
 
 

 
 
 
 
 
 

 
Lincoln University Digital Thesis 

 
 

Copyright Statement 

The digital copy of this thesis is protected by the Copyright Act 1994 (New Zealand). 

This thesis may be consulted by you, provided you comply with the provisions of the Act 
and the following conditions of use: 

 you will use the copy only for the purposes of research or private study  
 you will recognise the author's right to be identified as the author of the thesis and 

due acknowledgement will be made to the author where appropriate  
 you will obtain the author's permission before publishing any material from the 

thesis.  

 



The Source and Form of Carbohydrate for Apricot 

Fruit Development 

--------------------------------,--~~~---------

A thesis 

submitted in partial fulfilme~t 
of the requirements for the Degree 

of 
Master of Horticultural Science 

in the 
Uni vers ity of Canterbury 

by 

Ann J. Baker 

Lincoln College 
1983 

' .... 



Abstract of a thesis 
submitted in partial fulfilment of the requirements 
for the Degree of Master of Horticultural Science. 

The Source and Form of Carbohydrate for Apricot 
Fruit Development 

by 
Ann J. Baker 

During the 1981-1982 fruit growing season the length and diameter 
increase of apricot fruit (Prunus armeniaca L.) were recorded. 
Corresponding to this the glucose, fructose, sucrose and sorbitol levels 
of the fruit, bark and wood tissues and the xylem sap were determined. A 
number of field performed radioactive tracer experiments applying 

14C - sorbitol or 14C - sorbitol plus 3H - sucrose to a small branchlet 
supporting developing fruit were also analysed to determine the 
radioactive concentration of the four specified carbohydrates in the 
diff~rent plant tissues. 

It was concluded that analysis of fruit growth was best represented by 
including those fruit which 'remained on the tree until harvest as the 
fruit which fell prematurely were noticably smaller, especially in the 

latter part of the season. No major changes in the levels of glucose, 

fructose, sucrose and sorbitol were detected in any of the plant tissues 
as the fruit progressed from Stage II to Stage Ill. Sorbitol was the 
dominant endogenous carbohydrate in the bark and wood tissue and the 
xylem sap. Sorbitol appeared to be both the major translocate and a 
major storage form within the stem tissues. It did not readily enter the 
developing fruit at any time during the season when exogenously supplied 
14C' - sorbitol was applied at a point below the fruit. When 3H - sucrose 

was applied to the stem below the fruit it entered the fruit to a greater 
extent than sorbitol and it was concluded that sucrose was the 
carbohydrate form loaded into the fruit. 

Within the fruit sucrose was thought to be hydrolysed to glucose and 

fructose up until the 8 January (two weeks before optimum fruit ripeness) 
after which the reverse process appeared to occur as a dramatic increase 
in sucrose was associated with a decrease in the fructose and glucose 
levels. The fruit tissue was still importing sucrose at this time. 

KEYWORDS: Apricot, Prunus armeniaca L.,' carbohydrate, sugar, sorbitol, 
sucrose, translocation, so~rce. stone fruit. qrowth analysis 
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1 

CHAPTER 1 

INTRODUCTION 

The following work describes experiments performed to determine the 
source and form of carbohydrates accumulated within apricot fruits 
(Prunu~ armeniaca L.) during their growth. The existing literature which 
is written in English in this area of apricot fruit development is sparse 
so the introduction will include reference to other fleshy fruit. In 
particular the peach (Prunus persica L.) which is also a stone fruit and 
the apple (Malus spp.) which is similar to the apricot in that sorbitol 
is the main photosynthate and translocate (Bieleski, 1969, 1982) will be 
used as examples. 

The subject of the present study, the apricot belongs to the family 
Rosaceae, subfamily Prunoideae, genus Prunus L., subgenus Prunophora and 
species Prunus armeniaca L. (Clapham, Tutin and Warburg, 1962). 

1.1 Fruit Growth 

The stone fruit is botanically classified as a drupe, being derived from 
a superior ovary and is characterised by a highly lignified endocarp 
(stone), fleshy mesocarp (pulp) and thin epicarp (skin), (Esau, 1964). 
The coordinated development of these three fruit parts results in a 
double sigmoidal growth curve when plotted as a function of time, glvlng 
two exponential growth phases separated by a lag phase (Chalmers and van 
den Ende, 1975; Jackson, 1968; Jackson and Coombe, 1966; Kr.iedemann, 
1968; Lilien - Kipnis and Larvee, 1971; Lilleland, 1930, 1932; Looney, 
McGlasson and Coombe, 1974; Lott, 1932; Nitsch, 1970; Romani and 
Jennings, 1971; Tukey, 1933). This pattern of growth caused Connors 
(1920) to divide the fruit growth curve into three stages, typically: 

1. Stage I, during which all parts of the ovary and its contents 
grow rapidly except the endosperm and embryo (Jackson and 
Coombe, 1966; Lilien - Kipnis and Larvee, 1971). This is a 
complex growth stage as it involves an increase in cell 
division, cell size and differentiation of tissues in the ovary 
wall. 

2. Stage II which is characterised by relatively little growth of 
the ovary, lignification of the endocarp and rapid growth of the 
endosperm and embryo (Baird and Webster, 1979; Chalmers and van 
den Ende, 1975, 1977; Jackson and Coombe, 1966). During this 
stage there is little increase in fruit size. 

\. "':. 
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3. Stage III which is a simple phase involving rapid expansion of 
the mesocarp (Jackson, 1968) and ultimately leads to fruit 

ripeness. 

Cell division and the increase in cell volume are the main components of 

fruit growth (Crane, 1969). Cell division generally predominates for a 
period of two to four weeks after fruit set in the peach (Esau, 1964; 
Jackson, 1968; Nitsch, 1970) and apple (Bain and Robertson, 1951). The 
cell division in the epicarp was practically complete when divisions in 
the mesocarp and in the endocarp occurred (Jackson, 1968). Cell division 
occurred most rapidly in the endocarp. Increase in cell size generally 
overlaps cell division (Crane, 1964; Jackson and Coombe, 1966). The 
epicarp cells show little size change, the endocarp cells increase 
marginally during all growth stages and the mesocarp cells cumulatively 
show a double sigmoidal pattern of increase following the traditional 
growth stages, with Stage III being the period of most rapid increase 
(Jackson, 1968). The mesocarp cells increase in size from the periphery 
toward the interior and initially the cells enlarge equally along all 
diameters, however later radial enlargement predominates in the inner 
thir'd of the flesh (Jackson and Coombe, 1966). 

1.1.1 Measurement Of Fruit Growth -

The double sigmoidal growth habit of stone fruit may be determined by 
measuring a number of parameters, for example, fruit volume (Kriedemann, 
1968), diameter (Jackson and Coombe, 1966; Lilleland, 1932; Sandhu and 
Dhillon, 1981), length (Lilien - Kipnis and Larvee, 1971; Sandhu and 
Dhillon, 1981), and fresh weight (Bollard, 1970; Chalmers and van den 
Ende, 1975; Chalmers and Wilson, 1978; Crane, de Kazos and Brown, 1956; 
Looney et ~., 1974). There is some discussion as to whether dry weight 
is an adequate measurement, as Bollard (1970) stated that 'although 
during Stage II there is little increase in the size of fruit the dry 
matter continues to accumulate at a uniform rate, being incorporated into 
the seed ' • Thus the cumulative dry weight increase followed a simple 

sigmoidal curve when plotted as a function of time. Chalmers and van den 
Ende (1975) disputed this claiming both dry weight and fresh weight 

increased following a double sigmoidal pattern in Golden Queen peach 
fruit. Furthermore the dry weight accumulation followed the fresh weight 
accumulation by a considerable time lag which led them to divide both 
cumulative curves into six overlapping growth stages. Traditionally the 
transition zones between the different growth stages were marked at the 
points of maximum curvature of the cumulative growth curve (Connors, 

-\ ., 
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1920). However Chalmers and van den Ende (1975) marked the transition 
zones at the first point of inflection of the cumulative growth curve and 
by doing so they exaggerated the time difference between the dry weight 
zones and the fresh weight zones. It is possible that the dry weight 
accumulation of stone fruit follows a double sigmoidal pattern similar to 
fresh weight increase but the time lag on which the new zoning for fruit 
growth was based is difficult to appreciate. The traditional three stage 
method to describe fruit growth will therefore be used in this study. 

Although not marked by the authors the length of Stage I for the 
accumulation of fresh weight of Moorpark apricots was estimated as ten 
weeks from blossom, while Stage II lasted over five weeks and Stage III 
lasted about three weeks (Reid and Bieleski, 1974). In another study 
measuring Moorpark fruit diameter Stage I lasted four to six weeks after 
anthesis, Stage II lasted five to six weeks and Stage III lasted three 

weeks (Jackson and Coombe, 1966). In early maturing Flordasun peach the 
first and third growth stages lasted five weeks each while the middle 
slow growth period lasted for two weeks (Sandhu and Dhillon, 1981). 
Lilleland (1932) studied the growth of peach fruit, variety Elberta, for 
five, seasons from 1923 to 1930 and found the length of Stage II was most 
variable, varying from 23 to 56 days. In a series of peachcultivars 
Stage I lasted about five weeks and Stage III about two weeks but the 
duration of the second stage differed between cultivars and affected the 

time of ripening and the final fruit weight (Sandhu, Dhillon and 
Randhawa, 1983). The seasonal course of fruit growth, although 
genetically determined and internally controlled, is modified by climate 
and location which probably leads to the variatoins in growth reported by 

different authors. 

1.1.2 Intra Plant Competition During Fruit Growth -

Fruit growth is in competition with shoot, root and trunk growth creating 
a complexity of competitiveness within the plant for nutrients. Early 
fruit drop, December drop, in apple trees occurs at a time when there is 

stong competition for photosynthates between individual fruits as the 
embryo is rapidly developing (Baird and Webster, 1979), and between fruit 
and the vegetative growth which occurs at this time (Hansen, 1970c, 
1971a). More fruit dropped from those trees that initially bore a 
greater number (Llewelyn, 1968), which is probably due to increased 
inter - fruit competition. After December fruit drop the vegetative 
growth rate leveled off until a second vegetative flush. occurred when the 
fruit were almost ripe (Hansen, 1967c, 1971a). In stone fruit the fruit 
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drop periods appear to be more continuous over the season. Apricot fruit 
drop occurred from the initiation of Stage II until harvest, 
much as 75% of the crop initially set (Crane, 1955). 

losing as 
The rate of 

abscisson of Golden Queen peach fruitlets began to increase at the start 
of Stage I and by the end of November, 70% had dropped (Chalmers and van 
den Ende, 1975). Costa (1983) found nearly 80% of the peach fruit set 
had dropped before ripening and that a strong negative relationship 
existed between fruit drop and vegetative growth. Such abscission before 
maturity in peach fruit was due to one or more of the following factors; 
smaller than normal seed, a pit cavity full of gum, embryo abortion, 
endosperm with no uniform structure or the integuments were deeply 
pigmented (Lilien - Kipnis and Larvee, 1971). Hence when fruits are 
competing for nutrients 'survival of the fittest' appears to occur, with 
those fruits which can accumulate sufficient assimilates continuing to 
develop, while those that can not, abscising. 

The competition between plant organs and fruit is thought to be 
transmitted via hormones. Jerie (1976) found that peach cultivars with 
low preharvest drop produced ethylene at much lower rates than fruit from 
high ~rop cultivars and when ethylene production was retarded, so was 
abscission. An alternative suggestion is that changes in the water 
status of the tree are involved, as when peach fruit were competing 
actively for assimilates their water status was favourable for growth and 
when the demand of the fruit for assimilates was low, during Stage II, 
the water status of the tree improved leading to expansion growth of the 
limbs and increased fruit abscission (Chalmers and Wilson, 1978). Root 
growth occurred before fruit development and also after the fruit 
abscised while the trunk diameter also increased at this latter stage 
(Hansen, 1967c, 1971c; Head, 1968; Priestly, 1964; Quinlan, 1969). 
Thus fruiting depresses growth of other tree parts, with the effect on 
other organs becoming increasingly manifest as the distance from the 
carbohydrate production site increased (Gifford and Evans, 1981; Hansen, 
1971c). The total new growth in the perennial parts of apple trees was 

found to be 4 to 4.5 times greater in trees without fruit compared to 
those with fruit (Hansen, 1971c), but the total dry plant material 
including leaves and fruit was higher in the case of fruiting trees. In 
contrast the fruit crop of Worcester Pearmain apple trees amounted to one 
fourth of the trees dry weight and the total annual dry matter production 
was lower compared to specimens without fruit (Maggs, 1963). Reduction 
in vegetative growth due to fruiting may also occur in other tree species 
(Kozlowski and Keller, 1966). 

\ '";l 
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If the overall seasons growth is unbalanced perhaps by a particularly 
heavy fruit load which survived to ripeness, the vegetative growth 
centres may be depressed leading, in extreme cases, to a significant 
reduction in vegetative vigour with poor root growth, in particular 
(Hansen, 1971a; Head, 1968; Maggs, 1963) and failure to initiate flower 

buds for the subsequent years growth (Avery, Priestly and Treharne, 
1979). This is the cause of the phenomenon of 'biennial bearing. I 

The growth achieved by a plant organ at any time is dependent on its 
ability to attract or stimulate mobilization of assimilates. This is 
often termed sink strength which is suitably defined as 'a region of 
tissue or organ into which nutrients appear to move preferentially, 
possibly against a concentration gradient. I The developing fruit has the 
ability to compete favourably for nutrients with other tree organs from 
fruit set until the fruit is ripe (Hansen 1967a; Jackson and Coombe, 
1966; Kriedemann, 1968). 

1.1.3 Control Of Fruit Growth -

Bollard (1970) stated that the central theme of fruit growth seems to be 

the ~obilization of substances into the various tissues. Two major 

factors are thought to affect this, hormones and / or the seed within the 
fruit. 

1.1.3.1 Hormones-

In general no relationship has been proven between the level of any 
growth substance and fruit growth. Auxin (Crane, 1969; Frenkel, Dyck 
and Haard, 1975; Leopold and Kriedmann, 1975), gibberellin (Crane, 
Primer and Campbell, 1960; Jackson, 1968; Powell and Pratt, 1966), 
cytokinins (Letham and Williams, 1969) and ethylene (Chalmers and van den 
Ende, 1975, 1977; Chalmers, van den Ende and Jerie, 1976; Jerie and 
Chalmers, 1976; Looney et ~., 1974; Pratt and Goeschl, 1969) have all 
been linked with fruit set and development, but only in some fruit and at 
varying times during the fruit growth. Thimann (1977) suggested that 
fruit growth was controlled by a balance of hormones, hence those fruit 

whose growth rate responds to the application of one hormone have a 
sufficient endogenous supply of the other hormones required. 

, 
\ " 

. ','-".'" ..•... -;. 

. '::", -: - --.- -,- ~:.. .", -':'.-.-



6 

1.1.3.2 The Seed -

It has been suggested that the seed controls fruit growth (Crane, 1969; 
Nitsch, 1970). Supporting evidence includes; 

1. removal of fertilised ovules over the first three months growth, 
terminates growth of the apple fruit (Tukey, 1936; Tukey and 
Lee, 1937). 

2. the geometry of the fruit frequently reflects the distribution 

of seeds inside the apple as the tissue develops near viable 
seeds (Luckwill, 1949). 

3. a strong correlation between the number of seeds and the overall 
fruit size existed- in apples (Denne, 1963). 

4. developing seeds contain more growth substances than surrounding 
fruit tissue (Crane, 1969; Powell and Pratt, 1966). 

In stone fruit the seed may control its own growth as it must compete 
with the mesocarp and epicarp for assimilates. Chalmers and van den Ende 
(197~, 1977) found an increase in the level of soluble sugars in the 
fruit flesh during Stage II and suggested this may have caused the rapid 
growth of the embryo to commence. There was no correspondi ng increase in 
flesh growth when the level 'of soluble sugars was high. The stone may 
act as a stronger sink for assimilates during this period by inhibiting, 
or not stimulating, the flesh growth and by actively growing itself. 

However the fact remains that seedless fruit can form and grow to 
maturity (Crane, et ~., 1960; Esau, 1964) defying the function of a 
fruit which is to protect and / or supply nutrients to the developing 
seed for reproduction. 

1.2 Carbohydrate Supply 

The availability of assimilates is determined by the rate of production 
in the source (source strength) and the rate of utilization or storage in 
the sink (sink strength) and the efficiency of the transport system 
between them. When either supply of or demand for assimilate is limiting 
the sink strength and the source strength change to create a new 
equilibrium (Canny, 1975). 

l '": .. 
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1.2.1 The Fruit -

The fruit itself does not act as a source and contributes little to its 
own supply of carbohydrates (Hansen, 1970b; Kriedemann, 1968). 

Kriedemann (1968) applied 14C02 to the surface of peach fruit and found 
the concentration of labelled assimilate in the fruit was low compared to 
when 14C02 was applied to the adjacent foliage. Infact Rhodes (1980) 
stated that apple fruits had one tenth the photosynthetic rate per 
equivalent unit of leaf area. The chlorophyll disappeared from attached 
apples, covered with black bags, within 80 days (Clijsters, 1969) but the 
yield at harvest was only 6% less than the control crop, both having 
similar chemical and physical characteristics. 

The bulk of assimilates which appear in the fruit must be transported to 
the fruit from other photosynthetic organs like the leaves, or from 
storage areas in the tree. "In support of this, soon after fruit set 

there is increased vascular development within the peduncle (Nitsch, 
1970). The existing vascular strands enlarge and new ones differentiate 
ensuring the fruit has the capability of receiving incoming nutrients. 

I 

1.2.2 The Leaves -

In apples (Hansen, 1967a, 1970a, 1971a; Maggs, 1963) and peaches 
(Chalmers et ~., 1975; Cha1mers, Olsson and Jones, 1983) it has been 
shown that photosynthesis was regulated by the demand for assimilates. 
The rate of photosynthesis of the leaves was dependent on the presence of 
fruit creating a greater demand for assimilates, the age of the leaves 
and the position of the fruit and leaves on the tree. 

1.2.2.1 Presence Of Fruit -

Foliar feeding studies using 14C02 show a heavy commitment on the part of 
the leaf to its subtending fruit (Hansen, 1967a, 1969; Kriedemann, 1968) 
with defruited trees having a significantly lower rate of photosynthesis 
compared to fruit bearing control trees. Hansen (1971b) showed that 
although the leaf area of fruiting apple trees was less than defruited 
ones the total dry weight of plant material per tree was higher. Thus 
the net assimilation per unit of leaf area must have been far greater in 
the fruit bearing trees. Applying 14C02 to the leaves of spurs without 
fruit and with fruit resulted in less total activity being detected in 
the fruitless spur and of this more remained in the leaves (Hansen, 
1967a). This indicates that the fruit, by actively acquiring 
photosynthates from the surrounding leaves increase the rate of 
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photosynthesis in the leaves (Hansen, 1970b, 1970c) and the rate of 
export. Photosynthesis of the leaves on defruited trees was 
approximately half that of the leaves on the fruiting controls (Avery 
et ~., 1981). Leaves on fruit bearing trees may have lower gaseous 
diffusion resistence as their stomata remain wider open (Gifford and 
Evans, 1981; Hansen, 1971b) for a longer time during the light period. 

The consumption by the sink, increases the translocation rate, and may 
decrease the concentration of assimilates in the leaves and hence act as 
a regulator for the production intensity of the source (Chalmers et !l., 
1975; Giaquinta, 1980; Hansen, 1970b; Kriedemann et !l., 1976). This 
probably would act in the reverse also, the rate of photosynthesis 
decreasing as the level of assimilate inceases leading to end product 
inhibition. As yet there is no direct evidence to support this 
hypothesis but it is feasible that some form of feedback system operates. 

Another control mechanism may be an increased concentration of hormones 
entering the leaves from the fruit (Crane, 1969; Wardlaw, 1968). Most 
hormones are known to be produced in physiologically active amounts in 
the developing fruit and these may diffuse out of the fruit tissue into 

, I 

the transportation system. This increased hormone concentration may 
stimulate the leaves into increased photosynthesis (Kriedemann et !l., 
1976; Patrick, 1976). App1icat.ion of synthetic auxin, cytokinin and 
gibberellin to leaves from both fruiting and non fruiting plants all led 
to an increase in the photosynthetic rate of leaves (Kriedemann, et !l., 
1976). 

1.2.2.2 Position Of Fruit On The Tree -

Chalmers et!l. (1975) found fruit growth in the lower zones of peach 
trees (below 2.0 m) depended heavily on assimilates imported from higher 
parts of the canopy. The lower leaves in total had a smaller leaf area 
and were subjected to a lower photosynthetic photon flux density due to 
shading from the above canopy. Thus the potential for photosynthesis and 
the actual photosynthetic rate in the lower layer was reduced. The 
middle layer of the tree (2.0 to 3.5 m) was found to be more or less 

independent, the leaves present supporting the fruit set. The fruit 
weight and leaf area increased at progressive layers up the tree. Fruit 
growth in the top layer (above 3.5 m) was stimulated by isolating the 
'parasitic' lower layers, indicating that the upper layer had the 
potential to set more fruit but with the lower layers demanding 
assimilates fruit set was restricted. 
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1.2.2.3 Organ Age -

The extent to which labelled CO2, applied to the leaves, was accumulated 
by fruit depended on the developmental stage of the fruit and leaves 
(Hansen, 1967a). Young apple leaves incorporated 30% to 35% of the 
14C - assimilate into structural material while older leaves used only 4% 
to 9% (Hansen, 1967b). The young leaves did not begin to export 

assimilates until approximately one third their maximum size was reached, 
whereas when fully developed the leaves exported 75% to 80% of the 
incorporated 14C (Hansen, 1967b, 1970a). The change from net importer of 
carbohydrate to net exporter moves from the apex of the leaf to its base 
over a period of several days and events such as opening of sieve pores 
and degeneration of the sieve tube contents appeared to prepare the leaf 
for the initiation of export (Larson, 1972). The build up of osmotic 
pressure in the sieve element - companion cell complex of the minor vein 
phloem, to a point sufficient to produce export seemed to be the critical 
trigger (Fellows and Geiger, 1974). 

Photosynthetic activity of the leaves declines well ahead of the visual 
indications of impending senesence. Soluble materials were released from 
ageing cells through an increase in the permeability of the tonoplast and 
plasmalemma (Gifford and Evans, 1981). The balanced interaction between 
source and sink activity is illustrated by the fact that senesence of 
leaves may be accelerated when sink growth is competing with the leaves 

for their remobilised substances, or arrested by removal of other leaves 
and meristem sinks. At other times mature or senescing leaves may be 
rejuvenated to full photosynthetic capacity when the sink to source ratio 
is increased substantially (Gifford and Evans, 1981; Kriedemann et ~., 
1976). This in itself shows the complexity of the control systems needed 
within a plant. 

The age of the fruit is also important as it is an indication of the 
fruits sink strength. In peach fruit during Stage II the mean daily 
growth increment of a mature tree was 212 g (Chalmers and van den Ende, 
1975). This increased to 376 g when the growth rate of the fruit was at 
its highest during Stage Ill. This led to a large and rapid increase in 
the growth requirement of the tree with no compensating increase in leaf 
area indicating the plateau in the double sigmoid growth pattern is 
limited by factors other than photosynthesis. The rate of photosynthesis 
increased from an average of 17.5 mg CO2 dm- 2 day-1 during Stage II to 

32.4 mg CO2 dm- 2 day-1 during Stage III (Chalmers et ~., 1975). They 
suggested that during Stage II the potential for supply of assimilates 
exceeded the requirement for growth and a build up of assimilates 

. --- ::-rl. 
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occurred which led to the inhibition of photosynthesis. 

1.3 Long Distant Transport 

The carbohydrate which supplies the fruit must be transported from the 
leaves or storage areas. The following is a discussion of some of the 
factors involved. 

1.3.1 Structural Arrangement -

Vascular ~stems appear to develop to meet the anticipated needs of plant 
organs for nutrient flow. An example mentioned previously was the 
increased~vascular development within the peduncle after fruit set 
(Nitsch, 1970). Also the initial vascular strand develops acropetally 

from pre - existing vascular tissue towards each newly developed leaf 
primordium at the apex (Larson, 1972). Subsequently, in response to 
auxin production in the primordia and sucrose released from the extending 

end of the vascular bundle, the primary phloem develops acropetally and 
externally to the vascular strand (Gardiner, 1978). 

The tunctional phloem is a longitudinal pipe system comprising of a 
vertical array of sieve elements (Leopold and Kriedemann, 1975). 
Successive elements are separated by perforated sieve plates which allow 
direct connections between adjacent cells for the transmission of 
solutes. They also offer some hinderence to flow which becomes 
accentuated with time because each pore in the sieve area becomes encased 
in a doughnut shaped deposit of callous which enlarges with age. The 
associated companion cells are characterised by prominent plasmodesmatal 
connections with the sieve elements. 

Somewhat later the first xylem elements are initiated on the internal 

surface of the provascular strand (Esau, 1964). In the xylem two types 
of conducting elements occur, tracheids and vessels. Tracheids have no 
open perforations in their walls and tend to be longer and thinner than 
vessels (Richardson, 1975). The passage of water between tracheids is 
facilitated by pit pairs with thin primary pit membranes in the walls 

between adjacent or superimposed cells. The vessels on the other hand 
are formed from chains of cells by breakdown of cross walls and also have 
open perforations in the side walls so that water can move freely both 
longitudinally and laterally. Each vessel may vary in length. Water 
conducting pits between tracheids and / or vessels facilitate flow 
without loss of mechanical strength (Zimmermann and Milburn, 1982). The 
vessel ends almost always overlap for a considerable distance which 
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increases the area of pit contact between vessels. The cambium produces 
vessels at successivly different angles to the stem axis within a xylem 
growth ring resulting in an intricately woven vessel network which 
provides alternate paths for water movement in the case of injury 
(Zimmermann and Milburn, 1982). Secondary vascular differentiation 
coincides with leaf and internode maturation (Larson and Isebrands, 
1971). The traces from the new leaves arising from above can no longer 
be accomodated within the vascular cylinder so they are displaced 
radially outward during their basipetal development. 

Nutrient translocation is also aided by specialised transfer cells which 
form in structural bottlenecks that are sites of high intensity solute 
fluxes. Typically they have ingrowths of cell wall material, which the 
plasmalemma rigidly follows thus greatly increasing the surface area of 
the membrane and hence the diffusive flux and number of carriers which 
can be accomodated (O'Brien, 1976). The ingrowths occur on those areas 
of the wall through which most transfer might be expected and have a high 
concentration of mitochondria and endoplasmic reticulum in their region. 
In the xylem parenchyma cells for example the ingrowths are frequently 
restr,icted to the side of the cells which abut onto the xylem vessels or 
tracheids and through which most loading and unloading of solutes must 
occur (O'Brien, 1976). Transfer cells operate in sink and source tissues 
indicating that their wall membrane apparatus is capable of handling a 
variety of solutes (Gunning and Pate, 1969). 

1.3.2 Carbohydrates In The Phloem Sap -

The phloem sap has a dry matter content of 10% to 20%, 80% to 90% of 
which is in the form of carbohydrates. On the basis of the composition 
of carbohydrates in the sieve tubes Ziegler {1975} distinguished three 
plant groups: 

1. species with sucrose as the predominant sugar, in many cases 
over 98% of the total sugars present {Peel and Weatherley, 
1959}. 

2. species with considerable amounts of oligosaccharides of the 
raffinose family as well as sucrose. 

3. species with considerable quantities of sugar alcohols in 

addition to the sugars mentioned above, for example sorbitol in 
the following subfamilies of the Rosaceae: Spiraeoideae, 
Prunoideae, Maloideae, and Rosideae (Bieleski, 1982; Crafts and 
Crisp, 1971; Zimmermann and Ziegler, 1975). 

