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Introduction 
Fresh-cut apple in sliced form is one of the most demand-

ed products in the fresh-cut industry (Rӧßle et al., 2011). 
However, fresh-cut apples present many problems that re-
duce their quality and shelf life. Quality of fresh-cut apple 
depends mainly on appearance, texture, flavor and nutrition-
al value, the flavor being one of the most important quality 
attributes. Antioxidant and antimicrobial agents, as well as 
texture enhancers have been used to preserve the quality 
of fresh-cut fruit. Unfortunately, most of these treatments 
barely affect apple flavor. Flavor is a combination of taste 
(sweetness, acidity and bitterness) and aroma, where aroma 
is produced by a complex mixture of a large number of vol-

 Summary
Edible coatings are potential carriers of additives 

that preserve fresh-cut apple quality. Aroma is one of 
the main quality parameters in apples, and naturally 
occurring fatty acids and amino acids are the major 
aroma precursors. The aim of this study was to de-
termine whether alginate edible coatings containing 
L-isoleucine, as precursor of apple aroma compounds, 
affect synthesis of aroma compounds and preserves 
quality attributes on fresh-cut apple. Apple wedges 
were immersed in a CaCl2-citric acid solution and coat-
ed with: alginate coating, alginate with lipid (acetyl-
ated monoglyceride), and two alginate-lipid coatings 
containing L-isoleucine either 10 mM or 50 mM. Af-
terwards, apple wedges were stored at 2°C and 88% 
RH for 12 days. In general, coating inhibited in differ-
ent extent browning and significantly reduced weight 
loss and improved firmness of fresh-cut apples of 
coated wedges. The addition of L-isoleucine (50 mM) 
to alginate, enhanced synthesis of 2-methyl butanol, 
2-methylbutyl acetate, butyl 2-methylbutanoate, and 
hexyl 2-methylbutanoate, which are branched-chain 
aroma compounds derived from the L-isoleucine 
metabolic pathway. This increase showed the highest 
values at day 9 of storage. We concluded that the use 
of edible coatings containing L-isoleucine maintained 
quality attributes and additionally enhanced the pro-
duction of the volatile aroma compounds, and has a 
great potential in the fresh-cut apple industry.
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Significance of this study
What is already known on this subject?
• Fresh-cut apples undergo fast deterioration when skin 

is removed and flesh is ruptured. Browning, texture 
and flavor loss ensue. Alginate edible coatings have 
shown to preserve some quality attributes on fresh-
cut apples by acting as a partial barrier to water and 
gases, and by serving as carriers of additives such as 
texture enhancers and anti browning agents.

What are the new findings?
• Amino acid isoleucine added to an alginate coating 

enhanced synthesis of some key volatiles that 
impart flavor to apples, such as 2-methyl butanol, 
2-methylbutyl acetate, butyl 2-methylbutanoate, and 
hexyl 2-methylbutanoate, all of them branched-chain 
aroma compounds derived from the L-isoleucine 
metabolic pathway.

What is the expected impact on horticulture?
• An increase in the concentration of branched-chain 

aroma in fresh cut apples containing alginate-
isoleucine edible coatings has a great potential to 
enhance flavor in the fresh-cut apple industry.

atile aroma compounds, principally aldehydes, alcohols and 
esters, esters being the major compounds that contribute to 
apple fruit aroma (Matich and Rowan, 2007).

Important volatile constituents of the aroma of apple are 
derived from isoleucine metabolism (Rowan et al., 1996; Ma-
tich and Rowan, 2007). It has been observed that isoleucine 
application to apple cortical tissue induces the biosynthesis 
of aldehydes, alcohols and esters with fractions 2-methylbu-
tyl or 2-methyl butanoate (Rowan et al., 1996; Matich and 
Rowan, 2007). Isoleucine has also been applied in the central 
cavity of whole apple (Hansen and Poll, 1993), in banana tis-
sue (Wyllie and Fellman, 2000), melon tissue (Gonda et al., 
2010) and strawberry (Pérez et al., 2002). 

Edible coatings have been used to preserve quality of 
fresh-cut apples. Alginate-based coatings have been report-
ed as appropriate materials for use in fresh-cut apple to 
enhance its quality attributes. In addition, this type of coat-
ing has shown potential as a carrier of active or functional 
food ingredients (Olivas et al., 2007). Previous works using 
alginate edible coating with linoleic acid in fresh-cut ‘Gala’ 
apple (Olivas et al., 2007), or with linoleic acid or L-isoleu-
cine in ‘Golden Delicious’ apple (Maya-Meraz et al., 2014) 



176 E u r o p e a n  J o u r n a l  o f  H o r t i c u l t u r a l  S c i e n c e

have shown an increase in the concentration of volatile de-
rivatives of these precursors. The objective of this research 
was to use alginate edible coatings containing L-isoleucine, 
at higher concentrations than in the previous work with the 
intend of increasing the effect of isoleucine as precursor of 
volatile aroma compounds on fresh-cut apples, enhancing 
synthesis of characteristic aroma compounds, while preserv-
ing the quality attributes in fresh-cut apple.

Materials and methods

Raw material and edible coatings
Apples (Malus domestica Borkh. ‘Golden Delicious’) were 

obtained from a commercial orchard located in Cuauhtemoc, 
Chihuahua, Mexico, and stored under conventional refriger-
ation at 2°C and 90% RH for 3 months. Apples were washed 
and sanitized with chlorinated water (150 mg L-1) and each 
apple was cut into eight wedges with a stainless-steel slicer. 
Fresh-cut apples were treated with: alginate coating (ALG), 
alginate coating containing lipids (ALG-LIP), alginate coat-
ing containing lipids and L-isoleucine 10 mM (ALG-LIP-ILE 
10 mM), and alginate coating containing lipids and L-isoleu-
cine 50 mM (ALG-LIP-ILE 50 mM). Untreated apple wedges 
were immersed in water and used as control (CTRL). A total 
of 270 apples were used for this research, of the eight wedg-
es in a single fruit, five were used on each treatment, and the 
remnant three were used randomly on three different treat-
ments.

