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ABSTRACT. The volatile profile of ‘Redchief Delicious’ apple (Malus 3domestica Borkh.) fruit was evaluated at 18
time points from 3 weeks before to 8 weeks after onset of autocatalytic ethylene production to capture the dynamics
associated with development from mature green to senescent fruit. Minor amounts of ester production began several
days before the onset of ethylene production. Ester production rose rapidly as internal ethylene levels increased
beyond 22 nmol·L21 (0.5 mL·L21). Peak ester production roughly coincided with maximum ethylene synthesis, declin-
ing thereafter. Ester production was further evaluated according to the acid- (alkanoate) and alcohol- (alkyl) derived
portions of the ester. The maximum rate of production for a given ester tended to occur later in development as the
chain length of the alcohol-derived portion declined. The production rate for many esters paralleled the rate of ema-
nation of their respective alcohol substrates, suggesting that availability of the alcohols limits ester production more
than availability of the acid substrates. Combining production rates with sensory descriptors and human sensitivity
to individual volatiles permitted approximations of aroma sensations likely engendered by the fruit throughout ripen-
ing. Overripe and alcoholic sensations are predicted to increase 2 weeks after the initiation of ripening in response to
an increase in the production of ethyl esters. Acetate esters predominated, comprising 50% to 80% of esters through-
out maturation and ripening, indicating that the substrate acetyl-CoA may be at saturating levels for alcohol acyl
transferase (AAT) at the final step of ester formation. Acetate feeding did not enhance ester production, although
label from 13C-acetate was extensively incorporated into esters. The data are consistent with the action of multiple
AAT isozymes differing in activity and substrate preference. Incorporation of labeled 13C-acetate into precursors of
esters, alcohols, and acids, reflected ester biosynthesis via 1- and 2-carbon chain elongation pathways in ripening
‘Redchief Delicious’ apple fruit.

Flavor is an important parameter of fruit quality that influen-
ces consumer acceptability. Volatile aroma compounds comprise
�75% of what is perceived as flavor in food (Murphy et al.,
1977) and contribute to the perceived quality in all fresh fruits.
In apples (Malus �domestica), more than 300 volatile com-
pounds (esters, alcohols, aldehydes, terpenes, and hydrocarbons)
have been identified (Dimick and Hoskin, 1983; Flath et al.,
1967). Of these volatiles, esters are the most important class in
terms of quantity and perception (Dixon and Hewett, 2000b;
Fellman et al., 2000). Of the dozens of esters produced by apple,
butyl acetate, hexyl acetate, 2-methylbutyl acetate, hexyl 2-
methylbutanoate, and ethyl 2-methyl butanoate are considered to

be most important for aroma perception, depending on the culti-
var (Espino-D�ıaz et al., 2016; Yan et al., 2020).

Ester biosynthesis is affected by cultivar (Dixon and Hewett,
2000a), growing conditions (Miller et al., 1998), fruit maturity
(Fellman and Mattheis, 1995; Song and Bangerth, 1994), storage
conditions (Patterson, et al., 1974), and postharvest treatments
(Ferenczi et al., 2006; Mir and Beaudry, 1999). It is known that
aroma biosynthesis in fruits is correlated with ethylene synthesis
and action in climacteric fruit (Brown et al., 1966; Dirinck et al.,
1989; Mattheis et al., 1991; Song and Bangerth, 1996; Tressl
and Drawert, 1973). However, the developmentally dependent
progression of the full spectrum of volatiles and their levels is
not well described, and their linkage with concomitant events,
such as the climacteric rise in fruit respiration, is not fully under-
stood (Fellman et al., 2000).

Esters are composed of either straight- or branched-chain alkyl
(alcohol-derived) and alkanoate (acid-derived) groups. The esters
in fruits are formed by the condensation of CoA derivatives of car-
boxylic acids and free alcohols in a reaction catalyzed by various
alcohol acyltransferase [AAT (EC2.3.1.84)] enzymes (Ueda and
Ogata, 1977). In apple, the carbon chain-length of the alcohol por-
tion of the ester usually varies between 1- and 6-carbons and the
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acid portion has a typical chain-length from 2- to 8-carbons and
both the alkyl and alkanoate moieties can be straight or branched.
The branched-chain esters are derived from the pathways associ-
ated with branched-chain amino acid biosynthesis via 1-carbon
(1-C) fatty acid biosynthesis (FAB) (Kroumova and Wagner,
2003; Sugimoto et al., 2011, 2015, 2021) and degradation (Nurs-
ten, 1970; P�erez et al., 2002; Tressl and Drawert, 1973; Wyllie
et al., 1995). Straight-chain fatty acids are believed to be derived
from fatty acid metabolism via degradative (Bartley et al., 1985;
Brackmann et al., 1993; Fellman et al., 2000; Nursten, 1970;
Rowan et al., 1996, 1999) and synthetic (Contreras and Beaudry,
2013, Contreras et al., 2015; Kroumova andWagner, 2003; Schil-
ler et al., 2015; Sugimoto et al., 2021; Tan and Bangerth, 2001)
processes. Although considerable progress has been made in iso-
lating and identifying a large number of volatile compounds con-
tributing to plant aromas, less work has been done on elucidating
the mechanisms of their formation.

Ester biosynthesis shifts in amount and composition through-
out ripening and senescence (Drawert et al., 1969; Williams and
Knee, 1977). The ester profile at any given time is influenced by
substrate availability (Knee and Hatfield, 1981; Wyllie and Fell-
man, 2000), AAT expression (Aharoni et al., 2000; Jayanty et al.,
2002; Schafer et al., 2007), and the activity and specificity of
AAT isozymes (Olias et al., 1995; P�erez et al., 1993, 1996). The
relative importance of each factor might change as ripening pro-
gresses, but little is known about the extent of influence through-
out fruit ripening and senescence. Even less is understood about
the collective influence of these factors on aroma perception.

Members of the AAT gene family have been characterized in
a number of fruit species, including apple, strawberry (Fragaria
�ananassa Duchesne), melon (Cucumis melo L. var. cantalu-
pensis Naud.), and banana (Musa L. sp., AAA group, Cavendish
subgroup, ‘Valery’) (Aharoni et al., 2000; Harada et al., 1985;
Jayanty et al., 2002; Souleyre et al., 2005; Yahyaoui et al.,
2002). Several AAT isozymes have been studied and were deter-
mined to use a broad range of precursors, although they do
exhibit marked substrate preferences.

In apple, although there may be 17 or more AAT genes, only
two AAT isozymes, MdAAT1 (also known as MpAAT1) and
MdAAT2 have been characterized to any appreciable extent
(Dunemann et al., 2012; Li et al., 2006; Souleyre et al., 2005).
Of these, only MdAAT1 has been characterized at the enzyme
level (Souleyre et al., 2005). MdAAT1 has the highest rate of
reaction with 1-hexanol compared with other alcohols when 1-
hexanol levels are high in the presence of saturating levels of
acetyl-CoA. However, at low levels of alcohol substrates, 2-
methyl-1-butanol results in higher rates of ester production
because of its much lower Km. Thus, the substrate specificity of
a single AAT isozyme will affect yields of individual esters as
enzyme and substrate levels vary. Further, although the ester
profile can be altered by the simultaneous operation of more
than one AAT isozyme (Beekwilder et al., 2004; Cumplido-
Laso et al., 2012), conclusive evidence for this is lacking in
apple.

The aim of this research was to characterize patterns in the
biosynthesis of esters and their precursors during ripening and
senescence of ‘Redchief Delicious’ apple with a level of detail
not previously attempted to better understand ester dynamics
and the relationship between precursor and product and to use
production rates of these odor active volatiles to predict their
influence on changes in aroma perception during ripening and

senescence. In addition, we wanted to determine if production
rates of individual esters were in agreement with available
kinetic analyses of MdAAT1 and use these data to infer whether
changes in AAT substrate specificity take place during apple
fruit ripening, which would indicate multiple AAT isozymes
impact apple aroma. Further, we wished to determine whether
esters were synthesized in ‘Redchief Delicious’ apples via the
newly described citramalate pathway, which uses 1-C FAB, and/
or via the relatively more fully characterized 2-C FAB pathway
(Kroumova and Wagner, 2003; Risso et al., 2008; Sugimoto
et al., 2011, 2015, 2021; Xu et al., 2004) by evaluating the incor-
poration of acetic acid as a native compound and as 1-, 2-, and
1,2-[13C2] isotopologs (Sugimoto et al., 2021).

Materials and Methods

Expt. 1. Developmentally dependent volatile analysis
PLANT MATERIAL. ‘Redchief Delicious’ apples were harvested

every 3 to 4 d at the Michigan State University Horticultural
Teaching and Research Center (HTREC), East Lansing, MI,
beginning from 8 Sept. 2000 (day 0) until fruit were considered
to have initiated ripening based on internal ethylene content
(IEC), which was considered to occur when the IEC rose above
9 nmol·L�1 (0.2 mL·L�1) on day 25 (3 Oct. 2000). On each date,
fruit were brought into the laboratory and held overnight to
equilibrate at room temperature (20 ± 1 �C) before analysis. All
fruit remaining on the tree were harvested on day 25. These
fruits were held at room temperature (20 ± 1 �C) and examined
every 3 to 4 d until the end of the study (day 71). In all, 18 dif-
ferent stages of development ranging from mature, unripe
through senescent, were measured.