, 
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All major translocated carbohydrates are efficiently transported as they 
are highly water soluble, easily synthesised without large energy 
investment from the first stable product of photosynthesis or from 
compounds produced by mobilisation of storage substances and easily 
handled by the metabolism of the receiving cells (Giaquinta, 1980). Of 

particular interest is the group which have sorbitol as the major 
trans locate and examples of this group are apricot and apple trees 
(Bieleski, 1982; Reid and Bieleski, 1974; Steenkamp, de Villers and 
Treblanche, 1982; Webb and Burley, 1962). The stability of sorbitol 
within the apple translocation system was illustrated by Grant and 
ap Rees (1981) who applied 14C - sorbitol to the bark and recovered 91.9% 
of the absorbed 14C in the form of sorbitol. The activity in the form of 
sucrose, fructose and glucose was minimal. In the entire stem, after 
applying 14C02 to the leaves of apple seedlings, sorbitol contained 42% 
of the 14C, sucrose contained 22% and fructose and glucose 2% each (Grant 
and ap Rees, 1981). In apple phloem tissue 97% of the fixed 14C02 was in 

the form of carbohydrates with 60% to 80% of this as sorbitol (Bieleski, 
1969). Sucrose contained about one quarter as much radioactivity as 
sorbitol while glucose and fructose contained still less. Similar 
res'~lts were obtained by Webb abd Burley (1962) using bark tissue. 

Application of 14C02 to Golden Delicious apple leaves resulted in 
sorbitol containing 30% to 52~ of the 14C in the carbohydrate fraction of 
the phloem whereas sucrose, fructose and glucose contained 21% to 38%, 7% 
to 26% and 6% to 28% respectively (Steenkamp et al., 1982). In addition 

).'1 --

to this they found 43% to 51% of the radiocarbon as sorbitol in the 
peduncle and 21% to 34%, 10% to 21% and 4% to 15% in the sucrose, 
fructose and glucose form respectively. Hansen (1967a, 1967b, 1970b) 
showed that up to 80% of the 14C - carbohydrates formed in apple leaves 
were found as sorbitol in the leaves and in the translocation stream. 
The results indicate sorbitol is the principal carbohydrate transported 
in apple shoots but sucrose, glucose and fructose are also present to a 
lesser extent. Reid and Bieleski (1974) found the assimilated 
radiocarbon in the stem of apricot branches was mainly in the form of 

sorbitol with less than 20% of the total 14C - sugars as sucrose. This 

did not alter between shoot segments taken progressively down the stem, 
even in the presence of fruit. 
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1.3.3 Carbohydrates In The Xylem Sap -

The xylem sap usually contains only 0.1% to 0.4% solutes with two thirds 
of these being organic material {Leopold and Kriedmann, 1975}. In the 
wood of apple trees Bieleski {1969} found 79.5% of the assimilated 
radioactivity as sorbitol, 15.6% as sucrose, 1.6% as glucose and 1.4% as 
fructose. Bollard {1958} found xylem sugars of apples -fell to virtually 
zero during flowering but rose in the late summer and winter. A similar 
trend was found be Anderssen {1929} in the sap of three year old Bartlett 
pear {pyrus domestica Medik.} and Royal apricot trees. Analysing xylem 
sap of apples throughout the season Hansen and Grauslund {1978} found 
only sorbitol occurred in substantial quantities, showing a maximum 
content at the beginning of spring after which their was a decrease 
resulting in very low values by the middle of summer. Williams and Raese 
{1974} found a sharp rise in sorbitol in apple xylem sap associated with 
the onset 
and their 

sorbitol 

of leaf senescence. During winter sorbitol levels were high 
levels were maintained until spring. They suggested that the 
levels, which they measured as varying from 0.13 mg ml-1 to 0.8 

mg ml- 1, were related to temperature. They found several cold days and 
nignts were necessary for sorbitol to reach peak levels while only a 
single warm day drastically reduced the amount of sorbitol in the sap. 
The amount of sucrose, glucose and fructose in the wood also increased 
considerably between early autumn and mid winter and then decreased in 
spring. The total amount of sucrose in the wood exceeded the sorbitol 
content only in the late winter period. 

1.3.4 Carbohydrates In Storage Sites -

The storage of carbohydrates in deciduous trees must be an important 
factor for early growth and development during spring, at least until new 

leaves become photosynthetically selfsufficient and start exporting 
{Hansen, 1967c; Hansen and Grauslund, 1973, 1978; Maggs, 1963; 
Priestly, 1962a}. Root storage cells contain mainly starch as the 

reserve material, for example in apples {Hansen and Grauslund, 1973}. 
Hansen (1967c) found storage materials were formed mainly during the last 
one to one and a half months before leaf fall and 14C applied as 14C02 at 

this time accumulated, particularly in the roots. 

Priestly (1962b) found at least 80% of the trunk wood, including wood 
that was more than 20 years old, was involved similarly in carbohydrate 
storage and utilisation in Worcester Pearmain apple trees and suggested 
that the remainder probably also participated in this function. Above 
ground the major part of the reserves in apple trees, was found as 

. - .. --. ~ . ... -..... -.' ..... 
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sorbitol, sucrose and glucose (Hansen, 1967c) however the levels of these 
substances decreased during the later part of winter and corresponded to 
an increase in the methanol insoluble compounds which were presumed to be 
starch. 

A quantitative seasonal variation occurs in the materials in storage 
cells. Sauter (1966) measured the starch levels in eight year old poplar 
(Populus spp.) during the year and found a maximum content in the early 
autumn shortly after leaf abscission. During late autumn and winter 
dissolution of starch increased leading to a minimum content in winter. 
At the end of dormancy starch resynthesis occurred leading to a second 
maximum in spring which appeared to be utilised during budswelling and 
the' unfolding of leaves. After this a second minimum starch deposition 
occurred during the growing season. In spring the reserve material was 
used from storage areas situated progressively down the tree, firstly 
from the twig then proceeding basipetally into the roots (Sauter, 1966). 
In contrast deposition began in the roots and extended acropetally 
through the stem into the twigs. However Priestly (1962b) observed no 
preferential utilisation of reserves from either above or below the 
ground! of six year old Cox / MIl apple trees. He concluded that as an 
apple tree has no specialised storage regions the amount of carbohydrate 
stored above ground was of equal potential value for growth compared to 
that in the roots (Priestly,' 1962b). He also suggested that trees 
maintain a high level of reserve material, as suspension of the supply of 
assimilates in autumn affected only root growth and not the contents of 
certain carbohydrates found in the tree during the following spring 
(Priestly, 1964). In support of this ringing or defoliation of apple 
trees in autumn had no corresponding effect upon the amount of shoot 
growth in the following spring (Hansen, 1972). Hansen (1971c) found that 
carbohydrates from storage areas, particularly roots, in Golden Delicious 
apples were used in the spurs until the flowers began to show colour and 
in the extension shoots until the development of the first five to six 
leaves. He estimated more than 75% was used for respiration by the 

developing leaves, flowers and shoots. The amount of storage material 
fixed directly by growth of the new tissue, formed a small part of the 

total growth in these tissues. Quinlan (1969) also working with apples 
found that the root and old stem were the plant parts from which autumn 
accumulated reserves were drawn. 
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The mechanism for controlling filling and clearing of ray cells with 
reserve nutrients is not known but the process is affected by temperature 
and involves endogenous factors such as growth regulators (Kull, 1972). 
Jeremias (1964) suggested that with decreasing temperature in winter the 
respiratory intensity of storage tissue is lowered leading to a decrease 
in acidity which activates starch degrading enzymes. A rise in 
temperature, on the other hand, leads to enhanced respiration and the 

resulting acid conditions favour starch synthesis. However Sauter (1967) 
demonstrated a starch degradation at higher temperatures. It appears the 
storage areas are under similar supply and demand controls as the 
photosynthetic areas. 

1.3.5 Translocation-

Translocation is the transfer of dry matter from the points of synthesis 
or storage to centres of growth or accumulation (Canny, 1975). It is 
controlled by the relative position and activities of sources and sinks 
and the arrangement of the vascular tissue between them. Solutes must 
enter the transport conduits, either by passive diffusion or by active 
loading, and be transported to and unloaded at the desired sink. 

In the leaves carbohydrates either move by way of the symplast or through 
cell walls (apoplastic pathway) from the chloroplast to a point near one 

of the liberally distributed minor veins (Ho and Baker, 1982). If it is 
the symplastic pathway there must be a downhill concentration gradient 
for assimilates between the mesophyll cells and the free space 
surrounding the sieve tubes, however apoplastic transport may require 
energy to move carbohydrates across the plasmalemma. At the leaf minor 
vein phloem the carbohydrates are loaded selectively from the free space 
by an active uptake process (Gardner and Peel, 1972; Geiger, 1975; 

Giaquinta, 1980; Peel and Ford, 1968), probably involving target cells 
(Giaquinta, 1980). Loading of the phloem from storage areas and from 
senescent organs also appears to be mediated by transfer cells. 

Uptake experiments using radioactive tracers have shown that in petiolar 
tissue the rate of sucrose and phosphate uptake by the vascular tissues 
was greater than by the surrounding parenchyma cells (Bieleski, 1966). 

Autoradiography of the tissue used in these experiments indicated that 
the most active sites of uptake in the vascular bundles were the sieve 
tubes. This together with the ability of phloem to accumulate materials 
against a considerable concentration gradient (Geiger, 1980), by 
mechanisms which are sensitive to metabolic inhibitors and which are 
promoted by the presence of ATP (Giaquinta, 1980), all support the 

\. ':. 
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suggestion that there is an active loading of material into the sieve 
tubes {Gardner and Peel, 1972; Moorby, 1981; Peel, 1974}. It is the 
demand of the sink which regulates whether the phloem supplies or removes 
nutrients from its vicinity. 

Once loaded the minor vein sieve tubes provide a continuous network 
allowing several routes to a sink organ (Gifford and Evans, 1981). The 
most widely supported mechanism for translocation in the phloem is the 
mass flow or pressure flow hypothesis (Fisher, 1978; Giaquinta, 1980). 
This proposes that assimilates move in bulk flow along a gradient of 
hydostatic pressure which is osmotically generated. The concentration 
gradients along the transport path are of the order of 0.2 to 0.4 bar m-1 

{Geiger, 1975} and the magnitude and rate of sugar loaded into the phloem 
was sufficient to account for the pressures and flux rates observed in 
the sieve tubes (Giaquinta, 1980). Phloem loading is therefore 
considered to be the major driving force for the mass flow of assimilates 
in the phloem. 

The concentration of sugars in the sieve tubes is normally greater than 
the surrounding cells (Geiger, 1980) and therefore diffusion of sugars 
out of the phloem would be normal practise, probably countered by a 
loading process. The unloading sites in the sink free space may 
represent nonfunctional phloem ~issue, either because it is functionally 
immature or because the translocated carbohydrate(s) are removed from the 
sites of loading. The maintenance of the concentration gradient into.the 
cells around the sieve cells could be by: 

1. growth and respiration of the tissue being supplied 

2. production of reserve material, reducing the 
concentration of the translocated carbohydrate 

solute 

3. compartmentalization of the translocated carbohydrate away from 
the free sp,ace 

The mechanism of sugar unloading has not been determined in fleshy fruit. 
Several studies reviewed by Giaquinta (1980) indicate assimilates exit 

the sieve tube and enter the apoplast prior to their accumulation, with 
or without free space hydolysis, into the surrounding parenchyma. The 
unloading process may take place either via symplastic or apoplastic 
routes (Ho and Baker, 1982). In storage sinks apoplastic routes may be 
involved either at the site of unloading or en route within the sink 
tissue. 
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By supplying 14C02 to the leaves of Graasten apple trees Hansen (1967a) 
found the percentage radioactivity remaining in the leaves of the non 
fruiting spurs was higher than that in the fruiting spurs. Apple fruits 
as sinks, therefore accelerate the translocation of photosynthates from 
proximate leaves as compared to leaves on spurs without fruit. Increased 
translocation to dominant sinks has often been demonstrated (Avery, 1974; 
Giaquinta, 1980; Gifford and Evans, 1981; Hansen, 1970a, 1970b; 
Wardlaw, 1968). This supports Evans L.T. (1976) who suggested that the 
'phloem capacity seems unlikely to limit plant growth and development'. 
It is possible to increase translocation by altering the source and sink 
balance and such treatments have been shown to 'have a greater beneficial 
effect on the total yield of fruit trees, when compared to increasing 
photosynthesis (Kolbe, 1979). 

Actively transporting xylem is usually confined to the last formed growth 
ring (Zimmermann, 1964) and in some cases the most recently matured 
vessels (Wray and Richardson, 1964). These vessels would theoretically 

originate from the most recently matured leaves and these leaves usually 
have the highest transpiration requirements (Larson, 1972). The practise 

of introducing tracers through bore holes or deep incisions in the wood 
(Graham, 1954) would immediately expose several growth rings to the 
tracer and it has not been satisfactorily demonstrated to what extent all 
tracer labelled growth rings participate in actual transport. The three 
dimensional network of vessels and the varying 'spiral grain' found in 
some stems assures distribution of water along the stem (Zimmermann and 
Milburn, 1982). This was illustrated by cutting the stem in the pathway 

of ascending 32p causing its path to move laterally around the cuts in 
the most recently formed xylem (Postlethwait and Rogers, 1958). Also 
when apple trees were spirally ringed nitrogen from the roots moved 
principally to branches above the open end of the spiral; the branch on 
the opposite side of the tree receiving relatively little nitrogen 
(Bollard, 1953). Anastomoses are frequently found among contiguous xylem 
vessels within a xylem trace and between vessels of adjacent traces, 
particularly at the nodes (Larson, 1972). As evidence suggests the 
entire vascula~ system arises in a precise phy110tactic arrangement in 
willow (Ho and Peel, 1969), and in apple (Barlow, 1979), these lateral 
connections may be important in determining translocation pathways. 

Xylem flow is a purely physical process with the water being pulled up by 
evapotranspiration in the leaves (Zimmermann, 1964). Thus the ascent of 
water takes place primarily during the day when the stomata of the leaves 
are open. Transpiration reduces turgor pressure hence the water columns 
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in the xylem are in a state of tension and water is pulled into the 
leaves from the remainder of the plant (Moorby, 1981). 

1.3.6 Exchange Of Solutes Between Phloem And Xylem -

With secondary thickening the cambium separates the functional xylem and 
phloem so that several layers of undifferentiated cells must be traversed 

by symplastic or apoplastic routes before exchange between conducting 
channels can occur. Nutrients ascending in the transpiration stream are 
known to be depleted by adjacent cells (Pate, 1975). Stout and 
Hoagland's (1939) well known experiment was one of the first to 

illustrate this point. They seperated longitudinal strips of bark from 
underlying xylem, of willow and Pelargonium, leaving the ends of the 
strip attached. If waxed paper was inserted between the bark and xylem 
before rebinding movement of solutes between these tissues in this region 
was prevented. However without the wax paper solute movement was 
indistinguishable, after rebinding, from that found in intact plants. 
Since this time similar experiments have confirmed their findings (Hoad 
and Peel, 1965; Pate,1975; Peel, 1963, 1974). 

The 'reverse movement from the phloem to the xylem has also been 
demonstrated. Peel (1967) illustrated that labelled ions and sugars may 
move centripetally not only into the living xylem cells but also into 
xylem sap of segments of willow stem. Lateral loss of labelled sugars 
from the sieve tubes of willow was higher when the velocity of flow in 
the sieve tube was lower (Hoad and Peel, 1965). 

In some species, at principal interchange sites between phloem and xylem, 
transfer cells have often been observed presu~ably to enhance or regulate 
the symplastic transport of solutes (O'Brien, 1976). 

1.4 Carbohydrates In The Fruit 

The fully edible tissue of the fleshy fruit is composed of large 
parenchymatous cells which have a high water content. In the apple and 
peach fruit 85% of the edible fresh weight was as water while in the 
apricot the water content was 82% (Bollard, 1970). 

The total soluble sugars found in fruit flesh varies from species to 
species, variety to variety and is influenced by climate and location. 
Throughout the literature the levels of sugars in fruit have been 
reported as either a percent of fresh weight, or a percent of dry weight, 
or a concentration per gram of fruit tissue. To give some indication of 
the carbohydrates involved and their relative concentrations the 
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following are a selection of data for the ripe apricot, peach and apple. 
Apricots had high fructose levels at 5.0% of the flesh fresh weight while 
glucose was 1.8% and sucrose 2.4% leading to 9.2% of the flesh fresh 
weight being as soluble sugars (Whiting, 1970). However Reid and 
Bieleski (1974) found the glucose level was around 10% of the apricot 
fruit tissue dry weight while sorbitol and fructose were around 5% and 
sucrose 30%. The soluble sugars contributed 8.5% of the total flesh 
weight of peaches; 
(Whiting, 1970). 

1.5% as glucose, 0.9% as fructose and 6.7% as sucrose 
Deshpande and Salunkhe (1964) also found sucrose 

exceeded the level of total reducing sugars in peach fruit, however 
Kawamata (1977) found glucose to be high, followed by fructose, sucrose 
and sorbitol. Studying two peach cultivars Flordasun (early) and 
Sharbati (late) it was found that sucrose predominated during Stage I but 
was of a similar level to glucose during Stage II and III in Flordasun 
while in Sharbati sucrose predominated in the first two Stages while 
during the third Stage glucose and sucrose levels were similar (Sandhu, 
Dhillon, and Randhawa, 1983). Collating the literature Wrolstad and 
Shallenberger (1981) indicated that over a series of peach cultivars the 
mean fructose, glucose, sucrose and sorbitol concentrations were 1.1, 
1.0,'! 6.0, and 0.9 g 100 g tissue-I, respectively. In apples the same 
study showed the mean for fructose, glucose, sucrose and sorbitol was 
6.0, 2.3, 2.5 and 0.5 g 100 g~l respectively, for a number of cultivars. 
In apples 71% of the dry weight was as soluble sugars representing about 
11.6% of the flesh fresh weight (Whiting, 1970). Glucose contributed 
1.7% of this while fructose contributed 6.1% and sucrose 3% to 6%. 
Similar results were found by Rouchaund, Moons and Meyer (1983) who also 
detected sorbitol at levels of less than 1% of the fresh weight. Apple, 
peach and apricot were all found to contain less than 0.5% sorbitol on a 
fresh weight basis which amounted to only 5% of the total carbohydrate of 
the fruit (Bieleski, 1982; Reid and Bieleski, 1974). 

During the fruit growing season the level of total carbohydrates and each 
individual carbohydrate generally increases. In Derby apricots, as a 
percent of dry weight, the total soluble sugars increased from about 12% 
to 37% during the season (Crane et Al., 1956). The reducing sugars 
increased only slightly from 15% to 20% but 78% of the total amount of 
sucrose in the mature flesh was accumulated in the last 14 days, 
increasing from 5% of the dry welght to 12%. This is in contrast to 
Willenbrink (1982) who suggested that in apricot, peach and apple the 
s~crose concentration increased linearly with time. In Moorpark apricots 
sucrose was not detected until the third Stage of growth when the level 
increased exponentially to over 30% of the fruit tissue dry weight, in a 
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period of two weeks (Reid and Bieleski, 1974). The glucose levels in 
this case were higher than sorbitol which in turn were higher than 
fructose and all three carbohydrates remained in fairly constant 

proportions throughout the growth of the fruit. The large increase in 
sucrose just before fruit harvest could not be explained by an hydrolysis 
of storage carbohydrates as the maximum starch content was less than 4% 
of the tissue dry weight. Neither was sucrose synthesised from glucose 
and fructose within the fruit as their amount was too small to account 
for the sucrose which appeared, and they did not disappear during the 
critical time period (Reid and Bieleski, 1974). In apple fruits the 
glucose exceeded the fructose concentration during the early weeks of 
growth but the glucose concentration remained constant while the fructose 
increased up to or just after the normal harvest (Hulme, 1958). The 
sucrose level also increased as the apple ripened. Starch levels peaked 
prior to the sucrose increase and fell as the sucrose concentration rose, 
indicating starch was hydrolysed to sucrose during this period (Hulme, 
1958). Beruter and Kalberer (1983) found the fructose level increased 
following the fresh weight increase during the growth of apple fruit, the 
level increasing from approximately 100 ~mol g fresh weight-1 to over 300 

~moi 9 fresh weight-I. Sucrose also increased but almost linearly with 
time and the maximum level was 80 ~mol g-1. The glucose and sorbitol 
content remained relatively constant at around 70 ~mol g-1 and 15 

~mol g-1 respectively. 

1.4.1 Sugar Interconversions -

Sucrose is usually the main product of photosynthesis (Crafts and Crisp, 
1971) however sorbitol is the major product of photosynthesis in the 
leaves of apricot trees (Bieleski, 1977; Bieleski and Redgwell, 1977), 
apple trees (Bieleski, 1969; Grant and ap Rees, 1981; Hansen, 1970b, 
Webb and Burley, 1962) and plum trees (Prunus salicina Lindl.), 
(Andersen, Andrews and Hough, 1962; de Villiers, 1978; de Villiers and 
Meynhardt, 1972). Although sorbitol is a hexitol it will be referred to 
as a sugar in this text to simplify discussion with the sugars present in 
the fruiting system. Sorbitol is formed by the reduction of D-glucose, 

L-gulose, D-fructose or L-sorbose. It has been suggested that its 
synthetic pathway in the leaves follows the conventional C3 
photosynthetic pathway up until where fructose-6-phosphate and 
glucose-6-phosphate are unmodified and sorbitol is formed by the 
reduction of either of the hexose phosphates or the hexose itself 
(Redgwell and Bieleski, 1978). The actual pathway is not completely 
understood but the loading pattern of photosynthates in mature apricot 
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leaves suggested sorbitol synthesis occurred by way of 
sorbitol-6-phosphate (Bieleski and Redgwell, 1977; Redgwell and 
Bieleski, 1978). Similar results were obtained in Santa Rosa plum leaves 
(de Villiers, 1978) and in apple seedling leaves {Grant and ap Rees, 
1981}. Localisation of a glucose-6-phosphate sorbitol-6-phosphate 
oxidoreductase in the chloroplasts of mature apple leaves {Yamaki, 1980a, 
1981} and an NADP specific, substrate specific glucose-6-phosphate 
sorbitol-6-phosphate oxidoreductase from apple leaves {Negm and Loescher, 

1981} is further evidence for this conclusion. Mature apricot leaves 
produce mainly 14C - sorbitol from 14C02 {Bieleski and Redgwell, 1977} 
while very young apricot leaves produce mainly 14C - sucrose and no 
14C - sorbitol but import sorbitol by translocation from the older leaves 
{Bieleski, 1982}. Also in young apple leaves sucrose was labelled by 
14C02 to almost the same extent as sorbitol {Grant and ap Rees, 1981}. 
Very young leaves contain fructose: sorbitol-6-phosphate oxidoreductase 
activity whereas mature leaves have mainly glucose-6-phosphate 
sorbitol-6-phosphate oxidoreductase {Loescher, Marlow and Kennedy, 1982; 
Negm and Loescher, 1981}. The NADP specific, substrate non specific 
fructose: sorbitol oxidoreductase was also isolated from tissue cultured 
apple callus (Negm and Loescher, 1979) and from apple fruit {Yamaki, 
1980a}. From similar evidence Bieleski {1982} concluded that in woody 
Rosaceae the photosynthetic production of sorbitol occurs exclusively 
through the glucose-6-phosphate enzyme whereas sorbitol utilisation may 
be primarily or solely through the fructose enzyme. Studying both 
enzymes Loescher et AI. {1982} also concluded that the roles of the 
glucose and fructose enzymes were for synthesis and degradation 
respectively. In apple fruit discs the applied 14C - sorbitol was 

metabolised mainly to fructose and sucrose {Beruter and Kalberer, 1983}. 
Both the rate of fructose formation and the rate of sorbitol absorption 
were similar in the apple tissue which led Beruter and Kalberer {1983} to 
suggest that sorbitol uptake was associated with its metabolism within 
the fruit. 

Other pathways do exist as a sorbitol oxidase enzyme was isolated from 
apple leaves which required half a mole of oxygen and no NAD or NADP to 
oxidase one mole sorbitol to glucose {Yamaki, 1980b}. Anderson et AI. 
(1962) also reported the direct incorporation of labelled sorbitol to 
glucose in plum leaves. This could be a mechanism for sorbitol 
utilisation in the leaves. Apple leaves converted 14C - fructose to 

sorbitol, even in the dark indicating the synthesis was not obligatorily 
linked to photosynthesis (Grant and ap Rees, 1981). The ability to 
synthesise sorbitol from 14C - fructose was largely confined to the 
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leaves with bark, wood, root and root apices containing less than 2% 
14C - sorbitol when 14C - fructose was directly applied. 

After applying 14C - sorbitol to leaf tissue only a small amount of the 
sorbitol was converted into other compounds in plum leaves (Anderson 
et ~., 1962), apricot leaves and pear leaves (Bieleski, 1977). Grant 
and ap Rees (1981) found sorbitol could be metabolised in apple seedling 
leaves if the leaves were starved by keeping them in the dark. Sorbitol 
metabolism is probably restricted by being rapidly segregated from the 
metabolic pool to a storage area {Bieleski, 1976). 

Not all of the species which synthesise sorbitol as the main product of 
photosynthsis store it in the fruit. In Santa Rosa plums the proportion 
of sorbitol increased to 20% of the total soluble sugar as the fruit 
ripened (de Villiers and Meynhardt, 1972) while in apples the proportion 
of sorbitol varied from 9.4% to 1.5% of the total soluble sugars in the 
fruit depending on the cultivar (Wrolstad and Shallenberger, 1981). In 
Moorpark apricots sorbitol declines to below 10% on ripening (Ried and 
Bieleski, 1974). The predominance of sucrose in such fruit when sorbitol 
is the main carbohydrate translocated indicates sucrose must be 
synth~sised in or on entering the fruit. The synthesis of sucrose in 
plant cells could occur via either sucrose synthetase (UDP-glucose 
D-fructose 2-glucosyltransferase) action followed by removal of sucrose 
to a different compartment and / or sucrose phosphate synthetase 
(UDP-glucose D-fructose-6-phosphate 2-glucosyltransferase) action 
followed by sucrose phosphate phophatase action. Labelled experiments 
have shown that the fructose-6-phosphate becomes labelled before sucrose 
and small amounts of sucrose-6-phosphate have been detected among the 

labelled products (Gander, 1976; Pontis, 1977). Also sucrose synthetase 
isolated from many sources has been found to catalyse sucrose cleavage 
more rapidly than sucrose synthesis at physiological pHis. Thus it is 
thought that the role of sucrose synthetase would be sucrose cleavage 
whereas the role of sucrose phosphate synthetase would be synthesis. 
This is supported by the measured equilibrium constant of the reaction 
that the latter enzyme catalyses which clearly shows the reaction is 

fully displaced toward the synthesis of sucrose-6-phosphate (Pontis, 
1977). The occurrence of this enzyme is widespread in plants but 
references to its isolation from fruit tissues are limited. It has been 
reported in the grape (Vitis spp.), (Hawker, 1969). 
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1.5 Objectives Of The Present Experiments 

It is apparent that the source and form of carbohydrate for fruit growth 
and development, specifically in apricot, is not clearly understood. The 
following chapters descibe experiments designed to further elucidate on 

the possible mechanisms involved in apricot fruit growth. 
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CHAPTER 2 

GENERAL MATERIALS AND METHODS 

2.1 Tree Allocation 

Two rows of 34 apricot trees each were available for this research 
project. Both rows were adjacent to other fruit trees with two to three 
year old stone fruit on the east and four to five year old apple trees to 
the west {Appendix I}. The apricot trees, Dundonald and Moorpark 
varieties, were approximately 15 years old and in parts were heavily 
infected with silver leaf {Stereum purpureum {Pers.} Fr.} and blast 
{Pseudomonas syringe van. Hall}. After much scrutiny 22 of the 68 trees 
available were deemed suitable for use by passing the following criteria: 

1. 'minimal I or isolated silver leaf and blast infection. 