Sodium alginate containing 60–70% guluronate salt 
(Manugel DMB, supplied by FMC Corporation, Philadelphia), 
glycerol as plasticizer (Sigma-Aldrich, Mexico), acetylated 
monoglyceride (AMG) Myvacet 5-07KTM (Quest Internation-
al, Hoffman Estates, IL), a moisture retention agent, and glyc-
erol alpha-monostearate (GAM) (TCI America, Portland, OR), 
a stabilizer of the emulsion, were used for the coating for-
mulations. L-isoleucine (Sigma-Aldrich, Mexico) was used as 
aroma volatile precursor. Calcium chloride (Sigma-Aldrich, 
Mexico) was used to preserve apple firmness and cross-link 
the alginate molecules, and citric acid (Sigma-Aldrich, Mexi-
co) was used to prevent enzymatic browning in apple wedg-
es. Chemicals used as standards for volatile determinations 
were obtained from Sigma-Aldrich, Mexico.

Coating solution preparation
Alginate coating solution (ALG) was prepared by mixing 

alginate (1.5%, w/v) in distilled water at room tempera-
ture (25°C), then, glycerol (40% of the alginate weight) was 
added, and the solution was stirred using a homogenizer 
(Glas-Col, Terre Haute, IN, USA) until alginate was dissolved. 
Alginate coating solution containing lipids was prepared by 
heating the alginate solution at 70°C and then adding AMG 
and GAM (35% and 3.5% of the alginate weight, respective-
ly) (ALG-LIP coating). Alginate coating solutions containing 
L-isoleucine were prepared on ALG-LIP solution adding 
L-isoleucine for a final concentration of 10 mM and 50 mM 
for ALG-LIP-ILE 10 mM and ALG-LIP-ILE 50 mM coatings, 
respectively. These solutions were stirred 3 min and further 
homogenized with an IKA T 25 Ultra Turrax (IKA Works, Inc., 
Wilmington, USA) at 24,000 rpm for 3 min. All solutions were 
stored overnight under refrigeration and subjected to vacu-
um to eliminate trapped air.

Coating application
Apple wedges were initially immersed in a 10% CaCl2 1% 

citric acid solution for 3 s, and immediately immersed in the 

corresponding solution (ALG, ALG-LIP, ALG-LIP-ILE 10 mM 
and ALG-LIP-ILE 50 mM) for 3 s. After dipping, apple wedges 
were drained for 5 min, and then dipped in a 10% CaCl2 solu-
tion for 3 s. Apple wedges were air-dried for 10 min in a food 
dehydrator at 36 ± 2°C (Excalibur 3924T, Sacramento, CA). 
First and second immersions in CaCl2 help to cross-link the 
alginate with calcium in order to form a stronger film. Apple 
wedges were placed in plastic trays and stored for 12 days at 
2°C and 88% HR for subsequent analysis.

Physicochemical analyses
The weight of eight apple slices from each treatment was 

periodically monitored during storage. The weight loss per-
centage relative to initial weight was calculated. The effect 
of alginate coatings on browning of apple slices was deter-
mined by measuring surface color (at both sides of a wedge, 
four locations per wedge, three wedges per treatment) with 
a Minolta CM-2002 colorimeter (Minolta Camera, Co., Osaka, 
Japan). Readings were obtained in CIELAB scale (L*, a*, b*), 
and expressed as browning index (BI) according to Buera et 
al. (1985). The texture of apple wedges was measured as de-
scribed by Olivas et al. (2007) using a Universal Texture An-
alyzer TA.XT2i (Stable MicroSystems) equipped with a 5 cm 
diameter flat plate with a 25 kg Newton load cell. Test speed 
and post-test speed were all set at 1 mm s-1. The maximum 
force (Newtons) required to compress the sample by 30% 
was recorded as firmness of the apple cylinder of 10 mm of 
diameter and 15 mm of height. Three apple wedges and three 
cylinders per wedge were used per treatment. At 3-days in-
tervals, triplicate samples were taken from each treatment 
for quality evaluation. Total titratable acidity (TA) and total 
soluble solids content (TSS) were measured as described by 
Olivas et al. (2007), using six apple wedges per treatment. 
TA was expressed as percentage of malic acid, and TSS was 
expressed as percentage TSS. TA and TSS were compensated 
for weight loss (Olivas et al., 2007). All determinations were 
performed in triplicate, every 3 days for 12 days.

