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ABSTRACT 
Flavour is a major attribute determining consumer acceptance of apples and pears. Although flavour results from a complex combination 
of taste and odour, it is largely determined by the production of aroma volatiles, which gives fruit much of their perceived quality. 
Biosynthesis of aroma volatile compounds and its contribution to eating quality of fruit are very intricate. The final aroma profile of a 
fruit results from the properties of each individual compound as well as from a fine balance among all compounds emitted. In addition, 
the involved biosynthetic pathways are influenced by many pre- and post-harvest factors, including harvest maturity and post-harvest 
handling. Thus any change in this balance will cause alterations in the volatile profile and hence will give rise to modifications in fruit 
flavour and acceptability. Novel post-harvest technologies have focused mostly on appearance and decay resistance of fruit, and have 
often neglected flavour, despite the relevance of this attribute for sensory quality. For instance, controlled-atmosphere storage is known to 
decrease volatile production and thus to be detrimental to aroma. The low eating quality of these fruit results accordingly in consumer 
dissatisfaction, frequently preventing repeated purchases. This problem is exacerbated by the fact that the understanding of the 
fundamental mechanisms controlling changes in flavour is limited, and that many biochemical pathways determining this quality trait are 
still unknown. In order to minimise loss of flavour, a deeper knowledge of the involved pathways, mechanisms and factors is required. 
This review aims at summarising current information available on the production of aroma volatiles in apple and pear, and on how 
different factors affect the biochemical pathways involved in this process. 
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INTRODUCTION 
 
Apples (Malus × domestica Borkh.) and pears (Pyrus 
communis L.) are among the major classes of fruits in terms 
of world production. Sensory quality of fruit includes all 
those attributes (colour, flavour, texture) directly affecting 
enjoyment by the consumer. Attributes showing most influ-
ence on consumer acceptance in apple are texture and fla-
vour (Acree and McLellan 1988; Stow 1995), the latter 
being the result of a complex mixture of stimuli in which 
both taste and smell are involved. Due to the seasonality 
and large extent of apple and pear production and to high 
perishability of fruit, their commercialisation as a fresh pro-

duce is limited in time by over-ripening and senescence, by 
the incidence of physiological disorders and by post-harvest 
decay, all of which are the cause of low eating quality and 
important economic losses. In order to maintain availability 
for as long as feasible and/or economically desirable, the 
bulk of the produce is harvested commercially before 
becoming fully ripe, and stored subsequently for several 
months. Early harvest date improves storage potential by 
preserving firmness, thus increasing withstanding of hand-
ling and marketing procedures while reducing susceptibility 
to bruising and rots. Unfortunately, fruit often fail to reach 
full flavour if harvested before optimal maturity. In addition, 
post-harvest treatments and storage technologies have foc-
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used mainly on firmness and appearance, and have often 
neglected flavour, despite the relevance of this attribute for 
sensory quality. Disregard of this attribute along the post-
harvest handling chain often leads to unsatisfactory eating 
quality when produce reaches the final consumer. This 
review aims at summarising available information on how 
different post-harvest procedures affect the biochemical 
pathways involved in the production of flavour-related 
compounds. 
 
THE COMPOUNDS 
 
Fruit aroma is the consequence of those sensations driven 
by perception of volatile compounds after chewing. Volatile 
compounds thereafter dissolve in mouth and pharyngeal 
mucosa, volatilise due to warm temperature in mouth, and 
arrive to olfactory receptors. Abundant literature is availa-
ble reporting on the volatile compounds emitted by different 
apple and pear cultivars. In all instances, volatile profiles 
have been shown to consist of a complex blend of a number 
of different compounds, the total number and the identity of 
which being species- and cultivar-specific (Dixon and Hew-
ett 2000a). The contribution of each particular compound to 
the characteristic flavour of a fruit is dependent upon its 
odour threshold and on its concentration, which in turn is 
dependent on the activity of key enzymes in its biosynthetic 
pathway and on substrate availability (Sanz et al. 1997). 
The quotient between concentration and odour threshold 
determines its aromatic intensity in terms of odour units 
(Buttery 1993). Further complexity arises from the fact that 
sensory interactions have been observed among different 
compounds (Bult et al. 2002). Therefore the presence of 
other flavour-related substances can also modulate the con-
tribution of each individual volatile, and thus the final per-
ceived aroma is not a simple linear combination of the sepa-
rate odour intensities of each individual odorant. Moreover, 
other maturity attributes such as firmness, soluble solids 
content or acidity also contribute to the perception of fruit 
flavour in spite of the specific blend of volatiles being 
emitted (Eccher-Zerbini et al. 1999; Harker et al. 2002, 
2006). 

