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Abstract

The impact on postharvest responses, of preharvest exposure of fruit and vegetables to direct sunlight, with
associated high tissue temperatures, is reviewed. Fruit and vegetable flesh temperatures well above 40°C have been
recorded in direct sunlight in a wide range of crops in both hot and temperate climates. These high temperatures, both
in terms of diurnal fluctuations and long-term exposure, can result in differences in internal quality properties such
as sugar contents, tissue firmness, and oil levels, as well as in mineral content differences. Fruit with different
temperature histories will also respond differently to postharvest low temperatures and heat treatments used for insect
disinfestation. For example, avocado fruit from exposed sites on a tree have less chilling injury, whereas more chilling
damage is found in exposed tissues of citrus and persimmons. Mechanisms of high temperature effects on postharvest
responses are discussed, including the role of heat shock proteins, membrane damage, and skin characteristics.
Differences in exposure of fruit on the tree may be responsible for much of the wide variation commonly found in
fruit with regard to at-harvest quality, ripening and postharvest behaviour. © 2000 Elsevier Science B.V. All rights
reserved.
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1. Introduction

Postharvest heat treatments can modify
postharvest responses of fruit and vegetables, and
serve as quarantine treatments (Lurie, 1998). If
these heat treatments are effective, then can high
temperatures experienced by fruit on the tree
prior to harvest have a similar postharvest effect?
This question has led to a re-examination of the
effects of high preharvest flesh temperatures of the
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fruit on a range of postharvest quality properties
and processes. For example, there may be a pro-
tective action of preharvest high temperatures in
increasing tolerance of fruit to both low and high
temperature postharvest treatments (reduced chill-
ing and heat injury). As early as the middle of last
century, a number of researchers showed that
high fruit flesh temperatures occur in the field
(e.g. Hopp, 1947; Schroeder and Kay, 1961;
Schroeder, 1965). They even postulated that these
temperatures may have important implications for
postharvest responses such as induced thermotol-
erance (Schroeder, 1965). However, these possible
implications have not often been investigated.
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Along with the effects of high preharvest fruit
temperatures on postharvest temperature re-
sponses, we aim to bring together other sun expo-
sure-related information such as effects on
maturity, ripening and disorders of fruit and veg-
etables. In reviewing this research area, some defi-
nitions and explanations are necessary.

1.1. Effects of temperature on growth versus high
fruit temperatures

Temperature is a major factor in determining
fruit growth rates, fruit development, and quality
properties such as sugar contents of fruit. We are
limiting the scope of this review to the specific
effects of high temperatures experienced by the
fruit and the subsequent effects on postharvest
behaviour.

1.2. How do we define heat?

There is no precise definition in this context.
However, for our purposes, we focus on tempera-
tures which have been shown to be effective in
postharvest treatments, either in reducing chilling
injury or in establishing tolerance to higher disin-
festing temperatures. Such temperatures seem to
range between about 38 and 42°C (e.g. apple,
Lurie and Klein, 1990; papaya, Paull and Chen,
1990; tomato, Lurie and Klein, 1991; avocado,
Woolf et al., 1995). There has been insufficient
research on lower temperatures (e.g. approx.
30°C) to reach any conclusions about their effec-
tiveness, although Woolf et al. (1995) found that
34°C was effective in reducing chilling injury in
avocado fruit. Many of the characteristic re-
sponses to high temperatures, such as induction of
heat shock proteins (hsps), can occur at much
lower temperatures than the 38—42°C range (e.g.
in apple cells, Bowen, 2000).

1.3. There may be a difference between short and
long-term high temperature experience

In considering postharvest responses, there may
be differences in the effects resulting from long-
term, multiple or continuous exposure to high
temperatures during fruit growth, and those from

high fruit temperatures at or immediately prior to
harvest (e.g. fruit going into cold storage with
flesh at elevated temperatures). For example,
long-term exposure is more likely to result in
morphological and developmental differences.

1.4. Light and temperature effects can be
confused

The effects of light and temperature on pre-
and postharvest fruit quality properties have not
been separated. High fruit temperatures measured
in the field have been strongly associated with
direct exposure to sunlight (e.g. in ‘Braeburn’
apple fruit; Ferguson et al., 1998). Conversely,
studies on shading and exposure may have tem-
perature components in addition to those of light.
For example, high light intensity has been associ-
ated with high sugar and anthocyanin levels and
low acidity in grapes (Kliewer and Smart, 1989),
and it affects sugar levels, texture, and taste and
flavour attributes in apple fruit (Palmer, 1989).
Temperature components of these effects have not
been identified (Palmer, 1993). Light will have an
influence on important postharvest fruit proper-
ties such as pigmentation and skin structure. We
appreciate the light component of temperature
responses in the field, but are not specifically
addressing them in this review.