Aroma volatiles
Concentration of volatiles in apple wedges was deter-

mined by gas chromatography-mass spectrometry (GC-MS) 
using the solid phase microextraction (SPME) technique. Ap-
ple juice from four apple wedges per treatment was obtained 
with a food processor (Turmix). Juice (2 mL) was placed in 
a 4 mL vial containing 0.6 g of sodium chloride, and kept at 
-70°C until analysis (~24 h). The thawed apple juice was 
stirred while a SPME fiber (65 µm, PDMS-DVB, Supelco, USA) 
was exposed to the headspace of the sample for 45 min at 
room temperature (25°C). The fiber was desorbed by split-
less injection for 5 min at 200°C into a GC-MS system (Varian 
Saturn 2100D GC/MS) equipped with an Equity-1 column 
(60 m × 0.25 mm ID × 0.25 µm film thickness, Supelco, USA). 
Chromatography conditions were as follow: initial oven  
temperature of 33°C held for 5 min, increased to 50°C at 
2°C min-1, increased to 250°C at 5°C min-1, and held for 6.5 min. 
Helium was used as carrier gas with a linear velocity of  
30 cm s-1. Mass spectra were obtained by electron impact 
ionization at 70 eV. Transfer line and ion source tempera-
tures were 250 and 180°C, respectively. Spectra were record-
ed with a Saturn GC/MS workstation (Varian). Identification 
of the volatile organic compounds of interest was made by 
matching their spectra with those of the NIST 98 MS library 
and by comparing the retention times against those of high 
purity standards (Sigma-Aldrich, Mexico). Quantification 
was accomplished by external standard calibration curves 
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Figure 1.  Weight loss (A), browning index (B), and firmness (C) 
changes of apple wedges during storage. CTRL: uncoated apple 
wedges; ALG: apple wedges coated with pure alginate; ALG-LIP: 
apple wedges coated with alginate + acetylated monoglyceride 
(LIP); ALG-LIP-ILE 10 mM: apple wedges coated with alginate + 
LIP + 10 mM L-isoleucine; ALG-LIP-ILE 50 mM: apple wedges 
coated with alginate + LIP + 50 mM L-isoleucine. Data shown are 
the means of three replicates. Vertical bars represent standard de-
viation.

integrating the peak areas. All values represent the average of 
triplicated samples.

Statistical analysis
Experiments were designed based on a split-plot design in 

time. Analysis of variance was carried out on data using SAS Sys-
tem for Windows 9.0 statistical software (SAS Institute, Inc., Cary, 
NC, USA, 2002). The significance levels were used as P ≤ 0.05. Least 
squares means (LSMEANS) test was used to compare the mean 
values in different storage days. All experiments were conducted 

with three replicates.

Results and discussion

Physicochemical analyses
Exposure of sliced apple to an environment with 

lower relative humidity, causes substantial weight loss, 
affecting appearance and reducing crispness of the 
fresh-cut fruit (Olivas et al., 2009). In the present study, 
alginate coatings were used to protect fresh-cut apples 
from surface dehydration and firmness loss. Although 
alginate-lipid coatings (AMG) significantly prevented 
weight loss of fresh-cut apples over the 12-d storage 
period, alginate coatings with no lipid did not (Figure 
1A). The ALG treatment and uncoated apple wedges 
(CTRL) presented the highest weight loss from day 3 
until the end of the storage period (26 and 28%, respec-
tively), with no difference between them. Generally, edi-
ble coatings based on hydrocolloids have poor moisture 
barrier in fresh-cut fruits, due to their high hydroscop-
ic nature. However, alginate coatings have proved to 
reduce water loss in ‘Gala’ apples (Olivas et al., 2007) 
and ‘Braeburn’ apples (Rößle et al., 2011). Other hydro-
colloids have been used to retard weight loss such as 
sour whey powder in ‘Golden Delicious’ apples (Shon 
and Haque, 2007), and xanthan gum-CaCl2 in ‘Gala’ ap-
ples (Freitas et al., 2013). The addition of hydrophobic 
materials improves water vapor barrier properties of 
hydrocolloids based coatings. In this study, alginate 
coatings containing AMG in their formulations, pre-
sented less weight loss (~20%) than CTRL apples. No 
significant differences (p < 0.05) were found among 
ALG-LIP, ALG-LIP-ILE 10 mM, and ALG-LIP-ILE 50 mM 
treatments (Figure 1A). The three treatments showed 
a weight loss close to 20% at day 12 of storage. The 
slightly hydrophobic character of isoleucine seems not 
to contribute to reduce water loss. Some edible coatings 
containing lipids, which have reduced the weight loss 
of fresh-cut apple, are alginate-AMG-linoleic acid, and 
alginate-butter-linoleic acid coatings in ‘Gala’ apples 
(Olivas et al., 2007), caseinate-AMG coating in ‘Red De-
licious’ apples (Avena-Bustillos et al., 1997), and apple 
puree-pectin-fatty acids coating in ‘Granny Smith’ ap-
ples (McHugh and Senesi, 2000).

As apples are cut, polyphenol oxidase enzymes are 
liberated causing undesirable changes in color. Fig-
ure 1B shows browning index of apple wedges during 
storage. Control treatment showed higher browning 
index throughout storage, compared to the rest of the 
treatments. Coated apple wedges presented 12–16% 
less browning index than control apples. No significant 
difference was found among coated apples, which re-
mained stable until day 9 of storage. At day 9 of stor-
age, an increase on browning index was observed on 
all treatments. Similar results were reported by Olivas 
et al. (2007) when using alginate coated on ‘Gala’ ap-
ple slices. However, coating ‘Gala’ apples with alginate 
was effective to prevent browning only for 2 days, while 
in ‘Golden Delicious’ apples browning development 
started until the day 9 of storage. Citric acid and CaCl2 
applied directly to the fresh-cut fruit may have contrib-
uted to retard the enzymatic browning. Citric acid is an 
organic acid with phenolase Cu-chelating power, which 
can inhibit enzymatic browning (Tortoe et al., 2007). 
Calcium treatments have also been reported to reduce 
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browning due to the polyphenol oxidase inhibition by the 
chloride ion and the action of calcium to reduce leakage of 
polyphenol oxidase and its substrates at the exposed cut sur-
faces (Garcia and Barrett, 2002). Chibrando and Giacalone 
(2012) demonstrated that citric acid (1%, w/v) and CaCl2 

(1%, w/v) treatment was more effective inhibiting brown-
ing surface of fresh-cut ‘Golden Delicious’ apples, than in 
other apple varieties. Furthermore, edible coatings may act 
as barrier to oxygen, necessary for the enzymatic browning 
reactions. 

