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Abstract 

Grapevine berry shrivel, a ripening disorder, causes significant economic losses in the worldwide wine and table 
grape industries. An early interruption in ripening leads to this disorder, resulting in shriveling and reduced sugar 
accumulation affecting yield and fruit quality. Loss of sink strength associated with berry mesocarp cell death is an 
early symptom of this disorder; however, potential internal or external triggers are yet to be explored. No pathogens 
have been identified that might cause the ripening syndrome. Understanding the underlying causes and mechanisms 
contributing to berry shrivel is crucial for developing effective mitigation strategies and finding solutions for other 
ripening disorders associated with climacteric and non-climacteric fruits. This review discusses alterations in the fruit 
ripening mechanism induced by berry shrivel disorder, focusing primarily on sugar transport and metabolism, cell wall 
modification and cell death, and changes in the phytohormone profile. The essential open questions are highlighted 
and analyzed, thus identifying the critical knowledge gaps and key challenges for future research.

Keywords:  Fruit physiology, grape berry ripening, mesocarp cell death, sugar accumulation, transcriptomics.

Introduction

Since their domestication, perhaps as early as 11 000 years ago, 
grapevines (Vitis ssp.) have remained one of the world’s most 
culturally and economically important fruit crops (Dong et al., 
2023). Grape berry development has been studied in the pre- 
and post-omics era to enhance our understanding of berry 
growth and ripening, and regulatory mechanisms (Coombe 
and McCarthy, 2000; Deluc et al., 2007; Fortes et al., 2015; 
Castellarin et al., 2016; Fasoli et al., 2018). For instance, we 

have accumulated extensive knowledge concerning the in-
volvement of primary metabolism as a source of energy and 
precursors for downstream processes, and their contribu-
tion to organoleptic properties (Davies and Robinson, 1996; 
Conde et al., 2007; Hayes et al., 2007; Shahood et al., 2020; 
Savoi et al., 2021). Furthermore, the plasticity of secondary me-
tabolism, including taste and aroma compounds (Castellarin 
et al., 2011; Blancquaert et al., 2019; Lin et al., 2019; Cataldo 
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et al., 2021), and the responses to biotic and abiotic stresses have 
been well characterized (Savoi et al., 2017; Cramer et al., 2020; 
Lecourieux et al., 2020; Pimentel et al., 2021; Rienth et al., 
2021; Hewitt et al., 2023).

Fruits of many species can be subject to ripening disorders, 
resulting in severe losses worldwide in yield and fruit quality. 
Despite extensive studies, the underlying physiological pro-
cesses in grapevine, where ripening disorders occur in diverse 
forms, remain elusive (Bondada and Keller, 2012b). These dis-
orders or syndromes include bunch stem necrosis (BSN), late 
season dehydration (LSD), berry splitting, sunburn, and berry 
shrivel (BS), also known as sugar accumulation disorder (SAD) 
or suppression of uniform ripening (SOUR) shrivel. The first 
described ripening disorders in grapevine were arguably BSN 
in Switzerland (Osterwalder, 1937) and LSD in California 
(Rosa and Nielson, 1956). Also, BS-like symptoms on wine 
grapes were reported in Austria in the 1980s (Stellwaag-
Kittler, 1983), similar to the earlier reports with table grapes 
in California (Jensen, 1970). Since then, research studies have 
focused in more depth on the topic in order to identify the 
cause of BSN (Christensen and Boggero, 1985; Keller and 
Koblet, 1995; Hughes et al., 2008), LSD (Rogiers et al., 2006; 
Fuentes et al., 2010), BS (Krasnow et al., 2009; Hall et al., 2010; 
Knoll et al., 2010; Griesser et al., 2012), berry splitting (Chang 
et al., 2019; Chang and Keller, 2021), and sunburn (Rustioni 
et al., 2014; Müller et al., 2023). The commonality of external 
symptoms (predominantly shriveling) and the simultaneous 
occurrence of different disorders in vineyards have hampered 
progress and led to inconsistent reporting in publications.

This review focuses on advancements in knowledge of the 
grape ripening disorder BS, characterized by cessation of sugar 
accumulation shortly after the onset of ripening and subse-
quent berry shrinkage. As a starting point, we summarize the 
significant steps involved in grape berry ripening to explain 
the common and distinct symptoms of the economically most 
relevant ripening disorders. We then identify putative causal 
factors that might be involved in triggering the BS anomaly, 
and finally provide multiple insights into the most relevant 
open questions and challenges for future research.

Grape ripening

Grape ripening is characterized by a double-sigmoid curve 
with two distinct growth phases separated by a phase of slow 
or no growth, termed the lag phase (Winkler and Williams, 
1935). Table 1 summarizes critical processes involved in dif-
ferent stages of berry development. Following its synthesis in 
the source leaves, bulk (mass) flow in the phloem translocates 
sucrose towards the grape berry sinks. During early berry de-
velopment, the berry unloads sucrose from the phloem sym-
plastically via plasmodesmata, shifting at the onset of ripening 
to apoplastic unloading aided by transporters and invertases 
(Zhang et al., 2006; Ren et al., 2023) (Fig. 1). The metabolic 

and transcriptomic shift from berry development (phase I) at 
the end of the lag phase (phase II) marks the onset of berry 
ripening (phase III) (Coombe, 1992; Zhang et al., 2006; Fortes 
et al., 2015). The regulation of grape berry ripening is driven 
by an interplay of phytohormones during the distinct growth 
phases. After the berry set, cell division and cell expansion in 
berries are driven by auxin, cytokinin, and gibberellin, which 
reach high concentrations in this early phase (Conde et al., 
2007; Fortes et al., 2015). As a non-climacteric fruit, the onset 
of ripening is assumed to be mainly controlled by a increase 
in abscisic acid (ABA) biosynthesis (Deluc et al., 2007; Sun 
et al., 2010; Pilati et al., 2017). Apart from higher levels of ABA, 
brassinosteroids, and ethylene, greater sensitivity to ethylene 
signaling is documented in grape berries (Chervin et al., 2004; 
Fortes et al., 2015), suggesting a coordinated activity of these 
three phytohormones.

It is well documented that berries on the same grape cluster 
ripen heterogenously (Coombe, 1992). The period for all ber-
ries within a cluster to change color at ripening onset can span 
20–30 d (Hernández-Montes et al., 2021). Recent studies de-
termined distinct patterns in gene expression and phytohor-
mone contents of berries at different ripening stages in the 
same cluster (Savoi et al., 2021; Davies et al., 2022), pointing 
towards a potential role for phytohormones, among other fac-
tors, in the asynchronicity of berry ripening. Morevoer, many 
processes at the onset of ripening occur in sequence rather 
than simultaneously. For example, berries soften mostly be-
fore sugar accumulation starts, and sugar accumulation, in turn, 
is a prerequisite for anthocyanin biosynthesis (Terrier et al., 
2005; Castellarin et al., 2016; Hernández-Montes et al., 2021). 
Molecular and biochemical evidence suggests that fruit soft-
ening occurs mainly through the relaxation and disassembly 
of mesocarp cell walls (Shi et al., 2023). However, a decline in 
mesocarp cell turgor related to solute accumulation in the apo-
plast has been proposed as an alternative mechanism (Krasnow 
et al., 2008). Berry softening is accompanied by cell separation 
in the mesocarp (Shi et al., 2023). Nevertheless, the mesocarp 
cell membranes remain intact until late in the ripening phase 
(Krasnow et al., 2008; Keller and Shrestha, 2014). When they 
finally begin to fail, cells in the locular region surrounding the 
seeds are the first to lose membrane integrity.