2. Temperatures of fruit in the field
2.1. Temperature measurements

In tropical and sub-tropical fruit, high flesh
temperatures may arise as much from the ambient
air temperature as from direct exposure to the
sun. Few published temperature recordings of
fruit flesh are available for tropical crops, but the
preharvest temperature experience of fruits such
as papaya can affect postharvest heat sensitivity.
Higher mean minimum and maximum air temper-
atures (range: 17-31°C) three days before harvest
were significantly correlated with increased resis-
tance of papaya fruit to damage from a 49°C heat
treatment used for disinfestation (Paull, 1995).
The other feature of tropical climates which may
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influence fruit heat response, is that temperatures
may fluctuate less than in hot dry or temperate
climates. Whether this is important is not known.
However, diurnal temperature fluctuations of up to
35°C occur in sun-exposed apple and avocado flesh
in temperate climates (Ferguson et al., 1998; Woolf
et al., 1999a) and must require impressive homeo-
static control of cell metabolism.

In the hot, dry climate of California, flesh
temperatures of melon and tomato fruits exposed
to sunlight and air temperatures of above 30°C can
reach temperatures of between 40°C and 50°C
(Schroeder, 1965). In a similar climate in Australia,
grape skin temperatures of up to 12°C above air
temperatures have been recorded (Kliewer and
Lider, 1968; Smart and Sinclair, 1976). Three basic
results, which apply to other fruits, were demon-
strated in this early work. (1) Direct sunlight can
result in fruit flesh temperatures of up to 15°C
above air temperature; (2) There may be a large
(e.g. 15°C) thermal gradient across fruit from the
exposed to the shaded sides; (3) Darker pigmented
skin will result in higher fruit temperatures: red
tomato fruit can be 4—8°C warmer than green fruit
under the same conditions (Schroeder, 1965);

Table 1

black-skinned avocado fruit had higher flesh tem-
peratures (max > 40°C) than green-skinned fruit
(max < 40°C) (Schroeder and Kay, 1961).

Measurements of fruit temperatures in temper-
ate climates have shown that high air temperatures
are not necessary for the fruit flesh to reach
temperatures over 40°C (Table 1). For instance,
apple, avocado, tomato and squash fruit flesh
temperatures above 40°C have been recorded in
fruit under direct sunlight, but with air tempera-
tures of less than 30°C (Hopp, 1947; Ferguson et
al., 1998; Woolf et al., 1999a). Air temperatures in
a pea pod rose substantially above air temperature
(12—-15°C higher) under direct sunlight, but were
only a couple of degrees above air when not in
sunlight (Hopp, 1947). In many studies, only skin
temperatures have been measured, and again in
apples, these under direct sunlight can reach up to
12°C above ambient (Thorpe, 1974; Kotzé et al.,
1988; Parchomchuk and Meheriuk 1996; Wiinsche
et al., 2000). In most studies, temperature differ-
ences across fruit, from sun to shaded sides, have
been shown to reach as great as 10-15°C, a
magnitude modelled by Thorpe (1974) in apple
fruit.

Temperatures measured in fruit flesh or on the skin, in relation to air temperatures®

Fruit/vegetable Air temperature (°C) Tissue Flesh or skin temperature Reference
Q®)
Exposed Unexposed
Tomato 28 Flesh 41 Hopp, 1947
40 Flesh 50 Schroeder, 1965
Watermelon 33 Flesh 42 Schroeder, 1965
Canteloupe 36 Flesh 44 30 Schroeder, 1965
Apple 27 Skin 41 30 Thorpe, 1974
Skin 44 Kotzé et al., 1988
25 Skin 38 Parchomchuk and Meheriuk, 1996
23 Flesh 36 27 Ferguson et al., 1998
Grape 41 Skin 47 34 Kliewer and Lider, 1968
Avocado (NZ) 23 Flesh 43 27 Woolf et al., 1999a
Avocado (Israel) 26 Flesh 45 30 Woolf et al., 2000
Pea 28 Int. air 36 Hopp, 1947
Squash 24 Flesh 36 Hopp, 1947
Pineapple 30 Flesh 40 Chen and Paull, 2000
Papaya 30 Skin 45 Paull (pers comm)

* ‘Exposed’ refers to temperatures measured in tissue directly exposed to the sun and ‘Unexposed’ refers to temperatures in

unexposed (shaded) tissues.
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2.2. Water status, water loss and wind

Water loss from plant tissues leads to evapora-
tive cooling. Differences in evaporative cooling
potential between bulky fruit tissues and leafy
tissues explain why fruit reach such high tempera-
tures while leaves do not. Smart and Sinclair
(1976) provide a useful model of the effect of
organ diameter and wind velocity on flesh temper-
ature. They show that fruit with larger diameters
will become hotter because the radiation absorbed
varies with fruit radius and convective heat loss
(i.e. increasing air speed reduces temperature).
Where a plant, or fruit, is under water stress, then
fruit temperatures will increase. For example, wa-
ter stress from high temperatures and low soil
moisture can lead to increased sun-scald of cran-
berries (Croft, 1995). When a steep temperature
gradient across apple fruit was artificially estab-
lished, movement of water occurred from the
warm to the cool side, leading to ‘wilting’ on the
warm side (Curtis, 1937; Lessler, 1947). This pro-
cess was also observed in tomatoes, but not in
oranges or potatoes (Curtis and Clark, 1938).
This difference was attributed to the lack of con-
tinuous air spaces through the latter two organs,
water vapour being the supposed medium of wa-
ter migration. Water supply through the fruit
stalk results in a cooling effect. Harvesting fruit
breaks this supply, and fruit exposed to the sun
after harvest therefore are more prone to heat
damage than fruit still attached to the tree. For
example, lime fruit attached to the tree can be
8-10°C lower than fruit picked into boxes and
exposed to the sun (Davenport and Campbell,
1977).

