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Characterization of Odor-Active Volatiles in Apples: Influence
of Cultivars and Maturity Stage
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The aroma and texture of three different apple cultivars, harvested at three maturity stages, were
analyzed by sensory and instrumental analysis. The emphasis was on the identification of the most
potent odorant volatiles, and the challenge was to separate the few most important flavor compounds,
which may be trace chemicals, from the vast number of nonodorant compounds present in apple
aroma extracts. Thirty-six odorant compounds were detected, 24 of which were common to all extracts.
A significant correlation coefficient was found between the aroma intensity scores and overall quantity
of the odorant volatiles, which shows that the development of sensory aroma is similar to that of
odorant volatiles. This study also showed that the parameters measured by penetrometry and
compression were highly correlated with sensory textural attributes. The determination of the optimal
maturity stage for different apple cultivars by the usual parameters, such as color, diameter, total
soluble solids, and titrable acidity, may not be sufficient to determine the optimal sensory quality for
consumers. Moreover, the sensory quality of fruits changes during maturation in a different way from
one cultivar to another, and this should be taken into account.
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INTRODUCTION We also aimed to identify the most important contributors to

Texture and flavor are the main expected quality character- apple aroma in different apple cultivars. In fact, the volatile
istics of apples that have been mentioned by consumers incompounds produced by apples have been studied for over 50
different studies1—3). Fruit wholesalers are therefore particu- years, and over 200 volatile compounds have been found in
larly interested in the measurement and control of fruit texture different apple cultivars12). Most of the recently published
and flavor development. It is particularly important that this papers deal with volatile compound composition due to different
development is verified during fruit maturation because the rates of maturity or different storage conditiod8{15). Apple
maturity stage will determine the quality of fruits during storage aroma perception is a result of a complex mixture of these
(4,5). In general, apple fruit maturation is a period defined by yolatiles, which include esters, aldehydes, ketones, alcohols, etc.
physiological and structural changes. These include fruit soften- several studies were realized on the identification of the most
ing, climacteric cellular respiration, starch hydrolysis, increases potent odorant volatiles by GC-Q4—18). Thus, butyl acetate,
in sugars, chlorqphyll degradation, memprane changesy Specmoz-methylbutw acetate, hexyl acetate, and hexyl hexanoate have
protein synthesis (6), anq aroma volatile synthe_5|s T_h)e been identified as being responsible for the overall apple aroma
chemical changes associated with these physmloglca_l andin several cultivarsi4,16). Compounds known to possess green
structural changes are well documented and will not be reviewed .
in this discussion §—11). Very few authors have tried to apple-like odors are hexanal atrdns-2-hexenal (1719), and

t these compounds are formed after disruption of the cells during

correlate the development of apple eating quality to differen ! )
instrumental measurements during maturation on the tree.  Processing or chewing. Other compounds, such as butan-1-ol,

The aim of this study is to try to relate the development of Which possesses a sweet aroma, or ethyl butanoate and ethyl
the overall apple eating quality (texture, aroma, taste) during 2-methylbutanoate, which are responsible for a fruity, estery

maturation to different physical and chemical changes that occur@roma, contribute to apple aroma characteristics as well as to
in fruits. aroma intensity 18).The challenge is to separate the few most
important flavor compounds, which may be trace chemicals,
* Corresponding author [telephone 0033(0)241235555; fax 0033(0)- from the vast number of inactive compounds. To date, no work
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TEcole Supérieure d'Agriculture. AL . . .
8 Ecole Nationale des Ingénieurs des Techniques Agro-Alimentaires. composition in different cultivars, harvested at different maturity

10.1021/jf052288n CCC: $33.50  © 2006 American Chemical Society
Published on Web 03/04/2006



Characterization of Odor-Active Volatiles in Apples J. Agric. Food Chem., Vol. 54, No. 7, 2006 2679

Table 1. Principal Characteristics of Three Apple Cultivars Harvested at Three Commercial Maturity Stages

quality parameter

visual aspect diameter soluble solids titrable acidity
(color) (mm) (°Brix) (malic acid ing L™1)

Golden Delicious harvested

before maturity stage (Aug 26, 2003)2 yellow/green 70/80 12.6 4.76

at maturity (Sept 11, 2003) yellow/green 70/80 14 4.85

after maturity stage (Oct 7, 2003) yellow 70/80 15.9 4.55
Fuji harvested

before maturity stage (Sept 25, 2003) red/green 70/75 10.8 6.60

at maturity (Oct 15, 2003) red/yellow 70/75 11.1 5.93

after maturity stage (Nov 5, 2003) red/yellow 70/75 12.2 5.93
Braeburn harvested

before maturity stage (Sept 17, 2003) red/green 75/80 12 3.60

at maturity (Oct 3, 2003) red/green 75/80 13.2 3.29

after maturity stage (Oct 27, 2003) red/yellow 75/80 13.6 2.82

2 Harvest date.
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Figure 1. Force/deformation curve obtained during a penetration test on unpeeled apple, using the MTS (Synergie 200H) traction machine (cylindrical
probe with a 4-mm-diameter convex tip, penetration speed of 50 mm min—?, and depth of 10 mm).