On each evaluation date, 20 fruit were randomly chosen for
internal ethylene measurement and five fruit nearest to the
median were selected for subsequent respiratory CO2 and vola-
tile analysis.

INTERNAL ETHYLENE MEASUREMENT. The IEC was determined
by withdrawing a 1-mL gas sample from the interior of apples
and subjecting the gas sample to gas chromatographic (GC)
analysis (Carle Series 400 AGC; Hach Co., Loveland, CO) as
previously described (Mir et al., 2001).

RESPIRATION MEASUREMENT. Respiratory CO2 production was
measured on the five fruit having an IEC nearest the sample
median. Apples were placed singly into 1-L Teflon chambers
(Savillex Corp., Minnetonka, MN) and maintained in the cham-
bers for �3 h at 22 �C by ventilating with pure air at a known
rate to reach steady-state. Flow rates differed slightly for each
chamber, but averaged �25 mL·min�1. The air stream exited
the chamber through a “T” fitted with a half-hole, Teflon-lined
septum (Supelco Co., Bellefonte, PA) used as a sampling port.
CO2 in the outflow was measured on a 0.1-mL gas sample taken
through the exit line septum using a 0.5-mL plastic syringe. The
gas sample was injected into an infrared gas analyzer (model
225-MK3; Analytical Development Co., Hoddesdon, England)
operated in a flow-through mode with N2 as the carrier gas and a
flow rate of 100 mL·min�1. The CO2 concentration was calcu-
lated using a certified standard (Matheson Gas Products, Chi-
cago, IL) containing 5% CO2 by volume diluted 10-fold to
create a 0.5% (0.5 kPa) standard, which was closer to the con-
centrations found in the exit lines of the respirometers. The dif-
ference between inlet and exit line CO2 concentrations was used
to calculate the rate of respiration.
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VOLATILE ANALYSIS. Volatile organic compounds were sam-
pled using a 1-cm-long solid-phase microextraction (SPME)
fiber coated with a film thickness of 65 mm of polydimethylsi-
loxane/divinylbenzene (Supelco) inserted into the chamber exit
line sampling port for 5 min. One chamber with no fruit was
used as a blank. After sorption, the SPME fiber was immediately
transferred to a GC (HP-6890; Agilent Technologies, Santa
Clara, CA) splitless injection port at 230 �C and desorbed for 5
min. Volatiles were concentrated at the head of the column with
a liquid nitrogen cold trap, made by submerging the head of the
column in a pool of liquid nitrogen, and released by removal of
the liquid nitrogen. The GC was equipped with a mass spectrom-
eter (MS) detector (Pegasus II; LECO, St. Joseph, MI). Head-
space compounds were separated using a 15-m-long capillary
column (Supelcowax, Supelco) with a 0.1-mm i.d. and 0.25-mm
film thickness. Conditions of GC separation and mass spectrom-
etry analysis were as previously described (Song et al., 1997).

Identification of compounds was by comparison of the de-
convoluted mass spectrum with authenticated reference

standards and/or with spectra in the National Institute for Stan-
dard and Technology mass spectrum library (version 05). Vola-
tile compounds (Supplemental Table 1) were quantified by
calibrating with a known amount of an authenticated, high-purity
standard mixture of 13 alcohols, aldehydes, and esters as previ-
ously described (Song et al., 1997). Where no standard was
available, volatiles were quantified by estimation of the instru-
ment response factor based on the Kovats index for the com-
pound of interest (Bartelt, 1997). To develop this relationship,
41 compounds were used, having Kovats numbers ranging from
440 to 1387 (Supplemental Fig. 1).

For apple fruit, there were five replicate samples on each
analysis date. In all, 36 esters, five alcohols, and five acids were
identified and quantified by GC/MS with retention times varying
between 55 and 215 s. The production rate (micromoles per kilo-
gram per hour) was calculated for all compounds. Total ester
production throughout ripening (micromoles per kilogram) was
calculated by integrating the production rate across time for the
71 d of the study. The concentration of the alcohols 1-butanol,

Table 1. Abundant and odor active esters and alcohols detected during the ripening of ‘Redchief Delicious’ apple fruit ripened at 20 �C in
air, their sensory descriptors according to Dimick and Hoskin (1983), Espino-D�ıaz et al. (2016), The Good Scents Company (2021),
and Yan et al. (2020), the descriptor categories chosen for characterizing human perception in this study [Fruity/floral (F), overripe/
cheesy/fatty/off-flavor (O), grassy/green (G), alcoholic/winey (A), sweet/ether/solvent/chemical (S)], and human odor thresholds accord-
ing to Espino-D�ıaz et al. (2016) and Leffingwell and Associates (2021).

Compound Common descriptors Categories
Avg odor threshold
in water (mg·L�1)

Alcohols
Ethanol Sweet-ethereal, mild, wine, whiskey A, S 55
1-Propanol Alcoholic-nauseating, sweet odor O, A, S 9
2-Methylpropanol Mild, chemical, sweet, harsh when dilute S 22
1-Butanol “Fusel”-like odor, alcoholic, solvent-like, sweet, banana F, A, S 0.5
2-Methylbutanol Highly diluted-pleasant, fruity-winey spicy F, A 0.025
1-Hexanol Very penetrating, fatty-green grassy odor O, G 1.5

Esters
Ethyl acetate Pleasant, ethereal-fruity, brandy-like odor F, A, S 9.25
Ethyl propanoate Ethereal, fruity-rum-like odor (correlated with overripe/cheesy

odor)
F, O, A, S 0.01

Ethyl butanoate Powerful, ethereal-fruity odor, banana, pineapple (correlated
with overripe/cheesy odor)

F, O, G, S 0.001

Ethyl 2-methylbutyrate Powerful diffusive, green-fruity, pungent odor (correlated with
overripe/cheesy odor)

F, O, G 0.0006

Ethyl pentanoate Fruity, sweet F, S 0.003
Ethyl hexanoate Fruity, waxy, fatty, wine F, O, A 0.001
Propyl acetate Fruity, pear F 1.1
Propyl propanoate Fruity, sherry, ethereal F, A, S 0.057
Propyl butanoate Fruity, sweet, rancid F, O, S 0.07
2-Methylpropyl acetate Fruity, apple pear F 0.065
Butyl acetate Very diffusive, ethereal-fruity, pungent, pear odor, banana F, S 0.066
Butyl propanoate Fruity, sweet, F, S 0.112
Butyl butanoate Rotten apple F, O 0.1
Butyl hexanoate Acid, rancid, fruity, grass F, O, G 0.7
Butyl 2-methylbutanoate Fruity F 0.017
2-Methylbutyl acetate Sweet-fruity, banana, pear-like F, S 0.008
Pentyl acetate Apple, fruity, banana F 0.024
Hexyl acetate Sweet, fruity, slightly floral F, S 0.002
Hexyl propanoate Fruity, overripe, rotting fruit F, O 0.001
Hexyl butanoate Fruity, fragrance F 0.25
Hexyl hexanoate Fruity, green, wine F, G, A 1.8
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2-methyl-1-butanol, and 1-hexanol in the headspace of the respi-
rometer was used to estimate the tissue concentrations of the
alcohols using the Henry's coefficient for each alcohol (Knee
and Hatfield, 1976, 1981) and diffusion was assumed to be Fick-
ian in nature (Knee, 1991; Knee and Hatfield, 1976). Statistical
analysis of production rates of volatiles primarily consisted of
calculation of standard deviations for mean values. However, to
characterize the pattern of production, additional analysis was
performed. The pattern was evaluated for the presence of a
shoulder to a peak, an elevated shoulder to a peak, or two peaks
using t tests (P< 0.05) by comparing the following: 1) the maxi-
mum with the apparent shoulder/second peak, 2) the maximum
with the trough between the shoulder/second peak and the maxi-
mum, and 3) the trough with the shoulder/second peak. If the
values for the maximum and the shoulder/second peak both dif-
fered from any intervening trough value, the pattern was consid-
ered to have two peaks (or two periods of elevated production
with an intervening trough). If the maximum value differed from
the trough value, but did not differ from the shoulder/second
peak and the shoulder/second peak did not differ from the
trough, the pattern was considered as having an elevated shoul-
der. If the maximum value differed from both the shoulder/sec-
ond peak and the trough and the trough and the shoulder/second
peak were similar, the pattern was considered as having a shoul-
der to the maxima peak.

