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ABSTRACT. Effects of postharvest pressure infiltration of distilled water, CaCl2 solutions at 0.14 or 0.27 mol·L–1 without and
with subsequent fruit coating treatments of preclimacteric ‘Golden Delicious’ [Malus sylvestris (L.) Mill. var. domestica
(Borkh.) Mansf. ‘Golden Delicious’] apples on volatile levels, respiration, ethylene production, and internal atmospheres
after storage at 0 °C for 1 to 6 months, and during subsequent shelf life at 20 °C were investigated. Over 30 volatiles were
detected, most of the identified volatiles were esters; the rest were alcohols, aldehydes, ethers, a ketone, and a sesquiterpene.
Pressure infiltration of water and increasing concentrations of CaCl2 resulted progressively in reduced total volatile levels,
respiration, ethylene production, and internal O2 levels and increased CO2 levels in fruit following 2 to 4 months storage in
air at 0 °C. Total volatile levels, respiration, ethylene production, and internal atmospheres of CaCl2-treated apples at 0.14
mol·L–1 gradually recovered to nontreated control levels following 2 weeks of shelf life at 20 °C and/or storage at 0 °C in air
for more than 4 months. Following the calcium treatments with a shellac- or wax-based coating had similar but stronger and
more persistent effects on volatile levels, respiration, ethylene production, and internal atmospheres than those found in fruit
treated with CaCl2 alone. Calcium infiltration did not change the composition of volatile compounds found in fruit. Results
suggest that pressure infiltration of ‘Golden Delicious’ apples with CaCl2 solutions transiently inhibited volatile levels,
respiration, and ethylene production, in part, by forming a more-or-less transient barrier to CO2 and O2 exchange between
the fruit tissue and the surrounding atmosphere.

ments known to inhibit respiration and ethylene production rates
and to modify the internal atmospheres of apples have a transient to
persistent inhibitory effect on volatile production (Brackmann et al.,
1993; Halder-Doll and Bangerth, 1987; Kester and Fennema, 1986;
Knee and Sharples, 1981), the factor considered most likely respon-
sible for diminished apple flavor (Knee and Hatfield, 1981; Smith,
1984). Postharvest injection of CaNO3 solution into the core of
apples has been shown to nonsignificantly inhibit quality-associ-
ated volatile production (Wills, 1972). More recently, infiltration of
high osmotic concentrations of CaCl2–mannitol solutions into cli-
macteric apples inhibited volatile production during subsequent
storage at 20° or 4 °C (Song and Bangerth, 1993).

To our knowledge, the effect of CaCl2 infiltrations alone and in
combination with surface coating treatments of preclimacteric
apples on quality-associated volatile levels during subsequent stor-
age at 0° and 20 °C has not been reported. The objective of this study
was to examine whether postharvest Ca application without and
with surface coating treatments of preclimacteric ‘Golden Deli-
cious’ (Malus sylvestris var. domestica ‘Golden Delicious’) apples
besides extending shelf life also affects quality-associated volatile
production.

Materials and Methods

‘Golden Delicious’ apples (100 count per box size) were harvested
in the preclimacteric stage (ethylene production <2 pmol·kg–1·s–1 and the
climacteric rise in CO2 production had not yet begun; starch index 3.3
using Cornell generic starch chart scale 1 to 8 (Blanpied and Silsby,
1992); firmness <85 N) from a commercial orchard (Rice Bros.,
Biglerville, Pa.) and randomized. Within 2 d after harvest, fruit were

Increasing the Ca content of apples has been shown to alleviate
physiological storage disorders (Yuen, 1994), reduce losses due to
decay-causing fungi (Conway et al., 1991) and maintain fruit
firmness and quality (Mason et al., 1975). Calcium chloride is
naturally occurring, inexpensive, edible and has been approved by
the U.S. Food and Drug Administration for postharvest use (Yuen
1994). While the commercial benefits of postharvest application of
Ca are enticing, the technology has not been widely adopted due, in
part, to the inability to predict potential injury (e.g., lenticel pitting
and surface discoloration) to the fruit. Recently, peel injury has been
shown to be significantly reduced (or eliminated) by application of
osmotically balanced CaCl2 solutions followed by surface coating
the fruit to reduce fresh weight loss and to maintain tissue water
relations during subsequent storage at 0° or 20 °C (Saftner et al.,
1998).