The actual aroma profile thus results from a fine-tuning 
metabolic balance, any change in this balance leading to 
changes in fruit flavour and probably in sensory acceptance. 
Although more than 200 aroma volatile substances have 
been detected in apple, including alcohols, aldehydes, 
ketones, acids, esters and others (Dixon and Hewett 2000a), 
the major compounds in both quantitative and qualitative 
terms are of the ester type, which can account for up to 98% 
of total volatiles emitted by the fruit (Young et al. 1996; 
López et al. 1998a, 1998b; Lavilla et al. 1999; Lo Scalzo et 
al. 2001; Fellman et al. 2003; Lara et al. 2006; Mehinagic 
et al. 2006; Villatoro et al. 2008a). As for pear, esters are 
also especially prominent both quantitatively and qualita-
tively. A total of 112 volatile compounds were identified in 
a study conducted on eight cultivars, including ‘Bartlett’, 
‘Packham’s Triumph’, ‘Anjou’, ‘Comice’, ‘Bosc’, ‘Seckel’, 
‘Vicar of Winkfield’ and ‘Forelle’ (Suwanagul and Richard-
son 1998). Esters comprised 60 to 98% of total volatiles 
emitted, which also included alcohols, hydrocarbons, alde-
hydes and ketones, with hexyl acetate as the major com-
pound. In ‘Bartlett’ pear, ethyl trans-2, cis-4 decadienoate 
has been reported as a character impact compound (Jen-
nings et al. 1964) and hexyl acetate as an important con-
tributing flavour compound (Jennings and Sevenants 1964). 
Genotype is a major factor accounting for the phenotypic 
differences in the composition of the volatile fraction emit-
ted by fruit, as significant qualitative and quantitative varia-
tion is found among apple and pear cultivars (Young et al. 
2004; Holland et al. 2005, and references therein). Also, 
some volatiles reported to be constituents of apple and fruit 
aroma may be in fact derived from fruit-infecting microor-
ganisms (Schumacher et al. 1998; Vikram et al. 2004). 
 
 

THE PATHWAYS 
 
Aroma of a ripe apple or pear is a very complex attribute 
owing to the diversity of compounds emitted and to the 
wide range of their chemical nature. This complexity is ref-
lected in the large number of biosynthetic pathways in-
volved, in final metabolite accumulation and in its regula-
tion. The major esters produced by ripening fruit can be 
broadly separated into straight-chain and branched-chain 
types (Dixon and Hewett 2000a). In general, fatty acids are 
considered to be major precursors of straight-chain volatile 
esters in apples (Brackmann et al. 1993; Yahia 1994; Sanz 
et al. 1997; Rowan et al. 1999; Defilippi et al. 2005a). 
Branched-chain esters are thought to arise from the meta-
bolism of particular amino acids (Sanz et al. 1997; Wyllie 
and Fellman 2000). The concentration and composition of 
the pool of both lipid- and amino acid-derived substrates is 
strictly regulated during fruit development. Previous inves-
tigations have shown that the supply of fatty acids may be a 
major limiting factor for the production of aroma volatiles 
(Song and Bangerth 2003), and transgenic modification of 
fatty acid biosynthesis in plant tissues leads to significant 
changes in emitted volatiles (Wang et al. 2001). As for 
amino acids, the most important precursors are alanine, 
valine, leucine, isoleucine, phenylalanine and aspartic acid, 
and their addition to apple slices has been shown to increase 
total aroma volatile production (Rowan et al. 1996). 

Because of the significant contribution of ester-like 
compounds to the aroma profiles of apple, pear and other 
fruits, most studies on volatile biosynthesis have been con-
cerned with alcohol o-acyltransferase (AAT; EC 2.3.1.84), 
which catalyses the esterification reaction between a range 
of alcohols and acyl-CoAs, and is thus the direct responsi-
ble for the regulation of the final step in volatile ester bio-
synthesis (Dixon and Hewett 2000a). Some genes encoding 
for apple AATs have been isolated and characterised (De-
filippi et al. 2005b; Souleyre et al. 2005; Li et al. 2006, 
2007). Although AAT expression and activity has been 
shown to follow an ethylene-dependent pattern in ‘Green-
sleeves’ apple fruit (Defilippi et al. 2005b), in agreement 
with observations for ‘Golden Delicious’ (Li et al. 2006) 
and ‘Royal Gala’ (Souleyre et al. 2005), results of that work 
also indicated that there are ethylene-independent regulatory 
processes involved in aroma production. Actually, ester 
biosynthesis is also limited by alcohol availability (Berger 
and Drawert 1984), suggesting a key role for enzymes 
located upstream in the pathway. Maturity stage at harvest 
is critical in this regard, as gene expression and activity of 
the involved enzymes, and thus production of the cor-
responding intermediates, depends in part on the develop-
mental stage of tissues (Lara et al. 2008; Villatoro et al. 
2008b). The availability of precursors and the supply of 
alcohol and acid substrates may thus play a major role in 
determining the specific esters emitted by fruit, provided 
AAT activity is present at sufficient levels (Lara et al. 2003, 
2007; Villatoro et al. 2008a). This is also supported by 
numerous feeding experiments in which the addition of 
intermediates enhanced the production of specific volatile 
compounds. For instance, treatment of apple fruit or tissue 
sections with the vapours of alcohols, aldehydes, or carbo-
xylic acids significantly increased concentrations of the cor-
responding volatile esters (Berger and Drawert 1984; Bart-
ley et al. 1985; Kollmannsberger et al. 1992; Harb et al. 
1994; Li et al. 2006). Similarly, incorporation of deuterium 
into both straight- and branched-chain ester volatiles has 
been demonstrated after the incubation of apple fruit tissue 
with deuterated flavour precursors (Rowan et al. 1996, 
1999; Matich and Rowan 2007). 