The impact of esters produced by ‘Redchief Delicious’ apples
on aroma perception was predicted using semiquantitative
means. To create this estimate, esters and alcohols for which
sensory descriptors and human odor thresholds were available
were identified among those quantified in this study (Table 1).
Published odor thresholds for each compound (Espino-D�ıaz
et al., 2016; Leffingwell and Associates, 2021), expressed in
micrograms per kilogram for water solutions were converted to
micromoles per kilogram. Each compound was then categorized
for its sensory impact into one or more of five categories: fruity/
floral (F), overripe/cheesy/fatty/off-flavor (O), grassy/green (G),
alcoholic/winey (A), or sweet/ether/solvent/chemical (S), based
on published sensory descriptors (Dimick and Hoskin, 1983;
Espino-D�ıaz et al., 2016; The Good Scents Company, 2021;
Yan et al., 2020) and given a preliminary score of 1 for each

category. When compounds had
descriptors that fit multiple catego-
ries, the score in each category was
uniformly reduced so that the sum of
category scores for any one com-
pound totaled to 1. The revised cate-
gory score for each compound was
then multiplied by the rate of produc-
tion of that compound and divided by
its odor threshold to obtain a predic-
tion of the sensory impact of that
compound in arbitrary units of per
second. Following this, the predicted
sensory impacts for all compounds
were totaled for each of the five
aroma categories for each analysis
date.

KINETIC ANALYSIS OF VOLATILE

SYNTHESIS. We attempted to deter-
mine whether the rates of synthesis of
acetate esters were reflective of the

kinetic data for AAT from Souleyre et al. (2005) for apple and
whether these data could be used to infer the existence of AAT
enzymes with substantially different kinetic properties. The pub-
lished Km of MdAAT1 for the alcohol substrates of hexyl acetate,
2-methylbutyl acetate, and butyl acetate were 2.7, 1.1, and 7.4 mM,
for 1-hexanol, 2-methyl-1-butanol, and 1-butanol, respectively,
under conditions of saturating acetyl-CoA. These were coupled
with estimates of the concentration of their respective alcohols and
measurements of the production rates of the esters in this study to

Fig. 1. Ontogeny of total esters, ethylene, and respiration (CO2 production) during ripening and senescence of
‘Redchief Delicious’ apples at room temperature (20 �C). The volatile profile of apple fruit was tracked
from 3 weeks before 8 weeks after the onset of autocatalytic ethylene production (indicated by dashed verti-
cal line). Each symbol represents the average of five replications ± SD.

Fig. 2. Pattern of esters classed by the alkanoate (acid) moiety during ripening
and senescence of ‘Redchief Delicious’ apple at room temperature (20 �C).
The volatile profile was tracked from 3 weeks before 8 weeks after the onset of
the ethylene climacteric (indicated by dashed vertical line). (A) Ester produc-
tion classified by acid portions. (B) Ester proportions (% of total alkanoate
esters). Each symbol represents the average of five replications ± SD.
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Fig. 3. Pattern of acetic acid and acetate ester emanations during ripening and senescence of ‘Redchief Delicious’ apple. The volatile profile was tracked for
fruit held at 20 �C from 3 weeks before 8 weeks after the onset of the ethylene climacteric (indicated by dashed vertical line). (A) Total acetate ester produc-
tion. (B) Acetic acid production. (C) Acetate ester production classified by alcohol portions. (D) Ester proportions (% of total acetate esters). Each symbol
represents the average of five replications ± SD.
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Fig. 4. Pattern of propanoate esters during ripening and senescence of ‘Redchief Delicious’ apple. The volatile profile was tracked for fruit held at 20 �C from
3 weeks before 8 weeks after the onset of the ethylene climacteric (indicated by dashed vertical line). (A) Total propanoate ester production. (B) Propanoic
acid production. (C) Propanoate ester production classified by alcohol portions. (D) Ester proportions (% of total propanoate esters). Each symbol represents
the average of five replications ± SD.
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Fig. 5. Pattern of butanoate esters during ripening and senescence of ‘Redchief Delicious’ apple. The volatile profile was tracked for fruit held at 20 �C from 3
weeks before 8 weeks after the onset of the ethylene climacteric (indicated by dashed vertical line). (A) Total butanoate ester production. (B) Butanoic acid
production. (C) Butanoate ester production classified by alcohol portions. (D) Ester proportions (% of total butanoate esters). Each symbol represents the
average of five replications ± SD.
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Fig. 6. Pattern of 2-methylbutanoate (2-Mbutanoate) esters during ripening and senescence of ‘Redchief Delicious’ apple. The volatile profile was tracked for
fruit held at 20 �C from 3 weeks before 8 weeks after the onset of the ethylene climacteric (indicated by dashed vertical line). (A) Total 2-methylbutanoate
ester production. (B) 2-Methylbutanoic (2-Mbutanoic) acid production. (C) 2-Methylbutanoate ester production classified by alcohol portions. (D) Ester pro-
portions (% of total 2-methylbutanoate esters). Each symbol represents the average of five replications ± SD.
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Fig. 7. Pattern of hexanoate esters during ripening and senescence of ‘Redchief Delicious’ apple. The volatile profile was tracked for fruit held at 20 �C from 3
weeks before 8 weeks after the onset of the ethylene climacteric (indicated by dashed vertical line). (A) Total hexanoate ester production. (B) Hexanoic acid
production. (C) Hexanoate ester production classified by alcohol portions. (D) Ester proportions (% of total hexanoate esters). Each symbol represents the
average of five replications ± SD.
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Fig. 8. Pattern of pentanoate esters during ripening and senescence of ‘Redchief Delicious’ apple. The volatile profile was tracked for fruit held at 20 �C from 3
weeks before 8 weeks after the onset of the ethylene climacteric (indicated by dashed vertical line). (A) Total pentanoate ester production. (B) Pentanoic acid
production. (C) Pentanoate ester production classified by alcohol portions. (D) Ester proportions (% of total pentanoate esters). Each symbol represents the
average of five replications ± SD.
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Fig. 9. Pattern of heptanoate esters during ripening and senescence of ‘Redchief Delicious’ apple. The volatile profile was tracked for fruit held at 20 �C from 3
weeks before 8 weeks after the onset of the ethylene climacteric (indicated by dashed vertical line). (A) Total heptanoate ester production. (B) Heptanoic
acid production. (C) Heptanoate ester production classified by alcohol portions. (D) Ester proportions (% of total heptanoate esters). Each symbol represents
the average of five replications ± SD.
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Fig. 10. Pattern of octanoate esters during ripening and senescence of ‘Redchief Delicious’ apple. The volatile profile was tracked for fruit held at 20 �C from 3
weeks before 8 weeks after the onset of the ethylene climacteric (indicated by dashed vertical line). (A) Total octanoate ester production. (B) Octanoic acid
production. (C) Octanoate ester production classified by alcohol portions. (D) Ester proportions (% of total octanoate esters). Each symbol represents the
average of five replications ± SD.
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Fig. 11. Correlations between the production of various alcohols or acids and their respective esters during ripening and senescence of ‘Redchief Delicious’
apple at room temperature (20 �C). The volatile profile was tracked from 3 weeks before 8 weeks after the onset of the ethylene climacteric.
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estimate the apparent Vmax for the three AAT reactions on a whole-
fruit basis according to the following equation:

Vmax5Rate� Km1Sð Þ=Km

where Rate (micromoles per kilogram per hour) is the produc-
tion rate of the specified ester on a whole-fruit basis; Km is the
half-maximal concentration (millimolar) of the alcohol for the
synthesis of the specified ester; and S is the alcohol concentra-
tion (millimolar) in the fruit tissue. The value of S was estimated
from the headspace content of the respirometer using Henry’s
constant for the alcohols as previously described. The Henry’s
constants for 1-butanol, 2-methyl-1-butanol, and 1-hexanol were
1.117, 0.662, and 0.596 mmol·L�1·Pa�1, respectively, represent-
ing averages of four to five values as reported by Sander (2015).
Alcohol concentrations were estimated once alcohols could be
detected in the chamber headspace (day 33 to day 71).

The determination whether acetyl-CoA was at or near satura-
tion required feeding apple tissues with exogenous acetate (see
“Acetate and 13C-acetate incorporation”). If exogenously applied
acetate was incorporated, but did not affect the total rate of ester
production, it was assumed acetyl-CoA was at near saturating
levels for AAT. We were unable to estimate the actual Vmax for
AAT reactions because the concentration of the AAT protein in
fruit tissues has not been determined; however, the estimates of
the apparent Vmax as performed here should reflect the relative
differences for these three alcohols published by Souleyre et al.
(2005). Assuming the data met this standard, it was considered
reasonable that by expressing the apparent Vmax on a whole-fruit
basis, an increase or decrease in the apparent Vmax would be
indicative of an increase or decrease in total AAT activity. Fur-
ther, changes in the estimates of the apparent Vmax for the three
alcohols relative to one another would be indicative of changes in
complement of AAT isozymes.

Expt. 2. Application of stable acetic acid isotopes
PLANT MATERIAL. ‘Red Delicious’ apples were harvested mid-

Oct. 2008 at the HTREC and allowed to ripen at room tempera-
ture until the IEC reached the equivalent ripening stage at day
49 for the fruit in Expt. 1. Peel tissue was used for incorporation
studies because the peel constitutes the primary location of ester
biosynthesis (Williams and Knee, 1977).

