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ABSTRACT

ACCUMULATION OF CALCIUM IN APPLE FRUIT

By

John Arthur Cline

Low calcium (Ca) concentrations in the apple can affect fruit
quality and the incidence of Ca-disorders. Apple fruit often receive
inadequate Ca even when levels in the soil and remainder of the tree are
sufficient. How Ca is translocated to apple fruit is unclear. The xylem
stream is thought to be the main source of fruit Ca, however indirect
evidence suggests that a significant phloem supply may also be
operational. Translocation of Ca to apple fruit was studied in three
related field experiments during 1988 and 1989.

‘Red Delicious’ fruit were collected from orchards in Massachusetts,
Michigan, Ontario, and Virginia to determine how the pattern of Ca
accumulation might vary under different environments. Similar patterns of
Ca accumulation were observed from these locations despite the wide
variation in weather, soils. and possible management of the trees. Fruit
Ca content increased rapidly early in the season, until the rate of uptake
began to decline 10 to 14 weeks after bloom. In four of seven
observations, an apparent decline in Ca content occurred just prior to
harvest which did not appear weather related.

In a second experiment, the relative humidity surrounding apple

fruit was altered during four periods of growth to determine the




importance of transpiration and the xylem system in supplying Ca to fruit.
Fruit exposed to high humidities usually contained less Ca.

In a third experiment, the amount of Ca potentially supplied to
fruit via the xylem was estimated, based on Ca concentrations in xylem
exudate and water flow into fruit. Water flow was estimated to be the
sum of water incorporated into fruit growth and that transpired. Calcium
concentrations in the transpiration stream entering the fruit were assumed
to be equal to levels in xylem sap extracted from shoots under vacuum.
When compared to actual rates of Ca accumulation, this model markedly
overestimated the rate of uptake late in the season. Seasonal changes in
tree water relations, and diurnal shrinkage in fruit size provided
indirect evidence that Ca was exported from the fruit.

The central observations from this research were that no further
accumulation of Ca in ’‘Red Delicious’ fruit is likely three weeks prior
to harvest, the xylem system appears to be an important source of Ca
throughout fruit growth, and a possible export of Ca may occur from the

fruit under certain conditionms.
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INTRODUCTION

Certain physiological disorders in plants are correlated with
insufficient levels of calcium (Ca) in specific organs or tissues.
Bitter pit is a common Ca-related disorder of apple and pear which
reduces fruit quality, storage life, and market value. Extensive
research has been conducted on the Ca nutrition of apples
(Binemann, 1972; Ferguson and Watkins, 1989). Various disorders have been
correlated with low fruit Ca levels (Delong, 1936), although it is
unclear whether Ca is entirely responsible. Consequently, most remedial
measures to control Ca disorders (ie. by post- and pre- harvest
applications of Ca salts) have had varying degrees of success.

Significant progress in understanding Ca’s function has been made
however. It is known that low cytosolic levels of Ca are crucial for
maintaining vital cellular processes. Also, Ca associated disorders are
often the result of inefficient distribution rather than limited soil
supply or uptake, as leaves contain fifty-fold more Ca than fruit flesh,
and Ca disorders, even on Ca-fertile soils, are not uncommon. Some
cultural practices such as pruning and fertilization influence the
occurrence of the disorders, yet Ca translocation and deposition in the
fruit needs to be better understood in order to optimize quality.

How Ca is translocated to apple fruit is not clear. Ferguson and
Watkins (1989) suggested that xylem is the major pathway of Ca supply to

fruic, however indirect evidence suggested that phloem may also be




. 2
important. Differenées in patterns of.Ca accumulation between seasons,
cultivars, and locations also exist. Ca-disorders might be alleviated if
the supply of Ca to fruit could be increased, perhaps by redirecting Ca
transport from alternate plant sources high in Ca, or by increasing the
solubility of Ca in the xylem and/or phloem system. Clarification of
the factors affecting the translocation and supply of Ca in fruit is

needed in order to develop techniques to increase fruit Ca content.




REVIEW OF LITERATURE

CALCIUM DISORDERS, FUNCTION, DISTRIBUTION, AND TRANSLOCATION

IN APPLE TREES

w



1.0 CALCIUM DISORDERS OF FRUIT

Many fruit and vegetables are prone to physiological disorders
related to tissue Ca concentrations. Although the exact etiology of
such disorders is unclear, the involvement of Ca is easily shown since
increasing the Ca concentration of a tissue will usually decrease the
occurrence and progression of the disorder. The history and description
of Ca disorders (Shear, 1975; Simmon, 1978) and physiological changes

occurring with them (Bangerth, 1973, 1979; Faust et al., 1968) have been

reviewed in detail. Vang-Peterson (1980) addressed the Ca nutrition of
apple trees specifically and Ferguson and Watkins (1989) recently
reviewed the factors leading to the development of bitter pit.

Apple disorders associated with inadequate fruit Ca levels include
bitter pit, cork spot, fruit cracking, internal breakdown, Jonathan
spot, lenticel blotch, lenticel breakdown, low temperature breakdown,
senescent breakdown, and water core (Shear, 1975). Location, time of
appearance, and environmental conditions associated with occurrence are
important factors in distinguishing between disorders (Faust and Shear,
1968).

Bitter pit, a common corking disorder in apple, was reported as a
production problem during the 19th Century (Jiger, 1869 -referenced by
BGmnemann,1972), and was later associated with low fruit Ca levels
(Delong, 1936). It is characterized by slight indentations in the skin

with small, brown, desiccated lesions below the peel which become corky

and bitter in flavor. Pits are usually concentrated towards the calyx

4
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end of the fruit. Aithough bitter pitlis initiated in fruit on the tree,
visual symptoms may appear before harvest or more often after fruit
storage (Faust and Shear, 1968).

Calcium disorders are caused primarily by the limited capacity of
the plant to uniformly distribute Ca to various plant tissues
(Marschner, 1983). Resulting disorders are probably due to impaired
membrane function and disruption in compartmentalization at the cellular
level (Bangerth, 1979).

Species differ in the cation exchange capacity (CEC) of the cell
wall which influences the affinity and concentration of apoplastic Ca at
the cellular level. For example, the quantity of free carboxylic groups
of pectins (polygalacturonic acid) and of Ca?* bound to the middle
lamella, partially explains cross-species discrepancies in Ca
concentration (Marschner, 1983). Dicotyledons have a higher CEC and
also much higher tissue Ca concentrations than monocotyledons
(Marschner, 1983). Dicotyledonous plants also have a higher prevalence
of Ca-related disorders than monocots (Hanson, 1983).

Susceptibility of fruit to Ca disorders is dependent partly on
cultivar (Ferguson and Watkins, 1989; Faust et al., 1971; Titus and
Ghosheh, 1963; Perring and Pearson, 1986) and rootstock (Sistrunk and
Campbell; 1966; Faust et al., 1971; Bukovac et al., 1958; Kennedy et
al., 1987). Cultural practices which aggravate Ca disorders include low
fruit set, over thinning, low soil moisture, heavy pruning, high
nitrogen application, and early harvest (Ferguson and Watkins, 1989).

Calcium disorders in many ways are associated with fruit ripening,
senescence (Faust and Shear, 1968; Poovaiah and Leopold, 1973), and

ethylene production (Sharples and Johnson, 1977). Maintenance of high
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tissue Ca concentrafions delays fruit‘ripening and senescence though low
concentrations of Ca in the cytoplasm are required simultaneously for
normal cell functions (Poovaiah, 1988). Motto and Lieberman (1977)
found that the ethylene-synthesizing system is located in the cell wall-
membrane matrix (outside the cytoplasm) and that Ca influences cell
membrane permeability, ethylene production, and senescence. Reduction in
fruit Ca concentration, perhaps a result of dilution caused by growth or
a decline in physiologically active Ca (Himelrick and Walker, 1982), can
be considered an important step in fruit ripening. The enzyme
polygalacturonase removes bound Ca from the middle lamella, resulting in
fruit softening, senescence, and potential onset of disorders
(Bangerth, 1979; Poovaiah, 1979). Postharvest infiltration of Ca, a
procedure widely used to control Ca disorders, has increased fruit
firmness and decreased membrane permeability, respiratory CO, evolution
(Bangerth et al., 1972; Faust and Shear, 1972), and ethylene production

(Ferguson and Watkins, 1989).

1.1 Predicting Calcium Related Disorders

Attempts have been made to predict how well fruit will store by
measuring fruit Ca levels prior to storage. Predications are difficult
because large variations in fruit Ca concentrations exist between fruit
from the same orchard, tree, and even branch. Why fruit Ca
concentrations vary so much is not clear, but factors such as fruit size
(Perring & Jackson, 1975; Perring, 1979), content of other nutrients
(Faust and Shear, 1973), cultural practices (Ferguson and Watkins,
1989), growing environment (Wiersum, 1979; Tromp, 1979b) and seed number

(Bangerth, 1976; Tomala and Dilley, 1989; Bramlage et al. 1990) have
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Table 1. Suggested threshold values for fruit calcium concentrations
used to predict fruit susceptibility to Ca-disorders.?

Threshold at

harvest
Type of mg Ca-100 g}
Cultivar Country sample” fruit fresh wt.* Reference
Cox's U.K. a 5.0 Perring, 1968
Orange - Sharples, 1980
Pippin a Perring & Jackson, 1975
a 5.5 Perring & Sharples,1975
a Perring & Preston, 1974
a 5.4 - 6.0 Johnson et al., 1987
b 5.4 - 5.7 van Goor,1971
N.Z. < 2.5 -7.0 Wills et al., 1976
d 2.5 -3.0 Ferguson & Reid, 1979

Egremont U.K. e 9 - 10¢ Chiu & Bould, 1977
Russet f 4.4 - 5.5 Chiu & Bould, 1977
R. Del. N.Z. d 2.5 - 3.0 Ferguson & Reid, 1979
G. Del. N.Z. d 2.5 - 3.0 Ferguson & Reid, 1979

* Adopted from Ferguson and Reid, 1979.

7 Key to Sample Preparation. a - whole fruit minus seeds and pedicel;
b - whole fruit slices; c - whole fruit minus core and pedicel;
d - cortical plugs just beneath skin; e -peel sample; f=fruit juice;
"-" method not provided

* to convert to ppm Ca, multiply by a factor of 10

% 20% dry matter in peel assumed
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been shown to affect fruit Ca levels.l

Due to the insidious manner in which disorders develop, fruit Ca
concentration thresholds have been established above which little or mno
disorders are expected and below which fruit are more susceptible.
(Table 1). Most work on Ca thresholds has been conducted on Cox's
Orange Pippin, a highly bitter pit susceptible variety grown
commercially in England and New Zealand. Ferguson and Reid (1979) report
that Cox's Orange Pippin accumulates less Ca and is more susceptible
when grown in New Zealand than in the United Kingdom. Susceptible
cultivars grown commercially in North America include Northern Spy,
Jonathan, and Red Delicious (Cline, 1983), however threshold levels for
these are few or lacking.

If Ca concentrations in the fruit flesh drop below a critical
threshold of approximately 5 mg Ca'100 g™! or 50 ppm Ca (fresh weight,
with seed and stems removed), physiological disorders such as bitter
pit, cork spot, or internal breakdown are likely to develop (Himelrick
and McDuffie, 1983). Inconsistencies in critical values in Table 1 may
reflect the different fruit sampling and analysis methods used (Holland
et al, 1975; Turner et al., 1977) since Ca is unevenly distributed
throughout fruit (Perring and Wilkinson, 1965) and values will vary
markedly according to which tissue is sampled (Ferguson and Reid, 1979).

Monitoring levels of other nutrients may also be important in
avoiding Ca disorders. In the United Kingdom, critical values for leaf
and fruit N, P, K, and Mg in addition to Ca have been established.
Sharples (1980) suggested that a balance of leaf N (2.4-2.8 ¥ D.M.), P
(0.2-0.25), K (1.3-1.6), Mg (0.25-0.30) and fruit N (5-10 mg Ca'100

f.w."!, harvest), P (not less than 11), and K (130-160) be maintained to




assure good fruit kéeping quality.

2.0 FUNCTION OF CALCIUM IN PLANTS

Several authors have recently reviewed the function of Ca in plants
(Hanson, 1984; Marmé, 1985; Christiansen and Foy, 1979; Millaway &
Wiersholm, 1979; Poovaiah and Reddy, 1987; Faust and Klein, 1974) and
therefore this review will be limited to those reports which address the
function of Ca with respect to Ca-disorders. The functions of Ca in
plants can be classified into four general categories: a) cell walls; b)
membrane permeability; c) enzymes; and d) Ca-phytohormone interactions

(Bangerth, 1979).

2.1 Cell Wall

Water and solutes can move through plants in the apoplast, the
intercellular spaces, including cell walls and dead vascular tissue, or
the symplast, the intracellular regions joined by plasmodesmata (Minch,
1930). Much of the apoplastic Ca in plants is considered to be bound to
cell walls or the middle lamella, the intercellular substance composed
mostly of Ca-pectate compounds that cement the primary walls of
contiguous cells. Cell-wall Ca functions principally to maintain cell

integrity and offer structural support to plants (Marschner, 1986).

2.2 Cell Membrane

Calcium plays an important role in maintaining the structure and
permeability of cell membranes (Rousseau et al., 1972). Many Ca-related
disorders, particularly in fruits, are probably due to impaired membrane

function and the disruption of membrane compartmentalization (Bangerth,
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1974). Although not>a constituent of éell membranes, Ca is believed to
influence the permeability of the plasmalemma by controlling ATPase
dependent ion transport (Hanson, 1983). Under Ca deficient conditionms,
cell membranes become more pervious (Jones and Lunt, 1967) and cells are
less able to maintain their integrity. For instance, the inefficient
uptake of sorbitol into fruit cells, probably one of the reasons for
watercore and internal breakdown in apple, can be improved by Ca

applications which reduce sorbitol leakage (Bangerth et al., 1972).

