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Substrates controlling the formation of branched chain volatile esters in ripening bananas were
investigated by the application of alcohol and amino acid precursors to whole fruit and tissue samples.
The resulting changes in the profile of the volatile esters were determined using SPME and GC.
These changes revealed the selectivity characteristics of the esterification enzyme AAT, the
availability of acyl CoA’s for ester formation, and the role of substrate supply on volatile production.
The results obtained suggest that substrate supply is a major determinant of the quantitative and
qualitative composition of the resulting aroma profile.
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INTRODUCTION

The biosynthetic pathway for the formation of volatile
esters in ripening climacteric fruits is well-established
(Rowan et al., 1996; Sanz et al., 1997; Schreier, 1984).
However, the factors that control the qualitative and
quantitative composition of the ester profile, factors that
in many cases determine the character and perceived
quality of the fruits, are not yet fully understood. Fruit
esters are formed by the reaction between alcohols and
acyl CoA’s derived from both fatty acid and amino acid
metabolism. This reaction is catalyzed by the enzyme,
acyl alcohol transferase (AAT) (Sanz et al., 1997; Perez
et al., 1996; Ueda et al., 1992). The characteristic
branched chain carbon skeletons found in many volatile
fruit esters can be derived from either of the branched
chain amino acids leucine, isoleucine, or valine. A typical
biochemical scheme for the biosynthesis of esters con-
taining such carbon skeletons is shown in Figure 1.

The first step is catalyzed by an aminotransferase and
produces a branched chain R-keto acid that in turn is
transformed into either a branched chain alcohol or an
acyl CoA. These substrates then contribute to an acyl
CoA and alcohol pool that is utilized to produce esters
via the enzyme AAT. The actual composition of the
resulting esters could be controlled either by the selec-
tivity of the enzymes involved or by the availability of
the necessary substrates in this pool. It has been
suggested that the selectivity properties of the enzymes
controlling the reduction (ADH) and ester formation
steps (AAT) of ester biosynthesis do not provide the
specificity required to explain the composition of the
branched chain esters obtained from bananas (Wyllie
et al., 1996; Ueda et al., 1992). The specificity must
therefore be determined by the properties of the re-
maining enzymes of the pathway, aminotransferase and

R-keto acid decarboxylase, or by the availability of the
necessary substrates.

The qualitative and quantitative control of the volatile
ester profile plays a major role in determining the
characteristic aroma of the fruit and is presumably
under genetic control (Wyllie et al., 1992). Rowan et al.
(1996) have shown, for example, that there are signifi-
cant differences in products and product distributions
between two apple cultivars provided with the same
substrate. This work investigates the role of substrate
availability and enzyme selectivity in determining the
composition of the volatile esters formed in ripening
bananas.

MATERIALS AND METHODS

Fruit. Mature green bananas (Musa sapientum L. [AAA
group, Cavendish subgroup] cv. Williams) were obtained from

* Corresponding author telephone: +61 2 4570 1632. Fax:
+61 2 4570 1671. E-mail: g.wyllie@uws.edu.au.

† University of Western Sydney.
‡ Washington State University.

Figure 1. Scheme for the conversion of branched chain amino
acid into esters containing branched chain carbon skeletons.
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a commercial source. None of the bananas used were exposed
to ethylene to initiate ripening.

SPME Analysis. All volatile analysis was carried out using
a solid-phase microextraction device (SPME) (Supelco Co.)
equipped with a poly(dimethylsiloxane) (PDMS) fiber (100 µm).
In all analyses the SPME needle was inserted into the
headspace of the container, and the fiber was exposed for 15
min before injection.

GC/MS Analysis of Volatiles. GC/MS analysis was carried
out on a HP 5970 GC/MS fitted with a DB-1 (J&W), fused silica
capillary column (60 m × 0.32 mm i.d. × 0.25 µm film
thickness). The injector, at a temperature of 200 °C, was
maintained in the splitless mode for the first 2 min of the
injection. The column was maintained at 35 °C for 3 min and
then programmed at 8 °C min-1 to 225 °C. The transfer line
was maintained at 250 °C. Data were collected using a
Hewlett-Packard Chemstation G 1034C data processing pack-
age.

Treatment of Whole Bananas with Alcohol Precur-
sors. A whole post-climacteric banana assessed as color stage
5 ripeness (CSIRO, 1971) was placed in a glass chamber (∼4
L) and ventilated with purified air at a flow rate of ∼10 mL
min-1. A silicone rubber septum in the lid permitted headspace
sampling by the SPME. After the system had been at equi-
librium for 1 h, a control headspace sample was taken. The
alcohol precursor (5 µL) was then added via the septum, and
the incubation continued for an additional hour at room
temperture, after which time the headspace was again sampled.