ACETATE AND
13C-ACETATE INCORPORATION. Five filter paper

discs (11.5-mm diameter) were placed on a glass slide and each
was wetted with �20 mL of 0.1 M MES buffer, adjusted to pH
7, with or without methanol (MeOH, 20 mM), and containing 20
mM of unlabeled or 13C-labeled acetic acid. MeOH was added to
the MES solution to enhance the synthesis of methyl esters,
which are normally present at extremely low levels in apple fruit
(Sugimoto et al., 2015), and the labeled methyl esters could be
considered largely as being synthesized de novo during the
experimental run. Acetate isotopes used were 1-[13C] or 2-[13C]
or 1,2-[13C2] acetic acid with 99% 13C enrichment purity
(Sigma-Aldrich, St. Louis, MO). Peel plugs (11.5-mm diameter)
were removed randomly from the surface of fruit and trimmed
to 1- to 2-mm thickness. The resulting apple discs were placed
skin-side-up onto the wetted filter paper discs and �40 mL of
additional incubation solution was added to each of the five discs
on the slide. The slide was then placed into a horizontally ori-
ented 30-mL glass vial sealed with a cap housing a valved sep-
tum (Mininert valve 20/400 mm; Sigma-Aldrich). The samples
were incubated for 5 or 21 h at 22 �C (Sugimoto et al., 2021).

The incorporation of 13C into headspace volatiles was analyzed
by GC/MS as described (Sugimoto et al., 2021).

The production of acetate esters by tissue disks incubated in a
buffered solution containing MeOH (20 mM) and unlabeled ace-
tate (20 mM) was measured using the GC/MS response for the
fragment ion m/z = 43. The effect of acetate and MeOH in the
incubation medium on the production of acetate esters (ethyl
acetate, propyl acetate, 2-methylpropyl acetate, butyl acetate,
2-methylbutyl acetate, and hexyl acetate) was determined statisti-
cally using analysis of variance at P < 0.05; this was done sepa-
rately for methyl acetate and nonmethyl acetates because methyl
acetate incorporated the added methanol, but the other esters did
not. Three biological replicates were used with two of those repli-
cates being derived from a single fruit.

The generation of isotopologs (mass isotopomers) of head-
space volatiles following feeding by 1-[13C]- or 2-[13C] or
1,2-[13C2] acetic acid were quantified as previously described
(Sugimoto et al., 2021). The selected fragment ions (m/z), their
formula, and the portion of the target molecule contributing the
base fragment ion are provided (Supplemental Table 2). Frag-
ment ions were chosen based on signal strength, lack of interfer-
ence by other mass fragments, and inclusion of target portions of
the analyte.

Isotope enrichment was assessed by integrating peaks corre-
sponding to the heavier isotopologs, and mole percent enrich-
ments were calculated by correcting for natural isotope content
by unlabeled acetate control on the mass distribution as described
by Biemann (1962). The mass isotopolog distribution is repre-
sented as the unlabeled mass fraction (M) of the selected frag-
ment ion, the one 13C-labeled mass fraction (M 1 1), the two
13C-labeled mass fractions (M 1 2), and so on, up to the eight
13C-labeled mass fractions (M 1 8). Abundances of the base
fragment ion and its heavier isotopologs were used to distinguish
the extent of 13C incorporation from 1-[13C]- or 2-[13C] or 1,2-
[13C2] acetic acid.

Results

Internal ethylene levels remained low until day 25 of the study,
varying between 1.7 and 4.5 nmol·L�1 [0.04 and 0.11 mL·L�1,
respectively (Fig. 1)]. On day 25, the IEC rose to 21 nmol·L�1 (0.5
mL·L�1) and rapidly increased thereafter, reaching a peak of
12,400 nmol·L�1 (300 mL·L�1) on day 47. The IEC declined
steadily thereafter, dropping to 1900 nmol·L�1 (47 mL·L�1) on the
final day of the study (day 71). The preclimacteric rate of respira-
tory CO2 production ranged from 250 to 350 mmol·kg�1·h�1 and
increased simultaneously with the increase in the IEC on day 25.
The respiratory climacteric persisted for �25 d, reaching a maxi-
mum of �550 mmol·kg�1·h�1. The postclimacteric rate of CO2

production declined slowly, reaching a rate similar to that for pre-
climacteric fruit by the end of the study. Total amount of CO2 pro-
duced, integrated over the course of the experiment, was 791
mmol·kg�1 (34.8 g·kg�1).

The initiation of ester biosynthesis paralleled the climacteric
rise in fruit respiration and ethylene content (Fig. 1). Total ester
production increased rapidly as the internal ethylene surpassed
21 nmol·L�1. The respiratory climacteric peak and maximum
rate of ester biosynthesis occurred on nearly the same date as the
peak in the IEC (day 47). The maximum CO2 production was
recorded on day 44 and the maximum ester production was
recorded on day 49. As the internal ethylene level declined, total
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ester production decreased to a relatively steady level. The rate
of ester production at its peak was less than 1/100th that of respi-
ratory CO2 production on a molar basis.

ESTERS CLASSIFIED BY ALKANOATE (ACID-DERIVED) GROUP. Ace-
tate esters predominated before, during, and after ripening in
‘Redchief Delicious’ apples, accounting for roughly 50% to 80%
of all esters (Fig. 2A and B). 2-Methylpropanoates were not
detected in this study. Proportionally, in decreasing order, ace-
tate, hexanoate, butanoate, and 2-methylbutanoate esters predo-
minated before the onset of the ethylene rise (Fig. 2B). After the
initiation of ripening, 2-methylbutanoate esters were the second
most abundant esters and during the later, senescent stages, prop-
anoate esters were the second most abundant alkanoate class.

Total acetate ester production increased steadily after the
onset of autocatalytic ethylene production, reaching a high of
�3.5 mmol·kg�1·h�1 by the end of the study (Fig. 3). Acetic
acid emissions did not track acetate ester formation, but rather
were steady from 20 d before the onset of ripening through the
initial stages of ripening, declined in a short trough as total esters
peaked, and increased thereafter (Fig. 3B). Acetate esters con-
taining longer-chain alkyl moieties (e.g., hexyl, pentyl, butyl,
and 2-methylbutyl) were present at very low levels before the
onset of the ethylene production (Fig. 3C). At the initiation of
ripening, 2-methylbutyl acetate production predominated. As
ripening progressed, there was a greater production of short-
chain acetate esters (e.g., propyl acetate and ethyl acetate).
During senescence, ethyl acetate production predominated,
increasing to a level �300 times higher than at the beginning of
ripening. When expressed proportionally, 2-methylbutyl and
butyl acetate maintained high proportions until day 47, declining
thereafter as ethyl and propyl acetates predominated (Fig. 3D).
Hexyl acetate was proportionally consistent during ripening,
ranging between 5% and 15% of the total.

Propanoate ester production was relatively low during the
early stages of ripening, but increased rapidly thereafter, peaking
on day 47 (Fig. 4A). The late increase in propanoate esters was
reflected by a similar late increase in propanoate emissions (Fig.
4B). The most abundant propanoate esters were formed from
ethanol and 1-propanol (Fig. 4C). Proportionally, butyl propa-
noate predominated during the preclimacteric stages and ethyl
propanoate dominated after the respiratory peak (Fig. 4D).

Butanoate ester production increased steadily to a peak on day
49, then declined (Fig. 5A). Butanoic acid emanation climbed to
an initial peak, declined as its derivative esters peaked, and then
recovered, reaching a second peak thereafter (Fig. 5B). As buta-
noate esters peaked, ethyl and propyl butanote were produced in
the greatest amounts (Fig. 5C). Proportionally, hexyl and butyl
butanoate predominated early in ripening with ethyl and propyl
butanoate predominating later in senescence; 2-methylbutyl buta-
noate never exceeded 5% of the total at any time (Fig. 5D).

2-Methylbutanoate ester production was characterized as hav-
ing an extended period of maximum production with a peak on
day 47 and a shoulder on day 33 (Fig. 6A). The initial shoulder
of the maxima was largely due to a spike in hexyl 2-methylbuta-
noate and the latter portion of the maxima was due to high levels
of hexyl, propyl, butyl, and ethyl hexanoates (Fig. 6C). Pro-
portionally, 2-methylbutanoate esters formed abundantly with
1-hexanol at onset of ripening, but ethanol and 1-propanol pre-
dominated at the ester peak and through senescence (Fig. 6D).

Hexanoate esters exhibited a pattern of a peak on day 47 with
a shoulder on day 33 (Fig. 7A), with butyl and hexyl hexanoates

being produced at the greatest rates at the time of the shoulder
and ethyl, propyl, and butyl hexanoates predominating at the peak
of production (Fig. 7C). A spike in hexanoic acid was detected at
the second peak in hexanoates, declining thereafter (Fig. 7B). The
hexanoates from the pentanol and the branched-chain alcohols (2-
methyl-1-propanol and 2-methyl-1-butanol) were present in very
low quantities throughout. Proportionally, hexanoates formed with
1-hexanol dominated the unripe stage. Afterward, there were peaks
in butyl hexanoate early in ripening, propyl hexanoate at the climac-
teric peak, and ethyl hexanoate at the end of the study (Fig. 7D).