Water loss from different sides of the fruit is
variable. For instance, Maguire et al. (1999)
found that although there was variability in per-
meance measurements around the fruit, there was
no obvious relationship with blush (sun expo-
sure). However, in measurements on whole citrus
fruit, Purvis (1984) observed lower diffusive resis-
tance (i.e. higher permeability) on the sun-exposed
sides of fruit.

Another factor influencing fruit water loss and
surface temperatures is air movement. In mod-
elling apple temperatures, Thorpe (1974) showed

that a wind speed increase from 0.3 to 4.0 ms !

resulted in a temperature drop of 5°C at the fruit
surface.

Even stems and petioles have temperatures ele-
vated above air temperature, although not as
much as large fruit (Hopp, 1947). Stems may
become hotter than leaves, although less than
fruits, with transpiration and water flow being
intermediate between the two former organs.
Temperature differences across petioles and stems
may influence water replenishment of fruits and
leaves (Curtis, 1937).

2.3. Tissue type

Different fruit types will attain different tem-
peratures, and this is related to the ability of the
fruit tissue to conduct heat. In modelling apple
heating under radiant energy, Thorpe (1974)
recognised that the heat conductivity of the flesh
tissue was important, and Turrell and Perry
(1957) showed that even among four citrus fruit
types, there were significant differences among
thermal conductivity coefficients (0.78—-1.17 x
10° Cals—'em~!'°C~!). The water content of
the citrus fruit at harvest influenced the specific
heat of the citrus tissues (Turrell and Perry, 1957).
Skin thickness and type will also influence temper-
ature. For example, citrus peel has a lower density
than fruit flesh, with 30—-50% of the peel volume
being air space. This leads to the thermal conduc-
tivity coefficient of the peel being about 10% of
that of the whole fruit (Turrell and Perry, 1957).
A consequence is that it effectively acts as an
insulating layer.

3. Relationships between fruit temperatures and
quality at harvest

3.1. Harvest disorders increased by exposure

A number of important postharvest fruit disor-
ders are caused or increased by preharvest sun
exposure (Table 2). These disorders are often
visible or detectable at the time of harvest, or
soon afterwards; many are affected in some way
by low temperature storage.
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Table 2

Disorders associated with exposure of fruit to direct sunlight on fruit in the field

Fruit Disorder Symptoms Reference
Apple Solar injury Skin discoloration, pigment breakdown Parchomchuk and Meheriuk, 1996
Apple Sunburn Skin discolouration, pigment breakdown  Bergh et al., 1980; Wiinsche et al., 2000
Apple Watercore Water soaking of flesh Marlow and Loescher, 1984
Avocado Sunburn Skin browning Schroeder and Kay, 1961
Cranberry  Sun scald Tissue breakdown Croft, 1995
Lime Stylar end Juice vesicle rupture Davenport and Campbell, 1977
breakdown
Pineapple Flesh translucence Water soaking of flesh Paull and Reyes, 1996; Chen and Paull, 2000

Sunburn (or solar injury) is the most common
temperature-induced disorder reported in fruit
and vegetables, most likely because it is readily
observed on the skin. It is less affected by
postharvest conditions, but is worth recording
here because it is a consequence of high skin
temperatures. Factors which increase the propen-
sity for sunburn are high light intensity, high air
temperatures (e.g. apples; Bergh et al., 1980, Par-
chomchuk and Meheriuk, 1996), and increased
water stress (e.g. cranberries; Croft, 1995). Sun-
burn can be viewed as exceeding the possible
beneficial effects of sun exposure.

Early signs of sunburn include yellowing or
bleaching of the skin (apple, Bergh et al., 1980;
avocado, Woolf et al., 1999b), and a corky or
roughened fruit surface (avocado, Schroeder and
Kay, 1961). Another measure of skin damage is
reduced photosynthetic activity, measured by re-
duced chlorophyll fluorescence (avocado, Woolf
et al., 1999b; apple, Wiinsche et al., 2000). In
‘Braeburn’ apples, Tustin et al. (1993) observed
higher soluble solids content (SSC), more ad-
vanced starch degradation, and higher internal
ethylene concentration on fruit showing ‘marginal
sunburn discolouration’. More severe and fre-
quent sun exposure results in browning or black-
ening of the skin and tissue failure (Schroeder and
Kay, 1961; Croft, 1995). Extreme levels of dam-
age to skin tissue will result in complete inactiva-
tion of the photosynthetic system. Many years
ago, it was recognised that tolerance to sunburn
can be imparted by previous exposure (Brooks
and Fisher, 1926a). However, this is an issue
which still needs investigation, as are the observa-

tions that adjacent apple fruit, under the same
exposure conditions, may differ in the extent of
sunburn (Wiinsche, pers comm).

