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Change in Apple Fruit Volatiles after Storage in Atmospheres Inducing

Anaerobic Metabolism
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Delicious apple fruit (Malus domestica Borkh.) stored in0.05% 02/0.2% COs, 1 °C, for 30 days developed
large concentrations of ethanol and acetaldehyde. The accumulation of products of anaerobic metabolism
resulted in altered synthesis of fruit volatiles, most notably a large increase in the amount of ethyl
acetate. Several ethyl esters, not detectable from control fruit, were present in headspace samples
collected from apples stored in 0.05% 02/0.2% CO; including ethyl propanoate, ethyl butyrate, ethyl
2-methylbutyrate, ethyl hexanoate, ethyl heptanoate, and ethyl octanoate. Theincrease in the emission
of these compounds was accompanied by a decrease in the amounts of other esters requiring the same

carboxylic acid group for synthesis.

INTRODUCTION

The organoleptic quality of apple fruit is dependent on
anumber of factors including firmness, texture, sweetness,
tartness, aroma, and flavor. Aroma and flavor are at-
tributable in part to volatile compounds produced as a
result of biosynthetic reactions occurring in the fruit
(Guadagni et al, 1971). The predominant volatiles
produced by apple fruit are indicative of the stage of fruit
development (Drawert et al., 1969; Sapers et al., 1977)
and are dependent on several factors including cultivar
(Kakiguchi et al., 1986), cultural conditions (Paillard,
1981), and previous storage environment (Patterson et
al., 1974; Willaert et al., 1983). Volatiles synthesized by
preclimacteric apples are primarily aldehydes (De Pooter
et al., 1987) whereas carboxy acid esters of aliphatic al-
cohols dominate the aroma from postclimacteric apples
(Flath et al., 1967; Drawert et al.,, 1969). Ethanol is
produced in ripening apples stored in air (Power and
Chestnut, 1920); however, metabolic activity favoring
production of ethanol increases during low-oxygen-induced
anaerobic respiration (Thomas, 1925). Fruit ethanol
concentration can increase several hundredfold depending
on the duration of anaerobic respiration and variety of
apple (Fidler, 1971; Patterson and Nichols, 1988).

Both physical and biochemical means of ethanol dis-
sipation from apples are possible following return to aerobic
metabolism. Ethanol is lost via evaporation (Cossins and
Turner, 1959) and also enters various metabolic pathways
to be converted to organic acids, amino acids, lipids, and
carbohydrates (Cossins and Beevers, 1963). Inapple fruit
tissue this metabolic process occurs at a slow rate compared
to that in carrot disks, pea cotyledons and shoots, castor
bean endosperm, corn coleoptiles, potato tubers, and corn
shoots (Cossins and Beevers, 1963). Aliphatic alcohols
can also serve as substrates for ester synthesis in post-
climacteric apples. Ethyl acetate as well as acetaldehyde
was synthesized by Cox’s Orange Pippin apples exposed
toethanol vapors (Knee and Hatfield, 1981), and additional
volatile ethyl esters were identified from Delicious apples
following a similar treatment (Berger and Drawert, 1984).

Many apple cultivars are stored commercially for
extended periods under refrigerated controlled atmosphere
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conditions. Typically oxygen islowered to 1-3% and CO,
is allowed to accumulate to 1-3% depending on the cul-
tivar being stored. Occasionally, technical problems in
these facilities allow O3 concentrations to fall below the
Pasteur point and anaerobic metabolism is induced.
Accumulation of ethanol and acetaldehyde can lead to
development of off-flavors (Fidler and North, 1971).
Dissipation of abnormally high amounts of ethanol and
acetaldehyde is therefore essential to preservation of
optimal fruit quality of apples.

Periods of anaerobiosis alter the senescence processes
in apples and other fruits (MacLean et al., 1969; Itamurs,
1986; Kelly and Saltveit, 1988). Because fruit volatile
synthesis is altered during ripening and senescence, an
investigation of apple volatiles produced after an extended
period of anaerobiosis and subsequent recovery in air was
conducted.

MATERIALS AND METHODS

Fruit Storage. Delicious apples were obtained from a local
commercial warehouse after 4 or 5 months of controlled atmo-
sphere (CA) storage (1.1% 03/1.0% CO,, 0.5 °C). Initial volatile
samples were taken prior to imposition of the CA treatments. CA
treatments were applied in 70-L aluminum chambers fitted with
Plexiglas doors. Apples were stored at 1.5% 0:/2.0% CO.
(control) or 0.05% 0,/0.2% CO, (anaerobic). Desired atmo-
spheres were achieved within 2 days of sealing the chambers. O,
and CO; concentrations in the chambers were measured by
utilizing an electrochemical O; analyzer and an infrared gas
analyzer for CO,. Gas concentrations were adjusted by a
microcomputer-controlled chamber monitoring system with N,
air, and CO; supplied from compressed gas cylinders. Storage
temperaturewas 1 °C. Fruitsfrom all treatments (initial, control,
anaerobic) were sampled after 1 and 7 days of ripening at 20 °C
in air. Apples were removed from storage after 15 or 30 days;
volatile analyses for apples stored for 30 days indicated qualitative
similarities but quantitative increases from applesstored 15 days.
Therefore, results of volatile analyses of fruit stored 30 days are
reported.