2. 'adequate ' fruit set ind.icating that most fruiting branches 

supported more than six fruit. 

3. not one of the last three trees at either end of the rows. 

The 22 trees were randomly allocated {Appendix I} for the following 
purposes. The order of this list indicates the order of the random 
a llocati on. 

1. Five for the non-destuctive fruit growth measurement. {see 
Chapter 3}. 

2. Seven for the collection of material for sugar analysis and 
xylem vacuum extraction methods {see Chapter 4}. 

3. Seven for 14C-sorbitol and 3H-sucrose tracer studies (see 
Chapter 5). 

4. Three unused. 

2.2 Statistical Analysis And Data Presentation 

All routine data manipulations and the statistical growth analysis were 

performed using Fortran programs written by the author and run on the 
Lincoln College VAX computer. Other statistical analysis was carried out 
using the statistical package Genstat. 
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The graphs and Appendix 1 were drawn using the National Centre for 
Atmospheric Research (NCAR) Graphics package on a Hewlett Packard graph 

plotter. 
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CHAPTER 3 

FRUIT GROWTH ANALYSIS 

3.1 INTRODUCTION 

Evans G.C. (1976) stated 'the plants might live in communities with many 

others of the same and different species, but they live as individuals, 
and it i,s as individuals that they should be studied to gain insight into 
their functioning and relations with their surroundings. Bridges can 
then be built connecting with detailed laboratory studies ••• '. 
Physiological studies should be related to the growth stage at which they 
occur to be at all useful in the overall understanding of how a plant or 
plant organ functions. 

In this thesis the change in apricot fruit dimensions were measured 

specifically for this purpose, to relate physiological results to the 
correct stage of fruit development. However, growth data itself can 
become a major project with all the methods of plant growth analysis 
available (Hunt, 1982). Plant growth analysis requires measurements of 
plan'i growth at different times during the total time period being 
considered. The measurements may be of weight, height, volume, leaf 
area, photosynthetic activity, ,carbohydrate accumulation or 'other similar 
attributes which normally increase with plant age. To begin analysis one 
must be confident that the measurements taken actually represent, the 
parameter of the population under consideration. 

3.1.1 Plant Measurements -

Plant or organ performance, particularly in the natural environment is 
difficult to observe and quantify as it requires the greatest care not to 
interfere destructively with the subject under investigation, or its 
environment (Evans G.C., 1976). When destructively assessing growth, the 
removal of fruit from a tree will result in less competition for 
assimilates by the remaining neighbouring fruit and these fruit could be 
expected to grow faster than they would have done if sampling had not 
occurred (Hansen, 1967a). Another example is the dry weight assessment 
of crop plants. Once removed other proximate plants are likely to have 
greater access to water, soil nutrients and sunlight which results in 
better growth conditions and hence bigger plants at subsequent harvests. 
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Even non-destructive measurements can be deleterious to growth analysis 
(Beardsell, 1977). He found daily measurement of maize (Zea mays l.) 
leaf length reduced stem dry weight and plant height. It was suggested 
that the rubbing of a meter rule on the stem caused an effect on 
internode elongation. Non-destructive measurements lead to frequent 
physical contact with the experimental material and perhaps accidental 
mechanical injury. If recoverable this may set growth back, if not one 
replicate is lost. The organ under observation may not be the plant part 
damaged but adjacent organs which influence the immediate environment may 
be involved. This indirect problem is difficult to assess and quantify 
but should not be underestimated when designing sampling techniques. 

3.1.2 Methods And Models -

There are two main approaches to describing plant growth data; the 
'classical' method which has been used since early this century, (Briggs, 
Kidd and West, 1920) and the more recently introduced 'functional' method 
that relies more heavily on computer based techniques (Hunt, 1982). 

3.1.Z.1 Classical Method -

The 'classical' approach involves the comparison of growth values over a 

time interval based on measurements taken at the start and end of the 
interval. It relies on harvest data sets which are usually large and 
taken infrequently over the time period under analysis, leading to an 
uneven distribution of work during the experiment. 

Quantities like the mean relative growth rate (RGR) are calculated 
between a pair of harvests so this procedure is very susceptible to 
slight errors in either data set (Elias and Causton, 1976). The use of 
individual plants, however is difficult because there is rarely a sound 
biological basis for the necessary pairing of plants of the first harvest 
with the second. Random pairing is probably the most convenient. 
Another deficiency in this approach is that the relative infrequency of 
harvests means clarification of time dependent ontogenetic change in RGR 
is often lacking, casting doubt on the validity of comparisons between 
species, treatments or plant organs (Hunt, 1982). 
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3.1.2.2 Functional Method -

In the 'functional' approach continuous assessment of growth with time is 
obtained by fitting the values recorded at each harvest interval to an 
appropriate equation defining the curve (Hughes and Freeman, 1967; 
Radford, 1967). This method of plant growth analysis is a branch of 
mathematical modelling (Hunt, 1982) and has the following advantages: 

1. The fitted model provides a convenient summary of a multitude of 
data (Causton, Elias and Hadley, 1978), describing a process 
with great economy of expression. 

2. Small deviations from the overall trend in growth may be 
smoothed out to gain an impression which is free from random 

fluctuations. If there is likely to be any physiologically 
interesting discontinuity in growth the traditional interval 
calculation of growth parameters may be a more appropriate 
method to use (Hurd, 1977). 

3. 

, I 

It is not necessary, as in the 'classical I approach, to have 
large sample sizes at relatively infrequent harvest intervals to 
obtain accurate results. Smaller, reduced replication, but more 
frequent harvests are preferred allowing a more even 
distribution of the workload over the experimental period (Elias 
and Causton, 1976; Hughes and Freeman, 1967; Hurd, 1977; 
Radford, 1967). 

4. As harvests are smaller the amount of information at risk at 
each harvest is reduced. 

5. Replication at different harvests on the same growth curve need 
not be equal. 

6. The mathematical model provides 'fitted ' values of growth at as 
many times as desired and these estimates are less disturbed by 
biological variability (Causton et ~., 1978). 

7. The natural logarithmic form of the function may be 
differentiated to provide instantaneous values of RGR (Radford, 
1967) • 

8. When deriving quantities from the 'fitted ' values the only 
necessary assumption is that the fitted growth curve adequately 
describes the original data (Radford, 1967). 

(~ 
" I 
.~. '.: 

" . ~ 



29 

9. Information from all sampling occasions is used to determine 
each value of the derived quantities, not just the information 
from any two adjacent harvests. 

10. Comparisons between bodies of data, different in origin but 
similarly treated are made more straightforward. Genetic, 
environmental and treatment influences may therefore be readily 
assessed. 

11. If linear models are fitted statistical analysis may be 
integrated into the same analytical procedure as the calculation 
of derived functions. 

12. If the function fitted is based on a biologically meaningful 
model then the parameters of the function may provide useful 
information (Richards, 1969). 

Accepting that it is desirable to describe plant growth by the use of 

regression techniques the major problem is the choice of a suitable 
function to fit the data. There are two main types of model used; 
mechanistic models and empirical models (Thornley, 1976). 

3.1.2.2.1 Mechanistic Models -

The mechanistic models are conceived in terms of how the parts of the 
growth system work together and this offers an insight into how living 

systems work. An example of a mechanistic model is the Richards function 
(Richards, 1969). 

1

- (b-kt)-I -l/n 
W = A 1 + e (1 ) 

Where W is the value of growth attributed to time t. Biological 

significance has been attatched to parameter k, the 'intrinsic rate of 
increase' and to asymptote a, the upper asymptotic value of growth (W) 
and thus specifies the theoretical maximum size (Richards, 1969). 
Therefore this function is biologically meaningful only when applied to 
structures of determinate growth. The factor n defines the shape of the 
curve and b positions the curve with respect to the time axis. Most 
mechanistic models are nonlinear which leads the experimenter into 
complicated calculations to obtain the variances, of both the function 
and any derived functions, and also into the field of nonlinear 
statistics (Causton et ~., 1978). 
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It must be remembered that these models are based on a number of highly 
complex processes which comprise the whole system under study and that 
each process is influenced to a different degree by environmental or 
treatment factors. It is generally accepted however, that mathematical 
models based on simple hypotheses concerning the nature of growth are 

capable of reproducing growth curves with tolerable accuracy although the 
accuracy 

function 
Richards 

is often not clear enough 

and another (Hurd, 1977). 
to draw distinctions between one 

It is not surprising therefore that 
(1969) concluded, in a review of mechanistic growth, that the 

outcome of the search for a realistic growth equation 'has been 
disappointing. I Perhaps a sounder approach is to look for accuracy of fit 
and to reject the notion that the mathematical function has physiological 
significance. 

3.1.2.2.2 Empirical Models -

In the empirical model the mathematics simply re-describes the primary 
data replacing irregular errors by a smooth continuous function. This 
provides little information about the fundamental physiological processes 
that.! govern plant growth but it does provide accurate measurement of the 
sum performance of the plant or organ under observation, across 
substantial intervals of time. This enables effective intraplant or 
intraorgan comparisons to be made. 

The mathematical functions fitted to the data are generally linear being 
exemplified by the polynomial exponential (Elias and Causton, 1976), (see 
Section 3.1.3), thus allowing commonly used statistical tests to be 
applied. The application of linear regression analysis to growth studies 
was refined by Hughes and Freeman (1967), who transformed the raw data to 
natural logarithms making the variances independent of the means and 
calculated standard errors for estimates of the derived functions. 

Considering the complexity of fruit growth processes a function to 
describe, rather than explain, the progression of growth of an apricot 
fruit is the aim of this chapter. Thus 'functional I methods and 
empirical models for ease in calculations and understanding were 
considered the best avenue to follow. Firstly, however an understanding 
of polynomials is required. 
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3.1.3 Polynomial Functions -

In a polynomial function the dependent variate is expressed as a function 
of more than two terms involving the independent variable. If W 
represents the growth measurement, the empirical function 

W = a + bT (2 ) 

may be constructed where a is the value of W when time, T = 0 and b is 
the rate of increase of W with T (the relative growth rate). This is a 
first order polynomial, the starting point of a series which ascends in 
complexity through the addition of higher powers of T. For example: 

2 3 
W = a + b T + b T + b T + ••• + 

123 
n 

b T 
n 

(3) 

In this case it is impossible to ascribe biological significance to the 
coefficients. This series of functions share a number of convenient 
mathematical and statistical properties making them popular curves to 
fit. The parameter values, deviates and the variances of both are 
straightforwardly accessable through established theory (Elias and 
Caust'on, 1976; Hughes and Freeman, 1967; Nicholls and Calder, 1973), 
(see Appendix 2). 

The functions stand purely as empirical equations useful for modelling 
progressions of moderate complexity. 

3.1.4 Relative Growth Rate -

The absolute growth rate is the first derivitive or slope of the 
po lynomi a 1. 

dW 

dT 
= b 

= b + 2b T + 3b T2 + ••• + 
n-1 

nb T 
1 2 3 n 

By transforming the original data W to natural logarithms 

log W = a + bT 
e 

log W 
e 

2 3 b Tn = a + b T + b T + b T + ••• + 
123 n 

from (2) (4) 

from (3) (5) 

from (2) (6) 

from (3) (7) 

Hence the derivation of RGR is simply the slope of the logarithmic plot 
of W against time. 
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1 dW d(log W) 
---- = -----e--- = b (8) 

W dT dT 

2 n-1 = b + 2b T + 3b T + ••• nb T (9) 
1 2 3 n 

3.1.5 Choice Of Polynomial -

3.1.5.1 Prerequisites Of Regression Analysis -

All data sets are not suitable for regression analysis. There are three 
important properties the data set should have (Hoyle, 1973). 

1. That the independent variable, X, is measured without error. 

2. That the distribution of replicated Y values at each X is 
normal. 

3. That the variances of the replicated Y values are uniform and do 
not change in magnitude with X. 

, I 

Time (X) can be measured accurately but the second and third conditions 
nearly always need special attention because as plants or organs increase 
in size their absolute variability also increases. Employing logarithms 
eliminates the problem of heteroscedasticity hence the regression 
analysis should be performed on the transformed data (Hughes and Freeman, 
1967). Logarithms to any base may be used but as logarithms to the base 
e (natural logarithms) aid the calculation of the RGR they are the 
conventional choice (See Section 3.1.4). Using logarithms also aids 
graphical representation of growth data, (Hunt, 1982) ensuring the 
initial phases of growth are revealed as accurately as when growth is 
almost complete. 

If the data fit the criteria of a regression analysis the least squares 
method is used to fit the polynomial. The next decision is what degree 
of function to fit. 

3.1.5.2 Degree Of Polynomial -

Overfitting versus underfitting and statistics versus expectations, the 
regressor's nightmare. Ideally the simplest model possible, being 
consistent with both the degree of smoothing required and mechanistic 
insights into the process being modelled should be accepted. Thus the 

: 
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choice is determined by two requirements which 
statistical tests and the experimenters expectations. 

often conflict; 
(Hunt, 1982). 

Problems exist when fitting complicated polynomials as they may lead to 
little or no smoothing of the data as every small inflection is 
reproduced (Hunt, 1982) and statistically they often cannot be justified 

(Draper and Smith, 1981). Although the Residual Mean Square usually 
drops as each term is added the F ratio (Mean Square lack of fit / Mean 
Square pure error), (see Materials and Methods) indicates these models 
are not adequate. To accept a more complex regression after the F ratio 
has been found to be insignificant is a case of 'overfitting'. There are 
a number of disadvantages in this practice: 

1. It is biologically unsound as the derived RGR is very dependent 
on the degree of polynomial fitted (Elias and Causton, 1976; 

Nicholls and Calder, 1973) and as mentioned previously RGR is 
the first differential of the logged data when the latter is 
expressed as a function of time. 

2. The standard errors of the estimates of RGR tend to increase 
with the increased complexity of the polynomial used to describe 
the data (Nicholls and Calder, 1973). 

, I 

3. Higher order curves often generate biologically unlikely ends to 
the curves. 

Underfitting must also be avoided. The acceptance of a lower order 
polynomial may result in a simplification of growth with time to a degree 
which may defy biological interpretation. 

A number of statistical tests exist which determine the significance of 

regression analyses thus aiding decisions on what degree of polynomial 
should be fitted. Elias and Causton (1976) presented a study applying 
two of the available tests to three sets of data of different variability 
and illustrated what range of polynomials could be fitted ' statistical1y ' 
to the data sets. They concluded that regression equations should be 
fitted to harvest means, eliminating within harvest variability and thus 
one factor which effects the degree of polynomial fitted. This practice 
is not common place however, because of the loss of information which 
results when variability within harvests is eliminated (Nicholls and 
Calder, 1973). The use of the Draper and Smith (1981) 'lack of fit' test 
(see Materials and Methods) takes into account within harvest variability 
causing this significance method to be preferred over other methods. 
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3.1.5.3 Expectations-

Difficulties often occur when regressions have been applied objectively 
to groups within one data set. Each group may differ only slightly from 
one another, but enough to cause the selection of different degrees of 
polynomial growth function. Although the differences are not large in 
the original regressions they are often magnified when in the form of the 
derived quantities. Comparisons between species or treatments then 
become confusing (Hunt, 1982). 

Hurd (1977) grew tomato plants (~copersicon esculentum Mill.) ina 
controlled environment and for each of eight treatments fitted the 
logarithms of weight and leaf area. Of the 16 resulting regressions four 
were linear, six were quadratic and six were cubic (Fishers test, P < 
0.05). Biologically this selection was unsatisfactory to Hurd {1977} and 
he argued that one family of curve, the quadratic, should be used 
throughout. 

By stiffening the requirements for their acceptance 
growth curve families can be reduced (Hunt, 1978). 
for acceptance become progressively more stringent 
quadratics and quadratics into straight lines. Hunt 
(1977) 16 sets of data and found at the (P < 0.01) 

this variation in 
As the requirements 

cubics turn into 
(1978) used Hurd's 
level four were 

linear, ten quadratic and two 'cubic. At no level of significance was a 
single model unquestionably best, thus Hurd's suggestion of fitting one 
family of curves should be treated with caution. This example 
illustrates the problems of fitting regression equations. There is great 
conflict between statistical exactitude and biological expectation. 

3.2 MATERIALS AND METHODS 

3.2.1 Fruit Measurement -

The increase in fruit size was measured non-destuctively. On the 14 
October five trees were randomly selected (Appendix 1) and 12 branches 

from each tree were labelled using plant .naming tags. For selection a 
branch was required to look healthy and have at least five fruit which 
were not set in one cluster. The tagging and subsequent measuring of 
fruit was aided by the use of a three meter ladder so the position of the 
branch on the tree was not a limiting factor. Branches were visually 
selected from all aspects of each tree to total the necessary 12 branches 
per tree. The compass position of each branch was not recorded as an 
overall estimate of fruit growth was required. 
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On each branch white, yellow, black, red and blue coloured fuse wire was 
loosely twisted around the peduncle of five fruit, with the fuse wire 
colour sequence indicating the fruit's position on the branch. This 
allowed easy identification of each fruit on each branch when taking 
measurements or recording losses. 

In total 300 fruit were identifiable by tree number, branch number and 
fuse wire colour. Sixteen harvests at approximately weekly intervals 
from the 16 October until the 28 January were taken (Appendix 3). The 
diameter and length of the tagged fruit were measured to the nearest 
0.01 mm using mechanical calipers with a vernier scale. To measure 
length the jaws of the calipers spanned from the peduncle to the base of 
the fruit along the orientation of the cleft. The diameter was 
determined by placing the caliper jaws at the maximum value point on the 
two cheeks of the fruit away from the cleft. 

3.2.2 Statistical Analysis -

Polynomial regression equations were fitted to the natural logarithm 

(loge) of fruit length and diameter. The procedure to assess the value 
of a regression equation was carried out using the 'F-test' as presented 
by Draper and Smith (1981). The corrected sum of squares of the Y 
observations was partitioned into two components; the sum of squares due 

to regression and the sum of squares about the regression. These in turn 
lead to the mean square within the sample (S2) and to lack of fit (MSL) 
respectively. A non-significant F ratio (MSL/S2) at the 1% level was 
used as an indicator of a statistically adequate regression model. 
Further terms involving higher powers of X were added until the F ratio 
was not. significant at the 1% level. Such a stringent requirement for 
acceptance was chosen to avoid fitting a different family of curves to 
each set of data (Hunt, 1978). 

The instantaneous RGR was derived from the fitted curves of both loge 

diameter and loge length. Confidence intervals were calculated for all 
fitted and derived curves. The procedures used in calculating confidence 
intervals and in obtaining the derived RGR's are described in Appendix 2. 

3.2.3 Growth Stages -

The transition zones between the growth stages on the cummulative growth 

curves were estimated at the points of maximum curvature (Connors, 1920). 
The second method of determining growth stages used theRGR curves; the 
period of minimum size increase being Stage II (Bollard, 1970; Coombe, 
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1976; Crane, 1969). 

3.3 RESULTS 

Of the 300 fruit present at the first harvest, on 16 October, only 46 
remained at the last harvest ,on 28 January. Figure 1 illustrates the 
trend of fruit loss during the measurement period, showing an average 
loss of 8.25 fruit per harvest for the first eight harvests. This 
average loss increased to 27.8 fruits for the following five harvests but 
fell to ten fruit for harvests 14 and 15 (14 January and 21 January), 
(Figure I). Between the 15th (21 January) and 16th harvests (28 January) 
29 fruit fell although by the 15th harvest the majority of the fruit were 

. ri pe and by the 16th harvest apri cot pul p was fornii ng. Because of the 
rapid deterioration of the fruit condition between harvest 15 and 16, two 
basic data sets, terminating at either harvest 15 or harvest 16 were 
calculated for both diameter and length. These two sets were then 
manipulated leading to a total of five different data sets which were 
subjected to regression analysis. The five data sets were: 

1. 16 harvests including all fruit measured at each harvest (n = 
3097) • 

2. 16 harvests of 46 fruit measurements corresponding to the 46 

fruit remaining at the last harvest (n = 731). 

3. 15 harvests including all fruit measured in each harvest (n = 
3051). 

4. 15 harvests of 75 fruit measu~ements corresponding to the 75 
fruit remaining at the 15th haryest (n = 1119). 

5. 15 harvests leading to 14 points corresponding to the fruit 

measurements of those fruit which had eventually fallen by 
harvest 15 (n = 1932). 

In all cases natural logarithms of the data were analysed. 

The analysis of variance information used to establish the 'best' fit is 

presented in Table 1. In three cases the quartic was not statistically 
the most adequate polynomial equation to fit the logged data. The three 
cases were: 

,'_'., __ ,0_ 
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1981 
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1982 
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FIGURE 1 THE DECREASE IN THE NUMBER OF APRICOT FRUIT MEASURED AT EACH 
HARVEST. 
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1. 75 fruit at 15 harvests loge diameter where a quintic was 
statistically the 'best' fit. 

2. All fruit at 16 harvests loge length where no decision could be 
made. The highest polynomial fitted was a quintic. 

3. All fruit at 16 harvests loge diameter where a quintic was 
statistically the 'best' fit. 

The fitted curves describing changes with time of the natural logarithms 
of fruit length and diameter are presented in Figures 2 and 3. The 
natural logarithims of the observed means are given in Appendix 3 and the 
equations describing the fitted curves are given in Appendix 4. 

The overall difference between the five data sets was almost identical 
for both length (Figure 2) and diameter (Figure 3). Although no 

significant difference occured in either case, (Appendix 3) the general 
trend was that the 75 fruit at 15 harvests and the 46 fruit at 16 
harvests were slightly larger than all fruit terminating at either 
harvest, up until just after the 13th harvest (8 January). The fallen 
fruit were smaller throughout the season with the difference becoming 
most noticable at and after the 9th harvest (10 December). The fruit 
diameter increase (Figure 3) was affected more than the length increase 
(Fi gu re 2). 

The RGR's calculated from the fitted values of the natural logarithms of 
length and diameter are presented in Figures 4 and 5 respectively. Once 
again the differences between the data sets were similar for length 
(Figure 4) and diameter (Figure 5). Up until the 7th harvest (26 
November) the RGR was declining and although the difference is slight the 
decline was greatest in the data from 46 fruit at 16 harvests. The RGR 

then increased until the 13th (8 January) or 14th harvest (14 January) 
after which it once again declined. From the 7th harvest (26 November) 
all fruit at 15 harvests showed the largest increase in RGR while the 
fallen fruit at 15 harvests gave the lowest increase. 

For a comparison of length and diameter measurements of apricot fruit the 
data set from 75 fruit at 15 harvests has been presented in Figure 6 (see 
discussion for clarification of choice). The cummulative increase in 
length and diameter of the fruit was approximately parallel, with the 
diameter being smaller than the length, until the 9th harvest (10 
December). After this point the diameter increased at a greater rate as 
compared to the length and by the 15th harvest length and diameter 
measurements were almost identical, indicating a round fruit. Figure 7 



39 

TABLE 1 Analysis of variance information used to determine significance 
of regression equations used in fruit growth assessment. The 
mean squares were tested against the pure error mean square 
with appropriate degrees of freedom. (* : 0.01 < P < 0.05; 

** = P < 0.01). 
========================================================================= 

16 Harvests 
-----------

All fruit 46 fruit 
--------- --------

Length Diameter Length Diameter 
------ -------- ------ --------

50urce df 55 
lof 

b. 55 
lof 

55 
lof 

55 
lof 

-------

1 i nea r 14 14.56** 21.45** 2.53** 4.22** 

quadrat i c 13 12.14** 19.41** 2.41** 4.20** 

cubi c 12 3.17** 4.38** 1.06** 1.59** 

quartic 11 0.26** 0.57** 0.11 0.20 

quintic 10 0.22** 0.28* 0.06 0.05 
---=F----

Pure Error 3081 23.89 39.898 
715 4.601 9.397 

15 Harvests 
-----------

All fruit 75 fruit Fallen Fruit 
--------- -------- ------------

Length Diameter Length Diameter Length Diameter 
------ -------- ------ -------- ------ --------

50urce df 5S 55 55 55 55 55 
lof lof lof lof lof lof" 

1; near 13 14.50** 21.45** 3.60** 5.74** 11.45** 16.78** 

quadratic 12 11.91** 18.92** 3.25** 5.58** 4.79** 5.99** 

cubic 11 1. 21 ** 1.44** 0.54** 1.04** 0.50** 0.50** 

quartic 10 0.11 0.22 0.07 0.20* 0.09 0.09 

quintic 9 0.10 0.20 0.07* 0.14 0.06 0.09 
-----" 
Pure 3036 23.59 39.35 

+ 
Error 1104 5.76 10.08 

1917 16.56 25.58 
========================================================================= 
b. Sum of squares lack of fit (lof) 
+ The pure error has been reduced to a 11 ow for missing values. 
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illustrates the incease in length and diameter of the data set from the 
fallen fruit. The final increase in fruit diameter did not occur in the 
fruit which had fallen by the 15th harvest. The confidence intervals 

show that the diameter was the most variable parameter. 

Vertical lines were drawn on the cummulative growth curves of Figure 6, 

at the points of maximum curvature, to indicate the transition zones 
between the ~ifferent stages of growth (Connors, 1920). Thus three weeks 
of Stage I were measured, while Stage II lasted approximately six weeks 
and Stage III five to six weeks. Looking at the RGR for length and 
diameter of the 75 fruit at each of 15 harvests (Figure 8) the objective 
estimates are slightly different. Stage II, as defined by the vertical 
bars, begins at approximately the 13 November and ends at the 10 

December. In this case five weeks of Stage I were measured, Stage II 
lasted four weeks and Stage III was six to seven weeks long. 

The weather information which was obtained from the Lincoln College 
Meteorological Station, sited less than 1 km from the trial site, is 
summarised in Appendix 5. The daily average wind speed was fairly 

consistent ranging from 1.2 m/s on the 23 December to 6.4 m s-1 on the 5 
Nove'mber. The maximum and mi nimum (screen) temperatures tended to 
increase as the season progressed with very few obvious extremes. The 10 
to 11 December was relatively ~old with a maximum and minimum temperature 
of 15.9 and 2.7°C repectively. The 13 January was particularly warm 
with a maximum temperature of 33.5 DC. Daily sunshine hours were erratic 
with the most intense periods being from the 24 October until the 2 
November and from the 20 November until the 14 December. During th~ rest 
of the season the sunshine hours per day fluctuated from zero on several 
days to 14.2 h on the 4 January. Precipitation was fairly high in the 
latter half of October through to the middle of November. The rest of 
November and December up until the 20 December was relatively dry. 
Precipitation was low again after the 8 January. Appendix 6 summarises 
the long term mean monthly values of maximum and minimum temperature, 
wind speed and precipitation for the period from October until January. 
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3.4 Discussion 

3.4.1 Fruit Drop -

The loss of 84.7% of the fruit sample over the 16 harvest period (Figure 
1) confirmed the need to start with a large fruit sample size when 

carrying out non-destructive growth measurements. Fruit drop levels of 
between 70% and 80% have been found previously in apricot fruit (Crane, 
1955) and peaches (Chalmers and van den Ende, 1975; Costa, 1983). If 

the initial sample size was too small there is a chance that none of the 
fruit selected would be present by the final harvest, or that the sample 
would become too small and unrepresentative. It is possible that this 

fruit loss was not a true indication of fruit drop as taking measurements 
may have influenced fruit drop (Beardse11, 1977). However on two 
occasions during the season an objective assessor surveyed the apricot 
trees and concluded that the number of fruit dropped to the ground was 
fairly similar under all trees, whether being measured or not. 

The available weather information was scrutinized for the time period 
under consideration to determine if any freak environmental factors may 
hav~ affected fruit drop or growth. There were no obvious extremes 
coinciding with or slightly preceeding changes in the pattern of fruit 
drop or growth (Appendix 5, Figure 1). 

