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PAPER FORMAT 

I.  General Information of the Topic 

I.1. Introduction and Objectives of the Master Thesis 

Vitis (grapevines) is a genus of about 60 species of vining plants in the flowering 

plant family Vitaceae.  It is native to Europe and Central Asia which appeared approximately 65 million 

years ago.  The species occur in widely different geographical areas and show a great diversity of form. 

Grapevine is one of the most important fruit crop grown in the world.  It is economically important as 

source of grapes for direct consumption and for fermentation to produce wine (GeoChemBio).  The 

sugar content of grapes is of commercial importance for making wine.  Grape sugars can be fermented 

by yeast to produce alcohol as well as augment flavour profile to the final wine products (Hayes et al., 

2007).  Grapes contain a large amount of sugar approximately 15 to 25%.  Glucose and fructose are 

more or less of the same amount and only trace amount of sucrose.  It contains 3mg/100g of vitamin C.  

The berries also have tartaric and malic acids both at approximately 0.5g/100g (EOL, 2006).  Seedless 

grapes such as “Thompson seedless’ and ‘Black Corinth ‘are also made into raisins or dried grape fruit.   

The berry fruit can also be processed into grape juice.  Grapes are also an important source of grape seed 

oils and ethanol. (http://www.uky.edu/Ag/Horticulture/comfruit.html#grapes).   

Grapevine shoot is a succulent stem bearing the leaves, tendrils and flower cluster.  These organs 

are contained within a bud.  All vines share the same basic, physiological features. The function of 

photosynthesis in the grapevine is to produce hexoses and sucrose which can be combined with other 

molecules to form larger carbohydrates (such as cellulose) that can be used to create other structures in 

the vine, energy reserves for the plant and, for fruiting grapevines, can be concentrated in grape berries 

which contain the reproductive seeds of the vine and are more attractive to birds and other animals.  

Their growth makes leaf collection challenging and polymorphic leaves make identification of species 

difficult. Mature grapevines can grow up to 48 cm in diameter at breast height and reach the upper 

canopy of trees more than 35 m in height (Everhart, 2010).  During the development of grapevines, the 

leaves undergo a gradual transition from importing importing assimilates (sink) to exporting of 

photosynthetic products (source).  One of the factors affecting photosynthesis is leaf age.  The rate of 

photosynthesis increases rapidly at a younger age during the leaf expansion stage and declines as it 

matures.   More of the photosynthetic products is exported and contributes to vine growth when it is 1/3 

of its full size.  When it reaches its full size, it is photosynthesizing at its peak (Retallack, 2012).  

http://en.wikipedia.org/wiki/Flowering_plant
http://en.wikipedia.org/wiki/Flowering_plant
http://en.wikipedia.org/wiki/Vitaceae
http://www.uky.edu/Ag/Horticulture/comfruit.html#grapes
http://en.wikipedia.org/wiki/Cellulose
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High quality wines can only be produced from high quality grapes and this requires proper 

cultural management practices.  The combination of climate, soils, and vine vigor often leads to 

excessive vegetative growth.  Too thick canopy can reduce vine fruitfulness, decrease varietal character, 

degrade other components of fruit quality and hamper efforts at disease control.  Canopy management 

practices can help alleviate these problems.  Canopy management provides a set of tools that improve 

the structure of canopy and microclimate (Vasconcelos and Castagnoli, 2001).  Canopy management 

entails decisions regarding row and vine spacing, choice of rootstock, training and pruning practices, 

irrigation, fertilization, and summer activities such as shoot hedging, shoot thinning, and selective leaf 

removal (Smart et al. 1990).  Canopy management and production practices can impact directly vine 

balance by affecting yield through flowering and fruit set (Vanko and Skinkis, 2013).  The growth of 

vines is dependent both on carbon dioxide fixation and the integration of processes such as carbon 

allocation, accumulation and utilization.  Early leaf removal prior to flowering, elimination up to 

approximately 80%, increased canopy efficiency, induced better performance of WUE and tolerance to 

photoinhibition (Pallioti, 2011).  Preflowering leaf defoliation also showed significant improvement in 

final grape composition and greater wine appreciation (Poni et al 2008). 

Several studies have been made on metabolic control of carbon metabolism from measurements 

of key metabolites and enzymes or gene sequences in tissue extracts but less is known in about the 

significance of partitioning between different tissues within the leaf (Pollock, et al., 2000).  The aim of 

this study is to explore the changes of enzymatic activity in the leaves of a 1-year old fruiting grapevine 

plants by manipulating their canopy through defoliation. 

Hypothesis: 

In this study investigated the different levels of leaf removal on the sink-source balance of grapevine 

plants.  Thereby we focused on the contents of glucose and fructose in leaves and berries and on the 

activity of important enzymes within the carbohydrate metabolism, invertases and sucrose synthase. 

Hypothesis 1:  Severe leaf removal is strongly influencing the leaf to fruit ratio and has a strong 

influence on fruit quality.  We expect effects on hexoses contents and activity in leaves and berries due 

to treatment. 
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Hypothesis 2:  The insertion level of leaves (also reflecting leaf age) is influencing the enzyme activity, 

thereby reflecting the main function of the leaf as either supplier or consumer of the photosynthetic 

products. 

Objectives of the study 

1. To establish a method to determine the enzymatic activity of cytosolic, cell wall and 

vacuolar invertases and sucrose synthase in the leaves of grapevine plants. 

2. To establish a method to determine glucose, fructose, and starch in leaves of grapevine 

plants. 

3. To analyze the enzymatic activity and the contents of hexoses and starch in leaves 

obtained from an experiment in 2013, where the sink-source balance of fruiting 1-year 

old grapevine plants was manipulated by different levels of defoliation. 

 

I.2. Review of Literature 

Effects of Vineyard Management 

Vineyard management can help vine balance inorder to sustain productive yield, achieve fruit 

quality and maintain health of vines (Vanko and Skinkis, 2013).   In the study of Campostrini and 

Bertamini (2014), there was strong evidence that canopy manipulation can strongly modify 

physiological activity by affecting microclimatic conditions and the sink-source relationship. Removal 

of leaves influences growth and photosynthetic capacity of plants, remobilizes carbon and nitrogen 

reserves and accelerates sink metabolism that leads to improved sink-source relations.  Defoliation can 

manipulate source-sink relations by removing lower and senescing leaves to obtain greatest 

photosynthetic capacity and efficient carbon and nitrogen metabolism under optimal and stressful 

environments (Iqbal et al., 2012). 

In 2010, Patakas and Noitsakis studied the effect of leaf age on water relations, organic solute, 

and total   ion accumulation of mature and immature leaves of two-year-old grapevines under water 

stress conditions.  The concentration of starch decreased significantly in both mature and immature 

leaves during drought periods.  On the other hand, relative proportion of monosaccharides and sucrose 
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in immature leaves was significantly different compared to mature ones.  Total inorganic ions also 

increased significantly with leaf age. 

Variation in leaf area is a powerful determinant of crop growth rate.  Carbon dioxide is fixed in 

the mature leaves specifically in the palisade parenchyma of chloroplasts of mesophyll cells via the 

Calvin cycle wherein net products are triose phosphates and can be fed into several biosynthetic 

pathways like as starch, lipids or amino acid biosynthesis in the chloroplast or sucrose and amino acid 

synthesis in in the cytosol. (Schulz et al., 1993).  Several stages exist in partitioning of photosynthesis 

products.  From a developing leaf, photosynthetic products are partitioned within the leaf in exported 

materials and for further leaf growth or temporary storage.  The exported assimilates are partitioned 

between sinks such as meristematic, elongation or storage sinks (Gifford and Evans, 1981).   

