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Abstract 

  

Sub-zero freezing temperatures cause 5-15% of annual crop losses to worldwide 

grapevine cultivation. Based on their cold hardiness, i.e., the ability to survive under low 

temperature conditions, grapevine genotypes can be classified as a) cold sensitive, such 

as Vitis vinifera (-18℃ to -22℃ critical range), and b) cold hardy, such as Vitis labrusca 

(-26℃ to -29℃). During spring, late-spring frost conditions can cause injury to young 

shoots emerging from dormant buds, affecting grapevine yield and wine quality. 

Enhancing cold hardiness and frost tolerance can improve grapevine’s survivability under 

extreme low temperature conditions. Cold hardy wild grapevine species, such as native 

North American Vitis labrusca, are being utilized for the development of cold hardy 

hybrid cultivars, however, most of these species have low-chilling requirements, leading 

to early budburst in spring. Therefore, despite being cold hardy as dormant buds, it is 

unknown if the young shoots of Vitis labrusca have higher frost tolerance than those of 

Vitis vinifera cultivars. Our goal was to determine the difference in frost tolerance and 

transcriptomic response related to low temperatures between young shoots of cold hardy 

V. labrusca acc. ‘GREM4’ and cold sensitive V. vinifera cv. ‘Cabernet Sauvignon’. 

Results showed that ‘GREM4’ shoots had significantly higher frost tolerance than those 
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of ‘Cabernet Sauvignon’. Transcriptomic analysis for chill (4℃) and freeze (-2℃) stress 

revealed that 'GREM4' shoots exhibited upregulation of genes encoding cell-wall-

associated receptor kinases and extensin proteins under both chill and freeze stress. 

Moreover, genes encoding 3-ketoacyl-coenzymeA synthase (KCS), a key enzyme 

involved in wax biosynthesis, and genes related to sugar transport and metabolism were 

differentially expressed between ‘GREM4’ and ‘Cabernet Sauvignon’. Interaction 

analysis between species and temperature treatments revealed that the gene encoding 

abscisic acid (ABA) degrading enzyme ABA 8’-hydroxylase 3 was significantly 

upregulated in ‘GREM4’ shoots under chill and freeze stress, indicating ABA’s 

involvement in frost tolerance. These findings suggests that changes in cell-wall 

properties or synthesis of very-long-chain fatty acids (VLCFAs) by KCS genes might 

contribute to enhancing frost tolerance of ‘GREM4’ young shoots. 

Cold hardiness of dormant buds prone to sub-zero temperatures can be improved 

by adopting management practices such as spraying cryoprotectants. Potassium has been 

considered to play a role in cryoprotection as its accumulation can increase cell solute 

concentration and decrease osmotic potential, ultimately lowering the freezing point of 

intracellular water. Vitis spp. ‘Chambourcin’, a commonly grown grapevine cultivar in 

Ohio, is considered moderately cold sensitive. Our research focused on determining if 

foliar potassium application is effective in improving the cold hardiness of 

‘Chambourcin’, along with its effect on yield and fruit quality. This study showed that 

potassium application during the growing season can improve cold hardiness, with no 
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significant effect on yield. Instead, the foliar application increased berry sugar levels 

without affecting juice pH.  

Overall, these findings will help improve the survivability of grapevines prone to 

sub-zero temperature conditions during winter and spring, thereby decreasing the 

negative impact of low temperature stress on yield and fruit quality and increasing the 

overall profitability of grapevine growers.   
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Abstract 

Freezing temperatures are one of the potential threats to the grape industry, impacting the 

yield and fruit quality. One of the several measures to mitigate the adverse effects of low 

temperatures is to develop grapevine cultivars with desirable traits enhancing cold 

hardiness. Here we provide a comprehensive overview of the effects of cold stress on 

grapevine morphology and physiology. Two molecular pathways involved in low 

temperature stress tolerance, the CBF-dependent pathway and the ABA-regulated 

pathway, will be discussed, as well as the genes involved in regulating these two 

pathways. An increase in the production of cryoprotectants, including soluble sugars, 

anti-freeze proteins, and other regulatory metabolites, regulates various physiological and 

morphological changes leading to either enhancing dormancy or suppressing growth to 

avoid freeze injury. Further, the prospects of grapevine breeding for developing more 

cold hardy cultivars along with other advanced strategies to understand the dynamics of 

cold acclimation and deacclimation are discussed. Overall, a comprehensive 

understanding of grapevine cold tolerance mechanisms is provided which is essential for 

developing resilient cultivars to mitigate the impact of sub-freezing temperatures on 

grape production and wine quality. 

 

Introduction 

Grapevine (Vitis vinifera L.) is one of the prominent fruit crops cultivated worldwide. 

Originally domesticated in the Mediterranean, Vitis vinifera is well adapted to mild but 

not severe winter conditions (Londo et al., 2018). Freezing injury is a major problem in 
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grapevine production, causing an average of 5-15% annual crop loss worldwide (Zabadal 

et al., 2007). Temperate-to-cool regions, such as northern Europe, the northeast US, and 

Canada, experience harsh mid-winters and late-spring frost events that pose a threat to 

grapevine yield and wine quality, inducing “vintage effect”, which refers to the yearly 

variations in yield and quality (van Leeuwen & Darriet, 2016).  

Within the United States, grape production holds significant economic value, 

amounting to 6 million tons of grapes produced, with an annual revenue of $5.5 billion 

(USDA, 2022). The economic contribution from the midwestern and eastern grape 

industries has been increasing in recent years, however, there is a high risk to grape 

cultivation in these regions due to late spring frosts (Loseke et al., 2015). The eastern 

United States, in particular, has experienced major spring frost events since 2007, 

resulting in an estimated annual loss of $250 million, as reported through insurance 

claims by grape and other fruit growers (Poni et al., 2022). Following that, the Polar 

Vortex in 2014 caused a significant impact, causing damage to 29%, 57%, and 97% of 

Ohio's American, hybrid, and V. vinifera grape varieties, respectively, resulting in a 

financial loss of $4 million (Dami, 2014). In addition to impacting crop growth and 

development, winter injury significantly affects wine quality. This dual effect results in 

grape growers experiencing both direct losses in crop yield and indirect repercussions due 

to reduced wine sales (Zabadal et al., 2007). 

Freezing injury of buds can be mitigated by some long-term and short-term 

management practices (Dami, I., 2022). Long-term practices include appropriate site 

selection and choosing appropriate cultivars for the growing region. Mid-term mitigation 
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strategies tend to prevent tissue injury by delaying the budburst or extending the period of 

dormancy. These include double and delayed pruning, cover crop management, 

evaporative cooling, sprayable cryoprotectants, dormant oils, growth regulators, and ice-

nucleation inhibitors. Short-term freezing protection methods include the use of wind 

machines or heaters prior to or during the freezing or frost event. These short-term and 

mid-term strategies can help avoid winter injury to some extent, but genotype selection is 

of prime importance.  

Wild Vitis spp. have a wide range of chilling requirement (De Rosa et al., 2021), 

and the level of cold hardiness varies between, as well as within, the species (Londo & 

Johnson, 2014). Some of these species have been utilized for the development of cold 

climate interspecific hybrid grapevine (CCIHG) cultivars to boost the viticulture industry 

in regions most affected by cold damage, such as the Midwestern US (North et al., 2021). 

The CCIHG cultivars have been developed to combine the desirable fruit quality traits of 

V. vinifera with the midwinter cold-hardiness traits of wild Vitis species. These cultivars 

have acquired the ability to deacclimate at lower temperatures which extends the growth 

period, however, this also increases the risk of late-spring frost injury to the crop. 

Therefore, it becomes imperative to understand cold-hardiness dynamics in Vitis and how 

it is being regulated by different genetic and metabolic pathways. 

In this review, we aim to provide an overview of grapevine dormancy and how it 

is being affected by different environmental conditions. We specifically discuss 

important genetic and metabolic pathways involved in improving cold hardiness or 

alleviating freezing damage in different grapevine tissues, especially dormant buds and 
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young shoots or leaves, and how this information can be used to develop breeding 

strategies to avoid grapevine freezing injury.  

 

Grapevine Bud Dormancy 

Apart from genotypic effects, external environmental conditions, especially temperature, 

greatly affect grapevine phenology, including its cold hardiness and deacclimation (De 

Rosa et al., 2021; Pagter & Arora, 2013). Being a woody-temperate perennial, grapevine 

undergoes dormancy to survive subfreezing temperatures. Grapevine (Vitis vinifera L.) 

has two buds that develop in every leaf axil, i) a simple lateral bud axillary to the leaf and 

ii) a compound bud axillary to the basal prophyll of the lateral bud (Morrison, 1991). The 

simple lateral bud does not underdo dormancy during winter, but in summer, lateral 

shoots originate from it during the growing season. On the other hand, the compound bud 

consists of a central primary bud and a smaller secondary and tertiary bud. The 

compound bud undergoes dormancy during winter, and thus is also referred as the 

dormant or latent bud (Morrison, 1991).  

Typically, dormancy has been categorized into three types, namely, 

paradormancy, endodormancy, and ecodormancy (Lang, 1987). Paradormancy is 

regulated by physiological factors of other tissues within the plant, for example, apical 

dominance. During late-summer or fall, as the plants experience shorter photoperiods, 

apparent growth ceases due to complex genetic signaling (Cooke et al., 2012; Fraire-

Velázquez et al., 2011). This physiological stage of internal molecular inhibition is 

known as “endodormancy” (Kühn et al., 2009). The transition from paradormancy to 
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endodormancy occurs through a process called “acclimation”, which is necessary for 

plants to withstand low temperature conditions, as well as to acquire synchronous growth 

upon the onset of climatic conditions conducive to growth during spring. Endodormancy 

is followed by an increase in cold hardiness of the plants, which is induced by non-

freezing low temperatures. However, the time required to acclimate and acquire complete 

endodormancy, commonly known as the “chilling requirement”, differs among fruit 

crops, as well as within species (Bañuelos et al., 2008). Once the chilling requirement is 

fulfilled, the buds become ecodormant, i.e., remain dormant due to external 

environmental conditions. Once favorable conditions for growth prevail in the spring, 

grapevines deacclimate and initiate budburst as a physically manifested sign of resuming 

growth and development (Ault et al., 2013; Byun et al., 2014; Gu et al., 2008; Kovi et al., 

2016).  

 

Effect of low temperature stress on grapevine 

During fall, plants acclimate to enter endodormancy, however, the requirements to enter 

endodormancy may differ among Vitis species. For example, Vitis vinifera requires both 

short-photoperiod and low temperature to enter endodormancy, whereas Vitis labrusca, a 

wild grapevine species, requires only short-photoperiod (Zabadal et al., 2007). Upon 

reaching critical day-length, growth ceases as leaf abscission occurs and periderm 

formation is initiated from the basal portion of the shoot towards the growing tip after 

four to six weeks of short-daylength photoperiod (Grant et al., 2013; Rubio et al., 2016). 

The cork cells of periderm release a waxy substance making it nearly impervious to 
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water, protecting acclimated cells interior to the periderm layer of the stem (Zabadal et 

al., 2007). Along with that, endodormancy is induced in latent compound buds and the 

buds are isolated from the vascular system in the canes and trunks (Rubio et al., 2016; 

Zabadal et al., 2007).  

At the cellular level, endodormancy induced by short photoperiod increases starch 

content and cell wall thickening in meristematic cells. Growth cessation leads to a 

decrease in water and nutrient uptake from the soil. These physiological and structural 

changes are required for grapevine to become cold hardy in winter (Rubio et al., 2016). 

Thus, endodormancy of buds is crucial for achieving a certain degree of cold hardiness 

(Pérez & Rubio, 2015).  

Under low temperature conditions, the osmotically inert starch accumulated 

during endodormancy is degraded into sugars (osmotically active solutes) simultaneously 

occurring in different tissues of grapevine, including dormant buds (Fennell, 2004; Guy, 

1990; Hamman et al., 1996; Jones et al., 1999; Keller, 2015). These sugars are utilized to 

generate energy to compensate for the decline in photosynthetic activity, while others get 

used in the formation of cryoprotectants (Druart et al., 2007; Keller, 2015). Once sugars 

are transported to other tissues, the outer cork cells get completely suberized, hindering 

phloem loading and transport. As a result, the interior cells of different tissues are 

protected from being in contact with the external water and the water content of the 

tissues is reduced to 42-45% (Keller, 2015).  

Prolonged chilling or sub-zero temperatures cause freezing injury to grapevine 

tissues, and it is greatly affected by the external temperature and the water content in the 
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tissues or cells (Keller, 2015). There are two mechanisms by which grapevines survive 

winter conditions: a) desiccation of cell cytoplasm in cane and trunk tissues due to 

extracellular ice formation and b) the supercooling ability of dormant buds to prevent 

freezing of intracellular water (Zabadal et al., 2007). Deep-supercooling is a complex 

process, involving changes in cell membrane structure, sugar concentrations, and the 

production of osmoprotectants (dehydrin proteins), proline, organic acids, etc. (Hébert-

Haché et al., 2021; Pérez & Rubio, 2015; Pierquet & Stushnoff, 1980; Quamme, 1991; 

Zheng et al., 2018). It is well known that solutes help in lowering the freezing point of 

water. Intercellular spaces in the apoplast and cell wall regions have higher water content 

and lower solute concentration, thus, the freezing point of water in intercellular space is 

higher, compared to intracellular content (Keller, 2015; Wisniewski et al., 2014; Xin & 

Browse, 2000). Therefore, on experiencing low temperatures, ice formation is initiated in 

apoplast, however, this ice formation is non-lethal as it does not affect the intracellular 

components. As ice formation continues, the solutes in the intercellular spaces get 

separated, generating a water potential gradient, and intracellular water tends to move 

outside the cells. As a consequence, the solute concentration within the cells increases, 

which contributes to lowering the freezing point to some extent (Guy, 1990; Keller, 2015; 

Pearce, 2001; Steponkus, 1984; Thomashow, 1999). Turgor pressure of a cell is lost due 

to a very high water potential gradient which causes the cell to shrink and the symplast to 

dehydrate (Browse & Xin, 2001). Ice-formation expansion in the apoplast can rupture the 

cell membranes, causing freezing injury observed in the form of cell death and plant 

tissue browning (Guy, 1990; Keller, 2015; Thomashow, 1999; Xin & Browse, 2000).  
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Molecular mechanism during low temperature stress 

Low temperature stress tolerance is a multigenic trait involving the regulation of different 

transcription factors controlling growth metabolism and enhancing dormancy (Mahajan 

& Tuteja, 2005). The stress-responsive genes activated under low temperatures are 

broadly divided into early-induced and late-induced genes. Early-induced genes include 

transcription factors such as dehydration-responsive elements (DRE) or C-repeats (CRT), 

ABA-responsive element (ABRE), and MYB recognition sequence (MYBRS). These 

transcription factors do not require the synthesis of new proteins, and thus, they are 

activated within minutes after receiving cold stimulus (Mahajan & Tuteja, 2005). On the 

other hand, late-induced genes consist of major stress responsive protein-encoding genes, 

for example, late-embryogenesis abundant (LEA) proteins, antioxidant enzyme systems, 

membrane stabilizing proteins, etc. Some of the important Vitis genes involved in low 

temperature stress tolerance are mentioned in Table 1.1.  

Low temperatures induce two major types of regulatory mechanisms in plants: the 

CBF-transcription factor dependent pathway and the ABA-regulated (CBF-independent) 

pathway (Wu et al., 2023). Both of these pathways consist of early-induced and late-

induced genes, the regulation of which determines the cold tolerance of the tissues.     

 

A. CBF-transcription factor dependent pathway 

The CBF-transcription factor-dependent pathway is the most studied low temperature 

response pathway in different crop species. Prior research on various plant species 



10 
 

suggests low temperatures induce a genetic signal which is similar to that initiated during 

drought, heat or biotic stresses (Kovaleski & Londo, 2019). On sensing low temperatures, 

calcium (Ca2+) influx regulates important down-stream genes involved in cold response, 

such as MAPK (Mitogen-activated protein kinase), ICE (Inducer of CBF Expression) 

family factors, and PLD (Phospholipase D). CDPKs (Calcium-dependent protein kinases) 

and CNGCs (Cyclic non-gated ion channels) are involved in Ca2+ signaling. Kovaleski 

and Londo (2019) reported downregulation of nuclear-localized Ca2+ channel protein, 

CNGC15, in different wild and cultivated Vitis species during deacclimation, suggesting 

its role in grapevine bud dormancy. Another study on wild species V. amurensis showed 

the role of VaCPK20 in cold stress response (Dubrovina et al., 2015). Cytosolic Ca2+ 

accumulation is also influenced by membrane rigidification as plant cytoskeletons 

(including microtubules) are also involved in perceiving external stimuli (Nick, 2013). In 

conjunction with CNGC15, the downregulation of FATTY-ACID DESATURASE 5 

(FAD5) may contribute to alterations in membrane fluidity (Kovaleski & Londo, 2019). 

All these genes could alter the physical properties of the plasma membrane, thus, 

influencing the calcium signaling to regulate downstream cellular processes.   

Low temperature further influences the activity of the transcription factor BASIC 

HELIX-LOOP-HELIX (bHLHs) in both V. vinifera cv. ‘Cabernet Sauvignon’ and wild V. 

amurensis (Xu et al., 2014). The gene regulation cascade initiated by low temperature 

exposure induces the activity of bHLH factor family INDUCER of CBF EXPRESSION 

(ICE), which further activates the expression of COLD BINDING 

FACTOR/DEHYDRATION-RESPONSIVE ELEMENT BINDING (CBF/DREB) 
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transcription factors (Londo et al., 2018). Out of four ICE genes found in grapes 

(Rahman et al., 2014), VaICE1 was strongly upregulated under freezing stress in 

grapevine roots, leaves, stems, and petioles. These ICE genes are also regulated by genes, 

such as MYELOBLASTOSIS (MYB), E3 ubiquitin ligase HIGH EXPRESSION OF 

OSMOTICALLY RESPONSIVE Gene (HOS), and PLANT U-BOX PROTEIN (PUB). 

PUB24 positively regulates the expression of ICE1 in V. pseudoreticulata, whereas 

HOS1 competes with PUB24 to break down ICE1. Additionally, genes involved jasmonic 

acid pathways may involve in regulation of ICE factors (Wang et al., 2021; Wu et al., 

2014; Yao et al., 2017; Zhao et al., 2016).  

Upon activation, ICE factors activate CBF/DREB transcription factors, that 

further induce cold-responsive genes. CBF is one of the ETHYLENE-RESPONSIVE 

ELEMENT BINDING FACTOR (ERF)/ APETALA2 (AP2) super family transcription 

factors (Licausi et al., 2013; Mizoi et al., 2012), and there are at least seven CBF genes 

present in V. vinifera and V. amurensis (Carlow et al., 2017). These CBF genes may have 

evolved to function differently under cold stress as they activate different cis-acting 

elements (Carlow et al., 2017). Transcription factors, such as MYBs, WRKYs, and NAC 

might also be involved in regulating the expression of CBFs/DREBs to improve cold 

tolerance, as reported in Arabidopsis and different grapevine species (Agarwal et al., 

2006; Diao et al., 2020; Li et al., 2010; Puranik et al., 2012; Sun et al., 2018; Wang et al., 

2014; Zhang et al., 2019; Zhang et al., 2022).   

CBF/DREB genes further activate COLD-RESPONSIVE (COR) genes by binding 

to their promoter regions (Mahajan & Tuteja, 2005). CBFs/DREBs mainly target 
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DEHYDRINS (DHNs) (Group II of late-embryogenesis abundant (LEA) proteins), which 

play an important role in cold acclimation and mitigating freezing injury (Sun et al., 

2021; Wisniewski et al., 2014). Other COR genes encode cryoprotectants that further 

induce chaperone encoding genes or lead to an increase in soluble sugar accumulation to 

enhance low temperature stress tolerance (Mahajan & Tuteja, 2005).    

Dehydrins (DHNs), a class of thermostable stress proteins, were found to 

accumulate in buds of V. labruscana L. cv. ‘Concord’ under cold stress (Salzman et al., 

1996). These proteins play a role in cell membrane stabilization and activation of 

antioxidant enzyme systems in different crop species (Sun et al., 2021). Out of four 

DHNs genes identified in V. vinifera and V. yeshanensis (Yang et al., 2012), DHN1 and 

DHN2 were found to be induced by cold and ABA. DHN1 was also induced by the 

application of salicylic acid (SA) and methyl jasmonate (MeJA), the phytohormones that 

play a role in imparting cold stress tolerance in plants (Raza et al., 2023). 

