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ABSTRACT 

Grape berries import a suite of organic and inorganic substances from the vine 

and a functional link in the accumulation of potassium and sugars, in the form of 

hexoses, has been proposed for the ripening grape berry. This link has not yet 

been adequately defined or characterised, but may be related to the 

osmoregulatory function of these solutes or through the role that potassium 

plays in the loading and unloading of sugar from the phloem both at the source 

and sink. While sugar transporters in relation to phloem unloading have 

received some attention in grapevines, the study of potassium transporters is 

still in its infancy. 

Three strategic experiments were conducted to better characterise the sugar-

potassium nexus in grape berries. The first experiment was conducted on field-

grown Sauvignon Blanc grape berries sampled weekly from pre-véraison to 

maturity. The aim of this experiment was to determine if the relationship that 

was previously observed for pooled berry samples, was apparent in single 

grape berries and within the individual grape berry tissues. A further objective 

was to assess the relative accumulation patterns of potassium and the sugars 

during ripening.  

A second experiment was conducted on own-rooted Shiraz grapevines exposed 

to a controlled environment during ripening. The aim of this study was to 

determine if the proposed sugar-potassium relationship is upheld under altered 

carbon and potassium availability to the vine. The net photoassimilation rate of 

the leaves was reduced by removing CO2 from the atmosphere, thereby limiting 

the photoassimilates for translocation to the berries. Conversely the available 

potassium was raised by increasing the potassium in soil-applied fertiliser. Once 

berries were mature, the carbohydrate and potassium content of the individual 

vine organs were assessed. In a third experiment, the expression patterns of 

previously characterised sugar and potassium transport proteins were analysed 

in the grape berry pericarp to investigate the possibility of co-regulation at a 

transcriptional level. 
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Hexose sugars and potassium accumulation into the grape berry pericarp were 

closely correlated during ripening. Moreover, a third component, water, was 

also strongly associated with the sugars and potassium to form a ternary 

relationship. Plasticity was however evident in this relationship as there was 

extensive variability between individual grape berries in the content of these 

solutes. Sugar accumulation was up to ten-fold greater than potassium, 

highlighting that these solutes were not accumulated in proportional quantities. 

The sugar-potassium relationship persisted under low CO2 and high potassium 

treatments. Attempts to manipulate sugar accumulation in grape berries 

resulted in similar quantities of sugar in all treatments even though 

photoassimilation was drastically reduced. This physiological response, 

concurrent with a decrease in the starch content of the remainder of the 

grapevine, emphasises that berry ripening was prioritised over the storage of 

carbohydrates, likely to ensure seed development and dispersal.   

Of the nine sugar and potassium transporter genes assessed, a hexose sugar 

and potassium transporter responsible for solute transport over the plasma 

membrane were closely correlated to each other. The changes in sugar and 

water content over ripening were positively related to the transcription of not 

only the hexose transporter, but also to the relative expression of an aquaporin, 

reconfirming the ternary relationship between sugar, potassium and water.  

This study was novel in that the sugar-potassium relationship was, for the first 

time, illustrated in individual grape berries and in the grape berry tissues. A 

strong ternary relationship of these solutes with water was also alluded to. The 

relationship persisted during the entire ripening phase, and was upheld when 

sugar and potassium availability were altered. This study has thus advanced 

our understanding of the underlying mechanisms for sugar and potassium 

accumulation into grape berries.  

 

 



 Chapter I:  General introduction 

1 

 

Chapter I:  General introduction 

Previous research, characterising the dynamics of potassium (K+) accumulation 

in ripening grape berries, has revealed that this element follows a similar pattern 

to that of sugar accumulation (Mpelasoka et al. 2003). Potassium plays a role in 

the loading and unloading as well as the long-distance transport of sugar in the 

phloem in plants (Marschner 2012). It has therefore been speculated that this is 

the potential mechanism for the relationship observed between sugar and K+ 

accumulation in the grape berry during ripening as co-regulation in the phloem 

loading and unloading of K+ and photoassimilates have been observed in other 

plant species (Ache et al. 2001, Deeken et al. 2002, Martins et al. 2012). There 

is, however, minimal research addressing this potential nexus despite the 

importance of both sugar and K+ in overall berry quality from an applied 

perspective. Moreover, the grape berry is an ideal model system for addressing 

similar questions in other economically important horticultural species. 

The primary hypothesis of the work in this thesis is thus that K+ and sugar 

accumulation in the ripening grape berry are causally linked. 

To test the hypothesis, three experiments were conducted. These experiments 

aimed to better characterise the sugar-K+ link within the grape berry and its 

individual tissues, to determine the nature of the link and to potentially reveal 

the properties of the mechanism underlying the relationship. 

1.1 Experiment 1: The sugar-K+ nexus within single grape berries and 

grape berry tissues during ripening  

This experiment was designed to determine if the similarities in the 

accumulation patterns of sugar (glucose and fructose) and K+ are apparent 

within individual berries and across the ripening period. Field-grown Sauvignon 

Blanc vines in a single vineyard were used. The main grape berry tissues, the 

exocarp, mesocarp and seeds, were assessed separately to determine if the 

proposed link is present within the respective tissues despite functional and 

structural differences between the tissues.  
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This experiment also aimed to address the shortcomings that were identified in 

prior research methodologies of past studies on grape berries: 

i. The pooling of berries that may mask biochemical and physiological 

differences between individual berries;  

ii. Analyses performed at single time points, therefore only indicating the 

relationship at a specific phenological stage and not demonstrating the 

possible kinetic change in the relationship over time; 

iii. The use of the total soluble solids as an indicator in some prior studies of 

the sugar concentration, a parameter that is not specific to sugar and is 

further influenced by the water content of the berry. This measurement 

was mainly performed on extracted juice, thus potentially 

underestimating the total sugar content of the berry.  

The spatiotemporal changes in the sugar and K+ content were subsequently 

assessed within single Sauvignon Blanc berries and within its individual tissues, 

sampled from pre-véraison until the berries were determined to be harvest ripe 

according to wine industry standards. To determine if berry size, so potentially 

the berry volume, has an effect on the accumulation patterns, berries were 

separated into four berry size categories according to their diameter (Šuklje et 

al. 2012) per sampling date prior to analysis.  

Hypothesis 

There is a positive relationship in the accumulation of sugar and K+ in single 

grape berries and within the individual grape berry tissues.  

Research questions  

1. Is there a correlation in the sugar and the K+ content in the berry and 

does this relationship change across the ripening period?  

2. Does a correlation between sugar and K+ content exist in the different 

tissues of the berry, or only on a whole berry basis? 

3. Does the berry size affect the accumulation patterns of the investigated 

solutes? 
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Objectives 

The first objective was to ascertain the sugar and K+ contents of the grape berry 

exocarp, mesocarp and seeds across the ripening period.  

The second objective was to investigate the relationship between sugar and K+ 

accumulation in the whole berry and berry components across the ripening 

period. 

This chapter has been peer-reviewed and published within the Vitis Journal of 

Grapevine Research.  

1.2 Experiment 2: The tenacity of the sugar-K+ link within grape berries 

According to the proposed theory, the accumulation of sugar and K+ in the 

grape berry is synchronous. Therefore, a decrease in the content of one, will 

result in a decrease in the content of the other, and the inverse. This experiment 

was thus conducted to determine if manipulation of the accumulation of either 

sugar or K+ will result in an equivalent change in the accumulation of the other 

investigated solute.  

This study was conducted on Shiraz vines in a full-factorial experimental design 

and in environmentally controlled chambers. Treatments introduced included: 

ambient and reduced atmospheric CO2 concentrations; and standard and 

increased K+ concentration of the soil-applied fertiliser. In an attempt to hinder 

sugar accumulation in the grape berry, photosynthesis was limited through 

reducing the atmospheric CO2, potentially reducing the availability of 

photoassimilates for translocation from the leaves to the grape berries. 

Potassium availability was conversely theoretically increased by increasing the 

K+ concentration within the soil-applied fertiliser. 

Hypothesis 

The accumulation patterns of sugar and K+ within the grape berry will change 

synchronously with each other.  
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Research questions 

1. When manipulating the berry content of either sugar or K+, does the 

accumulation rate of the other parameter change accordingly? 

2. Do the relationship between sugar and K+ in the grape berry change 

during the ripening period in response to the treatments? 

3. Do the vine carbohydrate and K+ contents of the structural and 

vegetative organs change according to the alterations in vine sugar and 

K+ availability? 

Objectives 

The main objective of this experiment was to alter the availability of sugar and 

K+ in the vine for translocation to the grape berry. This was done to assess the 

potential consequences of the availability of these solutes on their accumulation 

in the grape berry and to subsequently determine if the sugar-K+ relationship is 

maintained.  

In parallel, we wanted to assess the impact of the applied treatments on 

distribution (and possible redistribution) of sugar and K+ within the individual 

vine organs and the complete vine.  

This chapter has been peer-reviewed and published within the Plant Physiology 

and Biochemistry Journal. 

1.3 Experiment 3: Gene expression patterns of the sugar and K+ transport 

systems in the grape berry during ripening 

Several genes responsible for the transport of sugar and K+ across membranes 

have been identified in Vitis vinifera (Cuéllar et al. 2013, Cuéllar et al. 2010, 

Lecourieux et al. 2014, Martins et al. 2012). Considering the co-regulation of 

sugar and K+ transport genes in the loading and unloading of photoassimilates 

in the phloem of other plant systems (Ache et al. 2001, Deeken et al. 2002, 

Martins et al. 2012), it is proposed here that similar mechanisms operate in 

grapevines. Sugar and K+ transport related genes of interest (GOI) that have 

been described in grape berries were identified from literature. The expression 

patterns of the GOI were characterised with real-time quantitative polymerase 
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chain reaction assays in Shiraz grape berries, collected weekly during ripening 

from the grapevines of the second experiment. 

Hypothesis 

Sugar and K+ transport genes are synchronously up- and down regulated during 

ripening.  

Research questions 

1. Is there a simultaneous up- and down regulation of sugar and K+ 

transport related proteins in the grape berry pericarp during ripening? 

2. Does the availability of sugar and K+ for accumulation in the grape berry 

pericarp impact on the expression patterns of the GOI in berries during 

ripening? 

Objective 

In this experiment, the expression patterns of key genes related to sugar and K+ 

transport in the grape berry pericarp were investigated throughout berry 

ripening. 

We further wanted to determine if there is a relationship in the expression 

patterns between genes related to sugar and K+ transport in the grape berry 

during ripening. 

And finally, we aimed to investigate if a relationship is apparent between the 

transcription of specific genes of interest and changes in the content of sugar 

and K+ in the grape berry pericarp during berry ripening.  

The overall aim of this work was thus to ascertain if K+ and sugar accumulation 

in the ripening grape berry are causally linked through the synthesis of 

observations from these three experiments.  
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Chapter II:  Literature study 

 Introduction 

Potassium (K+) is the most abundant inorganic macro-element found in all 

plants, and can contribute 0.4 to 4.3% of the total dry mass (Zorb et al. 2014). 

Its abundance within plant tissues reflects the important role it plays in 

numerous biochemical and physiological functions (Ahmad and Maathuis 2014). 

Potassium is absorbed from the soil matrix and distributed within the grapevine 

by the vascular system. Potassium is both xylem and phloem mobile, but is 

found at greater concentrations in the phloem (Marschner 2012). In the event 

where K+ is deficient, this element will be redistributed between the organs to 

maintain homeostasis within the plant (Gierth and Mäser 2007).  

In the grapevine, photoassimilates are translocated as sucrose from the 

vegetative source (leaves) towards the sink organs, with a preference for the 

grape berries (Lecourieux et al. 2014), the reproductive sinks. Photoassimilates 

are also redistributed to the storage sinks and stored as starch to ensure the 

availability of carbohydrates for initial growth in the following season. Under 

suboptimal conditions these starch reserves can be mobilised and redistributed 

towards the developing fruit (Candolfi-Vasconcelos et al. 1994).  

Potassium accumulation into the berry begins at fruit set and follows a double 

sigmoidal curve, mimicking the dynamics of berry growth (Mpelasoka et al. 

2003). Sugar accumulation, in contrast, while low initially, accelerates from the 

onset of ripening, termed véraison (Conde et al. 2007). The first increase in 

berry volume is likely facilitated by K+, as K+ is the main elemental osmoticum 

present in the berry at this developmental phase (Davies et al. 2006). From 

véraison onwards, due to the large quantities of hexose sugars rapidly 

accumulating in the berry, sugar will take over the role as the main osmoticum 

in berry enlargement (Davies et al. 2006).  

It has been speculated that there is a causal link in the accumulation of K+ and 

sugar into the grape berry (Mpelasoka et al. 2003), as evidenced by similar 

accumulation patterns in previous studies (Rogiers et al. 2006a). The exact 
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nature of this link has not been identified as of yet, but it has been suggested 

that it may be related to the role of K+ in phloem loading for the long-distance 

transport of sucrose identified in other plant species (Deeken et al. 2002). A K+ 

channel has been identified that facilitates the loading and unloading of sucrose 

in the phloem complex (Lacombe et al. 2000). 

 The roles of potassium and sugar in the grapevine and grape berry 

2.2.1 The role of potassium in the grapevine and berry 

Potassium is the principal inorganic cation that is accumulated within plants 

(Ahmad and Maathuis 2014, Zorb et al. 2014) and the grape berry is the biggest 

sink for this nutrient in the grapevine (Cuéllar et al. 2013, Etchebarne et al. 

2009, Hanana et al. 2007, Mpelasoka et al. 2003, Storey 1987 as calculated 

from Hale, 1977). Due to the high abundance of K+ in the plant cell, Grabov 

(2007) summarised the probable functions of K+ as: maintaining osmolality in 

the cell, balancing negative charges associated with organic molecules, turgor-

dependent cell expansion and upholding the activity of the multitude of K+-

dependent enzymes in the cytosol. Wang et al. (2013) further reviewed the 

effect that K+ has on plant health. Although this effect in general is positive, it 

can also have no, a negative or variable effect, depending on the availability of 

K+ and the plant and pathogen species. 

Although several roles have been assigned to K+ in different plant systems, the 

exact function of K+ in the berry has not been fully defined, but will likely be 

dependent on the stage of berry development (Davies et al. 2006). Cuéllar et al. 

(2013) proposed that the general functions of K+ in the grape berry are likely 

similar to the functions already identified in plant cells. The following functions of 

K+ have been compiled from literature on grapevines as well as other plant 

systems.  

Photosynthesis and the translocation of assimilates 

Potassium has been found to play a role in several aspects of photosynthesis. 

Firstly, it has a positive effect on the regulation of ribulose-1,5-bisphosphate 

carboxylase in the chloroplast. A high pH is necessary to maintain the activity of 

this enzyme in the stroma (Marschner 2012). An influx of K+ from the cytosol of 
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the chloroplast, concomitant to the efflux of H+ from the stroma, mediates an 

increase in the pH (Maathuis and Podar 2011). Although the activity of this 

enzyme is impaired under K+ deficiency conditions, it’s activity recovers rapidly 

when the K+ supply is restored (Marschner 2012). 

The opening and closing of the stomata, controlled by the influx and efflux of K+
, 

and the resulting changes in turgor, indirectly influence photosynthesis by 

regulating stomatal resistance to CO2 diffusion and thus CO2 diffusion into the 

substomatal cavity (Marschner 2012). It has however been shown that 

mesophyll resistance, wherein K+ is the main counterion regulating 

transmembrane pH gradients in photophosphorylation, is more sensitive to the 

K+ nutritional status than stomatal resistance (Marschner 2012). 

Potassium not only plays a major role in photosynthesis, but also in the loading 

of the photoassimilates in the phloem as well as solute transport through the 

sieve tubes (Zorb et al. 2014). Zhao et al. (2001) found in cotton plants that a K+ 

deficiency resulted in a decrease in the total chlorophyll concentration in the 

leaves which was associated with a decrease in the net photosynthesis rate. 

Upon further investigation, they concluded that the decreased translocation rate 

of photoassimilates from the leaves of the K+ deficient plants was the main 

contributor to the decrease in the photosynthesis rate and not the decrease in 

chlorophyll. The loading of photoassimilates is facilitated by a K+ transporter, 

aptly named a “potassium battery” by Gajdanowicz et al. (2011), that enables 

H+/sugar transport across the plasma membrane of the phloem complex at the 

source. This system is discussed in detail in section 2.8.1.3. The role of K+ in 

phloem transport is two-fold. First, K+ plays a role in the loading of sucrose in 

the sieve tube, thus creating the pressure difference that drives mass flow 

between the source and sink. Second, it contributes to mass flow by 

contributing to the osmotic potential within the sieve tube (Marschner 2012).  

Osmotic potential, homeostasis and turgor 

Considering that K+ is the most abundant inorganic monovalent cation found in 

plant systems, and also in grape berries, its potential role as a predominant 

player in osmoregulation is obvious (Maathuis and Podar 2011, Martins et al. 

2012). Potassium is accumulated from berry set onwards, concomitant with the 
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first stage of berry enlargement. During grape berry development K+ is the major 

inorganic cation contributing to osmoregulation in the pre-véraison berry 

(Davies et al. 2006). Large quantities of sugar are accumulated from véraison 

onwards and therefore this osmoticum will surpass K+ as the main contributor to 

osmoregulation during ripening (Davies et al. 2006).  

The major osmotic role of K+ in plant cells has been recognised for a long time 

(Lang 1983). Plant water homeostasis and turgor maintenance are regarded as 

the main biophysical roles of K+ in the plant (Maathuis and Podar 2011) and the 

large vacuolar K+ pool is purely designed for this function (Walker et al. 1996). 

During grape berry ripening, the maintenance of the vacuolar pH through 

counterbalance cations, mainly K+, is essential to ensure optimal acid and sugar 

homeostasis for growth and development (Hanana et al. 2007).  

Outside of the grape berry, changes in stomatal aperture and consequent 

modulation of gas exchange and stomatal conductance, is also regulated by K+-

derived turgor (Maathuis and Podar 2011). 

Charge balance of anions 

The high concentration of K+ in the cytosol balances the charge of soluble and 

insoluble anions. Potassium is a perfect counterion candidate due to its high 

mass:charge ratio and abundance (Maathuis and Podar 2011). Potassium 

effectively stabilises the cytosolic pH between 7 and 8, the optimum pH for 

activity of most enzymes (Marschner 2012). In addition to acting as a counterion 

in the cytosol, K+ also neutralises the charge of nitrate (NO3
-) within the xylem 

and of the photoassimilates and amino acids in the phloem from the sink to the 

source (Maathuis and Podar 2011). 

Membrane polarisation 

The plant plasma membrane has a negative electrical potential that facilitates 

the transport of compounds and nutrients in and out of the cell. Transmembrane 

transport can be either passive (diffusion), or active when mediated by H+-

coupled mechanisms. As the cytosolic K+ concentration, in general, is 

considerably higher than the apoplastic K+ concentration, the outwardly directed 

electrochemical K+ gradient, corrected by K+ selected ion channels when 
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disturbed, maintains the negative membrane potential (Maathuis and Podar 

2011).  

Enzyme activation 

Marschner (2012) noted that the activity of more than 70 enzymes, and up to 80 

according to Maathuis and Podar (2011), are sensitive to K+, and the high 

concentration of K+ in the cytosol is said to be for the control of enzymes found 

in this cell compartment.  

It’s also possible that K+ indirectly contributes to enzyme activity through the 

maintenance of an optimal cytosolic pH through regulation of the cation-anion 

charge balance as discussed previously. Optimal cytosolic K+ concentrations 

have also been shown to regulate the activity of apoptosis enzymes (proteases 

and endonucleases) by preventing stress-induced programmed cell death 

(Anschütz et al. 2014).  

Cuéllar et al. (2013) suggested that the basic functions of K+ in the developing 

berry, although not established, is likely similar to that as in plants cells. From 

the functions of K+ listed above, and considering the assumption of Cuéllar et al. 

(2013), the following are likely the functions of K+ within the grape berry: 

a) Osmoregulation  

b) A secondary role in the accumulation of sugars within the berry 

c) Membrane polarisation  

d) Electrical neutralisation  

e) Cell turgor and homeostasis  

f) Enzyme activation  

2.2.2 The role of sugar in the grapevine and -berry 

Sugars regulate, either directly or indirectly and mainly through transcriptional 

control, several functions within the plant including photosynthesis, sugar 

translocation, secondary metabolism and hormonal balance (Lecourieux et al. 

2014). Sugars are the starting point for the bulk of berry metabolism (Davies et 

al. 2012). Until the onset of ripening, the sugar that is imported into the berry 

pericarp is largely used for berry metabolism and not stored (with the exception 

of the seeds). During ripening, when large quantities of sugars are imported in 

the grape berry, respiration alone can utilise up to 13% of the imported carbon 

(Ollat et al. 2002). Due to the large accumulation of sugars post-véraison, thus 
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establishing an osmotic driving force, fruit expansion is likely facilitated by the 

large influx of glucose and fructose and water into the vacuole (Davies et al. 

2006, Manning et al. 2001). 

Accumulated sugars also act as a regulatory signal for gene expression. This 

ability of sugar transporters to sense fluctuations in the sugar concentration is 

important for resource allocation and allows the source to adjust its metabolism 

to accommodate the demands of the sinks (Conde et al. 2007). Lalonde et al. 

(1999) noted that sugar transporters are active in strategic positions along 

metabolic pathways in order to regulate the distribution of photoassimilates 

through signalling. In grapevine, VvHT1 transcription is especially susceptible to 

regulation by the concentration of the sugars. This primarily occurs through a 

pathway mediated by a hexokinase sensor, a cytosol based enzyme which is 

responsible for catalysing the first step of glycolysis (Agasse et al. 2009). 

VvHT2 and VvHT3 transcription is also supressed by high sugar concentrations, 

but to a lesser extent than VvHT1. VvTMT1 transcription, determined to be the 

same protein as VvHT6, is however upregulated in the presence of glucose 

(Agasse et al. 2009), corroborating its role as a tonoplast transporter. Sugars 

may also affect post-transcriptional activity by stabilising mRNA and proteins, as 

well as protein translation (Lecourieux et al. 2014). 

Sugars supply is the backbone for a multitude of secondary metabolites in 

plants (Lecourieux et al. 2014). Under source (photoassimilate) limitations, 

sugar is allocated towards storage to the expense of secondary metabolism 

(Bobeica et al. 2015). Sucrose is also indirectly involved in certain key 

metabolic processes. Uridine diphosphate glucose, a nucleotide sugar product 

of sucrose from sucrose synthase activity, is responsible for storage, defence 

and cell wall synthesis due to its role in the construction of various cell-wall 

polysaccharides (Agasse et al. 2009).  

 Potassium and sugar transport 

Due to the important biophysical and biochemical roles that K+ plays in plant 

systems, a highly effective transport system is necessary to ensure rapid 

transport of K+ at the whole plant level, between tissues and also within the cell 

(Ahmad and Maathuis 2014, Maathuis and Podar 2011). A few genes involved 
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in the transport of K+ towards and within the berry have been identified and 

defined (Cuéllar et al. 2013, Cuéllar et al. 2010, Martins et al. 2012). Whereas 

K+ is transported by both the xylem and phloem, sucrose is translocated only 

via the phloem in the grapevine (Lecourieux et al. 2014) for ultimate storage as 

hexose sugars in the vacuoles of the pericarp (mesocarp and exocarp) cells 

(Çakir and Giachino 2012).  

2.3.1 Potassium and sugar transport from source to sink  

Even though K+ is transported through both vascular systems of the grapevine, 

it occurs mainly via the phloem, with a small percentage via the xylem (Ahmad 

and Maathuis 2014, Marschner 2012, Mpelasoka et al. 2003, Rogiers et al. 

2000). Conversely, sugar is only translocated from the source to the sink via the 

phloem as sucrose (Lecourieux et al. 2014). The partitioning of sugar can be 

altered in plants with a K+ deficiency due to the inhibition of assimilate loading 

from the leaf into the phloem parallel to a decrease in the demand for 

assimilates by non-reproductive sink organs. The reproductive structures in 

grapevine (the fruit) are strong sinks for photoassimilates during ripening 

(Lecourieux et al. 2014, Lemoine et al. 2013).  

The xylem connectivity between the shoot and the berry was initially thought to 

diminish after véraison, insinuating that the berry is solely supplied by the 

phloem during ripening (as noted by Keller et al. 2016). It has however been 

demonstrated that the xylem remains anatomically connected to the grape berry 

during ripening (Keller et al. 2006, Rogiers et al. 2001). Nevertheless, the berry 

remains largely dependent on the phloem for the delivery of photoassimilates, 

water and nutrients during ripening (Cuéllar et al. 2013). 

2.3.1.1 Xylem 

Potassium uptake from the soil is mediated by K+ transporters and channels, 

depending on the external K+ concentration (Ahmad and Maathuis 2014). The 

path of K+ from the root surface to the xylem consists of active and passive 

movement across cell membranes. As K+ is present in high concentrations in 

the stelar xylem parenchyma cells it is passively loaded by outwardly rectifying 

Shaker-like channels into the xylem cells (Ahmad and Maathuis 2014, 

Marschner 2012). 
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The xylem is the main unidirectional translocation pathway for water and solutes 

from the roots to the aerial parts (Ahmad and Maathuis 2014). Movement 

through the xylem is mainly driven by transpiration of the leaves creating a 

negative pressure within the xylem (Ahmad and Maathuis 2014, Lalonde et al. 

2003) and a similar mechanism drives the influx of water into the grape berry 

during berry development. The loss of functional stomata on the berry surface 

at véraison (Rogiers et al. 2004), however, results in a decline in berry 

transpiration and thus the driving force for water influx (Keller et al. 2006). The 

loss of influx from the xylem in the berry may also be attributed to the change of 

unloading from a symplastic to apoplastic pathway (Keller et al. 2006). The 

influx of water from the phloem into the apoplast is likely in excess of the 

demand by the grape berry and the rate of loss by transpiration which Rogiers 

et al. (2004) found to decrease during ripening. A portion of the excess water in 

the phloem is thus likely recycled by the xylem (backflow or back-pressure), 

together with some of the solutes, like K+, to maintain the osmotic gradient 

towards the leaves (Keller et al. 2006). The backflow of solutes and water 

should however be small as the apoplast occupies a small part of the berry 

volume. In well hydrated plants it is likely that most of the excess water is 

transferred from the phloem to the xylem prior to entry into the berry (Keller et 

al. 2006). 

2.3.1.2 Phloem 

Phloem translocates photoassimilates from the photosynthetic source to the 

heterotrophic sink organs (Ahmad and Maathuis 2014, Lalonde et al. 2003). 

The phloem is also the main pathway for water and phloem-mobile nutrient 

entry into the berry during ripening as sink organs usually have low rates of 

transpiration and thus a low rate of xylem sap import (Lalonde et al. 2003). The 

phloem pathway consists of: the collection phloem at the source where 

photoassimilates are loaded; the transport phloem with a dual release and 

retrieval function of photoassimilates along the phloem pathway; and the 

release phloem at the sink where assimilates are ultimately unloaded (Holbrook 

and Zwieniecki 2005). Sugar, K+ and amino acids are the main osmotic 

components of the phloem sap (Lalonde et al. 2003). 
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Potassium is highly mobile in plants and is the most abundant inorganic cation 

in the phloem (Marschner 2012). Potassium is translocated via the phloem 

towards the sink organs, mainly the berries, but the phloem is also responsible 

for recycling a large proportion of K+ back to the roots from the shoots (Ahmad 

and Maathuis 2014). In the event of a shortage of photoassimilates at the 

source, K+ is accumulated in the sieve element (SE) of the collection phloem 

and has been shown to be an effective supplementary osmoregulator to 

maintain the hydraulic pressure (Holbrook and Zwieniecki 2005). 

In higher plants, sucrose is the most prevalent sugar translocated over long 

distances via the phloem from the source to the reproductive sink tissues 

(Davies and Robinson 1996, Kühn 2003, Lemoine et al. 2013). Sucrose moves 

symplastically from the photosynthetic cells to the phloem parenchyma (PP) of 

the collection phloem. It is either effluxed to the apoplast and loaded in the 

companion cell (CC) by sucrose transporters, facilitated by a K+ channel (as 

discussed in section 2.8.1.3), or symplastically through the plasmodesmata 

from the PP to the CC. Sucrose is then symplastically loaded in the SE. 

An accumulation of sucrose in the source SE results in a hydraulic pressure 

gradient, initiating the bulk flow of sucrose through the phloem to the sink 

organs (Baker et al. 2012, Holbrook and Zwieniecki 2005, Lalonde et al. 2003). 

Although sucrose is found at high concentrations within the phloem, it has a 

slight effect on the viscosity of the phloem sap, and therefore does not influence 

the high translocation rate (Kühn 2003). The source-to-sink pathway of sugar 

through the phloem, illustrated by Lemoine et al. (2013), is shown in Figure 1. 

2.3.1.3 Symplastic vs apoplastic transport of potassium and sugar in the 

grape berry 

At the beginning of ripening, phloem unloading into the grape berry changes 

from a symplastic to an apoplastic route (Cuéllar et al. 2013, Fontes et al. 2011, 

Keller and Shrestha 2014, Zhang et al. 2006). This shift in the unloading 

mechanism is common in plants that accumulate large quantities of solutes in 

the fruit (Lalonde et al. 2003). In the grape berry, that accrues substantial 

quantities of soluble sugars from véraison onwards, this change in the 

unloading pathway was found to happen at or just before véraison (Zhang et al. 

2006).  
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Figure 1. Schematic indication of the symplastic and apoplastic pathways for the 
source-to-sink transport of sucrose as illustrated by (Lemoine et al. 2013). In the 
collection phloem complex at the source, sucrose moves from the phloem parenchyma 
(PP) to the companion cells (CC) either through a symplastic or apoplastic pathway 
before being loaded in the sieve element (SE). The apoplastic pathway is mediated by 
a sucrose transporter (green circle) and a potassium (K+) channel (white circle). Mass 
flow in the phloem is driven by differences in the turgor pressure between the sink and 
source. Both symplastic and apoplastic pathways also exist in the release phloem for 
the movement of sucrose from the CC to the sink cells. Sucrose is effluxed from the 
CC at the sink by a sucrose transporter, partly hydrolysed to hexose sugars by cell wall 
invertase (cWInv), and loaded in the sink cell by sucrose and hexose (red circle) 
transporters.  
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Keller and Shrestha (2014) explain the necessity for this developmental shift in 

transport as a way to isolate the sink cells from the phloem SE and the 

companion cells, therefore averting the inhibition of influx from the phloem due 

to the high accumulation of solutes within the sink. 

