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ABSTRACT: During the two growing seasons the evolution of primary metabolites and wide range of polyphenols in the
“Braeburn” apple peel during advanced maturation were investigated. During the five weeks sucrose significantly increased,
whereas fructose and glucose fluctuated around the same level in one season and decreased in another. Regarding malic and citric
acids, an expected decrease was recorded. The concentrations of hydroxycinnamic acids, dihydrochalcones, and flavanols
remained quite constant or slightly decreased during advanced apple ripening. On the contrary an intensive accumulation of
quercetin glycosides and anthocyanins took place during this period, starting with the onset of rapid formation approximately 3
weeks before the technological maturity of apples. Total phenolic content was relatively constant or slightly increased. The
present results suggest that measures designed to improve the apple color and quality of “Braeburn” apples should be performed
approximately 3−4 weeks before the expected technological maturity of apples.
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■ INTRODUCTION

Apart from water, apples contain different amounts of primary
(sugars and organic acids) and a wide range of secondary
metabolites (polyphenols). Glucose, fructose, sucrose, and
organic acids represent the most important taste components in
apples, and their ratio has a marked influence on the sensory
quality of the fruit.1,2 Polyphenols, together with organic acids
and sugars, make an important contribution to the inner quality
as well as enhance the outer appearance of the apples.3

Due to the high content of phenolic compounds and widely
consumption, apples represent an important share of consumed
flavonoids in American and European diet.4 Many of them have
been found to have strong antioxidant activity and anticancer
activity5 and thus have the potential to modulate many
processes in the development of diseases, including cancer,
cardiovascular disease, diabetes, pulmonary disorders, Alz-
heimer’s disease, and other degenerative disease states.6

Moreover, when compared to other fruits, apples have the
highest portion of free phenolics, which may be more available
for eventual absorption into the bloodstream.7

Based on molecular structure, phenolics in apples are divided
into five major groups including hydroxycinnamic acids,
flavanols dihydrochalcones, flavonols, and anthocyanins, mainly
presented in the peel of the red apple cultivars.8 With the
exception of hydroxycinnamic acids, their accumulation is
concentrated in the apple peel which contains anywhere from
2−6 times more phenolic compounds than the flesh9,10 and 2−
3 times more flavonoids in the peels when compared to the
flesh.11

Flavonoid accumulation in the apple peel is affected by
numerous factors, including light,12 variety,13 plant nutrition,14

stress situations,15 temperature,16 cultivation type, and
conditions of the plant.17 In addition, fruit development and
maturity also significantly affect the polyphenol composition of

apples. Awad et al.18 found that quercetin glycosides, catechins,
phloridzin and chlorogenic acid in “Jonagold” and “Elstar”
apples were mainly accumulated during the fruit development
until the onset of maturation, whereas the main accumulation
of anthocyanins occurred during the maturation of the fruit.
Lister et al.19 reported that concentration of quercetin
glycosides and procyanidins in the peel of “Splendour” apples
decreased from early to mid season but increased during apple
ripening.
Despite the fact that there are several reports on the

developmental changes in the concentration of polyphenols in
apples during development and ripening,15,18−20 fewer details
are known on the variation of primary metabolites and
polyphenolic concentrations during the advanced maturation
prior to technological maturity of apples. However, in some
studies the changes in polyphenols during ripening in the apple
flesh were observed.21,22

In the present study the changes of the concentrations of
sugars, organic acids and a wide range of polyphenols as well as
total phenolic compounds in the “Braeburn” apple peel during
the advanced maturation of apples in two growing seasons are
reported. All phenolic compounds were confirmed using a mass
spectrometer with an electrospray interface (ESI) operating in
negative ion mode. The results will contribute information
about the evolution and maximal concentration of primary and
secondary metabolites in the last stages of apple ripening and
their relation as well. At the same time, by knowing the time of
the most intensive changes in the primary and secondary
metabolites, these results could be very helpful in determining
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the most appropriate time to carry out the agro-technical
measures designed for improving the outer and inner quality
parameters of apples, such as apple coloring and the like.