The increase in fruit drop after the 8th harvest (3 December 1982) 
coincided with the common phenomena of December drop (Baird and Webster, 
1979; Li1ien-Kipnis and Larvee, 1971; Luckwi11, 1949). At this time 
there is competition for photosynthate between individual fruits and 
between fruit and vegetative growth. Hence 'surviva1 of the fittest' 
causes the less well adapted organs to fall. Li1ien-Kipnis and Larvae 
(1971) found that early abscising peach fruits were characterised by 
irregularities within the seed and in apples fruit drop is often 
associated with abortion of the developing embryos (Luckwi11, 1953). The 
size of the apricot fruit (Figures 2 and 3) show that the fallen fruit 
were smaller, probably due to abnormalities in the fruit structure 
and / or competition for available nutrients. 

December drop is usually not well defined in stone fruit (Chalmers and 
van den Ende, 1975; Costa, 1983; Crane, 1955) which is supported by the 
current observations. Figure 1 illustrates that for the apricot fruit in 
the 1981 to 1982 season the increased fruit drop lasted until 8 January. 
During this time the rate of fruit drop was constant at 27.8 fruit per 
week. 
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3.4.2 Fruit Growth -

As the quartic polynomial was statistically the 'best' fit for most of 

the data sets (Table 1) it was used for all sets. It seemed unreasonable 
that basically the same set of data should vary to the extent of 
requiring another order of polynomial to describe the cummulative changes 
represented. The inclusion of quintic curves would have made comparisons 
between data sets more difficult (Hunt, 1978, 1982; Hurd, 1977), 
especially of RGR. 

The classical double sigmoid curve of stone fruit growth (Bollard, 1970; 

Connors, 1920; Romani and Jennings, 1971) is apparent in all data sets 

for loge length and loge diameter. All the curves are slightly 
different, so which one best represents fruit growthn 

For the data sets terminating at harvest 15 and those terminating at 
harvest 16 the measurements for the remaining fruit, 75 and 46 
respectively, plus the mesurements for the fallen fruit, naturally equal 
those for all fruit. This situation exists for both length (Figure 2) 
and diameter (Figure 3). Thus as the fallen fruit were smaller than all 
the "fruit, both in length and diameter, especially after harvest 7 (26 
November), the fruit which remained until the last harvest were' slightly 
larger. Therefore the data sets consisting of all fruit were the sum of 
the survi vi ng fruit and the fallen fruit. 

The RGR for all fruit data sets however, showed a greater increase over 
this latter period from harvest 7 (26 November) for both length and 
diameter (Figures 4 and 5). This could be because from this time more 
fruit were dropping {Figure 1), hence the fruit which remained until the 
end were a greater proportion of the sample being measured. These fruit 
were noticably larger in length and diameter than the fallen fruit and 
thus as the season progressed the larger fruit would have a greater 
influence on the all fruit data set leading to a positive accentuation of 

the RGR. If the fruit which fell were a representative sample of the 
fruit being measured the RGR would not be affected, however the fallen 
fruit were smaller leaving the larger fruit to be assessed. Thus the 
greater increase in the RGR of the all fruit data set is not real but is 
due to a decrease in the proportion of small fruit upon which the RGR 
calculation is based. 

\ ~. 
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The RGR of the 75 fruit from 15 harvests or 46 fruit from 16 harvests is 
a more realistic indication of the increase in apricot length or 
diameter. These RGR's are based on fruit which did grow throughout the 
season and were not influenced by a biased, decreasing sample size. It 
was concluded that either of these data sets would be the most suitable 
to represent the increase in apricot fruit length and diameter (Figures 4 
and 5). 

The data sets terminating after 16 harvests indicate that the length and 
diameter of the fruit were still increasing (Figures 2 and 3 repectively) 
although Figures 4 and 5 show that the corresponding RGR's were 
definitely on the de'cline. Infact the length of the 46 fruit for 16 
harvests has a negative RGR indicating that growth was not occurring 
which was supported by the visible deterioration of the fruit over this 
last period. The data sets terminating at 15 harvests however, were only 

beginning, or in the case of all fruit from 15 harvests had not begun, 
the final decline in RGR (Figures 4 and 5). For this reason it was 
judged that the 15 harvest terminating point was biologically sounder for 
a I growth , experiment. Between this time and the 16th harvest the next 
stage, rapid deterioration or senesence, appeared to have begun. 

Another reason for drawing this conclusion stemmed from the fitted 
equations (Appendix 4). The data sets for length and diameter of all 

, 
fruit for 15 harvests gave equations with the same values for the 15th 
harvest as the 75 fruit for 15 harvests (Figure 6), (Appendix 3). As the 
equations were fitted to the same set of data for this harvest, all the 
fruit being 75 fruit in this case, it is an encouraging confirmation of a 
biologically sensible curve fit. For the data sets terminating at 16 
harvests no such relationship existed, the values for all fruit being 
slightly higher than those for 46 fruit (Figure 2), (Appendix 3). 

Considering these arguments the 75 fruit for 15 harvests was thought to 
represent fruit growth, length and diameter, most adequately. This 
eliminated the bias created by small fruit dropping which developed in 
the data sets consisting of all fruit and it avoided including the stage 
of rapid fruit deterioration which occurred between harvests 15 and 16. 
To obtain such a data set the experimental design and recording methods 
must allow for the identification of each individual fruit. If a 

'. 'particular fruit falls at any time during the period being studied then 
·'the dimensions of the fruit, collected previously, are not included in 

the growth analysis data set. 
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The double sigmoid growth patterns for the cummulative increase in length 
and diameter of apricot fruit were almost identical making the points of 
maximum curvature similar for both curves (Figure 6). The vertical lines 
on Figure 6 indicate the estimated points of maximum curvature and hence 
the transition zones between growth stages (Connors, 1920). However it 
is generally accepted (Bollard, 1970; Crane, 1969; Lilleland, 1932; 
Romani and Jennings, 1971) that Stage II of the double sigmoid growth 
curve is a time of little increase in fruit volume. The RGR's of the 
fruit dimensions (Figure 8), illustrate that the estimates of growth 
stages from Figure 6 may be making the plateau in cummulative growth too 
long. From Figure 8 a more realistic estimate of Stage II would last 
four weeks from harvest 5 (13 November) until harvest 9 (10 December) 
Considering the two estimates from Figures 6 and 8 Stage II may be from 
28 to 42 days long, more likely closer to the former. In Chapter 1 a 
number of examples of the length of different growth stages in stone 
fruit indicated that the length of Stage I and III are relatively 
constant while Stage II is variable and influences the fruit size and the 
time of ripening (Jackson and Coombe, 1966; Lilleland, 1932; Reid and 
Bieleski, 1974; Sandhu et Al., 1983) 

The third growth stage lasted somewhere between 36 to 40 days for the 
apricot fruit during the 1981 to 1982 season. The peaches measured by 
Lilleland (1932) showed a variable length of Stage III over five seasons. 
It ranged from 18 days in 1927 to 49 days in 1929. The length of Stage 
III in Golden Queen (Chalmers and van den Ende,· 1975) and Halehaven 
peaches (Bollard, 1970) was 55 days and 40 days respectively. This 
period of growth involves rapid expansion of the mesocarp and in other 
stone fruit it has been stated the fruit show their most rapid size 
increase (Bollard, 1970; Jackson, 1968). In this case the length and 
diameter of fruit increased more rapidly during Stage I (Figure 6) 
although during Stage III the fruit did have the greatest increase in RGR 
(Figure 8). 

As with- any growth data, that represented here is specifically relevent 
to the season under consideration as many factors like the environment 

and past and present crop loads combine to influence growth. This offers 
an overall fruit growth estimate but a more specific indication of fruit 
growth may only be obtained after many years (replicates) of similar 
growth data have been accumulated. 
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As the increase in apricot fruit length and diameter showed such similar 
cummulative growth curves it was probably not necessary to take both 
measurements if the growth data is only to be used for assessing growth 
stages. Both data sets are necessary if an insight into how the fruit 
grow is required. The apricot fruit increased more in length than 
diameter during Stage I although the rate of increase was similar for 
both dimensions over the latter part of this period (Figure 6). This 
Stage is complex as an increase in cell number, cell size and 
differentiation of tissues in the ovary wall occurs (Denne, 1963; 
Jackson, 1968; Nitsch, 1970). During Stage II little increase occurred 
in either length or diameter as this stage is generally charcterised by 
lignification of the endocarp and rapid growth of the endosperm and 
embryo. This activity is unlikely to alter the external dimensions of 
the fruit to any great extent. During Stage III the fruit became plumper 
as the diameter increased at a greater rate than the length due to rapid 
expansion of the mesocarp. 

, ! 
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CHAPTER 4 

ENDOGENOUS CARBOHYDRATE DETERMINATIONS 

4.1 INTRODUCTION 

The endogenous carbohydrates of the fruit are supplied from the leaves or 
from storage areas via the phloem or the xylem. This chapter is 
concerned with determining the quantitative and qualitative changes in 
carbohydrate levels in the fruit with time to determine any correlation 
with the changes determined in bark and wood tissues. 

4.2 MATERIALS AND METHODS 

4.2.1 Preparing Plant Material For Extraction -

Seven trees in the orchard were allocated for sugar determinations, 
(Appendix 1). At the following times during the 1981 - 1982 fruiting 

season, branch and fruit samples were obtained; 25 November, 8 December, 
21 December, 2 January, 14 January, 20 January and 28 January. At each 

sampli'ng time four of the seven trees were randomly selected and four 
fruiting branches were chosen from~each tree. A branch was considered 
suitable if it was greater than 500 mm long and carried four or more 
healthy fruit. From each branch four fruit and the stem, stripped of 
leaves, were taken back to the laboratory. Only four branches from one 
tree were taken to the laboratory at anyone time to limit the period 
between harvesting and placing the plant tissue in ethanol for 
carbohydrate extract inn. 

In the laboratory the flesh from the four fruit was chopped up with a 
scalpel and placed, with the stones in two 100 ml pomades containing 50 
ml of 70% ethanol. Later in the season when the fruit size increased two 
200 ml pomades containing 100 ml 70% ethanol were used. In all cases two 
fruit were placed in each pomade. 

The branches were prepared for sugar analysis in two different ways: 

4.2.1.1 Ethanol Extraction -

The bark including the cambium was stripped off two of the branches and 
rough ly chopped. The inner wood was then cut into 10 to 20 mm 1 engths. 
The bark was placed in one 100 ml pomade and the wood in another, each 
pomade containing 50 ml of 70% ethanol. 
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The 100 ml pomades containing plant parts were placed in a cool store set 
at 3 °c to allow ethanolic extraction of the sugars. 

4.2.1.2 Vacuum Extraction -

The remaining two branches were subjected to a vacuum to extract the 
xylem sap (Bollard, 1953). The basal 30 mm of each branch was stripped 
of bark and forced through a rubber bung. A selection of bungs, with 
varying diameter holes, was available so that a tight fit between the 
bung and branch could be achieved. The base of the branch was then recut 
to remove any pieces of rubber accumulated during the passage through the 
bung. 

The rubber bung was then fitted into the top of a 250 m1 vacuum 
filtration flask which contained a 50 mm x 15 mm glass clip top vial, 
supported in a bed of paraffin wax. The end of the branch fitted into 
the top of the small vial which collected the extracted liquid. After 
the vacuum (750 mm Hg) was applied the system was left untouched for 1 

minute, then 50 mm was cut from the apical tip of the branch every 30 to 
50 seconds. 

When less than 50 mm of the branch r~mained the vacuum was released and 
the remaining segment of wood discarded. Approximately 20 mg of 
polyvinylpyrrolidone (PVP) was added to the xylem sap collected in the 
small vial to prevent phenolic action. The extract was then capped, 
frozen and stored at -18°C, for subsequent sugar analysis. 

This process was also carried out at two additional times during the 
season, 13 November 1981, and 23 November 1981. 

4.2.2 Carbohydrate Determinations -

4.2.2.1 Sample Preparation -

Fruit, bark and wood samples were all treated similarly. Each pomade was 

shaken by hand and the tissue resubmerged in the ethanolic liquid before 
the level of the sample within the 100 ml pomade was marked on the 

outside of the jar with a marker pen. When the sample had been prepared 
for sugar analysis (see below) the liquid extract was decanted off, the 
volume measured and the tissue dried in the pomade. When dry the tissue 
was removed and weighed and the total volume of the sample, tissue and 
liquid, was estimated by filling the pomade with water up to the pen mark 
and measuring the volume of water in a measuring cylinder. 

.,.,-.".',",. -.-. ~-'.' -.-:" 
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Five ml of the liquid extract was removed from the 100 ml or 200 ml 
pomades using a5 ml Finpipette and placed in a centrifuge tube. To this 
1 ml of a saturated lead acetate solution was added to precipitate 
polybasic acids (Heatherbell, 1974; Kline, Fernandez - Flores and 
Johnson, 1970; Williams and Martin, 1967). The sample was centrifuged 
at 3500 r.p.m. for 5 minutes in a Wifug bench centrifuge. The 
supernatant was immediately decanted off into a 100 ml volumetric flask 
and made up to 100 ml with 100% methanol. A 5 ml aliquot of the solution 
was removed to a Quickfit test tube and 1 ml of a 1% trehalose internal 
standard solution added (See Section 4.2.2.2). This was rotary 
evaporated under reduced pressure until dry, using a Buchi-Rota vapor R 
with the sample slightly immersed in a Grant waterbath set at 40 °C. 
Once dry, 1 ml of 2.5% (w/v) hydroxyalamine hydrochloride in pyridine was 
added and the sample was partly submerged in a Grant waterbath, set at 
75 °C for 30 minutes, to oxime the sugars so as a single peak resulted 
for each reducing sugar (Brobst and Scobell, 1982). To silylate the 
sample 0.3 ml of hexamethyldisilazane (HMDS) was added using a 1 ml 
Finpipette followed by 0.1 ml of trimethylchlorosilane (TMCS) using a 
disposable needle and 1.0 ml glass syringe. After shaking the tube it 

, I 

was placed in a Grant waterbath set at 60 °C for at least 15 minutes. 

A preliminary experiment was carried out to determine the most adequate 
method of quantitatively estimating carbohydrates in the plant tissue, a 
description of whichlOccurs in Appendix 7. 

The PVP kept the vacuum extracted xylem sap clear enabling 1 ml of the 
sap to be made up to volume in a 10 ml volumetric flask. The 1 ml of 
trehalose standard solution was added to 5 ml of the sample and the 
silylating process progressed as previously described. 

4.2.2~2 Standards-

Standard 1% (w/v) carbohydrate solutions of sorbitol, fructose, glucose, 
sucrose and trehalose were made up in 100 ml quantities using 95% 
ethanol. Analar chemicals were used in all cases. One ml of the 1% 
trehalose solution was used as an internal standard for every sample. A 
mixture of 1 ml of each of the other four carbohydrates plus 1 ml of 
trehalose was silylated daily and run in the gas-liquid chromatograph 
(GLC) to check the column efficiency and the maintenance of constant, 
reproducible operating conditions. This standard carbohydrate sample of 
5 ml was prepared following the same routine as the plant tissue samples 
starting at the rotary evapouration stage. 
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Standard solutions of the following sugars, sugar alcohols and organic 
acids were made up in 50 ml (1%, w/v) quantities for the purpose of peak 
identification; arabinose, galactose, maltose, mannose, rhamnose, 
ribose, sorbose, xylose, arabitol, inositol, mannitol, ascorbic acid and 
glucuronic acid. The peaks from the tissue samples were identified by 
comparison with these authentic standards and by the technique of 
incremental sugar addition and rechromatography. 

4.2.2.3 GLC Conditions -

A Pye 204 GLC equipped with a single flame ionization detector was used 
to analyse the oximed, silylated sample to determine the amounts and 
types of various sugars and sugar alcohols present. The glass column was 
2.1 m long with a 4.0 mm internal diameter and contained 3% OV 17 on 
80/100 mesh, Chromosorb W HP. The packing was obtained from Applied 

Science Laboratories Incorporated. The gas flows were set as follows; 
nitrogen, 11 ml min-I; hydrogen 7 ml min- 1 and air 6 ml min-I. The 

injector and detector temperatures were 250 DC while the column 
temperature was programmed. The temperature programme was set to run at 
180 PC for 840 seconds, then increasing at 0.4 DC per second until the 
temperature reached 250 DC and remaining at this temperature for a 
further 840 seconds. The GLC attenuation varied from 8 x 103 for wood 
and xylem samples to 256 x 103'for fruit samples harvested late in the 
season. 

A Spectra-Physics Minigrator recorded peak ar~s and retention times, in 
seconds. No peak areas were measured during the first 150 seconds after 

which the baseline was reset. No record of peaks occurred during the 
rapid temperature increase, between 980 seconds and 1350 seconds, as at 
low attenuation particularly, a dramatic drift in the baseline occurred. 
The baseline was also reset after this period. Other temperature 
programmes tested showed no major carbohydrate peaks were detected during 
the period of baseline re-adjustment or at retention times after the 
selected programme had finished. The actual peaks were drawn on a 
Phillips PM8251 single-pen chart recorder which was run at a chart speed 
of 6 mOl min-I. 

One ~l of the silylated"sample was injected into the GLC using a 10 ~l 

glass syringe with a 50 mOl needle. The syringe and needle were rinsed in 
clean 100% pyridine after each injection. 

\. ~. 
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4.2.3 Calibrations And Calculations -

The concentration of each 
standard method (Spectra 
the following equation: 

sugar was calculated using the internal 
Physics Minigrator Instruction Manual) using 

IS Peak Area 
cal 

S Peak Area 

CONC = SF * --------------- * IS Peak Area 
anl 

-------------- * S CONC S Peak Area cal 
anl cal 

where 
CONe concentration of carbohydrates in standards 
SF sample dilution factor 
IS internal standard 
cal areas from calibration run of standards 
anl areas from sample being analysed 
S the sugar being determined 

(10 ) 

The resulting concentrations were then adjusted to eliminate variation in 
sample size, where possible. The values were multiplied by the total 

vol~~e (liquid and tissue) giving the total mg of each sugar for each 
sample and these were divided by the tissue plus soluble carbohydrate dry 
weight giving mg sugar per g dry weight (DW) of sample (mg g DW-l). 

Using these values for each sugar measured at each harvest the mean, 
standard error and confidence limits or least significant differences 
were calculated. ) 
For the data from the vacuum extracted xylem sap, where no tissue weight 

was available, the mg sugar per ml of extracted sap (mg ml- 1) was 

calculated. 

4.3 RESULTS 

Figure 9 is a chart record of the peaks from the standard mixture 
containing sorbitol, fructose, glucose, sucrose and trehalose. The 
retention times are presented underneath each peak. Figure 10 is a 
similar record of the peaks produced by a fruit sample from the second to 
last harvest (21 January). Both Figures 9 and 10 show sorbitol at an Rf 
of approximately 0.39, fructose at 0.43, glucose at 0.54 and sucrose at 
an Rf of 0.89, relative to the trehalose internal standard. Although 
glucose, fructose, sucrose and sorbitol were the only sugars measured 
quantitatively other sugars were identified in the fruit (Appendix 8). A 
peak consistently came off at an Rf of approximately 0.24 which was 
probably arabinose and / or xylose. These two sugars were not separable 
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when authentic standards were run together. A peak at Rf 0.28 (Figure 
10) was thought to be rhamnose and another at Rf 0.60 was positively 
identified as glucuronic acid. Appendix 8 lists the mean retention times 
and relative Rf values of all sugars, sugar alcohols and organic acids 
run during the identification process. 

4.3.1 The Bark -

Figure 11 is a plot showing the changes in the soluble carbohydrate 
composition of the bark from the 25 November until the 28 January. The 
glucose, fructose and sucrose levels were fairly constant over the entire 
period. A significant decline in fructose occurred after the second 
harvest, 8 December, after which the level did not reach the original 
fructose level of the first harvest, 34.6 mg g OW-I. Glucose was 
consistently higher than fructose throughout the season with the level 
rising significantly between the 20 January and the 28 January to a peak 

value of 63.0 mg g DW-l (Figure 11). The level of sucrose was minimal, 
the highest being 10.6 mg g OW-Ion the 20 January, with no significant 
difference occurring throughout the season • 

• 1 

Sorbitol was the dominant sugar in the bark, the level being at least 1.5 
to 2 times higher than glucose at all times (Figure 11). There was a 
significant increase in the sorbitol level between the 25 November and 8 
December. The level then plateaued over the next two harvests, until the 
2 January, after which a definite increase occurred followed by a 
dramatic fallon the 20 January. T~e general increasing trend was 
resumed at the last harvest on the 28 January (Figure 11). 

The transition between Stage II and Stage III of fruit growth, between 
the 8 and 21 December (Figure 8), occurred at a time when sorbitol, 
glucose and sucrose levels were relatively constant and fructose was 
decreasing significantly, although not dramatically (Figure 11). 

4.3.2 The Wood -

Measurement of wood sugars proved most variable (Figure 12). Once again 

glucose levels were consistently higher than fructose, although the 
progression of both was almost identical. There was a significant 

decline in both sugars after the 8 December which returned to the 
previous levels after the 21 December. Both sugar levels increased after 
the 14 January although only fructose showed a significant increase 
(Figure 12). Very little sucrose wa's measured in the wood, the highest 
level being 2.6 mg g DW-l on the 14 January although at the final harvest 
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on the 28 January there was a similar value. 

Sorbitol was the main carbohydrate in the wood. The level was consistent 
throughout the season, perhaps showing an increasing trend after the 2 
January leading to a peak of 43.0 mg g DW- 1 on the 28 January (Figure 

12) • 

All the four sugars were decreasing in the wood tissue at the time when 
the fruit was changing from Stage II to Stage III (Figures 8 and 12). 

Figure 13 illustrates the carbohydrate changes in the vacuum extracted 
xylem sap. The confidence limits were not presented as the variation was 
of such a magnitude that no significant differences occurred between the 
individual sugars within a harvest or from one harvest to another. 
However the general ratio of sugars was similar to that found for the 
wood carbohydrates, sorbitol being the major contributer with glucose and 
fructose being the next highest, their progress during the season being 
similar. One difference was in the sucrose level which was considerably 
higher in relation to the other sugars, at times exceeding the fructose 
level. The fluctuations in all sugars measured appear more dramatic in 
the xylem sap. This could be as they were represented on a different 
scale to the ethanolically extracted carbohydrates (Figure 12). 

4.3.3 The Fruit -

As the fruit ripened there was a definite increase in sugar levels 
(Figure 14), however during the first tw~ harvests, 25 November and 8 
December, all sugar levels were constant. The sorbitol and glucose 
levels then decreased significantly on the 21 December. Glucose, 
fructose and sorbitol started to rise significantly after this harvest 
but sucrose did not start increasing until after the 2 January harvest. 
The major period over which sorbitol, fructose and glucose levels rose 
was between the 21 December and the 14 January when they reached peaks of 
146.0, 322.9 and 403.5 mg g DW-l respectively. Sucrose levels were 
minimal, less than 5.3 mg g DW-l, until the 2 January after which the 
level increased rapidly over a short period (Figure 14). The main 
increase in sucrose occured after the 14 January when the other three 
sugars had begun to decrease, and apparently it was still increasing when 
the last harvest was taken on the 28 January. At this stage the sucrose 
level was 502.5 mg g DW-l (Figure 14), and the fruit were in an over-ripe 
state. 
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The increase and decrease of glucose was mimicked by fructose with 
glucose being consistently higher. The sorbitol pattern was also 
similar, although in this case the rise and fall was less accentuated and 
the overall levels were lower. 

The major increase in glucose, fructose and sorbitol occured one to 1.5 
weeks into the third stage of fruit growth (Figures 8 and 14), while the 
increase in sucrose occurred during the final period of the third growth 
stage. 

4.4 DISCUSSION 

4.4.1 Factors Influencing Carbohydrate Levels -

The quantities quoted in Figures 11, 12, 13 and 14 are mean values of a 
number of replicates collected at each harvest. The variation between 
replicates and between each harvest could be natural variation but is 
influenced by a number of factors and consideration should be given to 
the following possibilities. Carbohydrate levels vary with the time of 
day at which samples are taken and the position within the plant which is 
sampled. Mason and Maskell (1928) showed that the concentration of 
carbohydrates in the bark of cotton plants (Gossypium hursutum L.) 
increased during the day as photosynthates were exported from the leaves 
in the phloem. The increase in sugar concentration in the bark followed 
that in the leaves and was not seen in the woody tissue. Chalmers et ~. 
(1975) showed there were three distinct layers in a peach tree, the lower 
layer requiring imports of carbohydrates from above, the middle layer 
being self sufficient and the top layer supplying imports to the lower 

layers. In McIntosh apples the mg g DW-1 of each sugar varied between 
fruits on spurs and those on standard branches, the spurs showing 
consistently higher levels (Ismail, Taper and Chong, 1980). Gradients in 
concentration of different xylem solutes have been demonstrated from the 
base to the tip of woody apple stems due to selective exchange between 
the ascending xylem stream and the adjacent cells (Cooper, 
Hill - Cottingham and Shorthill, 1972). The xylem fluid composition also 
varies with plant age and the plants nutritional state (Pate, 1976). 

4.4.2 Carbohydrates In The Bark And Wood Tissues -

There ;s very little similar work on apricot trees with which the data in 
the present study can be compared however the values reported tend to 
confirm that sorbitol is the major form of translocated soluble 
carbohydrate (Figures 11, 12, and 13). There was an increasing trend of 
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sorbitol in the bark and the wood tissues throughout the season and this 
was also found when the sorbitol content of extracts of apple leaf discs 
was measured from July until December by Avery et~. (1981). In their 
experiments the increase was found to be lower in fruiting than defruited 
trees. The fact that sucrose was less than 10% of the sorbitol level in 
the bark at all stages during late fruit (Figure 11) development supports 
the findings of Reid and Bieleski (1974). However, some examples of the 
carbohydrate levels determined in the bark or phloem tissues of apple 
stems, presented in Chapter 1, suggested that the sucrose level in the 

bark of this species was higher than the glucose and fructose levels. 
Sorbitol was the predominant form, with the sucrose level being about 
half to one quarter the sorbitol level and glucose and fructose being 
present at lower concentrations (Bieleski, 1969; Grant and ap Rees, 
1981; Steenkamp et ~., 1982). The lower concetration of sorbitol in 
the wood, than in the bark tissue (Figures 11 and 12) is not suprising, 
nor is the corresponding reductions for the hexose sugars and sucrose. 
Previous workers have shown that in the wood sugars are present at much 
lower concentrations (Anderssen, 1929; Bollard, 1958; Hansen and 
Grauslund, 1973, 1978) with sorbitol the main form detected in apple tree 
wood (Bieleski, 1969; Williams and Raese, 1974). In apple tree wood the 
level of sucrose was about a quarter of the sorbitol level while glucose 
and fructose were minimal (Bieleski, 1969). 

One of the limitations of the present data is the difficulty in 
determining what proportion of the extracted carbohydrate was actively 
moving in the transporting cells, or was in temporary or more permanent 
storage in non-conducting cells. For example the bark in most tree 
species is dominated by non-conducting cells (Peel, 1974) therefore the 
buffering capacity of these cells could account for the relatively 
constant levels found for individual carbohydrates in the bark during the 
experimental period. While a higher perc~age of cells in the wood are 
dead and available for translocation activity, compared to the bark, 
(Esau, 1964) the consistency of sugar levels in the ethanolic extracts at 
all harvests is only an indication of the dynamics of carbohydrate change 
during fruit growth. However the qualitative similarities between 

ethanolic and vacuum extracts (Figures 12 and 13) are encouraging. The 
nature of the present experimental approach, and that of many other 

workers, is to take a series of single measurements over time that do not 
fully identify the dynamics of change. More particularly in the context 
of the present study they do not determi ne if the four carbohydrate 
fractipns are present in the conducting cells of the phloem and if so if 
they are moving in the same direction with similar values for specific 
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mass transfer. As Canny (1975) has pOinted out such information is 
crucial to the understanding of carbohydrate transfer between sources and 
sinks in whole plants. 

