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Abstract: Peach production in Georgia, USA, extends from mid-May to mid-August. Multiple
cultivars are commercially grown in the U.S., and each cultivar has unique fruit quality characteristics,
which could influence consumer perception and acceptability. Among those, peach flavor has
been minimally characterized among cultivars. Headspace-solid phase microextraction (HS-SPME)
combined with gas chromatography—mass spectrometry (GC-MS) was used to characterize the
volatile profile of 42 peach cultivars commercially grown in 2016. The goal of this research was to
understand the aroma composition and content of peach cultivars grown in Georgia, USA. Thirty-six
volatile compounds were identified. Significant differences (p < 0.0001) were observed for all the
flavor volatiles across all cultivars being evaluated. Esters were the major compounds isolated from
the 42 peach cultivars, followed by lactones, alcohols, aldehydes, and terpenoids, in that order.
Lactones, benzaldehyde, and linalool, which are known to be peach aroma compounds, exhibited the
highest mean concentrations among the cultivars with y- and 6-decalactones having a concentration
of approximately 180 ng- g_l and 60 ng- g_l, respectively. Among the cultivars, “Majestic” had the
highest mean concentration of y-decalactone, followed by “Southern Pearl” with approximately
503 ng-g~! and 443 ng-g~!, respectively. “Southern Pear]l” and “Fairtime” also exhibited the highest
average concentration of 6-decalactone. The results obtained will help provide an understanding of
the distribution of the various volatile organic compounds found in Georgia-grown peach cultivars.

Keywords: flavor; VOCs; Prunus persica; fruit quality; HS-SPME; GC-MS

1. Introduction

Fruit quality is a complex trait. Consumers are known to initially evaluate fruit at the
point-of-sale by its appearance and later by its flavor and mouth-feel [1]. The appearance
will determine the initial purchase, while tasting would define the return buy. Appearance
is mostly based on the fruit size and color, while tasting encompasses a combination of
factors such as aroma, texture, and sugar/acid ratios [1]. Aroma, fruit firmness, and color
are among the most important components that contribute to peach fruit quality [2].

Fruit aroma is produced by emissions of volatile or gaseous compounds and is charac-
terized by the volatile organic compounds’ (VOCs) composition. Overall fruit flavor results
from the combination of VOCs, sugars, and organic acids. The relative contributions of
specific aroma VOCs to the flavor of peaches have been studied by several authors with
over 100 VOCs identified [3-5]. Among these volatiles, aldehydes, alcohols, terpenoids,
ketones, lactones, carboxylic acids, and esters have been reported [6]. Horvat and Chap-
man [7] identified y-decalactone to be a major contributor of “peach” aroma. Other lactones
such as y-octalactone, y-dodecalactone, 5-decalactone, and 6-pentyl-a-pyrone have been
also reported to be part of peach aroma, exhibiting a “fruity” or “coconut”-like aroma [7].
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Terpenoids and aldehydes were identified to be minor contributors [8]. Spencer et al. [9]
studied the relationship between the relative VOCs’ concentration and sensory attributes
in peach. The authors reported a higher concentration of monoterpenes and esters as
compared to lactones. However, when considering the detection thresholds of volatiles,
lactones were a major contributor to peach aroma.

VOCs’ composition changes with fruit ripening. In peach, immature fruit have been
reported to be abundant in C6 compounds such as alcohols and aldehydes. At full ma-
turity, the concentrations of lactones, linalool, and benzaldehyde are known to increase
as the C6 compounds decrease [10,11]. Similarly, other studies have been carried out to
investigate how different cultural management practices such as fertilization, bagging, and
postharvest treatments influence the VOC composition in peaches [12]. Flavor volatile
composition is also known to be dependent on the cultivar analyzed. In a study conducted
by Robertson et al. [13], the amount of linalool found in white-fleshed peaches was more
than that of yellow-fleshed peaches.

The aim of this study was to survey and characterize the VOCs’ composition of
42 peach cultivars grown in Georgia, USA. Our hypothesis was that each cultivar has
different volatile profiles and their VOCs’ composition will change as the ripening season
changes. The study was focused on the volatile composition among the peach cultivars
grown in Georgia, which were minimally characterized for flavor volatiles.

2. Materials and Methods
2.1. Plant Materials

A total of 42 peach (Prunus persica L. Batsch) cultivars representing the marketing
window of Georgia’s production were characterized for their VOC composition (Table 1).
Peaches were harvested from 14 May to 29 July in 2016, separating cultivars by early-, mid-,
and late-season. Cultivars were commercially grown and managed using the southeastern
peach, nectarine, and plum pest management and culture guide [14]. Handling and grading
of samples followed commercial procedures from peach growers in Fort Valley, GA, USA.
The goal was to obtain peach samples representative of fresh fruit sold in produce markets.
A detailed description of this procedure was described by Belisle et al. [15]. After harvesting
and grading, samples were kept at 7-10 °C in commercial boxes at grower locations for
1-3 days and then transported to Griffin, GA. Here, samples were kept at 4 °C for 3 days.

2.2. Sample Preparation

Before processing, samples were brought to room temperature for 2 to 3 days to allow
the fruit to ripen. Throughout ripening, all bruised and damaged peaches were removed
frequently to avoid uneven ripening or damaging of other fruit. Ripened fruit was then
used and prepared for volatile analysis as follows. Two-gram samples, including the flesh
and skin from multiple peaches (1 = 5), were then weighed into a twenty-milliliter screw
cap vial and homogenized using a spatula. A 10 uL amount of a 0.045 mg mL~! internal
standard 1-3-dichlorobenzene (Sigma-Alrich, St. Louis, MO, USA) was added to the purée.
Three samples per cultivar were analyzed. The extraction procedure that was carried
out was adapted from Bacvonkr]j et al. [11]. Solid-phase microextraction (SPME) and gas
chromatography coupled with mass spectrometry (GC-MS) were used to evaluate the
volatile compounds’ composition of each peach cultivar.
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Table 1. List of the 42 peach cultivars and their characteristics, grown in Georgia, United States of America, in 2016.