■ MATERIALS AND METHODS
Plant Materials. Trials were conducted in the central and eastern

Slovenia on striped “Braeburn” apple cultivar clone Hillwell (Malus
domestica Borkh.) at Ljubljana location (latitude 46°2′, longitude
14°28′) in 2011 and at at the fruit growing center Maribor Gacnik
location (latitude 46° 61′, longitude 15° 68′) in 2012. At both
locations apple trees were grafted on M9 rootstock and grown
according to the system of integrated production.
At Ljubljana location apples for measurements were taken from the

10-year-old trees planted maintaining row distances of 3.75 m and
tree-to-tree distance of 1.1 m. Full bloom (>80% of the opened flower
buds) occurred on the 22nd of April 2011, whereas the technological
maturity, which was determined using the starch iodine test occurred
on the 14th of October (175 DAFB).
At the fruit growing center Maribor Gacnik, 13-year-old trees

planted maintaining row distances of 3.5 m and tree-to-tree distances
of 1 m were used in the experiment. Full bloom (>80% of the opened
flower buds) occurred on the 15th of April 2012, while the
technological maturity, occurred on the 7th of October, (177
DAFB). At the time of technological maturity the value of firmness
was approximately 9.5 kg cm−2 and the starch index (on the scale of
1−5) was 2.7 in both years.
Fruit Sampling. At Ljubljana the fruit sampling started on

September 9th whereas at Gacnik Maribor the first sampling was
carried out on September 4th. At both locations sampling continued
weekly until the technological maturity of the fruit which at both
locations occurred five weeks after the first sampling. At each sampling
date 15 fruits from five trees were randomly harvested and combined
in five samples, with 3 fruit per sample (n = 5). Immediately after the
harvest, the apples were transported to the laboratory, where the tissue
of samples was frozen in liquid nitrogen to prevent oxidation of
phenolic substances and stored at −20 °C until the preparation of the
samples.
Firmness and Soluble Solid Content Measurements. Soluble

solid content (SSC) was measured using the digital refractometer
ATAGO WM-7. The firmness was measured on four peeled sides in
the equatorial plane of the fruit with a penetrometer (TR Italy)
equipped with an 11 mm tip. The depth of tip penetration was 8 mm.
Analysis of Individual Sugars and Organic Acids. Sucrose,

glucose, fructose, and sorbitol and malic and citric acids were analyzed
in the whole edible part of the fruit according to Mikulic-Petkovsek et
al.9 For the extraction of individual sugars and organic acids, 10 g of
the fresh mass of each sample was homogenized in 50 mL of bidistilled
water using Ultra-Turrax T-25 (Ika-Labortechnik, Stauden, Germany).
Samples were left for 30 min at room temperature and stirred
frequently. After extraction, the homogenate was centrifuged
(Eppendorf 5810 R Centrifuge, Hamburg, Germany) at 10 000 rpm
for 7 min at 4 °C. The supernatants were filtered through a 0.20-μm
cellulose ester filter (Macherey-Nagel, Düren, Germany) and trans-
ferred into a vial, and 20 μL of the sample was used for analysis. The
analysis of sugars (fructose, glucose, and sucrose), sorbitol, malic and
citric acid content was carried out using high-performance liquid
chromatography (HPLC) from the Thermo Separation Products
equipment.9

Separation of sugars and sorbitol was carried out using a Rezex
RCM-monosaccharide column (300 × 7.8 mm; Phenomenex,
Torrance, CA) with a flow of 0.6 mL/min and column temperature
maintained at 65 °C. The mobile phase was bidistilled water; the total
run time was 30 min, and a refractive index detector shodex RI-71 was
used to monitor the eluted carbohydrates as described by Mikulic-
Petkovsek et al.9 Organic acids were analyzed using a RezexROA-
organic acid column (300 × 7.8 mm; Phenomenex, Torrance, CA) and
a UV detector set at 210 nm with a flow of 0.6 mL min−1 maintaining
the column temperature at 65 °C. The duration of the analysis was 30
min. The concentrations of carbohydrates and organic acids were

calculated with the help of corresponding external standards. The
concentrations were expressed in g kg−1 fresh weight (FW).

Chemicals. For the quantification of phenolic compounds the
following standards were used: chlorogenic acid (3-caffeoylquinic
acid), phloretin, and rutin (quercetin 3-O-rutinoside) from Sigma
Aldrich Chemie (Steinheim, Germany), cyanidin 3-O-galactoside
chloride, quercetin 3-O-rhamnoside, quercetin 3-O-galactoside,
quercetin 3-O-glucoside, (−)-epicatechin, p-coumaric acid, procyani-
din B1, B2, and phloridzin dihydrate from Fluka Chemie (Buchs,
Switzerland), quercetin 3-O-arabinofuranoside and quercetin 3-O-
xyloside from Apin Chemicals (Abingdon, U.K.), and (+)-catechin
from Roth (Karlsruhe, Germany). Methanol for the extraction of
phenolics was acquired from Sigma. Chemicals for the mobile phases
were the high performance liquid chromatography−mass spectrometry
(HPLC-MS) grade acetonitrile and formic acid from Fluka Chemie.
Water for mobile phase was bidistilled and purified with the Milli-Q
system (Millipore, Bedford, MA, USA). For determination of the total
phenolic content, Folin−Ciocalteu phenol reagent (Fluka Chemie
GmbH), sodium carbonate (Merck, Darmstadt, Germany), gallic acid,
and ethanol (Sigma) were used.