The leaves and photosynthesis 

The most efficient leaves in the canopy are those that are at its youngest full-grown size.  

Photosynthetic rate increases until leaves attain full size which is approximately 40 Days after 

unfolding.  At the early stage, 50 to 80% of their final sizes, leaves are net importers of carbohydrates 

and lateral shoots become net exporters when at fully expanded size (Vasconcelos and Castagnoli, 

2001).  In all cultivars of grapevine, leaf photosynthesis increases from bud break until flowering and 

then regularly decreases until leaf senescence (Stoev, 1952). Although grapevine leaves may assimilate 

CO2 as early as bud break (Griffon, 1905; Kriedemann, 1968), leaves remain sink organs during the 

early steps of their development.  

Photosynthesis fluctuates during the day and year depending on environmental conditions.  

Temperature variations influence stomatal opening and the rate of net photosynthesis (Schultz, 2003).  

Under natural conditions, photosynthesis is greatest during the first hours of the day, in the morning 

reaching approximately 10–15 μM CO2 m
−2 s−1 (Chaumont et al., 1994; Medrano et al., 2003).  From 

flowering to veraison, the flux of fixed CO2 is oriented towards both developing annual organs and 

perennial organs. During veraison, the pool of starch reserves is restored in the wood of most varieties 

(Stoev and Ivantchev, 1977) and the main part of photoassimilates is then directed to berry maturation 

such as in Pinot noir and Sauvignon blanc (Candolfi-Vasconcelos et al., 1994; Caspari et al., 1998). At a 

later stage of plant development, photosynthetic activity progressively declines in parallel with leaf 

senescence (Stoev, 1952; Bertamini and Nedunchezhian, 2003). This decline is mostly due to a 

http://jxb.oxfordjournals.org/content/59/10/2565.full#ref-134
http://jxb.oxfordjournals.org/content/59/10/2565.full#ref-59
http://jxb.oxfordjournals.org/content/59/10/2565.full#ref-80
http://jxb.oxfordjournals.org/content/59/10/2565.full#ref-36
http://jxb.oxfordjournals.org/content/59/10/2565.full#ref-95
http://jxb.oxfordjournals.org/content/59/10/2565.full#ref-136
http://jxb.oxfordjournals.org/content/59/10/2565.full#ref-30
http://jxb.oxfordjournals.org/content/59/10/2565.full#ref-34
http://jxb.oxfordjournals.org/content/59/10/2565.full#ref-134
http://jxb.oxfordjournals.org/content/59/10/2565.full#ref-10
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reduction in stomatal conductance (Schultz et al., 1996) and in protein content (Bettner et al., 1986), 

especially Rubisco (Hunter et al., 1994). 

Fruit development 

Grape berry is an independent biochemical factory.  It has the ability to synthesize the primary 

metabolites and all other berry components such as flavour and aroma compounds that define a 

particular quality of wine.  Increasing berry volume is associated with increase in sugar content after 

veraison (Gholami et al., 1995).  Berry development consists of two sigmoidal growth periods separated 

by a lag phase (Coombe and McCarthy, 2000).  First phase (stage I) is manifested with seed formation 

and cell division.  Rapid cell division appears in the first few weeks and the total number of cells within 

the berry is established.  This affects the eventual size of the berry (Harris et al., 1968).  The berry also 

expands in volume as solutes accumulate and reach its maximum around veraison.   

The lag phase is another stage of berry development that takes place before veraison.  During 

this stage there is very low or no increase in berry fresh weight or size.  The highlight of this stage is the 

beginning of accumulation of sugars into the fleshy parenchyma cells (Deluc et al., 2007) . 

The second growth phase of berry development is characterized by softening and coloring of the 

berry.  The berry approximately doubles its size between the beginning of the second growth period and 

harvest stage (Kennedy, 2002).  Increase in berry size is the result of water and sugar accumulation in 

vacuoles which is accompanied by disassembly of the mesocarp cells leading to berry softening (Keller, 

2010).  Many of the solutes accumulated in grape berry during the early stage of development remain at 

harvest, but the increase in berry volume significantly reduces its concentration (Kennedy, 2002).  The 

major impact during the second growth period is the tremendous increase in compounds, major ones 

being glucose and fructose, occurs as a result of a total biochemical shift to fruit ripening.  Sucrose 

produced from photosynthesis in the leaves is imported into the berries during fruit ripening.  In the 

fruit, sucrose is hydrolized into constituent sugars glucose and fructose (Robinson and Davies, 2000).  

This is affected by external factors such as crop load, canopy size and disease status of the plant.  The 

shift of phloem unloading from symplasmic to apoplasmic pathway during fruit development was also 

evident in the anatomical study of Zhang, et al. (2006).  The turning point of phloem unloading 

pathways was further detected at veraison which is an important developmental checkpoint of 

grapeberry.  They also observed increase in levels of expression and activities of cell wall and acid 

http://jxb.oxfordjournals.org/content/59/10/2565.full#ref-128
http://jxb.oxfordjournals.org/content/59/10/2565.full#ref-13
http://jxb.oxfordjournals.org/content/59/10/2565.full#ref-69
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invertase around the onset of ripening and reached high level in the later stage.  This reveals evidence an 

apoplasmic unloading pathway after the onset of ripening. 

Sink-Source Relations 

The partitioning of current assimilates in plants involves movement of material between 

chloroplasts, cytosol, mitochondria and vacuoles (Pollock and Kingston-Smith, 1997).  Sucrose 

imported in the cytoplasm of recipient sink cells is chemically unaltered or hydrolysed by extracellular 

invertase into hexoses and can then enter a number of metabolic pathways or stored in the vacuoles. 

 

 

 

 

 

Figure 1.  Pathways of sugar metabolism and compartmentation within sink cells 

(http://plantsinaction.science.uq.edu.au/edition1).  

 

http://plantsin/
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Sugar metabolism and transport 

In most species, sucrose is the most prevalent sugar produced in photosynthetic organs (source) 

and transported via the phloem over long distances to sinks.  In sink organs, sucrose is either directly 

imported or cleaved by cell-wall bound invertases into monosaccharides, glucose and fructose or stored 

in vacuoles (http://plantsinaction.science.uq.edu.au).  These two monosaccharides can be taken up by 

sink cells (Bastien, 2010). Hexoses that are produced from the source (leaves) are transported to sink 

cytoplasm and are rapidly phosphorylated to hexose-6-phosphate by glucose and fructose specific 

kinases.  From these forms hexoses can be used as substrates for respiration, for synthesis of new 

constituents or converted to sucrose by sucrose phosphate synthetase.  In sugar beet tap roots and sugar 

cane stems, the sucrose synthesized by this reaction can be accumulated in the vacuoles while in grape 

berries, sucrose is rehydrolysed into hexoses by vacuolar acid invertase.  Sugar transport and allocation 

of photosynthetic assimilates between source and sinks are the major determinants for crop productivity 

(Gifford, et.al, 1984).   

 Invertase and sucrose synthase are the two enzymes capable of hydrolysing sucrose in green 

plants.  Invertase catalyzes the irreversible hydrolysis of sucrose into hexoses, glucose and fructose.   

