which can be catalyzed by AN9-encoded GSTs, to prevent flavonoid oxidation and form 

dinitro-phenolglutathione (DNP-GS) and, thereby, facilitates flavonoid transport to vacuole 

(Mueller et al. 2000; Li et al. 2011) (Sun, Li, and Huang 2012; Amato et al. 2016). Following 

the GSTs activity, transporters of the ABC (ATP-binding cassette) and MATE (multidrug 

and toxin extrusion; also named anthoMATE) families assist GSTs to transfer anthocyanin 

molecules into the vacuolar lumen or respectively into ER lumen, vesicles and/or membrane-

bound organelles and then the vacuole lumen through the autophagy (macro or micro)-related 

machinery (Chanoca and Kovinich 2015). In grapevine, ABC protein, ABCC1 (responsible 

for transferring anthocyanidin 3-O-glucosides and preferentially malvidin 3-O-glucoside) and 

vesicle-mediated anthoMATE transporters (responsible for transferring malonylated 

anthocyanins and to a lesser extent glycosylated anthocyanidins) are involved in different 

anthocyanin transport mechanisms depending on GSTs activities. However, the role of 

ABCC1 in PA transportation has not been corroborated (Gomez et al. 2011; Francisco et al. 

2013). Thus, it can be hypothesized that the coexpression activities of grapevine 

VvWRKY26, AN9-like type-I GST, VvGSTs, ABCC1 and anthoMATE transporters and 

likely Arabidopsis TT19, TT12 and petunia AN9 might benefit color and nutraceutical values 

of grapes by accumulating anthocyanins, particularly acylated anthocyanins by anthocyanidin 

3-O-glucosides transportation and/or PAs more than overexpression of a single gene, which 

require further studies (Mueller et al. 2000; Marinova et al. 2007; Pourcel et al. 2010; Li et al. 

2011; Sun, Li, and Huang 2012; Chanoca and Kovinich 2015; Amato et al. 2016). Therefore, 

coexpression of these anthocyanin transporters might cooperatively exert stronger effect than 

a single transporter to improve anthocyanin accumulation, particularly under AICs. Their 

downregulation to stimulate other flavonoid biosynthetic pathway may also have a high 

potential for engineering grapevines by, for example, shifting anthocyanins to flavonols and 

scopolin to induce cold acclimation. 
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Inside the vacuolar lumen, anthocyanins are found either in a uniformly distributed, 

soluble form or in a intravacuolar bodies called anthocyanoplasts or anthocyanin vacuolar 

inclusions (AVIs). In Arabidopsis, formation of AVIs, which is a rich source of acylated 

anthocyanins, is promoted by both an increase in C3G (which is usually absent in 

Arabidopsis under normal condition and can be stimulated by naringenin) and its derivatives 

and by depletion of the TT19-encoded GST. As a strategy to stimulate AVIs accumulation, 5-

O-glucosyltransferase (5gt) mutation in Arabidopsis, a common attribute in non-hybrid V. 

vinifera, prevents accumulation of glycosylate anthocyanidins at the 5-O position and 

enhances AVIs formation in almost every epidermal cell of the cotyledons, particularly under 

AICs, such as vanadate treatment, whereas Arabidopsis WT plants accumulate AVIs in a 

small fraction of the cells (Janvary et al. 2009; Pourcel et al. 2010; Chanoca and Kovinich 

2015). However, the AVIs in 5gt mutants are incapable of producing sufficient anthocyanins 

in Arabidopsis (Pourcel et al. 2010), and more importantly anthocyanin diglucosides in 

grapevines suitable for color stabilization in red wines. The restoration of the C-terminus and 

the site specific of V121L would assist in regaining 5GT catalytic activity, and perhaps 

enhances wine quality (Janvary et al. 2009). Additionally, ATG genes (sterol 3-beta-

glucosyltransferase; autophagy-related protein 26) required for autophagy induction (He et al. 

2017), and application of naringenin as well as vanadate (Pourcel et al. 2010) have the 

potential to increase the number of AVIs. Naringenin increases anthocyanins diversity and 

C3G and, thereby, AVIs in WT and tt5 (Transparent Testa 5 also known as chalcone-

flavonone isomerase 1 or CHI1) seedlings. Vanadate reduces C3G content with only an 

increase in a specific peak in specific atg mutants, but increases AVIs in WT or naringenin-

complemented tt5 seedlings independent of anthocyanin contents, suggesting its involvement 

in anthocyanin autophagy, the mechanism of which remains elusive (Pourcel et al. 2010). 

Since AVIs are a rich source of acylated anthocyanins, the above-mentioned strategies for 
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increasing the number of AVIs and its anthocyanins contents together have the potential to 

increase nutraceutical and therapeutic values of grapevines and quality of wine grapes.  

