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Abstract Typical apple {Malus domestica Borkh.)
flavour develops during ripening. Maximum endog-
enous volatile concentration occurs at the climacteric
peak but it is not known whether the volatile
biosynthetic enzymes are constitutive or induced dur-
ing the climacteric. Exposing apples to hypoxic con-
ditions induces accumulation of high concentrations
of acetaldehyde and ethanol; after return to air ethyl
esters are enhanced and non-ethyl esters decrease.
There are differences in degree of ethyl ester enhance-
ment among cultivars. These may be because of: dif-
ferential activity or synthesis of alcohol acyl CoA
transferase (AAT) or alcohol dehydrogenase (ADH);
separate iso-forms of AAT and ADH each with their
own substrate specificity; variation in alcohol precur-
sors in different cultivars; or a combination of all three.
Volatile production is greater at higher temperatures
in the range from 0 to 30°C but exposure to low tem-
peratures (<3°C) for more than 3 months decreases
production. Temperature influences the production of
specific volatiles with some compounds only being
produced at certain temperatures. It is not known how
temperature will affect volatile production after expo-
sure to hypoxia. It is suggested that the enhanced vola-
tile production that occurs in apples following an
hypoxic treatment might overcome or reverse the de-
creases that are induced by low temperatures and con-
trolled atmosphere (CA) storage. The use of hypoxia
to enhance volatile concentrations may be a beneficial
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side effect when such treatments are used for disinfes-
tation purposes. It is possible that given equal efficacy,
hypoxia could be either preferred or used as an adjunct
to heat treatments to eradicate insects. In addition
hypoxic treatment of fresh fruit could induce signifi-
cant increases in volatile concentrations that could be
used in production of high quality essences from ap-
ple juice.

Keywords Malus domestica Borkh,; hypoxia;
temperature; maturity; volatile biosynthesis; ethyl
esters; flavour enhancement; disinfestation; storage;
fruit quality; apple juice

INTRODUCTION

Fresh apple (Malus domestica Borkh.) exports from
New Zealand comprise c. 7% of world trade in this
fruit (Steele 1995). Although New Zealand apples
are considered to be of premium quality in overseas
markets, consumers are increasingly demanding that
stored apples more closely match the appearance,
taste, and texture of freshly harvested fruit. This
represents a particular challenge for New Zealand
apple exporters because of long distances to principal
markets in Europe and North America. Controlled
atmosphere (CA) storage has attracted considerable
use worldwide for apple storage for better
maintenance of fruit quality. One drawback of both
CA and long-term air storage is the loss of acceptable
apple flavour and aroma (Bangerth & Streif 1987).

Until the late 1970s most research on aroma and
flavours of apple fruit concentrated on identifying
volatiles produced by ripening fruit (Tressl et al.
1975). Recent reviews have discussed the biochemi-
cal origin of aroma volatiles and improvements in
methods for separation and identification of volatile
compounds, often in trace amounts of a few parts per
million (Dimick & Hoskin 1983; Yahia 1994; Sanz
et al. 1997). These new methods have allowed re-
searchers to examine in more detail biosynthetic
pathways and control mechanisms in the synthesis
and subsequent accumulation and release of volatiles
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from apples. This is resulting in a better understand-
ing of how biochemical and environmental factors
influence aroma and flavour of apple fruit (Yahia
1994). Increased interest in non-chemical pre-treat-
ments to preserve or improve apple fruit quality, and
as disinfestation treatments, has highlighted deficien-
cies in our knowledge of factors that affect
postharvest apple flavour development. The follow-
ing review summarises knowledge of the composi-
tion of apple volatiles, how they are synthesised and
how postharvest factors and exposure to hypoxia
together affect volatile concentration.