The activity of enzyme invertase varies depending on the plant species, organ type and stage of 

development.  Both acid and neutral invertases are present in plant cells.  According to Wardlaw (1990), 

acid invertases are usually active in rapidly growing leaves which makes hexoses available for 

respiration and biosynthesis (Zrenner et al. 1995).  The enzymatic paths of sucrose cleavage in plants are 

catalysed by invertases and sucrose synthases.   Invertases produce glucose and form twice as many 

hexoses.  Sucrose metabolism lies at the heart of a sensitive, self-regulatory development system in 

plants (Koch, 2004).  Sucrose is the main transport form of photoassimilates in most plants, unlike 

hexoses that do not circulate over long distances.  Sucrose therefore has to pass through several 

membranes involving specific sucrose carriers (Kuhn et al., 1998).  Because of its physicochemical 

properties and chemical stability, sucrose has a high translocation rates (0.3 to 3 m h-1) even in solutions 

of high concentration such as phloem sap having a sucrose concentration of 200-1600mM (van Bel, 

1996).  Glucose and fructose are the main sugars in grape berry and are present in similar concentrations 

while sucrose in trace amounts (Kliewer, 1965).  Generally, glucose and fructose may range from 45.9 

to 131.0 mg per liter while sucrose accounts for less than 2.0% of total sugars (Shiraishi, 1993 and Liu et 

al., 2006). 

http://plantsinaction.science.uq.edu.au/
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  Sucrose and products like glucose and fructose are the central molecules for carbohydrate 

translocation, metabolism and sensing in higher plants (Roitsch and Gonzalez, 2004).   It’s role is to 

supply energy and serves as a carbon backbone for plant growth and development.  Sugars also control a 

wide range of plant physiological processes such as photosynthesis, sugar transport, nitrogen uptake, 

defence reactions, secondary metabolism and hormonal balance ( Smeekens et al., 2010).   
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Abstract 

Sugar content is an important determining factor of grape berry quality.  Among the sugars 

present in grapevines are sucrose, glucose and fructose.  Sucrose is synthesized in the source organs 

(leaves) and transported to sink organs which is further metabolised into simple sugars such as fructose 

and glucose that can be used in the carbon skeleton of the plant during its growth and development or 

stored in organs for reserve as starch.  This degradation of sugars is catalysed with enzymes namely 

invertases (vacuolar, cytosolic and cell wall invertases) and sucrose synthase.  Enzymatic activities are 

regulated by genes and are also affected by environmental factors or stress.  The canopy of the plant 

plays a big role in the photosynthetic activity of the plant which is the driving mechanism for its growth 

rate.  Canopy management is one of the cultural management practices that affect physiological aspects 

of the plant by improved micro-climatic conditions and manipulating sink-source relationships.  This 

experiment aimed at investigating the fluctuations in sugars present in grapevine tissues as well as the 

changes in enzymatic activities involved in sugar metabolism through canopy management at groat-

sized (BBCH 73) and ripening (BBCH 89) stage.  Results showed that defoliation of leaves and shoot 

increased starch content with decreasing amount of leaf canopy at an early stage of development, 3 days 

after removal.  But at ripening stage, trend of starch content in leaves decreased with decreasing canopy.  

On the other hand, glucose and fructose concentrations have no significant difference between 

treatments as affected by leaf defoliation.  Enzymatic activities in the leaves also did not show evident 

differences among treatments.  The results suggest that high starch content in the leaves entails low 

enzymatic activities and conversion of sucrose into glucose and fructose despite the difference in 

amount of canopy (shoot and leaves). 
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INTRODUCTION 

Grapevine (Vitis vinifera L.) is a non-climacteric fruit species and among one of the most 

important fruit crop in the world.  Vitis is a genus of about 60 species of vining plants in the flowering 

plant family Vitaceae.  It is native to Europe and Central Asia which appeared approximately 65 million 

years ago.  The species occur in widely different geographical areas and show a great diversity of form. 

Grapevine is one of the most important fruit crop grown in the world.  It is economically important as 

source of grapes for direct consumption and for fermentation to produce wine (GeoChemBio.com).  The 

sugar content of grapes is of commercial importance for making wine.  Grape sugars can be fermented 

by yeast to produce alcohol as well as augment flavour profile to the final wine products (Hayes et al., 

2007).   High quality wines can only be produced from high quality grapes.  Producing high quality 

grapes requires proper cultural management practices.  The combination of climate, soils, and vine vigor 

often leads to excessive vegetative growth.  Too thick canopy can reduce vine fruitfulness, decrease 

varietal character, degrade other components of fruit quality and hamper efforts at disease control.  

Canopy management practices can help alleviate these problems.   

Over the last two decades, canopy management of vineyards has received much attention leading 

to many excellent contributions.  Previous research focused on the general principles for optimal light 

distribution, nowadays, the effects of climate change effects and in more detail how canopy management 

impacts cluster microclimate with emphasis in color and flavor compounds have been addressed (Poni, 

2014).  Canopy management entails decisions regarding row and vine spacing, choice of rootstock, 

training and pruning practices, irrigation, fertilization, and summer activities such as shoot hedging, 

shoot thinning, and selective leaf removal (Smart et al. 1990).  Canopy management and production 

practices can impact directly vine balance by affecting yield through flowering and fruit set (Vanko and 

Skinkis, 2013).  The growth of vines is dependent both on carbon dioxide fixation and the integration of 

processes such as carbon allocation, accumulation and utilization.  Early leaf removal prior to flowering, 

elimination up to approximately 80%, increased canopy efficiency, induced better perforfance of WUE 

http://en.wikipedia.org/wiki/Flowering_plant
http://en.wikipedia.org/wiki/Flowering_plant
http://en.wikipedia.org/wiki/Vitaceae
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and tolerance to photoinhibition (Pallioti, 2011).  Preflowering leaf defoliation also showed significant 

improvement in final grape composition and greater wine appreciation (Poni et al 2008). 

Higher plants are photosynthetically active and can generate energy that supply organs for its 

growth and development through carbon fixation in leaves.  Organs in plants are generally divided in to 

sink and source (Turgeon, 1989).  Source organs are mostly net exporters of assimilates produced 

through photosynthesis such as mature leaves while sink organs are net exporters of photoassimilates 

and are usually photosynthetically inactive.  Sinks can either be utilization and storage sinks.  Utilization 

sinks are highly metabolically active and found in rapidly growing tissues like immature leaves while 

storage sinks are organs such as tubers, seeds and roots where the imported carbohydrates are deposited 

in the form of storage compounds like starch, sucrose, fatty acids or proteins (Sonnewald and 

Willmitzer, 1992).  Metabolic sinks, immature leaves for example, is under developmental control 

because they become photosynthetically active sources after maturation (Gifford et al., 1984).  Aside 

from allocation of assimilates between sink and source organs, photoassimilates as has to be partitioned 

also into either starch synthesis in the choloroplast for temporary storage or sucrose synthesis in the 

cytosol for export within the mesophyll cell (Stitt et al., 1987; Stitt 1990b; Stitt, 1996).   

In grapevines, the berry fruits become very active sink organs as it approaches ripening stage.  

