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Abstract. Enzymatic browning is one of the most important reactions that occur in fruits
and vegetables, usually resulting in negative effects on color, taste, flavor, and nutritional
value. The reaction is a consequence of phenolic compounds’ oxidation by polyphenol
oxidase (PPO), which triggers the generation of dark pigments. This is particularly
relevant for apples, which are rich in polyphenols and highly susceptible to enzymatic
browning. The objective of the present work was to quantify enzymatic browning and
PPO activity and identify and quantify target polyphenols in apple [Malus ·sylvestris
(L.) Mill. var. domestica (Borkh.) Mansf.] pulp in the cultivars (cvs.) Aori27, Elstar, Fuji,
and Mellow at three fruit developmental stages (FDS). The enzymatic browning
was quantified by tristimulus colorimetry; PPO activity was quantified by an enzyme–
substrate spectrophotometric assay; phenolic compounds were determined and quantified
by reverse-phase high-performance liquid chromatography–ultraviolet/visible–mass
spectrometry. Enzymatic browning showed significant difference among cvs. and FDSs
and interaction between both factors. PPO activity showed significant difference among
cultivars and FDSs. A significant difference was evidenced for polyphenol content among
cultivars and FDSs with interaction between both factors. Chlorogenic acid was the
major phenolic compound in ‘Aori27’ and ‘Mellow’. In ‘Fuji’, chlorogenic acid and
(–)-epicatechin were the major phenolics and in ‘Elstar’ (–)-epicatechin and procyanidin
B2 were the major phenolics at different FDSs. The enzymatic browning showed high
correlation to polyphenol content in all cultivars and high correlation was observed between
browning and PPO activity in ‘Aori27’ and ‘Elstar’. The magnitude of the correlation
between browning and polyphenols and PPO activity is genotype-specific. At the commer-
cial harvest, ‘Fuji’ showed the highest polyphenol content and ‘Aori27’ showed the low-
est level for enzymatic browning. Chemical names used: 3-(3,4-dihydroxycinnamoyl)
quinic acid (chlorogenic acid), (–)-cis-3,3#,4#,5,7-pentahydroxyflavane (epicatechin), and
cis,cis$-4,8$-Bi(3,3#,4#,5,7-pentahydroxyflavane) (procyanidin B2).

Apples (Malus ·sylvestris var. domestica)
are an important source of polyphenols (phe-
nolic compounds) in the human diet (Hertog
et al., 1992) and a classic example of fruit
susceptibility to enzymatic browning, which
is a major problem for the fruit processing
industry (Coseteng and Lee, 1987).

Phenolic compounds are partially respon-
sible for color, astringency, bitterness, flavor,
and nutritional qualities in fruits and vegeta-

bles (Macheix et al., 1990). In fruits, they
are the most important group of secondary
metabolites, varying widely in quantity and
quality among different species (Macheix
et al., 1990).

In plant cells, phenolic compounds are
located in the vacuoles, whereas polyphenol
oxidase (EC 1.10.3.1, PPO) is located in
plastids. Damaged areas in cells allow the
contact between PPO and phenolic compounds,

triggering the reaction known as enzymatic
browning (Vaughn and Duke, 1984).

Several studies have shown that the enzy-
matic browning in apple pulp is associated
with polyphenol content (Murata et al., 1995a;
Vamos-Vigyazo and Gajzago, 1976) and/or
PPO activity (Coseteng and Lee, 1987;
Walker, 1962). The enzymatic browning is a
consequence of the oxidation of polyphenols
to their corresponding quinones by PPO.
These quinones are then polymerized with
other quinones or phenolics, originating
brown pigments (Murata et al., 1995a).

The control of the enzymatic browning is
of great importance to the horticulture indus-
try, because this reaction occurs in many fruits
and vegetables, often negatively affecting the
attributes of color, taste, flavor, and nutritional
value. It is estimated that more than 50% of
fruit market losses are a result of enzymatic
browning (Whitaker and Lee, 1995).

Cultivar selection targeted for various
consumption purposes is currently receiving
attention in apple breeding programs around
the world (Laurens, 1999). As a result of the
high antioxidant activity of polyphenols,
which have shown beneficial effects for
human health (Heim et al., 2002), varieties
with high polyphenol content are interesting
for fresh consumption, whereas low enzy-
matic browning potential is relevant for apple
processing (Podsedek et al., 2000) as a way to
avoid the formation of off-flavor and main-
tain the original pulp color and nutritional
value for a longer period of time (Murata
et al., 1995a; Podsedek et al., 2000).

