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Abstract. ‘Golden Delicious’ apples (Malus domestica Borkh) were pressure-infiltrated at
harvest with a 4% CaCl2 solution either without prior heat treatment or following 4 days
at 38C. Examination of the apple surfaces from both treatments by low-temperature
scanning electron microscopy revealed that heat treatment changed the pattern 
epicuticular wax. The epicuticular wax of nonheated fruit exhibited numerous deep
surface cracks that formed an interconnected network on the fruit surface. The epicuticu
lar wax of heat-treated fruit did not exhibit a similar network of deep cracks. This apparent
obstruction or elimination of deep cracks may limit the CaCl2 solutions from entering the
fruit. The heated fruit contained significantly less Ca than the fruit that were pressure-
infiltrated with CaCl 2 solutions but not heated. These results indicate that cracks on th
fruit surface may be an important pathway for the penetration of CaCl2 solutions.
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Losses caused by postharvest patholog
and physiological maladies, due to the add
cost of harvesting and handling, are econo
cally greater than equivalent preharvest loss
Growing consumer concern about pestic
residues on the surface of produce is prom
ing the development of alternative methods
maintaining the quality of fruit during storag
One of these methods, prestorage heat tr
ment of apples, has had a positive effect
fruit quality in storage. Exposing apples to 
to 40C for 2 to 6 days suppressed softening
reduced naturally occurring decay (Liu, 197
Porritt and Lidster, 1978).
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Postharvest treatment of apples with CaCl2
solutions and the resulting increase in fr
flesh Ca concentration also beneficially a
fected fruit during storage. Firmness was ma
tained and decay caused by a variety 
postharvest pathogens was reduced as a r
of the increased Ca concentration (Conw
and Sams, 1983; Conway et al., 1991; Sa
and Conway, 1984).

In a recent study, nonheated apples dip
in a CaCl2 solution had a higher Ca concentr
tion than apples that were heat-treated bef
Ca treatment (Lurie and Klein, 1992). In a
other study, the Ca concentration of app
that were pressure-infiltrated with CaCl2 solu-
tions was also higher in nonheated than
heat-treated apples (Sams et al., 1993).

The present study examines the effect
heat treatment of ‘Golden Delicious’ appl
on uptake of CaCl2 solutions upon pressur
infiltration and the relationship of uptake 
the morphology of the epicuticular wax su
face of the fruit. Recent improvements in
technique referred to as low-temperature sc
ning electron microscopy (SEM) allowed us
observe the waxy surface of the apple fruit
a frozen hydrated state. Low-temperature S
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avoided the preparation artifacts that are a
sociated with normal SEM studies, i.e., me
chanical damage from chemical processin
dissolution from dehydration, and shrinkag
during critical-point drying (for a complete
discussion see Jeffree and Read, 1991). Mo
over, cryofixation improves preservation o
the delicate structure of the wax platelets o
epicuticular waxes (Roy et al., 1994). Be
cause cryofixation stabilizes tissues fast
than chemical fixation (Wergin and Erbe
1991, 1992), the surface of the fruit can b
preserved and observed immediately aft
heat treatment.

Materials and Methods

‘Golden Delicious’ apples were harveste
in the preclimactaric stage (ethylene produ
tion was <0.1 µl•liter–1 and the climactaric rise
in the CO2 level had not yet begun) from a
commercial orchard and randomized into tw
lots. One lot was pressure-infiltrated (3 min a
103 kPa) with distilled water (0% CaCl2) or
with a 4% solution of CaCl2. The second lot of
fruit was tray-packed into boxes with perfo
rated polyethylene liners and heated for 4 da
at 38C. The fruit were then removed an
pressure-infiltrated (3 min at 103 kPa) with
distilled water (0% CaCl2) or a 4% solution of
CaCl2.

To determine the Ca content of the app
tissue, a mechanical peeler removed the p
and outer flesh of the entire fruit to a depth o
2 mm. This portion was discarded. Then th
peeler was used to remove the next 2 mm 
flesh, which was retained for Ca analysis
Each sample consisted of flesh from five apple
and each treatment contained four samples

The flesh that was removed from the fru
for Ca analysis was immediately frozen i
liquid N, freeze-dried, and ground. One gram
of ground tissue from each sample was dr
ashed and dissolved in 2 N hydrochloric acid.
The samples were then analyzed for Ca usi
plasma emission spectrometry. Calcium co
centration is reported on a dry-weight basis

An Oxford CT 1500 Cryotrans System
(Oxford Instruments, Eynsham, England) in
terfaced to a Hitachi S-4100 field emissio
SEM was used to observe the surfaces of he
treated and nonheated (control) fruit. Seg
ments of flesh with skin were removed from
the fruit immediately after heat treatment an
placed on a flat specimen holder as describ
by Roy et al. (1994). The holder was rapidl
plunged into liquid N and cryotransferred
under vacuum, to a cold stage in the prechamb
of the cryosystem. The frozen specimens we
etched in the prechamber by raising the tem
perature of the stage to –90C for 8 min. Th
process sublimed some of the surface wa
ice. The specimens were then sputter-coat
with Pt in the prechamber and transferred 
the cryostage in the SEM for observations.

