ichigan State

{ LIBRARY
tA
University

i

PLACE IN RETURN BOX to remove this checkout from your record.
TO AVOID FINES retum on or before date due.

DATE DUE DATE DUE DATE DUE

e e
e

MSU Is An Affirnative Action/Equal Opportunity Institution
ci\circ\datedus.pm3-p. 1




THE RELATIONSHIP BETWEEN FRUIT SET OF APPLE AND CARBOHYDRATE
CONTENT OF BARK AND FLOWER CLUSTER BASE TISSUES

By

Darcy Camelatto

A DISSERTATION

Submitted to
Michigan State University
in partial fulfillment of the requirements
for the degree of

DOCTOR OF PHILOSOPHY

Department of Horticulture

1992



,-"r,

A

ABSTRACT

THE RELATIONSHIP BETWEEN FRUIT SET OF APPLE AND CARBOHYDRATE
CONTENT OF BARK AND FLOWER CLUSTER BASE TISSUES

By

Darcy Camelatto

Apple tissues were analyzed to determine the
relationships between carbohydrate content and fruit setting
ability. Shading was employed to reduce carbohydrate
content and scoring or girdling to increase it. Additional
comparisons were made of a) strains of 'Delicious' apple
that differ in fruit setting ability, b) trees on
rootstocks that affect fruit set, and c¢) Starkrimson
'Delicious' trees in commercial orchards with varying
cropping potential.

Bark discs were removed from l-year-old wood at bloom
and at intervals thereafter, and flower cluster bases were
collected at bloom. All tissues were oven-dried and
extracted with 80% ethanol. Gas chromatography was used to
quantify free sugars and sugar alcohols. Residual starch
was enzymatically hydrolyzed and glucose in the hydrolysate
determined spectrophotometrically.

Shading [30% (= 70% full sun)] was ineffective in
reducing levels of carbohydrates or fruit set of Redchief

'‘Delicious' whether applied in spring or fall. Although 60%



shade reduced both initial and final set, carbohydrate
content was not reduced significantly until 15 days after
bloom. Scoring of the trunk at full bloom had no
significant effect. In a second experiment with 'Empire’
and 'MacSpur' trees, 60 and 85% shade reduced set, but
carbohydrate content was not reduced until 25 days after
bloom. Girdling of the trunk reduced set without affecting
carbohydrate content appreciably at the time of "June" drop.

'‘Imperial Red Delicious' trees on MAC 9 (dwarfing)
rootstocks set a larger percentage of their flowers than did
trees on MAC 11 or MAC 24 (both semi-vigorous). However,
effects of rootstock on carbohydrate content were
inconsistent. 'Empire' trees on M.111 rootstocks were also
compared with similar trees with M.8 and M.9 (both dwarfing)
interstems. Although both interstems increased set, only
M.9 increased carbohydrate content.

Comparison of several strains of 'Delicious' that
differ in productivity indicated that carbohydrate content
was often higher in poorly setting strains. Analysis of
data for 4 commercial orchards indicated positive
correlations between fruit set and carbohydrate content of
cluster bases, but not of bark tissue.

In summary, although content of carbohydrates,
especially sorbitol and sucrose, was sometimes positively
correlated with fruit set, many exceptions were found. Thus
carbohydrate content alone is not a reliable indicator of

fruit setting potential.
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INTRODUCTION

The setting of fruits is essential for commercial
success in tree fruit production. Once the fruits have set,
other treatments can be applied to improve fruit size and
quality and thereby maximize profits.

Several factors are involved in fruit set of temperate
fruit trees. Climatic conditions can interfere with cross-
pollination, frost can injure flower parts, and solar
radiation, nutrition and other cultural practices (pruning,
training, growth regulators, pest control, etc.) can affect
fruit set.

Considerable evidence exists in the literature that
carbohydrates are important in the setting of apple fruits.
Relatively high temperatures during late winter and early
spring can reduce fruit set of apple. Such temperatures may
reduce carbohydrate availability to flowers and growing
fruitlets, since high temperatures increase respiration and
therefore more carbohydrate reserves are consumed.

Post-bloom application of shade, as well as treatment
with photosynthetic inhibitors, can cause abscission of
fruitlets which have reduced content of carbohydrates. On
the other hand, post bloom injection of sorbitol increases

fruit set and can overcome the deleterious effects of shade.



Other factors that affect fruit set include rootstock,
interstem, strain, girdling and scoring. These could also
influence carbohydrate content.

My purpose was to establish whether the effects of
several treatments/cultural practices that affect fruit set
could be explained by their effects upon carbohydrate
content of either cluster bases or bark tissues. Shading
was applied to apple trees to reduce carbohydrate content,
and girdling to increase it. Experiments involving different
rootstocks, interstems, and strains of 'Delicious' were also
performed, and fruit set was recorded. Fruit set was also
recorded in several commercial orchards in Michigan. In all
these experiments, cluster bases and bark tissue of one-
year-old branches were analyzed in order to determine the

relationship between carbohydrate content and fruit set.



I. LITERATURE REVIEW

A. Fruit Set of Apple

Fruit set may be defined as "the proportion of flowers
which give rise to fruits", while "initial set" refers to
the initial swelling of the ovary, and "final set" to the
production of mature fruits (Dennis, 1984). For my
purposes, initial set will be defined as the proportion of
flowers forming fruitlets that remain on the tree for at
least 20 days after full bloom (DAFB), and final set as the
proportion of flowers forming fruits that remain on the tree
after "June drop". 1In apple, two post-bloom periods of
fruitlet abscission are usually recognized: "first drop",
that occurs in two waves of fruitlet abscission, one
immediately after bloom, and a second that occurs at
approximately 2 to 3 weeks after bloom, and "June" drop
(Childers, 1969; Gourley and Howlett, 1957; Teskey and
Shoemaker, 1972). Heinicke (1917) stated that many of the
flowers are lost a few days after petal fall, and a large
number of partially developed fruits abscise during the next
few weeks. A rather conspicuous drop, commonly called
"June" drop occurs in June and July when the fruits are from
one to three centimeters in diameter. Although fruit size
is important, fruit set is often the most important factor

controlling productivity in apple. Dennis (1981 b)
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considered fruit set to be the major factor limiting yield

of 'Delicious' apple.

1. Effects of environmental factors.

Temperature. Temperatures previous to, during and
after bloom affect fruit set of apples. Low temperatures
can decrease fruit set of pollinated flowers by injuring
pistils and/or pollen, and also by decreasing the rate of
pollen tube growth (Boyd and Latimer, 1933). Injured
flowers can sometimes survive after cold injury, but their
setting ability is decreased (Forshey, 1978; Wilson and
Williams, 1970). Pollen grains of 'Delicious' apple fail to
germinate at temperatures below 4.4C (Lapins and Arndt,
1974) . These authors also observed that pollen tubes of
that cultivar reached the base of the style in 3 days at a
continuous temperature of 12.8C vs. 5 days at 7.2C.

All apple cultivars are self-incompatible to some
degree (Janick and Moore, 1975). Therefore, interplanting
of trees of different cultivars that produce intercompatible
pollen is a general rule in apple orchards. Since wind
pollination is not effective in apple, cross-pollination is
dependent upon insects (Robinson, 1980). Among insects,
honey bees are the main pollinators in apple orchards
(Hoffman 1966; Wilson and Williams, 1970). Therefore,
cross-pollination in apple depends upon bee activity, which

can be affected by temperature. Bee activity during apple
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bloom in Nova Scotia, Canada, increased from 10 to 18C, then
declined, reaching a low intensity at 30C (Brittain, 1933).
However, according to Morse (1975), bee activity occurs from
15 to 18C, but is maximum at 21C or higher.

The effects of temperature during or following bloom on
fruit set of apple are somewhat controversial. Lapins and
Arndt (1974), working in British Columbia, Canada, observed
that fruit set in 'Delicious' was higher in warm than in
cool areas. They concluded that warm temperatures during
the 6 day period following full bloom favored fruit set.
Forshey (1976) also considered that warm temperatures
associated with sunny days following bloom of 'Delicious’
were beneficial to fruit set. On the other hand, Lu and
Roberts (1952) held apple trees of 'Delicious', 'Wealthy',
and 'McIntosh' under controlled temperature conditions, and
observed that fruit set was higher under low (13C) than
under high temperatures (21 and 24C). When potted trees of
'Lired', 'Lobo' and 'Golden Delicious' were maintained for 2
weeks at several constant temperatures beginning with 0, 2,
3, or 5 weeks after full bloom, set was better at 10C than
at either 15 or 20C (Grauslund and Hansen 1975). 'Cox's
Orange Pippin' (henceforth referred to as 'Cox') accounts
for more than 50% of fresh market apple sales in England,
but year-to-year variation in yield is a major problem
(Jackson and Hamer, 1980). Beattie and Folley (1978), in
studying yield variation in 'Cox' from 1949 to 1975, found a

significant negative correlation between yield vs. mean
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maximum temperature during February, March and April
(hereafter referred to as mtFMA), and significant positive
correlation between yield and June temperatures. Jackson
and Hamer (1980) hypothesized that in the years with higher
mtFMA, the bloom was earlier, so the fruit set could have
been decreased in two different ways: first, frost is more
likely to occur in early than in late spring, so more frost
damage to flowers and fruitlets could have occurred during
warm springs; second, the temperature tends to be lower
early in the spring, and cold temperatures negatively affect
both bee activity and pollen tube growth. Therefore the
conditions for pollination and fertilization were poorer in
years with earlier bloom. Jackson and Hamer (1980) also
found that daily mtFMA was negatively correlated with the
number of air frosts but not the number of ground frosts, in
April and May. Date of full bloom was positively correlated
with the number of ground frosts in April and May, but not
with the number of air frosts; neither daily mtFMA nor date
of full bloom was significantly correlated with time to
complete pollen-tube growth after the full bloom; and daily
mtFMA was positively correlated with mean maximum
temperature in "June", whereas date of full bloom was not.
Jackson and Hamer (1980) concluded that the postulated
detrimental effect of frost damage in years with higher
mtFMA was not valid, since in the years when 'Cox' bloom was
earlier, the number of ground and air frosts in April and