After sucrose is unloaded in the sink apoplast from the release phloem, it is in 

part hydrolysed to glucose and fructose by cell wall invertase (cwINV) (Patrick 

1997). The ratio (of glucose to fructose) is dependent on the variety in Vitis 

vinifera as shown by Kliewer (1967). The continued splitting of sucrose, and the 

loading of the resulting hexose sugars into the cell, lowers the sugar 

concentration in the apoplast. This stimulates the unloading of sucrose from the 

phloem, subsequently decreasing the pressure at the unloading point and 

activating mass flow through the phloem towards the sink organs (Cuéllar et al. 

2013).  

The transport of apoplastic K+ into the cell, on the other hand, is facilitated 

either by channels, which mediate passive low affinity K+ transport across cell 

membranes, or transporters, mediating energised high and low affinity uptake 

(Ahmad and Maathuis 2014). Potassium channels and transporters have been 

well described in plants in literature (Gierth and Mäser 2007, Véry and 

Sentenac 2003), Few K+ channels and transporters have, however, been 

functionally characterised in grapes (Cuéllar et al. 2013, Cuéllar et al. 2010, 

Davies et al. 2006, Hanana et al. 2007, Martins et al. 2012). The transport 

systems responsible for the unloading of K+ and sucrose from the release 

phloem in the apoplast, and subsequently loading in the grape berry cell, are 

discussed in detail in section 2.6. 

2.3.1.4 Re-translocation of potassium and sugar within the grapevine 

Conradie (1981) found that the ripening grape berries were a strong sink for K+ 

and that K+ was translocated from the shoots and the leaves to the grape 

berries during ripening. This re-mobilisation of K+ to the berry post-véraison was 

also observed in other studies (as reviewed by Mpelasoka et al. 2003), although 

the same phenomenon was not apparent in grapevines with a high K+ content. 

Mpelasoka et al. (2003) concluded from the literature that the remobilisation of 

K+ within the grapevine towards the berry may depend on the availability of K+ 

from the soil, the ability of the roots to take up the available K+
. 
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Candolfi-Vasconcelos et al. (1994) found that, under stress conditions, the 

carbon translocation patterns within grapevine were altered so that the sinks 

switched from the non-reproductive storage organs towards the fruit. They also 

detected the mobilisation of starch from the roots and the trunk towards the fruit 

during the later stages of fruit maturation. This response of the grapevine is 

likely to ensure seed dispersal through animal vectors, and thus propagation. 

Plants, being stationary, requires mobile vectors such as birds to effectively 

disperse their seeds. Fully ripe fruit, obtained by relocating sugars from the 

storage organs to the fruit where photoassimilates for transport to the fruit are 

restricted, will attract these vectors. 

 Accumulation and compartmentalisation of potassium and sugar in 

the berry 

Grape berry growth follows a double sigmoidal curve (Coombe and McCarthy 

2000). The first curve consists of a surge in cell division that gradually changes 

to an initial period of cell enlargement which declines towards the end of the first 

cycle (Conde et al. 2007). A multitude of solutes accumulate during this phase 

in the grape berry, with the organic acids (malic- and tartaric acids) being the 

most prevalent compounds and K+ the major cation.  

The second and major period of berry enlargement starts at the onset of rapid 

sugar accumulation in the grape berry and is concurrent to berry softening and 

colouring. The inception of this second cycle is known as véraison which 

denotes the beginning of ripening. During this phase substantial changes occur 

in the composition of grape berries (Conde et al. 2007). During ripening hexose 

sugars, water, K+ and other metabolites accumulate in the exocarp and 

mesocarp (collectively known as the pericarp). 

Potassium accumulates during both cycles (Conradie 1981, Coombe 1987, 

Possner and Kliewer 1985), with a sharp rise in the content at the start of 

véraison (Cuéllar et al. 2013, Rogiers et al. 2000) as K+ is redistributed from the 

leaves to the berries (Conde et al. 2007). 

Within the grape berry, K+ is partitioned in the exocarp (skin), mesocarp (pulp) 

and the seeds. The highest concentration of K+ is detected within the exocarp 

(Coombe 1987, Mpelasoka et al. 2003, Storey 1987), followed by the seeds and 
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the mesocarp (Storey 1987, Walker et al. 1998). Figure 2 is a diagram of the 

structure of the grape berry as illustrated by Coombe (1987). When considering 

K+ content per tissue, the highest percentage of K+ is found within the 

mesocarp, followed by the exocarp and finally the seeds (Fontes et al. 2011, 

Rogiers et al. 2006a). Mpelasoka et al. (2003) attributed the differences in the 

content per tissue to the differences in the cell structure of the tissues and/or 

the role that K+ play within these tissues.  

 

Figure 2. Detailed diagram of the structure of the grape berry as illustrated by 
(Coombe 1987).  

In contrast to K+ partitioning in the grape berry, glucose and fructose are mainly 

found in the mesocarp of the grape berry with substantially lower levels in the 

skin (Lecourieux et al. 2014, Storey 1987). Traces of soluble sugar are also 

found in the seed but sugar is mainly stored as starch within the seed. Dai et al. 

(2011) summarised that the sugar composition within the grape berry is 

determined by the genotype, whereas the concentration differs according to the 

stage of berry development, the environment and management practices. Sugar 

accumulation in the grape berry is however highly regulated and may be 
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affected by light, water, ion content, hormones as well as wounding and attacks 

by fungi and bacteria (Conde et al. 2007). 

 Cellular compartmentalisation of potassium and sugar in the berry 

The major pools of K+ within the plant cell are the vacuole and the cytosol 

(Walker et al. 1996), whereas sugars are mainly stored in the vacuole. The 

partitioning of K+ within the cell is under strict control as the K+ concentration 

impacts greatly on some of the functions listed in section 2.2.1. (Ahmad and 

Maathuis 2014). 

2.5.1 Cytosol 

In the cytoplasm of living plant cells, K+ is found in the greatest abundance 

relative to the other inorganic cations (Pilot et al. 2003). Potassium has an 

osmotic and biochemical function within the plant cell cytosol (Walker et al. 

1996). Other inorganic cations in this compartment cannot replace K+ to fulfil 

biochemical functions which are K+ specific e.g. enzyme activation (Marschner 

2012). With a decline in the external K+ supply, K+ is relocated from within the 

vacuole to the cytosol to maintain a constant K+ concentration (Gierth and 

Mäser 2007, Walker et al. 1996) and therefore sustain the rate of K+ dependent 

processes (Walker et al. 1996). Although the cytosolic K+ concentration will 

remain relatively stable in this compartment irrespective of the plant K+ status, 

these concentrations will decline during prolonged periods of K+ deficiency 

(Marschner 2012). A small percentage of sugars located in the cytosol is used 

as a carbon skeleton and energy source for typical functioning of the cell 

(Lecourieux et al. 2014). 

2.5.2 Vacuole 

The vacuole is the main storage organelle within the cells of the grape berry, 

and occupies most of the cell volume (Hanana et al. 2007, Hedrich et al. 2015). 

It acts as the reservoir for the main solutes including sugars, organic acids, 

aroma compounds, ions and water. The vacuole controls the cell turgor along 

with the cell wall, which is essential for the growth and the hydraulic stiffness of 

the plant (Fontes et al. 2011).  
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That K+ is found mainly in the vacuole is likely due to its prominent role in the 

control of cell turgor (Maathuis and Podar 2011) in plants. The main function of 

K+ within the plant cell is biophysical through the lowering of the osmotic 

potential of the cell sap and therefore generating turgor by which cell expansion 

is driven (Gierth and Mäser 2007, Walker et al. 1996). The content of K+ within 

the vacuole is dependent on the K+ status within the plant and varies 

accordingly (Gierth and Mäser 2007, Walker et al. 1996). Potassium can 

however be replaced or exchanged by sodium (Na+) within the vacuole or the 

cytosol to maintain homeostasis within the plant cell (Gierth and Mäser 2007) 

when K+ is scarce. 

Accumulated sugars in the mesocarp contribute 65-91% towards the dry mass 

of the mature berry (Lecourieux et al. 2014). Grape berries accumulate high 

concentrations of hexose sugars (glucose and fructose) in the vacuoles of the 

mesocarp cells (Davies and Robinson 1996, Lecourieux et al. 2014) during 

ripening. Glucose and fructose are found in approximately equimolar amounts 

(Manning et al. 2001), depending on the stage of ripening (Dai et al. 2011). 

Sugars are unloaded in the berry mesocarp apoplast from the phloem as 

sucrose, where after it is in part cleaved to its hexose components. The hexose 

sugars are transported across the plasma membrane and the tonoplast into the 

vacuole for storage. The remainder of the sucrose is transported across the 

membranes and loaded in the cell vacuole as sucrose, after which it is cleaved 

to the hexose sugars by soluble vacuolar invertase (vINV). Prior to véraison, 

sugar enters the vacuole mainly as sucrose. The change of the unloading 

pathway from symplastic to apoplastic around véraison (discussed in section 

2.3.1.3) is accompanied by an increase in the activity of cwINV.  

2.5.3 Apoplast 

In relation to the cell, the apoplast may only take up a small volume of solutes 

but because it surrounds the cell it creates a sufficient surface area surrounding 

the plasma membrane for the transfer of solutes (Conde et al. 2007). Due to the 

small volume of the apoplast, limited research has been conducted on the 

composition of the apoplast of the grape berry. Keller and Shrestha (2014), 

however, found that it is modulated by the genotype and the stage of ripening. 

This may partially be attributed to the occurrence and degree of the loss in cell 
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vitality due to apoptosis in different varieties (Keller and Shrestha 2014) but also 

in part to the genotypical and phenotypical differences in gene expression of 

membrane intrinsic transport system proteins.  

Wada et al. (2008) found that apoplastic water relations changed in advance of 

the onset of ripening compared to other physiological changes associated with 

véraison. They deduced that véraison may be controlled by the regulation of the 

apoplastic solutes. Zhang et al. (2006) concluded that the shift from symplastic 

to apoplastic phloem unloading in the berry occurs at, or just before véraison, 

therefore explaining the observations of Wada et al. (2008). 

Keller and Shrestha (2014) did not see changes in the K+ and sugar content in 

the apoplast or the vacuoles during ripening or between two varieties, thus 

indicating that the changes in the apoplastic solutes during ripening is 

independent of the changes in the solutes of the mesocarp vacuoles. 

 Transmembrane transport of potassium and sugar  

Details on the K+ and sugar transport systems identified in grape berries and 

analysed in Chapter V are noted in Table 1. The table includes transporter 

proteins that have been found to be expressed in grape berry tissues as well as 

genes of interest (GIO) characterised in other plant species and for which the 

mRNA sequence is available for grape berries. The closest orthologues in other 

plant species, mainly in Arabidopsis thaliana, are indicated. The localisation of 

the genes within the cell and/or tissue and/or organ is also noted. 

2.6.1 Potassium transporters 

Potassium transporters mediate active K+ transport against an electrochemical 

gradient and consist of three major families (Gierth and Mäser 2007). The 

structural topology of two of the K+ transporters discussed in the following 

sections are depicted in Figure 3. 

HKT transporters 

High-affinity K+ transporters (HKT) are co-transporters, coupling with either H+, 

Na+ or with K+, with the type of coupling depending on the ionic conditions (Véry 

and Sentenac 2003). HKT, although being classified as transporters, are
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Table 1. The sugar and potassium (K+) transport associated genes that have been identified in grape berries. Genes that were not assessed during the experiment 
reported on in Chapter V are indicated in italics. Localisation of the transporters within the cell, tissues and organs are indicated as the plasma membrane (pm), 
tonoplast (tp), xylem (xy) and phloem (ph) and when followed by a question mark denoting putative locations.  

 Transport 

protein 
Orthologues Family Function 

Rectification 

direction 
Mode Location Inhibited (-) or upregulate (+) by Main references 

POTASSIUM TANSPORT SYSTEMS* 

 

VvKUP1 AtHAK5 
HKT/KUP/HAK  

K transporter 
K+ transport in active pm, skin 

 
Davies et al. (2006)  

VvKUP2 AtKUP2 
HKT/KUP/HAK  

K transporter 

K+ transport, homeostasis, 

cell expansion 
in active pm, skin  Davies et al. (2006) 

VvKT2 AKT2/3; AKT2 Shaker-like channel 
weak /non-rectifying K+ 

transport 
in/out 

active/ 

passive 
ph, pm 

K+ deficiency (-), photoassimilates (+), 

ABA (+), salt stress (+) 

Anschütz et al. (2014); 

 Deeken et al. (2002) 

VvK1.1 AKT1 Shaker-like channel K+ transport in active pm ABA (+), drought (+) Cuéllar et al. (2010) 

VvK1.2 AKT1 Shaker-like channel K+ transport in passive pm external acidification (+) Cuéllar et al. (2013) 

VvSKOR SKOR Shaker-like channel K+ xylem loading out passive xy, pm, root ABA (-), K+ deficiency (-), salt stress (+) 
Anschütz et al. (2014);  

Pilot et al. (2003) 

VvNHX1 InNHX1 
vacuolar cation/H+ 

antiporter 
K+ antiporter in active tp 

 
Hanana et al. (2007) 

HEXOSES SUGAR TRANSPORT SYSTEMS* 

VvHT1-5 - hexose transporter hexose symporter in active pm low gluc (-), ABA (+)  
Afoufa-Bastien et al. (2010); 

 Hayes et al. (2007) 

VvHT3/HT7 AtSTP7 hexose transporter hexose symporter in active pm ABA (+) 
Afoufa-Bastien et al. (2010);  

Hayes et al. (2007) 

VvTMT1/HT6 AtTMT1 
monosaccharide 

transporter 

putative tonoplast  

hexose antiporter 
in active tp 

 
Afoufa-Bastien et al. (2010) 

VvTMT2 RcSTP 
monosaccharide 

transporter 

putative tonoplast  

hexose antiporter 
in active tp 

 
Çakir and Giachino (2012) 

VvTMT3 AtTMT3 
monosaccharide 

transporter 

putative tonoplast 

 hexose antiporter 
in active tp 

 
Afoufa-Bastien et al. (2010) 

SUCROSE TRANSPORT SYSTEMS* 

VvSUC11 AtSUC4 
sucrose transporter, 

SUT4 
sucrose symporter in active tp (?) sucrose (-), decrease in pH (+) 

Davies et al. (1999);  

Davies and Robinson (1996) 

VvSUC12 AtSUC3 
sucrose transporter, 

SUT2 
sucrose symporter in/out (?) active pm (?) sucrose (-), decrease in pH (+) 

Davies and Robinson (1996);  

Davies et al. (1999) 

VvSWEET15 AtSWEET15 
SWEET family,  

clade III uniporter 

bidirectional sucrose 

uniporter 
out/in passive ph, pm senescence (+) 

Chen et al. (2012);  

Chong et al. (2014) 
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Figure 3. The topology of potassium (K+) transporters as illustrated by Véry and 
Sentenac (2003). The voltage sensing region is located at the N-terminus, while the 
ankyrin domain, as found in channels, is located at the C-terminus. The grey thick line 
represents the membrane, with the extracellular space represented above, and the 
cytosol represented below the grey line. High-affinity potassium transporters (HKT) 
consist of eight transmembrane segments (TMS) and four pores (P). KUP/HAK/KT 
transporters consist of 12 TMS and a long cytosolic loop between the second and third 
segment.  

topologically similar to K+ channels, consisting of eight transmembrane 

segments (TMS) and four pore (P) domains, lining a central P (Véry et al. 

2014). 

KUP/KT/HAK transporters 

These transporter genes are in general found in organisms that acquire 

nutrients from the soil through absorption (Grabov 2007). Potassium uptake 

(KUP, identified in Escherichia coli), K+ transport (KT) and high affinity K+ (HAK, 

identified in the soil yeast Schwanniomyces occidentalis) belong to a family of 

genes encoding polypeptide homologues to K+ transporters (Gierth and Mäser 

2007, Véry and Sentenac 2003). This family’s topology consists of 12 TMS and 

one loop between TMS two and three (Véry and Sentenac (2003), refer to 

Figure 3). KUP is described as a low affinity K+ mediator in the uptake system, 

predominant in low pH environments and may be operating as an H+-K+ 

symport (Gierth and Mäser 2007, Véry and Sentenac 2003). VvKUP1 and 

VvKUP2 (Table 1) are examples of this family of transporter proteins).  

In comparison, HAK mediates high-affinity K+ uptake when the external K+ 

concentration is low in comparison to the internal concentration and probably 

also acts as an H+-K+ symport (Véry and Sentenac 2003).  
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Vacuolar cation/H+ antiporters 

Sodium-hydrogen efflux (NHX) type antiporters are exclusively located on the 

tonoplast and mediate the influx of cations in the vacuole for storage (Gierth 

and Mäser 2007). These transporters, initially identified as Na+/H+ antiporters, 

were later on discovered to also facilitate the transport of K+ across the 

tonoplast (Hanana et al. 2007). The only NHX antiporter identified and 

characterised in the grape berry is VvNHX1 (Hanana et al. 2007) and is noted in 

Table 1. Due to their antiporting abilities, they may regulate both the pH as well 

as the homeostasis of monovalent cations in the vacuole and within the cytosol 

(Gierth and Mäser 2007, Hanana et al. 2007).  

2.6.2 Potassium channels 

Channels are passive transporters and consist of three main families subdivided 

according to their structure (MacKinnon 2003). The opening and closing 

transition (gating) due to changes in the membrane voltage, allow for the 

diffusion of K+ across biological membranes (Anschütz et al. 2014). The 

topology and phylogenetic relationships between identified K+ channels in 

Arabidopsis thaliana are shown in Figure 3. 

A final family is comprised of two sub-families of channels that are also 

permeable to other cations. The collective family is aptly called non-selective 

cation channels (NSCC) and is made up of cyclic-nucleotide-gate channels and 

glutamate receptors (Anschütz et al. 2014). 

The Shaker family of transporters 

Shaker channels are voltage-regulated K+ channels found in plants (Véry and 

Sentenac 2003) conducting K+ ions down the electrochemical gradient across 

cell membranes (MacKinnon 2003). These channels have similar structures and 

a high sequence homology with Shaker channels found in animals (Véry and 

Sentenac 2003). Shaker channels consist of four subunits arranged around a 

central hydrophobic core, with the subunits consisting of six TMS (S1 to S6) 

with a P region located between S5 and S6 (Cuéllar et al. 2013, Véry and 

Sentenac 2003). This P domain, also found in certain transporters (Gambale 

and Uozumi 2006), consists of the distinctive potassium-selective sequence 

‘TXXTXGYGD’ (Cuéllar et al. 2013, Gambale and Uozumi 2006, MacKinnon 
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2003, Véry and Sentenac 2003). Shaker channels are further characterised by 

an ankyrin domain located at the C-terminus (Gambale and Uozumi 2006) of 

most channels (Véry and Sentenac 2003). The ankyrin domain is hypothesised 

to be the site where interaction with regulatory proteins occur (Véry and 

Sentenac 2003). A graphic representation of the channels’ structures is 

depicted in Figure 4. Four Shaker-like channels, their function and likely 

localisation in the grape berry is noted in Table 1. 

Plant Shaker-type K+ channels can be divided into three distinctive categories 

according to their functionality (Anschütz et al. 2014, Gambale and Uozumi 

2006, Véry and Sentenac 2003): 

I.  Hyperpolarisation-activated inward-rectifying K+ channels, mediating K+ 

uptake; 

II.   Depolarisation-activated outward-rectifying K+ channels, mediating K+ 

release; 

III.  Weakly-rectifying K+ channels, mediating K+ uptake and release 

according to the electrochemical K+ gradient. 

2.6.3 Sugar transporters  

Afoufa-Bastien et al. (2010) confirmed the presence of the four sucrose 

transporters, but also identified 59 additional putative hexose transporters in the 

Vitis vinifera genome. These include 20 hexose transporters (HT), three 

tonoplastic monosaccharide transporters (TMT), five polyol/monosaccharide 

transporters (PMT), three inositol transporters (INT), three vacuolar glucose 

transporters (VGT), 22 ERD6-like transporters and five other monosaccharide 

transporters. Further analyses by Afoufa-Bastien et al. (2010) confirmed that 

these sugar transporters are differentially expressed in the different tissues of 

the grapevine, and during ripening.  

Sucrose transporters 

Sucrose transporters have been shown to mediate sucrose loading in the 

phloem and the mesocarp, and act as proton-sucrose symporters (Lecourieux 

et al. 2014). Sucrose transporters maintain the sucrose levels in the phloem and 

allow for the efflux of sucrose at the sink (Lecourieux et al. 2014). The 

subcellular localisation of the four identified sucrose transporters in grapevine 

has not been identified. Two sucrose transporters that have been identified in 
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grape berries and their putative localisation in the grape berry cell is noted in 

Table 1. 

 

Figure 4. Topology and phylogenetic relationships between potassium channels in 
Arabidopsis thaliana, divided into the three (A to C) structural classes, as illustrated by 
(Anschütz et al. 2014). (A) represents voltage-dependant Shaker-like K+ channels (Kv), 
with a unique structured cation permeable channel (TPC1) connected by a black line. 
(B) indicates the tandem pore channels (TPK’s) and (C) represents a Kir-like potassium 
channel. A single Shaker channel subunit consists of six TMS and a P located between 
TMS five and six. The fourth TMS acts as a voltage sensor due to the presence of 
basic amino acid residues of arginine and lysine (Lebaudy et al. 2007). Kir-like channel 
subunits consist of two TMS separated by a P. TPK channels consist of four TMS, with 
each pair separated by a P. The uniquely structured TPC1 channels seem to be the 
product of two fused Shaker-like subunits (Kv). Brown tubes indicate ankyrin-repeats, 
yellow the cNMP binding site, red an E-F-hand and green the 14-3-3- binding site.  

Hexose transporters 

Hexose transporters, also known as monosaccharide transporters, are 

members of the major facilitator superfamily (MFS) (Çakir and Giachino 2012). 

VvHT1 to VvHT5 (noted in Table 1) seem to be the most important transporters 

in sugar transport as no new hexose transporters have been documented since 

the publication of Lecourieux et al. (2014). The expression patterns and 

diversity of the hexose transporter proteins expressed in grape berries confirms 

the shift from apoplastic to symplastic loading around véraison (Hayes et al. 

2007, Lecourieux et al. 2014). Hexose transporters are divided into a group that 

A 

B 

B 

C 
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putatively facilitate sugar transport into the cell across the plasma membrane 

(HT) and a group that enables the movement of hexose sugars into the vacuole 

across the tonoplast (TMT) (Afoufa-Bastien et al. 2010, Lecourieux et al. 2014). 

The hexose and sucrose transporter proteins that have been identified in Vitis 

vinifera, and their orthologues in Arabidopsis thaliana, are depicted in Figure 5 

and the main transporter proteins which have been characterised during 

ripening discussed in Table 1.  

  

 

B 

A Figure 5. The maximum likelihood 
phylogeny of hexose (A) and sucrose 
(B) transporter proteins of Vitis 
vinifera and their orthologues in 
Arabidopsis thaliana as produced by 
Afoufa-Bastien et al. (2010). In (A), 
putative hexose transporter proteins 
are shown in red and the predicted 
proteins in black. Colours indicate 
orthologues groups in (B). 
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SWEET transporters 

Until recently, it was not known which family of sucrose effluxers were 

responsible for the migration of sucrose to the apoplast at the source, an 

essential step that allows the sucrose/H+ symporters to load sucrose in the 

phloem-companion cell complex. Chen et al. (2012) identified a subfamily of 

SWEET (Sugars Will Eventually be Exported Transporters) that is able to efflux 

sucrose across the plasma membrane in Arabidopsis thaliana and Oryza sativa. 

SWEET transporters were found to facilitate diffusion of sugars down a 

concentration gradient across the plasma membrane (Baker et al. 2012). 

The SWEET family is divided in four clades, with AtSWEET10 to 15 belonging 

to clade III. All SWEET’s are low-affinity sugar transporters and clade III 

SWEETs have a preference to transport sucrose. The transport activity is highly 

independent of the pH, thus indicating that these transporters function as 

uniporters (Chen et al. 2012). They concluded that clade III SWEETs are 

responsible for the loading of sucrose in the apoplast as the first step of phloem 

loading. Chong et al. (2014) identified 17 SWEET genes in Vitis vinifera and 

found that they were differentially expressed in the vegetative and reproductive 

organs of the grapevine.  

 Factors affecting potassium and sugar accumulation in grape berries 

The availability of K+ and sugars within the grapevine for translocation are the 

main factors that will affect the accumulation of these solutes within the grape 

berry. Accumulation will thus largely be determined by the dynamics of K+ 

uptake from the soil and the photoassimilation rate. The grapevine variety, the 

rootstock and rootstock/scion combination are the main factors affecting the K+ 

content of grape berries (Martins et al. 2012). 

Furthermore, there is plasticity in the accumulation of metabolites, not only 

between grape berries of the same variety, but also between berries on a 

bunch, between bunches on a grapevine and between grapevines within a 

vineyard (Venturini et al. 2013). This phenotypic variability was ascribed to be a 

response of the genotype to the environment and viticultural practices (Dai et al. 

2011).  
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2.7.1 Climate 

Temperature not only affects the anatomy of leaves and their longevity and thus 

the effective photosynthetic area, but also the development of the reproductive 

organs (Lawlor 2001). High temperatures during flowering and berry set, as 

generally experienced in Australia, will result in smaller berries at véraison and 

maturity (as reviewed by Ollat et al. 2002) as suboptimal climatic conditions 

during this period inhibits cell division. Kliewer (1977) noticed that temperatures 

above 32.5 °C from prior to flowering to after berry set negatively affect the final 

berry size. A smaller berry will have a reduced capacity to accumulate solutes 

due to these physical limitations. 

Temperature will affect the reproductive development of crops that are not 

adapted to the temperature conditions (Lawlor 2001). An increase in global 

temperatures, concomitant to an increase in the atmospheric carbon dioxide 

(CO2) concentration, prompted research projects to focus on the grapevine’s 

response to these changes. According to Martínez-Lüscher et al. (2016) and 

authors therein, an increase in mean daily temperature of up to 30 °C and 

atmospheric CO2 levels of 800 µg.mol-1 can drastically increase the 

photoassimilation rate and subsequently hasten the rate of grape ripening. Heat 

will also increase the respiratory activity of the leaves, reducing the 

photosynthetic efficiency and thus decreasing the sugar available for transport 

to and accumulation in the grape berry (Lawlor 2001).  

2.7.1.1 Atmospheric CO2 levels 

Atmospheric CO2 levels impact on the availability of photoassimilates for 

translocation toward the sink organs through the regulation of the 

photoassimilation rate. A decrease in atmospheric CO2 reduces the 

photoassimilation rate due to the lack of substrate. Conversely, an increase in 

atmospheric CO2 enhances the photoassimilation rate, increasing the 

photoassimilates that are available (Lemoine et al. 2013). This adaptation step 

is however short lived and ultimately there is a limitation in the amount of 

sucrose that can be moved towards the sink organs by the phloem. This results 

in starch accumulation within the leaves thus inhibiting the photoassimilation 

rate. The net sucrose translocated via the phloem of plants at increased CO2 
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levels is however still more than in plants at ambient CO2 levels (Lemoine et al. 

2013).  

2.7.1.2 Plant water status 

Etchebarne et al. (2009) found that water constraints inhibited the accumulation 

of K+ within the exocarp, mesocarp and the seeds of grape berries during 

ripening, but the content was dependent on the season as well as the berry 

compartment. In the exocarp and mesocarp, K+ content increased during 

ripening although water deficit influenced the rates of accumulation. In seeds, 

K+ steadily accumulated post-véraison, but depending on the season, remained 

stable or decreased in the treatment where water restriction was applied. The 

percentage K+ per tissue within the berry was however unaltered by water 

deficit, confirming the role of K+ in cellular expansion as noted by Rogiers et al. 

(2006a). 

Several studies found that the carbohydrate levels in leaves are altered in 

plants under drought conditions (Lemoine et al. 2013). The increase in the 

soluble sugars (sucrose and hexose) and a decrease in starch under water 

deficit suggest that energy is supplied from the storage pool to maintain cell 

metabolism (Lemoine et al. 2013). The solute content of the sieve tubes, more 

specifically the sucrose levels, also decrease under water deficit conditions. 

This will decrease the osmotic pressure within the phloem sap, subsequently 

altering the loading of K+ in the phloem.  

Changes in the sugar concentration at harvest is however highly dependent on 

the intensity and the timing of the water constraint applied to the grapevine, as 

found by Dai et al. (2011). The inconsistent outcomes of water constraint 

studies are likely due to the variety, the crop load of the grapevines, phenology, 

differing environmental factors and also the general experimental conditions 

and strategies (Dai et al. 2011). 

2.7.2 Availability of solutes 

Potassium in the soil: The uptake of K+ by grapevine roots from the soil has 

been reviewed in detail by Mpelasoka et al. (2003) and is partly determined by 

the availability of K+ in the soil. Thereafter the growth, architecture and 

physiological activity of the roots determine the extent of K+ uptake from the 
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soil. These factors are in turn influenced by the chemical and physical 

properties of the soil.  

Photoassimilate availability: The amount of sugar that is available for 

accumulation in the grape berry is dependent on the quantity of 

photoassimilates available for translocation from the leaves. Lemoine et al. 

(2013) mentioned that the availability of sucrose for export from the leaves 

towards the sink organs are conditional of the photoassimilation rate, the 

partitioning between starch synthesis in the chloroplast and sucrose synthesis 

as well as the storage of sucrose in the vacuoles of the leaf mesophyll cells. 

Subsequently, the translocation of the available photoassimilates is dependent 

on the amount of sucrose available in the source, the sink strength and factors 

that may affect the path between the sink and the source, such as biotic stress 

(Lemoine et al. 2013). 

2.7.3 Genotype and the scion-rootstock combination 

The K+ content within the grapevine and/or grapevine tissues are dependent on 

rootstock genotypes and the scion/rootstock combination (Gong et al. 2010, 

Harbertson and Keller 2012, Kodur 2011, Kodur et al. 2011, Rühl et al. 1988, 

Storey 1987, Walker and Blackmore 2012, Walker et al. 1998, Walker et al. 