Pentanoate and heptanoate esters, present in low amounts,
had very similar patterns (Figs. 8 and 9). These most closely par-
alleled that of butanoate esters. Octanoate esters were also pro-
duced in low amounts (Fig. 10). Pentanoic, heptanoic, and
octanoic acids were not detected. The patterns for butyl, propyl,
and ethyl esters were consistent for these three ester classes,
with butyl esters tending to predominate early followed by a rise
in propyl esters, and finally, ethyl esters being most abundant
during the latter stages of senescence.

Correlations between the production of an ester and its
respective alkanoate group (ester precursor of acid) were gener-
ally poor (Fig. 11). The coefficient of determination for acetic,
propanoic, butanoic, 2-methylbutanoic, and hexanoic acids and
the esters containing their respective alkanoate group were,
respectively, 0.07, 0.57, 0.18, 0.45, and 0.17. All slopes of the
fitted line were significantly different from 0 (P < 0.05).

ESTERS CLASSIFIED BY ALKYL (ALCOHOL-DERIVED) GROUP.
Unlike when classified by alkanoate moieties, no one class of
esters predominated in ‘Redchief Delicious’ apple according to its
alkyl moiety (Fig. 12A and B). As noted previously for many of

Fig. 12. Pattern of esters classed by the alkyl (alcohol) moiety during ripening
and senescence of ‘Redchief Delicious’ apple. The volatile profile was
tracked for fruit held at 20 �C from 3 weeks before 8 weeks after the onset
of the ethylene climacteric (indicated by dashed vertical line). (A) Ester
production. (B) Ester proportions (% of total alcohol esters). Each symbol
represents the average of five replications ± SD.
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the esters individually, as ripening progressed, the chain-length of
the alcohol-derived portion of the predominant ester typically
declined. Early in ripening, there was predominance in hexyl,
butyl, and 2-methylbutyl esters. This was followed by a sharp rise
in the production of propyl and ethyl esters, which peaked after the
ethylene maximum on day 49. During the later stages of ripening,
ethyl esters predominated, comprising more than 60% of all esters
by the conclusion of the study. Octyl esters were not detected.

All alkyl moieties tended to be formed predominately with ace-
tate throughout the period of evaluation (Figs. 13–20). The excep-
tion was for hexyl esters, for which hexyl 2-methylbutanoate
predominated during the early stages of ripening (Fig. 19C). Ethyl
and propyl esters rose to a peak on day 49, remaining elevated
thereafter (Figs. 13 and 14). The production pattern for all other
esters differed, most having a shoulder (2-methylpropyl, butyl,
pentyl, and heptyl esters) or elevated shoulder (hexyl esters, pri-
marily due to the elevated shoulder patterns for hexyl acetate and
hexyl 2-methylbutanoate) during the early stages of ripening (on
or near day 33), followed by a second peak on day 47 or 49 (Figs.
15–20) when classed by their alkyl moiety. Butyl esters tended to
be formed with hexanoates before initiation of the autocatalytic
ethylene production until climacteric peak and tended to form
with propanoates thereafter (Fig. 16C and D). 2-Methylbutyl, pen-
tyl, and heptyl esters were almost exclusively acetate esters (Figs.
17, 18, and 20). In contrast, hexyl esters were formed with a broad
mix of acids (Fig. 19).

Ethanol, 1-propanol, and 1-hexanol emissions behaved simi-
larly, increasing steadily as ripening and senescence progressed
(Figs. 13B, 14B, and 19B, respectively). However, rates of produc-
tion differed dramatically; 1-propanol emission was approximately
one-tenth that of ethanol and 1-hexanol was approximately one-
tenth that of 1-propanol. Emission of 1-butanol and 2-methyl-1-
butanol peaked simultaneously with the peak in the ethylene,
declining thereafter (Figs. 16B and 17B, respectively). 1-Pentanol,
2-methyl-1-propanol, and 1-heptanol were not detected.

Correlations between the production of an alcohol precursor
and the production of esters containing its respective alkyl group
were generally much higher than the correlations between acids
and their respective esters, with the exception of 1-hexanol (Fig.
11). The coefficient of determination for ethanol, 1-propanol,
1-butanol, 2-methyl-1-butanol, and 1-hexanol and the esters con-
taining their respective alkyl group were, respectively, 0.72, 0.60,
0.89, 0.83, and 0.35. All slopes of the fitted line were significantly
different from 0 (P< 0.05).

Total ester production throughout the study period was
summed and is displayed in a matrix based on the acid (alkanoate)
and alcohol (alkyl) moieties in the ester (Table 2). Over the course
of ripening, the nine most abundant esters produced, in decreasing
order were ethyl acetate, butyl acetate, propyl acetate, 2-methylbu-
tyl acetate, ethyl propanoate, hexyl acetate, ethyl butanoate, hexyl
2-methylbutanoate, and ethyl 2-methylbutanoate. Approximately
half of the possible alcohol/acid combinations were not detected in
this study. For those esters (e.g., hexyl, butyl, and 2-methylbutyl
acetates; butyl and hexyl butanoates; and butyl and hexyl hexa-
noates) detected at very low levels before the onset of the climac-
teric, production increased many-fold (2177-, 304-, 2379-, 317-,
390-, 608-, and 248-fold, respectively) as ripening progressed.
Total ester production for the entire developmental period was
�4.0 mmol·kg�1 (0.5 g·kg�1), of which, �56% on a molar basis
were acetate esters. Total CO2 production per kilogram fruit was

197-fold higher than ester production on a molar basis and 70-fold
higher than ester production on amass basis.

The predicted impact of esters and alcohols on human per-
ception of fruity/floral (F), overripe/cheesy/fatty/off-flavor (O),
grassy/green (G), alcoholic/winey (A), or sweet/ether/solvent/
chemical (S) categories of aroma notes was highly dependent on
the developmental stage (Fig. 21). The predicted aroma impact
of category F notes increased most rapidly after the onset of rip-
ening on day 25, accompanied by a lower level of category S
aroma notes. After day 40, there was a rapid rise in the predicted
aroma impact of category O, G, and A notes that peaked on day
49 and declined slightly or persisted thereafter at elevated levels.

INCORPORATION OF LABEL FROM
13C-LABELED AND UNLABELED

ACETATE INTO ESTERS. Addition of MeOH in the incubation solu-
tion for skin tissue discs enhanced the production of methyl ace-
tate; however, acetate inclusion did not affect methyl acetate
production (Tables 3 and 4). For esters not possessing a methyl
group, neither MeOH nor acetate feeding affected ester production
(Table 4).

Incubation with 13C-acetate isotopologs demonstrated that the
applied acetate was incorporated into esters (Figs. 22 and 23).
Enrichment of 1-propanol, 2-methyl-1-butanol, methyl propa-
noate, and methyl 2-methylbutanoate from labeled acetate were
similar, with label being consistent with the incorporation of the
C-2 atom of a single acetate into the alcohols or into the alkanoate
portion of the methyl ester (Fig. 22). Enrichment was �15% to
20% for 1-propanol and 2-methyl-1-butanol and 15% to 25% for
methyl propanoate and methyl 2-methylbutanoate. The extent of
labeling was lower, but evident for 1-butanol and the alkanoate
moieties of the other three methyl esters evaluated (Fig. 23).
Enrichment of the M 1 1 isotopolog of 1-butanol, methyl buta-
noate, and methyl pentanoate was derived from 1-[13C]- or 2-
[13C] or 1,2-[13C2] acetic acid. The M 1 1 isotopolog of methyl
hexanoate, on the other hand, gained most of its label from 1-
[13C]- or 2-[13C] acetate and its M 1 2 isotopolog received most
of its label from 1,2-[13C2] acetic acid. M 1 4 isotopologs of 1-
butanol, methyl butanoate, and methyl hexanoate were primarily
labeled by 1,2-[13C2] acetic acid.

Label incorporation into the alkanoate portion of butyl esters
was similar to that for the alkanoate portion of methyl esters
(Fig. 23). Enrichment of the M 1 1 isotopolog of butyl propa-
noate and butyl 2-methylbutanoate was primarily via the C-2
position, based on labeling by 2-[13C] and 1,2-[13C2] acetate and
not 1-[13C] acetate. The labeling of the alkanoate portion of
butyl butanoate was similar to labeling of that for methyl buta-
noate, with the M 1 1 isotopolog receiving label from all three
isotopes of acetate. In addition, enrichment of the M 1 4 isopo-
tolog by 1,2-[13C2] was clearer than for methyl butanoate, indi-
cating the incorporation of two acetate molecules. The labeling
of butyl hexanoate was very similar to, but lower than, that of
methyl hexanoate. However, because the full alkanoate moiety
could be assessed for butyl hexanoate, label of the M 1 6 could
also be evaluated. Label of M 1 6 was detected from 1,2-[13C2]
acetate, indicating the incorporation of three acetate molecules.
Although labeling was low, butyl octanoate evidenced the incor-
poration up to four acetate molecules.