May were below average and the number in June higher than
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average. This statement by the authors may be
inappropriate, since severity of frosts is often more
important than number of frosts. However, multiple
regression calculated by using mtFMA, daily maximum June
temperatures,Aand calculated time of pollen-tube growth,
gave equations which could explain the variations of 'Cox!
yields from 1949 to 1975 (Jackson and Hamer, 1980).

To test the hypothesis that pre-bloom temperatures did
indeed affect set, potted trees of 'Cox'/M.9 were placed
under 3 different temperature regimes: control (out-of-
doors); 10C (warm); or 5C (cold) during February, March and
April, and hand pollinated with 'James Grieve' pollen.
Fruit set was higher in trees kept at 5C than in all other
treatments, but 10C or 15C did not improve set (Jackson et
al., 1982 b; 1982 c). Date of full bloom was delayed for 11
days by the 5C treatment compared to that of control trees,
while holding trees at 10C advanced full bloom 1 day. The
time required for pollen-tubes to reach the base of the
'style was 2 days for control and 10C trees vs. 6 days for
the 5C trees.

Mist irrigation for evaporative cooling was applied to
'Cox' trees in the orchard for different periods. Misting
began February 13 for all treatments and was discontinued
April 15, April 22, April 27, or May 6. Water was applied
whenever the temperature rose above 4.5C. All treatments
delayed bloom 5 to 7 days in comparison with control trees,

while time of pollen tube growth was delayed for 2 to 3
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days. Misting increased fruit set (p < 0.001) regardless of
timing (Jackson et al., 1982 b).

Records of fruit set for 'Cox', based upon crosses made
at the East Malling Research Station from 1965 to 1979
(except 1977, when a frost occurred), pollen-tube growth
(based on post bloom temperatures), and mtFMA were used for
regression analysis (Jackson et al., 1982 c). The equations
obtained for fruit set vs. pollen-tube growth, fruit set vs.
mtFMA, and fruit set vs. mtFMA vs. pollen-tube growth were
all significant. Although no mention was made as to
cultivars used as pollen parents, compatibility between
pollen parent and 'Cox', differences if any in rate of
pollen tube growth, pollen viability, etc., the results
obtained supported previous results obtained by Abbott
(1971) in 'Lord Lambourne'. The results also indicated that
a) female fertility is involved, since pollen from the same
source was applied, b) fruit set varied as a function of
temperature and c) low temperature pre-bloom can improve set
even when post-pollination conditions are unfavorable
(Jackson et al., 1982 c).

Effects of night temperatures were studied in potted
trees of 'Cox'/M.106 (Jackson et al., 1982 d). Different
periods of "warm" night temperatures were applied during
March, April and May. Trees under warm night conditions
bloomed earlier and set less fruit than did control trees.
The authors concluded that the warm temperatures may

stimulate metabolic activity during March and April. 1In a
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similar experiment Jackson et al. (1983) analyzed buds and
flowers for carbohydrate content at different stages of
development. Tissues of trees held under warm night
temperatures had lower water soluble sugars and
polysaccharides than did those of control trees. Effects on
fruit set were variable, but the authors suggested that a
reduced level of carbohydrates might be responsible for the
detrimental effect of high spring temperature.

Lakso (1984) compared apple yields in New York State
over 15 years with mean maximum temperatures recorded from
February 1 to April 15. Temperature differences explained
80% of the yearly variations in yield, with cool
temperatures favoring yield.

To determine the mechanism of effects of pre-bloom
temperatures on fruit set of apple, 'Cox' trees were held
under controlled temperatures inside greenhouses (Miller et
al., 1984). Flowers that developed under high temperature
conditions were smaller, and spur leaves were thinner and
smaller and had lower chlorophyll content than did controls.
Fruit set under warm conditions was similar to that of
control trees when pollinated immediately after opening, but
became progressively poorer than that of controls as
pollination was delayed. The duration of the period of
flower fertility was shorter at warm temperatures, and
longer at cool temperature, than that of flowers on control
trees. Unfortunately the authors did not mention the

temperatures for the different conditions. Frost
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sensitivity of flowers at the green calyx stage was
increased in trees held at higher temperatures.

Light intensity. Light may affect fruit set of apple
in two ways: directly by influencing flower and fruitlet
development, and indirectly by affecting bee activity.
Brittain (1933) observed that bee activity was correlated
with light intensity, especially the intensity of
ultraviolet light. Hedrick (1908) reported that good crops
of apples were associated with sunny days and warm weather
during bloom. On the other hand, Boyd and Latimer (1933)
noted that hand pollinated flowers of 'McIntosh' set more
fruit under cloudy days with mild temperature than under
sunny days with warm temperature (above 27C). Lakso (1984)
shaded trees for various periods of time. Twenty or forty
percent of full sun for only 2 days caused 92% fruitlet drop
of 'Delicious' trees on dwarfing rootstock, even though the
treatment was applied 4 weeks after bloom. Holding young
apple trees under an 8-hour photoperiod for 2 seasons
reduced shoot growth and caused abscission of all fruitlets
in the "June" drop the second year although flower bud
formation was hardly affected (Beriiter, 1985 b). Fruit set
of 'Delicious' apple trees was positively correlated with
solar radiation during the 3 weeks preceding bloom (Dennis,
1981 c). Increasing the light intensity increased fruit set
in 'Delicious' trees only slightly, while shading decreased
it (Doud and Ferree, 1980). According to Cain (1972) apple

and other tree fruits use only about 30% of the natural
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light available in the north temperate zone for
photosynthesis under natural conditions.

Artificial shade and defoliation have been used to
study the importance of light on fruit trees. Rom and
Ferree (1984) used potted 'Delicious'/M.106 to test the
effects of both shading (55% shade = 45% full sunlight), and
supplemental light (lamps placed 1.5 m above top of trees
with a reflective plastic underneath the canopy), on fruit
set. Shading from bud break to petal fall delayed bloom and
decreased fruit set, but supplemental light had no effect.
Because the trees were held in a greenhouse, light intensity
on the controls was reduced to about 35% of full sunlight.
Therefore 55% shade (45% full sun) was actually 16 to 30%
full sunlight and supplementary light was actually 65% full
sunlight (Rom and Ferree, 1984).

'Golden Delicious'/M.2 apple trees that were defruited
2 weeks after full bloom and shaded (53% full éun) during
the growing season had lower fruit set next year than trees
that were also defruited but not shaded (Hennerty and
Forshey, 1972). These results showed that shade had a
carryover effect on the next year's set. Both 30% and 73%
shade applied to individual 1limbs of adult Starkrimson
'‘Delicious' trees from petal fall to 16 days after petal
fall reduced both initial and final fruit set, but did not
increase the thinning action of 400 ppm ethephon plus 1200
ppm carbaryl; 73% shade from 17 to 35 days after petal fall

increased fruitlet drop and decreased final set in limbs
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treated with ethephon/carbaryl (Lehman et al., 1987). Doud
and Ferree (1980) also observed that shade previous to
"June" drop decreased final set of 'Delicious' trees.

"June" drop can be extended and fruitlet abscission
increased if shading is prolonged. Shade (37% full sun)
from petal fall to 40 days after petal fall reduced fruit
set of Redspur 'Delicious'/M.7 trees by 50% (Rom and
Barritt, 1989). Timing of shading may be critical. Byers
et al. (1985) observed that fruit set of Starkrimson
'‘Delicious'/M.7 was reduced by shading limbs (8% of FS)
between 16 and 26 days after full bloom (DAFB), whereas
shading for 10 day periods before or after this time had no
significant effect. 1In contrast, shading (8% of FS) from 5
to 15; 10 to 20; 15 to 25; or 25 to 35 DAFB reduced fruit
set of limbs of 'Stayman'/M.111. In Redchief
'Delicious'/M.111 the same shade intensity applied to entire
trees for 10 day periods starting at 18, 23, or 28 DAFB
caused abscission of all fruitlets (Polomski et al., 1988).