The beginning of sugar (primarily glucose and fructose) ac-
cumulation in the berry vacuoles is supported by a substantial 
increase in phloem influx, which is accompanied by a reversal 
of xylem flow as a means to discharge excess water derived 
from phloem influx (Keller et al., 2015; Zhang and Keller, 
2017).

The key steps of phloem unloading are summarized in Fig. 1.  
Briefly, when ripening initiates, the berries become sym-
plastically isolated from the phloem, which facilitates apo-
plastic phloem unloading (Zhang et al., 2006; Keller et al., 
2015), involving sugar transport across membranes mediated 
by proton-coupled sucrose transporters (SUTs; disaccharide 
transporters), hexose transporters (HTs; monosaccharide 
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transporters), the passive facilitators SWEET (sucrose will 
eventually be exported transporters), and sugar metabolic 
enzymes such as acid invertases (AIs), neutral invertases 
(NIs), and sucrose synthases (SuSys) (Castellarin et al., 2011; 
Zhang et al., 2019; Walker et al., 2021a). More precisely, su-
crose, unloaded via VviSWEET10 (Zhang et al., 2019; Savoi 
et al., 2021) or sucrose transporters VviSUC12 and VviSUC11 
(Afoufa-Bastien et al., 2010; Lecourieux et al., 2013), is hydro-
lyzed to glucose and fructose (cell wall invertase: VvicwINV), 
which are transported into the cytosol of parenchyma cells 
(VviSUC11/12, VviHT1–VviHT5, VviSWEET15, and 
VviSWEET10) (Hayes et al., 2007; Zhang et al., 2019; Ren 
et al., 2020; Savoi et al., 2021). Sucrose in pericarp cells provides 

major metabolic precursors by entering glycolysis through the 
activity of either neutral and acid invertases (cytINVs) (Nonis 
et al., 2008) or SuSys to build UDP-glucose or ADP-glucose 
(Stein and Granot, 2019). Hexoses, and partly sucrose, are 
further transported into vacuoles through tonoplast mono-
saccharide transporters (VviTMT2 and VviHT6) or sucrose 
transporters (Afoufa-Bastien et al., 2010; Ren et al., 2023). 
As hexoses accumulate in the berry, previously accumulated 
malate temporarily becomes the substrate for respiration and 
gluconeogenesis (Sweetman et al., 2009; Famiani et al., 2016). 
Tartaric acid and malic acid accumulate in the vacuole during 
the first growth phase, and peak before the onset of berry 
ripening (Conde et al., 2007). Tartaric acid, produced from the 

Table 1. Summary of the main physiological processes and metabolites involved in the double-sigmoid growth dynamics of grape berry 
development and ripening

Growth phase I: 
berry development

Lag phase II: seed development Growth phase III: berry ripen-
ing

Berry growth Growth via cell division 
and cell expansion—
berries green and 
hard [1]

Little or no berry growth Start of berry softening at ripening 
start [1]
Growth via cell expansion—activity 
of cell wall modification enzymes [1]

Vascular flow Inflow of water, sugar, 
and nutrients via both 
the phloem and xylem 
[1]

Shift from symplastic to apoplastic 
phloem unloading [2]
Inflow of water, sugar, and nutrients 
via phloem [3, 4]
Excess water recycling through 
xylem [4]

Primary metabo-
lites

Organic acids (tartaric 
and malic acids) accu-
mulate in vacuoles [5]

Increase in activity of invertases, sucrose 
synthase, and sugar transporters [6]

Hexoses (up to 1.5 M) stored in 
vacuoles [7]
Malic acid is metabolized, tartaric 
acid diluted through berry growth 
[8]
Amino acids accumulate [8]

Secondary 
metabolites—poly-
phenols

Biosynthesis of 
hydroxycinnamates 
(phenolic acids) [5]
Biosynthesis of flavan-
3-ols [5, 15]
Flavonol biosynthesis in 
berry skins as protec-
tion from UV light [9]

Biosynthesis of flavan-3-ols and flavonols [5, 9, 
15]

Anthocyanin biosynthesis in berry 
skins of red grape varieties [9]
Polymerization of flavan-3-ols [5, 
15]
Flavonol biosynthesis in berry skins 
[9]

Secondary metab-
olites—aroma 
compounds

Biosynthesis of 
monoterpenes and 
sesquiterpenes [10]
Unsaturated fatty acids 
to form C6-aldehydes 
and alcohols [11]
Biosynthesis of 
methoxypyrazines [11]

Biosynthesis of monoterpenes and sesquiter-
penes [10]
Biosynthesis of methoxypyrazines [11]

Accumulation of norisoprenoids 
from carotenoids, monoterpenes, 
sesquiterpenes, thiols (plus their 
conjugations) [12]
Methoxypyrazines metabolized [11]

Phytohormones Accumulation of auxins, 
cytokinins, gibberellins, 
and jasmonic acid [13]

Auxin delays onset of ripening, then declines; ab-
scisic acid and ethylene signals accompany berry 
softening—coordination of start of ripening [14]

Gibberellins high in early phase of 
ripening—cell wall modification, role 
of cytokinins in sink strength [13]

[1] Coombe,1992; [2] Zhang et al., 2006; [3] Keller et al., 2006; [4] Keller et al., 2015; [5] Conde et al., 2007; [6] Walker et al., 2021a; [7] Keller and 
Shrestha, 2014; [8] Dai et al., 2013; [9] Allegro et al., 2021; [10] Siebert et al., 2018; [11] Robinson et al., 2014; [12] Lin et al., 2019; [13] Fortes et al., 
2015; [14] Fasoli et al., 2018; [15] Gouot et al., 2019.
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ascorbate biosynthetic pathways (Burbidge et al., 2021), re-
mains constant in content during ripening, while its concen-
tration declines due to a dilution effect as the berry resumes 
expansive growth (Conde et al., 2007; Hernández-Montes 
et al., 2021). Malic acid biosynthesis has its starting point with 

glycolysis, leading to the decarboxylation of PEP (phospho-
enolpyruvate) via PEPC (phosphoenolpyruvate carboxylase), 
resulting in oxaloacetate, which is processed to malate via 
NAD-cytMDH (cytosolic NAD-dependent malate dehydro-
genase) (Ma et al., 2018).