Other cold-induced responses are involved in signal transduction, change in sugar 

levels, and formation of regulatory proteins, such as mitogen-activated protein kinase 

(MAPK) and the calmodulin-like proteins as found in A. thaliana (Kovaleski & Londo, 

2019; Mahajan & Tuteja, 2005). Sugar metabolism has been reported to play a major role 

in enhancing grapevine cold hardiness as there is a strong correlation between total 

soluble solids accumulation and the lowest external temperatures (Jiang et al., 2014). It 

was suggested that sucrose plays a role in osmoregulation in grapevine tissues under low, 

but non-freezing, temperatures by reducing ice nucleation within the apoplast. Other 

sugars, such as, glucose, fructose, raffinose, and stachyose are also associated with cold 
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hardiness to varying degree (De Rosa et al., 2022). Raffinose accumulation, in particular, 

was found to change at a faster rate in response to external temperature changes, 

however, genes involved in raffinose family oligosaccharides (RFOs) metabolism, such 

as RAFFINOSE SYNTHASE (RafS), and GALACTINOL SYNTHASE (GolS) need to be 

further studied to understand its complexities (De Rosa et al., 2022; Sengupta et al., 

2015). A study conducted on red grape interspecific hybrid UD 31-103 (Merlot × Kozma 

20-3) showed upregulation of VvRS (RAFFINOSE SYNTHASE) during acclimation (De 

Rosa et al., 2022). As the temperature decreases further, the upregulation of HEXOSE-

TRANSPORTER VvHT5 and downregulation of VvHT1 was correlated to an increase in 

cold hardiness of the buds which was enhanced by higher accumulation of hexoses 

(glucose). Interestingly, expression of VvMSA (MATURATION, STRESS, ABA) was 

found in coordination with VvHT1, suggesting sugar metabolism was regulated by 

hormones such as ABA (De Rosa et al., 2022). On the other hand, a GWAS study 

conducted by Wang et al. (2021) found a PHOSPHOGLYCERATE KINASE (PGK) gene 

associated with cold hardiness of grapevine buds. Another study found an increase in 

several metabolites, such as galactinol, proline, putrescine in chilling exposed leaves of 

V. amurensis as compared to those of V. vinifera cv. ‘Muscat Hamburg’. Higher levels of 

these cryoprotectants could be responsible for higher cold hardiness of wild species V. 

amurensis (Chai et al., 2019). 
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B. ABA-regulated (CBF-independent) pathway  

ABA, along with low temperature, has a synergistic effect on CBFs/DREBs in dormant 

grapevine buds (Rubio et al., 2019). ABA is not involved in inducing, but maintaining 

and releasing endodormancy (De Rosa et al., 2021). Studies in grapevine have shown a 

positive correlation between ABA accumulation and acclimation during winters, while 

deacclimation occurs due to the loss of ABA (Kovaleski & Londo, 2019; Rubio et al., 

2019). A decrease in water availability in plant cells could lead to osmotic stress which 

could stimulate ABA synthesis. Studies in other crops suggest that ABA upregulation 

during acclimation could induce protein and sugar synthesis, and ROS scavenging 

system, ultimately leading to higher cold hardiness (Raza et al., 2023). The key enzyme 

involved in ABA biosynthesis is 9-cis epoxycarotenoid dioxygenase (NCED), while 

ABA8’OH (ABA 8’-hydroxylase) is involved in catabolizing ABA, thus regulating 

dormancy release (Vergara et al., 2017). Londo et al. (2018) found downregulation of 

NCED3 under acclimated chill (4℃) treatment, while it was upregulated under freeze and 

acclimated freeze-treated (-3℃) of V. vinifera leaves. The expression of ABA-degrading 

VvAH8’-hydroxylase was upregulated during budburst (Vergara et al., 2017).  

ABA-signaling cascade consists of interaction between ABA-receptors and PP2Cs (a 

type 2C PROTEIN PHOSPHATASE), which can affect the activity of the ABA-

RESPONSIVE ELEMENT BINDING (AREBs/ABFs) transcription factors to regulate 

ABA-responsive genes. ABA and PP2Cs mediate the activity of SNF-1 RELATED 

PROTEIN KINASE 2 (SnRK2), which further activates AREBs/ABFs, ultimately 

regulating ABA-responsive genes. SnRK2 is generally inactivated by PP2C in the 
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absence of ABA. However, binding of ABA to PYR/PYLs (PYROBACTIN-RESISTANCE 

LIKE) receptors enables the interaction between PP2C and ABA-receptors, thus 

preventing PP2C regulation on SnRK2. As a result, induced ABA-responsive genes could 

increase the accumulation of proteins and soluble sugars to improve cold hardiness (Raza 

et al., 2023; Ren et al., 2023; Zhang & Dami, 2012).  

In response to cold (4℃) stimulus, VaPYL1, VaPYL4, VaPYL5, and VaPYL13 

were significantly upregulated in V. amurensis (Ren et al., 2022). In another cold-stress 

(4℃) response study in grapevine, only VvPP2C1 (out of a total six PP2Cs) was found to 

be upregulated in leaf tissues in response to low temperature, since different PP2Cs may 

be specifically expressed in different organs or stresses (Boneh et al., 2012a). Similarly, 

Zhang et al. (2021) found upregulation of VvPP2C14 under low temperature stress, while 

other PP2Cs (VvPP2C59, VvPP2C60, and VvPP2C66) were significantly downregulated.  

As a result of the downregulation of PP2Cs, SnRK2 gets phosphorylated, and it further 

activates AREBs/ABFs to induce ABA-responsive genes. Among six different SnRK2s, 

VvSnRK2.1 was highly upregulated in leaves of V. vinifera after ABA and cold (4℃) 

treatment (Boneh et al., 2012b). Under sub-zero temperature conditions, ABA-regulated 

transcription factors, such as AREB2 and ABF4 (AREB4) get upregulated, while the 

WRKY expression was different between acclimation and freeze-treated (-3℃) V. vinifera 

leaves (Londo et al., 2018). In another study, it was found that ABA represses the CELL 

CYCLE GENES (CCG) in somatic embryo and shoot apex tissue of V. vinifera cv. 

‘Thompson seedless’ (Vergara et al., 2017). These results showed that ABA-responsive 

transcription factors might be directly or indirectly involved in inhibiting plant growth to 
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avoid freezing injury. Interestingly, in a study conducted on buds of grapevine hybrid 

Merlot, UD 30-103, a strong correlation was found between the expression of HEXOSE 

TRANSPORTERS (VvHT1 and VvHT5) and VvMSA (MATURATION, STRESS, ABA), 

suggesting the role of sugar-hormonal interaction in regulating bud dormancy (De Rosa 

et al., 2022).  

  

Other transcription factors 

In addition to CBFs/DREBs, other transcription factors, such as MYBs and WRKYs are 

induced under low temperatures to regulate grapevine bud dormancy (Ren et al., 2023). 

MYB in conjunction with bHLH are involved in controlling secondary metabolism (Min 

et al., 2017). MYB genes are involved in different pathways, such as stilbene synthesis, 

phenylpropanoid pathway, and flavonoid synthesis that may play a role under different 

abiotic stresses by regulating plant growth (Bogs et al., 2007; Czemmel et al., 2009; 

Deluc et al., 2008; Duan et al., 2016; Höll et al., 2013). Genes involved in stilbene 

synthesis were upregulated in young shoots of V. vinifera cv. ‘Sangiovese’ subjected to 

freeze and acclimated freeze conditions (Londo et al., 2018). Additionally, VvMYB24 has 

been reported to negatively regulate gibberellin (GA) metabolism involved in plant 

development (Zhu et al., 2022). On the other hand, ABA has an antagonistic effect on 

GA biosynthesis, as higher ABA during endodormancy correlates with a decrease in GA 

metabolism (Zheng et al., 2018). Reducing GA allows the accumulation of growth-

suppressing DELLA proteins in the cell nucleus, thus enhancing the cold hardiness with a 

mechanism yet unknown (Keller, 2015).   
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WRKY transcription factors have been reported to be involved in cold hardiness, 

sugar conversion and accumulation, and ABA metabolism (Huang et al., 2021; Ren et al., 

2023). Wang et al. (2014) found VvWRKY24 was upregulated under cold stress. 

Similarly, Li et al. (2010) and Zhang et al. (2019) found higher cold tolerance in V. 

pseudoreticulata and V. amurensis due to over-expression of VpWRKY2 and VaWRKY12, 

respectively. On the other hand, WRKY70 was found to regulate the changes in defence 

hormone salicylic acid (SA) in cold-treated buds of V. vinifera cv. ‘Flame seedless’ 

(Orrantia-Araujo et al., 2021). Salicylic acid has been reported to modulate soluble sugar 

levels in different crop species (Raza et al., 2023). In different grapevine species, 

exogenous application of SA has been found to increase the antioxidant enzyme activity, 

soluble sugar levels, proline, and the expression of CBFs (Aazami & Mahna, 2017; Li & 

Wang, 2021). 

 

Future Prospects and Conclusion 

Aberrant environmental conditions, especially in the context of climate change, 

negatively affect crop yield which could have a drastic effect on food sustainability. In 

grapevine, low temperatures during mid-winter or later in spring can damage the 

vegetative plant parts as well as the inflorescences, which could result in damaging the 

crop for one or more seasons, depending on the level of damage (Scurlock, 2014). 

Although the prediction of the occurrence of future frost or freezing events lacks 

consistency among different studies (De Rosa et al., 2021; Kartschall et al., 2015; 

Mosedale et al., 2015; Santos et al., 2020), it is still an important challenge that grapevine 
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researchers need to tackle either through long-term strategies or short-term management 

practices (Dami, 2022).  

From a grower’s perspective, it is important vines are cold hardy enough to 

survive extreme negative temperatures during mid-winter and resilient enough to 

withstand freezing injury of sensitive vegetative plant parts due to late-spring frosts 

(Kovaleski et al., 2018; Vitasse et al., 2014). Therefore, it is important to understand the 

genetics contributing to cold hardiness to develop cold hardy and frost-tolerant cultivars. 

This chapter provides an overview of different pathways involved in grapevine cold 

hardiness and how these pathways affect the expression of different cold-responsive 

genes. This knowledge can be useful for grapevine breeding programs aiming to improve 

abiotic stress tolerance.   

Efforts have already been made to develop cold hardy cultivars by hybridizing 

different Vitis species, especially wild species, for the introgression of desirable cold 

adaptive traits. However, more emphasis should be given to the development of region-

specific cultivars as acute changes in environmental conditions and variation in grapevine 

growing latitudes could affect chilling accumulation (Kovaleski et al., 2018). The chilling 

requirements and budburst rate often vary across different Vitis species, as well as within 

species (Londo & Johnson, 2014). Further, since cold hardiness within a plant system is a 

dynamic change (Ferguson et al., 2014; Keller, 2015), machine learning models, such as 

WAUS.2, and NYUS.1, or artificial intelligence can be utilized to predict the frequency 

of future freezing events based on the environmental data available for specific regions 

(Kovaleski et al., 2022). 
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Advanced genetic mapping approaches are required for the development of 

molecular markers to locate the genetic regions or QTLs (quantitative trait loci) that 

contribute to cold hardiness in grapevine. Apart from molecular markers, the genetic 

variation present in wild grapevine species can be studied using genome-wide association 

(GWA) to identify other morphological or physiological traits that contribute to 

mitigating cold stress, such as high trichome density, different leaf structures, etc. 

Although some genes have been identified as potential candidates involved in low 

temperature response (Table 1.1), characterization of potential genes imparting a higher 

degree of cold hardiness is required. Further, extensive research is required to determine 

how those genes interact with different regulatory networks under different 

environmental conditions, including low temperature stress. Advanced understanding of 

epigenetic regulation contributing to cold hardiness could explain the dynamics of 

acclimation and deacclimation kinetics (De Rosa et al., 2021; Kumar, 2018; Wisniewski 

et al., 2018). Overall, gaining a thorough understanding of the various pathways involved 

in cold hardiness will enhance our comprehension of this highly quantitative trait, leading 

to the development of more robust cultivars. 
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Table 

Table 1.1 Vitis genes involved in cold hardiness. 

 
Gene Name Species Reference 

CALCIUM-DEPENDENT 
PROTEIN KINASE 20 (CPK20) 

Vitis amurensis Dunrovina et al. (2015) 

CYCLIC NON-GATED ION 
CHANNEL 15 (CNGC15) 

Vitis spp. Kovaleski and Londo 
(2019) 

FATTY ACID DESATURASE 5 
(FAD5) 

Vitis spp. Kovaleski and Londo 
(2019) 

BASIC HELIX-LOOP-HELIX  
(bHLHs) 

Vitis amurensis and 
Vitis vinifera 

Xu et al. (2014) 

INDUCER OF CBF EXPRESSION 
1 (ICE 1) 

Vitis amurensis Rahman et al. (2014) 

PLANT U-BOX PROTEIN 
(PUB24) 

Vitis 
pseudoreticulata 

Yao et al. (2017) 

HIGH EXPRESSION OF 
OSMOTICALLY RESPONSIVE 
GENE 1 (HOS1) 

Vitis spp. Wu et al. (2023) 

DEHYDRINS 1 and 2 (DHN1 and 
DHN2) 

V. vinifera and V. 
yeshanensis  

Yang et al. (2012) 

RAFFINOSE SYNTHASE (VvRS) Interspecific hybrid 
UD 31-103 

De Rosa et al. (2022) 

HEXOSE TRANSPORTERS 1 and 
5 (VvHT1 and VvHT5) 

Interspecific hybrid 
UD 31-103 

De Rosa et al. (2022) 

MATURATION, STRESS, ABA 
(VvMSA) 

Interspecific hybrid 
UD 31-103 

De Rosa et al. (2022) 

PHOSPHOGLYCERATE KINASE 
(PGK) 

Vitis amurensis Wang et al. (2021) 

9-CIS EPOXYCAROTENOID 
DIOXYGENASE 3 (NCED3) 

Vitis vinifera Londo et al. (2018) 

Continued… 
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(Table 1.1 continued) 
 
PYROBACTIN-RESISTANCE 
LIKE 1,4,5 and 13  
(VaPYL1, VaPYL4, VaPYL5, and 
VaPYL13) 

Vitis amurensis Ren et al. (2022) 

PROTEIN PHOSPHATASE TYPE 
2C  
(VvPP2C1, VvPP2C14, 
VvPP2C59, VvPP2C60, and 
VvPP2C66) 

Vitis vinifera Boneh et al. (2012a), 
Zhang et al. (2021) 

SNF-1 RELATED PROTEIN 
KINASE 2.2 (SnRK2.2) 

Vitis vinifera Boneh et al. (2012b) 

AREBs/ABFs Vitis vinifera Londo et al. (2018) 

WRKYs Vitis vinifera Londo et al. (2018) 

VvWrKY24 Vitis vinifera Wang et al. (2014) 

VpWRKY2 Vitis 
pseudireticulata 

Li et al. (2010) 

VaWRKY12 Vitis amurensis Zhang et al. (2019) 

WRKY70 Vitis vinifera Orranta-Araujo et al. 
(2021) 

MYB24 Vitis vinifera Zhu et al. (2022) 
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Abstract 

Subfreezing temperatures during spring can damage young shoots and developing 

inflorescences of grapevine, impacting crop yields. During mid-winter, dormant buds of 

native American grapevine species, such as Vitis labrusca, are more cold hardy than Vitis 

vinifera, however, it is unknown if young shoots of V. labrusca emerging during spring 

are more frost tolerant than V. vinifera. In this study, we aimed to find if dormant buds of 

V. labrusca acc. ‘GREM4’ were more cold hardy and if young shoots were more frost-

tolerant than V. vinifera cv. ‘Cabernet Sauvignon’. Additionally, we investigated the 

transcriptional responses of ‘GREM4’ and ‘Cabernet Sauvignon’ shoots under chill (4℃) 

and freeze (-2℃) stress. Cold hardiness was determined in buds using differential thermal 

analysis (DTA). Young shoots of ‘GREM4’ and ‘Cabernet Sauvignon’ were assessed for 

their frost tolerance under low temperatures ranging between -2℃ and -4℃. DTA results 

demonstrate that bud cold hardiness of ‘GREM4’ was significantly higher than ‘Cabernet 

Sauvignon’. Further, ‘GREM4’ shoots were also more frost-tolerant (47.5%) than 

‘Cabernet Sauvignon’ (22.5%). Transcriptomic analysis identified genes encoding 

extensin proteins and cell-wall-associated receptor kinases were highly upregulated in 

‘GREM4’ young shoots exposed to low temperature conditions and, thus, might be 

involved in changing the mechanical properties of the cell wall to avoid frost injury. 

Genes encoding 3-ketoacylCoA synthase, an enzyme involved in the biosynthesis of very-

long-chain fatty acids (VLCFAs), were also differentially expressed between ‘GREM4’ 

and ‘Cabernet Sauvignon’. These VLCFAs are further utilized in the formation of cutin 

waxes, which can prevent tissue injury due to external stresses. Abscisic acid (ABA) 
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degrading enzyme, ABA 8’-hydroxylase 3, was highly upregulated in ‘GREM4’ shoots 

under both chill and freeze stress, implicating a decrease in ABA accumulation during 

low temperature stress in ‘GREM4’. Overall, we found higher frost tolerance in young 

shoots of ‘GREM4’ as compared to ‘Cabernet Sauvignon’ and our transcriptomic 

findings suggest that cell wall modifications or the synthesis of VLCFAs might 

contribute to this higher frost tolerance.  

 
Keywords: Vitis labrusca; Vitis vinifera; Frost tolerance; Comparative transcriptomics; 
Cell-wall modification 
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Introduction 

Grapevine (Vitis vinifera L.) is one of the most important cultivated fruit crops grown 

worldwide (FAOSTAT, 2023). In the US, the annual production of grapes is around 6 

million tons, generating $5.5 billion (USDA, 2022). Temperature is one of the critical 

factors that determine the phenological growth of grapevine (van Leeuwen & Darriet, 

2016). Low temperatures can pose a threat to grapevine yield and fruit quality by 

damaging the most sensitive buds and emerging young shoots during mid-winter and late 

spring, respectively (Carmona et al., 2008; De Rosa et al., 2022; Lamichhane, 2021; Lenz 

et al., 2016; Vitasse et al., 2014; Zabadal et al., 2007).  

Wild North American grapevine species, such as Vitis labrusca, are more cold 

hardy and are adapted to low temperature conditions during winter (Londo & Kovaleski, 

2017).  These species have been utilized in grapevine breeding programs for the 

development of cold climate interspecific hybrid grapevine cultivars (North et al., 2021). 

However, some of these northern grapevine species have faster deacclimation rates, 

which could result in the exposure of sensitive young shoots to spring frost events (Londo 

& Kovaleski, 2017). Although dormant buds of Vitis labrusca can survive under sub-zero 

temperatures (-26℃ to -28℃), the survivability of emerged young shoots encountering 

late-spring frost conditions is still unknown.  