Texture, taste and appearance and freshness define qual-
ity attributes of apples. Texture is determined by firmness, 
crispness, juiciness and mealiness (Péneau et al., 2006). 
Texture, and more specifically fruit firmness, especially in 
‘Golden Delicious’ apples, is one of the main drivers behind 
consumer acceptance of apples (Bonany et al., 2013). Firm-
ness is associated with structural/physical properties, and 
declines with storage time. In this study firmness of uncoat-
ed apple slices showed a continuous decrease during storage 
(Figure 1C), while firmness of coated apple wedges slightly 
increased throughout storage with no significant difference 
among treatments (p < 0.05). At the end of storage, untreated 
fruit presented 40% less firmness, relative to those coated 
(Figure 1C). Firmness of ‘Gala’ apple wedges dipped in cal-
cium chloride solution, followed by application of alginate 
coating, was maintained for 8 days (Olivas et al., 2007). 
However, ‘Fuji’ apple wedges coated with alginate or gellan 
coatings, and immersed in a CaCl2 solution, firmness was re-
tained for 23 days (Rojas-Graü et al., 2008). In this variety, 
whey protein concentrate coatings containing CaCl2 retained 
firmness of fresh-cut apple for 14 days (Lee et al., 2003); 
also chitosan with CaCl2 avoided apple firmness loss (Qi et 
al., 2011). Cassava starch and alginate coating enhanced the 
firmness of ‘Royal Gala’ for 13 days (Fontes et al., 2008). Pul-
lulan coating maintained the firmness of apple wedges by 
10 days (Wu and Chen, 2013). In ‘Braeburn’ apple wedges 
dipped in a solution of Natureseal AS1 (which includes cal-
cium in its formulation) and coated with chitosan, firmness 
remained stable by 14 days (Rößle et al., 2011). With the ex-
ception of pullulan coatings, the rest of the coatings have a 
common factor, the presence of calcium. Calcium, mainly in 
the form of CaCl2, has been used to preserve and enhance ap-
ple firmness (Martín-Diana et al., 2007), by decreasing pectin 
solubilization, preserving the cell wall and maintaining cell 
cohesiveness (Glenn and Poovaiah, 1990). To determine the 
isolated effect of CaCl2, on apple firmness, uncoated apple 
wedges were dipped in a 10% CaCl2 + 1% citric acid for 3 s, 
observing an increase in apple firmness of 16% at day 12 of 
storage. Considering that ALG coated apple wedges present-
ed an increase on firmness of 21%, this demonstrates that 
firmness enhancement of apple wedges resulted from the 
combined action of the alginate edible coatings and CaCl2. 

Apple taste is determined by sweetness, acidity, and as-
tringency. Sugars and organic acids frequently are evaluated 
through total soluble solids content (TSS) and titratable acid-
ity (TA). In the present study, results suggest that edible coat-
ings barely affected content of TSS and TA coated apple. TSS 
and TA values slightly decreased during storage, without dif-
ference among treatments (Figure 2). Minimally processed 
apple fruits are living tissues which undergo a rapid senes-
cence process that consumes energy. This energy is obtained 
from sugars through respiratory pathways such as glycolysis, 
oxidative pentose phosphate and tricarboxylic acid pathway 
(Rocha et al., 2003). Additionally, malic acid also serves as 
respiratory substrate through tricarboxylic cycle (Baldwin 

and Bai, 2011). According to Rocha et al. (2003) acids can 
be rapidly used during respiration compared to other com-
pounds. Therefore, the apparent similar behavior between 
control and treatments, suggests that sugars and organic ac-
ids decline is apparently due to their natural consumption 
during the senescence of apple fruit, through respiratory 
pathways. A recent study reported that respiration rate and 
ethylene synthesis of fresh cut apple increased during the 
first 10–12 days of cold storage (Chauhan et al., 2011; Wu 
and Chen, 2013). This behavior could explain the reduction 
of TA and TSS during senescence of fresh-cut apples. Olivas et 
al. (2007) also found a decrease in TSS and TA in ‘Gala’ apple 
wedges treated with alginate coatings. In another study, SSC 
content increased in ‘Braeburn’ apple wedges due to high 
sugar content by the prebiotics (oligofructose and inulin) 
added to the alginate coating, while TA showed a small de-
crease throughout 14 d of storage (Rӧßle et al., 2011). Freitas 
et al. (2013) reported a decrease in SSC and in pH in ‘Gala’ 
apples slices coated with xhantan gum at 12 days of storage. 
Fontes et al. (2008) reported an increase in SSC in ‘Royal Gala’ 
apple cubes coated with alginate or cassava starch, probably 
due to moisture loss from fruit. These authors also reported 
an increase in TA, probably due to ascorbic and citric acids 
used in the coating solution. 

Figure 2.  Total soluble solids content (A) and titratable 
acidity (B) changes of apple wedges during storage. CTRL: 
uncoated apple wedges; ALG: apple wedges coated with pure 
alginate; ALG-LIP: apple wedges coated with alginate + 
acetylated monoglyceride (LIP); ALG-LIP-ILE 10 mM: apple 
wedges coated with alginate + LIP + 10 mM L-isoleucine; 
ALG-LIP-ILE 50 mM: apple wedges coated with alginate + LIP 
+ 50 mM L-isoleucine. Data shown are the means of three 
replicates. Vertical bars represent standard deviation.
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Volatile compounds
Important volatile constituents of apple aroma are de-

rived from branched-chain amino acids metabolism (Rowan 
et al., 1996; Matich and Rowan, 2007). In this study L-iso-
leucine added into alginate edible coatings enhanced the 
levels of volatiles derived from this amino acid: 2-methyl-
butanol, 2-methylbutyl acetate, butyl 2-methylbutanoate 
and hexyl 2-methylbutanoate (Figures 3–6). Branched-chain 
aldehydes were not detected, possibly because the reduc-
tion of aldehydes to alcohols is a rapid process in apple fruit  

(Rowan et al., 1999). The concentration of those volatiles de-
rived from isoleucine were considerable higher in ALG-LIP-
ILE 50 mM treatment (Figures 3–6). ALG-LIP and ALG-LIP-
ILE 10 mM showed a higher concentration than CTRL and 
ALG treatment, but lower concentration than ALG-LIP-ILE 
50 mM treatment, mostly after 6 d storage (Figures 3–6). 
This behavior could be due to the hydrophobicity, and high 
lipid content of AMG in the edible coatings, which may limit 
the diffusion of aroma compounds (Fabra et al., 2008).

