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Potassium (K+) nutrition is of relevant interest for winegrowers because it influences grapevine growth, berry composition, as well as must and wine quality. Indeed, wine quality strongly depends on berry composition at harvest. However, K+ content of grape berries increased steadily over the last decades, in part due to climate change. Currently, the properties and qualities of many fruits are also impacted by environment. In grapevine, this disturbs berry properties resulting in unbalanced wines with poor organoleptic quality and low acidity. This requires a better understanding of the molecular basis of K+ accumulation and its control along grape berry development. This mini-review summarizes our current knowledge on K+ nutrition in relation with fruit quality in the context of a changing environment.
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Introduction

Plant growth and development rely on a balanced distribution of different mineral elements that are needed for various physiological processes. The beneficial effects of adding mineral elements to soils to improve plant growth has been known and used in agriculture for more than several thousand years. However, in the context of climate change, plants are facing increasing challenges to maintain balanced growth. High temperatures and soil water deficits associated with climate change affect agriculture and largely constrain plant productivity. Moreover, final product quality is also altered by excessive solar radiation, atmospheric CO2 levels, and rainfalls (Schultz, 2000; Korres et al., 2016). Grapevine (Vitis vinifera) is the most economically important fruit crop in the world. Wine grapes are particularly threatened by this phenomenon because its oenological potential is directly linked to its composition, in turn depending on pedoclimatic conditions (vintage effect). In this context, it is therefore important for the vine growers and wine makers to adapt many field practices including mineral nutrition.

Great wines are famous for their high standard and characteristic flavors that are distinguishable and reflect their environment (climate, soils, and grown varieties). In France, the southern regions have a typical Mediterranean climate with warm and long summers whereas central and northern regions undergo more humid climates. These climatic aspects have been properly taken into account in the past, to adapt various grapevine varieties and best suit their environmental conditions. But today the berry properties such as color, flavor, and aroma components are modified by the current climate environment, which results in unbalanced wines, with high alcoholic content and excessively low acidity (Jones et al., 2005). This is due to the regular increase of grape berry K+ and sugar contents that have been observed during the last decades.

Obviously, deficiencies in major minerals like potassium (K+), nitrogen (N), and phosphorus (P) strongly affect metabolism with subsequent impacts on plant growth, crop yield, nutritional value, and composition of grape berries (Amtmann and Armengaud, 2009; Fernandes et al., 2016). But with the effects of climate change, impact of mineral nutrition might change. This has been extensively studied for K+ nutrition because several reports mentioned that when K+ accumulation in grape berries at harvest is too high, berry acidity is too low (Conde et al., 2007; Walker and Blackmore, 2012).

Potassium is the major cation in plants. It can be present up to 10% of dry mass. It is a highly mobile osmolyte and a major component in the cation/anion balance. K+ is involved in neutralization of negative charges and organic acids and contributes to cellular turgor and elongation and mechanical movements such as stomata aperture or leaf movements (Maathuis, 2009; Sharma et al., 2013; Dreyer, 2014). Cytoplasmic concentration of K+ is maintained around 80 to 100 mM. Preserving this concentration range is important for many physiological processes as the control of electrical membrane potential, the maintenance of pH homeostasis in the cells, enzyme activations, and stabilization of protein synthesis. These different functions explain why K+ is so important for plants and is present in all tissues and subcellular compartments of cells. Indeed, it has been shown that plants accumulate large amounts of K+ in their vacuoles, surpassing purely nutritional requirements. K+ deficiency has negative impact on plant growth. K+ starvation reduces also the ability to use N and provokes chlorosis at the tip of older leaves in cereal crops, increasing crop’s susceptibility to diseases and affecting plant metabolism (Armengaud et al., 2009; Zörb et al., 2014; Coskun et al., 2017). Plant performance depends on K+ availability in soil and K+ uptake efficiency. To perform an optimal preservation of K+ homeostasis, a large group of K+ transporters and channels has been identified in plants. They are involved in K+ uptake by roots, ion translocation between organs and tissues, and storage in cellular vacuoles.

In grapevine, K+ plays an essential role in the initiation and control of massive fluxes that are necessary for berry growth during maturation (Cuéllar et al., 2013; Nieves-Cordones et al., 2019). In addition, grape acidity at harvest is a key factor to obtain wines of great quality. Grape acidity results from the ratio between free organic acids (i.e. malic and tartaric acids) and organic acids neutralized by K+. In the context of warmer climates, K+ ion accumulation increases during grape ripening, leading to an excessive neutralization of organic acids (Cuéllar et al., 2010; Cuéllar et al., 2013; Rogiers et al., 2017; Nieves-Cordones et al., 2019). Moreover, high temperature also affects the organic acid content of berries inducing the consumption of malic acid as a respiratory substrate (Famiani et al., 2016). This results in a low-acidic must context leading to the formation of insoluble K+ bitartrate during winemaking. Not only this amplifies the loss of acidity but this also gives rise to unstable wines with poor organoleptic properties. This is a major concern for grape production, although the molecular determinants that control berry acidity and K+ accumulation during ripening are still poorly known. Adaptation to climate changes is becoming a major challenge for grapevine. This mini-review focuses on K+ nutrition in grapevine in the context of our current environment and summarizes the knowledge available nowadays.



Plants K+ Transport Systems and Physiological Functions

In the model plant Arabidopsis thaliana, a total of about 70 K+ channels and transporters, differing in transport affinity, energetic coupling, voltage sensitivity, or ionic selectivity, have been identified (Mäser et al., 2001; Lebaudy et al., 2008; Sharma et al., 2013; Véry et al., 2014). In grapevine, because excess of K+ levels in berries may have a negative impact on wine quality, molecular determinants of K+ transport are under investigation. Plant major multi-gene families encoding K+ permeable transport systems belong to one of the following five families (i) HAK-KUP-KT transporters, (ii) HKT transporters, (iii) cation-proton antiporters (CPA), (iv) Shaker-like K+ channels, and (v) two pore K (TPKs) channels. This review only focuses on the three transporters families and the K+ Shaker channels which are briefly presented below (Figure 1, Mäser et al., 2001; Sharma et al., 2013; Véry et al., 2014).