Studies in different plant species, including grapevine, have revealed that cold 

response induces calcium signaling and activates different transcription factors, 

especially the Inducer of CBF (ICE) genes (Londo et al., 2018; Rahman et al., 2014; Xiao 

et al., 2006, 2008). These ICE genes trigger the expression of cold-binding 
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factor/dehydration-responsive element-binding (CBF/DREB) transcription factors, which 

further activate common cold response (COR) genes. COR genes further regulate 

different physiological changes, such as membrane fluidity, sugar metabolism, and 

accumulation of osmoprotectants, thus, avoiding tissue injury (Londo et al., 2018; 

Mahajan & Tuteja, 2005; Xin et al., 2013; Xu et al., 2014). Additionally, hormonal 

changes, such as abscisic acid (ABA) and ethylene, play a synergistic role in regulating 

gene expression and triggering these physiological changes such as increasing sugar 

levels and decreasing water content to delay budburst (Kovaleski & Londo, 2019; Rubio 

et al., 2019; Rubio & Pérez, 2019; Vergara et al., 2017). Most studies conducted to 

determine the effects of cold temperatures on grapevine leaves have focused on non-

freezing temperatures (4℃). However, these responses to above-zero temperatures may 

differ from changes observed under sub-zero temperature conditions. A study conducted 

using different V. vinifera cultivars (‘Reisling’, ‘Cabernet Franc’, ‘Chardonnay’, 

‘Sangiovese’, and ‘Tocai Fruliano’) showed differences in transcriptomic responses 

associated with chill (4℃), freeze (-3℃), and acclimated-freeze (4℃ to -3℃) stress 

conditions (Londo et al., 2018). These different gene expression patterns were related to 

ethylene signaling, ABA signaling, sugar metabolic pathways, and other transcription 

factor families, such as APETALA2/Ethylene Responsive Factor (AP2/ERF), WRKY, and 

NAC. While this study only evaluated the young leaf (one-leaf unfolded stage) 

transcriptome of cold sensitive V. vinifera cultivars, there has yet to be a study to 

determine the transcriptional responses of cold hardy grapevine species to below freezing 

temperatures.  
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This study aimed to determine the difference in bud cold hardiness, frost 

tolerance, and low temperature-related transcriptomic responses between young shoots of 

cold hardy Vitis labrusca and cold sensitive Vitis vinifera. Based on previous reports of 

higher bud cold hardiness in Vitis labrusca, we hypothesize young shoots of Vitis 

labrusca will also have higher frost tolerance than Vitis vinifera (Londo & Kovaleski, 

2017; Zabadal et al., 2007). We hypothesize the difference in frost tolerance is due to 

differential expression of genes related to the CBF-transcription factor dependent 

pathway, sugar metabolism, and ABA-signaling pathway in the shoot tissue, based on 

previous findings (De Rosa et al., 2022; Kovaleski & Londo, 2019; Londo et al., 2018; 

Mahajan & Tuteja, 2005; Rahman et al., 2023; Rubio et al., 2019; Sengupta et al., 2015; 

Sun et al., 2021; Wisniewski et al., 2014; Zhang & Dami, 2012). Therefore, the 

objectives of this study were to 1) determine the bud cold hardiness of different V. 

labrusca accessions and V. vinifera cultivars, 2) determine the frost tolerance of V. 

labrusca acc. ‘GREM4’ and V. vinifera cv. ‘Cabernet Sauvignon’ young shoots under 

sub-zero temperatures, 3) determine the transcriptomic responses of ‘GREM4’ and 

‘Cabernet Sauvignon’ to freeze (-2℃) and chill (4℃) stress compared to room 

temperature (control), and 4) compare shoot transcriptomes between ‘GREM4’ and 

‘Cabernet Sauvignon’ to identify genes and pathways involved in chill or freeze stress 

tolerance in ‘GREM4’. To our knowledge, this is the first study to compare the shoot 

transcriptomes of two different grapevine species for identification of candidate genes 

imparting higher frost tolerance in grapevine. 
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Materials and Methods 

Plant material 

V. labrusca accessions, ‘GREM4’ (PI-588583) and ‘Dunkel#1’ (PI-588194), and V. 

vinifera cultivars, ‘Cabernet Sauvignon’ and ‘PN40024’, were grown in 20-liter pots in 

the Howlett greenhouse complex at The Ohio State University. Four to five vines with 

two or three canes, were available for each of these accessions or cultivars. During the 

growing season, these four-year-old vines were regularly irrigated with water and 

fertilized biweekly using Jack’s Professional® water-soluble fertilizer (20-10-20 general 

purpose; JR Peters Inc., Allentown, PA) at a concentration of 200 ppm for nitrogen. The 

vines were maintained at temperatures ranging between 16℃ and 20℃, with 16hr 

light:8hr dark conditions with supplemental light. For this study, vines were gradually 

cold-acclimated by lowering the temperature from 16℃ starting November 7, 2022 to 

~4℃ during the first week of December. The cold-acclimated vines were finally 

transferred to a cold room (4℃) on December 9, 2022, to fulfill the chilling requirement 

and ensure synchronous budburst. Dormant one-year old canes were taken from these 

vines in December, 2022 and used to determine bud cold hardiness, while other cuttings 

from the dormant canes of the same vines were collected in May, 2023, to carry out the 

frost test assays and transcriptomic analyses.  

 



39 
 

Bud cold hardiness determination 

Cold hardiness was measured by differential thermal analysis (Wolf & Cook, 1994) on 

December 21, 2022. It is a method to determine the critical temperatures (low temperature 

exotherms or LTE) a tissue can survive by measuring the latent heat energy released from 

water upon freezing (Figure 2.1, Pierquet & Stushnoff, 1980). Based on the availability of 

buds, we selected two Vitis labrusca accessions, ‘GREM4’ and ‘Dunkel#1’, and two Vitis 

vinifera cultivars (‘Cabernet Sauvignon’ and ‘PN40024’) to assess the cold hardiness of 

dormant buds. These vines were cold-acclimated and were provided ~700 chilling hours 

(Dokoozlian, 1999; Dokoozlian et al., 1995). For assessing cold hardiness, buds from each 

of the V. labrusca accessions and V. vinifera cultivars were collected from different canes 

at node positions 3-8. Twenty excised buds were then divided into four replicates, each 

replicate consisting of 5 buds, and were placed on a thermoelectric module (TEM). The 

TEM was placed in a Tenney environmental chamber (Thermal Products Solutions™, 

New Columbia, PA). The temperature in the Tenney environmental chamber was 

gradually decreased from 18.5℃ to -40℃ at a constant rate of 4℃/hr. The median LTE 

for each replicate was considered as the LT50 or the lethal temperature that kills 50% of 

the primary buds. 

The data were tested for normality and variance using the Shapiro-Wilk test and 

Levene’s test, respectively, with the rstatix R package v0.7.2 (Kassambara, 2023). Mean 

LT50 values of the V. labrusca accessions and V. vinifera cultivars were compared using 

one-way ANOVA, followed by post-hoc analysis using the Tukey's Honestly Significant 

Difference (HSD) test using the agricolae package v1.3-7 (de Mendiburu, 2023) to 
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determine significant differences for cold hardiness levels at p ≤0.05. All these statistical 

analyses were performed using R (v4.3.1; R Core Team, 2023a).     

 

Growing young shoots 

After about 3700 chilling hours (Dokoozlian, 1999; Dokoozlian et al., 1995), dormant 

‘GREM4’ and ‘Cabernet Sauvignon’ cuttings were taken out of the cold room in May, 

2023. Seventy single-bud cuttings of ‘GREM4’ and ‘Cabernet Sauvignon’ each were 

planted in foam-containing Oasis wedge-shaped trays in a completely randomized design. 

These cuttings were allowed to grow in a growth chamber provided with 14hr light:10hr 

dark conditions, 24℃ constant temperature, and 80% relative humidity. The trays were 

half-filled with water every two to three days. After attaining the modified Eichhorn-

Lorenz (EL) 7-9 stage (one-three unfolded leaves) (Dry & Coombe, 2004), a portion of 

these cuttings from both ‘GREM4’ and ‘Cabernet Sauvignon’ were used for frost 

tolerance determination, while the rest of the cuttings were subjected to chill and freeze 

conditions to collect young shoot tissue for RNA isolations and RNA sequencing (Figure 

2.2). 

 

Frost tolerance determination 

Frost tolerance was evaluated in young shoots of V. labrusca acc. ‘GREM4’ and V. 

vinifera cv. ‘Cabernet Sauvignon’ that reached the modified EL 7-9 stage. Four frost tests 

were conducted in total, with each test consisting of 10 young shoots from both ‘GREM4’ 
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and ‘Cabernet Sauvignon’ (4 frost tests × 10 young shoots per accession/cultivar = total 

40 shoots per accession/cultivar; Figure 2.3). All the 20 young shoots (10 ‘GREM4’ and 

10 ‘Cabernet Sauvignon’) used per frost test were placed in a completely randomized 

design in a foam-containing Oasis wedge-shaped tray, half filled with water. To avoid 

supercooling and induce ice nucleation, the leaves were sprayed with distilled water. 

Trays were then covered with a plastic dome-shaped cover to achieve nearly 100% 

relative humidity and to avoid exposing the young shoots to the strong air flow within the 

environmental chamber. The Tenney environmental chamber was programmed to 

decrease the temperature from 18.5℃ to -14.5℃ at a constant rate of 2℃/hr for 16.5 

hours. Since the trays were covered with plastic cover, the actual lowest temperature 

received (30 minutes or more) by the young shoots was between -2℃ to -4℃ as recorded 

by an ibutton thermochron temperature sensor-logger (Embedded Data Systems, 

Lawrenceburg, KY). Following the frost tests, the trays were taken out of the 

environmental chamber and placed at room temperature (21℃) to allow the young shoots 

to recover. After 24 to 48 hours at room temperature, tissue injury was visually assessed 

as number of live and dead shoots. Frost tolerance was expressed as the percentage of live 

young shoots, or survivability, out of the total shoots tested.  

Data recorded for the survivability of cuttings was analyzed using R (v4.3.1; R 

Core Team, 2023a). The normality of data was evaluated using the Shapiro-Wilk test and 

Levene’s test was used to determine the variance using the rstatix R package v0.7.2 

(Kassambara, 2023). The survivability percentage of young shoots between ‘GREM4’ 

and ‘Cabernet Sauvignon’ was compared using Welch’s t-test (stats package v4.3.1; R 



42 
 

Core Team, 2023b) and box-plots were prepared using ggplot2 package v3.4.4 

(Wickham, 2016). Even though the cuttings used in the study were in developmental 

stages between modified EL 7 and 9, some of the cuttings were closer to the modified EL 

7 stage (one leaf unfolded), while others were closer to the modified EL 9 stage (two-

three leaves unfolded). Therefore, we conducted a two-way analysis of variance 

(ANOVA) using the stats package (v4.3.1) to determine whether variation in 

survivability (%) was attributed to the different species (i.e., ‘GREM4’ and ‘Cabernet 

Sauvignon’) or the phenological stages of the cuttings (EL 7, EL 7-9, and EL 9).   

 

Tissue collection for RNA-Seq 

Once they attained the modified EL 7-9 stage, young shoot cuttings (leaves and 

stems) of both ‘GREM4’ and ‘Cabernet Sauvignon’ were subjected to either: a) Freeze 

stress (-2℃), b) Chill stress (4℃), or c) Control conditions (room temperature 21℃). For 

each temperature treatment, 8-10 young shoot cuttings of ‘GREM4’ and ‘Cabernet 

Sauvignon’ were arranged in a tray using a completely randomized design. RNA was 

isolated from four biological replicates (young shoots) of 'GREM4' and 'Cabernet 

Sauvignon' for each treatment and the control (Figure 2.4). Number of biological 

replicates was determined by estimating the sample size using RNASeqPower package 

v1.42.0 with parameters ‘sequencing depth = 12.98 for ‘GREM4’ and 11.21 for 

‘Cabernet Sauvignon’’ for desired effect sizes (1.5, 2, 4, and 5), levels of significance 

(0.05, 0.01, and 0.001), and power (0.8 and 0.9) (Therneau, Hart, & Kocher, 2023). 
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For freeze stress, 10 young shoots of ‘GREM4’ and ‘Cabernet Sauvignon’ were 

subjected to artificial freezing conditions providing a minimum temperature of -2℃ using 

a Tenney environmental chamber (Thermal Products Solutions™, New Columbia, PA). 

The temperature of -2°C was chosen because it is considered as a critical temperature to 

cause 50% damage in grapevine shoots at the one-leaf stage, as reported in V. vinifera cv. 

‘Pinot Noir’ (Sugar et al., 2003). The tray was covered with a plastic dome-shaped cover 

to prevent vegetative tissues from air movement within the environmental chamber. The 

environmental chamber was programmed to gradually decrease the temperature from 

18.5℃ to -9.5℃ at a constant rate of 2℃/hr. Since the tray was covered with a plastic 

cover, the actual lowest temperature experienced by the young shoots was -2℃ for 31 

minutes, which was recorded by an ibutton thermochron temperature sensor-logger 

(Embedded Data Systems, Lawrenceburg, KY), that was placed in the middle of the tray. 

The temperature data recorded per minute during the freeze run was visualized using the 

software 1-Wire Viewer (Embedded Data Systems, Lawrenceburg, KY). The freezing 

test took a total of 14 hours to conduct. Young shoot tissues (leaves and shoot apical 

meristems) were collected from four biological replicates of ‘GREM4’ and ‘Cabernet 

Sauvignon’ in 50 mL centrifuge tubes for isolating RNA. The tubes were immediately 

flash-frozen in liquid nitrogen and were stored at -80℃ until used for RNA isolation.  

  For chill stress, a tray containing 10 young shoots of ‘GREM4’ and ‘Cabernet 

Sauvignon’ (completely randomized design) was placed in a refrigerator and exposed to a 

temperature of 4℃ for 14 hours, which was recorded by an ibutton thermochron 

temperature sensor-logger placed in the middle of the tray. After 14 hours of chilling 
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stress, young shoot tissues (leaves and shoot apical meristems) were collected from four 

cuttings in 50 mL centrifuge tubes, flash-frozen, and then stored at -80℃.  

  During the freeze and chill stress treatments, the young shoots of ‘GREM4’ and 

‘Cabernet Sauvignon’ received no light for 14 hours in the environmental chamber and 

the refrigerator. Therefore, to compensate for any circadian rhythm changes due to light 

exposure, eight young shoots of ‘GREM4’ and ‘Cabernet Sauvignon’ were placed at room 

temperature covered with black polythene for 14 hours (control). Tissues (leaves and 

shoot apical meristems) from four cuttings of ‘GREM4’ and ‘Cabernet Sauvignon’ were 

then collected in 50 mL centrifuge tubes and stored at -80℃ for RNA isolation. Shoot 

transcriptomes of these collected samples served as the control to compare changes in 

gene expression under chill and freeze stress in ‘GREM4’ and ‘Cabernet Sauvignon’. 

 

RNA isolation and Sequencing 

For each temperature treatment (freeze or chill) and controls, four biological replicates, 

i.e., young shoot tissues (leaves and apical meristems) of ‘GREM4’ and ‘Cabernet 

Sauvignon’ were collected for RNA isolation (4 freeze + 4 chill + 4 control = 12 shoots 

per accession/cultivar; see above section). RNA was isolated from 24 samples using 

protocol B of Spectrum™ Plant Total RNA kit (Sigma-Aldrich®, Inc., St. Louis, MO) 

following the manufacturer’s instructions. The quality and quantity of extracted RNA 

was measured using a Thermo Scientific™ NanoDrop™ One Microvolume UV-Vis 

Spectrophotometer, a Thermo Scientific™ Qubit™ RNA HS Assay Kit, and 

formaldehyde gel electrophoresis. All 24 RNA samples were sent to Novogene 
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Corporation Inc. (Sacramento, CA) for RNA sequencing. RNA-seq libraries were 

prepared for each of the 24 samples and they were sequenced using Illumina NovaSeq 

6000 paired-end RNA sequencing (150 bp, 20M reads). 

 

Comparative transcriptomic analysis 

Transcriptomic analysis was performed using a pipeline developed by Dixon & 

Gschwend (under review; Figure 2.5). The specific code used for transcriptomic analysis 

can be found on GitHub at https://github.com/GurkiratSingh25/Transcriptomic-

responses-related-to-low-temperature-stress-in-grapevine. In brief, RNA-seq reads were 

assessed for quality control via FastQC v0.11.8 (Babraham Bioinformatics, n.d.) and 

MultiQC v1.15 (Ewels et al., 2016) before and after removal of adapters via 

Trimmomatic v0.38 using parameters “ILLUMINACLIP:Novogene-PE.fa:2:30:10 

SLIDINGWINDOW:4:5 LEADING:5 TRAILING:5 MINLEN:36” (Bolger et al., 2014). 

RNA-Seq reads were aligned to their respective genomes, i.e., Vitis labrusca acc. 

‘GREM4’ (Li & Gschwend, 2023) and Vitis vinifera cv. ‘Cabernet Sauvignon’ (Chin et 

al., 2016; Li & Gschwend, 2023) using STAR v2.7.9a with parameters ‘--runMode 

genomeGenerate’ and ‘--genomeSAindexNbases 13’ (Dobin et al., 2013). A count matrix 

of RNA-seq reads was prepared using CoCo to account for multimapped reads 

(Deschamps-Francoeur et al., 2019). 

DESeq2 v1.42.0 (Love et al., 2014) was used for the identification of 

differentially expressed genes (DEGs) for each low temperature treatment (chill or 

freeze) compared to controls (room temperature) for both ‘GREM4’ and ‘Cabernet 

https://github.com/GurkiratSingh25/Transcriptomic-responses-related-to-low-temperature-stress-in-grapevine
https://github.com/GurkiratSingh25/Transcriptomic-responses-related-to-low-temperature-stress-in-grapevine
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Sauvignon’ independently, as well as combined for interaction analysis between the 

species and the treatments. The parameters set to identify DEGs for all intraspecies 

comparisons were p ≤ 0.05, p-adjusted ≤ 0.05, and |log2FoldChange| ≥ 2. For treatment 

comparisons within ‘GREM4’ or ‘Cabernet Sauvignon’, effect sizes were used to 

estimate the power of each gene comparison using package pwr v1.3-0 with the function 

‘pwr.t.test()’ (n = 4, significance level = 0.05; Champely, 2020). The overall power to 

detect true DEGs for a range of effect sizes (2, 3, 4, and 5) was estimated using 

RNASeqPower package v1.42.0 with parameters ‘sequencing depth = 12.98 for 

‘GREM4’ and 11.21 for ‘Cabernet Sauvignon’’, ‘cv = 0.5’ and ‘alpha = 0.05’ (Therneau, 

Hart, & Kocher, 2023).  

For inter-species comparisons, orthologous genes were first identified between 

‘GREM4’ and ‘Cabernet Sauvignon’ using OrthoFinder v2.2.5 (Emms & Kelly, 2019), 

DIAMOND (Buchfink et al., 2021) and custom scripts (Dixon & Gschwend, under 

review; https://github.com/GurkiratSingh25/Transcriptomic-responses-related-to-low-

temperature-stress-in-grapevine). Differences in basal gene expression was assessed by 

comparing the transcriptomic profiles of ‘GREM4’ and ‘Cabernet Sauvignon’ control 

samples (|log2foldchange| ≥2, p- adjusted ≤ 0.05). Shoot transcriptomes of both 

‘GREM4’ and ‘Cabernet Sauvignon’ were independently analyzed for differential gene 

expression under chill or freeze stress compared with controls and further those DEGs 

were compared between the two species. DEGs were then evaluated by considering the 

interaction between species ('GREM4’ compared to ‘Cabernet Sauvignon’) and the 

treatments (chill or freeze compared to control) (Figure 2.6). For example, to identify 

https://github.com/GurkiratSingh25/Transcriptomic-responses-related-to-low-temperature-stress-in-grapevine
https://github.com/GurkiratSingh25/Transcriptomic-responses-related-to-low-temperature-stress-in-grapevine
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DEGs between 'GREM4' and 'Cabernet Sauvignon' under chill (4°C) stress, we first 

compared the chill-stressed samples to the control samples for 'GREM4' and 'Cabernet 

Sauvignon' separately and evaluated the log2FoldChange values. These log2FoldChange 

values were further compared between 'GREM4' and 'Cabernet Sauvignon' by calculating 

the change in log2FoldChange (|Δlog2FoldChange| ≥ 2) at a p-adjusted value of ≤ 0.05.  

Volcano plots were generated for all within species and inter-species comparisons 

using the EnhancedVolcano R package v1.16.0 (Blighe et al., 2023). Functions were 

inferred for a subset of DEGs by identifying homologous genes via NCBI nucleotide 

Basic Local Alignment Search Tool (BLAST) by aligning their coding (CDS) sequences 

with that of the Vitis L. spp. (taxid:3603) and Arabidopsis thaliana (taxid: 3702) non-

redundant nucleotide databases, optimized for highly similar sequences (megablast) or 

somewhat similar sequences (blastn) (NCBI Resource Coordinators, 2016). Further, 

functional enrichment analyses were conducted using the Kyoto Encyclopedia of Genes 

and Genomes (KEGG) and the Over-Representation Analysis (ORA) method (Bu et al., 

2021; Kanehisa & Goto, 2000; Wu et al., 2021). ORA was used to determine the Gene 

Ontology (GO) term enrichments in a set of DEGs via ‘enricher’ with a post-hoc 

‘gsfilter’ (DOSE) using the clusterProfiler R package v4.6.2 (Yu et al., 2015). KEGG 

pathway enrichment analysis of the DEGs was carried out via the KEGG Orthology-

Based Annotation System-intelligent (KOBAS-i) using default parameters (Bu et al., 

2021).     
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Results 

Bud cold hardiness determination 

Bud cold hardiness was determined for two V. labrusca accessions and two V. vinifera 

cultivars. The lower the LT50 value, the higher the bud cold hardiness level of an 

accession or a cultivar. DTA results showed that both V. labrusca accessions, ‘GREM4’ 

and ‘Dunkel#1’, had higher bud cold hardiness than that of V. vinifera cvs. ‘Cabernet 

Sauvignon’ and ‘PN40024’ (Figure 2.7). The most significant difference in mean LT50 

was observed between ‘Cabernet Sauvignon’ (-15.62℃) and ‘GREM4’ (-25.14℃; one-

way ANOVA p = 0.003). Therefore, young shoots of ‘GREM4’ and ‘Cabernet 

Sauvignon’ were used to assess frost tolerance and determine transcriptional changes in 

young shoot tissues under low temperature stresses (chill and freeze).  

 Data related to bud cold hardiness was normally distributed and had equal 

variance between V. labrusca accessions and V. vinifera cultivars (Table 2.1, Figure 

2.8).   

 

Frost tolerance determination 

Shoot injury was induced in ‘GREM4’ and ‘Cabernet Sauvignon’ at sub-freezing (-2℃ to 

-4℃) temperatures (Figure 2.9). The mean survivability percentage of ‘GREM4’ shoots 

was 47.5%, whereas only 22.5% of ‘Cabernet Sauvignon’ shoots were alive under frost 

conditions (p = 0.03; Figure 2.10). The survivability percentages of all frost tests were 

normally distributed and had equal variance (Table 2.1, Figure 2.11). A two-way 
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ANOVA was performed to determine if the difference in survivability was due to species 

(‘GREM4’ and ‘Cabernet Sauvignon’) or due to slight differences in the developmental 

stages of the shoots (EL 7 vs EL 9). The difference in survivability was attributed to 

species (p = 0.01) and not the stages of development (p = 0.65). These results 

demonstrate that ‘GREM4’ young shoots had higher frost tolerance than ‘Cabernet 

Sauvignon’ at the modified EL 7-9 developmental stage. 