2.3 Calcium and Enzymes

Calcium appears to activate enzymes primarily associated with the

plasma membrane where ATPases are common (Poovaiah, 1988). The low
concentration of Ca?* in the cytoplasm (<l uM) would suggest it is of
minimal importance in cytoplasmic enzyme activity, especially when a
thousand-fold increase of the closely associated Mg2+ ion ( = 1000 uM)
exists. The opposite is however true. With improved Ca?* detection
methods, Poovaiah (1988) suggested that cytoplasmic Ca?' is pivotal in

the activation of enzymes such as calmodulin (CaM).

2.4 Regulation of Cytoplasmic Calcium

The importance of the Ca ion (Ca?') as a macronutrient (an element
required at relatively high concentrations for plant growth and
development) is well accepted. Recent studies in plants and animals have
concentrated on how Ca may function as a micronutrient (an element
required at lower concentrations) and led to an understanding of its
involvement in transducing extracellular responses (Poovaiah and Reddy,

1987; Poovaiah, 1988).
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Measurement of cytoplasmic Ca”'ﬁoncentrations is complicated by
the presence of cell walls, large vacuoles, chloroplasts, and high
turgor pressures. Intercellular Ca in the cell wall and vacuole exceeds
that in the cytoplasm by several orders of magnitude (Mengel and Kirkby,
1987). Cytoplasmic Ca?* concentrations range from 0.01 to 1 uM
(Macklon, 1975; Wiersum, 1979; Poovaiah and Reddy, 1987; Mengel and
Kirkby, 1987) depending on the tissue measured. Such low levels of free
Ca?* must be maintained to prevent precipitation of inorganic phosphate,
competition with Mg?" binding sites, and control activation of certain
enzymes (Marschner, 1986). Low cytoplasmic Ca?" concentrations appear
to be maintained by the plasmalemma barrier, Ca?'-efflux pumps, and the
Ca”3binding protein calmodulin (Marschner, 1986).

2* jons are now considered a major regulator of

Intracellular Ca
several processes in plants (Hepler and Wayne, 1985). Poovaiah (1988)
postulated that Ca may operate in the cell in the following ways: 1)
the free cytoplasmic Ca concentration is less than 1 uM and is under
metabolic control; 2) the cytoplasmic Ca concentration can be regulated
by various extra- or intra-cellular signals such as light, gravity, and
hormones; and 3) the cytoplasmic Ca binds to CaM, thereby activating it.
Enzymes can bind to the activated Ca-CaM complex leading to a response.

Regulation of intracellular Ca distribution is vital, since
excessive levels of free Ca?* in the cytoplasm (> 1 uM) are toxic
(Hepler and Wayne, 1985). To assist in maintaining a balance of Cca?*,
organelles including the endoplasmic reticulum, mitochondria,
chloroplasts, and vacuoles are known to accumulate relatively large

amounts of Ca?'. ATPase Ca pumps shunt Ca?' from the cytoplasm into the

respective organelles. These Ca-transporting ATPases, in turn, are
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believed to be controlled by the reguiator protein calmodulin (Dieter

and Marmé, 1980).

2.5 Calmodulin

The Ca-binding protein calmodulin (CaM) exists in both animals and
plants (Poovaiah, 1985). Since its discovery in plants (Muto and
Miyachi, 1977) there has been escalating interest in studying the role
of Ca as a secondary messenger. The concentration of cytoplasmic Ca?*
is extremely low and is influenced by extracellular signals such as
light, gravity, and hormones (Poovaiah, 1985). Poovaiah (1988) has
reported several processes altered by changes in extracellular and
intracellular Ca levels including cell elongation, abscission,
senescence, tuberization, geotropism, stomatal control, secretion,
hormone dependent changes, enzyme activation, and protein
phosphorylation.

The mechanism through which CaM functions is not fully understood,
but seems to involve a series of activation steps. In the first step a
stimulus (ie. light, gravity, hormones) results in a cytoplasmic surge
in Ca?' above 1 uM (Poovaiah, 1985). This transient increase in Ca?' can
originate from the mitochondria, plasmalemma or vacuole. Four Ca?' ions
then couple with and activate one inactive CaM molecule via
conformational changes at the molecular surface. Once activated, the Ca-
CaM complex recognizes a receptor protein (enzyme) and binds to it.

This CaM-Ca-enzyme complex then elicits the actual response (Poovaiah,

1985).
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3.0 CALCIUM ABSORPTION AND TRANSPORT IN PLANTS
3.1 Soil Calcium and Root Uptake

The majority of soils seem to provide enough Ca to meet plant
requirements (Vang-Petersen, 1980). The Ca concentration of soil may
vary from less that 0.05% to greater than 25% (in calcareous soils).
Soil Ca averages 3.6% for mineral soils (Hausenbuiller, 1978), and
accounts for 65-85% of the total cation exchange capacity in limed
arable soils (Chapman, 1966). The availability of Ca to plants is
related to the proportion in exchangeable form.

Other ions in the rhizosphere may affect Ca uptake. For example,

K*, Mg*, and NH," may compete (cation antagonism) with Ca for uptake

(Kirkby, 1979; Geraldson,1971) whereas NO; , HPOf' or H,PO,” (Jakebsen,
1979; Kirkby and Knight, 1977) may increase Ca uptake. A great number
of other interactions may affect Ca uptake as well (Bangerth, 1979).
In soils high in Ca, the movement of Ca to plant roots occurs
largely by mass flow rather than by diffusion (Marschner, 1986;
Hausenbuiller, 1978). The Ca concentration in most soil solutions
varies from 3.4 to 14 mM, whereas concentrations of 0.1 to 1 mM at the

root surface appear adequate for most plants, provided concentrations of

other ions are in balance (Fried and Shapiro, 1961; Loneragan and
Snowball, 1969). Root uptake of Ca is influenced by the environment of
the rhizosphere, total root volume, root density, periodicity of growth,
transpirational demand for water, and availability of Ca?* (Himelrick
and McDuffie, 1983; Bangerth, 1979).

Calcium is translocated predominantly in the apoplast of the root,
however some symplastic movement does occur. Apoplastic Ca must be

absorbed in the immature region of the root, closest to the root tip,
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where the casparian strip is not fully developed (Ferguson and Clarkson,
1976). Distal to the root tip, Ca?* may also move in the apoplastic free
space of the root cortex as far as the endodermis, where further
movement is restricted by the suberized endodermal barrier. This Ca®" is
forced to pass symplastically to enter the stele. Conditions favoring
root proliferation, such as adequate aeration, warm soil temperatures,
and ample moisture are important in maximizing Ca uptake in roots

(Russell & Clarkson, 1976).

3.2 Xylem Transport of Calcium

Translocation of Ca within the xylem occurs by a combination of

mass flow and cation exchange, since its movement is not directly
proportional, but nevertheless believed to be dominated by, the
transpirational demand for water (Buchloh, 1974). Translocation of Ca
within the xylem was shown to occur by a series of cation exchange
reactions with lignin (Shear and Faust, 1970) or other negatively
charged sites on cell walls of the xylem tissue (Bell and Biddulph,

1963; Biddulph et al., 1959, Biddulph et al., 1961; Faust and Shear,

1973; Ferguson and Bollard, 1976; van de Geijn et al., 1979). Water and
solutes are drawn acropetally by a slight negative water potential
caused by the evaporation of water at the leaf or fruit surface. At
night or during periods of low temperature, high humidity, and adequate
to excessive soil moisture, xylem Ca may move to plant parts usually
poorly supplied with Ca. This phenomenon, achieved by positive root
pressure or by considerably reduced xylem tension, occurs in smaller
plant species such as vegetables (Collier and Tibbitts, 1984). Although

its importance in trees is unknown, a similar phenomenon may be
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operating when high fruit/shoot ratios exists (Ferguson and Watkins,
1989), or perhaps when extreme diurnal fluctuations in temperature
and/or humidity exist.

The transpiration rate of an organ is one factor determining the
ratio of minerals imported by the xylem and phloem (Marschner, 1983). If
Ca moves primarily in the xylem in response to transpirational losses of
water, high relative humidity (RH) surrounding an organ would be
expected to decrease transpiration and Ca supply. High RH has decreased
Ca accumulation in tomato fruit (Armstrong and Kirkby, 1979; Bradfield

and Guttridge, 1979; Banuelos et al., 1987; Ehret and Ho, 1986), lettuce

leaves (Collier and ribbitts, 1984), cabbage leaves (Wiebe et al.,
1977), paprika and bean fruit (Mix and Marschner, 1976a, 1976b),
strawberry leaves (Bradfield and Guttridge, 1979) and apple fruit (Ford,
1979b); however, the RH level imposed on apple fruit was not recorded.
Low RH applied to entire apple trees increased leaf and fruit Ca
concentrations but had no effect on their content since tree growth was
reduced (Tromp, 1979b; Tromp and Oele, 1972).

Bollard (1953, 1957) devised a method to extract xylem exudate

from woody plants. Translocation of organic compounds (Bollard, 1957)
and Ca (Bradfield, 1976) has been measured throughout the season in the
xylem of apple trees. Total Ca reaches a maximum of =180 ppm at full
bloom, falls to =50 ppm five weeks later and remains at this level for
the rest of the season. Roughly 50% of the Ca in xylem sap is complexed
(Bradfield, 1976). Tromp (1979a) observed that xylem Ca concentrations
peaked at =330 ppm three weeks prior to full bloom and suggested that
the high concentrations of Ca and other nutrients near full bloom were

primarily re-mobilized from branches, rather than transported from the
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root, since the traﬁspiration rate isllow at this time. Mason and
Whitfield (1960) observed similar seasonal patterns of nutrient contents
in the xylem of apple trees.
3.3 Phloem Transport of Calcium

A difficulty in studying the phloem mobility of Ca in apple is the
inability to obtain adequate volumes of phloem exudate. However, Ca
concentrations in the phloem exudate of other plant species range from
21-63 ppm Ca (Lupinus albus and Lupinus angustifolia), 83 (Nicotiana
glauca), 49 (Quercus rubra), 4-92 (Ricinus communis) (Hall et al., 1971;
Smith and Milburn, 1980; Wiersum, 1979), and 12 ppm Ca (Yucca flaccida)
(Tammes and Van Die, 1964). It is difficult to predict what Ca
concentrations in phloem of apple might be considering this wide range
in other plant species and the potential for cross contamination from
xylem exudate. A large discrepancy exists between the Ca levels measured
in the phloem sap exudate and in the cytoplasm of plants (Poovaiah,
1988). A method to quantify Ca levels in the phloem of apple shoots and
fruit is needed before its mobility can be reported with certainty.

The phloem mcbility of Ca in apple has been studied through
indirect methods. Faust and Shear (1973) observed that “Ca
administered to roots of apple trees appeared to be transported through
the phloem. The phloem transport was slow, not responsive to
transpirational stress, and was reportedly under hormonal control.
However, when “5Ca was applied to the basal end of cut stems, it was
transported through the xylem. The xylem transport was rapid and
responsive to concentration gradients and transpirational rates.
Stebbins and Dewey (1972) observed evidence that Ca may move in the

Phloem by supplying “5Ca to the roots of apple seedlings. Removing the
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phloem tissue by girdling stems restricted “°Ca movement to the leaves,
suggesting that Ca is phloem mobile. However, it was unclear whether
the girdling treatment altered root absorption of Ca. If the roots of
girdled plants were starved of photosynthate, decreased root uptake may
have occurred, hence the decline in xylem transport. Furthermore,
lateral transfer of Ca between xylem and phloem (Ferguson and Watkins,
1989) and re-mobilization of Ca deposited in bark to the xylem may have
occurred (Mason and Whitfield, 1960; Wieneke and Fihr, 1975). The effect
of girdling on Ca transport in apple trees needs to be further
evaluated.

The relative importance of the xylem and phloem in transporting
minerals to legume fruits has been studied in detail (Pate et al, 1974;
Pate and Hocking, 1978) since phloem exudate can be collected from these
species. The phloem was estimated to supply 80% of the C, N, and S; 70-
80% of the P, K, Mg, and Zn; 65% of the Fe, Mn, and Cu, and only 30% of
the Ca. These proportions may however fluctuate diurnally (Hocking and

Pate, 1978). When Ca was added to phloem sap of Yucca flaccida and

Ricinus communis at 20-40 ppm it caused precipitation of Ca-phosphate,

whereas K and Mg, over the usual range of concentrations, did not cause
precipitate formation (van Goor and Wiersma,1974). Only small additions

of Ca exceeded the solubility limit.

4.0 CALCIUM DISTRIBUTION IN THE TREE AND FRUIT
4.1 Calcium Distribution in the Tree

The distribution of Ca in apple trees was reviewed by Himelrick
and McDuffie (1983), Terblanche et al. (1979), and Mason and Whitfield

(1960). Calcium disorders in plants are often related to localized Ca
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deficiencies causedvby poor distribution or re-mobilization in the tree
rather than poor Ca uptake. The range in Ca concentrations in various
components of an appie tree support this claim (Table 2). For example,
Ca-deficiency disorders are common in the fruit, but deficiency symptoms
are rare in leaves.

Interestingly, fruit comprise 18 % of the total tree dry weight,
but only 1 % of total tree Ca. Calcium concentrations in fruit are one
fiftieth the level in leaves. The Ca requirement of a mature tree is
surprisingly high in comparison to other nutrient elements. In fact the
Ca content is almost equal to that of N, K, P, and Mg combined
(Himelrick and McDuffie, 1983). These figures stress the dissimilarity

of Ca concentrations in trees.

