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Abstract The objective of this study was to explore the
utility of the phenolic pattern (1) to differentiate or asso-
ciate between cultivars with a different or same genetic
background respectively and (2) to assess some important
quality traits (color, disease resistance, and browning) in
apple fruit. A unique set of cultivars/candivars occurring in
Belgium were selected for this survey. It was possible to
segregate the studied apple cultivars/candivars into three
clusters: red-flesh apple candivars, classic/new cultivars
and candivars and heritage apple cultivars. It was found
that the heritage apple varieties selected for their disease
resistance and cultivated under organic agricultural

Electronic supplementary material The online version of this
article (doi:10.1007/s11306-014-0730-2) contains supplementary
material, which is available to authorized users.

D. De Paepe - D. Valkenborg - B. Noten - K. Servaes -

L. Diels - S. Voorspoels

Business Unit Separation and Conversion Technology (SCT),
Flemish Institute for Technological Research (VITO),
Boeretang 200, 2400 Mol, Belgium

D. De Paepe (<)) - M. De Loose - B. Van Droogenbroeck
Technology and Food Sciences Unit (T&V), Product Quality and
Innovation (PI), Institute for Agricultural and Fisheries Research
(ILVO), Burgemeester Van Gansberghelaan 115/1,

9820 Merelbeke, Belgium

e-mail: depaepedomien@gmail.com;

domien.depaepe @ilvo.vlaanderen.be

D. Valkenborg

Business Unit Quality of the Environment (MRG), Flemish
Institute for Technological Research (VITO), Boeretang 200,
2400 Mol, Belgium

D. Valkenborg

Interuniversity Institute for Biostatistics and Statistical
Bioinformatics, Hasselt University, Agoralaan 1,

3590 Diepenbeek, Belgium

practice demonstrate a remarkable different phenolic pro-
file. Furthermore, it was found that the phenolic makeup of
the peel could suggest the genetic relationships among the
apple cultivars. In conclusion, the knowledge of the phe-
nolic profile could be a useful instrument in breeding
programs to identify apples with better quality traits, pro-
cessing characteristics and health-benefiting effects.
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1 Introduction

The domesticated apple (Malus domestica Borkh., family
Rosaceae, tribe Pyreae), one of the world’s most ancient
and most widely cultivated temperate fruit, may have
originated in western Asia from natural hybridization
between several species, including the wild Central Asian
species Malus sieversii and the wild European crabapple
Malus sylvestris (Cornille et al. 2012). In the past, most
important commercial apples were selected by chance
seedlings and produced on small scales (Son et al. 2012).
This changed from the latter half of the twentieth century
by the introduction of intensive apple orchard systems
(Lammerts van Bueren and Myers 2011). In this process,
only the cultivars that were adapted to the new practices
were conserved and the old traditional cultivars (cultivated
before 1940) were abandoned (Van Treuren et al. 2010).
The current world production of about 70 million metric
tons/year is based on only a small number of cultivars:
‘Golden Delicious’, ‘Delicious’, ‘Cox’s Orange Pippin’,
‘Rome Beauty’, ‘Granny Smith’, ‘MclIntosh’, ‘Jonathan’,
‘Braeburn’, ‘Fuji’, ‘Gala’ and ‘Jonagold’ (van Nocker et al.
2012). This unbalance result in a reduction of diversity: of
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the 7,098 apple varieties documented as having been cul-
tivated between 1804 and 1904 in the United States, about
86 % has been lost (Richards et al. 2009).

In Europe, a rich heritage of apple fruit genetic resour-
ces is still present, either in traditional orchards or in
genebank collections. Several programs on conservation
and evaluation of indigenous apple tree genetic resources
have been conducted (van Treuren et al. 2010). Only a
fraction of these collections is used in a limited way in
breeding programs, in which often only a narrow genetic
pool of standard commercial cultivars is represented
(Kellerhals et al. 2012). Such focused selection programs
result in a decrease of the apple genetic background
diversity (Cornille et al. 2012). However, it has been rec-
ognized that conserving the genetic diversity in commer-
cial fruit species reveals a relevant and not substitutable
access to genetic resources encoding for fruit quality and
disease resistance traits, useful as raw material for breeding
(Tacopini et al. 2010).