The objective of the present work was to
quantify enzymatic browning, PPO activity, and
six target phenolic compounds {chlorogenic acid,
[–]-catechin [(–)-trans-3,3#,4#,5,7-pentahydroxy-
flavane], [–]-epicatechin, [–]-epicatechin gallate
[(–)-cis-3,3#,4#,5,7-pentahydroxyflavane-3-
gallate], [–]-epigallocatechin gallate [(–)-cis-
3,3#,4#,5,5#,7-hexahydroxy-flavane-3-gallate],
and procyanidin B2} in the pulp of four apple
cultivars during fruit development.

Materials and Methods

All laboratory procedures took place at
the Aomori Apple Institute Breeding Depart-
ment Laboratory, Japan, with exception of
the spectrophotometrical analysis, which was
carried out at the Cultivation Department
Laboratory of the same institution. Acetone,
chloroform, acetonitrile, and formic acid
were purchased from Wako Pure Chemical
Industries Ltd. (Japan). All chemicals were
of high-performance liquid chromatography
grade.

Fruit source
Fruits were collected from apple trees

(Malus ·sylvestris var. domestica), cvs.
Aori27, Elstar, Fuji, and Mellow grafted on
M26 EMLA rootstock, cultivated at the
Aomori Apple Institute. Apples were col-
lected at three fruit developmental stages
(FDS) according to the maturation cycle of
each cultivar. Immature fruits [initial fruit
developmental stage (IFDS)] were collected
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2 months after pollination (middle July
2008). Fruits at intermediary developmental
stage (MFDS) were collected mid-August
(‘Elstar’), late August (‘Aori27’), and mid-
September (‘Fuji’ and ‘Mellow’). The last
fruit collection took place at commercial
harvest time [final fruit developmental stage
(FFDS)] of ‘Aori27’ (mid-October), ‘Elstar’
(mid-September), and ‘Fuji’ and ‘Mellow’
(early November). All samplings were car-
ried out on the same tree for each cultivar at
each FDS, collecting three fruits per cultivar
per FDS. After collection, the fruits were
stored in a cold chamber at 2 �C for 1 d and
then used for analysis.

Apple enzymatic browning
quantification

Enzymatic browning was quantified
based on the grated pulp of fruits collected
from each FDS. Three longitudinal slices
were cut and peeled from each apple, and
the core portion was discarded. The apple
slices were then grated with a hand-grater
(diameter of holes 0.5 cm) on white trays, and
three tristimulus colorimetric measurements
were taken per fruit sample, the mean values
being recorded. CIELab system parameters
were applied, and values of L*, a*, and b*
were obtained immediately after the apple
pulp was grated and 24 h later (times zero and
24 h) with a CR-300 colorimeter (Minolta,
Japan) using D65 color space previously
calibrated on a white calibration plate. The
CIELab color difference formula [DE =
(DL2+Da2+Db2)1/2] (Comission Internationale
de l’Eclairage, 1976) was used. Results were
expressed as color difference units (DE) be-
tween two L*a*b* colors based on the values
obtained at the two measurement times (zero
and 24 h).

Apple polyphenol oxidase activity
quantification

PPO activity quantification was based on
the method described by Murata et al.
(1995a) with some modifications. For each
fruit, three longitudinal slices (without the
core portion) were cut, peeled, and chopped
and 10 g of pulp was weighed. The pulp was
homogenized with 30 mL of cold 100%

acetone at 15.000 RPM under ice cooling.
The homogenate was then centrifuged at
5153 gn at 4 �C for 5 min. The supernatant
was filtered to a polypropylene tube and
stored in a plastic foam box with ice. The
residue was submitted to three more extrac-
tions with 20 mL of acetone (80%, 80%, and
100%, respectively) under shaking (120
times/min) for 10 min followed by centrifu-
gation, filtering, and storage of the superna-
tant. The combined filtered fraction was used
as the phenolic compound extract for the
polyphenol analysis. The residue was vac-
uum-filtered, freeze-dried, kept as an acetone
powder on a polypropylene tube, and stored
in a freezer at –20 �C until analysis. Acetone
powder samples were weighed and 0.5 g was
separated for the analytical procedure. PPO
extraction was carried out with 40 mL of cold
McIlvaine buffer (0.1M citrate–0.2 M phos-
phate) (pH 5.0) on a homogenizer with a
pestle for 3 min. The homogenate was vac-
uum-filtered and then centrifuged at 6522 gn