The regulatory roles of TFs and genes in grapevine is discussed in Table 1. In short, 

VvMYBA1 and VvMYBA2 regulate anthocyanins in red grapes. VvMYBPA1 and 

VvMYBPA2 regulate PA synthesis. Depending on the VvMYB5a&b interactions with 

VvMYBA1&2 and/or VvMYBPA1&2, VvMYB5a&b regulate flavonoids, particularly PAs. 

V. vinifera myeloblastosis flavonol1 (VvMYBF1), V. vinifera flavonol synthase 

(VvFLS)1,4&5, VvCHI, VvMYB12, V. vinifera myelocytomatosis anthocyanin1 

(VvMYCA1), V. vinifera WD-repeat proteins (VvWDRs), V. vinifera UV-B resistance8 

(VvUVR8), V. vinifera elongated hypocotyl5 (VvHY5), V. vinifera constitutive 

photomorphogenic1 (VvCOP1), V. vinifera mitogen-activated protein kinase3 (VvMAPK3) 

and VvCHS regulate flavonols pathways (Deluc et al. 2008; Hichri et al. 2010; Czemmel et 

al. 2009; Liu et al. 2014). In V. vinifera, transcription of VvMYC1 gene (from bHLH family) 

during berry development regulates the synthesis of anthocyanins by VvMYC1-VvMYBA1 

interaction and/or PAs by VvMYC1-VvMYBPA1 interaction (Hichri et al. 2010). Hence, the 

interactions between TFs should be taken into account under different growth stages and 

environmental conditions for the correct interpretation of their regulatory roles with respect to 

different grape genotypes. 

In Arabidopsis, increased miR156 activity downregulates SPL9 and, thereby, 

promotes anthocyanin biosynthesis, whereas reduced miR156 activity by plant aging 

increases the levels of flavonols (conversion of dihydrokaempferol to kaempferol) due to the 

increased SPL activity and, thereby, upregulation of FLS genes (Gou et al. 2011). A recent 

study on Sea buckthorn showed that the biosynthesis of ascorbic acid, carotenoids and 

flavonoids is regulated by the interaction between specific long non-coding RNAs with micro 

RNAs and messenger RNA (miRNA-lncRNA-mRNA). LNC1 (lncRNA TCONS_00694050) 
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expression increased anthocyanin biosynthesis by downregulating SPL9, acting like 

miR156a. In contrast, LNC2 (lncRNA TCONS_00438839) expression reduced anthocyanin 

biosynthesis by downregulating MYB114, acting like miR828a (Zhang et al. 2018). Like 

LNC2 and miR828a, small interfering RNA TAS4-siRNA81(-) reduces anthocyanin 

biosynthesis by targeting PAP1 (production of anthocyanin pigment 1), PAP2, and MYB113 

in Arabidopsis (Luo et al. 2012). It can be hypothesized that LNC1-miRNA156 interaction 

downregulates SPL9, which, in turn, upregulates anthocyanin biosynthetic genes, such as, 

flavonoid 3' hydroxylase (F3'H), dihydroflavonol 4-reductase (DFR), etc.  (Gou et al. 2011; 

Zhang et al. 2018). The roles of sRNAs on other negative regulators of anthocyanins remain 

to be investigated. The specific set of flavonoid biosynthetic genes that undergo regulation 

processes by lncRNA-miRNA (e.g., LNC1-miRNA156 and LNC2-miR828a) interactions 

remain to be demonstrated.  

The roles of VvMYBC2-L1,2&3 (R2R3 Myb transcription factor C2 repressor motif 

protein) in regulating anthocyanins and PAs are discussed in Table 1. In V. vinifera ‘Syrah’, 

also known as ‘Shiraz’, expression quantitative trait locus (eQTL) mapping has been 

performed to identify regulatory loci linked with the expression of PA biosynthetic genes 

and, thereby, polygenic regulatory mechanism for PA biosynthesis. While VvMYB4a and 

VvMYB4b negatively regulate synthesis of small weight phenolic compounds, VvMYBC2-

L1,2&3 balance the induction of flavonoid biosynthetic genes (Huang et al. 2014; Cavallini 

et al. 2015). The increase in VvMYBC2-L1 expression at the lag phase (end of green stage at 

35 d after anthesis) and after berry maturation correlated with reduction in PA (by 

downregulating VvMYBPA1, VvMYBPA2, VvDFR, VvLDOX, VvLAR1 and VvANR) and 

phenylpropanoid (by downregulating Vv4-CL1 and VvC4H1) synthesis (Huang et al. 2014). 

Since the metabolic flux from Cya to either anthocyanins or PAs is reciprocally regulated by 

expression of UDP-glucosyl transferase 78D2 (UGT78D2), V. vinifera anthocyanidin 
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reductase (VvANR), V. vinifera leucoanthocyanidin dioxygenase (VvLDOX) and AHA10 

(Marinova et al. 2007; Sun, Li, and Huang 2012; Huang et al. 2014), their coexpression with 

PA and/or anthocyanin biosynthetic genes and their transporters can be used for engineering 

grapevine metabolites and the associate quality characteristics.  

