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Abstract 

Carbohydrate storage and remobilisation: The mechanisms involved in woody 

tissue of apple trees. 

Joanna C. McQueen 

This thesis investigated the storage and remobilisation of carbohydrate 

reserves in perennial woody stem tissue, using one-year-old apple stems. 

In this study, the theories developed in herbaceous annual species were 

applied to woody perennial plants. Perennial plants are more complicated 

to study as they need reserves over a longer temporal scale and the 

woody tissue makes experimental manipulation difficult. In addition, apple 

is a multiple carbohydrate transporter and sorbitol (a sugar alcohol) is a 

major translocation product. These complications were overcome in this 

thesis, allowing hypotheses, developed from knowledge of carbohydrate 

movement in herbaceous plants, to be tested. The hypotheses were 

tested by manipulating sink conditions, 14C and 11C tracer experiments, 

use of inhibitors and enzyme extractions. 

The findings allowed models of carbohydrate storage and remobilisation in 

stem tissue of apple to be made. The sieve elements of apple are leaky 

pipes and assimilates are lost through passive leakage or active unloading 

during their journey from source to terminal sink. During remobilisation of 

carbohydrate in spring, retrieval of this leaked assimilate back into the 

phloem stream is up-regulated. This retrieval is likely to be directly into the 

sieve elements and involves carriers similar to those found in herbaceous 

annuals. Buffering also occurs along the stem length to prevent 

interruption to flow from short-term changes in photoassimilate supply. 

Buffering, leakage and retrieval probably occur into the apoplast. Starch is 

initially remobilised from storage cells closest to the phloem region in the 

spring. Sorbitol in the stem probably cannot be metabolised, which allows 

sorbitol to exist in high concentrations in the stem where it could act as a 

temporary (days to weeks) storage pool and could play a buffering role, 

maintaining a constant flow of sorbitol to sink tissue. 
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During storage in autumn, when terminal sink tissue is either removed or 

saturated, assimilates continue to be lost from the leaky sieve tubes. 

However, retrieval is down-regulated so high concentrations of sugars 

build up in the stem apoplast. This results in storage of carbohydrate as 

starch, initially into the cells surrounding the phloem. Storage in the stem 

is given the lowest priority in terms of accumulating available carbohydrate 

and only occurs when there is an excess of photoassimilate, such as when 

higher priority sinks like fruit are removed or saturated. Eventually starch 

storage will saturate (at a concentration of 50mg g-1 in trees growing in the 

Hawkes Bay). Saturation of storage is likely to reduce concentration 

gradients between sieve elements and the apoplast, leading to a build up 

of sugars in the sieve elements and reduced assimilate flow. This is likely 

to result in a reduction or stoppage of photosynthesis, followed by leaf 

senescence. 

The results of this thesis show that most of the processes of carbohydrate 

storage and remobilisation in herbaceous plants also occur in woody 

perennial plants and this has increased our knowledge of basic plant 

processes. In order to manipulate source-sink relationships in plants to 

increase crop yields, we need to understand the physiological processes 

involving the movement of carbohydrates. The retrieval and release of 

sugars along the transport phloem is important, as there is a balance 

between supplying terminal sinks with photosynthate and retention of 

photosynthate along the pathway. In addition, physiological studies into 

apple trees are sparse. It was important to go to the next stage of 

carbohydrate studies in apple trees, beyond orchard management, and 

understand the physiological processes involved in carbohydrate 

movement and remobilisation. Apple is a high yielding crop and 

knowledge of the carbohydrate processes in this plant could help to 

increase yields in other commercially important tree species. 
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Chapter 1: Introduction 

1.1. Introduction 

This thesis aims to understand storage and remobilisation of carbohydrate 

reserves in perennial woody stem tissue. Apple was chosen as the 

experimental plant. 

Carbohydrates are important because they function as energy storage 

molecules and as structural elements in the plant (cellulose). About three 

quarters of the dry weight of woody plants is made up of carbohydrates 

(Oliveira and Priestley, 1988), the majority of this being cellulose, leaving 

only a small fraction available for remobilisation and use. Carbohydrates 

play key roles in all aspects of plant life and when they are depleted, 

carbohydrate starvation has profound effects on a broad range of 

metabolic and developmental processes (Yu, 1999). 

Carbohydrates (sucrose, glucose, fructose and in some plants, sugar 

alcohols) are synthesised in the leaves through the process of 

photosynthesis and transported many metres (e.g. in trees) or merely 

centimetres (e.g. in grass) to sites of growth and storage. In storage 

organs, such as tubers, starch accumulates where it is formed from 

sugars. Storage organs also consist of the roots and stem and these are 

the main sites of storage in plants without specialised storage structures. 

The leaves are temporary storage structures and starch builds up in the 

leaves during the day and is converted back to sugars at night. This sugar 

maintains a continuous supply of carbohydrate to sites of growth in the 

absence of photosynthesis. In the short-term, sugars in the leaves also 

maintain a carbohydrate supply when photosynthesis is temporarily 

interrupted. In the longer term, during times of carbohydrate deficiency, 

starch in storage organs is used to maintain a carbohydrate supply and is 

referred to as reserve carbohydrate. There are a number of occasions 
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throughout the year when carbohydrate depletion occurs in plants, such as 

during flowering and fruit set. 

1.1 .1. Reserve carbohydrate 

Reserve carbohydrates can be defined as carbohydrates produced in 

excess of current requirements, which are laid down in stem and root 

tissue, and which may later be used in support of metabolism and growth 

as far ahead as the next season (Priestley, 1960). 

Reserve carbohydrates may be used to ensure a continuous supply of 

carbohydrate to growing organs when there is a deficit of photosynthate in 

the short-term, such as on cloudy days. In the longer term, a major 

carbohydrate deficiency occurs in deciduous trees in the spring, when 

growth of new vegetative and fruiting buds occurs before any 

photosynthate is produced. 

The reliance on reserves stored the previous season depends on the 

species; some species produce flowers before any leaves and thus rely 

entirely on reserves for the growth of those flowers e.g. sweet cherry, 

where flower and vegetative buds open simultaneously (Keller and 

Loescher, 1989). Apple leaves unfold shortly before flowers appear in the 

spring (Lakso, 1994), meaning that reserves are only drawn on until the 

leaves can begin to produce adequate amounts of photosynthate. At the 

other extreme, some deciduous plants do not produce flowers until leaves 

are fully formed and transporting photosynthate (e.g. kiwifruit). 