Both postharvest application of Ca and surface coating treat-
ments can also reduce respiration (Bangerth et al., 1972; Faust and
Shear, 1972), ethylene production (Conway and Sams, 1987;
Lougheed et al., 1979), internal O2 levels (Hewett and Thompson,
1992; Rajapakse et al., 1992) and increase internal CO2 levels
(Hewett and Thompson, 1992; Saftner et al., 1998). Other treat-
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pressure infiltrated (3 min at 103 kPa) with distilled water or
CaCl2•2H2O solutions of 0.14 or 0.27 mol·L–1. Following infiltra-
tion, fruit were rinsed by dipping for ≈10 s in distilled water at 20 ±
1 °C before drying. Rinsed fruit in 120-fruit sets were either hand-
coated (0.4 mL per fruit) to simulate uniform commercial applica-
tions with a shellac- or wax-based formulation or left uncoated. The
wax coating was selected for its relatively high permeability for CO2

and O2 and low permeability for water vapor (Hagenmaier and
Shaw, 1992) and volatiles. It was prepared by R. Hagenmaier, U.S.
Dept. of Agriculture, Agricultural Research Service, Winter Haven,
Fla.; and its exact composition was candelilla wax (16.7%), isopro-
pyl alcohol (2-propanol; 8.0%), morpholine (2.1%), oleic acid (cis-
9-octadecanoic acid; 1.3%), and the remainder as water. The shellac
coating (Apple Lustr 221, Elf Atochem/Decco, Monrovia, Calif.)
was selected as representative of apple coatings used commercially
to enhance outward appearance, e.g., increased gloss. It is reported
to contain water, shellac, fatty acid soaps, fast-drying solvents, and
other minor ingredients. Treated and nontreated (control) fruit were
then stored at 0 °C in air for 1, 2, 3, 4, 4.5, 5, or 6 months.

Respiration and ethylene production rates of treated and non-
treated fruit were monitored every 6 h during a 7-d period at 20 °C
using an automated system (Izumi et al., 1996). Two five-fruit
replications were measured at monthly intervals from harvest
through 6 months of cold storage. Results for CO2 and ethylene
produced are both reported as nmol·kg–1·s–1.

At the end of 1-d at 20 °C following 0 to 6 months cold storage,
fruit cavity CO2 and O2 levels were determined by inserting a steel
hypodermic needle into the cavity through the calyx region of
individually submerged fruit, then drawing 6-mL samples with a
gas-tight syringe. Gas samples from five or 10 identically treated
fruit were analyzed from each storage period. The levels of CO2 and
O2 were measured using a gas chromatograph (GC) (model GC-
3BT; Shimadzu, Kyoto, Japan) fitted with Porapak Q and Molecular
Sieve 5A columns (each ≈2 m × 3 mm) and a thermal conductivity
detector. The levels of ethylene were determined with a GC (model
AGC-211; Carle, Tulsa, Okla.) fitted with an alumina column (2 m
× 3 mm) and photoionization detector.

Fresh weight loss, Ca content, and quality attributes of firmness
and volatile levels were determined on the same sets of treated and
nontreated fruit. The fresh weight of 40-fruit sets of treated and
nontreated fruit were measured at harvest and again at monthly
intervals between 1 and 6 months cold storage. Fruit firmness was
measured on 20-fruit sets with a manually controlled digital pen-
etrometer (EPT-1 with an 11.1-mm tip; Lake City Technical Prod-
ucts, Kelowna, B.C., Canada) set in the Magness-Taylor mode as
described previously (Saftner et al., 1998).

Preparation of fruit tissue for Ca content analyses was as de-
scribed previously (Saftner et al., 1997). Prepared samples were
analyzed for Ca content by inductively coupled plasma emission
spectroscopy (model 61E; Thermo Jarrell Ash, Franklin, Mass.).
Calcium content is reported on a dry weight basis (in mmol·kg–1).
Each sample consisted of the flesh from six or seven apples, and four
samples were obtained from each treatment.