Extraction and Determination of Phenolic Compounds. The
extraction of fruit samples for phenolic compounds was done as
described by Mikulic-Petkovsek et al.17 with some modification. Apple
samples were ground to a fine powder in a mortar chilled with liquid
nitrogen. A total of 5 g of apple peel was extracted with 10 mL of
methanol containing 3% (v/v) formic acid and 1% (w/v) 2.6-ditert-
butyl-4-methylphenol (BHT) in a cooled ultrasonic bath for 1 h. BHT
was added to the samples in order to prevent oxidation. After
extraction, the treated samples were centrifuged for 5 min at 10 000
rpm. The supernatant was filtered through a Chromafil AO-20/25
polyamide filter (Macherey-Nagel, Düren, Germany) and transferred
to a vial before the injection into the HPLC system.

The individual phenolic compounds were analyzed using a Thermo
Finnigan Surveyor HPLC system (Thermo Scientific, San Jose, CA)
with a diode array detector at 280, 350, and 530 nm. The
hydroxycinnamic acids, dihydrochalcones, and flavanols were detected
at 280 nm, flavonols at 350 nm, and anthocyanins at 530 nm. For the
separation of phenolic compounds a Phenomenex (Torrance, CA)
HPLC column C18 (150 × 4.6 mm, Gemini 3 μ) protected with a
Phenomenex security guard column operated at 25 °C was used. The
injection volume for the fruit extract was 20 μL, and the flow rate
maintained at 1 mL min−1. The elution solvents were aqueous 1%
formic acid and 5% acetonitril (A) and 100% acetonitrile (B). Samples
were eluted according to the linear gradient described by Marks et al.23

0−5 min, 3% to 9% B; 5−15 min, 9% to 16% B; 15−45 min, 16% to
50% B; 45−50 min, 50% isocratic; this step was followed by the
washing and reconditioning of the column. Compound identification
was achieved by comparing the retention times and their UV−vis
spectra from 200 to 600 nm, as well as by the addition of an external
standard. The identity of the phenolic compounds was also confirmed
using a mass spectrometer (Thermo Scientific, LCQ Deca XP MAX)
with an electrospray ionization (ESI) operating in the negative and
positive ion mode. For the analyses full-scan data dependent MS
scanning from m/z 115 to 2000 was used. Quantification was achieved
according to the concentrations of a corresponding external standard.
For the compounds lacking reference compounds, related compounds
were used as standards for the quantification. Therefore 4-O-p-
coumaroylquinic acid was quantified in equivalents of p-coumaric acid,
phloretin-2-O-xylosylglucoside in equivalents of phloridzin, quercetin
3-O-arabinopyranoside in equivalents of quercetin 3-O-arabinofurano-
side or anthocyanins (cyanidin 3-arabinoside, cyanidin 7-arabinoside,
cyanidin 3-glucoside, and cyanidin 3-xyloside) were quantified in
equivalents of cyanidin 3-galactoside. Concentrations of the phenolic
compounds were expressed in mg kg−1 of fresh weight (FW).

Determination of the Total Phenolic Content. Extracts of the
samples were obtained in the same way as for the individual phenolic
compounds, with the difference that no BHT was added. The total
phenolic content of extracts was assessed using the Folin-Ciocalteu
phenol reagent method, as described by Singleton and Rossi.24 To 100
μL of sample extracts were added 6 mL of bidistilled water and 500 μL
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of Folin-Ciocalteau reagent; after resting between 8 s and 8 min at
room temperature, 1.5 mL of sodium carbonate (20% w/v) and 1.9
mL of bidistilled water were added. The extracts were mixed and
allowed to stand for 30 min at 40 °C. After that the absorbance was
measured in a spectrophotometer (Perkin-Elmer, UV/vis Lambda Bio
20) at 765 nm. A mixture of water and reagents was used as a blank.
The total phenolic content was expressed as gallic acid equivalents
(GAE) in mg kg−1 fresh weight (FW). Absorption was measured in
three replications.
Statistics. Statistical analysis was conducted in order to evaluate

the changes of primary and secondary metabolites in “Braeburn”
apples during the advanced ripening. The data was analyzed using the
Statgraphics Plus 4.0 program (Manugistics. Inc.; Rockville, Maryland,
USA). Data from all of the analyses was tested for any differences
among sampling dates within each year using one-way analysis of
variance (ANOVA). The differences were tested using the Duncan test
with the significance level 0.05. In diagrams, the means as well as their
standard errors are presented (mean ± SE).