Apple volatiles
Fruit aroma is a complex mixture of a large number
of volatile compounds that contribute to the overall
sensory quality of fruit specific to species and
cultivar (Sanz et al. 1997). Over 300 volatile com-
pounds have been measured in the aroma profile of
apples. These compounds include alcohols, alde-
hydes, carboxylic esters, ketones, and ethers (Dimick
& Hoskin 1983). About 20 of these chemicals are
"character impact" compounds (Table 1\ Such com-
pounds have a range of aroma thresholds (Table 2).
Some are present in very low concentrations and
contribute potent aroma characteristics typical of
apple aroma/flavour (e.g., ethyl-2-methyl butanoate
(Flath et al. 1967)). Others contribute to aroma in-
tensity (e.g., /ra«5'-2-hexenal) or are related to aroma
quality (e.g., ethanol) (Durr & Schobinger 1981).

Volatile compounds identified in apple aroma

Extensive lists of volatiles extracted from apples and
apple essences have been compiled (Dimick &
Hoskin 1983; Paillard 1990). Although there is a
great range of compounds in the volatile profile of
apples, the majority are esters (78-92%) and
alcohols (6-16%) (Paillard 1990). The most abun-
dant compounds are even numbered carbon chains
including combinations of acetic, butanoic, and
hexanoic acids with ethyl, butyl, and hexyl alcohols
(Paillard 1990). Higher molecular weight volatiles,
often with one or two hydrophobic aliphatic chains,
are likely to be trapped by skin waxes and are gen-
erally not found in the headspace (Paillard 1990).

Apple aroma in different cultivars
Most aroma compounds, in variable proportions, are
present in volatile emissions from most apple
cultivars but there appear to be no key characteris-
tic compound for any given cultivar (Cunningham
et al. 1986; Paillard 1990). Notwithstanding this,
large sensory differences in flavour and aroma exist

among cultivars (Poll 1981; Cunningham et al.
1986). A taste panel assessment of pasteurised ap-
ple juice from 18 apple cultivars for aroma and taste
after 6 months of storage at 10°C showed that panel-
lists preferred cultivars with strong aroma and "char-
acteristic" apple taste rather than juices with weak
aroma and "uncharacteristic" apple taste (Poll 1981).

Apple volatile production has been categorised
according to: type and quantity of esters or alcohols
(Dirinck & Schamp 1989; Paillard 1990), aroma pro-
duction pattern (Dirinck & Schamp 1989), skin col-
our (Paillard 1979), or C6 aldehydes (Paillard 1990).
Ester type cultivars are categorised according to types
of esters: acetate ester types ('Calville Blanc', 'Golden
Delicious'), butanoate ester types ('Belle de Boskoop',
'Canada Blanc', 'Richared'), propanoate ester types
('Reinette du Mans', 'Richared', 'Starking'), and
ethanolic ester types ('Starking') (Paillard 1990).
Yellow-skinned cultivars have been reported to pro-
duce mainly acetic acid esters and red-skinned
cultivars mostly butyric acid esters (Paillard 1979).
High concentrations of hexyl acetate and butyl acetate
were considered to characterise 'Cox's Orange Pip-
pin', 'Elstar', 'Golden Delicious', 'Jonagold' and
'Jublie Delbar', with 'Granny Smith', 'Nico',
'Paulared', and 'Summerred' being characterised by
high concentrations of ethyl butanoate and hexan-1-
ol and 'Boskoop' and 'Jacques Lebel' characterised
by a-famesene and hexyl 2-methyl butanoate (Dirinck
& Schamp 1989). Concentration of C6 aldehydes for
'Cox's Orange Pippin' and 'Jonathan' apples was 4—
5 times that of' Golden Delicious' for hexanal and 100-
fold more for /ra/w-2-hexenal (Paillard 1990). Apple
cultivars also differ in concentrations of other volatiles
such as 4-methoxyllylbenzene (a spice-like aroma
compound, according to an English sensory panel)
which can constitute up to 0.27% of headspace
volatiles in some cultivars (Williams et al. 1977).