Composition of esters finally emitted can be thus con-
trolled by selectivity and activity of involved enzymes and/ 
or by substrate availability. Fatty acid precursors are meta-
bolised through two main routes: �-oxidation and the lipo-
xygenase pathway (LOX; EC 1.13.11.12). LOX catalyses 
hydroperoxidation of polyunsaturated fatty acids, and reac-
tion products are metabolised through a number of different 
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pathways, one of them leading to aldehydes and oxo-acids 
and involving the action of hydroperoxide lyase (HPL; EC 
4.2.1.-). Although the LOX pathway is thought to remain 
inactive in unripe fruit due to different sub-cellular localisa-
tion of enzymes and substrates, cell walls and membranes 
become increasingly permeable in the course of ripening, 
intensifying the contribution of this pathway to volatile 
production (Sanz et al. 1997). As for the amino acid pre-
cursors, their conversion into branched-chain alcohols re-
quires previous transformation into oxo-acids by an amino-
transferase. Oxo-acids derived from both fatty acids and 
amino acids are reduced to aldehydes by an oxo-acid decar-
boxylase, the major of which being pyruvate decarboxylase 
(PDC; EC 4.1.1.1), and aldehydes are in turn reduced to 
alcohols by alcohol deshydrogenase (ADH; EC 1.1.1.1). 
AAT can subsequently act upon alcohols provided by these 
or other pathways to synthesise volatile esters. Since sub-
strate specificity of all AAT isoforms reported to date is re-
portedly wide, alterations in the activity of enzymes located 
upstream in the biosynthetic pathway can give rise to chan-
ges in compounds emitted, as a given alcohol or aldehyde 
may out-compete the preferential substrate if the respective 
concentrations are sufficiently different as a result of the 
alterations induced (Rudell et al. 2002). These differences 
in substrate specificity among AAT isoforms are believed to 
contribute to the varietal differences in volatile ester pro-
files (Holland et al. 2005). 

Recent genomic approaches have helped shedding light 
on the regulation of this important quality attribute. Ex-
pressed sequence tag (EST) available in public databanks 
have been intensively analysed to identify apple genes 
likely to be involved in the biochemical pathways leading to 
the synthesis of precursors for volatile esters during fruit 
maturation and ripening (Park et al. 2006). A subset of 
genes potentially participating in the generation of flavour 
and aroma-related compounds in mature fruit has been 
identified, including one LOX, two ADHs, and some other 
genes involved in ß-oxidation and fatty acid metabolism, 
most of which are specific of fruit tissues. A microarray 
approach has also been used to identify the ethylene-
regulated transcriptional control points of aroma production 
in ripening apple fruit (Schaffer et al. 2007), and resulted in 
the identification of 17 candidate genes likely to be ethylene 
control points for aroma production in apple, mostly at the 
last step of each biosynthetic pathway. High-density cDNA 
microarrays have been constructed and used in order to elu-
cidate molecular events associated to pear fruit develop-
ment and ripening (Fonseca et al. 2004). A set of genes was 
found to activate at the onset of the climacteric period, 
which included transcripts encoding for cell wall modifica-
tions, and pigment and aroma biosynthesis. The latter com-
prised two short-chain type ADHs and a PDC. 
 