Volatile Analysis. Apple samples (1 kg) were placed into
glass jars (4 L) and sealed by using Teflon lids with two gas ports.
Qualitative and quantitative volatile data were obtained by
sampling intact fruit to avoid generation of volatiles in response
to disruption of tissues (Takeoka et al., 1988). Compressed air,
purified by flowing through a column containing potassium per-
manganate, activated charcoal, calcium hydroxide, and molec-
ular sieve, was passed through the jars at 150 mL min-! for 30
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Table I. Volatiles Detected in Headspace Samples Collected from Whole Delicious Apples*

nL kgt hl
initial 1.5% Oq 0.05% O

peak volatile R;, min day 1 day 7 day 1 day 7 day 1 day 7
1 acetone 7.3 1.05 0.91 0.29 0.31 0.21 0.38
2 ethyl acetate 9.3 0 0 0.10 0.17 26.65 16.50
3 ethyl propanoate 12.2 0 0 0 0 0.93 0.85
4 propyl acetate 13.1 0 0 0 0.06 0.28 0.24
5 ethyl butyrate 16.1 0 0 0 0 1.50 0.83
6 ethyl 2-methylbutyrate 16.9 0 0 0 0 2.78 1.99
7 butyl acetate 17.9 0.26 0.89 0.13 0.20 0.21 0.21
8 hexanal 18.3 0.84 0.81 0 0.14 0.04 0.24
9 2-methylbutyl acetate 20.1 2.47 2.08 1.71 2.89 0.65 2.70
10 1-butanol 21.5 0.08 0.05 0.04 0.05 0.07 0.09
11 pentyl acetate 22,5 0.06 0.04 0.03 0.04 0.03 0.03

12 heptanal 23.0 0.34 0.32 0 0 0 0
13 2-methyl-1-butanol 24.0 0.29 0.21 0.20 0.27 0.18 0.44
14 butyl butyrate 24.7 0.06 0.06 0.04 0.09 0.02 0.02
15 butyl 2-methylbutyrate 24.8 0.03 0.04 0.01 0.08 0 0.03
16 ethyl hexanoate 24.9 0 0 0 0 0.64 0.34
17 hexyl acetate 26.4 0.60 0.25 0.40 0.31 0.34 0.21
18 octanal 274 0.13 0.25 0 0.05 0 0.05
19 ethyl heptanoate 28.6 0 0 0 0 0.01 0.01
20 6-methyl-5-hepten-2-one 28.7 0.08 0.10 0.04 0.04 0.04 0.02
21 hexyl propanoate 28.8 0 0 0 0.05 0 0.01
22 1-hexanol 29.2 0.05 0.02 0.03 0.02 0.02 0.01
23 nonanal 30.7 0.27 0.46 0.01 0.22 0.02 0.08
24 hexyl butyrate 31.2 0.17 0.07 0.08 0.15 0.01 0.04
25 hexyl 2-methylbutyrate 31.6 0.41 0.08 0.12 0.25 0.03 0.13
26 ethyl octanoate 319 0 0 0 0 0.13 0.08
27 decanal 33.9 0 0.51 0.12 0.14 0.11 0.12
28 benzaldehyde 34.8 0.04 0.02 0.01 0.01 0.02 0.01
29 hexyl hexanoate 36.6 0.42 0.20 0.19 0.25 0.08 0.15
sum 7.66 7.36 3.57 5.83 34.99 25.82
esters 4.48 3.7 2.81 4.54 34.28 24,37
aldehydes 1.62 2.35 0.14 0.56 0.19 0.50
alcohols 0.42 0.28 0.27 0.34 0.27 0.54
ketones 1.13 1.01 0.33 0.35 0.25 0.40

¢ Values are averages of three 1-kg replicates/treatment. Volatile compounds were analyzed by GC-MS following collection using 50 mg
of Tenax GC packed into 10-cm glass tubing. Apples were sampled prior to imposition of CA treatments (initial) and after 1 and 7 days in
air at 20 °C following removal from 30 days of storage at 1 °C in 0.05% 0 0.2% COz or 1.5% 02 2.0% COs,.

min and then decreased to 100 mL min! for 5 min prior to
sampling. The volume of headspace collected from each repli-
cation was 250 mL.