■ RESULTS
Firmness decreased gradually whereas soluble solids content
(SSC) increased linearly during the advanced maturation of
“Braeburn” apples in both years (Figure 1A,B). During the 5
weeks of ripening SSC increased by 26% in both years, while
firmness decreased in 2011 by 20% and in 2012 by 16%. A
similar percentage also increased the fruit weight, namely by
22% in 2011 and 16% in 2012 (Figure 1C).
The changes of sugars (sucrose, glucose, and fructose),

sorbitol, and organic acids (citric and malic acid) are presented
in Figure 2. At the technological maturity of “Braeburn” apples,
fructose was the predominant sugar representing 48/51% of the
total sugars in 2011/2012, followed by sucrose (39/33%),
glucose (9/14%), and the main sugar alcohol sorbitol (4/2%).

Our results are in agreement with those obtained on other
apple varieties.9,25−27 Sucrose increased during the advanced
ripening, reaching the highest concentration at technological
maturity of “Braeburn” apples in both years. In the five weeks of
fruit ripening the concentration increased from 23% in 2011 to
51% in 2012. On the contrary, fructose and glucose in 2011
decreased by 20%, whereas in 2012 it decreased prior to 3
weeks before technological maturity and recovered afterward
(Figure 2B,C). The concentration of sorbitol fluctuated during
fruit ripening in 2012 and increased prior to 1 week before
technological maturity in both years (Figure 2D). Regarding
the total sugars their concentration decreased from 5 to 2
weeks before the technological maturity of apples and increased
afterward, reaching the peak at the technological maturity of
apples (data not shown). Regarding the organic acids, malic
and citric acids were quantified. The level of shikimic and
fumaric acids were of the order of 10 mg kg−1 of fresh weight,
thus their concentrations are not reported. Malic acid was the
main acid contributing about 82−85% of the total acid
concentrations. Its concentration significantly decreased during
the 5 weeks of advanced ripening in 2012, whereas no
significant changes were observed in 2011 (Figure 2F).
Significant changes were observed also in the case of citric
acid (Figure 2E). When comparing the concentrations
measured at the beginning of the advanced ripening and
concentrations noted at technological maturity of apples, the
concentration of citric acid in 2012 decreased while it remained
unchanged in 2011.
A total of 21 phenolics (Table 1) were identified and

quantified in “Braeburn” apple peels belonging to five groups:
hydroxycinnamic acids, dihydrochalcones, flavonols, flavanols,

Figure 1. Mean (±SE) firmness (A), soluble solids (B), and fruit fresh weight (C) of “Braeburn” apples in 2011 (◊) and 2012 (■) at different
sampling dates during the advanced maturation of apples. Different letters (a−f) denote statistically significant differences between sampling dates
within each year (Duncan test, p ≤ 0.05, n = 15).
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and anthocyanins. With the exception of flavonols the
concentrations of all the phenolic groups was in 2012 much
higher than in 2011. Great differences up to 70% in the
phenolics between seasons have already been noted in the
study of Lata et al.13 in several other cultivars.
Among hydroxycinnamic acids chlorogenic, caffeic, and 4-

coumaroylquinic acids were analyzed. Hydroxycinnamis acids
were the lowest represented group of phenolics in “Braeburn”
apple peels ranging from 6% of the total analyzed phenolic
concentration at the beginning of ripening to 3% at the
technological maturity of apples. During the 5 weeks of
advanced ripening the total hydroxycinnamic acids concen-
tration decreased by 27% in both years (Figure 3A). However,
the decrease was significant just in 2012 and was mainly the
consequence of the decrease of the 4-p-coumaroylquinic acid
(Figure 4B). Viewed from the perspective of the individual
acids significant changes during the ripening were found only in
the case of chlorogenic acid in 2011 (Figure 4A).
Phloridzin was the main dihydrochalcone in “Braeburn”

apple peels, accounting for approximately 65% of the total
dihydrochalcones. Besides phloridzin, phloretin 2-xylosylgluco-

side was also identified and quantified. Since the beginning of
ripening till the technological maturity of apples concentration
of the dihydrochalcones decreased by 18% in both years;
however, the decrease was not significant (Figure 3B). The
decrease was more pronounced in the case of phloridzin than
phloretin (data not shown).
The analysis of flavonols covered 7 types of quercetin

glycosides. At technological maturity the major flavonol species
was quercetin 3-galactoside, accounted for approximately 35−
40% of total flavonols concentration in “Braeburn” apple peels,
followed by quercetin 3-O-arabinofuranoside (15−21%),
quercetin 3-O-rhamnoside (15−18%), quercetin 3-O-xyloside
(12−14%), quercetin 3-O-glucoside (7−8%), quercetin 3-O-
rutinoside (4%), and quercetin 3-O-arabinopyranoside (2%).
Similar findings in “Braeburn” apples were already reported in
the previous study of Bizjak et al.28