4.4.3 Carbohydrates In The Wood And Xylem Sap -

Vacuum extraction does not appear to be a suitable method to assess 
carbohydrate levels in the xylem of apricot trees. The volume of sap 
collected rarely exceeded 2 ml making the working sample very small, 
which is thought to be why the carbohydrate levels measured were so 
variable (Figure 13). Bollard (1953) suggested that using vacuum 
extraction techniques it was possible to extract up to 25% of the total 
moisture from the wood of woody species. Using 1 m long branches from 
sour cherry trees (Prunus cerasus L.) Bielenin and Malewski (1982) 
obtained 10 ml of xylem sap using this technique. 

It is not possible to compare the absolute values of each carbohydrate in 
the wood and xylem sap as the wood values were calculated on a per gram 
basis while the xylem sap values were on a per ml basis. However it is 

possible to compare the relative levels of each carbohydrate. The 
, I 

relative quantities of sorbitol, glucose and fructose were similar when 
extracted by vacuum or from the wood via ethanolic extraction methods 

(Figures 12 and 13). The sucr?se levels were relatively high in the 
vacuum extracted sample, perhaps indicating that the sucrose was in the 
wood thoughout the season as a translocate, not as a storage product. 
There is little doubt that sorbitol is the main carbohydrate in the wood 
(Figures 12 and 13) however sorbitol in the xylem sap tended to decrease 
after the 21 December (Figure 13) while in the-wood tissue the trend was 
increasing (Figure 12). This may mean that in the wood sorbitol was also 
a storage form of carbohydrate. The cells of the wood tissue which were 
not actively transporting solutes may preferentially take up sorbitol as 
a permanent or temporary form of storage material. A similar argument 
could be put foreward for glucose as in the wood tissue the glucose 
levels were constant from the 21 December however in the xylem sap the 
concentration was decreasing. The fructose level was fairly constant in 
both the wood and xylem sap over the harvest period (Figures 12 and 13). 
The identification of glucose and fructose in the xylem sap (Figure 13) 
and the ethanolic extract (Figure 12) indicates that these hexoses may be 
translocated in the xylem. 
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Bollard (1953) investigated whether a vacuum extracted sample was 
representative of xylem solutes and found removal of all tissue external 
to the xylem before sap extraction made no difference to the quantity or 

composition of the sap from apple trees. He also found ethanolic 
extraction of the wood led to large quantities of sugars in the extract 
whereas in the vacuum extracted sap sugars were nearly always absent, 

except in low concentrations at blossom time (Bollard, 1958). He 
concluded that the composition of the extracted sap was not markedly 
affected by the contents of living xylem cells. In the present study 
carbohydrates were detected in the xylem sap which strongly suggests they 
are commonly transported in the xylem. Problems do exist with the vacuum 
extraction method as damaged cells may yield solutes to the bleeding sap 
(Pate, 1976) and solutes maybe released from compartments other than the 
xylem elements (Morrison, 1965). The magnitude of the vacuum applied and 
the anatomical nature of the tissue probably determines whether these 
problem are serious (Pate, 1976}. 

4.4.4 Carbohydrates In The Fruit -

Up until the 14 January glucose was the main soluble carbohydrate in the 
apricot fruit, followed by fructose, sorbitol and sucrose (Figure 14). 

After this time all the soluble carbohydrates decreased except sucrose 
which increased to a level' equivalent to glucose on the 20 January. 
Thereafter sucrose continued increasing while glucose, fructose and 
sorbitol continued decreasing. The commercial harvest time began on the 
20 January (Chapter 3) at which time the sucros~level was 297.3 

mg g DW- 1, and glucose, fructose and sorbitol were 300.4, 210.0 and 92.1 
mg g DW-1, respectively (Figure 14). In determining the concentration of 
sugars in the fruit, and other tissues, the weight of the dry matter in 
the ethanolic extract was calculated as the total amount of carbohydrate 
extracted plus the residual tissue after decanting off the liquid 
fraction. It is to be expected that this would slightly underestimate 
the total weight of tissue and contained solutes thus leading to minor 
overestimates in the concentration of soluble carbohydrates (Appendix 7). 
However the carbohydrate levels found in the fruit (Figure 14) were 
similar but not the same as the levels found in other fleshy fruits of 
sorbitol translocating plants. In Moorpark apricots glucose, sorbitol 

and fructose levels were all fairly constant throughout the season at 
10%, 3% and 2% dry weight respectively (Reid and Bieleski, 1974). 

Sucrose was not detectable until 15 weeks post blossom after which it 
increased to 30% dry weight before the fruit were harvested. In the 
present study the level of reducing sugars and sorbitol were therefore 
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significantly higher {Figure 14}. In the Japanese apricot {Prunus 
~ Siebe et Zucc}, on a fresh weight basis the glucose, fructose and 
sorbitol levels rose at the end of December but the glucose levels were 
higher, reaching 4.5 mg g-1, than the fructose levels which reached 
3 mg g-1 (Inaba and Nakamura, 1981). The sorbitol level rose to 2 mg g-l 
while sucrose began to rise early in December and reached 7 mg g-l by the 
time the fruits were harvested. This increase was not as rapid as was 
found in the present study (Figure 14). In spur grown McIntosh apples 
sorbitol and fructose peaked at 21.8 mg g-l and 418.4 mg g-l dry weight 
respectively, about three quarters of the way through the fruit 
season while glucose peaked later at 246.0 mg g-l dry weight 
et ~., 1980). The sucrose levels never exceeded 9.4 mg g-1 dry 

growing 

(I smail 
weight. 

Hence as in the apricot, glucose and fructose were the dominant sugars 
throughout the season however the rapid increase in sucrose observed in 
the present experiments (Figure 14) did not occur in the apple. In ripe 
Golden Delicious and Jonagold apples fructose was the dominant sugar at 
4.26% and 4.42% fresh weight respectively with glucose as 2.83% and 
3.37%, sucrose at 2.62% and 3.18% and sorbitol 0.40% and 0.76%, fresh 
weight respectively (Rouchaud et ~., 1983). In contrast in pear fruit 
sorbitol was the main sugar increasing from 160 mg g-l to 240 mg g-l dry 

weight over the season (Watts and de Vi11iers, 1980). In Santa Rosa 
plums glucose and fructose w~re predominant with glucose being the 
highest and both increased smoothly over the season (de Vil1iers and 
Meynhardt, 1972). The sorbitol level was much less but also increased 
smoothly over the season while sucrose remained relatively constant and 
at a low level. However in a study of 11 cu1tivars, the major sugar in 
ripe plums was sucrose which accumulated rapidly during the last few 

weeks before harvest while glucose and fructose decreased (Vangda1, 
1982). During maturation glucose and galactose were the main sugars 

although arabinose, xylose, mannose, maltose, arabitol, xy1ito1 and 
inositol were also identified. The levels of glucose, fructose and 
sorbitol were fairly constant during the season at 100 mg g-l, 80 mg g-l 

and 60 mg g-l, dry-weight respectively. 

Unlike some of the species discussed above sucrose makes a major 
contribution to the total amount of carbohydrate in the apricot fruit 
towards the end of the fruiting season (Figure 14). It is generally 
known as 
source of 
Pont is, 
synthetase 

an important form of storage carbohydrate providing a ready 
fructose and glucose for synthesis and energy (Garner, 1976; 
1977). Sucrose synthesis, catalysed by sucrose phosphate 

requires glucose and fructose, the levels of which peaked in 
the fruit prior to the major increase in sucrose {Figure 14}. Between 
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the 14 January and the 20 January when sucrose increased to 297.3 

mg g DW-1 the quantities of glucose and fructose in the fruit dropped 
significantly, both by approximately 105 mg g DW-1, indicating that the 
sucrose accumulation was associated with synthesis from glucose and 
fructose within the fruit tissue rather than due to a massive increase in 
imports. This is in contrast to the conclusion of Reid and Bieleski 
(1974) that the fructose and glucose levels within the apricot fruit were 
not of a sufficient level to be responsible for the sucrose increase 
observed. 

4.4.5 Stem Carbohydrates In Relation To The Fruit -

In the bark and wood tissues sorbitol was dominant, followed by glucose, 
fructose and then sucrose (Figures 11 and 12). The results obtained in 
these experiments support the suggestion of Bieleski (1982) that tissues 
which are actively utilising carbohydrate contain less than 15% of the 
soluble carbohydrate as sorbitol while photosynthetic and transporting 
tissue have sorbitol forming 60% to 80% of the soluble carbohydrate. The 
carbohydrate levels in the stem tissues rise and fall '(Figures 11 and 12) 
and; the significance of this in relation to the accumulation of 
carbohydrate in the fruit depends on the mechanism of carbohydrate 
unloading into the fruit. If a concentration gradient into the fruit 
cells is maintained (Geiger, 1980) for whichever carbohydrate(s) are 

accumulated then a rise in the specific carbohydrate level in either the 
wood or bark tissue may indicate more of the carbohydrate is available to 
the fruit. The amount of carbohydrate available to the fruit being 
directly related to the concentration and rate at which the carbohydrate 
diffuses out of the phloem or xylem (Geiger, 1980). However if the 
carbohydrate(s) concerned are selectively loaded into the fru~t tissue a 
decrease in the level of carbohydrate in the bark or wood tissue may 
indicate greater selective removal of the carbohydrate by the fruit. As 
there were only four major carbohydrates identified in the fruit (Figure 
14), bark (Figure 11) and wood (Figure 12) and the relative 
concentrations of these four carbohydrates were considerably different in 
the fruit tissue when compared to the bark and wood tissue it seems 
unlikely that all four forms enter the fruit tissue by a diffusion 
mechanism. It is possible that the diffusive fluxes for each 
carbohydrate are different and under different control mechanisms 
although studies in the apple (Beruter and Kalberer, 1983; Hansen, 1969, 

1979) and the grape (Coombe and Matile, 1980) suggest it is more likely 
that one carbohydrate form, or more, are selectively removed from the 
free space in the vicinity of the fruit. Within the fruit sugar 
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conversion occurs resulting in the qualatative differences illustrated in 
Figure 11, 12 and 14. However if this is the case what happens to the 
carbohydrate which is not selectively loaded into the fruit but which has 
reached the dead end location of the peduncle-fruit interfacen The fact 
that the fleshy fruit has often been reported as a strong sink (Bollard, 
1970; Coombe, 1976; Hansen, 1967a; Kriedemann, 1968) indicates that in 
some way its presence must regulate the carbohydrate which is supplied. 
Such a complex system is likely to be selective and in fact evidence of 
active accumulation of glucose in compartments of isolated tissue of 
grape skin was presented by Coombe and Matile (1980). Sorbitol uptake by 
apple discs showed saturation characteristics and was inhibited by the 
presence of competing sugars (Beruter and Kalberer, 1983). They 
concluded a carrier mediated system must be involved for sorbitol 
transport and their findings indicated it was located at the tonoplast. 
Obviously this area of fruit development is not well understood and the 
answers to this discussion cannot be resolved by consideration of the 
experiments detailed in this chapter. However it is necessary to 
interpret the significant increases and decreases of carbohydrates within 
the stem tissues and to do this their possible relationship with 
acc~mulation of carbohydrate in the fruit required examination. 

The first period of interest is between the 8 December and the 21 
December when the transition from fruit growth Stage II to Stage III 
occurred (Figure 8). In the fruit the overall level of soluble 
carbohydrate was decreasing at this time (Figure 14). Moving into Stage ( 
III indicates an increase in fruit size was occurring (Figure 6) which 
may indicate imported carbohydrates were predominantly used for 
structural purposes. A significant decline in wood glucose and a similar 
decline in bark and wood fructose levels occurred at this time (Figures 
11 and 12). In the wood both hexoses had returned to their previous 
level by the following harvest (2 January), (Figure 12) although it is 
possible a greater demand for fructose and glucose by the fruit caused 
the temporary decline. The resumption of size increase of the fruit may 

have placed a greater demand on the xylem hexoses. 

The fructose level in the bark was slightly less throughout Stage III 
than during Stage II (Figure 11). This may be because fructose was 
consistently removed by the fruit or other sinks. The decrease in bark 
fructose was slight (Figure 11) and tended to fluctuate which does not 

provide positive evidence in favour of this suggestion. 
. or. 
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The next period during which significant changes occurred in the 
carbohydrate level of the bark and wood tissue was between the 14 January 
and the 20 January which coincided with the time when sucrose began to 
increase rapidly in the fruit (Figure 14). A dramatic decrease in 
sorbitol in the bark of nearly 33 mg g DW-1 (Figure 11) and an increase 

in fructose in the wood (Figure 12) occurred at this time. As mentioned 
previously the corresponding decline in glucose and fructose levels in 
the fruit coincided with the large increase in sucrose in the fruit 
(Figure 14) and was associated with sucrose synthesis within the fruit 
tissue. Therefore the significant changes which occur in the bark and 
wood tissues are difficult to explain. The decrease in sorbitol in the 
bark was temporary as the level had fully recovered to the previous value 
by the following harvest on the 28 January (Figure 11). It is unlikely 
that this sorbitol decrease was related to the increase in sucrose in the 
fruit as Reid and Bieleski (1974) found little 14C assimilated in nearby 

leaves was recovered from nearly ripe apricot fruit, indicating that the 
phloem did not supply the necessary carbohydrates. It could be that the 
increase in fructose in the wood is directly related to the decrease of 
sorbitol in the bark but the magnitude of both carbohydrates is quite 
difterent "(Figures 11 and 12) and the significance of such a transfer is 
difficult to comprehend. 

A significant increase in bar~ glucose occurred after the 21 December 

(Figure 11) at a time when the fruit were mostly over-ripe which may / 
indicate that less glucose was being accumulated by the fruit. Within 
the fruit, sucrose was still accumulating rapidly while glucose and 
fructose were decreasing at a lower rate than before (Figure 14). It 
therefore seems more likely that during this deterioration period an 
increase in hexoses in the fruit would be required to maintain sucrose 
synthesis. 

Although the data were extremely variable, the level of sucrose in the 
vacuum extracted xylem sap and the wood rose from the 21 December until 
the 14 January after which it declined (Figures 12 and 13). It is 
conceivable that the decline was due to a selective removal of sucrose 
from the xylem sap by the fruit. However the decline being considered 

was only from 0.9 mg ml-1 to 0.4 mg ml-1, or 2.6 mg g DW- 1 to 0.7 

mg g DW- 1 and the significance of this cannot be judged unless the rate 
of xylem flow is also known. The total volume of xylem sap available to 
the fruit, as well as the concentration will determine the amount of a 
specific carbohydrate that is available to the fruit. Also, as sucrose 
declined the level of glucose and fructose increased (Figures 12 and 13) 

- .;:-
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which may indicate the breakdown of sucrose in the wood to its 
constituent hexose sugars at this time. 

The relative concentration of carbohydrates within individual tissues and 
their fluctuations during the season are illustrated by these results 
although they do not completely investigate the differential 
interconversion of carbohydrates in uistinct tissues. The actual 
dynamics of carbohydrate change between tissues are not indicated but 
would be of great benefit in understanding the development of apricot 
fruit. 
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CHAPTER 5 

RADIOACTIVE TRACER STUDIES 

5.1 Introduction 

The fruit is the reproductive organ of fruit trees providing protection 

and in some cases nutrients to the developing seed(s) within the fruit 
flesh. The effect of fruit growth on the growth of other plant organs 
and tissues has frequently been studied in pip fruit such as apples 
(Hansen, 1967a, 1967b, 1967c, 1970a, 1971a, 1971b, Maggs, 1963; 
Priestly, 1962a, 1964; Priestly and Murphy, 1980; Steenkamp et.al., 
1982) and stone fruit such as the peach (Chalmers and van den Ende, 1975, 
1977; Costa, 1983; Romani and Jennings, 1971) and apricot (Reid and 
Bieleski, 1974). 

In all but the apricot it has been illustrated using radioactive tracers 
that fruit are dominant sinks for current assimilates and the proximate 
leaves generally supply the associated fruit (Gifford and Evans, 1981; 
Hansen, 1967a). If this supply is not sufficient assimilates maybe 
t ra'nsported from other areas of the branch or from other branches to 
support the developing fruit (Hansen, 1969). In apricot however Reid and 
Bieleski (1974) found little 14C02 labelled assimilate entered nearby, 

'. 
near-ripe fruit and concluded that the carbohydrates accumulated by the 
fruit must come from areas lower in the stem, either upward in the phloem 
or in the xylem. 

This suggestion prompted the following radioactive studies which involved 
the application of 14C - sorbitol or 14C - sorbitol plus 3H - sucrose 
solutions to the stem of small apricot branchlets which were supporting 
developing fruit. 

5.2 Materials And Methods 

5.2.1 Radioactive Sorbitol And Sucrose Solutions -

The D - [U - 14C]sorbitol had a specific activity of 333 mCi mmol- 1, a 

molecular weight of 193 and a radioactive concentration of 200 pCi ml- 1• 
It was supplied by Amersham International Limited as an aqueous solution 
containing 3 % ethanol. 400 pl was made up to 5 ml with distilled water 
for the stock solution, Which was calculated to have a radioactive 
concentration of 1 pCi in 55 pl. 

\. '. 
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The [6,6 1 (n) - 3H]sucrose had a specific activity of 9.8 Ci mmol-1, a 
molecular weight of 342 and a radioactive concentration of 1 mCi ml- 1• 
It was supplied by Amersham International Limited as an aqueous solution. 
On acid hydrolysis this labelled sucrose yielded D - [6(n) - 3H]glucose 

and D - [6(n) - 3H]fructose containing 55% and 45% of the total activity, 
respectively. 

In the dual label experiments using 14C - sorbitol and 3H - sucrose a 
solution was prepared that contained equal activities of both isotopes to 
give a total radioactive concentration of 1 vCi in 27.5 vl. Unlabelled 
sucrose was added (4.36 x 10-4 mg vCi-l), to equalise the radioactive 
specific activities of sucrose and sorbitol. 

5.2.2 Stem Labelling The Trees And Harvesting -

Seven trees at the Lincoln College Horticultural Research Area were 
chosen randomly (Appendix 1) for the five single labelled experiments 
carried out on the 19 November, 15 December 1981 and the 1 January, 13 
January, 25 January 1982. These same trees were used for the dual 
labelled experiments carried out on the 2 December 1981 and the 18 

, I 

January 1982. At each experimental time four trees were randomly 
selected and from each tree two branchlets from different major branches 
were labelled with plant naming labels. For selection the branch had to , 
be a single stem of between 150 mm to 400 mm in length, carrying at least 
two fruit. No major branch was used again in subsequent experiments. A 
small section of wood, approximately 10 mm x 5 mm, was exposed at the 
base of each branchlet by removing the bark and cambium using a scalpel. 
A 2 mm diameter hole was drilled in the exposed wood to a depth of half 
to three quarters the diameter of the branchlet using a pinvice and drill 
bit. Sawdust was blown from the hole and a pasteur pipette was inserted 
(Plate I). This was self supportive and lanolin was smeared around the 
base of the pipette covering all exposed wood and preventing potential 

\ 

1 eaks. 

Two hundred vl of distilled water was injected into the top of each 
pasteur pipette and leaking or blocked apparatus were replaced on newly 

selected branches. Once all the water had entered the branchlet through 
the pipette 4 vCi of 14C - sorbitol or 4 vCi 14C - sorbitol plus 4 vCi 
3H - sucrose in 220 vl of solution was injected into the top of each 
pipette. The pipettes were usually empty within an hour of the 
radioactive application and a rinse of 100 vl distilled water was 
injected into the pipette to wash any remaining tracer through. The 
pipettes were then removed and the resulting holes completely covered 

\ '":'c. 
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Plate 1 A glass pasteur pipette was inserted into an apricot branchlet 
below the developing fruit. Radioactive solutions were injected 

into the pipette and entered the branchlet. 
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The dual labelled experiments were counted on a Phillips Liquid 
Scintillation counter (PW 4700) for ten minutes each sample. This 
counter was automatically programmed for two channel counting, 3H and 
14C, producing a DPM for each isotope (Phillips Liquid Scintillation 
Counter Operating Manual). 

5.2.4 Identification Of Radioactive Compounds -

Radioactive carbohydrates were separated using paper chromatography. Two 
ml of the samples in 20 ml vials or 5 ml of the samples in 100 ml pomades 
were blown down with a stream of nitrogen, eight at a time, to remove the 
ethanol and then freeze dried to remove the water. To the dried extract 
200 ~l of 70% ethanol was added to resuspend the radioactivity. Twenty 
~l, 5 ~l at a time was then spotted using a 5 ~l Finpipette, along the 
origin of a Whatman's Number 1 filter paper strip which was 550 mm long. 
The spots were dried off between each 5 ~l application using a stream of 
cool air. The filter pa'per strips were run using descending 
chromatography in a solvent of methyl ethyl ketone, acetic acid and 
saturated water with boric acid (6.0 g in 100 ml distilled water), at a 

ratio of 9:1:1 (v/v/v) for four to five hours (Hansen, 1967a; Webb and 
Burley, 1962). When removed from the tank the solvent front was marked 
before the strips were hung upside down in a sheltered cupboard to dry. 
The strips were then joined together using Scotch tape and run on a 
Packard Radiochromatogram Scanner fitted with a chart integrator to 
identify the location and size of the peaks of radioactivity. The 
Scanner had a 2 mm collimation width and was set with a time constant of 
30, a linear range of 100 or 300 CPM and a chart speed of 10 mm min-I. 

From the chart output representing the peaks of radioactivity the 
retention factor (Rf) and an approximation of peak CPM were calculated 
using the following equations: 

Rf = 

CPM = 

where 

AIU 

distance to middle of peak base 
distance to solvent front 

AIU strip speed 
* linear range * ----------------1000 collimation width 

= actual integration units 
-1 

= peak IU - ( background IU mm * peak width (mm)) 

(11 ) 

(12 ) 
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To identify the peaks on the dual labelled chromatography strips and on 
some single labelled strips of low DPM 14C the strips were cut into 5 mm 

pieces, the first of which straddled the origin. Each piece was roughly 
cut in half before being placed into a scintillation vial containing 
10 ml of Brays Scintillation cocktail (Appendix 9). The samples were 
left at room temperature for at least five hours before being counted on 
the Phillips Liquid Scintillation Counter for ten minutes each. A 
similar method of counting the radioactivity on a solid support was 
recommended in the Phillips Liquid Scintillation Counter Operating 
Manual. The resulting DPM were graphed by hand to determine the middle 
of the peak base to calculate the Rf values and the peak size was 
calculated by adding up the DPM of the strip sections which contributed 
to the peak. 

5.2.5 Data Calculations And Statistical Analysis -

The DPM of the radioactive samples of each experiment were adjusted using 
the total liquid volume of the appropriate sample to obtain the total DPM 
of each sample. As the total amount of radioacivity which was detected 
in .~ach experimental branch was variable it was used to calculate the 
percent total DPM for each branch fraction. This provided one set of 
data and another was calculated from this by dividing the percent total 
DPM per fraction by the fraction weight giving the percent total DPM g-l 

and an indication of the specific activity within each branch fraction. 

For the single labelled experiments both sets of data were statistically 
analysed by partitioning the sum of squares (SS) for treatments into 
mutually orthogonal single degree of freedom (df) comparisons (Chew, 
1976). Thus the sum of the products of the corresponding coefficients in 
all comparisons was zero. The nine treatment df were partitioned into 
single df as illustrated in Table 2. Only three of the four time df were 
partitioned using the comparisons set out in Table 3. These contrast 
coefficients are also mutually orthogonal but are not integers because 
they are weighted to compensate for the unequal time distribution and 
then normalised to reduce their numerical value thus simplifying the 
mathematics involved. 

When the interactions between time and treatment comparisons were 
significant the appropriate polynomial equation was fitted to the 
observed values using 'least squares' regression analysis techniques. 

;'.---

- '.', -:- :-:-r, ,-,-

, , ,,""-.~, f - - '.-

• - ••• r -



78 

with lanolin. 

After six hours each branchlet was cut into two sections; the top 
section was cut approximately 20 mm above the injection hole while the 
application section was cut flush with the main branch. Each section was 

placed in seperate, named plastic bags in a chilly bin and taken to the 
1 aboratory. 

The top section was divided into eight fractions: the fruit, the flesh 
of which was chopped and the stone left whole; the peduncle which was 
removed from the fruit and the stem; the leaves which were divided into 
old and new, both being roughly chopped up and the stem which was divided 
into two sections and the bark and cambium were stripped from the wood of 
both parts. The distinction between old and new leaves was arbitrary, 
but generally new leaves had reached 60% of their final expected area. 

The application section was divided into bark and wood giving a total of 
ten fractions for the entire branch. 

The fruit and leaf samples were placed into 100 ml pomades containing 
50 ml 70% ethanol whilst the peduncle, bark and wood samples were placed 
in 20.ml vials containing 5 or 10 ml 70% ethanol depending on the sample 
size. The samples were then placed in a cool store set at 5 °C to allow 
ethanolic extraction to take place. 

5.2.3 Radioactive Determinations -

To determine the radioactive concentration in each sample the sample was 
shaken by hand before a sub-sample was extracted for counting on a liquid 
scintillation counter. For the samples in 20 ml vials 0.5 ml was 
extracted and for the samples in pomades 1.0 ml was used. All 
sUb-samples were counted in 10 ml Brays scintillation cocktail (Bray, 
1960), the recipe of which is presented in Appendix 9. 

The single labelled 14C-sorbitol experiments were counted on a Packard 
Liquid Scintillation counter for ten minutes each sample. This provided 
a count per minute (CPM) and an automatic external standard (AES). Using 
these and an ethanol quench correction curve which was developed on this 
machine disintegrations per minute (DPM) were calculated. If the AES 
value was an extrapolation of the quench correction curve a known amount 
of radioactivity (10 ~l Speckcheck containing approximately 1000 DPM 14C) 

was added to the sample as an internal standard and the sample was 
recounted and the DPM of the sample calculated. 

~, « 
~ ... 
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Table 2 The mutually orthogonal single df contrasts used to divide the 
nine treatment df. 

=~;====================================================================== 

Treatments Contrasts 
---------- ---------

C1 C2 C3 C4 C5 C6 C7 C8 C9 
-------------------------------------------------------------------------

Bark 1 1 1 a a -3 a a -1 1 
Wood 1 1 -1 a a -3 a a -1 1 

Bark 2 1 a 1 a -3 a a a -2 
Wood 2 1 a -1 a -3 a a a -2 
Bark 3 1 a a 1 -3 a a 1 1 

Wood 3 1 a a -1 -3 a a 1 1 
Peduncle -6 a a a -3 a a a a 
Fruit a a a a 7 2 a a a 
Old Leaves a a a a 7 -1 1 a a 
New Leaves a a a a 7 -1 -1 a a 

========================================================================= 

Table 3 The mutually orthogonal single df contrasts used to divide the 
four time df. 

========================================================================= 

Times Contrasts 

linear quadratic cubic 

19 November -0.7294 0.4829 -0.1830 
25 December -0.2330 -0.5001 0.6464 
1 January 0.0917 -0.4505 -0.3264 

13 January 0.3208 -0.0851 -0.5336 

25 January 0.5499 0.5532 0.3967 
========================================================================= 

The data from the dual labelled experiments were statistically analysed 

using an analysis of variance. 

The results obtained in a particular tissue fraction on the 
identification of the radioactive carbohydrates were combined and the 
percentage DPM in each identifiable peak calculated. The Rf range of 
sucrose, reducing sugars and sorbitol were 0.01 to 0.05, 0.05 to 0.11, 
n ., ... ~ n '11 Y'A!;'ol'!r:tivelvand any peak occurring at a higher Rf was put 
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category. The Rf ranges 
scanning authentic standards 

were 
of 

obtained by 
the stated 

Further calculations were made to determine the percentage contribution 

of a particular carbohydrate in a single tissue fraction to the total 
radioactivity in the branch. This was obtained by multiplying the 
percent radioactivity of each carbohydrate within a tissue fraction by 
the percent DPM in the tissue fraction, as a portion of the total DPM in 
the branch, and dividing the product by 100. 