Figure 1 | K+ transporter and channel families. (A) Structure and function of different transporter families. The family HAK/KUP/KT (left panel) is present in all plant genomes and contains 13 members in A. thaliana and 18 in vine distributed into five clades. Arabidopsis has just one member belonging to cluster I, AtHAK5, which has been extensively studied and its structure is shown in the top. The general structure of the HAK/KUP/KT transporters is conserved. The number of transmembrane segments (TMS) is ranged from 10 to14, with the most common being 11–12 TMS. The HKT (High-affinity K+ Transporter) transporters (middle panel) are distributed into two families depending of the presence of a glycine into the first pore loop proposed as a K+ selectivity determinant. All members of HKT family are composed of eight transmembrane domains. The last family of K+ transporters is the CPA family (right panel) for Cation Proton Antiporters. CPAs are composed of 10 to 12 transmembrane domains. This family is divided in two sub-families (CPA1 and CPA2). CPA1 mainly consists in NHX antiporters (Na+(K+)/H+ exchangers). CPA2 is mainly constituted by CHXs (cation/H+ exchangers). Information on the CPA family is still fragmentary. (B) Description of K+ Shaker channels. The structure of different members is strictly conserved with six transmembrane domains. The fourth transmembrane segment (S4) harbors positively charged amino acids and acts together with S1, S2, and S3 as voltage sensor. The pore domain is located between the TMS5 and TMS6 domains. The C-terminal extremity of Shaker sub-unit is composed of three distinct domains: a cyclic nucleotide-binding domain (CNBD), an ankyrin domain allowing protein-protein interactions and a KHA domain rich in hydrophobic and acidic amino acids. Functional Shaker channels are multimeric proteins formed by the assembly of four Shaker gene products (Dreyer et al., 2019). In plants, three types of K+ Shaker channel localized at the plasma membrane have been exhaustively characterized: the inwardly, weak inwardly or outwardly rectifying K+ channels which drive inward or outward K+ fluxes across the plasma membrane according to the membrane potential.




K+-Selective Transporters HAK-KUP-KT

The HAK-KUP-KT family is usually selective for K+. Plant HAK-KUP-KT proteins possess 10 to 14 transmembrane domains with both N- and C-termini at the membrane intracellular side. These transporters are present in plants, fungi, bacteria, and even viruses but not in animals. They are crucial for organisms facing external solutions containing very low K+ concentrations (µM range) (Nieves-Cordones et al., 2010). In flowering plants, the HAK-KUP-KT family displays variable number of members: 13 genes have been identified in A. thaliana and 18 in grapevine which are classified among clades I-V (Nieves-Cordones et al., 2016). High-affinity K+ transport has been demonstrated for all members of the clade I sub-family to which belongs, e.g. HAK5 (high affinity K+ 5). HAK5, located at the plasma membrane, contributes to high affinity K+ uptake from soil and to root elongation (Ragel et al., 2019). HAK5 transporters are transcriptionally up-regulated under K+ starvation conditions in A. thaliana, but also in agronomic crop species like rice, barley, pepper, and tomato (Santa-María et al., 1997; Bañuelos et al., 2002; Martínez-Cordero et al., 2004; Nieves-Cordones et al., 2008). Moreover, HAK5 is also up-regulated in -K, -N, and -P starvation in tomato, whereas in A. thaliana, HAK5 is up-regulated only in -K+ and -N deficiencies (Rubio et al., 2014). This suggests different responses and regulation between plant species.

In A. thaliana, the 12 other members of this family are present in different tissues and are probably involved in many diverse physiological functions in plants (Ahn et al., 2004). Among them, AtKUP2, 4, 6, and 7 are involved in cell enlargement, K+ translocation, and long-distance K+ transport (Han et al., 2016; Santa-María et al., 2018). Some studies showed a large reduction of HAK-KUP-KT transcripts under high salt conditions and K+ deficiencies (Nieves-Cordones et al., 2010; Li et al., 2018). An interplay between sodium (Na+) and K+, at elevated concentrations of Na+, is described to have a negative effect on the expression of members of this family. In maize, it has recently been shown that some HAK transporters can transport Na+ instead of K+ (Zhang et al., 2019). These transporters belong to clade IV of the HAK-KUP-KT family. In grapevine, only one member was identified in this sub-group (Benito et al, 2012).

In grape, only two HAK-KUP-KT‐type K+ transporters have been studied so far. They are expressed most highly in the berry skin during the first phase of berry development (Davies et al., 2006) and therefore do not participate to the berry loading after veraison (the onset of ripening).



Non-Selective Cation-Transporters HKT and CPA

Transporters of the HKT (high-affinity K+ transporter) and CPA families display varying permeabilities for K+ and Na+.

The HKT transporters can be divided into two sub-families; “Na+-selective transporters” or “Na/K+”-symporters. The Na+ selective transporter sub-family (sub-family I) is found in all higher plant species whereas the sub-family II which contains Na+/K+ symporters and K+-selective transporters, has been so far only identified in the monocotyledonous plants. The division into the two sub-families is associated with a molecular determinant of permeability to K+ that has been identified in the selectivity filter. The key amino acid of this determinant, located in the first pore loop, is a serine for all members of sub-family I which is replaced by glycine for the Na+/K+ symporters (sub-family II) (Mäser et al., 2002; Platten et al., 2006). In A. thaliana, a single HKT gene has been identified in the sub-family I, and is a strong actor of the tolerance to salinity in this species (Berthomieu et al., 2003). In grapevine, six HKTs have been identified, all belonging to the sub-family I. One of them, named VisHKT1:1, has been shown to be involved in the control of leaf Na+ exclusion and so in Na+ tolerance (Henderson et al., 2018). Water shortage induced by climate change leads to the use of water containing high levels of sodium chloride in some countries. The HKT1 K+ transporter may be a good candidate to avoid Na+ toxicity (Henderson et al., 2018). In the monocotyledonous crop species, several genes distributed into the two sub-families have been identified, e.g. rice (eight or nine genes depending on the cultivar) or wheat (nine genes) (Véry et al., 2014). The members belonging to the sub-family II are thought to play an important role in the regulation of K+ homeostasis at saline conditions in different species (Platten et al., 2006; Hamamoto et al., 2015; Cao et al., 2019).