Harvest Season Cultivar Flesh Type Pit Adherence  Flesh Color Acidity Harvest Date ?
Carored Melting Clingstone Yellow Standard 18 May
Fiesta Gem Melting Clingstone Yellow Standard 22 May
Flavorich Melting Clingstone Yellow Standard 14 May
Early Goldprince Melting Clingstone Yellow Standard 26 May
Rubyprince Melting Clingstone Yellow Standard 27 May
Springflame Nonmelting Clingstone Yellow Standard 19 May
Springprince Nonmelting Clingstone Yellow Standard 18 May
Zee Diamond Nonmelting Clingstone Yellow Standard 18 May
Blazeprince Melting Freestone Yellow Standard 14 June
Caroking Melting Semifreestone Yellow Standard 15 June
Early Elberta Melting Freestone Yellow Standard 23 June
Encore Melting Freestone Yellow Standard 23 June
Fireprince Melting Freestone Yellow Standard 23 June
Gala Melting Semifreestone Yellow Standard 2 June
Harvester Melting Freestone Yellow Standard 9 June
Junefire Melting Freestone Yellow Standard 16 June
. Juneprince Melting Semifreestone Yellow Standard 1 June
Mid Majestic Melting Freestone Yellow Standard 23 June
Rich Lady Nonmelting Semifreestone Yellow Standard 9 June
Rich Pride Nonmelting Clingstone Yellow Standard 8 June
Scarletprince Melting Freestone Yellow Standard 30 June
Sierra Rich Melting Freestone Yellow Standard 16 June
Southern Pearl Melting Semifreestone White Standard 8 June
Sureprince Melting Semifreestone Yellow Standard 2 June
White Lady Melting Freestone White Low acid 25 June
Zee Pride Nonmelting Clingstone Yellow Standard 1 June
August Lady Melting Freestone Yellow Standard 27 July
Augustprince Melting Freestone Yellow Standard 12 July
Early August Prince ~ Melting Freestone Yellow Standard 12 July
Early Big Red Melting Freestone Yellow Standard 20 July
Fairtime Melting Freestone Yellow Standard 20 July
Fat Lady Melting Freestone Yellow Standard 21 July
Flameprince 27 Melting Freestone Yellow Standard 29 July
Flameprince 29 Melting Freestone Yellow Standard 29 July
Late Julyprince Melting Freestone Yellow Standard 1 July
O’Henry Melting Freestone Yellow Standard 29 July
Elberta Melting Freestone Yellow Standard 13 July
Elberta #2 Melting Freestone Yellow Standard 21 July
Red Globe Melting Freestone Yellow Standard 6 July
Ruston Red Melting Freestone Yellow Standard 7 July
Summerflame Melting Freestone Yellow Standard 14 July
Summerflamel Melting Freestone Yellow Standard 14 July

2 Commercial harvest date obtained from the grower in Fort Valley, Georgia, United States of America. ® Part of the Elberta cultivar—end

ripening window.

2.3. Isolation of Volatiles

A dynamic headspace solid-phase microextraction method was used for the isolation
and concentration of the volatile compounds. The sample was first equilibrated in an
autosampler (Model GC Sampler 80, Agilent Technologies, Santa Clara, CA, USA) at 60 °C
for 30 min and agitated at 250 rpm with on and off steps of 5 s and 2 s, respectively. This step
helped to promote absorption from the headspace. An SPME fiber coated with 50/30 um
divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS) was then exposed
to the headspace of the sample for 30 min at 60 °C for it to adsorb the analytes. After the
adsorption process was completed, the fiber was then inserted into the injection port of
the gas chromatography-mass spectrometry (GC-MS). The fiber, which had the volatile
compounds adsorbed onto its surface, was desorbed into the GC injection port for 5 min
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at 270 °C in splitless mode. After each injection of volatiles, the fiber was conditioned at
250 °C for 20 min.

2.4. GC-MS Analysis

The individual volatile compounds were analyzed using gas chromatography coupled
with a mass spectrometer (Model 7890A, Agilent Technologies, Santa Clara, CA, USA),
equipped with a 30 m x 250 pm i.d. x 0.25 um film thickness HP-5MS column and a mass
spectrometer (MS) detector (Model 5977A, Agilent Technologies, Santa Clara, CA, USA).
The analysis was performed in splitless mode, and helium was used as the carrier gas
(1 mL min~! flow rate). The solvent delay was also set at 3 min. The column temperature
program was as follows: initially, the column was maintained at 40 °C for 3 min, then
programmed at 5 °C min~! to 175 °C and held for 1 min, followed by 10 °C min~! to
275 °C, then held for 3 min with a total run time of 44 min. The mass spectrometer detector
was operated in electron impact ionization mode (70 eV) by scanning a mass-to-charge

ratio (m z~!) from 50 Da to 400 Da with a scan speed of 1.562 s L.

2.5. Identification of Volatile Compounds

For the identification of the compounds, a series of n-alkanes or hydrocarbon stan-
dard solution (C7-C30) (SUPELCO, Bellefonte, PA, USA) with an initial concentration of
1000 pg mL~! in hexane was also initially injected and run by the GC-MS under the same
conditions. These hydrocarbons’ standard solution was diluted in a series of steps (adding
100 puL of the concentrated 1000 pg mL~! standard solution to 1 mL of hexane, then adding
100 pL of the previously made solution to 1 mL methanol and, finally, 250 uL of this to
500 uL of distilled water) to obtain a working solution that was made up of 250 uL of the
standard solution in 500 uL of distilled water.

The volatile compounds were identified by comparing their mass spectra with the
commercially available mass spectra database [National Institute of Standards and Tech-
nology (NIST) mass spectral library, Version 2.2, 2014] and by matching their calculated
retention indices with the retention indices found in the literature (NIST spectra library col-
lection). In addition, for all the identified compounds, semiquantification was performed
to determine their relative concentrations using the peak area of the internal standard (IS).

2.6. Data Analysis

Analyses of variance (ANOVAs) were performed in SAS Software Version 9.2 (SAS
Institute Inc., Cary, NC, USA) to examine differences among cultivars for the various
volatile compounds. Differences among cultivars per volatile compound were examined
using the Tukey honestly significant difference (HSD) test with a confidence level of 95%.
Principal component analysis (PCA) was performed on the data using JMP software Version
14.0 (SAS Institute Inc., Cary, NC, USA) to detect group clustering formation and establish
relations among samples and volatile compounds in 2016.