However, shading (92%) for a period of 4 days only (17
to 21 DAFB) of entire trees of Redchief 'Delicious'/M.111
reduced fruit set by 50% relative to control trees (Byers et
al., 1990 a). The same treatment plus a spray of 900 ppm
carbaryl 50 WP, increased fruit drop to 89%, while carbaryl
alone removed only 25% of the fruitlets. " Shade (92%) was
applied to entire trees of Redchief 'Delicious'/M.111 for 10
day periods beginning at 5 day intervals from 5 to 47 DAFB

(Byers et al., 1990 b). Shading during all periods except
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47 to 57 DAFB significantly increased fruitlet abscission
relative to that of control trees. However, shading from 5
to 15 DAFB caused less fruit drop than did shade treatments
beginning 10 to 25 DAFB. Shade treatments that started at
30 days and later caused progressively less fruit
abscission. The same shading intensity (92%) applied to
entire trees of Redchief 'Delicious'/M.111 for shorter
periods (3, 5, or 7 days) from 13 to 33 DAFB also
significantly reduced fruit set. The period of greatest
sensitivity of fruitlets to shade treatment was 10 to 30
DAFB (Byers et al., 1990 a, b).

Rain. Information about direct effects of rain on
pollinated flowers is contradictory. Hedrick (1908)
reported that in a period of 25 years, fruit set was
negatively correlated with wet weather, and suggested that
rain washed off the stigmatic secretion, as well as pollen
grains from anthers, and caused bursting of pollen grains.
However, Boyd and Latimer (1933) observed that the number of
pollen grains removed by heavy rain did not appreciably
limit fruit set, and Beattie and Folley (1977) reported that
rain during bloom was not a significant factor in variations
of yield of 'Cox’'.

Wind. Pollen grains of apple are heavy and sticky, and
wind does not play a significant role in pollen transfer;
therefore apple is dependent upon insects for cross-
pollination (Free, 1964). However, wind can affect fruit

set indirectly by limiting bee flight. Brittain (1933)
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observed that wind speeds higher than 3 miles per hour

caused a progressive decrease in bee activity.
2. Effects of plant characterjstics.

Cultivar and strain. The process of fruit setting in
fruit trees is a complex multi-dimensional phenomenon under
both genetic and environmental control (Chaplin and
Westwood, 1980). Differences in setting ability among apple
cultivars and strains is well documented. 1In Ohio,
'Delicious' trees in mixed plantings with other cultivars
showed a tendency to set light crops (Howlett 1928).
Childers (1969) suggested that the use of better strains
together with better cultural practices and fungicides could
improve yields. Dennis (1979) reviewed the literature on
apple yield and concluded that 'Delicious' had lower yield
than 'Jonathan', 'McIntosh', 'Northern Spy', 'Golden
Delicious', 'Winesap' and 'Rome Beauty'. Using yield
records for 'Delicious', 'Jonathan', 'McIntosh' and
'‘Northern Spy' at the Graham Experiment Station, Grand
Rapids, MI, from 1949 to 1970, he observed that 'Delicious'
and 'Northern Spy' yielded less per tree than 'Jonathan' and
'McIntosh'. When the yield was expressed per cm? of the
trunk cross-sectional area, 'Jonathan' and 'McIntosh' still
produced more than 'Delicious', while 'Northern Spy' was
least productive. Rahemi (1981) observed no significant

differences in final set of 'McIntosh' and 'Red Prince
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Delicious' in E. Lansing, MI, in 1980, although initial set
was higher in 'McIntosh'. However, in another experiment
conducted at Leslie, MI, in 1991, 'McIntosh' trees had
higher initial and final fruit set than did Starkrimson
'Delicious’'.

Strain of Delicious can also affect yield. Westwood et
al. (1967) reported that the fruit set of four sports of
'Delicious' varied significantly, even with the same flower
density. Idaho Spur had the highest set, Starking the
lowest, with Starkrimson and Chelan Red intermediate.
Differences in setting ability between strains of
'‘Delicious' have also been reported in Michigan (Dennis,
1981 a, 1988). Data on several 'Delicious' strains recorded
in two states in the USA, and in Italy and Poland were
summarized by Dennis (1979). He observed that differences
in yield occurred in all locations, but that the greatest
variation was observed in Ohio and Italy. However,
information on flower density and rootstock could also have
influenced productivity. The reasons for cultivar and
strain differences in setting ability are not well known.
However, factors include availability of compatible pollen,
presence of sufficient numbers of bees and favorable weather
conditions.

Since all apple cultivars present some degree of self-
incompatibility (Janick and Moore, 1975), and development of
parthenocarpic fruit in commercial orchards is a rare event

(Dennis, 1985) cross-pollination is necessary in commercial
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apple production. Cultivars such as 'Golden Delicious’',
'‘Jonathan' and 'Rome Beauty', considered self-fruitful, do
not produce more than 25 to 50% of their potential unless
pollinator trees are provided (Murneek, 1937). Way (1978)
observed that 'York Imperial', 'Golden Delicious' and 'Rome
Beauty' are self-fruitful; however, cross-pollination
increased their crop. Pollinizer trees have to be of
diploid cultivars (2n = 34 chromosomes), whereas triploid
cultivars (51 chromosomes) are of no value as pollinizers,
since they produce pollen of low germination capability
(Dennis, 1985; Overholser and Overley, 1931; Wellington,
1947). The pollinizer trees must produce large amounts of
viable pollen that is compatible with the recipient cultivar
(Dennis, 1985; Wellington, 1947). The amount of pollen
received per stigma during cross-pollination may increase
fruit set. Williams (1970) observed that supplemental hand
pollination increased fruit set of 'Cox' in most of the 21
orchards studied in England. Forshey (1978) considered that
in 'Delicious' the stigma should be saturated with pollen,
since a very low proportion of pollen tubes grow enough to
reach the embryo sac. Visser and Verhaegh (1980) suggested
that the presence of pollen grains can stimulate pollen tube
growth. They pollinated 'Golden Delicious' flowers twice in
periods of 24 to 48 hours, using pollen of scab-resistant
parents, which allowed them to identify the male parents by
screening the plants originated from the seeds. They

determined that a higher percentage of seeds originated from
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the second pollination (63%) than from the first (37%).

They concluded that the pollen grains from the first
pollination that partially penetrate the styles favored
penetration of pollen tubes from the second pollination, and
increased their growth rate. However, the effect of double-
pollination may be cultivar-dependent. Rahemi (1981)
reported that supplemental hand pollination significantly
increased fruit set of Starking 'Delicious', but not of
'McIntosh’'.

Flower characteristics. Anatomical differences may be
responsible for differences in fruit set among apple
cultivars. Roberts (1945; 1947) reported that bees can
extract nectar of 'Delicious' flowers without transferring
pollen to the stigmas. Robinson (1980) reported that in
'Delicious' there are basal gaps between stamens which
permit bees to collect the nectar by sideworking the flower.
He studied the width of basal gaps in several apple
cultivars and observed that in 7 strains of 'Delicious'
these gaps were wider than in 11 other apple cultivars.

Ovule longevity is also an important factor in apple
fruit set. Hough 1947 studied causes of differences in
fruitfulness between 'Arkansas Delicious' and 'Grimes
Golden' and observed that two problems frequently occurred
in 'Delicious': tardy initiation of the megaspore mother
cell, and slower rate of development of megaspore and
embryo, as compared to that of 'Grimes Golden'. Embryo sacs
with tardy initiation and low rate of development very
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seldom differentiate to eight nucleate embryo sacs in time
for fertilization. He also observed that some apparently
normal embryo sacs broke down after flower opening, even
though the flower was already pollinated with compatible
pollen. Similar problems of delayed development and early
degeneration of the embryo sac of 'Delicious' were also
observed by Hartman and Howlett (1954). They observed that
many ovules had already started to degenerate at anthesis,
while a higher percentage of ovule degeneration was observed
at 72 hours after anthesis. At 48 hours after anthesis
ovule degeneration had reached 30%. Williams (1965) found a
similar relationship between ovule degeneration and fruit
set of 'Cox' in England. He coined the term "effective
pollination period" (EPP) for the period during which
pollination of a flower results in fertilization. This
period is a function of ovule longevity and pollen tube
growth, varies with cultivar and year, and is the main
factor in fruit setting. EPP varied from 2 to 10 days after
anthesis depending on cultivar (Williams, 1965).