In Belgium, a wide collection of 1,600 old apple culti-
vars, mainly from the 18th and 19th centuries, was estab-
lished progressively at the National Orchard Foundation
and Agricultural Research Centre of Gembloux (Kellerhals
et al. 2012). Until now, studying the phenotypic variation
of this germplasm was restricted to a systematic evaluation
of the resistance to most important fungal diseases (scab,
canker and mildew), and other characteristics of agronomic
interest (fruit quality, yield and storage ability). In this
way, the so called ‘R.G.F. varieties’ were selected, ancient
varieties which posses fairly resistant to several apple
diseases allowing organic cultivation (Lateur and Populer
1994). With the exception of vitamin C, only little attention
has so far been given to the exploration of metabolite
diversity (Cuthbertson et al. 2012). However, exploring the
metabolite makeup is essential in evaluating the potential
beneficial health effects and processing properties of apple
fruit. Furthermore, it could provide insight in the suscep-
tibility/tolerance against various apple diseases. In this
context, phenolic compounds, a large group of secondary
plant metabolites, have drawn attention in the last decades
(Kellerhals et al. 2012). Indeed, the presence of specific
phenolic compounds could be the underlying factor of low
susceptibility against the most important apple diseases,
such as scab (black spot), caused by Venturia inaequalis
(Petkovsek et al. 2010) and powdery mildew (rusty spot)
caused by Podosphaera leucotricha (Singh et al. 2010). In
addition, disease pressure, for example by the lack of
pesticides in organic cultivation, can lead to the production
and accumulation of an array of defence related phenolic
compounds, particularly in the skin which acts as a pro-
tective barrier between the plant tissue and its environment
(Petkovsek et al. 2010; Zhao and Rajashekar 2006). In this
way, the type of agricultural practice (conventional vs.
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organic) could affect the phenolic content of apple fruit.
However, the influence of this factor is still controversial in
literature for apple fruit and other species (Vanzo et al.
2013; Petkovsek et al. 2010; Zhao and Rajashekar 2006).
Other factors which could affect the phenolic profile of
apple fruit are: geographic origin, weather conditions
during harvesting season, rootstock, fruit position within
the canopy, crop load, fruit maturity stage, fruit part, dis-
ease status, and most importantly, genetic variation (Cey-
mann et al. 2012).

Therefore, the aim of this study was to explore the utility
of the phenolic pattern (1) to differentiate or associate
between cultivars with a different or same genetic back-
ground respectively and (2) to assess some important
quality traits (color, disease resistance, and browning) in
apple fruit. A representative set of 47 different apple cul-
tivars/candivars occurring in Belgium, comprising heritage
cultivars, commercial cultivars and novel selections was
studied. A variability study was performed to ensure that
the observed variation in phenolic profile could be sub-
stantially linked to the variation in genotype (cultivar).

2 Materials and methods
2.1 Plant material

An Euler representation of the selected apple cultivars and
candivars is given in Fig. 1. See Supplementary Data 1 for
more details. The ‘classical’ varieties chosen for this sur-
vey (besides the international references ‘Granny Smith’,
‘Gala’, ‘Breaburn’), represent about 70 % of the total
production of the dessert apple market in Belgium and are
selected because of their relevance to the commercial
cultivation. Several recently introduced -cultivars like
‘Nicoter’ (Kanzi®, 2002), ‘Nicogreen’ (Greenstar®, 2002)
and ‘Zari’ (2006) are selected for reasons of the growing
importance in the Belgian and European market and the
limited information about their phenolic content. Also
some candidate varieties from breeding programs (further
called ‘candivars’) are includes in this survey to evaluate if
there are differences in their phenolic profile to what is
currently on the market. Heritage cultivars, whose pro-
duction is gradually eroding in Belgium, are included
because their potential to be used in breeding programs. A
case example is the recent introduced cultivar ‘Belgica’,
which is a cross between the cultivars ‘Vlijtingse kraker’
and ‘Bellefleur de Hermée’. This ‘heritage varieties’
includes the so called ‘R.G.F. varieties’ as well as the
‘E.N.R. varieties’ which were tested over years for the
most important apple diseases (scab, cancer and mildew)
by Walloon Agricultural Research Centre (CRA-W, Wal-
lon, Belgium) and Regional Natural Space (Region Nord/
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Fig. 1 Euler representation of the properties of the selected apple
cultivars and candivars. The cultivars colored in red have been
cultivated under organic agricultural practice while the cultivars/

Pas-de-Calais, France) respectively, and which were found
to be fairly resistant allowing organic cultivation. To the
best of our knowledge, the phenolic profile of the following
cultivars was not yet reported: ‘Belgica’, ‘Rubinstep’, ‘Red
Jonaprince’, ‘Red Delcorf’, ‘Wellant’, ‘Zari’, ‘Delcorf’,
‘Alkmene’, ‘Argiliére’, ‘Reinette Descarde’, ‘Reinette de
France’, ‘Jan Steen’, ‘Calville de Saint-Sauveur’, ‘Gueule
de Mouton’, ‘Sabot d’Eysden’, ‘Jaque Lebel’, ‘Lombarts-
Calville’, ‘Joseph Mush’, ‘Président Henri Van Dievoet’,
‘Reinette Etoilée’, ‘Reinette des Capucins’, ‘Marie-Joseph
d’Othée’, ‘Reinette Bakker Parmentier’, and ‘Reinette de
Flandre’.