2000). This may be attributed to the variability in the proficiency of K+ uptake 

due to differences in root structure, the ability of the xylem to load and 

translocate K+ from the root to the shoot and also the vigour and yield the 

rootstock induces in the scion (Mpelasoka et al. 2003). It was found that the 

genetic origin of the rootstock did not explain the differences observed in the K+ 

content within the grapevines (Rühl et al. 1988, Walker et al. 1998). This may 

be explained by phenotypic differences in the rooting structure affecting the K+ 

uptake ability of the roots, resulting in changes in the loading of K+ into the 

xylem and thus dissimilarities in the translocation of K+ from the root to the 

shoot (Mpelasoka et al. 2003). The genetic origins of the rootstock-scion 

combination also impacted on berry mass (Hale 1977, Rühl et al. 1988, Walker 

et al. 1998), thus influencing the partitioning of K+ towards the grape berry 

(Walker et al. 1998).  

Kliewer (1967) found significant variation in the sugar concentration between 

different varieties of Vitis vinifera. Genotypic differences in sugar accumulation 
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can mainly be attributed to variability in sugar transporters and the properties of 

metabolic enzymes (Bordenave et al. 2013). Wu et al. (2011) investigated grape 

varieties that contained high levels of sucrose in relation to that of hexose 

sugars in the berries at harvest and attributed it to the decreased activity of 

cwINV in the ripening berries. Although Duchêne et al. (2012) observed that 

genotypic differences were mainly due to phenological, yield and leaf area 

differences, they did note that there was variation between varieties in the 

utilisation of sugars for non-carbohydrate related functions.  

2.7.4 Source/sink relationship 

The response of the grapevine and berry ripening to changes in the source to 

sink ratio have been inconsistent. This is likely due to the fact that the 

manipulation of the canopy or the bunch will also change the microclimate of 

the grapevine. Sugars are mainly translocated from the leaves, and in some 

cases the woody storage organs, with the allocation towards the bunches 

dependent on the availability of the photoassimilates (Bobeica et al. 2015, 

Davies et al. 2012, Ollat et al. 2002). Also, a reduced crop load will in general 

result in an increase in the total soluble solids (TSS) in the fruit while an 

increased crop load may result in little or no effect (as reviewed by Dai et al. 

(2011)). 

Factors affecting the source/sink relationship can further alter the transport of 

sugars via the phloem (Lemoine et al. 2013), possibly because sucrose 

transporters are considered to respond to source/sink balances (Lalonde et al. 

2003).  

 The sugar potassium nexus within the grape berry 

Many studies have suggested a potential relationship between sugar and K+ 

translocation to and into the berry (Davies et al. 2006, Lang 1983) and Rogiers 

et al. (2006a) found that the berry fresh and dry weight, in addition to the sugar 

content, was highly correlated with the K+ content. Mpelasoka et al. (2003), 

however, found that when the data from all the research available are plotted on 

one graph, the correlation became weak, likely due to genotypical and 

phenotypical differences. Moreover, in some of the work, the correlation was 

assessed in terms of sugar and K+ concentration, which is dependent of the 
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water content of the grape berries. Any factors affecting the water influx or efflux 

from the grape berry will thus change the measured concentrations. The sugar 

concentration in some of these studies was also measured as the total soluble 

solids, which will potentially also detect changes in the other soluble solids, 

including K+, in the measurement (Mpelasoka et al. 2003). 

Upon collating the literature and research, there is an indication that sugar and 

K+ may be indirectly related in the phloem unloading process into the berry, 

possibly by maintaining membrane potentials. The compartmentalisation of K+ 

and sugar within the berry and their different relative contents also indicate 

potentially different unloading mechanisms within the different berry 

compartments (Fontes et al. 2011) as shown in Table 2.  

Table 2. Solute distribution within the three main tissues of the berry as compiled by 
Fontes et al. (2011), indicated as a percentage per compartment relative to the whole 
berry.  

 Exocarp Mesocarp Seeds 

Sugars 25 % 50 % 25 % 

Potassium 30-40 % 20-30 % 20-30 % 

2.8.1 The role of potassium in sugar translocation within the grapevine 

2.8.1.1 Osmotic role 

Potassium is a major solute driving reversible and irreversible cell volume 

changes through its significant role in maintaining turgor (Gajdanowicz et al. 

2011). Davies et al. (2006) suggested that, in light of observations in other plant 

systems, an influx of K+ into the grape berry in combination with an influx of 

sugars into the vacuole may drive berry expansion through turgor. Although K+ 

may be the main osmoticum in the exocarp cells of the grape berry, sugar has 

this function in the mesocarp (Fontes et al. 2011).  

2.8.1.2 Role of potassium in the long-distance transport of sugar 

Keller and Shrestha (2014) observed a strong correlation between the vacuolar 

K+ and sugar concentrations, irrespective of the varieties they assessed, thus 

concluding that the influx of K+ and sugar via the phloem is likely linked. 

Marschner (2012) elaborated on the role of K+ in the mass flow of solutes 

through the phloem sieve tube and this is discussed in detail in section 2.3.1.2. 
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The role of K+ in the loading and unloading of sugar within the phloem, 

mediated by K+ transporters, is discussed in the next section. 

2.8.1.3 Transcription of potassium transporters in relation to sugar 

transport 

A proposed model of the loading and unloading mechanism involving the co-

regulation of K+ and sugar transporters are shown in Figure 6. 

Potassium is essential for the loading of photoassimilates in the phloem 

(Gajdanowicz et al. 2011) and Deeken et al. (2002) showed that the loss of the 

AKT2 channel (also known as AKT2/3) had a negative effect on the loading of 

sucrose in the phloem in Arabidopsis thaliana. They determined that the 

expression of this channel is dependent on CO2 assimilation, and thus the 

presence of photoassimilates (Deeken et al. 2000).  

To allow the transfer of sucrose from the apoplast to the phloem companion cell 

by the H+/sucrose symporter at the source, energy is provided by a H+-ATPase 

pump (Anschütz et al. 2014). This however depolarises the membrane 

potential, therefore inhibiting the further uptake of sugar. The depolarisation is 

counteracted by the concomitant efflux of K+. The activity of this symporter is 

thus controlled by ATK2 by regulating the phloem membrane potential (Deeken 

et al. 2002, Gajdanowicz et al. 2011, Lemoine et al. 2013).  

The role of the AKT2 channel in the unloading of sucrose from the phloem at 

the sink has not been determined but it is likely that a similar mechanism exists 

for loading at the source. Ache et al. (2001) identified a K+ channel in Vicia faba 

from the AKT2 family that was shown to facilitate the unloading of sucrose from 

the phloem. If this regulated mechanism exists, the continuous unloading of 

sucrose at the sink, controlled by the AKT2 channel, will ensure a downward 

potential from the loading point. This will stimulate the mass flow of solutes from 

the source to the sink, in turn assuring the continued loading of sucrose at the 

source. 
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Figure 6. Simplified model, with similar mechanisms as proposed in the more detailed 
model of Lemoine et al. (2013), of the role of a potassium (K+) channel in the loading of 
sucrose (S) as visualised by Ache et al. (2001). The model shows both the loading 
mechanism from the source apoplast into the companion cell (CC)- sieve element (SE) 
complex and unloading in the sink apoplast. At the source, S is loaded in the CC by a 
S/H+ symporter () facilitated by a H+-ATPase pump () and AKT2 (). 
Sucrose is unloaded into the sink apoplast by a S-symporter, again facilitated by AKT2. 
It has recently been shown that SWEET uniporters may play a role in the unloading of 
S from the phloem into the sink apoplast (Chen et al. 2012). Sucrose is converted in 
the apoplast by cell wall invertase to glucose (G) and fructose (F) before being 
transported into the sink cell by hexose symporters. Potassium homeostasis is 
regulated by K+ transporters () and channels.  

 Summary 

An assessment of the literature has shown that a relationship in the 

accumulation of K+ and sugar within grape berries is plausible. Considering the 

functionality and kinetics of the accumulation of each metabolite, it is also clear 

that the nature and strength of this relationship will likely vary according to the 
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genotype and phenotype. The grape berry is, however, a complex biochemical 

system during development and ripening and closely regulates homeostasis 

within the berry cells. Factors affecting the intricate equilibrium within the grape 

berry can therefore not only affect the accumulation of either metabolite, but 

also the metabolites in relation to each other.  

 Concluding remarks 

It is clear from the existing literature that the grape berry is a strong sink for both 

sugar and K+. The assumption that they accumulate synchronously in grape 

berries was, however, based on secondary observations and sugar and K+ have 

not, to our knowledge, been assessed directly in relation to each other. That 

sugar and K+ were observed to have similar accumulation patterns in the grape 

berry during ripening, may be incidental considering that these solutes, together 

with water and a multitude of other metabolites, increase from véraison 

onwards. Moreover, K+ enters the berry from early on in berry development and 

sugar only from véraison onwards and in much greater quantities than K+, 

providing complexity to the interpretation of a direct link in the loading of the 

solutes.  

That said, from véraison onwards, these solutes are imported into the berry by 

the phloem and are major constituents of the phloem sap. Therefore, the 

specific mechanisms for the import of sugars and K+ prior to véraison when 

xylem flow predominates, likely alter with the onset of ripening. The bulk of 

sugar that is unloaded at the sink is loaded in the cell and stored in the vacuole. 

Potassium is compartmentalised in the cytoplasm and vacuole, with the 

possibility of a fraction of the K+ removed by backflow through the xylem 

together with excess water unloaded from the phloem.  

Whilst examining the available literature reporting grape berry sugar and K+ 

content, several shortcomings were identified in the methodology. The 

proposed link, if causal, should be apparent in individual grape berries. It is well 

known that the heterogeneity in the onset of ripening between individual grape 

berries within a bunch result in autonomous ripening. Sampling protocols that 

address this heterogeneity are required. In the previous studies assessing 

sugar and K+, berries were almost always pooled prior to analyses, potentially 
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masking this heterogeneity. Berries were pooled according to berry mass 

(Walker et al. 2005), the date of harvest (Mitić et al. 2012) date of sampling 

(Bertoldi et al. 2011, Rogiers et al. 2006a, Rogiers et al. 2006b, Walker et al. 

2000), or the number of seeds (Boselli et al. 1995). 

The second methodology issue requiring attention is related to the tissue 

heterogeneity within the berry itself. The berry is composed of three main 

tissues with differing cell structure and function, thus potentially differing in 

unloading mechanisms, metabolism and storage of these solutes. While a 

proportion of the studies focused on the content in the berry as a whole 

(Bertoldi et al. 2011, Boselli et al. 1995, Davies et al. 2006, Mitić et al. 2012, 

Rogiers et al. 2006b), others separated the grape berry into the different tissues 

(Bertoldi et al. 2011, Etchebarne et al. 2009, Harbertson and Harwood 2009, 

Harbertson and Keller 2012, Rogiers et al. 2006a, Walker et al. 2005) but 

analysed these tissues using pooled samples. Methods to analyse sugar and K+ 

in the individual tissues for single grape berries are however lacking. It is thus 

evident that to progress this topic, method development is required to address 

these limitations.  

A further concern is that in the majority of the existing studies, the sugar 

concentration was generally measured as the total soluble solids (TSS) mostly 

as an indication of the ripening stage (Bertoldi et al. 2011, Davies et al. 2006, 

Harbertson and Harwood 2009, Harbertson and Keller 2012, Keller and 

Shrestha 2014, Rogiers et al. 2006a, Rogiers et al. 2006b, Walker et al. 2005, 

Walker et al. 2000). TSS is not the optimal parameter for assessing sugar 

content, as noted by Mpelasoka et al. (2003), as other soluble solids are 

present within the sample and may add to the TSS value. HPLC methods have 

already been developed to determine sugar content in small sample sizes 

(Eyeghe-Bickong et al. 2012). Current methods for K+ analyses, however, will 

need to be adapted to accommodate for small sample size.  

The potential sugar-K+ relationship 

The potential association between sugar and K+ that has been alluded to in the 

literature is based on similar osmoregulatory roles as well as the co-regulation 

of sugar and K+ in the loading and unloading of phloem at the sink, as observed 
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in other plant systems. The grape berry is, however, unique as it accumulates 

substantial quantities of hexose sugars, far in excess of K+. In the grape berry, 

sugar is the largest contributor to the osmotic potential, increasing with berry 

maturity. Although K+ is the most abundant macro-element, it has a relatively 

small and varying contribution to the osmotic potential in the grape berry, 

depending on the stage of berry development and ripening. 

The role of K+ channels in the unloading of sugars from the phloem into the sink 

cells has not been well characterised in any plant system and only one K+ 

channel has been identified that mediates phloem unloading. This link was 

described in Arabidopsis, which does not accumulate solutes in large quantities 

like grape berries. This unloading pathway, if similar to that of phloem loading, 

includes an apoplastic step. A shift from apoplastic to symplastic unloading has 

been proposed in grape berries, but has only effectively been shown in a few 

varieties. This shift ensures a downward gradient for continuous phloem 

unloading. The activity of cell wall invertase, responsible for the hydrolysis of 

sucrose to its hexose components in the apoplast, has been shown to increase 

in the berry during ripening, effectively decreasing the sucrose concentration in 

the apoplast and stimulating passive sucrose unloading from the phloem. The 

requirement for active sucrose phloem unloading may therefore not be that 

critical in the grape berry, questioning whether the sugar - K+ link in the grape 

berry is related to the phloem unloading step. Even though the proposed link 

may not be necessary in unloading from the phloem cells, co-regulation in the 

loading of these solutes into the sink cell across the cell membranes is a 

possibility. 

The observations made from the existing literature on sugar and K+ 

accumulation in grape berries, and in some cases in other plant systems, have 

been considered and incorporated in the approach and design of the 

experiments in this study.  
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ABSTRACT 

It has been speculated that there may be a link between the transport of sugar 

and potassium into grape berries during ripening as they exhibit similar 

accumulation patterns. It is unclear if this proposed link is apparent in individual 

grape berries rather than pooled samples. It is also unclear if the link is present 

across the various berry tissues. Single grape berries were therefore analysed 

for sugar and potassium content and concentration within the skin, seeds and 

the pulp from pre-véraison until harvest. Sugar and potassium had similar 

accumulation patterns and positive relationships were confirmed between the 

sugar and potassium content within individual berries and compartments. The 

sugar content in the grape berry, however, increased 5-fold during ripening 

whereas the potassium content only doubled, challenging the notion of a direct, 

independent causal link between the two metabolites. Both sugar and 

potassium increased with berry size, suggesting a ternary relationship with 

berry water. The high variability in sugar and potassium contents between 

berries however affirms plasticity in their accumulation within individual berries. 

KEYWORDS 

potassium, soluble sugars, Sauvignon Blanc, grape berries, berry 

compartments  
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3.1 INTRODUCTION 

In the grapevine, sucrose is the main photoassimilate translocated by the 

phloem from the leaves to the sink organs, with assimilate partitioning prioritized 

towards the reproductive sinks, the grape berries (Keller 2010). The allocation 

is, however, dependent on competing sink strengths and the stage of berry 

development (Conde et al. 2007, Keller 2010). At the phloem unloading point, 

the majority of the sucrose is hydrolysed by invertase into glucose and fructose. 

The hexose sugars accumulate mainly in the vacuoles of the pulp cells roughly 

in equal amounts (Conde et al. 2007). Several sucrose and hexose transporters 

have been identified that facilitate the unloading and translocation of these 

soluble sugars within the grape berry (Lecourieux et al. 2014). 

Potassium (K+) is the most abundant macronutrient in the grapevine and grape 

berries and is essential for growth and development (Conde et al. 2007). Unlike 

sugar, K+, which is xylem and phloem mobile, accumulates during early berry 

development with the import rate increasing after véraison (Rogiers et al. 

2006a). The roles of K+ within the grapevine and grape berry include: enzyme 

activation; contribution towards turgor control and cell expansion through 

osmotic potential regulation as the major ion; neutralization of soluble and 

insoluble anions in the cytosol to optimise the cytosolic pH for enzyme 

reactions; and regulating the rate of loading and long distance transport of 

assimilates through the phloem from the sink to the source organs (Marschner 

2012, Mpelasoka et al. 2003). 

It is speculated that there may be a functional link between the transport of 

sugar and K+ into grape berries during ripening due to the positive relationship 

observed between berry K+ and sugar (reviewed by Mpelasoka et al. 2003) and 

in view of their similar accumulation patterns (Rogiers et al. 2006b). The 

supposed link has thus far been attributed to the already established role of K+ 

in the loading, long distance transport and unloading of sugar from the phloem 

in other plant systems (Holbrook and Zwieniecki 2005) and the co-regulation of 

sugar and K+ transporters and channels (Ache et al. 2001, Deeken et al. 2002). 

The relationship between sugar and K+ previously observed in grape berries 

was, however, determined on berries that were usually pooled according to 

common attributes such as the sampling date or the number of seeds (Bertoldi 

et al. 2011, Rogiers et al. 2006a, Walker et al. 2005). Given the heterogeneity of 
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berries within a sampling population and their asynchronous and independent 

ripening (Coombe 1992, Ollat et al. 2002), assessing a pooled berry population 

may mask significant differences in the accumulation patterns between 

individual berries. 

The primary objective of this study was to investigate how the accumulation 

patterns of sugar and K+ relate to each other within individual berries during 

ripening and the main compartments, specifically the skin (exocarp), pulp 

(mesocarp, endocarp) and seeds, which differ in morphology and function 

(Mpelasoka et al. 2003). The sugar and K+ contents and concentrations were 

therefore determined on single Sauvignon Blanc grape berries sampled 

regularly from prior to véraison until harvest from field-grown vines. Sauvignon 

Blanc represents a typical Vitis vinifera variety in this study and is 

representative of other Vinifera varieties in terms of its ripening behaviour and 

berry composition. 

3.2 MATERIALS AND METHODS 

3.2.1 Experimental vineyard and sampling. Twelve Sauvignon Blanc (Vitis 

vinifera L. clone F4V6) own-rooted vines, located in the National Wine and 

Grape Industry Centre replicated variety vineyard, Wagga Wagga, Australia 

(35°3'38.57"S; 147°21'42.89"E; 121 m), were selected for the study. The 

vineyard, consisting of 10 white Vitis vinifera varieties, was planted in 2005 in a 

randomized block design (four replicate blocks per variety, three consecutive 

vines per replicate) with a row and vine spacing of 3.0 m by 1.5 m and a north-

south row direction. Vines were trellised as a double cordon sprawling system 

on a single wire and hand pruned to two buds per spur in winter. Phenological 

stages (Dry and Coombe 2005) were visually determined and noted as the 

mean date for the 12 vines. Soil moisture was continuously monitored by a Yara 

ZIM technology soil moisture sensor (Yara Water Solution, Hennigsdorf, 

Germany) and the irrigation adjusted according to real-time data (Yara Water 

Solution software). The mesoclimate (solar radiation, air temperature, relative 

humidity and rainfall) was monitored at 30 minute intervals during the ripening 

period with a Campbell Scientific automated weather station situated adjacent 

to the vineyard. 

Samples were collected weekly (S1 to S7) from 1 January 2014 (51 days after 

flowering (DAF)) until 12 February 2014 (93 DAF). Sixteen representative 
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bunches (four per variety replicate block) were identified per sampling date 

through randomly generated duplex codes. The first code (1 to 6) identified the 

vine number and vine face (east (1 to 3) or west (4 to 6)) within a replicate 

block. The second code (0 to 100) indicated the bunch position on the vine, with 

0 and 100 representing the far left and far right of the cordon arms respectively, 

and 50 the position directly above the trunk. Three berries were sampled per 

identified bunch (n = 48 per sampling date), ensuring berries were selected 

randomly and were representative of all berry positions on the bunch. Berries 

were transported to the neighbouring laboratory and stored at -20 °C until 

further analyses. 

3.2.2 Berry classification and partitioning. Each individual berry (n = 336) 

was weighed (Sartorius TE214S, Sartorius AG, Goettingen, Germany) and the 

fresh mass (FM) recorded. Berries were then classified according to their 

diameter (Šuklje et al. 2012) which resulted in four categories (C1 to C4) with 

the number of berries per category generally following a normal distribution 

within sampling dates (Supplementary Table 1). Each frozen berry was then 

carefully separated into the skin, pulp and seeds and the tissues placed in 2 mL 

Eppendorf tubes (ensuring the tissues remained frozen) and the number of 

seeds and the mass per berry compartment (from here on referred to as the 

FM) recorded. The relative contributions of the pulp, skin and seeds to the total 

berry FM (Supplementary Table 2) was in agreement with published literature 

(Bertoldi et al. 2011). 

3.2.3 Sample preparation and analyses. Samples were homogenized with a 

Benchmark D1000 handheld homogenizer (Benchmark Scientific, Edison, USA) 

using a 5 mm generator head for the skin and pulp and a 7 mm generator head 

for the seeds. To facilitate homogenization, 0.5 mL deionized water was added 

to the skin and seed samples. 

Total K+ analyses. Homogenized samples (0.05 mL) were pipetted 

(MICROMAN positive displacement pipette, Gilson Inc., Middleton, USA) into 3 

mL borosilicate glass culture tubes, 1 mL 70% (w/w) nitric acid (Univar, USA) 

added, and digested in a fume hood in a water bath at 95 °C until orange fumes 

were no longer visible (≈24 hours). The digested samples were made up to 10 

mL with deionized water and 0.1 mL of 1 mg/mL aqueous caesium chloride 

(BDH Analytical Chemicals, UK) added as an ionization suppressor. The total 
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K+ concentration was determined through flame atomic absorption spectrometry 

with a Varian SpectrAA 50B spectrometer (Agilent Technologies, Santa Clara, 

USA) equipped with a Na/K hollow cathode lamp (S. and J. Juniper and Co., 

Essex, England) and an air-acetylene burner. Instrument parameters were set 

as recommended by the manufacturer (Agilent Technologies, Santa Clara, 

USA) and the total K+ concentration in the skin and pulp determined at 769.9 nm 

and in the seeds at 766.6 nm due to the differing K+ concentrations within the 

compartments. 

Soluble sugar analyses. The homogenized samples were centrifuged for three 

minutes at 16 000 x g (Eppendorf 5415C Microcentrifuge, Eppendorf AG, 

Hamburg, Germany) and 0.1 mL of the supernatant pipetted into a 1.5 mL 

Eppendorf tube. Samples were made up to 1.5 mL with deionized water and 

filtered through 0.22 μm Milex-GP sterile disposable syringe filters (Millipore, 

Bedford, MA, USA). Glucose and fructose were individually analysed with an 

automated spectrophotometer (Konelab Arena 20XT photometric analyser, 

Thermo Fisher Scientific Inc., Vantaa, Finland) with commercial D-Glucose and 

D-Fructose system reagents (Thermo Fisher Scientific Inc., Vantaa, Finland) 

designed and validated for this equipment. Glucose and fructose were generally 

present at ratios ≈1:1 (data not shown), so total sugars (the sum of glucose and 

fructose) were used for data interpretation. Sucrose, present at negligible 

quantities within the grape berry, was not measured. 

The total soluble solids (TSS) of the pulp was determined from the supernatant 

with a digital handheld refractometer (ATAGO PAL-1, ATAGO Co. Ltd, Tokyo, 

Japan). The TSS, measured as °Brix, was used to calculate pulp density (ρ) 

where °Brix = (220 x (ρ – 1)) + 1.6 (Rotter 2016). The ρ-value in turn was used 

to determine the mass of the 0.1 mL pulp sample in order to calculate the 

content of the sugar per fresh mass of pulp. 

3.2.4 Data and statistical analyses. The contents of complete berries were 

calculated as the sum of the separate compartments. Data were analysed with 

the use of statistical (STATISTICA® 12, StatSoft Inc., Dell Software, Round 

Rock, TX, USA) and graphing (SigmaPlot 11, Systat Software Inc., San Jose, 

CA, USA) softwares. One-way analysis of variance (ANOVA) was determined 

by Fisher least square differences and bivariate relationships by Pearson's 

correlation coefficients. Means are presented ± the standard error (SE). 
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3.3 RESULTS AND DISCUSSION 

3.3.1 Climate and phenology. The mean day (6:00 am to 8:00 pm) and night 

(8:30 pm to 5:30 am) mesoclimatic temperatures for the period of ripening (37 

days in total from véraison to harvest) were 29.6 and 25.6 °C, respectively, with 

one discernible (> 1.5 mm) rain event of 13.3 mm occurring 75 DAF (24 January 

2014). The mean day temperature was above 30 °C for 51% of the ripening 

period (Supplementary Figure 1). 

The mean budburst date (E-L 4) was 18 September 2013 and flowering (E-L 

23) occurred on 11 November 2013. The date of véraison (E-L 35) was 

estimated to be 7 January 2014 (57 DAF) which coincided with the second 

sampling date (S2). Berries were determined to be harvest ripe (E-L 38) on 12 

February 2014 (93 DAF), the final date of sampling (S7). 

3.3.2 Fresh mass, sugar and potassium accumulation patterns during the 

ripening period. Berry FM increased steadily during ripening (Figure 1 (a; i)), 

suggesting that vines experienced minimal water constraint during the ripening 

period (Deloire et al. 2004). The slight decrease in the mean berry FM at S7 

(≈4%, significant at p < 0.09, Table 1) was likely due to reduced phloem 

unloading resulting in a reduction of the net hydraulic rate with a continued 

transpiration rate (Coombe and McCarthy 2000, Rogiers et al. 2004, Tilbrook 

and Tyerman 2009) and/or backflow through the xylem (Keller et al. 2006, 

Tilbrook and Tyerman 2009). 

Berry sugar and K+ contents increased steadily from S1 to S6 (Figure 1 (a; ii) 

and (a; iii)) as berry FM increased, consistent with at least an indirect 

relationship in their accumulation during ripening. Sugar accumulation per berry 

abated between S6 and S7 (Figure 1 (a; ii)), corroborating the idea that phloem 

flow decreased towards the end of ripening as alluded to before. Sugar 

concentration continued to increase throughout ripening (Figure 1 (a; ii)) but K+ 

accumulation was temporarily interrupted between S4 and S5 (Figure 1 (a; iii)). 

As expected, sugar and K+ accumulation patterns differed between the berry 

compartments. The skin and pulp had relatively similar sugar concentrations at 

S7, however, sugar contents were 5 times higher in the pulp than in the skin 

(Figure 1 (c; ii) and (d; ii)). Potassium was present in the berry compartments 

prior to the onset of véraison (Figure 1 (b; iii), (c; iii) and (d; iii)) as K+ 
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accumulates in the berry throughout development (Davies et al. 2006, Rogiers 

et al. 2006a). During the pre-véraison period, K+ fulfils a number of roles, for 

example, in cell expansion following cell division (Davies et al. 2006). 

Potassium concentration was highest in the skin (Figure 1 (c; iii)), followed by 

the pulp (Figure 1 (d; iii)) and seeds (Figure 1 (b; iii)), with the largest K+ content 

located in the pulp, followed by the skin and minor quantities in the seeds 

(Figure 1 (b; iii) to (d; iii)). This is in accordance with previous observations 

(Bertoldi et al. 2011, Mpelasoka et al. 2003, Rogiers et al. 2006a, Walker et al. 

2005). 

 The seeds reached a maximum mean FM (Figure 1 (b; i)) at S2 (véraison). The 

relatively steady increase in sugar content within the seeds from S2 to S4 

(Figure 1 (b; ii)) was interrupted by a lag phase but resumed during the late 

ripening period (S6 to S7). This lag phase may be associated with carbohydrate 

diversion from accumulation in seeds to reserve restoration within the woody 

tissues (Rogiers et al. 2006a). Potassium accumulation generally closely 

followed the accumulation pattern of sugar, in content and concentration. The 

K+ concentration however remained stable from S5 to S7 (Figure 1 (c; iii)), 

indicating that K+ was accumulated at a similar rate as the increase in seed FM 

(Figure 1 (c; i)).  

Sugar content steadily increased in the skin as ripening progressed, in 

accordance with previous studies (Possner and Kliewer 1985). A rapid increase 

in K+ concentration also occurred within the skin from S1 to S2 (Figure 1 (c; iii)), 

corresponding to véraison. Potassium may play a role at the initiation of 

véraison in the loosening of the cell walls of the berry skin to permit rapid berry 

enlargement (Taiz 1984). The decrease in K+ content in the skin from S2 to S3 

following véraison (Figure 1 (c; iii)), also observed at this developmental period 

by Iland and Coombe (1988), could potentially be due to the redistribution of K+ 

towards the pulp to aid in the initial rapid cell expansion and sugar influx into the 

grape berry following véraison (Figure 1 (d; i) and (d; ii)). 

The accumulation patterns of sugar and K+ in the pulp, as well as the change in 

FM, closely follow those of the complete berry (Figure 1 (d; i) to (d; iii)) which is 

expected considering this compartment is the largest contributor to the berry 

mass (Supplementary Table 2). 
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Figure 1. Fresh mass (FM) per berry or berry compartment (i) and accumulation 
patterns of soluble sugars (ii; glucose and fructose) and total potassium (iii; K+) across 
the sampling period for the complete berry (a; n = 226), seeds (b; n = 287), skin (c; n = 
285) and pulp (d; n = 286). Values are means ± SE for each sampling date. Sugar and 
K+ concentration (μmol/g of fresh tissue) is indicated with a hollow symbol and broken 
line, while the content (μmol per tissue) is indicated with a solid line and filled symbol. 
Mean values assigned with different letters per sampling date indicate significant 
differences (p < 0.05) between sampling dates, with lower case letters assigned to the 
concentration and capital letters for the content. 

3.3.3 Rates of sugar and potassium accumulation during the ripening 

period. Although the patterns of sugar and K+ accumulation in the grape berry 

were generally similar during ripening (Figure 1), it was evident that there were 
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differences in the accumulation rates of sugar and K+ between sampling dates 

for the total berry population and within the berry size categories (Table 1). 

Total berry population per sampling date: The daily sugar accumulation rate for 

the total population increased from véraison onwards, attaining a maximum rate 

of 52.20 μmol sugar per berry per day between S3 and S4 (Table 1). The daily 

rate thereafter decelerated, slowing down to only 10.85 μmol sugar per berry 

per day towards the end of ripening (S6 to S7) (Table 1) when a disruption in 

the phloem flow is said to occur (Coombe and McCarthy 2000, Rogiers et al. 

2004). As some sugar is still accumulated in the berry at this stage, it indicates 

that phloem flow could not have been completely disrupted towards the end of 

ripening in this study (Table 1). 