for 30 min at 4 �C. The supernatant was used
as PPO extract, and its activity was quan-
tified in a Shimadzu ultraviolet-1600 spectro-
photometer (Shimadzu, Kyoto, Japan) at 325
nm according to the method described by
Fujita and Tono (1988). The reaction solution
consisted of 1.6 mL of PPO extract, 2.0 mL of
deionized water, and 0.4 mL of chlorogenic
acid (1 mM), being incubated at 30 �C in
a water bath. Absorbance was measured at 3
and 8 min of reaction. An absorbance decrease
of 0.01 per minute was considered 1 unit of
PPO activity.

Apple polyphenol determination
and quantification

Polyphenol extraction and extract
purification. The polyphenol extracts con-
sisted of filtrates obtained with the acetone
powder preparation completed to 100 mL in a
volumetric flask, separated into two aliquots
of 50 mL, and stored in a cold chamber at
2 �C in the absence of light until the purifi-
cation procedure was conducted. Extracts (50
mL) were concentrated in a vacuum evapo-
rator under heating in a water bath at 40 �C
for 30 min. The concentrate was washed with
20 mL of ultra-pure water and transferred
to a 200-mL burette. Twenty milliliters of
chloroform was added to the sample, and the
biphasic system formed was submitted to
vigorous hand agitation for 2 min at room
temperature followed by removal of the chlo-
roform. At last, the sample was completed to
50 mL with ultra-pure water, filtered in
ADVANTEC No. 2 filter paper (Toyo Roshi
Kaisha, Tokyo, Japan), placed on a plastic
tube, and stored at 2 �C in the absence of light
until analysis.

High-performance liquid chromatography-
mass spectrometry conditions. The reverse-phase
high-performance liquid chromatography–
ultraviolet/visible–mass spectrometry (RP-
HPLC-UV/Vis-MS) analysis of phenolic
compounds followed the recommendations
of Hitachi Technical Data Series No. 77 with
modifications. Purified extract aliquots were
filtered in a hydrophilic disposable membrane

of 0.20 mm (DISMIC-25CS Cellulose-Acetate;
Advantec Co., Ltd., Japan) into HPLC vials and
then completed to 2 mL with ultra-pure water.
The volume of each phenolic extract aliquot
depended on the FDS, the proportion being 1:3,
1:1, and 1:0 (extract: water) at initial, interme-
diary, and final FDS, respectively.

RP-HPLC-UV/Vis-MS used the Hitachi
M-8000 LC/3DQMS system (HITACHI,
Tokyo, Japan) with the following configura-
tion: M-8000 mass spectrometer using Sonic
Spray Ionization in negative ion mode; Inert-
sil ODS-3 (5-mm particle size) 2.1 · 150-mm
analytical column (GL Science, Tokyo,
Japan) in a column oven at 40 �C; L-7420
ultraviolet detector at 280-nm wavelength;
L-7100 pump; eluents formic acid (0,1%) (A)
and acetonitrile (80%) (B); flow rate of 0.3
mL�min–1; 5 mL of standards and samples
were injected. The following gradient pro-
gram was used: A) 100% to 90% from 0 to
3 min; 90% to 75% from 3 to 30 min; 75% to
0% from 30 to 35 min; 0% from 35 to 40 min;
and 0% to 100% from 40.1 min to 65 min;
and B) 0% to 10% from 0 to 3 min; 10% to
25% from 3 to 30 min; 25% to 100% from 30
to 35 min; 100% from 35 to 40 min; and 0%
from 40.1 to 65 min. The M-8000 System
Manager software (HITACHI) was used for
the analysis.