For volatile analyses, juice from nonpeeled slices of individual
fruit from each treatment was hand extracted using a crimping tool
to resemble normal tissue mastication, i.e., chewing of an apple.
Saturated CaCl2 was not added to the apple extracts to inhibit
enzymatic activities associated with volatile biosynthesis (Buttery
and Ling, 1993). Adding salts to the samples variably accelerated
volatilization of sample analytes and induced quantitative and
qualitative changes in the apple volatile profiles that are unlikely to
occur during normal tissue mastication (R. Saftner, unpublished

data). One milliliter of each extract was transferred to a 4-mL vial
and capped with a teflon-lined septum. The samples were quick
frozen to –20 °C and stored for up to 1 week before volatile
collection. Preliminary results indicated that volatile levels were the
same in crude extracts and extracts clarified by centrifugation or
filtration and did not change over a 1-month storage period at –20
°C. For volatile sampling, frozen samples were thawed and equili-
brated for 5 min at 20 °C. A solid-phase microextraction (SPME,
Supelco Co., Bellefonte, Pa.) fiber coated with polydimethylsiloxane
(PDMS, 1 cm long, 100 mm thick) was used to collect and
concentrate volatiles by virtue of its sorption characteristics (Arthur
and Pawliszyn, 1990). The SPME device consisted of the retractable
fiber enclosed in a metal needle. During sampling, after entering the
4-mL vial, the fiber was manually extended, volatile sorption
occurred for 16 min, then the fiber was retracted before removal
from the sampling vial. The sorbed volatiles were desorbed from the
fiber for 2 min at 250 °C into a glass-lined, splitless injection port of
a GC (5890a Series II; Hewlett Packard Co., Rockville, Md.)
equipped with electronic pressure control and a flame ionization
detector (FID), which was used to measure relative volatile vapor
levels.

Apple volatiles were separated and identified using a procedure
similar to that of Song et al., 1997). Volatiles were separated using
a capillary column (HP-5, 11 m × 0.1 mm id., 0.34 mm coating
thickness). The carrier gas was ultra purified hydrogen (6.0 research)
at a flow velocity of 52 cm·s–1. The temperature program was isothermal
for 2 min at 40 °C and then raised at the rate of 30 °C·min–1 to 250 °C,
and held for 3 min. Injector and detector port temperatures were both
250 °C. Volatile levels are reported in relative FID area response
units; calibration factors were not determined, as only relative
changes were of interest. Preliminary results indicated that PDMS
fibers never approached saturation during headspace sampling.
Samples for volatile analyses were collected from treated and
nontreated fruit after 1 d at 20 °C following 0 to 6 months cold
storage and at weekly intervals during 3 weeks at 20 °C following
4.5 and 6 months cold storage. All SPME sampling was carried out
10 times at 20 °C for each treatment and for each storage and shelf
life.

For volatile identification, a GC/mass spectrometer (MS) proce-
dure was used. The GC procedure was the same as described above
except that ultra purified helium was used as the carrier gas. The GC/
MS transfer line temperature was 250 °C. Volatile detection was
performed by quadrupole MS using 70 eV electron impact ioniza-
tion (5971A, Hewlett Packard Co., Rockville, Md.). Mass spectra
were collected over a range of m/z 40 to 300. Identification of
volatile components was confirmed by comparison of collected
mass spectra with those of standards and spectra in the National
Institute for Standards and Technology (NIST) mass spectral li-
brary, Search Version C.01.00 (Aldrich, Milwaukee, Wis.).

Harvests were made from the same commercial orchard in 1996
and 1997. In the first year of experimentation, fruit volatile levels
were not determined. In the second year, all treatments described
above were made and only results from the second year are reported
since overlapping results from both years were similar.

Data were analyzed using mixed model analysis of variance
procedures (SAS Institute, Cary, N.C.). Examination of variance
heterogeneity among the treatments indicated that the random
experimental variance should be partitioned into two or three
experimental variances. In most cases, the experimental variance
was pooled for nontreated and water-treated fruit, CaCl2-treated
fruit at 0.14 or 0.27 mol·L–1, and CaCl2 plus coated (shellac and wax)
fruit. Group comparisons and factoral interactions were evaluated
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by contrasts. The likelihood ratio test indicated that fitting the
experimental variances into two or three groups was better than
models for a single variance. Examination of residuals for both the
two and three variance models did not indicate any concern regard-
ing normality. Treatment means were separated at P < 0.05 using
Tukey’s multiple comparison test. Unless stated otherwise, only
results significant at P < 0.05 are discussed.