4.2 Calcium Distribution in Fruit
Although Ca concentrations are similar in various parts of the
fruit early in the growing season (Wieneke, 1974), concentration
gradients develop as the season progresses (Perring and Clijsters, 1974;
Ford, 1979a; Perring and Wilkinson, 1965; Wilkinson and Perring, 1964).
By harvest, Ca concentrations are highest in the pedicels (5,600 ppm,
dry wt.) and seeds (2,000), lowest in the flesh (300) and intermediate
in the core (400) and peel (600) (Faust et al., 1967; Kohl, 1966). In
addition, flesh Ca concentrations are highest in the exposed side and
the calyx end of the fruit (Perring and Wilkinson, 1965; Lewis & Martin,
1973; Lewis, 1980).
The Ca concentration is particularly low in the outer cortex of
mature fruits where pitting occurs commonly. The pitted zones may

actually contain higher concentrations of Ca than surrounding regions
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(Perring and Plocharshi,1975; Hopfingér and Poovaiah, 1978; Chamel and
Bossy, 1981; Askew et al., 1958). Accumulation of Ca in pitted zones
appears to occur simultaneously with thé development of the disorder,
after cortical cells begin to disorganize, but not prior to visual

symptoms of bitter pit (Ford, 1979a; Faust et al., 1968).
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Table 2: Calcium composition and concentration of a mature apple tree at
mid summer; fruit levels at harvest.

Approximate Approximate
Percent of Percent Calcium Relative Amount
Total Tree of Total Concentration of Ca in Tissue
Tissue Weight? Plant Ca? ppm (dry wt.)Y (fruit flesh=1)*
Leaves 13 29 14,000 50
Wood 40 9
Bark 11 44 25,000 80
Branch -- -- 6,000 20
Stem -- -- 8,000 27
Trunk -- -- 15,000 50
Xylem sap -- -- 50" 0.16
Phloem sap"-- -- .04Y 1.3 x 107
Root 18 V4 1,200 4
Fruit 18 1
Pedicel == -- 5,600 20
Seed -- -- 2,000 7
Peel -- -- 600 2
Core -- -- 400 1.3
Flesh -- -- 300 1
Total 100 100

* Adapted from Terblanche et al., (1979)

Adapted from Himelrick and McDuffie (1983)

Tissues compared w.th fruit flesh (tissue most often Ca-deficient).
Values based on ppm Ca fresh weight.

¥ estimated levels found in cytoplasm - levels unreported

values expressed as ug Ca ml™! xylem/phloem exudate

P

<
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4.3 Factors Influenéing Fruit Calcium.Levels

It is evident that tissue Ca concentrations are influenced by
several orchard factors which affect translocation within the xylem.
Reports of treatment effects on Ca concentration and Ca-related
disorders often conflict (Table 3). Treatments which alter fruit size
will likely affect fruit Ca concentrations since an inverse relationship
exists between these parameters (Perring & Jackson, 1975). It is
imperative therefore to consider whether treatments affected fruit size
when interpreting influences on fruit Ca levels.

Environmental and cultural practices which affect the
translocation of Ca to fruit can be separated into those eliciting a
"below-" or "above-" ground influence, and again into those affecting
tree growth or Ca translocation. Below-ground factors, known to reduce
fruit Ca levels by directly affecting root growth and/or Ca uptake,
include low soil temperatures (Tromp, 1979b), high K and Mg
fertilization (Bangefth, 1979), and low soil moisture (Tromp, 1979b).
In contrast, Ca and b fertigation has reduced the frequency of cork
spots (Smith et al., 1987), and root pruning during dormancy or full
bloom has increased fruit Ca levels (Schupp and Ferree, 1987).

Above-ground treatments such as increased light intensity (Tromp,
1979b) increased Ca uptake. Also, elevating tree air temperatures from
19° to 24°C increased fruit Ca, N, Mg, and P content. For these
examples, treatment effects on fruit Ca levels were invariably co-
related to larger sized fruit.

Some treatments interact in a more complex way. Nitrogen, for
example, influences Ca-disorders and the storage quality of fruit (Faust

and Shear, 1968). Fertilization with N is important with respect
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Table 3. Selected treatments known to alter the Ca concentration and
other parameters in apple trees and fruit.

Effect
Treat- on Fruit
ment Calcium® Summary Reference

BELOW GROUND TREATMENTS

t Soil
Moisture

t Soil
Temperature

t Fertili-

zation

t Nitrogen

Ca & B

Root
Pruning

+
+

]

NA

]

[

NA

Irrigation increased soil uptake of Ca Perring, 1979

Low soil moisture decreased tree Tromp, 1979b

dry matter, Ca, and K uptake.

Irrigation had no effect on BP.Y Goode & Hyrycz
1964; Goode &
Ingram, 1971

Irrigation increased BP by increasing Faust & Shear,

fruit growth. 1968

BP increased with high available soil Létter et al.,

water. 1985

Higher soil temp increased total tree Tromp, 1979b
dry matter and water uptake. At lower

soil temps. Ca uptake increased while

K uptake decreased. More roots observed

at increased soil temp.

Fertilization of N,P,K had no effect Perring, 1979
on fruit Ca except that caused by
increased fruit size.

N application had no effect on BP Preston &
and fruit color. Perring, 1974

Ca + B applied in trickle irrigation Smith et al.,
reduced the number of cork spots per 1987

fruit and increased the number of sound

fruit. No effect on fruit size.

Root pruning during dormancy Schupp &
increased fruit Ca levels. Ferree, 1987

ABOVE GROUND TREATMENTS

t Light

+ Light

Summer vs.

+

+

Higher light intensity increased dry Tromp, 1979
matter, Ca & K and water uptake.

Tree shading reduced BP, fruit size Jackson et al
and number but N,P,K,Ca, or Mg conc. 1971, 1977
did not differ in similar sized fruit

Summer pruning increased fruit Ca Perring, 1979
concentration irrespective of fruit size.
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Table 3 (cont.)

NA Summer pruning reduced BP development, Preston &
advanced blossom formation, and Perring, 1974
increased fruit color, but had no effect
on yield. Fruit size was not reported.

@ Summer pruning decreased BP and fruit van der Boon,
yield but also reduced fruit size. 1980
Fruit Ca levels did not differ for
similar sized fruit.

t Fruit @ Reduced yield but no effect of BP and van der Boon,
Thinning fruit Ca levels for similar sized fruit 1980
t Air Temp. @ Higher air temperature increased fruit Tromp, 1975
Ca, N, Mg, and P content, but this was
mostly attributed to increased fruit
size at higher temperatures.
+ Leaf Trans- + The incidence of BP was reduced with Schumacher
piration antitranspirants. et al., 1976

N

'+'=increase; '-’= decrease; 'Q’'= no response; 'NA’ - Ca not measured
Y BP- denotes bitter pit
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to the exchange of Ca in xylem tissue‘(Faust and Shear, 1973). Nitrate
nitrogen (NO; -N) ascends freely in the exchange column of the xylem,
whereas NHCUN can block Ca exchange and movement (Faust and Shear,
1973). Nitrogen also stimulated tree growth (Goode et al., 1978),
delayed fruit maturity, increased the leaf:fruit ratio, reduced fruit
firmness, and increased fruit size (Preston and Perring, 1974; Perring,
1979). Other effects of N fertilization are complex since N is known to
alter the fruit:shoot and shoot:root ratios of trees (Faust and Shear,
1968) .

Factors other than mass flow and exchange may influence Ca
transport. The endogenous plant growth substance auxin may influence Ca
transport (Bangerth, 1976; Banuelos et al., 1987, 1988; Fuente and
Leopold, 1973). When the auxin transport inhibitor 2,3,5-triiodobenzoic
acid (TIBA) is sprayed on apple trees shortly after bloom Ca
accumulation in the fruit is reduced and bitter pit is enhanced
(Bangerth and Firuzeh, 1971; Oberly, 1973; Stahly and Benson, 1970,
1972, 1976, 1982; Stahly, 1986). Himelrick and Ingle (1981), however,
found no consistent influence of TIBA sprays on Ca concentrations in the
leaf, fruit flesh or peel tissues. TIBA reduced “5Ca movement into
fruit and leaves of comato (Banuelos et al., 1987), cucumber (Beyer and
Quebedeaux, 1974), and lettuce (Banuelos et al., 1988). Bangerth (1976)
attributed the lower Ca contents of parthenocarpic apple and pear fruit
to reduced seed number, since seeds are known to be rich in auxin. Seed
number was positively correlated with Ca concentration in apple fruit of
the cultivars ’‘McIntosh’, and ’‘Spartan’ (Tomala and Dilley, 1989) and
'Red Delicious’ (Bramlage et al., 1990), but not ’'Empire’ (Tomala and

Dillev, 1989).
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Basipetal transport of auxin from fruit may exert control over the
delivery of Ca to fruit. Environmental and cultural factors which alter
the basipetal transport of auxin, such as poor pollination and seed set
or removal of shoot tips by summer pruning, may affect the Ca supply to

fruit (Banuelos et al., 1987; Ferguson and Watkins, 1989).

5.0 CALCIUM TRANSLOCATION AND ACCUMULATION IN APPLE FRUIT
5.1 Seasonal Accumulation of Ca in Apple Fruit

Wilkinson (1968) proposed that Ca accumulates in apple fruit in
two stages. During stage I (pollination to 4-5 weeks thereafter), cell
division, fruit growth and Ca uptake are very rapid. During stage II
(end of stage I to harvest), fruit growth continues at a rapid rate, but
Ca accumulation either continues at a slower rate, ceases altogether, or
Ca is exported back into the tree. Empirically, Ca accumulation may
increase rapidly then level off (Tromp 1972,1975; Jones et al. 1983,
Jones and Samuelson, 1983; Himelrick and Walker, 1982; Quinlin, 1969;
Wilkinson, 1968) or accumulate linearly up until harvest (Rogers and
Batjer, 1954; Oberly, 1973; Tromp, 1975, 1979b; Tomala et al., 1989).
Calcium content has also been observed to decline towards the end of
some seasons (Tromp and Oele, 1972, Tromp, 1979b; Wilkinson, 1968;
Hanson, unpublished data).

The three seasonal Ca accumulation patterns are depicted in Figure
1. The magnitude and duration of accumulation can vary considerably
between fruit cultivars and different growth rates (Table 4). Although
Wilkinson (1968) proposed that Ca uptake rates decline 4-6 weeks after
full bloom (end of stage I), a compilation of reported patterns of Ca

accumulation indicates that the transition between stage I and II often
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occurs 12-16 weeks after full bloom (Jones et al, 1983; Jones and
Samuelson, 1983). This shift may be due to differences in environment
(Ferguson and Watkins, 1989) or cultivars. Weather conditions which
reduced the accumulation of Ca late in the season, such as low
temperatures (Tromp, 1975; Ford, 1979b), would shift this transition
earlier. Since most observations are from non-controlled conditions, the
confounding effects of climate on fruit growth make it difficult to
directly relate one specific environmental parameter to Ca
accumulation.

Moisture supply (Goode et al., 1978, 1979; Irving and Drost,
1987), relative humidity (Tromp, 1979b), air and soil temperature
(Tromp, 1979b; Ford, 1979b), and fruit cultivar (Tromp, 1975) affect the

quantity and duration of Ca accumulation. The effects of soil moisture,
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Figure 1. Typical patterns of seasonal calcium
accumulation in apple fruit. Adapted from Faust,
1989.




Calcium Content per Fruit

28

SEASONAL PATTERNS OF CALCIUM
ACCUMULATION IN APPLE FRUIT

1
1
1
1
1
1
1
1
1
1
1
I

CA UPTAKE CA UPTAKE e
STAGE | STAGE I -7

o ®®:
® SIZE
T T T T T

4 — 6 WEEKS HA T
BLOOM AFTER FULL BLOOM RS

Time of Season

R T



29

Table 4: Seasonal patterns of calcium accumulation in selected apple
cultivars from various locatioms.

Period
Peak Ca separating
content stage I & II
Cultivar Location (mg/fruit) (weeks AFB)? Reference

i ake of Ca in stage I, Ca content levels off stage II
Bramley U.K. 9 12 Jones et al., 1983
Cox's U.K 5 16 Jones et al., 1983
Orange Pippin £) 8 Wilkinson, 1968
Delicious” U.S. 9 6 Himelrick and Walker, 1982
Egremont UK. 7 12 Jones et al., 1983
Golden Neth. 6 ‘8 Tromp, 1975
Delicious 6 10 Tromp and Oele, 1972
UK. 8 12 Jones and Samuelson, 1983
U8+ 8 16 Stahly & Benson, 1982
Laxton’s  U.K. 6 8 Quinlan, 1969
Fortune
ine upt. i ta, I and no stage II
Cox's Neth. 7 - Tromp, 1975
Orange 4 - Tromp, 1979b
Pippin 9 - Tromp, 1979b
Delicious” U.S. 13 - Rogers and Batjer, 1954
Golden Neth. 6 - Tromp, 1975
Delicious
McIntosh Poland 8 - Tomala et al.,1989
Northern U.s. 11 - Oberly, 1973
Spy
Spartan Poland 10 - Tomala et al., 1989
L levels a decli du
stage II
Cox's Neth. 4 6 Tromp, 1979b
Orange UK. 5 8 Wilkinson, 1968
G. Del. Neth. . 6 10 Tromp and Oele, 1972.
R. Del. U.s. 12 14 Hanson, 1987 (unpublished

data)

Z AFB indicates after full bloom
Y Strain not indicated
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soil temperature, and air humidity (Tromp and Oele, 1972; Tromp 1975,

1979b; Ford, 1979b -temperature only) on the seasonal pattern of Ca

accumulation show that trees subject to low temperatures or high

humidities early in the growing season maintain an essentially linear

seasonal pattern of Ca uptake, but fruit Ca content is reduced. In

general, Ca uptake is often limited if trees are under stress during

stage II.

