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ABSTRACT. The concentrations of free amino acids in the peel and pulp of banana (Musa sp., AAA group, Cavendish
subgroup, cv. Valery) fruit during ripening at 22 °C were measured. All 20 amino acids were quantified at seven
distinct ripening stages as defined by measures of internal ethylene, O,, and CO, concentrations, aroma volatile
emissions, and peel color. Volatile production commenced 2 days after the peak in ethylene production and 1 day
following the climacteric peak in internal CO,. The maximum rate of branched-chain ester synthesis occurred 2 to 3
days after its onset. Production of 2-methylpropyl and 3-methylbutyl esters was much higher in the pulp compared
with the peel, confirming that the pulp, rather than the peel, is the primary site of banana aroma synthesis. Of the
amino acids measured, only leucine, valine, and cysteine increased concomitantly with ester formation. This was
observed in the pulp, but not in the peel. The data suggest the metabolic pathways for valine and leucine formation
also support, respectively, the synthesis of 2-methylpropyl and 3-methylbutyl esters. It is not clear how leucine and
valine can accumulate despite the fact that they act as feedback inhibitors of their respective synthetic pathways.
There was a slight peak in the formation of several other amino acids in the pulp (e.g., alanine, arginine, asparagine,
glutamine, and methionine) coinciding with the climacteric respiratory peak in CO,, but a similar pattern was not
seen for the peel. These data are the first to demonstrate distinct differences in amino acid metabolism in the peel and

pulp of banana related to their role in ripening and aroma biosynthesis.

The synthetic and/or catabolic pathways of the amino acids
valine, leucine, isoleucine, methionine, phenylalanine, and
alanine contribute to the formation of odor-active alcohols,
aldehydes, carbonyls, and esters in edible plant parts (Azevedo
etal., 1997; Baldwin et al., 2002: Gonda et al., 2010; Pérez et al.,
1992; Reineccius, 2006; Salunkhe and Do, 1976; Sanz et al.,
1997). Further, other amino acids act as precursors to these odor-
contributing amino acids. Aspartate, for instance, is consumed in
the synthesis of several amino acids including lysine, methio-
nine, and threonine, the latter of which is a precursor to
isoleucine (Azevedo et al., 1997).

Branched-chain (BC) esters are important contributors to the
fruity aroma of several important horticultural crops. The
pathway for their formation has been previously described
(Fig. 1), but new aspects continue to emerge. In apple (Malus
xdomestica) fruit, for instance, 2-methylbutyl ester accumula-
tion during ripening is associated with the increased synthesis
of citramalic acid, which may contribute to a new pathway for
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isoleucine and BC ester synthesis in apple (Sugimoto et al.,
2011, 2015). In banana fruit, the amino acids valine and leucine
have been proposed to be used, respectively, in the formation of
2-methylpropyl and 3-methylbutyl esters (Tressl and Jennings,
1972), which account for about 70% of the volatile compounds
produced by banana (Seymour, 1993).

Fruit esters are formed by the reaction between alcohols and
acyl CoA derivatives of carboxylic acids. Labeling studies for BC
esters have shown that leucine feeding yields 3-methylbutanol and
3-methylbutanoate, which can then be used to form 3-methylbutyl
esters (e.g., 3-methylbutyl acetate, 3-methylbutyl butanoate, ethyl
3-methylbutanoate, butyl 3-methylbutanoate, and 3-methylbutyl
3-methylbutanoate); valine feeding produces 2-methylpropanol
and 2-methylproponoate and their ester derivatives; isoleucine
feeding yields 2-methylbutanol and 2-methylbutanoate and their
ester derivatives (Pérez et al., 2002; Rowan et al., 1996, 1998,;
Tressl and Drawert, 1973; Wyllie and Fellman, 2000; Wyllie
et al., 1996).