The daily berry K+ accumulation rate was high during the period preceding 

véraison (S1 to S2, Table 1), most likely because K+ is the main ion acting as 

an osmoticum during this period (Davies et al. 2006). Simultaneous to the 

decrease in the sugar accumulation rate between S4 and S5, the K+ 

accumulation rate plummeted by 86% to only 0.31 μmol per berry per day 

(Table 1), supporting the hypothesis that sugar and K+ accumulation in the 

grape berry may be linked. The sudden increase in the daily K+ accumulation 

rate between S5 and S6 (Table 1), also observed in both skin and pulp (Figure 

1 (c; iii) and (d; iii)), may be explained by the rain event prior to S5 

(Supplementary Figure 1) considering that the presence of water, especially 

precipitation, favours the transport of mineral elements throughout the 

grapevine (Esteban et al. 1999). The loss of 1.60 μmol K+ per berry per day 

between S6 and S7 (Table 1) corroborates the potential efflux of this metabolite 

via the xylem from the grape berry as mentioned in the previous section. 

Even though K+ and sugar were present in the grape berry at a ratio of 0.64 at 

S1 (Table 1), sugar accumulated at an accelerated rate compared to K+ from 

véraison (S2) onwards. Between S3 and S4, sugar accumulated ≈23 times 

faster than K+ per berry per day (Table 1), and up to 77 times faster even after 

sugar and K+ accumulation slowed down (S4 to S5), clearly indicating that the 

magnitude of increase in sugar content is not closely followed by that of K+ in 

the berry. Freeman and Kliewer (1983) have stated that K+ does not compete 

with sugars to reach berries, which is supported by observations in this study, 
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suggesting that if there is a link, it is heavily skewed in favour of sugar 

accumulation over K+ accumulation. 

Within berry size categories: The daily rate of sugar, K+ and FM accumulation 

during ripening differed between berry diameter categories (Table 1). Similar 

accumulation trends were apparent in C2 and C3 (Table 1), the categories 

generally contributing the largest number of berries to the total berry population 

(Supplementary Table 1). Between S4 and S5, C2 and C3 exhibited a sudden 

interruption in the daily sugar accumulation rate (Table 1) to 3.51 and 13.39 

μmol sugar per berry per day, respectively, which was not apparent in the total 

berry population (Table 1). The slight loss in berry mass and K+ in C2 and C3 

accompanying the decrease in the daily sugar accumulation rate (S4 to S5, 

Table 1) may be attributed to the equilibration of the homeostasis within the 

berry due to the sudden change in the osmotic potential after the sharp decline 

in sugar accumulation. This theory is strengthened by the negative sugar to K+ 

accumulation rate ratio in C2 and C3 (-4.83 and -10.46 respectively) at this time 

(Table 1). 

In general, trends in the daily accumulation rate of berry FM, sugar and K+ for 

the largest berries (C4) were similar to those for C2 and C3, except that K+ 

continued to accumulate between S6 and S7 in C4 (Table 1). An increase in the 

daily K+ accumulation rate between S5 and S6 occurred in all berry diameters 

and coincided with an increase in berry FM in all categories except C1 (Table 

1). This corroborates the possibility that K+ accumulation responded to the rain 

event that occurred before S5 (Supplementary Figure 1). 

The smallest berries (C1) reached the peak daily sugar accumulation rate 

between S3 and S4, similar in timing to berries from C2 and C3 (Table 1). 

Between S3 and S4, the C1 berries increased the least in FM per day (19.46 

mg FM per berry per day) while also accumulating moderate amounts of sugar 

(50.03 μmol of sugar per berry per day). These berries may be smaller because 

fewer cells formed during cell division, resulting in a smaller total vacuolar 

volume per berry for solute accumulation (Fontes et al. 2011) which potentially 

explains the lower content of sugar and K+ in these berries in relation to the 

other diameter categories (Table 1). The smallest berries (C1) may also have 

been phenologically delayed at fruit set and/or véraison in comparison to C2 

and C3. 
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Table 1. The μmol potassium (K+) and sugar per berry per sampling date (S1 to S7) for 
the entire berry population (ALL) and within the diameter categories (C1 to C4) and the 
daily mean rate of berry fresh mass change (FM in mg per day) and rates of sugar and 
potassium (K+) accumulation (µmol per day) between sampling dates. C1 to C4 
indicate the berry sizes from small (C1) to large (C4) berries with berry diameter 
increasing by 1 mm between categories. The ratio between the rate of sugar and K+ 
accumulation per sampling date is also indicated. Content values indicate the mean per 

sampling date ± SE.  

 Sampling 

date 

Berry FM 

(mg) 

mg FM/ 

day 

μmol sugar 
per berry 

µmol 

sugar/day 

μmol K per 
berry 

µmol 

K+/ day 

Ratio 

sugar to 

K+/day 

A
LL

 

S1 705 ± 33 e  45 ± 6 f  29 ± 2 f   

S2 781 ± 29 d 10.69 246 ± 34 e 28.59 45 ± 3 e 2.41 11.84 

S3 918 ± 32 c 19.59 480 ± 42 d  33.53 59 ± 3 d 1.85 18.16 

S4 1036 ± 39 b 16.86 846 ± 44 c 52.20 74 ± 4 c 2.26 23.11 

S5 1118 ± 34 ab 11.72 1016 ± 34 b 24.26 77 ± 3 bc 0.31 77.92 

S6 1158 ± 37 a 5.73 1172 ± 45 a 22.49 93 ± 4 a 2.36 9.53 

S7 1119 ± 32 ab -5.60 1249 ± 42 a 10.85 82 ± 4 ab -1.60 -6.78 

C
1

 

S1 398± 18 d  15 ± 5 f  13.1 ± 0.4 d   

S2 555 ± 21 c 22.41 66 ± 22 e 7.29 25 ± 2 c 1.70 4.29 

S3 580 ± 24 c 3.54 172± 67 d 15.13 29 ± 3 c 0.64 23.55 

S4 716 ± 28 b 19.46 522 ± 25 c 50.03 53 ± 5 b 3.32 15.09 

S5 785 ± 13 b 9.91 787 ± 47 b 37.82 55 ± 6 b 0.37 102.77 

S6 761 ± 28 b -3.49 828 ± 50 b 5.95 63 ± 3 ab 1.14 5.23 

S7 863 ± 11 a 14.55 1072 ± 23 a 34.93 60 ± 6 a -0.42 -82.59 

C
2

 

S1 438 ± 29 d  13.2 ± 0.9 e  14.5 ± 0.9 d   

S2 716 ± 18 c 39.68 175 ± 42 d 23.04 38 ± 4 c 3.41 6.76 

S3 729 ± 31 c 1.82 314 ± 60 c 19.85 43 ± 3 c 0.61 32.38 

S4 998 ± 19 b 38.50 870 ± 50 b 79.51 70 ± 3 b 3.89 20.44 

S5 985 ± 19 b -1.79 895 ± 34 b 3.51 65 ± 2 b -0.72 -4.83 

S6 1042 ± 21 ab 8.03 1094 ± 41 a 28.46 82 ± 3 a 2.50 11.40 

S7 1066 ± 32 a 3.42 1199 ± 55 a 15.01 88 ± 5 a 0.77 19.43 

C
3

 

S1 702 ± 15 f  50 ± 12 e  28 ± 2 d   

S2 891 ± 16 e 27.02 336 ± 52 d 40.89 52 ± 3 c 3.43 11.93 

S3 959 ± 22 d 9.76 557 ± 66 c 31.54 60 ± 3 c 1.15 27.51 

S4 1203 ± 29 bc 34.80 955 ± 71 b 56.94 90 ± 4 ab 4.22 13.48 

S5 1171 ± 25 c -4.61 1049 ± 49 b 13.39 81 ± 4 b -1.28 -10.46 

S6 1292 ± 29 a 17.31 1220 ± 68 a 24.38 99 ± 6 a 2.58 9.45 

S7 1269 ± 25 ab  -3.29 1287 ± 69 a 9.64 87 ± 5 b -1.71 -5.62 

C
4

 

S1 935 ± 33 c  66 ± 9 e  40 ± 2 e   

S2 1176 ± 38 b 34.43 614 ± 87 d 78.32 68 ± 4 d 3.90 20.06 

S3 1170 ± 30 b -0.90 647 ± 68 d 4.69 76 ± 3 d 1.19 3.94 

S4 1584 ± 70 a 59.20 1215 ± 169 c  81.11 103 ± 12 c 3.89 20.85 

S5 1494 ± 41 a -12.89 1341 ± 65 c 18.07 104 ± 5 c 0.15 122.76 

S6 1530 ± 57 a 5.10 1645 ± 81 b 43.35 120 ± 3 b 2.30 18.81 

S7 1541 ± 32 a 1.60 1850 ± 26 a 29.33 146 ± 3 a 3.64 8.05 

Values with different letters between categories within sampling dates are significantly different (p < 0.05) 
as determined by Fisher Least Square Difference analysis of variance. 
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3.3.4 Relationship between sugar and potassium within individual berries. 

Around one-third (35%) of the berry K+ content at S7 was present at the onset 

of véraison (S2) while sugar was primarily accumulated from véraison (S2) 

onwards (Table 1). The content of both metabolites increased during the 

ripening period (S3 to S7) and a significant positive (r = 0.87), although not 

linear (quadratic), relationship was apparent between the accumulated sugar 

and K+ in individual berries (Figure 2). The discernible spread of the data points 

(Figure 2) demonstrates the autonomous nature of the increase of these 

metabolites in individual grape berries (Coombe 1992, Ollat et al. 2002). 

Significantly (p < 0.05) positive correlations were also apparent between sugar 

and K+ contents in the skin, pulp and seeds (r = 0.88, 0.84 and 0.78 

respectively, correlations per sampling date discussed in a later section and 

noted in Table 2), again displaying a reasonable spread of the data points from 

the fitted linear curve (not shown). It is therefore evident that, similar to the 

whole grape berry (Figure 2), the accumulation of sugar and K+ within the 

individual berry compartments is not tightly coupled. 
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Figure 2. Relationship between sugar and potassium (K+) contents in individual berries 
in μmol per berry (sum of the individual berry compartments) sampled from the third 
(S3) to the final (S7) sampling date (post-véraison period), with the fit shown for the 
complete population in green (; ―; n = 165; r = 0.87). Also indicated is the pooled 
values per sampling date in red (; ---; n = 5; r = 0.95). Pre-véraison sampling dates 
(S1 and S2) are indicated (; n = 2) but not included in the fit. Correlation coefficients 
were calculated through Pearson bivariate correlation analyses.  
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The strong relationship (r = 0.98) between the aggregated sugar and K+ data 

per sampling date (Figure 2), implies that the pooling of berry samples 

potentially masks biochemical and phenological differences between individual 

grape berries. 

3.3.5 Sugar and potassium accumulation in relation to berry diameter. The 

strong positive relationship between the sugar and K+ content of individual 

berries during the post-véraison period (Figure 2) was also evident within 

sampling dates, with highly significant relationships (p < 0.001) seen from S2 to 

S7 (Table 2). The positive relationships (p < 0.001) were also present in the 

separate berry compartments from S2 onwards, except in the skin where such a 

significant (p < 0.001) relationship only became apparent from S4 (Table 2). 

The negative correlation in the skin at S2 again confirms the possible 

redistribution of K+ towards the pulp. 

When the relationships of sugar and K+ contents were reviewed per berry 

diameter category within sampling dates (Table 2), notable relationships were 

only evident in some diameter categories and within certain berry 

compartments. The pulp was the main exception, specifically at S2 and S3, 

where the relationship was significantly positive (p < 0.05) for all categories 

(Table 2). The poor and sometimes negative correlations prior to véraison (S1, 

Table 2) can be attributed to the presence of K+ within the grape berry and berry 

compartments prior to the onset of active sugar accumulation and berry 

enlargement from véraison onwards. 

Berry enlargement is a result of water influx due to the strong increase in the 

osmotic potential gradient as sugar accumulates in the vacuoles of mainly the 

pulp cells (Keller et al. 2015). Strong positive relationships were observed for 

the sugar and K+ content per berry as the berry fresh mass increased (r = 0.82 

and 0.89 respectively, Supplementary Figure 2A and 2B) but the tighter fit 

between berry FM and K+ (Supplementary Figure 2B) suggests that changes in 

K+ content may be closer related to changes in berry FM than to changes in 

berry sugar content. This observation, together with a concomitant increase in 

the content of sugar and K+ per berry as the berry size increased (Table 1 and 

2), point towards a possible ternary relationship between sugar, K+ and water 

accumulation in grape berries during ripening. 
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Table 2. Relationships between sugar and potassium contents (μmoles) in the seeds, 
skin, pulp and whole berry (sum of the compartments) per berry diameter categories 
and within sampling dates. 

  
SEEDS SKIN PULP BERRY 

Sample 

date1 

Size 

category 

Per   

date 

Per 

category 

Per 

date 

Per 

category 

Per 

date 

Per 

category 

Per 

date 

Per 

category 

S1 C1 0.49** — 2 0.21 — 0.70*** — 0.63*** — 

 
C2 

 
0.14 

 
0.53 

 
0.67* 

 
0.55 

 
C3 

 
0.25 

 
-0.07 

 
-0.41 

 
-0.12 

 
C4 

 
0.46 

 
-0.09 

 
-0.03 

 
0.09 

S2 C1 0.67*** 0.11 -0.19 -0.77** 0.91*** 0.75* 0.88*** 0.82* 

 
C2 

 
0.35 

 
-0.70** 

 
0.76*** 

 
0.57 

 
C3 

 
0.43 

 
-0.39 

 
0.83*** 

 
0.73** 

 
C4 

 
0.65 

 
-0.12 

 
0.97** 

 
0.98** 

S3 C1 0.75*** 0.74 0.32* -0.41 0.82*** 1.00** 0.79*** — 

 
C2 

 
0.36 

 
-0.39 

 
0.78** 

 
0.70* 

 
C3 

 
0.58* 

 
-0.04 

 
0.77*** 

 
0.68** 

 
C4 

 
0.54 

 
0.11 

 
0.80** 

 
0.79** 

S4 C1 0.86*** 0.93*** 0.74*** 0.86** 0.79*** 0.81** 0.78*** 0.65 

 
C2 

 
0.81*** 

 
0.43 

 
0.58* 

 
0.45 

 
C3 

 
0.94*** 

 
0.72** 

 
0.58 

 
0.67 

 
C4 

 
0.99 

 
-0.53 

 
0.96 

 
0.89 

S5 C1 0.76*** 0.99 0.88*** 0.21 0.81*** 0.97** 0.85*** 0.99 

 
C2 

 
0.73*** 

 
0.76*** 

 
0.07 

 
0.38 

 
C3 

 
0.62* 

 
0.91*** 

 
0.83** 

 
0.86** 

 
C4 

 
0.15 

 
0.59 

 
0.39 

 
0.09 

S6 C1 0.80*** 0.34 0.77*** 0.25 0.91*** 0.96*** 0.92*** 0.87 

 
C2 

 
0.73** 

 
0.50 

 
0.50 

 
0.72* 

 
C3 

 
0.79*** 

 
0.67** 

 
0.94*** 

 
0.93*** 

 
C4 

 
0.67 

 
0.71 

 
0.65 

 
0.76 

S7 C1 0.85*** 0.73* 0.78*** 0.73* 0.90*** 0.50 0.90*** 0.54 

 
C2 

 
0.88*** 

 
0.67** 

 
0.85*** 

 
0.87*** 

 
C3 

 
0.78** 

 
0.71* 

 
0.88*** 

 
0.79* 

 
C4 

 
— 

 
— 

 
—  — 

Values followed by *, ** and *** indicate significance at p < 0.05, p < 0.01 and p < 0.001, respectively, as 

determined by Pearson’s correlation coefficient analysis. 
1 Sampling dates were weekly from 1 January 2014 until 12 February 2014. 

2 Missing values represent categories with less than three values within the category. 

3.4 CONCLUSIONS 

This investigation on the temporal and spatial accumulation patterns of sugar 

and K+ within individual grape berries revealed similarities in the accumulation 

of these two components within the berry and its compartments during ripening. 

However, the high variability in sugar and K+ content between single berries 

highlights plasticity in the accumulation of these metabolites. Although sugar 
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and K+ had comparable accumulation patterns, sugar accumulated at a 

continuously accelerated rate compared to K+ for the first four weeks of 

ripening. From véraison to harvest, sugar content in the grape berry increased 

5-fold during ripening (from 246 µmol at véraison to 1240 µmol at harvest) 

whereas the potassium content only doubled (from 45 µmol at véraison to 82 

µmol at harvest). This clearly indicates that sugar accumulation in the grape 

berry cannot solely be associated with K+ accumulation. The increase in sugar 

and K+ contents as the berry size increased may suggest a ternary relationship 

of sugar and K+ with the water content of the berry during ripening. 
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(Vitis vinifera L.). 
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ABSTRACT 

To assess the robustness of the apparent sugar-potassium relationship during 

ripening of grape berries, a controlled-environment study was conducted on Shiraz 

vines involving ambient and reduced (by 34%) atmospheric CO2 concentrations, 

and standard and increased (by 67%) soil potassium applications from prior to the 

onset of ripening. The leaf net photoassimilation rate was decreased by 35% in the 

reduced CO2 treatment. The reduction in CO2 delayed the onset of ripening, but at 

harvest the sugar content of the berry pericarp was similar to that of plants grown 

in ambient conditions. The potassium content of the berry pericarp in the reduced 

CO2 treatment was however higher than for the ambient CO2. Berry potassium, 

sugar and water content were strongly correlated, regardless of treatments, 

alluding to a ternary link during ripening. Root starch content was lower under 

reduced CO2 conditions, and therefore likely acted as a source of carbohydrates 

during berry ripening. Root carbohydrate reserve replenishment could also have 

been moderated under reduced CO2 at the expense of berry ripening. Given that 

root potassium concentration was also less in the vines grown in the low CO2 
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atmosphere, these results point toward whole-plant fine-tuning of carbohydrate and 

potassium partitioning aimed at optimising fruit ripening.  

KEYWORDS 

potassium; CO2; photoassimilation; carbohydrates; sugar; grapevine; grape berry 

ABBREVIATIONS 

K+, potassium; PP, phloem parenchyma; SE, sieve element; SWEET, sugars will 

eventually be exported transporter; SUT, sucrose transporter; SUC, sucrose 

carrier; ATK, Arabidopsis thaliana potassium transporter; IRGA, infrared gas 

analyser; DAF, days after flowering; A, ambient atmospheric CO2 treatment; L, low 

atmospheric CO2 treatment; S, standard K+ treatment; I, increased K+ treatment; 

PPFD, photosynthetic photon flux density; An, leaf net photoassimilation rate; gs, 

stomatal conductance; Ci, intercellular CO2 concentration; E, transpiration rate; FM, 

fresh mass; DM, dry mass; %DW, concentration per dry weight; Chl a, chlorophyll 

a; Chl b, chlorophyll b; ChlT, total chlorophyll; LMA, leaf dry mass per unit of leaf 

area; Ψs, solute osmotic potential  
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4.1 INTRODUCTION 

Sugar and potassium (K+) have been observed to accumulate in concert during the 

ripening of grape berries (Mpelasoka et al. 2003). It has been proposed that there 

may be a causal relationship between the accumulation of these two solutes 

(Deeken et al. 2002, Rogiers et al. 2006), however, the exact mechanism of the 

proposed relationship is unclear.  

It has been established in other plant species that sugar and K+ transporters and 

channels are co-regulated in the phloem loading and unloading of photoassimilates 

(Ache et al. 2001, Deeken et al. 2002, Martins et al. 2012). Photoassimilates, 

mainly in the form of sucrose in grapevines, are loaded by transporters of the 

SWEET family from the phloem parenchyma (PP) cells into the apoplast space 

between the PP and the sieve element (SE). Sucrose is then loaded into the SE by 

a proton/sucrose co-transporter of the SUT1/SUC2 type. The energy required for 

co-transport is provided through a proton gradient established by an H+/ATPase 

pump and a trans-membrane proton gradient mediated by a K+ channel of the 

ATK2/3 type (Lemoine et al. 2013).  

Long distance transport towards vine sinks, such as developing fruit, growing 

points or storage organs, occurs due to mass flow brought about by the difference 

in hydrostatic pressure between the sink and source organs (Lemoine et al. 2013), 

with K+ playing an important role in the transport of the solutes through the sieve 

tubes (Holbrook and Zwieniecki 2005, Marschner 1995). From the onset of 

ripening, termed véraison, sucrose is actively unloaded from the phloem into the 

grape berry, with some K+ transporters and channels involved in this process 

already identified (Ache et al. 2001, Martins et al. 2012). The unloading of soluble 

sugars from the phloem in the berry changes from a symplastic to an apoplastic 

pathway at, or just before, véraison (Zhang et al. 2006). The pathway change is 

necessary to maintain a turgor pressure gradient between the pedicel phloem and 

the berry parenchyma cells surrounding the SE/companion cell complex. By 

ensuring the continuous unloading of solutes and thus maintaining a pressure 

difference between the source and sink organs, long distance phloem transport is 

conserved (Zhang et al. 2006). Davies et al. (2006) and Martins et al. (2012) 
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suggested that the accumulation of both sugar and K+ in the grape berry from 

véraison onwards may also drive berry expansion as they contribute, together with 

the organic acids, to the osmotic gradient that drives water uptake in the berries.  

The main abiotic factors influencing the leaf net photoassimilation rate (An) at the 

source are temperature extremes, light intensity and quality, atmospheric CO2 

concentration, plant water status and also plant nutrition (Lawlor 2001). Limited 

CO2 concentrations will decrease An as ribulose-1,5-bisphosphate carboxylase/ 

oxygenase (Rubisco), the primary carboxylation enzyme, cannot be saturated by 

CO2 (Lawlor 2001), thus limiting the rate of photosynthesis and the flux of 

photoassimilates available for loading in the phloem. Employing lowered 

atmospheric CO2 as a method to reduce An with potential effects on the berry 

sugar content, overcomes the secondary effects of other methods such as leaf 

removal (changing the sink-source ratio, Petrie et al. (2000)) or altering light 

intensity (inherently also altering berry composition, Smart et al. (1985)). 

Potassium is a highly mobile essential element in all plants, especially in grapevine 

(Martins et al. 2012). Potassium uptake by the grapevine can increase under 

certain climatic conditions and irrigation regimes when it is readily available in the 

soil, which in turn can result in an increased K+ concentration in the fruit (Kodur 

2011). The grape berry is a strong sink for K+ as this element is required for a 

number of physiological processes during the ripening process (Martins et al. 

2012). By increasing soil K+ fertilisation, berry K+ content could thus potentially be 

increased without affecting the physiological functioning of the grapevine as a K+ 

deficiency would likely have induced.  

The primary objective of this study was to determine if the proposed link between 

sugar and K+ accumulation within the grape berry is upheld under altered 

carbohydrate and K+ supply. Capacity of leaves in the various treatments to 

assimilate and supply carbohydrate was monitored by measurements of 

photoassimilation rate every fortnight for the duration of the experiment. Capacity 

of the main organs of the vine to accumulate carbohydrates and K+ was monitored 

by destructive sampling and analysis of the vine when the fruit was harvest ripe. 

The impact of the treatments on the redistribution patterns of carbohydrate and K+ 

within the vines was also assessed.  
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4.2 MATERIAL AND METHODS 

4.2.1 Plant material and growth conditions 

The experiment was conducted during the 2014/2015 season on four-year-old 

own-rooted potted Shiraz (Vitis vinifera L., clone SA1654) vines, hand-pruned to 

two two-bud spurs per vine. In winter, the vines were transplanted to 20 L pots 

containing a 1:1 mixture of washed river sand and screened loam with a cation 

exchange capacity of 3 cmol kg-1 (0.07 cmol kg-1 of exchangeable K+). The main 

phenological stages of the vines were visually identified according to the modified 

E-L system of Dry and Coombe (2005). 

Vines were initially grown, up to 46 DAF (days after flowering) (E-L 33), within an 

outdoor bird-proof enclosure at the National Wine and Grape Industry Centre in 

Wagga Wagga, Australia (35°3'38.57"S; 147°21'42.89"E; 121 m). They were 

irrigated twice daily for 3 min at 30 Lph (3 L per vine per day) with adjustable 

micro-sprinklers (Schrubbler 360° drippers, Antelco, Murray Bridge, SA, Australia). 

Vines were soil-fertilised by hand every third day with a modified Hoagland’s 

solution (Supplementary Table 1, solution 2 within Baby et al. 2014) of which the 

concentration and volume was adjusted according to the size of the vines as they 

developed. They were then moved to four environmentally-controlled chambers 

(TPG-6000-TH, Thermoline Scientific, Smithfield, Australia), maintained at a day 

and night time temperature of 30 and 20 °C, respectively, for the duration of the 

experiment. The chambers, fitted with similar combinations of metal halide, high-

pressure sodium and incandescent light bulbs, were set to a 14 hour photoperiod. 

The irrigation schedule remained unchanged, but the volume was reduced to 2L 

per vine per day. Irrigation volumes in the bird-proof enclosures and chambers 

were managed to compensate for the environmental conditions (high 

temperatures, heat waves and high windspeeds within the chambers), ensuring 

vines were well watered without drainage from the bottom of the pot and probable 

loss of added nutrients.  

4.2.2 Experimental layout and treatments 

Forty-eight vines, bearing at least one archetype bunch, were stratified according 

to the K+ concentration (%DW) of the pruned winter canes into six experimental 



Chapter IV:  Experiment 2 

66 

 

blocks of eight vines each. The blocks were laid out in a randomised block design 

within the bird-proof enclosure and bordered by buffer rows. Two vines per 

experimental block were assigned to a chamber, one per K+ treatment, and 

allocated a random position within the chamber. Atmospheric CO2 treatments were 

duplicated across two chambers, and each chamber contained six vines per K+ 

treatment, resulting in 12 vines total per treatment combination. 

Six days (40 DAF) prior to moving the vines to the environmentally-controlled 

chambers, vines were suckered to one fruit bearing primary shoot and topped at 21 

leaves per shoot. Lateral shoots were removed as soon as they appeared during 

the experiment. Treatments were introduced 56 DAF at E-L 34. In order to reduce 

the sugar accumulation in the grape berries, the net CO2 assimilation rate was 

decreased by removing 34% CO2 from the atmosphere in two of the chambers (low 

CO2 (L) treatment). This was achieved by drawing the air through custom-built CO2 

scrubbers containing sodalime (Sofnolime USP grade, Molecular Products Ltd, 

Essex, UK). The remaining two chambers were kept at ambient CO2 

concentrations (ambient CO2 (A) treatment). Half the vines per CO2 treatment were 

treated with the original adjusted Hoagland’s solution in which the K+ concentration 

was 7.2 mM (standard K+ (S) treatment). The other half were fertilised with the 

standard Hoagland solution in which the K+ concentration was increased by 67% to 

12.0 mM (increased K+ (I) treatment) (Supplementary Table 1). Four treatment 

combinations were introduced: low CO2 and standard K+ (LS), low CO2 and 

increased K+ (LI), ambient CO2 and standard K+ (AS), and ambient CO2 and 

increased K+ (AI). 

4.2.3 Environmental monitoring 

The atmospheric CO2 concentration was measured continuously with the use of an 

LCA-4 portable infrared gas analyser (IRGA) instrument (ADC Bioscientific Ltd., 

Hoddesdon, Hertfordshire, UK) and at single time-points with an LCA-2 portable 

infrared carbon dioxide analyser (ADC Bioscientific Ltd., Hoddesdon, Hertfordshire, 

UK). The temperature and atmospheric moisture were continuously logged with 

TinyTag Plus 2 TGP-4500 dual channel dataloggers (Gemini dataloggers, West 

Sussex, UK) placed at mid canopy height. Photosynthetic photon flux density 
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(PPFD) was continuously monitored at four positions per chamber with SQ-110 

quantum sensors (Apogee Instruments Inc, Logan, Utah, USA) connected to 

CR1000 data loggers (Campbell Scientific Inc, Logan, Utah, USA). Soil moisture 

was measured with an ML2x ThetaProbe soil moisture sensor connected to a HH2 

moisture meter (Delta-T devices Ltd, Cambridge, UK). Chamber conditions for the 

duration of the experiment are noted in Supplementary Table 2. 

4.2.4 Leaf colour and gas exchange 

Three leaves per vine (basal (first leaf above the bunch), median and apical 

positions) were tagged and assessed for SPAD and gas exchange measurements 

on 52, 66, 73, 87 and 101 DAF. The potential total leaf chlorophyll concentration 

was determined on each tagged leaf by colorimetry with a SPAD 502 chlorophyll 

meter (Konika Minolta, Tokyo, Japan). The net CO2 assimilation rate (An), stomatal 

conductance (gs), intercellular CO2 concentration (Ci) and transpiration rate (E) per 

leaf were measured with a LI-6400 portable photosynthesis system (Li-Cor, 

Lincoln, Nebraska, USA) set to a saturated light intensity of 1200 μmol.m-2.s-1, a 

constant leaf temperature of 28 °C and a reference CO2 concentration of 225 and 

350 μmol CO2.mol-1 for the L- and A-treatments respectively. Light response and 

An/Ci curve measurements were performed 102 DAF on two leaves (basal and 

apical) of two vines per treatment. Light response was determined at PPFDs of 0, 

50, 100, 200, 500, 700, 1000, 1200, 1600, and 2000 μmol m-2 s-1 and the An/Ci 

response at CO2 concentrations of 5, 100, 150, 215, 350, 500, 650, 800, 1200, 

1600 and 2000 μmol CO2 mol-1. 

4.2.5 Vine partitioning and sample preparation 

When berries were determined to be harvest ripe in the A-treatment according to 

the berry sugar concentration in line with commercial standards (E-L 38, 106 DAF), 

each vine was partitioned into the individual organs (roots, subterranean trunk, 

trunk, spur, shoot, laminae, petioles, rachis and berries) and the fresh mass (FM) 

per organ noted. 