Espino-Díaz et al.  |  Isoleucine enhances aroma of fresh-cut apples

Figure 3.  2-methyl-1-butanol production of apple wedges 
during storage. CTRL: uncoated apple wedges; ALG: apple 
wedges coated with pure alginate; ALG-LIP: apple wedges 
coated with alginate + acetylated monoglyceride (LIP); ALG-
LIP-ILE 10 mM: apple wedges coated with alginate + LIP + 
10 mM L-isoleucine; ALG-LIP-ILE 50 mM: apple wedges coat-
ed with alginate + LIP + 50 mM L-isoleucine. Data shown are 
the means of three replicates. Vertical bars represent stan-
dard deviation.

Figure 6.  Hexyl 2-methylbutanoate production of apple 
wedges during storage. CTRL: uncoated apple wedges; ALG: 
apple wedges coated with pure alginate; ALG-LIP: apple 
wedges coated with alginate + acetylated monoglyceride 
(LIP); ALG-LIP-ILE 10 mM: apple wedges coated with algi-
nate + LIP + 10 mM L-isoleucine; ALG-LIP-ILE 50 mM: apple 
wedges coated with alginate + LIP + 50 mM L-isoleucine. 
Data shown are the means of three replicates. Vertical bars 
represent standard deviation.

Figure 4.  2-methylbutyl acetate production of apple wedges 
during storage. CTRL: uncoated apple wedges; ALG: apple 
wedges coated with pure alginate; ALG-LIP: apple wedges 
coated with alginate + acetylated monoglyceride (LIP); ALG-
LIP-ILE 10 mM: apple wedges coated with alginate + LIP + 
10 mM L-isoleucine; ALG-LIP-ILE 50 mM: apple wedges coat-
ed with alginate + LIP + 50 mM L-isoleucine. Data shown are 
the means of three replicates. Vertical bars represent stan-
dard deviation.

Figure 5.  Butyl 2-methylbutanoate production of apple 
wedges during storage. CTRL: uncoated apple wedges; ALG: 
apple wedges coated with pure alginate; ALG-LIP: apple 
wedges coated with alginate + acetylated monoglyceride 
(LIP); ALG-LIP-ILE 10 mM: apple wedges coated with algi-
nate + LIP + 10 mM L-isoleucine; ALG-LIP-ILE 50 mM: apple 
wedges coated with alginate + LIP + 50 mM L-isoleucine. 
Data shown are the means of three replicates. Vertical bars 
represent standard deviation.
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Table 1.  Odor threshold (OTH) and Log10 odor units in apple wedges uncoated (Log10CTRL) and coated with alginate contain-
ing 50 mM L-isoleucine (Log10ILE-50), at 0 and 9 days of storage at 2°C.

Volatile aroma compound OTH1

(ug L-1)
Log10 (CTRL)* Log10 (ILE-50)*

Odor descriptor2
d 0 d 9 d 0 d 9

2-methylbutanol 250 1.97a 1.49A 1.86a 2.16B Pleasant, fruity-winey
2-methylbutyl acetate   11 0.76a 0.59A 1.07a 1.49B Sweet-fruity, apple
Butyl 2-methylbutanoate   17 -0.66a -0.40A -0.47a 0.17B Fruity, apple
Hexyl 2-methylbutanoate   6 0.05a  0.19A 0.16a 0.38B Fresh-green, fruity odor

* Log10(odor unit) value = log10(aroma compound concentration in ug L-1 /OTH).
1 Odor threshold as reviewed in Altisent et al. (2011). 
2 Dimick et al. (1983).
Means within a compound followed by same lowercase letter are not significantly different (p≤0.05) at day 0. 
Means within a compound followed by same uppercase letter are not significantly different (p≤0.05) at day 9.

The contribution of volatile compounds to the overall 
flavour is measured by “odour units”, which result by divid-
ing the volatile concentration by the odor threshold (OTH) 
of the volatile compound (Guadagni et al., 1966). A volatile 
compound with a log10(odor unit) greater than 0, can con-
tribute to flavour, however, a negative log10(odor unit) value 
indicates than volatile concentration is lower than its OTH 
and does not contribute to flavor (Buttery et al., 1987). Table 
1 shows the values of OTH and log10(odor unit) of the main 
volatile compounds derived from isoleucine. Higher values 
of log10(odor unit) can be observed on ALG-LIP-ILE 50 mM 
apples compared to control ones.