An apple disorder sometimes associated with
sun-exposure is watercore (Marlow and Loescher,
1984). Early work by Fisher et al. (1930) showed
that artificially heating apple fruit on the tree
could induce watercore, and fruit of a number of
cultivars developed watercore in specific associa-
tion with exposure to radiant heat, in many cases
being associated with sunburn symptoms (Brooks
and Fisher, 1926b). In cultivars such as ‘Cox’s
Orange Pippin’, it can occur both as an evenly
distributed core disorder and in the flesh closer to
the skin in regions directly associated with high
temperature and light exposure (Ferguson et al.,
1999a Fig. 1D). A disorder with similarities to
watercore is flesh translucence in pineapple, where
the symptoms are water soaking and increased
porosity (Paull and Reyes, 1996; Chen and Paull,
2000). Relatively high fruit temperatures early in
the season may induce some tolerance to heat
during later fruit growth; the disorder appears to
be associated with heat stress in these later stages.

Stylar-end breakdown (SEB) is a common dis-
order of ‘Tahiti’ lime where juice vesicles rupture
and juice invades the rind at the stylar end (Dav-
enport and Campbell, 1977). Increasing tempera-
tures result in higher incidence of SEB, and this
disorder can be induced both in fruit exposed to
the sun whether attached to the tree or detached
(i.e. in a picking tray), and by using a postharvest
hot water treatment (HWT) (Davenport and
Campbell, 1977). Using the HWTs, temperatures
as low as 35°C for 3 h resulted in a 20% increase
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in the disorder, and 50°C led to over 80%
incidence.

3.2. Effect of sun exposure on fruit quality
characteristics

A number of fruit properties influenced by ex-
posure to high temperatures on the tree may have
a considerable impact on quality during and after
storage. There has been extensive work on the
quality properties of grapes in relation to temper-
ature, with high temperatures being associated
with high sugar and low total acidity (Kliewer
and Lider, 1968, 1970). Acidity can be halved by

a 10°C rise (Coombe, 1987), and this is mostly
expressed in malate, tartarate not being so af-
fected by temperature (Kliewer and Lider, 1970;
Lakso and Kliewer, 1975).

Other fruit contain higher sugar levels in tissues
from exposed sides: ‘sap’ extracted from exposed
sides of apple fruit had higher osmotic pressures
(presumably sugar levels) than sap from shaded
sides of the same fruit (Brooks and Fisher,
1926a), and more recently, Klein (unpublished
data) found that exposed sides of apple fruit had
higher soluble solids levels. In apples, this is also
reflected in accumulation of high sorbitol levels in
the watercore disorder. To some extent, similar

B

Fig. 1. Examples of fruit responses to sun-exposure (high fruit temperatures) on the tree. Arrows indicate exposed side of fruit: (A)
skin chilling injury of ‘Hass” avocado fruit following four weeks at 0°C, (B) skin pitting of ‘Haywood” kiwifruit following 16 weeks
storage at 0°C, (C) internal chilling injury (flesh gelling/softening) of ‘Fuyu’ persimmons following six weeks storage at 0°C and
three days at 20°C and (D) watercore in ‘Cox’s Orange Pippin’ apples three days after harvest (no storage).
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metabolic differences might also account for the
reported higher flesh firmness found on the blush
(exposed) sides of ‘Pacific Rose’ (Opara and
Tadesse, 2000) and ‘McIntosh’ (Studman et al.,
1997) apple fruit. Greater firmness was also found
on exposed sides of avocado fruit (Woolf et al.,
1999b, 2000). Whether these differences are due to
differing cell wall composition, cell number, or
cell turgor properties is not known, and Opara et
al. (1997) speculated that there may be differences
in cell shape and structure between sun and
shaded fruit.

In avocado, Woolf et al. (1999b) observed
higher dry matter contents of sun fruit than shade
fruit, and for sun fruit the exposed side of the
fruit had higher dry matter content than the unex-
posed side. Dry matter is employed as a maturity
index in avocado, and increasing maturity of av-
ocado generally results in shorter time to ripening,
yet exposed fruit with higher dry matter actually
take longer to ripen (Woolf et al., 1999b, 2000).
Thus, there may be a conflicting influence of sun
exposure on dry matter and ripening which may
relate to cell number/structure and carbohydrate
economy, and/or effects on ripening processes
such as ethylene production.