Biogenesis of volatiles
As volatiles are comprised of at least five chemical
classes there are several pathways involved in volatile
synthesis. These have not been fully described but
appear to be common for different fruits. Volatiles
important for aroma and flavour are synthesised from
amino acids, membrane lipids and carbohydrates (Sanz
et al. 1997). In apple aroma, the majority of volatiles
are esters, the formation of which is dependent on
availability of C2-C8 acids and alcohol (Paillard 1979;
De Pooter et al. 1981; Knee & Hatfield 1981). Sites
of volatile biosynthesis within cells are not known,
although lipoxygenase occurs at a membrane site in
tomatoes (Riley et al. 1996).
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Table 1 Important apple (Mains domestica) volatile compounds and their sensory descriptions.
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Compound

Aldehydes
acetaldehyde
/ra/w-2-hexenal

hexanal

Alcohols
butan-1-ol

hexan-1-ol
/ram--2-hexenol

Esters
butyl acetate

pentyl acetate

hexyl acetate

2 methyl butyl acetate

ethyl butanoate

ethyl-2-methyl butanoate

4-methoxyallyl benzene
methyl-2-methyl butanoate
propyl-2-methyl butanoate
butyl-2-methyl butanoate
hexyl-2-methyl butanoate
butyl hexanoate
hexyl propanoate
butyl butanoate
butyl propanoate
hexyl butanoate
hexyl hexanoate

Sensory description

green/sharp
green/sharp
overall intensity
green apple
harmonious, fruity
green/sharp, earthy
overall intensity
good, green apple
grass like

overall flavour, aroma,
sweet aroma

earthy, unpleasant
harmonious, fruity

red apple aroma
Cox-like aroma
harmonious
nail polish
banana like
apple, fruity
Gala
red apple aroma
characteristic apple
Cox-like aroma
ripe Golden Delicious
sweet fruity, apple
Gala, ripe, pear
overall aroma,
characteristic apple

solvent
banana like
fruity, estery
harmonious, fruity
fruity
apple like
sweet strawberry
spicy, aniseed
sweet fruity
very sweet, strawberry
fruity, apple
apple, grapefruit
green apple
apple
rotten apple, cheesy
fruity, apple
apple
apple

Cultivar

Golden Delicious
Golden Delicious
Mclntosh
Delicious
many
Golden Delicious
Mclntosh
Delicious
many

Royal Gala, Golden
Delicious

Golden Delicious
many

Royal Gala
Cox's Orange Pippin
many
Gala
Cox's Orange Pippin
Golden Delicious
Gala
Royal Gala

Cox's Orange Pippin
Golden Delicious

Royal Gala

Gala
Cox's Orange Pippin
Golden Delicious
many
Golden Delicious
Delicious
Gala
many
Gala
Gala
Gala
Gala
Gala
Gala
Gala
Gala
Gala
Gala

Reference

Rizzoloetal. (1989)
Rizzoloet al. (1989)
Panasiuketal. (1980)
Flathetal. (1969)
Duerr(1979)
Rizzoloetal. (1989)
Panasiuketal. (1980)
Flathetal. (1969)
Duerr(1979)

Young etal. (1996);
Rizzoloetal. (1989)
Rizzoloetal. (1989)
Duerr(1979)

Young etal. (1996)
Williams & Knee (1977)
Duerr(1979)
Plotto(1998)
Williams & Knee (1977)
Rizzoloetal. (1989)
Plotto(1998)
Young etal. (1996)

Williams & Knee (1977)
Rizzoloetal. (1989)

Plotto(1998)
Young etal. (1996)