In the first step of its catabolism, isoleucine is convert-
ed to 2-oxo-3-methylpentanoic acid, which can form, from 
alternate routes, 2-methylbutanal or 2-methylbutanoic acid, 
both being able to form 2-methyl-1-butanol (Dickinson et al., 
2000). The reduction of 2-methylbutanoic acid to 2-meth-
yl-1-butanol is irreversible in apples (Rowan et al., 1996). The 
concentration of 2-methylbutanol increased from day 3 and 
peaked at day 9 in ALG-LIP-ILE 50 mM apples (Figure 3). The 
concentration of 2-methylbutanol at day 9 was 4-fold higher 
than in CTRL and ALG apples, and twice that in ALG-LIP-ILE 
10 mM and ALG-LIP treatments. ALG-LIP and ALG-LIP-ILE 
10 mM showed similar behavior in all aroma compounds 
derived of L-isoleucine metabolism. They showed a greater 
concentration than CTRL and ALG treatment, but lower con-
centration compared to ALG-LIP-ILE 50 mM treatment. High-
er values of aroma compounds in ALG-LIP and ALG-LIP-ILE 
10 mM treatments compared to CTRL suggest that alginate 
coatings containing lipids may be acting as a volatiles’ barri-
er decreasing their loss. Maya-Meraz et al. (2014) found that 
isoleucine applied in alginate edible coatings increased the 
production of 2-methyl-1-butanol in ‘Golden Delicious’ ap-
ple wedges , using a concentration of ~19 mM L-isoleucine. 
The 2-methyl-1-butanol has a pleasant, fruity-winey odor 
(Dimick et al., 1983). Its OTH is 250 ppb in water (Altisent 
et al., 2011) and its log10(odor unit) value was 70% higher 
in ALG-LIP-ILE 50 mM treatment at day 9, respect to CTRL  
samples (Table 1). Rowan et al. (1996) and Matich and  
Rowan (2007) reported modest increases in the production 
of 2-methylbutanol by the application of isoleucine-d10 in 
‘Red Delicious’ apple peel. However, their work was focused 
on elucidating the metabolic pathways, rather than achiev-
ing a significant increase in the production of volatile com-
pounds. In the present study, we observed that synthesis of 
volatiles derived from isoleucine was significantly increased 
and consequently improved flavor quality of fresh-cut ap-
ples, compared with controls.

Branched-esters were the major volatile compounds 
produced from L-isoleucine application of coated fresh-
cut apples. The 2-methyl-1-butanol can be esterified with 
acyl-CoAs by the alcohol acyltransferase (AAT) enzyme to 
form 2-methylbutyl esters, principally 2-methylbutyl ac-
etate (Rowan et al., 1996; Matich and Rowan, 2007). Ester 
2-methylbutyl acetate is a major volatile aroma compound in 
‘Golden Delicious’ apple (Salas et al., 2011), and other apple 
cultivars. In the present study the concentration of 2-methyl-
butyl acetate in ALG-LIP-ILE 50 mM treatment increased in 
more than 4-fold respect to control samples at day 6 (Figure 
4). ALG-LIP-ILE 10 mM and ALG-LIP samples showed a slight 
increase during storage. ALG also showed higher values than 
control during storage. CTRL treatments did not present any 
change on the concentration of this volatile during storage 
(Figure 4). 2-methylbutyl acetate has a sweet-fruity, apple 
odor (Dimick et al., 1983); its OTH is 11 ppb in water, and its 
log10(odor unit) value was 152% higher in ALG-LIP-ILE-50 
treatment at day 9 (Table 1), when compared to control 
samples. Figure 4 clearly shows how coated apple wedges 
containing isoleucine at 50 mM presented higher amount of 
2-methylbutyl acetate suggesting that the production of this 
volatile derives from isoleucine. Higher values of 2-methyl-
butyl acetate on the rest of the coated wedges (ALG, ALG-LIP 
and ALG-LIP-ISO 10 mM) suggest that isoleucine was not the 
only factor enhancing the concentration of this ester. Algi-
nate coatings acting as a volatiles barrier may be one cause. 
Another cause may be the addition of CaCl2 to the coating 
formulation. According to Ortiz et al. (2010, 2011), CaCl2 
improves 2-methylbutyl acetate emission on apples. Higher 
volatile emissions were associated with increased pyruvate 
decarboxylase (PDC) and alcohol dehydrogenase (ADH) ac-
tivities, possibly leading to a better supply of alcohols and 
acyl CoAs for the biosynthesis of esters. 

The concentration of butyl 2-methylbutanoate, a volatile 
derived from isoleucine, increased significantly from day 0 to 
day 3 in ALG-LIP-ILE 50 mM apples, maintaining its concen-
tration three times higher than CTRL apple wedges through-
out storage (Figure 5). All coated treatments showed a slight 
increase at day 3 of storage, whereas CTRL samples did not 
present any change on this volatile compound during the 
storage period. From day 6, ALG treatment showed a similar 
trend than CTRL treatment (Figure 5). This suggests that ed-
ible coatings containing lipid act as a barrier to the volatile 
compounds. All treatments showed a decrease at day 12 of 
storage. The compound butyl 2-methylbutanoate has a fruity, 
apple odor (Dimick et al., 1983). Its OTH is 17 ppb (Altisent 
et al., 2011) and its log10(odor unit) value was 0.17 in ILE-
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50 treatment at day 9, compared to a log10 value of -0.38 for 
control apples (Table 1). 

Matich and Rowan (2007) reported that the applica-
tion of isoleucine in ‘Red Delicious’ apples had no effect in 
the concentration of hexyl 2-methylbutanoate. However, in 
this study the concentration of hexyl 2-methylbutanoate in-

creased during storage up to day 9 on ALG-LIP-ILE 50 mM 
apples and decreased at day 12 of storage (Figure 6). The in-
crease was 2-fold compared to that of CTRL. ALG and CTRL 
apples showed the lowest concentration, while ALG-LIP and 
ALG-LIP-LIP-ILE 10 mM apples showed a lower concentra-
tion than ALG-LIP-ILE 50 mM apples, but higher than ALG 

Table 2. Changes in the concentration (mg L-1) of volatile compounds derived from fatty acid metabolism in apple wedges, 
during storage at 2°C and 90% RH.