The berries from each bunch were flash frozen and stored at -80 °C. Prior to 

analyses, the seeds were removed under liquid nitrogen (N), the pericarp tissue 

ground with an analytical mill (A11 basic, IKA Works, Staufen im Breisgau, 
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Germany) and the frozen powder used for all further analyses. Leaf area was 

determined on individual leaves. The laminae were subsequently individually flash 

frozen and stored at -80 °C. Three vines per treatment combination (n = 12 vines) 

were randomly selected and the individual lamina (n = 21 leaves per vine) ground 

under liquid N with a mortar and pestle and the chlorophyll and K+ concentration 

determined per leaf. The laminae of the remainder of the vines (n = 36 vines) were 

pooled per plant and ground with the analytical mill and the chlorophyll, K+ and 

soluble sugar, from here on referred to as sugar, concentration determined per 

vine. 

The remainder of the vine organs were oven-dried to constant weight at 60 °C in a 

dehydrating oven (TD-78T-2-D, Thermoline Scientific, Smithfield, Australia) and 

ground with an ultracentrifugal mill through a 0.12 mm sieve (Retsch ZM200, Haan, 

Germany). 

4.2.6 Vine organ and tissue chemical analyses 

4.2.6.1 Carbohydrate analyses: Berry sugars (glucose and fructose) and organic 

acids (tartaric and malic acid) were extracted and determined simultaneously as in 

Eyéghé-Bickong et al. (2012) with a Waters 600 HPLC system equipped with a 

Waters 2996 photodiode array detector coupled to a Waters 2414 refractive index 

detector (Waters Corporation, Millford, MA, USA). The columns were two 300 x 7.8 

mm Aminex ion exchange columns (HPX-87H, BioRad Life Sciences, Hercules, 

CA, USA) connected in series, protected by a 30 x 4.6 mm Micro-Guard Cation H 

cartridge (BioRad Life Sciences, Hercules, CA, USA) thermostated at 55 °C. 

Soluble sugars were extracted from the laminae tissue (Eyéghé-Bickong et al. 

2012) and sucrose, fructose and glucose concentrations determined with 

commercial enzymatic kits (K-SUFRG, Megazyme International, Bray, Ireland). 

The starch and soluble sugars of the remainder of the vine organs were extracted 

and determined as described in Smith and Holzapfel (2009) with commercial 

enzymatic kits (K-TSTA and K-SUFRG, Megazyme International, Bray, Ireland). 

4.2.6.2 Potassium extraction from the roots, subterranean trunk, trunk, spur, shoot, 

rachis, petioles and laminae and analyses: Cations were extracted by digesting 1 g 

of ground tissue in 5 mL of 70% (w/w) nitric acid (Univar, USA) at 80 °C until 
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orange fumes were no longer visible. After diluting the samples 10 times, the 

concentration of K+ and other cations was determined through inductively coupled 

plasma optimal emission spectroscopy (Varian 710, Agilent Technologies Inc. Palo 

Alto, CA, USA) as described in Kontoudakis et al. (2017).  

Potassium extraction from single lamina and analyses: Potassium was extracted 

by first weighing 0.1 g of ground lamina tissue into a 3 mL borosilicate glass culture 

tube. The powder was digested after addition of 1 mL 70% (w/w) nitric acid (Univar, 

USA) within a water bath at 95 °C until orange fumes were no longer visible (≈ 48 

hours). To ensure that digestion was complete, three drops of 30% (w/v) hydrogen 

peroxide (FLUKA, Sigma-Aldrich, US) were added at the end of the 48 hour period. 

The digested samples were made up to 10 mL with deionized water and diluted a 

further twenty times. The lamina K+ concentration was determined at 766 nm with a 

spectrometer (Varian SpectrAA 50B, Agilent Technologies, Santa Clara, USA) 

equipped with an air-acetylene burner and fitted with a Na/K hollow cathode lamp 

(S. and J. Juniper and Co., Essex, England). Aqueous caesium chloride (BDH 

Analytical Chemicals, UK) was added to the samples as an ionization suppressor 

(0.1 mL at 1 mg/mL). Instrument parameters were set according to the 

recommended settings of the manufacturer (Agilent Technologies, Santa Clara, 

USA). 

4.2.6.3 Chlorophyll analyses: Chlorophyll pigments were extracted from 0.1 g 

ground lamina tissue with N,N-dimethylformamide (Unichrome, Thermo Fisher 

Scientific, USA) as described in Moran and Porath (1980). The chlorophyll a (Chl 

a) and b (Chl b) concentrations were determined under green light at 664.5 and 

647 nm, respectively, with a spectrophotometer (Spectronic Helios, Thermo Fisher 

Scientific, Waltham, Massachusetts, USA) and the concentration calculated as 

described in Moran (1982). 

4.2.6.4 Osmolality: 0.5 g of ground pericarp tissue was thawed at 4 °C and 

centrifuged for three minutes at 6000 x g (Eppendorf 5415C Microcentrifuge, 

Eppendorf AG, Hamburg, Germany). The osmolality of the supernatant was 

determined through freezing point depression osmometry (Model 3320 micro-

osmometer, Advanced Instruments, Norwood, Massachusetts, USA). Osmolality 
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was converted to osmotic potential (Ψs in MPa) as described by Money (1989). 

Solute concentrations were converted to the approximate solute Ψs as noted in 

George et al. (2007) by the van’t Hoff equation, with a value of unity (i = 1) 

assigned to the organic solutes (hexose sugars and organic acids) for simplicity. 

4.2.7 Statistical analyses 

Statistical analyses were performed with Statistica 13 statistical (StatSoft Inc., Dell 

Software, Round Rock, TX, USA) and Sigmaplot 11 graphing (Systat Software Inc., 

San Jose, CA, USA) softwares. Significant differences between treatments were 

determined by factorial analysis of variance (ANOVA). Bivariate and three-way 

relationships (r-values) were determined though Pearson's correlation coefficient 

analyses. All mean values are presented ± the standard error of the mean (SE) 

unless stated otherwise. 

4.3 RESULTS 

4.3.1 Berry development 

Budburst (E-L 4) occurred on 2 November and flowering (E-L 23) on 30 November. 

Low CO2 delayed the onset of véraison (E-L 35) from 63 DAF in the A-treated 

vines to 66 and 68 DAF for the LS and LI vines, respectively. Berries of the A-

treated vines were determined to be harvest ripe (E-L 38) at 101 DAF, the date of 

harvest for both treatments. The mean ripening period for each CO2 treatment was 

therefore 34 and 38 days in the A- and L-treatments respectively. The number of 

berries per bunch and the bunch mass did not differ between the treatments, with 

55 ± 3 berries per bunch and a mean bunch mass (without the rachis) of 86 ± 4 g 

for the total population (n = 48) of vines (data not shown). 

4.3.2 Leaf gas exchange 

Prior to the commencement of the treatments, mean An did not differ between the 

intended treatment groups (Figure 1A). The reduction of atmospheric CO2 in the L-

treatment significantly decreased An by ≈ 35% at 101 DAF (Figure 1A). The Ci 

reflected the reduction in the atmospheric CO2 with a mean Ci of 173 and 252 µmol 

CO2 mol air-1 for the L- and A-treatments, respectively, across the ripening period 

(Figure 1B). This accounts for 25 and 28% less CO2 within the intercellular spaces 
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in the L- and A-treatments, respectively (Figure 1B), relative to the atmospheric 

CO2 of the chambers (230 and 347 µmol CO2 mol air-1 in the L- and A-treatments, 

respectively).  

 

Figure 1:  Leaf net CO2 assimilation rate (An, A), intercellular CO2 concentration (Ci, B), 
stomatal conductance (gs, C), transpiration rate (E, D) and instantaneous leaf transpiration 
efficiency (An/E, E) per atmospheric (low (L) and ambient (A) CO2) and potassium 
(standard (S) and increased (I)) treatment combinations. Vines were moved into the 
controlled environment chambers at 46 DAF and treatments applied from 56 DAF. Values 
are the means ± SE of the vines per treatment (n=12 vines). 
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Within each CO2 treatment, Ci and An did not differ between the K+ treatments 

(Figure 1A and 1B), except at 87 DAF where leaves of the LI vines had a minor 

decrease in An (≈ 10%) relative to the LS vines (Figure 1A). The An was lower for 

basal leaves and higher for apical leaves at harvest (data not shown), consistent 

with previous observations (Poni et al. 1994). 

From pre-treatment (52 DAF) up to 73 DAF, gs increased by 0.10 and 0.08 mmol 

H2O.m⁻² s⁻¹ in the L- and A-treatments respectively (Figure 1C). The gs in the A-

treatments thereafter decreased by ≈ 30% until harvest (101 DAF) and ≈ 14% in 

the L-treatments (Figure 1C). The K+ treatments did not influence gs in the ambient 

atmosphere, however in the L-treatment, standard K+ resulted in a sustained 

higher gs relative to those vines that received the increased K+ (Figure 1C). The E 

followed a similar trend to that of gs but with a decrease of ≈ 15% between 73 and 

101 DAF in the A-treatments (Figure 1D). Analogous to gs, the K+ treatments did 

not induce differences in E within the A-treatments (Figure 1D) and E was higher in 

the standard K+ relative to the increased K+ treatment (Figure 1D). At harvest, the 

instantaneous leaf transpiration efficiency, calculated as An/E, was 45% higher in 

the vines of the A-treatment (1.67 ± 0.04) irrespective of the K+ fertilization regime 

(Figure 1E). 

The SPAD units increased continuously until harvest in all treatments by ≈26 and 

13% in the L- and the A-treatments, respectively, with the vines in the L-treatment 

exhibiting a markedly higher SPAD reading (≈ 12%) than the A-treatment. The K+ 

treatments however did not induce any differences in leaf greenness within CO2 

treatments (data not shown).  

As Ci increased, An did not differ between treatments at a given atmospheric CO2 

concentration (Figure 2A). As PPFD increased (Figure 2B) a clear separation in the 

photosynthetic response of the vines of the L- and A-treatments was observed 

above a light intensity of 50 μmol m−2 s−1. Increased K+ did not impact An in the A-

treatment. However, within the L-treatment, above a light intensity of 200 μmol m−2 

s−1, there was a consistent reduction in the mean An (≈ 13%), for vines exposed to 

higher K+ (Figure 2B).  
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Figure 2: Response of the leaf net CO2 assimilation rate (An) to a) the intercellular CO2 
concentration (Ci) and b) the PPFD per atmospheric (low (L) and ambient (A) CO2) and K+ 
(standard (S) and increased (I)) treatment combinations. Values are the mean ± SE. 

4.3.3 Laminae attributes at harvest 

The majority of the leaves were fully expanded at the start of the treatments (data 

not shown) and the total laminae area per vine at harvest did not differ between 

treatments (Table 1). The decrease in atmospheric CO2 resulted in a lower total 

laminae DM as well as a lower laminae DM per unit of leaf area (LMA). Neither the 

total FM nor the total area of the laminae per vine differed between the treatments, 

confirming an increase in the mean laminae water content in the L-treatments in 

response to the decrease in the DM (Table 1). 

When An was re-calculated on a DM basis, CO2 treatment differences were 

reduced to 20%. (Table 1). The most obvious treatment effect on the leaves was 

leaf greenness, with approximately 10% more SPAD units in the L-treatment at 

harvest relative to the A-treatment (Table 1). Total chlorophyll (ChlT) content of the 

pooled laminae per vine followed a similar trend, with the L-treatment vines 

containing ≈ 30% more ChlT (Table 1), but the treatments did not affect the Chl a to 

Chl b ratio within the laminae (data not shown). A strong curvilinear relationship (r 

= 0.89) was exhibited between the leaf ChlT concentration (µg/mL FM) and the 

SPAD readings per lamina at harvest (Supplementary Figure 1), irrespective of 

treatment, similar to that found in previous studies (Uddling et al. 2007). 
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Table 1: Treatment effect on lamina attributes per vine at harvest. Values are the means ± 
SE per vine within each treatment (n = 12 vines).   

 

Low CO2, 

standard K+ 

Low CO2, 

increased K+ 

Ambient CO2, 

standard K+ 

Ambient CO2, 

increased K+ 
Interaction1 

Total area (cm3) 2208 ± 77 2153 ± 86 2169 ± 48 2119 ± 42 n.s. 

Total FM (g) 51 ± 2 49 ± 2 52 ± 2 51 ± 1 n.s. 

Total DM (g) 18.5 ± 0.5 18.1 ± 0.9 20.1 ± 0.6 20.2 ± 0.4 CO2** 

Water content (%) 63.4 ± 0.6 62.8 ± 0.8 61.2 ± 0.5 60.4 ± 0.4 CO2*** 

DM/unit area (LMA, g m-2) 81 ± 12 80 ± 2 91 ± 2 94 ± 2 CO2*** 

An/unit DM (μmol g-1 s-1) 5.7 ± 0.4 5.7 ± 0.2 7.0 ± 0.6 7.0 ± 0.5 CO2*** 

Mean SPAD units 49 ± 2 48.6 ± 0.9 43.7 ± 0.8 44 ± 1 CO2*** 

Total chlorophyll content (mg) 131 ± 12 127 ± 12 90 ± 4 93 ± 7 CO2*** 

Total sugar content (mg) 495 ± 24 511 ± 32 530 ± 25 551 ± 13 n.s. 

Total K+ content (mg) 124 ± 10 127 ± 12 115 ± 7 118 ± 9 n.s. 

1 Treatment interactions followed by *, ** and *** indicate significance at p < 0.05, p < 0.01 and p < 0.001, 
respectively, as determined by two-way analyses of variance. 

The laminae of the L-treatment tended to have a slightly higher mean total K+ 

content (6%) than the A-treatment, whereas the mean sugar content was slightly 

higher (7%) in the laminae of the A-treatment (Table 1). These observations were 

however not statistically significant (Table 1). The K+ content was not strongly 

correlated to the total chlorophyll content (r = 0.48, data not shown). 

4.3.4 Berry pericarp composition at harvest 

While there were no treatment effects on berry pericarp FM or DM, the pericarp 

water content was higher in the L-treatments (Table 2). These differences in water 

content resulted in significantly lower berry sugar concentration on a fresh mass 

basis (p < 0.01) in these treatments (data not shown). No differences were 

apparent in the pericarp sugar content (mg per berry) at harvest (Table 2). The K+ 

content was higher in the pericarp of the L-treated berries than those of the A-

treatment (Table 2). Although the berry pericarp tartaric acid concentration did not 

differ at harvest between the treatments (data not shown), the treatments modified 

berry tartaric acid content to a small extent (Table 2). The berry pericarp malic acid 

content followed similar trends between the CO2 treatments as for the K+ content, 

with the highest and lowest malic acid content in the LI and the AI treatments, 

respectively (Table 2).  
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Table 2: Treatment effect on the pericarp attributes per berry at harvest. Values are the 
means ± SE per berry pericarp per treatment (n = 12).   

 

Low CO2, 

standard K+ 

Low CO2, 

increased K+ 

Ambient CO2, 

standard K+ 

Ambient CO2, 

increased K+ 
Interaction 1 

FM (g) 1.41 ± 0.03 1.49 ± 0.07 1.45 ± 0.05 1.33 ± 0.05 n.s. 

DM (g) 0.36 ± 0.01 0.37 ± 0.02 0.39 ± 0.02 0.37 ± 0.01 n.s. 

Water content (%) 74.5 ± 0.3 74.4 ± 0.8 73.2 ± 0.4 72.5 ± 0.4 CO2** 

Sugar content (mg) 287 ± 9 303 ± 18 312 ± 13 295 ± 12 n.s. 

K+ content (mg) 4.6 ± 0.2 5.2 ± 0.3 4.6 ± 0.2 4.2 ± 0.1 CO2*, CO2 x K+ * 

Tartaric acid content (mg) 13.6 ± 0.3 14.7 ± 0.8 14.7 ± 0.4 13.8 ± 0.4 CO2 x K+ * 

Malic acid content (mg) 5.7 ± 0.3 6.6 ± 0.6 5.6 ± 0.3 4.9 ± 0.3 CO2 *; CO2 x K+ * 

1 Treatment interactions followed by *, ** and *** indicate significance at p < 0.05, p < 0.01 and p < 0.001, 
respectively, as determined by two-way analyses of variance. 

Table 3: Treatment effect on osmotic potential (Ψs) of the berry pericarp and key solutes. 

The contribution of the determined solutes to Ψs is also shown. Values are the treatment 

means ± SE (n = 12).   

 

Low CO2, 

standard K+ 

Low CO2, 

increased K+ 

Ambient CO2, 

standard K+ 

Ambient CO2, 

increased K+ 
Interaction 1 

Pericarp Ψs (MPa) -5.03 ± 0.09 -4.9 ± 0.2 -5.2 ± 0.1 -5.5 ± 0.1 CO2*** 

Sugar Ψs (MPa) -2.75 ± 0.04 -2.78 ± 0.05 -2.97 ± 0.05 -2.92 ± 0.05 CO2*** 

Tartaric acid Ψs (MPa) -0.160 ± 0.002 -0.157 ± 0.002 -0.172± 0.004 -0.173 ± 0.004 CO2*** 

Malic acid Ψs (MPa) -0.076 ± 0.004 -0.071 ± 0.003 -0.071 ± 0.002 -0.075 ± 0.002 n.s. 

Potassium Ψs (MPa) -0.205 ± 0.005 -0.212 ± 0.006 -0.197± 0.002 0.199 ± 0.005 CO2* 

Other cations Ψs (MPa) 2 -0.089 ± 0.002 -0.095 ± 0.002 -0.093 ± 0.003 -0.098 ± 0.004 n.s. 

Total % (determined solutes) 65 ± 2 68 ± 2 67 ± 2 63 ± 1 n.s. 

Contribution sugars (% ) 55 ± 1 57 ± 2 57 ± 2 53 ± 1 n.s. 

Contribution tartaric acid (%) 3.2 ± 0.1 3.2 ± 0.1 3.3 ± 0.1 3.2 ± 0.1 n.s. 

Contribution malic acid (%) 1.50 ± 0.07 1.47 ± 0.07 1.36 ± 0.03 1.38 ± 0.03 CO2* 

Contribution potassium (%) 4.1 ± 0.1 4.4 ± 0.1 3.78 ± 0.07 3.63 ± 0.09 CO2 *** 

% other cations 2 1.78 ± 0.05 1.97 ± 0.06 1.78 ± 0.05 1.80 ± 0.07 n.s. 

1 Treatment interactions followed by *, ** and *** indicate significance at p < 0.05, p < 0.01 and p < 0.001, 
respectively, as determined by two-way analyses of variance. 
2 Other cations are boron, calcium, copper, iron, magnesium, manganese, molybdenum, sodium, phosphorus, 
sulphur and zinc.  

Pericarp Ψs was ≈ 8% higher in the A-treatment (Table 3). The hexose sugars Ψs 

was ≈ 7% higher in the A-treatment whereas K+ and tartaric acid Ψs were ≈ 5 and 

9% lower in these treatments, respectively. The measured solutes contributed ≈ 

66% towards the Ψs of the pericarp. The soluble hexose sugars were the main 

contributors to the pericarp Ψs, with K+ contributing ≈ 14 times less towards the 
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pericarp Ψs (Table 3). Tartaric and malic acid combined were the second largest 

contributor to pericarp Ψs in this study, contributing 4.72 ± 0.08% with no difference 

between the treatments (Table 3). There was a positive (r = 0.59; p < 0.001) 

relationship between the sugar and K+ content within the berry pericarp across the 

entire population of vines (n = 47), with high variability between the individual vines 

(Figure 3). The sugar to K+ relationship was more robust within the CO2 treatments 

(n = 24 vines), with r = 0.84 (p < 0.001) and 0.63 (p < 0.01) for the L- and A-

treatments, respectively (data not shown). A strong positive relationship (r = 0.81; p 

< 0.001) was apparent between the K+ and water content within the berry pericarp 

across all vines (n = 47), but was less apparent (r = 0.67; p < 0.001) between the 

sugar and water content (Figure 3). The correlation of the ternary relationship 

between sugar, K+ and water was the strongest with r = 0.85 (n = 47), irrespective 

of the treatments (Figure 3). 
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Figure 3: Treatment effect on the relationship between sugar, potassium and water 
content of the berry pericarp at harvest. Relationships are all significant at p < 0.001 with r 
= 0.59 for sugar:potassium, r = 0.81 for potassium:water, r = 0.67 for sugar:water and r = 
0.85 for sugar:potassium:water. Data points represent the means per atmospheric (low (L) 
and ambient (A) CO2) and K+ (standard (S) and increased (I)) treatments. 
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4.3.5 Vine biomass, carbohydrate and K+ partitioning 

4.3.5.1 Fresh and dry mass partitioning: Low CO2 resulted in a 20% decline in 

total vine FM and 17% decline in DM. There were, however, no K+ treatment 

effects (Table 4). The atmospheric differences in FM and DM are predominantly 

attributed to the below ground plant parts (roots and subterranean trunk, from here 

on referred to as the root system) as it was the main contributor to the FM (68 and 

74%) and DM (61 and 68%) of the L- and A-treatments, respectively (Table 4). The 

FM and DM of the permanent aboveground structure (trunk and spur) plus the 

shoot did not differ between treatments, with a mean FM of 136 ± 2 g and a DM of 

59 ± 1 g across the vines (n=48). The FM and DM of the spur appeared to have  

Table 4: Treatment effect on the biomass of the vine organs at harvest (excluding the 
berries). Values are the means ± SE per treatment (n = 12 vines).   

 
Vine organ 

Low CO2, 

standard K+ 

Low CO2, 

increased K+ 

Ambient CO2, 

standard K+ 

Ambient CO2, 

increased K+ 
Interaction 1 

F
re

sh
 m

a
ss

 (
g

) 

Roots 305 ± 12 270 ± 12 350 ± 16 365 ± 17 CO2*** 

Sub trunk 2 143 ± 8 163 ± 15 257 ± 52 229 ± 36 CO2** 

Trunk 60 ± 3 61 ± 3 57 ± 2 59 ± 3 n.s. 

Spur 18 ± 1 14 ± 1 17 ± 1 16 ± 1 K+ * 

Shoot 61 ± 2 60 ± 4 63 ± 3 59 ± 2 n.s. 

Rachis 3.5 ± 0.3 3.6 ± 0.2 3.9 ± 0.2 3.5 ± 0.2 n.s. 

Petioles 13.3 ± 0.4 12.6 ± 0.5 13.0 ± 0.4 12.8 ± 0.4 n.s. 

Laminae 51 ± 2 49 ± 2 52 ± 2 51 ± 1 n.s. 

Total vine 659 ± 14 638 ± 30 813 ± 61 800 ± 35 CO2*** 

D
ry

 m
a

ss
 (

g
) 

Roots 84 ± 4 72 ± 3 89 ± 5 94 ± 5 CO2** 

Sub trunk 55 ± 3 61 ± 6 91 ± 17 82 ± 12 CO2** 

Trunk 25 ± 2 26 ± 2 24 ± 1 26 ± 1 n.s. 

Spur 9.3 ± 0.5 7.5 ± 0.3 9.1 ± 0.6 8.8 ± 0.6 K+ * 

Shoot 25 ± 1 24 ± 2 27 ± 1 25 ±1 n.s. 

Rachis 0.73 ± 0.05 0.76 ± 0.04 0.88 ± 0.03 0.79 ± 0.03 CO2* 

Petioles 2.28 ± 0.07 2.3 ± 0.1 2.40 ± 0.09 2.37 ± 0.07 n.s. 

Laminae 18.5 ± 0.5 18.1 ± 0.9 20.1 ± 0.6 20.2 ± 0.4 CO2** 

Total vine 220 ± 4 214 ± 11 263 ± 19 260 ± 11 CO2*** 

Total vine water (%) 66.6 ± 0.4 66.5 ± 0.3 67.4 ± 0.5 67.5 ± 0.5 n.s. 

1 Treatment interactions followed by *, ** and *** indicate significance at p < 0.05, p < 0.01 and p < 0.001, 
respectively, as determined by two-way analyses of variance. 
2 Subterranean trunk 
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been altered by the K+ treatment, but we believe these differences were present at 

the time of pruning, prior to treatment initiation (Table 4). As there were no 

differences in the water content between the treatments (Table 4), the ratio of FM 

to DM did not change with any treatment. 

4.3.5.2 Carbohydrate partitioning:  

All individual vine organs within the L-treatment exhibited a decrease in starch 

concentration, resulting in a lower total starch concentration for those vines (Table 

5). A decreased starch concentration was especially noticeable for the rachis and 

the petioles, where the starch concentration in the L-treatments was less than half 

of that measured in the A-treatments (Table 5). Across all treatments, high starch 

concentrations were observed in the permanent structure of the vine (roots, 

subterranean trunk, trunk and spur) and also in the shoot (Table 5).  

A similar trend was observed in the starch content of the individual vine organs, 

except for the trunk in which the mean starch content did not differ between 

treatments (Table 5). The L-treatment caused a 27% decrease in starch content of 

the complete vine at harvest in comparison to the A-treatment (Table 5). This result 

was again mainly driven by differences in the starch content of the root system as it 

contributed 75 and 80% to the total vine starch content in the L- and A-treatments, 

respectively (Table 5). The rachis and petioles also contained ≈ 64% less starch in 

the L-treatments than the A-treatments.  

Even though the sugar concentrations in the complete vine did not differ between 

treatments, the majority of the vine organs (except for the roots and the laminae) 

had a significantly lower sugar concentration in the L-treatment (Table 5). The 

sugar content on a total vine basis was lower in the L-treatment and this again was 

also apparent in the individual organs, except for the roots and laminae (Table 5). 

4.3.5.3 Potassium partitioning: No treatment differences were observed for the 

K+ concentration of the majority of the vine organs. The roots, however, had a 

lower K+ concentration in the L-treated vines whereas the laminae exhibited the 

opposite response, with an 8% greater K+ concentration in the L-treated vines 

(Table 5). Due to the differences in DM induced by the CO2 treatments, the total 
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vine K+ content was 19% less in the L-treated vines relative to the A-treatment 

(Table 5). The L-treatment lowered the K+ content of the root system by 30% in 

comparison to the A-treatment as shown in Table 5. The roots were also the only 

vine organ responding significantly (p < 0.05) to both atmospheric and K+ 

treatments in regard to the K+ content. Increased K+ fertilisation decreased the K+ 

content of the roots in the L-treatment, but increased the K+ content in the roots of 

the A-treatment. The leaves (laminae or petioles) and the permanent structure 

(trunk or spur) as well as the shoot, did not differ in K+ content as a result of the 

treatments (Table 5). 

4.4 DISCUSSION 

4.4.1 Leaf gas exchange in response to low CO2 and increased soil K+ 

fertilisation 

CO2 scrubbing was a successful method for manipulating leaf net 

photoassimilation rate (An) as An was drastically reduced (35%) in response to a 

34% lower atmospheric CO2 concentration. Rubisco was not saturated by CO2 and 

low Ci was the main limiting factor within the photosynthesis pathway (Lawlor 

2001). This was confirmed by the An/Ci curves, clearly indicating that CO2 was the 

main driver of the differences in An. This is further confirmed by the decrease in An 

across the PPFD range tested. The lower CO2 partial pressures will result in a 

reduced rate of carboxylation and an increase in photorespiration. As anticipated, 

K+ fertilisation above the recommended rates did not have an influence on An 

within the CO2 treatments during the course of ripening. 

Because the air was saturated by ≈ 50% moisture and the soil moisture was at field 

capacity (data not shown), stomatal aperture movement was mainly regulated by 

the decrease in CO2 in intercellular spaces. Stomatal conductance (gs) increased 

steadily between 52 and 73 DAF in all treatments, possibly in response to the 

lower light levels within the growth cabinets relative to outdoors. This trend was, 

however, more apparent in the low CO2 atmosphere and may be explained by the 

reduction in Ci given that stomatal opening is not directly influenced by external 

atmospheric CO2 (Mott 1988). Higher gs within the low atmospheric CO2 

concentration increased carbon gain, but in turn also increased E, thus reducing 
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transpiration efficiency. Accordingly, the instantaneous leaf transpiration efficiency 

of the A-treatment was therefore almost double that of the L-treatment. The 

gradual decrease in gs from 73 to 101 DAF across all the treatments cannot be 

attributed to the onset of leaf senescence. The continuous increase in the SPAD 

units across all the treatments, indicate that the leaves were gaining chlorophyll 

rather than losing it. Moreover, Candolfi-Vasconcelos and Koblet (1991) found that 

plants without lateral shoots and that bear only main leaves delay senescence and 

abscission. The lack of senescence is confirmed from the An and Ci data at 101 

DAF, as there was no distinct decrease in the Ci, and the minor decrease in An in 

the A-treatment was not apparent within the L-treatment.  

4.4.2 Influence of low CO2 on leaf morphology and chlorophyll content 

As leaves were fully expanded at the start of the treatments, the vines subjected to 

low CO2 were not able to compensate for the loss in photosynthetic activity by 

increasing stomatal density or leaf area. The decrease in LMA in the L-treatment 

however may indicate thinner and/or less dense leaves (Niinemets 1999). The loss 

in DM can either be attributed to an increase in photo- and dark respiration 

(Marschner 1995) to compensate for the loss of energy of other energy-consuming 

processes within the leaves, or to a decrease in the storage of carbohydrates, such 

as starch, within the lamina. Assuming that the laminae in the L-treatment did 

decrease in thickness (data not available), the rate of CO2 diffusion into the 

mesophyll would likely have increased due to a shorter diffusion path length 

(Tomás et al. 2013), which may explain the smaller difference in An between the 

CO2 treatments when calculated per unit of DM. 

Leaf chlorophyll content increased in all the treatments after the vines were moved 

into the growth chambers, likely in response to the change from natural sunlight 

above the saturation intensity (1200 μmol.m-2s-1) to a lower intensity artificial 

lighting. This physiological reaction could also be a compensation mechanism in 

response to the removal of the lateral leaves (Candolfi-Vasconcelos and Koblet 

1991) as mentioned above (section 4.1). The steeper increase in leaf chlorophyll 

content in the L-treatments was initially thought to be a response targeted at 

improving light harvesting. However, as CO2 was established to be the main 
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limiting abiotic factor within the treatments, an increase in light capture would not 

have substantially increased the photosynthetic rate, as suggested by the light 

response curves.  

4.4.3 Effect of low CO2 on berry ripening 

4.4.3.1 Berry composition: Even though photosynthesis was drastically reduced 

and the onset of ripening delayed by a few days, the sugar content within the grape 

berries did not differ between the treatments by harvest. The similar berry DM 

across the treatments was expected as sugar contributed to ≈ 80% of the pericarp 

DM in this study (data not shown). Berry sugar concentration was however lower in 

the L-treatments as a result of an increase in berry water content and thus dilution.  