Results

Pressure infiltration of CaCl2 solutions used in this study effec-
tively increased the internal Ca levels of Ca-treated fruit. The mean ± SE

level of internal Ca in nontreated fruit was 7.2 ± 0.3 mmol·kg–1 dry
weight. In water-infiltrated and CaCl2-infiltrated fruit at 0.14 or 0.27
mol·L–1, the internal Ca levels were 7.9 ± 0.5, 30.5 ± 1.7, and 48.0
± 1.9 mmol·kg–1 dry weight, respectively.

Volatiles, mostly esters, were detected in the headspace above
extracts of nontreated ‘Golden Delicious’ apples (Table 1). The rest
of the identified volatiles were alcohols, aldehydes, a ketone, a

sesquiterpene, and ethers. Pressure infiltration of CaCl2 solutions
resulted in reduced total volatile levels between 2 and 4 months
storage (Fig. 1). Beyond 4 months storage, both water- and Ca-
treated fruit had the same or higher total volatile levels as those in the
corresponding nontreated fruit. The two concentrations of CaCl2

used in this study had a similar effect on total volatile levels during
cold storage. Sequential treatments with a CaCl2 solution of 0.14
mol·L–1 and a fruit coating had a more persistent inhibitory effect on
total volatile levels than treatment with the CaCl2 solution alone.
Individual straight chain (Fig. 2A, butyl acetate) and branched chain
(Fig. 2B, 2-methylbutyl acetate) volatiles followed the same pattern
of change during cold storage as those of total volatile levels. Most
of the volatile compounds present at lower levels than those shown
in Fig. 2 followed the same pattern or change during cold storage
(data not shown). Total and most individual volatile levels peaked
in nontreated fruit following 3 months cold storage. All treated and
nontreated fruit contained essentially the same or higher individual
and total volatile levels following various periods of cold storage
than those present at harvest (Figs. 1 and 2). Fruit treated with CaCl2

Table 1. Volatile compounds in the headspace above extracts collected from nontreated ‘Golden Delicious’ apples after 1 d at 20 °C following 3 months
storage in air at 0 °C.

Percent of
total

Volatile Retention GC–FID GC–FID
Peak compound ratioz × 103 response
1 Ethanol 0.13 <1 0.1
2 Ethyl acetate 0.26 <1 0.1
3 1-Butanol 0.34 <3 0.6
4 Propyl acetate 0.48 <1 0.1
5 Unknown 0.57 <2 0.4
6 2-Methylpropyl acetate 0.71 <3 0.6
7 Hexanal 0.79 15–24 4.6
8 Butyl acetate 0.84 57–79 16.4
9 trans-2-Hexenal 0.93 10–14 2.8
10 Ethyl 2-methylbutyrate 0.96 <1 0.1
11 1-Hexanol 0.98 8–14 2.7
12 2-Methylbutyl acetate 1.00 40–65 12.6
13 Propyl butyrate 1.04 <1 0.1
14 Unknown 1.05 <1 0.2
15 Butyl propionate 1.06 4–6 1.2
16 Pentyl acetate 1.08 5–7 1.5
17 Butyl 2-methylbutyrate 1.14 <1 0.1
18 6-Methyl-5-hepten-2-one 1.21 <2 0.4
19 Butyl butyrate 1.23 15–23 4.6
20 Hexyl acetate 1.26 90–131 26.6
21 Butyl 2-methylbutyrate 1.31 19–26 5.4
22 Butyl pentanoate 1.39 <1 0.1
23 Pentyl butyrate 1.41 <2 0.4
24 Butyl hexanoate + Hexyl butyrate 1.54 26–39 7.7
25 4-Allylanisole 1.56 <3 0.7
26 Hexyl 2-methylbutyrate 1.60 7–12 2.3
27 Unknown 1.67 <1 0.1
28 Hexyl pentanoate 1.68 <1 0.1
29 Propyl octanoate 1.78 <1 0.1
30 Hexyl hexanoate 1.80 4–6 1.2
31 Unknown 1.81 <3 0.6
32 Unknown 1.90 <1 0.1
33 o-Methoxybenzene 1.91 <1 0.1
34 α-Farnesene 1.96 17–24 4.9
zRetention time of volatile relative to retention time of 2-methylbutyl acetate.
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Fig. 1. Effect of water and CaCl2 treatments, alone and followed by coating
treatments, on total volatile levels in the headspace of extracts collected from
‘Golden Delicious’ fruit after a 1-d period at 20 °C following 0 to 6 months storage
in air at 0 °C. Each symbol is the mean of 10 readings collected from 10 individual
fruit extracts. Nonlinear regression lines are for data collected from nontreated,
water-treated, CaCl2-treated (0.14 and 0.27 mol·L–1), and CaCl2 + coated (shellac
and wax) fruit; R2 were 0.90, 0.92, 0.96, and 0.94, respectively, and the SEs of the
estimate were 0.49 × 105, 0.16 × 105, 0.08 × 105, and 0.04 × 105, respectively.