 

Effects of viticultural and vineyard management practices on grape quality and 

nutrient composition selected based on the grape usage purposes  

The influence of viticulture practices on grape and wine quality composition are 

strongly dependent on environmental conditions, time of application, vintages and grapevine 

genotypes (Table 2) (Cartechini, Palliotti, and Lungarotti 2000; Sivilotti et al. 2017; 

Hernandez-Orte et al. 2014). Due to the complexity of the interactions between vineyard 

management practices, grape genotype and age as well as environmental conditions, the most 

effective viticultural and vineyard management practices are discussed in this review article 

to assist grape growers and breeders choose the best strategies for improving grape yield, 

quality and tolerance.     

Choosing the appropriate training and pruning systems has the high potential to 

improve grape quality and yield. Comparing the Guyot, Royat and Lyre training systems, 

Kyraleou and coworkers showed that V. vinifera ‘Xinomavro’ grapes trained by the Lyre 

system produced higher levels of total anthocyanins, total phenolic compounds and color 

intensity, while the Royat system was more beneficial to produce full-bodied wines with 

longer ageing potential by modifying tannin structure required for longer maceration periods 

(Kyraleou et al. 2015). Yet, more studies are required to determine the influence of training 

and pruning types on flavonoid composition, and fruit and wine quality attributes, particularly 

on white wine grapes.   
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Grapevine cluster thinning (CT) during berry development or at véraison promotes 

several cellular processes and metabolic pathways, including carbohydrate metabolism, 

sink/source balance (e.g., by 1.2 m2 leaf area kg-1 of berries in 50% CT compared to 0.6 m2 in 

control), the synthesis and transport of secondary metabolites, and accelerating berry ripening 

(Pastore et al. 2011). Trunk girdling (TG) also known as ring-barking by removing phloem 

and cambium around the trunk is a common viticultural practice at berry set or véraison to 

increase the accumulation of carbohydrates above the girdled ring by blocking the 

translocation of photosynthate from source leaves to roots. In grapevine, TG is performed at 

berry set to improve berry size and at véraison to stimulate and improve berry maturation, 

grape color formation, and berry size. In addition to sink-source balance, the positive effects 

of TG on plant water status as the result of improving hydraulic conductance above the girdle 

have also been demonstrated. The increase in anthocyanin accumulation in girdled grapevines 

can be ascribed to the increase in ABA and sucrose concentrations (López et al. 2015; Basile 

et al. 2018).  In V. vinifera “Sangiovese”, 50% cluster thinning-mediated elevated sucrose 

downregulated sucrose transporter genes, including VvSUC11 and VvSUC27 and increased 

sucrose transporter mRNA. Additionally, CT promoted malate metabolism and transportation 

after véraison, thereby, releasing malate from vacuole during post-véraison, followed by 

converting malate to malic acid, reducing TA during berry ripening and accelerating berry 

ripening. Cluster thinning indirectly upregulates anthocyanin biosynthetic genes by 

increasing sucrose or directly upregulating anthocyanin biosynthetic genes. Pastore et al.’s 

(2011) study showed that 50% CT upregulated four phenylalanine ammonia-lyase (PAL) 

isogenes and one chalcone synthase (CHS) (Basile et al. 2018). Upon exposure to biotic and 

abiotic stresses, grapevines accumulate bioactive components, such as stilbenes (resveratrol), 

stilbenoids, oxylipins, hormones, such as JA, fatty acids, such as, linoleic acid, linolenic acid 

and oleic cis-vaccenic acid, etc., to regulate stress responses by, for example, modulating cell 
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signalling, radical scavenging and restricting pathogen growth (Chitarrini et al. 2017). In this 

context, mechanical wounding performed as TG and/or CT can be used as a strategy to 

stimulate these bioactive components and consequently improve the stress responses, fruit 

quality and health promoting effects in grapevine (Chitarrini et al. 2017; Basile et al. 2018). 