In both years 2011 and 2012, the developmental pattern of
flavonols was very similar (Figure 3C). From 5 to 3 weeks
before the technological maturity, a slight increase in the
concentration was observed, followed by a significant increase
which was completed approximately 1 week before the

Figure 2. Concentration (g kg−1 FW) of sucrose (A), glucose (B), fructose (C), sorbitol (D), citric acid (E), and malic acid (F) in “Braeburn” apples
in 2011 (◊) and 2012 (■) at different sampling dates during the advanced maturation of apples. Means and their standard errors are presented (n =
5). Different letters (a−c) denote statistically significant differences between sampling dates within each year (Duncan test, p ≤ 0.05).
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technological maturity of apples. During the last week of
ripening a decrease was found, which was more pronounced in
2011 (Figure 3C).
Among the individual quercetin glycosides, quercetin 3-O-

galactoside contributed the largest share to the increase of total
flavonols. During the 5 weeks of ripening its concentration
increased by 35% in 2011 and almost 5-fold in 2012 (Figure
4E). However, it is necessary to take into account that in 2012
its concentration at the beginning of the advanced ripening
(29.15 mg kg−1 FW) was very low in comparison with 2011
(93.14 mg kg−1 FW), thus increases were so different sizes. The
significant increase from 3 to 1 week before the technological
maturity was observed in the case of all the other individual
quercetin glycosides, except quercetin 3-O-rutinoside (rutin) in
2011 (Figure 4D). In the case of quercetin 3-O-rhamnoside
(Figure 4F) as well as quercetin 3-O-arabinofuranoside and
quercetin 3-O-xyloside (data not shown), a significant decrease
in the last week of the advanced ripening in 2011 was detected.
Within flavanols the monomeric catechin and epicatechin

and dimeric flavanol procyanidin B1 and B2 were analyzed.
Procyanidin B2 was the most abundant individual flavanol in
the “Braeburn” apple peels, representing approximately 55% of
the total flavanol concentration. Other flavanols listed in
descending order, were epicatechin, catechin and procyanidin
B1. With regard to quantity flavanols were the most
represented phenolic group in “Braeburn” apple peels. Their
concentration ranged from 50% and 65% of the total analyzed
phenolic concentration at the beginning of the advanced
ripening to 38% and 47% at the technological maturity of
apples in 2011 and 2012, respectively. Flavanols have already
been reported to be quantitatively the most abundant phenolic
groups by numerous of authors in several other cultivars.17,29,30

No significant changes in flavanols were observed during the 5
weeks of the advanced ripening (Figure 3D), however flavanol
concentration slightly decreased in both years. Among
individual flavanols, significant changes during ripening were
observed only in the case of procyanidin B1 in 2012, when a
decrease was found (Figure 4C).
Among anthocyanins cyanidin 3-O-galactoside, cyanidin-3-O-

arabinoside, cyanidin 7-O-arabinoside, cyanidin 3-O-xyloside,
and cyanidin 3-O-glucoside were identified and quantified.
Cyanidin 3-O-galactoside was the main cyanidin glycoside in
the “Braeburn” apple peels, while the cyanidin 3-O-glucoside
level was the lowest, findings which are in accordance with
those obtained by other autors.20,28,31 Cyanidin 3-O-galactoside
ranged from 89% at the beginning of ripening to 81% of the
total anthocyanin concentration at the technological maturity of
apples. Cyanidin 3-O-glucoside with the concentration of 1% of
total anthocyanins became detectable 4 weeks before
technological maturity of the apples. Other cyanidin glycosides
were each present at 8% or less of the total anthocyanin
concentration and their percent increase during the advanced
ripening. In 2012 anthocyanin synthesis probably started
shortly prior to our first sampling, since at first sampling the
measured concentration of total anthocyanin was just 0.89 mg
kg−1 FW. However, the intensive onset of anthocyanin
accumulation occurred in both years approximately at the
same time somewhere between 3 and 2 weeks before the
technological maturity of apples (Figure 3C,E).
Total phenolic content was relatively constant during

advanced ripening, and no significant changes were observed
neither in 2011 nor in 2012 (Figure 3F). The average content
(mg GAE kg−1 FW) in 2012 ranged from 1578.33 to 1923.73
and was higher than in 2011 when varied between 1062.40 and

Table 1. Identification of Phenolic Compounds in Apple Peels in Positive and Negative Ions With HPLC-MS and MS2

peak
no.