The 47 different apple cultivars analyzed were harvested
at optimal maturity in 2010 from different locations in
Belgium (Supplementary Data 1). All classical apple cul-
tivars and the recent cultivars ‘Appache’, ‘Wellant’,
‘Belgica’, and ‘Rubinstep’ were collected from the exper-
imental Orchard of the Department of Pomology of the
Belgian Research Station Fruit (‘PC Fruit’, Kerkom, Sint-
Truiden, 50°46’'N 5°08'E, altitude 78 m, loamy soil). The
trees were grafted on M.9 rootstocks (dwarf trees, 2-2.5 m
high) and grown under conventional agricultural practices,
expected ‘Rubinstep’, which was grown under organic
practices. All cultivars from breeding programs were
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candivars colored in black have been cultivated under conventional
agricultural practice. For further details, see Supplementary Data 1
(Color figure online)

harvested at the experimental orchard of a Belgian pro-
fessional breeder (‘Better3Fruit’, Rillaar, Aarschot,
50°58'N 4°53'E, altitude 21 m, sandy soil). The trees were
grafted on M.9 rootstocks (‘Jaune de Metz’) with interstem
of cv. ‘Golden Delicious’ (dwarf trees, 1.8-2.5 m high) and
grown under conventional agricultural practices. The her-
itage cultivars included in this study were grown at a pri-
vate orchard (‘Lombarts-Calville’, Voormezele, Ieper,
50°49'N 2°52'E, altitude 31 m, sandy loam soil), except
from ‘Reinette Bakker’, ‘Parmentier’, ‘Reinette de Flan-
dre’, ‘Marie-Joseph d’Othée’ which were harvested at a
private orchard of a tree nursery (“De Linde”, Kemmel,
Heuvelland, 50°47'N 2°49’ E, altitude 32 m, sandy soil).
The heritage varieties were all originating from standard
trees (Malus communis ‘Bittenfelder’ rootstock, interstem
‘Gueule de Mouton’, +4.5 m high, organic agricultural
practices), expected ‘Alkmene’ (MM.106 rootstock, half-
standard tree, 2.5-4.5 m high), ‘Jan Steen’ (M.26 root-
stock, half-standard tree, 2.5-3 m), ‘Marie-Joseph d’Othée’
(M26 rootstock, interstem of cv. ‘Golden Delicious’, half-
standard tree, 2.5-3 m), and ‘Reinette de Flandre’
(MM. 106 rootstock, without interstem, half-standard tree,
2.5-4.5 m high) which have other constellations. Only the
heritage cultivars ‘Marie-Joseph d’Othée’, ‘Reinette
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Bakker Parmentier’ and ‘Reinette de Flandre’ were sub-
jected to conventional agricultural practices.

2.2 Sampling and storage

For each apple cultivar, 12 visual healthy fruits were
sampled. For all classical cultivars, these 12 fruits were
picked out of three trees on the same orchard, growing on
a equidistant (13 trees x 1.5 m intertree distance) posi-
tion in a single row system (3.5 m interrow dis-
tance x 1.5 m intertree distance) of a non-randomized
block design, excepted cv. ‘Pinova’ and cv. ‘Delcorf’
which were picked out of three neighboring trees, in the
same single row system. The cultivars ‘Wellant’, ‘Ru-
binstep” and ‘Nicoter’ (from ‘PC Fruit’) were harvested
out of three trees growing in on a equidistant (5
trees x 1.5 m intertree distance) position in one row of a
monocultivar orchard (3.5 m interrow x 1.5 m intertree
distance). For the cultivars ‘Belgica’, ‘Red Delcorf’,
‘Nicogreen’, ‘Pinova’, ‘Zari’ and ‘Red Jonaprince’, 12
fruits were randomly chosen out of the whole production
harvest. All other cultivars were harvested from one tree
(one biological replicate). Where possible, equal amounts
of fruit from the sun and shadow side of the trees were
harvested from the outer periphery of the designated trees,
avoiding the tops and bottoms of the trees. Three recent
cultivars namely, ‘Nicoter’, ‘Nicogreen’ and ‘Zari’ were
harvested on two locations (‘PC Fruit’, ‘Better3Fruit’),
allowing us to estimate the variation caused by the dif-
ferences in environmental effects (geographic replicates:
climatic conditions during growth and soil). In order to
roughly estimate the variation that arises from differences
between trees growing under the same environmental
conditions, samples of ‘Nicoter’ were separately collected
from 6 different trees.