Carbohydrate depletion is also faced in fruit trees when they become 

alternate bearing. During the non-fruiting 'off' years, trees store large 

amounts of carbohydrate and during the following heavy fruiting 'on' year, 

these carbohydrates are mobilised and used, leading to carbohydrate 

depletion in vegetative tree organs (Li et al., 2003). In extreme cases, 

carbohydrate depletion causes collapse of trees at the end of an 'on' year 

(Smith, 1976). 
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In tree species, studies of carbohydrate storage and remobilisation have 

concentrated on measurements of the reserve pool over an annual cycle, 

with the research having an empirical focus. Some work has been carried 

out on the mechanisms involved in the storage of carbohydrates in wood 

(Lacointe et al., 1995; Sauter, 2000; Sauter and Neumann, 1994), but little 

is known about utilisation of reserve carbohydrates in woody species. It is 

known that carbohydrate reserves play an essential role in trees, but very 

little is known about what specific roles they play in tree survival, growth 

and development (Loescher et al., 1990). In contrast, there is extensive 

literature on the utilisation of reserve carbohydrates in cereals and grasses 

(Wardlaw, 1990) where carbohydrates in storage along the stem account 

for a significant amount of grain growth. There is some understanding of 

carbohydrate pathways (Hayes et al., 1987; Patrick and Offler, 1996) and 

of enzyme activities associated with storage and remobilisation in stem 

tissues of these annual species (Wardlaw and Willenbrink, 1994). It is not 

known whether the same processes operate in woody perennial species. 

This study will attempt to determine whether the processes proposed in 

annual species apply to woody perennials. 

1.2. Current Knowledge of Carbohydrate Movement 

1.2.1. Phloem anatomy 

Central to a discussion of carbohydrate movement is knowledge of the 

phloem tissue, through which carbohydrates move from sources to sinks. 

Phloem is a perplexing tissue to study because it is deeply embedded in 

other tissues and, because it is under extremely high pressure, 

immediately explodes following any type of cutting or impalement, 

necessary for experimental manipulation (van Bel, 2003). Therefore, 

phloem must be studied in situ using non-invasive techniques such as 

short-lived radioisotopes, nuclear magnetic resonance imaging and 

confocal laser scanning microscopy (van Bel, 2003). 
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The phloem of angiosperms consists of several cell types; the phloem sap 

conducting sieve elements, the companion cells and the phloem 

parenchyma cells. Sieve elements are connected to one another by sieve 

pores at each end to form a pipe network. Sieve elements and companion 

cells are produced by a common mother cell, after which the sieve 

element loses most of its organelles including the nucleus (van Bel et al., 

2002). Thus the companion cell provides genetic information and 

metabolites to the sieve elements via plasmodesmata (van Bel et al., 

2002). 

Throughout the plant, phloem has slightly different characteristics 

depending on its location, such as the size of companion cells and 

plasmodesmal frequencies between companion and parenchyma cells. 

The relative size of the companion cell in different tissue types suggests a 

strong involvement in sugar accumulation processes (van Bel, 1996), with 

a decreasing volume ratio between companion cells and sieve elements 

along the length of the phloem; large companion cells are found in the 

collection phloem (in the leaves) (van Bel, 1996). 

Because of these different characteristics, in a discussion of phloem it is 

important to differentiate between different phloem types. In this study, 

the term 'collection phloem' will be used to describe phloem in the leaves 

(van Bel, 2003). 'Transport phloem' will be used to describe phloem in the 

pathway between source and sink and 'sink phloem' will be used to 

describe phloem in sink tissue. Sink phloem has been labelled 'release 

phloem' by van Bel (2003) but this term is avoided in this study to prevent 

confusion with other release processes. 

Throughout the plant, different terminology is used to describe various 

processes. Phloem loading has mainly been studied in leaf tissue and 

thus the term 'phloem loading' will refer to uptake into the collection 

phloem of mature leaves (van Bel, 2003) (Fig. 1.1 ). Phloem unloading has 

been studied in terminal sinks, so the term 'phloem unloading' will refer to 

unloading at terminal sinks. Loading and unloading of phloem also occur 
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along the length of the pathway between sources and sinks (transport 

phloem) and will be termed release/retrieval (van Bel, 2003) (Fig. 1.1 ), 

although it is possible that these mechanisms are the same as those 

found in sources and sinks. 

Source leaf: Collection 
phloem 
(Phloem loading) 

Stem: Transport phloem 
(Release/retrieval) 

Terminal Sink 
(e.g. fruit): Sink phloem 
(Phloem unloading) 

Figure 1.1. The terminology used to describe the various types of phloem 
found in a plant and the processes that occur here (after van Bel 2003). 
Sink phloem has been called release phloem by van Bel (2003), but this 
term is not used here to avoid confusion with the release (unloading) 
process occurring in stems. 

1.2.2. Phloem loading in source leaves 

Carbohydrates are produced in the leaves by photosynthesis and then 

transported around the plant to where they are required for growth or 

storage. Sugars are loaded into the collection phloem for transport either 

by an apoplastic or symplastic route. In the apoplastic route, sucrose is 

unloaded into the apoplast from parenchyma cells and taken up into the 

sieve element/companion cell complex by an energy dependent transport 

system (Fig. 1.2) (van Bel, 1992). In the symplastic route, sugars move 

from the mesophyll cells into the conducting elements of the phloem via 
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plasmodesmata (Kuhn et al., 1999; Turgeon and Beebe, 1991) (Fig. 1.2). 

Species have been classified as apoplastic or symplastic loaders 

according to the plasmodesmata density between the leaf parenchyma 

and companion cell interface (Gamalei, 1991 ). Evidence suggests that 

phloem loading and unloading can occur either apoplastically or 

symplastically, depending on the species and may even depend on the 

tissue type studied (Komor et al., 1996; van Bel, 1989). Different solutes 

(e.g. sorbitol versus sucrose) may have different modes of loading within 

the same tissue type. 

Apoplastic phloem loading involves a set of sucrose/H+ symporters and 

sugar transport across membranes is facilitated by these energy­

dependent, cargo-specific transporters (Shakya and Sturm, 1998). Four 

sucrose transporters have been identified in Solanaceous species (SUT1, 

SUT2, SUT3 and SUT4) (Barker et al., 2000) and an excess of 20 genes 

have been identified in different plant species, including monocots and 

dicots (Patrick et al., 2001 ). SUT1 and SUT4 are found in source tissue, 

while SUT2 is found on the sieve element plasma membrane of transport 

and sink phloem (Weise et al., 2000). Whether these transporters are 

ubiquitous remains to be determined. 

Sugar transporters are thought to be important control points for the 

allocation of carbohydrate between competing sink organs (Bush, 1999). 