Chlorogenic acid (CA) (95% or greater),
catechin (C) (98% or greater), epicatechin
(EC) (97%) (Sigma-Aldrich, Germany), epi-
catechin gallate (ECG) (98% or greater),
epigallocatechin gallate (EGCG) (98% or
greater) (Wako Pure Chemical Industries
Ltd., Japan), and Procyanidin B2 (PRO)
(99%) (ChromaDex) were used. Standards
consisted of a mixture of CA, C, EC, ECG,
EGCG, and PRO with the proportion of
1:1:1:1:1:1. The concentration of each phe-
nolic compound ranged from 6.66 mg�L–1 to
33.33 mg�L–1 on the calibration curve. Each
compound was determined by its mass chro-
matogram and respective mass spectrum iso-
lated from a Total Ion Chromatogram (TIC)
and quantified as the correspondent peak area.
Representative linear regression equations and
correlation coefficients from the calibration
curves are as follows: y = 1.158 · –0.4 (r2 =
0.9288) for CA, y = 1.682 · –0.4 (r2 = 0.9129)
for C, y = 2.758 · –0.4 (r2 = 0.9971) for EC,
y = 7.705 · –0.5 (r2 = 0.9972) for ECG, y =
1.257 · –0.4 (r2 = 0.9969) for EGCG, and y =
1.842 · –0.4 (r2 = 0.9642) for PRO.

Statistical analysis
Data were submitted to Bartlet variance

homogeneity test, and when necessary data
were transformed according to the SAS
software recommendations (SAS Institute
Inc., 2002). Analysis of variance was then
performed and when significant differences
were detected (P < 0.01), Student-Newman-
Keuls multiple means comparison test (SNK)
was carried out at the 5% significance level
(Steel et al., 1997). Additionally, the Pearson
correlation test (P < 0.01 and P < 0.05) was
performed correlating the variable DE (enzy-
matic browning – color difference) to poly-
phenol oxidase activity, phenolic compounds,
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and major phenolic compound. Statistical
analysis was carried out by means of the
SAS software (SAS Institute Inc., 2002).

Results

Apple enzymatic browning quantification.
The analysis of variance for the variable
DE (color difference between two L*a*b*
colors, measured at times 0 and 24 h) showed
significant differences (P < 0.01) among
cultivars and FDSs and a significant interac-
tion between both factors was detected.
According to the SNK multiple means com-
parison test, all cultivars showed a decrease
on DE during fruit maturation. A clear dif-
ference was observed between cultivars with
‘Aori27’ and ‘Elstar’ evidencing a trend to a
continuous decrease of DE values. ‘Fuji’ and
‘Mellow’ showed a decrease at early fruit
development and subsequently kept a con-
stant level (Table 1). At the IFDS, no signif-
icant difference was observed for DE values
among the four cultivars. At the MFDS,
‘Aori27’ presented significantly lower mean
value of DE than the other three cultivars. At
the commercial harvest time, ‘Fuji’ and ‘Mel-
low’ showed the highest DE values followed
by ‘Elstar’ and ‘Aori27’, the last showing sig-
nificantly lower color difference than all other
cultivars, evidencing a lower degree of pulp
enzymatic browning. The pulp color of each
cultivar in every FDS, 24 h after grating, is
illustrated in Figure 1A–L.

Apple polyphenol oxidase activity
quantification. Significant differences for
PPO activity were observed among cultivars
and FDSs (Table 1). At the IFDS, ‘Fuji’ and
‘Elstar’ presented the highest values fol-
lowed by ‘Mellow’ and ‘Aori27’, the last
showing a significantly lower value than
‘Fuji’ and ‘Elstar’. At the MFDS, ‘Fuji’ and
‘Elstar’ presented the highest mean values for
PPO activity followed by ‘Mellow’, which
presented similar values to those observed for
‘Elstar’ but different from those recorded for
‘Fuji’. ‘Aori27’ presented the lowest mean
value among all cultivars at the MFDS. At the
commercial harvest time (FFDS), ‘Aori27’
showed the lowest PPO activity among all
cultivars, and no statistical differences were
observed among ‘Elstar’, ‘Fuji’, and ‘Mel-
low’ (Table 1). ‘Elstar’, ‘Fuji’, and ‘Mellow’
did not show significant differences for PPO
activity during fruit development, whereas
‘Aori27’ showed a significant decrease along

fruit maturation with the values recorded at
the FFDS showing lower mean than the
values recorded at the IFDS (Table 1).