Bud size. Flower bud size may influence fruit set of
apple; however, discrepancies among results have occurred.
Treccani et al. (1982) classified dormant flower buds of
'Yellow Spur' on M.106 apple trees into 3 categories: 2.5 -
3.5; 4.0 - 5.0; and 5.5 - 6.5 mm diameter. They observed
three main peaks of fruitlet abscission, the first between
May 10 and 24, the second between May 25 and June 4, and the

third between June 5 and 20. The second and third peaks of
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fruitlet abscission were most marked in fruitlets derived
from small buds. Positive correlations were found between
bud size and chemical content (sugar, nitrogen, amides, and
calcium) of the buds of first and second year growth. Bud
size and chemical content were both correlated with spur
growth, lateral shoot size, number and size of flowers, and
fruit set. Buszard (1983) measured flower buds of 'Cox' on
M.9 apple trees that were defruited and, in a second
comparison, trees that produced a heavy crop in the previous
growth season. Defruited trees had flowers with
significantly larger receptacle diameters (3.3 mm) than did
heavily cropped trees (2.7 mm). Although the defruited
trees had a higher number of fruit/tree and fruit/cm2 of the
trunk cross section area, fruit set as a percent of flowers
was higher in heavily cropped trees than in defruited trees.
Defruited trees had more than twice as many flowers as did
heavily cropped trees, therefore flower density was probably
more important than flower bud size. Blasberg (1943)
grouped dormant flower buds of 'McIntosh' apple trees into
the following groups < 3.5, 3.6 - 4.0, 4.1 to 4.5, and > 4.6
mm diameter. He observed that the number of fruit per 100
flower clusters was higher in the larger buds. The
following year, however, the same trend was not observed,
and flower density was the prevalent factor in fruit set,
rather than flower bud size.

Rootstock. Rootstock is another factor that can

influence fruit set of apple. Dennis (1979) summarized data
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of several authors in Germany, Poland, Rumania, and two
states of the U.S.A on the influence of rootstock on yield
of 'Delicious' apple. In Rumania, differences between
rootstocks were small (25% at most), while in Poland, trees
on 'Alnarp 2' had higher yield efficiency than those on
'Antonovka' seedling. Trees on M.9 and M.26 bore similar
crops. In Ohio, cropping of trees on seedling or on M.16
was roughly half that of trees on M.2. In New York, trees
on M.13 or on seedling produced less than 50% of the yield
of trees on M.2. Carlson and Tukey (1959) observed yield of
'McIntosh', 'Cortland', 'Fameuse', 'Golden Delicious',
'Northern Spy', and 'Wealthy' on East Malling rootstocks in
Michigan. Unfortunately, only 'McIntosh' and 'Cortland'
trees were grafted on all 6 rootstocks (M.2, M.4, M.5, M.7,
M.12, and M.13). Nevertheless, precocity varied inversely
with rootstock vigor. Neither rootstock nor cultivar alone
determined productivity, but interaction was evident between
the two. Dennis (1981, b) observed the fruit set of 'Red
Prince Delicious' on eight MAC (Carlson, 1978) rootstocks
over 3 seasons in Michigan. He concluded that trees on MAC
9 had higher fruit set, both on a per cluster basis and when
expressed in number of fruits per cm limb circumference,
than did trees on any other rootstock clones (MACs 1, 4, 5,
11, 16, 24, and 30). Dennis (1981 c) analyzed data of
'Delicious' yield obtained in more than 30 locations, mainly
in the United States and Canada. He concluded that both

rootstock and strain can have a marked effect on fruit set
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of 'Delicious'. Starkspur Supreme 'Delicious' trees on 9
rootstocks were planted at 27 locations in the United States
and Canada. Trees on MAC 9 were more precocious and had
higher yield efficiency than those on any of the other
rootstocks, although trunk cross-sectional area was similar
to that of M.9 and of M.9 EMLA (NC-140, 1987).

Both Blasco et al. (1982) and Jackson et al. (1982 a)
treated 'Cox' apple trees on M.9, M.26, M.7, and M.106 with
hormone mixtures (GA; + diphenylurea + an auxin) at petal
fall. Both initial and final set were increased on trees on
M.9, while only initial set was increased in trees on the
other rootstocks. Non-treated control trees on M.9 also
retained more fruits with few seeds than trees on more
vigorous rootstocks. The authors suggested that the fruit-
setting hormone spray caused retention of a larger
proportion of few-seeded or seedless fruitlets, but that
only trees on M.9 could retain these fruitlets to maturity
(Blasco et al., 1982; Jackson et al., 1982 a). Schechter et
al. (1991), studied the effect of rootstock on canopy
development, photosynthesis and yield of Starkspur Supreme
'‘Delicious' in Ontario, Canada, using trees planted in 1980
(NC-140, 1987). They observed that shoot leaf
photosynthesis (PN) was significantly higher in trees on M.7
EMLA and on MAC 24 than in trees on M.26 EMLA, OAR 1, Ottawa
3, M.9 EMLA, M.9, MAC 9, or M.27 EMLA. Unfortunately the PN
measurements were made after August 30, therefore the data

cannot be related to fruit set. These authors also found
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that PN rate was higher in shoot leaves than in spur leaves,
and that leaves on fruiting spurs had significantly higher
PN rates than those on non-fruiting spurs regardless of
rootstock used (M.26 EMLA and OAR 1 only). Again, the data
cannot be related with fruit set, since the earliest PN
measurements were made in July 18. Fisheye photography
showed that yield was positively correlated with percent of
sky covered by the tree canopy (r = 0.80). According to the
authors, yield per tree was a function of sky coverage by
tree canopy; thus M.24 (most vigorous rootstock) had the
highest fruit yield per tree, followed by M.7 EMLA and M.26
EMLA. Neither M.26 EMLA nor OAR 1 affected PN rate of the
scion, thus the hypothesis of Schechter et al. (1991) that
vield efficiency on these two rootstocks was related to
photosynthetic efficiency is not valid. When their data are

converted to yield in kg per cm?

trunk cross-sectional area,
the relative productivity changes dramatically. Yields as a
percentage of that of MAC 24 were 94, 121, 132, 138, 163,
180, 191, and 192 for OAR 1, M.27 EMLA, M.7 EMLA, MAC 9, M.6
EMLA, Ottawa 3, M.9, and M.9 EMLA, respectively. Thus only
trees on OAR 1 yielded less than those on M.24, all other
rootstocks increasing yield efficiency by 20 to 90%.
Therefore, trees on more dwarfing rootstocks, even though
they had lower photosynthetic activity, diverted more
photoassimilates to fruit production than the more vigorous

trees on MAC 24. Another report on this project (NC-140,

1987), containing data from 27 sites in the United States
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and Canada, also indicates that yield efficiency was higher
on M.9, and that trees on MAC 24 and on OAR 1 were delayed
in production.

Rootstock can influence ovule longevity of some apple
cultivars. Embryo sac degeneration at petal fall was
greater in 'Delicious' trees on seedling rootstock than in
trees on M.9 (Marro, 1976). When flowers of 'Granny Smith'
and of 'Granny Smith' spur clone on both seedling and M.9
rootstock were collected at balloon stage, the embryo sac
persisted longer in both cultivars on M.9 than on seedling
rootstock (Cobianchi et al., 1978). The greatest number of
receptive ovules was found at full bloom, regardless of
cultivar and rootstock.

Interstem. Interstems of dwarfing rootstocks can also
affect scion size and productivity, even with a vigorous
root system (Carlson and Oh, 1975; Cummins, 1971, 1974 a,
1974 b). The percentage of fruit set of six-year-old 'Cox'
trees was greater on M.9 EMLA than on M.111 (EMLA), but set
was intermediate in trees that had a 15 cm M.9 EMLA
interstem grafted on a M.111 rootstock (Webster et al.,
1983). Trees of Red Prince 'Delicious'/M.8/Alnarp 2 yielded
about 5 times as much fruit as did trees with a seedling
interstem (Carlson and Oh, 1975). ‘'Jonathan' and ‘'Red
Delicious' scions were grafted on 10, 20, and 30 cm M.8
interstem on Alnarp-2 rootstock, and compared with the same
cultivars on seedling rootstocks. After 10 years of

observation, tree size was inversely related to length of
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interstem. Productivity, adjusted for tree size, was
approximately 2, 3, and 4 times higher using M.8 interstems
10, 20, or 30 cm long, respectively, in comparison with

seedling stocks (Carlson, 1974).

3. Effects of cultural practices.

n raining. Pruning and training may affect
fruit set of apple; however, their effects are probably
indirect through influencing light conditions inside the
tree canopy. Batjer (1962) observed that lightly pruned
'Delicious' apple trees had higher yields due to higher
numbers of flowers produced in comparison with heavily
pruned trees, but fruit set was not affected. Four apple
cultivars on both 'Antonovka' seedlings and M.7 rootstock
that were either pruned by tipping or shoot thinning during
the dormant period had fewer flowers and lower set and yield
than unpruned control trees (Mika, 1974). The author
suggested that winter tipping disrupted the natural
correlation between the buds and caused formation of long
shoots. Pruning also reduces the foliar area of the tree,
lessens the amount of stored nutrients and reduces the size
of the whole tree and the number of fruit buds. Although
the author did not refer to shoot-fruit competition, tipping
dormant branches every year may increase shoot-fruit
competition. Taylor and Ferree (1984) observed that summer

pruning did not affect fruit set the next year; however,
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thinning response to NAA was significantly lower on trees
that had been summer pruned for 2 years in succession than
in control trees. 1In most of the literature on pruning,
little attention is paid to its effects on fruit set, more
attention being given to flowering and fruit quality.
However, in shaded areas of the canopy, light intensity may
be 16% FS (Cain, 1971) or less (Heinicke, 1966), and these
low levels may limit fruit set (Flore, 1980; Heinicke, 1963,
1966; Jackson, 1970).