Other fruit components of importance in
postharvest quality also differ according to light
and heat exposure. Relatively small differences in
calcium composition of avocado fruit were found
from different quadrants of a tree, the fruit hav-
ing differences in shelf-life (Whitney et al., 1990).
However, segregating fruit on the basis of sun or
shade position, showed that calcium, magnesium
and potassium levels can be higher in exposed
than in shaded fruit, and on the exposed sides of
fruit in direct sunlight (Woolf et al., 1999b). This
may be related to water flow; the differences in
mineral levels across the fruit suggest that water
flow may differ in the same way as the mineral
distribution. Oil contents were also found to be
higher on average in exposed fruit, with some
fatty acids (e.g. palmitic) being higher and others
(e.g. oleic) lower. This resulted in the monounsat-
urated to saturated fatty acid ratio being higher in
shaded fruit (this generally being considered more
‘healthy’).

Skin properties are an important feature of
postharvest quality and these properties are
largely determined by preharvest development.
The most pertinent properties are resistance to
water loss in storage, and toughness as a textural
feature. For example, the skin on exposed side of
apple fruit is tougher (Ferguson et al., 1999b),
and in citrus, differences in wax components
(triterpenes and hydrocarbons), and wax platelet
size have been observed with exposure (McDon-
ald et al., 1993; Nordby and McDonald, 1995).
Artificial inoculation of ‘Fuerte’ avocado skin
with Colletotricum gleosporioides showed that the
sun fruit were more resistant to decay develop-
ment than shade fruit, but that the nonexposed
side of the fruit was the most resistant (Woolf et
al., 2000). This again suggests that sun exposure
leads to differences in the skin, either in terms of
morphology, or wax composition and structure.
Other biochemical differences may occur, such as
the antifungal diene levels which were found to be
significantly different in the skin and flesh of sun
and shade avocado fruit (Woolf et al., 2000).
Higher levels of calcium might also be involved
since exposed fruit have higher calcium contents
(Woolf et al., 1999b).

4. Relationships between fruit temperatures and
postharvest responses

4.1. Fruit ripening

While there are few data on the specific effects
of high fruit temperatures and sun exposure on
fruit ripening, a number of observations suggest
that some of the variation commonly found in
postharvest ripening of fruits may be associated
with high temperature. In this, we are excluding
the effects of differing fruit maturity in relation to
position of fruit on the canopy. Maturity, in its
horticultural sense, is a combination of properties
such as firmness, skin colour and sugar contents,
and is the result of the long-term developmental
physiology of the fruit in relation to fruiting site
on the tree and environmental influences such as
light and temperature. One of the best examples
of differential maturity is in the grapes on a
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bunch, where those exposed to direct sunlight
ripen faster (higher sugars, lower acidity) than
shaded berries (Kliewer and Lider, 1968).

Ripening responses to postharvest heat treat-
ments are useful in suggesting possible preharvest
heat effects on postharvest ripening. Fruit, which
have undergone postharvest heating generally,
ripen more slowly than non-heated fruits. Toma-
toes ripened normally (colour development, ethyl-
ene and respiratory climacteric) after three days at
temperatures above 36°C and three weeks at 2°C,
although more slowly than freshly harvested fruit
(Lurie and Klein, 1991). A similar slowing of
ripening was found in heat-treated avocado fruit
(Woolf et al., 1995; Woolf and Lay-Yee, 1997).
The immediate effects of heat treatments have
generally been to inhibit respiration and ethylene
production, reduce protein synthesis, and increase
protein breakdown (Eaks, 1978; Lurie and Klein,
1990, 1991; Ferguson et al., 1994). However, in
apples, treatments of 38 and 40°C for 2—-6 days
did not have marked effects on respiration, al-
though ethylene production was reduced (Liu,
1978; Porritt and Lidster, 1978). Both ethylene
production and cell wall softening are directly
inhibited in papaya and tomatoes by heat treat-
ments (Chan et al., 1981; Picton and Grierson,
1988), although in vitro ACC oxidase activity
showed some increased tolerance to 45°C when
cucumber fruit were preconditioned at 32.5°C
(Chan and Linse, 1989).

These data suggest that we might expect some
effects on ripening if fruit have achieved high
temperatures prior to harvest, and/or been ex-
posed to high temperatures frequently during de-
velopment. Using eating ripeness as a measure,
Woolf et al. (1999b) found that exposed avocado
fruit, which had achieved flesh temperatures of
about 35°C before harvest, took about 1.5 days
longer to ripen than fruit from shaded positions.
This difference was also found when fruit were
ethylene-treated, the exposed fruit being firmer
and ripening more slowly. When ripening charac-
teristics of a range of commercial avocado culti-
vars in Israel were examined, ‘Fuerte’, ‘Horshim’,
‘Pinkerton” and ‘Hass’ (but not ‘Ettinger’) sun
fruit ripened more slowly than shade fruit, i.e.
were firmer at the same assessment time after

harvest (Woolf et al., 2000). For ‘Fuerte’, ‘Hor-
shim’ and ‘Hass’ fruit, the exposed side of sun
fruit was also firmer than the unexposed side. The
activity of polygalacturonase and cellulase was
correlated with this greater firmness, but was not
influenced by fruit type (i.e. sun vs shade). Thus,
it appears that sun exposure generally delays
ripening, but does not do this via its direct effect
on cell wall degrading enzymes. It is more likely
that some prior step in the ripening process is
influenced. For example, it is likely that the ethyl-
ene biosynthetic pathway will be affected by heat-
ing (Chan and Linse, 1989).