Discussion

The patterns for the production of esters and their precursor
alcohols and acids have not been previously described at the level
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of detail offered in this study. Nevertheless, the composition of
esters was qualitatively similar to that found by other investiga-
tors (Brackmann et al., 1993; Mattheis et al., 1991; Rowan et al.,

1996; Song and Bangerth, 1996; Vanoli et al., 1995). In particu-
lar, the high concentrations of 2-methylbutyl acetate, hexyl ace-
tate, and butyl acetate during the early climacteric are similar to

Fig. 13. Pattern of ethyl esters during ripening and senescence of ‘Redchief Delicious’ apple. The volatile profile was tracked for fruit held at 20 �C from 3 weeks
before 8 weeks after the onset of the ethylene climacteric (indicated by dashed vertical line). (A) Total ethyl ester production. (B) Ethanol production. (C) Ethyl
ester production classified by acid portions. (D) Ester proportions (% of total ethyl esters). Each symbol represents the average of five replications ± SD.
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those previously reported for other ‘Delicious’ strains (Berger
and Drawert, 1984; Brackmann et al., 1993; Dimick and Hoskin,
1983; Fellman et al., 1993, 2000; Kakiguchi et al., 1986; Mattheis

et al., 1991, 1995). These three compounds are considered pri-
mary aroma impact compounds in apple (Dimick and Hoskin,
1983; Fellman et al., 2000). The high proportion of acetate esters

Fig. 14. Pattern of propyl esters during ripening and senescence of ‘Redchief Delicious’ apple. The volatile profile was tracked for fruit held at 20 �C from 3
weeks before 8 weeks after the onset of the ethylene climacteric (indicated by dashed vertical line). (A) Total propyl ester production. (B) 1-Propanol produc-
tion. (C) Propyl ester production classified by acid portions. (D) Ester proportions (% of total propyl esters). Each symbol represents the average of five repli-
cations ± SD.
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(�56% of all the esters quantified were acetate esters) in
‘Delicious’ strains might be due to abundant acetyl-CoA in
the fruit tissue (Nursten, 1970). This supposition is supported
by the lack of a boost in acetate ester production by ‘Redchief

Delicious’ tissue disks when incubated with acetic acid in this
study.

Themarked increase in all classes of esters following the onset
of autocatalytic ethylene production depends on the action of

Fig. 15. Pattern of 2-methylpropyl (2-Mpropyl) esters during ripening and senescence of ‘Redchief Delicious’ apple. The volatile profile was tracked for fruit
held at 20 �C from 3 weeks before 8 weeks after the onset of the ethylene climacteric (indicated by dashed vertical line). (A) Total 2-Mpropyl ester produc-
tion. (B) 2-Methyl-1-propanol (2-Mpropanol) production. (C) Ester production. (D) Ester proportions (% of total 2-Mpropyl esters). Each symbol represents
the average of five replications ± SD.
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ethylene in apple (Defilippi et al., 2005; Fan et al., 1998; Ferenczi
et al., 2006; Song and Bangerth, 1996). The maximum ester pro-
duction occurring near the peaks in ethylene content and respira-
tory activity is also consistent with the other authors (Brown

et al., 1966; Dirinck et al., 1989; Mattheis et al., 1991; Tressl and
Drawert, 1973). Although ethylene action enhances the expres-
sion of some AAT genes in apple (Defilippi et al., 2005; Li et al.,
2006; Zhu et al., 2008), it also drives an alteration in metabolism

Fig. 16. Pattern of butyl esters during ripening and senescence of ‘Redchief Delicious’ apple. The volatile profile was tracked for fruit held at 20 �C from 3 weeks
before 8 weeks after the onset of the ethylene climacteric (indicated by dashed vertical line). (A) Total butyl ester production. (B) 1-Butanol production. (C) Butyl
ester production classified by acid portions. (D) Ester proportions (% of total butyl esters). Each symbol represents the average of five replications ± SD.

316 J. AMER. SOC. HORT. SCI. 146(5):297–328. 2021.

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-07-31 via O
pen Access. This is an open access article distributed under the C

C
 BY-N

C
-N

D
license (https://creativecom

m
ons.org/licenses/by-nc-nd/4.0/). https://creativecom

m
ons.org/licenses/by-nc-nd/4.0/



that is signified by the climacteric respiratory rise. Thus, eth-
ylene promotes numerous physiological processes, many of
which may contribute to the synthesis of substrates used in

the formation of esters (Contreras et al., 2015; Sugimoto
et al., 2021). Bangerth et al. (1998) further argue that the
increase in fruit respiration also provides the necessary

Fig. 17. Pattern of 2-methylbutyl (2Mbutyl) esters during ripening and senescence of ‘Redchief Delicious’ apple. The volatile profile was tracked for fruit held
at 20 �C from 3 weeks before 8 weeks after the onset of the ethylene climacteric (indicated by dashed vertical line). (A) Total 2-methylbutyl ester production.
(B) 2-methyl-1-butanol (2-Mbutanol) production. (C) 2-Mbutyl ester production classified by acid portions. (D) Ester proportions (% of total 2-Mbutyl
esters). Each symbol represents the average of five replications ± SD.
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energy (e.g., ATP, NADPH) for the synthesis of aroma vola-
tile precursors.

In the current study, the detection of several esters at low levels
before onset of ethylene production suggests that the capacity to

make esters exists well before the onset of ripening. Mattheis et al.
(1991) andWillaert et al. (1983) found similar early production of
esters by intact ‘Bisbee Delicious’ and ‘Golden Delicious’ fruit,
respectively. Expression studies for some MdAAT/MpAAT genes

Fig. 18. Pattern of pentyl esters during ripening and senescence of ‘Redchief Delicious’ apple. The volatile profile was tracked for fruit held at 20 �C from 3 weeks
before 8 weeks after the onset of the ethylene climacteric (indicated by dashed vertical line). (A) Total pentyl ester production. (B) 1-Pentanol production. (C) Pentyl
ester production classified by acid portions. (D) Ester proportions (% of total pentyl esters). Each symbol represents the average of five replications ± SD.
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(Souleyre et al., 2005; Zhu et al., 2008) and tests for AAT activity
from apple tissues (Li et al., 2006), indicate some level of AAT
activity is present in apple fruit well in advance of ripening. Fer-
enczi et al. (2006) also found that AAT activity was, in part,

independent of ripening after finding that application of exoge-
nous alcohols and acids would induce the formation of esters in
‘Redchief Delicious’ apples whose ripening and native ester pro-
duction were inhibited by 1-methylcyclopropene (1-MCP). In

Fig. 19. Pattern of hexyl esters during ripening and senescence of ‘Redchief Delicious’ apple. The volatile profile was tracked for fruit held at 20 �C from 3
weeks before 8 weeks after the onset of the ethylene climacteric (indicated by dashed vertical line). (A) Total hexyl ester production. (B) 1-Hexanol produc-
tion. (C) Hexyl ester production classified by acid portions. (D) Ester proportions (% of total hexyl esters). Each symbol represents the average of five repli-
cations and as means ± SD.
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preclimacteric banana, Jayanty et al. (2002) fed fruit tissues with
alcohols and acids before the onset of ripening-related ester pro-
duction and found extensive incorporation into esters. Unlike
apple, ester biosynthesis in banana trails the onset of ripening

significantly, suggesting something more complex than a simple
response to ethylene in that fruit, however.

The progressive shift from longer to shorter carbon chain alco-
hols as ripening progressed is consistent with Vanoli et al. (1995)

Fig. 20. Pattern of heptyl esters during ripening and senescence of ‘Redchief Delicious’ apple. The volatile profile was tracked for fruit held at 20 �C from 3
weeks before 8 weeks after the onset of the ethylene climacteric (indicated by dashed vertical line). (A) Total heptyl ester production. (B) 1-Heptanol produc-
tion. (C) Heptyl ester production classified by acid portions. (D) Ester proportions (% of total heptyl esters). Each symbol represents the average of five repli-
cations and as means ± SD.
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who found a high content of low boiling-point esters and alcohols
later in ripening and by Willaert et al. (1983) who correlated over-
ripeness with more ethyl esters. The rise in the proportion of propyl
and ethyl esters appears to reflect changes in the availability of 1-
propanol and ethanol, the production of which increased steadily
as ripening and senescence progressed. It is not clear why hexyl
esters predominate before ripening, but it may be related to the
high activity of AAT with 1-hexanol (P�erez et al., 1993; Souleyre

et al., 2005). A pattern of increasing carbon-chain length was not
as clear for the acid portion of the esters. This may, in part, be due
to the copious quantities of acetate esters diluting the remaining
esters. It also suggests different pathways for the creation of alco-
hols and acids or their interconversion predominate at different
times during ripening (Williams and Knee, 1977).

The high correlation coefficients for all alcohols and some, but
not all, acids and their respective esters supports previous sugges-
tions that ester biosynthesis is dependent on the synthesis of pre-
cursors in specific instances (De Pooter et al., 1983; Ferenczi
et al., 2006; Knee and Hatfield, 1981; Song and Bangerth, 1996).
The lack of a strong relationship between acid content and ester
production for acetate, butanoate, and hexanoate may reflect
that, like acetate, the latter two substrates exist at or near saturat-
ing levels for AAT.

The impact of the various esters and alcohols on aroma
perception cannot be precisely determined a priori based on
volatile production rates and data for descriptors and odor
thresholds (Chambers and Koppel, 2013). Human perception
will depend on the biology of the perceiver, the nature of the
response curve for each volatile, matrix effects, numerous fac-
tors in the environment, and the way in which the person inter-
acts with the product during sensory assessment. However,
despite the shortcomings of various approaches, it is important
to develop some measure that will enable using quantitative
measures to predict aroma perceptions without performing the
sensory analyses.