stages, or established the relationship with the sensory perception Fruits. Two fruit batches were used in this study.

of fruit quality. The first batch composed of commercialized fruits (Golden Deli-
Three different apple cultivars (Golden Delicious, Fuji, and cious, Fuji, and Braeburn) bought in December 2002, was used to

Braeburn) were harvested at three maturity stages: 3 weekscharacterize by GC-O the odorant volatile compounds from these apple

before commercial maturity, commercial maturity, and 3 weeks cultivars.

after commercial maturity. After aroma analysis, the emphasis  The second batctonsisted of Golden Delicious, Fuiji, and Braeburn

was on the identification of the most potent odorant volatiles @pples harvested in 2003 at the experimental orchard La Mazinie

and the influence of harvest date on these compounds. The(France)_ at three d_iﬁerent maturity stages, as det_ermined b_y_classical

sensory profiles were established for different fruits to determine 1€StS (diameter, visual aspect, soluble solids, titrable acidity) and

the impact of harvest period on apple sensory quality. The mentioned inTable 1.

; : ; Immediately after picking, fruits were selected for their uniformity
mechanical properties of these fruits were then analyzed by .
penetrometry and double compression. (color, diameter, lack of damage) and stored for 4 weeks’&t Jhey

were kept at room temperature for 24 h before analysis. Then the fruits
were separated into two groups: 20 fruits were analyzed by sensory
MATERIALS AND METHODS analysis, and 40 fruits were characterized by instrumental measurements
Materials. Chemicals.Water was purified by a Milli-Q system  (penetrometry, double compression, and aroma extraction/analysis).
(Millipore Corp., Molsheim, France). Dichloromethane, purchased from  Methods. Extraction and Analysis of Aroma Volatile Compounds.
Sigma-Aldrich Chemical Co. (Saint-Quentin-Fallavier, France), was The vacuum hydrodistillation method was used to extract aroma volatile
purified by distillation. Anhydrous sodium sulfate (99% analytical compounds from cored and sliced apples (five to six fruits) according
grade) was obtained from Panreac Quimica SA (Barcelona, Spain).to the method of Mehinagic et al2Q). Six hundred grams of cored
Dichloromethane (GC quality)s-ionone, and all of the standard and sliced apples was placed in a 6lask, and 250 mL of ultrapure
compounds were purchased from Sigma-Aldrich Chemical Co. water and 1 mL ofs-ionone (concentration in extract of 0.5 mg n),
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Figure 2. Forceltime curve obtained by double compression on unpeeled apples, using an MTS (Synergie 200H) traction machine (two parallel plates,
50 mm min~%, 7 mm).

Table 2. Sensory Descriptors Used for Apples carrier gas linear velocity was 32 cm!sThe injector (split ratio 1:20)

attribute

definition

flavor
odor intensity

aroma intensity
sour taste
sweet taste
astringency

external touch sensations
touch resistance
roughness

texture
crunchiness

chewiness
juiciness

mealiness
fondant

strength of the external odors in the
uncut apple sample
aroma released during chewing
one of the basic tastes (e.g., malic acid)
one of the basic tastes (e.g., sucrose)
taste in the mouth after swallowing
the sample

resistance of fruit to thumb pressure
degree of apple peel roughness as
measured by touch

force required for the first bite plus the
noise resulting from this bite

time and number of chewing movements
needed to grind the sample prior
to swallowing

amount of liquid released on mastication

mealiness

force required to crush a piece of unpeeled

apple between the tongue and palate

and the detector were at 230. The oven temperature was programmed
from 40°C at 5 T min* to 60°C (held for 30 min at 60C), followed

by a temperature increase of°& min! to 240 °C. The electronic
impact ionization conditions were as follows: ionization energy, 70
eV; mass range, 33300 amu; scan rate, 2.0 scart;®lectron multiplier
voltage, 2000 V.

The volatile compounds were identified by matching their spectra
to those in the NIST and Wiley NBS mass spectra library. The retention
index of each volatile compound, calculated according to the method
of van den Dool and Kratz2(), was compared with those in the
literature. Chemical standards of some volatile compounds were directly
injected into the GC-MS.

To quantify the volatile compounds from the extracts, samples of 1
uL were analyzed by gas chromatograph (Star 3400, Varian, Les Ulis,
France) equipped with a flame ionization detector. The volatile
compounds were separated on a capillary column (DB-Wax, 30 m in
length x 0.32 mmx 0.5 um thickness, J&W Scientific). The helium
carrier gas flow was 1 mL mirt. The injector (split ratio 1:20) and
the detector were at 25TC. The oven temperature was programmed
from 40°C at 5°C min~* to 60 °C (held for 30 min), followed by a
temperature increase of’& min~! to 240°C. Quantitative results are
expressed in quantity equivalents @fionone per kilogram of fresh
fruits (mg equiv kg?). As three replicates were realized per extract,
the quantitative data were averaged.