Berry size rapidly increases as a result of water and sugar accumulation in vacuoles which is 

accompanied by disassembly of the mesocarp cells leading to berry softening (Keller, 2010).  During 

this period, there is a tremendous increase in major compounds, such as glucose and fructose as a result 

of total biochemical shift to fruit ripening.  Sucrose produced in the leaves is transported to the berries 

and hydrolysed into glucose and fructose (Robinsons and Davies, 2000).  Sugars in plants can reach the 

sink cells in two different ways, either apoplastic or symplastic pathways and within the sink apoplasm, 

sucrose can be hydrolysed by extracellular invertases into hexoses.  Another pathway is through 

symplastic path.  Within the sink cytoplasm, sucrose can be hydrolysed or stored in the vacuoles 

(http://plantsinaction.science.uq.edu.au).  The enzymatic paths of sucrose cleavage in plants are 

catalysed by invertases and sucrose synthases.    Invertases produce glucose and form twice as many 

hexoses.  Sucrose metabolism lies at the heart of a sensitive, self-regulatory development system in 

plants (Koch, 2004).  Sucrose is the main transport form of photoassimilates in most plants, unlike 

hexoses that do not circulate over long distances.  Sucrose therefore has to pass through several 

membranes involving specific sucrose carriers (Kuhn et al., 1998).   

http://plantsinaction.science.uq.edu.au/
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A few studies have been made on metabolic control of carbon metabolism from key 

measurements of metabolites and enzymes or gene sequences of the tissue extracts (Pollock, et al., 

2000).  This experiment main objective is to explore the changes of enzymatic activity in the leaves of a 

1-year old fruiting grapevine plants by defoliation and manipulating its canopy.  To study the effect of 

sink-source manipulation on the dynamics of enzyme activity as well as to quantify monosaccharaides 

and sugars present in the tissues of grapevines by FTIR or spectralphotometer.  

MATERIAL AND METHODS 

Experimental design 

The experiment was conducted in a greenhouse of the University of Applied Life Sciences 

Vienna (BOKU) at the location Tulln (UFT) in Lower Austria during the vegetation period 2013. In 

total 132 fruiting one-year old potted grapevine plants cultivar Zweigelt St9 grafted on Kober 5BB were 

used for the experiment. The plants were potted 2012 in 80% standard soil substrate (Einheitserde 

ED73) supplemented with 20% sand of 0.5-2 mm size. The plants were placed into the greenhouse on 

09.04.2013 and pruned to one shoot and reduced to one grape cluster per plant after bloom. All plants 

were fertigated with a drip watering system (FERTY 3 Mega with 50g per 100L end concentration; 

Control 90mL per plant and day, T1 and T2 63ml per plant and day, T3 27ml per plant and day). 

The experiments started with begin of the treatment on 11.06.2016 by applying four different levels of 

leaf removal (Figure 1). Control plants were standardized to 18-20 leaves per plant with removal of the 

shoot tip. Every second leaf was removed in treatment 1 and the half of the shoot was removed in 

treatment 2 representing 50% of the leaves of the control plants. With treatment 3 only the leaf opposite 

and below the grape cluster was left. Three leaves per plant (L1, L3 and L7) were labelled and used for 

measurement and analyses thereafter. To determine the effect of the treatment over time samples of the 

plants were harvested at four developmental stages: Harvest 1, 3 days after start of the treatment (groat-

sized; 14.06.2013), harvest 2 at berry touch (03.07.2013), harvest 3 at veraison (23.07.2013) and harvest 

4 at ripening (13.08.2014). Each plant was harvested only one time. Half of the plants were used to 

determine growth parameters, like weight of leaves (FW and DW), size of leaves, weight of shoot (FW 

and DW), weight of grape cluster and weight of 10 berries (FW and DW). Leaves, berries and shoots of 

the remaining half of the plant was immediately frozen in liquid nitrogen and stored at -80°C for further 

analyses.   
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Figure 1: Experimental design of the sink-source treatments applied on one-shoot grapevine plants in 

2013 

Enzyme assay of grapevine leaves and berries 

Homogenization:  The leaf samples were homogenized with a ball mill (Retsch, Haan, Germany) for 1 

min at 30 Hz and kept in liquid nitrogen to prevent thawing.  2x250 mg of the homogenized sample was 

weight into a cold cold 2-ml eppendorf tubes.  The exact weight was recorded and samples were stored 

at -80°C till further analysed. 

Extraction:  A protocol established by Elisabeth Covington and Roitsch et al 2012 (personal 

communication) was applied. Three types of extracts were obtained: Crude extract, R-extract and Z-

extract.  500mg of samples were extracted in a  buffer consisting of 0.5 M MOPS (pH=7.5), 5 mM 

MgCl2, 0.5 mg/mL BSA, 0.05% (v/v) Triton X-100, 25 μM dithiothreitol, 0.1 mM PMSF, 1 mM 

benzamidine, and 3% (w/v) PEG-4000 (Takayanagi and Yokotsuka 1997, modified). It was then 

centrifuged at 4 °C, 13 000rpm for 10 minutes.  The supernatant were then transferred into cold 

eppendorf tubes and labelled as crude extract.  1ml of the crude extract was desalted in GE PD minitrap 

G-25 (GE Biosciences) and allowed to flow through.  It was then eluted with the addition of K-PO4 

buffer.  The flow through was collected in a 2-ml eppendorf tube and labelled as R-extract.  The 
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precipitate was then added with high salt extraction buffer and stored overnight at 4°C.  The next day, it 

was centrifuged at 13 000rpm, 4°Cfor 10min.  Supernatant was desalted again in GE PD miditrap G-25 

and allowed to flow through.  It was then eluted with K-PO4 buffer, flow through collected in 2-ml 

eppendorf tube and labelled as Z-extract. 

Starch determination:  Soluble sugars were extracted following starch protocol (Smith and Zeeman, 

2006).  From a starting plant material of 100mg, 1-ml of 80% ethanol was added and incubated in a 

thermoincubator at 99°C for 3 minutes.  This step was repeated twice.  1-ml of water was then added 

and mixed. 0.20mL of homogenate was then transferred into 4 eppendorf tubes, each labelled as S1, S2, 

B1 and B2.  It was then heated to 100°C for 10minutes to gelatinize starch granules and allowed to cool.  

Each tube was then added with 0.20mL of 200mM Na acetate, pH 5.5.  S1 and S2 were added with 6 

units of α-amyloglucosidase and 0.5 units of α-amylase while B1 and B2 are without enzymes.  The 

samples in tubes were incubated at 37 °C for 4 hours, centrifuged at 10000g for 5 min and the 

supernatant collected in new eppendorf tubes for detection.  20µL extract with assay reagent: double 

distilled water, 0.5mM ATP, 1mM NAD, 4mM MgCl2 and enzymes, 1unit of hexokinase and 1unit 

glucose-6-phospahte was pipetted in microtiter plate.  OD was then recorded using a microtiter plate 

reader (Omega-MARS BMG LabTech). 

Glucos21e-Fructose Quantification:  A standard curve containing glucose and fructose was prepared 

with the following concentrations; 3mM, 2mM, 1mM, and 0.6mM.  In every hole of the titer plate, a 

100µL mixture of mastermix (39µl of 0.2mM HEPES, 0.75µl of 0.25M EDTA, 0.4µl  of 1M MgCl2, 1 

µl of 1M DTT, 2.5µl of 0.1M ATP, 1µl of 0.1M NAD and 55.5µl double distilled water) was added and 

20µL of crude extract from each samples.  Absorbance was then measured at 340nm in microtiter plate 

reader (Omega-MARS BMG LabTech) then samples and blanks were added with enzymes hexokinase 

(0.7U) and glucose-6-phosphate dehydrogenase (0.3U) and absorbance was measured again at 340nm 

for glucose detection.  After the second reading, all the holes of microtiter plate were added with another 

enzyme, glucophosphate isomarase (1U) and absorbance measured in microtiter plate reader for glucose 

and fructose.  This protocol was adapted from Megazyme. 