 

Transcriptomic responses related to chill and freeze stress within ‘GREM4’ and 

‘Cabernet Sauvignon' 

Overall power for different treatment comparisons within 'GREM4' and 'Cabernet 

Sauvignon' was estimated by averaging the effect sizes of all DEGs within each 

comparison. The average effect size was approximately 5, resulting in estimated powers 

of 0.98 and 0.97 for detecting differential gene expression with |log2FoldChange| ≥ 2 in 

'GREM4' and 'Cabernet Sauvignon', respectively. The sample size required to achieve 

0.90 power at a 0.05 significance level was estimated to be less than 4 for both 'GREM4' 

and 'Cabernet Sauvignon', justifying the use of four biological replicates (shoot tissues) 

per temperature treatment for pairwise comparisons.  

 

A. ‘GREM4’ transcriptomic response to chill (4℃) and freeze (-2℃) temperatures 

The transcriptomic changes contributing to ‘GREM4’’s response to chill and freeze stress 

were determined through comparative transcriptomics with the room temperature 

‘GREM4’ shoot transcriptome (control). 300 genes were differentially expressed between 
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the chill-treated and control tissues, out of which 170 were upregulated under chill stress, 

while 130 were downregulated (Figure 2.12). The top five upregulated genes with the 

highest log2FoldChange include genes involved in cell-wall sensing and its modification, 

such as, pollen-specific leucine-rich repeat extensin-like protein 3, cell-wall associated 

receptor kinases. On the other hand, genes involved in transmembrane transport, such as 

organic cation/carnitine transporter 1, and protein NRT1/ PTR FAMILY 7.1 were 

downregulated under chill stress (Table 2.2). The only significant pathway enrichment 

shown by KEGG analysis (combined up- and downregulated genes) was ‘Circadian 

rhythm-plant’ (7 implicated DEGs), while no significant Gene Ontology (GO) terms were 

shown via Over-Representation Analysis (ORA).   

 On the other hand, a smaller number of DEGs (171) were detected between the 

freeze stress and control shoot transcriptomes, 104 of which were upregulated and 67 

were downregulated (Figure 2.13). Upregulated genes with highest log2FoldChange 

include cell-wall associated receptor kinases, calcium binding protein CML31, and 3-

ketoacyl-CoA synthase 15 (KCS15). Additionally, five genes encoding different Ethylene 

responsive factors (ERF) transcription factors were also highly upregulated having a 

log2FoldChange of 5 or higher. Meanwhile, genes encoding chlorophyll a-b binding 

proteins and those involved in sugar transportation, such as, sugar transporter ERD6-

like5, and cell wall/vacuolar inhibitor of fructosidase 2 (CIF2) were among 

downregulated genes having highest log2FoldChange (Table 2.3). KEGG analysis of all 

DEGs under freeze stress showed enrichment of ‘Photosynthesis-antenna proteins’ (8 

implicated DEGs). Gene ontology (GO) term enrichments were found via ORA only for 
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downregulated genes and were related to a) Photosynthetic/Light harvesting, b) 

Proteolysis, and c) Transmembrane transporter activity.  

91 genes (66 upregulated, 25 downregulated) were differentially expressed under 

both chill and freeze stress (Figure 2.14). Upregulated ‘GREM4’ conserved genes include 

transmembrane receptor kinases, which are involved in cell wall integrity (CWI) sensing 

(Herger et al., 2019), and a gene encoding 3-ketoacyl CoA synthase 15 (KCS15), which is 

a key enzyme involved in biosynthesis of very-long-chain fatty acids (VLCFAs). There 

were genes uniquely differentially expressed only under either chill or freeze stress in 

‘GREM4’, with 209 (104 upregulated, 105 downregulated) unique to chill and 80 (38 

upregulated, 42 downregulated) unique to freeze stress.  

 

B. ‘Cabernet Sauvignon’ transcriptomic response to chill (4℃) and freeze (-2℃) 

temperatures 

The transcriptomic changes contributing to ‘Cabernet Sauvignon’ shoots’ response to 

chill and freezing temperatures were also determined through comparative 

transcriptomics. The total number of DEGs was higher in ‘Cabernet Sauvignon’ 

compared to ‘GREM4’. 804 DEGs (567 upregulated, 237 downregulated) were found 

between chill and control in ‘Cabernet Sauvignon’ (Figure 2.15). On combining all DEGs 

(up- and downregulated), KEGG analysis showed five pathways enriched between chill 

and the control condition – ‘circadian rhythm – plant’ (12 DEGs), ‘diterpenoid 

biosynthesis’ (6 DEGs), ‘biosynthesis of secondary metabolites’ (57 genes), ‘alpha-

linolenic acid metabolism’ (8 DEGs), and ‘plant-pathogen interaction’ (16 DEGs). Genes 
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with high expression include two cold responsive galactinol synthase 2 genes, and a 

dehydration-responsive element binding protein 1E-like (DREB 1E-like)/cold binding 

factor 5 (CBF5); however, genes involved in fatty acid biosynthesis (KCS2, KCS6) and 

fatty acid binding were among top 20 highly downregulated genes (Table 2.4).  

On the other hand, 291 DEGs (196 upregulated, 95 downregulated) were found 

between freeze and control (Figure 2.16). CBF6 and CBF2 were among top 20 highly 

upregulated genes with a log2FoldChange higher than 6. Some of the other highly 

upregulated genes were orthologous to DEGs found in ‘GREM4’ under freeze stress such 

as transcription factor MYB118, ERF017, and calcium binding protein CML31, while 

genes encoding different chlorophyll a-b binding proteins were downregulated in both 

‘GREM4’ and ‘Cabernet Sauvignon’ (Table 2.3 and 2.5). DEGs between the freeze stress 

and control shoots were enriched in four KEGG pathways – ‘Photosynthesis-antenna 

proteins’ (9 DEGs), ‘circadian rhythm – plant’ (6 DEGs), ‘thiamine metabolism’ (4 

DEGs), and ‘starch and sucrose metabolism’ (6 DEGs). Similar to ‘GREM4’, no GO 

term enrichments were shown for upregulated genes both for chill and freeze-treated 

young shoots, however, the downregulated genes under freeze stress were enriched in one 

GO-term related to ‘Photosynthesis’.  

 185 genes (141 upregulated, 44 downregulated) were differentially expressed 

under both chill and freeze stress in ‘Cabernet Sauvignon’ (Figure 2.14). Conserved 

upregulated genes include Ethylene responsive factors (ERF017 and ERF109), chaperone 

protein dnaJ C76, and Zinc finger protein CONSTANS-LIKE 7. On the other hand, genes 

encoding 3-ketoacyl CoA synthase 2 (KCS2), and oligopeptide transporter 4 were among 
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the downregulated genes with the highest log2FoldChange under both chill and freeze 

conditions (Table 2.4 and 2.5). 619 genes (426 upregulated, 193 downregulated) were 

uniquely differentially expressed under chill stress, while 106 DEGs (55 upregulated, 51 

downregulated) were unique to freeze stress in ‘Cabernet Sauvignon’.  

 

Inter-species transcriptomic comparisons for chill (4℃) and freeze (-2℃) stress 

Differentially expressed genes found in each of the treatment comparisons (chill or freeze 

compared to control) were compared between ‘GREM4’ and ‘Cabernet Sauvignon’. Only 

57 orthologous genes overlapped between ‘GREM4’ and ‘Cabernet Sauvignon’ when 

comparing chill (4℃) stress DEGs. The majority of the DEGs were specifically found in 

just one of the two species (174 DEGs in ‘GREM4’ and 584 DEGs in ‘Cabernet 

Sauvignon’; Figure 2.14). Shared DEGs between ‘GREM4’ and ‘Cabernet Sauvignon’ 

include four Zinc finger proteins, a galactinol synthase 2 (GolS2), and Ethylene-

responsive factor ERF017 being upregulated, while basic helix-loop-helix 153 

(bHLH153) and water-transporting aquaporin nodulin 26-line intrinsic protein (NIP) 

were downregulated in both species. Among 174 uniquely differentially expressed genes 

in ‘GREM4’, genes encoding transcription factors, such as, NAC domain-containing 

protein 68 and ERF054-like, as well as fatty acid hydroxylating cytochrome P450 94A1-

like were upregulated, while a gene encoding pectin-degrading enzyme, pectate lyase 22 

was downregulated under chill stress. On the other hand, cold stress induced genes, such 

as CBF5 and GolS2 were among highly upregulated genes, while genes encoding KCS6 
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(VLCFAs biosynthesis), cellulose synthase like protein G3 (cellulose synthesis), and 

laccase-1 (lignin biosynthesis) were downregulated in ‘Cabernet Sauvignon’. 

To understand the transcript expression involved in a response to frost, we 

compared the unique DEGs found only in ‘GREM4’ and ‘Cabernet Sauvignon’ (Figure 

2.14). 68 unique DEGs (32 upregulated, 36 downregulated) were found in ‘GREM4’ 

under freeze stress as compared to control, which may contribute to increased frost 

tolerance. These include copies of ERF5 and ERF105, as well as KCS15 (involved in wax 

biosynthesis). Genes involved in sugar metabolism were also differentially expressed, 

including beta-amylase 3 which was highly upregulated under freeze stress, while cell 

wall/ vacuolar inhibitor of fructosidase 2 and sugar transporter ERD6-like 5 were among 

the downregulated genes in ‘GREM4’ (Table 2.3). On the other hand, Cold binding 

factors, CBF2 and CBF4 were among the highly upregulated unique genes found in 

‘Cabernet Sauvignon’. The higher number of uniquely expressed genes than the shared 

genes implies that both species respond differently to low temperature stresses.  

27 DEGs were shared between ‘GREM4’ and ‘Cabernet Sauvignon’ under freeze 

stress. These include upregulated Ethylene-responsive factors (ERF017, ERF5 and 

ERF105), calcium-binding calmodulin-like proteins (CML31 and CML46), and zinc 

finger proteins. Downregulated genes shared between two species include chlorophyll a-

b binding factors which play a major role in photosynthesis (Keller, 2015; Møller et al., 

2007).  

To ultimately determine the DEGs that were significantly different between 

‘GREM4’ and ‘Cabernet Sauvignon’ that may contribute to the increased low 
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temperature stress tolerance of ‘GREM4’ young shoots, 23,609 orthologous genes were 

first identified between the two species (out of the 37,443 and 36,668 total annotated 

genes in the ‘GREM4’ and ‘Cabernet Sauvignon’ genomes, respectively) using 

OrthoFinder v2.2.5 and DIAMOND. The expression of orthologous gene transcripts was 

compared between ‘GREM4’ and ‘Cabernet Sauvignon’ for each stress treatment (chill 

and freeze) using an interaction analysis.  

From a chill-stress related interaction analysis [‘GREM4’ (chill vs control) 

compared to ‘Cabernet Sauvignon’ (chill vs control)], a total of 33 DEGs were identified, 

with 8 being upregulated and 25 being downregulated in ‘GREM4’ (Figure 2.17). Genes 

involved in cell wall lignification or modification, such as laccase-1 (LAC-1) and 

COBRA-like protein 4 were highly upregulated in ‘GREM4’. Along with these, a gene 

encoding abscisic acid (ABA) degrading enzyme, ABA-8’ hydroxylase 3, was also highly 

upregulated in ‘GREM4’, while another gene encoding gibberellin (GA) catabolizing 

enzyme, Gibberellin 2-beta-dioxygenase 2 (GA2ox2), was downregulated (Table 2.6). On 

the other hand, downregulated genes in ‘GREM4’ (a.k.a. upregulated in ‘Cabernet 

Sauvignon’) include disease resistance proteins, and transcription factors, such as MYB1-

like, and basic helix-loop-helix 162 (bHLH162). KEGG analysis showed that the disease 

resistance proteins were related to ‘plant-pathogen interactions’, suggesting that these 

genes might have a role in abiotic stress tolerance, as well as biotic stress.  

Interestingly, only 5 DEGs (2 upregulated, 3 downregulated) were identified via 

the freeze stress-related interaction analysis [‘GREM4’ (freeze vs control) compared to 

‘Cabernet Sauvignon’ (freeze vs control)] (Figure 2.18). Similar to the chill-stress-related 
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interaction analysis, a gene encoding ABA acid 8’ hydroxylase 3 was upregulated in 

‘GREM4’, while genes involved in disease resistance were upregulated in ‘Cabernet 

Sauvignon’ (Table 2.7).  

 Along with interaction analysis, the expression of orthologous gene transcripts 

was compared between ‘GREM4’ and ‘Cabernet Sauvignon’ control samples to 

determine constitutive differential gene expression between the two species at room 

temperature.  2,118 DEGs (8.97% of orthologous genes) were found between control 

samples of ‘GREM4’ and ‘Cabernet Sauvignon’, out of which 1,071 were upregulated 

and 1,047 were downregulated in ‘GREM4’ (Figure 2.19). For upregulated genes in 

‘GREM4’, ORA showed significant GO term enrichments related to ‘Polysaccharide 

binding’ (20 DEGs), while downregulated enrichments were related to ‘carboxylase 

activity’ and ‘serine-type carboxypeptidase activity’. 20 genes associated with 

‘Polysaccharide binding’ ORA GO term enrichment encode for wall-associated receptor 

kinases and leaf rust resistance kinases. KEGG analysis, on the other hand, showed 

enriched pathways – ‘plant pathogen interaction’ (27 upregulated and 21 downregulated 

in ‘GREM4’ compared to ‘Cabernet Sauvignon’), and ‘sesquiterpenoid and triterpenoid 

biosynthesis’ (9 DEGs downregulated in ‘GREM4’), demonstrating fundamental 

differences in the constitutive expression of genes involved in these pathways between 

both species.   
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Discussion 

Frost tolerance difference between grapevine species at the same stage of 

development 

Sub-zero temperatures during or after budburst are detrimental to grapevine development 

having negative impacts on bud and shoot survival as well as on yield and wine quality 

(van Leeuwen & Darriet, 2016). Although wild grapevine species have been utilized for 

the development of more cold hardy hybrid cultivars, many are also considered low-chill 

and fast-bursting species (Londo & Johnson, 2014). Thus, the fast-emerging young 

shoots are exposed to spring frost events. In this study, we found that 'GREM4' not only 

exhibited higher bud cold hardiness than 'Cabernet Sauvignon', but the shoots were also 

more tolerant to frost conditions. To our knowledge, this is the first study to demonstrate 

that a wild grapevine species (i.e., V. labrusca acc. ‘GREM4’) that has a low chilling 

hour requirement and rapid budburst, was relatively resilient to frost stress could still 

survive late spring frost events.    

 Both molecular and physical factors could contribute to ‘GREM4’’s frost 

tolerance. For example, morphological traits, such as leaf structure and higher trichome 

density could play a role in avoiding frost injury in V. labrusca. Dixon & Gschwend 

(under review) reported higher trichome density in ‘GREM4’ leaves as compared to V. 

vinifera cv. ‘PN40024’. These trichomes could prevent the direct contact of water with 

the leaf surface and thus prevent tissue dehydration due to ice formation. Further, 

trichome densities may differ between different grapevine accessions as well as cultivars. 

Therefore, the role of these morphological traits in imparting tolerance against different 
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abiotic stresses can be investigated by exploring the physical and genetic diversity of 

grapevine. 

 

Cell wall modification and wax biosynthesis might contribute to imparting low 

temperature stress tolerance in ‘GREM4’ 

As hypothesized, pairwise comparisons between treatments in 'GREM4' showed that 

genes involved in the CBF-dependent pathway and ABA-regulatory pathway were 

differentially expressed. This includes the upregulation of different ERFs, ABA 8’-

hydroxylase 3, Galactinol synthase, and other transcription factors. Interestingly, we 

found that genes involved in cell wall signaling and modification were highly 

upregulated, suggesting these pathways may play a key role in mitigating low-

temperature stress in ‘GREM4’.  

‘GREM4’ shoots showed conserved expression of 91 genes (66 upregulated and 

25 downregulated) under chill and freeze stress compared to controls. A subset of these 

upregulated DEGs with the highest log2FoldChange were involved in maintaining cell 

wall integrity (CWI). These include pollen-specific leucine rich repeat extensin-like 3 

(LRX-like 3), receptor-like protein kinase At3g21340 (RLK), wall-associated receptor 

kinase-like 20, and probable serine/threonine protein kinase PBL11. ORA GO-term 

enrichments for the control transcriptome comparison between the two species showed 

that additional wall-associated protein kinases (11 out of total 20 found related to 

‘polysaccharide binding’) were already upregulated in ‘GREM4’ compared to ‘Cabernet 

Sauvignon’ under room temperature conditions. These plasma membrane-localized 
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transmembrane receptor kinases are involved in CWI sensing as they can bind to cell wall 

components, which can further change intracellular processes (Decreux & Messiaen, 

2005; Herger et al., 2019).  

LRXs are chimeric extensin proteins that regulate calcium (Ca2+) dynamics and 

cell wall homeostasis. These proteins provide a direct physical link transferring the 

information from the cell to the plasma membrane by interacting with receptor kinases 

(WAKs). The extensin domain of LRXs, characterized by serine-proline repeats, is an 

essential component of the cell wall that can modify cell wall properties to avoid 

pathogen invasion (Bradley et al., 1992; Brady & Fry, 1997; Castilleux et al., 2018; 

Herger et al., 2019; Liu et al., 2016). This is achieved by cross-linking between extensin 

proteins and pectin, which is one of the major cell wall components. Further, in the 

presence of calcium, wall-associated receptor kinases (WAKs) may covalently bind to 

pectin and increase the cell wall stiffening. Overall, this change in cell-wall properties 

might play an important role in avoiding frost injury in grapevine.  

Additionally, we found that 3-ketoacyl CoA synthase 15 (KCS15) was one of the 

top 20 most highly expressed genes in chill and freeze-exposed ‘GREM4’ shoots. 

However, a homolog of this gene, KCS2, was one of the most downregulated genes in 

chill and freeze-stressed ‘Cabernet Sauvignon’ shoots. KCSs are key enzymes involved in 

the biosynthesis of very-long chain fatty acids (VFCLAs). These fatty acids are involved 

in the formation of plant cuticles and cutin waxes in the epidermal cells, providing 

resistance from external stresses. Studies on different crop species, including grapevine, 

have demonstrated the role of KCS genes in imparting tolerance against salt, drought, and 
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cold stress (Guo et al., 2016; Lewandowska et al., 2020; Liu et al., 2023; Wang et al., 

2020; Yang et al., 2020; Zheng et al., 2023). Therefore, these genes might be one of the 

candidate genes involved in frost tolerance. Another gene encoding fatty acid 

monooxygenase, Cytochrome P450 94A1-like, was found upregulated only in ‘GREM4’ 

chill stressed shoots. This enzyme hydroxylases fatty acids that can further be utilized 

either for energy production within the cell or in the biosynthesis of cutin and suberin, 

thus involved in plant defense (Benveniste et al., 2005; Kolattukudy, 1980). 

In contrast, ‘Cabernet Sauvignon’ showed different responses to low 

temperatures. Results from the intra-species comparisons (chill or freeze compared to 

control) showed conserved higher expression of genes encoding ERF017-like, ERF109, 

Zinc finger protein CONSTANS-LIKE-7, and Chaperone protein dnaJ C76, chloroplastic. 

Along with importing chloroplast proteins (Flores-Pérez & Jarvis, 2013), studies have 

reported increased expression of genes encoding chaperone proteins under cold 

conditions to improve low temperature tolerance (Anderson et al., 1994; Krishna et al., 

1995; Mahajan & Tuteja, 2005). Chill-exposed ‘Cabernet Sauvignon’ shoots showed 

higher expression of CBF5, while freeze-stress increased the expression of CBF6, CBF4 

and CBF2. CBFs bind to the promoter region of other cold-responsive genes and, thus, 

are one of the most studied genes involved in low temperature stress tolerance (De Rosa 

et al., 2021). Expression of VvCBF2, VvCBF4, and VvCBF6 have been found to increase 

in dormant buds of Vitis vinifera cv. ‘Thompson Seedless’ under cold and ABA treatment 

(Rubio et al., 2019). Further, two homologous galactinol synthase (GolS) genes were 

upregulated under chill stress. Galactinol synthase 2 (GolS2) is the rate-limiting enzyme 
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regulating the synthesis of raffinose family oligosaccharides (RFOs), a pathway reported 

to induce under low temperature conditions (Chai et al., 2019; Londo et al., 2018). 