Volatiles were collected by using traps consisting of glass tubing
(10 cm) packed with 50 mg of Tenax TA. Tenax was conditioned
prior to use by Soxhlet extraction with methanol for 8 h and
subsequent heating at 250 °C for 30 min with a flowing stream
of nitrogen at 60 mL minl. After collection, volatiles were
introduced into a GC-MS system via thermal desorption and
cryofocusing (Farwell et al., 1979). Each trap was inserted into
a carrier gas loop constructed from Teflon-lined stainless steel
tubing, Cajun screw-type fittings, and a six-port Hamilton
switching valve. Volatiles were desorbed from the trap with a
hot air gun at 300 °C, and a 1-m section of fused silica capillary
glass tubing was used as a cryoloop inserted into a Dewar of
liquid N;. Following desorption and cryofocusing, volatiles were
introduced to the GC by exchanging the liquid N; Dewar for a
container of hot (100 °C) water. A Hewlett-Packard 5890A-
5971A GC-MSD system equipped with a DB-Wax column (J&W
Scientific, 60 m, 0.25-um i.d., 0.25-um film thickness) was used
for analysis. Conditions for chromatography were initial oven
temperature 35 °C held for 5 min, increased to 50 °C at 2 °C
min-!, increased to 200 °C at 5 °C min! and held for 5 min.
Linear gas velocity for He carrier was 30 cm s-1. Mass spectra
were obtained by electron ionization at 70 eV. Transfer line and
ion source temperatures were 280 and 180 °C, respectively.
Spectra were recorded via a Hewlett-Packard 59970C Chem-
station. Initial identification was made by matching against the
Wiley/NBS library. Confirmation of identification was made
by comparison of sample retention times and spectra with those
of standards. Quantification was accomplished by using selected
ion monitoring for base peaks and comparing abundance values
with those for standards of known concentration.

Ethanol and acetaldehyde were measured according to a head-
space method (Lidster et al., 1985). These compounds are not
known to be produced in response to wounding and allowed
calculation of tissue concentrations rather than rates at which
individual volatile compounds evaporated from intact fruit (Knee
and Hatfield, 1976). Individual apples were sectioned and placed
into a 1-L jar with a septum in the lid. Following a 2-h
equilibration period, 1-mL headspace samples were injected into
a GC (Hewlett-Packard 5880) with a 0.6-m packed column (3.2-
mm i.d., Poropak Q). Temperatures for oven, injector, and FID
were 120, 200, and 250 °C, respectively. Flow rates for Ny, H,
and air were 30, 25, and 300 mL min!, respectively.

Duplicate experiments were conducted, and similar results
were obtained. Values reported are averages from the second
experiment.

RESULTS

Volatile samples taken prior to the imposition of CA
treatments contained 19 compounds other than ethanol
and acetaldehyde (Table I). These compounds consisted
of nine esters, five aldehydes, three alcohols, and two
ketones. Esters were most prevalent on a concentration
basis.

Ethanol and acetaldehyde concentrations increased over
the 30-day storage period in 0.056% O (Figures 1 and 2).
Applesstoredin 1.5% O did not exhibit a similar increase.
Concentrations of both ethanol and acetaldehyde in fruit
previously stored at 0.05% O; declined following 7
additional days of room temperature storage (Figures 1
and 2) but remained in excess of that of 1.5% O stored
fruit.
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Figure 1. Amount of ethanol in apples stored under low-oxygen

atmospheres. Apples were stored under 0.05% 02/0.2% CO; or

1.5% 02/2.0% CO,, removed from controlled atmosphere cham-

bers after 2 or 4 weeks, and analyzed after 1 or 7 days in air at

30 °C(. §).05% 0,, 1 day (0), 7 days (@); 1.5% Oz, 1 day (v), 7
ays (¥).
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Figure 2. Amount of acetaldehyde in apples stored under low-
oxygen atmospheres. Apples were stored under 0.05% 0:/0.2%
COz0r 1.5% 02/2.0% CO., removed from controlled atmosphere
chambers after 2 or 4 weeks, and analyzed after 1 or 7 days in
air at 20 °C. 0.05% Oy, 1 day (O), 7 days (@); 1.5% O,, 1 day
(¥), 7 days (¥).