Compounds/Treatments* Days of storage
0 3 6 9 12

Hexanal
CTRL 7.10aB 7.20aB 13.30aA 12.78aA 12.78aA

ALG 8.57bA 8.83bA 8.93bA 9.67bA 10.43bA

ALG-LIP 0.80bA 0.12bA 1.15bA 0.72bA 0.45bA

ALG-LIP-ILE 10 mM 1.40bA 0.66bA 1.34bA 1.25bA 0.13bA

ALG-LIP-ILE 50 mM 0.22bA 0.23bA 0.25bA 1.27bA 0.41bA 

2-hexenal
CTRL 24.65aA 14.57aB 17.28aB 15.60aB 18.14aB

ALG 11.61bA 6.28bB 7.37bB 7.05bB 4.78bB

ALG-LIP 13.54bA 4.00bB 7.64bB 8.30bB 4.40bB

ALG-LIP-ILE 10 mM 10.48bA 3.52bB 4.52bB 7.49bB 5.83bB

ALG-LIP-ILE 50 mM 12.22bA 2.14bB 5.17bB 6.07bB 6.69bB

3-hexenal
CTRL 20.71aA 24.30 aA 38.47 aA 29.60 aA 32.51 aA

ALG 27.06 aA 29.87 aA 22.28 aA 34.66 aA 29.94 aA

ALG-LIP 26.91 aA 29.01 aA 35.44 aA 34.52 aA 16.78 aA

ALG-LIP-ILE 10 mM 41.14 aA 24.10 aA 28.14 aA 18.31 aA 20.94 aA

ALG-LIP-ILE 50 mM 28.13 aA 17.46 aA 10.32 aA 13.68 aA 24.69 aA

1-butanol
CTRL 162.3abA 113.2aB 60.81aC 46.64aC 51.71aC

ALG 140.11bA 104.73aB 51.67aC 40.52aC 28.57aC

ALG-LIP 180.14abA 100.32aB 45.40aC 68.29aC 32.94aC

ALG-LIP-ILE 10 mM 157.04abA 100.03aB 36.42aC 26.98aC 18.30aC

ALG-LIP-ILE 50 mM 212.91aA 45.26bB 41.31aB 37.17aB 21.15aB

1-hexanol
CTRL 36.04aA 10.64aB 12.11aB 12.53aB 8.00aB

ALG 26.36aA 13.79aB 11.12aB 10.76aB 7.71aB

ALG-LIP 29.81aA 13.64aB 11.29aB 11.70aB 7.98aB

ALG-LIP-ILE 10 mM 25.28aA 12.82aB 9.68aB 8.38aB 7.64aB

ALG-LIP-ILE 50 mM 29.44aA 12.46aB 11.48aB 12.96aB 8.67aB

Butyl acetate
CTRL 1.70cB 4.30cA 3.35bB 1.95aB 2.00aB

ALG 4.03bB 8.72aA 6.50aB 3.92aBC 0.01aAB

ALG-LIP 4.65bB 8.65aA 5.18aB 2.96aBC 0.01aA

ALG-LIP-ILE 10 mM 5.84aB 8.13aA 5.56aB 1.37aC 0.80aC

ALG-LIP-ILE 50 mM 5.83aA 5.66bA 4.65aAB 2.92aAB 0.99aB

Hexyl acetate
CTRL 0.15bA 0.13bA 0.12abA 0.16aA 0.14aA

ALG 0.23aA 0.24aA 0.14aB 0.12abB 0.11abB

ALG-LIP 0.22aA 0.17abB 0.12abC 0.11bCD 0.07bD

ALG-LIP-ILE 10 mM 0.21aA 0.15abB 0.11abC 0.07bD 0.08abD

ALG-LIP-ILE 50 mM 0.21aA 0.13bB 0.08bC 0.09bC 0.09abC

Hexyl Hexanoate
CTRL 0.04aA 0.03aA 0.03aA 0.03aB 0.02aA

ALG 0.05aA 0.05aA 0.04aA 0.02aB 0.02aB

ALG-LIP 0.04aA 0.05aA 0.04aA 0.03aA 0.02aB

ALG-LIP-ILE 10 mM 0.04aA 0.04aA 0.04aA 0.02aA 0.02aA

ALG-LIP-ILE 50 mM 0.04aA 0.04aA 0.03aA 0.04aA 0.03aA

ALG-LIP: apple wedges coated with alginate + AMG; ALG-LIP-ILE 10 mM: apple wedges coated with alginate + AMG + 10 mM L-isoleucine; 
ALG-LIP-ILE 50 mM: apple wedges coated with alginate + AMG + 50 mM L-isoleucine.
Means within a row in each parameter followed by same uppercase letter are not significantly different at p≤0.05 through storage time. 
Means within a column in each parameter followed by same lowercase letter are not significantly different at p≤0.05 among treatments.
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and CTRL apples. The hexyl 2-methylbutanoate compound 
has an apple-like odor, which contributes to the quality of 
‘Golden Delicious’ apples (Rowan et al., 1996). Its OTH is 6 
ppb (Altisent et al., 2011), and its log10(odor unit) value was 
2-fold higher in ILE-50 apples (0.39) at day 9 (Table 1), re-
spective to control samples (0.17). 