Soil moisture has affected the pattern and level of Ca

accumulation in apple fruit inconsistently. Soil moisture has had no

measurable effect on fruit Ca levels (Goode et al., 1978; Irving and

Drost,1987; Tromp, 1979b), although both high and low soil moisture

treatments have reduced (Goode et al., 1978; Irving and Drost, 1987 )

and increased (Ldtter et al.,1985; Wilkson, 1968) the incidence of

bitter pit. Wilkinson (1968) suggested that periods of drought cause

late-season export of Ca from fruit. Movement of Ca out of fruit was

confirmed by studies in which *°Ca was applied to the fruit surface and

later found in leaves and shoots (Millikan, 1971)

Despite these differences, early season uptake of Ca by roots

appears vital in maintaining the rate of Ca supply to the fruit, since

it affects both the pattern of uptake and final Ca content (Tromp,

1979b). In contrast, fruit Ca content later in the season seems more

limited by above-grcund environmental factors, since relative humidity

changed the pattern of Ca accumulation in stage II (Tromp, 1979b). Soil

moisture and temperature may influence Ca uptake by altering root

growth.
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5.2 Importance of Xylem and Phloem in Translocation of Calcium to Fruit

The literature on Ca transport to apple fruit can be classified
into two categories. There are those who seem to support 1) the
exclusive xylem mobility of Ca (Tromp & Oele,1972; Vang-Peterson, 1980;
Redmond, 1975) or 2) a combination of both xylem and phloem mobility of
Ca (Faust and Klein, 1974; Jones et al., 1983; Stebbins and Dewey, 1972;
Faust and Shear, 1973).

Our understanding of the translocation of Ca into apple fruit is
incomplete (Ferguson and Watkins, 1989; Ferguson, 1979; Hanger, 1979).
A theory put forward by Wiersum (1966) and developed by others
(Wilkinson, 1968; Ferguson, 1979; Hanger, 1979; Ferguson et al., 1987;
Ferguson and Watkins, 1989) suggested that the xylem is the primary
route of Ca supply early in the season whereas the phloem may
predominate later. Early in the season, Ca absorbed by plant roots is
distributed principally with water throughout the plant. Leaves and
other organs which receive large amounts of water also accumulate higher
Ca levels than fruit or other plant parts with low transpiration rates.
Young fruit have a relatively large surface area and a high surface
permeability to water with active stomata (Blanke and Lenz, 1988) which
allow a high rate of transpiration. Young fruit also photosynthesize
actively (Blanke, 1989) and therefore have a high water requirement and
low external photosynthetic need. The water supply to young fruit (stage
I) likely originates from the xylem in which Ca moves comparatively
freely.

Wiersum (1966) further postulated that as fruit increase in size

(stage II), the surface area:volume ratio decreases, the fruit surface
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becomes more waxy, stomatal density décreases, stomata become less
functional, and the leaf:fruit ratio increases. These changes decrease
fruit transpiration and xylem supply, disfavoring xylem movement of Ca
into the fruit. The net rate of Ca uptake decreases through the season
while the supply of phloem-mobile nutrients (K, Mg, P & N) and
photosynthate increase or remain the same.

Despite the numerous times this conjecture has been put forward,
and in spite of its logic (Ferguson and Watkins, 1989) it needs to be
demonstrated that appreciable amounts of Ca are phloem mobile and that
actual phloem flow of water changes with fruit development. Calcium
concentrations in the phloem of apple are expected to be low, based on
levels in phloem sap of other plant species (Hall et al., 1971; Wiersum,
1979; Tammes and Van Die, 1964) and lack of re-mobilization of Ca from
apple leaves (Himelrick and McDuffie, 1983). Since fruit typically
accumulate little Ca later in the season, there is no need for a
specific role of phloem to explain a late season reduction in fruit Ca
uptake, since xylem alone could be responsible.

Ferguson et al. (1987) suggested that fruit growth may dilute
fruit Ca and thereby decrease concentrations at the fruit wall.
Cortical tissue is diluted to the greatest extent since it undergoes
greater cell expansion and has fewer vascular connections. The
continued supply of other nutrients throughout the season is due to the
ability of the plant to transport these nutrients in both xylem and
Phloem tissue. Since the phloem is comprised of living cells which
maintain micromolar cytoplasmic Ca levels, negligible transport in the
Phloem is expected to occur (Ferguson and Watkins, 1989). As a result,

Ca accumulates where it is first deposited by the xylem (mainly leaves)
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and is not markedly re-mobilized thereafter. Other nutrients in
contrast can move in the phloem out of leaves into developing fruit,
along with sugar needed for fruit development. The flow of Ca into
developing fruit declines as the water supply from the xylem is reduced,
whereas K, Mg, P, and N increase due to increased phloem supply
(Wiersum, 1966).

Jones et al. (1983) estimated the xylem supply of Ca to apple
fruit to be the product of xylem sap Ca concentration and water flow to
the fruit. Xylem Ca supply was estimated for the cultivars Egremont
Russet, Bramley, Cox’s Orange Pippin, and Golden Delicious, and compared
with actual accumulation rates to determine if the xylem system alone
may account for Ca content of fruit. Xylem sap was collected from
shoots under suction (Bollard, 1957) and water flow was estimated to be
the sum of the net water uptake for fruit growth and that lost from the
fruit by evaporation. Two methods were used to estimate water loss
(Jones and Higgs, 1982): 1) weight loss of water from detached fruit
hanging in the tree, and; 2) determination of surface conductance of
attached fruit to water loss (permeability) with adjustment for daily
water vapor pressure deficits. Their findings consistently
underestimated Ca uptake rates by developing fruits early in the season
and markedly overestimated observed rates late in the season. Calcium
transport is greater than predicted during initial stages of fruit
development, while less significant later on. This is consistent with
other findings which suggest a decline in xylem transport 4 to 6 weeks
after petal-fall.

Possible reasons for the discrepancies between actual and

predicted values are important to consider and include: 1) erroneous
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measurement of actual Ca uptake; 2) incorrect estimate of net mass flow
of water into fruit; 3) erroneous estimation of Ca concentrations in the
xylem sap entering the fruit; and/or 4) a back-flow of Ca out of fruit
occurred.

It is most likely that the measurement of net water movement to
fruit is in error since transpiration of attached fruit is difficult to
measure; although transpiration rates are easier to measure earlier in
fruit development when fruit are small. The assumption that attached and
detached fruit maintain similar transpiration rates is suspect.
Furthermore, in situ measurements of fruit transpiration rates, made
with a modified steady state porometer, required lengthy (> 60 minutes)
equilibrium times which may be a source of error.

Another reason why xylem may not account for the total amount of
Ca in fruit at harvest is that movement of Ca from the fruit to the tree
may be occurring. During seasons of low soil moisture, fruit compete
with leaves for water and generally lose. Under these conditions Ca
migration from fruit has been reported to occur (Wilkinson, 1968).
Cultural practices which reduce leaf transpiration and vegetative
competition, such as summer pruning (Perring, 1979; Preston and Perring,
1974; van der Boon, 1980), anti-transpirants (Schumacher et al., 1976),
or over-head irrigation (Goode et al., 1979), have sometimes decreased
Ca disorders or increased fruit Ca levels.

Diurnal fluctuations in water relations of the tree and fruit may
cause movement of Ca from the fruit. Fruit growth is greatest at night
(Tukey, 1964, 1974; Tromp, 1979b) and diurnal changes in fruit diameter
(Tukey, 1964, 1974; “ones, 1985) and water potential gradients from

fruit to leaves in apple (Goode et al, 1979) suggest that water may flow
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out of the fruit. When trees are stressed, the xylem column would be
under tension and a potential backflow of water could occur, taking with
it Ca. There is also evidence that xylem movement from fruit occurs in
grape berries (Lang and Thorpe, 1989), cowpea fruit (Pate et al., 1985),
and pea fruit (Hamilton, 1988). Further work is needed to quantify
actual diurnal water movement from fruit since Jones et al. (1983) found
that evaporation at the fruit surface may be sufficient to cause the
magnitude of diurnal shrinkage observed which would suggest that there
was no displacement of xylem sap. The ’‘heat-pulse’ method would perhaps
be a non-destructive, more definitive way to measure xylem flow of water
through fruit pedicels (Cermdk et al., 1973; Valancogne and Nasr, 1989).
Nonetheless, the importance of the above assumptions needs to be

verified to comment further on the accuracy of their predictions.
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Several disorders of apple fruit are associated with low fruit
calcium (Ca) concentrations (Faust et al., 1968; Himelrick and McDuffie,
1983; Ferguson and Watkins, 1989). Fruit Ca levels and the severity of
the disorder varies from year to year, between orchards, and even
between fruit of the same branch in the same production year. The
unpredictable nature of Ca accumulation has been attributed, in part, to
yearly differences in the weather (Tromp, 1979a; 1975) and in crop load
(van der Boon, 1980).

The climate of the orchard may influence the supply of Ca to fruit
since small differences in environment are suggested to have large
effects on fruit growth, mineral composition, and the storage quality of
apples (Ford, 1979; Cline, 1983). Factors such as root temperatures
(Carlson, 1965; Tromp, 1975, 1978; 1979%a, 1979b), air temperatures
(Ford, 1979), light intensity (Tromp, 1975; 1979b), soil moisture (Goode
et al., 1978; Tromp, 1979a, 1979b) and relative humidity (Tromp, 1972,
1979a, 1979b) have inconsistently altered fruit Ca levels when studied
independently. However, whether these factors interact in the orchard to
influence the seasonal accumulation of fruit Ca is not well documented.

Wilkinson (1968) proposed that apple fruit accumulate Ca in two
stages. Stage I is the 4-6 week period beginning at bloom when cell
division and fruit growth are rapid and Ca uptake is linear and rapid.
During stage II (end of stage I to harvest), the uptake of Ca usually is
more gradual or ceases (Tromp 1972, 1975; Jones and Samuelson, 1983,
Jones et al., 1983; Himelrick and Walker, 1982; Quinlin, 1969;
Wilkinson, 1968). A net export of Ca from the fruit (Tromp, 1972;

Wilkinson, 1968; Hanson, unpublished data; Perring, 1979) may also
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occur. Calcium may also accumulate linearly throughout the season
(Rogers and Batjer, 1954; Tromp, 1975, 1979; Tomala et al., 1989). If
two stages can be distinguished, the transition between stage I and II
can occur as late as 12-16 weeks after full bloom (Jones et al, 1983,
Jones and Samuelson, 1983). This shift is probably a result of the
environmental influences on fruit growth and nutrient transport, however
cultivar differences are also possible (Ferguson and Watkins, 1989).

We have observed that ’‘Red Delicious’ apple fruit in some years,
seem more prone to the Ca-related disorder, ’bitter pit’, than other
cultivars, however the reports of Ca accumulation patterns in ’‘Red
Delicious’ fruit are limited to two (Himelrick et al.,1982; Roger and
Batjer, 1954). The objective of this study was to describe the seasonal
pattern of Ca accumulation in ’‘Red Delicious’ fruit under varying

environmental conditions.

MAT S S

Apple fruit were sampled throughout the 1988 and 1989 growing
seasons from ’‘Red Delicious’ (Malus domestica Borkh.) orchards in
Belchertown, Massachsetts (MA), East Lansing, Michigan (MI), Vineland
Station, Ontario (ONT), and Blacksberg, Virginia (VA) (1988 only).
Strain/rootstock combinations included ’Starking’/M.7 (MA and MI),
*Starking’ /MM.111 (Va), and ‘Red Spur’/MM.106 (ONT). Soil texture
ranged from sandy loam (MA and MI), to loam (ONT), and silt loam (VA).
Tree age in 1988 was 25 (MA), 32 (MI), 12 (ONT), and 24 (VA) years. All
trees received standard management practices for the region without
irrigation or application of Ca sprays. Daily maximum and minimum

temperatures and precipitation data were collected at each site.
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Experimental units (plots) consisted of two trees in MI and ONT,
and single trees in MA and VA, and were replicated six times at each
location. Samples consisting of 20 fruit early in the season, and 10
fruit thereafter, were collected from each plot approximately twice
monthly. Fruit were selected which best represented the tree’s average
fruit size on each date. Fruit were weighed immediately, placed in
plastic bags, refrigerated, and shipped to Michigan for Ca analysis.
Virginia samples were weighed and freeze-dried prior to transport. Upon
arrival, all samples were processed immediately. Fruit, with pedicels
removed, were homogenized with a food processor and tissue moisture
content was determined by weight loss following oven-drying at 65°C
(1988 samples) or freeze drying (1989 samples - to improve drying
efficiency) to a constant weight. Representative samples were ashed in a
muffle furnace at 550°C for 6 hours. Ash was dissolved in 20 ml of 10%
(v/v) nitric acid and filtered through low-ash Whatman #41 paper into
scintillation vials. A subsequent aliquot was appropriately diluted,
prepared in 1000 ppm lanthanum and 2% (v/v) nitric acid, and analyzed

for Ca by atomic absorption spectrophotometry.

RESULTS

Orchard precipitation and temperatures differed markedly between
the years (Table 1). The 1988 season was characterized by low and
sporadic rainfall (total rainfall 64% less than 1989), and high average
temperatures (7% greater than 1989) and accumulated heat units (10%
greaéer than 1989). Total rainfall in 1989 was adequate and excessive
in MI and MA, respectively, whereas the total rainfall by August in ONT

was 55% and 25% less than in MA and MI, respectively. Temperatures
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varied more between years than locati§ns. Bloom dates in 1988 were 29
April, 9 May, 15 May, and 15 May in VA, MI, MA and ONT, and in 1989 were
15 May, 18 May, 26 May in MA, MI, and ONT, respectively.