In V. vinifera ‘Sangiovese’, CT upregulated stilbene by upregulating 19 STSs that were not 

expressed in control berries. Cluster thinning downregulated a geranylgeranyl diphosphatase 

synthase (GGDPS) and a geranylgeranyl reductase (GGR) genes involved in terpenoid 

metabolism. Cluster thinning upregulated VvGST4, VvMYBA1, cinnamyl alcohol 

dehydrogenases (CAD), isoflavone reductase, caffeic acid 3-O-methyltransferase (COMT), 

ferulate 5-hydroxylase (F5H), and 5GTs genes as well as ABA and MATE transporters to 

increase anthocyanins and downregulated F3'H, LDOX, leucoanthocyanidin reductase1 

(LAR1) and UDP-glucose:flavonoid glucosyltransferase (UFGT) genes to slow down the 

synthesis of non-anthocyanin flavonoid compounds such as PA. Cluster thinning enhanced 

the synthesis of phenolic compounds such as stilbenes and isoflavonoids possibly as the 

result of wounding since they usually increase in response to wounding and pathogens 

(Pastore et al. 2011). Cluster thinning can be combined to TG to increase its efficacy. In V. 

vinifera ‘Nebbiolo’ wine grape and V. vinifera ‘Sugrathirteen®, table grape, cyanidin-3-O-

monoglucoside and peonidin-3-O-monoglucoside were increased by 50% CT. In 

Sugrathirteen®, pH increased from 3.54 in control to its peak at 3.64 by 50% CT 

accompanied by TG at berry set. The lowest pH was obtained by 33% CT accompanied by 

TG (by 3.37) and 33% CT without TG at berry set (by 3.38), while 50% CT and TG at 

véraison exhibited comparatively high pH (3.52). The highest polyphenols (543.61 mg L-1) 

and anthocyanins contents (497.30 mg L-1), high TSS (17.2 ºBrix), and relatively high TA 

(5.26 g L-1) were recorded by 50% CT and TG at véraison. The highest TA (5.71 g L-1) was 

obtained by TG at berry set and was at its lowest (4.58 g L-1) in control (Basile et al. 2018). 



16 
 

Normally, grapes are girdled at berry set to increase berry size or at véraison to ensure better 

maturation, improve berry color and stimulate maturation of grapes. Increment in berry size 

owing to girdling is the result of better carbohydrate nutrition above the girdle because the 

transport of sugars from leaves to the root system is blocked by girdling treatment (Basile et 

al. 2018). Basal leaf removal around the cluster zone, also referred to as basal leaf plucking 

or defoliation, can also be applied as an effective viticulture practice to optimize sunlight 

perception and ventilation, thereby, increasing photosynthetic capacity, reducing disease and 

pest spread, and improving yield, nutrient composition and quality of grapes, particularly for 

wine production. Leaf removal timing is commonly carried out between full bloom and fruit 

setting, but may also be applied during, pepper-corn sized and pea-sized berries, and 

véraison. Basal leaf removal increases the anthocyanin contents and, thereby, promotes skin 

color development, particularly in cool climate (Wurz et al. 2017). Typically, basal leaf 

removal increases sugar and polyphenols, while reducing total acidity in berries as a result of 

malic acid degradation and being exposure to sunlight and, thereby, increases pH of the wines 

(Wurz et al. 2017). In V. vinifera L. var. Sauvignon blanc, basal leaf removal, particularly at 

the full bloom (followed by pepper-corn sized and pea-sized berries), markedly reduced the 

risk of botrytis bunch rot, and increased the amount of gallic acid. The control grapes had the 

highest contents of catechin, rutin, relatively high contents of p-coumaric acid, and the lowest 

amounts of vanillic acid. The p-coumaric acid was high in control and defoliated grapes at 

full bloom, and was low in defoliated grape at pepper-corn size and pea-sized berries. As the 

prevalent flavonoid in white wines, catechins and p-coumaric acid (the polyphenolic 

compounds rich in hydroxyl groups) are highly susceptible to oxidization by the 

phenoloxidase enzymes in the respective quinones and, thereby, lowers the quality of the 

white wines by causing darkening and some bitterness (Wurz et al. 2017). Wurz et al.’s 

(2017) study concluded that defoliation at pepper-corn size phonological stage not only 
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effectively reduced botrytis bunch rot, but also preserved oenological performance of grapes 

and wine quality. Like defoliation, head trimming or hedging has the potential to improve 

grape quality (e.g., cluster weight, TSS, TA, pH), nutrient and chemical composition, aroma, 

and yield in red and white grapes and their products. However, because their influence varies 

depending on the grape age, genotypes, culture, growth stage, and environmental conditions 

(Cartechini, Palliotti, and Lungarotti 2000; Hernandez-Orte et al. 2014) the case-by-case 

studies should be conducted before applying in a large scale for commercial production. 

Understanding the influence of viticultural practices on chemical composition, particularly in 

white wine grapes, requires more investigations. 

Regulated deficit irrigation (RDI) and partial root drying (PRD) can be applied as 

strategy to both reduce the amount of water and increase grape and wine quality. Chaves and 

co-workers’ study showed that PRD was more effective than RDI to improve grape quality 

by reducing vigor and consequently improving light perception and hence synthesis of 

bioactive compounds such as anthocyainins and total phenols (Chaves et al. 2007). 