Plotto(1998)
Williams & Knee (1977)
Rizzoloetal. (1989)
Deurr(1979)
Rizzoloetal. (1989)
Flathetal. (1967)
Plotto(1998)
Williams etal. (1977)
Plotto(1998)
Plotto(1998)
Plotto(1998)
Plotto(1998)
Plotto(1998)
Plotto(1998)
Plotto(1998)
Plotto(1998)
Plotto(1998)
Plotto(1998)
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Fatty acids
Fatty acids are major precursors of aroma volatiles
in most fruit (Sanz et al. 1997). The biosynthetic
pathways involved include P-oxidation, hydroxyacid
cleavage (leading to lactones), and lipoxygenase to
form aldehydes, ketones, acids, alcohols, lactones,
and esters from lipids (Heath & Reineccius 1986).
Aroma volatiles in intact fruit are formed via the (3-
oxidation biosynthetic pathway, whereas when fruit
tissue is disrupted, volatiles are formed via the
lipoxygenase pathway (Schreier 1984).

Flavour and aroma characteristics of apples develop
during ripening after harvest (Tressl & Drawert 1973;
Tressl et al. 1975). As apples ripen, rates of lipid syn-
thesis and membrane fluidity increase (Bartley 1985)
as does lipoxygenase activity in disrupted tissue of
riper fruit (Wooltorton et al. 1965). Pulp of 'Cox's
Orange Pippin' apples contains mostly phospho-,
galacto, and steryl lipids that are composed mostly of
linoleic and linolenic acids (c. 50% and 10-25% of
total lipid respectively) (Galliard 1968). The propor-
tion of linolenic acid in lipids of post-climacteric apples
is lower than in pre-climacteric apples. Lower linolenic
acid concentrations are associated with plastid struc-
tures, and result from decreased concentrations of

monogalactosyl diglyceride, digalactosyl diglyceride,
and phosphatidal glycerol and not a change to the fatty
acid distribution of individual lipids (Galliard 1968).
Decreases in chlorophyll concentration were observed
to occur with decreases in lipids, which agrees with
the observation that during apple ripening chloroplasts
break down (Galliard 1968). Chloroplast breakdown
could therefore provide the major source of linoleic and
linolenic fatty acids for volatile biosynthesis in fruit.

/3-oxidation

Studies using radio-labelled substrates and precur-
sors with pears (Jennings 1967), bananas (Tressl &
Drawert 1973), and apples (Paillard 1979; Bartley
et al. 1985), have established that P-oxidation of fatty
acids is the primary biosynthetic process providing
alcohols and acyl co-enzyme A (CoA) for ester for-
mation (Sanz et al. 1997). Substrate feeding
experiments with 'Golden Delicious' apples using
C1-C6 aldehydes, or C2-C6 carboxylic acid vapours
(De Pooter et al. 1983; De Pooter et al. 1987), in-
duced increases in esters typical of those expected
for p-oxidation of the added compounds (De Pooter
etal. 1981, 1982). Similar experiments with 'Cox's
Orange Pippin' apples, using methyl esters of short

Table 2 Aroma threshold values of important volatile compounds in apples (Malus domestica).

Compound Threshold (ml litre"1) Reference

Aldehydes
acetaldehdye
hexanal
mm?-2-hexenal

Alcohols
ethanol
propan-1 -ol
butan-1-ol
hexan-1-ol
2 methyl butan-1 -ol

Esters
ethyl acetate
propyl acetate
butyl acetate
pentyl acetate
hexyl acetate
ethyl butanoate
ethyl-2-methyl butanoate
ethyl propionate
ethyl pentanoate
ethyl hexanoate
propyl butanoate
2 methyl butyl acetate

0.015-0.12 Flath etal. (1967)
0.005 Paillard (1990)

0.001-0.017 Flath etal. (1967); Hatanaka (1993)

100-900 Teranishi et al. (1987)
40-9 Flath etal. (1967)

0.5 Flath etal. (1967)
0.15-0.5 Flath etal. (1967)

0.25 Buttery etal. (1973)

13.5-0.005 Takeoka et al. (1996); Teranishi et al. (1987)
2.0 Takeoka etal. (1996)