as an internal standard, were added. The temperature of the 6 L flask GC-O.GC-O analysis was performed on apple aroma extracts of
containing the apples was 2&, whereas the collector flask was at ~ Golden Delicious, Fuiji, and Braeburn fruits concentrated to 0.5 mL.
—1 °C. Three traps were cooled by liquid nitrogen-at96 °C. The GC-O ConditionsThe gas chromatographylame ionization detec-
residual pressure was maintained at 600 Pa for 4.5 h. The contents oftor—olfactometry (GC-FID-O) system comprised a Varian 3400 GC
the collector flask and of the three traps were pooled, and the aqueous(Varian, Palo Alto, CA) fitted with a FID at 280C and a sniffing port
extract was concentrated using liquiliquid extraction by dichlo- supplied with humidified air at 46C. Two microliters from each extract
romethane: volatile components were extracted witk 20 mL of was injected (splitless mode) into a capillary column (DB-Wax, 30 m
freshly distilled solvent. The organic extract was dried using 20 g of inlengthx 0.32 mmi.d.x 0.5um thickness, J&W Scientific). Effluent
anhydrous sodium sulfate and then concentrated, using a Kudernafrom the end of the GC column was split 1:1 between the FID and the
Danish apparatus, to 2 mL and under a nitrogen stream to 0.5 mL. The sniffing port. The oven temperature was programmed frorfiGlat 7
extract thus obtained was sealed with a Teflon cap and store@Gt °C min~*to 110°C, followed by a temperature increase ofTsmin*
°C prior to use. The whole process was repeated twice for each appleto 250°C (held for 3 min at 250C). The injector temperature was
batch (three cultivarx three maturity stages). maintained at 250C. A solution of hydrocarbons (C8C26) was

For the identification and confirmation of compounds, a Perkin- injected daily under the same conditions to calculate retention indices
Elmer mass spectrometer coupled to a gas chromatograph (GC-MS)(RI).
was used. Samples ofill were injected, and volatile compounds were The detection frequency method was applie8)(A panel of eight
separated on a capillary column (DB-Wax, 30 m in length.25 mm assessors from the ENITIAA, trained in aroma recognition and with
i.d. x 0.5um thickness, J&W Scientific, Folsom, CA). The helium experience in GC-O, was selected. The assessors were asked to assign
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Table 3. Odorant Volatile Compounds Identified and Quantified in Vacuum Hydrodistillation Extracts Obtained from Golden Delicious, Fuji, and
Braeburn Apples (2002)

quantity (mg equiv of detection frequency
odor detected by identifi- threshold f-ionone kg~* of fresh fruit) (n = 8) (of eight judges)
RI2 no. olfactometry compound cation? (mL/L) Golden D Fuiji Braeburn  Golden D  Fuji  Braeburn
992 1 fruity (red fruits, propyl acetate® ab 2(32) 0.06 0.08 0.04 3 3 NS
strawberry), floral
1010 2  pear, apple 2-methylpropy! acetate a,b 0.065 (32) 0.23 0.04 0.34 7 6 7
1034 3 fruity (apple, strawberry)  ethyl butanoate a,b,c std 0.001(26) 0.01 0.08 0.09 6 8 7
1051 4 fruity, strawberry ethyl 2-methylbutanoate  a, b, ¢, std  0.000006 (32) 0 0.01 0 7 8 7
1075 5 sweets, fruity butyl acetate a,b,c,std 0.066 (26) 2.67 2.61 10.61 8 7 7
1085 6  green 1-hexanal a,b,c,std 0.005(26) 0.12 0.1 0.14 8 8 6
1103 7  plastic 2-methylpropanol a, b, std 5.3(33) 0 0 0 7 3 8
1108 8  cabbage, garlic, plastic ~ not identified 0 0 0 6 7 NSe
1114 9 earthy, animal, sulfur not identified 0 0 0 7 NS 6
1127 10  fruity, apple 2-methylbutyl acetate a,b,cstd 0.011(32) 0.48 251 16.34 7 6 6
1132 11  red fruits, strawberry butyl propionate a,b,c 0.025 (32) 0 0 0.01 NS NS 7
1144 12 fresh, apple, green (2)-hexen-3-ol ab,c 0.070 (37) 0.62 1.56 2.05 8 8 7
1176 13 fruity, banana pentyl acetate a,b,c std 0.05(34) 0.07 0.11 0.43 4 3 4
1208 14  green (E)-2-hexen-1-al a,b,c,std  0.017 (32) 0.11 1.34 1.52 NS 3 NS
1212 15  grilled not identified 0 0 0 NS 3 3
1225 16  mint, alcohol 3-methylbutanol a, b, std 0.25 0.31 0.49 NS 3 NS
1231 17  rotten fruits butyl butanoate a,b,cstd  0.1(32) 0.04 0.21 0.66 6 5 8
1234 18  fruity, green apple ethyl hexanoate a,b,c std 0.001(32) 0.06 0 0.01 5 NS NS
1240 19  fruity, apple 2-methylbutyl butanoate &, b, ¢, std  0.027 (32) 0.06 0.57 0.42 4 5 6
1285 20 pear, fruity hexyl acetate a,b,c std 0.002(26) 0.94 141 3.44 7 5 8
1303 21  citrus fruits 1-octanal a,b,c 0.0007 (35) 0.01 0 0 4 3 NS
1314 22 mushrooms not identified 0.02 0.05 0.03 5 5 4
1338 23 citrus, strawberry 6-methylhept-5-en-2-one  a, b, ¢ 0.05 (36) 0.03 0.06 0.32 NS NS 5
1370 24  fresh, green 1-hexanol a,b,c std 0.150(33) 1.63 3.57 2.65 7 6 6
1386 25 floral, geranium (E)-3-hexen-1-ol a, b, c, std 0.01 0 0.02 6 4 3
1392 26 sulfur, butter, woods not identified 0.018 (37) 0 0 0 3 3 NS
1407 27  green, grass butyl hexanoate a,b,cstd 0.7(32) 0.04 0.13 0.27 3 NS NS
1440 28 green hexyl butanoate a,b,c 0.25(32) 0.07 0.32 0.34 NS 3 3
1452 29  butter, biscuits, grilled not identified 0 0 0.01 3 4 5
1468 30 boiled potato, cooked not identified 0.001 (35) 0.02 0.02 0.03 8 5 6
1491 31  boiled potato not identified 0.01 0.02 0.03 NS 3 NS
1525 32 rose, floral, fresh, sweet  pentyl hexanoate a,b,c 0.01 0.03 0.04 3 3 4
1545 33  camphor, pine, spicy camphor ab,c 0.03 0.12 0.06 8 5 6
1565 34  grass, pepper 1-octanol a, b, std 0.110(35) 0.3 0.78 0.72 6 6 NS
1608 35 apple, cucumber hexyl hexanoate a, b, c, std 0 0 0 3 3 NS
1659 36  butter, mushrooms not identified 0.01 0.02 0.03 NS 3 NS