Nutrijtion. Nutrition may also influence fruit set of
apple. Chaplin and Westwood (1980) suggested that all
sixteen mineral nutrients generally accepted as essential to
higher plants may affect fruit set. By definition,
essential means that the plant cannot complete its life
cycle in the absence of the element. Since fruit set is
part of this cycle, it may be affected by a deficiency of
any of these essential mineral. Stainer (1986) reported
that urea sprays (3 kg/ha) increased the yield of 'Golden
Delicious'/M.9 apple trees by 8% the year following
treatment. Shim et al. (1980) observed that apple trees
sprayed with urea after harvest had greater shoot growth and
fruit set than either control trees or trees that received
urea by soil application. Williams (1965) and Hill-
Cottingham and Williams (1967) applied nitrogen to apple
trees in late summer, and observed an increase in fruit set
in the next spring. They suggested that late summer

nitrogen increases ovule longevity, and consequently
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prolongs the effective pollination period (EPP). Taylor and
Goubran (1975) observed that in 'Jonathan' apple trees
deficient in phosphorous (P), bud break was delayed and the
number of flower and vegetative meristems were reduced. The
delayed bloom caused the trees to bloom later than
pollinizer trees, reducing cross-pollination and
consequently fruit set.

Potassium (K) is not known to affect fruit set (Chaplin
and Westwood, 1980). These authors reported that Vang-
Petersen (1975) applied two sprays of KNO3 just before bloom
but no effects on fruit set, number of fruit per tree, or
fruit size were observed. Boron (B) deficiency in higher
plants causes death of meristematic points, particularly
flowers (Chaplin and Westwood, 1980). The authors stated
that apparently B plays an important role in fruit set. B
application can increase fruit set of several species, such
as pear (Batjer and Thompson, 1949; Degman, 1953; Johnson et
al., 1954), plum (Chaplin et al., 1977), and cherry
(Chaplin, 1977), unpublished data (cited by Chaplin and
Westwood, 1980). In apple, two B sprays early in the
growing season increased fruit set of 'Stayman' but not of
'‘Jonathan' or 'Golden Delicious' (Bramlage and Thompson,
1961). Davidson (1971) observed little increase in 8 of 11
experiments on apple in New Zealand using B sprays at open
cluster and petal fall; in only two cases was the increase

significant.
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Z2inc (Zn) may affect fruit set through influencing
auxin synthesis (Chaplin and Westwood, 1980). They reported
positive effects of Zn application in grapes (Khanduja et
al., 1974), and plum (MacSwan, 1970). Davidson (1971) in
New Zealand obtained little effect with Zn application in
apple. Manganese and molybdenum also had little effect,
while iron application gave small but significant increases
in set of apple.

Fungicides. Fungicide sprays during bloom can decrease
fruit set of apple, both by repelling bees and by inhibiting
pollen germination and pollen tube growth, although results
are sometimes contradictory. Church and Williams (1977)
observed that pollen tube growth was inhibited by fungicides
in vitro; however, none of the fungicides tested decreased
fruit set in the orchard. On the other hand, Captan
significantly reduced pollen germination in vitro. Stainer
(1986) observed that Dicofap (40% captan + 10% folpet + 5%
captafol), captan, and mancozeb considerably reduced pollen
germination. Bees were repelled for 24 hours by captan and
nuarimol, which reduced fruit set by 60% and 42%,
respectively. However, Bayleton (triadimefon) had no effect
on either pollen germination or bee visitation.

Hormone treatment. Parthenocarpy in apple can be
induced by both GA; and GA4 (Bukovac, 1963). However,
Dennis and Edgerton (1966) applied GA3 and its
butylcellosolve ester at concentrations of 100, 250 and 500

ppm to open pollinated flowers on apple trees of 5
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cultivars, and there were no significant increases in fruit
set; on the contrary, in some cases set was decreased by the
treatments. Greene (1986) reported that post-bloom
application of GAy47 (50 to 150 ppm) increased fruit set of
'Empire' and chIntosh' apple trees, and that the treatments
decreased number of seeds per fruit, while fruit size was
not affected. Synthetic auxins (e.g., NAA, NAAm) and
ethephon (ethylene generator) can reduce set of apple
(Chaplin and Westwood, 1980; Dennis, 1979). Fruit set of
apple can be increased by plant growth retardants such as
daminozide (Batjer et al., 1964), TIBA, triiodobenzoic acid
(Bukovac, 1968), and paclobutrazol (Tymoszuk and Mika,
1986) . Aminoethoxyvinylglycine (AVG), an ethylene synthesis
inhibitor, also increased fruit set of apple (Dennis et al.,
1983; Rahemi, 1981; Walsh and Faust, 1982). Two
applications of N-phenylphthalamic acid to flowering
Starkrimson 'Delicious' and Starking 'Delicious' increased
fruit set of both strains (Bork and Teleky, 1983).
Combinations of growth regulators have also been used.

GA44+7 at 10% plus daminozide at 0.15% applied to apple trees
once at full bloom was twice as effective as 4 applications
of GA44+7 alone during and following bloom (Joosse, 1982). A
mixture of three growth regulators kinetin [or N,N'-
diphenylurea (DPU)]), 2-naphthoxyacetic acid (NOXA), and
gibberellic acid (GA3), increased fruit set of 'Cox' apple
trees (Kotob and Schwabe, 1971, Buszard, 1983). Sprays of

the polyamines spermine, spermidine and putrescine at 9 days
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after full bloom increased fruit set of open pollinated
apple trees of 'Ruby Spur' (Costa and Bagni, 1983).
Concentrations of 10™% and 1075 M substantially increased
fruit set and yield per tree.

Girdling or scoring. Trunk or branch girdling
(ringing) or scoring can stimulate fruit set in fruit trees.
Girdling young 'Delicious' apple trees increased fruit set
68 to 116% in 2 successive years (Batjer, 1961). Batjer and
Westwood (1963) used a factorial arrangement of treatments
with young Starking 'Delicious' apple trees (no pruning vs.
moderate pruning; two levels of nitrogen; scored vs. not
scored). The trees were scored in both 1959 and 1960 at 10
to 14 DAFB. In 1959, scoring increased fruit set regardless
of pruning intensity or N level, while in 1960 scoring
reduced set in low N trees, but increased it in high N
trees. Although scoring stimulated flowering in both 1960
and 1961, it reduced bloom in moderately pruned, high N
trees in 1962. Unpruned trees that were both heavily
fertilized and scored had the highest cumulative yield per
ha over the three years (Westwood, 1978). Scoring of the
trunk of 5-year-old 'Delicious' apple trees at either 7 or
25 DAFB increased yield during the year of girdling
(Burkhart and Westwood, 1964), the earlier treatment being
more effective. Scoring also increased bloom the following
year. Scoring in two consecutive years increased yield in
both years, but reduced growth. Hansen (1981) observed that

either ringing (2 mm of bark removed) or scoring at bloom or
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at two weeks after bloom increased fruit set of 'Cox' on
both M.26 and M.104, and of 'Golden Delicious' on M.9.
Williams (1985) girdled trees of 'Discovery' on M.106 at the
beginning of their eth growth season (April, 1982) by taking
a 10 mm wide ring of bark at 15 - 20 cm above the graft
union. The ringing treatment was repeated in both 1983 and
1984. The accumulated yield of the girdled trees was 2093
boxes per acre vs. 1783 boxes for control trees. Tree size
was reduced and bloom density was increased in 1983.

Buszard (1983) girdled limbs of 28-year-old 'Cox' on M.9 at
"pink" bud stage by taking a 1 cm wide ring of bark at the
base of the limbs. Girdling stimulated fruit set as well as
increasing response to the "Wye mixture". Although most
reports indicate positive responses to girdling, Rahemi
(1981) obtained no response to double scoring of 'McIntosh’',
'Golden Delicious' and 'Red Priﬁce Delicious' limbs 18 DAFB.
The author suggested that scoring was done too late to
affect fruit set. Dennis and Edgerton (1966) scored limbs
of 'Wealthy' bearing emasculated flowers and observed a
highly significant effect (p < 0.01) of scoring on fruit set
of seedless fruits after "June" drop. The effect was

independent of GA treatment.
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B. The Role of Carbohydrates in Fruijt Set

Loescher et al. (1990) considered reserves in woody
plants to be important for winter survival, respiration,
development, and growth of buds during the dormant period,
as well as for flowering. All perennial organs of a woody
plant may store carbohydrates, but roots usually contain the
highest concentrations; sugars can be used as reserves, but
starch is usually the main reserve form in the aerial parts
(Loescher et al., 1990).

1. ates i e a their seasona

levels.

Starch. Kraybill et al. (1925) observed that starch
levels from June to September were lower in fruiting than in
non- fruiting spurs of 'Baldwin' apple. Grochowska (1973)
measured levels of starch in bearing and non-bearing spurs
of mature 'Landsberger Reinette' apple trees over a 4-year
period. Each year starch content of bearing spurs fell
dramatically relative to that of non-bearing spurs, and was
consistently lower in the former during the s5th ana 6P week
after full bloom. Differences in starch content became
statistically significant about 3 weeks after full bloom.