0.066 Takeoka et al. (1996); Teranishi et al. (1987)
0.043-0.005 Takeoka et al. (1996); Teranishi et al. (1987)
0.115-0.002 Takeoka et al. (1996); Teranishi et al. (1987)

0.001 Takeoka et al. (1995); Teranishi et al. (1987)
0.0001-0.000006 Flath et al. (1967); Takeoka et al. (1995); Teranishi et al. (1987)

0.01 Takeoka et al. (1995); Teranishi et al. (1987)
0.0015-0.005 Takeoka et al. (1995); Teranishi et al. (1987)

0.001 Takeoka etal. (1995); Teranishi et al. (1987)
0.018 Teranishi etal. (1987)

0.011-0.005 Teranishi et al. (1987)
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chain C4-C8 fatty acids, resulted in esters with an
alkyl group of Cn-2, Cn-4 confirming the presence
of an active p-oxidation pathway in whole fruit
(Bartley et al. 1985). Perdeuterated linoleic acid fed
to 'Red Delicious' apples produced only C6
metabolites, implying that saturated ester volatiles
arise by P-oxidation, rather than peroxidation, of
fatty acid precursors (Rowan et al. 1997). Substrates
for ester biosynthesis may also be formed via oc-oxi-
dation (Tressl & Drawert 1973; Rowan et al. 1997).
Feeding dueterated cw-3-hexenal and trans-2-
hexenal to 'Red Delicious' apples resulted in a range
of labelled volatiles, including ethyl pentanoate and
pentyl acetate that could only result from a-oxida-
tion (Rowan et al. 1997).

Fatty acid acyl-CoA derivatives are converted to
shorter chain acyl-CoAs by losing two carbons in
every round of the p-oxidation cycle, requiring flavin
adenine dinucleotide (FAD), nicotinamide adenine
dinucleotide (NAD), and free CoA. Acyl CoAs are
reduced by acyl CoA reductase to aldehyde that in
turn is reduced by alcohol dehydrogenase (ADH) to
alcohol for use by alcohol acyl CoA transferase
(AAT) to produce esters (Bartley et al. 1985).
Bartley et al. (1985) proposed that varietal
differences in volatile composition of apples depend
on the specific activities of P-oxidation enzymes, that
will influence for example, the rate of transformation
of butanoate to acetate (Paillard 1979).

Lipoxygenase (LOX)

When fruit are homogenised, linoleic and linolenic
acid are oxidised to various C6 and C9 aldehydes
(Drawert 1975; Galliard & Matthew 1977; Lea 1995).

These volatiles reach maximum concentration in the
first 10-30 min after homogenisation (Drawert et al.
1986). Such C6 aldehydes are responsible for the
"green" odour notes in plant aroma (Hatanaka 1993).
In intact fruit, enzymes in the lipoxygenase (LOX)
biosynthetic pathway and their substrates have
different subcellular locations, preventing formation
of volatile compounds (Sanz et al. 1997). During
ripening, cell walls and membranes may become more
permeable, allowing the LOX pathway to become
active without tissue disruption (Sanz et al. 1997).
Lipoxygenase activity of'Schone van Boskoop' apples
was greatest during the climacteric peak. 'Golden
Delicious' apples metabolised linolenic acid more
readily than linoleic acid (Kim & Grosch 1979).
'Golden Delicious' apples treated with hexanal and
hexanoic acid vapours had increased hexyl, butyl, and
ethyl esters (De Pooter et al. 1983). Therefore, the LOX
biosynthetic pathway has the potential to provide
substrates for ester production (De Pooter et al. 1983).
If the LOX biosynthetic pathway were active during
ripening, it would act as an alternative to P-oxidation
of fatty acids.