3. Results and Discussion
3.1. Identification of Volatile Compounds

The Supplementary Information (Table S1) provides a thorough description of all the
volatile compounds detected per cultivar with their individual concentrations. A total of
36 volatile compounds were identified. Comparisons among cultivars were significantly
different (p < 0.0001) for all compounds. Among these compounds, 6 were aldehydes, 6 al-
cohols, 10 esters, 8 lactones, 4 terpenoids, 1 carboxylic acid, and 1 ketone (Tables S1 and 2).
Among the three harvest seasons, the highest number of the volatiles was detected in
the peaches belonging to both the mid- and late-season cultivars (Table 3). A total of
35 volatiles were detected in both mid- and late-season cultivars, except for dodecanal and
ethyl octanoate, respectively. A total of 30 volatiles were detected among early-ripening
peach cultivars, with benzaldehyde, methyl hexanoate, ethyl octanoate, y-octanolactone,
d-octalactone, and 'y-nonalactone not detected.
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The relative total concentration of esters per cultivar was high across all ripening
seasons (Figure 1 and Table 3). The relative total concentration of alcohols per cultivar
was high in early-ripening cultivars, decreasing in the mid- and late-season cultivars. The
relative concentration of lactones per cultivar was high in mid-season cultivars followed by
late-season cultivars (Figure 1 and Table 3). Early-season cultivars had the lowest relative
concentration of lactones per cultivar. The make-up of the different classes of VOCs per
season may suggest that early-season peach cultivars might have more green and grassy
notes due to the higher concentrations of alcohols detected, while mid- and late-season
cultivars may have an increase of peach-like aromas due to the higher concentrations of
lactones.

Table 2. Volatile compounds detected in the fresh fruit of all 42 peach cultivars grown in Georgia,
United States of America, in 2016.

Classification Volatile Compounds ? Code P RI (Exp) € RI (Lit) 4
Aldehydes Hexanal Al 798 800
Benzaldehyde A2 962 961
Benzeneacetaldehyde A3 1048 1049
Nonanal A4 1108.5 1102
Decanal A5 1211 1195
Dodecanal A7 1413.7 1412
Alcohols (E)-3-Hexen-1-o0l Bl 829 845
2-Hexen-1-ol, (E)- B2 850 855
Hexanol B3 855 867
Octanol B4 1075.3 1068
1-Nonanol B5 1172.6 1172
1-Undecanol B6 1371.9 1370
Esters Methyl hexanoate El 930 924
3-Hexen-1-0l, acetate, (Z)- E2 1012 1011
Hexyl acetate E3 1019 1010
2-Hexen-1-0l, acetate, (Z)- E4 1022 1007
Methyl benzoate E5 1101.2 1106
Methyl octanoate E6 1126.6 1128
Ethyl octanoate E7 1201.1 1190
2(E)-Hexenyl butanoate E8 1202 1180
Methyl decanoate E9 1327.6 1328
Methyl dodecanoate E10 1526.3 1527
Lactones v-Hexalactone L1 1061 1059
v-Octanolactone L2 1261.7 1260
5-Octalactone L3 12914 1308
v-Nonalactone L4 1366.1 1363
6-Amyl-a-pyrone L5 1459.8 1465
y-Decalactone L6 1471.7 1463
d-Decalactone L7 1501.6 1496
y-Dodecalactone L8 1681.1 1671
Terpenes B-Myrcene T1 996 992
D-Limonene T2 1033 1028
Linalool T3 1104.1 1104
Geranyl acetone T4 1455.8 1454
Carboxylic acids  Benzoic acid BA 1165.5 1162
Ketones [3-Ionone K1 1492.8 1486

2 Volatile compounds confirmed by comparing mass spectra and retention time with those of literature libraries.
b A, aldehyde; B, alcohol; E, ester; L, lactone; T, terpenoid; BA, carboxylic acid; K, ketone. ¢ RI(Exp), retention
indices calculated using a series of n-alkane or hydrocarbons based on the HP-5MS column. 4 RI(Lit), retention
indices obtained from the NIST library.



Horticulturae 2021, 7, 516 6 of 19

Table 3. Volatile compounds (ng-g~!) detected in fresh fruit of all 42 peach cultivars grown in Georgia, United States of
America, in 2016, as classified by ripening season.

Classification Volatile Compounds Code ? Early-Season Mid-Season  Late-Season
Aldehydes Hexanal Al 6.1aPb 11b 32b
Benzaldehyde A2 tr 22.0b 359a
Benzeneacetaldehyde A3 09b 09b 3.1a
Nonanal A4 145a 6.4b 55b
Decanal A5 14 1.5 1.7
Dodecanal A7 0.6 tr 0.3
Alcohols (E)-3-Hexen-1-ol Bl 195.7 a 374b 33.2b
2-Hexen-1-0l, (E)- B2 25.5 ab 75b 494 a
Hexanol B3 41.7 69.7 20.7
Octanol B4 0.3 0.1 tr
1-Nonanol B5 42a 35a 23b
1-Undecanol B6 23.7 a 54b 72b
Esters Methyl hexanoate E1 tr 0.5 0.7
3-Hexen-1-0l, acetate, (Z)- E2 373 ¢ 82.1b 125.6 a
Hexyl acetate E3 379.4 258.3 263.0
2-Hexen-1-0l, acetate, (Z)- E4 273.8 165.9 177.6
Methyl benzoate E5 0.7 1.3 0.6
Methyl octanoate E6 2.1b 52a 26b
Ethyl octanoate E7 tr 5.6 tr
2(E)-Hexenyl butanoate E8 04b 04b 13a
Methyl decanoate E9 3.6 2.5 3.0
Methyl dodecanoate E10 0.7 1.6 2.0
Lactones v-Hexalactone L1 49b 70a 44Db
v-Octanolactone L2 tr 36a 1.0b
8-Octalactone L3 tr 0.6a 0.1b
v-Nonalactone L4 tr 0.5 0.3
6-Amyl-a-pyrone L5 30.8 48.4 447
v-Decalactone L6 120.6 b 2289 a 155.5b
5-Decalactone L7 44.0 71.0 61.6
v-Dodecalactone L8 20.4 27.1 14.8
Terpenes 3-Myrcene T1 1.3 0.4 0.5
D-Limonene T2 0.9 0.8 0.6
Linalool T3 16.5a 59b 55b
Geranyl acetone T4 19a 0.1b 0.7b
Carboxylic acids Benzoic acid BA 1.3b 04b 41a
Ketones 3-Ionone K1 3.0 4.8 0.5

2 A, aldehyde; B, alcohol; E, ester; L, lactone; T, terpenoid; BA, carboxylic acid; K, ketone. The letter plus the number represents the
compound corresponding to the code in Table 1. P Different letters within a row indicate a significant difference between ripening
seasons using the LSD test at p < 0.05. Early-season n = 24, mid-season n = 48, and late-season n = 54. Each cultivar had 3 replicates.
' Traces: minimum quantitative value of <0.4 ng-g~'.