THE EFFECT OF POSTHARVEST HANDLING 
 
Consumers often complain about altered sensory quality in 
stored fruit in comparison with those just harvested, and in-
deed the concentration and composition of volatile esters in 
fresh and stored apples and pears is affected by several fac-
tors. This problem is exacerbated by the fact that the under-
standing of the fundamental mechanisms controlling chan-
ges in flavour is limited, and that many biochemical path-
ways determining this quality trait are still unknown. Apple 
fruit maturity at harvest is a major factor for aroma deve-
lopment during the post-harvest period, and thus for pro-
duce manipulation (Song and Bargerth 1996; Fellman et al. 
2000; Lara et al. 2008; Villatoro et al. 2008b). Too early a 
harvest, aimed at improving storage potential and handling 
possibilities, will result in deficient development of the cul-
tivar-specific aroma profile and thus in important quality 
loss in terms of flavour (Fellman et al. 1993; Herregods and 
Goffings 1994; Vanoli et al. 1995). The effect of crop load 
and of cultural practices such as deficit irrigation, paclobut-
razol (PBZ) applications, or organic and integrated produc-
tion, has also been reported (Rizzolo et al. 1997; Mpelasoka 

et al. 2000; Mpelasoka and Behboudian 2002; Róth et al. 
2007). In addition, all post-harvest treatments or procedures 
that have been considered to date reportedly affect, to a lar-
ger or lesser extent, the emission of volatile aroma-contri-
buting compounds. The specific effect is dependent upon 
the pathway preferentially altered by the procedure and the 
general effect of the treatment on fruit metabolism. 
 
Controlled atmosphere storage 
 
Because most apple and pear production is stored with the 
purpose of lengthening the commercialisation period, con-
trolled atmosphere (CA) storage has been widely adopted in 
order to maintain acceptable fruit quality for much longer. 
Long-term storage of these fruits usually involves the use of 
CA in the presence of low or very low oxygen concentra-
tions and increased carbon dioxide, which is one of the best 
options to control ripening- and senescence-related events. 
Yet in spite of these benefits on overall quality preservation, 
detrimental effects on volatile production and thus on aroma 
quality have been reported for a number of apple and pear 
cultivars, including ‘Cox’s Orange Pippin’, ‘McIntosh’, 
‘Jonagold’, ’Golden Delicious’, ‘Fuji Nagafu-6’, ‘Granny 
Smith’, ‘Pacific Rose’, ‘Red Delicious’, ‘Royal Gala’, 
‘Splendour’, ‘Southern Snap’, ‘Delicious’, ‘Bartlett’, 
‘Passe-Crassane’, ‘Packham’s Triumph’, ‘Conference’ and 
‘Doyenne du Comice’ (Knee and Sharples 1981; Yahia et al. 
1985; Streif and Bangerth 1988; Mattheis et al. 1991; 
Rizzolo et al. 1991; Hansen et al. 1992; Nanos et al. 1992; 
Brackmann et al. 1993; Chervin et al. 2000; Dixon and 
Hewett 2000b; López et al. 2000; Lara et al. 2003; Rizzolo 
et al. 2005; Chen et al. 2006a, 2006b; Lara et al. 2006, 
2007; Moya-León et al. 2007; Villatoro et al. 2008a). These 
previous reports informed that CA storage causes a decrease 
in the emission of volatile compounds with a resulting loss 
of sensory acceptance. Undesirable responses in aroma 
development also include the induction of fermentation and 
the development of disagreeable flavours (Beaudry 1999). 

The severity of these detrimental effects is largely 
dependent on O2 and CO2 concentrations in the storage 
atmosphere and on storage period. Significant variability in 
the response to modifications in atmosphere composition 
among cultivars has been also reported (Dixon and Hewett 
2000b), as well as the dependence on the temperature of the 
hypoxic treatment (Dixon and Hewett 2001). In general, 
lower O2 and higher CO2 levels and/or longer storage peri-
ods will result in stronger suppression of volatile emission. 
However, the influence of CA storage on the biosynthesis of 
these compounds is also dependent on their metabolic ori-
gin: a decrease in straight-chain esters (fatty acid-derived) 
has been observed in response to CA (Fellman et al. 1993), 
whereas emission of branched-chain esters (amino acid-
derived) remains apparently unaffected (Mattheis et al. 
1998). Therefore, the aroma profile of CA-stored fruit may 
display both decreased intensity and alterations owing to 
imbalances among compounds derived from different pre-
cursors. In addition, low O2 and high CO2 concentrations 
can lead to disruption of respiratory metabolism and to the 
onset of fermentative processes, resulting in pyruvate ac-
cumulation, which is subsequently converted into acetalde-
hyde and ethanol by PDC and ADH (Forney et al. 2000). 
High CO2 levels tend to decrease cytoplasm pH thus acti-
vating both enzyme activities, whose optimum pH is 6, and 
leading to ethanol accumulation and to an increase in the 
emission of ethyl esters, and particularly of ethyl acetate. 
Excess of ethyl acetate, acetaldehyde and ethanol may 
result in the development of off-flavours (Ke et al. 1994). 
ADH activity in ‘Packham’s Triumph’ pears stored under 3 
kPa O2 at -1°C for two months was approximately twice 
that in air-stored samples (Chervin et al. 1999), and activity 
remained higher throughout the post-storage period at 18°C, 
although only slightly higher levels of ADH transcripts 
were observed. Since no significant differences were found 
for acetaldehyde, ethanol, methanol or PDC activity levels 
were found between treatments, it was concluded that, in 
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ripening pears, ADH does not limit ethanol production, and 
that the expression of this enzyme comprises post-transcrip-
tional regulations. 