Raese et al. (1977) measured sorbitol, sucrose,
glucose, fructose, and starch levels in sap and wood samples

of 2-year-old branches of mature 'Red Delicious' apple trees
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at different times during the dormant period, as well as in
excised branches kept at different temperatures. On all
sampling dates (October 29, November 14, and January 8),
starch content was at least 2 to 3 times as high as the
content of total soluble sugars, regardless of temperature
treatment. 1In January, levels of sorbitol and all sugars
increased, while starch content decreased, the most rapid
change occurring at temperatures below -0.6C.

Schimpf and Stosser (1984) measured seasonal starch
accumulation in terminal shoots of 'Boskoop' and 'Mutsu'
apple trees during an entire year. Starch declined with
decreasing temperatures in the early winter, and was almost
completely hydrolyzed by February. Starch began to appear
again in early April, but decreased again with bud swell,
reaching a minimum at full bloom.

Stassen (1984) studied the seasonal variation of
carbohydrates in 2-year-old 'Golden Delicious' apple trees.
Starch content began to decline several weeks before, and
continued for several weeks after, bud break. He concluded
that starch is an important compound for reserve energy as
well as a carbon source for bud development and initial
spring growth.

Sorbitol and sugars. Sorbitol is the major soluble
carbohydrate in Rosaceous plants and has an important
function in the translocation of photosynthate (Yamaki,
1984). It is formed by reduction of glucose, fructose, and

sorbose, and is the main radioactive compound formed from
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14c02 during photosynthesis in numerous species (Bieleski,
1977). Apple contains sorbitol (Plouvier, 1963; Wallaart,
1980).

Whetter and Taper (1963) quantified levels of sorbitol
and what they called "related sugars" (sucrose, glucose and
raffinose) in leaf buds or leaves of 'McIntosh' apple trees
from April 4 to October 19. Sorbitol, sucrose and glucose
were present at all times of sampling, while traces of
raffinose were found in leaves only in April, September, and
October. Sorbitol content of the leaves was higher than
sucrose content at all sampling times. Although values for
sucrose were higher than those for sorbitol in the leaf
buds, the differences were not statistically significant.
When growth began in leaf buds, sucrose level declined and
glucose content increased dramatically. Sorbitol did not
appear to be involved in metabolism prior to bud break. At
bud burst, sorbitol, sucrose and glucose levels increased as
the leaves expanded. Sorbitol also increased in the flower
buds as the buds developed, whereas sucrose and glucose
content declined. Whetter and Taper (1963) assumed that
some interconversion of sorbitol and glucose occurred.

Williams and Raese (1974) extracted sap of 2-year-old
branches of 'Red Delicious', and 'Golden Delicious' apple
trees at 10 day intervals (1970, 1971), or 3 to 4 day
intervals (1971, 1972) from harvest until the end of the
dormant period. Levels of reducing sugars, sorbitol, and

especially sucrose, in the tissues increased as the
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temperature decreased in the fall, and decreased as
temperature rose in the spring. They concluded that both
sorbitol and sucrose are important storage carbohydrates
during the dormant period. The study was continued for
another year (Raese et al., 1977). When two-year-old branch
Pieces were held at controlled temperatures, sorbitol level
in the sap increased when shoots were stored at -0.6C for
one week. The authors suggested that sugars were being
converted to sorbitol, because levels of fructose, glucose,
and sucrose were less at -0.6C than at either 1.1C or -2.2C.
They based this on the fact that both glucose and fructose
are considered to be precursors of sorbitol (Bonner, 1952;
Chong and Taper, 1971). They also suggested that an
inducible enzyme of sorbitol synthesis might be triggered by
sub- freezing temperatures (Neilands et al., 1958). Levels
of glucose and fructose were higher in the wood at
temperatures lower than -0.6C, whereas sorbitol level in the
wood was less affected by temperature than sorbitol in the

sap (Raese et al., 1977).

2. Metabolism of carbohydrates jn apple.

Hansen (1971 b) applied 14C02 to buds, flower clusters,
and fruits from green tip to after fruit set. He observed
that flowers fixed a large amount of 1l4¢ immediately prior
to opening and that considerable radioactivity occurred in

the petals. At bloom and thereafter, the loss of petals and
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unfertilized flowers between exposure and sampling could
explain the relatively low amounts of radioactivity in
flowers or fruitlets. Rapidly growing fruitlets were very
active in fixation of l4c (about 60 to 90% more activity
than leaves).A

Bieleski (1977) studied the fate of 14C02 in apple
leaves. Within minutes after application of 14c02, leaves
had converted 58 to 80% of l4c to sorbitol, 7 to 9% to
sucrose, and from 1 to 4% to glucose. Yamaki (1980)
demonstrated that a sorbitol oxidase in apple leaves
converts sorbitol to glucose in the absence of NAD or NADP.
Grant and Rees (1981) compared the roles of sorbitol and
sucrose in seedlings of apple and followed the synthesis and
breakdown of sorbitol in various tissues (root system, root
apices, stem bark and wood, and leaves) both in darkness and
in the light. They exposed the tissues to 14c02 in the
light and applied 14c-fructose and l4c-sorbitol to excised
parts of the seedlings. Sorbitol synthesis occurred only in
the leaves, but was not dependent on photosynthesis.
Sorbitol was metabolized in all tissues examined, but
metabolism was intense only in the root apices and in leaves
kept in darkness.

Loescher et al. (1982) studied the metabolism of
sorbitol in young expanding apple leaves as they developed
in the spring. Two days after the spur leaves reached 2.5
cm in length, they had become net exporters of
photosynthates; export increased rapidly during the next 11
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days. During this period, chlorophyll content and leaf
length almost doubled, while carbohydrate content on a dry
weight basis increased 3 times. Sorbitol was responsible for
most of the increase (from 2.7 to 8.4%) while sucrose
increased only slightly and glucose and fructose changed
very little. Sorbitol synthesis did not occur until 7 days
after leaves had reached 2.5 cm length (beginning of
sampling); activity of aldose-6-phosphate reductase (A6PR)
was not detected, while sorbitol dehydrogenase activity was
high until 4 days, then decreased to a steady state at 7
days. On the other hand, A6PR activity increased from the
7th day, reaching a peak at the 16th day. The increase in
photosynthesis and soluble carbohydrates was accompanied by
increased synthesis and decreased oxidation of sorbitol.
Beriliter (1985 a) observed that sucrose was not detectable
during the initial development of 'Golden Delicious'
fruitlets, but accumulated steadily thereafter. Sorbitol,
glucose, and fructose declined until two weeks before the
start of "June" drop. Acid invertase activity decreased
rapidly during the period when sucrose was absent. Sorbitol
dehydrogenase, which catalyzes the transformation of
sorbitol to sucrose, was absent in the pre-drop stage at a
time when sorbitol content was relatively high. When
sorbitol dehydrogenase appeared in sugar-accumulating
fruitlets the concentration of sorbitol decreased while the
fructose levels continued increasing until fruit development

ceased. These results suggest that sucrose is the
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predominant source of carbon for cellular growth in the
young fruitlets, whereas during the sugar storage phase,
sorbitol is converted to fructose. Fruitlet abscission
during "June" drop was not related to the carbohydrate

concentration of the fruit (Beriliter, 1985 a).

3. Transport of carbohydrates.

Wareing and Patrick (1975) reviewed the factors related
to carbon partitioning, based on source-sink relationships.
Sources were defined as regions of production and sinks as
regions of consumption of assimilates. Sources and sinks
were characterized from the following three points of view:
1) in relation to direction of transport, sources exporting
and sinks importing assimilates; 2) in relation to plant
parts, source referring to mature leaves, the chief site of
photosynthesis, and sinks to the organs (fruits, roots, and
other storage organs) that import assimilates; and 3) in
relation to metabolic activity, sources producing
assimilates by photosynthesis or by mobilization of stored
reserves, sinks utilizing assimilates in growth and
respiration.

Daie (1985) reviewed carbohydrate partitioning and
metabolism in plants. She stated that yield depends on two
factors: first, the proportion of carbon available for
export from the leaf (source), which varies with rates of

carbon fixation and of phloem loading; second, the capacity
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of storage organs to import carbon, which is a function of
sink strength. Daie (1985) noted that carbon partitioning
can be regulated at several sites within the plant; however,
this regulation does not occur in isolation, for
communication exists between source and sink. Such
communication requires signal transmission, but the nature
of such signals is unknown. One hypothesis is that sink-
induced reduction in turgor pressure at the source favors
loading and movement toward sinks. Another hypothesis
suggests that source-sink communication is controlled or
coordinated by plant hormones (Daie, 1985). Daie (1985)
emphasized that partitioning is clearly a function of the
ability of the various parts to compete for assimilates.
Although the role of plant hormones in regulating the
translocation of photosynthates remains uncertain, they
surely can regulate assimilate transport indirectly by
stimulating growth.