Metabolomic analysis of 279 V. vinifera cultivars showed that mild drought stress represses 

catechin and epicatechin, both as flavan-3-ol monomers and as constitutive units of PAs and 

total flavan-3-ols (Pinasseau et al. 2017) and, thereby, have the potential to reduce the risk of 

oxidization and browning (Wurz et al. 2017). Depending on grape genotypes, mild drought 

stress may increase the total amount of anthocyanins, stilbenes and flavonols and, thereby, 

have the potential to enhance their health promoting effects in plant and human (Pinasseau et 

al. 2017). In addition to preharvest practices, postharvest managements are also important to 

maintain the quality of grapevines. Recently, Bal, Kok and Torcuk’s (2017) study 

demonstrated the effectiveness of combined treatments of putrescine and ultrasound on 

improving the table grape V. vinifera ‘Michele Palieri’ quality by reducing decay incidence, 

maintaining visual appearance, total anthocyanin and phenolic contents and increasing 
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antioxidant activities under the modified atmosphere packaging at 1-2 °C with 90-95% 

relative humidity (Bal, Kok and Torcuk 2017). Application of essential oils from basil 

(Ocimum basilicum) wild mint (Mentha longifolia) and ajowan (Carum copticum) was also 

effective in improving postharvest quality indices of table grape V. vinifera ‘Rasha’ (Siah-e-

Sardasht) by reducing decay incidence and weight loss as well as increasing TSS, TA, 

vitamin C (Salimi et al. 2013). Application of 300 ppm β-aminobutyric acid was also 

effective in improving the quality of V. vinifera ‘Crimson Seedless’ by inhibiting the growth 

of Botrytis cinerea and Saccharomyces cervisiae, and improving TSS, TA, total sugar content 

and anthocyanin accumulation (El-Metwally, Tarabih, and El-Eryan 2014). The combined 

application of these treatments together with the manipulation of biosynthetic pathways for 

improving resveratrol and stable anthocyanins would also be effective strategies to enhance 

the postharvest quality of grapevines.   

 

Conclusions  

Grapevine chemical composition, fruit quality and performance depend on broad 

range of internal and external cues and hence multidisciplinary approaches according to 

usage purposes and environmental conditions are required prior to commercial cultivation to 

achieve the best results. Accordingly, taking a broad range of the influential factors involved 

in regulation of flavonoid signalling and metabolic pathways, this review article provides 

some insights required for breeding/engineering grapevines and makes suggestions for future 

improvements.  
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Table 1. Roles of TFs and genes in engineering flavonoids and their influence on grape 

quality and stress tolerance. 

TFs/genes Identified in Bioactive components   Grape quality Ref. 

VvMYBA1 V. vinifera Overexpression of  VvMYBA1 results 

in pigmentation in white grapes such 

as V. vinifera ‘Chardonnay’. 

Improves 

pigmentation. 

(Rinaldo et al. 2015) 

VvVHP1; 2 ‘Kyoho’ (V. 

vinifera × labrusca) 

Type I VHP and H+-ATPase are 

involved in vascular acidification 

and thereby facilitate anthocyanin 

accumulation. VvMYBA1 activates 

VvVHP1; 2 and thereby promotes 

anthocyanin accumulation. 

Improves 

pigmentation. 

(Sun et al. 2017) 

Vv3AT  V. vinifera ‘Shiraz’, 

‘Cabernet Sauvignon’, and 

to a lower extent in 

‘Malian’ and ‘Pinot Noir’. 

(as described earlier, ‘Pinot 

Noir’ lacks the acetylated 

anthocyanins) 

VvMYBA1 and VvMYC1 induce 

Vv3AT and thereby VvUFGT 

expression. VvUFGT can be 

activated by both VvMYBA1&2. 

Vv3AT encodes BAHD 

acyltransferase protein, thereby 

producing acylated anthocyanins, 

respectively acetylated and 

coumaroylated forms, and 

particularly by acylating 

monoglucoside anthocyanins. 

Application of naringenin and 

vanadate and AVIs induction are 

other strategies for increasing 

acylated anthocyanins. Vv3AT utilise 

acetyl-, coumaroyl- and caffeoyl-

CoA and to a lower extent malonyl-

CoA, resulting in low concentrations  

of  malonylated anthocyanins in 

grapevines. 

Improves 

pigmentation in 

red wine and 

table grapes, 

and color 

stability. 

(Janvary et al. 2009; 

Pourcel et al. 2010; 

Rinaldo et al. 2015; 

He et al. 2017) 
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AM1 and AM2 V. vinifera ‘Shiraz’ Transport acylated anthocyanins. Improve 

pigmentation in 

red wine and 

table grapes, 

and color 

stability. 

(Gomez et al. 2009) 

VvGAT1, 

VvSCP31 and 

VvSCP5 

V. vinifera ‘Macabeu’ 

 

  

Encode SCPL-AT enzymes and 

thereby promote biosynthesis of 

acylated anthocyanins. 