The CPA family is divided in two sub-families. In A. thaliana, there are the NHX (Na+/H+ exchanger) antiporter sub-family, composed of eight members, and the CHX antiporter (cation/H+ exchanger) sub-family, including 33 members (Pardo et al., 2006). These two sub-families are composed of cation transporters present in the endomembranes as AtNHX5 and AtNHX6 (Dragwidge et al., 2019), at the vacuolar membrane as AtNHX1 or AtNHX2 (Bassil et al., 2011a), or at the plasma membrane like AtCHX17 (Chanroj et al., 2013). Some of these antiporters are involved in the regulation of K+ homeostasis, intravacuolar and cellular pH homeostasis, cell expansion, and salt stress tolerance (Chanroj et al., 2012). This family of antiporters is not well characterized, but some studies with double knock-out mutants showed disturbed phenotypes in A. thaliana (Apse et al., 1999; Bassil et al., 2011a; Bassil et al., 2011b). In grapevine genome, six genes belonging to NHX sub-family, distributed in two distinct groups: vacuolar (VvNHX1-5) and endosomal members (VvNHX6) (Ayadi et al., 2020) and eight genes belonging to CHX sub-family have been identified (Ma et al., 2015). One member of the NHX family (VvNHX1) which is expressed in the tonoplast of mesocarp cells, is involved in the accumulation of K+ in the vacuole and in the control of homeostasis of cytosolic K+ during grape ripening (Hanana et al., 2007).



Voltage-Gated K+ Shaker Channels

Shaker channels are the best-characterized family related to K+ transport in plants. These channels dominate K+ fluxes in plants and are crucial to drive sustained fluxes across the plasma membranes. In A. thaliana, nine sub-units have been identified and characterized. Functional channels are tetrameric proteins arranged around a central pore (Dreyer et al., 2004; Sharma et al., 2013; Véry et al., 2014) and are composed by assembling of four Shaker subunits encoded either by the same gene (homomeric channel) or by different genes (heteromeric channel). Heterotetramerization is known to increase channel functional diversity (Jeanguenin et al., 2008; Sharma et al., 2013; Véry et al., 2014). Depending on their functional features, these channels drive inwardly or outwardly rectifying K+ fluxes according to the plasma membrane potential. Thereby, they mediate K+ translocation out of or into the cell (Sharma et al., 2013; Véry et al., 2014).

In addition to their functional properties, it is worth to note that the role of these channels in planta strongly depends on the tissue in which they are expressed. Indeed the same channel, expressed in both the phloem and stomata, is involved in the two different physiological processes taking place in these tissues. For example, one recent study focusing on the phloem highlights the importance of the outward Shaker channel GORK, which drives K+ efflux, in the membrane repolarization (Cuin et al., 2018) whereas this same channel, expressed in guard cells, is involved in stomatal closure (Hosy et al., 2003). In A. thaliana, the underlying mechanisms controlling stomatal movements have been extensively studied in relation with the K+ transport. Whereas GORK is the only outward K+ Shaker channel controlling stomatal closure, the inward-rectifying K+ currents involved in stomatal opening are driven by multiple inward Shaker channels named KAT1, KAT2, and AKT1 (Lebaudy et al., 2008). Otherwise, AKT1 is also expressed in the root where it is involved in K+ uptake from the soil and its activity is regulated by interacting with different CIPK/CBL complexes (Xu et al., 2006). In tomato and grapevine, orthologous K+ channels of AKT1, named LKT1 and VvK1.1, respectively, have been shown to be involved in the K+ uptake from the soil but also in pips K+ accumulation in grapevine (Hartje et al., 2000; Cuéllar et al., 2010).

Similarly to A. thaliana, the grapevine genome also contains nine Shaker genes coding for nine channel subunits with a number of members within each Shaker sub-family that is not strictly conserved between the two species. The VvK1.2 channel (an AKT1-like channel), is only expressed in the plasma membrane of the grape berry flesh cells and its unique function is to load K+ ions into these cells (Cuéllar et al., 2013). The VvK3.1 channel which, as its most related A. thaliana AKT2 channel, forms a weakly rectifying channel, giving rise to two current components with different gating modes. This unique property allows the AKT2-like channels to mediate inward as well as outward K+ currents. These channels are known to dominate phloem K+ conductance where they have a major role in phloem K+ loading and unloading (Marten et al., 1999; Lacombe et al., 2000; Ache et al., 2001; Hafke et al., 2007). In grapevine, VvK3.1 channel mediates K+ unloading in the berries and is also involved in the maintenance of transmembrane K+ gradients of phloem cells, which refers to the concept of K+ battery (Gajdanowicz et al., 2011; Dreyer et al., 2017; Nieves-Cordones et al., 2019). The K+ battery explains how an open AKT2-like channel can compensate for the reduced pH gradient present under energy limitation and can provide additional energy stored in the K+ gradient between the phloem cytosol and the berry apoplast for transmembrane transport processes (Dreyer et al., 2017). This plays a major role in driving sugar, amino acid, and water transport across plant cell membranes during phloem unloading and allows the phloem stream flux toward the berry may persist over a long period of time. Finally, four K+ outward Shaker subunits have been identified in grapevine whereas only two outward subunits exist in A. thaliana. Among them, the VvK5.1 Shaker exhibits an expression territory strongly enlarged in comparison with SKOR, its most related A. thaliana gene (Villette et al., 2019). As SKOR, this grapevine Shaker is also involved in K+ root to shoot translocation but its larger expression profile reveals new roles not described so far, e.g. the involvement of a K+ Shaker in the process of lateral root primordium development (Villette et al., 2019). In response to climate change, K+ transporters and particularly K+ Shaker channels identified in grapevine appear to be key molecular actors to sustain a suitable K+ uptake and distribution.