4.2. Exposure-induced tolerance to low and high
temperatures

Data showing effects of postharvest heat treat-
ments on subsequent fruit quality at both low and
high temperatures (Lurie, 1998) invites specula-
tion on the effects of high fruit temperatures on
the tree on postharvest tolerance. Indeed, this
question has been raised in the past with apples
(Brooks and Fisher, 1926a) and avocados
(Schroeder, 1965).

With avocado fruit both in New Zealand and
Israel, Woolf et al. (1999a, 2000) found significant
tolerance to both high and low postharvest tem-
peratures in fruit which had been growing in
positions exposed to direct sunlight, and which
had flesh temperatures routinely recording above
40°C. Sun exposure and subsequent storage at
0°C resulted in reduction in chilling injury on the
exposed side of sun ‘Hass’ fruit, and generally less
chilling injury on the sun fruit than shade fruit
(also see Fig. 1A). Similar tolerance to high tem-
peratures (50°C hot water treatments) was also
observed. When these responses were examined in
5 avocado cultivars in Israel, the same patterns
were observed in all cultivars except ‘Ettinger’
(Woolf et al., 2000). In both countries and all
cultivars there was a high correlation of chilling
injury with electrolyte leakage of skin tissue.

There are other indications in the literature that
exposure may be associated with chilling toler-
ance. For instance, muskmelon fruit which exhib-
ited solar yellowing (exposure to direct sunlight
during fruit growth) were less susceptible to
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postharvest chilling injury (Lipton and Aharoni,
1979). This benefit was attributed to increased
wax development on exposed sides of the fruit,
although no measurements of this were made.
There are also few available data on acquisition
of heat tolerance on the tree. However, as early as
1926, Brooks and Fisher (1926a) showed that
apple fruit under regular exposure to direct sun-
light was more resistant to sunburn-like damage
than fruit which had been shaded but was then
exposed. In more recent work, Houck and Joel
(1995) placed potted lemon trees in glasshouses
under high (min 25-30°C, max 35-40°C) and low
(min 5-10°C, max 20°C) temperature regimes for
up to 4 weeks. They observed that high tempera-
tures resulted in fruit with less damage when
exposed to 55°C hot water treatments, and that
damage decreased with longer exposure times.

4.3. Exposure-induced susceptibility to low and
high temperature damage

Although preharvest exposure of fruit such as
avocado may result in more postharvest chilling
tolerance, there are fruits where exposure results
in greater chilling sensitivity. Citrus such as grape-
fruit show chilling symptoms of skin pitting and
discoloration. Chilling injury is greater in fruit
taken from the exterior canopy, with direct sun
exposure, than in fruit from the interior, shaded
parts of the tree (Purvis, 1980). This difference is
further reflected in greater chilling injury on ex-
posed versus shaded sides of the same fruit
(Purvis, 1984). These differences have been related
to increased water loss from the exposed side of
the fruit. In contrast to the increased tolerance to
hot water temperatures by high growing tempera-
tures, Houck and Joel (1995) observed that expo-
sure to chilling temperatures (3 weeks at 2°C)
resulted in more chilling injury for lemon fruit
exposed to low temperature regimes, than high
temperatures.

There are other instances of exposure-induced
susceptibility to postharvest damage, although lit-
tle has been published. Kiwifruit exposed to high
sunlight may be more susceptible to a pitting
disorder on the skin, which develops during low
temperature storage (Fig. 1B; Thorp and Fergu-

son, unpublished data). Low temperature injury
in persimmons is manifest as a gelling of the flesh
(MacRae, 1987). This symptom often develops on
the side of the fruit that has had direct sun
exposure (Fig. 1C; Woolf and Thorp, unpublished
data). However, chilling injury development is
related to release of polyuronides from the cell
walls and lack of subsequent degradation (Woolf
et al., 1997a). Heat treatments at 47°C retarded
this release (Woolf et al., 1997b). We can specu-
late that cell wall development in exposed sides of
fruit may be different from that in shaded sides,
and this may be reflected in the subsequent cell
wall changes associated with the chilling injury.

5. Mechanisms

The universal response to high temperature is
the induction of hsps. These have been shown to
confer heat tolerance in animal and yeast cells,
and the same processes may occur in plants. Hsp
transcripts and proteins are up-regulated as a
result of postharvest heat treatments of fruits such
as papaya, tomatoes and avocados (Paull and
Chen, 1990; Lurie and Klein, 1991; Lurie et al.,
1993; Woolf et al., 1995 Sabehat et al., 1996), and
in cultured cells of pear (Ferguson et al. 1994),
and apple (Wang et al., 2000) fruit.