In this study, the total aldehydes contributed to almost 3.4% of the total flavor profile
(Figure 1). Benzaldehyde (A2) was the dominant aldehyde with over 62% of the total
aldehyde contribution (Figure 2). Alcohols contributed almost 14% of the total flavor
profile (Figure 1) with (E)-3-hexen-1-ol (B1) contributing approximately 43% of the total
relative concentration of alcohols (Figure 3). Esters contributed approximately 52% of
the total volatiles (Figure 1). Overall, esters are known to be contributors of fruity and
floral notes in peach [6]. Hexyl acetate (E3) contributed approximately 50% of the total
esters (Figure 4). This may suggest that the peach cultivars used in this study may have
had a more fruity and floral smell. Eight lactones contributed almost 27% of the total
volatiles (Figure 1), with y-decalactone (L6) as the dominant lactone (Figure 5). This
result was consistent with the findings of Wang et al. [6], where y-decalactone (L6) and
d-decalactone (L7) were the major components of all lactone compounds identified, with
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both accounting for almost 80% of all lactones. In our study, y-decalactone (L6) and o-
decalactone (L7) accounted for almost 70% of all lactones. Four terpenoids were identified,
and they accounted for approximately 1% of all the volatiles (Figure 1). Linalool (T3) was
the dominant terpenoid and accounted for over 79% of the total terpenoids. In this work,
only one ketone (f3-ionone-K1) and one carboxylic acid (benzoic acid -BA) were identified
(Table 1). The sum of these contributed to about 0.1% of the total flavor profile per cultivar.
Because of their low levels, these are not discussed here in detail.

Main Classes of VOCs

Aldehyde Alcohol Ester Lactone Terpenes Other
compounds

B Early-Season H Mid-Season M Late-Season

Figure 1. Relative total concentration (ng-g~!) per cultivar among the main classes of volatile compounds and across

different ripening seasons in peach fruit. Early-season #n = 24, mid-season n = 48, and late-season 1 = 54. Each cultivar was

replicated with 3 fruit purée samples.

3.2. Volatile Compounds’ Composition

VOCs’ concentrations were different across cultivars. Table 4 reports the concentration
of the major VOCs that are known to be present in peach [3,7]. These compounds have
been suggested to be prominent at immature (3-hexen-1-ol, acetate, (Z)-; and 2-hexen-
1-0l, acetate, (Z)-) and mature (y-decalactone, d-decalactone, y-dodecalactone, linalool,
benzaldehyde, hexyl acetate and 6-amyl-«-pyrone) fruit development and responsible for
peach aroma.
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Table 4. Mean content of the major @ volatile compounds (ng-g ') in 42 fresh peach cultivars grown in Georgia, United States of America, in 2016.