a Retention index (17). ?“a” means that the identification of volatile compounds was done by the NIST and Wiley spectral databases, “b” means that the identification
was done by retention index found in the bibliography, “c” means identification by odor, “std” means that the identification was done by injection of standard molecules.
¢ Compounds cited in italics were tentatively identified (no standard or odor identification was done for these compounds). ¢ Cited references. € The compound was not
significantly detected (by three or more judges) in the studied extract.

odor properties to each odorant zone. Detection of an odor at the sniffing Table 4. Fifteen Principal Odorant Compounds Detected by >75%
port by fewer than three assessors was considered to be noise. Thé\ssessors in Aroma Extracts of Golden Delicious, Fuji, and Braeburn
final aromagram was obtained by summation of the eight individual Apples

sniffings (22).

~ PenetrometryA cylindrical probe with a 4-mm-diameter convex compound odor (olfactometry) D%ﬁggﬂs Fui %ﬁ’rﬁ'
tip was used to perforate unpeeled apples in a universal testing machine - .
(MTS, Synergie 200H)J3). Two perforations were made on opposite ggmmgﬁg{fceta& ﬁﬁﬁ; &%F:)'f’e fruity 76 g ;
paired sides of each apple. Penetration speed was set at 50 mi min strawbefry)
and the test was stopped after penetration to 10 mm. Force/deformation ethyl 2-methylbutanoate fruity, strawberry 7 8 7
curves were analyzed, and seven parameters were stiiiipde 1): ?U;Y' acetlate fruity g ; é
total puncture forceHy), flesh rupture breakdown forc&), slope of z:meextﬁ;ﬁ)mpanol glr:;?c 7 3 8
the force-deformation curve (Grad), deformation associated with total  2-methylbutyl acetate fruity, sweets, apple 7 6 6
puncture force), work associated withdfWs), work associated with butyl propionate red fruits, strawberry NSt NS 7
Fr (W), and flesh limit compression force (FLC). For each cultivar ~ (9-hexen-3-ol fresh, green apple, 8 8 7
and each maturity stage, 10 apples were analyzed. butyl butanoate mngﬁeffﬂns 6 5 8
CompressionTwo parallel plates were used to compress unpeeled 2-methylbutyl butanoate fruity, apple 4 5 6
apples cut into halves in the same universal testing macBB)eApples hexyl acetate sweets, pear 7 5 8
were compressed twice (double compressionlai? mmdeformation ga?ﬁ;ﬁgﬁ" fcr:;*;)h%rre%rl‘ne ; g g
at 50 mm min. Force/time curves were analyzed, and six parameters  {_octanol grass 6 6 NS

were studiedKigure 2): hardness associated with the first compression

(Ha), hardne;s associated with th? secor_]d compressigh (ork a Detection frequency (of eight judges). ® The compound was not significantly

associated with IH(Wh,), work associated with H(\W,), slope of the : ; .

. . L . detected (by three or more judges) in the studied extract.

first compression (Gradl), and slope of the second compression (Grad2).