Apple polyphenol determination and
quantification. To determine each analyzed
compound, its chemical structure, retention
time, and the m/z ratio of the molecular ion
were assessed (Table 2). Then, each compound
was quantified as its correspondent peak area
on a TIC (Fig. 2). The quantification of poly-
phenols evidenced significant difference
among cultivars and FDSs as well as signifi-
cant interaction between both factors for
chlorogenic acid, epicatechin, procyanidin
B2, and total polyphenols (chlorogenic acid +
epicatechin + procyanidin B2). The multiple
means comparison for the variable phenolic
compound showed the differences obtained
for each compound in the four cultivars at
the three FDSs (Table 3). Catechin, epicate-
chin gallate, and epigallocatechin gallate were
identified by their respective mass spectra and
tentatively quantified in the pulp of the four
cultivars. Low concentrations (less than 0.05
mg/100 g fresh weight) were found for these
compounds associated with a wide range of

values in the samples. Thus, it was not possible
to accurately determine their contents.

Chlorogenic acid was identified as the
major phenolic compound in ‘Aori27’ and
‘Mellow’ at all FDSs. In ‘Fuji’, chlorogenic
acid and epicatechin were identified as major
phenolic compounds at the IFDS, whereas
chlorogenic was the major phenolic on the
subsequent FDSs. In ‘Elstar’, epicatechin was
identified as the major phenolic at both IFDS
and MFDS, and procyanidin was the major
polyphenol at the FFDS. ‘Fuji’ showed the
highest levels of chlorogenic acid at all FDSs,
and the lowest content was observed in imma-
ture fruits of ‘Elstar’. The highest content of
epicatechin was recorded on ‘Fuji’ immature
fruits. At the MFDS and at the commercial
harvest time, ‘Elstar’ showed the highest con-
tents of epicatechin. At the MFDS and FFDS,
epicatechin was not observed in ‘Aori27’.
‘Fuji’ showed the highest procyanidin B2 levels
at the IFDS and MFDS. At the FFDS, ‘Elstar’
showed the highest content of procyanidin B2.
Only traces of procyanidin B2 were found in
‘Aori27’ at the FFDS. In immature fruits of
‘Aori27’ and ‘Mellow’, procyanidin B2 was

Table 1. Apple pulp enzymatic browning (DE units—color difference between two CIELab colors, measured immediately and 24 h after apple pulp grating) and
polyphenol oxidase activity (units 100 g–1 of fresh weight) observed in four apple cultivars (Aori27, Elstar, Fuji, and Mellow) at initial, intermediary, and final
fruit developmental stages (IFDS, MFDS, and FFDS, respectively).z

Cultivar

Enzymatic browning (DE units) PPO activity (units 100 g–1 FW)

IFDS MFDS FFDS IFDS MFDS FFDS

Aori27 39.8 a (a) ± 3.2 22.1 b (b) ± 0.9 8.2 c (c) ± 1.7 540.1 b (a) ± 167.0 220.5 c (ab) ± 161.3 69.2 b (b) ± 60.2
Elstar 43.1 a (a) ± 2.6 30.9 a (b) ± 1.9 24.4 b (c) ± 2.5 2188 a (a) ± 506.3 1561 ab (a) ± 587.1 1160.6 a (a) ± 108.1
Fuji 38.4 a (a) ± 1.3 30.7 a (b) ± 3.2 32.7 a (b) ± 4.5 2199.9 a (a) ± 757.7 1929.6 a (a) ± 144.5 1307.9 a (a) ± 291.4
Mellow 42.9 a (a) ± 1.8 32.8 a (b) ± 0.7 33.4 a (b) ± 0.7 1370.7 ab (a) ± 745.7 676.6 b (a) ± 107.7 568.9 a (a) ± 174.1
CV % 3.72 16.93
zMeans followed by different letters in fruit developmental stage and means followed by different letters between parentheses in cultivar differ significantly (P <
0.01) by the Student-Newman-Keuls multiple means separation test. Data shown as mean ± SD; n = 3.