Transport in apple. Webb and Burley (1962) applied
14c-sugars to terminal leaves of 2-year-old 'Golden
Delicious' apple trees. Because sorbitol was translocated
more readily than sucrose, they concluded that sorbitol was
the principal carbohydrate transported in apple trees.

Williams et al. (1967) applied 14c_gorbitol and l4c-
sucrose to leaves of young 'Delicious' apple trees and
observed that sorbitol was translocated at a much faster
rate than was sucrose. 1l%c-sorbitol applied to leaves of

fruiting spurs was transported to fruits; however, little or
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no sorbitol was transported from one fruit to others in the
same cluster.

Hansen (1967) used 14002 to study the effect of fruit
on translocation and distribution of photosynthates in
apple. About 90% of the 14¢ absorbed by the leaves was
transferred to nearby fruits, most of this within 5 days.
The content of 14c in the leaves fell more rapidly on
branches with fruits than in those without fruits, and young
expanding leaves retained more 1l4¢ than mature ones.
Similar observations were made by Loescher et al. (1982) and
Hansen (1971 b). In 'Golden Delicious' and 'Gravenstein'
apple trees (Hansen, 1970 a), the majority of the 14c02
absorbed by leaves on fruiting spurs was transferred to the
fruit on the same spur, and the total amount of 14¢ in the
system as a whole remained virtually constant over time.
Declining levels of sorbitol and sucrose accounted for most
of the loss of activity in the leaves. In a later study
Hansen (1970 b) applied 14002 to leaves on fruiting spurs;
sorbitol was the primary substance translocated, although
some sucrose was also exported.

Hansen (1982) stated that apple fruits are major sinks
under most conditions. However, at the beginning of the
growing season in well-established trees, and at all times
in young trees, growing vegetative parts may be significant
sinks. In defoliation experiments with 'Golden Delicious'
and ‘'Gravenstein' apple trees, fruits were able to attract

assimilates from leaves up to 1 m away, with no reduction in



40

size, provided the leaf/fruit ratio was maintained constant;
as distance increased beyond 1 m, dry weight of the fruit
decreased (Hansen, 1977).

Schumacher et al. (1987) defoliated 7-year-old trees of
'Gloster' on M.9 to give varying number of leaves per
fruiting shoot. Leaves were removed at petal fall or 10,
20, or 30 days thereafter. Additional treatments included
removal of none, 1/2, or all flowers from neighboring
branches. Earlier and more severe defoliation markedly
inhibited shoot growth and increased "June" drop. Later
defoliation had little or no effect on shoot growth if
neighboring branches had no fruit, and stimulated fruit drop
only slightly. The authors explained these effects as
reflecting transport of assimilates from non-fruiting to
fruiting branches. Fruit growth after "June" drop was
strongly inhibited by defoliation but was promoted by
deflowering neighboring branches (Schumacher et al., 1987).

Loescher et al. (1982) concluded from their studies
(see Metabolism section above) that expanding apple leaves
in the spring undergo a transition from sink to source, and
that sorbitol metabolism is tightly controlled and may be

related to mechanisms that regulate sink activity.
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4. Effects of fruits on rate of photosynthesis.

Several investigators have reported higher
photosynthetic activity in leaves of fruiting than of non-
fruiting apple trees. Salzer (1982) studied the
photosynthetic activity of fully-developed leaves of four
strains of 'Goldenspur Delicious'. The rate of
photosynthesis in fruiting variants was nearly double that
in non-fruiting clones. Fruits imported photosynthates from
leaves 6 or more internodes away. Fujii and Kennedy (1985)
observed that photosynthetic rates were elevated during
bloom and again during rapid fruit growth (July to
September). At both times CO, fixed per unit leaf area was
greater in bearing than in non-bearing spurs; Antoszewski
and Lenz (1982) reported similar effects. No effect of
fruit was observed on photorespiration, leaf resistance,
dark respiration, or transpiration (Fujii and Kennedy,
1985). Hansen (1971 a), however, observed higher
transpiration in bearing than in defruited trees of 'Golden
Delicious'. Stomatal aperture was greater in leaves of
fruiting trees.

Rom and Ferree (1986 a) reported the presence of fruits
did not affect rates of photosynthesis and transpiration in
spur leaves. Photosynthesis and transpiration were highest
at full bloom and shortly thereafter. No differences in
carbohydrates and leaf number or area were observed between

fruiting and non-fruiting spurs. The authors suggested that
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photosynthesis and spur leaf area could limit early fruit
development.

Sink-source relationships may explain the stimulating
effects of fruits on the rate of photosynthesis. 1In
fruiting apple trees, fruit are normally the dominant sinks
(Hansen, 1967, 1970 b, 1982). Faust (1989) proposed that
photosynthetic efficiency is determined by the presence of
sinks and stated that, in general, sink strength is: fruit >
shoot > root. The relationships between source and sink can
explain carbohydrate assimilation and utilization in fruit
trees (Hansen, 1982). 1Increasing the ratio of source
size/sink size either by increasing the leaf area or
reducing sink (fruit) numbers reduces the rate of leaf
photosynthesis, while increasing fruit growth rate, and
levels of certain components in both sources and sinks
(Hansen, 1982). Hansen (1982) used different intensities of
fruit thinning and kept leaf area per tree of heavily
fruiting 'Golden Delicious' constant from July 9 to October.
He observed that increasing leaf area/fruit reduced net

assimilation rate (g dry matter increase per cm?

leaf area),
while increasing leaf starch content and specific leaf

weight.
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of apple.

Faust (1989) lists three prerequisites for good fruit
set in fruit trees: 1) formation of strong flower buds the
previous season; 2) appropriate temperatures to assure good
pollination and pollen tube growth; and 3) a high level of
photosynthate for fertilized flowers and developing
fruitlets. High flower density is associated with low fruit
set as a percentage of total flowers (Heinicke, 1917).
Howlett (1926) observed that at full bloom the petals
contained from 67 to 95% of the free reducing sugars; the
concentration increased very rapidly from tight cluster
until full bloom, then dropped markedly. On the other hand,
no significant increase in reducing sugars was observed in
the receptacle between flower opening and petal fall.
Higher activity of respiratory enzymes was observed in
bearing branches than in non-bearing ones (Kazaryan et al.,
1982). Khormenko (1978) observed that rates of both
respiration and photosynthesis were highest during the first
stage of fruit growth. Utilization of assimilates by a
single reproductive organ was greatest during fruit growth
and development, but utilization by the whole tree was
greatest during flowering and fruit set. Therefore, apple
trees with a heavy bloom lose larger amounts of
carbohydrates because of loss of petals and higher

respiration rates than do trees with light bloom. This
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could account for the lower percentage of fruit set in trees
with higher flower density.

Cultural practices may influence sink strength and
consequently assimilate utilization. Examples of such
practices are dwarfing rootstocks and ringing or scoring,
which can increase sink strength of fruits by decreasing
vegetative growth, thus favoring carbohydrate utilization by
fruits. Good exposure of leaves to light can be achieved by
judicious pruning and spacing, thus increasing source
strength (Hansen, 1982).

Shading. Lakso (1984) reported that reducing light
intensity 30% for 18 days after petal fall reduced initial
set and final fruit size in potted 'Delicious' apple trees.
Sorbitol injections overcame the effect of the shade, and
stimulated set when injected into non-shaded trees. He
suggested that carbohydrates are involved in fruit set.
Lakso et al. (1984) reported that trunk injections of
solutions containing 10% sorbitol from "pink" stage to 2
weeks after bloom increased fruit set in 6-year-old
Starkrimson 'belicious'/u.zs apple trees in the field.

Final yield was increased by 20% with only a slight
reduction in fruit size. The same treatment applied to
potted trees of 'Delicious'/M.111 also markedly increased
fruit set.

Byers et al. (1985) observed that shading of limbs of
Starkrimson 'Delicious' for a 10-day period beginning 16

DAFB caused significant fruit abscission, whereas shading
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for similar periods beginning 6, 26, or 36 DAFB did not.
Terbacil, a photosynthetic inhibitor, applied to individual
limbs at 400 ppm 6 or 16 DAFB significantly induced fruit
drop, and applying 200 ppm to whole trees at 16 DAFB was
even more effective. The authors concluded that the period
from 16 to 26 DAFB represents a stage when fruits are
especially susceptible to limitations in photosynthates.
Subsequent experiments (Byers et al., 1990 b) demonstrated
that shading (92%) of whole trees of Redchief 'Delicious'
during 10 day periods beginning 10 to 25 DAFB caused
significantly greater fruit abscission than did the same
treatment beginning 5 or 30 DAFB or thereafter. Shading
(92%) for 5 days, beginning 18 to 28 DAFB, caused
significantly greater fruit abscission than shading
beginning 11 or 33 DAFB. Spraying whole trees with terbacil
(50 ppm) at 5, 10, or 15 DAFB significantly reduced fruit
set. Shading reduced photosynthesis about 67%, while
terbacil treatment reduced it more than 90% 72 hours after
application, relative to control trees.