Cultivar ID? A2¢ E2 E3 E4 L5 L6 L7 L8 T3
August Lady AL tr 100.9 + 3.7 243.9 £45.0 120.0 +21.8 77.7 £10.5 160.5 &+ 6.7 784+ 1.7 13.4+0.2 tr
Augustprince AP 430+ 444 100.3 +29.1 297.8 £ 84.5 155.2 + 46.8 523 £25.6 123.5 +41.3 61.6 £14.8 120+ 2.6 tr
Blazeprince BP tr 193.9 +39.4 1023.7 +£122.8  408.0 + 88.1 462 +71 184.4 +20.9 48.3 £41.8 23.8 £0.5 184 +7.6
Caroking CK 79+6.9 33.6 £10.5 86.7 £ 4.1 422 +£14.5 20.2£6.9 158.6 & 31.9 38.5£6.5 16.1 £ 2.6 tr
Carored CR tr 28.6 £ 3.1 2752 +£93.3 232.8 £110.1 54.1 £34.3 153.8 +92.4 51.5 £23.2 143 +7.8 34.6 £28.7
Early August Prince EAP 38.1£11.1 85.3 £29.7 354.6 £75.5 1714 + 46.1 38.5 £ 251 90.2 £43.0 41.1£19.8 64+£37 tr
Early Big Red EBR 53.5£17 162.9 +13.2 399.9 £1435 2452 £111.1 293 £3.9 139.2 +14.0 629 £6.2 74 £15 13.7 £3.1
Early Elberta EEB 499 +£49.3 72.8 £20.5 271.8 £ 54.8 2154 +47.7 33.9 £12.9 328.1 £+ 106.6 72.0 £+ 66.2 443 £11.2 tr
Encore EN 39.5£11.9 64.0 £9.0 2442 £77.7 115.5 + 36.6 57.1£21.0 292.7 £17.9 102.5 +47.3 32.6 £16.0 tr
Fairtime FT tr 410.8 £20.9 819.8 + 68.7 685.6 £131.5 134.0 = 85.3 394.2 £ 240.5 1893+ 1913  31.1+175 20.6 £11.7
Fat Lady FL 68.9 £80.2 153.7 £103.0  684.7 +5452 432243721 66.7 £35.3 1819 £107.4  39.6 +35.1 14.0 £ 8.0 54+5.0
Fiesta Gem FG tr 101.1 +102.9 1129.8 +454.0  921.9 +417.8 19.7 £ 115 112.7 474 52.7 £26.4 54.4 £33.9 18.0+£22
Fireprince FP 38.6 £4.3 774 +£9.7 116.8 +92.9 69.1 £30.1 499 £12.0 3275+ 747 84.7 £13.5 223+£74 26.9 £23.6
Flameprince27 FP27 175+ 3.7 21.5+85 40.5+16.3 378 £17.1 152+ 3.6 271+£9.2 126 +4.1 tr tr
Flameprince29 FP29 473 £10.5 154.7 + 81.9 419.3 £ 296.9 183.7+1223  30.1+£155 64.2 £37.6 36.6 £22.5 25+0.6 tr
Flavorich FR tr 31.6 £2.7 453.1 £109.1 3227 £59 29.0 £8.0 161.9 +29.4 7201228 309 £8.7 tr
Gala GA tr 224 +38 100.3 + 72.0 46.0 £ 26.5 545+ 174 131.9 +49.8 43.5+8.7 17.7 £ 8.0 261+£7.0
Goldprince GP tr 219 £23 1251 £ 61.1 924 £45.1 169+ 7.9 63.7 £25.0 142+ 43 102+0.3 tr
Harvester HA 25.3 = 26.8 96.2 £27.0 7717 £3459  504.7 £2102  39.2+£11.7 160.7 £ 77.7 72.8 £31.2 13.8 £ 0.9 25.7 £11.5
Julyprince JUL 144+ 125 65.6 £35.3 107.7 + 83.4 63.5 £ 404 22.6 £6.2 1422 +54.2 544 £12.2 36+14 214+ 44
Junefire JE 12.6 £15.1 90.7 £76.3 240.0 £219.1 136.8 +£143.0  62.6 £32.1 197.3 £111.7  79.1 £ 26.1 16.3 £ 8.0 tr
Juneprince P tr 28.4+5.1 31.2£183 41.0£7.6 84.1 £18.5 2139 £3.1 48.1 £40.0 274 £1.8 tr
Majestic M] 87.1£10.6 87.8 £17.0 90.5 414 424 +56 67.1 £244 502.8 £176.8 135.2 +80.3 55.9 £46.3 tr
O’Henry OH 31.7£9.0 152.1 +43.2 141.6 &= 54.6 55.8 £27.6 68.0 £12.5 184.8 +49.1 84.1 £2438 15.7 £ 5.1 tr
Elberta EB 29.6 +12.6 4944113 2243 +175.1 111.0 £ 724 5754274 383.7 +£98.5 104.6 £ 47.3 56.7+7.8 tr
Elberta #2 EB2 36.1+75 28.6 = 28.6 61.4+£223 54.6 £17.9 64+30 519 £ 114 141+123 55+ 1.1 tr
Red Globe RG 88.6 £ 61.3 71.8 £5.7 50.5 £12.8 385+ 134 23.3£9.0 139.6 - 47.4 68.0 £24.0 57 £36 26.1 £84
Rich Lady RL tr 69.9 + 145 160.9 £+ 54.1 79.0 £244 409 +31.5 114.6 +£15.4 35.1+0.8 97+18 tr
Rich Pride RP tr 63.1 £24.8 138.4 +96.2 67.9 £40.2 514 £17.6 108.8 9.7 322+41 94+15 8.9 +84
Rubyprince RUB tr tr 4157 £1248 & 139+ 26 69.0 £18.7 30.3 £3.2 6.0E£1.6 tr
Ruston Red RR 104.9 £27.9 52.7+14.9 190.1 £32.1 113.7 £27.8 29.2+10.0 2251+ 69.4 66.6 +19.9 43.8 +25.8 tr
Scarletprince SP 11.7 £10.2 99.5 £35.6 162.6 + 62.3 554 £8.7 6.1+£08 56.6 £10.4 20.2£3.5 41+07 tr
Sierra Rich SR tr 180.3 + 131.6 172.8 £ 178.5 183.8+ 1374 764 +333 2433 £73.3 63.5 £55.0 219 £5.6 tr
Southern Pearl SOU 85.4 1+ 42.0 170.5 £ 86.1 752.6 £ 507.3 7258 £4255  46.0+225 4429 42333 190.9 £ 98.0 84.1 +44.0 tr
Springflame SF tr 372+ 144 139.3 +75.0 101.5 +38.1 162 +2.7 541 +£83 224 +32 22405 21.5+438
Springprince SPR tr 51.1 £49.8 2934 £363.9 3027 £3183 837+ 824 2804 £2425 813 £65.3 37.5£37.6 40.8 £ 0.9
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Table 4. Cont.

Cultivar ID? A2¢ E2 E3 E4 L5 L6 L7 L8 T3
Summerflame SUM tr 91.8 + 53.8 171.1 +140.2 755+ 59.1 33.7 +14.1 90.1 + 39.1 238 +21.4 82+ 46 tr
Summerflamel SUM1 & 307.1+£1923 297.6 +103.1  29.7 +10.8 89.4 +42.6 484 + 259 10.4 + 18.0 tr
Sureprince SUR tr 36.5+ 0.1 108.6 + 31.6 63.7 +61.8 36.6 + 15.5 193.8 + 81.7 54.9 4+ 21.7 26.1+6.3 tr

White Lady WL 37.9 +3.1 439 +11.1 91.1 + 30.2 70.0 + 17.1 36.7 +10.2 220.3 + 48.4 77.8 +77.9 212 +39 tr

Zee Diamond 7D tr 264 + 4.4 203.5 + 87.0 216.4 +41.9 13.0 £2.9 69.3 +24.0 27.8+9.8 7.7 +27 17.0 £ 2.4
Zee Pride ZP tr 462 +95 86.7 + 87.1 120.2 + 98.5 615+ 22.6 2412 4+ 75.2 78.0 +22.5 41.1+19.1 tr

2 Main volatiles known to have major effects in peach aroma, including some volatiles present in other taxa. ® ID represents abbreviation of cultivar names. ¢ The letter plus the number represents the compound
corresponding to the code in Table 1. ¢ Mean = standard deviation. ' Traces: minimum quantitative value of <0.4 ng-g~ 1.
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3.3. Aldehydes