Improve 

pigmentation in 

red wine and 

table grapes, 

and color 

stability. 

(Bontpart et al. 

2018) 

VvCCoAOMT 

(induced by ABA 

and drought); 

VvAOMT (subclass 

of VvCCoAOMT; 

regulated by 

VvMybA1)  

VvCCoAOMT 

V. vinifera VvCCoAOMT induces methylation of 

CoA esters in vitro and enhances 

accumulation of methylated 

anthocyanins and C3G (with lower 

efficacy than VvAOMT), particularly 

under drought stress. VvCCoAOMT 

induces the biosynthesis of lignin 

monomers like scopolin, thereby 

protecting grape against cold stress 

and biotic stress like fungal 

pathogens. VvAOMT is involved in 

accumulation of methylated 

anthocyanins independent of drought 

stress. 

Methylation 

improves health 

promoting 

effects, 

anthocyanin 

stability and 

color intensity 

in red wine 

grapes. Improve 

grape tolerance 

to cold stress 

and fungal 

pathogens. 

(Giordano et al. 

2016) 

VvTPSs V. vinifera VvTPSs can be induced by JA. 

Regulate biosynthesis of terpenoids. 

VvTPS genes are involved in 

production of (3S)-linalool (VvTPS-

g), geraniol (VvTPSg), and α-

terpineol synthase (VvTPS-b). 

Improve  berry 

and wine aroma, 

taste and 

defence against 

insects and 

pathogens. 

(Martin et al. 2010) 

VvSTO2 V. vinifera ‘Shiraz’ Transforms α-guaiene to (−)-

rotundone. It can be hypothesized 

that VvSTO2 overexpression has the 

potential to improve the quality of 

wine grapes. 

Improves the 

spicy aroma of 

wine grapes. 

(Takase et al. 2016) 
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CYP76F14 Riesling × Gewurztraminer Oxidizes linalool to (E)-8-

carboxylinalool, which is a precursor 

to wine lactone, a potent 

monoterpene odorant in wine. This 

review suggests that the 

coexpression of VvTPS genes with 

CYP76F14 might be effective to 

enhance the amount of lactone in 

wines.  

Improves aroma 

in berry and 

wine. 

(Martin et al. 2010; 

Ilc et al. 201;) 

VvCHS1,2&3 V. vinifera ‘Shiraz’ VvCHS1 and to a lesser extent 

VvCHS2 regulate tannin and flavonol 

synthesis.  VvCHS2&3 are 

predominantly involved in 

anthocyanin biosynthesis. 

VvMYBA1 activates VvCHS3.  

VvMYBPA1 activates VvCHS1. 

VvMYBPA2 activates VvCHS2&3. 

VvMYBA1- VvCHS3 and  VvMYBF1- 

VvCHS1&2 coexpressions have high 

potential to improve respectively 

anthocyanin and flavonoid synthesis, 

which remains to be investigated. 

Improve 

pigmentation. 

Their influence 

and interactions 

on berry and 

wine quality can 

provide more 

information.    

VvMYBF1-

VvCHS1&2 has 

the potential to 

induce cold 

acclimation. 

(Harris et al. 2013) 

VvWRKY26 V. vinifera Promotes anthocyanin and PA 

accumulation as well as fleshy fruit 

development  

Improves berry 

size and color. 

(Amato et al. 2016) 

VqMAPKKK38 

 

Chinese wild grapevine V. 

quinquangularis accession 

‘Danfeng-2’ 

Is induced by SA, ABA, ETH, 

MeJA. Is involved in redox (H2O2 

and ROS) and calcium signalling and 

improves STS transcription and 

stilbene accumulation likely by 

upregulating MYB14. 

Stilbene 

accumulation 

promotes health 

promoting 

effects in both 

grape and 

human. 

(Jiao et al. 2017) 

 VqDUF642 Chinese wild grapevine V. 

quinquangularis accession 

‘Danfeng-2’ 

 Overexpression of VqDUF642 

accelerates berry development and 

increase resistance against pathogens 

including Erysiphe necator and B. 

cinerea. 

Improves berry 

development 

and resistance to 

biotic stress. 

(Xie and Wang 

2016) 
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VviMYB14,  

VviMYB15,    

V. monticola × V. riparia Improve stilbene synthesis. 

VviWRKY3 may synergistically 

improve VviMYB14 effect on 

stilbene synthesis. 

Stilbene 

accumulation 

promotes health 

promoting 

effects in both 

grape and 

human. 

(Vannozzi et al. 

2018) 

VvGST3,4 and to a 

lesser extent 

VvGST1   

V. vinifera Transport PA. Their regulation can 

be used for engineering flavonoids 

and hence anthocyanin/PA ratios to 

increase the quality and tolerance of 

grapes. The influence of VvGSTs on 

anthocyanin types and contents 

require more investigation. 