For each cultivar and each maturity stage, 10 apples were analyzed.of Fortin and Desplancke8) and AFNOR 25). The sensory attributes
Sensory Analysis on Fresh Fruit3he panel, composed of 15  studied wereodor intensity aroma intensitytouch resistancerough-

permanent expert assessors from the ESA, has been trained to describeess, sour taste, sweet tasteastringency,juiciness, crunchiness,

apple texture and flavor since 1999 according to the recommendationsmealinesschewiness, antbndant(23). These sensory attributes are
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defined and described fable 2. The assessors first analyzed the global assessors. The odor threshold of 1-hexanol is high, but this

odor intensityas well as theouch resistancand theroughnesof an compound is present in the greatest quantiighe 3), so this
uncut fruit. Then, they were asked to bite the fruit and to measure other can explain its high detection frequency.

sensory attributes. During a sensory session, each assessor analyzed .. . .
both sides of one fruit of each cultivar. The washed unpeeled apple ~ G0lden Deliciousin extracts obtained from Golden Delicious

halves were randomly presented to the assessors, under red ligh@Pples, 28 compounds were detected as odorant. Among these,
illumination and at room temperature. A continuous nonstructured scale 5 were detected by all assessors [butyl acetitehexanal §),
was used for evaluation. The left end of the scale corresponded to the(Z)-hexen-3-ol (12), compoun80, and camphor3@)]. Seven
lowest intensity (value 0) and the right end to the highest intensity compounds were detected by seven of eight assessors: 2-me-
(value 10). Each assessor rinsed his/her mouth with mineral W_aterthylpropyl acetateZ), ethyl 2-methylbutanoatet), 2-methyl-
between sample analyses. They all analyzed three apple cultlvarspropanol 7), compoundd, 2-methylbutyl acetate10), hexyl

harvested at three maturity stages during six sessions. . ; o
Statistical AnalysisData acquisition and statistical treatment were acetateZ0), and hexanolt4). Five compounds were identified

performed with Statgraphics Plus 5.1 software (Sigmaplus, Toulouse, Y Six Of eight assessors: ethyl butanod} putyl butanoate

France). Variance analysis was carried out independently for each of (17), (E)-3-hexen-1-0l25), and compoun@. The sensory notes

the studied variables measured by sensory analysis, penetrometry, an@f these compounds were mostly pleasant, fruity, green, or floral,

compression. For each analysis, a significance level of 5% was but they can also bring some unpleasant odors such as earthy,

considered. plastic, and boiled potatoes. Their high detection frequency is
To compare the effect of maturity stage on the sensory attributes of q|ated to their low odor threshold values and their quantity,

different cultivars, Fisher’s least significant difference (LSD) procedures but there are some exceptions. For example, 2-methylpropanol

were applied separately to each cultivar. . o .
The principal component analysis (PCA) was realized on the was detected by seven of eight assessors despite its high odor

averaged data (only for apples harvested in 2003) according to the threshold (5.3 mg L, Table 3) and low concentration (0.001

cultivars. The PCA relies on the correlation matrix for all data. mg equiv kg?). This illustrates the limits of the detection
frequency method because the high detection frequency of a
RESULTS AND DISCUSSION compound does not mean that the compound was detected with
o ) great intensity. It means only that it was detected by a large
Identification of the Most Important Contributors to number of assessors.

Apple Aroma in Different Apple Cultivars. Characterization
of volatile compounds contributing to apple aroma extracted
by vacuum hydrodistillation was done by GC-O on commercial-

ized fruits bought in 2002: Golden Delicious, Fuji, and | hexvl .
Braeburn. Thirty-six odorant compounds were detected, 24 of PUty! butanoate 17), and hexyl acetate2Q). Six compounds