Isoleucine is metabolized differently among apple va-
rieties. Isoleucine application to ‘Red Delicious’ apple peel 
formed 2-methylbutyl esters, principally 2-methylbutyl ace-
tate; however, ‘Granny Smith’ apple did not form 2-methyl-
butyl esters by isoleucine application (Rowan et al., 1996). 
As in Rowan et al. (1996) and Matich and Rowan (2007), 
working with ‘Red Delicious’ apple, in the present study the 
formation of volatiles derived from L-isoleucine in ‘Gold-
en Delicious’ apple wedges was via 2-methylbutanoyl-CoA, 
which was further converted to either 2-methylbutyl or to 
2-methylbutanoate esters. Hansen and Poll (1993) observed 
that L-isoleucine application on whole apple produced both 
2-methyl-1-butanol and 2-methylbutanoyl-CoA esters deriv-
atives; and Wyllie and Fellman (2000) observed the same be-
havior on banana tissue. However, in other fruits exogenous 
isoleucine has formed mainly 2-methylbutyl esters such as 
in melon (Gonda et al., 2010), or mainly 2-methylbutanoate 
esters, such as in ‘Granny Smith’ apples (Rowan et al., 1996) 
and strawberry fruits (Pérez et al., 2002).

Treatments had no effect on the production of volatile 
aroma compounds of straight chain derived from fatty acids 
metabolism. However, Table 2 shows a higher concentration 
of aldehydes hexanal in the CTRL and ALG treatments, and 
a higher concentration of 2-hexenal in CTRL apple wedges 
compared to treatments containing lipid in their formula-
tion. Tressl and Drawert (1993) reported that apples pro-
duce hexanal and 2-hexenal when are homogenized in air. 
These aldehydes are formed in large quantities minutes 
after the plant tissue is being homogenized by lipoxygen-
ase catalyzed reactions (Fall et al., 1999), which enzyme is 
oxygen-dependent (Fall et al., 1999). Probably the presence 
of lipids in the coating limits the diffusion of oxygen in the 
tissue of the apple, so there could be a reduced availability of 
oxygen for enzymatic reactions. This might explain the lower 
concentrations of hexanal and 2-hexenal in coated samples 
with edible coatings containing lipids. In the case of straight 
chain alcohols 1-butanol and 1-hexanol there was no effect by 
applying the edible coatings. The concentration of these alco-
hols decreased at day 3 and remained relatively constant until 
the end of storage (Table 2). Respect to the straight chain es-
ters, such as butyl acetate, hexyl acetate, no effect of the treat-
ments was observed when compared to CTRL. Their concen-
tration showed a decrease over time in storage (Table 2). 

An interesting remark may be done at day 9 of apple 
wedges’ storage, where a peak in the emission of several 
volatile compounds is reached and, at the same time a con-
siderable surface browning and a deepest decrease in TA 
is presented. This suggests an important change in apple 
metabolism. Several previous published studies report im-
portant changes in fresh-cut apples after 8–12 days of cold 
storage such as increments on the browning index (Roßle 
et al., 2011), texture softening (Lee et al., 2003; Roßle et al., 
2011; Wu and Chen, 2013; Song et al., 2013), and titratable 
acidity reduction (Roßle et al., 2011). Many of the events 
happening during the senescence of fresh-cut fruits, such 
as darkening and softening of tissues (Toivonen and Brum-
mell, 2008), are related to membrane deterioration caused 
by endogenous enzymes (Kim et al., 1993) such as lipoxy-
genase and phospholipase (Toivonen and Brummell, 2008). 

Tissue softening of fresh-cut apples during cold storage has 
been related to increased LOX activity by some authors (Wu 
et al., 1999), while acid hydrolysis of pectic acid has been 
suggested by others (Roßle et al., 2011; Song et al., 2013) 
supported by the observed titratable acidity reduction. Res-
piration rate (Chauhan et al., 2011; Wu and Chen, 2013) and 
ethylene production of apples also peak around 8–10 days 
of cold storage (Chauhan et al., 2011). Volatile compounds 
concentration increase observed from day 1 to day 9 of cold 
storage of fresh-cut apples correlates with the increment of 
both the respiration rate and ethylene synthesis (Chauhan 
et al., 2011; Wu and Chen, 2013). Peak volatile concentra-
tion at day 9 may be related to enzyme liberation caused by 
cellular disintegration, as it has been reported in the case of 
LOX (Wu et al., 1999). Other enzymes such as the ones in-
volved in isoleucine catabolism may also undergo a similar 
process. Although there are no previous studies supporting 
this, in the case of isoleucine catabolism enzymes, the pres-
ent study suggests the possibility, as an important increment 
in volatile compounds is observed at day 9 on samples with 
coatings enriched with isoleucine. More studies on the activ-
ity of enzymes related to isoleucine metabolism in fresh-cut 
apples are needed to support this hypothesis.

Conclusions
Alginate edible coatings containing citric acid and cal-

cium chloride effectively delayed browning, and improved 
firmness of apple wedges. Lipid addition to edible coatings 
significantly reduced the weight loss of the apple wedges. 
Treatment of fresh-cut apple with alginate edible coatings 
containing L-isoleucine increased levels of volatiles with 
a similar structure to the side chain of this amino acid: 
2-methyl-1-butanol, 2-methylbutyl acetate, butyl 2-methyl-
butanoate, and hexyl 2-methylbutanoate. Additionally, the 
presence of lipid in the edible coatings reduced loss of vol-
atile compounds to the surrounding atmosphere. Further 
research needs to be conducted in order to determine the 
mechanisms by which edible coatings encapsulate the vola-
tile compounds in fresh-cut apple. These results have proven 
that alginate-isoleucine edible coatings have a great poten-
tial to enhance flavor in the fresh-cut apple industry. How- 
ever, we have to demonstrate that response of other apple 
cultivars are similar to that of ‘Golden Delicious’ apples. Nat-
ural additives are well perceived by consumers and addition-
ally its use is well proven to preserve quality attributes and 
diminish breakdown of nutritional compounds that deter-
mine fresh-cut apple quality. 
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