Protein amount determination:  The amount of protein in both R-and Z-extracts were determined by 

Bradford protocol.  A calibrating curve was made containing different concentrations (0,5, 10, 15 and 

20µL) of BSA.  For the R-extract, 1µL of sample plus 99µL of double distilled water was used in each 

hole of the microtiter plate.  Each hole was then added with 150µL of staining solution (Bradford stain) 
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and incubated at room temperature for 10 minutes.  Absorbance was then measured at 595nm in 

microtiter plate reader (Omega-MARS BMG LabTech) and amount of protein calculated.  The same 

steps were done with Z-extract with 2µL sample and 98µL of double distilled water (Bradford protocol 

by Jammer, 2013). 

Invertase activity:  This protocol has 2 parts namely; enzyme reaction and glucose detection as adapted 

from invertase assay protocol (E.D. Covington, 2012).  For the enzyme reaction, A reaction master mix 

and blank mastermix were made.  The reaction master mix contained 5 µl sucrose, 25 µl of 0.2M 

sodium acetate buffer at pH4.0, and 20 µl double distilled water while the blank master mix contained 

only 25 µl sodium acetate buffer at pH4.0 and 25 µl double distilled water.  10 µL of R-extract or Z-

extract was transferred in 2 µl safe-lock eppendorf tubes and added with 40µL of mastermix or blank 

mastermix and kept on ice.  Immediately after, all tubes were incubated in thermoblock at 37 °C for 

30minutes.  For glucose detection, a mixture of 25 volumes of Nelson’s A (192.3 µl) and 1 volume of 

Nelson’s B (7.7 µl) were mixed and added to the eppendorf tubes with samples.  The tubes were then 

heated in thermoblock for 20 minutes at 99 °C.  All the tubes were allowed to cool down for 15minutes 

and added with 200 µl arsenomolybdate.  This step was done in the fumehood.  The mixture was 

centrifuged at 14 000rpm for 5minutes.  After centrifugation, 130µL of each standard and sample was 

transferred to a Greiner 96-F well plate and absorbance measured at 660nm in microtiter plate reader 

(Omega-MARS BMG LabTech). 

 

CytInv and SuSy determination:  A mastermix with the following composition: 69.80µl double distilled 

water, 8µl of 1M HEPES (pH 7.0), 0.64µl of 250mM EDTA, 0.32µl 1M MgCl2, 0.8µl of 1M DTT, 

2.08µl 100mM ATP, 0.8µl of 100mM NAD, 0.32µl of 1000U/ml of glucose-6-phosphate 

dehydrogenase, 0.672µl of 1000U/ml hexokinase and 0.56µl of 1000U/ml PGI was prepared.  3 

premixes (-UDP control, +UDP and no substrate control) containing incomplete reaction were also 

prepared.  –UDP control contained a mixture of 34 µl per reaction mastermix,  40 µl per reaction of 1M 

sucrose and 16 µl double distilled water; +UDP mix with 34 µl mastermix, 40 µl sucrose and 16 µl per 

reaction UDP; and no substrate control with only 34 µl mastermix and 56 µl double distilled water.  All 

of these mixes were prepared in eppendorf tubes.  Then, 50 µL of the master mix and 20µL of glucose-

fructose mixture or double distilled water or R-extract were added in each hole of the microtiter plate.  

Both the plate with samples and master mix and the three premixes were incubated at 30 °C for 
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30minutes.  After 30 minutes, 150µL premix was added to each well and absorbance measured at 

340nm in a microtiter plate reader (Omega-MARS BMG LabTech). 

 

Statistical analysis 

All statistical analyses were performed using the Software PASW 18 (SPSS, Hong Kong). Data were 

tested for normal distribution and homogeneity of variance. One-way Anova was conducted using 

Scheffe’s test to determine if there are significant differences among treatments. 
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RESULTS 

I.  Changes in sugar content and enzyme activities in grapevine  

1. Detection of sugars  

 The starch content of leaves at groat-sized berries (BBCH 73) harvested 3 days after treatment 

application and at ripening (BBCH 89) stage is shown in Figure 2. There was no significant difference 

between values obtained from leaf 1 and leaf 7 (data not shown), therefore results from both leaves were 

combined and analyzed. It is evident that starch content increased as the number of leaves per plant is 

decreased with treatment 3 (10% shoot) as the highest followed by treatment 2 (50% shoot), then 

treatment 1 (every 2nd leaf removed) while control treatment showed the least amount of starch already 

three days after the start of the treatment Both treatments T2 and T3 showed a significant difference 

with the control. At ripening stage (BBCH 89), the trend in the amount of starch in grapevine leaf is 

reversed compared with groat-sized (BBCH 73stage).  The amount of starch is decreasing with 

treatment 3 as the least.  Treatment 3 also depicts that starch content is significantly lower compared to 

other treatments (control, T1 and T2). 

 

 

Figure 2.  Starch content in leaves at BBCH 73(groat-sized) and BBCH 89 (ripening) stages.  Data 

represent mean and standard deviation tested for significance by Scheffe. 
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At ripening stage (BBCH 89), the trend in the amount of starch in grapevine leaf is reversed 

compared with groat-sized (BBCH 73stage).  The amount of starch is decreasing with treatment 3 as the 

least.  Treatment 3 also depicts that starch content is significantly lower compared to other treatments 

(control, T1 and T2). 

 

Figure 3.  Mean values of glucose and fructose content in leaves at BBCH 73(groat-sized) and BBCH 

89(ripening) stages calculated in Scheffe’s test. 

Glucose and fructose content of grapevine leaves were also quantified. At groat-sized (BBCH 

73)stage, both monosaccharides glucose and fructose were observed highest in treatment 2.  Other 

treatments have a quit a little difference but in the statistical analysis, all treatments are not significantly 

different from each other as indicated by the same letters.  On the other hand, glucose and fructose 

content at ripening stage did not show significant difference among treatments.  Nonetheless, the control 

treatment showed the highest amount of glucose and fructose and treatment 3 (10% shoot) with the least 

amount of canopy has the lowest amount. 
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Figure 4.  Mean values of glucose and fructose content in berries at BBCH 73(groat-sized) and BBCH 

89(ripening) stages calculated in Scheffe’s test. 

 

Figure 4 shows the glucose and fructose content of berries both in groat-sized (BBCH 73) and 

ripening (BBCH 89) stages.  For glucose content at groat-sized or BBCH 73, T3 (10% shoot) showed 

the least amount of sugars and comparably lower among all other treatments while control (intact 

leaves) showed the highest.  On the other hand, at ripening stage (BBCH 89), T1 (every 2nd leaf 

removed) and T2 (50% shoot) showed the highest amount of glucose.  Despite the difference there was 

no significant difference detected among all treatments as indicated by the same letter annotation.  

Fructose content also showed the same trend in amount as with glucose in both groat-sized or BBCH 73 

stage and ripening or BBCH 89 stages, control being highest and the all other treatments have more or 

less comparable amounts.  The difference in quantity in each treatment also did not show any 

significance difference according to Sheffe’s test.  It is evident that glucose and fructose contents 

increase at ripening stage (BBCH 89) compared with groat-sized (BBCH 73) stage.  In here, we see the 

shift in trend of sugar transport from source (leaves) to sink (berries). 
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Detection of enzymatic activities 

Among the enzymes studied in this experiment were invertases (vacuolar, cell wall and 

cytosolic) and sucrose synthase.  Invertase is the key enzymes for the hydrolysis of starch into glucose 

and fructose. 