which were common to all extractS4ble 3). Among these 36 Were detected by seven of eight assessors: 2-methylpropyl
compounds, 25 were identified with at least three identification acetate (2), ethyl butanoat8)( ethyl 2-methylbutanoated],
methods and 2 were tentatively identified with two different Putyl acetatef), butyl propionate11), and Z)-hexen-3-ol {2).
methods. These compounds corresponded to 16 esters, 6>€ven compounds were detected by six of eight assessors:
alcohols, 3 aldehydes, 1 ketone, and 1 terpenoid. All of the hexanal (6), compoun#, 2-methylbutyl acetatel(), 2-meth-
identified compounds have already been identified in fresh or Ylbutyl butanoate (19), hexanol (24), compod@ and camphor
processed apples (26). (33). All of these compounds are identified by fruity, green,
Eighteen of the 27 identified compounds had already been €arthy, camphor, or plastic notes. In general, the relationship
identified as odorants in apple aroma extracts by different between detection frequencies and concentration of a compound
extraction methods: dynamic headspéabg 27), liquid—iquid is hard to determine because the detection of a compound
extraction (28), or distillation (29). To compare the aromatic depends on many parameters: the odor threshold, the nature of
profiles of different apple extracts, the detection frequency the compound (e.g., an undesirable odor is often perceived as
method was used for each cultivar. The highest detection more intense than a pleasant one), the sensitivity of each
frequency value was equal to 8, which means that all eight assessor, the saturation threshold of each assessor, etc. The
assessors detected the odorant compound at the same retentianethod of detection frequency has the advantage of resolving
time. the problem of “scale” used by assessors to evaluate odor
Fuji. Thirty-one compounds were detected as odorant by three intensity, but it cannot distinguish compounds at low concentra-
or more assessors in Fuji apple extradtalle 3). Among these  tion detected by all assessors from those at high concentration
compounds, 4 were detected by all assessors [ethyl butanoatejetected by the same number of assessors: their detection
(3), ethyl 2-methy|butanoate (4), hexanal (6), and (Z)-hexen- frequency will be the same.
3-0l (12)], 2 were detected by 7 of eight assessors [butyl acetate
(5) and compound], and 4 were detected by six assessors
[2-methylpropyl acetate?, 2-methylbutyl acetatelQ), 1-hex-
anol (24), and 1-octanoB#)]. These 10 compounds are liable
to contribute significantly to Fuji apple aroma. Some of these
compounds, such as ethyl butanoate, ethyl 2-methylbutanoate
butyl acetate, 2-methylpropyl acetate, and 2-methylbutyl acetate,
were defined by fruity notes (apple, pear, strawberry), whereas
others, hexanalZ)-hexen-3-ol, and 1-octanol, were identified PeMY):
by green notes (grass, green, green apple). The high detection Fifteen principal odorant compounds, detected by six or more
frequency of these compounds can be explained not only by assessors, are listed ifiable 4. These compounds were
their low odor thresholds but also by their quantity. For example, principally identified with fruity notes (apple, pear, red fruits),
the odor threshold value for ethyl 2-methylbutanodas very green notes (green, grass, green apple), and some notes of rotten
low (6 x 10°® mgL™1, Table 3), and it was detected by all  fruit, plastic, and pine. Among these compounds, 1-octanol was

Braeburn.Finally, in Braeburn aroma extracts, 24 compounds
were detected as odorant by three or more assessors, among
which 3 were detected by all assessors: 2-methylpropanol (

Some odorant compounds were detected by three or more
assessors only in Fuji extractsE)¢2-hexen-1-al (green note),
3-methylbutanol (fresh), and compoun@& and 36 (boiled
potatoes, butter, mushrooms). Ethyl hexanoate (fruity and green
apple) was detected only in Golden Delicious extracts, whereas
Braeburn extracts were characterized by butyl propionate (fruity,
red fruits) and 6-methylhept-5-en-2-one (citrus fruits, straw-
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Table 5. Principal Odorant Compounds from Apple Aroma Extracts of Golden Delicious, Fuji, and Braeburn Apples Harvested 3 Weeks before
Commercial Maturity (1), at Commercial Maturity (2), and 3 Weeks after Commercial Maturity (3)

Golden Delicious Fuiji Braeburn
volatile compound RI2 identification? 1 2 3 1 2 3 1 2 3
2-methylpropyl acetate 1012 a,b 0.07¢ 0.18 0.41 0.19 0.24 0.19 0.45 0.54 0.35
ethyl butanoate 1032 a, b, std 0.02 0.05 0.26 0.12 0.13 0.22 0.28 0.13 0.16
ethyl 2-methylbutanoate 1047 a, b, std 0 0.02 0 0.09 0.2 0.15 0.09 0.09 0.12
butyl acetate 1080 a, b, std 11 2.63 28.73 3.06 5.13 35 12.95 9.87 12.52
1-hexanal 1093 a, b, std 0.41 0.65 0.82 0.39 0.52 0.43 0.8 0.53 0.38
2-methylpropanol 1097 a, b, std 0 0 0.07 0 0.1 0.11 0.03 0.03 0.05
2-methylbutyl acetate 1126 a, b, std 0.35 0.66 414 12.09 16.52 8.45 34.69 25.83 11.23
butyl propionate 1138 a, b, std 0.14 0.21 0.9 0.03 0.23 0.07 0.03 0.03 0.04
(2)-hexen-3-ol 1142 ab 0.68 1.69 14.74 1.69 322 3.01 233 2.26 2.67
butyl butanoate 1220 a, b, std 0.01 0.04 0.58 0.29 0.51 0.24 0.69 0.38 0.52
2-methylbutyl butanoate 1268 a, b, std 0.99 1.61 6.75 1.49 2.97 2.58 0.06 0.04 0.03
hexyl acetate 1279 a, b, std 0 0 0.01 0.03 0.08 0.03 7.06 2.98 3.56
1-hexanol 1357 a, b, std 281 5.82 34.49 45 8.99 6.9 0.02 0 0.08
1-octanol 1566 a, b, std 0.02 0.05 0.22 0.06 0.11 0.17 0.01 0.04 0.01
total 6.60 13.61 92.12 24.03 38.95 26.05 59.49 42.75 31.72

aRetention index (17). ?“a” means that the identification of volatile compounds was done by the NIST and Wiley spectral databases, “b” means that the identification
was done by retention index found in the bibliography, and “std” means that the identification was done by injection of standard molecules. ¢ Quantity (mg equiv kg~?) (n
=3).