Require more 

studies. 

(Pérez-Díaz et al. 

2016) 

VvGST4 V. vinifera Transports anthocyanins and PA. Improves 

pigmentation. 

(Pérez-Díaz et al. 

2016) 

VvGST4,5 V. davidii (Spine grape) Transport anthocyanins. Improve 

pigmentation. 

(Sun et al. 2016) 

VvGST4,5 and AM2 V. davidii (Spine grape) Transport anthocyanins.  (AM1 and 

AM2 transport acylated anthocyanins 

in  V. vinifera ‘Shiraz’) 

Improves 

pigmentation. 

(Gomez et al. 2009) 

(Sun et al. 2016) 

VvibZIPC22 V. vinifera ‘Pinot Noir’ red 

wine grape  

Promotes kaempferol and quercetin 

biosynthesis. Hence, its 

overexpression may promote cold 

acclimation, which remains to be 

studied.  

May improve 

cold 

acclimation.  

(Malacarne et al. 

2016) 

VvMYBF1, 

VvFLS1 and VvCHI 

V. vinifera ‘Shiraz’ Regulate flavonol biosynthesis and 

thus may improve cold acclimation, 

which remains to be studied. 

May improve 

cold 

acclimation. 

(Czemmel et al. 

2009) 

VvFLS4 and 5, 

VvMYB12, 

VvMYCA1, 

VvWDRs, VvUVR8, 

VvHY5, 

VvCOP1 and 

VvCHS 

Vitis vinifera L. var. 

Sauvignon blanc 

Regulate flavonol biosynthesis. 

VvMYB12 and VvFLS4 were UV-B 

responsive. Their influence on cold 

acclimation remains to be 

investigated. 

May improve 

cold 

acclimation. 

(Liu et al. 2014) 
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VvMAPK3 

 

 

Vitis vinifera L. var. 

Sauvignon blanc 

Regulates flavonol biosynthesis  

under high UV-B and thus may 

affect cold acclimation, which 

remains to be studied. 

May improve 

cold 

acclimation. 

(Liu et al. 2014) 

VvMYB5a&b and 

VvMYBC2-L1&3 

 

V. vinifera ‘Cabernet 

Sauvignon’ 

VvMYB5a&b are negative regulators 

on their own, but their interactions 

with positive regulators induce the 

biosynthesis of flavonoids. 

VvMYB5a-VvMYBA1-VvMYBA2 

interaction induces anthocyanin 

biosynthesis. VvMYB5a&b- 

VvMYBPA1 interaction induces PA 

biosynthesis, particularly catechin 

synthesis in skin cells. The 

downregulation of VvMYB5a&b on 

flavonoids biosynthesis provides 

further information on improving 

grapevine quality. VvMYB5a&b 

interactions with VvMYBC2-L1&3 

repress both anthocyanin and PA. 

Their influence 

on grape quality 

depends on the 

their interaction 

with other TFs. 

(Deluc et al. 2008; 

Cavallini et al. 

2015) 

MYBA1,6.1&7 V. vinifera ‘Corvina’ MYBA6.1&7 and to a lesser extent 

MYBA1 overexpression increased 

total anthocyanin contents without 

affecting PA, but reduced stilbenoid 

synthesis.  MYBA1 mainly induced 

synthesis of trihydroxylated 

anthocyanins. Ectopic expression of  

MYBA1,6.1&7 differentially 

induced pigmentation of white grape  

V. vinifera  ‘Maccabeu’. 

Improve 

pigmentation of 

red wine grapes 

and table 

grapes. 

(Matus et al. 2017) 

VvMYBPAR V. vinifera ‘Cabernet 

Sauvignon’ 

Promotes PA biosynthesis and 

transportation. 

Requires more 

studies. 

(Koyama et al. 

2014) 

VvVHP1; 2, V. vinifera vacuolar H+-PPase; AVP1, Arabidopsis vacuolar membrane proton pump 1; Vv3AT, V. vinifera ANTHOCYANIN 

3-O-GLUCOSIDE-6″-O-ACYLTRANSFERASE;  VvGAT, V. vinifera glucose acyltransferase; SCPL-AT, serine carboxypeptidase-like 

acyltransferases; BAHD, acyltransferase protein (named after the first letter of the first four characterized proteins: BEAT [for acetyl 

CoA:benzylalcohol acetyltransferase], AHCT [for anthocyanin O-hydroxycinnamoyltransferase], HCBT [for anthranilate N-

hydroxycinnamoyl/benzoyltransferase], and DAT [for deacetylvindoline 4-O-acetyltransferase];  VvCCoAOMT,  V. vinifera caffeoyl-

CoA O-methyltransferases; VqDUF642, V. quinquangularis domains of unknown function 642, VvTPS, V. vinifera terpenoid synthase. 
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Table 2. Roles of viticultural practices in improving grapevine quality.  