Table 3. Acetate ester production for fruit tissue disks treated with buffered water (pH 7) or buffered acetic acid solution (pH 7, 20 mM)
with and without methanol (MeOH, 20 mM). 2MP and 2MB acetate represent 2-methylpropyl and 2-methylbutyl acetate, respectively.

�Acetate 1Acetate

Compound
�MeOH(m/z 43,

in millions)
1MeOH (m/z 43,

in millions)
�MeOH (m/z 43,

in millions)
1MeOH (m/z 43,

in millions)
Methyl acetate 3.21 15.57 2.98 12.44
Ethyl acetate 14.85 6.16 9.67 27.36
Propyl acetate 6.98 10.28 6.96 16.90
2MP acetate 8.16 8.56 7.10 6.11
Butyl acetate 34.86 36.46 33.62 35.16
2MB acetate 43.73 49.10 36.57 47.23
Pentyl acetate 2.94 4.56 3.19 4.75
Hexyl acetate 14.93 18.65 15.13 17.84

Fig. 21. Anticipated perceptions of aroma from ripening ‘Redchief Delicious’
apple fruit based on the combined impact of 26 volatile esters and alcohols.
Perceptions are calculated based on production rates provided in Figs. 3–10
and Figs. 13–20, their corresponding odor thresholds, and their sensory
descriptors as given in Table 1.

Table 4. Analysis of variance for the impact of methanol (MeOH, 20 mM) and acetate (20 mM) solutions on the production of methyl ace-
tate or esters not possessing a methyl moiety by skin tissue disks of ripe ‘Redchief Delicious’ apple fruit incubated at 20 �C for 21 h.
The log of the total ion count response of the mass spectrometer was used to normalize the data for statistical analysis.

Source of variation df Sum of squares Mean square F P

Methyl acetate
MeOH 1 1.133 1.133 11.507 0.027
Acetate 1 0.0124 0.0124 0.126 0.741
MeOH � Acetate 1 0.000607 0.000607 0.00617 0.941
Residual 4 0.394 0.0985
Total 7 1.54 0.22

Nonmethyl acetates
MeOH 1 0.182 0.182 1.122 0.294
Acetate 1 0.0215 0.0215 0.132 0.718
MeOH � Acetate 1 0.0389 0.0389 0.239 0.627
Residual 52 8.443 0.162
Total 55 8.685 0.158

322 J. AMER. SOC. HORT. SCI. 146(5):297–328. 2021.

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-07-31 via O
pen Access. This is an open access article distributed under the C

C
 BY-N

C
-N

D
license (https://creativecom

m
ons.org/licenses/by-nc-nd/4.0/). https://creativecom

m
ons.org/licenses/by-nc-nd/4.0/



The simple semiquantitative approach used here revealed pat-
terns that appeared to reflect known shifts in apple fruit aroma,
especially with regard to the development of an overripe aroma.
Based on the calculations of predicted aroma impact, ethyl propa-
noate, ethyl butanoate, ethyl 2-methylbutanoate, and ethyl hexa-
noate contributed to �90% of the perception of an overripe
sensation. This is very much in agreement with the work of
Dimick and Hoskin (1983) and Willaert et al. (1983) on the impact
of these compounds on overripe apple aroma perceptions and
appears to partially validate the approach used here. Develop-
ment of an overripe perception is expected to be primarily due
to the extremely low odor thresholds for the four compounds
listed, but also due to the increased production of each in the
later phases of ripening and senescence. Importantly, given the
evident dependence of ester production on the availability of
the alkyl moiety shown here, these esters likely result directly

from the greater availability of ethanol in ripe and senescent
‘Redchief Delicious’ fruit. The implication is that if the pro-
duction of ethanol could be delayed or diminished, the percep-
tion of an overripe aroma could be minimized.

Evidence for specific pathways to synthesize ester precursors
is sparse, but Sugimoto et al. (2021) recently demonstrated the
ripening-dependent induction of a “citramalate pathway” in
apple. These researchers linked the ability to synthesize citrama-
late, a dicarboxylic acid dianion formed from acetyl-CoA and
pyruvate, to the formation of ester precursors 2-methyl-1-buta-
nol, 2-methylbutanoate, 1-propanol, and propanoate. The fact
that this single pathway is a source for all four of these com-
pounds may explain high correlations between each substrate
and its respective ester. The presence of a functional citramalate
synthase isozyme is essential for adequate production of 2-meth-
ylbutyl, 2-methylbutanoate, propyl and propanoate esters in

Fig. 22. Mass isotopolog distribution of alcohols and methyl esters during ripening and senescence of ‘Redchief Delicious’ from apple disks fed with methanol
(MeOH, 20 mM) and 1-[13C] acetate, 2-[13C] acetate, or 1,2-[13C2] acetate (20 mM) and incubated at 22 �C for 5 or 21 h. The isotope distribution (in mole
fraction) is expressed as unlabeled mass (M) and up to 5 mass units heavier (M 1 5) than the unlabeled compound. There were three biological replicates for
each data point. Vertical bars represent the SD of the mean.
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apple (Sugimoto et al., 2021), so it is interesting that the rise in
propyl and propanoate esters trailed branched-chain esters,
despite being at least partially derived from the same pathway. It
is possible that shifting substrate preferences by decarboxylase
or AAT isozymes may contribute to this difference (P�erez et al.,
1993; Souleyre et al., 2005; Wang et al., 2019; Zhu et al., 2008).

Souleyre et al. (2005) noted that, early in ripening, when the
levels of acetyl-CoA and alcohols may be more limiting,
MdAAT1 prefers to react with 2-methyl-1-butanol, as its enzy-
matic efficiency is higher with this substrate than with 1-butanol
or 1-hexanol. Thus, they predict that apple would be more likely
to synthesize 2-methylbutyl acetate early in ripening, which is
consistent with the findings in the current study. Knee and Hat-
field (1981) suggested that the supply of alcohols was the pri-
mary limiting factor in the formation of acetate esters. They
found that the tissue content of 1-butanol increased many-fold as
ripening progressed in ‘Cox’s Orange Pippin’, much in keeping
with the present study. Their estimates of 1-butanol and 1-hexa-
nol were, respectively, 3- and 30-fold higher than those in this
study. This may reflect cultivar differences, but may also reflect
the impact of the ventilation in the current study. In as much as
the flow through the respirometers was higher than that in the
work by Knee and Hatfield (1976), the actual concentration of
these alcohols in the tissues of ‘Redchief Delicious’ fruit is likely
higher than the estimates provided. It is presumed that the under-
estimate would be similar for the three alcohols evaluated given
the similarity in their diffusive behavior (National Institute of

Standards and Technology, 2011; Tucker and Nelken, 1982).
Nevertheless, the finding by Knee and Hatfield (1976) that 1-
butanol was substantially more abundant than 1-hexanol in rip-
ening apple is similar to that found here.

The incorporation of 13C-acetate into esters and alcohol deriva-
tives of the citramalate pathway has previously only been shown
for ‘Jonagold’ apple fruit (Sugimoto et al., 2021). Consistent with
that study, the data here suggest 1-butanol and butanoate are syn-
thesized via mixture of 1-C FAB (via the citramalate pathway)
and 2-C FAB. Interestingly, the labeling of the M + 1 and M + 2
isotopologs of methyl and butyl hexanoate and butyl octanoate by
1-[13C] acetate and the M + 2, M + 4, M + 6, and M + 8 isotopo-
logs of these same esters by 1,2-[13C2] acetate suggest that longer-
chain acids possessing an even number of carbons are partly or
perhaps entirely derived from another pathway, likely via 2-C
FAB (Kroumova and Wagner, 2003). What is not clear, however,
is whether these acids are produced directly from this synthetic
pathway during chain elongation or are produced from the catabo-
lism of mature lipids that have incorporated 13C acetate (Rowan
et al., 1999).

The estimation of an apparent Vmax for acetate esters for whole
fruit is dependent on acetyl-CoA being nonlimiting and on
knowledge of the tissue concentrations of the alcohol substrates.
Incorporation of 13C label into the esters of ‘Redchief Delicious’
demonstrates that the supplied acetate is readily converted to ace-
tyl-CoA and subsequently incorporated into esters as it competes
with native acetate for the ester forming reactions. However, the

Fig. 23. Mass isotopolog distribution of butyl esters of ‘Redchief Delicious’ from ripe apple disks fed with methanol (MeOH, 20 mM) and 1-[13C] acetate, 2-
[13C] acetate, or 1,2-[13C2] acetate (20 mM) and incubated at 22 �C for 5 or 21 h. The isotope distribution (in mole fraction) is expressed as unlabeled mass
(M) and up to 8 mass units heavier (M 1 8) than the unlabeled compound. There were three biological replicates for each data point. Vertical bars represent
the SD of the mean.
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lack of an effect of applied acetate on individual and total acetate
ester production (Tables 3 and 4) for ripe fruit implies that the
supply of acetyl-CoA to AAT is saturating and therefore allows
rough estimation of the apparent Vmax for 1-butanol,2-methyl-1-
butanol, and 1-hexanol for MdAAT1, for which the Km are
known (Souleyre et al., 2005). Estimated tissue concentration of
these three alcohols during fruit ripening ranged from �0.001
mM for 1-hexanol to 0.1 mM for 1-butanol during the period of
maximal ester biosynthesis from day 33 to day 71 (Fig. 24A).