The experiment was a 2 × 2 factorial in a
randomized complete-block design with tw
heat treatments, two Ca treatments, and thr
20-fruit replications. Analysis of variance wa
performed using the General Linear Mode
Procedure (SAS Institute, 1988). Treatmen
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Fig. 2. Epicuticular wax of ‘Golden Delicious’ apple fruit examined with a low-temperature scanning
electron microscope. A and B are nonheated fruit. Deep cracks appear on the surface of the fruit. These
cracks (c) form an interconnected network. Deeper and wider cracks are seen around the lenticels (l). A
(×75), bar = 200 µm; B (×650), bar = 20 µm. C and D are heat-treated fruit. The surface appears smoother,
and no deep cracks are visible. However, perpendicularly oriented wax platelets (p) appear in areas that
may coincide with the cracks in the nonheated fruit. C (×75), bar = 200 µm; D (×650), bar = 20 µm.

Fig. 1. Calcium content of ‘Golden Delicious’ apples following heat treatment and CaCl2 infiltration. Fruit
were pressure-infiltrated (3 min; 103 kPa) with distilled water (0% CaCl2) or a 4% solution of CaCl2 or
heat-treated at 38C for 4 days before pressure infiltration with 0% or 4% CaCl2. Vertical bars represent
standard errors of means.
that were statistically different at P ≤ 0.05 are
reported as significant.

Results and Discussion

Heated and nonheated fruit treated w
distilled water were not significantly differen
in tissue Ca concentration and averaged ≈130
µg•g–1 dry weight (Fig. 1). Infiltration with a
4% solution of CaCl2 resulted in fruit with a
significantly higher Ca content than was fou
in control fruit. Furthermore, the fruit tha
were not heated but infiltrated had a signi
cantly higher Ca concentration (2090 µg•g–1

dry weight) than fruit that were heated befo
infiltration (1363 µg•g–1 dry weight). Thus, the
tissue from the nonheated fruit had ≈50%
more Ca than that from the heated fruit. The
results confirm previous experiments with he
treated ‘Golden Delicious’ apples (Sams et a
1993) and suggest an effect of heat treatm
on the surface morphology of the fruit.

Calcium in postharvest treatments ente
the fruit primarily through the lenticels (Bett
and Bramlage, 1977; Glenn et al., 1985); ho
ever, cracks in the cuticle and epidermis m
also provide pathways, especially in lat
harvested fruit (Clements, 1935). ‘Golden D
licious’ apples have a high degree of cracki
in the cuticle and skin (Meyer, 1944). Fau
and Shear (1972), who studied the struct
and cracks of the epicuticular wax of ‘Golde
Delicious’ apple fruit, found that early in th
growing season, the cracks were quite de
and extended through the wax layer. By t
end of the growing season, the cracks on 
surface of the fruit were larger and formed
network on the surface.

Low-temperature SEM provided a stru
tural basis for the effect of heat treatment. T
epicuticular wax of the nonheated fruit a
peared relatively smooth but exhibited num
ous surface cracks that formed an interco
nected network on the surface of the fruit (F
2A). At a higher magnification, the crack
appeared deep and traversed through two
three layers of wax platelets (Fig. 2B). The
cracks may occur naturally as a result of fr
expansion during development and ripenin

The epicuticular wax of heat-treated fru
did not exhibit a network of cracks at lo
magnification (compare Fig. 2 A and C). A
though the surface contained a waxy cutic
the individual platelets appeared more ra
domly organized (Fig. 2D), rather than bein
disposed in parallel layers (Fig. 2B). Th
observation was especially true for areas t
were thought to correspond to the deep cra
in the nonheated fruit; these areas had
abundance of plate-like wax crystals, whi
were predominantly oriented perpendicular
the surface of the cuticle. As a result of the h
treatment, perhaps a recrystallization or “me
ing” of the wax platelets occurred in the crack
Alternatively, the heat treatment may ha
stimulated an increase in the synthesis of w
to fill the cracks, lenticels, or both. Othe
investigations using controlled environmen
conditions have indicated that temperatu
affects the quantity and structure of the epic
ticular wax and that the shape of wax cryst
1057HORTSCIENCE, VOL. 29(9), SEPTEMBER 1994
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is strongly correlated with their chemistr
(Jeffree and Sandford, 1982). Baker (197
suggested that increases in temperature sti
late wax production. Obstructing or elimina
ing the cracks would limit infiltration of CaCl2

solutions into the fruit. As a result, heated fru
would contain significantly less Ca tha
nonheated fruit following pressure infiltratio
with CaCl2 solutions. Studies conducting stru
tural and physiological investigations in para
lel can contribute to the understanding of t
pathways involved in Ca penetration. Our r
sults indicate that cuticular cracks may 
important for postharvest Ca penetration in
apple fruit. To elucidate the complex mov
ment of Ca through the cuticle, further studi
are needed to relate the behavior of the
cracks during storage to Ca uptake a
postharvest fruit quality.
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