 

Figure 5.  Enzyme activity in grapevine leaves ( µmol/mg  protein*min) both at BBCH 73 and BBCH 89 

satges.  Data represent mean and standard deviation calculated in Scheffe’s test.  vacINV = vacuolar 

invertase,  cwINV =  cell wall invertase, cytINV = cytosolic invertase 
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As shown in figures 3, vacuolar invertase content in the leaves of grapevines at groat-size stage 

was highest in the control treatment or when the leaves were not defoliated and it is comparable also to 

treatment 2 ( 50% shoot,).  On the other hand, treatment 3 (10% shoot,) showed the least amount of 

vacuolar invertase.  At ripening stage, control treatment also showed the highest amount of vacuolar 

invertase and treatment 1 (every 2nd leaf removed) showed the least amount.  By comparing both graphs, 

it is evident that the enzymatic activity of vacuolar invertase slowed downed at ripening stage as 

compared to groat-sized (BBCH 73) stage.   Despite the difference in amount, statistical analysis 

showed no significant difference among all treatments as indicated with the same letter.   

There was also no much changes detected in the activity of cell wall invertase in both stages.  At 

groat-sized (BBCH 73) stage, cell wall invertase activity in the leaves of grapevines was observed 

highest in both control and T2. On the other hand, it was detected lower in treatments 1 and 3.  Yet, no 

significant difference among treatments was observed in the activity of cell wall invertase during this 

stage.  The same trend was observed during ripening (BBCH 89) stage, control and treatment 2 are 

comparable and have the highest in activity.  No significant difference was detected among treatments 

with cell wall invertase activity.  

For cytosolic invertase, the same trend was detected as compared to cell wall invertase.  

Although highest values were also detected with the control treatment in both groat-sized (BBCH 73) 

and ripening (BBCH 89) stages, statistical tests showed that there is no significant difference among 

treatments as indicated with the same letter annotation. 

Very low activity of sucrose synthase was detected in the leaves of grapevines for all samples 

and treatments.  The results showed no significant difference among all treatments. 
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Figure 6.  Enzyme activity in grapevine berries ( µmol/mg  protein*min) both at BBCH 73 and BBCH 

89 satges.  Data represent mean and standard deviation calculated in Scheffe’s test.  vacINV = vacuolar 

invertase,  cwINV =  cell wall invertase, cytINV = cytosolic invertase 

 



33 
 

In berries, vacuolar invertase activity was detected highest in control treatment at groat-sized 

(BBCH 73) stage (Figure 6).  All the other treatments are comparable and are of the same amounts with 

T1 as the lowest but there was no significant difference detected between treatments as analysed in 

Scheffe’s test.  While at ripening stage (BBCH 89), it is evident that vacuolar invertase is significantly 

higher in lesser amounts of canopy (T2 and T3) than control and T1. Treatment 3 (10% shoot) showed 

the highest activity and T1 (50% shoot) the lowest.  For cell wall invertase (cwINV), a different trend 

was observed.  It was lowest with T3 (10%) and significantly different in treatments with lesser higher 

amount of canopy, control and T1 both at groat-sized and ripening stages.  Cytosolic invertase was also 

detected highest in control treatment in both groat-sized (BBCH 73) and ripening (BBCH 89) stages.  As 

with Sheffe’s test, treatments 2 and 3 are significantly lower in cytINV (cytosolic invertase) activity than 

other treatments (control and T1).  This reveals that decreasing the amount of canopy also reduces 

cytosolic activity in berries. 
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Discussion 

The selective leaf defoliation of grapevine leaves around berry clusters influences berry sugar 

and anthocyanin content at harvest depending on the timing of defoliation (Pastore et al., 2013).  Starch 

is the primary storage carbohydrate in plants.  It is important in the carbon economy of plant organs, 

tissues and cell types.  Starch occurs in plants from 1-100µm.  Quantification of starch is important to 

determine the rates of accumulation and degradation in comparison with other fluxes (Smith and 

Zeeman, 2006).  It is evident that starch concentration is higher in defoliated leaves compared to non-

defoliated ones (Figure 1).  The same result was also obtained in the study of Pallioti et al. in 2011, 

where leaf removal prior to flowering showed a higher starch content. An increase in starch 

concentration of basal leaves was also detected during the most active vegetative growth period until the 

inception of veraison through the effect of canopy management (Hunter et al.,1995).    

 Sucrose is the major photoassimilate transported from photosynthetic leaves to the developing 

fruit (Walker and Ho, 1978).   The fate of sucrose in sink organs can be in two ways, it’s either directly 

imported or cleaved by cell wall-bound invertases into monosaccharides such as glucose and fructose.  

Sugars can also be allocated in the different organelles of source and sink cells.  Some hexoses can be 

transported into the chloroplasts, vacuole and golgi apparatus.  The rate of sucrose import is regulated by 

sucrose concentration gradient between leaves and fruit and there is an inverse relationship between 

import rates and sucrose levels in the fruit (Walker et al. 1978).  Sucrose is metabolically inert and needs 

to be converted into glucose and fructose inorder to be metabolized.  In the results, there was no 

significant difference detected in glucose and fructose concentrations of grapevines both at groat-sized 

(BBCH 79) and ripening (BBCH 89) despite the higher concentration of sugars at an early stage (Figure 

2). A similar result was also detected wherein partial defoliation (33% and 66%) showed no significant 

differences on the sugar and acid contents during the developmental stages of berries (Hunter, 1990; 

Souza et al., 2014).  Partial defoliation of fully expanded leaves that have high photosynthetic rates 

resulted in increased photosynthesis in older leaves (Hodgkinson, 1974; Kaschuk et al., 2010).  The 

plant compensated for the initial loss of photosynthetic capacity by increasing photosynthetic rates in 

older leaves to maintain the same export capacity under constant sink demand (Ainsworth and Bush, 

2011).  In complementary study, photosynthetic rates in young leaves remained high for longer period of 

time during fruit development and photosynthetic decline of older leaves was reversed due to the 

increased demand by filling fruit (Hall and Brady, 1977).  Leaves are net importers of photoassimilates 
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at the early stage of development until it attains its full size and shifts to become net exporters especially 

at the inception of fruit development to ripening stage.  Carbohydrates synthesized in the leaves are 

transported to the sink (berries) as sucrose especially at the fully expanded leaf stage of the plant.   

  The sugars accumulate in berries in a linear manner especially if they reach veraison stage.  

These sugars that accumulate in grape berries account for 65-91% of the fresh weight in mature berries 

(Kuhn et al., 2014). In the later stage of fruit development, production of sucrose sugars heightened and 

transported to the sink organs (berries) in order to compensate its high sugar requirement.  This is 

evident with the increase in glucose and fructose concentrations in berries at ripening (BBCH 89) stage 

as compared to leaf sugar content in both stages and early stage of fruit development (BBCH 73).  The 

increased sink demand enhances photosynthetic activity in the leaves (Hodgkinson, 1974; Hall and 

Brady, 1977; Kaschuk et al., 2010).  Export of carbohydrates from sources (leaves) provide substrate for 

the growth and maintenance of non-photosynthetic tissues sinks (Ainsworth and Bush, 2010).  Low 

content of sucrose both in glucose and fructose forms was also affected to destruction of leaves through 

defoliation; this is obvious in the early stage of fruit development during the onset of leaf removal 

(Figure 3).  The changes of sucrose and hydrolysing enzymes are affected by environmental stresses 

(Cierezko, 2009).  In apple, sugar metabolism and accumulation is highly regulated by developmental 

processes.  The early stage of fruit development showed high enzymatic activities which also resulted 

with rapid sugar metabolism to satisfy the energy requirement for cell division and fruit development 

(Li, 2012).  As a result of these activities in plant tissues, low fructose, sucrose and starch concentrations 

were detected in grapevine leaves and also coincide with the results of this study (Figures 2 and 3).  