Practice  Grapevine Effects on berry quality and flavonoids Effects on grape 

type and wine 

quality  

Ref. 

Mild drought stress 

between véraison 

and maturation 

 Promotes berry maturation. Promotes 

nutrients, anthocyanins, total phenolic 

compounds, polyphenols and sugars. 

Reduces catechin, epicatechin and PAs and 

thereby reduces the risk of browning. 

Induces the expression of VvCCoAOMT and 

thereby accumulation of methylated 

anthocyanins, increasing the health 

promoting effects and wine quality.  

Improves the 

quality of red and 

white wine grapes. 

(Chaves et al. 2007; 

Giordano et al. 

2016; Xu et al. 

2017; Pinasseau et 

al. 2017; Wurz et al. 

2017) 

50 % CT at 

véraison 

 

V. vinifera 

‘Sangiovese’ 

Promote source/sink ratio and ripening.  

Boosts sugar, malic acid, resveratrol, 

anthocyanin contents and thereby maturation 

and color formation at harvest. May reduce 

acidity depending on TSS and temperature. 

May increase TSS. 

Improves the 

quality of red wine 

grapes.  

(Pastore et al. 2011) 

50 % CT at 

véraison 

 

V. vinifera 

‘Nebbiolo’ red 

wine grape and 

‘Sugrathirteen®’ 

table grape 

CT increased cyanidin-3-O-monoglucoside 

and peonidin-3-O-monoglucoside. Studies 

about the effects of CT on white wine grapes 

can provide valuable information in future.  

Improves the 

quality of red wine 

grapes and table 

grapes. 

(Basile et al. 2018) 

50 % CT + TG at 

véraison 

 

V. vinifera 

‘Sugrathirteen®’ 

table grape 

Resulted in high pH, polyphenols, 

anthocyanins, TSS, TA. CT + TG on red and 

white wine grapes and white table grapes can 

provide valuable information in future. 

Improves the 

quality of table 

grapes. 

(Basile et al. 2018) 

Defoliation at 

pepper-corn size 

V. vinifera var. 

Sauvignon blanc 

Reduces TA and botrytis risk. May induce 

the synthesis of thiol precursors depending 

on the environmental conditions and grape 

genotypes. Induces the expression of 

VvGST3 and VvGST5 and therefore may 

improve pigmentation in red wine and table 

grapes.  

Improves the 

quality of white 

wine grapes by 

reducing p-

coumaric acid, 

thereby reducing 

browning.  

(Wurz et al. 2017; 

Sivilotti et al. 2017) 
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Figure 1. Simplified schematic representative of the main TFs/genes involved in the 

regulation of anthocyanins and/or PAs at different grape growth and development stages from 

anthesis to the end of berry ripening. 
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Figure 2. Schematic representation of grapevine flavonoid biosynthetic pathways responsible 

for the production of flavonols, anthocyanins, PAs and scopolin. The Arabidopsis thaliana (At) genes 

and AN9 from Petunia are required to be studied in grapevine to corroborate their functions. of Note1: biosynthetic pathways 

of different anthocyanin types have been reviewed by Czemmel et al. (2012) and Wu et al. (2014). Enzyme names are 

abbreviated as follows: PAL, phenylalanine ammonia lyase; C4H, cinnamate 4-hydroxylase; 4CL, 4-hydroxycinnamoyl 

CoA-ligase; CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavanone 3 β-hydroxylase; F3′H, flavonoid 3′-

hydroxylase; DFR, dihydroflavonol reductase; ANS, anthocyanidin synthase; FLS, flavonol synthase; LDOX, 

leucoanthocyanidin dioxygenase; ANR, anthocyanidin reductase; LAR, leucoanthocyanidin reductase; AHA10, P-type H+-

ATPase; AGT, anthocyanin glycosyltransferase; AAT, anthocyanin acyltransferase; AMT, anthocyanin methyltransferase; 

UFGT, UDP glucose: flavonoid 3-Oglucosyltransferase; GST, glutathione S-transferase; PPO, polyphenol oxidase; TT, 

Transparent Testa; C3′H, ρ-Coumarate 3-hydrolase; CSE, caffeoyl shikimate esterase; HCT, hydroxycinnamoyl tartrates; 

CCoAOMT, caffeoyl-CoA O-methyltransferases; F6H1, feruloyl-CoA 6-hydroxylase 1; STS, stilbene synthase; COMT, 

caffeic acid 3-O-methyltransferase; CCR, cinnamoyl CoA reductase; CAD, cinnamyl alcohol dehydrogenase; FLS, flavonol 

synthase; HCT, cinnamoyl CoA shikimate/quinate transferase.      
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