not detected by three or more judges in Braeburn aroma extract,Table 6. Average Quantity of Total Volatile Compounds Extracted by
whereas butyl propionate was detected only in this extract Vacuum Hydrodistillation for Three Harvest Dates

Table 4).
( In the 21ext section, we will observe the development of these quantity® (mg equiv kg™)
compounds in different apple extracts related to the fruits before at after
harvested at different stages. maturity maturity maturity
Effect of Maturity Stage on Apple Aroma Compounds. acetic esters (8 compounds) 24.37a 21.95b 25.14a
Among 15 selected odorant volatile compounds, 14 were Propanoic esters (3 compounds) 050 0.46 0.57
identified and quantified at different harvest dates for three apple E“ty"c esters (5 compounds) 186a 2232 444b
. . . exanoic esters (4 compounds) 0.83a 1.09 a 1.93b
cultivars harvested from an experimental orchard in 2003. alcohols (12 compounds) 10.35a 14.44 b 28.64 ¢
Table 5 shows that the overall quantity of the selected  aldehydes (3 compounds) 2.67a 2.69a 1.81b
volatiles increased during maturation for Fuji and Golden  ketones (2 compounds) 0.09 0.11 0.12
Delicious apples, which is related to an increase in quantity of  erPenoid (c-famescene) 265a 3.33b 1233¢
different substrates, such as amino acids, organic acids, alcohols, total 43.32 46.30 74.98

and aldehydes, used for volatile formatioR9). The most
significant increase in Golden Delicious apple extracts was  ?Letters (a—c) following entries indicate that the observed sensory characteristics
observed for butyl acetate, 2-methylbutyl acetaf®;Hexen-3- are significantly different from one maturity stage to another (LSD test, 5%); no
ol, 2-methylbutyl butanoate, and hexandlaple 5) and letters indicate there was no difference.
concerned the late harvested fruits. In Fuji apples, this increase
was optimal for fruits harvested in October (at commercial be sufficient to determine the optimal date of maturity for the
maturity) and concerned the same volatile compounds (Table global fruit quality. No explanation or comparable results were
5), the predominant compound being 2-methylbutyl acetate. found in the literature.
When the average quantities of different classes of volatiles, All of these differences had an important impact on sensory
extracted from the three cultivars, are observed, it can be seercharacteristics. PCA carried out on averaged diigufe 3)
that the quantities of alcohols and butyric and hexanoic estersshows that the development of these parameters is different from
increased significantly between early- and late-harvested fruits one cultivar to another, and the most important changes, in
(17), whereas the total quantity of aldehydes decreased for late-aromatic composition as well as in sensory perception of aroma
harvested fruits (30) Tiable 6). This seems logical as the and odor, were observed with Golden Delicious apples. Thus,
aldehydes serve as the substrates for the formation of alcoholshe aroma intensity increased from the early-harvested to the
and esters. Thus, aldehydes are reduced to alcohols that can blate-harvested fruits in Golden DeliciouBigure 4), whereas
esterified then by carboxylic acids present in ced6)( it attained its maximum at the commercial maturity stage for
As for Braeburn apples, the results are very different, and a Fuji apples Figure 5) and decreased for Braeburn apples
decrease in odorant volatile composition was observed. Contrary(Figure 6). A significant correlation coefficient was found
to the previous observations, some odorant compounds, suctbetween the aroma intensity scores and overall quantity of the
as butyl acetate,Z)-hexen-3-ol, butyl butanoate, or hexyl odorant volatilesR= 0.62), which shows that the development
acetate, attained the lowest concentrations at the stage charactesf sensory aroma is similar to that of odorant volatiles. The
ized as commercial maturity for Braeburn apples. These resultsaroma intensity scores were the most significantly correlated
are surprising as the synthesis of volatile compounds in fruit is to the quantity of hexanaR= 0.75), butyl acetate (R 0.65),
rather expected during maturation, in parallel with other and 2-methylpropyl acetat® & 0.67), the compounds identified
observed chemical changes such as the increase of sugar contemtith green and fruity odorant notes. At the same time cither
and the decrease of malic acid contehaljle 1). This shows intensityscores of uncut Golden Delicious and Fuji apples were
the limits of these traditional maturity indexes, which may not significantly higher at postmaturity stage. There was no
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Figure 3. PCA plot of average response values obtained by sensory analysis of fresh fruits and GC analysis of their aroma extracts for three apple
cultivars, Golden Delicious (GO), Fuiji (FU), and Braeburn (BR), harvested at three maturity stages: 3 weeks before commercial maturity (1), commercial
maturity (2), and 3 weeks after commercial maturity (3).