Amino acids

Branched chain alcohols, carbonyls, and esters are
produced by metabolism of the amino acids valine,
leucine, iso-leucine, alanine, and aspartic acid (Heath
& Reineccius 1986; Sanz et al. 1997). Varying
concentrations of free amino acids could account for
different concentrations of branched chain volatiles in
fruit; for example, during ripening of banana fruit, L-
leucine and L-valine increased 3-fold while other
amino acids remained constant (Tressl & Drawert

Table 3 Relative activity of alcohol dehydrogenase to acetaldehyde for aldehydes and to ethanol for alcohols of
Cox's Orange Pippin apples (Malus domestica) and Carignane grapes (Vitus vinifera) (adapted from Bartley &
Hindley (1980); Molina et al. (1987)).

Aldehyde

acetaldehyde
propanal
butanal
2-methylpropanal
pentanal
hexanal
/ra/w-2-hexenal

% activity of ADH
Apple

100.0*
30.1
37.2
4.3

31.1
5.7
7.2

Grape

100.0

63.0
6.3

Alcohol

methanol
ethanol
propan-1-ol
propan-2-ol
butan-1-ol
2-methylpropan-1 -ol
pentan-1-ol
hexan-1 -ol
trans-2-hexen-1 -ol

% activity
Apple

0.0
100.0+

44.7
8.5

45.0
0.0

19.1
18.3

121.3

of ADH
Grape

100.0
31.0

64.0

117.0

*100% activity equivalent to 0.21 mmol NADH oxidised min ' £
activity equivalent to 0.03 mmol NAD reduced min"1 g~'

~' tissue,
tissue.
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1973). Amino acids are converted to branched chain
alcohols and esters in post-climacteric banana slices
and may involve enzymes from three biosynthetic
pathways: aminotransferase, decarboxylase, and ADH
(Sanz et al. 1997). Iso-leucine is considered to be the
biosynthetic precursor of 2-methyl butanoic acid and
its esters in apples (Paillard 1990). Deuterated iso-
leucine was metabolised by 'Red Delicious' apples to
2-methyl butan-1-ol and to 2-methyl butyl and 2-
methyl-2-butenyl esters, whereas 'Granny Smith'
apples produced ethyl-2-methyl butanoate almost
exclusively (Rowan et al. 1996). Different ratios of
amino acid conversion to volatiles, in particular the
differential rates of metabolism of leucine and iso-
leucine, occur in 'Braeburn', 'Granny Smith', 'Fuji',
'Red Delicious', and 'Royal Gala' apples (Rowan et
al. 1997). This suggests that different enzyme activity
and selectivity, rather than substrate availability of the
amino acid degradation pathway, determines the
concentration of branched chain esters for each
cultivar. Presence of labelled butyl and hexyl acetate
indicates that amino acids provide substrates for acetate
esters via pVoxidation (Rowan et al. 1997). As little is
known about the concentration and availability of
different amino acids during ripening and senescence
of apples further research is required to identify if
amino acid concentrations determine the type of
volatile compounds produced by apples during
ripening.

Aldehydes

Conversion of aldehydes to alcohols involves ADH
that catalyses oxidation of alcohols and reduction of
aldehydes with NAD and NADH as cofactors
(Bartley & Hindley 1980). Alcohol dehydrogenase
from 'Cox's Orange Pippin' apples has optimal
activity at pH 5.5-6.0 when reducing acetaldehyde
and pH 7.0-10.0 when oxidising ethanol. It has a 13-
fold higher affinity for acetaldehyde than ethanol in
apples (Bartley & Hindley 1980) and is the preferred
reaction in grapes (Molina et al. 1987). Although
ADH in apples is active on a wide range of aldehyde
compounds, substrate affinity for compounds longer
than C2 carbon chain aldehydes and alcohols is
greater for straight chain than for branched chain
compounds (Table 3).