Fig. 1. Summary of phloem unloading and sugar metabolism in grape berries. (A) Symplastic phloem unloading and glycolysis in berries before 
ripening onset. (B) Apoplastic phloem unloading with closed plasmodesmata after ripening onset, and malate metabolism, gluconeogenesis, and 
sucrose cycle in the cytoplasm. Illustration prepared with information from Dai et al. (2010), Kuhn et al. (2014), Li et al. (2021), Savoi et al. (2021), and 
Walker et al. (2021b). SUC (sucrose), Fru (fructose), Glc (glucose), PEP (phosphoenolpyruvate), OAA (oxalacetate), vINV (vacuolar invertase), cytINV 
(cytosolic invertase), cwINV (cell wall invertase), PEPC (cytoplasmic phosphoenolpyruvate carboxylase), NAD-cytMDH (cytosolic NAD-dependent malate 
dehydrogenase), l-Idn-DH (l-idonate dehydrogenase), mMDH (mitochondrial malate dehydrogenase), mNAD-ME (mitochondrial NAD-dependent 
malic enzyme), cytMDH (cytosolic malate dehydrogenase), cytNADP-ME (cytosolic MADP-dependent malic enzyme), PEPCK (phosphoenolpyruvate 
carboxykinase). (1) VviSWEET10 (VIT_01s0146g00260); (2) VviSWEET15 (VIT_17s0000g00830); (3) VviSUC11 (VIT_18s0001g08210), 
VviSUC12 (VIT_01s0026g01960); (4) VviHT2 (VIT_18s0001g05570), VviHT1 (VIT_00s0181g00010), VviHT3 (VIT_11s0149g00050); (5) VviHT6 
(VIT_18s0122g00850); (6) VviTMT2 (VIT03s0038g03940); (7) aquaporins (TIPs, NIPs, PIPs); (8) malate transporter.
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Akin to the primary metabolites, secondary metabolites ac-
cumulate in grape berries of both red and white cultivars at dif-
ferent developmental stages (Table 1). Unlike their white grape 
counterparts, the red grape cultivars accumulate anthocyanins 
in their skins, an essential trait for marketing table grapes and 
making red wine (He et al., 2010). Anthocyanins and other 
phenolic compounds, such as flavanols and flavonols, are syn-
thesized via the well-described phenylpropanoid and flavonoid 
pathway (He et al., 2010; Qin et al., 2022). Additionally, aroma 
compounds such as monoterpenes, sesquiterpenes, norisopren-
oids, methoxypyrazines, lipoxygenase pathway products, and 
C6-aldehydes or alcohols and thiols accumulate in the berry 
mesocarp and/or skin cells before and/or during ripening (Lin 
et al., 2019), imparting aroma and flavor to the wines following 
fermentation.

Grapevine ripening disorders: distinct 
shriveling patterns of different shrivel types

This section provides information on the nomenclature of 
different shriveling disorders often mistaken for one another. 
Furthermore, it reviews the physiological background/mecha-
nisms of the symptoms of BS, including the effects of genotype 
and environment.

Symptoms of ripening disorders

Grape berry ripening disorders differ in their timing of ap-
pearance and their underlying physiological and biochemical 
causes and consequences (Fig. 2). Yet, they all cause shriveling; 
however, the shriveling pattern is distinct in each disorder and 
on this basis can be classified as berry shrivel (BS), bunch stem 
necrosis (BSN), and late-season dehydration (LSD) (Krasnow 
et al., 2010; Bondada and Keller, 2012b, 2017; Griesser et al., 
2012). LSD shows high sugar concentration in mature shriv-
eled berries, whereas immature shriveled berries with low sugar 
concentration signify BS. BS- and LSD-affected fruits have a 
green and healthy cluster framework (peduncle, rachis, and 
pedicels); however, they become necrotic in BSN (Krasnow 
et al., 2010; Bondada and Keller, 2012b). A similar phenom-
enon occurs in early bunch stem necrosis (EBSN; aka inflo-
rescence necrosis), which develops in flower clusters before 
fruit set (Jackson and Coombe, 1988; Keller and Koblet, 1995). 
Sunburn injury has recently attracted more attention even in 
temperate climates due to rising temperatures, especially in 
berries directly exposed to high solar radiation following the 
common vineyard management practice of cluster-zone defo-
liation (Gambetta et al., 2021). Berry splitting is a failure of the 
cuticle, and sometimes the epidermis, due to excess internal 
pressure, leading to dehydration in warm climates (Chang et al., 

Fig. 2. Main characteristics and differentiation of grapevine ripening disorders. Pictures by Griesser and Keller.
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2019; Chang and Keller, 2021). So far, no causal pathogens 
have been identified with any on the mentioned disorders.

Table 2 provides a synopsis of the grapevine ripening disor-
ders: BS, BSN, LSD, and EBSN. BSN starts with small necrotic 
spots on the rachis surface, often near lenticels or stomata, 
which further spread into the rachis tissue, leading to a girdling 
effect blocking phloem transport (Hifny and Alleweldt, 1972; 
Brendel et al., 1983; Hall et al., 2010). In addition, tyloses may 
form in the xylem vessels in the necrotic region (Bondada and 
Keller, 2012a). Nevertheless, unlike phloem girdling, exper-
imentally blocking xylem transport in the peduncle had no 

effect on berry growth and ripening (Hall et al., 2010; Keller 
et al., 2015), suggesting that the ensuing berry shriveling prob-
ably arises mostly as a result of berry transpiration (Zhang and 
Keller, 2015). Attempts have also been made to link BSN with 
carbon starvation, nutrient deficiency or imbalance, ammo-
nium toxicity, and the amino acid metabolite putrescine (Hinfy 
and Alleweldt, 1972; Keller and Koblet, 1995; Holzapfel and 
Coombe, 1998; Capps and Wolf, 2000); however, these results 
remain inconclusive.

LSD of grape clusters occurs before harvest. Initial results 
indicate that the LSD shriveling results from dehydration via 

Table 2. Comparative summary of ripening disorders in grapevine: berry shrivel, late-season dehydration, sunburn, and bunch stem 
necrosis

Berry shrivel Late season dehy-
dration

Sunburn Bunch stem necrosis

Berry 
symptoms

Shrinking—comparable with deflated 
football [1, 2]
Reduced berry weight [3, 4]
Symptoms appear shortly after onset 
of ripening [10]

Shrinking symptoms ap-
pear before harvest [5]

Brown spots to com-
plete desiccation [6]

Shrinking to complete desic-
cation during bloom (EBSN) 
or during ripening (LBSN) [3]

Total sol-
uble solids 
(TSS)

Low (10–13 °Brix) due to arrested 
phloem influx [1, 3, 4, 7]

High (>24 °Brix) due to 
dehydration [8, 9]

Depends on symptom 
severity—often high due 
to dehydration [6, 9]

Variable but often high due to 
dehydration [3, 9]

Titratable 
acidity (TA) 
and organic 
acids

TA often higher due to dehydration [10]
Tartaric and malic acid content per 
berry not changed [4]; oxalic and citric 
acid reduced [11]

No differences observed 
[8]

Depends on symptom 
severity—inconsistent 
results, reduced values 
observed [12]

Inconsistent results—reduc-
tion of malic and tartaric acid 
observed [1]; no change 
observed [11]

Amino 
acids

Most amino acids reduced; higher 
hydroxyproline [10], arginine, and 
alanine [3]

No differences observed 
[8]

NA Inconsistent—changed in 
both directions [13]

Mineral 
nutrients

Low yeast-assimilable N, K+, and other 
nutrients [11, 19]; low K+ in rachis and 
pedicels [14]

NA NA Low Ca2+ and Mg2+—possible 
effect on cell wall formation 
in the rachis [15]; berries with 
high Ca2+ concentration [1]

Antho-
cyanins 
and other 
phenolics

Low anthocyanins, genes for biosyn-
thesis delayed [4, 10]; elevated skin 
tannins [20]