Calcium accumulation, plotted against time, increased in a
quadratic fashion with most uptake occurring in the first two-thirds of
the season (Fig. 1). Calcium content, plotted against fruit weight to
correct for environmental influence on fruit growth, followed a similar
trend as in Figure 1 (appendix 3). Generally, Ca uptake into fruit
continued almost linearly 10-14 weeks after bloom and then leveled off.
Final Ca content in the 1988 fruit at commercial harvest ranged from
approximately 8 to 10 mg Ca fruit™! over all locations. Fruit Ca
concentrations were similar regardless of the location or year (Fig 2.).

Fruit growth increased sigmoidally both years at all locations
(Fig. 3), although final fruit weight in 1989 was 20 to 30% less than in

1988. Final weight of the Va fruit was 20% less than their counterparts.

DISCUSSION

Similar patterns of Ca accumulation were observed over a wide
range of seasonal temperatures, rainfall, and potential cropping
factors. These observations indicate that ‘Red Delicious’ fruit are
unlikely to accumulate additional Ca during the three weeks prior to
harvest. Furthermore, in four of the seven observations fruit appeared
to lose Ca prior to harvest.

Calcium uptake appeared to occur in two stages. Uptake was rapid
and linear for the first 10 to 14 weeks of fruit development (stage I),
then declined thereafter (stage II). Himelrick et al. (1982) observed

that Ca uptake in ‘Red Delicious’ fruit increased linearly for 6 weeks
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following bloom and then leveled off to 9 mg Ca'fruit™ at harvest. The
above data are consistent with seasonal patterns described in other
cultivars as well (Tromp, 1972,1975; Jones et al., 1983a; Wilkinson,
1968; Quinlan, 1969).

Variations in the transition period where Ca uptake shifts from
predominantly linear (stage I) to curvilinear (stage II), appeared to be
more related to fruit weight than Ca content, since fruit Ca
concentrations were similar at any given time (Fig. 2) while fruit
weight differed markedly between years (Fig. 3).

It is unclear why fruit weight was generally greater in 1988 than
in 1989. Temperatures were higher in 1988, which may have increased
fruit growth (Tromp, 1979b), while low soil moisture levels may not have
caused adequate stress to decrease fruit size. Crop load may also affect
fruit size (van der Boon, 1980), though cropping levels were not
measured in this study.

A late-season export of Ca from fruit appeared to occur in 1988 in
MA, MI, and in 1989 in MA and ONT (Fig. 1). Similar late season
declines in Ca have been observed when trees are under moisture stress
(Tromp and Oele, 1972; Tromp, 1979a; Wilkinson, 1968; Perring, 1979).
However, Ca losses did not appear to result from moisture stress in this
study. For example, the MA site received the greatest amount of rain
each year, but was the only location where fruit appeared to lose Ca
both years. We suggest that the movement of Ca in apple fruit may be

controlled by factors in addition to soil moisture.
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Table 1. Average monthly temperature, precipitation, and accumulated
heat units for Amherst, Massachusetts; East Lansing, Michigan; Vineland
Station, Ontario; and Blacksburg, Virginia in 1988, 1989.

Average monthly  Average monthly Accumulated heat
Location temperature(°C) precipitation (mm) units (base 5°C)
1988 1989 1988 1989 1988 1989
MASSACHUSETTS
May 14.6 14.6 83 244 298 297
June 18.0 18.8 63 169 390 414
July 24.2 212 231 120 595 504
Aug. 22.9 20.3 100 172 555 473
Sept. 18.0 17.4 54 188 350 347
AVG(TOTAL) 19.5 18.5 (531) (893) (2188) (2035)
MICHIGAN
May 16.8 12,7 15 125 330 219
June 20.1 19,1 4 85 473 440
July 23.4 22.0 61 46 573 527
Aug. 23.2 20.1 90 175 560 468
Sept. 16.5 151 94 150 321 301
AVG(TOTAL) 19.5 17.8 (265) (582) (2257) (1955)
ONTARIO
May 13.2 12.4 33 122 253 230
June 19.1 18.2 11 94 422 397
July 233 219 134 77 565 522
Aug. 21.7 20.3 75 30 518 474
Sept. 16.3 16.8 61 103 341 355
AVG(Total) 18.7 17.9 (314) (426) (2099) (1978)
VIRGINIA
May? --- --- --- --- --- ---
June 19.:9 --- 72 --- 438 ---
July 22.3 137 530
Aug. 22.4 142 530
Sept. 14.1 =i2= 105 --- 331 ---
AVG(Total) 19.7 (456) (1829)

zData unavailable
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Fig, 1. Seasonal changes in calcium content of ‘Red Delicious’ fruit
from several orchards in 1988 and 1989 plotted against time.
Calcium content = ax2 + bx + ¢, where

Location a b c r2
Massachusetts

1988 -1.1x10-3 0.29 -8.13 0.72

1989 -9.1x10-4 0.21 -3.71 0.73
Michigan

1988 -1.0x10-3 0.24 -3.77 0.63

1989 -6.3x10-4 0.16 -1.76 0.85
Ontario

1988 -7.7x10-4 0.20 -2.84 0.63

1989 -9.9x10-4 0.20 -1.57 0.45
Virginia

1988 -4.,1x10- 0.13 -2.52 0.70
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Fig, 2. Seasonal changes in calcium concentrations (dry weight) of “Red
Delicious’ fruit from several orchards in 1988 and 1989.
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Figure 1.

Relative humidity and temperatures surrounding
low RH treated fruit (bagged with desiccant),
high RH treated fruit (bagged without desiccant)
and control fruit (untreated, no bag). Relative
humidity levels are a mean of two replicationms.

Ambient temperature is a mean of all three
treatments.
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INTRODUCTION

Certain physiological disorders of plants are correlated with
insufficient calcium (Ca) in specific organs or tissues. In apple fruit
specifically, the development of Ca-related disorders reduces fruit
quality and storage ability, and is closely associated with low Ca
concentration in the fruit cortex (Faust and Shear, 1968; Ferguson and
Watkins, 1989). Calcium related disorders are primarily the result of
poor Ca distribution to the fruit (Himelrick and McDuffie, 1983) rather
than limited root uptake (Bangerth, 1979; Hanger, 1979).

Disagreement exists regarding the phloem mobility of Ca in apple
trees and how Ca is translocated to fruit (Ferguson and Bollard, 1976;
Redmond, 1975; Shear and Faust, 1970; Vang-Petersen, 1980). A hypothesis
initiated by Wiersum (1966) and developed by others (Wilkinson, 1968;
Ferguson, 1979; Hanger, 1979; Ferguson et al., 1987; Ferguson and
Watkins, 1989) suggested that the xylem is the primary route of Ca
supply early in the season, whereas the phloem predominates later.
Early in the season Ca is distributed principally by the water demanded
by rapidly transpiring organs such as leaves and young fruit. Young
fruit are relatively strong sinks for water since they have a high
surface area:volume ratio and permeability to water (Chapter 3; Blanke
and Lenz, 1989; Blanke and Lenz, 1985). Young fruit are also
photosynthetically competent (Blanke and Lenz, 1989) and require little
eXternal photosynthate. Water supply to young fruit is likely to be
Provided by the xylem where Ca moves comparatively freely.

During fruit growth the surface area:volume ratio decreases, the
fruit cuticle becomes more lipophilic (Blanke and Lenz, 1989; Ferguson

and Watkins, 1989), stomata are less dense and functional (Blanke and
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Lenz, 1989), and the ratio of leaf:frﬁit number and surface area
increases. These changes reduce fruit transpiration (Jones et al, 1983;
Blanke and Lenz, 1985) and xylem water flow, ultimately disfavoring
movement of Ca into the fruit. The net rate of Ca uptake decreases
through the season while the supply of phloem-mobile nutrients (K, Mg,
P, N), and photosynthate increase or remain the same (Tromp, 1975).

Although this theory seems logical, it is questionable whether the
phloem can supply significant quantities of Ca to fruit. Although Ca
concentrations in the phloem of apple trees have not been reported, due
to the difficulty in collecting adequate volumes of sap, Ca levels in
the phloem sap of other plant species are generally low (Hall et al.,
1971; Wiersum, 1979; Tammes and Van Die, 1964; Marschner, 1986).
Indirect techniques modifying the phloem transport system and tracing
43Ca indicate that Ca is phloem mobile (Stebbins and Dewey, 1972; Faust
and Shear, 1973), however, lack of Ca re-mobilization from leaves
(Himelrick and McDuffie, 1983) is evidence against the existence of a
significant phloem supply. Since the rate of Ca accumulation in fruit
typically decreases later in the season (Tromp and Oele, 1972, Tromp,
1975; Jones and Samuelson, 1983, Jones et al., 1983; Himelrick and
Walker, 1982; Quinlin, 1969; Wilkinson, 1968; Bangerth, 1979), only a
limited phloem supply of Ca may be needed to explain this pattern of
accumulation.

The importance of the xylem system in supplying Ca to plant organs
has been demonstrated by imposing different relative humidity (RH)
treatments which alters the transpiration rates of fruit (Armstrong and
Kirkby, 1979; Banuelos et al., 1987; Ehret and Ho, 1986; Mix and

Marschner, 1976a, 1976b; Bradfield and Guttridge, 1979) and leaves
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(Collier and Tibbitts, 1984; Wiebe et al., 1977). When entire apple
trees are subjected to low RH environments, leaf and fruit Ca contents
were increased (Tromp, 1979; Tromp & Oele, 1972). However, these effects
are difficult to interpret because dry matter accumulation and growth
were also reduced. No reports of controlled studies on individual fruit
are available. Ford (1979) observed that fruit covered with plastic
bags on the tree had a greater incidence of bitter pit after storage,
but Ca concentrations were not different.

If the xylem is the primary route of Ca flow to apple fruit,
changing fruit transpiration rates would likely alter fruit Ca levels
since xylem flow is controlled, in part, by transpiration . If the fruit
were supplied with Ca predominantly from the phloem, changing fruit
transpiration rates would have little effect on fruit Ca content. Also,
if xylem transport of Ca is significantly reduced by the end of the
season, changes in the RH surrounding fruit at this time would have
little influence on the import of Ca to the fruit. The objective of
this study was to determine the importance of the xylem in supplying Ca

to fruit during different stages of development.

MATERIALS AND METHODS

Fruit on two adjacent 32 year old trees of Malus domestica
(Borhk.) cv. ’Starking Red Delicious’ /M.27 in East Lansing, Michigan
were used for this study. Trees received standard pruning, and
fertilization, herbicide, and pesticide practices, without irrigation or
Ca sprays. The influence of changes in fruit transpiration rates on Ca
Supply was studied by altering the relative humidity around individual

fruitc during different periods of fruit development (Table 1).
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Table 1. Periods during which humidity treatments were imposed on
‘Red Delicious’ fruit in 1988 and 1989.

Period 1988 1989
1 1 Jul. - 15 Aug. 8 Jun. - 4 Jul.
2 15 Aug. - 1 Oct. 7 Jul. - 5 Aug.
3 --- 12 Aug. - 12 Sept.
4 --- 12 Sept.- 12 Oct.

During 1988, the following 4 treatments were replicated 15 times
on single, uniformly sized fruit selected randomly amongst the two
trees: 1) untreated control fruit; 2) control fruit; 3) high RH; and 4)
low RH. Humidity treatments were imposed by enclosing fruit in 2 mil, 1
litre-sized low density Zip-Lock™ polyethylene bags (Dow Chemical
Company, USA) with or without a calcium chloride desiccant. Bags were
secured around fruit with the help of a modified plastic container with
a 12.5 cm diameter screw-top lid. An 8 mm hole was made in each 1lid and
a slit was cut between the edge of the 1lid and the hole. The pedicel of
the fruit ran through the hole and was surrounded by polyethylene foam
to cushion it from the 1id. The bottom was cut from the container
leaving a 3-5 cm long threaded cylinder. Bags were placed inside each
cylinder and the bag top was folded over the lip. The cylinder was
screwed to the 1lid to provide an enclosed chamber. The apparatus was
secured to the nearest stable branch using fibrous, weather-resistant
tape. A rubber septum (10.5 mm diameter, 25 mm height) was placed in
the top of the lid for gas sampling (using a syringe) or for insertion
of a humidity/temperature sensor into the sealed plastic chamber. Fruit
not enclosed in bags and fitted with lids served as ’control fruit’,

while fruit not treated at all served as ’untreated control fruit’.
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The low RH tréqtment was impose& by placing 50 g of calcium
chloride desiccant 1g.the bags. The desiccant was enclosed in spunbound
olefin (Tyvek™, Dupont Chemical Company) pouches (Shirazi and Cameron,
1989) which prevented the fruit from contacting the desiccant. The high
RH treatment was imposed by enclosing fruit in the bags without the
desiccant.

During 1989, two additional treatments were imposed as alternative
methods of altering fruit transpiration. Entire fruit were dipped in
either melted paraffin wax or anti-transpirant (10% v/v, Wilt-Pruf,
Wilt-Pruf Products Inp, Connecticut). The number of replications for all
treatments were also?increased from 15 in 1988 to 30 in 1989.

Fruit weight was estimated at the initiation of each period in
1989 so that the treatment effect on weight gain could be calculated.
This was achieved by measuring fruit diameter (d) and length (1), using
calipers, at the initiation and termination of each treatment period, to
estimate the surface area of the detached fruit [fruit surface area = [d
x (3d)? + (31)%) (Long, 1980)]. Surface area was then used to estimate
the weight of the fruit when attached to the tree, using an equation
which correlated fruit weight taken at the termination of each treatment
period, with fruit surface area.