Other volatile-related enzyme activities are also altered 
in response to CA conditions. Oxygen is important for the 
bioconversion of unsaturated fatty acids into volatile alde-
hydes (Almosnino et al. 1996). Accordingly, LOX activity, 
and thus the supply of fatty-acid derived precursors, has 
been reported to be partially inhibited in CA-stored apples 
and pears, causing abnormal development of fruit aroma 
after removal from hypoxia to air (Lara et al. 2003, 2006, 
2007; Villatoro et al. 2008a) (Fig. 1). Decreased production 
of volatile esters by these fruit appeared to be more depen-
dent on lessened substrate availability than on inhibited 
ester-forming capacity. Moreover, an extra period in cold air 
after CA storage has been reported to help recovery of ester-
synthesising capacity during the marketing period of apple 
fruit (Altisent et al. 2008), and this partial regeneration has 
been shown to be related to enhanced LOX activity (Alti-
sent et al. 2009). Likewise, improved ester biosynthesis 
after dynamic or ‘delayed’ CA storage reported for apple 
(Mattheis et al. 1998) and pear (Saquet et al. 2000) has 
been suggested to arise from better preservation of ATP and 
fatty acid levels (Song and Bangerth 2003). The formation 
of acetyl CoA, derived from pyruvate through oxidative 
processes, is also inhibited under anaerobic conditions, 
leading to decreased acetate ester production (Wendakoon 
et al. 2004). 
 
Ethylene and ethylene inhibitors 
 
Ethylene regulates and coordinates many ripening-related 
events in climacteric fruit species, although the inductive 
concentration appears to be different for different ripening-
related events. For instance, although ethylene treatments 
have a positive impact on aroma volatile production in 
‘d’Anjou’ pears during ripening at 20°C, the threshold re-
quired for the stimulation of aroma production biosynthesis 
was higher than that required for the induction of fruit 
softening (Wang et al. 1972), which suggested that conti-
nuous ethylene treatment might provide better fruit flavour 
in comparison with short-term exposure. Continuous expo-
sure to ethylene for 7 days at 20°C has been reported to 
stimulate volatile production in ‘Gala’ apples after storage 
under CA for up to 28 weeks (Mattheis et al. 2005), but in 
contrast did not consistently counteract the inhibiting effect 
of previous ethylene suppression treatments in ‘d’Anjou’ 

pear fruit (Argenta et al. 2003). 
Thus suppression of ethylene biosynthesis or action is 

expected to have inhibitory effects on these modifications, 
including the production of flavour-related volatile com-
pounds. A dramatic inhibition of the biosynthesis of volatile 
esters has been observed in apple fruit silenced for ethylene 
production, although no significant suppression was found 
for the aldehyde and alcohol precursors of these esters 
(Dandekar et al. 2004), which indicated differential regula-
tion of the different flavour-contributing compounds and 
suggested a possible ethylene-mediated regulation of LOX 
or HPL expression. Particularly, the ethylene-silenced ap-
ples displayed a sharp reduction in hexyl and butyl acetates, 
whereas the suppression was less dramatic for other volatile 
esters. Similar results were found by Defilippi et al. (2004), 
reporting a reduction in ester and alcohol reduction in ethy-
lene-suppressed apple lines, but no major differences in the 
concentrations of aldehyde volatiles. When volatile pro-
duction, enzyme activity levels, and precursor availability 
were studied in detail, differential ethylene regulation was 
found (Defilippi et al. 2005a). Whereas AAT activity showed 
a clear ethylene-dependent pattern, ADH and LOX seemed 
independent of ethylene modulation. Isoleucine, an impor-
tant precursor of branched-chain volatile esters, responded 
significantly to ethylene regulation, while the production of 
linoleic and linolenic acids, important precursors of straight-
chain esters, was associated to increases in aldehydes. 

These observations on ethylene regulation of AAT ex-
pression and activity are in agreement with other work on 
apple fruit in which ethylene sensitivity was reduced by 
means of an ethylene action inhibitor (Fan and Mattheis 
1999; Lurie et al. 2002; Defilippi et al. 2004, 2005b; Moya-
León et al. 2007) as well as in other fruit species (Yahyaoui 
et al. 2002; El-Sharkawy et al. 2005). Specifically, 1-
methylcyclopropene (1-MCP) has been reported to affect 
the expression and activity of AAT, with concomitant alte-
rations in the capacity for ester biosynthesis. However, 1-
MCP treatments may be useful to prolong eating quality 
after middle-term cold storage: 1-MCP-treated ‘Conference’ 
pears displayed better sensory quality than untreated fruit 
after cold storage in air for 14 or 22 weeks, partially resul-
ting from better preservation of fresh flavour (Rizzolo et al. 
2005). Similarly, 1-MCP treatment has been reported to pre-
serve aroma quality of ‘Packham’s Triumph’ pears after 
long-term storage (Moya-León et al. 2006). 