Changing the expression of these transporters may allow modification of 

the flow of sugar to a particular sink (Lemoine, 2000). Sugars also act as 

regulatory signals that affect gene expression and hence plant 

development (Williams et al., 2000). Again, signalling properties of sugars 

have not been studied in woody species. 
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Figure 1.2. The phloem showing the source-path-sink continuum of sugar 
(S) transport (modified from Williams et al. 2000). Sugar is loaded into the 
sieve elements either symplastically (1) or apoplastically (2). Loading of 
sucrose is facilitated by sucrose transporters (3) either bound to the sieve 
elements or companion cell membranes. Along the pathway, sugar is 
released or leaked from the sieve elements and retrieved (4). The release 
(unloading) and retrieval (reloading) processes here are probably similar 
to those at the source and sink, but comparatively little study into these 
processes has been carried out on stems. At the sink, sugar is unloaded 
from the sieve elements either symplastically (5) or apoplastically (6). 
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1.2.3. Phloem unloading at terminal sinks 

A sink is defined as a net importer of photosynthate (Minchin and Thorpe, 

1993), for example, the roots, growing shoots, flowers, fruit and storage. 

A terminal sink can be defined as a sink where carbohydrate is irreversibly 

metabolised or stored, such as fruit, in contrast to a sink where the 

carbohydrate can be remobilised, such as storage. 

At the terminal sink, sugars are unloaded from the sieve elements either 

via an apoplastic or symplastic route (Fig. 1.2), although a symplastic 

route has been found most often in the plants studied to date (mainly pea 

and maize) (Fisher and Oparka, 1996; Patrick, 1997; Patrick and Offler, 

1996; Schmalstig and Cosgrove, 1990; van Bel, 2003). Study of 

unloading is extremely difficult because the vascular bundles are buried 

deep within the sink tissue where they form intimate anatomrcal 

associations (Patrick, 1997) and as such very few species have been 

examined. However, loading and unloading of phloem are important to 

study as they are often considered to be the rate limiting steps to crop 

production (Patrick, 1997; van Bel, 1993). 

1.2.4. Transport phloem 

Solutes move along a source-path-sink continuum through the sieve tubes 

(Fig. 1.2). A hydrostatic pressure gradient is created from the source to 

the sink and solutes move down this. The pressure gradient is created by 

the active uptake of solutes and other osmotica into the sieve tubes at the 

source, thus creating an osmotic pressure difference across the 

membrane (Patrick et al., 2001 ). Water will then move passively into the 

sieve tubes, increasing the turgor pressure in the sieve tube at the source, 

creating a concentration gradient between source and sink and resulting in 

bulk flow of solutes and water through the phloem to the sink tissue 

(Patrick et al., 2001 ). 
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The stem tissue includes the pathway of phloem transport, but it is more 

than just a pipe network for the flow of photosynthate en route to sink 

tissue. Sieve tubes are not hermetically sealed pipes (Minchin and 

Thorpe, 1987; Vreugdenhil, 1985; Vreugdenhil and Koot-Gronsveld, 

1989), but actually lose appreciable amounts of photosynthate, part of 

which is retrieved (Hayes et al., 1987; Minchin and Thorpe, 1987). In 

bean, sieve tubes lose 6% of photosynthate per centimetre of stem, of 

which, two thirds is retrieved (Minchin and Thorpe, 1987). Retention of 

photosynthate to supply terminal sinks coincides with release along the 

transport phloem to supply sinks such as storage along the pathway (van 

Bel, 1996). 

Long-term storage of sugars and starch occurs in the stem and can be a 

major part of the carbohydrate reserves in a plant, particularly in trees. 

Studies into long-term stem storage in trees have mostly involved 

examination of the carbohydrate flux. No studies have been carried out on 

the mechanisms involved in long-term storage in woody species. Is 

storage of carbohydrate reserves in stems of woody species dependent on 

carbohydrate supply and sink demand, or is there a seasonal component 

to it? In wheat and barley, carbohydrate storage in the stem is not 

competitive with grain filling (Schnyder, 1993). However, storage does 

occur when there are excess photosynthates caused by less demand from 

other sinks and carbohydrate stored in the stem has a buffering action, 

providing carbohydrate during deficits in photosynthate production 

(Schnyder, 1993). 

Short-term storage of sugars in the stem also plays a major role in the 

carbohydrate status of a plant. Sugars can accumulate in phloem 

parenchyma cells for temporary or long-term storage (as starch) and then 

be distributed back to the sieve element/companion cell complex when 

there are fluctuations in photoassimilate supply. Storage of carbohydrate 

along the length of the pathway in the stem tissue has a buffering action 

on the fluctuations in the supply of photosynthate available for growth of 

e.g. fruit (Minchin et al., 1984). Short-term (several hours) changes in 
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photosynthate supply are buffered, resulting in no change to 

photosynthate supply at the sink. In bean, this buffering pool is found in 

the stem apoplast (Minchin et al., 1984). Does this buffering pool, present 

in annuals, exist in perennial woody species? 

Retention of photosynthate to supply terminal sinks and release along the 

transport phloem to supply sinks such as storage along the pathway is 

achieved by a rigorously regulated release/retrieval balance in the sieve 

element/companion cell complexes of the transport phloem (van Bel, 

2003). The strict control seems to require a degree of symplastic isolation 

of sieve element/companion cell complexes in transport phloem. Few 

plasmodesmata connections have been found between sieve 

element/companion cell complexes and phloem parenchyma cells in 

stems of Phaseolus (Hayes et al., 1985), Lythrum, Cucurbita, Vicia and 

Zinnia (Kempers et al., 1998). Further evidence for symplastic isolation 

was found by the containment of flurorchromes in the sieve 

element/companion cell complex of transport phloem after injection into 

sieve tubes of various plants including Ricinus, Solanum, and Lupinus 

(van Bel and Kempers, 1990; van Bel and van Rijen, 1994). Electrical 

conductance and membrane potentials provide further evidence for 

isolation (van Bel, 2003). However, in some cases contradictory data has 

been obtained and this is probably due to differences in sink conditions. 

This indicates that sieve element/companion cell complexes are able to 

shift between symplastic and apoplastic routes (Patrick and Offler, 1996) 

by gating their plasmodesmal connections towards the phloem 

parenchyma cells (van Bel, 2003). What route is found in woody stems 

remains to be determined. 