One of the most interesting results in the rela-
tionship of hsps to postharvest responses has been
the finding that hsp transcripts remain elevated
for considerable periods at low temperatures sub-
sequent to heat treatments. Hsp mRNA has been
found to remain up-regulated in fruit held at 2°C
for some weeks after postharvest heat treatments
(tomatoes, Lurie et al., 1993; avocados, Woolf et
al., 1995). In cultured apple cells, hsp70 and low
molecular weight hsp transcripts were maintained
at elevated levels for four days at 1°C after 1 h at
38°C, whereas the levels returned to those in
control cells within 24 h if the cells were held at
25°C (Wang et al., 2000). Sabehat et al. (1996)
have shown the persistence of heat-induced hsps
for 21 days at 2°C in tomato fruit. Recent data
also show that hsps can be induced by low tem-
perature alone (Li et al., 1999).
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Involvement of hsps in the mechanisms of
postharvest responses to high and low tempera-
ture is based on correlative evidence. Until expres-
sion of the genes can be modifed in these crops,
we will be uncertain as to whether their role is
critical. However, in model plants such as Ara-
bidopsis, reducing expression of hspl0l by anti-
sense does result in less capacity to acquire
thermotolerance (Queitsch et al., 2000). If hsps
were to have some role in field heat-induced
postharvest responses, we would expect them to
be part of the response of fruit on the tree to high
temperatures, and that they might be maintained
after harvest, depending on the postharvest condi-
tions. Paull and Chen (1990) noted that new
heat-associated polypeptides were present in fruit
which had experienced high field temperatures.
Up-regulation of both hsp70 and hspl7 mRNA,
and new heat-induced proteins, were found in
apple fruit under direct sunlight (Ferguson et al.,
1998). A substantial cycling of hsp response was
found, where hsp transcripts increased in the late
afternoon and evening after fruit flesh tempera-
tures reached > 40°C. This high level was main-
tained until the morning when message rapidly
declined before rising again the next afternoon. It
is possible that the low night temperatures main-
tained message, much as found in low tempera-
ture storage after heat treatments (as described
above).

A similar cycling was found with avocado fruit
(Woolf et al., 1999a), where sun exposure led to
diurnal cycling of low and high MW hsp gene
expression and synthesis. Levels tended to be
highest at 12 noon or 3 pm, and depending on the
hsp, declined either during the evening, or by
early morning (Woolf et al., 1999a). Although
there were significant differences in terms of hsp
gene expression and protein synthesis, the toler-
ance of the skin of ‘Hass’ fruit harvested at 8:00,
12:00, 15:00 and 20:00 h and then hot water-
treated at 50°C was not significantly different
among harvests (Woolf and Ferguson, unpub-
lished data). These results correlate with the ac-
tual levels of hsps, where there were relatively few
differences over a 24 h period, although there
were higher levels of low molecular weight
proteins in sun fruit (Woolf et al., 2000).

Whether or not persistence of hsp message and
protein at low temperature is responsible for some
of the chilling tolerance induced by heat treat-
ments is yet to be determined. It is likely that hsps
provide some protection from both heat- and
cold-induced protein denaturation or dysfunction.
However, there are a number of chilling symp-
toms, which may be related to other aspects of
fruit physiology and morphology as developed on
the tree. Many chilling injury symptoms are found
on the skin, e.g. browning in avocados (Woolf,
1997) and pitting in citrus, mangoes and cucum-
bers (Purvis, 1980; McCollum et al., 1993; Wang
and Qi, 1997). Wax thickness and composition are
affected by exposure to both light and tempera-
ture, and these properties may determine posthar-
vest low temperature responses, such as tolerance
to chilling injury in citrus (Purvis, 1980, 1984).
For example, triterpene ratios in grapefruit skin
differed in fruit from exposed or shaded positions
on the tree, and these differences were mirrored in
shaded and exposed sides of the same fruit; triter-
penes may react with sunlight and be associated
with susceptibility of the fruit to postharvest chill-
ing injury (Nordby and McDonald, 1995).

Evidence from postharvest heat treatments also
highlights the importance of wax properties.
Schirra et al. (1999) showed that even a heat
treatment of only 37°C for 30 h caused partial
melting of wax layers which sealed micro-wounds
and cracks in cactus pear fruit. Hot water treat-
ments, including brushing, of citrus resulted in a
reduction in cracking, and possible melting of
surface wax; this had a positive effect in reducing
postharvest pathogen attack (Porat et al., 2000).
Thus, heat effects on wax structure, as might
occur in the field, may have postharvest benefits.

Where water loss is associated with chilling
injury, cuticle thickness and properties will affect
the low temperature response. Increased water
loss at low temperatures have been associated
with chilling injury (e.g. in citrus; Purvis, 1984).
However, other aspects of water economy may be
as influential in determining postharvest re-
sponses. For instance, it is probable that water
transport and apoplastic sorbitol accumulation
are closely linked in the apple disorder watercore
(Marlow and Loescher, 1984), and the occurrence
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of exposure-related watercore symptoms (see Sec-
tion 4.3) suggests that differences in carbohydrate
transport and metabolism occur with exposure,
and it is likely that these may be responsible for
some of the postharvest responses. It would be
interesting to discover the effects of differing car-
bohydrate levels, both in cells and in tissues, on
responses to low temperature in stored fruit.