5.3 RESULTS 

The statistical analysis carried out on this data by the use of 
orthogonal comparisons, resulted in the significant interactions 
occurring linearly, quadratically and / or cubically with time. The 
degree of polynomial which fitted the data most adequately (see Chapter 
3) and was statistically significant was fitted to the observed data so 
as the trends were clear. The observed mean values and the equations 
describing the fitted curves are presented in Appendices 10 and 11 
respectively. The observed means which were also plotted on all graphs 
where fitted curves exist may provide additional information where the 
transition zones between fruit,growth stages are being considered. 

5.3.1 Single Labelled Experiments -

Single df comparisons carried out on the percent total DPM revealed a 
number of similarities between the branch fractions over the five 
experiments (Table 4). For the actual mean percent DPM per branch 
fraction refer to Appendix 10. Within each of the three stem sections 
there was no consistent difference between the proportion of 
radioactivity in the bark and in the wood (Table 4). However moving up 
the branch from the point of application, bark and wood one, to the 
branch tip, bark and wood three, showed a definite quadratic trend (Table 
4), as the total radioactivity in bark and wood two was higher than in 
the other two sections in four experiments, the 15 December experiment 
being the exception (Figure 15). The interaction of the percent total 
DPM of the three stem sections with time was linearly and cubically 
significant (Table 4). The linear significance indicates the gradient of 
lines fitted to the observed values would be different and the cubic 
interaction provides additional information on the fluctuations of 
radioactivity over time, as illustrated by the fitted curves of Figure 

TL_ ~~H "H \I ; n cart i nne:. onp (InC! two decreased. increased and then 
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Table 4 The analysis of variance of the orthogonal single df contrasts 
for the percent total DPM. (** ::: 0.01 < P < 0.05; * ::: P < 0.05) 

========================================================================= 

Source 
------
Time 

1 i near 
quadratic 

cubi c 

Place 

Wood vs Bark one 

Wood vs Bark two 
Wood vs Bark three 
Linea r t rend over 
three stem sections 

Quadratic trend over 
three stem sections 

Peduncle vs Stem 

Peduncle and stem 
vs Fruit and Leaves 

Leaves vs Fruit 
01 d vs new Leaves 

Place * Time 
------------
Place 

Wood vs Bark one 
Wood vs Bark two 

Wood vs Bark three 
Linea r t rend over 
three stem sectlons 

fj. 

df SS 

1 0.87 
1 1.63 

1 0.31 

1 

1 

1 

1 

1 

1 

1 

1 
1 

3 
3 

3 

3 

+ 

0.14 

0.02 
56.38 

8.30 

633.58** 

2212.88** 

2782.10** 

2575.98** 
273.45** 

Time 
Linear 
------
15.30 
0.57 

0.01 

328.34** 

Quadratic trend over 
three stem sect ions 3 1.84 

Peduncle vs Stem 3 51.48 

Peduncle and stem 
vs Fruit and Leaves 3 420.70** 

Leaves vs Fruit 3 410.42** 

Old vs new Leaves 3 151.02** 

Res i dua 1 Error 270 6544.94 

Time Time 
Quadratic Cubic 
---------

0.01 33.42 
0.80 0.03 

2.37 1.20 

7.79 104.41* 

2.21 173.35** 
13.46 12.66 

690.84** 1495.73** 
16.50 1274.22** 
4.79 130.91* 

========================================================================= 
fj. Sum of Squares 
+ 3 df is divided allocating 1 df each to linear, quadratic and cubic 

time. All tests are 1 df tests. 

~. -' 
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FIGURE 15 THE PERCENT TOTAL DPM IN THE THREE STEM SECTIONS. THE FITTED 
CURVES SHOW THE SIGNIFICANT CUBIC INTERACTION WITH TIME. THE 
POINTS ARE THE OBSERVED MEANS. 
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decreased again, with section two containing more of the radioactivity. 
The amount of activity in section three decreased after an initial 
plateau, span~ing the first two harvests. 

The comparisons between the percent activity in the stem plus peduncle 
versus the fruit plus leaves (Figure 16) was highly significant for the 
linear, quadratic and cubic interactions with time (Table 4). The 
peduncle held significantly less radioactivity than the complete stem. 
The lack of significance with time indicates that this difference was 
fairly consistent at each harvest (Table 4). When the peduncle was 
combined with the stem their total percent DPM dominated that in the 
fruit and leaves up until the last experiment on the 25 January (Figure 
16) at which time there was a dramatic increase in radioactivity in the 
leaves plus fruit. Figure 17 illustrates the significant cubic 
interaction between time and the percentage radioactivity in the fruit 
and leaves (Table 4). The leaves contained more of the available 
activity at all times thus being the main contributors to the dramatic 
final activity increase shown in the previous comparison (Figure 16). 
The radioactivity in the fruit decreased until the 15 December after 
which, there was a gradual rise over the next two experiments (1 and 13 
January), (Figure 17). The final decrease between the 13 and 25 January 
spanned the optimum harvest time for the fruit (Chapter 3). During the 
rise of activity in the fruit the percent total DPM in the leaves was 
decreasing (Figure 17). 

Within the leaves the old leaves contained a significantly larger portion 
of the radioactivity, when compared to the younger leaves (Table 4). 

The concentration of radioactivity on a per gram basis gives a different 
picture of the radioactivity level within the different branch fractions 
as can be seen by the mean percent total DPM g-l for each fraction 
presented in Appendix 10. There was still no difference between the 
activity in the bark and wood fractions in the different stem sections 
(Table 5), however the trend up the branch was linearly significant with 
section three showing a higher specific activity than section two which 
in turn was higher than section one up until the 1 January (Figure 18). 
After this time the concentration in all three sections decreased, 
section three being the most affected as it's level dropped below the 
level in section's one and two. The observed means for the DPM g-l of 

the three stem sections (Figure 18) show that the activity levels in each 
section increased and decreased similarly, which contrasts with the 
percent total DPM data (Figure 15). The interaction with time was 
linearly significant (Table 5), indicating that the gradients between the 
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Table 5 The analysis of variance of the orthogonal single df contrasts 
for the percent total OPM per gram. (** = 0.01 < P < 0.05; 

* = P < 0.05) 
========================================================================= 

/:, 
Source df SS 
------

Time 
* 

1 i nea r 1 10763** 
quadratic 1 24252 

cubic 1 3891 

Place 

Wood vs Bark one 1 65 

Wood vs Bark two 1 1807 

Wood vs Bark three 1 693 

Linear trend over 
three stem sections 1 21095** 

Quadratic trend over 
three stem sections 1 171 

Peduncl e vs Stem 1 83071 ** 
, I 

Peduncle and stem 
vs Fruit and Leaves 1 133051** 

Lea ves vs Fruit 1 14664** 

Old vs new Leaves 1 '5893* 

Place * Time 
------------ Time Time Time 
Place Linear Quadratic Cubic 

------ ---------
+ 

Wood vs Bark one 3 2 25 5 

Wood vs Bark two 3 743 504 603 

Wood vs Bark three 3 97 263 3 

Linear trend over 
22401** 3590 1764 three stem sections 3 

Qgadratic trend over 
tree stem sections 3 1269 390 2173 

Peduncle vs Stem 3 7584** 6483* 2270 

Peduncle and stem 
vs Fruit and Leaves 3 22714** 14257** 1948 

Leaves vs Fruit 3 1389 423 1468 

01 d vs new Leaves 3 964 7 184 

Residual Error 270 276064 
========================================================================: 
/:, Sum of Squares 
+ 3 df is divided allocating 1 df each to linear, quadratic and cubic 

time. All tests are 1 df tests. 
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fitted lines are different (Figure 18). The percent total DPM g-1 

decreased at a greater rate in section three than in the other two 
sections. 

Once again the difference in the percent total DPM g-1 between the stem 
and peduncle was significant (Table 5), however a noticeable change in 
the amount of radioactivity in the peduncle, over time, caused this 
interaction to be linearly and quadratically significant (Table 5). The 
fitted quadratic curves are illustrated in Figure 19. When the peduncle 
was combined with the stem their total DPM g-1 exceeded the total DPM g-1 

in the fruit plus leaf tissue by a considerable amount (Figure 20), the 
interaction with time being linearly and quadratically significant (Table 
5). The observed values of Figure 20 show the percent total DPM g-1 in 
the stem plus peduncle was highest on 1 January and then declined. That 
in the fruit and leaves also slightly increased until 1 January but 
decreased only temporarily. 

The major contributor to the radioactivity in the fruit plus leaves 
fraction was the leaves (Figure 21), the total DPM g-1 in the fruit being 

highest at 3.2 on the 19 November. The percent total DPM g-1 in the 

leaves increased until the 1 January, decreased temporarily until the 13 
January, after which a major increase occurred (Figure 21). On a per 
gram basis the new leaves had a significantly higher concentration of 

\ 

radioactivity during all five experiments (Figure 22) with the difference 

being consistent over time (Table 5). 

Table 6 indicates the carbohydrate form of the radioactivity within the 
bar.k, wood, peduncle, fruit and leaves for each of the five experiments. 
The form of radioactive sugars or sugar alcohols in the bark, wood and 
leaves were similar for all experiments with sorbitol predominant and the 
percentage contribution of reducing sugars increasing as the season 
progressed. In the bark the reducing sugars increased from 6% to 16%, 
while in the wood they changed from 1% to 14%. The reducing sugars of 
the bark and wood therefore never contained more than 3% of the total DPM 
14C of the branch (Table 6). In the leaves the reducing sugar content 
increased from 1% to 18%, the latter being 11% of the total branch DPM at 

the final harvest. In the bark and wood respectively the sorbitol levels 
fell from 90% and 97% to 81% and 84% over the season which when 
considered on a total DPM per branch basis resulted in a drop from 27% 
and 30% at the first harvest to 15% and 13% by the final harvest (Table 
6). Because over 50% of the total branch DPM was in the leaves at the 
final harvest (Figure 17) the percent of the total DPM as sorbitol in the 
lp;!vps rose from 24% in the first experiment to 48% on the 25 January 

.......... , ..... 
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Table 6 The percent DPM of the individual carbohydrates in each branch 
fraction. Their percent of the total DPM of the branch are the 
numbers shown in parentheses. These are only presented if 2% or 
greater. 

========================================================================= 

Date Fract ion 

19 November Bark 
Wood 
Peduncle 
Fruit 
Leaves 

15 December Bark 
Wood 
Peduncle 
Fruit 
Leaves 

I' January 

13 January 

25 January 

Bark 
Wood 
Peduncle 
Fruit 
Leaves 

Bark 
Wood 
Peduncle 
Fruit 
Leaves 

Bark 
Wood 
Peduncle 
Fruit 
Leaves 

Sucrose 

3 

1 

2 

51 (6) 
5 

1 

1 

2 

52 (2) 

1 

o 
o 
6 

57 (3) 

o 

o 
1 

2 

72(7) 

1 

2 

1 

4 

72 (4) 

2 

Reducing 
Sugars 

6 (2) 

1 

6 

37 (4) 

1 

1 

1 

12 

39 (2) 

o 

1 

3 

10 

33 (2) 

20 (6) 

6 (2) 

5 (2) 

16 

13 

16 (3) 

16 (3) 

14 (2) 

13 

7 

18 (ll) 

Sorbitol 

90 (27) 

97 (30) 

92 

7 

93 (24) 

94 (28) 

96 (25) 
67 

9 

98 (39) 

97 (31) 
96 (31) 
72 

10 

80 (25) 

88 (33) 

89 (30) 

60 

8 

77 (16) 

81 (15) 

84 (13) 

78 
12 

80 (48) 

Unknown 

1 

1 

o 
5 

1 

4 

2 

9 

o 
1 

2 

1 

12 

o 
o 

6 (2) 

5 (2) 

22 

7 

6 

1 

1 

5 

9 

o 
========================================================================== 
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(Table 6). 

The'peduncle also contained a high proportion of radioactive sorbitol but 
contai ned consistently more reduci ng sugars throughout the season and 
also had more unidentified peaks of higher Rf values (Table 6). As the 
percent total DPM levels in the peduncle were extremely low the 
carbohydrates within the peduncle held little of the total branch 
activity available. 

The fruit had most of its radioactivity in the form of sucrose, the level 
increased from 51% to 72% during the five experiments at the expense of 
the reducing sugars which dropped from about 37% of the fractions 
radioactivity to 7% over the same period (Table 6). The sorbitol level 
remained constant and did not exceed 12%. The fruit contained 6% of the 
total branch DPM as sucrose on the 19 November and 7% on the 13 January 
and at all other times contained less than 4% while the reducing sugars 
contained less than 4% at all times and sorbitol less than 2% (Table 6). 

5.3.2 Dual Labelled Experiments -

Tables 7 and 8 present the mean percent total DPM and the mean percent 

total DPM g-1 repectively, of the branch fractions for the two dual 
labelled experiments performed on the 2 December, 1981 and the 18 
January, 1982. For convenfent comparisons with Figures 15 to 22 of the 
single labelled experiments the totals of the three stem sections, the 
peduncle plus stem, the fruit plus leaves and the leaves alone for both 
the percent total DPM and the percent total DPM g-1 are also presented in 

Tables 7 and 8, respectively. 

There was no difference between the wood and bark fractions for each of 
the stem sections for the percent DPM data (Table 7) however wood one of 
the 18 January harvest contained significantly more DPM 14C 9-1 than bark 

one (Table 8). 

The percent total DPM 14C and the percent total DPM 14C g-1 in the leaves 
(Tables 7 and 8) on the 2 December were relatively high when compared to 
the levels found in the two single labelled experiments performed on 
dates before and after this experiment (Figures 17 and 21). All the 
oth~'r>percent DPM 14C values and specific activities are in keeping with 
the' observed radioactive values of the single labelled experiments 

.\ : \ 

(Tables 7 and 8, Figures 15 to 22), as is the carbohydrate form which the 
, . I 

'radi~~ctivity takes within each fraction (Tables 6, 9 and 10). In both 
dual labelled experiments the 14C DPM was found in the bark, wood and 
leaves predominantly (96.1% to 85.3%) in the form of sorbitol (Tables 9 

'~-,- -' ~ --

'_"0-<--
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Table 7 The percent total DPM 3H and DPM 14c in each branch fraction for 
the two dual labelled experiments. The numbers at the bottom of 
the table are summed to aid with comparisons between this and 
the single labelled data. 

======================================================================== 

Fract i on 2 December 18 January 
-------- ---------- ----------3 14 3 14 

H C H C 
Bark one 4.4 8.5 3.0 8.4 

Wood one 2.0 5.4 3.4 11.2 

Bark two 1.5 10.9 5.1 14.6 

Wood two 2.9 7.7 5.3 15.9 

Bark three 2.2 6.6 3.1 7.6 

Wood three 1.9 4.7 2.3 5.5 

Peduncle 0.7 0.3 2.6 2.2 

Fruit 26.4 10.1 20.1 7.2 

Old leaves 31.0 26.0 42.9 17.2 
New leaves 27.0 19.9 12.3 10.3 

---,1---------------------------------------------------------------------
+ 

LSD 6.8 6.3 9.0 6.5 

Sect i on one 6'.4 13.9 6.4 19.6 

Secti on two 4.4 18.6 10.4 30.5 

Section three 4.1 11.3 5.4 13.1 

Stem + peduncle 15.6 44.1 24.8 65.4 

Fruit + leaves 84.4 56.0 75.3 34.7 

Leaves 58.0 45.9 55.2 27.5 
========================================================================= 

+ LSD least significant difference 

and 10). As a percentage of the total DPM 14C in the branch for the 2 

December experiment the bark, wood and leaves contained 25%, 17% and 42% 
as sorbitol, respectively. In the same fractions for the 18 January 
experiment 29%, 31% and 24% of the total DPM 14C was as sorbitol. In the 

fruit the DPM 14C was predominantly as sucrose (72.2% or 76.3%) while 
25.4% or 18.6% was in the form of reducing sugars (Tables 9 and 10). 

However when considering the total DPM 14C in the branch only 7% or 6% 
was in the fruit as sucrose and 3% or less than 2% as reducing sugars in 
the two experiments, respectively. 

:'"'1"'-

~ . 

\' . 
; 
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3 14 
Table 8 The percent total DPM Hand DPM C per gram in each branch 

fraction for the two dual labelled experiments. The numbers at 
the bottom of the table are summed to aid with comparisons 
between this and the single labelled data. 

========================================================================= 

Fract i on 2 December 18 January 
-------- ---------- ----------

3 14 3 14 
H C H C 

Bark one 32.3 68.8 18.2 54.5 
Wood one 25.7 70.5 28.7 102.1 

Bark two 13.4 93.6 28.3 81.2 

Wood two 30.5 78.8 37.3 112.2 

Bark three 28.3 88.9 23.4 50.9 
Wood three 33.7 80.3 33.7 65.1 

Peduncle 24.6 10.8 62.8 52.8 

Fruit 12.2 4.6 2.4 1.0 

Old leaves 35.7 29.8 34.0 16.4 

New leaves 63.1 46.7 34.7 24.1 

----11--------------------------------------------------------------------
+ 

LSD 20.5 34.6 42.9 43.8 

Section one 58.0\ 139.3 46.9 156.6 

Sect i on two 43.9 172.4 65.6 193.4 

Sect i on three 62.0 169.2 57.1 116.0 

Stem 163.9 480.9 169.6 466.0 
Stem + peduncle 187.6 491. 7 232.4 518.8 

Fruit + leaves 111.2 81.1 71.1 41.5 

Leaves 99.0 76.5 68.7 40.5 
========================================================================= 

+ LSD least significant difference 

There was no difference in the percentage DPM 3H between each stem 

section up the branch from the application point, even when the fraction 
weight was taken into account, in both experiments (Tables, 7 and 8). In 

the bark and wood the DPM 3H was mainly in the form of sorbitol and 
reducing sugars with minimal amounts as sucrose (Tables 9 and 10). Of 
the total DPM 3H in the entire branch for the 2 December experiment the 
reducing sugars and sorbitol, in the bark and wood, contained 4% and 3% 
each, respectively (Table 9). On the 18 January the reducing sugars of 
both fractions contained about 8% of the available DPM 3H while the 
~nrhitol was similar to before (Table 10). 

\ ~ 
, . 
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3 14 
Table 9 The percent DPM Hand DPM C of the individual carbohydrates 

in each branch fraction for the harvest on the 2 December. Their 
percent of the total DPM of the branch are the numbers shown in 
parentheses. These are only presented if 2% or greater. 

========================================================================= 

3
H Rsducing + 

Sucrose ugars Sorbitol Unknown LSD 
------- -------- -------- -------

Bark 9.2 42.5 (4) 42.7 (4) 7.1 13.6 
Wood 4.9 48.1 (3) 40.1 (3) 5.7 14.3 

Fruit 73.6 (19) 15.3 (4) 3.7 7.4 (2) 16.0 
Leaves 5.5 (3) 29.6 ( 17) 61.5 (36) 3.4 (2) 4.8 
14 

C 

Bark 1.0 4.1 94.4 (25) 0.5 2.0 
Wood 0.4 4.6 94.2 (17) 0.9 3.1 

Fruit 72.2 (7) 25.4 (3) 1.6 0.9 13.6 
Leaves 1.2 5.4 (3) 92.4 (42) 0.9 1.5 

========================================================================= 
+ LSD least significant difference of the percent DPM in each branch 

fraction. ' 

3 14 
Table 10 The percent DPM Hand DPM C of the individual carbohydrates 

in each branch fraction for the harvest on the 18 January. 

Their percent of the total DPM of the branch are the numbers 
shown in parentheses. These are presented if 2% or greater. 

========================================================================= 
3 Reducing + 
H Sucrose Sugars Sorbitol Unknown LSD 

------- -------- -------- -------
Bark 8.7 67.0 (8) 22.3 (3) 2.1 6.5 

Wood 12.0 69.1 (8) 13.6 (2) 4.1 19.4 

Fruit 92.5 (19) 5.1 1.1 1.4 6.0 

Leaves 3.5 (2) 37.5 (21) 58.6 (32) 0.4 9.8 
14 

C 

Bark 0.7 2.8 96.1 (29) 0.3 1.3 

Wood 0.7 3.1 95.7 (31) 0.9 1.1 
Fruit 76.3 (6) 18.6 3.7 1.4 6.8 

Leaves 0.8 13.6 (4) 85.3 (24) 0.2 12.0 
===================================================================;===== 
+ LSD least significant difference of the percent DP~l in each branch 

f ract ion. 

\; . 
• 
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The percent total DPM 3H in the fruit was more than that found in the 
total stem for the 2 December experiment and was about the same as that 
in the stem for the 18 January experiment (Table 7). On a per gram basis 

however the DPM 3H of the fruit tissue was a lot less than the stem 
tissue in both experiments (Table 8). Of the DPM 3H in the fruit' 73.6% 
was as sucrose and 15.3% was as reducing sugars in the first experiment 
(Table 9) while by the 18 January 92.5% was as sucrose and only 5.1% as 
reducing sugars (Table 10). In both experiments the DPM 3H as sucrose in 
the fruit represented 19% of the total DPM 3H in the branch while the •. -~' .',' '-r"'- :.-

amount as reduci ng sugars was 4% on the 2 December, but lower by the 18 '" 
January. 

The leaves were the most dominant sinks for the tritiated compounds as 
the percent DPM 3H contained in the leaves was greater than 50% for both 
experiments (Table 7). In the first experiment the percent DPM 3H in the 
leaves was evenly distributed between young and old leaves while in the 
latter experiment the old leaves contained a greater percentage (Table 
7). On a per gram of tissue basis the old and new leaves contained 
similar levels of the DPM 3H as a percentage (Table 8), the combination 
of which did not exceed the percent total DPM 3H g-l in the stem tissue 
(Table 8). Of the DPM 3H in the leaves of both experiments 61.5% and 
58.6% was in the form of sorbitol, 29.6% and 37.5% as reducing sugars and 

\ 

less than 5.5% or 3.5% as sucrose (Tables 9 and 10). Thus for each 
experiment respectively, of the total DPM 3H in the branch the leaves 
held 36% and 32% of the total 3H activity as sorbitol, 17% and 21% as 
reducing sugars and 3% and 2% as sucrose (Tables 9 and 10). 

5.4 DISCUSSION 

Although the experimental procedures for the dual and single labelled 
experiments were identical, the same volume of solution being 
administered to each branchlet and the same harvest routine carried out, 
it was decided that the DPM 14C information from the dual labelled 
experiments should not be combined with the single labelled data for the 
statistical analysis as the effect of the accompanying tritiated sucrose 
in the original solution was an unknown. The presence of sucrose in the 
application solution may have affected the conversion of 14C - sorbitol 
to other compounds or altered its rate of movement from the application 
site. No evidence for either possibility was determined in the results 
and therefore some comparison of the dual and single labelled data seems 
reasonable. 

\. 
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The radioactive distribution data can be studied from two viewpoints; 
the percent of total DPM in each plant fraction or the percent of total 

DPM g-l of each plant fraction. For a tracer study the fact that a 
certain amount of radioactivity entered any particular fraction is an 
interesting result, however if the fractions are of a similar nature but 
varying mass a comparison of radioactivity g-l maybe more meaningful. 
For example the percent total DPM 14C was higher in the old leaves as 
compared to the new leaves for all but the harvest on 19 November 
(Appendix 10) however on a per gram basis the quantitative relationship 
reversed as the percent total DPM 14C g-1 in the new leaves was much 
higher than the old leaves in all cases (Figure 22). The latter is the 
most sensible comparison and can be interpreted physiologically as young 
leaves are known to be net importers of photosynthates (Hansen, 1967b) 
until they reach approximately one third to a half their final size 
(Hansen, 1971b; Quinlan, 1965; Wardlaw, 1968). 

To compare dissimilar fractions on a per unit weight basis is probably 
less meaningful as the fraction weight may not be a factor involved in 
the accumulation of radioactivity. For example comparing the percent 

total radioactivity g-l of leaf tissue with the percent radioactivity g-1 
of fruit tissue is probably an academic excercise as the weight of the 
fruit is influenced by the disproportionately heavy stone. Thus it is 
argued that both forms of data 'representation were required to adequately 
interpret the movement of the radioactivity within the branch. 

5.4.1 The Stem Sections -

The radioactive content of paired wood and bark fractions was 
insignificantly different when radioactive 14C - sorbitol or 
14C - sorbitol plus 3H - sucrose solutions were applied to the wood of 
small branchlets of apricot trees (Tables 4, 5, 7 and 8). One exception 
was the significantly higher percent DPM g-1 in wood one as compared to 
bark one of the dual labelled experiment on the 18 January (Table 8). 
This was the only indication that more activity did infact enter the wood 
as compared to the bark at the application site. The presence of equal 
amounts of radioactivity in the bark and wood is probably due to the 
radioactive compounds moving from the transpiration stream to adjacent 
cells, a phenomena which has been demonstrated by Bollard (1960) and in 
experiments with willow cuttings (Peel, 1974; Stout and Hoagland, 1939; 
Wray and Richardson, 1964). In a series of five experiments supplying 
14C - labelled sugars to willow stems the actjvity in the bark to 
activity in wood ratio varied from 0.09 to 5.85 (Peel, 1974). Therefore 

.. ~ ,', 
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the various stem sections may have different source and sink capacities 
which would lead to the large variation in the activity levels between 
bark and wood, found by Peel (1974) and Wray and Richardson (1964), and 
between the individual sections and each section over time which was 
found in the present study (Figures 15 and 18). 

It is possible that the isotope moving up the plant in the transpiration 
stream to the leaves was redistributed from there via the phloem. 
Autoradiographic studies have shown that the highest concentration of an 
isotope fed through the roots of bean (Phaseolus vulgaris l.) was found 
first in the leaves and stem apices (Biddulph et ~., 1958) but the 
leaves were capable of redistributing the excess nutrients received in 
the transpiration stream. The similarity of the activity levels (Tables 
4, 5, 7, and 8) and the carbohydrate form (Tables 6, 9 and 10) in the 
bark and wood of each stem section in all radioactive experiments and the 
short duration of the experiment (six hours) indicates this is a less 
likely reason for the presence of activity in the bark, in this case. 

In all five single label experiments a significant amount of the 
radioactivity was translocated away from the application site but 
re'mai ned in areas further up the stem. More than half of the stem 
radioactivity was translocated away from the application section, (Figure 
15), confirming that application treatments did not interfere greatly 

\ 

with normal transpiration. 

In the dual label experiments a lower percent of the total DPM 3H than 

the total DPM 14C was recovered from the whole stem (Table 7), even on a 
fraction weight basis (Table 8). In both experiments 20% of the total 

DPM 3H in the branch remained in the stem whereas up to 50% of the total 
DPM 14C was still there at harvest (Tables 9 and 10). This could be 
because more of the· DPM 3H was in an accessable form for the sinks 
present in the branch system to accumulate or that cellular compartments 
within the living portion of the wood and bark sections were 
preferentially selective in their uptake of 14C - sorbitol. 