In the stems of some plants, retrieval is apoplastic because the phloem is 

symplastically isolated (Goggin et al., 2001). Release (unloading) in stem 

tissue has mostly been studied in sugar cane (Glasziou and Gayler, 1972) 

and bean (Hayes et al., 1987; Minch in et al., 1984) and has been found to 

be apoplastic, however in pea, there is evidence that release is symplastic 

(Schmalstig and Cosgrove, 1990) (Fig. 1.3). The mode of retrieval and 
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release in woody stems has not been studied. It can be hypothesised that 

the same mechanisms found in annual plants will apply to woody species; 

this hypothesis will be addressed in this thesis. 

Sieve 
A elements 

+--+-- 2 

B 

4 

Companion 
cell 

+-=====::_3 

1 

s-=====:::__ ... 
5 

Phloem 
parench ma 

Figure 1.3. Retrieval (A) and release (B) of sugars in the transport 
phloem. Sieve element/companion cell ratios indicate that transport 
phloem is a functional hybrid between collection and sink phloem, which is 
consistent with balanced release/retrieval processes along the transport 
path (van Bel, 2003). Few symplastic connections exist between the sieve 
element/companion cell complex and phloem parenchyma in stems. 
Retrieval may be apoplastic, either into the companion cells (1) (from 
where sugar is transferred symplastically into the sieve element) or more 
likely directly into the sieve elements (2). Retrieval could be symplastic 
(3), but this is less likely in herbaceous plants; the route in woody plants 
has not been studied. Release of sugar is most likely to be directly from 
the sieve elements (4). However if the companion cell is involved, release 
could be apoplastic from the companion cell (5) or symplastic (6) 
depending on sink conditions (Patrick and Offler, 1996). Routes can be 
changed by the gating of plasmodesmal connections towards the phloem 
parenchyma cells (van Bel, 2003). What route is found in woody stems 
remains to be determined. 
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Release/retrieval events are controlled by carrier systems, energised by 

proton-motive force (van Bel, 1995). Sucrose has been found to be mainly 

retrieved by companion cells (Stadler et al., 1995). However in transport 

phloem, sucrose carriers dominate on the sieve element plasma 

membrane (van Bel, 2003). This favours an energy supply by companion 

cells and photoassimilate retrieval by sieve elements (van Bel, 2003) (Fig. 

1.3). Only 25% of the sieve element surface in transport phloem of 

advanced herbs has an interface with a companion cell, so sugars could 

easily escape from sieve element areas uncovered by companion cells 

(van Bel, 1996) (Fig. 1.3). 

1.3. Carbohydrate Partitioning 

Sink tissues (including storage) compete against one another for limited 

carbohydrate resources. The carbohydrate available for movement 

around the plant depends on how much is produced by photosynthesis, 

how much is transferred to the phloem and how much is unloaded from 

the phloem at various sinks (Giaquinta, 1983). Because there is 

competition between sinks for resources, the concept of sink strength was 

developed. Sink strength can be defined as the flow of photosynthate per 

unit of time into a sink (Warren Wilson, 1972). However, the concept of 

sink strength is not that useful because it is difficult to measure; 

photosynthate flow into a sink is not determined by the sink alone, so this 

flow is not a measure of sink strength (Minchin and Thorpe, 1993). A 

better concept is sink priority where certain sinks can capture 

photosynthate at some times at the expense of others. A hierarchy of sink 

priority exists: growth of seeds > growth of fleshy fruit parts = growth of 

shoot apices and leaves > growth of cambium > growth of roots > storage 

(Wardlaw, 1990). Thus fruit and seed growth have dominance over 

vegetative organs (Wardlaw, 1990). 
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Carbohydrate partitioning is the process of balancing the maintenance of 

vegetative tissue with growth of fruit and vegetation (Geiger and Fondy, 

1991; Proctor et al., 1976). A range of factors may influence carbohydrate 

partitioning, such as changes in photosynthate supply, hormonal and 

nutritional controls or vascular constraints (Wardlaw, 1990) and as such 

there is still much to learn about this process. Carbohydrate partitioning is 

a key determinant of harvest index (Daie, 1985; Giaquinta, 1983; Patrick 

and Offler, 1996) so it must be understood to enable increases in harvest 

index to be made. The increased grain yield of wheat and barley in 

modern crops can be entirely accounted for by increases in harvest 

indexes (Ho, 1988). The higher photosynthetic capacity of modern crops 

has generally been achieved by increasing the light-intercepting area of 

leaves (increase in leaf number, more erect leaf posture, larger individual 

leaf area) or by increasing the size or number of individual grains (Ho, 

1988). Manipulation of source-sink relationships is therefore necessary to 

continue to improve crop yield. Understanding of the physiological 

processes involving the movement of photoassimilate is necessary before 

this can take place. 

1.4. Application to Woody Stems 

So far, the theory developed for carbohydrate resource allocation and the 

mechanisms behind carbohydrate movement have been developed in 

herbaceous, mainly annual species. Theories on carbohydrate 

accumulation and remobilisation have been tested in few woody perennial 

plants (c.f. Sauter, 2000; Sauter and Neumann, 1994; Sauter and van 

Cleve, 1991; Sauter and van Cleve, 1993 in poplar). In annual species, 

there is a short time sequence of storage and reserves can be depleted 

completely at fruit development. In a perennial species, carbohydrate 

reserves are needed on a longer temporal scale. Seeds and fruit cannot 

completely deplete carbohydrate reserves, as vegetative parts need to be 

maintained. This complicates the perennial system, as alternate sinks are 
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available to carbohydrates. In addition, in deciduous perennial species, 

reserves are needed to ensure the species survival after winter. 

Woody species present additional complications to study. A major 

problem in the study of woody species is their distinguishing feature, the 

wood! Many of the techniques used to develop theories on carbohydrate 

transport rely on the ease of getting substances into soft tissue with 

minimal damage. Woody tissue is extremely hard and therefore difficult to 

cut, especially as it increases in size with age. Getting substances into the 

tissue is challenging. In addition, woody species generally are slow 

growing and can take years to produce sink tissue, in the form of fruit, 

necessary for experimental manipulations. These challenges have thus 

far limited studies on woody tissue. In this thesis, an attempt was made to 

overcome these challenges to broaden our understanding of the 

mechanisms involved in carbohydrate movement and remobilisation in 

woody tissue. The aim was to determine whether the mechanisms 

proposed in herbaceous annual species can be applied to perennial 

woody tissue. 

Apple, a species of economic importance was chosen to carry out this 

study. This study focussed on the stem tissue of the apple tree. 

Specifically, one-year-old stems (last season's extension shoots) were 

used. This meant that tissue could be destructively harvested from the 

tree for analysis without adversely affecting the health of the tree. 

Samples could be taken throughout the year, as this wood was always 

present. 