The banana ester profile has several 3-methylbutyl esters and
a smaller number of 2-methylpropyl esters arising, respec-
tively, from the pathways leading to the synthesis of leucine and
valine (Tressl and Jennings, 1972; Wyllie and Fellman, 2000).
Of these esters, 3-methylbutyl butanoate is the predominant
ester of ‘Cavendish’ banana (Nogueira et al., 2003) and it acts
with 3-methybutyl acetate and 3-methylbutyl 3-methylbutanoate
to constitute the core components of the characteristic odor
of ripened banana fruit (Jordan et al., 2001; Quast, 1976;
Schiota, 1993).
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Fig. 1. Pathways involved in branched-chain ester biosynthesis (adapted from Sugimoto et al., 2015). Dashed lines indicate feedback inhibition; BCAT = branched-

chain amino transferase, ADH = alcohol dehydrogenase, AAT = alcohol acyl-CoA transferase, IPMS =
isopropylmalate decarboxylase, BCKDH = branched-chain o-keto acid dehydrogenase, BCKDC = branched-chain o-keto acid

isomerase, IPMD =
decarboxylase.

Pools of free BC amino acids accumulate during ripening of
apple, banana, melon (Cucumis melo), and strawberry (Fraga-
ria Xananassa) fruit (Pérez et al., 2002; Schieberle et al., 1990;
Sugimoto et al., 2011; Tressl and Drawert, 1973; Yoshioka
et al., 1982) and largely reflect the different BC aroma profile
patterns found in those fruit. However, it is relevant to note that
these BC amino acids are not directly converted to the alcohol
and acid precursors of BC esters. Rather, the BC o-keto
precursors to isoleucine, valine, and leucine (i.e., o-keto-
B-methylvalerate, o-ketoisovalerate, and o-ketoisocaproate,
respectively) are positioned more directly in the pathway of
ester formation (Sugimoto et al., 2011) (Fig. 1). Tewari et al.
(2000) noted that the BC a-keto acids are in approximate
equilibrium with their respective BC amino acids, suggesting
that the pools of BC amino acids mirror the pools of their
respective o-keto acid precursors. In fact, BC esters can be
produced directly from exogenously supplied BC a-keto acids
(Gonda et al., 2010). Notably, in apple, there was no up-
regulation in 10 branched-chain aminotransferase (BCAT)
genes during ripening (Sugimoto et al., 2008, 2011), suggesting
a lack of regulation at the point of interconversion of BC amino
acids and their respective BC a-keto acid precursor. Addition-
ally, BC a-keto decarboxylase and BC o-keto dehydrogenase
activities may also be important limiting steps in the intercon-
version of the BC o-keto acid pools to ester precursors (Gonda
et al., 2010; Sugimoto et al., 2008, 2011).

In apple, the greater portion of aroma biosynthesis occurs in
the peel (Guadagni et al., 1971). However, the relationship
between banana peel and aroma production is less clear. Ji and
Srzednicki (2015) found that the peel of ripe banana emitted
many of the same volatiles produced by the pulp, with the most
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isopropylmalate synthase, IPMI = isopropylmalate

abundant esters being 3-methylbutyl acetate and 3-methylbutyl
butanoate. However, multiple stages of ripening were not
evaluated and the production of aroma compounds by the pulp
was not determined in this study. Emaga et al. (2007)
documented total amino acid concentrations of the banana
peel, but did not evaluate free amino acid pools. They found
little change in the content of total amino acids during ripening.
Thus, the relationship between the free amino acid pools and
aroma formation in the peel is not known. If the relationship
between the BC esters and free BC amino acid pools mirrors
that of the pulp, the finding will help bolster the linkage
between BC amino acid metabolism and BC ester formation.
Even more to the point, while we believe that amino acid
metabolism is related to the synthesis of the BC esters re-
sponsible for “banana’ aroma, this is not known conclusively.
Further, we do not know the details of the regulation of the
pathways for their synthesis.

To our knowledge, detailed information about the concen-
tration of free amino acids in banana fruit peel and pulp during
ripening is not available. Most studies on fruit pulp aroma and
free amino acid content report only one or two stages of
development. This is, in part, due to challenges previously
associated with analysis. Current high-throughput methods
combining high-performance liquid chromatography (HPLC)
with multiple reaction monitoring of selected mass spectra ions
facilitate additional scrutiny of metabolites like amino acids.
The aim of this work was to more precisely describe the
relationship between the physiological measures of ripeness
(e.g., internal ethylene, O, and CO, concentrations, aroma
volatile formation, and peel color) and free amino acid content
of the peel and pulp than has been previously accomplished for

371

/0’ #7/PuU-ou-Aq/sasua2l|/610 suowwodaAeald//:diy (/0 t/pu-ou-Ag/sasual|/Bio°suowwodaAl}eald//:dny) asual|
AN-DN-AgG DD 8y} Jepun pajnguisip ajoie ssaooe uado ue si siy] "ssao0y uadQ BIA GZ-1 L-GZ0Z 1e /woo Alojoejqnd pold-awiid-yJewlayem-jpd-awnid//:sdny wouy papeojumoq



ripening fruit. This work expands on previous work detailing
the ontogeny of aroma formation by whole fruit relative to the
onset of autocatalytic ethylene formation (Jayanty et al., 2002).