Aldehyde content varied across cultivars and across ripening seasons. A total of six
aldehydes were detected (Figure 2, Tables 2 and 3). Benzaldehyde (A2) was the most
abundant with a content ranging from trace amounts to 104.9 ng-g~! (Tables 4 and S1).
Benzaldehyde is known to act in combination with lactones to shape the basic peach
aroma [16]. It is characterized by an “almond” and “burnt sugar” odor as described in
the online database Flavornet (http://www.flavornet.org/flavornet.html, accessed on
11 November 2021) and a “fruity” flavor as described by the Good Scents Company
(http:/ /www.thegoodscentscompany.com/index.html, accessed on 11 November 2021).
The “Ruston Red” cultivar had the highest benzaldehyde content (104.9 ng-g’l) (Table 4).
Other cultivars with a high benzaldehyde content (greater than 5ng-g~! [6]) were “August-
prince” (43 ng-g 1), “Flameprince29” (47.3 ng-g~ '), “Elberta #2” (49.9 ng-g~!), “Early Big
Red” (53.5ng-g~!), “Fat Lady” (68.9 ng-g~1), “Caroking” (7.9 ng-g~!), “Southern Pearl”
(85.4 ng~g_1), “Majestic” (87.1 ng-g_l), and “Red Globe” (88.6 ng-g_l) (Table 4). As shown
in Figure 2, other abundant aldehydes were nonanal (A4), followed by hexenal (A1), benze-
neacetaldehyde (A3), decanal (A5), and dodecanal (A7), in that order. “Fiesta Gem” had the
highest of nonanal (A4) with 15.3 ng-g~!. Late-season cultivars had higher benzaldehyde
and benzeneacetaldehyde (A3) relative concentrations than early- and mid-season cultivars
(Table 3). Benzeneacetaldehyde is characterized by a “green” odor and a “honey” flavor
(Good Scents Company database). Hexanal and nonanal relative concentrations were the
highest for early-season cultivars in comparison to late- and mid-season cultivars (Table 3).
Hexanal is characterized by “grass”, “tallow”, and “fat” (Flavornet database) odors and
“green” odor and flavor (Good Scents Company database). The reported low concentration
of aldehydes among all volatiles detected was probably due to all peaches being processed
at a fully ripe stage, as aldehydes are characterized by green-grassy notes (Figure 1). They
are prominent in immature peaches, and they decrease as the peach ripens [8,17].

Aldehyde
: Benzaldehyde
D Benzeneacetaldehyde
- Decanal
Dodecanal
Hexanal

Nonanal

Relative Concentration Per Cultivar (ng-g1)

e B

Figure 2. Relative concentration per cultivar (ng-g~!) of aldehydes across 42 peach cultivars. Mean
values of 3 fruit purée samples per cultivar. Standard error (SE) bars are reported.
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3.4. Alcohols

A total of six alcohols were detected: (E)-3-hexen-1-ol (B1), 2-hexen-1-ol, (E)- (B2),
hexanol (B3), octanol (B4), 1-nonanol (B5), and 1-undecanol (B6) (Figure 3, Tables 2 and 3).
The prominent alcohols were (E)-3-hexen-1-ol (B1), followed by hexanol (B3) and 2-hexen-
1-ol, (E)- (B2) (Figure 3). Alcohols and aldehydes are also known as C6 compounds and
are mostly known to exhibit “grassy flavor” or “unripe aroma”. They are prominent
in immature peaches, and they decrease as the peach ripens [8,17]. In this study, C6
compounds were detected in certain peach cultivars, with some of them having high
concentrations (Table 3). “Fiesta Gem” had the highest (E)-3-hexen-1-ol 925.6 (ng'g_l)
among the cultivars (Table S1). Compounds (E)-3-hexen-1-ol and 1-undecanol relative
concentrations were the highest for early-season cultivars in comparison to late- and mid-
season cultivars. (E)-3-Hexen-1-ol is characterized by a “green” odor and 1-undecanol
by “waxy”, “citrus”, and “mandarin” odors (Flavornet and the Good Scents Company
databases). 1-Nonanol was the lowest for late-season cultivars in comparison with early-
and mid-season (Table 3). 1-Nonanol is characterized as “fat” and “green” odor (Flavornet
database); and “floral” odor and “waxy” flavor (Good Scents Company database). The
relative total concentration of alcohols per cultivar were almost triple in early-season
cultivars in comparison with the mid- and late-season cultivars (Figure 1). This result needs
to be further studied as it may represent differences in odor and flavor possibly associated
with fruit development period, and that may influence consumer perception.

Alcohol
. (E)-3-Hexen-1-0l

. 1-Nonanol

- 1-Undecanol
. 2-Hexen-1-0l, (E)-
. Hexanol
T . Octanol
254
| I II i

Figure 3. Relative concentration per cultivar (ng-g~1) of alcohols in 42 peach cultivars. Mean values

501

n

Relative Concentration Per Cultivar (ng-g?)

of 3 fruit purée samples per cultivar. Standard error (SE) bars are reported.

3.5. Esters

Esters were the most-abundant volatiles (Figure 1). This result disagreed with the
findings by Wang et al. [6], where esters were the second-most abundant following lac-
tones. This result may support the findings of a previous study, which suggested that if a
headspace sampling method is used instead of a vacuum steam distillation, there is the
possibility for more esters to be identified [18]. In peach fruit, it has been reported that
lactones and esters are known for “fruity” aromas [19]. A total of ten esters were identified
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(Figure 4). Hexyl acetate (E3), 2-hexen-1-ol, acetate, (Z)- (E4), and 3-hexen-1-ol, acetate,
(Z)- (E2) were the most-abundant esters, and they contributed over 95% of the total esters
(Figure 4). For the individual cultivars, “Fiesta Gem” had the most-abundant content of
hexyl acetate (E3), 1129.8 ng-g !, followed by “Blazeprince”, 1023.7 ng-g~!, and “Fairtime”,
819.8 ng-g~!. “Summerflame” had the lowest relative concentration with only traces of
hexyl acetate (Tables 4 and S1). Hexyl acetate is characterized by “fruit” and “herb” odors
(Flavornet database) and “fruity” flavor (Good Scents Company database). The overall
high content of hexyl acetate in this study may influence the “sweet” and “fruity” attributes
of peaches [20].

Ester
[ . 2-Hexen-1-0l, acetate, (Z)-

200 . 2(E)-Hexenyl butanoate
. 3-Hexen-1-0l, acetate, (Z)-
- Ethyl octanoate
. Hexyl acetate
. Methyl benzoate
- Methyl decanoate
. Methyl dodecanoate
D Methyl hexanoate

1001 | I wethyi octanoate

4 - - — R e . I

Figure 4. Relative concentration per cultivar (ng'g_l) of esters in 42 peach cultivars. Mean values of

Relative Concentration Per Cultivar (ng-g1)

3 fruit purée samples per cultivar. Standard error (SE) bars are reported.