1.4.1. Apple 

This study was carried out on Matus sylvestris (L.) Mill. var domestica 

Borkh. Mansf. (apple), a member of the Rosaceae family, which includes 

other commercially important fruit trees such as Prunus (apricot, peach, 

plum and cherry) and Pyrus (pear). Apple is a deciduous temperate fruit 

crop species that is very adaptable to different climates, growing 
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commercially from the tropics to the high latitudes in Norway (Lakso, 

1994). Apple is essentially a wild-type plant that has had few fundamental 

changes through modern breeding (Lakso, 1994). Little selection for 

physiological responses has occurred in commercial cultivars (Lakso, 

1994) and few physiological differences in environmental responses can 

be found between a 200yr old cultivar and a newly released cultivar 

(Lakso, 1994). This could explain the variability of fruit set and yield that is 

a bane of horticultural practitioners (Lakso, 1994). Progress in increasing 

productivity has been made in the past by overcoming nutrient limitations 

by fertilisation, water deficits and pests, improved thinning, pruning and 

orchard design (Lakso, 1994). In spite of the lack of breeding 

improvements, photosynthetic rates in young, fully-expanded apple leaves 

are substantially higher than what is thought typical of trees or many C3 

plants (Loescher et al., 1985). 

Fruit yields in apple can be extremely high, averaging 100 t fruit ha-1 yr-1 

in New Zealand (Bieleski, 2000), which translates to a yield of 14 t sugar 

equivalents ha-1 yr-1 in fruit (Bieleski, 2000). This is substantially higher 

than production in parts of the Northern Hemisphere; New Zealand apple 

yields are almost twice as high as New York State, USA (Lakso, 1994) but 

unfortunately, little is known of the physiological basis for this. The long 

photosynthetic period after harvest in New Zealand trees may be 

responsible (Tustin et al., 1997) allowing plenty of carbohydrate reserves 

to be laid down in autumn for use the following spring. Understanding of 

the physiology of the apple tree is now necessary for further yield 

improvements to be made and to apply the high yields achievable in apple 

to other commercially important crop species. 

Woody species are difficult to experimentally manipulate for the reasons 

described earlier. But as an added complication, apple trees are multiple 

carbohydrate transporters. In the majority of species, sucrose is the only 

translocation product. The selection of sucrose as a major transport sugar 

has been related to its non-reducing nature and relative insensitivity to 
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Figure 7.2. Storage. A schematic diagram showing the same piece of 
stem as in Figure 7.1 . but in autumn (or when sinks are prematurely 
removed). Sink tissue is either removed or saturated by this time. 
Assimilates may be actively unloaded (released) into the stem apoplast or 
lost by passive leakage. Little retrieval of these leaked sugars is likely to 
occur. This could result in a build up of sugars in the stem apoplast 
causing storage of starch. Starch is likely to be stored in cells closest to 
the phloem region first, but eventually starch storage may become 
saturated. The apoplastic concentration of sugars probably rises until a 
signal is sent back to the leaves to stop photosynthesis. This signal is 
probably the reduction in concentration gradients. The reduction in 
concentration gradients probably causes a build up of sugars in the 
leaves, stopping assimilate flow. This probably results in a reduction or 
stoppage of photosynthesis, followed by leaf senescence. 
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However some of the assimilates may be lost from the sieve elements 

through passive leakage, or through active unloading (release). Release 

is most likely to occur into the apoplast, as buffering was disrupted by 

PCMBS (chapter 5), although this may change with sink demand (Patrick 

and Offler, 1996). Any assimilates lost at this time are likely to be 

retrieved rapidly, which could account for the lack of sugar found in the 

apoplast (chapter 4). 

Retrieval of sugars is probably an active process as it is sensitive to CCCP 

(chapter 4) and is likely to occur along the stem length. In herbaceous 

plants, companion cells only cover 25% of the sieve element surface (van 

Bel, 2003) suggesting that retrieval is most likely to be directly into the 

sieve elements. Retrieval in woody plants is also likely to be directly into 

the sieve elements. Sucrose is likely to be loaded into the sieve elements 

by sucrose transporters similar to those found in herbaceous plants 

(chapter 4). Sorbitol is likely to have its own transporters, which could be 

closely related to sucrose transporters (chapter 4). These transporters are 

probably up-regulated when carbohydrate demand from terminal sinks is 

high (chapter 4) suggesting that any lost sugar is rapidly retrieved. 

When there is high demand for carbohydrates at terminal sinks, buffering 

probably occurs along the length of the stem preventing interruption to 

flow from short-term changes in photoassimilate supply (chapter 5). 

Buffering may involve the apoplast as it was PCMBS sensitive. From this 

finding, it can be inferred that retrieval of sugar may be from the apoplast. 

The buffering capacity in apple stems appears to increase as more sugars 

become available during the photoperiod (chapter 5). 

Within the stem, sorbitol is may not be metabolised due to a lack of SDH 

(chapter 6). This could allow sorbitol to exist in high concentrations in the 

stem where it may act as a temporary (days to weeks) storage pool and 

could play a buffering role, maintaining a constant flow of sorbitol to sink 

tissue (chapters 3 & 6). Sucrose can be hydrolysed by invertases into 

glucose and fructose, which can be metabolised by the stem. Because 
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only a small number of enzymes are able to hydrolyse sucrose, it is used 

by the majority of plants for phloem transport. Sorbitol appears to be a 

better translocation substance, as it may not be metabolised at all by 

tissue along the pathway, leaving only the smaller quantity of sucrose 

available for metabolism by the stem. Sucrose, glucose and fructose are 

also present in the stem, but have the ability to be metabolised. It is likely 

that they are present in the apoplast for a very short time before being 

scavenged by surrounding cells during stem growth, or returned to the 

translocation stream. This could be the reason why no apoplastic sugar 

was found in the stem tissue (chapter 4). 

When sink demand is reduced because terminal sinks are saturated or 

fruit is harvested (autumn) (Fig. 7.2), retrieval of assimilate lost from the 

sieve elements is likely to be down-regulated. The potential build up of 

sugars in the apoplast caused by less retrieval, results in storage of 

starch, probably beginning in the cells closest to the phloem region 

(chapter 2). This implies that sorbitol can be converted to starch directly or 

is using another enzyme system in the stem, such as sorbitol oxidase. 

Eventually, starch storage may saturate when all cells are carrying their 

maximum capacity of starch (a concentration of around 50mg g·1 in 

Hawkes Bay trees). Once starch storage is saturated, the apoplastic 

concentration also probably rises until it is saturated. At this point a 

feedback message may be sent to the leaves to cease photosynthesis. 