Grapevine K+ Nutrition in the Context of Climate Change

The current climatic context with increasing temperatures and carbon dioxide levels, ozone depletion, and decrease in precipitation patterns is becoming a major challenge for agriculture (Korres et al., 2016). These adverse conditions influence productivity by affecting overall plant performance and disturbing plant phenology. Obviously, grapevine is affected by this climatic conditions, and doubly so, since wine production depends on both maintaining a good yield and grape composition at harvest.

Among the climate parameters that affect the most the berry content at harvest, temperature and water availability play a prominent role. High temperature affects the phenology of grape berry development and ripening, resulting in a shift of picking dates toward earlier periods depending on the region, the variety, and the wine type. Heat waves directly increase sugar import (Mori et al., 2007; Parker et al., 2011) and K+ accumulation (Mpelasoka et al., 2003; Cuéllar et al., 2010; Kodur, 2011; Cuéllar et al., 2013; Rogiers et al., 2017; Nieves-Cordones et al., 2019). Phloem transport and berry metabolism also increase at high temperature. From the onset of the ripening (veraison), berry loading is ensured from the phloem by a directional flow of water, sugar, and nutrients driven by massive K+ fluxes (Nieves-Cordones et al., 2019). In addition, it is also known that vineyards grown in warmer areas give wines with low acidity. This is due to an excessive accumulation of K+ leading to an increase of the electrical neutralization of organic acids, which disturbs the control of the pH and of the acid-base balance of the flesh cells (Kodur, 2011). High temperatures also decrease the atmospheric water potential and favor plant transpiration and soil dehydration, which in turn favor water stress. Upon drought stress, it is worth to note that the shaker channels VvK1.1, VvK1.2, and VvK3.1, whose expression located in berry phloem vasculature or in berry flesh cells, are strongly up-regulated (Cuéllar et al., 2010; Cuéllar et al., 2013; Nieves-Cordones et al., 2019).These Shaker channels could thus play a role in K+ loading into berries during drought stress. We (and others) have invested in the identification of K+ transport systems and molecular regulators involved in grape berry K+ loading. Current understanding of these processes is summarized in Figure 2.




Figure 2 | Map of K+ transport in grape berry. Seven K+ transport systems have been identified and characterized to be involved in K+ fluxes into or out of the berry cells. The first identified K+ transport systems belonging to the HAK/KUP-KT family are VvKUP1 and VvKUP2. These transporters are involved in K+ transport into the berry skin only during the first phase of berry development. In contrast, three K+ Shaker channels and one antiporter belonging to the CPA family have been characterized to be involved in K+ berry loading during its ripening. Recently, two other Shaker channels have been characterized in phloem cells. VvK5.1, which is a typical outwardly rectifying K+ channel, is involved in the repolarization of the plasma membrane of phloem cells (Villette et al., 2019). The second one, VvK3.1, is a weakly rectifying K+ Shaker channel that can switch between two gating modes driving either inwardly rectifying or instantaneous currents. The latter mode allows to drive K+ influx or efflux through phloem cell membranes according to membrane potentials and K+ gradients. At the unloading site, the K+ gradient is in favor of K+ efflux (100 mM in the cytosol of phloem cells and 1 mM in the apoplast). The VvK3.1 channel is the main molecular actor involved in K+ unloading into berries, thanks to massive K+ efflux into the apoplast (Nieves-Cordones et al., 2019). Then, apoplastic K+ is directly recovered by the inwardly rectifying K+ channel VvK1.2 expressed in pulp cell plasma membranes. The CPA transporter, VvNHX1, expressed in the tonoplast of pulp cells, is involved in K+ storage in the vacuole during berry ripening (Hanana et al., 2007). It is important to note that some members of the CIPK/CBL families increase the functional activity of VvK3.1 and VvK1.2. Finally, another inwardly rectifying K+ channel, named VvK1.1, involved in K+ uptake from the soil in roots, is up-regulated in berries in drought stress conditions (Cuéllar et al, 2010).



Plant responses to environmental stresses under a K+-limiting scenario are poorly understood. Field studies have observed that K+ as an osmolyte, can enhance osmotic adjustment or osmoprotection by maintenance of leaf turgor. This is directly linked to the improved capacity to retain water (Babita et al., 2010; Levi et al., 2011). Moreover, Rivas-Ubach et al. (2012) showed that in leaves of Erica multiflora (Heather) K+ concentrations increase under warm and drought conditions, in agreement with the role of K+ in osmotic protection. However, in Olea europea (olive) the stomatal conductance is disturbed when plants grow under moderate K+ deficiency in water stress conditions (Arquero et al., 2006). This behavior suggests that plants are impaired in their ability to grow during drought conditions when it is not possible to take up K+. This could explain why in grapevine, the berry K+ concentration during ripening enhances when high temperatures are combined with water stress. This higher K+ accumulation should contribute to a better osmotic adjustment in grape berry cells. In the context of climate change, many fruits present similar symptoms and suffer of detrimental effects that greatly affect their features and qualities. Under high temperature exposure, during maturing, apples become less acid with a decrease of fruit firmness and watercore (Sugiura et al., 2013). In sweet orange (Citrus sinensis) and clementine (Citrus clementina) sugar content increases and fruit acidity decreases (Albrigo and Galán Saúco, 2004; Cercós et al., 2006). During flowering, high temperatures can have a deleterious impact on olive production (Gabaldón-Leal et al., 2017). Altogether, understanding the underlying mechanisms to face to the climate change is now an important challenge for fruit production.



Author Contributions

All authors listed have made a substantial and intellectual contribution to the work, and approved it for publication.



Funding

This work was supported by SweetKaliGrape ANR (ANR-33 14-CE20-0002-02). JV was the recipient of a PhD fellowship from the Institut National Recherche Agronomique and from Agropolis fondation in the context of APLIM (Advanced Plant Life Imaging) project (contract 1504-005).