Not all isogenes in the AAT family are apparently af-
fected equally by 1-MCP applications: treatment led to sel-
ected inhibition of gene expression of specific AAT family 
members in both ‘Granny Smith’ and ‘Golden Delicious’ 
apple fruit (Zhu et al. 2008). Little impact was observed on 
the expression of MdAAT1, whereas substantial suppression 
was found for MdAAT2. Cultivar-related differences were 
also found: MdAAT2 expression was suppressed in ‘Golden 
Delicious’ but increased slightly in ‘Granny Smith’ follow-
ing treatment. These results indicate differential ethylene 
regulation for the different members of the AAT family, and 
are in accordance with work on ‘Royal Gala’ apple, in 
which ethylene-independent or even ethylene-inhibited pat-
terns were observed for some AAT isogenes (Souleyre et al. 
unpublished). Increased levels of AAT transcripts, with cor-
respondingly enhanced AAT activity, have been also found 
for 1-MCP-treated ‘Delbard Estivale’ apples in comparison 
with untreated samples in spite of dramatically reduced bio-
synthesis of most straight-chain esters, and similar results 
have been observed for fruit treated with aminoethoxyvinyl-
glycine (AVG), an inhibitor of ethylene production (Harb et 
al. 2010). Apples treated with AVG have reduced produc-
tion of ethylene and aroma volatile compounds (Halder-
Doll and Bangerth 1987). Decreased volatile ester produc-
tion in 1-MCP- and AVG-treated samples must have arisen 
from limited supply of alcohol and acyl-CoA precursors for 
AAT action, as the activity of some related enzyme acti-
vities was inhibited in treated fruit (Fig. 2), which high-
lights the relevance of substrate availability for volatile bio-
synthesis and illustrates the complexity of the process. The 

 
Fig. 1 LOX specific activity in flesh of apple and pear fruit after CA 
storage + 7 days at 20°C (data from Lara et al. 2003, 2006, 2007; 
Villatoro et al. 2008a). Fruit were stored for 3 (‘Pink Lady’, ‘Mondial 
Gala’), 4 (‘Fuji’) or 5 (‘Doyenne du Comice’) months. For ‘Doyenne du 
Comice’, O2 concentration in all three CA conditions was 2 kPa. Values 
represent means of three replicates. Means with the same letter for a given 
cultivar are not significantly different at p < 0.05 (LSD test). 
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inhibition of ADH activity by ethylene suppression treat-
ments disagrees with previous reports that 1-MCP-treated 
apples had severely reduced emission of total volatiles but 
retained more alcohols and aldehydes (Lurie et al. 2002) 
and that activity and expression levels of ADH were not 
affected by changes in the levels of endogenous ethylene 
(Defilippi et al. 2005b), and supports the existence of sig-
nificant cultivar-related differences. 

Other compounds that modify ethylene production or 
action also reportedly affect flavour-related volatile emis-
sion. Diazocyclopentadiene (DACP), an ethylene action 
inhibitor, has been reported to inhibit production of ethylene 
and of some volatile compounds in apple (Fan et al. 1998). 
Compounds that modulate ethylene production, such as 
methyl jasmonate (MJ), enhance production of volatile 
alcohols and esters in preclimacteric apple fruit (Fan et al. 
1997), although reportedly inhibit volatile ester production 
by fruit stored in CA prior to MJ treatment (Olías et al. 
1992). The combination of MJ and 1-MCP treatments has 
been shown to inhibit the production of many volatile alco-
hols and esters in ‘Fuji’ apples, although the emission of 
particular compounds appeared to be differentially inhibited 
by MJ or 1-MCP (Fan and Mattheis 1999). The combined 
treatment affected not only the formation of esters from 
alcohols, but also alcohol production, indicating that the in-
hibition affected different points of the biochemical pathway. 
The combination of ethephon with MJ treatments reduced 
volatile production by ‘Delicious’ apple fruit compared with 
ethephon only, but the combined treatment enhanced the 
production of volatile compounds other than esters by ‘Gol-
den Delicious’ apples (Kondo et al. 2005). The application 
of ethephon restored volatile production of AVG-treated 
‘Jonagold’ apples to control levels, and improved volatile 
emission in CA-stored fruit (Mir et al. 1999). The applica-
tion of the synthetic auxin 2,4-dichlorophenoxypropionic 
acid (2,4-DP), which induces ethylene production and fruit 
ripening, has been shown to increase the production of alco-
hols, esters, ketones and aldehydes in ‘Bartlett’ pears (Kon-
do et al. 2006). 
 