Fig. 1. Detail of apple pulp’s color of four cultivars at initial, intermediary, and final fruit developmental
stages (IFDS, MFDS, and FFDS, respectively) 24 h after grating. ‘Aori27’: IFDS (A), MFDS (B), and
FFDS (C). ‘Elstar’: IFDS (D), MFDS (E), and FFDS (F). ‘Fuji’: IFDS (G), MFDS (H), and FFDS (I).
‘Mellow’: IFDS (J), MFDS (K), and FFDS (L).
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not observed. In all FDSs, ‘Fuji’ presented the
highest phenolic concentration (chlorogenic
acid + epicatechin + procyanidin B2) followed
by ‘Mellow’, ‘Elstar’, and ‘Aori27’ (Table 3).

Correlations. Significant positive correla-
tions (P < 0.01) were found between DE (color
difference) values and the respective PPO
activity values for ‘Aori27’ and ‘Elstar’ (R =
0.83 and R = 0.78, respectively), but not for
‘Fuji’ and ‘Mellow’. The DE values and the
respective phenolic concentrations determined
by RP-HPLC-ultraviolet/Vis-MS showed sig-
nificant positive correlations (P < 0.01) for
all cultivars. ‘Aori27’ and ‘Mellow’ revealed
very high correlation (R = 0.91 and R = 0.93,
respectively), ‘Elstar’ showed high correlation
(R = 0.80), and the same was observed in ‘Fuji’
(R = 0.71, P < 0.05). The DE values were also
correlated to the values obtained for the major
phenolics in each cultivar. For ‘Aori27’ and
‘Mellow’, a very high positive correlation was
found between chlorogenic acid content and

DE (R = 0.92 and R = 0.96, respectively). For
‘Elstar’, a very high positive correlation was
found between the epicatechin content and DE
(R = 0.96), whereas procyanidin B2 did not
show significant correlation to DE. For ‘Fuji’,
high positive correlations (P < 0.05) were found
between DE and chlorogenic acid and epica-
techin (R = 0.72 and R = 0.88, respectively).

Discussion

Varietal differences regarding the suscep-
tibility to enzymatic browning were evidenced
among the four apple cultivars as previously
reported (Coseteng and Lee, 1987; Murata
et al., 1995a). The enzymatic browning dy-
namics observed during fruit development
in all cultivars is coherent with the results
obtained by Coseteng and Lee (1987), Murata
et al. (1995b), and Valentines et al. (2005),
which showed that the browning potential is
influenced by FDS, decreasing according to T
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Table 2. Chemical structure, retention time (RT), and m/z ratio of the molecular ion [M+] of chlorogenic
acid, catechin, epicatechin, epicatechin gallate, epigallocatechin gallate, and procyanidin B2 observed
through high-performance liquid chromatography–mass spectrometry analysis.

Phenolic compounds identification

Compound Chlorogenic acid (–)-Catechin (–)-Epicatechin

Chemical structure

RT (min) 14.63 13.41 16.84
m/z [M+] 353 289 289

Compound (–)-Epicatechin gallate (–)-Epigalocatechin gallate Procyanidin B2

Chemical structure

RT (min) 25.64 17.81 15.49
m/z [M+] 441 457 577

Fig. 2. Example of a Total Ion Chromatogram (TIC). ‘Mellow’, intermediary fruit developmental stage.
(A) Chlorogenic acid; (B) epicatechin; (C) procyanidin B2.
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the progress in fruit ripening. In this study,
‘Aori27’ showed the lowest browning at
harvest time, the color difference being hardly
perceptible. The other three cultivars showed
significantly higher browning than ‘Aori27’ at
harvest time, the color difference being easily
perceptible. However, in a separate analysis of
‘Aori27’ browning potential, it was observed
that the age of the tree and/or the rootstock
used apparently affected the pulp’s browning
potential (data not shown).

At commercial harvest time, ‘Elstar’
showed lower mean DE value than ‘Fuji’
and ‘Mellow’, although total phenolic con-
tent and PPO activity showed no significant
differences among these three cultivars at the
FFDS. However, ‘Elstar’ was the only culti-
var in which epicatechin and procyanidin
B2 were identified as the major phenolic
compounds, whereas this cultivar showed
relatively low levels of chlorogenic acid.
This may help to explain the lower browning
of ‘Elstar’ compared with ‘Fuji’ and ‘Mel-
low’ considering that differences in color
formation by enzymatic browning can be
a consequence of oxidation of different phe-
nolic compounds (Murata et al., 1995a).