The estimates for the apparent Vmax for AAT catalyzed reac-
tions using acetyl-CoA had the order 1-hexanol > 2-methyl-1-
butanol > 1-butanol (Fig. 24B). This is identical to the order
determined by enzymatic analysis of MdAAT1 when the cosub-
strate was acetyl-CoA by Souleyre et al. (2005), although the
magnitude of the differences in the estimates was larger in this
study. This may reflect uncertainties in the estimates of the alco-
hols available to AAT in vivo; whole tissue concentrations
would likely not precisely reflect conditions at the site of the reac-
tion. The apparent Vmax for the three alcohols was relatively steady
throughout the earlier stages of ripening, but increased for 1-butanol
during senescence, which is reflected by an increase in the apparent
Vmax for 1-butanol relative to 1-hexanol (Fig. 25). Amarked shift in
the Vmax for one reaction relative to the others may reflect a shift in
the composition ofAAT isozymes. In the currentwork, the apparent
Vmax for 1-butanol increasing relative to that for 1-hexanol is

consistent with one ormoreAAT isozymes preferentially expressed
at the latter stages of ripening. Zhu et al. (2008) showed that
although the expression of MdAAT1 increased early in maturation
of ‘Golden Delicious’ and remained high,MdAAT2 increased only
during the latter stages of ripening and senescence. Unfortunately,
although Li et al. (2006) documented activity of MdAAT2 with 1-
butanol, its activity with other substrates was not evaluated, so it is
difficult to draw further conclusions on the impact of MdAAT2 on
the volatile profile. The lack of enzymatic characterization and
extractable activity data for MdAAT2 and the presence of many
otherMdAAT isozymes limit our ability to fully understand the role
of this enzyme family in apple.

In addition to the necessary work on AAT, more research is
needed to understand the less explored reactions that support ester
formation, such as those that form or interconvert aldehydes, alco-
hols, and acids via the activities of a-ketoacid decarboxylase and
dehydrogenase, aldehyde dehydrogenase, acyl-CoA synthetase,
acyl-CoA reductase, lipoxygenase, and esterase (Rowan et al.,
1996, 1999; Schiller et al., 2015; Wang et al., 2019). Further, the
presumably well understood, but little investigated 2-FAB path-
way needs to be reassessed as it relates to the biosynthesis of ester
precursors in fruit and other specialized plant organs (Sugimoto
et al., 2021). There is much yet to be done in this field to link
genes, enzymes, physiology, and aroma, and rich opportunities
exist for future contributions.
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Supplemental Fig. 1. Relationship between Kovats index and instrument
response (total ion count) for three series of volatile standard mixes using
solid-phase microextraction (SPME) sampling and analysis by gas chroma-
tography/mass spectrometry (GC/MS). Because the concentrations of the
standard mixes differed in concentration, the GC/MS response data were
normalized using hexyl acetate as a common constituent.
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Supplemental Table 1. Volatile compounds (esters, alcohols, and acids) identified in ‘Redchief Delicious’ apple fruit during ripening and
senescence and associated gas chromatography retention time (RT) in seconds, mass to charge (m/z) ratio of the unique ion used for quanti-
tation, correction factor, and Kovats index. Each compound was quantified by integrating extracted ion chromatogram peaks for the frag-
ment ions m/z. Correction factor is used to calculate the total ion count (TIC) from the fractional response of the unique ion. Each TIC
value is the result of multiplying the ion count for the unique ion by the correction factor. Where no standard was available, the Kovats
index (National Institute of Standards and Technology, 2011) for the compound of interest was used to quantify volatiles by estimation of
the instrument response factor (Bartelt, 1997). The Kovats index was dependent on RT according to the following equation: K = 4.76 �
RT 1 255, r2 = 0.997. At the time of the experiment, only a limited number of authenticated compounds were available (shown in bold)
and these were used in a standard mix throughout the experiment. Compounds with an asterisk were included in standards run following
the experimental period and by virtue of their response relative to the standards used at the time of the experiment, were used to identify
and quantify additional compounds. These compounds were used to develop a relationship between the Kovats number and response factor
(ppm/TIC). Thus, for the remaining compounds, for which no standard was available, quantification was possible using the Kovats relation-
ship with instrument response (Supplemental Fig. 1).

Compound RT (s) Ion (m/z) Correction factor Kovats index
Ethyl acetate* 57.4 43 1.8428 602
Ethanol* 63.3 31 2.3013 440
Ethyl propanoate* 67.1 75 22.778 700
Propyl acetate* 69.9 43 1.7758 694
2-Methylpropyl acetate* 75.9 43 2.0120 759
1-Propanol* 79.0 31 1.7938 536
Ethyl butanoate* 79.9 89 34.05 802
Propyl propanoate 81.3 75 5.9693 807
Ethyl 2-methylbutanoate* 82.7 103 70.049 849
Butyl acetate* 86.4 43 2.2603 800
2-Methylbutyl acetate* 95.2 70 10.588 863
Propyl butanoate* 95.5 89 8.8948 897
Ethyl pentanoate 97.3 60 13.76 904
1-Butanol* 98.0 31 5.4271 658
Propyl 2-methylbutanoate 98.4 103 9.6232 943
Butyl propanoate 98.5 75 9.8065 907
Pentyl acetate 104.1 43 3.6627 915
2-Methylbutyl propanoate 106.9 57 3.0631 975.6
2-methyl-1-butanol* 108.3 56 5.5515 738
Butyl butanoate* 112.4 89 8.1189 994
Propyl pentanoate 112.8 85 5.4024 981
Ethyl hexanoate* 115.2 117 159.02 1003
Butyl 2-methylbutanoate* 115.3 103 6.9841 1040
2-Methylbutyl butanoate 121.1 89 87.5 1056
Hexyl acetate* 122.4 43 2.955 997
Propyl hexanoate* 130.4 117 7.9845 1094
Pentyl 2-methylbutanoate 131.8 103 7.0323 1142
Ethyl heptanoate 132.5 113 14.77 1090
Hexyl propanoate 133.6 75 10.374 1105
Hexanol* 134.4 31 11.039 858
2-Methylpropyl hexanoate* 135.6 117 41.6 1149
Butyl hexanoate* 146.6 117 10.667 1175
Hexyl butanoate* 146.9 89 11.244 1192
Propyl heptanoate 147.2 113 15.34 1169
Hexyl 2-methylbutanoate 149.0 103 7.6566 1236
Ethyl octanoate* 149.6 127 27.34 1193
Acetic acid 152.6 60 3.7477 625
2-Methylbutyl hexanoate 153.8 117 21.711 1240
Pentyl hexanoate 162.0 117 9.4449 1287
Butyl heptanoate 162.2 113 15.121 1276
Propyl octanoate 163.2 127 12.25 1290
Propionic acid 166.4 57 13.136 568
Hexyl hexanoate* 177.6 117 11.126 1369
Butyl octanoate 178.0 117 13.866 1387
Butanoic acid 180.2 60 2.37 820
2-Methylbutanoic acid 186.4 74 4.2012 870
Hexanoic acid 212.7 60 3.7117 980
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Supplemental Table 2. Analytes and fragment ions (m/z) evaluated for 13C-acetate feeding studies. Volatiles were quantified by integrating
extracted ion chromatogram peaks for the molecular ions m/z. Hydrogens are omitted for formulas for analyte molecules. Fragment
shown constitutes the portion of molecular formula for mass isotopolog analysis.

Analyte Fragment ion (m/z) Fragment formula

Molecular formula of analyte.
Portion in bold was the source
of the quantified fragment ion.

Hydrogen atoms are not
depicted.

1-propanol 60 C3H8O O-C-C-C
1-butanol 56 C4H8 O-C-C-C-C
2-methyl-1-butanol 70 C5H10 O-C-C-C-C

|
C

methyl propanoate 88 C4H8O2 C-O-C-C-C
| |
O

methyl butanoate 102 C5H10O2 C-O-C-C-C-C
| |
O

methyl 2-methylbutanoate 102 C5H10O2 C-O-C-C-C-C
| | |
O C

methyl pentanoate 74 C3H6O2 C-O-C-C-C-C-C
| |
O

methyl hexanoate 101 C5H9O2 C-O-C-C-C-C-C-C
| |
O

butyl propanoate 75 C3H7O2 C-C-C-C-O-C-C-C
| |
O

butyl butanoate 89 C4H9O2 C-C-C-C-O-C-C-C-C
| |
O

butyl 2-methylbutanoate 103 C5H11O2 C-C-C-C-O-C-C-C-C
| | |
O C

butyl hexanoate 117 C6H13O2 C-C-C-C-O-C-C-C-C-C-C
| |
O

butyl octanoate 145 C8H17O2 C-C-C-C-O-C-C-C-C-C-C-C-C
| |
O
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