Fig. 2. Effect of water and CaCl2 treatments, alone and followed by coating treatments on
(A) butyl acetate and (B) 2-methylbutyl acetate levels in the headspace of extracts
collected from ‘Golden Delicious’ apples after a 1-d period at 20 °C following 0 to 6
months storage in air at 0 °C. Each symbol is the mean of 10 readings from 10 individual
fruit extracts. Nonlinear regression lines are for data collected from nontreated, water-
treated, CaCl2-treated (0.14 and 0.27 mol·L–1), and CaCl2 + coated (shellac and wax)
fruit. For Fig. 2A regression lines, R2 were 0.87, 0.99, 0.96, and 0.81, respectively, and
the SEs of the estimate were 0.98 × 104, 0.14 × 104, 0.14 × 104, and 0.10 × 10 4, respectively.
For Fig. 2B regression lines, R2 were 0.75, 0.86, 0.96, and 0.78, respectively, and the SEs
of the estimate were 1.03 × 104, 0.71 × 104, 0.17 × 104, and 0.09 × 10 4, respectively.

Fig. 4. Effect of water and CaCl2 treatments, alone and followed by coating treatments,
on evolved (A) carbon dioxide and (B) ethylene production rates in ‘Golden Delicious’
apples during a 7-d period at 20 °C following 0 to 6 months storage in air at 0 °C. Each
symbol is the mean of 48 readings from two five-fruit replications. Nonlinear regression
lines are for data collected from nontreated, water-treated, CaCl2-treated (0.14 and 0.27
mol·L–1), and CaCl2 + coated (shellac and wax) fruit. For Fig. 4A regression lines, R2

were 0.90, 0.84, 0.95, and 0.85, respectively, and the SEs of the estimate were 8, 6, 3, and
5, respectively. For Fig. 4B regression lines, R2 were 0.98, 0.94, 0.98, and 0.93,
respectively, and the SEs of the estimate were 0.11, 0.07, 0.07, and 0.02, respectively.

Fig. 3. Effect of water and CaCl2 treatments, alone and followed by coating treatments,
on total volatile levels in the headspace of extracts collected from ‘Golden Delicious’
apples during a 1-d to 3-week holding period at 20 °C following 4.5 months storage in
air at 0 °C. Each symbol is the mean of 10 readings from 10 individual fruit extracts.
Nonlinear regression lines are for data collected from nontreated, water-treated, CaCl2-
treated (0.14 and 0.27 mol·L–1), and CaCl2 + coated (shellac and wax) fruit; R2 were 0.99,
0.98, 0.93, and 0.98, respectively, and the SEs of the estimate were 0.42 × 105, 0.23 × 105,
0.51 × 105, and 0.11 × 105, respectively.
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at 0.27 mol·L–1 and stored at 0 °C for >4 months developed surface
injury and were not used for volatile analyses.

Total volatile levels increased similarly in nontreated, water- and
CaCl2-infiltrated fruit during a 3-week shelf life at 20 °C following
storage at 0 °C for 4.5 months (Fig. 3) or 6 months (data not shown).
Total volatile levels increased at a slower rate in fruit sequentially
treated with CaCl2 at 0.14 mol·L–1 and a fruit coating than in
nontreated fruit or fruit treated with CaCl2 alone (Fig. 3).

Total and most individual volatile levels in treated and non-
treated fruit followed similar transient to persistent reductive trends
(Figs. 1 and 2) during cold storage as those for respiration (Fig. 4A)
and ethylene production (Fig. 4B) in corresponding treated and
nontreated fruit. Pressure infiltration of increasing concentrations of
CaCl2 resulted progressively in increased internal CO2 and de-
creased internal O2 levels following 1 to 6 months cold storage
(Table 2). Fruit treated sequentially with CaCl2 solutions and a
surface coating had higher CO2 and lower O2 levels following 1 to
6 months cold storage than those in nontreated fruit and fruit treated
with CaCl2 alone. During cold storage, the internal CO2 and O2 levels
of fruit sequentially treated with CaCl2 and a surface coating were
18.3 ± 0.1 (SE) and 5.0 ± 0.1 kPa, respectively.