No differences in antho-
cyanins observed [8]

Inconsistent anthocy-
anin results; elevated 
flavonols [9, 6]

Low anthocyanins when in-
duced early [1]

Aroma 
com-
pounds

NA Elevated massoia lactone 
and γ-nonalactone, other 
volatiles decreased, e.g. 
2-hexenol [8]

Reduced aroma com-
pounds [6]
Elevated antioxidant 
activity e.g. carotenoids, 
glutathione [6]

Altered aroma profile, e.g. 
elevated γ-nonalactone and 
β-damascenone (shrivel type 
unclear) [13]

Rachis and 
pedicels

Green, no symptoms [2] Green, no symptoms [3] Depends on berry 
symptom severity—from 
no symptoms to com-
plete desiccation [12]

Necrotic sections; girdling 
effect and xylem blockage by 
tylosis, complete desicca-
tion [1]

Causes Unknown Berry transpiration and 
xylem backflow [16, 17]

High UV radiation, high 
temperature [12]

Inconsistent results on nu-
trient imbalance, ammonium 
toxicity, or putrescine accu-
mulation [5, 18]

[1] Bondada and Keller, 2012b; [2] Knoll et al., 2010; [3] Krasnow et al., 2010; [4] Savoi et al., 2019; [5] Capps and Wolf, 2000; [6] Gambetta et al., 2021; 
[7] Griesser et al., 2018; [8] Chou et al., 2018; [9] Bondada and Keller, 2017; [10] Griesser et al., 2012; [11] Keller et al., 2016; [12] Rustioni et al., 2014; 
[13] Šuklje et al., 2016; [14] Griesser et al., 2017; [15] Christensen and Boggero, 1985; [16] Greer and Rogiers, 2009; [17] Tilbrook and Tyerman, 2008; 
[18] Holzapfel and Coombe, 1998; [19] Zufferey et al., 2015; [20] Krasnow et al., 2009. NA: not analyzed.
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berry transpiration (Greer and Rogiers, 2009) and water back-
flow through the xylem, which may or may not be associ-
ated with a loss in mesocarp cell viability (Keller et al., 2006; 
Tilbrook and Tyerman, 2008).

Sunburn symptoms range from brown or necrotic spots on 
berry skins to complete desiccation, depending on the inten-
sity and duration of heat stress (Rustioni et al., 2014). Berry 
temperatures >45–50 °C can induce brown and necrotic spots 
on berry skins due to oxidative stress, causing phenolic oxida-
tion associated with cell decompartmentalization and possibly 
resulting in berry cracking and desiccation (Rustioni et al., 
2014, 2023; Müller et al., 2023).

Berries affected by BS, the focus of this review, stop accu-
mulating sugar, resulting in low total soluble solids (Keller 
et al., 2016; Griesser et al., 2018) and total anthocyanin content 
(Savoi et al., 2019). Unlike in healthy berries that are often 
harvested at >20 °Brix, a plateau of soluble solids of 12–15 
°Brix (corresponding to ~650–850 mM hexoses) is observed 
in BS berries of different grape cultivars (Bondada and Keller, 
2012b, 2017; Griesser et al., 2012; Savoi et al., 2019; Hoff et al., 
2021). Initial research suggested that the arrest of sugar accu-
mulation might be a consequence of cell death in the phloem 
of the cluster rachis, akin to a girdling effect (Hall et al., 2010; 
Zufferey et al., 2015). Recent work, however, showed that cell 
death starts in the berries, most commonly around the central 
vascular bundles proximal to the seeds, and may or may not 
progress to the pedicel and rachis (Hoff et al., 2021). In either 
case, the cause of cell death remains unknown, and no other 
possible causes of BS induction have been observed. Once 
initiated, the impaired sugar import into the berries triggers 
downstream effects on primary and secondary metabolism 

before the visible symptoms of BS appear (Griesser et al., 2018; 
Savoi et al., 2019). Additionally, BS berries remain low in K+ 
(which, like sucrose, is imported via the phloem) and pH, and 
some reports showed a higher total acidity in BS berry juice 
(Bondada, 2014), possibly due to a concentration effect of less 
turgescent berries (Griesser et al., 2012). Nevertheless, malate 
degradation in BS berries proceeds at a similar rate to that 
in healthy berries (Bondada and Keller, 2012a, b; Keller et al., 
2016).

Berry shrivel phenotype: genotype and management 
effects

BS berries gradually become flaccid and soft, indicating a 
collapse of the mesocarp, leaving the berries to appear like a 
deflated football (Bondada and Keller, 2017; Hoff et al., 2021) 
(Fig. 3). The entire grape cluster, rather than individual berries, 
typically shows BS symptoms; however, earlier or more severe 
BS symptoms near the cluster tip sometimes occur relative to 
other cluster sections (Bondada, 2014; Hoff et al., 2021). BS 
incidence in vineyards varies yearly, ranging from zero to 60%, 
with an afflicted vine showing both BS and healthy clusters 
(Krasnow et al., 2009; Knoll et al., 2010; Griesser et al., 2012). 
Empirical evidence indicates that there is a genotype effect of 
BS incidence. Grapevine varieties that succumb to BS include 
Cabernet Sauvignon, Blauer Zweigelt, Pinot noir, Pinot blanc, 
Durif, Sémillon, Sauvignon blanc, Grüner Veltliner, Nebbiolo, 
Chasselas, Humagne rouge, Gewürztraminer, Melon, Merlot, 
and Cornalin, while other cultivars growing at the same vine-
yard sites remain unaffected. Quantitative data of BS occur-
rence are scare, but some studies tested possible environmental 

Fig. 3. Berry shrivel (BS) symptom severity in Vitis vinifera cultivars Blauer Zweigelt and Cabernet Sauvignon in comparison with healthy clusters at 
harvest. BS symptoms evolve through berry ripening from berries with low anthocyanins to shriveled berries. Entire clusters are affected by BS, and 
detached berries leak juice from the mesocarp cells. Note the presence of a healthy cluster and a BS cluster on the same Cabernet Sauvignon shoot on 
the right. All pictures by Griesser and Keller.
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or vineyard management effects on BS. Different soil fertiliza-
tion showed no effect on BS abundance in southern Germany 
with Blauer Zweigelt (22–29% BS) and Pinot blanc (5–6% BS) 
(Bachteler et al., 2015b). In South Tirol, Italy, a severe reduction 
in canopy height (60 cm instead of 90 cm through repeated 
shoot topping) of Gewürztraminer, Pinot blanc, and Pinot gris 
led to a BS incidence of 20–40% compared with 5% in the un-
treated control (Raifer et al., 2015). In western Switzerland, ir-
rigation increased BS incidence compared with non-irrigated 
Humagne rouge (Zufferey et al., 2015). The same study showed 
that strong temperature fluctuations near the onset of fruit rip-
ening appeared to exacerbate the appearance of BS symptoms.

Major metabolic shifts in sugar 
accumulation of berries afflicted with BS 
disorder

This section provides in-depth information on biochemical 
and morphological consequences of BS in berries, pedicels, 
and rachis. The focus will be on sugar transport and metabo-
lism, cell death and cell wall modification, and phytohormone 
profiles.