References

 Ache, P., Becker, D., Deeken, R., Dreyer, I., Weber, H., Fromm, J., et al. (2001). VFK1, a Vicia faba K+ channel involved in phloem unloading. ThePlant J. 27, 571–580. doi: 10.1046/j.1365-313X.2001.t01-1-01116.x

 Ahn, S. J., Shin, R., and Schachtman, D. P. (2004). Expression of KT/KUP genes in arabidopsis and the role of root hairs in K+ uptake. Plant Physiol. 134 (3), 1135. doi: 10.1104/pp.103.034660

 Albrigo, G., and Galán Saúco, V. (2004). Flower bud induction, flowering and fruit-set of some tropical and subtropical fruit tree crops with special reference to citrus. Acta Hortic. 632, 81–90. doi: 10.17660/ActaHortic.2004.632.10

 Amtmann, A., and Armengaud, P. (2009). Effects of N, P, K and S on metabolism: new knowledge gained from multi-level analysis. Curr. Opin. In Plant Biol. 12 (3), 275–283. doi: 10.1016/j.pbi.2009.04.014

 Apse, M. P., Aharon, G. S., Snedden, W. A., and Blumwald, E. (1999). Salt tolerance conferred by overexpression of a vacuolar Na+/H+ antiport in arabidopsis. Science 285 (5431), 1256. doi: 10.1126/science.285.5431.1256

 Armengaud, P., Sulpice, R., Miller, A. J., Stitt, M., Amtmann, A., and Gibon, Y. (2009). Multilevel analysis of primary metabolism provides new insights into the role of potassium nutrition for glycolysis and nitrogen assimilation in arabidopsis roots. Plant Physiol. 150 (2), 772. doi: 10.1104/pp.108.133629

 Arquero, O., Diego, B., and Benlloch, M. (2006). Potassium starvation increases stomatal conductance in olive trees. HortScience: A Publ.  Am. Soc. Hortic. Sci. 41 (2), 433–436. doi: 10.21273/HORTSCI.41.2.433

 Ayadi, M., Martins, V., Ben Ayed, R., Jbir, R., Feki, M., Mzid, R., et al. (2020). Genome wide identification, molecular characterization, and gene expression analyses of grapevine NHX antiporters suggest their involvement in growth, ripening, seed dormancy, and stress response. Biochem. Genet. 58 (1), 102–128 doi: 10.1007/s10528-019-09930-4

 Bañuelos, M., Garciadeblas, B., Cubero, B., and Rodríguez-Navarro, A. (2002). Inventory and functional characterization of the HAK potassium transporters of rice. Plant Physiol. 130 (2), 784. doi: 10.1104/pp.007781

 Babita, M., Maheswari, M., Rao, L. M., Shanker, A. K., and Rao, D. G. (2010). Osmotic adjustment, drought tolerance and yield in castor (Ricinus communis L.) hybrids. Environ. Exp. Bot. 69 (3), 243–249. doi: 10.1016/j.envexpbot.2010.05.006

 Bassil, E., Tajima, H., Liang, Y.-C., Ohto, M.-A., Ushijima, K., Nakano, R., et al. (2011a). The arabidopsis Na+/H+ antiporters nhx1 and nhx2 control vacuolar ph and k+ homeostasis to regulate growth, flower development, and reproduction. Plant Cell 23 (9), 3482. doi: 10.1105/tpc.111.089581

 Bassil, E., Ohto, M.-A., Esumi, T., Tajima, H., Zhu, Z., Cagnac, O., et al. (2011b). The arabidopsis intracellular Na+/H+ antiporters NHX5 and NHX6 are endosome associated and necessary for plant growth and development. Plant Cell 23 (1), 224. doi: 10.1105/tpc.110.079426

 Benito, B., Garciadeblas, B., and Rodriguez-Navarro, A. (2012). HAK transporters from Physcomitrella patens and Yarrowia lipolytica mediate sodium uptake. Plant Cell Physiol. 53 (6), 1117–1123. doi: 10.1093/pcp/pcs056

 Berthomieu, P., Conéjéro, G., Nublat, A., Brackenbury, W. J., Lambert, C., Savio, C., et al. (2003). Functional analysis of AtHKT1 in Arabidopsis shows that Na(+) recirculation by the phloem is crucial for salt tolerance. EMBO J. 22 (9), 2004–2014. doi: 10.1093/emboj/cdg207

 Cao, Y., Liang, X., Yin, P., Zhang, M., and Jiang, C. (2019). A domestication-associated reduction in K+-preferring HKT transporter activity underlies maize shoot K+ accumulation and salt tolerance. New Phytol. 222 (1), 301–317. doi: 10.1111/nph.15605

 Cercós, M., Soler, G., Iglesias, D. J., Gadea, J., Forment, J., and Talón, M. (2006). Global analysis of gene expression during development and ripening of citrus fruit flesh. a proposed mechanism for citric acid utilization. Plant Mol. Biol. 62 (4), 513–527. doi: 10.1007/s11103-006-9037-7

 Chanroj, S., Wang, G., Venema, K., Zhang, M., Delwiche, C., and Sze, H. (2012). Conserved and diversified gene families of monovalent cation/h+ antiporters from algae to flowering plants. Front. In Plant Sci. 3, 25. doi: 10.3389/fpls.2012.00025

 Chanroj, S., Padmanaban, S., Czerny, D. D., Jauh, G.-Y., and Sze, H. (2013). K+ Transporter AtCHX17 with Its hydrophilic c tail localizes to membranes of the secretory/endocytic system: role in reproduction and seed set. Mol. Plant 6 (4), 1226–1246. doi: 10.1093/mp/sst032

 Conde, C., Silva, P., Fontes, N., Dias, A., Tavares, R., Sousa, M., et al. (2007). Biochemical changes throughout Grape Berry development and fruit and wine quality. Food 1, 1–22. http://hdl.handle.net/1822/6820.