The level of 3-hexen-1-ol, acetate, (Z)- (E2), was abundant in “Fairtime” with 410.8 ng- g’l
followed by “Summerflame” and “Blazeprince” with 307.1 ng-g~! and 193.9 ng-g~!, respec-
tively (Tables 4 and S1). The relative concentration of compounds 3-hexen-1-ol, acetate, (Z)-
(E2) and hexyl acetate (E3) were above their odor threshold (13 ng-g~! and 2 ng-g~!, respec-
tively), which suggests that they may have an important effect on the overall peach aroma.
This result was consistent with previous research, where hexyl acetate and 3-hexen-1-ol,
acetate, (Z)- were identified as among the key odorants for the flavor quality of peach fruit [8].
Late-season cultivars had higher 3-hexen-1-ol, acetate, (Z)- (E2) and 2(E)-hexenyl butanoate
(E8) relative concentrations than early- and mid-season cultivars (Table 3). Methyl octanoate
(E6) relative concentrations were the highest for mid-season cultivars in comparison to late-
and early-season cultivars (Table 3). The relative total concentration of esters per cultivar
was higher in early-season cultivars in comparison with the mid- and late-season cultivars
(Figure 1).
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200 Lactone
Il 6-Amyl-a-pyrone
I y-Decalactone
Il y-Dodecalactone
B y-Hexalactone
Il y-Nonalactone
Bl y-Octanolactone
[l 5-Decalactone

8-Octalactone
150

100

Relative Concentration Per Cultivar (ng-g?)

0

Figure 5. Relative concentration per cultivar (ng-g~') of lactones in 42 peach cultivars. Mean values
of 3 fruit purée samples per cultivar. Standard error (SE) bars are reported.

3.6. Lactones

Among the 42 cultivars, the most-abundant lactones were y-decalactone (L6), 6-
decalactone (L7), and 6-amyl-a-pyrone (L5) (Figure 5). The top three cultivars with
the highest amount of y-decalactone (L6) were “Majestic”, “Southern Pearl”, and “Fair-
time” with 502.8 ng-g~!, 442.9 ng-g~!, and 394.2 ng-g~!, respectively (Tables 4 and S1).
The cultivar with the lowest amount of y-decalactone (L6) was “Flameprince27” with
27.1 ng-g~!. y-decalactone is characterized by a “peach” odor (Flavornet dataset) and
a “fruity” odor and flavor (Good Scents Company dataset). The second-most-abundant
lactone was 6-decalactone (L7) (Tables 4 and S1). “Southern Pearl” had 190.9 ng- g_l, “Fair-
time” 189.3 ng-g~!, and “Majestic” 135.2 ng-g~! of d-decalactone (L7). §-decalactone
is characterized by a “coconut” odor and flavor (Flavornet and Good Scents Company
databases). The third-most-abundant lactone was 6-amyl-o-pyrone (L5) with “Fairtime”
134 ng-g !, “Juneprince” 84.1 ng-g~!, and “Springprince” 83.7 ng-g~! having the highest
amounts among all cultivars evaluated (Tables 4 and S1). Mid-season cultivars were the
highest for y-hexalactone, y-octanolactone, 5-octalactone, and y-decalactone compounds
in comparison with early- and late-season cultivars (Table 3). Lactones, especially y-
decalactone (L6) and d-decalactone (L7), have been described to be a major factor in the
production of the characteristic peach-like aroma [6]. However, they do not work in isola-
tion, but rather in combination with terpenes, alcohols, and aldehydes to give peaches their
characteristic aroma. This result was consistent with previous studies where y-decalactone
(L6) and b-decalactone (L7) were identified among the most-abundant lactones, while
y-nonalactone (L4) and $-octalactone (L3) were among the least-abundant lactones [8]. The
relative total concentration of lactones per cultivar were higher in mid-season cultivars in
comparison with early- and late-season cultivars (Figure 1).

3.7. Terpenoids

The dominant terpenoid compound among all cultivars was linalool (T3). Linalool ac-
counted for over 79% of the total terpenoids (Figure 6) and ranged from traces to 40.8 ng-g 1.
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This result was consistent with previous investigations where linalool was identified to be
the most-abundant terpene in nine different peach accessions [8]. Linalool was detected
in 15 out of the 42 cultivars that were analyzed. The “fresh floral” and “fruity” attributes
of peaches are known to be the result of the contribution from terpenoids [19]. Linalool
is characterized by “floral” and “lavender” odors (Flavornet and Good Scents Company
databases) and “citrus” flavor (Good Scents Company database). In mature peaches, one
of the most abundant compounds is linalool, and its level typically increases as fruit
reaches maturity [4,8]. In this study, the cultivars with the highest linalool content were
“Springprince”, followed by “Caroking” and “Fireprince” with 40.8 ng-g~!,34.6 ng-g 1,
and 26.9 ng-g~1, respectively (Tables 4 and S1). Early-season cultivars had a higher rel-
ative concentration of linalool (T3) and geranyl acetone (T4) in comparison to mid- and
late-season cultivars (Table 3). Geranyl acetone is characterized by “magnolia” and “green”
odors (Flavornet database) and “floral” odor and flavor (Good Scents Company database).

Terpenoid

- Geranyl acetone
Limonene

- Linalool

I:] B-Myrcene

Relative Concentration Per Cultivar (ng-g?)

Figure 6. Relative concentration per cultivar (ng-g~!) of terpenoids in 42 peach cultivars. Mean

values of 3 fruit purée samples per cultivar. Standard error (SE) bars are reported.

Compounds’ contribution to aroma does not only depend on their amount, but also
on their odor-detection-threshold values [19]. The linalool content in this study was above
its odor-threshold levels from the literature (6 ng-g~! or 6 ppb) [21], which may have
resulted in a contribution to the peach aroma of the cultivars evaluated. This result was
consistent with previous studies where linalool was suggested to contribute to the floral
aroma attribute of the samples evaluated [22]. Similar results were also found in the study
by Hovart and Chapman [7], where linalool was suggested to be a key odorant of peach
after it had an odor-active-value greater than 1 (OAV > 1).