This signal may not be a signal per se but simply the removal of pressure 

gradients once the apoplast is full. This is likely to stop diffusion of sorbitol 

out of the phloem, resulting in accumulation of sorbitol in the leaves and a 

reduction in phloem flow. This finally results in a reduction or shut down of 

photosynthesis. Once photosynthesis ceases, senescence occurs. 

Storage in the stem has the lowest priority of all available sinks in terms of 

accumulating available carbohydrate. Storage of starch appears to occur 

when there is an excess of photoassimilate, which can occur when there is 

removal or saturation of higher priority sinks such as fruit (chapter 3). 
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Carbohydrate reserves in apple stems were never fully reduced in this 

study and in New Zealand trees there aapears to be some capacity for 

storage even during rapid fruit growth (chapters 2 & 3). Stem reserves are 

replenished during autumn, regardless of sink demand earlier in the 

season ( chapter 3). 

During winter, starch concentrations declined in this study and starch may 

either be converted to sorbitol (possibly as a cryoprotectant), or converted 

to sugars and translocated to other regions of the tree (chapters 2 & 3). 

The findings in this thesis have helped to increase our knowledge of basic 

plant processes in perennial species. Understanding of these basic plant 

processes, involving the use of carbohydrate reserves, is important in 

order to begin to manipulate these processes, which could ultimately lead 

to increased crop yields. This thesis has also increased our knowledge of 

sorbitol transport processes. This understanding will be of value when 

sorbitol is expressed in transgenic plants. 

7 .4. Future Research 

While this research has contributed substantially to our knowledge of 

carbohydrate movement in the apple stem, there are still many areas 

requiring further study. 

Firstly, a paradox can be seen between the findings presented in this 

thesis showing buffering and retrieval of sucrose and sorbitol along the 

length of the phloem pathway, and the finding of Klages et al. (2001) that 

the sucrose to sorbitol ratio in the phloem does not change diurnally. This 

suggests some sort of control process maintaining the carbohydrate 

composition of the phloem. This raises interesting questions about how 

this is achieved, given that sorbitol and sucrose have different uptake 

carriers. Further study is needed firstly into the phloem composition (there 

was an extremely short pathway from source to sink in the study by Klages 
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et al. (2001 ); does the composition change with length of the pathway?) 

and secondly into possible control processes. 

This research was carried out only on the one-year-old stems and the next 

logical step would be to see what happens to carbohydrate movement in 

older parts of the tree and in the roots. It can be hypothesised that the 

processes found in one-year-old apple stems apply to older tissue and to 

other sorbitol translocating species. Carbohydrate extractions could be 

carried out relatively easily on older woody tissue, but would involve 

sacrificing the tree. How important are the reserves in the one-year-old 

stems on a whole tree basis? Woody plant root reserves have received 

very little study (Loescher et al., 1990), how important are these reserves? 

Further evidence is required to ascertain the mode of retrieval for sorbitol 

and sucrose into the apple stem. All techniques used to determine the 

mode of retrieval have pitfalls that may invalidate results. PCMBS may 

interfere with water uptake (chapter 4). One way to conclusively 

demonstrate a mode of retrieval is to get the same results using a number 

of different techniques. No single experimental protocol yet devised can 

be used to distinguish unequivocally between phloem loading routes 

(Turgeon and Beebe, 1991 ). A first step could be to look for 

plasmodesmatal connections between cells to see if a symplastic pathway 

of sorbitol retrieval is feasible. Another logical step would be to carry out 

similar experiments as described in this thesis on other Rosaceae fruit 

trees. When sufficient data from several species is available we may be 

able to solve the controversies over loading pathways (Noiraud et al., 

2001 b). 

Other questions that have arisen during the course of this study include 

the mode of unloading of sugars; how are sugars unloaded at the sink? If 

the goal for understanding carbohydrate partitioning in apple trees is to 

improve crop yield or to transfer the high yields achievable in apples to 

other species, then the most important aspect that needs to be determined 

is the unloading pathway. Sink strength probably plays an extremely 
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important role in carbohydrate partitioning and phloem unloading at the 

sink is a key factor of this (Patrick, 1997). 

More and more evidence is accumulating that sucrose is a signal as well 

as a substrate (Farrar et al., 2000). Does sorbitol have a signalling role? 

Can we identify the sorbitol transporter in the stem? Answers to these 

questions will be valuable in understanding sorbitol expression in 

transgenic plants. 

More research should be carried out into causes of alternate bearing in 

fruit trees and the reason New Zealand apple trees have such high yields. 

This research has touched on the potential role of carbohydrates in these 

processes, but to fully understand the interactions between carbohydrates 

and hormones, the carbohydrate flux for a whole tree is needed. 

Some parasitic plants synthesize mannitol from host carbohydrates, 

presumably as a method to prevent the host recovering the carbohydrates 

(Williamson et al., 2002). Because the host plants do not have the 

enzyme system required for the synthesis of mannitol, this presents a 

potential target for control. Do some parasitic plants utilise sorbitol in this 

way? Is there potential application in control of unwanted pest species? 

Application requires understanding of sorbitol transport. 
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ABSTRACT 
Carbohydrate allocation is a key process in deciduous fruit trees. In this 

study, our aim was to determine whether reserve accumulation in one-year­
old apple stems is controlled by carbohydrate availability. We altered the 
carbohydrate balance of one-year-old stems during fruit development by 
altering the fruit load on girdled branches. One-year-old branches of 
'Braeburn' with fruit were girdled early in the season and the fruit load 
adjusted to high (6 fruit), low (2 fruit) and zero (no fruit). This fruit load was 
subsequently reduced at different times throughout the season. Starch 
concentrations in one-year-old wood were found to be inversely correlated to 
fruit load; limbs with zero fruit load had the highest concentrations of starch. 
By winter, however, all girdled branches had the same concentrations of 
starch, regardless of fruit loads throughout the season. This implies that 
there is a maximum capacity for starch storage in stems and that all 
branches can reach this maximum, regardless of their carbohydrate status 
earlier in the season. Reducing fruit loads throughout the season caused 
starch concentrations in one-year-old wood to increase rapidly. The results 
show that starch can be forced into storage out of season, implying that its 
accumulation is dependent on carbohydrate availability. Storage is a low 
priority sink, and starch is only stored when other higher priority sinks are 
removed or become saturated. 