Both tartaric and malic acid are found in anionic form in the grape berry vacuole. 

They bind with K+, yielding K+ hydrogen tartrate or malate, with tartaric acid being 

the predominant acid found in grapes. Tartaric acid did not differ greatly between 

the treatments as it is synthesized during berry growth prior to véraison (DeBolt et 

al. 2004), and thus before treatment application. Tartaric acid is not degraded or 

utilised within the grape berry during ripening, but malic acid is respired, with the 

rate of respiration in accordance with the energy demand of the cells (Ruffner 

1982). The increased or very similar berry malic acid contents in the L-treatments 

thus indicate that sufficient amounts of sugar was likely relocated to the grape 

berry to continue normal functioning and additional energy was not required. The 

higher malic acid content in the LI-treatment might be due to the delay in the onset 

of ripening within this treatment or due to less respiration of malic acid in the 

cytoplasm. Terrier and Romieu (2001) noted that an increase in K+ nutrition 

resulted in an increased malic acid concentration at harvest. Hale (1977) saw 

similar responses in his K+ nutrition study and attributed this to a loss in the 

permeability of the tonoplast as the cytosol pH increased in response to an 

increase in the K+ content within the cell. 

4.4.3.2 Osmolality: The reduced ΨS of the pericarp, driven largely by the 

decreased ΨS of the soluble hexose sugars, was expected as the hexose sugar 

content in the L-treatment was diluted by the increased water content of the 

pericarp. The solutes contributing to the unaccounted 34% of the pericarp ΨS can 
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be attributed to the remainder of the inorganic and organic solutes, and their 

counter-anions, located within the pulp and skin of the grape berry (Storey 1987). 

Storey (1987) further mentions that the skin of red varieties also contains large 

quantities of other solutes (polyphenols) contributing to the ΨS. Potassium was the 

most significant cation to contribute to the osmotic potential of the pericarp within 

this study. Potassium was also the only investigated solute whose contribution was 

highly changed by the reduction in CO2. The increased contribution in the L-

treatment, together with the increased water content, may indicate a close 

relationship between K+ and water accumulation in the berry.  

4.4.3.3 The sugar-K+-water relationship: The pericarp K+ content followed similar 

trends to those of the pericarp FM; as K+ is well known to be a major ion 

contributing to osmoregulation (Marschner 1995), it can be deduced that the berry 

K+ and water content are thus likely closely related. This is confirmed in the strong 

positive relationship between the berry pericarp K+ and water content, irrespective 

of the treatment. A weaker relationship was apparent between the K+ and sugar 

content within the berry pericarp but was skewed by the increased K+ content in 

the L-treatments despite similar sugar levels. This observation challenges the 

notion of a direct link between K+ and sugar accumulation within the grape berry 

pericarp during ripening. However, it must be noted that the methods employed 

here cannot directly test the requirement of K+ in sugar accumulation. The 

inconsistent relationship indicates that there are other roles for K+ that go beyond 

phloem transport. Both sugar and K+, however, play important roles in the 

osmolality of the berry and the subsequent influx of water during berry ripening, 

explaining the very strong ternary relationship between them.  

4.4.4 Biomass, starch and potassium partitioning under decreased CO2 

Grapevines allocate most photoassimilates to grape berries during ripening 

(Candolfi-Vasconcelos et al. 1994), likely due to the genetic programming of all 

plants for seed dissemination to ensure reproductive success. The similar sugar 

contents in the grape berry pericarp across the two CO2 treatments can, however, 

not be solely attributed to imported photoassimilates from the leaves as 

assimilation was decreased by one third in the L-treatment. As photosynthetic leaf 
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area was set prior to the onset of the treatments, it is likely that starch was 

mobilised from the remainder of the vine (Rossouw et al. 2017, Vaillant-Gaveau et 

al. 2014). The root system, considered to be the predominant storage organ within 

the vine (Lebon et al. 2008, Zapata et al. 2004), decreased not only in FM and DM 

within the L-treatments, but also in starch concentration and content. Similar trends 

for the starch content and concentration were apparent for the remainder of the 

vine organs when exposed to low CO2 concentration, with the exception of the 

starch content of the trunk. Aside from the mobilisation of stored carbohydrates 

towards the reproductive sinks, it cannot be ruled out that fewer carbohydrates 

may have been deposited into these vine organs as a result of the decreased 

availability in photoassimilates. Stored carbohydrates could also have been used to 

energise the local functions due to a lack of photoassimilates, or a combination of 

all the aforementioned factors. Interestingly, the constant ratio between vine FM 

and DM, irrespective of the treatments, indicates an intricate balance within the 

vine to maintain hydration status. Hydraulic equilibrium remains remarkably stable 

when plants are well irrigated as enough water is available in the soil for uptake by 

the roots to compensate for the negative pressure in the xylems brought on by 

transpiration (Keller 2010). 

Vines grown in low CO2 concentrations had roots with lower K+ concentration. 

Since K+ is a major ion associated with the loading of photoassimilates within the 

phloem for long distance transport (Deeken et al. 2002, Marschner 1995), this may 

indicate that K+ was exported to a greater extent from the roots as the stored 

carbohydrates were mobilised to the berries.  

In this study, photosynthesis was drastically reduced by decreasing atmospheric 

CO2. Nonetheless, sub-optimal CO2 did not reduce fruit sugar content, however it 

did increase the pericarp K+ content. These observations do not support a causal 

link between berry sugar and K+ accumulation, however a strong ternary link 

between these metabolites and water accumulation was revealed, noticeably 

between water and K+, suggesting a stronger relationship in their accumulation 

than between K+ and sugar. Reduced atmospheric CO2 resulted in vines with less 

biomass and stored carbohydrates likely as grapevines, favouring fruit ripening, 

relocated carbon from storage organs such as the roots towards the grape berries. 
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A concurrent decrease in the root K+ content, mirroring the increase of K+ in the 

grape berry, suggests that K+ may have played a role in the relocation of the 

mobilised carbohydrates towards the fruit. 
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Table 5: Treatment effect on starch, sugar and potassium concentrations and contents of the vine organs at harvest (excluding bunches). 

Values are the means ± SE per treatment (n=12).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 Treatment interactions followed by *, ** and *** indicate significance at p < 0.05, p < 0.01 and p < 0.001, respectively, as determined by two-way analyses of variance. 
2 Subterranean trunk 
3 Laminae sugar concentration and content determined on a subsample of the vines (n = 32) 
4 Total vine starch concentration and content excludes laminae 

 

 

 

  CONCENTRATION PER VINE (% DW)  CONTENT PER VINE (g)  

 Vine organ 
Low CO2, 

standard K+ 

Low CO2, 

increased K+ 

Ambient CO2, 

standard K+ 

Ambient CO2, 

increased K+ 
Interaction1 

Low CO2, 

standard K+ 

Low CO2, 

increased K+ 

Ambient CO2, 

standard K+ 

Ambient CO2, 

increased K+ 
Interaction1 

S
T

A
R

C
H

 

Roots 20 ± 1 20 ± 1 23 ± 1 22 ± 1 CO2* 17 ± 1 14 ± 1 21 ± 2 20 ± 2 CO2** 

Sub trunk2 10.9 ± 0.2 10.2 ± 0.3 12.2 ± 0.3 11.5 ± 0.3 CO2*** 5.9 ± 0.3 6.3 ± 0.6 10.8 ± 2 9.5 ± 1 CO2*** 

Trunk 10.5 ± 0.3 10.7 ± 0.3 11.4 ± 0.3 11.9 ± 0.3 CO2*** 2.7 ± 0.2 2.8 ± 0.2 2.8 ± 0.2 3.0 ± 0.2 n.s. 

Spur 9.5 ± 0.2 9.4 ± 0.3 11.1 ± 0.3 10.6 ± 0.2 CO2*** 0.88 ± 0.04 0.71 ± 0.04 1.01 ± 0.08 0.94 ± 0.07 CO2** 

Shoot 15.0 ± 0.6 14.1 ± 0.6 16.8 ± 0.9 16.6 ± 0.5 CO2** 3.8 ± 0.2 3.5 ± 0.3 4.5 ± 0.4 4.2 ± 0.2 CO2* 

Rachis 0.9 ± 0.1 0.7 ± 0.1 2.1 ± 0.2 2.0 ± 0.1 CO2*** 0.007 ± 0.001 0.005 ± 0.001 0.018 ± 0.002 0.016 ± 0.001 CO2*** 

Petioles 1.4 ± 0.4 1.0 ± 0.2 2.9 ± 0.3 3.1 ± 0.3 CO2*** 0.031 ± 0.007 0.024 ± 0.006 0.072 ± 0.009 0.074 ± 0.010 CO2*** 

Total vine 12.1 ± 0.5 11.8 ± 0.4 13.9 ± 0.8 13.2 ± 0.5 CO2** 30 ± 1 28 ± 2 40 ± 3 38 ± 2 CO2*** 

S
U

G
A

R
 

Roots 4.3 ± 0.7 4.9 ± 0.8 4.4 ± 0.3 3.8 ± 0.4 n.s. 3.6 ± 0.6 3.6 ± 0.7 3.9 ± 0.4 3.7 ± 0.5 n.s. 

Sub trunk2 1.29 ± 0.06 1.18 ± 0.04 1.34 ± 0.06 1.46 ± 0.12 CO2* 0.69 ± 0.05 0.72 ± 0.07 1.2 ± 0.2 1.2 ± 0.2 CO2*** 

Trunk 0.62 ± 0.03 0.62 ± 0.05 0.94 ± 0.05 0.85 ± 0.08 CO2*** 0.16 ± 0.01 0.17 ± 0.02 0.23 ± 0.02 0.21 ± 0.02 CO2** 

Spur 1.57 ± 0.04 1.48 ± 0.06 1.79 ± 0.04 1.67 ± 0.05 CO2***; K+ ** 0.146 ± 0.007 0.112 ± 0.007 0.16 ± 0.01 0.148 ± 0.009 CO2**; K+ ** 

Shoot 3.3 ± 0.1 3.3 ± 0.2 3.7 ± 0.1 3.8 ± 0.2 CO2** 0.85 ± 0.05 0.82 ± 0.08 0.99 ± 0.04 0.96 ± 0.06 CO2* 

Rachis 4.0 ± 0.2 3.8 ± 0.3 5.7 ± 0.3 6.1 ± 0.3 CO2*** 0.029 ± 0.002 0.028 ± 0.003 0.051 ± 0.004 0.048 ± 0.003 CO2*** 

Petioles 4.8 ± 0.1 4.5 ± 0.2 5.7 ± 0.1 5.8 ± 0.1 CO2*** 0.108± 0.003 0.104 ± 0.008 0.136 ± 0.006 0.138 ± 0.004 CO2*** 

Laminae3 3.05 ± 0.05 3.06 ± 0.04 3.05 ± 0.10 3.22 ± 0.03 n.s. 0.50 ± 0.03 0.51 ± 0.04 0.53 ± 0.03 0.55 ± 0.01 n.s. 

Total vine4 2.3 ± 0.2 2.2 ± 0.3 2.3 ± 0.1 2.3 ± 0.2 n.s. 5.6 ± 0.6 5.2 ± 0.7 6.6 ± 0.5 6.4 ± 0.4 CO2*** 

P
O

T
A

S
S

IU
M

 

Roots 0.45 ± 0.02 0.45 ± 0.01 0.54 ± 0.02 0.58 ± 0.04 CO2*** 0.37 ± 0.02 0.33 ± 0.02 0.47 ± 0.02 0.54 ± 0.04 
CO2***; 

CO2 x K+* 

Sub trunk2 0.23 ± 0.01 0.24 ± 0.01 0.229 ± 0.01 0.221 ± 0.01 n.s. 0.13 ± 0.01 0.15 ± 0.02 0.21 ± 0.03 0.18 ± 0.02 CO2* 

Trunk 0.322 ± 0.007 0.326 ± 0.005 0.309 ± 0.005 0.324 ± 0.006 n.s. 0.081 ± 0.006 0.085 ± 0.006 0.075 ± 0.003 0.083 ± 0.005 n.s. 

Spur 0.322 ± 0.012 0.331 ± 0.009 0.318 ± 0.008 0.319 ± 0.009 n.s. 0.030 ± 0.002 0.025 ± 0.001 0.029 ± 0.002 0.028 ± 0.002 n.s. 

Shoot 0.40 ± 0.01 0.43 ± 0.02 0.42 ± 0.01 0.42 ± 0.01 n.s. 0.103 ± 0.005 0.104 ± 0.008 0.114 ± 0.007 0.106 ± 0.004 n.s. 

Rachis 2.59± 0.09 2.40 ± 0.11 2.51 ± 0.08 2.48 ± 0.09 n.s. 0.019 ± 0.001 0.018 ± 0.001 0.022 ± 0.001 0.020 ± 0.001 CO2* 

Petioles 1.4 ± 0.2 1.4 ± 0.2 1.8 ± 0.1 1.7 ± 0.1 n.s. 0.036 ± 0.003 0.036 ± 0.005 0.042 ± 0.003 0.039 ± 0.003 n.s. 

Laminae 0.82 ± 0.05 0.85 ± 0.06 0.72 ± 0.02 0.62 ± 0.06 CO2** 0.16 ± 0.01 0.16 ± 0.01 0.147 ± 0.006 0.138 ± 0.008 n.s. 

Total vine 0.51 ± 0.02 0.52 ± 0.02 0.50 ± 0.02 0.50 ± 0.02 n.s. 0.92 ± 0.03 0.90 ± 0.05 1.10 ± 0.04 1.14 ± 0.04 CO2*** 
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ABSTRACT 

A causal link between the accumulation of sugar and potassium has been 

proposed for ripening grape berries. This link has as of yet not been fully 

described, however it could potentially be associated with transcriptional co-

regulation in the unloading of potassium and sugar from the phloem at the sink. 

A few transport genes encoding the proteins involved in the movement of sugar 

and potassium across membranes, have been defined and observed in grape 

berries. In this study we ascertained if a link is apparent in the expression of the 

genes that code for the proteins associated with sugar and potassium transport. 

We further aimed to determine if there is a relationship in the accumulation of 

sugar and potassium in the grape berry and how the accumulation patterns are 

related to the expression patterns of the investigated genes. An experiment was 

conducted on Shiraz grapevines in environmentally controlled chambers. Berry 

sugar accumulation was limited by reducing the photoassimilation rate and the 

availability of potassium increased through soil fertilisation. A strong relationship 

was observed between sugar and potassium in the grape berry pericarps, 
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irrespective of the treatment. Two transport proteins associated with sugar and 

potassium transport across the plasma membrane displayed a strong 

relationship, pointing towards a possible co-regulation of these solutes into the 

berry cell. 

KEYWORDS 

gene expression, grape berry, qPCR, pericarp, potassium, sugar, transport 

proteins 
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Potassium, K+; carbon dioxide, CO2; days after flowering, DAF; low CO2 
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potassium treatment, S-treatment; increased potassium treatments, I-treatment; 

infrared gas analyser, IRGA; fresh mass, FM; dry mass, DM; quantitative 
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rectifying transporter, SKOR; tonoplast monosaccharide transporter, TMT; 

hexose transporter, HT; sucrose transporter, SUC; sugars will eventually be 

exported transporter, SWEET; plasma membrane intrinsic protein, PIP; genes 

of interest, GOI; net photoassimilation rate, An; stomatal conductance, gs; 

intercellular CO2 concentration, Ci; transpiration rate, E; cell wall invertase, 

cwINV; abscisic acid, ABA.  
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5.1 INTRODUCTION 

It has been speculated that there is a causal link between sugar and potassium 

(K+) loading in the grape berry due to their synchronous accumulation patterns 

during ripening (Deeken et al. 2002, Rogiers et al. 2006b). The basis of the link 

is, however, still unknown, but thought to be associated with the role that K+ 

plays in the long-distance transport of sugars from source to sink. A reasonable 

amount of information is available on the loading mechanism of the phloem at 

the source in plant systems (De Schepper et al. 2013), but little research has 

been conducted on the unloading of photoassimilates and the regulatory role of 

K+ transport systems in sink organs in plants (Anschütz et al. 2014). In plants, 

sucrose is unloaded from the phloem at the sink by transporters of the 

SUT1/SUC2 type (Lemoine et al. 2013). AKT2/3 has been shown to regulate 

sucrose/H+ symporters during active apoplastic phloem loading at the source in 

Arabidopsis thaliana (Deeken et al. 2002, Lemoine et al. 2013) whereas 

unloading in Vicia faba has been shown to be regulated by VFK1 (Ache et al. 

2001). ATK2/3, an ortholog of VvKT2 in grapevines, has been detected in the 

phloem complex of the source and sink organs in Arabidopsis (Lacombe et al. 

2000). It can thus be speculated that a similar mechanism to that of phloem 

loading, as described for ATK2/3, may be operative in phloem unloading.  

Grape berry growth follows a double sigmoidal curve with the two phases 

separated by a short lag phase (Keller 2010). The first phase is characterised 

by cell division followed by cell enlargement. The second phase begins with 

véraison, the viticultural term denoting the onset of ripening. Véraison is 

characterised by softening and colouration of the grape berries and the 

accumulation of sugars. Potassium is accumulated during both phases of berry 

growth and is delivered to the berry by the xylem and phloem (Mpelasoka et al. 

2003). After véraison, the contribution of K+ from the xylem is thought to decline 

due to a loss of xylem integrity (Rogiers et al. 2001) and/or reduced water flow 

via the xylem (Scharwies and Tyerman 2017). Potassium loading in the xylem 

of plant roots is generally considered to be facilitated by SKOR, an outwardly 

rectifying Shaker-like K+ channel (Szczerba et al. 2009).  

Sugars are translocated from the source to the fruit by the phloem. A change 

from a symplastic to an apoplastic phloem unloading pathway when solutes 

start to actively accumulate in the sink has been described by Zhang et al. 
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(2006) in one cultivar of grapevine. This shift is common to most fruits (Davies 

et al. 2012, Lalonde et al. 2003) and is necessary to overcome the high osmotic 

and hydrostatic pressure in the sink organs of fruit that load osmotic solutes in 

large quantities as in grape berries (Lalonde et al. 2003). 

In grapevine, four sucrose transporter genes have been categorised and 59 

putative hexose transporters, homologues to Arabidopsis thaliana proteins, 

have been identified by protein motif recognition (Afoufa-Bastien et al. 2010, 

Lecourieux et al. 2014). Of the four identified sucrose transport proteins, 

VvSUC12 has been found by Afoufa-Bastien et al. (2010) to be expressed in 

the berry at all developmental stages. As this transporter falls into the low 

affinity sucrose transporter group (SUT2/SUC3), they further speculated that it 

is likely localized on the plasma membrane and involved in phloem unloading or 

the import of sucrose into berry cells. VvHT3, also known as VvHT7 (Afoufa-

Bastien et al. 2010), has not been functionally characterised, but this protein is 

also likely localized on the plasma membrane due to its similarity to AtSTP7. 

Three putative hexose-proton antiporters (VvTMT1 to 3), responsible for the 

transport of hexose sugars across the tonoplast, have been identified in 

grapevine (Lecourieux et al. 2014). Afoufa-Bastien et al. (2010) construed that 

VvHT6 is the same gene as VvTMT1.  

Members of the sugar transporter family (Sugars Will Eventually be Exported 

Transporters, or SWEET transporters) have been found to mediate the passive 

transport of sugars across membranes (Baker et al. 2012). VvSWEET15 is a 

uniport sucrose efflux transporter from the SWEET family which is thought to be 

responsible for the unloading of sucrose in the apoplast to facilitate loading in 

the phloem complex in the leaf (Chen et al. 2012). A reverse mechanism may 

exist in phloem unloading at the sink, with VvSWEET15 mediating the passive 

unloading of sucrose in the apoplast of the berry. VvSWEET15 is highly 

expressed in the berry as indicated from transcriptomic data sets from different 

cultivars (Chong et al. 2014, Sweetman et al. 2012). 

Although grape berries are a strong sink for K+, knowledge on the K+ transport 

systems in the grape berry is limited (Martins et al. 2012). Davies et al. (2006) 

identified two K+ uptake transporters in the grape berry (VvKUP1 and 2) and 

two inward rectifying K+ channels have been characterised that are localized on 

the plasma membrane, VvK1.1 (Cuéllar et al. 2010) and VvK1.2 (Cuéllar et al. 
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2013). Hanana et al. (2007) characterised a vacuolar cation/H+ antiporter in 

grape berry likely facilitating vacuolar expansion. 

In this study, we altered the availability of sugar and K+ for loading in the grape 

berry during ripening to determine if there is a plausible link in the accumulation 

of these metabolites in the grape berry. The sugar and K+ contents were 

assessed in single grape berries across the ripening period. Genes that have 

been shown to code for proteins that mediate the transport of sugars and 

potassium in the grape berry were identified. The kinetic expression patterns of 

these genes were subsequently evaluated to see if a relationship in the 

regulation of the sugar and K+ transporter proteins could be ascertained.  

5.2 MATERIALS AND METHODS 

5.2.1 Plant material and growth conditions 

Shiraz (Vitis vinifera L., clone SA1654) own-rooted vines, the same vines as 

referred to in Chapter IV, were initially grown in bird-proof enclosures located at 

the National Wine and Grape Industry Centre, Australia (35°3'38.57"S; 

147°21'42.89"E; 121 m). Vines (n = 48) were stratified into six experimental 

blocks (n = 8 vines per block) according to the K+ concentration of the pruned 

winter canes. Vines were irrigated twice daily (3L per vine) with adjustable 

micro-sprinklers (Schrubbler 360° drippers, Antelco, Murray Bridge, SA, 

Australia) and hand fertilised every third day with a modified Hoagland’s 

solution (Baby et al. 2014, solution 2). Phenological stages were visually 

determined according to the modified E-L system (Dry and Coombe 2005). 

Forty-six days after flowering (DAF) at E-L 33, vines (n = 48) were balanced by 

suckering each vine to one fruit-bearing shoot bearing one archetypal bunch, 

topped at 21 leaves per shoot and relocated to four environmentally-controlled 

chambers (TPG-6000-TH, Thermoline Scientific, Smithfield, Australia). Two 

vines per experimental block were allocated to a chamber (n = 12 vines per 

chamber) and randomly assigned a position within the chamber. The chambers 

were maintained at a 14-hour photoperiod and 29.02 ± 0.02 and 20.87 ± 0.02 

°C day- and night temperatures, respectively. The irrigation volume was 

reduced to 2 L per vine twice daily, ensuring that the vines were well watered 

without runoff through the bottom of the pot, potentially removing added 

nutrients from the soil. 
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5.2.2 Treatments and sample collection 

Treatments were introduced 56 DAF at the start of véraison (E-L 34). The net 

carbon assimilation rate was reduced in two chambers by decreasing the 

atmospheric CO2 concentration by 34% (L-treatment) by drawing the air within 

the chambers through sodalime filled (Sofnolime USP grade, Molecular 

Products Ltd, Essex, UK) custom-built scrubbers. The remaining two chambers 

were kept at ambient CO2 (A-treatment). Fertilisation continued with the same 

modified Hoagland’s solution in the standard K+ treatment (S-treatment) for half 

the vines in each chamber, whereas the remainder of the vines within each 

chamber were fertilised with a similar solution in which the K+ concentration was 

increased by 67% to 12 mM (increased K+ (I) treatment). Four treatments were 

thus introduced (n = 12 vines per treatment): a low atmospheric CO2, standard 

K+ (LS) treatment; a low atmospheric CO2, increased K+ (LI) treatment; an 

ambient atmospheric CO2, standard K+ (AS) treatment; and an ambient 

atmospheric CO2, increased K+ (AI) treatment. 

Berry samples were collected at 54, 61, 68, 75, 85, 94 and 103 DAF (indicated 

as sampling dates S1 to S7). Two berries were harvested per bunch per vine 

per sampling date by cutting randomly selected berries close to the pedicel. 

Berries were immediately flash frozen and stored at -80 °C until further 

analyses. One berry per vine per sampling date was allocated for soluble 

sugars (glucose and fructose) and K+
 analyses and the second berry for gene 

expression analyses. 

5.2.3 Environmental monitoring 

Temperature and humidity were continuously monitored by TinyTag Plus 2 

TGP-4500 dual channel dataloggers (Gemini dataloggers, West Sussex, UK) 

placed at mid-canopy height. The atmospheric CO2 concentration was 

monitored at single time points by LCA-2 portable infrared carbon dioxide 

analysers (ADC Bioscientific Ltd., Hoddesdon, Hertfordshire, UK) and 

continuously in alternating chambers by an LCA-4 portable infrared gas 

analyser (IRGA) instrument (ADC Bioscientific Ltd., Hoddesdon, Hertfordshire, 

UK). The photon flux density per chamber was continuously monitored with Q-

110 quantum sensors (Apogee Instruments Inc, Logan, Utah, USA) connected 

to CR1000 data loggers (Campbell Scientific Inc, Logan, Utah, USA). Soil 
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moisture was measured at single time points with an ML2x ThetaProbe soil 

moisture sensor connected to a HH2 moisture meter (Delta-T devices Ltd, 

Cambridge, UK). 

5.2.4 Leaf gas exchange 

Leaf gas exchange measurements were conducted 52, 66, 73, 87 and 101 DAF 

on tagged leaves at the basal, median and apical positions of the shoot. The net 

CO2 assimilation rate (An), stomatal conductance (gs), intercellular CO2 

concentration (Ci) and transpiration rate (E) were measured with an LI-6400 

portable photosynthesis system (Li-Cor, Lincoln, Nebraska, USA) at a leaf 

temperature of 28 °C and a saturated light intensity of 1200 μmol.m-2.s-1
. The 

reference CO2 concentration was set to 225 and 350 μmol CO2.mol-1, the mean 

daily atmospheric CO2 concentration measured for each treatment, for the L- 

and A-treatments respectively. 

5.2.5 Berry pericarp soluble sugars and K+ content analyses 

The berries of each samples set allocated for chemical analyses were weighed 

and the fresh mass (FM) noted while kept frozen. Each berry (n = 336) was 

then carefully separated into the seeds and pericarp (flesh + skin), ensuring the 

tissues remained frozen, the seed FM noted and the pericarp FM calculated. 

Sample preparation: Berry pericarps (n = 336) were thawed overnight at 4 °C 

and individually homogenised (3 min at 20 000 rpm) with a handheld 

homogeniser (Benchmark D1000, Benchmark Scientific, Edison, USA). The 

pericarp homogenate was analysed immediately after homogenisation for the 

fresh and dry mass as well as the soluble sugars and K+ concentration. The 

pericarp FM was then used to determine the K+ and soluble sugar content per 

pericarp. 

Pericarp fresh and dry mass: To determine the water content per pericarp, 100 

µL of homogenised pericarp tissue (n = 336) was transferred into an Eppendorf 

tube with a positive displacement pipette (MICROMAN, Gilson Inc., Middleton, 

USA) and weighed (Sartorius TE214S, Sartorius AG, Goettingen, Germany). 

The samples were oven dried until constant weight (TD-500F dehydrating oven, 

Thermoline Scientific, Smithfield, Australia) and the dry mass (DM) noted 

(Sartorius TE214S, Sartorius AG, Goettingen, Germany).  
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Soluble sugars: A further 100 µL of homogenised pericarp tissue (n = 336) was 

transferred to an Eppendorf tube with a positive displacement pipette 

(MICROMAN, Gilson Inc., Middleton, USA) and the sample mass noted 

(Sartorius TE214S, Sartorius AG, Goettingen, Germany). Extraction and 

analyses of the glucose and fructose concentration per berry pericarp were 

performed by the method of Eyeghe-Bickong et al. (2012) on a Waters 600 

HPLC system. The system was equipped with a Waters 2996 photodiode array 

detector coupled to a Waters 2414 refractive index detector (Waters 

Corporation, Millford, MA, USA). Analytes were separated by two 300 x 7.8 mm 

Aminex ion exchange columns (HPX-87H, BioRad Life Sciences, Hercules, CA, 

USA) connected in series and protected by 30 x 4.6 mm Micro-Guard Cation H 

cartridges (BioRad Life Sciences, Hercules, CA, USA). 

Potassium content: 50 µL of the homogenised pericarp tissue (n = 336) was 

transferred to a 3 mL borosilicate glass culture tube with a positive 

displacement pipette (MICROMAN, Gilson Inc., Middleton, USA) and the 

sample mass noted (Sartorius TE214S, Sartorius AG, Goettingen, Germany). 

After the addition of 1 mL 70% (w/w) nitric acid (Univar, USA), samples were 

digested in a water bath placed in a fume hood at 95 °C until orange fumes 

were no longer visible (≈24 hours). Three drops of 30% (w/v) hydrogen peroxide 

(FLUKA, Sigma-Aldrich, US) were added to ensure total digestion of the organic 

component of the sample. Digested samples were made up to 10 mL with 

deionized water and diluted a further 20 times. The total K+ concentration was 

determined at 769.9 nm through flame atomic absorption spectrometry with a 

Varian SpectrAA 50B spectrometer (Agilent Technologies, Santa Clara, USA) 

with 1 mg/mL aqueous caesium chloride (BDH Analytical Chemicals, UK) used 

as the ionization suppressor. The spectrometer was equipped with a Na/K 

hollow cathode lamp (S. and J. Juniper and Co., Essex, England) and an air-

acetylene burner and the instrument parameters set as recommended by the 

manufacturer (Agilent Technologies, Santa Clara, USA). 

5.2.6 Gene expression analyses 

The berries allocated for gene expression analyses were categorised into three 

biological repeats (n = 4 berries per repeat) per treatment within a sampling 

date according to the date of véraison of the individual vines (E-L 34). The berry 

pericarps were ground, after removal of the seeds, to a fine powder under liquid 
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nitrogen with a mortar and pestle and the berry pericarp powder stored at -80 

°C until further analyses.  

RNA extraction and reverse transcription: Total RNA was isolated from ≈100 mg 

of ground pericarp tissue using a Spectrum™ Plant Total RNA Kit (Sigma-

Aldrich, St. Louis, MO, USA) according to the manufacturer’s guidelines. 

Remaining traces of DNA were removed with an On-Column DNase I Digestion 

Set (Sigma-Aldrich, St. Louis, MO, USA) during extraction as per the 

manufacturer’s guidelines. A NanoDrop™ 1000 Spectrophotometer 

(ThermoFisher Scientific, Waltham, MA, USA) was used to determine the 

quantity and quality of the isolated RNA. First strand cDNA was synthesized 

from 1µg of total RNA with a SuperScript® First-Strand Synthesis System for 

RT-PCR (Invitrogen, ThermoFisher Scientific, Waltham, MA, USA) as 

prescribed in the manufacturer’s guidelines.  