Materials and Methods

PLANT MATERIAL. Hands of mature green banana (Musa spp.
AAA group, Cavendish subgroup, cv. Valery) from Honduras
were obtained from a local produce distribution and ripening
center (Chiquita ripening facility at Meijers, Lansing, MI).
Fruit were obtained on the day of their receipt at the facility and
before exposure to ethylene. Glass cylinders (1.7-mL) fitted
with rubber serum stoppers were attached to the surface of the
fruit using a non-corrosive silicone rubber sealant (3140 RTV;
Dow-Corning, Midland, MI) for the measurement of internal
0,, CO,, and ethylene levels as previously described (Beaudry
et al., 1987). After affixing the glass cylinders, fruit were
covered by dark plastic trash bags to minimize moisture loss
and to reduce incident light. The ethylene level in the cylinders
was determined two or three times per day and analyzed as
described below. Fruit were allowed to ripen at ambient
temperature (22 °C). When the ethylene level was determined
to be 2 d before peak in ethylene synthesis (day —2), the day of
the ethylene peak (day 0); and 1, 2, 3, 4, and 5 d past the peak in
ethylene production (day 1, 2, 3, 4, and 5, respectively),
additional sampling was performed. This procedure was used
to identify fruit for two experiments. In Expt. 1, the content of
amino acids was determined for peel and pulp. In Expt. 2, the
production of volatiles from excised tissue of peel and pulp was
determined.

ExPERIMENT 1. On each date, the O, and CO, levels in the
cylinders were determined (described below), the volatile
production of the intact fruit was determined (described below)
and the amino acid content of the peel and pulp was determined
(described below).

ExPERIMENT 2. In a related study, we attempted to determine
the relative contribution of the peel, the outer pulp, and the
inner pulp of ripening banana fruit to ester biosynthesis. For
this, banana fruit were evaluated over 3 d (successive) with
three fruit evaluated on each date. The experiment was repeated
once using two lots of fruit acquired 2 weeks apart; one lot was
slightly less ripe than the other. For each fruit, 10-mm diameter
discs of pulp (inner and outer pulp) and peel were excised from
the middle of the fruit using a stainless steel cork borer. For lot 1
(early), fruit were sampled on days 2, 3, and 4; for lot 2 (late),
fruit were sampled on days 3, 4, and 5. The skin was used
intact and the pulp disk was cut to a thickness of 4 mm. The
discs were placed singly onto wetted 15-mm diameter filter
discs supported by glass slides. The glass slides were placed
into 22-mL glass vials possessing a gas-tight septum and valve
(Mininert valve; Supelco, Bellefonte, PA), incubated for 15
min, and the volatiles in the headspace were determined as
noted below.

INTERNAL O, AND CO,. A 0.1-mL gas sample was withdrawn
from the attached vials using a 0.5-mL plastic insulin syringe
and injected into an IR gas analyzer (model 225-MK3;
Analytical Development Co., Hoddesdon, UK) and paramag-
netic oxygen analyzer (Series 1100; Servomex Co., Crow-
borough, UK) linked in series and operated in a flow-through
mode with N, as the carrier gas (150 mL-min™') as previously
described (Beaudry et al., 1992). The gas concentrations were
calculated using a certified gas standard (Matheson Gas
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Products, Montgomeryville, PA) containing 0.979 uL-L™
ethylene, 4.85% CO,, and 1.95% O,, balanced with N,.

INTERNAL ETHYLENE. A 1-mL gas sample was removed
through the rubber septum of the cylinders attached to the fruit
surface using a plastic syringe and was injected into a gas
chromatograph (GC; Carle Series 400 AGC; Hach Co., Love-
land, CO). The GC was fitted with a 6-m long, 2-mm i.d.
stainless-steel column packed with activated alumina F-1 (80/
100 mesh) and was equipped with flame ionization detector.
The ethylene detection limit was ~0.005 pL-L™'. Ethylene
concentrations were calculated using the certified standard
noted previously.