[M-H]−

(m/z) Rtb MS2 (m/z) tentative identification standard expressed as compound class
detection
(nm)

1 577 6.33 425, 407, 289 procyanidin B1 yes procyanidin B1 flavanols 280 nm
2 289 7.70 245 catechin yes catechin flavanols 280 nm
3 353 7.84 191, 179 chlorogenic acid yes chlorogenic acid hydroxycinnamic

acids
280 nm

4 577 8.83 425, 407, 289 procyanidin B2 yes procyanidin B2 flavanols 280 nm
5 179 9.64 135 caffeic acid yes caffeic acid hydroxycinnamic

acids
280 nm

6 289 10.13 245 epicatechin yes epicatechin flavanols 280 nm
7 337 10.82 173 4-O-p-coumaroylquinic acid no p-coumaric acid hydroxycinnamic

acids
280 nm

8 567 19.2 273 phloretin-2′-O-
xylosylglucoside

no phloridzin dihydrochalcones 280 nm

9 435 21.6 273 phloridzin yes phloridzin dihydrochalcones 280 nm
10 609 16.44 301 quercetin-3-O-rutinoside yes quercetin-3-O-rutinoside flavonols 350 nm
11 463 17.09 301 quercetin-3-O-galactoside yes quercetin-3-O-galactoside flavonols 350 nm
12 463 17.54 301 quercetin-3-O-glucoside yes quercetin-3-O-glucoside flavonols 350 nm
13 433 18.69 301 quercetin-3-O-xyloside yes quercetin-3-O-xyloside flavonols 350 nm
14 433 18.19 301 quercetin-3-O-

arabinopyranoside
no quercetin-3-O-

arabinofuranoside
flavonols 350 nm

15 433 19.86 301 quercetin-3-O-
arabinofuranoside

yes quercetin-3-O-
arabinofuranoside

flavonols 350 nm

16 447 20.24 301 quercetin-3-rhamnoside yes quercetin-3-rhamnoside flavonols 350 nm
17a 449 6.56 287 cyanidin-3-galactoside yes cyanidin-3-galactoside anthocyanins 530 nm
18a 449 7.07 287 cyanidin-3-glucoside no cyanidin-3-galactoside anthocyanins 530 nm
19a 419 7.65 287 cyanidin-3-arabinoside no cyanidin-3-galactoside anthocyanins 530 nm
20a 419 9.29 287 cyanidin-7-arabinoside no cyanidin-3-galactoside anthocyanins 530 nm
21a 419 9.56 287 cyanidin-3-xyloside no cyanidin-3-galactoside anthocyanins 530 nm

a[M+H]+ (m/z) anthocyanins were obtained in the positive ion mode. bRetention time.
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1347.24. Differences in the TPC between the years were so
similar to those previously observed in several phenolic groups.
Great differences in the total phenolic content between the
seasons have already been reported by Lata et al.13 in many
apple cultivars.

■ DISCUSSION

Firmness and soluble solids content (SSC) are two important
quality parameters in determining fruit maturity and harvest
time, and represent key parameters in assessing and grading the
postharvest quality of apples.32 The loss of fruit firmness during
advanced ripening is a consequence of many cellular events
which are influenced by external factors,33 whereas the
increases in soluble solids during the ripening would likely be
attributed to the hydrolysis of the starch component in the
unripe apples.34 The increase of the fruit weight during the fruit
development of the apples is due to the cell division and cell
enlargement and its pattern shows a typical sigmoid pattern.35

However, during the advanced maturation, the growth curve

becomes much more flat, which is largely conditioned by apple
cultivar, growth conditions and number of fruits harvested on
the tree.
Sugars (glucose, sucrose, and fructose) and organic acids

(citric and in particular malic acid) represent the most
important taste components in apples.1,2 The concentration
of glucose and fructose in 2012 fluctuated during the 5 weeks of
advanced ripening, whereas it decreased in 2011 (Figure 2B,C).
Our results, especially those in 2012 are consistent with the
findings of Ackermann et al.,25 who also found a decrease of
glucose and fructose during the advanced ripening, followed by
an increase approximately 2 weeks before the technological
maturity of apples. Sorbitol is the primary product of
photosynthesis mainly present in apple leaves and is trans-
ported to sink tissues such as fruit where being converted to
fructose.36 The increase in the fructose concentration during
the fruit ripening corresponded well with the decrease in
sorbitol concentration,21 which was not confirmed by our
results where no interconnection between the concentration of