 Coskun, D., Britto, D. T., Shi, W., and Kronzucker, H. J. (2017). Nitrogen transformations in modern agriculture and the role of biological nitrification inhibition. Nat. Plants 3 (6), 17074. doi: 10.1038/nplants.2017.74

 Cuéllar, T., Pascaud, F., Verdeil, J.-L., Torregrosa, L., Adam-Blondon, A.-F., Thibaud, J.-B., et al. (2010). A grapevine Shaker inward K+ channel activated by the calcineurin B-like calcium sensor 1–protein kinase CIPK23 network is expressed in grape berries under drought stress conditions. Plant J. 61 (1), 58–69. doi: 10.1111/j.1365-313X.2009.04029.x

 Cuéllar, T., Azeem, F., Andrianteranagna, M., Pascaud, F., Verdeil, J.-L., Sentenac, H., et al. (2013). Potassium transport in developing fleshy fruits: the grapevine inward K+ channel VvK1.2 is activated by CIPK–CBL complexes and induced in ripening berry flesh cells. Plant J. 73 (6), 1006–1018. doi: 10.1111/tpj.12092

 Cuin, A. T., Dreyer, I., and Michard, E. (2018). The Role of Potassium Channels in Arabidopsis thaliana Long Distance Electrical Signalling: AKT2 Modulates Tissue Excitability While GORK Shapes Action Potentials. Int. J. Mol. Sci. 19 (4), 926. doi: 10.3390/ijms19040926

 Davies, C., Shin, R., Liu, W., Thomas, M. R., and Schachtman, D. P. (2006). Transporters expressed during grape berry (Vitis vinifera L.) development are associated with an increase in berry size and berry potassium accumulation. J. Exp. Bot. 57 (12), 3209–3216. doi: 10.1093/jxb/erl091

 Dragwidge, J. M., Scholl, S., Schumacher, K., and Gendall, A. R. (2019). NHX-type Na+(K+)/H+ antiporters are required for TGN/EE trafficking and endosomal ion homeostasis in Arabidopsis thaliana. J. Cell Sci. 132 (7), jcs226472. doi: 10.1242/jcs.226472

 Dreyer, I., Porée, F., Schneider, A., Mittelstädt, J., Bertl, A., Sentenac, H., et al. (2004). Assembly of plant shaker-like kout channels requires two distinct sites of the channel α-Subunit. Biophys. J. 87 (2), 858–872. doi: 10.1529/biophysj.103.037671

 Dreyer, I., Gomez-Porras, J. L., and Riedelsberger, J. (2017). The potassium battery: a mobile energy source for transport processes in plant vascular tissues. New Phytol. 216 (4), 1049–1053. doi: 10.1111/nph.14667

 Dreyer, I., Vergara-Jaque, A., Riedelsberger, J., and González, W. (2019). Exploring the fundamental role of potassium channels in novel model plants. J. Exp. Bot. -70 (21), 5985–5989. doi: 10.1093/jxb/erz413

 Dreyer, I. (2014). Potassium K+ in plants. J. Plant Physiol. 171, 655. doi: 10.1016/j.jplph.2014.03.001

 Famiani, F., Farinelli, D., Frioni, T., Palliotti, A., Battistelli, A., Moscatello, S., et al. (2016). Malate as substrate for catabolism and gluconeogenesis during ripening in the pericarp of different grape cultivars. Biol. Plant. 60 (1), 155–162. doi: 10.1007/s10535-015-0574-2

 Fernandes, J. C., Goulao, L. F., and Amâncio, S. (2016). Immunolocalization of cell wall polymers in grapevine (Vitis vinifera) internodes under nitrogen, phosphorus or sulfur deficiency. J. Plant Res. 129 (6), 1151–1163. doi: 10.1007/s10265-016-0851-y

 Gabaldón-Leal, C., Ruiz-Ramos, M., de la Rosa, R., León, L., Belaj, A., Rodríguez, A., et al. (2017). Impact of changes in mean and extreme temperatures caused by climate change on olive flowering in southern Spain. Int. J. Climatol. 37 (S1), 940–957. doi: 10.1002/joc.5048

 Gajdanowicz, P., Michard, E., Sandmann, M., Rocha, M., Corrêa, L. G. G., Ramírez-Aguilar, S. J., et al. (2011). Potassium (K+) gradients serve as a mobile energy source in plant vascular tissues. Proc.  Natl. Acad. Sci. 108 (2), 864. doi: 10.1073/pnas.1009777108

 Hafke, J. B., Furch, A. C., Reitz, M. U., and van Bel, A. J. (2007). Functional sieve element protoplasts. Plant Physiol. 145, 703–711. doi: 10.1104/pp.107.105940

 Hamamoto, S., Horie, T., Hauser, F., Deinlein, U., Schroeder, J. I., and Uozumi, N. (2015). HKT transporters mediate salt stress resistance in plants: from structure and function to the field. Curr. Opin. In Biotechnol. 32, 113–120. doi: 10.1016/j.copbio.2014.11.025

 Han, M., Wu, W., Wu, W.-H., and Wang, Y. (2016). Potassium transporter KUP7 Is involved in K+ acquisition and translocation in arabidopsis root under K+-limited conditions. Mol. Plant 9 (3), 437–446. doi: 10.1016/j.molp.2016.01.012

 Hanana, M., Cagnac, O., Yamaguchi, T., Hamdi, S., Ghorbel, A., and Blumwald, E. (2007). A grape berry (Vitis vinifera L.) cation/proton antiporter is associated with berry ripening. Plant Cell Physiol. 48 (6), 804–811. doi: 10.1093/pcp/pcm048

 Hartje, S., Zimmermann, S., Klonus, D., and Mueller-Roeber, B. (2000). Functional characterisation of LKT1, a K+ uptake channel from tomato root hairs, and comparison with the closely related potato inwardly rectifying K+ channel SKT1 after expression in Xenopus oocytes. Planta 210 (5), 723–731. doi: 10.1007/s004250050673

 Henderson, S. W., Dunlevy, J. D., Wu, Y., Blackmore, D. H., Walker, R. R., Edwards, E. J., et al. (2018). Functional differences in transport properties of natural HKT1;1 variants influence shoot Na+ exclusion in grapevine rootstocks. New Phytol. 217 (3), 1113–1127. doi: 10.1111/nph.14888

 Hosy, E., Vavasseur, A., Mouline, K., Dreyer, I., Gaymard, F., Porée, F., et al. (2003). The Arabidopsis outward K+ channel GORK is involved in regulation of stomatal movements and plant transpiration. Proc.  Natl. Acad. Sci. 100 (9), 5549. doi: 10.1073/pnas.0733970100

 Jeanguenin, L., Lebaudy, A., Xicluna, J., Alcon, C., Hosy, E., Duby, G., et al. (2008). Heteromerization of Arabidopsis Kv channel α-subunits. Plant Signaling Behav. 3 (9), 622–625. doi: 10.4161/psb.3.9.6209

 Jones, G., White, M., Cooper, O., and Storchmann, K. (2005). Climate Change and Global Wine Quality. Clim Change 73, 319–343. doi: 10.1007/s10584-005-4704-2

 Kodur, S. (2011). Effects of juice pH and potassium on juice and wine quality, and regulation of potassium in grapevines through rootstocks (Vitis): A short review. Vitis - J. Grapevine Res. 50 (1), 1–6.