However, a study in Arabidopsis thaliana showed that overexpression of GolS or higher 

accumulation of raffinose was not necessary for improving tolerance against low 

temperatures (Zuther et al., 2004). Under chill stress, it was also reported that genes 

encoding cellulose synthase-like protein G3 (CSLG3) and laccase-1 (LAC1) were 

downregulated in ‘Cabernet Sauvignon’. Conversely, LAC1 was among the upregulated 

genes with the highest log2FoldChange in ‘GREM4’ under chill stress. LACs play a 

predominant role in plant growth and development, particularly providing mechanical 

strength to the cells by regulating lignin polymerization (Bai et al., 2023). The 

mechanical strength can be further enhanced by crosslinking between lignin and cellulose 

(Tronchet et al., 2009; Wang et al., 2022), which may contribute to avoiding frost injury 

in the tissues.  

 Interaction analysis showed upregulation of genes encoding disease resistance 

proteins, and other transcription factors, such as MYB1-like and bHLH162 in ‘Cabernet 

Sauvignon’ shoots under low temperature stress. Various MYBs and bHLHs have been 

identified in grapevine and some of these also play a role in regulating low temperature 

tolerance (Ren et al., 2023). Some of the genes were shared between both species under 

freeze and chill stress. In particular, ERFs and CMLs, which were highly upregulated in 

both species under freeze stress, have been found to regulate downstream genes involved 

in different pathways, including cold tolerance, in various crop species (Kovaleski & 
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Londo, 2019; La Verde et al., 2018; Mahajan & Tuteja, 2005; Polisensky & Braam, 

1996; Sun et al., 2016, 2019; Wang et al., 2022; Wu et al., 2022; Zhu et al., 2013).    

This study shows that despite higher expression of low temperature responsive 

genes, the frost tolerance of ‘Cabernet Sauvignon’ shoots was lower compared to those of 

‘GREM4’. ‘GREM4’ shoots showed higher expression of genes encoding cell-wall-

associated receptor kinases and proteins involved in cell wall modifications. On the other 

hand, KCS genes were differentially expressed between two species. Therefore, genes 

involved in cell wall modification, CWI signaling, and very long chain fatty acid 

(VLCFAs) biosynthesis might be involved in enhancing frost tolerance of ‘GREM4’. 

Further research on the role of these different receptor kinases and KCS genes is required 

to understand their role in the frost tolerance mechanism in grapevine. It would be 

interesting to study if species-specific genes or other paralogous genes play an important 

role in imparting frost tolerance.   

 

Abscisic acid degradation may occur in ‘GREM4’ young shoots under low 

temperature stress 

The gene encoding ABA 8’-hydroxylase 3 showed conserved higher expression in 

‘GREM4’ shoots under chill as well as freeze stress, whereas no significant change in 

gene expression was observed in ‘Cabernet Sauvignon’. ABA 8’-hydroxylase 3 is a key 

regulatory enzyme involved in ABA catabolism (Cutler & Krochko, 1999; Nambara et 

al., 2010; Zheng et al., 2018). Higher expression of ABA 8’-hydroxylase 3 has been 

associated with breaking bud dormancy in grapevine or enhancing seed germination in 
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other crops such as Arabidopsis and barley (Gubler et al., 2008; Okamoto et al., 2006; 

Rubio & Pérez, 2019; Vergara et al., 2017; Zheng et al., 2018). Our study showed that 

ABA 8’-hydroxylase 3 was highly expressed in V. labrusca acc. ‘GREM4’ which could 

be a species-specific response related to frost tolerance. From this, it can be assumed that 

ABA gets degraded during low temperature stress in young ‘GREM4’ shoots, which are 

more frost tolerant than ‘Cabernet Sauvignon’ shoots. This indicates that higher frost 

tolerance of ‘GREM4’ might not be due to higher ABA accumulation, but there might be 

other factors involved in avoiding frost injury. It is also possible that this degradation of 

ABA could be required to initiate plant growth and development. Higher expression of 

genes such as Expansin-A7-like (involved in cell wall loosening and cell expansion) 

(Santo et al., 2013) can be correlated to ABA catabolism in ‘GREM4’, especially under 

chill conditions. This was further supported by the downregulation of gibberellin (GA) 

catabolizing enzyme GA2ox2. GA is involved in plant growth and development that is 

negatively regulated by ABA (He et al., 2019). Therefore, degradation of ABA by ABA 

8’ hydroxylase 3 might have increased the availability of biologically active GA, thus, 

promoting growth in ‘GREM4’, however, ABA might not be involved in imparting frost 

tolerance.  

  

Alteration in sugar metabolism and transport could improve low temperature stress 

tolerance in ‘GREM4’ shoots 

Under freeze (-2℃) stress, we reported downregulation of chlorophyll a-b binding 

proteins, sugar transporter early dehydration responsive 6-like 5 (ERD6-like 5), and cell 
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wall/vacuolar inhibitor of fructosidase 2 (CIF2). On the other hand, starch-degrading 

enzyme β-amylase 3 was highly upregulated in ‘GREM4’ shoots. Low temperatures 

affect photosynthetic activity by disrupting the proteins involved in light-harvesting 

complex II (LHCII) (Saibo et al., 2009; Thomashow, 2001). To compensate for the 

decreased photosynthetic efficiency, soluble sugars need to be accumulated within the 

cells either by halting their transportation to other tissues or by increasing the 

accumulation of osmotically active sugars, such as glucose and fructose (Druart et al., 

2007; Keller, 2015). Induced under low temperatures, amylase genes play an important 

role in the accumulation of soluble sugars by degrading starch (Pérez & Rubio, 2015). 

Besides, low transcript levels of AtERD6 were found in Arabidopsis under cold stress and 

when externally supplied with sugars, suggesting their role in glucose accumulation 

under starvation (Poschet et al., 2011). CIFs inhibit the activity of cell wall invertases 

(CWIs) and vacuolar invertases (VIs) preventing the irreversible conversion of sucrose to 

glucose and fructose (Koch, 2004; Sturm, 1999; Wan et al., 2018). Similar to our results, 

Xu et al. (2017) showed that silencing a CIF gene can improve cold tolerance in tomato. 

As reported in dormant grapevine buds, higher glucose accumulation in the cells under 

low temperature conditions could help decrease the freezing point of water (Fennell, 

2004; Guy, 1990; Hamman et al., 1996; Jones et al., 1999; Keller, 2015). It is possible 

that a similar mechanism related to sugar accumulation might be involved in 

osmoprotection in young emerging grapevine shoots, thus preventing their frost injury. 
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Conclusion 

This study was conducted to compare the frost tolerance of young shoots of cold hardy V. 

labrusca acc. ‘GREM4’ and cold sensitive V. vinifera cv. ‘Cabernet Sauvignon’. Frost 

tolerance assay shows that ‘GREM4’ shoots (47.5%) had a significantly higher 

survivability rate under sub-zero temperatures (between -2℃ to -4℃) as compared to 

those of ‘Cabernet Sauvignon’ (22.5%). Transcriptional responses showed that genes 

encoding extensin proteins, and cell wall receptor-like kinases were among highly 

upregulated genes in ‘GREM4’, suggesting the role of the cell wall acting as the first line 

of defense in protecting the intracellular components from frost injury. Additionally, 

glucose accumulation within cells might play a role as osmoprotectants to improve the 

low temperature stress tolerance, whereas wax-synthesizing KCS genes might be 

involved in avoiding frost injury in ‘GREM4’ shoots.  ‘Cabernet Sauvignon’, on the other 

hand, showed different transcriptional responses related to low temperature conditions. 

Genes encoding CBFs, chaperones, and GolS were upregulated in ‘Cabernet Sauvignon’, 

but the frost injury was still higher in these young shoots. Genes involved in maintaining 

cell wall integrity and plasma membrane modifications are candidates for imparting 

higher frost tolerance in V. labrusca. Another interesting finding was the conserved high 

upregulation of ABA-degrading enzyme, Abscisic acid 8’ hydroxylase 3, in ‘GREM4’ 

under chill and freeze stress. Further investigation into the functions of these genes and 

their metabolic pathways is required to understand the mechanism of this polygenic trait.  
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Additional Information 

Additional information on custom codes and raw data files for transcriptomic 

comparisons can be found on GitHub at 

https://github.com/GurkiratSingh25/Transcriptomic-responses-related-to-low-

temperature-stress-in-grapevine.  

https://github.com/GurkiratSingh25/Transcriptomic-responses-related-to-low-temperature-stress-in-grapevine
https://github.com/GurkiratSingh25/Transcriptomic-responses-related-to-low-temperature-stress-in-grapevine
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Tables 

Table 2.1 Data Analysis for normality and variance. 

Bud Cold Hardiness  
Accession or Cultivar LT501 Normality2 Variance2 

‘Cabernet Sauvignon’ -15.62 ± 1.42 0.37 0.40 
‘PN40024’ -18.53 ± 1.42 0.37 
‘GREM4’ -25.14 ± 1.42 0.74 
‘Dunkel #1’ -23.03 ± 1.64 0.50     
Frost Tolerance Assay 
Accession or Cultivar Survivability (%)1 Normality2 Variance2 
‘GREM4’ 47.5 ± 8.54 0.85 0.49 
‘Cabernet Sauvignon’ 22.5 ± 6.29 0.41 

 

1 LT50: Lethal Temperature for 50% bud injury denoting bud cold hardiness level of V. 
labrusca accessions (‘GREM4’ and ‘Dunkel #1’) and V. vinifera cvs. (‘PN40024’ and 
‘Cabernet Sauvignon’). The values denote means ± standard errors. 
2 The values denote the p-values calculated from the Shapiro-Wilk normality test and 
Levene’s test for homogeneity of variance.  
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Table 2.2 Subset of 'GREM4' DEGs with highest log2FoldChange under chill stress. 

A) Upregulated genes 
 

 
‘GREM4’ ID Gene description* log2FoldChange 
augustus-3-processed-gene-55.6† Pollen-specific leucine-rich 

repeat extensin-like protein 3 
8.47 

augustus-3-processed-gene-81.7† Pollen-specific leucine-rich 
repeat extensin-like protein 3 

7.56 

maker-6-snap-gene-50.48† Receptor-like protein kinase 
At3g21340 

7.31 

maker-8-augustus-gene-151.47† Wall-associated receptor 
kinase-like 20 

7.11 

maker-1-augustus-gene-115.27† Probable serine/threonine-
protein kinase PBL11 

7.07 

augustus-11-processed-gene-6.0† Ethylene-responsive 
transcription factor ERF017-
like  

7.02 

augustus-4-processed-gene-22.9 Ethylene-responsive 
transcription factor ERF017-
like  

6.41 

maker-6-snap-gene-0.35 NAC domain-containing protein 
68 

6.25 

maker-18-snap-gene-151.51† Abscisic acid 8'-hydroxylase 3  6.24 
maker-2-snap-gene-38.46 Expansin-A7-like  6.11 
maker-9-augustus-gene-139.44† 3-ketoacyl-CoA synthase 15  5.96 
maker-6-augustus-gene-82.38 Zinc finger protein CONSTANS-

LIKE 7 
5.83 

Continued… 
 
* Predicted functions based on homology identified via NCBI BLAST.  
† Denotes shared DEGs between chill and freeze stress in ‘GREM4’ while the rest are 
unique to each response. All DEGs were selected at p-adjusted ≤0.05. 
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(Table 2.2 continued) 
   

 
B) Downregulated genes 

 
 

‘GREM’4 ID Gene description* log2FoldChange 
maker-17-snap-gene-105.40† Organic cation/carnitine 

transporter 1 
-6.76 

maker-13-augustus-gene-114.26 Probable 2-oxoglutarate-
dependent dioxygenase SLC1  

-6.53 

maker-1-snap-gene-68.25 Fasciclin-like arabinogalactan 
protein 21 

-5.58 

maker-10-snap-gene-121.49† Twinkle homolog protein, 
chloroplastic/mitochondrial  

-5.02 

augustus-1-processed-gene-97.4 UDP-glycosyltransferase 74B1  -4.11 
maker-6-snap-gene-15.34† Protein NRT1/ PTR FAMILY 

7.1 
-4.03 

maker-19-snap-gene-85.51† Endoglucanase 11 -3.81 
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Table 2.3 Subset of ‘GREM4’ DEGs with highest log2FoldChange under freeze stress. 

A) Upregulated genes 
 

 
‘GREM4’ ID Gene Description* log2FoldChange 
maker-8-augustus-gene-151.47† Wall-associated receptor 

kinase-like 20 
7.12 

maker-6-snap-gene-50.48† Receptor-like protein kinase 
Ag3g21340 

6.80 

augustus-11-processed-gene-6.0† Ethylene-responsive 
transcription factor ERF017-
like  

6.76 

maker-1-snap-gene-202.55 Probable calcium-binding 
protein CML31 

6.54 

maker-6-augustus-gene-3.42 Beta-amyrin 28-
monooxygenase-like  

6.44 

augustus-3-processed-gene-55.6† Pollen-specific leucine-rich 
repeat extensin-like protein 3 

6.35 

maker-1-augustus-gene-115.27† Probable serine/threonine-
protein kinase PBL11 

6.10 

maker-14-snap-gene-275.45 Transcription factor MYB118 5.94 
maker-16-augustus-gene-84.38 Ethylene-responsive 

transcription factor 5 
5.71 

snap-16-processed-gene-82.20 Ethylene-responsive 
transcription factor ERF105-
like 

5.70 

maker-9-augustus-gene-139.44† 3-ketoacyl-CoA synthase 15 5.62 
maker-16-augustus-gene-83.18 Ethylene-responsive 

transcription factor ERF105 
5.57 

augustus-3-processed-gene-81.7† Pollen-specific leucine-rich 
repeat extensin-like protein 3 

5.55 

snap-Un-processed-gene-36522 Ethylene-responsive 
transcription factor 5 

5.49 
  

 
Continued… 

 
 
* Predicted functions based on homology identified via NCBI BLAST.  
† Denotes shared DEGs between chill and freeze stress in ‘GREM4’ while the rest are 
unique to each response. All DEGs were selected at p-adjusted ≤0.05. 
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(Table 2.3 Continued) 
   
B) Downregulated genes 

 
 

‘GREM4’ ID Gene Description* log2FoldChange 
snap-15-processed-gene-92.17 Transcription factor 

bHLH91-like 
-5.79 

maker-14-snap-gene-44.57 Sugar transporter ERD6-like 
5  

-5.61 

maker-19-snap-gene-85.51† Endoglucanase 11 -5.58 
augustus-1-processed-gene-67.2 Fasciclin-like 

arabinogalactan protein 21 
-5.37 

maker-17-snap-gene-105.40† Organic cation/carnitine 
transporter 1  

-4.63 

augustus-10-processed-gene-70.4 Chlorophyll a-b binding 
protein of LHCII type 1-like 

-4.49 

maker-6-snap-gene-15.34† Protein NRT1/ PTR FAMILY 
7.1 

-4.10 

augustus-4-processed-gene-233.2 cell wall / vacuolar inhibitor 
of fructosidase 2  

-4.03 

maker-Un-augustus-gene-142.28 Chlorophyll a-b binding 
protein 13, chloroplastic-like 

-3.99 

augustus-10-processed-gene-70.10 Chlorophyll a-b binding 
protein of LHCII type 1-like 

-3.88 

maker-10-snap-gene-121.49† Twinkle homolog protein, 
chloroplastic/mitochondrial 

-3.72 
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Table 2.4 Subset of ‘Cabernet Sauvignon’ DEGs with highest log2FoldChange under 
chill stress. 

A) Upregulated genes 
 

 
‘Cabernet Sauvignon’ ID Gene description† log2FoldChange 
VvCabSauv08_P0084F.ver
1.0.g468220* 

Zinc finger protein CONSTANS-
LIKE 7  

10.22 
 

VvCabSauv08_P0010F.ver
1.0.g327050 

Rd22-b protein (RD22-B) 9.58 

VvCabSauv08_P0032F.ver
1.0.g395680 

Delta(24)-sterol reductase 9.19 

VvCabSauv08_P0010F.ver
1.0.g323490* 

Ethylene-responsive transcription 
factor ERF017 

8.76 

VvCabSauv08_P0155F.ver
1.0.g537850* 

Chaperone protein dnaJ C76, 
chloroplastic  

8.20 

VvCabSauv08_P0854F.ver
1.0.g621770 

Putative 12-oxophytodienoate 
reductase 11  

7.99 

VvCabSauv08_P0018F.ver
1.0.g349120 

Galactinol synthase 2 7.67 

VvCabSauv08_P0018F.ver
1.0.g349150 

Galactinol synthase 2 7.52 

VvCabSauv08_P0419F.ver
1.0.g607260 

DREB1E-like or CBF5 7.50 

VvCabSauv08_P0041F.ver
1.0.g412800* 

Ethylene-responsive transcription 
factor ERF109 

7.36 
  

 
Continued… 

 
† Predicted functions based on homology identified via NCBI BLAST.  
* Denotes shared DEGs between chill and freeze stress in ‘Cabernet Sauvignon’ while the 
rest are unique to each response. All DEGs were selected at p-adjusted ≤0.05. 
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(Table 2.4 continued) 
 
B) Downregulated genes 

 
 

‘Cabernet Sauvignon’ ID Gene description† log2FoldChange 
VvCabSauv08_P0005F.ver
1.0.g295410 

Probable 2-oxoglutarate-dependent 
dioxygenase SLC1 

-5.94 

VvCabSauv08_P0020F.ver
1.0.g357010 

Auxin-responsive protein SAUR71 -5.73 

VvCabSauv08_P0008F.ver
1.0.g314090 

GDSL esterase/lipase At1g09390 -5.69 

VvCabSauv08_P0227F.ver
1.0.g573750* 

Organic cation/carnitine 
transporter 1  

-4.98 

VvCabSauv08_P0008F.ver
1.0.g318700* 

3-ketoacyl-CoA synthase 2 -4.78 

VvCabSauv08_P0454F.ver
1.0.g610600 

Rust resistance kinase Lr10 -4.08 

VvCabSauv08_P0075F.ver
1.0.g457160 

3-ketoacyl-CoA synthase 6 -3.96 

VvCabSauv08_P0123F.ver
1.0.g512120 

Transcription factor MYB4 -3.93 

VvCabSauv08_P0003F.ver
1.0.g289400* 

Oligopeptide transporter 4  -3.64 

VvCabSauv08_P0171F.ver
1.0.g548900 

Endoglucanase 11 -3.53 
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Table 2.5 Subset of ‘Cabernet Sauvignon’ DEGs with highest log2FoldChange under 
freeze stress. 

A) Upregulated genes 
 

 
‘Cabernet Sauvignon’ ID Gene description† log2FoldChange 
VvCabSauv08_P0010F.ver
1.0.g323490* 

Ethylene-responsive transcription 
factor ERF017 

9.60 

VvCabSauv08_P0065F.ver
1.0.g445320 

Ethylene-responsive transcription 
factor ERF017-like 

9.36 

VvCabSauv08_P0002F.ver
1.0.g280590 

Dehydration-responsive element-
binding protein 1E-like or CBF6 

9.32 

VvCabSauv08_P0084F.ver
1.0.g468220* 

Zinc finger protein CONSTANS-LIKE 
7 

7.56 

VvCabSauv08_P0020F.ver
1.0.g355610 

Probable calcium-binding protein 
CML31 

7.52 

VvCabSauv08_P0007F.ver
1.0.g312200 

Ethylene-responsive transcription 
factor ERF109 

7.41 

VvCabSauv08_P0020F.ver
1.0.g355660 

Probable calcium-binding protein 
CML31 

7.10 

VvCabSauv08_P0041F.ver
1.0.g412800* 

Ethylene-responsive transcription 
factor ERF109 

7.02 

VvCabSauv08_P0026F.ver
1.0.g377560 

Transcription factor MYB118  6.95 

VvCabSauv08_P0116F.ver
1.0.g506300 

Alpha-1,3-arabinosyltransferase 
XAT3-like 

6.35 

VvCabSauv08_P0029F.ver
1.0.g387900 

Dehydration-responsive element-
binding protein 1F or CBF2 

6.24 

VvCabSauv08_P0155F.ver
1.0.g537850* 

Chaperone protein dnaJ C76, 
chloroplastic  

6.24 
  

 
Continued… 

 
† Predicted functions based on homology identified via NCBI BLAST.  
* Denotes shared DEGs between chill and freeze stress in ‘Cabernet Sauvignon’ while 
the rest are unique to each response. All DEGs were selected at p-adjusted ≤0.05.  
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(Table 2.5 continued) 
 
B) Downregulated genes 

 
 

‘Cabernet Sauvignon’ ID Gene description† log2FoldChange 
VvCabSauv08_P0227F.ver
1.0.g573750* 

Organic cation/carnitine transporter 
1  

-5.98 

VvCabSauv08_P0028F.ver
1.0.g383670 

Chlorophyll a-b binding protein 13, 
chloroplastic-like 

-3.79 

VvCabSauv08_P0008F.ver
1.0.g318700* 

3-ketoacyl-CoA synthase 2 -3.79 

VvCabSauv08_P0003F.ver
1.0.g289400* 

Oligopeptide transporter 4  -3.75 

VvCabSauv08_P0133F.ver
1.0.g522550 

Chlorophyll a-b binding protein of 
LHCII type 1 

-3.52 

VvCabSauv08_P0037F.ver
1.0.g405490 

Chlorophyll a-b binding protein of 
LHCII type 1 

-3.19 

VvCabSauv08_P0022F.ver
1.0.g363260 

Chlorophyll a-b binding protein 4, 
chloroplastic 

-2.92 

 
  



87 
 

Table 2.6 Subset of DEGs in ‘GREM4’ (chill vs control) compared to 'Cabernet 
Sauvignon' (chill vs control). 