Calcium treatments 
 
Prestorage calcium treatment of apples has been shown to 
reduce the incidence of physiological disorders, softening 
rates and losses due to decay-causing fungi (Yuen 1994), 
and to increase overall acceptability scores (Abbott et al. 
2000), but only a few works have been published on the 
effects of calcium treatments on aroma volatile production 

(Song and Bangerth 1993; Saftner et al. 1999; Ortiz et al. 
2009). Song and Bangerth (1993) reported that the infiltra-
tion with 0.15 M CaCl2 decreased significantly total aroma 
production in ‘Golden Delicious’. Because this reduction 
was similar to all the main volatiles determined individually 
(butyl acetate, hexyl acetate, and 1-butanol), it was sug-
gested that treatment affected the biosynthesis pathway at a 
rather early, common step. Similarly, the use of increasing 
concentrations of CaCl2 for the infiltration of ‘Golden 
Delicious’ apples resulted in progressively reduced total 
volatile levels, respiration, ethylene production, and internal 
O2 levels and increased CO2 levels following storage in air 
at 0°C for 2 to 4 months (Saftner et al. 1999), although the 
composition of the volatile profile was not altered in com-
parison to untreated controls. It was suggested that reduced 
production of volatile compounds arose from treatment-
induced formation of a transient barrier to CO2 and O2 ex-
change between the fruit tissue and the surrounding atmos-
phere. Additionally, calcium plays an important role in 
maintaining structural integrity of the cell membranes (Pic-
chioni et al. 1998), thus delaying lipid catabolism and prob-
ably also the production of lipid-derived precursors of 
aroma volatiles. This is in accordance with recent results 
(Ortiz et al. 2009) showing decreased LOX activity in 
calcium-treated ‘Fuji’ fruit after 4 months of cold storage in 
air as compared to untreated samples (Fig. 3). However, in 
contrast to earlier reports on ‘Golden Delicious’, calcium 
treatment of ‘Fuji’ apples led to increased production of 
aroma volatile compounds, probably arising from enhanced 
supply of alcohol precursors for ester production, including 
ethanol, 1-butanol, 2-methyl-1-butanol and 1-hexanol, as a 
consequence of increased HPL, PDC and ADH activities 
(Fig. 3). Enhanced activity levels of PDC and ADH, in turn, 
could have resulted from treatment-induced changes in O2 
and CO2 levels inside the fruit (Hewett and Thompson 
1992; Rajapakse et al. 1992; Saftner et al. 1999). 
 
Heat treatments 
 
Prestorage heat treatments have been found to maintain ap-
ple fruit firmness, colour, soluble solids content and acidity 
while promoting resistance to many physiological disorders 
and fungal diseases (Klein and Lurie 1991; Conway et al. 
1994; Fallik et al. 1995), but there have not been many 
reports on the effects of such treatments on volatile produc-
tion. Fallik et al. (1997) reported that heat treatment of 
‘Golden Delicious’ apples strongly inhibited the emission of 
total volatile esters immediately after treatment. However, 

 
Fig. 2 Aroma volatile-related enzyme activities (U · mg protein-1) in 
untreated and 1-MCP-treated ‘Delbard Estivale’ apple fruit one week 
after harvest. AVG (ReTain®) (125 μL L-1 a. i.) was applied about 3 
weeks before harvest. 1-MCP (0.625 �L L-1) treatment was done 
immediately after harvest, at 10°C during 24 h. Values represent means of 
three replicates. Means with the same letter for a given enzyme activity 
are not significantly different at p < 0.05 (LSD test). 

Fig. 3 Aroma volatile-related enzyme activities (U · mg protein-1) in 
untreated and calcium-treated ‘Fuji’ apple fruit after storage at 1°C 
for 4 months + 7 days at 20°C. AAT activity is given as mU · mg 
protein-1. Fruit were dipped in CaCl2 (2%, w/v) at ambient temperature 
for 5 min. Values represent means of three replicates. Means with the 
same letter for a given enzyme activity are not significantly different at p 
< 0.05 (LSD test). 
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after extended refrigerated storage heat-treated fruit reco-
vered and produced more total volatiles than untreated sam-
ples after six weeks of storage at 1°C, suggesting that treat-
ment caused a transient inhibition of the volatile biosyn-
thesising system but actually enhanced the enzyme systems 
catalysing the production of flavour-related volatile com-
pounds. Although data on related enzyme activities were 
not reported, these results suggest that pre-storage heat 
treatments have the potential to improve or overcome the 
decrease in the emission of aroma volatiles after storage, 
and are worth of further research. 
 