Besides transiently reducing total volatile levels, respiration, and
ethylene production, CaCl2 treatments delayed ripening; as indi-
cated by better retention of flesh firmness. Following 6 months cold
storage, flesh firmness was 51.8 ± 1.2 N in nontreated fruit; 60.1 ± 1.4 N
and 63.0 ± 2.1 N in CaCl2-treated fruit at 0.14 and 0.27 mol·L–1,
respectively; and 67.2 ± 1.1 N and 68.1 ± 1.5 N in shellacked and
waxed fruit treated with CaCl2 at 0.14 mol·L–1, respectively.

Discussion

Calcium, as its chloride salt, has great potential as a postharvest
shelf-life-extending treatment for apples. In this study, pressure
infiltration of CaCl2 solutions at 0.14 or 0.27 mol·L–1 effectively
increased the Ca content of the fruit to levels that did or are known
to maintain flesh firmness (Mason et al., 1975), retard postharvest
decay caused by pathogens (Biggs et al., 1993; Conway et al., 1991),
decrease the incidence of physiological disorders, and extend the
postharvest life of the fruit (Yuen, 1994). However, other posthar-
vest treatments that extend shelf life have been reported to reduce
volatile levels (Brackmann et al., 1993; Halder-Doll and Bangerth,

1987) , the factor most likely responsible for diminished apple flavor
(Knee and Hatfield, 1981; Smith, 1984).

The qualitative composition of volatiles in our studies using
headspace analyses of apple extracts (Table 1) was similar to that
found by other investigators using intact apple headspace or vacuum
distillation methods (Dimick and Hoskin, 1983; Mattheis et al.,
1998; Paillard, 1990; Song et al., 1997). However, the headspace of
‘Golden Delicious’ apple extracts contained hexanal and trans-2-
hexenal, volatiles not generally observed in intact mature and
ripening apples. These aldehydes are formed rapidly during tissue
mastication and other tissue disruption treatments (Paillard, 1986)
such as those used to prepare juice extracts in this study and are
among the most important components of apple-like odor in ‘Deli-
cious’ apples (Flath et al., 1967). Most of the other volatiles
identified in the headspace of ‘Golden Delicious’ apple extracts
have sweet, fruity, apple-like and/or spicy odors (Aldrich Chemical
Co., 1997) and are generally considered to contribute to the overall
flavor of the fruit.

Pressure infiltration of ‘Golden Delicious’ apples with water or
Ca solutions markedly but only transiently reduced total volatile
levels, specific straight- and branched-chain volatile levels, respira-
tion, ethylene production, internal O2 levels, and increased internal
CO2 of the fruit following 1 to 6 months storage in air at 0 °C.
Sequential CaCl2 and surface coating treatments had more persistent
effects on volatile levels, internal atmospheres, and ripening-related
characteristics of apples than treatment with CaCl2 solutions alone.

The above results may be explained, in part, by the tendency of
infiltrated solutions to form temporary and surface coatings to form
more-or-less permanent barriers to the exchange of CO2 and O2

between the fruit tissue and the surrounding atmosphere (Banks et
al., 1993; Rajapakse et al., 1992). The greater alteration of internal
atmospheres by CaCl2 solutions than by water may be due, in part,
to the reduced solubility of CO2 and O2 in CaCl2 solutions than in
water (Leonard, 1939) and to the tendency of apple cells to sorb
more water than CaCl2 thus reducing the level of gas-exchange
blockages within the fruit during storage (Rajapakse et al., 1992). In
our experiments, the rather strong but similarly transient effect of
CaCl2 solutions on modifying internal atmospheres, respiration,
ethylene production, and volatile levels indicates that infiltration of
CaCl2 solutions probably acts, in part, by transiently blocking gas
exchange. This interpretation is supported by findings that modi-

Table 2. Internal carbon dioxide and oxygen levels of ‘Golden Delicious’ apples after 1 d at 20° C following 1 to 6 months storage in air at 0° C.