A) Upregulated genes* 
 

 
‘GREM4’ ID Gene Description† Δlog2FoldChange 
augustus-8-processed-gene-46.1 Pentatricopeptide repeat-

containing protein 
At5g06540 

4.13 

maker-18-snap-gene-151.51 Abscisic acid 8'-hydroxylase 
3 

5.29 

maker-13-snap-gene-23.37 COBRA-like protein 4 2.30 
augustus-14-processed-gene-
269.9 

Uridine kinase-like protein 5 3.51 

maker-15-augustus-gene-58.34 Endoglucanase 3-like 3.96 
maker-4-snap-gene-28.33 Beta-amyrin synthase 3.00 
maker-17-augustus-gene-24.28 Laccase-1 5.06   

 
B) Downregulated genes* 

 
 

‘GREM4’ ID Gene Description† Δlog2FoldChange 
maker-3-snap-gene-22.105 Disease resistance protein 

RPP13-like  
-4.78 

maker-3-snap-gene-23.48 Putative disease resistance 
protein At1g50180 

-5.09 

maker-10-snap-gene-121.49 Twinkle homolog protein, 
chloroplastic/mitochondrial 

-4.72 

maker-12-augustus-gene-200.37 MLO-like protein 4 -3.64 
maker-10-snap-gene-3.48 LysM domain receptor-like 

kinase 3 
-3.29 

maker-14-augustus-gene-169.37 Transcription factor MYB1-
like 

-2.82 

maker-12-augustus-gene-40.41 bHLH162 -4.00 
maker-10-augustus-gene-1.40 Gibberellin 2-beta-

dioxygenase 2 (GA2ox2) 
-2.92 

maker-14-augustus-gene-93.25 Pathogenesis-related protein 
4 

-3.39 

* Genes upregulated in ‘GREM4’ were downregulated in ‘Cabernet Sauvignon’. All DEGs 
were selected at p-adjusted ≤0.05. 
† Predicted functions based on homology identified via NCBI BLAST.  
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Table 2.7 DEGs in 'GREM4' (freeze vs control) compared to 'Cabernet Sauvignon' 
(freeze vs control). 

A) Upregulated genes* 
 

 
‘GREM4’ ID Gene description† Δlog2FoldChange 
augustus-18-processed-gene-
23.11 

Probable receptor-like 
protein kinase At1g11050 

2.58 

maker-18-snap-gene-151.51 Abscisic acid 8'-hydroxylase 
3 

4.07 
  

 
B) Downregulated genes* 

 
 

‘GREM4’ ID Gene description† Δlog2FoldChange 
maker-3-snap-gene-23.48 Putative disease resistance 

protein At1g50180 
-3.24 

maker-10-snap-gene-121.49 Twinkle homolog protein, 
chloroplastic/mitochondrial 

-3.38 

maker-12-augustus-gene-200.37 MLO-like protein 4  -3.75 
* Genes upregulated in ‘GREM4’ were downregulated in ‘Cabernet Sauvignon’. All DEGs 
were selected at p-adjusted ≤0.05. 
† Predicted functions based on homology identified via NCBI BLAST. 
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Figures 

 
Figure 2.1 Overview of Differential Thermal Analysis (DTA) to measure bud cold 
hardiness. A) Dormant grapevine canes were collected from mature vines in the cold 
room, B) Buds were excised from dormant canes, C) Buds were placed on thermoelectric 
modules. The thermoelectric modules were placed in the environmental chamber which 
was programmed to gradually decrease the temperature from 18.5℃ to -40℃ at a 
constant rate of 4℃/hr. D) Peaks on the line graph represent the low temperature 
exotherm (LTE) or the freezing point of intracellular water which can cause 
crystallization and injury to bud cells as illustrated in the image.  
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Figure 2.2 Overview of shoots used in project experiments. Dormant single-bud cuttings 
of both ‘GREM4’ and ‘Cabernet Sauvignon’ were allowed to grow in a growth chamber. 
On reaching the Modified EL 7-9 stage (one to three unfolded leaf stage), some of the 
shoots were used for frost tolerance determination, while others were exposed to chill 
(4℃), freeze (-2℃), or room (control) temperatures and then used for RNA-sequencing.  
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Figure 2.3 Frost tolerance determination experimental design. 

A) Young shoots of ‘GREM4’ and ‘Cabernet Sauvignon’ at the Modified EL 7-9 stage 
were subjected to artificial frost conditions (lowest temperature ranging between -2℃ to -
4℃). B) After 24-48 hours of recovery at room temperature, survivability of shoots was 
measured by counting the number of alive shoots out of total shoots tested per 
accession/cultivar. 
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Figure 2.4 Experimental design for tissue collection to conduct RNA-sequencing. 

Young shoots (leaves and apical meristem) of ‘GREM4’ and ‘Cabernet Sauvignon’ were 
subjected to chill (4℃), freeze (-2℃), and control (21℃) conditions. For each 
temperature treatment, RNA was isolated from four ‘GREM4’ and ‘Cabernet Sauvignon’ 
shoots for RNA-sequencing. 
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Figure 2.5 Bioinformatic workflow for identification of differential gene expression 
between temperatures within ‘GREM4’ and ‘Cabernet Sauvignon’. 

Blue boxes denote programs and grey boxes denote the input files used. The program 
description is mentioned below the boxes.  
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Figure 2.6 Bioinformatic workflow to identify orthologous genes between 'GREM4' and 
'Cabernet Sauvignon' and identify differentially expressed genes. 

Blue boxes denote the workflow of creating list of orthologous genes, grey boxes denote 
the comparisons for interaction analysis.   
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Figure 2.7 Bud cold hardiness of V. labrusca accessions and V. vinifera cultivars as 
determined by differential thermal analysis (DTA). 

A box-plot graph showing the range of bud cold hardiness, measured as LT50 (lethal 
temperature for 50% injury) per V. labrusca accession and V. vinifera cultivar. Diamonds 
denote mean LT50, while the horizontal line represents median LT50 for each accession 
or cultivar. The box represents interquartile range, while whiskers depict the range of the 
data. Outliers, if present, are denoted by individual points outside the whisker. Distinct 
letters represent significant differences in bud cold hardiness determined using Tukey's 
Honestly Significant Difference (HSD) test with a significance level of p ≤ 0.05. 
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Figure 2.8 Quantile-quantile plots showing the distribution of bud LT50 (lethal 
temperature for 50% injury) values for V. labrusca accessions and V. vinifera cultivars. 
The x-axis denotes the theoretical quantiles, while the y-axis denotes sample quantile 
values for LT50. 
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 Figure 2.9 Frost injury in young shoots of ‘GREM4’ and ‘Cabernet Sauvignon’. A) 
‘GREM4’ and B) ‘Cabernet Sauvignon’ young shoots before frost test assay; C) 
‘GREM4’ and D) ‘Cabernet Sauvignon’ live shoots after recovery from the frost test; E) 
‘GREM4’ and F) ‘Cabernet Sauvignon’ dead shoots as assessed after 24-48 hours of 
recovery. The percentage denotes the number of live or dead shoots out of the total shoots 
tested in all frost tests.  
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Figure 2.10 Survivability of young shoots of ‘GREM4’ and ‘Cabernet Sauvignon’ under 
sub-zero temperatures (-2℃ to -4℃). 

Four frost tests (replications) were conducted, each consisting of 10 shoots of ‘GREM4’ 
and ‘Cabernet Sauvignon’. The boxplots show the interquartile range while whiskers 
denote total range of survivability percentage of shoots, and the dots represent the 
survivability rate per frost test replication. The line in the middle of a boxplot represents 
median survivability (%). The letters above the boxplots denote the significance (p 
≤0.05). Outliers, if present, are denoted by individual points outside the whisker. 
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Figure 2.11 Quantile-quantile plots showing distribution of survivability percentage data 
for ‘GREM4’ and ‘Cabernet Sauvignon’ shoots. The x-axis denotes the theoretical 
quantiles, while y-axis denotes sample quantile values for survivability percentage. 
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Figure 2.12 Enhanced Volcano plots showing the number of differentially expressed 
genes (DEGs) between 'GREM4' chill vs control shoot transcriptome. 

Red dots denote genes showing a significant change in expression, while green dots 
denote genes with no significant change in expression. The parameters to identify 
significant DEGs were p-value ≤0.05, p-adj ≤0.05, and |log2FoldChange| ≥ 2. 
  

Total DEGs = 300 

130 170 
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Figure 2.13 Enhanced Volcano plots showing the number of differentially expressed 
genes (DEGs) between 'GREM4' freeze vs control shoot transcriptome. 

Red dots denote genes showing a significant change in expression, while green dots 
denote genes with no significant change in expression. The parameters to identify 
significant DEGs were p-value ≤0.05, p-adj ≤0.05, and |log2FoldChange| ≥ 2. 
  

Total DEGs = 171 

67 104 
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Figure 2.14 Venn diagram depicting the number of DEGs unique or shared under chill 
and freeze stress among species. 

The numbers outside the Venn diagram indicate the total differentially expressed genes 
(DEGs) found in each of the comparisons made. The number of genes enclosed in a solid 
blue outline and a solid purple outline denote the shared DEGs between chill and freeze 
stress in 'GREM4' and 'Cabernet Sauvignon', respectively. Genes within the brown 
dashed line are shared between 'GREM4' and 'Cabernet Sauvignon' under chill stress, 
while the dashed grey outline region shows the number of DEGs shared between 
'GREM4' and 'Cabernet Sauvignon' under freeze stress.  
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Figure 2.15 Enhanced Volcano plots showing the number of DEGs between 'Cabernet 
Sauvignon' chill vs control shoot transcriptome. 

Red dots denote genes showing a significant change in expression, while green dots 
denote genes with no significant change in expression. The parameters to identify 
significant DEGs were p-value ≤0.05, p-adj ≤0.05, and |log2FoldChange| ≥ 2. 
 
 
 
 
  

237 567 

Total DEGs = 804 
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Figure 2.16 Enhanced Volcano plots showing the number of DEGs between 'Cabernet 
Sauvignon' freeze vs control shoot transcriptome. 

Red dots denote genes showing a significant change in expression, while green dots 
denote genes with no significant change in expression. The parameters to identify 
significant DEGs were p-value ≤0.05, p-adj ≤0.05, and |log2FoldChange| ≥ 2. 
  

Total DEGs = 291 

95 196 
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Figure 2.17 Enhanced Volcano plots showing the number of differentially expressed 
genes (DEGs) for interaction between ‘GREM4’ chill and ‘Cabernet Sauvignon’ chill. 

Red dots denote genes showing a significant change in expression, while green dots 
denote genes with no significant change in expression. A total of 33 DEGs (8 
upregulated, 25 downregulated in ‘GREM4’) were identified between the two species. 
The parameters to identify significant DEGs were set to p-value ≤0.05, p-adj ≤0.05, and 
|log2FoldChange| ≥ 2. 
  

8 25 

Total DEGs = 33 
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Red dots denote genes showing a significant change in expression, while green dots 
denote genes with no significant change in expression. A total of 5 DEGs (2 upregulated, 
3 downregulated in ‘GREM4’) were identified between the two species. The parameters 
to identify significant DEGs were set to p-value ≤0.05, p-adj ≤0.05, and 
|log2FoldChange| ≥ 2. 
  

3 2 

Figure 2.18 Enhanced Volcano plots showing number of differentially expressed 
genes (DEGs) for interaction between ‘GREM4’ freeze and ‘Cabernet Sauvignon’ 
freeze. 

Total DEGs = 5 
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A total of 2,118 DEGs were identified, out of which 1,071 were upregulated and 1,047 
were downregulated in ‘GREM4’. Red dots denote genes showing a significant change in 
expression, while green dots denote genes with no significant change in expression. The 
parameters to identify significant DEGs were set to p-value ≤0.05, p-adj ≤0.05, and 
|log2FoldChange| ≥ 2. 
 
 
 

1047 1071 

Figure 2.19 Enhanced Volcano plots showing the number of DEGs between 
‘GREM4’ control and ‘Cabernet Sauvignon’ control shoot transcriptome. 

Total DEGs = 2,118 
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Abstract  

Temperate regions experiencing sub-zero temperatures negatively impact grapevine 

yield. Potassium has been claimed as a cryoprotectant to improve cold hardiness in 

grapevine. This study investigated the effect of foliar application of liquid potassium-

based fertilizer, ReaXTM, on cold-hardiness of grapevine Vitis spp. ‘Chambourcin’ along 

with its effect on yield and fruit quality. The vines were sprayed four to five times 

between the fruit set and veraison stage at a concentration of 1.5% (v/v) for two 

consecutive seasons. Petioles were analyzed for nutrients, clusters for yield and fruit 

quality, and cold hardiness was determined by differential thermal analysis and bud 

injury assessment. Potassium deficiency was observed in all vines, but K-treated vines 

exhibited significantly higher sodium levels. Berry potassium levels and total soluble 

solids were generally higher in K-treated vines, however, there was no significant effect 

on yield and other fruit quality traits. Significant differences in cold hardiness levels were 

observed in both dormant seasons. Foliar application of potassium is a promising cultural 

practice to increase cold hardiness, but further studies are needed to understand the limits 

of its effectiveness.   

Keywords: Bud injury, Grapevine, Potassium, Sugars, Cryoprotection 
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Introduction 

Cold injury is a major problem in grapevine production, causing an average of 5-

15% annual crop loss worldwide (Zabadal et al., 2007). Cold sensitive Vitis vinifera 

cultivars are more prone to sub-zero temperatures, especially in regions of Europe and the 

eastern and midwestern United States (Lamichhane, 2021; Zabadal et al., 2007). Within 

the eastern United States, major freezing events since 2007 have caused around $250 

million of economic damage to the grapevine industry annually (Poni et al., 2022).  For 

example, grape growers in Ohio reported an economic loss of $4 million in 335 hectares 

by the 2014 polar vortex that damaged 29%, 57%, and 97% of native, hybrid, and 

vinifera grape cultivars, respectively (Dami & Lewis, 2014). Along with affecting crop 

growth and development, winter injury also affects the wine quality, therefore, grape 

growers suffer from direct crop losses as well as from indirect losses due to the reduction 

in wine sales (Zabadal et al., 2007). 

Although a grapevine’s genetic makeup is the main determinant of its potential 

cold hardiness, management practices provide short-term or mid-term crop protection 

against freeze damage (Dami, 2022). For example, several cost-effective and easily 

applied sprayable products are available that can be useful in mitigating freezing injury in 

plants. These include cryoprotectants (glycine betadine, Agro-K’s Potassium Dextrose-

Lac®- KDL), dormant oils, growth regulators (ProTone®, FrostShield®), and ice 

nucleation inhibitors (ice nucleation active bacteria) (Centinari et al., 2016; Dami, 2022). 

Potassium (K+), an essential plant nutrient, has also been considered a potential 

cryoprotectant to mitigate freezing injury in plants. The highly mobile K+ macronutrient 
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plays an important role in cell division, enzyme activation, neutralization of organic 

acids, increasing proline, protein, and sugar synthesis and translocation, etc. The uptake 

and transportation of K+ within the plant depend on the K+ availability in the soil and K+ 

in the leaves and storage reserves within the perennial vine structures, which can be 

redistributed (Rogiers et al., 2017).  

K+ is the most abundant cation during all stages of berry development (Rogiers et 

al., 2017), which influences sugar accumulation in berries, wine pH, and color 

(Mpelasoka et al., 2003; Rogiers et al., 2017). Evidence of potassium playing a role in 

cold hardiness has been reported, where potassium application reduced shoot mortality 

and resulted in the accumulation of carbohydrates, abscisic acid (ABA), and phenolic 

compounds, increasing the overall survivability of grapevines under cold stress (Karimi, 

2017; Sarikhani et al., 2014). Although the mechanism is not clear, K+ accumulation may 

lead to an increase in cell solute concentration (by increasing the accumulation of soluble 

sugars) (Karimi, 2017; Sarikhani et al., 2014) and decrease the osmotic potential 

(Centinari et al., 2016), thus reducing the cell freezing point. Along with inducing cold 

hardiness, potassium was also found to increase endogenous abscisic acid concentrations 

(Karimi, 2017), which may delay grapevine budburst (Wang et al., 2020), thus preventing 

sensitive young shoots from exposure to late-spring frost conditions. Previous studies 

have been conducted to evaluate the effect of foliar applications of potassium-based 

fertilizers on cold hardiness of grapevine. Studies on table grape cultivars have shown 

that foliar application increased cold hardiness in different tissues (Karimi, 2017; 
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Sarikhani et al., 2014), however, the effectiveness of these products on wine grape 

cultivars, especially in field conditions is still questionable (Centinari et al., 2016, 2018).  

The main objective of this study was to investigate the effects of foliar application 

of liquid potassium-based fertilizer ReaXTM on the cold hardiness of field-grown 

grapevines. We hypothesized that vines fertilized with potassium would have higher cold 

hardiness compared to non-treated (control) vines. Since K+ accumulation influences fruit 

quality (pH, acidity) and plant growth, this study also evaluated if the potassium 

applications impacted grapevine yield or fruit quality.  

 

Materials and Methods 

Plant material and Experimental design 

This study was conducted on field-grown mature vines of Vitis spp. ‘Chambourcin’ 

trained on a high cordon trellis with a spacing of 3 m × 1.22 m. Vitis spp. ‘Chambourcin’ 

(Seyve-Villard 12417 × Seibel 7053) is a French-American hybrid cultivar commonly 

grown in Ohio with moderate cold hardiness and can survive temperatures as low as -

23℃ (Zabadal et al., 2007). The vines were planted in 1996 at the Horticultural unit 

located at The Ohio State University, Wooster, Ohio, USA. There was a total of seven 

rows of ‘Chambourcin’ vines, each consisting of 60 vines. We used a completely 

randomized design to select 20 vines (10 controls and 10 K-treated) within two rows. In 

addition to pruning, shoot thinning was performed on these vines to control yield. This 

cultivar has the propensity to overcrop, thus cluster thinning is required (Dami et al. 

2005). We used a liquid potassium-based fertilizer, ReaXTM (25% K2O) (Loveland 
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Products, Inc.) and applied it to the shoots (leaves and clusters) of the treated vines until 

they were fully wet.  The fertilizer was applied four and five times in 2021 and 2022, 

respectively. As per the recommendations of the product label, K-treated vines were 

sprayed with 1.5% (v/v) of ReaXTM (0.38% K2O) between the fruit set (modified 

Eichhorn-Lorenz or EL 27) and the veraison stage (modified EL 37) (Dry & Coombe, 

2004) (Table 3.1). Control vines were not sprayed. The foliar application was scheduled 

each year on dry sunny days (Temperature = 20-22℃) from late June to late August to 

ensure maximum nutrient absorption by plant leaves and avoid wash-off due to rainfall.  

  

Weather data  

Air temperature, Growing Degree Days (GDD), and precipitation data were collected 

from the CFAES Weather System (https://weather.cfaes.osu.edu/). Further, to understand 

the temperature patterns during the dormant seasons and their effect on grapevine 

acclimation, we computed mean temperatures for both experimental years and the 

number of days below freezing before the coldest event each year.  

  

Petiole nutrient analysis 

To determine the nutritional status of grapevines, petioles were collected during the 

growing season of 2022. Two hundred petioles were collected at the EL 36-37 (50% 

veraison) stage and then randomly subdivided into four replicates per treatment. Petiole 

https://weather.cfaes.osu.edu/
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samples were shipped to Brookside Laboratories (New Bremen, OH) for nutrient 

analysis. The analysis provided a complete determination of petiole macro- and micro-

nutrients and is based on published method (Miller & Horneck, 2013).   