Relative humidity and temperature were measured simultaneously
during the last treatment period in 1988 and 1989 in the low and high
RH treatment bags, and in the external environment. Analog
temperature/humidity sensors (model 850-242, General Eastern,
Massachusetts) connected to a Polycorder™ data logger (model 516C-64,

Omrmi Data International, Utah) provided unattended continuous recording

of the conditions for three days. Carbon dioxide and oxygen
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concentrations from-five high RH, lowiRH and control (atmospheric
levels) fruit were monitored once each treatment period by analyzing 1
cm® of air using a standard infrared gas analyzer.

At the end of each treatment period, individual fruit, minus
pedicels, were removed, weighed, and homogenized using a food processor.
Tissue moisture content was determined by weight loss following oven-
drying at 65°C (1988 samples) or freeze drying (1989 samples).
Representative samples were ashed in a muffle furnace at 550°C for 6
hours, and then dissolved in 20 ml of 10% (v/v) nitric acid and filtered
with low-ash Whatman #41 paper into scintillation vials. A subsequent
aliquot was prepared in 1000 ppm lanthanum and 2% (v/v) nitric acid,

diluted appropriately, and analyzed for Ca by atomic absorption

spectrophotometry.

RESULTS

Relative humidity levels within the bags were distinctly different
from ambient levels. Temperature and RH levels for high RH, low RH, and
control fruit, over a three day period in 1988 (Figure 1), are
representative of me=surements on several other dates. High RH
Creatments (fruit bagged without desiccant) ranged from 75 % RH at mid-
day to 100% at night. Low RH treatments (fruit bagged with CaCl,
desiccant) ranged from 20-40% RH, while the RH surrounding untreated
fruit (ambient levels in the tree canopy) remained between the levels in
the high and low RH treatments. Air temperatures surrounding the bagged
fruiec only are presented (Figure 1) as these were similar to non-bagged
fruic during each measurement period.

Treatments imposed during two different periods in 1988 had little
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effect on fruit Ca éontent or concentfation. Low RH, during period one
(50 to 90 days after bloom), reduced fruit weight by 12 % and increased
dry matter and fruitVCa concentration (ppm fresh wt.) compared to
untreated fruit (Table 2). Treatments imposed later in the 1988 season,
103-153 days after bloom, had no effect on fruit Ca levels, however, low
and high RH fruit had significantly lower dry matter content than
untreated control fruit.

Relative humidity treatments did affect the Ca content of fruit in
1989 (Table 3). During periods 1,3, and 4, high RH decreased fruit Ca
contents by 18, 16, and 11%, while low RH treatments increased Ca
content by 20, 15, and 11%, respectively, compared with untreated fruit.
During period 2 no significant effect of RH on Ca content was detected,
however, high RH treatments tended to increase and low RH treatments
tended to decrease Ca content. This was a reverse of what was observed
for the three other treatment periods. High and low RH had no effect on
final fruit weight during any time period when compared with each other
or with untreated fruit. The change in fruit weight during each
treatment period was similar for the untreated, high, and low RH fruit
treatments with the exception that the low RH treatment reduced growth
compared to untreated fruit during period 4. The specific effect of RH
on fruit Ca concentration followed a noticeable and at times significant
trend. Relative humidity had no effect on fruit Ca concentration (dry
wt.) except during the last period when high RH decreased Ca
concentration by 20%Z compared to low RH fruit. In general high RH
treatments reduced fruit Ca concentrations while low RH treatments

increased them, compared to untreated fruit. This trend was accentuated

towards the end of the season.
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Wax treated ffuit had significaﬂtly less Ca than untreated control
fruit during periods 2 and 3, however, on the average, fruit growth was
reduced by 30% during all the treatment periods. Anti-transpirants
appeared to have little influence on Ca content other than that related
to differences in fruit growth.

Seasonal rates of fruit growth during the treatment periods were
greatest during period 2 and 3, at which time fruit were increasing more
in diameter than in length.

Fruit abscission was greatest early in the season when treatments
were applied prior to post-bloom drop (June drop) and for the low RH
treatment, for which, both years combined, 6 fruit abscised during each
period. Three fruit in total abscised for the other treatments.

Carbon dioxide and oxygen levels within the bagged treatments were
not significantly different from atmospheric levels at each time

measured (data not presented).
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This study suggests that the xylem system may be an important
source of Ca throughout fruit development, though its contribution
diminishes towards harvest. Exposing fruit to high RH in 1989 reduced
fruit Ca content. These results are similar to those observed when
tomato (Armstrong and Kirkby, 1979; Banuelos et al., 1987; Ehret and Ho,
1986), paprika and bean fruit (Mix and Marschner, 1976a, 1976b) and
leaves of lettuce (Collier and Tibbitts, 1984), cabbage (Wiebe et al.,
1977), and strawberry (Bradfield and Guttridge, 1979) were subjected to
high RH.

It is unclear why treatments had little effect on fruit Ca levels
in 1988. The 1988 season was characterized by higher temperatures and
less precipitation than in 1989 (Table 4). These trees were not
irrigated and may have been under some moisture stress in 1988. How this
stress might have influenced treatment effects specifically is not

clear.

Table 4. Average monthly temperature, precip-
itation, and accumulated heat units during 1988
and 1989. East Lansing, Michigan.

Average monthly Average monthly

Month temperature(°C) precipitation (mm)
1988 1989 1988 1989
May 16.8 12.7 15 125
June 20.1 19.1 4 85
July 23.4 22.0 61 46
Aug. 23.2 20.1 20 175
Sept. 16.5 15.1 24 150
AVG(TOTAL) 19.5 17.8 (264) (582)
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The variability of fruit Ca levels did not appear to limit our
ability to detect treatment differences in 1988 and 1989 since
coefficients of variation were similar both years. Therefore increasing
the number of replications in 1989 from 15 to 30 did not appear to be
beneficial. During period 2 in 1989, it is unclear why fruit Ca levels
were higher for the high RH treatments while lower for the low RH
treated fruit, since this was opposite the effect observed during other
treatment periods.

Wax treatments generally reduced Ca levels and increased the
moisture content of the fruit compared to controls, but these data were
confounded by a treatment effect on fruit size, since a physical and
possibly physiological impedance on fruit growth was observed. The
moisture content of waxed fruit was most often higher than untreated
fruit indicative of reduced transpiration rate. Anti-transpirant did
not have a significant influence on fruit Ca levels. A repeated
application may have been beneficial considering the possible ’‘rinsing’
effect of rain by the end of the treatment interval. Antitranspirants
applied to whole trees have reduced the incidence of bitter pit
(Schumacher, 1976).

This study did not address the possible relationship between RH
and phloem transport specifically, however one would be expected if a
difference in dry matter accumulation was detected between low and high
RH treated fruit. Low RH treated fruit tended to accumulate more dry
matter or less water compared with high RH treated, but it is difficult
to know on what basis RH may have influenced phloem transport.

The plastic bags appeared to be adequately sealed to maintain

different RH levels around the fruit, however CO; and 0, levels in the
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bags were similar to ambient conditions. This suggests that bags were
not fully sealed and that small spaces, likely around the pedicels,
allowed some gas exchange.

A slight decrease in fruit transpiration rates as they progress
through the season has been observed (chapter 3; Blanke and Lenz, 1985).
Although this would indicate that the effect of the RH treatments should
be less towards period 4, there was still an influence on Ca
accumulation towards the end of the season.

Late in the 1989 season, just prior to harvest, RH treatments
appeared to affect the water content and Ca content of the fruit, even
though no apparent accumulation of Ca in untreated fruit during period 4
was occurring. It is possible that rather than primarily altering fruit
transpiration and Ca import, RH was affecting the export of Ca from the
fruit by its effect on fruit water potential (Goode et al, 1979). For
example, high RH treatments had higher moisture contents and appeared to
be enhancing Ca export from the fruit. Low RH treatments, as a result
of their possible lower water content and perhaps more negative water
potential, may have prevented Ca export from the fruit. In grape
berries (Lang and Thorpe, 1989), cowpea (Pate et al., 1985), and pea
fruit (Hamilton and Davies, , 1988) evidence has been established for a
reverse flow of water from the fruit to the plant later in fruit

development.
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Supply of Calcium to Developing Apple Fruit
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INTRODUCTIO

Poor distribution of Ca in apple trees is the primary reason that
fruit are predisposed to Ca-disorders such as ’'bitter pit’ (Ferguson and
Watkins, 1989), even when levels are adequate in the remainder of the
tree (Himelrick and McDuffie, 1983) and soil (Bangerth, 1979; Hanger,
1979; Mason, 1979). Knowledge of the factors affecting the
translocation of Ca to fruit would be useful in developing techniques
which would enhance the transport of Ca to fruit.

Various seasonal patterns of Ca accumulation have been observed in
apple fruit. Calcium may accumulate linearly in the fruit throughout
the season (Rogers and Batjer, 1954; Oberly, 1973; Tromp, 1975, 1979, ;
Tomala et al., 1989), increase linearly early in the season, then slow
and cease accumulation 6-16 weeks after bloom (Tromp 1972,1975; Jones et
al., 1983, Jones and Samuelson, 1983; Himelrick and Walker, 1982;
Quinlin, 1969; Wilkinson, 1968) or increase linearly early then decline
prior to harvest (Tromp, 1972, 1979b; Wilkinson, 1968; Hanson,
unpublished data) (Chapter 1).

The two potential pathways of fruit Ca supply are the xylem and
the phloem. Tromp & Oele (1972) and Vang-Peterson (1980) suggested that
the xylem supplies the majority of fruit Ca, however; indirect evidence
of phloem transport in apple has also been reported (Stebbins et al.,
1972; Faust and Shear, 1973). A hypothesis initiated by Wiersum (1966)
and developed by others (Wilkinson, 1968; Ferguson, 1979; Hanger, 1979;
Ferguson et al., 1987; Ferguson and Watkins, 1989; Faust et al, 1974;
Jones et al., 1983) suggests that the xylem is the primary route of Ca
supply early in the season when fruit accumulate Ca rapidly, whereas the

pPhloem predominates iater in the season when fruit Ca content increases
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less rapidly (Ferguson and Watkins, 1589). A difficulty with this
hypothesis is that Ca concentrations in phloem of other plant species
are generally low (Hall et al., 1971; Wiersum, 1979; Tammes and Van Die,
1964; Komor et al., 1989). Furthermore, the remobilization of Ca in
phloem from leaves to fruit is limited compared with phloem-mobile
nutrients such as N, P, or K (Himelrick and McDuffie, 1983).
Consequently, it is unlikely that the phloem can supply significant
quantities of Ca to fruit. Also, since the Ca content of fruit usually
increases only gradually, if at all, late in the season, a phloem supply
of Ca may not be needed to explain the accumulation patterns typically
observed.

The importance of the xylem system in supplying Ca to fruit was
estimated for the apple cultivars ’‘Bramley’, ‘Egremont Rusett’, 'Cox'’'s
Orange Pippin’ and ’‘Golden Delicious’ by measuring the Ca concentrations
in the xylem sap and the water flow into the fruit (Jones et al., 1983).
Sap was collected from shoots under pressure (Bollard, 1957) and water
flow was estimated to be the sum required for fruit growth and
transpiration. Fruit transpiration was estimated by measuring weight
loss from detached fruit hanging in the tree, and actual transpiration
rates of attached fruit (Jones and Higgs, 1982). This theoretical level
was compared with the observed patterns of Ca accumulation. Xylem
supply consistently underestimated Ca uptake rates of fruit early in the
season and markedly cverestimated observed rates late in the season.

One explanation for the discrepancy between predicted and actual
rates of Ca accumulation might be erroneous estimates of fruit
transpiration rates. In situ measurement of fruit transpiration rates

later in the season, with a modified steady state porometer, required up
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to 60 minutes to reach equilibrium (Jgnes et al., 1983). The importance
of this potential error needs to be verified to comment further on the
accuracy of their predictions.

The objective of this study was to clarify the role of the xylem
system in supplying Ca to 'Red Delicious’ fruit using a more precise

method to measure fruit transpiration.

TERIAL D oDS
Calcium accumulation in (Malus domestica, Borhk.) apple fruit was
studied for two years (1988-1989) in a 32 year-old orchard of ’'Starking
cv. Red Delicious’/M.7 and for one year (1989) in a 10 year-old
‘Viking’/M.27 orchard, both located in East Lansing, Michigan. Trees
were managed by standard practices and did not receive irrigation or Ca
applications. Experimental units (plots) consisted of two adjacent trees

and were replicated six times. Trees were selected each year which

carried a uniform crop load. The potential contribution of the xylem

system to fruit Ca was estimated based on xylem Ca concentrations and
water flow into the fruit, over the course of the season, using the
following methods.
F amplin

Fruit samples were collected weekly for Ca analysis and consisted
of 20 fruit each early in the season and 10 fruit thereafter. Fruit were
chosen which best represented the average fruit size on the tree. Fruit
fresh weight, length, and width were measured. The surface area of 20
fruit was estimated using Table 1 Eq.[4] (Long, 1980). Pedicels were
removed and whole fruit were homogenized in a food processor.