PEEL coLor. Peel color was evaluated at three locations
along the length of each fruit with a colorimeter (model 400
Chromameter; Minolta, Ramsay, NJ). The lightness (L),
chroma (C), and hue (H®) color system was used to evaluate
color. The colorimeter was calibrated before use with a standard
white ceramic tile and the Yxy color system (Y = 93.84, x =
03132, y=0.3191).

VOLATILE ANALYSIS. Five banana fruit fingers were selected
at each development stage and the fruit were placed individu-
ally in sealed glass containers (600 mL) at room temperature
(=22 °C) and the chambers were agitated using a gently
oscillating shaker operated at 60 rpm. Headspace volatiles
were sampled after 15 min incubation using solid-phase micro
extraction (SPME) fiber (65 um PDMS-DVB) as previously
described (Sugimoto et al., 2011). The SPME fiber was inserted
in the jar septum port for 2 min to absorb headspace volatiles.
The volatile compounds trapped in the SPME fiber were desorbed
directly into a gas chromatograph (HP-6890; Hewlett-Packard,
Wilmington, DE) using a splitless injection port heated to 230 °C
and desorbed for 2 min. Volatiles were trapped at the head
of the column by immersion of the column in a pool of liquid
N,. Release from the trap was by removal of the column from
the liquid N,. The column starting temperature was 40 °C;
temperature was ramped at 40 °C-min~' to 240 °C and held for
1 min. The GC was equipped with a mass selective detector
(Pegasus II; LECO, St. Joseph, MI) for quantification and
identification of volatiles.

Compound identification was by comparison of the retention
time and mass spectrum with authenticated reference standards
and with spectra in the National Institute of Standards and
Technology (NIST) mass spectral library (Search Version 1.5)
(NIST, 2011). Volatile compounds were quantified by calibrat-
ing with known amount of a mixture of authenticated, neat
compounds (Sigma-Aldrich Co., St. Louis, MO and Fluka
Chemika, Seelze, Germany) comprised of 20 alcohols, alde-
hydes, and esters as reported by Contreras et al. (2015). From
the standard mixture, 1 UL of the oil mixture was applied to
a piece of filter paper, which was placed in a glass 4-L
volumetric flask fitted with specially made ground glass stopper
possessing a gas-tight septum and valve (Mininert valve,
Supelco). The flask was held overnight at room temperature
before use to permit the compounds to fully vaporize from the
filter paper. Volatile quantities are reported as the response of
the mass spectrometer, which was calculated as the total ion
count (TIC) for each compound.

AMINO ACID EXTRACTION. For each sampling date, a 1-cm
wide transverse slice from the middle portion of the five banana
fruits used for volatile analysis was excised and the pulp and
skin separated; from these tissues, two technical replicates were
created. Tissues were immediately immersed in liquid nitrogen
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and then placed in 50-mL sealable plastic conical centrifuge
tubes and held at —80 °C until analysis. Before extraction, the
frozen tissue was ground to a powder using a liquid N,-cooled
ceramic mortar and pestle. For extraction, 0.5 g of the frozen
powder was added to 2 mL of a solution of acetonitrile, ethanol,
and water (1:1:1) containing 10 pM deuterated phenylalanine
(Phe-dg; Cambridge Isotope Laboratories, Andover, MA) as an
internal standard. The extraction solution was preheated in
water bath at 75 °C for 5 min. The mixture was vortexed for 10 s
and incubated for 10 min at 75 °C. After centrifugation
(Damon/IEC PR-6000; Thermo Fisher Scientific, Waltham,
MA) at 5000 g, for 10 min at 4 °C, a 600-uL aliquot of the
supernatant was transferred to a 1.5-mL microfuge tube for
additional clarification by further centrifugation (Micromax
RF, Thermo Fisher Scientific) at 14,000 g,, for 10 min at 4 °C.
From the extract, 300 UL was transferred to a 500-uL
centrifugal filter [0.2 um (Spin-X; Corning, Corning, NY)]
pre-wetted with 50 UL extraction solution containing the
internal standard and centrifuged for 5 min at 2000 g, at
4 °C. Analysis was performed on an aliquot (20 puL) of the
filtrate diluted 8.5-fold by adding it to 230 UL of the extraction
solution containing the internal standard.