Primary and secondary metabolism are strongly 
affected

Previous studies identified major changes in primary and sec-
ondary metabolism prior to the appearance of visible symp-
toms of BS (Bondada and Keller, 2012a; Keller et al., 2016; 
Griesser et al., 2018, 2020). In addition, a transcriptional anal-
ysis found (i) no differential gene expression in BS berries be-
fore the onset of ripening; (ii) a high number of modulated 
genes from different metabolic pathways in BS berries at the 
onset of ripening; (iii) a high number of ‘switch’ genes showing 
reduced expression in BS berries at ripening onset; and (iv) 
enhanced activity of different metabolic pathways in BS ber-
ries with visible symptoms (Savoi et al., 2019).

In Fig. 4A–C, we summarize the available information on 
sugar transport and sugar metabolism in BS-affected grape 
berries during and after the onset of ripening. At the onset of 
normal grape ripening, the plasmodesmata are thought to be 
closed (Zhang et al., 2006) and, therefore, sugars must enter the 
parenchyma cells via the apoplast (Fig. 1B). VviSWEET10 and 
VviHT6 of BS berries, with a proposed function in phloem 
unloading of sucrose into the apoplast and further transport to 
the vacuole of adjacent parenchyma cells (Zhang et al., 2019; 
Savoi et al., 2021), were not differentially expressed compared 
with healthy berries (Savoi et al., 2019). Similarly, the cell wall 
invertase gene (VvicwINV) showed the same expression pattern 
in healthy and BS-affected berries. In contrast, the expression of 
the hexose transporter genes VviHT1, VviHT4, and VviHT5, 
and the sucrose transporter gene VviSUC27 was induced in 
BS berries, which might have stimulated the relatively higher 

expression of two cytoplasm-neutral invertases. Additionally, 
the expression of the tonoplast monosaccharide transporter 
gene VviTMT2 is highly reduced in BS berries, while the ex-
pression of the vacuolar invertase gene VviGIN2 is enhanced 
(Savoi et al., 2019). Together, these results could point towards 
a shift in the relative ratio of hexoses to sucrose in the apo-
plast and cytoplasm of mesocarp cells in BS berries, which 
could occur as a result of either changed transporter activities 
or imperfect symplast isolation via blocking of plasmodesmata. 
Alternatively, these changes might be a consequence of mes-
ocarp membrane failure, a timely succession of events which 
needs elucidation. Despite altered expression of sugar trans-
porter genes, no differences in the relative proportions of glu-
cose, fructose, and sucrose were found in juice from BS berries 
compared with healthy berries (Keller et al., 2016). Loss of 
membrane integrity in the cells surrounding the basal vascular 
bundles (or in the vascular bundles themselves) compromises 
the cells’ ability to osmoregulate and greatly reduces the berry’s 
sink activity and strength. The observed general shutdown of 
glycolysis and the tricarboxylic acid (TCA) cycle (Fig. 4B) may 
be a consequence of the lack of glucose precursors in BS ber-
ries (Griesser et al., 2018; Savoi et al., 2019). Strikingly, however, 
the altered expression of genes in BS berries at the onset of 
ripening cannot explain the cessation of sugar accumulation 
shortly thereafter. Post-transcriptional processes could modify 
expression levels, as shown for the sucrose transporter SUC2 in 
leaves via ubiquitination and phosphorylation (Xu et al., 2020).

Apart from low sugar content, the pH of juice from BS 
berries is more acidic than that of normally ripening berries 
(Krasnow et al., 2009; Bondada and Keller, 2012b; Griesser et al., 
2012). This difference is likely to be a result of higher concen-
trations of titratable acidity due to berry shrinkage (Zufferey 
et al., 2015) and decreased import of K+ via the phloem (Keller 
et al., 2016). Information on the organic acid profile in BS ber-
ries is limited, as most studies focused on tartrate and malate, 
which showed similar values for tartrate and slightly lower or 
unchanged values for malate (Krasnow et al., 2009; Bondada 
and Keller, 2012a). One study determined lower amounts of 
citrate and, in particular, oxalate, in BS berries (Keller et al., 
2016). As tartaric and malic acid accumulate in growth phase 
I, the observed organic acid and transcriptional profile in BS 
berries supports the idea that BS does not affect early berry 
development, at least not organic acid biosynthesis. The ex-
pression of genes related to the TCA cycle and associated 
pathways (e.g. pyruvate kinase, an enolase/phosphopyruvate 
hydratase, a glyceraldehyde-3P dehydrogenase, or a cytosolic 
NADP-dependent malic enzyme) was suppressed in BS ber-
ries at the onset of ripening (Fig. 4B). Consequently, reduced 
availability of precursors may have affected the biosynthesis 
of flavonoids, as the expression of most structural genes was 
decreased (Griesser et al., 2018; Savoi et al., 2019). Nonetheless, 
the branch leading to flavanol production was up-regulated, 
resulting in lower anthocyanin and higher skin tannin contents 
in BS berries at harvest (Krasnow et al., 2009; Savoi et al., 2019).  
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Fig. 4. Illustrated summary of the processes affected in berry shrivel (BS) grapes with a focus on sugar transport and primary metabolism, and 
selected results of an RNA-seq study of related pathways. (A) Relative expression of genes involved in sugar transport and sugar metabolism differing 
between BS and healthy berries. (B) Heatmap of genes involved in sugar metabolism during berry development and ripening (data obtained from 
Savoi et al., 2019). (C) Altered processes in BS berries with focus on sugar transport and primary metabolism. Enhanced processes in red, decreased 
processes in blue. Phenological (EL) stages: 32 (30 DAA days after anthesis), 33 (44 DAA), 34 (51 DAA), 35 (58 DAA), 36/1 (65 DAA), 36/2 (72 DAA). 
SUC (sucrose), Fru (fructose), Glc (glucose), PEP (phosphoenolpyruvate), OAA (oxalacetate), vINV (vacuolar invertase), cytINV (cytosolic invertase), 
cwINV (cell wall invertase), PEPC (cytoplasmic phosphoenolpyruvate carboxylase), NAD-cytMDH (cytosolic NAD-dependent malate dehydrogenase), 
l-Idn-DH (l-idonate dehydrogenase), mMDH (mitochondrial malate dehydrogenase), mNAD-ME (mitochondrial NAD-dependent malic enzyme), 
cytMDH (cytosolic malate dehydrogenase), cytNADP-ME (cytosolic MADP-dependent malic enzyme), PEPCK (phosphoenolpyruvate carboxykinase). (1) 
VviSWEET10 (VIT_01s0146g00260), (2) VviSWEET15 (VIT_17s0000g00830); (3) VviSUC11 (VIT_18s0001g08210), VviSUC12 (VIT_01s0026g01960), 
(4) VviHT2 (VIT_18s0001g05570); VviHT1 (VIT_00s0181g00010); VviHT3 (VIT_11s0149g00050), (5) VviHT6 (VIT_18s0122g00850), (6) VviTMT2 
(VIT03s0038g03940), (7) aquaporins (TIPs, NIPs, PIPs), (8) malate transporter.
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Whether this observed pattern is the result of a direct compe-
tition between anthocyanin and flavanol biosynthesis, as shown 
for strawberries (Fischer et al., 2014), or whether it is based 
on other mechanisms remains to be determined. However, 
the delayed and reduced anthocyanin biosynthesis could re-
sult from the low sugar contents, as sugar sensing and signaling 
stimulate anthocyanin biosynthesis (Lecourieux et al., 2013). A 
concentration of ~500 mM total sugars is needed in grape ber-
ries to start anthocyanin biosynthesis (Dai et al., 2014; Keller 
and Shrestha, 2014).