Approximately 5 g of tissue was weighed into porcelain crucibles and
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dried at 65°C to a constant weight. S;mples were weighed again and ashed
in a muffle furnace at 550°C for 6 hours. Samples in 1989 were
homogenized, then freeze-dried, rather than oven-dried. The ash was
dissolved in 20 ml of 10% (v/v) nitric acid and filtered with low-ash
Whatman #41 paper into scintillation vials. A subsequent aliquot was
diluted appropriately and prepared in a final concentration of 1000 ppm
lanthanum and 2% (v/v) nitric acid, and analyzed for Ca by atomic
absorption spectrophotometry.
Xylem Sap Ca Concentrations

Xylem sap was collected biweekly by vacuum extraction (Bollard,

1953). On each date, four 2-year-old, 10 to 15 mm diameter shoots were
collected per plot. The basal 3 cm of bark and cambium tissue was
stripped from each shoot, so that phloem exudate was not collected.
Exudate was collected from all four shoots and combined (approximately 5

ml total). Samples were frozen and later diluted and analyzed for Ca by

atomic absorption spectrophotometry.
Estimation of Fruit Transpiration
n uit Method

The transpiration rates of fruit were estimated by weight loss
from detached fruit (Jones et al., 1983). Samples of 5 fruit were
collected from each plot at weekly intervals and weighed. Fruit were
placed in plastic mesh (vexar) bags which were hung in the trees exposed
to conditions similar to unpicked fruit. Fruit were removed and re-
weighed one week later. The weekly transpiration rates of fruit were
estimated to be equal to the weight loss of fruit hanging in the trees.
Fruit Conductance Method

A second estimate of fruit transpiration utilized the measurement
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of fruit surface coﬁductance to waterlloss under controlled conditions
(Shirazi and Cameron, 1989, 1990; Table 1 [Eq.l]). At 3-day intervals
early in the season and weekly intervals thereafter, fruit were
collected in the morning, as soon as the fruit surface was dry, placed
in plastic bags and transported to the laboratory (this required 15-20
minutes). The tips of the pedicels were dipped in melted paraffin wax
and the basal ends of fruit were sealed with petroleum jelly so that
transpiration occurred from the fruit surface only. Fruit were placed
on a 0.1 mg sensitivity balance (model AE163, Mettler Instruments,
Switzerland). As the number of fruit per weighing was limited to the
capacity of the balance (<163 g), 10 fruit early in the season and only
one fruit by the end of the season were selected. Three replications
were conducted for each cultivar per week, weather permitting. The
weighing area of the balance was enclosed in a small chamber (760 cmd®)
supplied with a steady flow (= 400 ml'min™!) of compressed air in which
the relative humidity (RH) was adjusted to 70% (model WG600, Analytical
Development Co., England). The balance was connected to a desktop
computer programmed (Shirazi, 1989) to record fruit weights at 5 minute
intervals for 1 hour. A sensor (model 850-242, General Eastern, USA)
positioned in the chamber and linked to a Polycorder™ data logger (Omni
Data International, Utah, USA) recorded the chamber temperature and RH
concomitantly with fruit weight. Transpiration was indicated by a
slight decrease in fruit weight (Table 1 Eq.[2]), assuming that the
decrease in weight equaled the water transpired. Fruit conductance was
calculated using the RH and temperature in the balance chamber [Eq.3]
and the fruit surface area (Eq.[4]). Conductance of fruit was then used

to predict the transpiration rate of fruit under orchard conditions
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(Eq.[5]).

Evaporation of water from an open pan served as a measure of the
average vapor pressure deficit within the orchard. Two plastic pans,
one in each orchard, with inside dimensions of 37 x 45 cm (1582 cm?) and
10 litre capacity, were placed in the center of the tree canopy 1.5 m
from the ground. A wooden cover was placed 60 cm above the evaporative
surface to keep rain water out of the pan. The pan was filled weekly
with water and the volume remaining one week later was measured.

Diurnal Measurements

Diurnal measurements of shoot xylem Ca concentration and fruit and
leaf water potentials were made from ’'Red Delicious’ trees for 24-hour
cycles (4 hour intervals) each 3-4 weeks throughout the 1989 growing
season. Diurnal changes in fruit size were also measured periodically

throughout the season for a 3 to 4 day period. Measurements from

'Viking’' trees were taken only once.

Leaf and fruit water potentials were measured in a pressure
chamber (Soil Moisture Equipment Corp., USA) to determine if a
relationship between water potential and water movement in and out of
fruit existed. Measurements were made on ten fruit and leaf samples at
each sampling. The liquid exuding from fruit pedicels was also
collected when fruit water potential measurements were made.
Approximately 50 - 500 ul of sap was collected from the 10 fruit using a
syringe and #28 hypodermic needle. Four replications of shoot xylem

exudates were also collected under vacuum as described previously.
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Table 1: Equations used for calculating fruit transpiration rates based
on fruit conductance to water loss (see appendix 2 for sample
calculation).

Conductance (C) of a fruit surface to water loss was calculated using
the relationships (Cameron, 1982):

Water flux per unit surface area Cgp = J , [1.1)]
(cm_sec-1 KPa-1) SAgruie X VPD

Water flux per unit fruit weight Crrurr = J.. ) (1.2]
(mmol H,0 g fruit-1 KPa-1) fruit wt.(g) x VPD

where,

J, [mmol H,0'sec”!] = water flux

= (Frujt weight),, - (Fruit weight),, _ [2]
e1 - wo (sec)
where t;, = starting time and t,= ending time

VPD (KPa) = the difference in vapor pressure of the fruit
and the atmosphere surrounding the fruit within
the laboratory.

= Saturation Vapor Pressure - % (3]
100 %
SAppyrr(cm?) = estimated surface area of the fruit (4]

= [w x (3w)? + (}1)2], where 'w’' and 'l’ represent
fruit width and length, respectively (Long, 1980)

To convert transpiration rates from the laboratory to the orchard:

Fruit Transpiration in the = Pan Evaporation x__Cg, X SAppyrr [5]
Orchard (ml week™!) SApax CuaTER
Where,

Pan Evaporation = ml H,0 evaporated per week
SAp,y = surface area of water evaporating from the pan (1554 cm?)
Cuater = 3.0%x10°2 cm'sec™! KPa-! = conductance of water from an open

surface of water measured empirically using [Eq.1.1] under
controlled conditions
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To address the potential diurnal movement of water from the fruit,
the change in fruit diameter was measured on the 24-hour, &4-hour cycle
seasonal schedule for a 4 day period using linear voltage displacement
transducers (model 350-000, Trans-tek Inc., USA) linked to a model 570
Polycorder data logger (Omni Data International, Utah, U.S.A.).
Transducers were secured to a stable ladder and set tangentially against
individual, stabilized fruit. A single transducer was secured to each of
two fruit. Since our methods were principally the same as Tukey (1964)
and Higgs and Jones (1984), with exception to the data logging methods,

further detail may be obtained by writing the authors.

RESULTS

Weathe d vapora

Extremes in temperature and rainfall were experienced during the
two years of this study (Chapter 1, Table 1). Low rainfall and high
temperatures prevailed in 1988, whereas rainfall was adequate to
excessive and temperatures much cooler in 1989. Pan evaporation was
generally higher in 1988 than 1989, especially early in the season (Fig.
2). Evaporation in the 'Viking’ orchard was slightly greater than in
the ‘Red Delicious’ orchard in 1989. Pan evaporation data correlated
well with standard EPAN data collected in the area.
Fruit Growth

Both cultivars followed sigmoidal growth patterns (Fig. 1). ‘Red
Delicious’ fruit at harvest weighed 30X more in 1988 than in 1989.
'Viking’ fruit matured 8 weeks earlier than ‘Red Delicious’, but the

final fruit size was similar for both. Bloom dates were 9 May for 'Red
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Delicious’ in 1988 and 15 May in 1989 for ’‘Viking’ and 'Red Delicious’.

c c e a

Calcium concentrations in xylem exudate from ’‘Red Delicious’
shoots in 1988 were highest at full bloom (150 ppm Ca) and leveled off
to 75 ppm Ca seven weeks later (Fig. 3). In 1989 xylem Ca levels for
'Viking’ and ‘Red Delicious’ were consistently higher and more variable
than those in 1988; Ca levels tended to decrease linearly from 175 ppm
Ca at bloom to 100 ppm Ca by the end of the season. No measurable
differences were apparent in the diurnal Ca concentration of shoots
(Appendix 4) or fruit pedicel extracts. Calcium concentration of ’'Red
Delicious’ fruit pedicel extracts did not appear to follow a seasonal
trend; concentrations ranged from 50 to 80 pg Ca ml™!' which were half

those measured in the shoot xylem (Table 2).

Table 2. Calcium concentrations of fruit pedicel exudate
extracted in a pressure chamber. cv. Red Delicious, 1989.

Days after bloom Number of? Ca conc. Std.
(May 15) samples Ppm Dev.
33 2 50 +0
36 3 57 + 9.4
37 2 65 +5
60 1 60
67 3 80 + 20
68 2 65 + 50

? samples consisted of extracts combined from 10 fruit to

provide sufficient volumes for measurement
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Fruit Transpiration and Evapo-transpiration

Fruit transpiration, estimated by measuring the weight loss of
hanging fruit, varied considerably during the season and between
cultivars (Fig. 5). ’'Red Delicious’ fruit transpired from 0.5 to 3.5 ml
of H,0 week™® fruit™, corresponding closely with the pan evaporation
data. 'Viking’ fruit transpired 0.5 ml H,0 (1) week™ fruit™! early in
the season, and up to 4.5 ml H,0 (1) week™ fruit™! at harvest. These
data were not closely related to the pan evaporation data.

The conductance of the fruit surface to water, expressed per unit
fruit weight, decreased during fruit development (Fig. 4). Fruit
conductance was 50 times greater early in the season and decreased
exponentially towards harvest as fruit size increased. Fruit
conductance, expressed per unit surface area (Appendix 5), decreased
from 0.16 to 0.08 mmol H,0 m™? sec™® KPa™! for ’'Viking’ early and late in
the season, respectively, and from 0.08 to 0.01 mmol H,0 m? sec™ KPa’!
for 'Red Delicious’ early and late in the season, respectively. The
fruit conductance method of estimating evapo-transpiration followed the
same seasonal trend as that measured by the hanging fruit, but the
magnitude and sampling variability were greater at times, especially for
the ’'Red Delicious’ fruit. Evapo-transpiration rates varied from 1.0 to
5.5 ml H,0 (1) week™! fruit™ in 1988, but were always less that 1 ml H,0
(1) week™® fruit™! in 1989. 'Viking' fruit ranged from 1.0 to S5 ml H,0
(1) week™ fruit™! which corresponded well with the hanging fruit
estimates.

Actual (Measured) vers Predicted Ca Content
Actual and estimated fruit Ca contents differed between 1988 and

1989 (Fig. 6). The actual Ca content of ’‘Red Delicious’ fruit increased
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quadratically in both years, with the‘greatest intake occurring the
first 10 weeks after bloom. In 1988 an apparent decrease in Ca content
occurred just prior to harvest. Actual Ca content of ’'Viking’ fruit
increased linearly throughout the season.

The predicted Ca content of ’'Red Delicious’ fruit increased
sigmoidally both seasons. During 1988 both methods of estimating the
xylem flow of water and Ca levels underestimated Ca content until 15
weeks after bloom and then overestimated it by as much as 40%. The
predicted final Ca content at the end of the 1989 season was twice that

of the measured value for both cultivars at harvest.




Figure 1.
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Fruit growth of ’'Red Delicious’ in 1988 and 1989
and ‘Viking’ in 1989, East Lansing, Michigan.
Sigmoidal equation describing fruit weight
where, x = days after full bloom:

Fruit weight (g) =

Year
1988
1989
1989

Cultivar A

Red Del.
Red Del.
Viking

A

[ 1 + B.e-(Cx + Dxx)]

B C D R?
234 230 7.31 x 1072 -1.83 x 107 0.97
699 650 7.43 x 1072 -2.72 x 10°* 0.99
215 410 1.11 x 107! -4.59 x 10°™* 0.99
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Figure 2. Evaporation of water from a pan placed within
the ’'Red Delicious’ and 'Viking' tree canopy.
East Lansing, Michigan, 1988, 1989. (Not a
standard EPAN)
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Figure 3.
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Seasonal changes in calcium concentration in the
xylem exudate from 'Red Delicious’ apple shoots.
Regression equations are as follows, where DAFB
indicates ’'days after full bloom’: 1988 Red
Del.= -112 x (1-e("0-051 x DAFB)y = ¢2.0 75; 1989 Red
Del.= -0.75(DAFB)+186.4, r?=0.26; 1989 Viking

= -0.78(DAFB)+173.2, r2=0.21. Values represent
the mean + SE of six observations.
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Figure 4.
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Seasonal pattern of fruit conductance to water
loss in ‘Red Delicious’ and ’'Viking’ trees, 1988
and 1989. Best Fit Equation: Cgp,, = (DAFB™ )xB.
For 1988 R. Del.: A=-1.41; B=2.83 (r2=0.64;
n=41), 1989 R. Del.: A=-2.18; B=69.3 (r?=0.99;
n=15), and 1989 Viking: A=-2.01; B=70.84
(r2=0.96; n=18). Fruit surface area (SA)
increased linearly with fruit growth [SA (cm?) =
mX + b, where ‘X’ = fruit weight (g)]. For 1988
R. Del.: m=0.47; b=5.4 (0.91; n=52), 1989 R.
Del: m=0.45; b=1.8 (0.91; n=334) and 1989
Viking: m=0.52; b=1.7 (0.99; n=202), where n =
the number of observations.
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Figure 5.
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Transpiration rates of ’‘Red Delicious’ and
'Viking' fruit detached from the tree and
measured by two methods: 1) weekly weight loss
of fruit hanging in the tree, and; 2) Fruit
conductance to water loss measured in the
laboratory under controlled conditions. Values
represent the mean *+ SE of six observations
(method 1).
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Figure 6.
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Actual and predicted patterns of calcium
accumulation in 'Red Delicious’ and ‘'Viking'’
fruit. Predicted values are estimates of the
xylem supply of calcium to fruit which were
determined by the concentration of calcium in
the xylem, and flow of water into the fruit. The
quantity of xylem water flowing into the fruit
was estimated to be the sum of the water
transpired from the surface of the fruit (two
methods used to estimate; Fig. 5) and that
incorporated into fruit growth (85% of the gain
in fruit weight was attributed to xylem water;
Fig. 1)
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Figure 7. Diurnal leaf and fruit water potentials cv. ‘Red
Delicious’ on two selected dates (20 June and 27
Sept., 1989). Values represent the mean + SE of
six observations.
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Figure 8. Diurnal change in 'Red Delicious’ fruit diameter
on 12-14 June, 1989. Values represent mean of
two fruit.
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DISCUSSION |

The xylem supply of Ca to apple fruit estimated by two different
methods, generally underestimated Ca uptake during the first five to
seven weeks of the season, and greatly overestimated uptake later in the
season. Jones et al. (1983) used similar methods and also underestimated
Ca content early in the season and overestimated it late in the season
for four different cultivars. There are several possible explanations
for the discrepancies between the predicted and actual patterns of Ca
accumulation which occurred.