Primers: Genes of interest (GOI) were identified from previously published work 

where expression data was available across ripening stages, or as indicated by 

highly correlated relationships after profiling in gene expression networking 

software (Cytoscape 3.4.0, The Cytoscape Consortium, San Diego, CA, USA). 

The putative location and functionality of the GOIs are illustrated in Figure 1. 

Gene specific primer pairs were designed with the use of Primer3 software and 

analysed for dimerization with NetPrimer software (PREMIER Biosoft, Palo Alto, 

CA, USA). Primer pair sequences are noted in Supplementary Table 2. Primer 

pairs were checked for specificity with BLAST software and the DNA 

oligonucleotides synthesized by Integrated DNA Technologies (Baulkham Hills, 

Australia). Gel electrophoresis was used to check the dimerization of primer 

pairs and primer specificity was validated from the amplicon size. The efficiency 

of each primer pair was tested through serial dilution of the PCR amplified 

product (OneTaq Hot Start DNA Polymerase, New England BioLabs, Ipswich, 

MA, USA).  

Comparative real-time quantitative polymerase chain reaction (qPCR): Real-

time qPCR singleplex assays were performed on a QuantStudio 12K Flex Real-

Time PCR System (Applied Biosystems, ThermoFisher Scientific, Waltham, 

MA, USA). Biological repeat reactions were performed in triplicate on 20 μL 

volumes containing 10 μL PowerUp™ SYBR® Green Master Mix (Applied 
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Biosystems, ThermoFisher Scientific, Waltham, MA, USA), 5 μL of a 1:10 

dilution of cDNA template, 0.4 μL of each primer (10 µM) and 4.2 μL of 

nuclease free water. Thermal cycles were: 2 min at 50 °C, 2 min at 95 °C and 

40 cycles of 1 s at 95 °C and 30 s at 60 °C. Following the final cycle, specificity 

of the amplification was checked with a dissociation curve (15 s at 95 °C, 1 min 

at 60 °C and 15 s at 95 °C). Gene transcript levels were normalised to three 

reference genes (VvActin7, VvEF1γ and VvGAPDH). Stability of the three 

reference genes were assessed with BestKeeper© gene quantification software. 

 

Figure 1: Diagram of the putative location and functionality of the potassium and sugar 
transport systems investigated in this study associated with accumulation of these 
metabolites in the grape berry. The unloading pathways are indicated from the phloem 
sieve element (SE) - companion cell (CC) complex. The symplastic pathway is shown 
above and the apoplastic pathway below the broken line. Transport systems are colour 
coded according to the solute it is associated with and transporter systems that have 
not been assessed indicated with a broken border. Arrows indicated the direction of 
movement of the solute. Sucrose is represented by yellow circles and hexose sugars, 
the product of sucrose hydrolysed by cell wall invertase (cwINV) and vacuolar invertase 
(vINV), by orange circles. Sucrose transporters (blue) shown are VvSWEET15 (1, 
Chong et al. (2014)), VvSUC12 (2, Afoufa-Bastien et al. (2010)) and VvSUC11 (3, 
Manning et al. (2001)). Hexose transporters (green) included VvHT3 (4, Hayes et al. 
(2007)) and the two tonoplast hexose transporters VvTMT1 (5, Afoufa-Bastien et al. 
(2010)) and VvTMT2 (6, Çakir and Giachino (2012)). Four K+ transport system (pink) 
were assessed, two outward rectifying K+ channels namely VvKT2 (7, Deeken et al. 
(2002)) and VvSKOR (8, Pilot et al. (2003)), and the inward rectifying K+ channel 
VvK1.2 (9, Cuéllar et al. (2013)) and a transporter VvKUP2 (10, Davies et al. (2006))). 
The tonoplast located VvNHX1 K+/H+ antiporter (11, Hanana et al. (2007)), the only 
tonoplast K+-transport system identified, was not investigated in this study. 
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5.2.7 Statistical analyses 

Statistical analyses were performed with Statistica 13 statistical software 

(StatSoft Inc., Dell Software, Round Rock, TX, USA). Significant differences 

were determined by Analyses of Variance (ANOVA). Hierarchical cluster 

analyses were performed with Cluster 3.0 software and visualised in Java 

TreeView. All values are presented as the mean of three biological repeats ± 

the standard error of the mean (SE) unless stated otherwise. 

5.3 RESULTS 

5.3.1 Berry development and leaf gas exchange 

The mean date of anthesis (flowering, E-L 23) was 30 November 2014. 

Lowering the atmospheric CO2 delayed the onset of ripening (véraison, E-L 35) 

from 63 ± 1 DAF (days after flowering) in the A-treatment to 66 ± 1 and 68 ± 2 

DAF for the LS and LI treatments respectively. At 101 DAF, the berries of both 

A-treatments were determined to be harvest ripe (E-L 38), and all treatments 

were harvested simultaneously.  

Table 1: The mean net CO2 assimilation rate (An), stomatal conductance (gs), 
intercellular CO2 concentration (Ci) and transpiration rate (E) per leaf indicated per 
treatment. Values are the mean ± SE of measurements taken during the treatment 
period at 66, 73, 87 and 101 days after flowering. 

 

Low CO2; 
increased 

K+ 

Low CO2; 
standard 

K+ 

Ambient 
CO2; 

increased 
K+ 

Ambient 
CO2; 

standard 
K+ 

Driver1 

An (μmol m-2s-1) 5.8 ± 0.2 6.2 ± 0.2 10.4 ± 0.2 10.2 ± 0.2 CO2 *** 

gs (H2O.m-²s-¹) 0.32 ± 0.01 0.35 ± 0.01 0.28 ± 0.01 0.27 ± 0.01 CO2 *** 

Ci (µmol CO2 mol air-1) 174 ± 1 174 ± 1 253 ± 2 251 ± 2 CO2 *** 

E (mmol H2O.m-²s-¹) 6.5 ± 0.1 6.8 ± 0.1 6.0 ± 0.1 5.9 ± 0.1 CO2 *** 

1 Treatment interactions followed by *** indicate significance at p < 0.001, as determined by two-way 

analyses of variance. 

The atmospheric treatment was the main driver of the photosynthetic 

differences between the treatments (Table 1). A 34% reduction in the 

atmospheric CO2 resulted in a 42% decrease in net photoassimilation rate (An) 

in the L-treatments during the treatment period, which coincided with a 22% 

increase in stomatal conductance (gs) (Table 1). The intercellular CO2 

concentration (Ci) followed a similar trend to that of the atmospheric CO2 

concentration, with a 31% lower Ci in leaves from the L-treatments (Table 1). 
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Transpiration (E) also increased in the L- treatments by 11% compared to the 

A-treatment (Table 1). 

 

Figure 2: Pericarp fresh mass (A) and dry mass (B) per sampling date and per 
treatment. Circles represent the standard K+ and triangles the increased K+ fertilisation 
treatment. Filled symbols indicate the ambient and hollow symbols the low CO2 
atmospheric treatment. Data are presented as the mean of three biological repeats, 
representative of three ripeness levels, ± SE.  

5.3.2 Berry ripening 

Pericarp FM increased rapidly from S1 to S4 in all treatments, with no 

differences (p < 0.05) between treatments at S7 (Figure 2A). A similar 

observation as for the FM was seen for the DM, with no significant differences 

(p < 0.05) between the treatments at harvest (Figure 2B).  

Pericarp sugar, K+ and water contents were similar between the treatments on 

the first sampling date (S1) prior to the start of the treatments (Table 2). There 

were also no differences (p < 0.05) in the sugar, K+ and water content between 

treatments within sampling dates after treatments were started (S2 to S7) 

(Table 2). This is due to the extensive variability in ripening between berries per 

replicate, with the only exception being in water accumulation at S2 between 

the LS and AI treatment (Table 2).  

Rapid sugar accumulation occurred from véraison (S2) until S5 in all the 

treatments, increasing ≈ 1140 and 1300 µmol per berry pericarp from S2 to S5 

in the L- and A-treatments respectively (Table 2). Although An was significantly 
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Table 2: Berry pericarp sugar, potassium (K+) and water content per sampling date (S1 
to S7) and per treatment. Data are presented as the mean of three biological repeats, 
representative of three ripeness levels, ± SE. Mean values assigned with different 
letters between sampling dates within treatments indicate significant differences (p < 
0.05). No significant differences (p < 0.05) were observed between treatments within 
sampling dates and are not indicated, the only exception being the water content in S2, 
with treatments that differ indicated with an *.  

 Sampling 

date 

Ambient CO2; 

standard K+ 

Ambient CO2; 

increased K+ 

Low CO2; 

standard K+ 

Low CO2; 

increased K+ 

S
u

g
a

r 
co

n
te

n
t 

(µ
m

o
l/

p
e

ri
ca

rp
) 

S1 40 ± 11 d 55 ± 11 e 46 ± 23 d 43 ± 21 d 

S2 216 ± 88 d 306 ± 54 d 172 ± 84 d 202 ± 132 d 

S3 836 ± 36 c 766 ± 73 c 619 ± 192 c 514 ± 202 cd 

S4 1336 ± 141 b 1256 ± 28 b 1063 ± 182 b 1048 ± 266 bc 

S5 1463 ± 117 ab 1562 ± 108 a 1347 ± 159 ab 1307 ± 176 ab 

S6 1712 ± 195 a 1610 ± 106 a 1506 ± 36 a 1444 ± 220 ab 

S7 1565 ± 159 ab 1593 ± 106 a 1510 ± 49 a 1612 ± 153 a 

P
o

ta
ss

iu
m

 c
o

n
te

n
t 

(µ
m

o
l/

p
e

ri
ca

rp
) 

 

S1 64 ± 3 e 70 ± 3 c 61 ± 3 c 61 ± 5 d 

S2 77 ± 6 de 88 ± 6 c 80 ± 6 bc 83 ± 3 cd 

S3 93 ± 5 cd 88 ± 6 c 80 ± 13 bc 74 ± 16 d 

S4 120 ± 13 bc 112 ± 3 b 112 ± 15 b 117 ± 17 bc 

S5 138 ± 6 ab 155 ± 10 a 150 ± 17 a 149 ± 9 ab 

S6 159 ± 14 a 143 ± 10 a 170 ± 5 a 168 ± 19 a 

S7 149 ± 12 a 152 ± 10 a 153 ± 5 a 174 ± 17 a 

W
a

te
r 

co
n

te
n

t 

(m
m

o
l/

p
e

ri
ca

rp
) 

S1 47 ± 1 d 51 ± 2 d 48 ± 1 b 51 ± 4 c 

S2 56 ± 5 cd 62 ± 3 bc* 49 ± 3 b* 53 ± 3 bc 

S3 72 ± 1 ab 62 ± 4 bc 61 ± 6 a 61 ± 6 abc 

S4 74 ± 4 a 71 ± 2 ab 71 ± 4 a 73 ± 6 a 

S5 68 ± 3 ab 73 ± 4 a 68 ± 4 a 70 ± 3 a 

S6 76 ± 8 a 63 ± 2 abc 69 ± 3 a 69 ± 5 a 

S7 61 ± 4 bc 61 ± 3 c 63 ± 1 a 67 ± 6 ab 

reduced in the L-treatments (Table 1), there were no differences in the pericarp 

sugar content between treatments (≈ 1570 µmol sugar per pericarp) at harvest 

(S7) (Table 2). The sugar accumulation rate decreased between S5 and S7 in 

all treatments. The decrease of ≈ 147 µmol in the mean pericarp sugar content 

of berries of the AS treatment from S6 to S7, ≈ 8% of the pericarp sugar content 

at S6, was not statistically different at p < 0.05 (Table 2).  

A very tight relationship was apparent between the mean pericarp sugar and K+
 

contents, irrespective of treatment (Figure 3) when assessed at the biological 

repeat level. A high variability was however observed between the individual 
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berries within a biological repeat, even though véraison occurred around the 

same time (Figure 3). 

 

Figure 3: The relationship between the potassium (K+) and sugar content of the berry 
pericarps separated by treatment with r = 0.93, p < 0.001 for AI; r = 0.92, p < 0.001 for 
AS; r = 0.95, p < 0.001 for LI; and r = 0.95, p < 0.001 for LS. Circles represent the 
increased K+ and triangles the standard K+ fertilisation treatment. Solid symbols 
indicate the ambient and hollow symbols the low CO2 atmospheric treatment. Values 
are the mean ± SE per biological repeat (n = 4 berries) across the complete ripening 
period (n = 7 sampling dates, 3 technical repeats per treatment). Horizontal error bars 
represent the SE of the pericarp sugar content and vertical error bars the SE of the 
pericarp K+ content.  

5.3.3 Gene expression patterns 

Potassium transporter gene expression: VvKT2 and VvSKOR relative 

expression remained reasonably stable during ripening. At the end of ripening, 

at S7, the mean expression levels of these genes were lower in the L-

treatments (p < 0.05) than in the A-treatments (Figure 4). This was especially 

prominent in the AS treatment (data excluded from the graph), where the 

relative expression levels became highly abundant in relation to that of the 

reference genes (Figure 4).  
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VvK1.2 was weakly expressed prior to the onset of ripening (véraison occurred 

around S2) after which the expression increased up to S5 when sugar 

accumulation plateaued (Figure 4). The increased expression of VvK1.2 at S7 

in the L-treatments, specifically in the LI treatment (≈ 4 times), corresponds with 

the continued K+ accumulation in this treatment (Table 2). VvKUP2, unlike 

VvK1.2, was already expressed prior to véraison and remained relatively stable 

during ripening after an increase in the expression at S3, specifically in the LS 

treatment (Figure 4). As for VvK1.2, VvKUP2 transcripts became more 

abundant in the L-treatments at S7 with no difference between the K+ 

treatments (Figure 4).  

Sugar transporter gene expression: The two tonoplast monosaccharide 

transporters (VvTMT1 and VvTMT2) displayed different trends in relative 

expression. VvTMT1 transcript expression increased at S2, whereas VvTMT2 

increased at S3 (Figure 4). Differences were not obvious between the 

atmospheric treatments for VvTMT1, but mean expression levels were in 

general more abundant in the L-treatments for VvTMT2. Expression of both 

genes declined towards the end of ripening, with VvTMT2 expression increasing 

slightly at S7 in the L-treatment (Figure 4).  

VvHT3 exhibited relatively stable expression patterns following véraison (S3 to 

S5). At harvest (S7), expression levels were lower in the A- than the L-treatment 

(Figure 4). VvSWEET15 expression was relatively low pre-véraison, but from 

S2 to S3 increased nearly 5 times in the A-treatment and nearly 7 times in the 

L-treatment (Figure 4). Expression levels remained relatively stable from S4 to 

S6, after which a down regulation in transcription, especially in AS, was 

observed towards harvest (S7) (Figure 4). Relative expression levels for 

VvSUC12 were quite stable from S1 to S3 after which they decreased by half in 

all treatments between S3 and S5 and remained relatively stable thereafter 

(Figure 4). Water transporter gene expression: The mean relative expression of 

VvPIP2;1 increased around véraison (S1 to S3) whereafter it gradually 

decreased until 103 DAF (S7) (Figure 4) in accord with data from Choat et al. 

(2009) and Fouquet et al. (2008). VvPIP2;1 expression was more abundant in 

the L-treatments than the A-treatments between S5 and S7, and specifically in 

the increased K+ treatment. The VvPIP2;1 transcript was almost undetectable in 

the A-treatments at S7 (Figure 4). 
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Sampling date Atmosphere K+ treatment Atmosphere*K+ treatment 

VvKT2 n.s. n.s. n.s. n.s. 

VvSKOR n.s. n.s. n.s. n.s. 

VvK1.2 *** ** n.s. n.s. 

VvKUP2 *** n.s. n.s. n.s. 

VvTMT1 *** n.s. n.s. n.s. 

VvTMT2 *** ** n.s. n.s. 

VvHT3 *** *** n.s. n.s. 

VvSWEET15 *** n.s. n.s. n.s. 

VvSUC12 *** n.s. n.s. n.s. 

VvPIP2;1 *** n.s. n.s. n.s. 

Figure 4: Relative expression of the genes of interest per treatment across ripening 
(S1 to S7). Values have been normalised against three reference genes (VvActin7, 
VvEF1γ and VvGAPDH). Data are presented as the mean of three biological repeats, 
representative of three ripeness levels, ± SE. Interactions noted in the table followed by 
** and *** indicate significance at p < 0.01 and p < 0.001, respectively, as determined by 
analyses of variance. Expression for VvKT2 and VvSKOR of the AS treatment at S7 
was excluded, as an undetermined factor triggered relative expression levels of 93 ± 87 
and 279 ± 220 of VvSK2 and VvSKOR respectively.  

5.3.4 Interaction between the genes of interest 

Clustering (Figure 5) revealed that expression patterns were very similar 

between VvKT2 and VvSUC12, irrespective of treatment, and showed 

similarities with VvSKOR in the AI, AS, and LS treatments, and with VvSKOR 

and VvHT3 in the LI treatment. The two TMTs showed similarities with the 

aquaporin (VvPIP2;1) for all treatments, with VvTMT1 being more like VvPIP2;1 

than VvTMT2. VvK1.2 and VvSWEET15, although grouped, indicated little 

similarity in relation to each other and to other groups. VvHT3 and VvKUP2 

clustered in the AI, AS, and LS, but is grouped together with VvSKOR, VvKT2 

and VvSUC12 in the LI treatment. 

5.3.5 Interaction between the genes of interest and pericarp sugar, K+ and 
water content 

The most noteworthy correlations in expression was of VvPIP2;1 with VvHT3, 

VvTMT1 and VvTMT2, as well as the strong inter-relationship between all of 

these genes, irrespective of treatment (Table 3). VvHT3 and VvTMT2 further 

strongly correlated with VvKUP2 in all treatments, albeit to a lesser degree in 

the LI treatment (Table 3). VvSWEET15 was negatively correlated with 

VvSUC12, but neither of these transport proteins indicated a relationship with 

any other GOI investigated and the data are thus not shown in the table. 
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Figure 5: Hierarchical cluster analyses of the relative expression data of the 10 genes 
of interest (GOI) related to water, sugar and potassium accumulation in the grape 
berry. The results of the expression levels are shown as a heatmap and indicated for 
the ambient CO2, increased K+ (AI), ambient CO2, standard K+ (AS), low CO2, 
increased K+ (LI) and the low CO2, standard K+ (LS) treatments. Each row represents a 
GOI and each column a treatment sampling date (S1 to S7). The relative expression 
colour scale is shown below and represents the expression level per row. Data of 
AS:S7 have been removed due to the effect of apoptosis in this treatment on the 
relative transcript levels of the GOI.   

The pericarp sugar content was positively related to the relative expression 

patterns of VvPIP2;1, irrespective of treatment and when the total sample 

population was considered (Table 3). The sugar concentration also revealed 

positive relationships to VvPIP2;1, expressing strong relationships in the AI, AS 

and LS treatments (Table 3). The standard K+ treatments were strongly 

correlated to VvTMT2, but indicated less strong correlations in the increased K+ 

treatments (Table 3). The pericarp K+ content was not strongly correlated to any 

of the GOI (Table 3), except with VvK1.2 in the AI treatment (r = 0.56, p < 0.05, 

data not shown). The K+ concentration were, in general, negatively correlated to 

the relative expression of the GOI (Table 3).  

VvPIP2;1 was further positively correlated with the water content in the AS, LS 

and LI treatments and when for all the samples (n = 84). The water content in 

the AI treatment was also positively related to VvPIP2;1, but it was not 

significant at p < 0.05 (Table 3). 
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Table 3: Relationships between the genes of interest (GOI) and also between the GOI 
and the sugar, K+ and water content. In addition to the content, the correlations 
between the sugar and K+ concentration and the GOI is shown. Only the GOI indicating 
the strongest positive relationships are shown. For the GOI, green cells indicate the 
highest and red the lowest correlation and for the pericarp composition, red the highest 
and blue the lowest correlation values. The correlations are shown for the ambient 
CO2, increased K+ (AI), ambient CO2, standard K+ (AS), low CO2, increased K+ (LI) and 
the low CO2, standard K+ (LS) treatments across all sampling points (n = 7). Also 
shown are the correlations for the total sample population (ALL). Correlations followed 
by *, ** and *** indicate significance at p < 0.05, p < 0.01 and p < 0.001, respectively. 

  GENES OF INTEREST BERRY PERICARP COMPOSITION 

 

 
VvPIP2;1 VvKUP2 VvHT3 VvTMT1 VvTMT2 Sugar K+ Water [sugar] [K+] 

A
L

L
 (

n
 =

 8
4
) 

VvPIP2;1 
 

0.52*** 0.72*** 0.74*** 0.81*** 0.55*** 0.03 0.49*** 0.71*** -0.33** 

VvKUP2 0.52*** 
 

0.76*** 0.23* 0.65*** 0.20 -0.08 0.05 0.38** -0.07 

VvHT3 0.72*** 0.76*** 
 

0.41*** 0.72*** 0.34** 0.07 0.21 0.46*** -0.05 

VvTMT1 0.74*** 0.23* 0.41*** 
 

0.50*** 0.26 -0.14 0.41*** 0.45*** -0.48*** 

VvTMT2 0.81*** 0.65*** 0.72*** 0.50*** 
 

0.36** -0.02 0.38** 0.54*** -0.23 

A
I 

(n
 =

 2
1
) 

VvPIP2;1 
 

0.56* 0.68** 0.77*** 0.81*** 0.57* 0.00 0.37 0.72*** -0.48* 

VvKUP2 0.56* 
 

0.92*** 0.25 0.70*** 0.52* 0.33 0.31 0.43 0.06 

VvHT3 0.68** 0.92*** 
 

0.40 0.73*** 0.60** 0.26 0.41 0.54* -0.13 

VvTMT1 0.77*** 0.25 0.40 
 

0.62** 0.28 -0.09 0.33 0.50* -0.53* 

VvTMT2 0.81*** 0.70*** 0.73*** 0.62** 
 

0.38 0.09 0.42 0.43 -0.38 

A
S

 (
n

 =
 2

1
) 

VvPIP2;1 
 

0.37 0.61** 0.79*** 0.83*** 0.63* 0.05 0.52* 0.85*** -0.49 

VvKUP2 0.37 
 

0.85*** 0.05 0.67** 0.20 0.03 -0.14 0.50 0.13 

VvHT3 0.61** 0.85*** 
 

0.32 0.72*** 0.38 0.09 0.05 0.62* -0.03 

VvTMT1 0.79*** 0.05 0.32 
 

0.58** 0.30 -0.09 0.53* 0.49 -0.51 

VvTMT2 0.83*** 0.67** 0.72*** 0.58** 
 

0.52* 0.05 0.47 0.77*** -0.37 

L
I 

(n
 =

 2
1
) 

VvPIP2;1 
 

0.48* 0.75*** 0.77*** 0.72*** 0.47* 0.03 0.48* 0.54* -0.23 

VvKUP2 0.48* 
 

0.51* 0.40 0.56** -0.19 -0.29 -0.30 0.06 -0.03 

VvHT3 0.75*** 0.51* 
 

0.55* 0.61** 0.09 0.08 -0.02 0.26 0.14 

VvTMT1 0.77*** 0.40 0.55* 
 

0.58** 0.12 -0.37 0.33 0.30 -0.55* 

VvTMT2 0.72*** 0.56** 0.61** 0.58** 
 

0.28 -0.07 0.27 0.54* -0.13 

L
S

 (
n

 =
 2

1
) 

VvPIP2;1 
 

0.59** 0.80*** 0.70*** 0.87*** 0.63** 0.03 0.63** 0.85*** -0.31 

VvKUP2 0.59** 
 

0.82*** 0.26 0.75*** 0.30 -0.32 0.22 0.59** -0.36 

VvHT3 0.80*** 0.82*** 
 

0.43 0.78*** 0.54* -0.10 0.46 0.74*** -0.30 

VvTMT1 0.70*** 0.26 0.43 
 

0.47* 0.26 -0.03 0.38 0.47* -0.40 

VvTMT2 0.87*** 0.75*** 0.78*** 0.47* 
 

0.54* -0.07 0.57* 0.77*** -0.32 

5.4 DISCUSSION 

This study was undertaken to characterise the expression patterns and kinetics 

during ripening of identified sugar and K+ transport genes in ripening grape 

berries. A potential link in the accumulation of sugar and K+ in grape berries has 

been alluded to in previous studies (Deeken et al. 2002, Rogiers et al. 2006b) 

after similar trends were observed in the accumulation patterns of these solutes 

during ripening.  
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Assessing the accumulation patterns of K+ in grape berries, especially in 

relation to that of sugar, is challenging considering that K+ is fundamental in an 

array of functions. The roles of K+ in the grape berry are most likely similar to 

that of K+ in the cells of other plant systems (Cuéllar et al. 2013). Potassium is 

accumulated in the berry from fruit set (E-L 27) (Rogiers et al. 2006a), whereas 

sugar is only rapidly accumulated from véraison (E-L 35) onwards (Davies et al. 

2012). The function of K+ likely shifts at the onset of ripening, due to the osmotic 

changes resulting from the accumulation of large amounts of sugar and water in 

the berry, as well as the transition in phloem unloading from a symplastic to an 

apoplastic pathway (Zhang et al. 2006).  

5.4.1 Sugar, K+ and water accumulation in the ripening grape berry 

pericarp 

The grape berry is a strong sink for photoassimilates during ripening 

(Lecourieux et al. 2014). Reducing the available CO2 in the atmosphere by 34% 

reduced photoassimilation by 35%, therefore presumably reducing the available 

photoassimilates, mainly sucrose in grapevine (Keller 2010), for loading in the 

phloem and subsequent long distance transport to the reproductive sink organs 

(grape berries). The reduced availability of sucrose, however, did not result in a 

decreased pericarp sugar content at harvest, irrespective of the treatment. To 

achieve similar pericarp sugar contents in all treatments, carbohydrates were 

likely remobilised from the storage organs of the vine in the L-treatment, more 

specifically the root structure, that would ensure optimal ripeness and guarantee 

seed dispersal. The remobilisation of starch from the storage organs under 

decreased photoassimilate availability has been observed in the grapevine in 

previous studies (Candolfi-Vasconcelos et al. 1994, Rossouw et al. 2017).   

Conversely, the pericarp sugar concentration was 20% higher (p < 0.05) at 

harvest in the A-treatment (data not shown), likely because the berry pericarps 

of the L-treatment contained more water at harvest. In this study, VvPIP2;1, the 

most abundantly transcribed PIP2 aquaporin isoform in grapevine (Choat et al. 

2009, Tyerman et al. 2012), was expressed at higher levels in the L- treatments 

from S5 to S7, thus potentially contributing to the increased water content in the 

berry pericarp during ripening in this treatment. The tight positive relationship 

between expression of this transport protein with the hexose transport proteins 

indicate that water accumulation in grape berries is likely not just osmotically 
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driven by sugar accumulation and may be, in part, contributed to by 

transcriptional alterations.  

Hexose sugars, loaded across the plasma membrane from the apoplast by 

hexose transporters, are transported from the cytosol into the vacuole by the 

putative tonoplast monosaccharide transporters (TMTs) (Lecourieux et al. 

2014). Expression of VvTMT1 increased at around véraison (S2 to S3), while 

that of VvTMT2 only increased at S3, coinciding with the shift to apoplastic 

unloading and the subsequent import of hexose sugars from the apoplast. The 

delay in upregulation of the expression of VvTMT1 in the LI treatment at S2 

might indicate that VvTMT1 was tightly regulated by the onset of véraison. Berry 

development was delayed in the LI treatment and véraison (E-L 35) occurred 

two days after the S2 sampling date. The large accumulation in this transcript 

between S1 and S2 for the other treatments, where véraison did occur between 

these sampling dates, supports this observation. 

Potassium is accumulated in the berry prior to véraison and plays a large role in 

the pre-véraison berry as an osmoticum to facilitate cell expansion (Davies et al. 

2006). VvKT2 and VvSKOR are associated with unloading of K+ from the 

phloem (Ache et al. 2001) and xylem (Anschütz et al. 2014) respectively and 

likely contributed to the increase in K+ between S1 and S2 (prior to véraison) as 

seen in the abundant transcription of these genes at these sample dates. 

Potassium is however found in approximately 10-fold greater concentration in 

the phloem than the xylem as noted by Rogiers et al. (2000).  

Interesting to note is, that in this study, VvSKOR transcription was upheld 

during the post-véraison period. This continued expression of VvSKOR may 

confirm the backflow of excess water from the phloem, together with K+, via the 

xylem as proposed by Keller et al. (2006). VvSKOR activity is controlled by the 

external K+ concentration (Anschütz et al. 2014), thus the K+ concentration in 

the apoplast. The efflux of water from the apoplast to the xylem may have 

activated this channel with the switch in K+ concentration across the two 

compartments. Transcription of the SKOR protein is depressed by abscisic acid 

(ABA) in the roots of Arabidopsis (Pilot et al. 2003). At the onset of ripening 

(véraison), the levels of ABA increase in the grape berry as it promotes berry 

ripening (Kuhn et al. 2013). The accompanying decrease of transcription of 

VvSKOR at this phenological stage, signifying a decrease in the efflux of K+ to 
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the xylem, indicates a possible similar regulation in the grape berry to that in 

roots.    

The loading of K+ from the apoplast to the cytoplasm was facilitated by VvK1.2, 

an inward rectifying K+ channel (Cuéllar et al. 2013), and VvKUP2, a K+ uptake 

transporter (Davies et al. 2006), both decreasing in expression at S6 when the 

accumulation of both sugar and K+ plateaued. VvK1.2 is mainly associated with 

K+ transport in the mesocarp cells (Cuéllar et al. 2013) whereas VvKUP2 is 

predominantly expressed in the exocarp (skin) of the grape berry (Davies et al. 