Treatment of Banana Tissue Disks with Alcohol Pre-
cursors. Pulp tissue disks from the center section of a single
fruit (color stage 5 fruit were selected) (∼5 g; 3 mm thick) were
placed in a conical flask (50 mL) and sealed with a rubber seal.
The precursor alcohol (2 µL) was injected into the headspace,
and the sample was incubated at room temperature for 1 h.
The headspace was then sampled using SPME. A control flask
was used for reference.

Incubation of Banana Tissue Disks with Amino Acids.
A single banana (color stage 5) was sliced laterally into disks
approximately 3 mm thick, and the resulting disks, consisting
of both skin and pulp, were weighed into glass containers
(∼250 mL) such that each container contained ∼10 g of
banana. The skin was retained to help maintain the integrity
of the pulp over the long incubation times used in these
experiments. Sufficient phosphate buffer (0.8 M, pH 7) con-
taining 1 mg/mL L-amino acid (Sigma) was added to each
chamber to just cover the fruit disks (∼10 mL). The chambers
were sealed, and a flow of ∼5 mL min-1 of purified air passed
through each. The chambers were fitted with a septum to
enable SPME headspace sampling while the air flow was
maintained. Volatiles in the headspace of the chamber were
sampled at approximately 24-h intervals for up to 72 h.
Experiments with isoleucine as substrate were reproduced
using three different bananas.

RESULTS AND DISCUSSION

Esterification Reaction. The relative reactivity of
a range of alcohols and the availability of the acyl CoA’s
involved in the ester-forming reaction in bananas was
ascertained in situ, by exposing post-climacteric whole
fruit or fruit pulp disks to a range of alcohol precursors.
The resulting volatile esters profile was analyzed using
solid phase microextraction (SPME) and gas chroma-
tography. The use of the alcohol 2-methylbutanol was
particularly revealing because 2-methylbutyl carbon
skeletons are not found in significant concentrations in
banana esters (Macku and Jennings, 1987; Shioata,
1993). The use of this precursor coupled with an
analytical method that separates 2-methyl and 3-me-
thylbutyl esters provided a means of estimating the
selectivity of AAT toward this particular substrate pair
in situ and also measuring the extent of esterification
without interference from endogenous compounds. Fig-

ure 2 shows a chromatogram of the aroma profile
obtained from a whole banana (color stage 5, evenly
yellow) after the application of 2-methylbutanol for 1
h. The incorporation of the 2-methylbutyl moieties into
the ester profile is clearly shown by the production of
large quantities of 2-methylbutyl acetate and 2-meth-
ylbutyl isovalerate. This demonstrates both that AAT
is not specific for 3-methylbutanol and that the amount
of ester produced in the ripening banana fruit appears
to be limited by the supply of precursor alcohol.

Similar experiments with the alcohols ethanol, 1-pro-
panol, 1-butanol, 1-pentanol, 2-pentanol, and 1-hexanol
showed that each of these alcohol precursors were
capable of being utilized by banana fruit for volatile
ester formation. Ethanol and propanol were clearly the
least preferred substrates, and the five and six carbon
alcohols were the most reactive of those tested (data not
shown).

Analysis of all of the exogenous esters formed during
treatment with the various alcohols revealed the range
of acyl CoA’s available in the banana acyl CoA pool at
the time of the experiment. It contained predominantly
acetyl CoA, butanoyl CoA, and 3-methylbutanoyl CoA.
Indeed these three acyl CoA’s together with the alcohols
ethanol, 2-methylpropanol, 1-butanol, 3-methylbutanol,
and 2-pentanol can be seen to provide all the precursors
necessary for the formation of the major esters observed
in the aroma profile of bananas of this cultivar (Golding
et al., 1999). It seems highly likely that this group of
compounds constitutes the principal components of the
acyl CoA-alcohol pool in this fruit. However, it is
possible that the ester profile observed over fruit or
especially fruit tissue was influenced by the selective
hydrolysis of biosynthesized esters by extracellular
esterases during or after emergence from the tissue.
However, comparison of the headspace volatiles from a
whole banana and from disks taken from the same
banana showed only minor quantitative changes in
composition, suggesting that esterase activity is not high
in ripe bananas.

The results obtained however are consistent with
previous observations (Wyllie et al., 1996) that banana
AAT is not highly selective for specific alcohol sub-
strates. The control of the composition of the banana
volatile ester profile must therefore lie either with the
availability of suitable substrates or with the selectivity
properties of the aminotransferase and R-keto acid
decarboxylase enzymes at the beginning of the biosyn-
thetic pathway.