It is unlikely that the actual accumulation rates of Ca in the
fruit differed greatly from those measured. The pattern of the Ca
uptake curve was similar, but higher in magnitude, than that observed by
Himelrick and Walker (1982). Rogers and Batjer (1954) observed a linear
uptake of Ca in 'Red Delicious’ fruit reaching 13 mg Ca per fruit by
harvest. Nevertheless, the patterns observed in this study have been
reported in other cultivars (Tromp 1972, 1975; Jones and Samuelson,
1983, 1983; Himelrick and Walker, 1982; Quinlin, 1969; Wilkinson, 1968;
Chapter 1). The apparent decrease in Ca content in ’'Red Delicious’
fruit late in the season has also been reported in other cultivars
(Tromp, 1972; Hanson, unpublished data; Perring, 1979) and may be
related to the water status of the tree (Wilkinson, 1968; Tromp, 1979b).
The cultivar ’'Viking’ was included in this study for comparison purposes
because it matures earlier than 'Red Delicious’. Viking fruit
accumulated Ca linearly throughout the season and attained a final Ca
content equal to that of ’'Red Delicious’fruit maturing 8 weeks later.
The pattern of Ca accumulation in 'Viking' fruit has not been reported

Previously, although a similar pattern of Ca uptake has been observed in
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other cultivars (Rogers and Batjer, 1554; Tromp, 1975, 1979; Tomala et
al., 1989).

The differences in the pattern of Ca uptake between the 'Red
Delicious’ and 'Viking’ cultivars may be less related to fruit growth
and more to late-season restrictions and limitations on fruit intake
since Ca accumulation in ’'Red Delicious’ fruit ceased about the time
'Viking’ were harvested. It is unclear whether this limitation is
internally or externally related to the tree (ie. environmental or
physiological).

We assumed that the Ca concentration in the exudate from shoots
was representative of the levels in the xylem stream entering the fruit.
These data are consistent with Bradfield (1986) and Jones et al. (1983)
who generally found that Ca concentrations reached a maximum of 200 ppm
Ca at bloom and then declined to approximately 50 ppm Ca by the end of
the season. The fact that Ca levels in shoot exudates did not appear to
vary diurnally (Appendix 4) indicates that samples collected in the
morning would be representative of average levels throughout the day.
It is possible that measured Ca levels in shoot exudates may be much
higher than those actually delivered to the fruit. Since Ca?' moves in
the xylem by a series of exchange reactions and mass flow (Biddulph,
1959,1961), the extraction process could have released Ca from exchange
sites leading to erroneously high levels. It is difficult to estimate
the degree of this error.

For comparison, sap was also extracted from pedicels by placing
the fruit under pressure. Exudate from pedicels contained lower Ca
levels (Table 2) than shoot xylem exudates (Fig. 3). Pedicel extracts

may contain a mixture of both xylem and phloem sap as the xvlem could
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not be sampled sepafately. |

Our estimate of the xylem flow rate is a potentially large source
of error in predicting the xylem supply of Ca to fruit. The quantity of
xylem water flowing into fruit was estimated as the sum of the water
transpired and that incorporated into growth. We estimated that a 150g
fruit of either cultivar transpired approximately 20 to 30 ml of water
during its growth. Jones et al. (1983) found that fruit of four
cultivars transpired between 20 and 40 ml during the course of the
season.

The amount of water encorporated into fruit growth can be measured
directly, but the proportion of water supplied by the xylem must be
estimated and could also be a large source of error. In order to
determine the amount of water needed for growth, Jones et al. (1983)
assumed that 85X of the increase in fruit fresh weight was contributed
by water from the xylem (ie. all the water remaining in the fruit was
supplied by the xylem). Since mature fruit are approximately 85X water,
128 g of water is retained in the fruit at harvest. This leaves 30 ml or
roughly 20X of the total water (158 ml) to be contributed by the phloem.
We have chosen the same percentage of water supplied by the xylem (85%),
but if the phloem contribution is greater, a significant over prediction
of Ca intake by the xylem may be occurring. If phloem supply of water
is estimated as 4.6-6.7 times fruit dry matter increase (Jones et al,
1983), our hypothetical fruit would have received anywhere from 65% (103
ml) to 95% (150 ml) of its total water (158 ml) from the phloem. 1In
order to achieve the observed content of 10 mg Ca per fruit at harvest,
a phloem Ca concentration ranging from 22 ug Ca ml™! to 64 ug ml™! would

be necessary, assuming a typical xylem Ca concentration of 50 ug
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Ca ml™!. Phloem Ca levels in other plént species have reportedly ranged
from 10 ug Ca ml™! in Arenga saccharifera (Tammes, 1958) to 4-92 ug Ca
ml™! in Ricinus communis (Hall et al., 1971; Smith and Milburn, 1980;
Wiersum, 1979; Komer et al., 1989). Since phloem sieve tube sap is
essentially a continuum of the cytoplasm (symplast system) where Ca
concentrations are maintained at micromolar concentratioms (1 x 107° ug
Ca ml™!) (Poovaiah 1985,1988) it is unlikely that such high levels exist
in the phloem of intact plants. Considering the relatively small
proportion of water transpired from the fruit surface in comparison to
the quantity of water incorporated into fruit growth, fruit
transpiration does not appear to be the driving force for Ca uptake into
fruit. From the above calculations, it appears that if the phloem is
supplying a significant percentage of water to the fruit, this would
explain the over-prediction in fruit Ca contents.

An export of Ca from fruit could also explain why our calculations
over-estimate Ca accumulation rates since we assumed a one-way flow of
Ca into fruit. Given the flattening of the Ca accumulation curve
observed in ‘'Red Delicious’ fruit in both years (Fig. 6), and in other
cultivars (Tromp 1972,1975; Jones et al., 1983, Jones and Samuelson,
1983; Himelrick and Walker, 1982; Quinlin, 1969; Wilkinson, 1968), and
the apparent decrease in Ca content in 1988, there is a possibility
that an export of Ca from the fruit may be occurring (Wilkinson, 1968;
Tromp, 1979b; Millikan, 1971). This phenomenon has been reported
previously (Tromp, 1972, 1979b; Wilkinson, 1968) and appears to be
caused by tree moisture stress (Wilkinson, 1968; Ferguson and Watkins,
1989). There is evidence that xylem movement from fruit occurs in grape

berries (Lang and Thorpe, 1989), cowpea fruit (Pate et al., 1985), and
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pea fruit (Hamilton, 1988).

Changes in the water potential of ’‘Red Delicious’ leaves and fruit
(Fig. 7) and diurnal contraction and expansion of fruit (Fig. 8), during
the 1989 season, appeared to support the possibility of a backflow of
water and Ca out of the fruit during the day when the water potential of
leaves is more negative than that of the fruit. Late in the season, the
magnitude of this difference in water potentials was greater, possibly
exerting a greater effect on Ca translocation out of the fruit (Appendix
6). In the fruit, as the season progressed, the magnitude of diurnal
change decreased as the fruit osmotic potentials presumably increased.
At night in August and September, when leaf water potentials increased
to nearly zero (MPa), fruit water potentials were often 10 times more
negative (-0.5 MPa) indicating that water movement would be from the
tree to the fruit. 1In the day, leaf water potentials were nearly twice
more negative than fruit suggesting a reversal of water flow from the
fruit to the tree. This diurnal fluctuation which corresponded with a
shrinkage and expansion of the fruit (Fig. 8) may have led to a net
export of Ca from the fruit. A similar diurnal study in Pissium sativum
L. revealed that water potential gradients between fruit and leaves were
related to an apoplastic reverse-flow of water in the peduncle (Hamilton
and Davies, 1988).

The magnitude of this potential loss of Ca can be estimated by
assuming that for any given decrease in fruit size an equal volume of
Xylem sap is displaced from the fruit. Considering that a fruit
approximates the volume of a sphere (4/3 xr’), the diurnal decrease in
diameter measured during the season for 30 (early) and 70 (late) mm

diameter fruit was approximately 0.10 and 1.0 mm, respectively. This
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estimates that a di#plaeement of 0.14’cm3 early and 7.8 cm® late in the
season would be occurring. Since the daily transpiration rates of fruit
may range from four early in the season, to 0.20 ml H,0 (liquid water)
late in the season ( Fig. 4), it is unlikely that fruit transpiration
alone can account for fruit shrinkage late in the season. Assuming that
xylem Ca concentration is 50 pg Ca ml™3, the potential loss of Ca could
range from 7 pg to 390 ug per 12 hour period. This shrinkage has been
confirmed in grape berries (Long and Thorpe, 1989). Calcium
concentrations of xylem sap, measured diurnally at monthly intervals
from bloom through harvest, indicate that no diurnal fluctuation in
xylem Ca occurs (Appendix 4).

The main conclusion to be drawn from this study is that the xylem
supply of Ca overestimates the actual Ca content of the fruit. Possible
reasons for this overprediction are that Ca concentrations entering the
fruit are less than those measured in shoot xylem exudates, that a
significant amount of fruit water is derived by the phloem, or that a
net export of Ca from the apple fruit may be occurring. The amount of
water incorporated into fruit growth appears to be relatively more
important in the delivery of Ca than fruit transpiration since fruit
retained more water than they transpired. Further information on the
xylem:phloem flow of water to apple fruit and the respective Ca

concentrations of each, is necessary.
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S Y ONCLUSIONS

Poor distribution of Ca in apple trees is the primary reason that
fruit are predisposed to Ca-disorders such as ’'bitter pit’ (Ferguson and
Watkins, 1989) even when Ca levels are adequate in the remainder of the
tree (Himelrick and McDuffie, 1983) and in the soil (Bangerth, 1979;
Hanger, 1979; Mason, 1979). Knowledge of the factors affecting the
translocation of Ca to fruit would be useful in developing techniques to
enhance its transport to fruit. By redirecting Ca transport from
alternate plant sources high in Ca, or by increasing the solubility of
Ca in the xylem and/or phloem systems, perhaps Ca-disorders might be
prevented. Three experiments were conducted to describe the seasonal
patterns of Ca accumulation in fruit and to estimate the importance of
the xylem contribution of Ca to fruit.

The objective of the first experiment was to describe the seasonal
pattern of Ca accumulation in ‘Red Delicious’ fruit and to determine how
the pattern of accumulation might change under varying environmental
conditions. Similar patterns of Ca accumulation were observed over a
wide range of seasonal temperatures, rainfalls, and potential cropping
levels. Calcium uptake was essentially linear and rapid for the first
10 to 14 weeks of fruit development, but began to decline in a quadratic
manner thereafter. These data indicate that no further accumulation in
the fruit is likely in the three weeks prior to harvest.

The earlier ripening Viking fruit were included in this study for
comparison purposes. The pattern of Ca accumulation in ‘Red Delicious’
fruit, when compared to that of 'Viking’, appeared to be more related to

late-season limitations on fruit intake which may have been associated
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environmental influences on or physioiogical changes within the fruit.
The exact nature of this restriction was not studied.

The objective of the second experiment was to determine the
importance of the xylem in supplying Ca to fruit during different stages
of fruit development. Exposing fruit to high humidities reduced fruit
Ca content and often increased fruit growth, although these effects were
not consistently observed.

The objective of the third experiment was to clarify the role of
the xylem system in supplying Ca to ’'Red Delicious’ and ’'Viking’ fruit.
The xylem supply to the fruit, estimated by two methods, generally
underestimated Ca uptake early in the season, and greatly overestimated
uptake later in the season. These data provide evidence that a net
export of Ca from the fruit may be occurring. It also could indicate
that phloem is more important than xylem for Ca import later in the
season.

This experiment also revealed that fruit retained more water than
they transpired. This suggests that water incorporated into fruit
growth is relatively more important in the delivery of Ca than fruit
transpiration. Further information on the xylem:phloem flow of water to
apple fruit and the respective Ca concentrations of each, would be
valuable in understanding the regulation of Ca supply to the fruit.

The central observations from this research are that Ca
accumulation in ‘Red Delicious’ apple fruit is not continuous throughout
fruit development, the xylem system appears to be an important source of
Ca throughout fruit growth, and that an export of Ca may occur from the
fruit under certain conditions.

The xylem flow of water could be estimated more directly using the
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‘heat-balance’ methéd (Cermak et al.,'1973; Valancogne and Nasr, 1989 -
review of literature). In principle, the 'heat-balance’ works by
applying a predetermined quantity of heat to a plant stem (or pedicel)
and estimates the amount of heat absorbed by the xylem sap, which is
proportional to the xylem flow rate.
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