2006). The K+ concentration of the skin is much higher than the mesocarp 

(Coombe 1987), thus a specialised molecular transport system, like VvKUP2 

which is able to actively transport K+ across the plasma membrane against the 

concentration gradient, is needed to enable K+ transport in the skin cells 

(Davies et al. 2006). A similar mechanism will be needed in the mesocarp as 

the K+ concentration of the cytoplasm is in general higher than that of the 

apoplast (Marschner 2012). In contrast to the active uptake of K+ in the skin, 

sugar uptake is mainly passive through diffusion as the sugar concentration in 

the skin is usually lower than in the mesocarp (Lecourieux et al. 2014). The 

increases in the expression of VvKUP2 after véraison (S3), may be attributed to 

an influx of K+ into the exocarp cells to facilitate cell expansion and rapid berry 

enlargement.  

It has by now been established that the xylem remains anatomically connected 

to the grape berry during ripening (Chatelet et al. 2008, Keller et al. 2006, 

Rogiers et al. 2000) and that water flow can continue into and out of the berry 

depending on driving force and cultivar (Keller et al. 2015, Scharwies and 

Tyerman 2017). Water and K+ were likely removed from the berry by backflow 

through the xylem as seen from the concomitant decrease in the pericarp K+ 

and water content between S6 and S7 in the standard K+ treatments. Tilbrook 

and Tyerman (2009) found that Shiraz berries had a larger tendency for 

backflow in the xylem than other varieties most probably because of an 

apparent reduction in cell membrane semi-permeability, but maintained xylem 

hydraulic conductivity relative to other cultivars.  

The large variability between and within the biological repeats, evident in both 

the content and transcription data, highlight the differences in the accumulation 

of K+ and sugar in the individual vines and also between the individual berries. 
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Gouthu et al. (2014) demonstrated that transcription programs were dissimilar in 

grape berries located on the same bunch. They also found that the rate of 

ripening increased in delayed berries, indicating plasticity in the ripening 

program.  

5.4.2 The relationship between sugar, K+ and water accumulation in the 

berry pericarp  

A strong relationship was apparent under controlled conditions between the 

pericarp sugar and K+
 content in this study. Ten-fold more sugar molecules 

(glucose and fructose) accumulated by harvest (S7) in the berry in relation to 

the number of K+
 molecules. The strong relationship was also observed for the 

relative expression levels of VvKUP2 and VvHT3, indicative of a potential link in 

the expression of these transporter genes. No relationship was however 

apparent between the GOI associated to sugar transport and the K+ content 

changes during the ripening period and for the inverse. The K+ concentration 

even revealed negative correlations with the GOI associated with water and 

sugar transport in the grape berry.  

Both VvKUP2 and VvHT3 were in turn also highly correlated to VvPIP2;1, the 

most abundant aquaporin in the grape berry mesocarp, which is located on the 

plasma membrane (Fouquet et al. 2008). This outcome confirms the probable 

ternary relationship between water, K+ and sugar influx in the grape berry. A 

ternary relationship between sugar, water and K+ accumulation has previously 

been demonstrated in grape berries (Etchebarne et al. 2009).  

Although water and sugar had a positive relationship with the transporters 

identified to facilitate the transport of sugar and water across membranes, this 

relationship, as mentioned before, did not extend to K+
 for any of the transport 

systems. Potassium, however, fulfils an array of functions within the cell and 

accumulates in both the cytosol and vacuole. Sugar, on the other hand is mainly 

found in the vacuole. The relationship between the putative TMTs and 

VvPIP2;1, especially VvTMT2, further alludes to the role of sugar as the main 

osmoticum in the vacuole after véraison.  

In grape berries, the relationship between sugar and K+ is likely not because of 

the co-regulation of VvKT2 and sugar unloading from the phloem as observed 

in other plant species. The shift from symplastic to apoplastic phloem unloading, 
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and the concurrent cleaving and removal of sucrose from the apoplast, will 

curtail the necessity for an active sucrose unloading pathway from the phloem 

as alluded to before.   

5.4.3 Sugar and K+ transport systems involved in the apoplastic pathway 

The general increase at S3 in VvK1.2, VvKUP2, and VvHT3 transcripts 

associated with solute transport into the cell across the plasma membrane 

supports a shift from symplastic to apoplastic phloem unloading. An increase in 

VvSWEET15 transcript was especially obvious at S3, and from S3 to S4. The 

continuous removal from and hydrolysis of sucrose in the sink apoplast will 

maintain a downward sucrose gradient that will facilitate passive unloading of 

sucrose by VvSWEET15 from the phloem complex.  

The possible role of VvSUC12 in the efflux of sucrose from the phloem has thus 

far not been determined (Lecourieux et al. 2014) as sucrose can be unloaded 

from the phloem by transporters of the SUT1/SUC2 type (Lemoine et al. 2013). 

The cleavage of apoplastic sucrose to glucose and fructose by cell wall 

invertase should however sustain a downward sucrose gradient from the 

phloem complex, negating the need for an active unloading pathway 

(Lecourieux et al. 2014). Moreover, removal of H+ from the apoplast through the 

transport of sucrose and hexose sugars into the sink cell will activate the AKT2 

channel (Ache et al. 2001). The relatively stable and abundant expression of 

VvKT2 during ripening (S3 to S6) thus supports the shift in the unloading 

pathway.  

Due to the close resemblance of VvSUC11 to AtSUC4 and VvSUC12 to the 

SUT2/SUC3 group, Afoufa-Bastien et al. (2010) speculated that VvSUC12 is 

likely localized on the plasma membrane, facilitating sucrose influx from the 

apoplast, whereas VvSUC11 might be located on the tonoplast and thus 

responsible for sucrose influx into the vacuole. From the expression patterns 

during ripening of VvSUC12, declining post-véraison but remaining relatively 

stable during ripening, we suspect that VvSUC12 may be located on the plasma 

membrane as proposed by Afoufa-Bastien et al. (2010).  
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5.5 CONCLUSION 

This study was undertaken to determine if there is a relationship in the 

accumulation of sugar and K+ in grape berries as has been alluded to in the 

literature. Moreover, we endeavoured to ascertain if this relationship is based 

on the co-regulation of sugar and K+ transport proteins. 

Despite altered relative availability of both solutes for transport to the grape 

berry, a relationship in the sugar and K+ pericarp content was upheld. This was 

also evident on a transcriptional level, with similar upregulation of VvHT3 and 

VvKUP2, associated with hexose sugar and K+ transport across plasma 

membrane, respectively. Furthermore, the GOI assessed in this study 

responsible for mediating sugar, K+ and water transport across cell membranes 

were closely correlated, highlighting the ternary relationship between them.  

There is thus a strong indication that sugar, K+ and likely water transport into 

the grape berry cell is co-regulated, but there is variability in the strength of the 

regulation between berries. We however only assessed a small constituent of 

the transporter systems that are involved in water, sugar and K+ transport in the 

grape berry cell, and only one cultivar under controlled conditions. The plasticity 

of grape berry ripening, not only between grape berries on a bunch and 

between vines but also between cultivars, necessitates further research on this 

topic in order to better understand the sugar-K+ nexus in ripening fruit.  
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Chapter VI:  Review and general conclusions 

Knowledge on the accumulation of sugar and potassium (K+) within grape 

berries is important, as both are integral to the fruit ripening process and impact 

on wine composition and ultimately the organoleptic properties of the wine. By 

better understanding the accumulation patterns of sugar and K+ within grape 

berries and how the remainder of the grapevine responds to the manipulation of 

the accumulation of these metabolites, decisions regarding vine management 

and oenological approaches during winemaking could effectively be 

implemented to improve the properties of the final product. 

In this work, the possibility of a link in the loading of sugar and K+ in the grape 

berry during ripening was assessed. The hypothesis, that there is a causal 

relationship in the accumulation of sugar and K+ within grape berries, was 

tested through three experiments.  

This work was initiated by first addressing the shortcomings identified in 

previous studies that reported an apparent relationship between berry sugar 

and K+ content. The spatiotemporal relationship in the accumulation of sugar 

and K+ was assessed in single grape berries sampled from an experimental 

vineyard managed according to standard commercial practices. Methods to 

assess the quantities of both solutes in single berries and also within the 

individual tissues of single berries were developed in order to determine the 

content in small volume berry tissue samples. The development of these 

techniques was essential for this work and also utilised in further experiments.   

To assess the resilience of the proposed causal link between K+ and sugar, an 

experiment was subsequently conducted in controlled environments where the 

availability of both solutes for accumulation in the grape berry was manipulated. 

The availability of sugar for relocation to the grape berries was reduced by 

limiting the photoassimilation rate through decreased atmospheric CO2 (by 

35%) in this treatment, with an ambient atmospheric CO2 concentration 

treatment as the control. Conversely, the K+ concentration was increased in the 

soil-applied fertiliser from a standard application (control) to around 60% above 

the standard K+ concentration. Due to the potential redistribution of nutrients 
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and stored carbohydrates in response to the treatments, the complete vine 

structure was analysed for K+ and carbohydrates at the end of the experiment.  

The third and final component of the study assessed the expression patterns of 

specific transporter proteins associated with sugar and K+ accumulation within 

the berry pericarp from véraison to maturation. Correlations in their up- and 

downregulation during ripening were also assessed.    

The following observations and conclusions were made from the 

aforementioned experiments:  

6.1 The sugar-K+ nexus within single grape berries and grape berry 

tissues  

A positive correlation in the sugar and K+ contents of individual grape berries 

was apparent in field-grown Sauvignon Blanc. This correlation strengthened 

over the ripening period when both K+ and sugar were effectively accumulated 

from véraison onwards. Similar positive correlations were observed in the 

individual grape berry tissues, especially the skin and the pulp, indicating a 

potential relationship in the accumulation of K+ and sugar within the tissues 

irrespective of function or cell structure. The berry sugar content, however, 

increased at a more rapid rate than the K+
 content, so that in mature berries the 

sugar content was up to ten-fold greater than K+. The high variability in the total 

sugar and K+ contents between single berries, demonstrates the autonomous 

ripening nature of individual grape berries and highlighted the plasticity in the 

accumulation of these metabolites in relation to each other. This variability 

however disappeared when the sugar and K+ content data of the 46 berries per 

sampling date were aggregated, demonstrating that biochemical and 

phenological differences between individual grape berries are potentially 

masked when berries are combined according to a common attribute. Increased 

sugar and K+ contents in larger berries points towards a ternary relationship in 

the accumulation of sugar, K+ and water in grape berries during ripening.   

The key findings from this study were: 
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i. There is a strong positive correlation in the accumulation of sugar and K+ 

in Sauvignon Blanc grape berries, but variability between single grape 

berries indicates plasticity in this potential relationship. 

ii. Due to plasticity in the accumulation pattern between individual grape 

berries, and the heterogeneity between grape berries during ripening, it is 

suggested that berries should be analysed individually in order to more 

accurately determine the nature and mechanism of relationships in the 

accumulation of metabolites. 

iii. A ternary relationship between sugar, K+ and water accumulation in the 

grape berry was identified.  

6.2 The tenacity of the sugar-K+ link within grape berries 

Despite the application of an experimental treatment that reduced the 

photoassimilation rate by one third in a controlled environment, the berry 

pericarp sugar content was not reduced at maturity and was similar for all the 

treatments. A portion of the sugar in the berries of the grapevines grown under 

a limited photoassimilate supply was derived from the carbohydrate storage 

organs of the vine, specifically the roots. The berry pericarp K+ content was, 

however, higher in those vines where the photoassimilation rate was 

suppressed, implying a shift in K+ homeostasis associated with access to the 

alternative source of carbohydrate and in increase in the water content of these 

berries. A concomitant decrease in the root K+ content, mirroring the increase in 

the berry pericarp K+ content, implies that K+ was redistributed from the roots 

towards the grape berries in this treatment. Potassium likely facilitated the 

loading and long distance transport of the remobilised carbohydrates in the 

phloem from the roots to the grape berries under conditions where soil K+ was 

not limited. 

The berry pericarp K+ content was found to be significantly correlated to the 

water content of the berry pericarp, but adding the berry pericarp sugar content 

to the model strengthened the relationship. This observation confirms that the 

ternary relationship between sugar, K+ and water is potentially pivotal to berry 

ripening, and is a key finding of this research.   
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The sampling kinetic of sugar and K+ accumulation over the course of ripening 

revealed an initial lag in the rate of sugar accumulation when photoassimilates 

were limited. However, this rate increased to a level comparable to the control 

treatment within seven days after exposure to low CO2. This dynamic response 

reiterates that the grapevine, like other plant systems, favours fruit ripening.  

Key findings in this study thus include: 

i. The plasticity in the accumulation of sugar and K+ in relation to each 

other was identified in Shiraz grape berries.  

ii. Where there was a shortfall in photoassimilate production in the low CO2 

treatment, the grapevine sourced reserves to meet the carbohydrate 

requirement of the developing fruit, demonstrating a propensity to ripen 

the fruit. 

iii. Potassium likely facilitated the relocation of the carbohydrates from the 

roots towards the fruit.  

iv. A strong ternary relationship between sugar, K+ and the water content 

within the grape berry was confirmed. 

6.3 Gene expression patterns of the sugar and K+ transport systems in the 

grape berry during ripening 

Nine genes of interest (GOI), five associated with sugar and four with K+ 

transport in grape berries, were assessed in this study. The hexose (VvHT3) 

and K+ (VvKUP2) uptake transporters, located on the plasma membrane and 

responsible for the transport of these solutes into the cell from the apoplast, 

were strongly correlated. Considering that the K+ concentration within the cell 

cytoplasm is generally kept constant, it can be assumed that the K+ loaded in 

the cell across the plasma membrane is destined for loading in the vacuole for 

storage. This implies that there is a potential relationship in the regulation of 

these two transport proteins for the loading of sugar and K+ into the grape berry 

cell. 

The strong positive correlations in the up- and down regulation of the GOI 

associated with sugar (VvHT3, VvTMT1 and VvTMT2), K+ (VvKUP2) and water 

(VvPIP2;1) transport, corroborates the relationship in the accumulation of these 
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solutes and water. These transport proteins also indicated positive associations 

to the pericarp sugar and water content data. This was especially evident 

between the sugar concentration and VvPIP2;1 and to a lesser degree for 

VvTMT2.  

That the sugar-K+ link in grape berries is related to the active unloading of K+ 

and sugar from the release phloem at the sink, as alluded to in other plant 

systems, is debatable as an active unloading pathway into the apoplast at the 

sink in the grape berry during ripening is likely unnecessary. The transcription of 

GIO linked to the transport of sugar and K+ across the plasma membrane from 

the apoplast increased following véraison, supporting that the phloem unloading 

pathway switched, at least in part, from symplastic to apoplastic at the start of 

berry ripening. The continuous removal of sucrose from the apoplast into the 

cell by sucrose transporters, concurrent to the hydrolysis of apoplastic sucrose 

to its hexose products and their subsequent removal from the apoplast by 

hexose transporters, will maintain the downward gradient for passive phloem 

unloading. The recent identification of sugar transporters involved in passive 

movement of sugars across membranes (Chen et al. 2012) may hold the key in 

describing the passive unloading pathway of sucrose from the phloem in the 

grape berry. Furthermore, it is likely that an indeterminate percentage of 

apoplastic K+ is recirculated via the xylem together with the excess water 

unloaded from the phloem and thus not destined for transport into the cell as in 

the case of sugar.  

The key findings that emanated from this study were: 

i. Even though a limited number of genes were assessed, it can be 

presumed that a causal relationship likely exists in the loading of sugar, K+ 

and also water across the membranes in the grape berry pericarp cells. 

ii. A shift from symplastic to apoplastic phloem unloading following véraison 

was apparent in this controlled environment study within Shiraz grape 

berries. 

From the observations made in this work, it is thus plausible that a relationship 

does exist in the accumulation of sugar and K+ in grape berries. The plasticity of 

the accumulation of these solutes in relation to each other indicates that the 
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accumulation of either the sugars or K+ does not accurately predict the 

accumulation of the other. A strong ternary link between sugar, K+ and water 

has however been ascertained, implying that the relationship between sugar 

and K+ may be related to the conservation of homeostasis within the grape 

berry through their osmoregulatory properties. 

Assessing the accumulation of these metabolites is however not 

straightforward, particularly in relation to each other. A percentage of the 

imported sugar in the grape berry will be metabolised, with the rate of 

metabolism dependent on the needs of the berry, the availability of assimilates 

from the source and the prevailing climatic conditions. Potassium will in turn be 

redistributed according to the need within the grape berry and the grapevine, 

with backflow through the xylem of K+ from the grape berry as the potential 

pathway for re-translocation. Also, considering the sheer number of functions 

that K+ has in the cell and in phloem transport at the loading, long-distance 

pathway, and unloading points of the pathway, this makes it difficult to 

determine more precisely how sugar and K+ are linked.    

6.4 FUTURE WORK 

The ability of the grapevine to adapt to the manipulation of carbon and 

exogenous nutrient or K+ availability, in order to maintain homeostasis within the 

plant, necessitates a adapted approach in order to assess the relationship 

between these metabolites. This approach may require manipulation at the 

individual shoot or bunch level, such as girdling, where other potential sources 

of carbohydrates or K+ are limited. Proposing a potential mechanism of sugar 

and K+ co-loading into the grape berry pericarp cells will be the first step 

towards revealing the exact nature of the proposed relationship. Increasing the 

K+ concentration available to the vine didn’t have any effect on the accumulation 

of K+ in relation to the vines that received a sufficient amount of K+ fertilisation. 

Care has to be taken when implementing a treatment where a deficiency in K+ 

is induced, as this will potentially affect the physiological functioning of the 

vines.  

The ratio of sugar that accumulated to K+ in the grape berry during ripening 

warrants further investigation. Developing a technique to sample and analyse 
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the phloem sap could indicate the relationship of sugar and K+ within the 

phloem and the possible changes in the berry in the relationship during berry 

development. If this relationship could be established, the accumulation of these 

solutes in the grape berry could potentially be predicted.   

The ternary link implied in this work needs further investigation due to the large 

osmotic role that both solutes play in berry development and ripening.  

The vacuole is the major storage pool of glucose and fructose but only part of 

the K+ in the cell. The identification and assessment of tonoplast transporter 

proteins may shed more light on the relationship in the accumulation of these 

solutes in relation to each other.  

Work with tracers can be considered, especially in determining the extent of K+ 

redistribution from the grape berry apoplast to other vine components via the 

xylem through backflow as alluded to in this work. Care has however to be 

taken when assessing the molecular response using Rb+ as a tracer. Due to the 

specificity of the transporter proteins, a realistic representation of the expression 

of K+-related transporters may not be detected using this analogue.  

Only a handful of genes that are responsible for sugar and K+ transport across 

membranes have been conclusively characterised in the grapevine. Advances 

in this field will enable the assessment of potential co-regulation. The 

characterisation of sucrose transporters that are responsible for the unloading 

of sucrose from the phloem in the sink cells specifically will shed more light on 

the unloading mechanism of sugar within the grape berry, and the potential role 

that K+ transporter proteins play in the unloading process. 

Only Shiraz transporters were, however, investigated in this thesis. Other Vitis 

vinifera varieties, clones and grapevine species showing different accumulation 

patterns of sugars and K+ will shed more light on the role of K+ in berry ripening. 

 

6.5 REFERENCE 

Chen, L.-Q., Qu, X.-Q., Hou, B.-H., Sosso, D., Osorio, S., Fernie, A.R., Frommer, W.B., 2012. 

Sucrose efflux mediated by SWEET proteins as a key step for phloem transport. Science 335, 

207-211. 

 



Chapter VI:  Review and general conclusions 

122 

 

 

 

 



 Appendix A: Chapter III 

123 

 

APPENDIX A 
 

Chapter III: Supplementary material 

 

Supplementary Table 1. Distribution of grape berries per berry diameter (C1 to C4) 
within a sampling date (S1 to S7).  

Sampling 

date
1
 

Diameter 

category 

Berry 

diameter 

(mm) 

Estimated 

berry 

volume 

(mm3)
2
 

# berries/ 

category 

S1 C1 < 9.5 < 449 3 

 C2 9.5-10.5 449-606 10 

 C3 10.5-11.5 606-796 18 

 C4 > 11.5 > 796 17 

S2 C1 < 10.5 < 606 11 

 C2 10.5-11.5 606-796 18 

 C3 11.5-12.5 796-1020 14 

 C4 > 12.5 > 1020 5 

S3 C1 < 10.5 < 606 5 

 C2 10.5-11.5 606-796 13 

 C3 11.5-12.5 796-1020 18 

 C4 > 12.5 > 1020 12 

S4 C1 < 11.5 < 796 12 

 C2 11.5-12.5 796-1020 19 

 C3 12.5-13.5 1020-1290 13 

 C4 > 13.5 > 1290 4 

S5 C1 < 11.5 < 796 5 

 C2 11.5-12.5 796-1020 19 

 C3 12.5-13.5 1020-1290 15 

 C4 > 13.5 > 1290 9 

S6 C1 < 11.5 < 796 7 

 C2 11.5-12.5 796-1020 16 

 C3 12.5-13.5 1020-1290 18 

 C4 > 13.5 > 1290 7 

S7 C1 < 11.5 < 796 11 

 C2 11.5-12.5 796-1020 17 

 C3 12.5-13.5 1020-1290 17 

 C4 > 13.5 > 1290 3 

1 Sampling dates were weekly from 1 January 2014 until 12 February 2014. 
2 Berry volume was calculated from the mean diameter of the berry, assuming the berry is a perfect sphere 
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Supplementary Table 2. Contribution of seeds, skin and pulp to total berry fresh mass 
(FM) per sampling date (S1 to S7). Values are the means per sampling date ± SE and 
indicate the percentage contribution per berry compartment. 

Sampling 

date
1
 

n Berry FM (mg) 
2 

Seed mass % of 

berry FM 3 

Skin mass % of 

berry FM
3
 

Pulp mass % of 

berry FM
3
 

S1 46 706 ± 33 d 11.7 ± 0.4 a 16.6 ± 1.1 a 71.7 ± 1.0 d 

S2 46 781 ± 29 d 11.1 ± 0.4 a 13.0 ± 0.3 cd 75.9 ± 0.4 c 

S3 46 918 ± 32 c 8.3 ± 0.3 b 11.7 ± 0.2 d 80.1 ± 0.3 b 

S4 45 1036 ± 39 b 6.7 ± 0.3 c 14.2 ± 0.5 bc 79.1 ± 0.7 b 

S5 48 1118 ± 34 ab 5.3 ± 0.2 d 12.8 ± 0.2 d 82.0 ± 0.3 a 

S6 47 1158 ± 37 a 5.2 ± 0.2 d 14.3 ± 0.3 bc 80.5 ± 0.4 ab 

S7 46 1119 ± 32 ab 5.8 ± 0.2 d 15.3 ± 0.3 ab 78.9 ± 0.4 b 

Values with different letters within berry compartments are significantly different between sampling dates 

(p < 0.05) as determined by Fisher Least Square Difference analysis of variance. 
1 Sampling occurred weekly from 1 January to 12 February 2014 with véraison estimated to have been 7 

January 2014. 
2 Sum of the berry compartments 
3 Calculated from the berry FM (sum of the mass of the compartments)  
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Supplementary Figure 1. Daily mean day (6:00 am to 8:00 pm indicated in closed 
circles) and night (8:30 pm to 5:30 am indicated in hollow circles) temperatures from 44 
to 94 days after flowering (DAF). The daily rainfall is shown as columns and indicated 
on the secondary axis. The seven weekly sampling dates (1 January to 12 February 
2014) are indicated with arrows and the estimated date of véraison was 57 DAF (7 
January 2014). 
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Supplementary Figure 2. Relationships between (A) the sugar content (; n = 321; r 
= 0.81) and (B) potassium (K+) content (; n = 230; r = 0.89) and the berry fresh mass 
(FM) for the complete sampling period from pre-véraison to fully ripe (S1 to S7). Data 
points represent individual berries. Correlation coefficients were calculated through 
Pearson bivariate correlation analyses. 
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APPENDIX B 
 

CHAPTER IV: Supplementary material 

 
 

Supplementary Table 1: Concentrations of the nutrients of the modified Hoagland’s 
stock solution and the potassium concentration applied per treatment. 

  POTASSIUM TREATMENTS
 

Macronutrients 
Stock solution 

(M) 

Standard potassium 

(mM) 

Increased potassium 

(mM) 

NH4NO3 1 
  

KNO3 
1 

1 3.6 5.4
 

CaCl2.2H2O 1 
  

KCl 
1
 1 1.2 1.8 

Ca(NO3)2.4H2O 0.4 
  

MgSO4.7H2O 0.4 
  

KH2PO4 
1 

0.1 2.4 4.8 

1 
Potassium concentration was augmented by increasing the concentration of KNO3 and KCl by 50% and 

KH2PO4 by 100% 

 

 

 

 

Supplementary Table 2: The environmental parameters as monitored during the 
experimentation period. Values indicate the mean per chamber ± SD. 

Environmental 

parameter 
Unit 

Measurement 

intervals 
Chamber 1 Chamber 2 Chamber 3 Chamber 4 

Atmospheric CO2 

(photoperiod) 

μmol mol-
1
 

Alternate chambers, 

30 min intervals and 

time point 

227.19 ± 20.57 233.70 ± 19.58 340.81 ± 22.78 356.07 ± 6.95 

Temperature 

day/night 
° C 

Continuous,  

15 min intervals 

29.59 ± 1.03/ 

19.92 ± 1.49 

29.90 ± 0.96/ 

20.53 ± 0.57 

29.35 ± 1.13/ 

20.10 ± 0.69 

29.09 ± 0.81 / 

20.19 ± 0.41 

Relative 

humidity 

day/night 

% RH 
Continuous,  

15 min intervals 

52.26 ± 6.02/ 

49.02 ± 3.68 

52.80 ± 4.48/ 

55.27 ± 4.20 

48.43 ± 5.54/ 

51.49 ± 5.76 

46.67 ± 4.27/ 

53.35 ± 6.07 

PPFD 

(photoperiod)  

μmol m-2
 

s
-1

 

Continuous, 

4 positions/chamber, 

5 min intervals 

343.72 ± 33.58 709.24 ± 44.28 592.93 ± 48.00 829.13 ± 66.42 
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Supplementary Figure 1: Relationship between the SPAD units and the measured 
total chlorophyll concentration per lamina at harvest (r = 0.87) across all treatments (n 
= 48).  
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APPENDIX C 
 

Chapter V: Supplementary material 

 

 

Supplementary Table 1: The environmental parameters as monitored during the 
experimentation period. Values indicate the mean per chamber ± SD. 

Environmental 

parameter 
Unit 

Measurement 

intervals 
Chamber 1 Chamber 2 Chamber 3 Chamber 4 

Atmospheric CO2 

(photoperiod) 

μmol mol-
1
 

Alternate chambers, 

30 min intervals and 

time point 

227.19 ± 20.57 233.70 ± 19.58 340.81 ± 22.78 356.07 ± 6.95 

Temperature 

day/night 
° C 

Continuous,  

15 min intervals 

29.59 ± 1.03/ 

19.92 ± 1.49 

29.90 ± 0.96/ 

20.53 ± 0.57 

29.35 ± 1.13/ 

20.10 ± 0.69 

29.09 ± 0.81 / 

20.19 ± 0.41 

Relative 

humidity 

day/night 

% RH 
Continuous,  

15 min intervals 

52.26 ± 6.02/ 

49.02 ± 3.68 

52.80 ± 4.48/ 

55.27 ± 4.20 

48.43 ± 5.54/ 

51.49 ± 5.76 

46.67 ± 4.27/ 

53.35 ± 6.07 

PPFD 

(photoperiod)  

μmol m-2
 

s
-1

 

Continuous, 

4 positions/chamber, 

5 min intervals 

343.72 ± 33.58 709.24 ± 44.28 592.93 ± 48.00 829.13 ± 66.42 
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Supplementary Table 2: Primer pair sequences, amplicon size and efficiency data. 

 

Gene Primer sequences 
Amplicon 

size 
Accession number Author 

VvEF1γ 
F: CGGGCAAGAGATACC;  

R: AGAGCCTCTCCCTCA 
147 XM_019223564 Nicolas et al. (2013) 

VvActin7 
F: CTTGCATCCCTCAGCACCTT;  

R: TCCTGTGGACAATGGATGGA 
82 XM_002282480 Reid et al. (2006) 

VvGAPDH 
F: TTCTCGTTGAGGGCTATTCCA;  

R: CCACAGACTTCATCGGTGACA 
70 XM_002263109 Reid et al. (2006) 

VvBAG1 
F: ATACCACCCTCTCCCTCAGT;  

R: ACACTTTCTGCACTCTCCCT 
220 XM_002271209 Liao, unpublished 

VvPIP2;1 
F: GGCATTTCTGGGGGA; 

R: CTTTGACGAGACCCA 
136 XM_002274519 

Fouquet et al. (2008);  

Choat et al. (2009) 

VvSKOR 
F: CTAGGGCAGGCAATGAGTCC;  

R: TCCTGCCAATTCGACTCCGA 
147 XM_002279148  Pilot et al. (2003) 

VvKUP2 
F: TCGGGTTGGATTCTTCTTTG; 

R: TCCATCCATCTTTCCTCGTC 
161 XM_002279537 Davies et al. (2006) 

VvK1.2 
F: GAGACGACGCAAGCCATTTC;  

R: GAGAGAGGCCCCTTTGGTTC 
214 XM_002282406 Cuéllar et al. (2013) 

VvKT2 
F: TGTGCTTCCCTTTCAGATCCC;  

R: TGCTGTTAACCCTTGGCGAT 
138 XM_002268888 Deeken et al. (2002) 

VvHT3 
F: GTATGGGCGTCGAGCAAGTA;  

R: GATCCGACCCGAAAGAAGCA 
106 XM_002264580 

Hayes et al. (2007);  

Afoufa-Bastien et al. (2010) 

VvTMT1 
F: ACTTCAGCAGTTCTCTGGCAT; 

R: GAGCTTCATGGCGACGACTA 
178 XM_002274379 Afoufa-Bastien et al. (2010) 

VvTMT2 
F: CGATTGCTGGGGCTGTTCTA;  

R: TAGTGATGAACGTGGCTCCG 
111 XM_002282939 

Çakir and Giachino (2012); 

Afoufa-Bastien et al. (2010) 

VvSUC12 
F: TGAACGTGTTGAAATGGTCTGC;  

R: AGTGTCCCCAGCGTGTTATG 
114 XM_010653982 

Manning et al. (2001); 

Afoufa-Bastien et al. (2010) 

VvSWEET15 
F: GGCCAAGAAACAAACTCTCAAA;  

R: GCCACTGAGAATGAAGCACAG 
141 XM_002264839 Chong et al. (2014) 

 