Figure 2. GC/MS aroma profile of a whole banana treated
with 2-methylbutanol showing the formation of 2-methylbutyl
esters not normally found in this fruit.
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Ester Substrate Supply. Within the fruit, the
supply of substrate branched-chain alcohols and acyl
CoA’s will be dependent on their biosynthesis from the
appropriate branched chain amino acids. The banana
ester profile has many 3-methylbutyl esters arising from
transformations beginning with leucine and a smaller
number of 2-methylpropyl esters arising from valine.
The concentration of these particular amino acids
together with that of alanine has been shown to increase
markedly during the climacteric of bananas (Yoshioka
et al., 1982; Tressl and Drawert, 1973). Increases in the
concentration of specific amino acids has also been
observed during the ripening of other fruits (Wang et
al., 1996; Perez et al., 1992). This suggests that the
availability of branched chain skeletons may be con-
trolled by the supply of amino acids that become
available during ripening, either by amino acid biosyn-
thesis or possibly from protein degradation. Thus, a
major determinant of the branched chain volatile ester
profile of a ripening banana will be the composition of
the amino acid pool available. This conclusion was
confirmed by the incubation of postclimacteric banana
disks with a range of L-amino acids. After 48 h of
incubation with L-isoleucine, a number of esters con-
taining the 2-methylbutyl carbon skeleton (for example,
2-methylbutanol, 2-methylbutyl acetate, 2-methylbutyl
butanoate, and 3-methylbutyl 2-methylbutanoate) were
apparent in the aroma profile. (Figure 3). The appear-
ance of 3-methylbutyl 2-methylbutanoate shows that the
isoleucine is being utilized as a source for both alcohol
and acyl CoA production. There is also a significant
increase in the concentration of the final peak in the
chromatogram identified as either 3-methylbutyl isov-
alerate or 2-methylbutyl 2-methylbutanoate. Since the
analysis system used was unable to effectively distin-
guish these two isomers, it is not possible to attribute
this increase definitively to 2-methylbutyl 2-methylbu-
tanoate formation, although based on analogy this is
the most likely explanation. The demonstration that
isoleucine can be readily utilized by post-climacteric
banana tissue shows that the transaminase/R-keto acid
dehydrogenase/decarboxylase enzymes are not highly
selective, at least between the leucine-isoleucine pair,
and suggests that there is a direct link between sub-
strate availability and the branched chain ester profile.
These results are consistent with those of Hansen and
Poll (1993), who demonstrated increased production of

volatiles after the administration of isoleucine to intact
Granny Smith apples. They were however unable to
distinguish between the production of 2- or 3-methyl-
butyl isomers and thus validate the conversion of
isoleucine directly.

The ready production of additional volatile esters after
exposure of post-climacteric bananas to exogenous al-
cohols shows that there is an ample supply of acyl CoA’s
available from both amino acid and fatty acid metabo-
lism. The even-carbon C2, C4, and to a lesser extent
C6 straight chain acyl CoA’s, derived from, for example,
fatty acid â-oxidation are among the most important
sources of the acid moiety of the esters. However, the
presence of butyl acetate and butyl butanoate show that
these precursors can also be converted to alcohols before
being esterified.

CONCLUSION

The qualitative and quantitative composition of the
volatile branched chain esters formed during ripening
of banana fruit appears to be determined by two factors.
One is the selectivity of the enzymes involved in the
transformation of amino acids to either alcohols or acyl
CoA’s. The selectivity of the final enzyme, AAT, has
been studied for a small number of fruit types using
partially purified enzyme preparations, and it has been
suggested that this property determines the ester profile
of strawberries (Perez et al., 1996). However, in other
fruit (Ueda et al., 1992; Wyllie et al., 1996) the observed
selectivity of the AAT has not been sufficient to explain
the specificity of the ester profiles obtained.

The other important factor determining the composi-
tion of branched chain esters is the supply of specific
suitably functionalized substrates from the fatty acid
and amino acid metabolic pathways that are active
during ripening. The results obtained indicate that in
bananas this control of substrate supply dominates the
various processes that contribute to the formation of
branched chain esters and hence determines their
qualitative and quantitative composition. The composi-
tion of the substrate pool will be dependent on many
factors including genetic control, the physiological state
of the fruit, and any other influences that determine
the balance of the metabolic pathways contributing to
the pool. For example, it has been suggested that the
change in aroma profile found in 1-MCP-treated ba-
nanas could be caused by a suppression of fatty acid
metabolism associated with the decreased respiration
brought on by this treatment (Golding et al., 1998).
Similarly Macku et al. (1987) showed that the ratio of
total acetates to total butanoates in the aroma profile
of bananas varies linearly with ripening time. This
implies that the acetyl CoA and the butanoyl CoA
originate from the same metabolic source, possibly via
fatty acid â-oxidation. This in turn suggests that this
pathway is the main provider of straight chain acyl
CoA’s for volatiles production.

Thus, any agronomic, environmental, or post-harvest
changes that influence the fundamental physiological
and biochemical processes occurring in ripening ba-
nanas will inevitably be reflected in the volatiles profile.
A greater understanding of how the supply of ester-
forming substrates is influenced by these factors should
provide valuable insight into the determinants of ba-
nana flavor quality.

Figure 3. GC/MS aroma profile from banana disks incubated
with L-isoleucine for 48 h (upper trace). Lower trace is from
control banana with no added L-isoleucine.
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