3.8. Principal Component Analysis

The mean concentrations of the various volatile compounds identified were used in a
principal component analysis (PCA). From the PCA, the percent cumulative contribution
of variance for the first two PCs was 63.06%, providing a good quality projection (Figure 7).
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Figure 7. Principal component analysis. (a) Biplot for the first and second principal components or factors obtained by the
contents of the volatile compositions excluding A6 compounds. Cultivar IDs correspond to abbreviations used in Table 4.
(b) Score plot of the variables. The letters and numbers represent the volatile compounds detected and correspond to the

codes found in Table 2.

From the score plot, the compounds hexyl acetate (E3) and 2-hexen-1-o0l, acetate, (Z)-
(E4) were highly associated with each other. The same was observed for the compounds
6-amyl-a-pyrone (L5), y-decalactone (L6), 5-decalactone (L7), and y-dodecalactone (L8)
(Figure 7b). The extraction of the volatiles was performed on mature peach fruit confirmed
by the presence of these compounds, mostly esters and lactones [10,11]. This supports the
findings from Spencer et al. [9]. The authors reported higher amounts of esters, lactones,
and monoterpenes, such as linalool, in matured peach fruits.

From the PCA biplot (Figure 7a), it can be seen that some of the genotypes are unique
with regard to their volatile compositions. “Fiesta Gem” had the highest amount of hexyl
acetate (E3) and 2-hexen-1-ol, acetate, (Z)- (E4), followed by “Blazeprince”, “Fairtime”,
and “Harvester”. “Majestic” and “Southern Pearl” were also unique in that they had the
highest amount of two of the characteristic peach aroma compounds y-decalactone (L6)
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and b-decalactone (L7) (Figure 7a). 'y-decalactone was present in all the cultivars (Table 4) in
an amount that was above their odor-threshold levels (11 ng-g~! or 11 ppb [20]) and hence
should contribute to peach aroma. In the cultivar “Majestic”, which had the highest amount
of y-decalactones (502.8 ng-g 1), the level was approximately 45-fold higher than the odor-
threshold value. In these 42 cultivars, the benzaldehyde content (Table 4) was lower than its
odor-threshold values (350 ng-g ! or 350 ppb, [21]) and thus would contribute little to the
peach aroma. Similar results were reported with -decalactone since its levels were much
lower than its odor-threshold values (400 ng-g~! or 400 ppb) [20,21].

3.9. Cluster Analysis

Hierarchical cluster analysis (HCA) of the forty-two peach cultivars was performed
using the nine volatile compounds characterized as peach aroma volatiles from the previous
literature, as listed in Table 4. The Euclidean method was used for the distance calculation
for the cluster analysis. The forty-two peach cultivars can be grouped into two different
clusters (Figure 8). Cluster 1 was made up of 37 peach cultivars. Cluster 2 was made up of
5 peach cultivars. From the dendrogram, the genotypes in Cluster 2 are further apart than
the genotypes found in Cluster 1. The “Fairtime” and “Southern Pearl” cultivars both were
found to have the highest levels for multiple volatiles detected in this study (Table S1). The
results of this cladogram may represent the complexity of their flavor profile, with Cluster
1 representing cultivars with unique flavor and aroma characteristics.

EarlyAugustPrinc
Augustprince
Flameprince29
EarlyBigRed

|—| I— Fat Lady
1

Red Globe
Summerflame

Summerflame1
Rich Lady
— Rich Pride
Sureprince
Caroking

Flavorich

Scarletprince
Goldprince
Flameprince27
Elberta#2

Rubyprince

ZeeDiamond
Springflame
Julyprince
Gala
Carored

Springprince
—1 e
Elberta
Early Elberta
White Lady
Encore
Ruston Red
Majestic

Junefire
August Lady
O'Henry
Sierra Rich
e

[

Zee Pride
Juneprince

I SouthernPearl

Fairtime

Blazeprince

Fiesta Gem

10 5
Distance

o-

Figure 8. Hierarchical agglomerative cluster analysis based on a similarity matrix using the Eu-
clidean method of 42 peach cultivars based on 9 major volatile compounds that characterize
peach aroma.
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The peach characteristic aroma volatiles such as benzaldehyde, linalool, y-decalactone,
and 4-decalactone have been reported in the literature to increase their levels during mat-
uration [3,8]. Since all the cultivars in this study were processed fully ripened, these
compounds were compared across the three harvest seasons (early, mid, and late) to de-
termine which harvest season had more of these volatiles (Figure 9). It could be seen
that overall, mid- and late-season peaches had significantly higher benzaldehyde than the
early-season cultivars. For linalool and $-decalactone, there was no significant difference
between the three harvest seasons. Mid-season cultivars overall were significantly higher
than both early- and late-season cultivars for y-decalactone. Since there are not many
differences among the three seasons with only a few exceptions, it could be suggested that
peach aroma/flavor may be attributed by the interaction of multiple factors such as fruit
growth characteristics, environmental factors, genetic components, and others.

N Benzaldehyde
A ¥ Linalool
B y-Decalactone

&-Decalactone

Early Mid Late

Harvest season

Figure 9. Overall comparison of early-, mid-, and late-season peach cultivars for the four major peach aroma volatile

compounds as reported in previous literature. Bars represent the relative concentration per cultivar within each season.

Mean comparisons were made within a compound with different letters indicating significant difference among ripening
seasons using the LSD test at p < 0.05.

4. Conclusions

This study was able to identify 36 volatile compounds with all showing significant
differences across the 42 cultivars analyzed. The identified volatiles consisted of aldehydes,
alcohols, esters, lactones, terpenes, a carboxylic acid, and a ketone. The abundance of esters
such as hexyl acetate and 3-hexen-1-ol, acetate, (Z)- and lactones such as y-decalactone
and &-decalactone suggest that these compounds might constitute part of the “fruity”
aromas characteristic of a peach fruit, which is in agreement with previous studies [8,19].
Early-season cultivars were characterized by a higher relative total concentration of alcohol
and esters. On the contrary, mid-season cultivars were characterized by a higher relative
total concentration of lactones. These aroma and flavor differences may be attributed to
fruit growth characteristics, environmental factors, and genetic components, among others.
Future research with mature and immature peach fruit from different ripening seasons
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would help elucidate which compounds are characteristic of different seasons and fruit
developmental stages.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/horticulturae7120516/s1, Table S1. Mean values for volatile compounds (ng-g~!) detected
in 42 peach cultivars grown in Georgia, United States of America in 2016.
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