Similar to what was reported by Podsedek
et al. (2000) regarding apples, varietal differ-
ences were detected for PPO activity, with
‘Aori27’ showing lower PPO activity than all
the other cultivars at the FFDS, besides being
the only cultivar in which significant dif-
ferences were observed for PPO activity at
different FDSs. Nevertheless, the PPO activity
values obtained for ‘Elstar’, ‘Fuji’, and ‘Mel-
low’ at the three distinct FDSs are in accor-
dance with the results obtained by Valentines
et al. (2005), which observed no significant
difference for PPO activity in immature and
mature fruits of ‘Golden Delicious’ apple.

Significant positive correlations were
found between PPO activity and enzymatic
browning (DE) in the pulp of ‘Aori27’ and
‘Elstar’, which was not observed for ‘Fuji’ and
‘Mellow’. Murata et al. (1995a) found a pos-
itive correlation between polyphenol content
and enzymatic browning, but not between
PPO activity and enzymatic browning, for a
group of apple cultivars, including ‘Fuji’.
Coseteng and Lee (1987) did not find a corre-
lation between polyphenols or PPO activity
and enzymatic browning in seven apple culti-
vars analyzed as a whole. However, the same
authors noted that the seven cultivars could be
separated into two groups with the enzymatic
browning showing good correlation to poly-
phenol content in one and to PPO activity in
the other. The results obtained in the present
study reinforce the notion that the dynamics
of PPO activity during fruit development is
a genotype-dependent variable in apples.

In general, a decrease in the phenolic
concentration was observed along fruit matu-
ration in the present work. The same was
observed in apples by other authors (Coseteng
and Lee, 1987; Valentines et al., 2005).
Chlorogenic acid and epicatechin had been
reported as the major phenolics in several
apple cultivars (Coseteng and Lee, 1987;
Murata et al., 1995a; Podsedek et al., 2000;

Walker, 1962). Murata et al. (1995a) iden-
tified chlorogenic acid as the major phenolic
in ‘Fuji’. In the present study, chlorogenic
acid was identified as the major phenolic in
‘Aori27’, ‘Fuji’, and ‘Mellow’. In ‘Elstar’,
epicatechin was the major phenolic. In addi-
tion, epicatechin was also a major polyphenol
at the IFDS of ‘Fuji’, whereas in ‘Elstar’, pro-
cyanidin B2 showed the highest content at
commercial harvest.

The significant positive correlations found
in the present work between total phenolic
compounds (chlorogenic acid + epicatechin +
procyanidin B2) and the enzymatic browning
in all cultivars evidenced the influence of such
compounds on the browning potential in these
apple cultivars. These results are in accordance
with other findings in several apple cultivars
(Coseteng and Lee, 1987; Murata et al., 1995a).

Significant positive correlations were also
found between the content of major phenolics
and DE, because the major phenolics fol-
lowed the general trend of decrease on the
total phenolic content along fruit develop-
ment in all cultivars. These results contrast to
those obtained by Coseteng and Lee (1987) in
different apple cultivars, in which no re-
lation was verified between any particular
phenolic compound content and enzymatic
browning.

It is worth noting that genetically modified
apple cultivars are currently being developed
through antisense DNA techniques to obtain
varieties with low browning potential (e.g.,
Cao et al., 2004; Murata et al., 2000, 2001),
whereas there is evidence of apple germplasm
with low browning potential already available.

In conclusion, under the scope of this study,
the results showed that among the studied
cultivars, ‘Fuji’ is the most suitable for fresh
consumption as a result of its higher phenolic
content at commercial harvest time, and
‘Aori27’ is the best for fruit processing as a
result of its low enzymatic browning (associ-
ated to the lowest PPO activity and the lowest
polyphenol content). The enzymatic browning
potential in apples depends on the fruit’s
developmental stage, being predominantly
influenced by the polyphenol content and
the polyphenol oxidase activity, although
other factors such as the quality and relative
proportion of polyphenols can also be in-
fluential. The magnitude of the relation be-
tween enzymatic browning and polyphenol
content and polyphenol oxidase activity is
genotype-specific. These results are relevant
for the apple industry and consequently for
apple breeding programs. Our results should
help to establish new criteria for the selection
of apple cultivars, emphasizing the impor-
tance of apple germplasm to the control of
enzymatic browning.
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