INTRODUCTION 
Carbohydrate storage within the perennial tissue of deciduous fruit trees is 

important in apple trees where new leaf and early fruit development depend on 
carbohydrates remobilized from roots and stems (Hansen, 1971 ). An adequate 
supply of carbohydrate early in the season from reserves is critical for both fruit 
yield and quality. Thus an understanding of carbohydrate allocation processes is 
important to ensure appropriate orchard management practices are applied. 

In this study, we investigated whether reserve accumulation in one-year­
old apple stems (i.e. last season's extension shoots) is controlled by carbohydrate 
availability. To alter carbohydrate accumulation into one-year-old limbs, limbs 
were girdled to maintain an isolated system and fruit load adjusted. During the 
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season, fruit load was reduced to see if reserve accumulation could be altered by 
sudden changes in fruit load. 

Ungirdled limbs were used to follow non-structural carbohydrates (starch, 
sorbitol, sucrose and glucose + fructose) in one-year-old limbs. While similar 
data has been collected previously (Hansen and Grauslund, 1973; Kandiah, 1979; 
Murneek, 1933; Priestley, 1962, 1964), no studies of this kind have examined in 
detail the full range of non-structural carbohydrates present in apple tissue. Due 
to space limitations, in this paper only starch results will be reported. 

MATERIALS AND METHODS 
Carbohydrate concentrations in one-year-old limbs of 8-year-old 

'Braeburn' apple trees (Malus dome.\'tica), grown on various rootstocks, were 
examined at the HortResearch Havelock North Research Centre, New Zealand, 
from December 2000 to July 2001 with sampling being carried out six weekly. 
Full bloom occurred on the 61h of September 2000. Trees were planted at a 
spacing of 5 x 3.5m in north-south oriented rows. Originally part of an interstem 
trial, the trees were planted in a randomised design of four replicates per interstem 
type. Three (MM.106, M.793, M.793 with 10cm M.9 as an interstem) of the 
original seven interstem treatments were used in this experiment. Twelve trees 
were selected based on there being four trees with the same interstem with similar 
form. Of these, two trees were randomly selected for girdling, while two trees 
were the ungirdled controls. 'Braeburn' was a convenient cultivar to use for this 
trial as it can flower and set well on one-year-old wood. 

Dormant pruning, fertilisers, pesticides and herbicides were applied as 
required according to standard commercial practices. No hand-thinning of fruit 
was carried out resulting in fruit loads above commercial levels. 

In December 2000, 34 one-year-old limbs carrying at least six fruit and of 
similar form, were girdled per tree. A 2cm wide strip of phloem, cambial tissue 
and connected bark was removed. An aluminium splint was taped to the girdled 
area for support and the girdle left uncovered. Twenty limbs per tree were thinned 
to a high fruit load (6 fruit), eight limbs to a low fruit load (2 fruit), and six limbs 
to a zero load (no fruit). These initial fruit loads were subsequently reduced to low 
or zero in January and/or April (commercial harvest time). Unless stated, fruit 
were not removed from the tree, but left to abscise naturally. 

Girdles were examined at each sampling time to ensure phloem 
discontinuity was retained. The entire stem was removed at the girdle and the 
one-year-old wood was cut into small pieces and frozen in liquid nitrogen 
immediately. After freeze-drying, samples were ground into a fine powder and 
I 00mg dry weight of sample was then analysed for glucose + fructose, sucrose 
and sorbitol as described by Jones et al. ( 1977). Starch was measured as 
described by Jones ( 1979), extraction optimised by heating with amyloglucosidase 
for 60 min at 55°C. 

Photosynthesis was measured indirectly using a Delta T AP4 transit-time 
porometer (United Kingdom) to assess stomata) opening. Porometer 
measurements were made in December, January and February, starting at 
10:00am and finishing by midday. 

Differences in limbs with different fruit loads were tested by statistical 
analysis carried out by a linear mixed model fitted using GenStat (© 2002, Lawes 
Agricultural Trust, Rothamsted Experimental Station). A linear mixed model was 
necessary to because of missing data and to include ungirdled limbs (which did 
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not have the same treatments) in the same analysis as girdled limbs. Limbs that 
had broken and died, or lost significant amounts of fruit prematurely, were 
excluded from analysis. 

RESULTS 
Different effects between trees due to different interstems and rootstocks 

were allowed for by the statistical analysis, but there was no evidence for any 
such effects. Variation within limbs of the same tree was greater than between 
tree variations. 

Seasonal changes in starch concentration were determined in one-year-old 
wood of ungirdled limbs (fruit load not manipulated) (Fig. I). Starch 
concentration in the ungirdled stems rose steadily from December, reaching a 
peak in May (leaf fall), then dropped sharply in July (midwinter). 

Starch concentration of one-year-old wood responded to fruit load. Starch 
concentrations were similar in all limbs when girdling was carried out in 
December (Fig. 1 ). From January to April, limbs with zero fruit load had the 
highest starch concentrations while limbs with high fruit load had the lowest. 
Limbs with low fruit load had intermediate concentrations of starch. During this 
period, starch concentrations increased four-fold. An increase in vegetative 
growth was seen in the low and zero limbs c.f limbs with high fruit load (data not 
shown). Over the next six week period, limbs with low and zero fruit loads did 
not increase in starch concentration, while limbs with high fruit loads showed a 
considerable increase so that by May, starch concentrations in the stem had 
reached a peak and all limbs had similar starch concentrations, regardless of the 
initial fruit load. The concentration of starch in all limbs then decreased rapidly in 
July (mid-winter) to a level only slightly above that measured in December. 

Reducing the fruit load from high to zero in January caused an immediate 
increase of 400% in the concentration of starch measured in the stem (Fig. 2) with 
a further 130% increase by May. Starch concentrations then declined in July to 
become the same as all other branches. Reducing the fruit load from high to low 
in January caused a similar response (Fig. 2). Removing the fruit in April (normal 
harvest time) always caused a slight increase in the concentration of starch found 
in the stem (data not shown), however with all fruit loads, stem starch 
concentrations consistently fell to similar levels by July. 

The leaves on limbs with a zero fruit load looked very different to those 
under a high fruit load or those that were not girdled. Leaves were thick, 
xeromorphic, chlorotic, had red veination and senescenced months before the rest 
of the tree. Starch levels in these leaves, determined by the brittleness of the 
leaves, was also very high. Stomata! conductance measurements were made as an 
estimate of photosynthetic capacity and were found to be very low on limbs with a 
zero fruit load, intermediate in limbs with a low fruit load and high in limbs with 
high fruit loads. High fruit load and ungirdled limbs retained healthy green leaves 
until normal senescence (late May). Limbs with a low fruit load showed an 
intermediate set of characteristics to the high and zero fmit load limbs. 