 

Yield, Fruit Quality, and Berry K  

The crop was harvested on October 19, 2021, and October 25, 2022. The number of 

clusters per vine (n =10) were counted and the clusters were weighed to determine yield 

(kg) per vine. Yield per vine was further multiplied by vine density (2732 vines per 

hectare with a spacing of 3 m × 1.22 m) to estimate average yield (tons. ha-1). Mean 

cluster weight (g) was calculated by dividing the yield per vine by the number of clusters 

per vine. During harvest, 400 berries from each of the 10 K-treated and control vines 

were randomly collected and divided into four replicates, each consisting of 100 berries 

placed in a plastic bag. Each of the four plastic bags was then weighed to calculate the 

100-berry weight. Following the weight measurement, the berry samples (4 replicates) 

were taken on ice to the laboratory where they were crushed and the juice was extracted 

for fruit quality analysis (i.e., total soluble solids [TSS], pH, titratable acidity [TA], and 

fruit maturity index [FMI]). Thirty five (35) mL of the extracted juice was transferred to 

50 mL falcon tubes that were centrifuged at 800 rpm for 8 minutes. Following 

centrifugation, 10 mL of supernatant was transferred to the titration workstation (Denver 

Instrument Model 350, Denver, CO) to measure pH and TA. TSS content was measured 

using a digital refractometer (MISCO, Cleveland, OH) and expressed in degrees Brix 

(°Brix). FMI was calculated as TSS/TA×10.  
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During harvest, an additional 200 berries were randomly collected from the K-

treatment and control vines for analysis of potassium levels in the fruit. Those berries 

were randomly divided into four replicates, each consisting of 50 berries, placed in 

plastic bags, transported to the laboratory on ice, and stored at -20℃ before being 

shipped to the ETS Laboratories (St. Helena, CA). After pressing and maceration of the 

berries, potassium content from the juice was measured using the Flame Atomic 

Emission Spectroscopy method (Hanson & Horneck, 1997) and expressed in mg/L.  

 

Cold hardiness  

The cold hardiness level of the vines was determined using differential thermal analysis 

(DTA) during both years of the study (Wolf & Cook, 1994). Water contains latent heat 

energy that gets released when water freezes. This latent heat energy can be detected by 

thermoelectric modules in terms of an increase in voltage (mV), thus, generating Low-

Temperature Exotherm (LTE) that denotes the death of dormant bud tissues (Pierquet & 

Stushnoff, 1980). Dormant canes from five randomly selected K-treated and control vines 

each (one cane per vine) were collected monthly from November till April during 

dormancy (2021-2022 and 2022-2023). The buds were excised from the canes and placed 

on moist filter paper in a petri dish to avoid dehydration. Five excised buds from each 

cane were placed in each thermoelectric module (TEM) and the module box was placed 

into a Tenney environmental chamber (Thermal Products Solutions, New Columbia, PA). 

The Tenney environmental chamber was programmed to gradually decrease the 
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temperature from room temperature (~18.5℃) to -40℃ at the rate of 4℃/hour. The 

median LTE value was used to determine the LT50 (Lethal temperature for 50% injury). 

The 2022 winter provided the opportunity to evaluate bud freezing injury in the 

field when the vines experienced a five-day freeze event which started on December 23, 

2022 (minimum temperature dropped from -0.7℃ to -21.2℃ in 24 hours). To assess bud 

injury in the field due to this freeze event, canes were collected on January 11, 2023. 

Canes (node positions 3 to 10) were randomly selected from the K-treated and control 

vines. In total, five replicates for the K-treated and controls, each consisting of 20 buds, 

were assessed for injury of primary and secondary buds as the percentage of dead buds 

out of total buds collected.  

 

Data Analysis 

Data analyses were conducted using R (v4.3.1; R Core Team, 2023a). 

Significance in the comparisons between control and K-treated vines was determined 

using t-tests, with a significance level set at p ≤ 0.05. Before conducting the t-tests, the 

normality of the data was evaluated via the Shapiro-Wilk test, and homogeneity variance 

was examined using Levene's test (rstatix package v0.7.2; Kassambara, 2023). Welch’s t-

tests were applied for normally distributed data (stats package v4.3.1; R Core Team, 

2023b), while the non-parametric Wilcoxon rank-sum test was used for non-normally 

distributed data (rstatix package v0.7.2). 
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Results 

Weather 

In the 2021-2022 winter season, the lowest temperature recorded was -21℃ on January 

27, 2022 (Figure 3.1a). During the second-year winter season (2022-2023), the vineyard 

experienced the lowest temperature on December 23, 2022, which was -21.2℃, (Table 

3.2, Figure 3.1a and 3.1b).  The average air temperatures prior to the freeze event of 

January 27, 2022, gradually decreased and remained below 0℃ for at least 15 

consecutive days, whereas the temperatures inconsistently fluctuated above or below 0℃ 

before the freeze event on December 23, 2022 (Table 3.2).  

Crop yield and fruit quality are influenced by the environmental conditions during 

the growing season of the crop. For this study, we recorded different weather parameters 

of the growing season from January 1 to October 31. During the 2021-2022 growing 

season, the maximum temperature was 34.3℃ on June 29, 2021. During the 2022-2023 

growing season, the maximum temp was 34.2℃ on 15 June 2022 (Table 3.2). During the 

growing season, cumulative growing degree days (GDD) were higher in 2021 (1817) as 

compared to year 2022 (1689), which were comparable to the average cumulative GDD 

(1634) of the last 30 years (1991-2020). The fruit was harvested on October 19, 2021, 

and October 25, 2022; therefore, the cumulative GDD from January 1 until the harvest 

date was 1795 and 1681, respectively (Table 3.2). On the other hand, the annual rainfall 

was higher during the second year (104 cm) than that during 2021 (84 cm), which in turn 

was lower than the 30-year average (89 cm).  
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Petiole nutrient analysis 

Potassium levels were not significantly different between the K-treatment and control 

petioles (Table 3.3). Among the macronutrients, nitrogen (N), phosphorous (P), and 

magnesium (Mg) levels were significantly different between the K treatment and 

controls, with N levels being higher and P and Mg being lower in the petioles of K-

treated vines. Sodium (Na) levels in K-treated petioles were 3.5-fold higher than that in 

controls. All the other nutrient levels were not significantly different between K-treated 

and control petioles (p-value > 0.05).  Also of note, K, P, boron (B), and iron (Fe) were 

below the normal range, whereas N, Mg, Manganese (Mn), and Calcium (Ca) were above 

the normal range for both the control and K-treated petioles (Dami et al., 2005). Actually, 

the observed petiole K levels (0.73-0.84%) were considered deficient. This was 

unexpected especially since we applied a foliar K fertilizer multiple times, and we did not 

observe any leaf symptoms of K deficiency. 

Quantile-quantile plots illustrate the data distribution for petiole nutrient content 

(Figure 3.2). Data collected for petiole nutrient analysis was normal with equal variance 

for most of the nutrients, however, data failing these assumptions was analyzed using 

non-parametric tests. Data for B, Mn, and Al were not normal (p < 0.05), while the 

petiole samples had unequal variance for Fe levels (p = 0.01) (Table 3.4).  
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Yield, Fruit Quality, and Berry K  

Crop weight per vine averaged 4.97 kg for K-treated and to 5.68 kg for controls in 2021 

(Table 3.5). The mean crop weights were lower in 2022, averaging 4.32 kg in K-treated 

and 4.73 kg in control vines. As expected and due to cluster thinning, yield components 

were not significantly different between the control and K-treated vines in both years, 

except for cluster weight in 2021, where the K-treated vines had significantly lower 

cluster weight compared to the control vines. Generally, yield components were higher in 

2021 than in 2022 likely due to heavier clusters and berries in the first year. This also 

holds true as to why control vines had higher (though non-significant) yields compared to 

K-treated vines during both years of the experiment.  

The average sugar content (TSS) for the K-treated vines was 23.3 and 22.4 °Brix 

for 2021 and 2022, respectively, and was 22.5 and 21.6 °Brix for control vines, so was 

significantly higher in K-treated vines as compared to the controls in both years (Table 

3.6). TSS increased by 4% in K-treated berries in both years. The average pH levels for 

the control and K-treated samples were not significantly different in 2021 (3.26 and 3.29) 

or in 2022 (3.21 and 3.20). Fruit TA levels were significantly lower in K-treated vines 

(8.4 g/L) compared to the controls (9 g/L) in 2021, however, the differences were non-

significant in 2022 (11.3 g/L in K-treated and 11.5 g/L in controls). Due to higher TSS 

and lower TA, the fruit maturity index (FMI) was significantly higher in K-treated vines 

in 2021.  

Potassium levels in the berries in 2021 were 925 mg/L in controls and 1017 mg/L 

in K-treated vines and were not significantly different. However, in 2022, K-treated vines 



121 
 

had significantly higher K (1450 mg/L), approximately 20% higher, than the control 

vines (1212 mg/L) (Table 3.6).  

Data distribution for different yield attributes, fruit quality and berry K levels is 

illustrated as quantile-quantile plots (Figures 3.3 and 3.4). Among yield attributes, crop 

weight and yield data was not normal for K-treated vines in 2022, while cluster number 

data was not normal during both years (p < 0.05; Table 3.4). Berry K data lacked 

homogeneity of variance during 2021 and failed normality assumption during 2022. 

Therefore, non-parametric tests were performed to determine the significance between 

control and K-treated group.  

  

Cold hardiness 

Differential thermal analysis during winter 2021-2022 showed that the mean LT50 values 

for buds collected on December 20, 2021 were similar for K-treated (-23.6℃) and control 

vines (-24℃) (Figure 3.5a). The LT50 values increased a little for bud samples collected 

on January 3, 2022, and the differences remained non-significant (-23.1℃ for controls 

and -22.2℃ for K-treated vines). After the freezing event of January 27, 2022, the buds 

of K-treated vines collected on February 9 and February 24 during the winter of 2021-

2022 had significantly lower LT50 values compared to the controls (p-values = 0.01 and 

0.02, respectively). Cold hardiness in K-treated vines increased by 3.3℃ and 1.5℃, 

respectively, compared to the controls. Later in March, LT50 values were not 

significantly different in buds from K-treated (-18.5℃) and control vines (-18.8℃). The 

bud LT50 values in both K-treated and control vines reached their lowest values after the 
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vineyard experienced the lowest air temperature of the season, i.e., -21℃ during the last 

week of January 2022. Because the cold hardiness levels (LT50) were maintained below -

22℃ until the end of February 2022, the extreme air temperatures (-21℃), did not cause 

bud injury in the field. 

During winter 2022-2023, no significant difference in the LT50 values was 

observed between the K-treated and control bud samples at any collection date (Figure 

3.5b).  LT50 values remained between -20℃ and -22℃ from late November 2022 until 

mid-February 2023. Later, the cold-hardiness levels decreased and LT50 values were 

higher in April 2023, but still non-significantly different between K-treated and control 

vines (-16℃ in controls and -15℃ in K-treated canes).  After the freeze event (lowest 

temperature = -21.2℃) on December 23, 2022, buds were collected on January 11, 2023, 

for injury assessment.  Primary bud injury was significantly lower for K-treated vines 

(77%) than the controls (91%) (p-value = 0.05). Secondary bud injury (55% for K-treated 

and 73% for controls) was less than that of primary buds, but not significantly different 

between controls and K-treated vines (p-value = 0.13) (Figure 3.6). Due to a significantly 

high level of primary bud injury from the December 2022 freezing event, the LT50 

values for January, February, and April of 2023 were not reliable, since it is likely that 

buds were already dead before the DTA tests were performed. 

Assumptions for normality and homogeneity of variance were satisfied for most 

of the data related to cold hardiness. Descriptive quantile-quantile plots illustrate the 

distribution of cold hardiness data (Figures 3.7 and 3.8). However, data for measuring 

bud cold hardiness on November 29, 2022, and secondary bud injury were not normally 
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distributed, while cold hardiness data collected on January 3, 2022 had unequal variance 

(Table 3.4). Therefore, non-parametric t-tests were used to determine the significance of 

differences between the two groups.  

 

Discussion 

In this study, liquid-based potassium fertilizer, ReaXTM (0-0-25), was applied to the 

leaves of grapevines four to five times at a concentration of 1.5% (v/v) during the 

growing seasons of two consecutive years. ReaXTM contains 25% K2O, therefore, the 

total K2O (%) applied to the plants with five foliar applications was approximately 1.88% 

K2O per year or 0.38% K2O per application. The rate of 1.5% (v/v) was selected because 

it corresponded to the highest rate recommended for grapes by the product label as higher 

concentrations lead to phytotoxicity (Centinari et al., 2016; Wilson, 2001).  

Previous studies tested the effects of various concentrations of potassium on 

grapevine cold hardiness (Centinari et al., 2016, 2018; Sarikhani et al., 2014). Sarikhani 

et al. (2014) applied 0%, 0.25%, 0.5%, and 1% K2O (w/v) in each of five foliar 

applications on ‘Bidaneh Sefid’ grapevine (Vitis vinifera L.). They found a continuous 

increase in bud and cane cold hardiness, proline, soluble sugars, and protein 

concentrations with higher K concentrations. Although vines showed some response to 

the lower concentrations of the fertilizer, application of K2O at 1% (w/v) concentration 

was considered most effective in increasing the cold hardiness of the canes and the buds. 

Similarly, Karimi (2017) applied four foliar sprays of K2SO4 using 0%, 0.5%, 1%, and 

1.5% K2O (w/v). The study found that a higher concentration of K2SO4 (1%, and 1.5% 
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K2O) profoundly increased cold hardiness, ABA, polyamine, soluble sugars, and phenolic 

compounds. In another study, foliar macronutrient, Potassium Dextrose-Lac (KDL; 24% 

K2O) was applied at a concentration of 0.24% K2O just before exposing the vines to 

either natural or artificial freezing conditions (Centinari et al., 2016, 2018). The results of 

those studies showed a reduction in shoot mortality among single-bud cuttings but no 

effect on whole vines (Centinari et al., 2016).   

In our study, we used a comparatively low concentration (0.38% K2O per 

application) and observed a significant increase in TSS, berry K levels, and cold 

hardiness, but a deficiency in K in the petioles. The fertilizer application showed no 

significant effect on yield or the other fruit quality traits measured. Additional studies are 

needed to determine if ReaXTM has an effect on protein, hormone, and secondary 

metabolite quantity, as was reported in other studies (Sarikhani et al., 2014; Karimi 

2017), or if increasing the concentration >1% K2O per application could affect fruit 

quality and cold hardiness.  

Potassium is the most abundant cation in plant tissue and plays a critical role in 

overall plant health (Mpelasoka et al., 2003). Potassium is necessary for cellular 

osmoregulation, electrochemical processes, enzyme activation, cell division, 

photosynthesis, and protein and carbohydrate synthesis and transportation (Centinari, 

2016; Karimi et al., 2014). Inadequate amounts of potassium can lead to reduced shoot, 

root, and fruit growth; thus, it is vital for growers to monitor potassium (Centinari, 2016). 

Demand for potassium is highest from fruit set through ripening (Keller, 2015; 

Mpelasoka et al., 2003), therefore, foliar application was applied during these stages of 
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development (Rogiers et al., 2017). In our study, although we observed a 15% increase in 

potassium levels in K-treated petioles, the difference between K-treated vines and 

controls was not significant and all the vines actually showed deficient petiole K levels 

(0.73 and 0.84%), even after multiple foliar applications.  For the Eastern US, petiole 

concentrations of potassium less than 1% are considered inadequate, whereas the normal 

range for potassium concentration in grapevine petioles is 1.5-2.5% (Dami et al., 2005; 

Wolf, 2008). When vines are K deficient, soil application, instead of foliar application, of 

the fertilizer is warranted due to the large amount of K needed (Wolf, 2008). The root 

system of grapevines has a larger surface area for absorbing nutrients and K that is not 

immediately taken up can remain in the soil to be absorbed as needed. In addition, higher 

concentrations of K fertilizer can be used since the risk of phototoxicity is low when soil 

fertilizers are applied at proper concentrations. 

According to Mpelasoka et al. (2003), the relation between petiole K and berry K 

content is still questionable. Similar results for N levels were found by Davenport et al. 

(2012) where petiole N levels were below the normal range, even though the crop 

produced was of high quality for premium wine production. In our study, even though the 

nutrient analysis showed K deficiency in petioles of K-treated and control vines, the K 

levels in the berries were around or above the optimum level (> 1000 mg/L), with the 

berries from K-treated vines having greater K levels than controls.  K within the plants 

was likely transferred from their source locations to the strongest sinks, i.e., developing 

and ripening berries, leaving other tissues, such as the petioles, deficient.  The K applied 

to the leaves of the treatment plants was also moved from source to sink, resulting in the 
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higher K detected in the K-treated berries compared to controls. Buds are also nutrient 

sinks and K could be deposited within the buds, as well, enhancing the cold hardiness, 

though testing the potassium levels of the bud tissue between K-treated and control vines 

is needed to validate this hypothesis.  Further investigation of K fertilizer application 

timing (e.g. post-harvest) and the transportation and sequestration of potassium to 

different plant tissues can better determine its value as a management practice for 

increasing cold hardiness. 

It is also noted that the accumulation of sodium was approximately 3.5 times 

higher in K-treated vines than in the controls. We hypothesize that this could be due to a 

gradient effect of potassium-sodium exchange. Potassium was in higher demand in the 

sink tissues, i.e., the berries, therefore, sodium could have substituted for potassium as an 

osmoticum in the petioles. The concentration of sodium ions increases in berry pulp and 

skin along with potassium ions, but at a lower level. Under a limited K supply, sodium, 

along with magnesium and calcium, can take the role of an inorganic osmoticum 

replacing potassium ions (Keller, 2020). This could be the reason why we observed 

higher sodium levels in the petioles.  In our study, Mg and Ca accumulation was lower in 

K-treated vines as compared to the controls, which could have further elevated the 

sodium levels to raise the water potential of the cell.  

Although the cluster weight of K-treated vines was significantly lower in the first 

year, in general, the application of potassium fertilizer did not affect the yield 

components of Chambourcin. This finding is consistent with that of Centinari et al. 

(2018) where they found no significant effect of KDL foliar spray on yield of Vitis 
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vinifera cultivars Lemberger and Riesling and interspecific hybrid cultivars Noiret and 

Traminette. Potassium silicate (K2SiO3) foliar application did not affect berry weight or 

yield in Touriga National and Touriga Franca grapes, either (Singh et al., 2020). 

However, Karimi (2017) did find an increase in cluster weight and crop weight per vine 

in ‘Sultana’ grapevine (Vitis vinifera L.) with increasing concentration of foliar 

application of K2SO4. Additionally, all concentrations of K2SO4 increased individual 

berry weight over the controls (Karimi, 2017). We did observe a significant effect on 

cluster weight in 2021, but this did not translate to crop wt. or yield, which was not 

significantly different between the controls and K-treated vines.  The discrepancy 

observed between K treatments and crop weight across studies may be due to variations 

in the concentration of K applied or could be a cultivar-dependent response.   

However, foliar application of K increased sugar accumulation in berries. This 

finding is consistent with previous studies (Karimi, 2017; Sarikhani et al., 2014). 

Sarikhani et al. (2014) suggested that K+ ions could be involved in inducing the enzymes 

for carbohydrate metabolism. This has been shown in other crop studies such as potato, 

where potassium increased the activity of sucrose synthase (Liu et al., 2013). An increase 

of K in grapevine could induce carbohydrate metabolism in the berries, which could lead 

to the higher sugar content observed.  Additionally, high sugar levels in buds have been 

linked to enhanced cold hardiness, due to their role in osmoregulation (De Rosa et al., 

2022).  The positive correlation between K and sugar accumulation suggests that the K 

accumulated in buds (a sink tissue) protects against freezing injury by increasing the 

sugar levels, and therefore decreasing the freezing point of the cells (Cakmak, 2005). 
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Titratable Acidity is the ratio of free organic acids to organic acids neutralized by 

K+ (Villette et al., 2020). Among organic acids, tartaric acid is a stronger acid while malic 

acid is a weak acid and gets degenerated by malic enzyme (malic acid-degrading 

enzyme) (Lakso & Kliewer, 1975). K+ is known to decrease tartaric acid in juice and 

wine by combining with it to form potassium bitartrate precipitates, thus, lowering the 

tartrate-malate ratio (Mpelasoka et al., 2003). This could be the reason why we observed 

a decrease in fruit TA for K-treated vines, though it was only significantly lower in 2021.  

It is also noted that TA values were generally lower in 2021 than in 2022. This could be 

attributed to the warmer growing season of the former, since warmer temperatures can 

affect enzyme activity.  The activity of the malic acid-degrading enzyme continuously 

increases with an increase in temperature from 10℃ to 46℃ (Lakso & Kliewer, 1975), 

therefore, due to higher temperatures, malic acid gets used as a respiratory substrate 

resulting in lower TA (Famiani et al., 2016; Villette et al., 2020).   

In our study, K content in berries was 1017 mg/L in K-treated vines and 925 mg/L 

in controls in 2021. In 2022, the values were significantly higher in fruits of K-treated 

vines (1450 mg/L) than in the controls (1212 mg/L). Previous studies state that K levels 

within the range 860-1279 mg/L are considered “normal” (Somers, 1977) and values 

higher than 1056-2776 mg/L are considered high levels of fruit potassium (Mpelasoka et 

al., 2003; Somers, 1975). Although the berry levels were within the optimum range, the 

values were still low as compared to the K levels found in other red grape cultivars 

(1700-1800 mg L-) (ETS Laboratories, 2022). High concentrations of potassium in the 

fruit can cause high pH (>3.70) of fruit juice and wine and create changes in the physical, 
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chemical, and microbial stability, (Mpelasoka et al. 2003) color stability, and oxidative 

potential of the wine (Gardner, 2016). In our study, even though K concentration in the 

berries of K-treated vines significantly increased in year 2, as compared to the controls, 

foliar application of K did not affect the juice pH as reported in the literature, which is 

positive, since a high pH is deleterious for wine quality.  