AMINO ACID ANALYSIS. A mixture of 20 amino acids (Sigma-
Aldrich) were dissolved in water containing 10 UM Phe-ds to
make individual stock solutions of 1 mm. Amino acids were
analyzed according to Sugimoto et al. (2011) and Phe-ds as
noted in Table 1 using a tandem mass spectrometer (Quattro
micro; Waters, Milford, MA) coupled to a high-pressure liquid
chromatograph (LC-20AD HPLC; Shimadzu, Columbia, MD).
Data were collected and quantified with proprietary software

Table 1. The HPLC/MS/MS conditions for deuterated phenylalanine
(Phe-dg) were optimized for mass to charge number of ions ratio
(m/z), cone voltage, collision voltage, and retention time. HPLC
and MS/MS conditions for amino acids were as reported for
Sugimoto et al. (2011).

Mass of

parent > Cone Collision Retention

daughter  voltage voltage time Function
Compound  ions (m/z) V) 2 (min) no.
Phe-dy 174.0 > 128.0 18 15 32 2

(MassLynx 4.0 and QuanLynx, Waters). Amino acid samples
were quantified by calibration curves obtained from six
working standards using linear regression, plotting amino acid
concentration as a function of ratio of the amino acid peak area
to the Phe-dg peak area.

Results and Discussion

MATURATION INDICES. Ethylene concentration was near the
limit of detection (5 nL-L™") 2 d before peak in autocatalytic
ethylene production, increasing to ~0.1 uL-L~! on day —0.5 and
to 4 uL-L™" at the climacteric peak (day 0). Carbon dioxide
levels in the fruit doubled from day —2 to day 0 and continued to
increase until day 1. Subsequently, the CO, concentration
decreased slightly from day 2 to day 5. The data for ethylene
and CO, were consistent with previously published studies
(Beaudry et al., 1987, 1989; Jayanty et al., 2002). The hue (H®)
of the fruit skin decreased throughout ripening (Fig. 2) as the
fruit changed from green (H° 115) to yellow (H® 85). Lightness
and chroma increased until day 3 and 4 and declined thereafter
as sugar spots formed.

EsTErR EMANATIONS. The BC volatiles quantified (3-
methylbutanol, 2-methylpropanol, 3-methylbutyl acetate, 2-
methylpropyl butanoate, 3-methylbutyl butanoate, 2-methylpropyl
acetate and 3-methylbutyl 3-methylbutanoate) were detected
in small amounts or were not detectable day —2 through day
0 (Fig. 3). No 2-methylbutyl esters were detected. Three days
after the ethylene peak, BC alcohol and BC ester biosynthesis
increased rapidly. With the exception of 3-methylbutyl 3-
methylbutanoate, BC ester production peaked on day 4. The
production of the two BC alcohols increased throughout
ripening, reaching their highest level on day 5. BC acetate esters
were more abundant than BC butanoate esters and the least
abundant ester measured was 3-methylbutyl 3-methylbutanoate
(Fig. 3). The timing and the relative quantities of ester emanation
were consistent with previous results for ‘Cavendish’ banana
(Jayanty et al., 2002).

In excised tissue disks, those from more ripe fruit (late)
produced greater quantities of BC alcohols and esters than disks
from less ripe fruit (early) (Table 2), suggesting that the
emanations from tissue disks behaved similarly to whole fruit.
The ester profiles for peel and pulp were similar, which is

Table 2. Emanation of branched chain alcohols and esters from discs of ripening banana peel and inner and outer pulp incubated for 15 min at
20 °C in 22-mL glass chambers. Data are averages for banana fruit over 3 d (successive), taken 2, 3, and 4 d (early) or 3, 4, and 5 d (late) after
the peak in ethylene biosynthesis. Three replicate fruit samples were taken for each ripeness/tissue type combination on each day.