Considerable alterations in the predominant volatiles
were observed following 30 days of storage in 0.05% O,
(Table I). A marked increase in the number and amount
of ethyl esters was measured from anaerobic fruit, ethyl
acetate being the most prevalent. Several ethyl esters
were detected from anaerobic apples that were not found
fromthe CA controlor the initial samples. Theseincluded
ethyl propanoate, ethyl butyrate, ethyl 2-methylbutyrate,
ethyl hexanoate, ethyl heptanoate, and ethyl octanoate.
Propyl acetate and hexyl propanoate were detected from
the CA treatment after 7 days of ripening following removal
from storage. A decrease in several esters identified
initially was observed from anaerobic apples including the
predominant volatile 2-methylbutyl acetate as well as bu-
tyl butyrate and hexyl butyrate. When both storage
treatments were compared to the initialsamples, a decrease
in the emission of Cg—C;¢aldehydes, acetone, and 6-methyl-
5-hepten-2-one was observed. The total amount of these
compounds detectable from intact apples following both
storage treatments did not approach levels from the initial
sampling even after an additional 7 days of ripening at
room temperature.

DISCUSSION

Because intact fruits were used, actual tissue concen-
trations of volatiles were not measured (Knee and Hat-
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field, 1976). Apple fruits have previously been demon-
strated to metabolize exogenously applied ethanol to
acetaldehyde and a variety of esters (Berger et al., 1984;
Knee, 1981). Bartley et al. (1985) identified ethyl acetate
as the major ester produced following ethanol treatments
of intact apples. The 0.05% oxygen storage treatment
resulted in a large accumulation of ethanol in our exper-
iment. This resulted in the production of substantial
amounts of ethyl acetate and several other ethyl esters
not detectable prior to the storage treatments or after
storagein 1.5% O,. Apparently the large quantity of fruit
ethanol produced in response to anaerobiosis is sufficient
to displace other alcohols in reactions with the ester
forming enzyme(s). Thisisevidentinthereduced amounts
of butyl butyrate, butyl 2-methylbutyrate, hexyl acetate,
hexyl butyrate, hexyl 2-methylbutyrate, and hexyl hex-
anoate. All declined in headspace collected from anaer-
obic apples (Table I) while the corresponding ethyl ester
increased from nondetectable levels. The decrease in bu-
tyl and hexyl esters emanating from fruit previously stored
under anaerobic conditions, also noted by Berger and
Drawert (1984) following treatment of apples with eth-
anol vapors, illustrates the competitive nature of acyl es-
terification.

The lack of several of these ethyl esters, particularly
ethyl 2-methylbutyrate, in the initial and CA samples is
also indicative of fruit previously stored in CA. Fruits
used in these experiments were obtained from local
commercial warehouses and had previously been stored
under CA conditions. Lack of volatile synthesis by apples
following extended CA storage is a well-documented
phenomenon (Guadagni et al., 1971; Patterson et al., 1974)
and would account for the lack of considerable ester
production by these fruits at the initial sampling. A large
increase in the endogenous levels of fruit alcohol, primarily
ethanol, resulted in a corresponding increase in fruit ester
synthesis. Following an examination of the metabolism
of exogenous alcohols by apple fruit, Knee (1981) concluded
that the lack of ester production in CA-stored apples was
due to a lack of fruit alcohol. The increase in ester
production following induction of anaerobiosis in these
studies is likely due to the large increase in ethyl alcohol.

Another consequence of anaerobic storage was a decrease
in the amount of aldehydes (other than acetaldehyde) and
ketones present in headspace samples (Table I). The
concentration of aldehydes was also lower in the CA
treatment. Apples used in these experiments were ob-
tained from a local warehouse and had been removed from
CA and stored in regular cold storage for an unknown
period prior to our use. Cold storage in air may have
resulted in a greater accumulation of aldehydes and
ketones than was subsequently observed following the low-
oxygen treatments. De Pooter et al. (1984) reported al-
dehydes applied as vapors to intact apples were oxidized
to the corresponding carboxylic acid in addition to
conversion to alcohols. Acetaldehyde can be converted to
acetate via acetyl CoA during fermentation; this conversion
would allow acetate to be available for subsequent ester
formation and would prevent disruption of ester synthesis
due to lack of acetate. Conversion to esters would also be
an additional route for depletion of acetaldehyde from
fruit tissue in addition to evaporation and oxidation.

Volatile samples were collected from intact fruit to
minimize generation of compounds due to disruption of
tissues. Although samples collected in this manner do
not necessarily reflect actual apple tissue concentrations
(Knee and Hatfield, 1976), the data provide information
that may be useful in the performance of nondestructive
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analysis of large lots of apples to determine if exposure to
conditions promoting anaerobic metabolic activity has
previously occurred.

An increase in fruit ethanol concentration and the
number and amounts of ethyl esters was observed following
anaerobic storage of Delicious apples. Following 7 days
of ripening at 20 °C after removal from storage, the amount
of residual ethanol was reduced. In addition to oxidation
and diffusion out of the fruit, ethanol was also dissipated
via conversion to esters (and acetaldehyde) that are
sufficiently volatile to evaporate out of apples to the
surrounding atmosphere.
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