Figure 3. Concentration (mg kg−1 FW) of total hydroxycinnamic acids (A), dihydrochalcones (B), flavonols (C), flavanols (D), anthocyanins (E),
and total phenolic compounds (mg GAE kg−1 FW) in “Braeburn” apple peels in 2011 (◊) and 2012 (■) at different sampling dates during the
advanced maturation of apples. Means and their standard errors are presented (n = 5). Different letters (a−d) denote statistically significant
differences between sampling dates within each year (Duncan test, p ≤ 0.05).
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sorbitol and fructose was found. However, the continued
increase in the sucrose concentration after the fructose
accumulation stopped support the suggestion of Berüter37

that part of the increase in sucrose before the fruit harvest
might have been synthesized from fructose via sucrose synthase.
In our study sucrose was the only individual sugar which
increased during the advanced maturation and also the only
one with the same developmental pattern in both years (Figure
2A). The accumulation of the sucrose during advanced ripening
resulted most probably from sucrose that was transported from
the leaves on the one hand and newly synthesized sucrose via
sucrose phosphate synthetase and/or sucrose synthase on the
other hand.21 The sucrose increase during apple ripening has
also been observed in some other apple varieties.21,25 So it
appears that among individual sugars sucrose is at least
influenced upon many external factors, including apple cultivar,
climate, and growth conditions.
Malic and citric acid concentrations decreased during

advanced ripening in 2012, whereas they showed less significant

changes in 2011 (Figure 2E,F). The decrease could be
attributed to a dilution effect caused by the mass increase
during the cell growth phase and/or increased respiration, since
malic acid is the principal metabolic substrate used in this
process.25,38,39 The developmental pattern of malic and citric
acids during advanced ripening was similar to those observed
from other researchers.21,25

With respect to hydroxycinnamic acids, dihydrochalcones,
and flavanols, no significant changes have been observed during
advanced ripening of “Braeburn” apples (Figure 3B,D) with the
exception of hydroxycinnamic acids in 2012 (Figure 3A), when
a significant decrease was found. Developmental patterns of
above-mentioned phenolic groups were very similar in both
years, showing small fluctuations, but the general tendency was
to slightly decrease during the advanced ripening of apples. A
relatively constant level of total catechins (catechin plus
epicatechin), phloridzin, and chlorogenic acid was observed
also by Awad et al.12 in the skin of “Elstar” and “Jonagold”
apples. With respect to oligomeric procyanidins generally a

Figure 4. The concentration (mg kg−1 FW) of chlorogenic acid (A), p-coumaric acid (B), procyanidin B1 (C), rutin (D), quercetin-3-O-galactoside
(E), and quercetin-3-O-rhamnoside in “Braeburn” apple peels in 2011 (◊) and 2012 (■) at different sampling dates during the advanced maturation
of apples. Means and their standard errors are presented (n = 5). Different letters (a−c) denote statistically significant differences between sampling
dates within each year (Duncan test, p ≤ 0.05).
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slight decrease was observed in our study, which is consistent
with the findings of Macheix et al.,40 but not in the accordance
with the result of Lister et al.,19 who found an increase of
procyanidins during the advanced ripening of “Splendour”
apples. Oligomeric procyanidins have attracted increasing
attention in the fields of nutrition and medicine due to their
potential health benefits observed in vitro and vivo.41