2-M 3-M 2-MP 3-MB 2-MP 3-MB 3-MB 3-M
propanol” butanol acetate acetate butanoate butanoate butanoate

Main effect (UL-L™
Tissue type

Peel 0.9 bY 0.6 b 1.7 b 1.2 b 0.2 b 0.2 b 0.0

Outer pulp 24.6 a 233 a 816.8 a 1009.7 a 80.9 a 127.3 a 2.9 a

Central pulp 17.4 a 15.7 a 472.2 a 568.9 a 26.4 a 414 a 1.5 a
Ripeness

Early 7.9 b 4.5 b 168.9 b 219.9 b 6.0 b 23.5 b 0.8 ns

Late 20.7 a 219 a 691.5 a 8333 a 65.7 a 89.1 a 2.2 ns

“2-M propanol = 2-methylpropanol, 3-M butanol = 3-methylbutanol, 2-MP acetate = 2-methylpropyl acetate, 3-MB acetate = 3-methylbutyl
acetate, 2-MP butanoate = 2-methylpropyl butanoate, 3-MB butanoate = 3-methylbutyl butanoate, 3-MB 3-M butanoate = 3-methylbutyl 3-
methyl butanoate.

YWithin tissue type and ripeness main effects, any two means within a column not followed by the same letter are significantly different at
P =0.05. Interactions were not tested.
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Fig. 2. Internal ethylene concentration, internal O, fraction, internal CO,
fraction, and peel lightness, chroma, and hue of ‘Cavendish’ banana fruit at
different fruit ripening stages. The vertical line on day 0 indicates the peak of
ethylene biosynthesis. Each data point represents the average of five fruit;
vertical bars represent + SE.

consistent with the findings of Ji and Srzednicki (2015);
however, the pulp produced far more BC esters and BC
alcohols than the peel, indicating that the pulp of the banana
is the primary source of aroma compounds in ripening fruit. The
dissimilar metabolic activities of these tissues during ripening
is perhaps not surprising given the differential sensitivities of
the peel and pulp to ethylene (Inaba et al., 2007). The lack of
involvement of the peel of fruit in aroma formation is not
unusual, but apple, which makes large amounts of BC esters,
produces most of its aroma from the peel tissue (Ferreira et al.,
2009; Guadagni et al., 1971). The data also suggest that the bulk
of emanations from whole banana fruit likely diffuse through
the fruit peel and may offer an opportunity for the peel to
regulate the release of alcohols and esters. It is possible that
esterases or alcohol acyl transferases in the peel could alter the
volatile profile of intact fruit. There was no difference in the
production of BC alcohols and esters between the outer and
central pulp of the edible portion of the fruit, suggesting that BC
amino acid and BC ester metabolism is relatively similar
throughout the banana pulp.

AMINO Acips. Patterns of change in amino acid content
during fruit ripening were diverse in pulp (Fig. 4) and peel (Fig.
5) with some amino acids increasing or decreasing throughout
ripening or undergoing transient accumulation or depletion.
Patterns in the flesh did not necessarily reflect changes in the
peel, with some ratios increasing or decreasing throughout
ripening (Fig. 6). The amino acid concentration in pulp was
lower than in the peel for 13 of the 20 amino acids.

In the pulp, only valine, leucine, and cysteine accumulated
more than 3-fold after day 0 and continued to accumulate
throughout ripening (Fig. 4). The relationship between cysteine
metabolism and fruit ripening is not clear, but Ge et al. (2017)
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proposed a role for H,S, a breakdown product of cysteine, in the
suppression of fruit ripening by reduction of oxidative stress
and inhibition of the ethylene-signaling pathway. The accumu-
lation of valine and leucine is likely related to BC ester
formation. However, given that the BCAT enzymes carry out
freely reversible reactions (Gonda et al., 2010), the accumula-
tion of valine and leucine should reflect an increase in their
respective o-keto acid precursors (Fig. 1). This would be
consistent with the increased flux of carbon into BC alcohols
and esters during the latter stages of ripening. The lack of an
increase in BC alcohols (and esters) during the early stages of
ripening, despite small but significant increases in valine and
leucine, is not consistent with this interpretation. It suggests that
the flux into this pathway begins early (before ester formation),
but that the diversion of the BC ai-keto acids to their respective
BC alcohols has yet to begin. Jayanty et al. (2002) demonstrated
that the capacity for ester formation in banana tissue disks from
exogenously applied BC alcohols and acids is fully engaged at
the stage of peak ethylene production (day 0) and showed that
transcription of alcohol acyltransferase (AAT) is evident well
before this stage. Thus, the limitation is not through AAT
activity. The suggestion, therefore, is that the limitation in the
formation of BC esters during the first 1 to 2 d of banana
ripening is due to a lack of the ability of the fruit to make BC
alcohols and BC acids from the BC o-keto acids. The limitation
may be due to insufficient BC o-keto decarboxylase and/or
alcohol dehydrogenase activities. The importance of o-keto
decarboxylase activity has been noted for melon fruit (Gonda
et al., 2010) and for apple (Sugimoto et al., 2011); however,
much-needed molecular and enzymatic data for banana are
lacking.