Polomski et al. (1988) reported that both terbacil and
shade (92% for 10 days beginning 5 to 25 DAFB) reduced
content of nonstructural carbohydrates in 'Delicious'
fruitlets and caused fruit abscission. Shading materials
were applied for 0, 5, or 10 days, then removed at 15, 20,
25, or 30 DAFB. At 15 and 20 DAFB, fruitlets shaded for 10
days had significantly lower carbohydrate content than did

controls or fruitlets shaded for 5 days. Terbacil (50 and
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100 ppm at 15 DAFB) markedly decreased photosynthesis and
fruit dry weight, as well as content of total nonstructural
carbohydrates, total sugars and reducing sugars. Terbacil
at 100 ppm caused abscission of all fruitlets. In another
experiment, both terbacil (75 ppm) and shade (92%) were
tested in a factorial arrangement. The treatments were: 0 vs
10 days of shade, and terbacil at 0 or 75 ppm at 18, 23, or
28 DAFB. Fruit dry weight and levels of total sugars and
reducing sugars were decreased by both shading and terbacil.
Shading induced abscission of all fruits, and terbacil
reduced fruit density approximately 70%.
Girdling or scoring. These treatments can increase
fruit set of apple (Batjer, 1961; Batjer and Westwood, 1963;
Burkhart and Westwood, 1964; Dennis and Edgerton, 1966;
Hansen, 1981; Williams 1985). However, positive results are
not always obtained (Batjer and Westwood, 1963; Greene and
Lord, 1978; Rahemi, 1981). Response may depend upon timing,
carbohydrate and nutrient (mainly nitrogen) status of the
trees, or technique in girdling or scoring. Kraybill (1923)
analyzed the first and second year wood from ringed
'‘McIntosh' apple trees. He found that ringing increased
reducing sugars in branches about 30 days after treatment,
but reduced moisture and nitrogen content. Mika and
Antoszewski (1973) noted that bark ringing increased
carbohydrate accumulation in apple shoots, while Hansen
(1981) observed that ringing (2 mm wide ring of bark removed

at bloom) or scoring (2 weeks after full bloom) 'Cox' and
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'Golden Delicious' apple trees significantly increased fruit
set and fruit dry matter.

Fruit thinning agents. Some studies suggest that fruit
thinning compounds may act by interfering with photosynthate
translocation from leaves to developing fruitlets.

Schneider (1975) observed that naphthaleneacetic acid (NAA)
reduced movement of l4c-sucrose from leaves to apple
fruitlets. He concluded that NAA caused fruit thinning by
establishing sinks in vegetative tissue, thereby reducing
photosynthate transport to the growing fruitlets. 1In
another study (Schneider, 1978 a), aqueous solutions of NAA,
naphthalenacetamide (NAM), silver nitrate (AgNO3), and
galactose were used to observe the influence of thinning
chemicals (NAA and NAM) on both carbohydrate transport and
ethylene synthesis (induced by auxin; inhibited by AgNO;;
favored by galactose) or action. NAA application to entire
limbs, or foliage only, reduced fruit set, but application
to fruit only had no effect on fruit retention. AgNO; had
no effect on response to NAA, and galactose did not affect
fruit retention. NAA decreased transport of 1l4c_gucrose
from leaves to fruits. NAA (25 ppm), NAM (60 ppm) and
ethephon (160 ppm) were applied to leaves of non-bearing
trees of M.111, and 24 hours later the same leaves were
treated with solutions containing either 14C-sorbitol or
l4c_gucrose. Of the 3 compounds tested, only NAM
significantly reduced translocation of 14¢ from leaves to

shoot tips. More 14¢ yas found in shoot tips following
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application of l4c_gorbitol than of 14C-sucrose, and lesser
amounts of 14c were translocated to the growing fruitlets
(Schneider, 1978 a). The author concluded that the
reduction of metabolite translocation from foliage to fruits
is the primary mechanism responsible for NAA-induced fruit
abscission, as previously hypothesized (Schneider, 1975).
Application of auxin sprays (primarily NAA) to fruiting
apple trees before "June" drop resulted in the following
responses: 1) a decrease in the level of reducing sugars in
the fruitlets; 2) a temporary stoppage or slowing of fruit
growth; 3) unchanged capacity of the pedicel to translocate
14co1an or l4c-sucrose from leaves to fruitlets; 5)
increased ethylene evolution 24 hours after NAA spray; and
6) increased water potential of the leaves.

Rootstocks. Several reports indicate that apple trees
grafted on dwarf or semi-dwarf rootstocks have higher fruit
set, or yield efficiency, or yield per unit land area.
Hansen (1982) suggested that rootstock may influence
assimilation and utilization of carbohydrates. In young
trees a major effect of rootstock may be on relative sink
strength, while in adult trees rootstocks may have a general
effect on sink strength. Both Rao and Berry (1940) and
Martin and Williams (1967) observed that dwarfed apple trees
had higher levels of sugars and starch in the bark than
standard trees.

Leaf area of 7- to 9-year-old trees of 'Reinette

Champagne' on M.9 was about half that of trees on M.6
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(Maidebura et al., 1978); however, when calculated on a per
ha basis the total leaf surface of trees on M.9 was larger
than that of trees on M.6, due to the closer spacing of
trees on M.9. The authors also observed that the
photosynthetiq productivity of trees on dwarfing rootstock
was higher than that of trees on semi-dwarfing or vigorous
rootstocks.

Rud et al. (1978 a) observed that leaf chlorophyll
content was higher in 'Jonathan' trees on M.9 than in trees
on M.4. Leaf photosynthesis was also greater in trees of
'Jonathan' on M.9 than that of trees on M.4 (Rud et al.,
1978 b).

Trunov and Muromtsev (1980) grafted scions of 'Melba‘,
'Korinchnoe Polosatae', 'Antonovka Obyknovennaya' and
'‘Onazhevoe' on either clonal stocks of Budagovski Paradise
or on 'Kitaika' seedlings (Malus prunifolja). 1In a second
experiment, ‘'Orazhevoe' was grafted on 'Kitaika' seedlings,
or on clonal rootstock (PK-14, 49, 54-118, or 223).
Photosynthetic productivity was highest in trees on the
dwarfing Budagovski Paradise rootstock in the first
experiment and in trees on the semi-vigorous rootstock No.
49 in the second experiment.

Dzieciol and Antoszewski (1984) studied 14¢ agsimilate
distribution in 'McIntosh' on M.7 rootstock using M.7, M.9,
and A.2 as interstems; in a second experiment, 'McIntosh'
was used on the following combinations of stocks:

A.2/M.9/A.2; M.9/M.9/M.9; and M.9/A.2/M.9. l%c was
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administered to all leaves. Distribution of radioactive
assimilates 24 hours later was not significantly affected by
interstem. Contents of soluble carbohydrates and phenolic
compounds were significantly higher in the bark than in the
wood, whereas starch was only slightly higher in the bark.
Distribution of 14c assimilates was also studied in young
'Golden Delicious' apple trees on dwarfing and vigorous
interstems (Dzieciol, 1985). 'Golden Delicious' scions were
grafted in April on M.106 stocks with P.2 or A.2 interstems.
The trees were held in a greenhouse and exposed to 14002 for
1 hour on June 21, August 16, or September 20. Distribution
of labelled assimilates was measured 48 hours after exposure
to 14002. Most of the labelled assimilates occurred in new
growth in June, but in the roots in August and September.
Interstem did not affect distribution.

Brown et al. (1985 a) measured carbohydrate content of
Redchief 'Delicious' and 'Northern Spy' apple trees on both
M.9 and M.111 rootstocks from March 1983 to April 1984. Dry
weights of both above ground and below ground parts were
higher in trees on M.111. Carbohydrate content followed a
similar pattern. 'Northern Spy' had greater dry weight and
carbohydrate content in the above ground parts than Redchief
'‘Delicious', whereas Redchief had greater dry weight and
carbohydrate in underground parts. Above ground starch and
below ground sorbitol and soluble sugars did not follow the

same pattern.
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Brown et al. (1985 b) recorded leaf expansion, carbon
(C) exchange rate (CER), mass carbon transfer (MCT) and
carbohydrate pools in one-year-old trees of Redchief
'Delicious' and 'Northern Spy' on M.9 and M.111 during an
entire growing season. CER was higher in trees on M.111
than in those on M.9, and MCT was higher in 'Northern Spy'
leaves than in Redchief 'Delicious' leaves. Trees on M.111
had significantly higher daily starch and sorbitol
accumulation as percent of CER than trees on M.9. Redchief
showed a net dry weight gain over a 24 hours period, but
'Northern Spy' did not. Starch concentration increased
throughout the season in all trees. Rates of sorbitol and
starch accumulation in the leaves was the highest at mid-
season and declined thereafter, while sucrose accumulation

rate increased beginning at mid season.

C. Summary.

Considerable evidence exists in the literature that
carbohydrates are important in apple fruit setting and
retention. Therefore, my goal was to establish whether the
effects of several treatments/cultural practices could be
explained by their effects upon carbohydrate content of

either flower cluster bases or bark.
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