The concentration of anthocyanins and flavonols significantly
increased during the advanced ripening of “Braeburn” apples. In
both years the onset of rapid flavonol and anthocyanin
formation occurred somewhere between 3 to 2 weeks before
the technological maturity (Figure 3C,E). Similar to our
findings Lister et al.19 also reported that flavonol synthesis
coincided with an increased accumulation of anthocyanins.
Similar observations regarding the onset of anthocyanins were
also reported by Bizjak et al.28 and Awad and de Jager,14 who
also detected rapid anthocyanin accumulation in “Jonagold”
apples and “Braeburn” apples around 20 days before the
harvest. The accumulation of anthocyanins is rather dependent
on the temperature.42 Approximately three weeks before the
harvest the night temperatures dropped, whereas the day
temperatures still remained quite high (Figure 5). And just the
drop in the night temperatures may have stimulated
anthocyanins biosynthesis. Cold night temperatures followed
by warm day temperatures have already been reported to
stimulate anthocyanin synthesis in some apple cultivars.43 Awad
and de Jager14 and Whale and Singh44 suggested endogenous
ethylene being the trigger for anthocyanin biosynthesis. Similar
to our findings Lister et al.19 also reported that the increased
flavonol synthesis coincided with an increased accumulation of
anthocyanins. Regarding the co-ordination of synthesis it can
be assumed that during the advanced ripening the pool of
hydroxycinnamic acids and dihydrochalcones decreased in favor
with an increased synthesis of flavonols. A decrease in the pool
of hydroxycinnamic acids in favor of flavonols has already been
suggested by Mayr et al.45 Since leucocyanidin (flavan-3,4-diol)
is a common precursor for anthocyanidins and flavanols,3 the
slight decrease of flavanols found in our study could be on
account of the increased accumulation of anthocyanins. Finally,
a decrease of the astringent procyanidins coincided with an
increase of flavonols and anthocyanins indicate people and fruit
eating animals that an apple is suitable for use which makes an
important contribution to the seed dispersal and spread of
apple trees.
Within flavonoids, anthocyanins are the most important

group for the production of the red color of the apple peel,
which is of great commercial importance determining market

acceptance of apples.46 Although most of the phenolics are
reported to have an antioxidant activity, quercetin, a major
representative of the flavonol subclass, has been reported to
have structural advantages as antioxidant47 and contributes the
largest share to the total antioxidant capacity of apples.5

Recently, additional considerable attention has been paid to this
phenol since quercetin and its sugar-bound, or glycosilated
forms represent 60−75% of flavonoid intake.48 In the present
study we have demonstrated that in the “Braeburn” apple peel
anthocyanins as well as quercetin glycosides are mainly
accumulated during the last few weeks of advanced ripening
until the onset of the technological maturity of apples.
Therefore, viewed from marketing as well as from the health
points of view it is very important to pick the apples at their
proper technological maturity. Since accumulation of quercetin
glycosides and anthocyanin are strongly light/tree position
dependent,12 it is additionally very important that trees are
properly pruned and illuminated. Use of reflective foil
represents one of the efficient agro-technical measures that
can effectively increase light utilization in the apple orchard.49

On the basis of our results, we suggest that summer pruning,
orchard floor covering, applications of certain elements or plant
regulators and similar measures that have been designed to
improve the color and quality of the fruit should be performed
approximately 3−4 weeks before the expected technological
maturity of “Braeburn” apples, depending on the speed of an
effect of each measure.
With respect to the total phenolic compounds (TPC) no

significant changes during the advanced ripening were noticed
in our experiment in both years (Figure 2F). The polyphenol
content in the apples is strongly dependent upon their growth
conditions; thus, it is not surprising that different results have
been reported concerned with this issue. Similar to us, Zheng et
al.50 found out that TPC in the apples did not change
significantly and remained nearly constant during the last weeks
of apple ripening. On the other hand Blanco et al.51 and Campo
et al.52 reported different behaviors, depending on the apple
variety considered. However, when comparing and evaluating
these results it must be taken into account that in the study of
Blanco et al.51 and Campo et al.52 experiments have been done
on the cider apple varieties which generally contain much
higher levels of phenolics than table apples.23

In conclusion during the 5 weeks of the advanced ripening
and technological maturity as well the monomeric and
polymeric flavanols were the most abundant phenolic group
in the “Braeburn” apple peel, followed by flavonols,
dihydrochalcones, hydroxycinnamic acids, and anthocyanins,

Figure 5. Maximum day and minimum night temperatures recorded during the advanced ripening of “Braeburn” apples in the orchard of the
Biotehnical faculty in Ljubljana in 2011 (left) and growing center Maribor Gacnik in 2012 (right).
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the concentration of which in the last 2 weeks prior to
technological maturity exceeded the concentration of dihy-
drochalcones and hydroxycinnamic acids. We demonstrate that
during advanced ripening the concentrations of hydroxycin-
namic acids, dihydrochalcones, and flavanols remain quite
constant or slightly decrease. On the contrary an intensive
accumulation of quercetin glycosides and anthocyanins takes
place during this period, starting with the onset of rapid
formation approximately 3 weeks before the technological
maturity of apples. On the basis of our results, on summer
pruning of “Braeburn” apples, the orchard floor covering and
foliar applications of certain elements and similar measures
designed to improve the color and quality of the fruit should be
performed approximately 3−4 weeks before the expected
technological maturity of apples. However, similar studies over
a number of years should be performed on the basis of which it
could be more accurately determined when during the
advanced maturation of apples would be the best time that
these technological measures should be carried out.
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