DISCUSSION 
This work demonstrates that by altering fruit loads at any time during the 

growing season non-structural carbohydrates accumulate as starch in the one-year­
old wood, within six weeks. This implies that accumulation is dependent on 
carbohydrate availability. It also suggests that even for high fruit load and 

163 



ungir~led branches there is surplus carbohydrate available during the major phase 
of fruit growth in February and March to divert into storage. Where there was an 
excess of carbohydrates, such as in the limbs with zero fruit load, starch levels in 
the stem quickly reached a high level. This was likely to be a maximum capacity, 
as instead of storing more starch, the leaves on these limbs stopped 
photosynthesising and senescenced much earlier than leaves on the rest of the 
tree. Differences in vegetative growth of girdled branches induced by differences 
in fruit load were indicative of a compensatory response of these limbs, with 
lower fruit numbers resulting in increased shoot mass and spur growth (data not 
presented). When these data are presented as absolute amounts per shoot, the 
same differences are seen between treatments, however the errors associated with 
variations between limbs increases. 

Schechter et al. ( 1994) also found an increase in wood dry weight 
accumulation in non-fruiting limbs - girdling caused a larger weight accumulation 
than non-girdled, non-fruiting branches. This indicates that limbs with a low or 
zero crop load could have apportioned larger amounts of photosynthate into these 
alternative vegetative sinks before beginning to store the extra carbohydrate. 

A maximum of starch was reached in May (Fig. 1 ), regardless of fruit 
loads. Limbs with zero and low fruit loads did not end up with greater starch 
concentrations ~n their limbs, but reached a high concentration earlier than stems 
with high fruit loads. The maximum starch concentration reached in all fruit loads 
implies that in one-year-old limbs there is a maximum capacity for starch storage 
that cannot be exceeded by making more carbohydrate available (c.f Fig. 2 low 
fruit load data). Limbs with a high fruit load reached a starch maximum capacity 
in May, demonstrating that in New Zealand, there is ample time after fruit 
ripening for storage to be fulfilled in one-year-old wood. It would be interesting, 
however, to carry out further investigations in trees in a different environment, 
which do not have such a long period of photosynthesis after fruit harvest. 

Starch concentrations declined in July to concentrations similar to those 
found in December (Fig. I) when the girdles were first applied. This means that 
there is a limited amount of starch available in the one-year-old wood for 
remobilization in the spring and this amount is the same, regardless of previous 
fruit load. This implies that starch storage in one-year-old wood is not that 
important for new leaf and bud development in spring. 

Other studies have also questioned the importance of reserves for spring 
growth in apples; Tromp ( 1983) concluded that although apple roots supply 
above-ground parts with carbohydrates in early spring, it was doubtful whether 
such contributions were significant. Hansen and Grauslund ( 1973), Hansen 
( 1967) and Hansen (1971) found that reserves act as a building material for new 
growth only to a slight extent. In ungirdled systems, carbohydrates could have 
moved from the one-year-old wood into older parts of the tree. This could make 
sense in terms of adaptation to the environment throughout evolution, as one-year­
old wood could be the most vulnerable to loss during winter. Data on the soluble 
carbohydrates (not presented here) should help to complete this picture. Girdled 
limbs, where carbohydrates were unable to move out of the one-year-old wood 
showed similar trends to the ungirdled limbs, thus it is likely that starch was 
converted to sorbitol, possibly as a way of preventing freezing (lchiki and 
Yamaya, 1982). 

In annual species, storage is the lowest priority sink (Wardlaw, 1990). In 
wheat and barley, carbohydrate storage in the stem is not competitive with grain 
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filling, but storage does occur when there are excess photosynthates caused by 
less demand from other sinks (Schnyder, 1993). In this study, it was shown that a 
reduction in fruit load, which was a reduction in sink demand, resulted in a five­
fold increase in starch concentration in the one-year-old wood within six weeks 
(Fig. 2). This demonstrates that in apple, a woody perennial, similar storage 
mechanisms as herbaceous species apply. Storage in apple stems is determined 
by carbohydrate supply and only occurs when there are excess carbohydrates 
available at any time of the season. Environmental signals are not necessary to 
initiate storage of carbohydrates in apple stems; rather, storage is initiated by sink 
demand. This is consistent with Battey (2000), who states that Rosaceous fruit 
trees that go dormant in the winter do not do so in response to environmental cues. 
Carbohydrate partitioning into reserves is controlled by carbohydrate availability 
in apple trees. 

The observation that storage in the stem is controlled by carbohydrate 
availability is consistent with the concept that storage is a low priority sink, as 
stem starch concentrations increased when high priority sinks were removed. 
There was also a lack of starch in stems with high fruit loads, intermediate 
concentrations in stems with low fruit loads and high concentrations of starch in 
stems with zero fruit loads. Growth of fruits, leaves and shoots is likely to have 
occurred before stem storage. This is consistent with Wardlaw's (1990) order of 
sink priority: growth of seeds > growth of fleshy fruit parts = growth of shoot 
apices and leaves > growth of cambium > growth of roots > storage. This implies 
that starch is stored in the stem of apple trees only when competing sinks, such as 
fruit, are removed or their demand is saturated. In this study, storage has been 
shown to occur when these other sinks are removed or unavailable (through 
girdling), regardless of the time of year. 

CONCLUSIONS 
There is a maximum concentration of starch that can be stored in one-year­

old apple wood, which is reached in May in New Zealand. There is ample time 
for this maximum to be reached following harvest and before leaf fall, regardless 
of the carbohydrate demand earlier in the season due to fruit load. 

The findings suggest that starch storage in one-year-old wood was not 
very important for the growth and development of new buds and leaves the next 
season, due to similar concentrations of starch being found in winter as were seen 
the previous summer. 

Carbohydrate partitioning in apple trees is controlled by carbohydrate 
availability and not environmental cues, as was seen by the accumulation of starch 
within six weeks of fruit removal, regardless of the time of the year. 

Storage in one-year-old wood is a low priority sink as starch was only laid 
down once other competing sinks such as fruit were removed or saturated. 
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Figures 

Figure I. Starch concentration of one-year-old wood under different fruit loads 
from trees grown in the Hawkes Bay, New Zealand± SE (n = 3-6). DAFB = days 
after full bloom. Harvest and leaf fall refer to normal timings in commercial 
orchard trees. Harvest and leaf fall varied amongst the girdled limbs. 
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Figure 2. Starch concentrations of one-year-old wood when fruit load has been 
reduced from high (6 fruit) in January to zero or low (2 fruit) ± SE (n = 3-6). 
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