In the present study the centrifugal movement of sugars does not appear 
to be limited to a specific form as the DPM 14C in both the bark and wood 

was in similar carbohydrate forms (Tables 6, 9 and 10), with sorbitol 
being the most dominant. It is possible that centrifugal movement is 
restricted and once the carbohydrate(s) being transported have reached 
their destination in the bark tissue some interconversion occurs. If 
this is the case it is surprising how closely the carbohydrate forms in 
the bark and xylem resemble each other (Tables 6, 9 and 10). The DPM 14C 
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results indicate that sorbitol is the most readily mobile carbohydrate 
form due to its relative abundance in the stem tissue (Tables 6, 9 and 
10) although careful interpretation is required as sorbitol was the form 
of carbohydrate applied to the wood. In apple trees Hansen and Grauslund 

(1973) found, after applying 14C02 to the leaves, that sorbitol contained 
63.0% to 42.8% of the 14C activity detected in the bark with reducing 
sugars totalling 15.1% and sucrose 7%, indicating that 14C - sorbitol 
levels obtained from apricot bark extract were high. In comparison what 
DPM 3H was present in the stem on the 2 December was distributed fairly 
evenly between the reducing sugars and sorbitol (Table 9). Thus the 
3H - sorbitol level was lower but the labelled reducing sugars were 
present in much higher quantities. On the 18 January the percent DPM 3H 
as reducing sugars had increased to approximately three times as much as 
sorbitol while the DPM 14C remained almost entirely as sorbitol (Table 
10). The significance of this in relation to the fruit as a sink is 
discussed in a future section. 

It has been suggested that the occurrence of hexoses in the long distance 
translocation system is due to secondary conversion in or outside the 
phloem (Hansen, 1970a; Peel, 1966; Zimmermann, 1960) although the 
relatively high levels of reducing sugars obtained in this study (Tables 
6, 9 and 10) indicate they may be translocated. Glucose and fructose 
were mobile within the sieve- elements of willow if they could be induced 
to enter these cells (Peel and Ford, 1968) however sieve tube sap 
obtained via severed aphid stylets, 24 hours after irrigation of bark 
strips with labelled sugars, contained virtually all activity as sucrose. 
Extracts of the whole bark revealed more activity as hexoses than 
sucrose. Unfortunately the proportion of the sugars in the ethanolic 
extract that came from parenchyma storage cells of the bark and wood 
could not be determined in the present study. There is no real 
indication of what form of carbohydrate was being actively translocated 
or what form was being stored or unavailable for translocation. 

5.4.2 The Peduncle -

The peduncle being of small mass contained minimal amounts of activity 
although on a per gram basis a pattern emerged (Figure 19). The trend 
was the reverse of the trend of the percent total DPM in the fruit 
(Figure 17, Figure 19), increasing slightly towards the end of Stage II 
(10 December), decreasing until the 13 January then increasing again by 
the 25 January. Thus when the fruit showed an increase in activity the 
peduncle showed a decrease per gram and vice versa. This suggests 
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perhaps that the peduncle is a continuation of the stem rather than the 
fruit, the carbohydrates building up slightly in the peduncle when the 
fruit is accumulating less, or unable to accumulate more of the 
carbohydrate. The site of loading into the fruit therefore appears to be 
on the fruit side of the peduncle as opposed to the stem side. This is 
interesting because if the fruit is left after maturity until abscission 

occurs the peduncle either abscises with the fruit or at the same time. 
Hence the peduncle is present only during the life of the fruit and yet 
physiologically appears to resemble the stem. 

The identification of the OPM 14C carbohydrates within the peduncle 
supports the suggestion that the peduncle is a continuation of the stem, 
because the radioactivity in the peduncle was mainly in the form of 
sorbitol (Table 6) as it was in the stem sections. The level of reducing 
sugars was considerably higher in the peduncle when compared to the stem 
tissue indicating that some conversion of sorbitol or sucrose may occur 
prior to carbohydrate accumulation in the fruit. In the fruit the 

radioactivity was predominantly as sucrose indicating that a rapid 
carbohydrate conversion must occur in the fruit or as the appropriate 
carbohydrate(s) enters the fruit. Unfortunately the level of activity in 
the peduncle in the dual labelled experiments was too low to determine 
the proportion of activity contained in each carbohydrate. 

5.4.3 The Leaves -

Of all the branch fractions, with the exception of the entire stem, the 
leaves proved to be the strongest sinks (Appendix 10, Tables 7 and 8). 

The percent total OPM 14C in the total stem fluctuated alternately to the 
leaves and was only 10% to 20% higher than in the leaves (Figures 16 and 
17). The xylem sap is known to ascend the tree due to the 
transpirational pull of the leaves (Bollard, 1960; Moorby, 1981; 
Zimmermann, 1964) which suggests that demand for xylem sap by the leaves, 
probably through increased transpiration, may cause a greater flow in the 
xylem leading to the soluble OPM reaching the leaves before harvesting 
occurred. Thus when transpiration is high the xylem flow would increase 

resulting in more OPM 14C being carried from the stem into the leaves. 

On a fraction weight basis the young leaves accumulated more of the total 
OPM 14C than the old leaves (Figure 22), indicating preferential uptake 
of carbohydrates does occur as young leaves have a slow transpiration 
rate in comparison to older leaves (Leopold and Kriedemann, 1975). They 
must either receive the labelled compounds by a more active means from 
the xylem or be supplied the radioactive carbohydrates from the phloem. 
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Many nutrients when applied to the roots of intact plants obviously do 
not move passively within the transpiration stream as for example, 
phosphorus collects preferentially in young leaves and iron in old leaves 
(Leopold and Kriedemann, 1975). On the other hand old leaves are known 
to redistribute, in the phloem, the excess nutrients supplied to them in 
the transpiration stream (Biddulph et ~., 1958). In this situation the 
young leaves maybe the demanding sinks which accumulate the redistributed 
radioactive carbohydrates. This process of redistribution would have to 
occur within the six hour duration of the present experiments to explain 
the higher DPM 14C g-l in the younger leaves (Figure 22). 

Obviously other factors are involved as 13 January was the hottest day of 
the season (Appendix 5), which should have caused a large transpirational 
demand but infact the leaves contained their lowest percent of total 
radioactivity on this day and the stem held the most (Figures 16 and 17). 
It is possible that strong stomatal control was occurring due to the 
extreme temperature which would have reduced transpiration hence reducing 
the xylem sap flow and in turn the amount of radioactivity in the leaves. 

The similarity in the form of carbohydrates found in the leaves and stem 
of ,I all single label experiments supports the idea of unrestricted 
movement of solutes from the stem into the leaves. The radioactivity in 
the leaves, like the stem, was also predominantly in the form of sorbitol 

" 
with the sucrose level rarely exceeding 5% (Table 6), although by the 
last harvest the reducing sugars had reached about 15%. Sorbitol is 
known to be the major photosynthate and translocate in the apricot 
(Bieleski and Redgwell, 1977; Reid and Bieleski, 1974) and apple trees 
(Bieleski, 1969; Hansen, 1970a; Hansen and Grauslund, 1973; Webb and 
Burley, 1962). After labelling leaves of both plant species using 14C02 
the pattern of labelled compounds down the stem was similar with sorbitol 
comprising about 75% of the labelled sugar and sucrose 20% (Reid and 
Bieleski, 1974; Hansen, 1970a; Hansen and Grauslund, 1973). Steenkamp 
~~., (1982) exposed Golden Delicious apple leaves to 14C02 for one 

hour and found 82% of the activity as sorbitol, 11% as sucrose, 5% as 
glucose and 2% as fructose. After applying 14c - sorbitol to apple leaf 

tissue the predominance of radioactivity was as sorbitol· (46% to 73%) 
while the activity as sucrose varied from 10% to 28% during the season 
(Priestly and Murphy, 1980). The reducing sugars varied from 15% to 26%, 
of the radioactivity during the season. In all these examples sorbitol 

was less dominant and the proportion of radioactivity as sucrose much 
higher than in the present study, after applying 14C - sorbitol to the 
stem. As mentioned previosly this could be because sorbitol was the 
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applied carbohydrate and appears to be a stable form in the stem and 
perhaps the leaves. The distribution of radioactivity in the form of 
carbohydrates in the leaves obviously changes with the species involved, 
the growing conditions and the method by which the activity was applied. 

In the dual label experiments sorbitol was the dominant carbohydrate in 
the leaves. Thus in the 2 December experiment 61.5% of the DPM 3H in the 
leaves was as sorbitol and 29.6% was as reducing sugars. The DPM 14C was 

almost entirely as sorbitol (92.4%) with 5.4% as reducing sugars (Table 
9). By the 18 January the amount of activity in the form of reducing 
sugars had increasd by about 8% to the detriment of sorbitol for both DPM 
14C and DPM 3H• The lower level of 3H - sorbitol as opposed to 
14C - sorbitol in the leaves is more consistent with the results of the 
other researchers presented above, all of whom applied the 14C to the 
leaves. As sorbitol is the major translocate and photosynthate in 
apricot and apple trees it is likely to be the protected carbohydrate 
form and applied sorbitol would be resistent to major conversions. 
Sucrose however can obviously undergo considerable transformation, 
pri rna rily to sorbitol. 

The radioactive carbohydrate composition of the leaves was not a direct 
reflection of what was in the stem in the case of the DPM 3H 
carbohydrates. In both experiments the ratio of 3H - reducing sugars to 
3H - sorbitol in the leave~ was in favour of sorbitol (Tables 9 and 10) 
while in the stem the reverse was the case. It is possible that the 
conversion of the 3H - reducing sugars to sorbitol may occur prior to the 
re-exporting of the carbohydrates from the leaves, if in fact the 
carbohydrates entered the leaves in the transpiration stream in excess of 

the their actual requirements for growth. 

On two occasions during the season, 2 December and 25 January, the 
percent total DPM 14C (Table 7, Figure 17) and the percent total DPM 14C 
g-l (Table 8, Figure 21) were high. Corresponding to this the DPM 14C of 
stem section three substantially decreased (Appendix 10, Table 7) perhaps 

because the leaves, which were generally supported by this end of the 
branch were growing actively. This indicates that a vegetative growth 
flush may acquire the required solutes for growth from the stem section 