 Korres, N. E., Norsworthy, J. K., Tehranchian, P., Gitsopoulos, T. K., Loka, D. A., Oosterhuis, D. M., et al. (2016). Cultivars to face climate change effects on crops and weeds: a review. Agron. Sustain. Dev. 36 (1), 12. doi: 10.1007/s13593-016-0350-5

 Lacombe, B., Pilot, G., Michard, E., Gaymard, F., Sentenac, H., and Thibaud, J.-B. (2000). A Shaker-like K+ Channel with Weak Rectification Is Expressed in Both Source and Sink Phloem Tissues of Arabidopsis. Plant Cell 12 (6), 837. doi: 10.1105/tpc.12.6.837

 Lebaudy, A., Vavasseur, A., Hosy, E., Dreyer, I., Leonhardt, N., Thibaud, J.-B., et al. (2008). Plant adaptation to fluctuating environment and biomass production are strongly dependent on guard cell potassium channels. Proc.  Natl. Acad. Sci. 105 (13), 5271. doi: 10.1073/pnas.0709732105

 Levi, A., Paterson, A. H., Cakmak, I., and Saranga, Y. (2011). Metabolite and mineral analyses of cotton near-isogenic lines introgressed with QTLs for productivity and drought-related traits. Physiologia Plant. 141 (3), 265–275. doi: 10.1111/j.1399-3054.2010.01438.x

 Li, W., Xu, G., Alli, A., and Yu, L. (2018). Plant HAK/KUP/KT K+ transporters: Function and regulation. Semin. In Cell Dev. Biol. 74, 133–141. doi: 10.1016/j.semcdb.2017.07.009

 Mäser, P., Thomine, S., Schroeder, J. I., Ward, J. M., Hirschi, K., Sze, H., et al. (2001). Phylogenetic Relationships within Cation Transporter Families of Arabidopsis. Plant Physiol. 126 (4), 1646. doi: 10.1104/pp.126.4.1646

 Mäser, P., Hosoo, Y., Goshima, S., Horie, T., Eckelman, B., Yamada, K., et al. (2002). Glycine residues in potassium channel-like selectivity filters determine potassium selectivity in four-loop-per-subunit HKT transporters from plants. Proc.  Natl. Acad. Sci. 99 (9), 6428. doi: 10.1073/pnas.082123799

 Ma, Y., Wang, J., Zhong, Y., Cramer, G. R., and Cheng, Z.-M. (2015). Genome-wide analysis of the cation/proton antiporter (CPA) super family genes in grapevine (Vitis vinifera L.). Plant Omics J. 8 (4), 300–3111836-3644.

 Maathuis, F. J. M. (2009). Physiological functions of mineral macronutrients. Curr. Opin. In Plant Biol. 12 (3), 250–258. doi: 10.1016/j.pbi.2009.04.003

 Martínez-Cordero, M. A., Martínez, V., and Rubio, F. (2004). Cloning and functional characterization of the high-affinity K+ transporter HAK1 of pepper. Plant Mol. Biol. 56 (3), 413–421. doi: 10.1007/s11103-004-3845-4

 Marten, I., Hoth, S., Deeken, R., Ache, P., Ketchum, K. A., Hoshi, T., et al. (1999). AKT3, a phloem-localized K+ channel, is blocked by protons. Proc.  Natl. Acad. Sci. 96 (13), 7581. doi: 10.1073/pnas.96.13.7581

 Mori, K., Goto-Yamamoto, N., Kitayama, M., and Hashizume, K. (2007). Loss of anthocyanins in red-wine grape under high temperature. J. Exp. Bot. 58 (8), 1935–1945. doi: 10.1093/jxb/erm055

 Mpelasoka, B. S., Schachtman, D. P., Treeby, M. T., and Thomas, M. R. (2003). A review of potassium nutrition in grapevines with special emphasis on berry accumulation. Aust. J. Grape Wine Res. 9 (3), 154–168. doi: 10.1111/j.1755-0238.2003.tb00265.x

 Nieves-Cordones, M., Miller, A. J., Alemán, F., Martínez, V., and Rubio, F. (2008). A putative role for the plasma membrane potential in the control of the expression of the gene encoding the tomato high-affinity potassium transporter HAK5. Plant Mol. Biol. 68 (6), 521. doi: 10.1007/s11103-008-9388-3

 Nieves-Cordones, M., Alemán, F., Martínez, V., and Rubio, F. (2010). The Arabidopsis thaliana HAK5 K+ Transporter Is Required for Plant Growth and K+ Acquisition from Low K+ Solutions under Saline Conditions. Mol. Plant 3 (2), 326–333. doi: 10.1093/mp/ssp102

 Nieves-Cordones, M., Ródenas, R., Chavanieu, A., Rivero, R. M., Martinez, V., Gaillard, I., et al. (2016). Uneven HAK/KUP/KT Protein Diversity Among Angiosperms: Species Distribution and Perspectives. Front. In Plant Sci. 7, 127. doi: 10.3389/fpls.2016.00127

 Nieves-Cordones, M., Andrianteranagna, M., Cuéllar, T., Chérel, I., Gibrat, R., Boeglin, M., et al. (2019). Characterization of the grapevine Shaker K+ channel VvK3.1 supports its function in massive potassium fluxes necessary for berry potassium loading and pulvinus-actuated leaf movements. New Phytol. 222 (1), 286–300. doi: 10.1111/nph.15604