The reduction of leaf are through different treatments of defoliation after flowering period 

showed large reductions in the sugar content of ‘Riesling’ berries at harvest (Stoll et al., 2013).  This 

also conforms to the results of this study wherein, the least amount of canopy or shoot showed lower 

amounts of glucose and fructose at harvesting (BBCH 89) stage (Figure 4). 

Organs of most plant species require carbon and energy in the form of sugars.  These require 

regulation of enzymatic activities such as sucrose synthase and several isoforms of invertases including 

vacuolar, cytosolic and cell wall invertases in the extracellular tissues.  Invertases are extracellular 

enzymes which cleave sucrose in the apoplast into glucose and fructose.  The resulting hexoses are 

transported by hexose transporters into the cell (Roitsch, 2003).  Vacuolar and cell wall invertases also 

(acid invertases) have the same biochemical properties.  They cleave sucrose most efficiently between 

http://www.plantphysiol.org/content/155/1/64#ref-18
http://www.plantphysiol.org/content/155/1/64#ref-17
http://www.plantphysiol.org/content/155/1/64#ref-17
http://www.plantphysiol.org/content/155/1/64#ref-20
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pH 4.5 and 5.0 and attack the disaccharide from fructose residue while cytoplasmic invertase with pH 

optima, cleave sucrose in the neutral or slightly alkaline range (Sturm, 1999).  

 The genes of enzymes are spatially and temporally expressed during plant development and are 

regulated by several environmental factors.  Leaf and shoot defoliation do not significantly affect the 

enzymatic activities of grapevine tissues both in groat-size (BBCH 73) and ripening (BBCH 89) stages 

in the leaves of grapevines (Figure 5).  There were too low enzymatic activities detected as affected by 

canopy disturbance through defoliation. In berries, activities of the different isoforms of invertases 

showed some differences as affected by the different levels of defoliation (Figure 6).   At ripening stage, 

vacuolar invertase activity increased significantly in T3 (10% shoot).  While the other isoforms of 

invertases, cell wall and cytolosic, activities were significantly lower when lesser amount of canopy was 

left (T2 and T3).  At fruit maturation, starch deposited during the early stage of development is 

reconverted into sucrose depending on enzymatic activities such as acid invertase in the vacuole (Sturm 

and Tang, 1999).  This conforms that only low concentration of starch was converted into sugars as 

indicated by the low enzymatic activities of invertases and sucrose synthase in the leaves except for 

vacuolar invertase in berries at ripening stage where it significantly increase when lower amount of 

canopy (10%) was left.. 

 

Concluding remarks 

This study underlines the complexity of sink-source relations in grapevines as affected by 

canopy management through defoliation.  Leaf defoliation significantly affects starch content of 

grapevine leaves especially at the early stage of removal.  Amount of starch in leaves is increasing with 

the decreasing canopy left in grapevines at groat-sized (BBCH 73) stage but later decrease in trend as 

fruit development progress at ripening or BBCH 89 stage.  At an early stage of berry development, 

starch concentration is low as compared to leaf tissues.  More of the sugars are present in the leaves and 

stored as starch.  During ripening stage (BBCH 89), starch content in leaves is decreasing with the least 

amount of leaves having the lowest.  In the berries, it is also evident that sugar content increases in 

amount as compared with the early stage of development.  Starch and sugars are transported to the 

berries and become net importers of photosynthetic products.  Despite the differences detected in starch 

concentration, enzymatic activities showed no significant effect on sugar concentration as affected by 
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canopy management.  It can be concluded that low amount of sugars are converted into glucose and 

fructose and merely stored as starch.   

 

III. Recommendations and considerations 

Further studies are recommended to support the present study on the enzymatic changes of 

grapevine leaves manipulated through defoliation of canopy.  A detailed investigation is highly 

recommended such as several harvest dates of tissue samples from prior to fully expanded leaf stage, 

fruit setting stage until ripening or harvesting stage.  An in-depth study such as molecular techniques 

must also be done to support the results of the present experiment.  Sugar concentrations and the genes 

governing as such must be investigated through transcriptional and protein regulation.  Various genes 

encoding key enzymes or transporters involved in sugar metabolism and accumulation must also be 

given attention to support this preliminary work.  Several cultivars must also be investigated for changes 

in sugar concentrations and enzymatic activities through canopy management since it is also influenced 

by genotype.   

 

IV. Summary 

 

Over the last decades problems in grapevine fields arise.  One example is the thick canopy which 

gives a major problem to grape growers.  Thick cover of grapevines impacts negative effects like 

reduced fruitfulness, low fruit quality and hamper efforts of disease control on berry fields.  Canopy 

management includes some techniques to address this problem through improvement of canopy 

structure and microclimate of grapevines as well as upgrade quality and composition of the fruit.  

Among the techniques used in canopy management includes plant spacing, selection of rootstock, 

training  and pruning practices, irrigation, fertigation, shoot hedging, thinning and selective leaf 

removal. 

A study on canopy management through different levels of defoliation was done to determine the 

effect on sink-source mechanism of the leaves in a 1-year old grapevine plants.  It also aimed to study 

the enzymatic changes involved in sugar metabolism such as vacuolar, cell wall, cytosolic invertases and 

sucrose synthase.  Two different harvests were done, one at groat-sized or BBCH 73 and another at 
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ripening or BBCH 89 stage.  Two types of leaves were also collected, leaf 1 and leaf 7 but statistical 

analysis showed that there was no significant difference between the two leaves therefore results of the 

two leaves were combined and compared with other treatments.  Starch content was tested with the steps 

followed in starch protocol (Smith and Zeeman, 2006).  In the results, it showed that there was a great 

increase of starch content in the leaves especially at bloom or BBCH 73 stage, which was 3 days after 

treatment application.  Starch content was detected highest at treatment 3 (10%) shoot) and least when 

the canopy remained intact (undefoliated).  On the other hand, at ripeng (BBCH 89) stage, the trend on 

starch content in defoliated leaves was reversed.  The ones with the higher amount of canopy (leaves and 

shoot) showed higher starch content, control being highest and T3 lowest.  Hexose sugars such as 

glucose and fructose were also determined by Gluoce-Fructose protocol (by megazyme).  In the leaves, 

tests showed that sugars, glucose and fructose, content have no significant difference both at groat-sized 

(BBCH 73) and ripening (BBCH 89) stages among treatments affected by the different levels of canopy 

management.  In berries, sugar content also did not show any significant difference across treatments but 

an increase in amount was detected as it approached ripening stage.   

The enzymatic activities of invertases also showed no significant difference across treatments and 

harvest dates in leaves whereas for berries, invertases showed fluctuations of activities.  At ripening 

stage, vacuolar invertase is significantly higher with 10% canopy while cell wall and cytosolic 

invertases are significantly lower compared to control and T1 (every 2nd leaf removed).  Sucrose 

synthase showed very low activity that difference computed was nil as tested SuSy enzymatic test. 
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V. Appendix 

Detailed presentation of the different protocols and tests used in the experiment 

Starch protocol 

1. From a starting plant material of 100grams, add ml 80% aq. Vol/vol ethanol.  Incubate in 

boiling water bath for 3 min.  Spin samples in centrifuge 3 000g for 5 to 10 min at room 

temperature.  Repeat it twice more. 