Esters

Esters form the largest group of volatile compounds
produced by fruit, but the ester biosynthetic pathway
is not fully understood. Few studies have investi-
gated detailed biochemical aspects of ester forma-
tion in contrast to P-oxidation or LOX breakdown

of fatty acids. Ester production in fruit tissue is the
result of esterification of alcohols, carboxylic acids,
and acyl CoAs in an oxygen dependent reaction
(Drawert & Berger 1983) and is considered to be the
most active in epidermis (Berger et al. 1992). There
are some similarities between substrate specificity
of AAT enzymes from different fruits. Optimal tem-
perature for maximum activity is c. 30°C, pH range
is 7-8.5, sulfydryl groups are essential for activity.
Activity is linked to lipid metabolism in micro-
organisms (Sanz et al. 1997). However, ester form-
ing enzymes in yeasts are localised in the cell mem-
brane (Yoshioka & Hashimoto 1981) whereas in
banana AAT may be localised in the cytoplasm
(Harada et al. 1985). The mixture of esters produced
in different fruits depends on the activity and
substrate specificity of AAT. Strawberry AAT has
greater activity with straight-chain alcohols than with
branched chain alcohols of the same carbon number,
with acetyl CoA and hexan- l-ol being the preferred
substrates (Perez et al. 1993). Apples exposed to
atmospheres containing low molecular weight
alcohols ("Precursor Atmosphere Technology")
have enhanced concentration of esters with the cor-
responding alcohol moiety (Berger 1995).

Substrate specificity of AAT differs from fruit to
fruit and esterification of straight-chain alcohols is
preferred over branched-chain alcohols (Olias et al.
1995; Rowan et al. 1996). Such differences in pref-
erence for acyl CoAs and alcohols may determine
concentration of different esters in fruit aroma pro-
files. ' Jonagold' apples exposed to hexanal vapours
synthesised hexan-1 -ol and related volatiles such as
hexyl acetate, butyl hexanoate, and hexyl hexanoate,
whereas 'Golden Delicious' apples had a greater
capacity to convert hexanal to hexan-l-ol than
'Jonagold' apples (Song et al. 1996). In yeast AAT
activity is competitively inhibited in vitro by synthe-
sis of unsaturated fatty acids (Mauricio et al. 1993).
The relationship between lipid synthesis and ester
synthesis is not known for apples. Apples kept in low
oxygen storage conditions known to have reduced
fatty acid concentration, have a reduced pool of al-
cohol precursors (Brackmann et al. 1993). Activity
of AAT increases with advancing maturity and is
suppressed by atmospheres containing 0.5 and 1%
O2 (Fellman et af 1993b).

In addition to AAT, the enzyme esterase, which
convert esters to alcohols and carboxylic acids, may
have some synthetic capacity as well as its ability to
hydrolyse esters (Bartley & Stevens 1981; Sanz et
al. 1997). Therefore, ester synthesis in apple tissue
may be the sum of ester formation by AAT, reverse



Dixon & Hewett—Apple aroma/flavour volatile concentration 161

reaction of ester hydrolysis and ester hydrolysis
(Knee & Hatfield 1981). Apple juice has high
concentrations of alcohols and esters; for example,
'Cox's Orange Pippin' apple juice contains large
amounts of hexan-1-ol, butan-1-ol, and pentan-1-ol
and hexyl acetate, butyl acetate, and pentyl acetate
(Goodenough 1983). The high concentration of
alcohols may result from esterase activity which
increases during the climacteric (Goodenough 1983).