Ionising radiation 
 
Exposure to ionising radiation inhibits ripening and senes-
cence, extends shelf life, and reduces spoilage of many 
fruits and vegetables, but its commercial use has been lim-
ited because of adverse effects on some fruit quality attrib-
utes (Thomas 1986). Because of treatment effectiveness for 
insect disinfestation and enhanced food safety (Thayer and 
Rajkowski 1999), some studies have been conducted to 
assess the effects of irradiation on important fruit quality 
attributes such as texture or colour (Massey et al. 1964; 
Bhushan and Thomas 1998). In spite of beneficial effects on 
some quality aspects, development of off-flavours and re-
duced biosynthesis of aroma volatiles have been found for 
irradiated ‘Boskoop’ apples (Tobback et al. 1973). In ‘Gala’ 
fruit (Fan et al. 2001), irradiation inhibited the production 
of most, but not all, esters and of some alcohols. This in-
hibiting effect on the ability to produce volatile compounds 
increased with applied dose, and was not recoverable for 
doses higher than 0.44 kGy. 
 
Miscellaneous 
 
Some physiological disorders are also associated to a reduc-
tion in the ability for flavour-volatile emission. Superficial 
scald affects chloroplast-containing fruit cells, and fatty 
acid biosynthesis takes place in chloroplasts (Ohlrogge and 
Jaworski 1997), and indeed ester production in scald-deve-
loping ‘Cortland’ apple fruit was reduced reportedly by 
50% (Mir and Beaudry 1999). This decrease was particu-
larly noticeable for hexyl esters, consistent with partial inhi-
bition of the biosynthesis of fatty-acid derived volatile es-
ters through the LOX pathway. Interestingly, the application 
of the antioxidant diphenylamine (DPA), a scald-preventing 
agrochemical, helped flavour preservation in addition to 
scald prevention. 
 
THE POTENTIAL FOR GENETIC MANIPULATION 
 
Current knowledge of the biosynthetic pathways leading to 
the production of aroma-related volatile compounds, and of 
the modifications induced by intrinsic and extrinsic varia-
bles, if yet incomplete, shows a very complex scenario. 
Aroma is much more challenging to manipulate than other 
quality attributes. The possibilities in this regard are restric-
ted by the great specificity of profiles, the complexity of 
involved pathways and of their regulation, and by limited 
understanding. Ethylene is considered to control volatile 
ester production, but not necessarily the upstream steps in 
the biosynthetic pathway involved in ester biosynthesis 
(Fellman et al. 2000; Lurie et al. 2002; Dandekar et al. 
2004). In addition, both ethylene-independent and ethylene-
dependent AAT isoforms have been found to operate in fruit 
(Flores et al. 2002; Zhu et al. 2008; Souleyre et al., unpub-
lished). 

The expression of some aroma-related genes has been 
modified in tomato, and the results have been useful as a 
source of information on the biosynthetic pathways in-
volved in the generation of aroma volatiles by fruit. For 
instance, overexpression of a yeast �-9 desaturase gene in 
tomato increased the concentrations of fatty acids, some of 
which are precursors of important flavour volatiles (Wang 
et al. 1996). Enhanced concentrations of LOX substrates in 

transformed fruit led to higher levels of hexanal and hexa-
nol, thus underlying the relevance of this pathway for the 
final aroma profile of fruit. In a later study, the genetic 
manipulation of an ADH isogen (ADH2) expression was 
reported to affect the balance of some flavour-related alde-
hydes and alcohols (Speirs et al. 1998). Fruit modified to 
display increased levels of ADH expression and activity 
exhibited correspondingly higher production of hexanol and 
cis-3-hexenol and, interestingly, were rated higher in “ripe 
fruit” flavour by a sensory panel. 

Silencing of two tomato LOX isogenes (TomloxA and 
TomloxB) failed to reduce significantly flavour volatiles in 
ripening fruit (Griffiths et al. 1999), suggesting that LOX 
may have other physiological functions in addition to vola-
tile production, and that a third LOX isoform could be the 
one actually involved in the process. Indeed, a more recent 
paper (Chen et al. 2004) has reported that the specific 
depletion of TomloxC in transgenic tomatoes led to a mar-
ked reduction in the levels of some flavour volatiles, in-
cluding hexanal, hexenal, and hexenol, to as little as 1.5% 
of those of wild-type controls. This series of works adds 
further complexity to a hypothetical genetic manipulation of 
flavour, arising from the fact that many of the genes in-
volved in volatile generation belong to multigene families, 
and that they may be related to completely different physio-
logical processes than the one targeted. In addition, due to 
the close interconnection among different pathways, the 
attempts to modify the expression of a particular gene may 
produce undesirable changes in the emission of other vola-
tiles. The effects of cultural and environmental factors 
should be also taken into account. 
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