 Pardo, J. M., Cubero, B., Leidi, E. O., and Quintero, F. J. (2006). Alkali cation exchangers: roles in cellular homeostasis and stress tolerance. J. Exp. Bot. 57 (5), 1181–1199. doi: 10.1093/jxb/erj114

 Parker, A. K., Garcia de Cortazar-Atauri, I., van Leeuwen, C., and Chuine, I. (2011). General phenological model to characterise the timing of flowering and veraison of Vitis vinifera L. Aust. J. Grape Wine Res. 17, 206–216. doi: 10.1111/j.1755-0238.2011.00140.x

 Platten, J. D., Cotsaftis, O., Berthomieu, P., Bohnert, H., Davenport, R. J., Fairbairn, D. J., et al. (2006). Nomenclature for HKT transporters, key determinants of plant salinity tolerance. Trends In Plant Sci. 11 (8), 372–374. doi: 10.1016/j.tplants.2006.06.001

 Ragel, P., Raddatz, N., Leidi, E. O., Quintero, F. J., and Pardo, J. M. (2019). Regulation of K+ Nutrition in Plants. Front. Plant Sci. 10, 281. doi: 10.3389/fpls.2019.002

 Rivas-Ubach, A., Sardans, J., Pérez-Trujillo, M., Estiarte, M., and Peñuelas, J. (2012). Strong relationship between elemental stoichiometry and metabolome in plants. Proc.  Natl. Acad. Sci. 109 (11), 4181. doi: 10.1073/pnas.1116092109

 Rogiers, S. Y., Coetzee, Z. A., Walker, R. R., Deloire, A., and Tyerman, S. D. (2017). Potassium in the grape (Vitis vinifera L.) berry: transport and function. Front. In Plant Sci. 8, 1629. doi: 10.3389/fpls.2017.01629

 Rubio, F., Fon, M., Ródenas, R., Nieves-Cordones, M., Alemán, F., Rivero, R. M., et al. (2014). A low K+ signal is required for functional high-affinity K+ uptake through HAK5 transporters. Physiologia Plant. 152 (3), 558–570. doi: 10.1111/ppl.12205

 Santa-María, G. E., Rubio, F., Dubcovsky, J., and Rodríguez-Navarro, A. (1997). The HAK1 gene of barley is a member of a large gene family and encodes a high-affinity potassium transporter. Plant Cell 9 (12), 2281. doi: 10.1105/tpc.9.12.2281

 Santa-María, G. E., Oliferuk, S., and Moriconi, J. I. (2018). KT-HAK-KUP transporters in major terrestrial photosynthetic organisms: A twenty years tale. J. Plant Physiol. 226, 77–90. doi: 10.1016/j.jplph.2018.04.008

 Schultz, H. R. (2000). Climate change and viticulture: a European perspective on climatology, carbon dioxide and UV-B effects. Aust. J. Grape Wine Res. 6, 2–12. doi: 10.1111/j.1755-0238.2000.tb00156.x

 Sharma, T., Dreyer, I., and Riedelsberger, J. (2013). The role of K+ channels in uptake and redistribution of potassium in the model plant Arabidopsis thaliana. Front. In Plant Sci. 4, 224. doi: 10.3389/fpls.2013.00224

 Sugiura, T., Ogawa, H., Fukuda, N., and Moriguchi, T. (2013). Changes in the taste and textural attributes of apples in response to climate change. Sci. Rep. 3, 2418. doi: 10.1038/srep02418

 Véry, A.-A., Nieves-Cordones, M., Daly, M., Khan, I., Fizames, C., and Sentenac, H. (2014). Molecular biology of K+ transport across the plant cell membrane: What do we learn from comparison between plant species? J. Plant Physiol. 171 (9), 748–769. doi: 10.1016/j.jplph.2014.01.011

 Villette, J., Cuéllar, T., Zimmermann, S. D., Verdeil, J.-L., and Gaillard, I. (2019). Unique features of the grapevine VvK5.1 channel support novel functions for outward K+ channels in plants. J. Exp. Bot. 70 (21), 6181–6193. doi: 10.1093/jxb/erz341

 Walker, R. R., and Blackmore, D. H. (2012). Potassium concentration and pH inter-relationships in grape juice and wine of Chardonnay and Shiraz from a range of rootstocks in different environments. Aust. J. Grape Wine Res. 18 (2), 183–193. doi: 10.1111/j.1755-0238.2012.00189.x

 Xu, J., Li, H.-D., Chen, L.-Q., Wang, Y., Liu, L.-L., He, L., et al. (2006). A Protein Kinase, Interacting with Two Calcineurin B-like Proteins, Regulates K+ Transporter AKT1 in Arabidopsis. Cell 125 (7), 1347–1360. doi: 10.1016/j.cell.2006.06.011

 Zörb, C., Senbayram, M., and Peiter, E. (2014). Potassium in agriculture – Status and perspectives. J. Plant Physiol. 171 (9), 656–669. doi: 10.1016/j.jplph.2013.08.008

 Zhang, M., Liang, X., Wang, L., Cao, Y., Song, W., Shi, J., et al. (2019). A HAK family Na+ transporter confers natural variation of salt tolerance in maize. Nat. Plants. 12, 1297–1308. doi: 10.1038/s41477-019-0565-y



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Villette, Cuéllar, Verdeil, Delrot and Gaillard. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-11-00123-g001.jpg





OEBPS/Images/fpls-11-00123-g002.jpg
Epicarp Cells
(berry skin)

Pulp Cells






OEBPS/Images/logo.jpg
, frontiers
in Plant Science





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Grapevine Potassium Nutrition and Fruit Quality in the Context of Climate Change

      

        		

          Introduction

        



        		

          Plants K+ Transport Systems and Physiological Functions

        

          		

            K+-Selective Transporters HAK-KUP-KT

          



          		

            Non-Selective Cation-Transporters HKT and CPA

          



          		

            Voltage-Gated K+ Shaker Channels

          



        



        



        		

          Grapevine K+ Nutrition in the Context of Climate Change

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls.2020.00123_cover.jpg
’ frontiers
in Plant Science

Grapevine Potassium Nutrition and
Fruit Quality in the Context of
Climate Change