In summary (Fig. 4C), analytical and transcriptional results 
show that although sugar accumulation in BS berries starts 
at the onset of ripening, the process quickly slows and stops 
during early berry ripening. The arrest in sugar import has 
consequences for anthocyanin biosynthesis and other primary 
and secondary metabolic pathways. The sugar cycle and or-
ganic acid valve in cells are tightly coordinated throughout 
grape berry development and ripening, and it needs to be de-
termined if the cessation of sugar accumulation is one of the 
first symptoms or the cause of BS development.

Cell wall modification, cell death, and callose 
deposition may impair assimilate transport and reactive 
oxygen species scavenging

Much of our current knowledge of BS originates from micro-
scopic studies of the vascular system in the rachis and pedicels 
(Zufferey et al., 2015; Crespo-Martínez et al., 2019), transcrip-
tome analysis in the rachis and berries (Savoi et al., 2022), and 
the investigation of cell death (i.e. membrane failure) in the ra-
chis, pedicels, and berries (Hall et al., 2010; Hoff et al., 2021). 
An in-depth microscopic study of the pedicel–receptacle–brush 
junction in BS berries is pending. The brush, an opaque flesh 
consisting of vascular tissues in healthy berries, remains attached 
to the pedicel when the berry and pedicel are pulled apart. In 
contrast, the brush lacks flesh when BS berries are removed 
(Bondada and Keller, 2012a; Hoff et al., 2021), which is con-
sistent with the notion that cell death in the BS syndrome 
starts in the brush area. At advanced stages of grape ripening, 
a higher percentage of cell death is observed near the seeds in 
the inner mesocarp, even in healthy berries (Krasnow et al., 
2008;  Tilbrook and Tyerman, 2008). Development-related pro-
grammed cell death (PCD) has substantial regulatory functions 
in cell differentiation, biological development, and senescence of 
organs, with reactive oxygen species (ROS) as common induc-
ers and molecular signals, as has been reviewed (Ye et al., 2021). 
A change in plant vacuolar membrane permeability is a marker 
of PCD initiation as various hydrolases are released (Chichkova 
et al., 2004). The mechanisms of the cell death process at late 
berry ripening stages are poorly understood. One factor that 
may contribute to the enhanced cell death is low oxygen levels 
in berry mesocarp, especially near the seeds (Xiao et al., 2018).

Many signals integrate into a death or survival response in 
plant cells, including Ca2+ and ROS, external and intracellular 

receptors, and kinases, and increasing evidence points towards 
phytohormones as regulating factors (Ye et al., 2021). Ethylene 
is assumed to trigger and promote PCD, and ABA is a well-
known positive regulator of leaf senescence. At the same time, 
cytokinins prolong the greenness period in leaves, thereby de-
laying senescence (Ye et al., 2021). Indeed, the expression of 
three genes associated with cell death and several markers for 
oxidative stress (osmotin, glutaredoxin, and thioredoxin) were 
increased in BS berries (Fig. 5A). At the same time, some per-
oxidases and one glutathione S-transferase (GST) were sup-
pressed (Fig. 5A, B). The expression of GSTs is often enhanced 
under biotic and abiotic stress conditions in parallel with the 
production and accumulation of ROS, which led to the idea 
that GSTs have a protective role against oxidative stress apart 
from their known role in the detoxification of exogeneous 
xenobiotics or intracellular oxidized molecules, and in anthocy-
anin transport to vacuoles (Ugalde et al., 2021). Consequently, 
ROS accumulation could induce the observed cell death and 
enhanced expression of genes associated with redox processes 
in BS symptomatic berries (Fig. 5B). Additionally, the expres-
sion of 20 heat shock proteins (HSPs) is suppressed in BS ber-
ries, while only three HSPs are enhanced (Fig. 5A). HSPs are 
stress-responsive molecules with a primary function in proper 
protein folding, unfolding, and transport, thereby support-
ing membrane stability and ROS-scavenging enzyme activity 
(Ul Haq et al., 2019). Their failed induction might trigger the 
observed enhanced cell death.

Apart from cell death, callose plugging of sieve tubes has 
been observed in the rachis of both healthy and BS-afflicted 
clusters, but the extent of the plugging is much greater in grape 
clusters showing BS symptoms (Bondada and Keller, 2012a). 
However, manipulating the vascular system by selective xylem 
or phloem removal in the peduncle at the onset of ripening 
failed to induce BS (Hall et al., 2010; Hoff et al., 2021). Future 
work should determine whether callose deposition occurs as 
part of a wound response that accompanies cell death in the 
phloem. In addition to callose deposition, collapsed phloem 
cells have been observed in the proximity of reduced cam-
bium cell layers (Zufferey et al., 2015; Crespo-Martínez et al., 
2019). The reduced expression of cell wall biosynthesis genes 
and genes involved in different secondary metabolic processes 
in BS rachis shows parallels to a sugar starvation response in 
Arabidopsis (Arias et al., 2014; Savoi et al., 2022).

In summary (Fig. 5), berries with BS symptoms show pre-
mature cell death in the brush region, which may be induced 
by oxidative stress or a failed regulatory mechanism to scav-
enge ROS, and may or may not spread to the pedicel and the 
rachis. As the brush area includes and connects the vascular 
tissues of berries and pedicels, its failure may interrupt both 
the assimilate transport in the phloem towards the berries and 
water backflow in the xylem from the berries. However, why 
and how these changes occur virtually simultaneously in all or 
most berries of a grape cluster, despite their otherwise asyn-
chronous development, remains to be determined.
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Fig. 5. Illustrated summary of the current knowledge of the induction of berry shrivel (BS) in grapes with a focus on the vascular system, and the cell wall 
and cell death processes. (A) Relative expression of genes involved in cell death and ROS metabolism differing between BS and healthy berries.  
(B) Heatmap of genes involved in cell death, cell organization, and ROS scavenging (data obtained from Savoi et al., 2019). (C) Cell death in rachis, 
pedicels, and berries. The presented results were obtained from Krasnow et al. (2009), Hall et al. (2010), Bondada and Keller (2012a), Bondada (2014), 
Crespo-Martínez et al. (2019), and Hoff et al. (2021). Phenological (EL) stages: 32 (30 DAA days after anthesis), 33 (44 DAA), 34 (51 DAA), 35 (58 DAA), 
36/1 (65 DAA), 36/2 (72 DAA).
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Regulation of grape ripening as a possible factor in BS 
induction