Several amino acids (alanine, arginine, asparagine, gluta-
mate, glutamine, histidine, lysine, methionine, phenylalanine,
proline, and tyrosine) in the pulp exhibited a modest to
pronounced peak on day 2, 1 d after the highest internal CO,
concentration was recorded, reflecting the climacteric peak
(Fig. 4). This may simply reflect a period of elevated metabolic
activity and a concomitant increase in the pools of the amino
acids needed for the production of new proteins needed for
ripening (Brady et al., 1970). It is striking that the spikes in the
content of these amino acids is limited, given the 2- to 3-fold
increase in respiration experienced by banana fruit during this
stage of ripening (Beaudry et al., 1987) and speaks to the robust-
ness of the regulation of amino acid synthesis and degradation.

Aspartate, isoleucine, and phenylalanine content in the pulp
declined during ripening, with the greatest decline occurring at
the outset of ripening between day —2 and day 0. In apple,
isoleucine content increases markedly during ripening, con-
comitant with increasing 2-methylbutyl esters. The lack of
accumulation of the BC amino acid isoleucine in banana is
consistent with the lack of production of 2-methylbutyl esters,
which are derived from the precursor to isoleucine, o-keto
B-methylvalerate. In apple fruit, it appeared that feedback
inhibition by isoleucine is lacking, permitting its accumulation
(Sugimoto et al., 2011, 2015). Sugimoto et al. (2011, 2015)
suggested the isoleucine accumulation was accompanied by the
induction of a pathway for isoleucine formation that was not
feedback regulated by isoleucine and was initiated with the
synthesis of citramalic acid, which accumulates in apple
(Hulme, 1954; Sugimoto et al., 2015). This is opposed to the
usual means of isoleucine synthesis via threonine degradation

(Fig. 1).
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The increase of free leucine and valine in ripening banana
pulp seems to be analogous to the increase of free isoleucine in
apple, suggesting that an alternative means of synthesis/regu-
lation may be present in banana pulp. One would anticipate that

J. AMER. Soc. Hort. Sci. 143(5):370-380. 2018.

the accumulation of both leucine and valine would inhibit their
own formation unless the feedback mechanisms were somehow
impaired in ripening banana. Acetohydroxy acid synthase
(AHAS), also known as acetolactate synthase (ALS), is
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Fig. 4. Free amino acid content (fresh weight basis) in pulp of ‘Cavendish’ banana fruit at different stages of fruit ripening. The vertical dotted line on day 0 indicates
the peak of ethylene biosynthesis. Each data point represents the average of five fruit with two technical replicates per fruit; vertical bars represent + SE.