Browning is a characteristic response to heat
damage and also a chilling injury symptom, both
in the flesh and on the skin. This suggests a loss in
compartmentation and membrane function in the
cell with consequent phenol oxidation. Both
postharvest heat treatments and exposure on the
tree result in a reduction in this symptom (e.g.
avocados; Woolf et al., 1995, 1999a). We do not
have enough evidence to know whether such an
effect of heat is direct or indirect. Oxidative en-
zymes such as polyphenol oxidase and peroxidase
are relatively unaffected by high temperatures in
in vitro studies (Vamos-Vigyazo, 1981), and thus
thermal inactivation of browning enzymes is un-
likely. Perhaps high temperature results in mem-
branes which are more resistant to low
temperature damage. In a study with cultured
apple cells, Wang et al. (2000) showed that low
temperature intolerant cells could be identified as
those, which were undergoing necrosis and mem-
brane damage. A 38°C 1 h treatment prior to
chilling prevented this sub-population from ap-
pearing, suggesting protection from membrane
damage.

Electrolyte leakage may give some hints as to
the involvement of membrane permeability. Inaba
and Crandall (1988) showed increased leakiness of
tomato flesh with high temperatures, but this only
occurred above 40-45°C. In avocado fruit, a
slight increase in leakage was observed in skin
disks from exposed sides of sun fruit (Woolf et al.,
1999a). However, after storage at 0°C, less ion
leakage was observed in skin tissue taken from
exposed sides of fruit, concomitantly with less
postharvest chilling injury (Woolf et al., 1999a,
2000). An effect of high preharvest fruit tempera-
tures on membrane properties has also been sug-
gested by Chen and Paull (2000), following
experiments in which high temperatures in the
latter stage of pineapple fruit development fa-

voured the translucence symptom. Insofar as in-
creased membrane leakage is a widespread
chilling injury symptom, heat treatments can re-
duce it, both when applied before and after the
chilling treatment (Saltveit, 2000). However, no
unequivocal evidence for a protective heat effect
on membranes or compartmentation has yet been
provided. It is difficult to decide from most stud-
ies whether membrane damage is a primary or
secondary response.

6. Horticulture implications

Perhaps the most important aspect of consider-
ing high fruit temperatures in the field is that the
history of sun exposure or shading of a fruit may
be a major source of variation in both at-harvest
and postharvest quality. For instance, consider-
ation of this may allow us to produce and work
with a more consistent line of fruit. In work
examining quality aspects, more emphasis should
be put into considering and studying the possible
effects of sun exposure. If possible, the effects of
general sun exposure and/or high temperature
should be separated by, for example, sampling
fruit from different sides of the tree, or preferably
from exposed and shaded locations on the same
side of the tree.

Table 3 summarises some of the possible impli-
cations for horticulture practice of sun exposure
on fruit and vegetables. These issues relate to
production (e.g. managing fruiting position), har-
vesting (maturity indices and handling), grading
(external and internal quality), storage responses
(external and internal quality), and processing
(e.g. dry matter and oils). There are also signifi-
cant implications for sampling e.g. what part of
the fruit to sample both pre- and postharvest for
properties such as mineral contents, dry matter,
soluble solids, etc. Increasing our understanding
of these issues will ultimately lead to improve-
ments in quality.

Future work in this area of research should
consider examining the duration of time taken to
induce the effects observed (is damage/tolerance
induced by short- or long-term exposure?). Also,
the possible effects of light (e.g. UV) and heat
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Table 3

Possible implications for horticultural practices such as quality assessment, harvesting, handling and storage, arising from differences
in fruit and vegetable properties associated with sun exposure and preharvest high temperatures

Properties affected by sun
exposure or shade

Implications for horticultural practice

Skin colour

Variable colour at out-turn, mixed maturity, rejection outside grade standards at harvest

(insufficient or excessive skin coloration)

Skin damage

Dry matter
index

Soluble solids content

Rejection due to poor external quality at harvest
Variability within a fruit associated with exposure will affect accuracy as a maturity or quality

Variability within a fruit associated with exposure will affect accuracy as a maturity or quality

index. Impact on poststorage taste acceptability

Fruit firmness

Acidity

Mineral concentrations
temperature responses

Rate of ripening

Improved storage potential if fruit are firmer (e.g. slower softening during storage)
Impact on taste acceptability through varying acid levels and acid/sugar ratios
Variable mineral contents within fruits may influence incidence of storage disorders, and low

Variability due to exposure/shade may lead to differences in ripening rates of individual fruit;

source of out-turn variability. Impact, for example, on duration of optimal ethylene
treatments in ethylene-ripening programmes

Temperature tolerance

Exposure may lead to improved tolerance and subsequent quality where disinfesting heat

treatments are used; postharvest low temperature tolerance may be dependent of fruit position

on the tree or vine

should be separated, something which has impor-
tant implications for management of tree architec-
ture. Finally, it would be of great benefit to
improve our understanding of the possible mecha-
nisms involved in this range of heat effects.
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