Phytohormones, specifically ABA, control ripening in non-
climacteric fruit species such as grapes; auxin, brassinosteroids, 
and ethylene also play a significant role (Davies and Böttcher, 
2009). The onset of ripening in grape berries is characterized 
by a transcriptional reprogramming, including a small group 
of genes (called ‘switch’ genes) changing their expression level 
from low in green immature berries to high in ripening ber-
ries (Palumbo et al., 2014; Fasoli et al., 2018). In BS berries, 
a suppression of the majority of switch genes was observed 
at the onset of ripening (Savoi et al., 2019). The induction of 
some of these genes was delayed (e.g. VviGST4, VviUFGT, 
VviMYBA3, or an alcohol dehydrogenase gene), while some 
genes failed to be induced in BS berries (e.g. a glyceraldehyde- 
3-P-dehydrogenase gene, an enolase gene, or a different al-
cohol dehydrogenase gene). Further studies must elucidate 
if the observed pattern is a mistiming of ripening onset, or 
the response to a specific stress situation induced by an as yet 
unknown factor. Despite the general transcriptional suppres-
sion at ripening onset, expression of some switch genes was 
enhanced in BS berries (e.g. VviEXPB04, VviXTH32, and 
VviNAC60) (Savoi et al., 2019). Switch genes are assumed to 
be regulated by ABA (Pilati et al., 2017), although no correla-
tion between gene suppression and the active form of ABA in 
BS berries was observed (Griesser et al., 2020). Nevertheless, 
an  up-regulation of genes involved in ABA biosynthesis 
(VviNCED2 and VviNCED4), ABA signaling (e.g. VviPYL4 
and VviPYR1), and ABA catabolism (e.g. VviBGLU44) was 
determined in symptomatic BS berries (Savoi et al., 2019). Two 
weeks before the onset of ripening, an almost 3-fold increase 
of  1-aminocyclopropane-1-carboxylate (ACC), the ethylene 
precursor, was determined in BS berries (Griesser et al., 2020). 
With current knowledge, the role of high levels of ACC in 
developing BS berries remains unclear; however, none of the 
studies applying phytohormones to manipulate grape berry 
ripening reported symptoms similar to BS (Böttcher et al., 
2013, 2022; Coelho et al., 2019). The complex phytohormone 
crosstalk in ripening regulation and the regulation of cell death 
and senescence via phytohormones could be a reason for non-
conclusive results.

In summary, a cascade of events could accumulate triggers 
for BS induction at ripening onset. Many modulated genes, 
and significantly suppressed switch genes in pre-symptomatic 
BS berries, suggest a disturbed ripening onset, while expression 
profiles in symptomatic BS berries change in both directions.

Research achievements, hypotheses, and 
open questions

BS is a ripening disorder, and we do not know what causes 
it. However, substantial knowledge has accumulated recently, 
allowing us to target more specific questions to shed light on 

the induction process and symptom development. The high-
lights of the leading research achievements are as follows: (i) 
BS initiates at the onset or shortly after the onset of ripening 
in affected berries and quickly spreads to entire fruit clusters 
(Keller et al., 2016; Griesser et al., 2018); (ii) initial symptoms 
include loss of cell membrane integrity in the brush vascular 
area between the seeds and the receptacle, and an arrest of 
sugar import (Krasnow et al., 2009; Hoff et al., 2021); (iii) BS is 
associated with major shifts in primary and secondary metab-
olism at the transcriptional level, resulting in distinct metabolic 
profiles (Savoi et al., 2019; Griesser et al., 2020); (iv) in BS ber-
ries, switch genes are suppressed at the onset of ripening (Savoi 
et al., 2019); (v) cell death in the mesocarp may spread to the 
phloem of the pedicel and the rachis (Hall et al., 2010; Hoff 
et al., 2021), and culminates in berry shrinkage from evapora-
tive water loss; (vi) genes involved in cell wall modification and 
hydrolytic enzymes are differentially expressed in both berries 
and rachis (Savoi et al., 2022); (vii) attempts to induce BS by 
selective xylem or phloem removal in the peduncle have been 
unsuccessful (Hall et al., 2010; Hoff et al., 2021); (viii) ana-
tomical studies confirmed collapsed secondary phloem cells 
and callose deposition at sieve plates in the rachis (Bondada 
and Keller, 2012a, 2017; Crespo-Martínez et al., 2019); and (ix) 
attempts to identify pathogens involved in BS induction have 
been unsuccessful (Krasnow et al., 2009; Keller et al., 2016).

Putting the observed biochemical, transcriptional, anatom-
ical, and morphological changes involved in BS induction and 
symptom development into a spatial and temporal context in 
the rachis, pedicels, and berries on individual grape clusters or 
vines poses a challenge to sampling strategies. Samples from 
pre-symptomatic clusters need to be collected without dis-
turbing the ripening process or the process of BS induction. 
Moreover, the sampling process must consider the added com-
plexity imposed by the asynchronous onset of berry ripening. 
Based on the information gathered in this review, we propose 
three hypotheses for future research.

Hypothesis 1

Hypothesis 1 encompasses the most prominent symptom of 
BS: the arrest of sugar accumulation early during grape rip-
ening. The ripening program starts on time, as shown by the 
expression of sugar transporters and the initial increase in sugar 
content and decline in acidity. However, some events prevent 
its proper coordination, which may have consequences for the 
osmoregulation of mesocarp cells. The starting point could also 
be a failed symplastic isolation of the grape berry from the 
phloem, which would lead to inhibition of phloem unloading 
as the sugar concentration in the mesocarp cells begins to in-
crease. Consequently, the berries on an affected cluster would 
fail to increase sink strength, but they would sustain a baseline 
support via the symplast until cellular membranes begin to fail. 
Therefore, hypothesis 1 states that BS is initiated by a failure 
in phloem unloading of sugar or its transport within the berry 
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cells, resulting in osmotic stress in the cytosol. These processes 
would then compromise membrane integrity and anthocyanin 
biosynthesis, and would culminate in berry shrinkage via water 
loss through transpiration and xylem backflow.

Hypothesis 2

Hypothesis 2 states that premature cell death in the brush area of 
berries initiates a runaway process of PCD towards other berry 
areas and the pedicels. Stress-induced ROS may trigger the re-
sponse, damaging cell membranes and impending metabolism. 
Affected cells would fail to fulfill their sink function, which may 
result in a feedback loop hampering phloem unloading processes 
or vascular flow in general, ultimately resulting in arrested sugar 
accumulation. At some point, ROS production and ROS scaveng-
ing may be back in balance, as berries do not desiccate completely 
and induce ROS-scavenging transcriptional processes. In this sce-
nario, the arrest of sugar accumulation would result from the loss 
of membrane integrity in the parenchyma cells surrounding the 
basal vascular bundles, or in the vascular bundles themselves, and 
perhaps of the connectivity to or within the vascular system.

Hypothesis 3

Hypothesis 3 states that the berry ripening process in general is 
disturbed. This hypothesis may not be independent from hypo-
thesis 1 and/or hypothesis 2. About three times more genes are 
suppressed than induced in pre-symptomatic BS berries at the 
onset of ripening, among them a high number of switch genes. 
A specific metabolic process within switch genes could not be 
identified. Currently, the seemingly random distribution across 
grape clusters of asynchronously ripening berries has not been 
considered in these studies, but BS symptoms often appear si-
multaneously (or nearly so) across a cluster. However, if rip-
ening regulation is mistimed, there would be consequences 
for sink strength and for assimilate partitioning, resulting in 
reduced sugar accumulation and loss of cell vitality, both pro-
cesses influenced by phytohormones.

Despite considerable progress in our understanding of BS, 
there are some puzzling facts about this ripening disorder, 
posed as questions below.