Ester biosynthesis is considered to be limited by
alcohol concentration (Gilliver & Nursten 1976;
Berger et al. 1992). Alcohol concentrations can
change the composition of volatiles emanating from
'Red Delicious' apple disks. High ethanol
concentrations promote formation of C8 compounds
or longer acyl moieties, whereas low ethanol
concentrations increase short chain acyl moiety
(Berger & Drawert 1984). Maximum production of
esters was achieved using butan-1-ol and pentan-1-
ol, the least using methanol and ethanol (Berger &
Drawert 1984). Addition of butan-1-ol increased
butyl acetate concentrations and butanoate esters of
all alcohol moieties indicating that alcohols were
being converted to butyl CoA. Ethyl and hexyl ester
synthesis was stimulated by ethanol and hexan-1-ol
at the expense of butyl esters, indicating that ester
formation in apple fruit is a competitive reaction
(Kollmannsberger & Berger 1992). 'Jonagold'
apples converted hexanal to hexan-1-ol immediately
after application of hexanal vapours to intact fruit
while increases in hexyl acetate took c. 5 h and
increases in esters with a hexyl acyl moiety took up
to 24 h (Song et al. 1996). This suggests that hexanal
is incorporated into fruit, first as an alcohol, then as
acetate ester, and is further metabolised into acyl
CoA compounds. This agrees with the proposition
that substrate availability rather than enzyme activity
limits volatile production in apples (Knee & Hatfield
1981; Songetal. 1996).

Effect of hypoxia on volatile concentration
Hypoxic treatments before storage
Exposure of fruit to hypoxic atmospheres for several
days has been investigated as an alternative non-
chemical insect disinfestation treatment to the
fumigant methyl bromide (Lay-Yee & Whiting
1996; Whiting et al 1996). Methyl bromide is a
greenhouse gas and its use is to be phased out by the
year 2001 in the United States and by 2010 in the
rest of the world (Anon. 1995, 1997). Warm
fumigation temperatures generally allow decreased
methyl bromide concentrations and/or decreased
fumigant exposure time to achieve insect kill, as the

target insect has increased metabolic activity and rate
of fumigant uptake (Paull & Armstrong 1994). A
disinfestation treatment using hypoxic atmospheres
at warm temperatures (>20°C) will kill insects faster
than hypoxic atmospheres at low (<5°C)
temperatures (Ke & Kader 1992).

The effect of exposure to hypoxia on apple qual-
ity at warm temperatures has been investigated by
Ampun (1997) who determined that exposure to
hypoxia induces substantial qualitative and quanti-
tative changes in concentration of volatiles thought
to be important in apple aroma. The type of com-
pounds enhanced included low odour threshold
volatiles such as ethyl-2-methyl butanoate and ethyl
butanoate which are of commercial significance to
the apple juice processing industry. The potential
exists to manipulate juice quality to meet particular
market demands by adding specific volatiles to juice
concentrates from cultivars that lack these com-
pounds. For example, ethyl-2-methyl butanoate
could be added to juice from 'Golden Delicious'
apples that contain relatively low concentrations of
this compound. It may also be possible to isolate
specific compounds for use as fragrances for per-
fumes and food additives (Ampun 1997).

Fruit held in air (c. 20% O2) are considered to be
in normoxic conditions where aerobic respiration
occurs. Anoxic conditions are those where total
absence of O2 prevents mitochondrial activity
(Ricard et al. 1994) whereas, hypoxic conditions are
those where O2 partial pressure limits mitochondrial
activity and fruit are predominantly respiring anaero-
bically (Pradet & Bomsel 1978). True anoxic con-
ditions are difficult to achieve in practice therefore
most experimental conditions reported as being an-
oxic are redefined as "deep hypoxia" (Roberts et al.
1992). Many hypoxic treatments applied to apples
(Table 4) would be considered as deep hypoxia.

Effect on general fruit quality

Apples maintained at low temperatures or in CA
have reduced softening as well as reduced CO2 and
ethylene production (Table 4) for longer than fruit
stored in air (Kader 1986) because of inhibitory
effects of high concentrations of CO2, acetaldehyde,
ethanol or low O2 concentrations on enzyme systems
within fruit. Fruit exposed to hypoxic atmospheres
ranging from 10 to 100% CO2, 50 to 100% N2, and
0 to 17% O2 in temperatures from -1.1 to 32°C and
durations of a few hours to 42 days will, depending
on the fruit: (1) have enhanced maintenance of
quality during storage (Eaves et al. 1968; Pesis et al.
1988; Pesis & Avissar 1989; Pesis et al. 1994); (2)