The effect of K on increasing cold hardiness was observed during both dormant 

seasons. In year 1, LT50 values of the K-treated buds were significantly lower than 

controls during mid-winter, but not during the acclimation (fall) and deacclimation (late 

winter-early spring) stages. In year 2, since the DTA test did not work due to bud injury, 

we relied on determining cold hardiness by tissue browning. Like year 1, K was most 

effective in increasing cold hardiness during mid-winter in year 2.  

During this study, another observation regarding cold hardiness status was worth 

noting. In general, the cold hardiness of Chambourcin was higher during the 2021-2022 

season than that during 2022-2023.  Even though the lowest temperature recorded in both 

dormant seasons was similar (-21 ℃), injury after the second-year freezing event 

(December 23, 2022) was much higher than the first one (January 27, 2022). Since the 

coldest temperature in the second dormant season occurred in late December, 2022, the 

vines likely had not completely acclimated for maximum cold hardiness yet.  Plants 

undergo cold acclimation under low non-freezing temperatures which leads to 

physiological changes in plants including membrane fluidity, sugar accumulations and 

cryoprotein synthesis, thus improving their ability to survive freezing conditions (Londo 

et al., 2018). Mild fall/winters, like seen in fall/winter 2022, were not conducive for 
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maximum cold hardiness (Zabadal et al., 2007), whereas temperatures below freezing 

enhance cold hardiness of grapevines (Hamman et al., 1996; Zabadal et al., 2007). The 

mean temperature in January, 2022 was below the 30-year average, whereas the mean 

temperature in December 2022 was above the 30-year average (Figure 3.9). Furthermore, 

the mean temperature was below 0℃ for 7 consecutive days prior to the freeze event of 

January 27, 2022, while the mean temperature was not below 0℃ in the days leading up 

to the freeze event of December 23, 2022 (Table 3.2). The warmer temperatures 

proceeding the extreme cold event in December 2022 likely impacted the cold 

acclimation of the vines prior to the major freeze event that season.  Because of this, the 

majority of primary buds were dead, but our bud injury assessment did find that primary 

and secondary bud injury in K-treated vines was less than control vines (77% K-treated 

vs 91% control primary buds injured, and 55% K-treated vs 73% control secondary buds 

injured) (Figure 3.6). These results suggest the K treatment did have a significant effect 

on preventing bud injury, especially in mid-winter. More studies are needed to 

understand K transportation in different plant tissues and how it protects dormant buds 

and canes from cold stress.  
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Tables 

Table 3.1 Treatment dates and phenology of Chambourcin grapevines in 2021 and 2022. 

1 Phenological stages of grapevine according to the modified Eichhorn-Lorenz or EL 
system (Dry & Coombe, 2004). 
2 Growing Degree Days (GDD) (℃) accumulation calculated from January 1 until the date 
of spraying.         
3 Vines were not sprayed at 50% veraison stage in 2021.  
  

Timing of treatment EL stage1 Year Treatment date GDD2 

Fruit set 27-29 2021 June 17 453 
2022 June 29 637 

Marble berry size 31 2021 July 9 731 
2022 July 14 828 

Bunch-closing 32-33 2021 July 22 882 
2022 July 29 1027 

1% veraison 35 2021 August 6 1053 
2022 August 9 1176 

50% veraison3 36-37 2021 - - 
2022 August 26 1345 
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Table 3.2 Weather parameters during 2021-2022 and 2022-2023 experimental seasons. 

Parameter 2021-2022 2022-2023 30-year average1 

Harvest date October 19, 2021 October 25, 2022  - 
GDD (growing season)2 1817 1689 1634 ± 0.3 
GDD (harvest) 3 1795 1681 -  
Annual precipitation (cm) 84 104 89 ± 2.6 
Precipitation (cm) during 
ripening 
(Aug 1 – Oct 31) 

22 23 22 ± 0.9 

Mean temperature 
(growing season)2 

12.9 12.1 
 

12.0 ± 0.6 

Mean temperature (harvest) 3 12.9 12.2 - 
Maximum temperature  
(growing season)2 

34.3 34.2 36.5 

Date of maximum 
temperature 

June 29, 2021 June 15, 2022 July 20, 1991 

Lowest temperature  
(winter season)4 

-21.0  -21.2  -32.1 

Date of lowest temperature January 27, 2022 December 23, 2022 January 19, 1994 
Number of days the mean 
temperature <0℃ before the 
lowest temperature  

7 0 - 

1 30-year data were taken from the years 1991-2020. The values denote means ± standard 
errors. 

2 Accumulated growing degree days or GDD (℃) and temperatures (℃) during the 
growing season were recorded from January 1 to October 31 of that year.  

3 Accumulated GDD (℃) and temperatures (℃) were recorded from January 1 until harvest 
date. 

4 Winter season temperatures were recorded from September 1 to April 30 of the 
experimental year. 
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Table 3.3 Petiole nutrients in Chambourcin during the 2022 growing season. 

 Control K-treated p-value1 

Suggested 
normal ranges 
in petioles at 

veraison2 

Primary macro-nutrients 
 Nitrogen (%) 
 Phosphorus (%) 
 Potassium (%) 

 
1.37 ± 0.03 
0.15 ± 0.00 
0.73 ± 0.05  

 
1.53 ± 0.04 
0.14 ± 0.00 
0.84 ± 0.06 

 
0.02 (S) 
0.03 (S) 

0.23 (NS) 

 
0.90-1.30 
0.16-0.29 
1.50-2.50 

Secondary macro-
nutrients 
 Magnesium (%) 
 Calcium (%) 
 Sulphur (%) 

 
1.97 ± 0.04 
2.28 ± 0.04 
0.22 ± 0.01 

 
1.73 ± 0.06 
2.14 ± 0.05 
0.22 ± 0.00 

 
0.02 (S) 

0.06 (NS) 
0.79 (NS) 

 
0.26-0.45 
1.20-1.80 

- 

Micro-nutrients 
 Boron (ppm) 
 Iron (ppm) 
 Manganese (ppm) 
 Copper (ppm) 
 Zinc (ppm) 
     

 
21 ± 0.6 
23 ± 1.1 
827 ± 33 
9 ± 0.2 

51 ± 1.5 

 
19 ± 0.7 
21 ± 0.1 
737 ± 46 
9 ± 0.2 

46 ± 1.82 

 
0.15 (NS) 
0.08 (NS) 
0.20 (NS) 
0.14 (NS) 
0.11 (NS) 

 
25-50  
31-50  

31-150  
5-15  
30-50  

Non-essential nutrients 
 Aluminum (ppm) 
 Sodium (ppm) 

 
17 ± 2 

223 ± 14 

 
22 ± 6 

778 ± 40 

 
0.69 (NS) 
0.00 (S) 

 
- 
 -  

Values within Control and K-treated columns represent means ± standard errors.                                                                                          
1Significance at p ≤ 0.05; S = Significant, NS = Non-significant.                                                                  
2 Normal ranges were available for most of the nutrients in the Midwest Grape Production 
Guide (Dami et al. (2005)).  
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Table 3.4 Data analysis for normality and variance. 
Petiole Nutrient Analysis 
Nutrient  Normality (Control) Normality (K-treated) Variance 
Nitrogen  0.301 0.81 0.53 
Phosphorus 0.10 0.50 0.37 
Potassium 0.66 0.18 0.69 
Magnesium 0.57 0.19 0.43 
Calcium 0.42 0.39 0.64 
Sulphur 0.60 0.30 0.73 
Boron 0.02 0.23 0.72 
Iron 0.11 0.69 0.01 
Manganese 0.99 0.03 0.59 
Copper 0.97 0.80 0.95 
Zinc 0.77 0.22 0.78 
Aluminum 0.61 0.01 0.11 
Sodium 0.06 0.72 0.12     

Yield Attributes  
Year 2021 

Crop wt./vine (kg) 0.23 0.29 0.57 
Yield (ton. ha-1) 0.23 0.29 0.57 
Cluster number 0.02 <0.01 0.39 
Cluster wt. (g) 0.18 0.52 0.42 
100-berry wt. (g) 0.27 0.14 0.82     
 

Year 2022 
Crop wt./vine (kg) 0.36 0.01 0.17 
Yield (ton. ha-1) 0.36 0.01 0.17 
Cluster number <0.01 <0.01 0.23 
Cluster wt. (g) 0.21 0.43 0.08 
100-berry wt. (g) 0.14 0.96 0.78 

Continued… 
 
 
1 Values denote p-values from the results of the Shapiro-Wilk test and Levene’s test for 
homogeneity of variance for different analyses: Petiole nutrient analysis, yield, fruit 
quality, bud cold hardiness, and bud injury. Significant differences were reported for p-
values ≤ 0.05.  
2 Berry potassium levels in K-treated vines were similar in all four replicates, therefore, no 
variance was observed. 
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(Table 3.4 continued) 
    
 Normality (Control) Normality (K-treated) Variance 
Fruit Quality  

Year 2021 
Total Soluble 
Solids 

0.57 0.90 0.46 

pH 0.80 0.19 0.08 
Titratable Acidity 0.85 0.77 0.72 
Fruit Maturity 
Index 

0.46 0.73 0.99 

Berry-K 0.26 0.13 0.02     

 Year 2022 
Total Soluble 
Solids 

0.64 0.41 0.34 

pH 0.85 0.10 0.81 
Titratable Acidity 0.86 0.98 0.47 
Fruit Maturity 
Index 

0.85 0.72 0.59 

Berry-K2 <0.01 - 0.36     

Bud Cold Hardiness 
Date    
12/20/2021 0.58 0.85 0.69 
1/3/2022 0.20 0.92 0.03 
2/9/2022 0.80 0.23 0.27 
2/24/2022 0.36 0.98 0.97 
3/24/2022 0.29 0.27 0.26 
11/29/2022 0.02 0.27 0.48 
1/11/2023 0.84 0.90 0.54 
2/15/2023 0.93 0.98 0.15 
4/5/2023 0.87 0.97 0.54     

Bud Injury Assessment 
Bud Type    
Primary Bud 0.15 0.88 0.20 
Secondary Bud 0.02 0.48 0.62 
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Table 3.5 Yield components of Chambourcin for the years 2021 and 2022. 

 Year 2021 Year 2022 
Control K-treated p-value1 Control K-treated p-value1 

Crop wt./vine (kg) 5.68 ± 0.30 4.97 ± 0.35 0.14 (NS) 4.73 ± 0.27 4.32 ± 0.16 0.27 (NS) 
Yield (ton. ha-1) 15.53 ± 0.83 13.59 ± 0.95 0.14 (NS) 12.93 ± 0.73 11.81 ± 0.43 0.27 (NS) 
Cluster number/vine 24 ± 0.4 24 ± 0.3 0.37 (NS) 24 ± 0.1 23 ± 0.6 0.30 (NS) 
Cluster wt. (g) 242 ± 12 204 ± 13 0.04 (S) 193 ± 8 185 ± 8 0.56 (NS) 
100-berry weight (g) 262 ± 5 260 ± 3 0.78 (NS) 232 ± 2 231 ± 3 0.78 (NS) 

Values within Control and K-treated columns represent means ± standard errors. 
1 Significance at p ≤ 0.05; S = Significant, NS = Non-significant. 
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Table 3.6 Fruit parameters in Chambourcin for the years 2021 and 2022. 

 

 

 

 

 

Values within Control and K-treated columns represent means ± standard errors. 
1 TSS: total soluble solids, TA: titratable acidity, FMI: fruit maturity index.  
2 FMI = TSS/TA × 10. 
3 Significance at p ≤ 0.05; S = Significant, NS = Non-significant.  
 

 

 Year 2021 Year 2022  
Control K-treated p-value3 Control K-treated p-value3 

TSS (°Brix)1 22.5 ± 0.1 23.3 ± 0.2 0.01 (S) 21.6 ± 0.4 22.4 ± 0.2 0.04 (S) 
pH 3.26 ± 0.02 3.29 ± 0.01 0.13 (NS) 3.21 ± 0.02 3.20 ± 0.02 0.46 (NS) 
TA (g L-1)1 9.0 ± 0.2 8.4 ± 0.2 0.05 (S) 11.5 ± 0.4 11.3 ± 0.3 0.37 (NS) 
FMI1,2 25 ± 0.6 28 ± 0.8 0.01 (S) 19 ± 0.6 20 ± 0.4 0.12 (NS) 
Berry K level (mg L-1) 925 ± 68 1017 ± 37  0.14 (NS) 1212 ± 37 1450 ± 0 0.01 (S) 
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Figures 

 

 

Figure 3.1 Daily maximum (red) and minimum (blue) air temperatures from September 1 
to April 30 in: A) 2021-22 and B) 2022-23. 

‘*’ denotes the lowest temperatures recorded during the winter seasons of both 
experimental years (-21℃ on January 27, 2022; -21.2℃ on December 23, 2022). Air 
temperature data was not available for Feb 24-28, 2023. 
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Continued… 

 

Figure 3.2 Quantile-quantile (QQ) plots showing distribution of data collected for petiole 
nutrient analysis for both control (blue) and K-treated (green) samples. 
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(Figure 3.2 continued) 

 
Continued… 
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(Figure 3.2 continued) 

 
Continued… 
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(Figure 3.2 continued) 

 
Continued… 
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(Figure 3.2 continued) 
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Continued… 

Figure 3.3 Quantile-quantile (QQ) plots showing distribution of data collected for yield 
attributes for both control (blue) and K-treated (green) samples. 
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(Figure 3.3 continued) 

 
Continued… 
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(Figure 3.3 continued) 

 
Continued… 
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(Figure 3.3 continued) 

 
Continued… 
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(Figure 3.3 continued) 
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Continued… 

Figure 3.4 Quantile-quantile (QQ) plots showing distribution of data collected for fruit 
quality traits for both control (blue) and K-treated (green) samples  
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(Figure 3.4 continued) 

 
Continued… 
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(Figure 3.4 continued) 

 
Continued… 
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(Figure 3.4 continued) 

 
Continued… 
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(Figure 3.4 continued) 

 
  



159 
 

 

 
Figure 3.5 Mean LT50 values for K-treated and control buds collected during the winters 
of A) 2021-22, and B) 2022-23. 

 
Error bars denote standard error. ‘*’ denotes a significant difference among treatments, p 
< 0.05. 
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Figure 3.6 Percent bud injury for K-treated (green) and control (blue) buds collected on 
January 11, 2023. 
Mean values marked with different letters denote a significant difference, p < 0.05. Error 
bars denote standard errors. 
  

0

10

20

30

40

50

60

70

80

90

100

Primary Bud Secondary Bud

B
ud

In
ju

ry
 (%

)

Bud type

Control K-treated

a

b a

a



161 
 

 

 
Continued… 

 

Figure 3.7 Quantile-quantile (QQ) plots showing distribution of data collected for 
differential thermal analysis for both control (blue) and K-treated (green) samples. 

LT50 denotes lethal temperature for 50% bud injury. 
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(Figure 3.7 continued) 

 
Continued… 
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(Figure 3.7 continued) 
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(Figure 3.7 continued) 

 
Continued… 
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(Figure 3.7 continued) 
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Figure 3.8 Quantile-quantile (QQ) plots showing distribution of data collected for bud 
injury assessment for both control (blue) and K-treated (green) samples. 
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Figure 3.9 Comparison of monthly mean air temperatures of two winter seasons (2021-
2022 and 2022-2023) compared to 30-year average (1991-2020). 
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Chapter 4 - Conclusion and Future Prospects 

 
 

Grapevine is an economically important fruit crop grown worldwide. In the United 

States, the annual production of grapevine is around 6 million tons (USDA, 2022). Due to 

higher consumer demand, the wine industry in the US is expanding, especially in the 

regions of the Midwest, which are more prone to winter injury (Loseke et al., 2015; 

Zabadal et al., 2007). During mid-winter, low temperatures can injure the dormant buds 

or cane tissues either partially or completely. Further, temperature changes during spring 

may accelerate budburst, resulting in young shoots emerging earlier. However, in regions 

of eastern United States, these sensitive young shoots are more prone to late-spring frost 

conditions, causing direct and indirect losses to grapevine growers (De Rosa et al., 2022; 

Zabadal et al., 2007). Therefore, it is imperative to find ways to improve cold hardiness 

of the dormant tissues during mid-winter and avoid frost injury during late spring.  

Injury due to low temperatures can be avoided by utilizing a holistic approach 

with different long-term and short-term management practices (Dami, 2022). Long-term 

strategies include genetic improvement of grapevine cultivars to increase their mid-winter 

cold hardiness as well as late-spring frost tolerance. On the other hand, cold hardiness of 

already established vines can be improved via short- or mid-term management practices, 
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such as pruning, cover crop management, or spraying cryoprotectants. In this thesis, we 

investigated the genetics contributing to frost tolerance by comparing frost tolerance in 

two grapevine species and identifying potential genes involved in low temperature stress 

tolerance through comparative transcriptomics of chill (4℃) and freeze (-2℃) stressed 

shoots. Further, we investigated how management practices, such as foliar potassium 

applications, can improve grapevine cold hardiness and its potential impact on yield and 

fruit quality.  

In our frost tolerance study, we found that ‘GREM4’ young shoots had higher 

survivability under sub-zero temperatures than those of ‘Cabernet Sauvignon’. 

Transcriptomic analysis revealed that genes encoding cell wall associated receptor 

kinases and KCS genes involved in VLCFAs synthesis were differentially expressed in 

‘GREM4’ compared to ‘Cabernet Sauvignon’ and likely play a major role in improving 

low temperature stress tolerance of ‘GREM4’ young shoots. This study provided new 

insights into the frost tolerance of V. labrusca young shoots and their transcriptomic 

responses. In future studies, these candidate genes can be functionally characterized for 

their role in improving tolerance to low temperature stresses. Other than transcriptomic 

responses, the two grapevine species differ in are other morphological traits, such as leaf 

thickness and trichome density. Therefore, these morphological traits might also be 

involved in avoiding frost injury. Future investigation of these morphological and 

physiological changes may help us better understand the mechanism of frost tolerance.  

In this study, we only investigated the frost tolerance of V. labrusca acc. 

‘GREM4’ and V. vinifera cv. ‘Cabernet Sauvignon’, but we saw significant differences in 
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their bud cold hardiness levels and frost tolerance. Cold hardiness levels, therefore, can 

vary between species, however, there is likely intraspecies variation, as well (Londo & 

Johnson, 2014). Therefore, in order to improve cold hardiness or frost tolerance, it is 

important to choose appropriate accessions for the development of cold hardy cultivars, 

as the accessions of the same species may respond differently under different 

environmental conditions. Future research can be conducted to determine how different 

accessions and cultivars of different grapevine species respond to temperature 

fluctuations during mid-winters or late springs.  

For already established vineyards, cold hardiness can be improved in the plants by 

different management practices. We focused on foliar application of potassium fertilizer, 

ReaXTM (25% K2O) as a cryoprotectant to improve cold hardiness during winter. Along 

with that, we investigated if the foliar application of potassium significantly impacted 

yield and fruit quality. The K applications enhanced cold hardiness of the buds, However, 

despite four to five foliar applications per year, the petiole samples were deficient in 

potassium (K) content. Therefore, future studies can be conducted using different 

fertilizer rates applied at different stages of grapevine development. 

Another benefit of foliar potassium application was that it had no negative impact 

on overall yield or pH, but it significantly increased the total soluble solids [TSS] during 

both years and decreased titratable acidity during first year. Overall, foliar application of 

K increased cold hardiness and fruit quality without impacting the yield, therefore, K 

fertilization can be a potential solution to mitigate winter injury. However, this 

application is only effective to an extent as we observed that despite foliar applications, 
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there was significant bud injury in the vineyard during second winter season of our study. 

Therefore, further research on effectiveness of different K fertilizers in improving cold 

hardiness is required.     

We only investigated the effect of foliar K application on Vitis spp. 

‘Chambourcin’ which is a cold sensitive hybrid. K application not only increased the bud 

cold tolerance, but also increased the TSS. Studies have reported that there is a positive 

correlation between K and sugar accumulation (Cakmak, 2005). Therefore, it would be 

interesting to investigate if K application can improve the TSS in grapevine cultivars 

having inherent low TSS. This would be an effective way to increase the sugar levels in 

the fruits, thus increasing the profitability of the crop. Since buds also serve as a strong 

sink, it would be worth to investigate the sugar levels in bud tissues and their role in 

improving bud cold hardiness.  

Taken together, findings from these studies can help address the challenge of 

grapevine survivability under low temperature stress, thus increasing the overall 

profitability to grapevine growers.      
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