Why does BS usually affect whole clusters rather than 
individual berries?

Initial metabolic changes in BS berries are observed at or shortly 
after the onset of berry ripening. Berries of the same cluster 
ripen quite heterogeneously (Coombe, 1992; Bigard et al., 2019; 
Hernández-Montes et al., 2021), and individual berries, rather 
than whole clusters, trigger enhanced phloem import as each 
berry begins to ripen over a period that can span >2 weeks 
(Keller et al., 2015; Zhang and Keller, 2017). Many factors, in-
cluding the timing of flowering and fruit set, berry growth, seed 
number, size, and content, contribute to asynchronous ripening 

(Coombe, 1992; Gouthu and Deluc, 2015; Keller et al., 2022). 
Consequently, one factor for BS induction is still missing, as 
berries start ripening individually, but BS symptoms often ap-
pear across whole clusters simultaneously. There could be a 
signal for communication among berries of the same cluster 
that synchronizes the appearance of BS, but the nature of this 
signaling is yet to be deciphered. It is possible that an external 
signal from the vine or the environment might induce BS.

Why are only some clusters on a vine or even on the 
same shoot affected?

The appearance of BS is random on vines, within vineyards, and 
between years. There is no obvious explanation for why some 
grape clusters on a shoot or a vine are affected while others 
remain healthy, or why some vines have clusters with BS symp-
toms while others produce wholly healthy grapes. The premise 
that BS is a consequence of potassium deficiency could not be 
experimentally validated (Bachteler et al., 2015a, b; Griesser et al., 
2017), compelling us to explore soil, climate, or micro-climate 
factors as potential causes, as growers observe BS under varied 
growing conditions. The elucidation of potential environmental 
triggers could help to understand the patchiness of BS incidence, 
possibly by determining inflorescence development and fruit set 
or ripening onset. Since BS symptoms appear only during fruit 
ripening, after seeds have developed and matured, the putative 
environmental trigger does not influence stages I and II of berry 
growth. However, some changes in inflorescence development 
could enhance the BS probability later in the season. Since not 
all clusters are affected, a cluster-specific signal might lead to the 
induction of BS and the next question.

Why are some grape cultivars more affected than 
others?

Not all grapevine cultivars are similarly affected by ripening 
disorders in general and BS specifically. Genotype–environ-
ment interactions could be one piece of the puzzle yet to be 
studied. Genetic pedigrees do not show close relationships be-
tween susceptible cultivars, for example Cabernet Sauvignon 
and Blauer Zweigelt. However, comparative studies investigat-
ing BS with several cultivars are scarce, and BS monitoring 
has not been included in routine assessments in cultivar col-
lections. The seasonal timing of ripening initiation is probably 
not a factor in BS induction, as both early (Pinot noir) and late 
(Cabernet Sauvignon) ripening cultivars are affected. Similarly, 
anthocyanin biosynthesis is not involved in triggering BS, as 
both red and white cultivars are affected.

Why do BS-affected berries remain metabolically 
active and not desiccate completely?

Although we observe reduced sugar accumulation and local-
ized cell death in BS berries, the berries continue to metabolize 
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malate, and many genes are differentially regulated. Moreover, al-
though they shrink following the arrest of sugar accumulation, 
they do not desiccate completely and are not abscised from the 
cluster. This behavior is distinct from BSN, wherein large parts 
of the peduncle and/or rachis become necrotic, and the berries 
downstream of the necrotic sections dry up and shrivel. The tran-
scriptomic activity provides a real-time snapshot of the cellular 
activity that may present a flux rather than homeostasis. Thus, the 
information extracted requires interpretation ‘with care’.

Is there a linkage between the BSN and BS disorders?

The ripening disorders BS and BSN are usually distinguished 
from each other by their symptoms on the rachis and pedicels, 
which remain green in BS clusters but become necrotic in BSN 
clusters. Nevertheless, transitional forms have been observed, 
with small necrotic lesions visible under the microscope in ra-
chis axils or pedicels of BS clusters. It is possible that the seem-
ingly distinct disorders might represent differences in the degree 
of severity. In this scenario, BS would be a ‘mild’ form of BSN. 
However, this idea is difficult to reconcile with the observation 
that cell death may start within berries in BS and near rachis len-
ticels or stomata in BSN. It remains to be investigated whether 
BS and BSN are related via external or internal triggers.

Outlook and future perspectives

Fruit ripening is a critical developmental phase of plant life, 
primarily for dispersing the seeds. However, we grow fruits to 
supplement our diet since fresh fruits and their processed prod-
ucts are enriched with health-promoting metabolites. These 
metabolites are the culmination of a well-orchestrated ripen-
ing program, the most studied phenomenon of grapevine life. 
Although fruit ripening has been studied extensively, especially 
in model species such as tomato and grapevine, many ripening 
aspects still need to be clarified because they result from com-
plex mechanisms regulated by myriad abiotic and biotic factors 
underlying fruit ripening. Like other fruit species, grapevines 
continue to suffer from physiological ripening disorders, in-
cluding BS, for which we have no remedy. BS afflicts grape 
berries every growing season to a varying degree, and in some 
years causes significant losses. This review provides a current 
understanding of this anomaly, including key challenges and 
critical knowledge gaps. New and innovative ideas are needed 
to answer the open questions and identify the causal processes 
that induce BS. Future research should prioritize the following 
areas. (i) Consolidating the available information on BS with 
different cultivars at the biochemical and transcriptional levels. 
Most studies to date focused on either Cabernet Sauvignon or 
Blauer Zweigelt. However, the two cultivars have never been 
compared side by side in the same study, which would help 
to identify cultivar-specific responses. The genetic background 
and parent–progeny associations of cultivars developing BS 

could add a different angle to the study of this phenomenon. 
Additionally, sampling protocols need to be standardized to en-
sure comparability of results. (ii) Jointly analyzing the assimilate 
transport towards grape berries and the metabolic processes 
within the berries. This analysis would include the heteroge-
neity of berry populations at the onset of ripening, the com-
munication between berries and the signaling between berries 
and vines, and the consequences of vascular transport capaci-
ties for ripening processes. One focus should be on the ped-
icel–receptacle–brush–berry junction to directly trace phloem 
and xylem transport with labeled molecules. Quantifying 
phloem flow directly in living tissues would be interesting, but 
a method has yet to become available. The analyses of miRNA 
or siRNA signals in the vascular system might provide infor-
mation on source–sink communication. (iii) Designing inno-
vative experimental protocols aimed at inducing BS. Progress 
in elucidating potential underlying causes of this disorder is 
greatly hampered by the current inability to trigger BS in a 
laboratory setting or in the field. (iv) Pathogens have not been 
associated with BS, but that does not exclude the possibility 
that the disorder might be caused by an unknown pathogen. 
Also, studying endophytes may contribute to the current pic-
ture of the seasonality of BS abundance. (v) Developing strate-
gies to reduce BS incidence in vineyards and clarifying the 
contribution of potential environmental triggers. Developing a 
database to track BS incidence in wine-growing regions would 
help to understand the severity of BS in viticulture. Linking 
the BS incidence on a spatial scale with remote sensing infor-
mation, microclimatic measurements, vineyard management 
practices, and local soil characteristics may facilitate the identi-
fication of BS risk factors.
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