supporting them. The other two stem sections also showed a decrease in 
their radioactive content (Figure 21, Tables 7 and 8) presumably as the 
demand for transportable nutrients from further up the branch was 
increased. The bottom two stem sections were affected less probably 
because stem section three acted as a buffer supplying the immediate 
~~~~nds of the leaves or because there was a higher proportion of total 
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activity in non-translocating storage cells in the two basal stem 
sections. Hansen (1971b) found the ratio between 14C - incorporation and 
growth intensity was high for apple leaves with the ratio of 
14C - fixation between leaves and woody parts being two to three times 
higher than the corresponding ratio between the growth intensities. 

The flush of vegetative growth detected during the dual labelled 
experiment on the 2 December (Tables 7 and 8) occurred toward the end of 
the second stage of fruit growth (10 December) and coincided with a 
supposedly slow period of growth for the fruit. During this brief growth 
surge of the leaves 1.5 times more DPM 14C g-1 was found in the new 

leaves as opposed to the old leaves (Table 8). This new growth 
presumably resulted in more young leaves, which ultimately were in 
competition with Stage III of fruit growth as the new leaves would have 
been net importers of carbohydrates (Quinlan, 1965; Wardlaw, 1968). The 
influx of DPM 14C into the young leaves may not necessarily result in 
more leaves but may hasten the growth of the current young leaves so as 
they become net carbohydrate exporters and are able to support their 
proximate fruit by supplying current photosynthates more quickly. It has 
yet ,to be determined if indeed this is the function of the leaves of a 
fruiting apricot tree (cf. Reid and Bieleski, 1974). 

The possible occurrence of a period of vegetative growth at the end of 
fruit growth Stage II, on the 2 December, would not have been noticed if 
the dual labelled experiment had not been performed. This highlights the 
deficiencies of joining harvest pOints with a line or curve. Such 
inter-harvest extrapolation is a convenient method of presenting a series 
of results obtained over time as the progression from one point to the 
next is easily visualised and the basic trends are illustrated. The 

JOlnlng lines are mean estimates based on the first and last points, the 
fitted lines are based on all the points, both of which provide some 

likely information on what changes occur with time. With large time 
intervals between harvests the resulting graph is likely to be a smoothed 
out version of what actually happens as temporary changes often go 
unobserved and thus unexplained. 

daily, can have the opposite 

Too frequent harvests, for example 

effect as diurnal fluctuations in the 
biological system being measured usually become important contr.ibutors to 
the variation observed. Once or twice weekly is probably the optimium 
frequency of such experiments so that a precise line or curve can be 
constructed between harvests. However, time and in this case suitable 
plant material in the field were limiting. 

". . '\. 
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5.4.4 The Fruit -

The leaves contained 10% to 30% more of the percent total DPM 14C than 

the fruit (Figure 17). By applying 14C - sucrose, glucose and sorbitol 
seperately to fruit and leaf tissue slices Reid and Bieleski (1974) 
obtained a similar result, the uptake rate of the leaf tissue being 
considerably higher than the fruit tissue for all treatments. They 
suggested the unequal uptake may reflect the large number of cells of 
smaller volume and the considerably larger cell surface area in the 
leaves. In the intact system of the apricot branch it appears that the 
leaves are the dominant sinks for stem applied 14C - sorbitol. From the 
beginning of Stage II of fruit growth development the percent total DPM 
in the leaves decreased until approximately the time of optimum fruit 
maturity (20 January), (Figure 17, Chapter 3). However during this time 
the percent total DPM g-1 in the leaves increased indicating either 
radioactivity was still entering the leaves or that the quantity and thus 
the weight of the leaves was diminishing. The decreasing quantity is 
unlikely as this period is followed by a massive increase in the percent 
total DPM in the leaves (Figure. 17) which, as mentioned previously, 
probably indicates a flush of vegetative growth. 

The fruit accumulated little of the stem applied 14C - sorbitol although 

a slight rise was detected j~st prior to the commercial harvest date of 
the 20 January (Chapter 3) although the amount of activity did not reach 
that measured at the first harvest on the 15 November (Figure 17). The 
transition between Stage II and Stage III of fruit growth occured just 
after this harvest indicating that more of the stem applied activity was 
loaded into the fruit during Stage II, than at other times (Figure 17). 
This is contrary to Reid and Bieleski's (1974) hypothesis which suggested 
that in the third stage of growth the apricot was filled by carbohydrates 
supplied from below the fruit as they found little of the labelled 
assimilates, formed during six hours foliar exposure to 14C02 , were 

translocated into the nearby, near-ripe fruit on the branch. The fruit 
is a dominant sink (Hansen, 1967a, 1970b; Kreidemann, 1968) with apricot 
following a traditional double sigmoidal growth pattern, with stage II 
being the period of least growth activity (Chapter 3), (Bollard, 1970; 
Lilien - Kipnis and Larvee, 1971). As sorbitol was the main c~rbohydrate 
labelled in the wood and bark (Table 7) it seems unlikely that sorbitol 
was responsible for supplying the fruit with the required carbohydrate. 

",. . 
'\, , 



109 

Reducing sugars may be the sugar form loaded into the fruit as their 
level in the peduncle and the fruit was consistently higher than in the 
stem tissues for the first four single labelled experiments (Table 6). 
Ford and Peel (1967), when investigating uptake of labelled sugars into 
the sieve elements of bark strips of willow, found 14C - sucrose was 

rapidly hydolysed in the solution bathing the cambial surface of the 
strip. The labelled sucrose which appeared in the stylet exudate had 
been inverted then reconstituted as the glucose to fructose activity 
ratio differed from that of the sucrose which was originally applied. 
Ford and Peel (1967) were unable to show that inversion was a 
prerequisite for uptake although this scheme has been supported since 
(Giaquinta, 1980). A similar mechanism could be involved in apricot 
fruit loading, with sorbitol being rapidly hydolysed to reducing sugars 
which then move into the fruit. Within the peduncle the consistently 
higher levels of reducing sugars (Table 6) may indicate that sorbitol is 
converted more readily to glucose and fructose, than within the main 
stem. However, if sorbitol was involved in this way it would seem 
reasonable to expect .that more of the DPM 14C derived from the 
14~ _ sorbitol should have been detected in the fruit. 

Approximately 20% of the total DPM 3H entered the fruit while only about 
5% of the total. DPM 14C was present (Table 7), indicating that more of 
the DPM 3H was in an accessabie form for the fruit to utilise. As a 
large proportion of the DPM 3H present in the stem was in the form of 
reducing sugars (Tables 9 and 10) this perhaps indicates that reducing 
sugars, which are not synthesised from sorbitol may be the form of 
carbohydrate loaded into the fruit. The level of reducing sugars in the 
branch found by Reid and Bieleski (1974) was lower than in the present 
study. However if selectively removed from the free space in the 
vicinity of the fruit the reducing sugars may have been present in 
sufficient quantities to support the fruit. On the 18 January the 

percentage DPM 3H in the stem fractions as reducing sugars had increased 
to approximately three times as much as was in the form of sorbitol while 

the DPM 14C remained almost entirely as sorbitol (Table 10). Thus to 
cope with the carbohydrate demands of the fruit during stage III when a 
dramatic rise in the total sugar content in the apricot occurs (Reid and 
Bieleski, 1974; Romani and Jennings, 1971; Whiting, 1970), the level of 
reducing sugars in the stem possibly increases. In the present study the 
reducing sugars were not seperated into glucose and fructose, however 
Reid and Bieleski (1974) found 14C - glucose applied to fruit tissue 
slices for one hour resulted in the glucose level being higher than the 

I sucrose which in turn was higher than the fructose and sorbitol levels. 
L 
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As the level of sucrose in the fruit started to increase there was a 
substantial decrease in the ability of fruit slices to metabolise 
supplied glucose and sorbitol. Thus it maybe as fructose that 
carbohydrates enter the fruit, especially during Stage III of the fruits 
development. 

Within the fruit for the 2 December harvest 73.6% of the DPM 3H and 72.2% 

of the DPM 14C was present as sucrose with an additional 15.3% or 25.4%, 
respectively as reducing sugars (Table 9). For the 18 January harvest 
92.5% of the DPM 3H was in the form of sucrose with 5.1% as reducing 
sugars while the DPM 14C was still partitioned with similar levels, 76.3% 
as sucrose and 18.6% as reducing sugars (Table 10). The high level of 
sucrose in all cases means that if reducing sugars' were the form of 

carbohydrate which entered the fruit there must be rapid conversion of 
the label carrying compound to sucrose. This would maintain a low level 
of the incoming form of carbohydrate so as loading is not against a 
concentration gradient. The significance of the increase in the 

proportion of 3H - sucrose in the 18 January experiment is difficult to 
explai n as the 14C - sucrose remai ned at a similar level. It maybe 
within the bound of experimental variation that the 3H - reducing sugars 
appeared to be converted to sucrose at this time while the 14C - reducing 
sugars were not. It is difficult to imagine the formation of specific 
metabolic compartments or that the labelled compounds do not mix 
uniformally with thei r endogenou.s counterparts, but this could be an area 
for further experimentation using more refined dual labelled techniques. 

Based on the radioactive data only this argument that reducing sugars are 
loaded into the fruit appears feasible. However referring back to the 
endogenous soluble carbohydrate 1 evel s withi n the fruit (Fi gure 14) the 
absolute levels of glucose and fructose are relatively high throughout 
the season while the sucrose level was low until the 14 January. The 
significance of these apparently contradictory findings 'is discussed in 
the final discussion (Chapter 6). 

, .. -.-
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CHAPTER 6 

GENERAL DISCUSSION 

In determining the source and form of carbohydrate for fruit growth 

several observations have been discussed with respect to the bark and 
wood carbohydrate levels, their relationship with each other and the 
experimental methods used to determine them. However the main theme of 
all three experimental chapters has revolved around the growth and 
development of the apricot fruit. This final discussion will attempt to 
bring together the significant conclusions concerning the carbohydrate 
supply for apricot fruit development which have been proposed in the 
previous chapters. 

Analysis of the carbohydrate content of bark and wood tissues suggested 
sorbitol was the main carbohydrate in these tissues, however glucose, 
fructose and sucrose were also present (Figures 11 and 12). After the 21 
December the sorbitol level in the wood tissue increased (Figure 12) 
while that in the xylem sap tended to decrease (Figure 13). This 
relationship between the sorbitol levels in the wood tissue and the xylem 
sap sample indicated that although sorbitol was the major carbohydrate 
translocated (Figure 13) it also may have had a dominant role as a 
storage form in non conducti~g wood cells and as such may be a highly 
protected carbohydrate form in the apricot branch. This was supported by 
findings in the dual label tracer studies where the 14C - sorbitol 

applied to the stem remained predominantly as sorbitol within the branch 
(Tables 6, 9 and 10) and up to 50% of the DPM 14C was detected in the 
stem tissue at harvest. However the 3H - sucrose applied to the stem was 
converted to reduci ng sugars and sorbitol (Tables 9 and 10) and only 20% 
of the DPM 3H remained in the stem tissue at harvest. Radioactive 14C02 
photosynthetic studies with apple seedlings led to similar conclusions on 
the role of sorbitol (Grant and ap Rees, 1981) as sorbitol was rapidly 
labelled during photosynthesis in the presence of 14C02 but the labelled 
sorbitol disappeared slowly from the leaves. Sorbitol was translocated 
to other areas of the apple seedlings but the use of sorbitol by 
non-photosynthesising tissues was slow in relation to the considerable 
ability of the same tissue to absorb sorbitol. Under the natural 
conditions of the present experiments the enzyme thought to catalyse 
sorbitol degradation, a fructose: sorbitol oxidoreductase (Bieleski, 
1982; Loescher et ~., 1982), may therefore be absent from the apricot 
branch tissue or sorbitol may be rapidly removed from a specific 
metabolic compartment. This protection of the sorbitol form in plant 
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tissues has been demonstrated by other authors (Anderson et El., 1962; 
Bieleski, 1977; Grant and ap Rees, 1981) although sorbitol 
interconversions do occur in branch tissues if environmental conditions 
are extreme. For example apple leaf tissue metabolised sorbitol only 
when starved by being placed in the dark (Grant and ap Rees, 1981). In 

the tissue of the apple fruit sorbitol is readily and rapidly converted 
to sucrose, glucose and frutose (Hansen, 1970a, 1979). In fact 

application of 14C - sorbitol to apple fruit discs led to metabolism to 
fructose mainly and glucose and sucrose to a lesser extent at a rate 
which led Beruter and Kalberer (1983) to conclude that sorbitol uptake 
was related to metabolism. They suggested that after transport of 
sorbitol into the free space of the fruit sorbitol entered the metabolic 
space of the cell by diffusion. The metabolised sugars that formed and 
part of the unmetabolised sorbitol were subsequently transported into the 
vacuole by a carrier mediated transport system. This indicates that the 
apple fruit can utilise sorbitol and as assimilated 14C02 is mainly in 

the form of sorbitol (Bieleski, 1969; Steenkamp et ~., 1982; Webb and 
Burley, 1962) and the treated leaves supply the carbohydrates to the 
subtending apple fruit (Hansen, 1967a, 1969, 1979) it appears sorbitol is 

; 

also available to the fruit. In the apricot however, only 5% of the DPM 
14C was detected in the fruit six hours after applying 14C - sorbitol to 

the stem of branches carrYing developing fruit (Figure 17). This 
indicates that sorbitol or DPM 14C carrying compounds derived from 

sorbitol, at least in the short duration of the present experiments were 
not the form of carbohydrate which entered the fruit. Current 
assimilates which are predominantly sorbitol (Reid and Bieleski, 1974) 
also donot enter proximate fruit in the short term. In fact applying 
14C - sorbitol directly to apricot fruit tissue slices resulted in only 
about 15% of the sorbitol being metabolised, 10% of which was to fructose 
(Reid and Bieleski, 1974). It is apparent that the apricot fruit tissue 
is unable to utilise sorbitol to any major extent (Figures 17 and 21), 
(Reid and Bieleski, 1974). 

After applying 3H - sucrose and 14C - sorbitol to 
developing apricot fruit comparitively more DPM 3H 

(5%) was detected in the fruit (Table 7). The 

the 
(20%) 
3
H 

_ 

stem below 
than DPM 14C 

sucrose was 
metabolised to other forms more readily (Tables 9 and 10) than the 
14C - sorbitol and only 20% of the DPM 3H was detected in the stem 
sections compared to 50% of the DPM 14C (Table 7). This suggests that 
sucrose or its derivatives may be the carbohydrate form which enters the 
fruit. Early in the fruit growi ng season the DPM 3H was mai nly in the 
form of sorbitol and reducing sugars in the bark and wood tissues (Table 
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9). Later, when the demand for carbohydrates by the fruit increased, the 
amount of DPM 3H as reducing sugars increased to almost three times that 
of sorbitol (Table 10). This indicated that reducing sugars were an 
accessable form of carbohydrate for loading into the fruit. The question 
exists however, of whether hexose reducing sugars are actually 
translocated in the phloem and xylem (Peel, 1966; Peel and Ford, ,1968; 
Hansen, 1970a). The relatively high levels of reducing sugars obtained 
in the bark and wood tissues (Figures 11 and 12) indicate that they may 
be although it is possible hexoses result from the hydrolysis of the 
sucrose present (Garner 1976; Pontis, 1977). As mentioned in Chapter 5, 
Peel and Ford (1968) found that ethanolic extraction of the whole bark of 
willow revealed more activity as hexoses than sucrose whereas the 
analysis of sieve tube sap obtained via severed aphid stylets contained 
predominantly sucrose. Only sucrose may be actually translocated but 
once unloaded into the apoplast from the phloem or the xylem hydrolysis 
to hexoses may occur (Ford and Peel, 1967; Giaquinta,1980). In apple 
seedlings both sucrose and sorbitol were identified as translocates and 
every non reproductive plant tissue studied readily, and more rapidly 
utilised sucrose in comparison to sorbitol (Grant and ap Rees, 1981). 
They' concluded that apple seedlings metabolise and utilise sucrose in 
basically the same way as many other higher plants (Pontis, 1977; 
Ziegler, 1975). In the aprico~ system the level of sucrose in the bark 
and wood tissue was relatively low (Figures 11 and 12) however a large 
proportion of the sucrose in the wood was apparently in the xylem sap 
(Figure 13). This indicates that sucrose was in the wood throughout the 
season predomi nant ly as a trans locate', not a storage carbohydrate. It is 
possible that sucrose and / or glucose and fructose supplied by the 
phloem and / or xylem to the free space in the vicinity of the fruit were 
selectively removed by the fruit and accumulated in the fruit tissue. 

The endogenous levels of carbohydrate in the bark and wood tissue were 
relatively consistent (Figures 11 and 12) probably due to the large 
proportion of storage or temporary storage cells which combine to form 

both tissues. To determine from the carbohydrate levels within these 
tissues the form of carbohydrates available to the fruit and those able 
to be loaded into the fruit it would be necessary to know the 
concentration and mass transfer rates of each carbohydrate .in the 
conducting cells. O~e method of assessing the magnitude of translocation 
is to calculate the specific mass transfer. This involves determining 
the dry weight transfer per unit time (increase in fruit dry weight) and 
dividing this by the cross sectional area of the channel of transport 
(sieve tube or functional xylem area), (Canny, 1975). To apply this to 
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the apricot system is difficult as it has not been determined whether the 
increase in fruit dry weight is due to dry matter being supplied by the 
actively transporting phloem or xylem. Determining the cross sectional 
area of the functional transport system is difficult in any plant 
species. 

Soluble carbohydrates form a large portion of the dry weight of apricot 
and other fleshy fruit, especially when the fruit is ripe (Figure 14), 
(Reid and Bieleski, 1974; Romani and Jennings, 1971; Whiting, 1970). 
The endogenous carbohydrates involved varied over the season with glucose 
and fructose being the main contributors to the soluble dry weight up 
until the middle of the third growth stage (Figures 8 and 14). After 
this time there was a dramatic increase in sucrose which was accompanied 
by a decrease in both fructose and glucose levels. It is biochemically 
possible that this build up of sucrose in the final stages of fruit 
growth was due to sucrose synthesis from the glucose and fructose already 
present in the fruit. However the radioactive tracer studies presented a 

different picture of the carbohydrate composition of the fruit. Applying 
14C - sorbitol to the stem below the fruit led to little DPM 14C entering 

the fruit but what did accumulate was predominantly in the form of 
sucrose throughout the season (Tables 6, 9 and 10). When 3H - sucrose 

was applied to the stem a similar trend resulted (Tables 9 and 10). Thus 
although the quantitative sucrose level measured in the fruit was minimal 
until the 14 January (Figure 14) over half of the radioactivity located 
in the fruit was in the form of sucrose. This level increased to 72% by 
25 January when 14C - sorbitol was applied to the stem (Table 6) and to 
92.5% on the 18 January when 3H - sucrose was applied (Table 10). 
Measurement of the overall endogenous sugar levels of the fruit do not 
represent the dynamic changes which were associated with the accumulation 
of carbohydrate. The high level of radioactive sucrose in the fruit 
tissue, which was determined six hours after the radioactivity had been 
administered probably indicates that sucrose is the form of carbohydrate 
which enters the fruit. Up until the 14 January the fruit may matntain a 
low concentration of sucrose by hydolysing it to the constituent hexoses 
(Figure 14) and by doing so the loading process from the adjacent free 
space may not be against a concentration gradient. As the fruit reached 

ripeness a number of degradative phenomena are known to occur (Rhodes, 
1980) one of which is the breakdown of the cell walls leading to a loss 
of organisation within the fruit. This may be the reason for the final 
dramatic increase in sucrose as the structural breakdown may render 
glucose and fructose available to the sucrose synthesising enzymes. The 
fact that 14C - activity was still entering the fruit on the 25 January 
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(Figure 17) indicates carbohydrate accumulation was still occurring even 
though the endogenous level of sucrose was high (Figure 14). This 
carbohydrate was still predominantly as sucrose (Table 6) and was 
probably not hydolysed to glucose and fructose. 

The source of the carbohydrate is still difficult to determine. Reid and 
Bieleski's (1974) studies suggested current assimilates from nearby 
leaves did not contribute greatly to the carbohydrate levels within the 
fruit. Their experiments were only carried out when the fruit was nearly 
ripe so the possibility that newly synthesised assimilates may play a 
more dominant role earlier in the season cannot be excluded. The dual 
labelled experiments of this study indicate labelled carbohydrates can 
enter the fruit when applied to the stem below the fruit. This 
carbohydrate may have been translocated upward in the phloem or in the 
xylem. In order to determine which transport system was involved it 
would be necessary to positively identify the carbohydrate levels and 
their rate of flow within the functional phloem and xylem transporting 
cells. If the carbohydrates involved in supplying the fruit do originate 
from regions below the fruit it would probably be supplied by permanent 
or ,temporary storage areas. This may be the reason sorbitol appears to 
be stored in the branch tissue although an enzyme which is capable of 

. converting the abundance of sorbitol to sucrose waul d have to be 
discovered and located in s~ecific cellular sites. This is obviously an 
area where the scope for further research is immense but sucess will 
depend on refining techniques to allow more precise sampling of 
individual tissues and cell types. 
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APPENDIX 1 
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APPENDIX 2 

CLARIFICATION OF GROWTH ANALYSIS STATISTICAL PROCEDURES 

The following methods are based on those given in the statistical 
appendix of Bourdot {1980} who developed the procedure from Hughes and 
Freeman {1967}. To illustrate the methods the fitted quartic equation of 
all fruit for 15 harvests will be used. 

1.0 FITTING THE GROWTH CURVES 

Samples of fruit having various diameters (0) were taken at times tl, t2, 
••• tn. A quartic regression equation of loge 0 against t was fitted. 

At each time of harvesting the observed value of loge D is given by: 
2 3 4 

log 0 = a + bt + ct + dt + et + err (13) 
e 

2 3 4 
= 0.2532 + 0.3750t - O.0632t + 0.0044t - O.OOOlt 

where the first five terms represent the Itrue l curve and, err represents 
the error of observation. These errors are assumed to be independently 
normally distributed with a mean of 0 and equal variance. 

Equation (13) maybe re-written as: 

log 0 = a1 + b1{lin} + cl{quad} + d1{cub} + el{quart} + err {14} 
e 

where 

1 in 

quad 

cub 

quart 

const 

and 

A = 

B = 

= t + A 
2 

= t + Bt 
3 

= t + Ot 
4 

= t + Gt 

= 1 

Lt 
- ---------

L{const} 
2 

L{lin)t 
L{lin)t 

+ C 
2 

+ Et + F 
3 2 

+ Ht + It + J 

= - 7.8856 

= 15.8121 

...... - ... ";-.".---, ,', 

~, . 
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2 
I:t + B I:t 

C = - ------------I: (const) 
3 

E(quad)t 
o - - ---------2-

E(quad)t 
3 2 

I:(lin)t + 0 E[(lin)t ] 
E = 

I: (1 i n)t 
3 2 

Et + D Et + E I:t 
F = - ---------------------I:(const) 

4 
E(cub)t 

G = - --------3-
I:(cub)t 

4 3 
H = - _~~~~~~l~ __ ~_~_:~~~~~~l~-~-

E(quad)t 

I = 

J = 

and 

432 
I:(lin)t + G E[(lin)t ] + H E[(lin)t ] 

E(lin)t 
432 

Et + G Et + H Et + I Et 
- ----------------------------

I: (const) 

lin = t - 7.8856 
2 

quad = t - 15.8121t + 43.9308 
3 2 

cub = t - 23.7226t + 154.4998t - 233.0715 

= 43.9308 

= - 23.7226 

= 154.4998 

= - 233.0715 

= - 31.7136 

= 330.8886 

= - 1259.3064 

= 1283.5625 

432 . 
quart = t - 31.7136t + 330.8886t - 1259.3064t + 1283.5625 

The coefficients aI, b1, c1' d1 and e1 are estimated by the 'least 
squares' method. They are chosen to make the sum of squares of the 
deviation between observed and fitted values as small as possible giving: 

2 
E (log D) a 

a = ------e---
1 n n 

b 
I: (1 i n)( log D) 

= ---------2-e---
1 I:(lin) 

2 
a 

-------2-E(lin) 

I:(quad)(log D) 
with variances c

1 
= ---------2--e---

I:(quad) 

2 
a 

--------2-E(quad) 

, ,~ ; - .~~-
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2 
I:(cub)(log D) 

d
1 

= ---------2-e---
I:(cub) 

a 
-------2-" 
E(cub) 

2 
a I:(quart)(log D) 

e
1 

= ----------2--e---
E(quart) ---------2-I:(quart) 

2.0 VARIANCE, STANDARD ERROR AND CONFIDENCE LIMITS 

,':" The error variance f~r log D (a) was estimated by the 
error mean square (S) = 0.01299 / 1125 

From equation (13) the estimated variance of a particular fitted value of 
10geD is: 

- 2 2 2 -
1 (lin) (quad) (cub) 

a = - + ------2 + -------2 + ------2 o n E(lin) I:(quad) E(cub) 
(15) 

The standard error of this fitted value is the square root of the 
va ri ance. 

The confidence limits were obtained by multiplying the standard error of 
the fitted value at any time by the two sided 5% significance level of 
Students t distribution with error degrees of freedom (t > 120(.05)). 
For any fixed value of t the confidence interval is such that if it were 
calculated for each of a number of replicate experiments it would 
indicate the pOint on the Itrue l curve at that value of t on 95% of the 
occasions. As the number of observations (n) increases the" confidence 
limits will narrow as the standard error decreases and as the value of t 
decreases towards it's limit of 1.96. 

3.0 RELATIVE GROWTH RATE 

1 dO 
RGR = - (16 ) 

0 dt 

d (log D) 
= -----e--

dt 

d(a + b (lin) + c (quad) + d (cub) + e (quart)) 
= ---1----1---------1----------1---------1--------

dt 



.~ 
I 

138 

2 3 2 
= b + c (2t +B) + d (3t +2Dt + t) + e (4t +3Gt +2Ht + J) 

1 1 1 1 

The estimated variance of the fitted value is: 

(17) 

and the standard error and confidence intervals are constructed as 
described above. 
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APPENDIX 3 

INFORMATION ON OBSERVED AND FITTED GROWTH DATA 

The natural logarithms of the observed means (LOM), the 95% confidence 

intervals for the fitted quartic polynomial (Fer) and the 95% confidence 
intervals for the RGR derived from the quartic polynomial (ReI) are 
presented. All values are based on the means of length and diameter 
measurements for the following five data sets; all fruit and 46 fruit 
for 16 harvests, all fruit, 75 fruit and fallen fruit for 15 harvests. 

Harvest Date LOM 

All fruit for 16 harvests 

16 October 
22 October 
29 October 
5 November 

13 November 
19 November 
26 November 

3 December 
10 December 
17 December 
24 December 

31 December 
8 January 

14 January 
21 January 
28 January 

0.825 
0.978 
1.106 
1.170 

1.189 
1.199 
1.209 

1.219 
1.222 
1.232 
1.265 

1.316 
1.394 
1.442 
1.515 
1.475 

Length 

FeI 

0.145 
0.083 
0.082 
0.083 

0.070 
0.063 
0.063 
0.068 
0.069 
0.065 
0.062 
0.068 
0.080 
0.083 
0.082 
0.153 

ReI 

0.153 
0.092 
0.045 
0.031 

0.036 
0.036 
0.032 
0.026 
0.024 
0.029 
0.035 

0.036 
0.032 
0.039 
0.077 
0.154 

LOM 

0.574 
0.751 
0.905 
1.002 

1.038 
1.049 
1.067 

1.075 
1.094 
1.109 
1.151 

1.219 
1.361 
1.426 
1.523 
1.505 

Diameter 

FeI 

0.188 
0.108 
0.106 
0.107 

0.091 
0.081 
0.081 

0.088 
0.090 
0.085 
0.081 

0.088 
0.104 
0.108 
0.107 
0.198 

ReI 

0.475 
0.119 
0.058 
0.040 

0.046 
0.047 
0.041 

0.033 
0.031 
0.038 
0.045 

0.046 
0.041 
0.051 
0.099 
0.200 

cont'd ••• 

"', '; " :: ..... , ... 
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cont'd 

Length Diameter 
------ -------- , _.- .. " - .. 

- ", '"'.' . <::', -:;. (. '~---. 

Harvest Date LOM FeI ReI LOM FeI ReI 

46 fruit for 16 harvests 
------------------------

16 October 0.857 0.133 0.140 0.610 0.189 0.200 

22 October 1.004 0.076 0.083 0.778 0.109 0.119 
- . ", --.-.~,- . - ~ - -." ~ ~: 

29 October 1.119 0.075 0.041 0.934 0.107 0.059 

5 November 1.192 0.075 0.028 1.028 0.108 0.040 
-.-', - . :<~_- -,' 1. ,,"-;" 

13 November 1.205 0.064 0.032 1.070 0.092 0.046 

19 November 1.219 0.057 0.033 1.080 0.082 0.047 

26 November 1.230 0.058 0.029 1.101 0.082 0.041 

3 December 1.237 0.062 0.023 1.101 0.089 0.033 

10 December 1.220 0.063 0.022 1.105 0.090 0.032 

17 December 1.239 0.060 0.027 1.113 0.085 0.038 

24 December 1.278 0.057 0.032 1.161 0.082 0.045 

31 December 1.324 0.062 0.033 1.236 0.089 0.047 

8 January 1.384 0.073 0.029 1.353 0.105 0.042 

14 January 1.440 0.076 0.036 1.416 0.108 0.051 

21 January 1.510 0.075 0.070 1.516 0.107 0.100 

28 January 1.477 0.139 0.140 1.509 0.199 0.201 

All fruit for 15 harvests 
-------------------------

16 October 0.825 0.147 0.170 0.574 0.190 0.220 

22 October 0.978 0.084 0.097 0.751 0.108 0.125 

29 October 1.106 0.086 0.045 0.905 0.112 0.058 

5 November 1.170 0.084 0.035 1.002 0.108 0.046 

13 November 1.189 0.069 0.041 1.038 0.089 -0.053 

19 November 1.199 0.064 0.039 1.049 0.083 0.051 

26 November 1.209 0.068 0.032 1.067 0.088 0.041 

3 December 1.219 0.072 0.027 1.075 0.093 0.035 

10 December 1.222 0.069 0.031 1.094 0.090 0.040 

17 December 1.232 0.065 0.038 1.109 0.084 0.049 

24 December 1.265 0.070 0.041 1.151 0.090 0.053 

31 December 1.316 0.082 0.036 1.219 0.106 0.047 

8 January 1.394 0.086 0.046 1.361 0.111 0.059 

14 January 1.442 0.083 0.088 1.426 0.108 0.113 

21 January 1.515 0.151 0.171 1. 523 0.195 0.221 
-~-- contl-ct-;:-;-
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cont 'd ..• !i;. 
\-1 

,< ' 

Length Diameter 
------ -------- ,"-+--.'->. 

Harvest Date LOM Fe! ReI LOM Fe! ReI 

75 fruit for 15 harvests 
------------------------

16 October 0.856 0.121 0.140 0.610 0.160 0.185 

22 October 0.996 0.069 0.079 0.779 0.092 0.105 - _. ~ -

29 October 1.115 0.071 0.037 0.933 0.094 0.049 ;-'. -.", "," . 

5 November 1.192 0.069 0.029 1.036 0.092 0.038 

13 November 1.206 0.057 0.033 1.066 0.076 0.044 

19 November 1.217 0.053 0.032 1.077 0.070 0.043 

26 November 1.231 0.056 0.026 1.106 0.074 0.035 

3 December 1.255 0.059 0.022 1.125 0.078 0.029 

10 December 1.237 0.057 0.025 1.133 0.076 0.034 

17 December 1.262 0.053 0.031 1.147 0.071 0.042 

24 December 1.296 0.057 0.033 1.194 0.076 0.044 

31 December 1.350 0.068 0.030 1.288 0.090 0.039 

8 January 1.418 0.071 0.038 1.406 0.094 0.050 

14 January 1.453 0.068 0.072 1.452 0.090 0.096 

21 January 1.515 0.124 0.140 1.523 0.165 0.186 

Fallen fruit for 15 harvests 
----------------------------

16 October 0.815 0.155 0.179 0.561 0.193 0.223 

22 October 0.971 0.089 0.102 0.742 O.llO 0.126 

29 October 1.103 0.091 0.048 0.895 0.ll3 0.059 

5 November 1.162 0.088 0.037 0.990 O.llO 0.046 

13 November 1.182 0.073 0.043 1.028 0.091 0.053 

19 November 1.192 0.068 0.041 1.038 0.084 0.051 

26 November 1.200 0.072 0.034 1.051 0.089 0.042 

3 December 1.202 0.076 0.028 1.051 0.094 0.035 

10 December 1.213 0.073 0.032 1.072 0.091 0.040 

17 December 1.210 0.069 0.040 1.081 0.085 0.050 

24 December 1.234 0.074 0.043 1.109 0.091 0.053 

31 December 1.264 0.087 0.038 1.114 0.108 0.047 

8 January 1.303 0.091 0.049 1.193 0.113 0.060 

14 January 1.358 0.088 0.093 1.234 0.109 0.155 

L 
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APPENDIX 4 

FITTED POLYNOMIAL EQUATIONS OF CHAPTER 3 

The quartic polynomial regression equations describing the trends of 
length and diameter with time are presented for the natural logarithms 
of: 

1. All fruit for 16 harvests 

2. 46 fruit for 16 harvests 

3. All fruit for 15 harvests 

4. 75 fruit for 15 harvests 

5. Fallen fruit for 15 harvests 

Time (t) is in weeks and length (L) and diameter (0) measurements are in 

mm * 10. 

(i) All fruit for 16 harvest 

234 
log L = 0.5455 + D.3335t - 0.0608t + 0.0046t - O.OOOlt 

e 

234 
log 0 = 0.2268 + 0.4046t - 0.0721t + 0.0054t - 0.0001t 

e 

(ii) 46 fruit for 16 harvests 

234 
log L = 0.5736 + 0.3338t - 0.0617t + 0.0047t - O.OOOlt 

e 

2 3 4 
log 0 = 0.2412 + 0.4224t - 0.0768t + 0.0058t - O.OOOlt 

e 

(iii) All fruit from 15 harvests 

2 3 4 
log L = 0.5627 + 0.3141t - 0.0549t + 0.0040t - O.OOOlt 

e 

234 
log 0 = 0.2532 + 0.3750t - O.0632t + O.0044t - O.OOOlt 

e 

\. 
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(iv) 75 fruit for 15 harvests 
------------------------

234 
log L = 0.6029 + O.2994t - O.0523t + 0.0039t - O.OOOlt 

e 
234 

log D = 0.2745 + O.3893t - O.0685t + O.0051t - O.OOOlt 
e 

(v) 

log L 
e 

Fallen fruit from 15 harvests 
-----------------------------

234 = 0.5440 + O.3261t - 0.0585t + O.0044t - O.OOOlt 

234 
log D = 0.2446 + 0.3735t - O.0634t + 0.0046t - O.OOOlt 

e 

',-::-,-:'-"::.-_:- " 

\ . 
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APPENDIX 5 

METERS PER SECOND 
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APPENDIX 6 

LONG TERM CLIMATIC DATA 

The long term means of the maximum, minimum and mean daily temperature 
(DC); mean wind run (km day-I); precipitation (mm) and sunshine 

(hours). The data was collected at the Lincoln College meteorological 
station. 

October Nov.ember December January February 
-------------------------------------------------------------------------Mean daily maximum 16.8 18.8 20.4 21.3 20.9 

Mean daily minimum 6.7 8.1 10.4 11.5 11.4 

Mean dai ly 11.7 13.6 15.4 16.4 16.2 

Mean wind run 291 287 299 306 302 

Precipitation 49 53 57 60 54 
Hours of sunshine 187 206 194 215 182 

========================================================================== 
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APPENDIX 7 

A PRELIMINARY EXPERIMENT 

This experiment was carried out to determine a suitable method to 
estimate the quantitative changes in the carbohydrate levels of the bark, 
wood and fruit tissues harvested for the endogenous recordings (Chapter 
4). 

1.0 MATERIALS AND METHODS 

Six fruit replicates from the first and last harvest were treated in 

three different ways. The liquid extract was decanted into a measuring 
cylinder to determine the volume and was then transferred into a Waring 
blender, the measuring cylinder and pomade both being rinsed with 5 ml 
95% ethanol. The rinsings and fruit flesh were also added to the blender 
and all were homogenised for 1 minute. The homogenizer was then slowly 
rotated for 15 seconds to 'rise' the air bubbles in the sample. Three 
5 ml samples were taken: 

1. One to a preweighed glass vial for dry weight determination in 
an oven set at 75°C. 

2. One to a centrifuge tube along with 1 ml of saturated lead , 
acetate solution. The procedure followed thereafter was 
identical to that outlined in Chapter 4. 

3. One to a centrifuge tube with 1 ml of saturated lead acetate 
solution. After centrifuging the sample at 3500 r.p.m. for 

5 minutes the supernatant was decanted into a 100 ml volumetric 
flask, as desribed in Chapter 4. The pellet was rinsed twice 
with 5 ml 100% methanol and the rinsings were added to the 
volumetric flask. The method was then carried out as described 
in Chapter 4. 

2.0 RESULTS 

The levels of sorbitol, fructose, glucose and sucrose in the fruit at the 
first and last harvest are presented in the following table. Preparing 

the sample using 5 ml of the liquid extract led to consistently higher 
sugar levels as compared to the homogenised samples. Rinsing the 
residue, after the centrifugation process, caused the carbohydrate levels 
to rise to a level equivalent to the liquid extract sample. Calculating 

L_. the mg g DW- 1 using the sample's li~uid volume caused the sugar level to 
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be at least one third less than if the total volume was used. 

-1 
The quantity (mg g OW ) of sorbitol (Sorb), fructose (Fruc), glucose 
(Gluc) and sucrose (Sucr) in fruit extracts from harvests on the 25 

November and 28 January. The samples were prepared in three different 
ways and were altered for volume using either the liquid volume or total 
volume (liquid plus tissue). 
========================================================================= 

liquid exract 
homogenised 
pellet 

+ 
LSD 

rinsed 

1 iqu i d extract 
homogenised 
rinsed pellet 

+ 
LSD 

25 November 
-----------

Total Volume liquid Volume 
------------ -------------

Sorb Fruc Gluc Sucr Sorb Fruc Gluc Sucr 

64.8 37.4 163.4 8.5 32.3 18.6 81.7 4.2 
50.6 30.6 125.9 5.9 25.1 15.2 62.6 2.9 

64.2 39.6 156.8 7.0 32.0 19.6 78.4 3.4 

28.0 9.6 29.6 12.1 5.5 4.0 14.0 6.0 

28 January 
----------

Tota 1 Vol ume Liquid Volume 
------------ -------------

Sorb Fruc Gluc Sucr Sorb Fruc Gluc Sucr 

56.8 145.8 241.9 492.4 29.7 76.4 127.4 262.1 

38.9 98.1 163.8 351.1 20.5 51.6 86.5 187.9 

53.1 133.4 220.5 444.2 28.1 70.5 116.7 236.2 

13.5 34.9 34.2 136.5 5.6 16.2 15.5 82.9 
========================================================================= 
+ LSD Least significant difference 

3.0 DISCUSSION 

To quantify the absolute amount of sugar in the plant tissue it is 
necessary to know exactly what is being measured. By homogenising the 
fruit tissue in the ethanol extraction liquid and comparing the GLC 
analysis of 5 ml of the slurry with 5 ml of the straight extraction 
liquid it was concluded that within the pomade the tissue and extraction 
liquid were in equilibrium at the time of sugar analysis. Analysis of 
the homogenised tissue indicated lower levels of all the quantified 
su~ars_ however the pellet which formed after centrifuging the sample was 

. ~ - - '.- . . .' '. . . , . . .' 

c', 
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considerably larger and of a coarser consistency than the pellet which 
formed after centrifuging the liquid extract sample. Rinsing the former 
pellet with methanol released trapped sugars causing the recorded 
carbohydrate levels to increase to almost the level of the straight 
liquid extract sample. This relationship was consistent for both the 
first and the last harvest samples. 

The homogenised sample was a lot thicker containing on average 3.5 mg dry 

matter ml-1 and 7.5 mg dry matter ml- 1 for the harvest on the 25 November 
and the 28 January respectively. The dry matter in the homogenised 
sample would not contribute to the sugar levels directly but indirectly 
would decrease all the levels by reducing the absolute amount of liquid 
in the 5 ml sample. By avoiding the structural tissue of the fruit in 
the original 5 ml sample the volume is measured as precisely as possible. 

The actual decrease in sugar levels caused by the presence of dry matter 
in the homogenised sample was minimal when compared to the difference 
caused by calculating the absolute sugar levels using liquid or liquid 
plus tissue volumes. Homogenising obviously released sugars from the 
tissue, at a similar concentration to that in the ethanol extraction 
liquid. Thus an equilibrium between external and internal tissue regions 
had established. As the presence of tissue reduced the carbohydrate 
levels only slightly as compared to when the tissue was not included in 
the sample the absolute carbohydrate levels were calculated using total 
volume estimations. These preliminary investigations proved that a 
satisfactory, representative sample could be obtained by sampling the 
extraction liquid and the carbohydrate levels resulting from analysis of 
the sample can be quantitative when adjusted using total volume and 
tissue weight. 

' ..... ". 
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APPENDIX 8 

GLC PEAK IDENTIFICATION 

A list of carbohydrates and organic acids, their retention time and 
Rf relative to the internal standard, trehalose. The GLC conditions 
were as described in Chapter 4. 
=================================================================== 

Carbohydrate Pe,~ Rtten} i on lme sec TrehatQSe(Retjntion lme sec Rf 
------------ -------------- -------------------
Arabitol 312 1615 0.19 

Xylose 372 1598 0.23 

Arabi nose 371 1603 0.23 

Ribose 406 1603 0.25 

Rhamnose 456 1603 0.28 

Mannitol 601 1609 0.37 

Sorbitol 630 1599 0.39 

Fructose 686 1600 0.43 

Sorbose 701 1603 0.44 

Ga 1 actose 852 1643 0.52 

Mannose 834 1605 0.52 

Glucose 875 1601 0.55 

Inositol 976 1657 0.59 

Ascorbic acid 960 1621 0.59 
Glucuronic acid 956 1600 0.60 

Sucrose 1436 1601 0.90 

Maltose 1752 1608 1.09 
=================================================================== 

c,_ •. ",-'_". 
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APPENDIX 9 

BRAYS SCINTILLATION COCKTAIL 

For 1 litre of the scintillant the ingredients were as follows: 

4 g POP (2,5-diphenyloxazole) 
0.2 g POPOP (dimethyl-2-2-p-phenylene bis (5-phenyloxazole)) 

60 g napthalene 
20 ml ethylene glycol 

100 ml methanol 

The above ingredients were mixed and then made up to 1 1 with n -
dioxane. To dissolve the ingredients the mixture required stirring for 
several hours. 

~ . 
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APPENDIX 10 

OBSERVED MEANS OF SINGLE LABELLED EXPERIMENTS 

The percent total DPM and the percent total DPM per gram in each branch 
fraction for the five single labelled experiments. 
========================================================================= 

1981 1982 
% DPM 19 November 15 December 1 January 13 January 25 January 

----------- ----------- --------- ---------- ----------
Bark one 6.3 8.0 8.3 12.4 7.7 

Wood one 8.4 6.6 9.5 13.7 5.4 

Bark two 12.7 9.8 14.8 17 .1 7.2 
Wood two 12.9 9.3 17 .3 14.6 7.2 

Bark three 11.3 12.0 8.5 8.2 3.7 
Wood three 9.9 10.3 5.6 5.6 2.5 

Peduncle 0.4 0.6 0.3 0.2 0.4 

Fruit 11.4 4.3 4.7 10.0 5.9 
Old leaves 12.3 22.4 17 .3 11.1 35.1 

New leaves 13.7 17 .3 13.8 9.1 24.4 

-------~---------------------------------------------- -------------------+ 
LSD 4.3 4.7 5.7 6.6 6.3 

-------------------------------------------------------------------------
-1 

, 

% DPM g 
---------
Bark one 51.4 54.9 88.6 56.3 36.5 
Wood one 53.6 58.2 82.5 65.3 39.1 
Bark two 78.7 72.2 84.3 74.0 31.1 
Wood two 75.2 71.0 125.6 84.0 42.0 
Bark three 106.2 115.9 128.4 55.3 24.4 
Wood three 101.0 101.9 123.1 43.0 26.8 
Peduncle 13.5 22.2 9.3 8.3 24.3 

Fruit 3.2 0.7 0.8 0.9 1.0 
Old leaves 14.1 15.2 18.4 5.4 33.3 

New leaves 19.6 29.3 47.8 19.3 66.3 

------------------------------------------------------ -~-----------------
+ 

LSD 27.5 34.5 56.0 28.9 26.0 
========================================================================= 
+ LSD least significant difference 

~ -... . . '.' 
. --
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APPENDIX 11 

FITTED POLYNOMIAL EQUATIONS FOR CHAPTER 5 

The linear, quadratic and cubic regression equations describing the 

t rends of percent total DPM and percent total OPM g-l in the different 

branch fractions with time are presented. 

Percent total DPM 

2 3 
stem section one = 25.79 12.60t + 2.S7t - 0.67t 

2 3 
stem section two = 46.01 23.35t + 5.14t - 0.30t 

2 3 
stem section three = lS.53 + 3.13t - 0.63t + 0.02t 

2 3 
stem plus peduncle = 90.27 - 32.30t + 7.27t - 0.44t 

2 3 
fruit plus leaves = 9.65 + 31.53t - 7.02t + 0.42t 

2 3 
fruit = 20.40 - 9.57t + 1.66t - 0.08t 

2 3 
leaves = -10.75 + 41.11t - 8.68t + 0.51t 

Percent total OPM g-l 

stem section one = 123.17 - 0~89t 

stem section two = 17S.93 - 4.74t 

stem section three = 270.29 - 15.92t 
2 

stem = 344.43 + 97.3t - 10.16t 
2 

peduncle = lS.01 - 1.90t + O.lSt 
2 

stem plus peduncle = 362.43 + 95.36t - 9.97t 

2 
fruit plus leaves = 47.67 - 7.11t + 1.01t 

.. , .. ' .... ; ... : ..... : .. -:-: ... 
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