Opre-maturity & maturity Bpost-maturity

10 1

Figure 4. Plot of averaged sensory scores of Golden Delicious apples harvested at three stages: prematurity (3 weeks before commercial maturity),
maturity, and postmaturity (3 weeks after commercial maturity). Letters a—c indicate that the observed sensory characteristics are significantly different
from one maturity stage to another (LSD test, 5%); no letters were added if there was no difference.

significant correlation between sensory odor intensity and the butanoate (R= 0.70) and 2-methylpropanol (R= 0.65),
overall quantity of odorant volatiles found in apple aroma identified successively with fruity and plastic odors.
extracts. This can be partially explained by the fact that the = Changes in Apple Eating Quality in Correlation with
aroma extracts were obtained from cut apples, whereas the applénstrumental Measurements.Variance analysis showed that,
odor was analyzed on uncut apples. However, the odor intensityat the 5% level, theultivar effect was significant for almost
scores were significantly correlated to the quantity of ethyl all sensory descriptors excepiveet tasteand fondant(Table
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Opre-maturity & maturity Bpost-maturity

Figure 5. Plot of averaged sensory scores of Fuji apples harvested at three stages: prematurity (3 weeks before commercial maturity), maturity, and
postmaturity (3 weeks after commercial maturity). Letters a—c indicate that the observed sensory characteristics are significantly different from one
maturity stage to another (LSD test, 5%); no letters were added if there was no difference.
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Figure 6. Plot of averaged sensory scores of Braeburn apples harvested at three stages: prematurity (3 weeks before commercial maturity), maturity,
and postmaturity (3 weeks after commercial maturity). Letters a—c indicate that the observed sensory characteristics are significantly different from one
maturity stage to another (LSD test, 5%); no letters were added if there was no difference.

7), which means that the studied cultivars have very different To compare the effect of maturity stage on the sensory
sensory profiles. In the same way, thaturity stageeffect was attributes of different cultivars, Fisher's LSD procedures were
significant for seven descriptors, namedpur tastesweet taste applied.Figures 4—6, produced with averaged sensory scores,
touch resistanceroughnessgrunchinessghewiness, antbn- show that the development of these parameters is different from
dant. Moreover, almost all of the parameters measured by one cultivar to another, and the most important changes were
penetrometry and double compression discriminated different observed with Golden Delicious apples. These differences are
apple cultivars as well as fruits harvested at different maturity due not only to the structural differences that exist between the
stages (Table 7). three cultivars but also to the chemical composition of their
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Table 7. Two-Way ANOVA Results for Variables Measured by to changes in apple aroma intensity, whereas the development
Sensory Analysis, Penetrometry, and Double Compression? of textural parameters was related to the development of the
mechanical parameters measured by penetrometry and compres-
cultivar maturity stage sion.
variable F p F p Therefore, it seems that the determination of the optimal
Sensory Analysis maturity stage for different apple cultivars by the usual
odor intensity 1.76 0.17 3.93 0.02 parameters, such as color, calibre, total soluble solids, and
aroma intensity 341 0.034 154 022 titrable acidity, may not be sufficient to determine the optimal
:\‘I’ertﬁzt;e 2822 <8'2201 géi 88g6 sensory quality for the consumers. Moreover, the sensory quality
astringency 387 0.02 071 0.49 of fruits changes during maturation in a different way from one
touch resistance 17.73 <0.0001 5.29 0.006 cultivar to another, and this should be taken into account.
roughness 4.90 0.008 11.44 <0.0001
crunchiness 18.99 <0.0001 14.33 <0.0001 ABBREVIATIONS USED
chewiness 5.72 0.004 6.24 0.002
juiciness 2430 <0.0001 027 076 GC-MS, gas chromatography coupled to mass spectroscopy;
mealiness 12.52 <0.0001 1.34 0.26 GC-0O, gas chromatography coupled to olfactometry; GC-FID,
fondant 2.26 0.11 5.25 0.006 gas chromatography with flame ionization detection; ANOVA,
Penetrometry analysis of variance; LSD, least significant difference.
Fs 3181 <0.0001 56.38 <0.0001
D 9.86 <0.0001 16.43 <0.0001 ACKNOWLEDGMENT
Grad 177.14 <0.0001 35.13 <0.0001
Ws 2.96 0.05 28.59 <0.0001 We thank all of the staff from the Laboratory GRAPPE of ESA
Fi 59.50 <0.0001 57.83 <0.0001 (Angers, France) and the Biochemistry Laboratory of ENITIAA
l‘fﬁc gégg :8-8881 ;‘Z‘gg :g-gggi (Nantes, France) for their help and advice. We are grateful to
' o ' ) the Moriniere farm for providing fruits and storage facilities.
g 56[2101““6 Conggrggg'f" 639 <0.0001 We epecially thank the members of the trained sensory panel
1 . . . . .
Hy 60.16 <0.0001 1253 <0.0001 (ESA) and.the. olfactometric pangl (ENITIAA), who quked
Wi, 55.65 <0.0001 0.20 0.8153 very conSC|ent|oust and never missed a Sensory session.
Gradl 52.72 <0.0001 6.40 0.002
W, 46.86 <0.0001 22,64 <0.0001 LITERATURE CITED
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