inhibited by valine and leucine, and isopropyl malate synthase
(IPMS) is inhibited by leucine (Eisenstein, 1991; Singh and
Shaner, 1995; Wessel et al., 2000). It is possible that feedback-
impaired isoforms of IPMS and/or ALS are present during
ripening in banana pulp. Modifications of the feedback regu-
lation of IPMS have been observed in several species, such as
a mutant of yeast (Saccharomyces cerevisiae) that has had
mutations within the regulatory region of yeast’s isopropyl-
malate synthase, LEU4, leading to an overproduction of 3-
methylbutanol and 3-methylbutyl acetate (Ogata and Miyashita,
2014). Neofunctionalization of IPMS, which has generated
methylthioalkylmalate synthase (MAM) in Arabidopsis thali-
ana (de Kraker and Gershenzon, 2011), SIIPMS3 in tomato, an
enzyme that affects the metabolism of branched-acyl chain
attachments of acylsugars (Ning et al., 2015), and possibly
2-ethylmalate synthase, an enzyme capable of straight-chain
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o-keto acid elongation (Kroumova and Wagner, 2002), is often
accompanied with heavy modifications or truncation of the
C-terminal feedback domain, which frees these enzymes of
specialized metabolism from regulation by their products.
While the process of neofunctionalization is characterized by
gene duplication to preserve primary metabolism functions, the
newest banana genome (Martin et al., 2016) appears to have
only one copy of IPMS, unlike what is seen in most other plants,
which have two IPMS copies (Xing and Last, 2017). However,
the feedback regulatory region of banana IPMS seems to be
quite divergent from the [IPMS genes from apple and other fruit
crops (data not shown). Collectively, these findings suggest that
feedback regulation of IPMS may be complex or incomplete
and it is possible that there is a developmentally regulated
reduction in the sensitivity of IPMS to leucine levels, permit-
ting increased flux to o-ketoisocaproate and 3-methylbutyl
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esters during ripening. Additional analysis of the banana
genome and of protein function is required to assess this
possibility.

Finally, the inhibition of threonine deaminase (TD) by
isoleucine can promote the accumulation of threonine (Mourad
and King, 1995). This suggests that the decline in isoleucine in
banana should have been accompanied by a decline in threonine
levels; however, the opposite was observed. However, TD also
can be stimulated by valine (Eisenstein, 1991), which might
account for the modest accumulation of threonine during
ripening.

In the peel, none of the free amino acids accumulated more
than 3-fold during ripening. In the case of leucine and valine,
this would suggest that biology of these amino acids differs
between the two organs. Indeed, the lack of a significant
increase in these two BC amino acids was accompanied by
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markedly lower ester formation in the peel relative to the pulp
(Table 2). There appeared to be a modest increase in leucine at
the latter stages of ripening (day 4 and day 5). In the tissue
feeding study by Jayanty et al. (2002), substantial capacity to
synthesize 3-methylbutyl acetate by the peel was only found at
the later ripening stages associated with maximal ester pro-
duction, which would be consistent with a late burst in BC
amino acid synthesis and associated ester formation in the peel.

Marked declines took place in the peel content of methio-
nine, phenylalanine, and tyrosine (Fig. 5). The parallel changes
in phenylalanine and tyrosine may reflect a diminution in
throughput through the shared pathways for their synthesis
(Yoo et al., 2013). With the exception of alanine, the peak in
some amino acids found in the pulp on day 2 was not evident in
the peel. However, several amino acids (alanine, asparagine,
aspartate, glutamine, isoleucine, histidine, proline, serine,
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tryptophan, and valine) exhibited a short 2-day rise in content
following the peak in ethylene production. The significance of
this pattern is not known, although content of four of the
amino acids (underlined) also peaked in the pulp during this
period.

In conclusion, the data support a linkage between BC amino
acid metabolism and BC ester formation in the pulp but not the
peel of banana fruit. The data do not support the suggestion that
already present BC amino acids are degraded to supply the BC
a-keto acid precursors necessary for BC ester synthesis (Gonda
etal., 2010; Rowan et al., 1996). In fact, the opposite appears to
be true, as both valine and leucine accumulate rather than
decline during the phase of ester formation in banana. The same
pattern of simultaneous BC amino acid accumulation and BC
ester production is seen in apple also. Collectively, the data
argue for an increase in the activity of the pathway leading to
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the formation of the BC o-keto acids required for the formation
of both BC amino acids and BC esters, likely through up-
regulation of IPMS for 3-methylbutyl esters and AHAS for 2-
methylpropyl esters. Further, the data suggest that the increase
of free BC amino acids is most likely a result of BCATSs
unregulated activity and is not neccesary for BC ester synthesis
per se. There may also be a requirement for an increase in BC
o-keto decarboxylase and dehydrogenase activities as well,
likely following the increase in the capacity for BC a-keto acid
synthesis. In support of this possibility, transcriptomic analysis
of ripening banana fruit has revealed a more than 10-fold
increase in a BC a-keto decarboxylase (Asif et al., 2014). More
detailed analyses of these final steps in the synthetic pathway
for BC esters would be helpful in furthering our understanding
of this pathway central to the formation of the characteristic
aroma of banana.
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