2. Leave the ethanol to evaporate for 10mins and add 1ml of water to homogenize. 

3. Prepare 4 eppendorf tubes (1.5ml) for every sample, each labelled as S1, S2, B1 and B2. 

4. Transfer 2 ml of the homogenate to each tube. 

5. Heat to 100°C for 10min. to gelatinize starch granules. 

6. Allow to cool. Add 0.2ml 200mM Na acetate (pH5.5) to each tube.  Incubate the tubes ( 

S1 and S2 with enzymes; B1 and B2 without enzymes) at 37 deg for 4 hours. 

a. S1 and S2: add 6 units of α-amyloglucosidase and 0.5 units of α-amylase. 

b. B1 and B2: without enzymes 

7. Spin tubes in a microcentrifuge to remove the particulate material. 10 000g for 5 min at 

room temperature. 

8. Put the supernatant in new eppendorf tubes (1.5ml). 

9. Use the supernatant for glucose assay.  Mix 20 µl extract with the assay reagents and add 

150 µl of master mix in every hole. 

Assay reagents (prepare freshly the mixture): 72.15µl ddH20, 100mM HEPES, 0.5mM 

ATP, 1mM NAD and 4mM MgCl2 

 

10. Add 0.1U hexokinase and 0.1U glucose-6-phosphate dehydrogenase (G6PDH) into all 

the holes (standards, samples and blanks). 

11. Record OD 340 in the microtiter plate reader (Omega-MARS BMG LabTech). 
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Protocol for Glucose-Fructose Quantification (Adapted from Megazyme) 

Standard Curve 

1. Prepare solutions of 3mM, 2mM, 1mM and 0.6mM concentrations (standard curve). 

2. Use the crude extract from the extraction protocol. 

Plate Running 

3. Prepare first the design of your plate and write contents in the laboratory book. 

4. Add in every hole 20µl of samples, standards or water. 

5. Add in every hole 100µl of the freshly prepared mastermix. 

Mastermix contains: 39µl HEPES pH 7.5 (0.2M), 0.75µl EDTA (0.25M), 0.4 µl MgCl2 

(1M), 1 µl DTT (1M), 2.5 µl ATP (0.1M) and 55.5 µl ddH20. 

6. Measure at 340nm the plate ODblanks.  Then add 0.7U hexokinase and 0.3U G6PDH to 

all holes (samples and standards). 

7. Measure at 340nm the plate ODglucose till the absorbance is constant then add 1U GPI 

(glucophosphate isomarase to all holes (samples and blanks). 

8. Measure at 340nm the plate ODglucose + fructose in microtiter plate reader (Omega-

MARS BMG LabTech) till the absorbance is constant. 

 

BRADFORD PROTOCOL (determination of protein amount) by A. Jammer (2013) 

1. Prepare staining solution (Bradford stain): Rotiquant (Roth); working solution prepared 

according to manufacturer’s instructions.  Prepare also stock solution of BSA (0.1g/L). 

      Prepare a calibrating curve in a 96 well-plate. 

Well A1 B1+B2 C1+C2 D1+D2 E1+E2 D1+D2 

 

Concentration 

(µg per 100 µl 

reaction) 

Blank 0 0.5 1.0 1.5 2.0 

BSA (µl) 0 0 5 10 15 20 

Water (µl) 100 100 95 90 85 80 
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2. Measure 4 replicates of each sample and use mean values for evaluation.  The amount of 

sample used in the assay needs to be adjusted to the amount of protein in the sample in 

order to obtain measured values that are within the range of the calibrating curve.  Thus, 

if you expect high amounts of protein (R-extract), 1µl of sample or even less will be 

sufficient.  If the amount of protein in your sample is very low (Z-extract), you will have 

to use larger volumes of sample.  Whichever volume is used, dilute each sample with 

water to 100 µl before adding the staining solution. For R-extract, add 3µl  + 97µl 

ddH20; for Z-extract, add 10µl + 90µl ddH2).  Add 150µl of staining solution (Bradford 

stain). 

3. Incubate at room temperature for 10min. 

4. Measure absorbance at 595nm in microtiter plate reader(Omega-MARS BMG LabTech) . 

5. Calculate protein amount in samples according to calibrating curve and give the values in 

µg protein per µl assay mix. 

 

Invertase Assay Protocol (E.D. Covington) 

A. Enzyme reaction 

1. Preheat the eppendorf thermoblock at 37 °C. 

2. Prepare a reaction mastermix and a blank mastermix.  Reaction master mix per sample 

contains: 5µl of 1M sucrose, 25µl of 0.2 M Na acetate buffer (pH4.0), 20µl water while 

blank mastermix contains: 25µl of 0.2 sodium-acetate buffer (pH4.0) and 25µl water. 

3. Transfer 3µl R-extract or 10µl Z-extract or H2O into pre-chilled 2ml safe-lock tubes.  

Use large tubes because the mixture will bubble in later steps. 

4. Add 40µl mastermix or blank mastermix to each tube, while keeping tubes on ice. 

5. Immediately transfer all tubes to a 37°C thermoblock for 30 minutes. 

6. Prepare standards for calibration curve: Make a 50:50 mixture of 10mM glucose with 

10mM fructose. 
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B. Glucose detection 

1. Prepare Nelson’s reagent by mixing 25 volumes of Nelson’s A with 1 volume of 

Nelson’s B (in the fume hood), and warm up the thermoblock to 100 deg (7.7µl B + 

192.3 µl A).   

2. At the end of the 30-minute incubation, add 200µl of arsenomolybdate reagent to each 

tube (in the fume hood). Arsenic is highly toxic! Wear nitrile gloves and work in the 

fume hood. 

3. Centrifuge them at 14 000rpm for 5 min to pellet out any precipitate. 

4. Transfer 130µl of each standard and sample to a Greiner 96-F well plate.  Cover the plate 

with an adhesive plate cover in order to avoid breathing arsenic fumes. 

5. Measure absorbance at 660nm in plate reader. (Omega-MARS BMG LabTech)  Remove 

plate cover immediately before reading absorbance, and replace cover immediately after 

the read is finished. 

 

Sucrose synthase (SuSy) activity determination 

1. Prepare the mastermix recipe. Master mix for 160µl reaction volume contains: 69.80µl 

H20, 8µl 1M HEPES/NaOH pH 7.0 , 0.64µl 250mM EDTA, 0.32µl 1M MgCl2, 0.8µl 

1M DTT, 2.08µl 100mM ATP, 0.8µl 100mM NAD, 0.32µl of 1000U/ml G6PDH, 0.672 

of 1000U/ml hexokinase and 0.56µl of 1000U/ml PGI. 

2. After preparing the mastermix, prepare mixes of incomplete reaction mixtures: 

a. –UDP: 34µl/rxn mastermix, 40µl/rxn 1M sucrose and 16µl/rxn H2O. 

b. +UDP: 34µl/rxn mastermix, 40µl/rxn 1M sucrose and 16µl/rxn 10mM UDP) 

c. No substrate control: 34µl/rxn mastermix and 56µl/rxn H2O. 

3. Add 50µl of the basic mastermix in every hole of the 96-well reaction plate and add 20µl 

of the correspondent samples/standard in each hole. 

4.  Incubate both the 96-well reaction plate with mastermix, sample/standards and all 

premixes at 30°C for 30minutes in the microtiter plate reader and eppendorf thermoblock, 

respectively. 

5. After incubation, add 90µl of each control premixes to the appropriate well.   

6. Measure absorbance at 340nm, at 30 °C  in microtit er plate reader(Omega-MARS BMG 

LabTech) every 1 minute, for as long as necessary to see activity.  An hour is sufficient. 
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