CaCl2 Surface coating treatment

(mol·L–1) Nontreated Water-treated None Shellac Wax

CO2 (kPa ± SE)z

--- 2.8 ± 0.1 ay

--- 3.1 ± 0.1b
0.14 3.8 ± 0.1 c 19.4 ± 0.5 e 16.9 ± 0.5 f
0.27 5.2 ± 0.1 d 18.9 ± 0.5 ef 18.8 ± 0.2 e

O2 (kPa ± SE)x

--- 18.1 ± 0.1 a
--- 17.6 ± 0.1 b
0.14 17.1 ± 0.1 c 5.0 ± 0.3 e 5.6 ± 0.3 e
0.27 15.7 ± 0.1 d 4.9 ± 0.3 e 4.5 ± 0.3 e
zSignificant group contrasts: nontreated and water-treated vs. CaCl2-treated (P = 0.0001); CaCl2-treated at 0.14 vs. 0.28 mol·L–1 (P = 0.0046); noncoated
vs. coated (P = 0.0001); shellac vs. wax (P = 0.0060); CaCl2 vs. CaCl2 + coated (P = 0.0002).
yAll data are reported as the mean ± SE of 30 atmospheric readings from 30 individual fruit. Means for each gas followed by the same letter are not
significantly different by Tukey’s multiple comparison test (P < 0.05).
xSignificant group contrasts: nontreated and water-treated vs. CaCl2-treated (P = 0.0001); CaCl2-treated at 0.14 vs. 0.28 mol·L–1 (P = 0.0001); noncoated
vs. coated (P = 0.0001); CaCl2 vs. CaCl2 + coated (P = 0.0001).
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fication of the internal atmosphere or application of controlled
atmospheres at CO2 and O2 concentrations that do not cause
physiological disorders also reduce respiration, ethylene produc-
tion and action, and retard compositional changes associated with
fruit firmness, flavor and other quality characteristics (Kader,
1995). The transient nature of the Ca infiltration-associated
effects reported in this study is in contrast to the more persistent
inhibitory effects observed by Song and Bangerth (1993) follow-
ing CaCl2-mannitol infiltrations. While the reason for the differ-
ing results is presently unknown, commercial applications of
CaCl2 are always done without mannitol addition. In all posthar-
vest CaCl2 infiltrations, factors other than impaired gas exchange
must also be active in that Ca affects membrane structure and
functioning, and cell wall structure and functioning, all of which
have been associated with the regulation of the ripening process
of fruit and maintenance of fruit quality characteristics (Ferguson,
1984).

The possibility that a more general and not a specific change
in metabolic activity occurs as a result of Ca infiltration is
supported by the finding that all of the main volatiles measured in
this study followed a pattern similar to that of total volatile levels
and to that of respiration and ethylene production during cold
storage and subsequent shelf life at 20 °C. Results in Fig. 2 for two
of the most prominent volatiles of ‘Golden Delicious’ fruit
support this observation. Both straight- and branched-chain vola-
tiles displayed similar patterns of change (see Fig. 2) even though
their precursors, fatty acids and amino acids, respectively (Paillard,
1990), originate from different metabolic pathways. This finding
is similar to results obtained with ‘Golden Delicious’ fruit that
have been heat treated (Fallik et al., 1997) or surface coated (R.
Saftner, unpublished data) at harvest or stored under CA condi-
tions (Brackmann et al., 1993) that delay ripening without induc-
ing physiological disorders and/or the development of off-flavors
or odors.

Reduced production of flavor-associated volatiles is a matter
of great concern to the apple industry. After a progressively
extended storage period, volatile levels in Ca-treated fruit recov-
ered to those present in nontreated fruit and remained so during
subsequent shelf life at 20 °C. However, the volatile levels of fruit
treated sequentially with Ca and a surface coating did not fully
recover to those present in nontreated fruit during extended cold
storage and 3 weeks shelf life at 20 °C, even though surface
coating apples is often used commercially to improve outward
appearance, e.g., increased gloss. Results herein suggest that
CaCl2 infiltration to maintain firmness and other quality charac-
teristics and to control postharvest pathogens would not ad-
versely affect flavor-associated volatile levels when used in
conjunction with commercial storage conditions of 4 months or
more and a shelf life of several weeks or longer. Fruit infiltrated
sequentially with CaCl2 and a surface coating may require longer
storage and shelf-life periods or use of more gas permeable
coatings than those used in this study for full recovery of flavor-
associated volatile production.
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