Fruits were loosely packed inside conventional modular
bulk containers and stored at O °C for 4 days. The air was
exchanged with fans to remove ethylene. Prior to freeze-
drying, all 12 fruits from each cultivars were peeled and
cored using a manual apple peeler (Préparation & Plaisir
C5550, JD Diffusion, France) for a reproducible peel
thickness of 3 mm. The samples (peel and flesh) were
immediately frozen in liquid nitrogen to avoid enzymatic
browning. Directly from the liquid nitrogen, the samples
were transferred into a freeze dryer with heated shelves at
25 °C (GAMMA 1-16 LSC, Martin Christ, Osterode am
Harz, Germany). Following the freeze-drying, the apple
peel and flesh were grounded in a commercial blender
(DP705 LA Moulinette, Group SEB, Fleurus, Belgium) and
consequently stored in an amber-coloured flask at —25 °C.
An inert atmosphere of N, gas was established in each
flask, avoiding rehydration, biological contamination, and
compound degradation.
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2.3 Measurement method

An ultrasound assisted consecutive extraction with MeOH/
H,0 (20/80, v/v) and 100 % MeOH on 0.5 g freeze-dried
material was carried out (De Paepe et al. 2013). The liquid
chromatographic (LC) system consisted of an Accela™
quaternary solvent manager, a ‘Hot Pocket’ column oven
(Thermo Fisher Scientific, Bremen, Germany) and a CTC
PAL™ autosampler (CTC Analytics, Zwingen, Switzer-
land). A reversed phase separation was performed on a
Waters Acquity UPLC™ BEH SHIELD RPI8 column,
with dimensions 3.0 x 150 mm, 1.7 pm (Waters, Milford,
MA). To protect the UHPLC column, an Acquity BEH
RP18 VanGuard pre-column, with dimensions 1.7 Im,
2.1 x 5 mm (Waters, Milford, MA) was coupled with the
analytical column. Elution was completed in 23 min with a
sequence of linear water-acetonitrile and a flow rate of 500
pL min~'. The UV spectra of all selected phenolic com-
pounds were recorded in the range of 220-400 nm using an
Accela™ photo diode array (PDA) detector. The UHPLC
system was coupled to an Orbitrap mass spectrometer
operating with an Ton Max™ ESI source (Thermo Fisher
Scientific, Bremen, Germany) in negative ionization mode
(ESI-). The software Xcalibur'™ version 2.2.1 (Thermo
Fisher Scientific, Bremen, Germany) was used for inte-
gration and calculations based on external standards.
Samples were analyzed in triplicate, and in random order.
Quality control (QC) samples were analysed after every six
unknown samples.

2.4 Data preprocessing

Identification and screening workflows were carried out
with ToxID 2.1.1.56 (Thermo Fisher Scientific, Bremen,
Germany) and Exact Finder Beta version (Thermo Fisher
Scientific, Bremen, Germany). Identification of the phe-
nolic compounds indicated with “MSI-level 1” in Table 1
was conducted by accurate mass retention time tags, UV/
Vis spectra and MS data (accurate mass, isotopic distri-
bution and fragmentation pattern with in-source fragments)
in negative-ion mode with those of the analytical standards
that were available (Phytolab, Vestenbergsgreuth, Ger-
many). Identification of the phenolic compounds indicated
with “MSI-level 2” in Table 1 was based on the MS data
(accurate mass, isotopic distribution and fragmentation
pattern with in-source fragments). Peak shape similarities
between putative corresponding ions (isotopes, in-source
fragments) were manually checked by means of the Qual
Browser module of the Xcalibur 2.2.1 acquisition software
(Thermo Fisher Scientific, Bremen, Germany) during the
identification process. Doing so, ions with both the same
apex location and similar peak shape are clustered into one
molecular entity. A summary of the parameters used to
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identify all phenolic compounds included in this study is
depicted in Table 1. Detailed identification characteristics
are given as supplementary data (Supplementary Data 2).
MS based quantitative workflows were carried out using
Xcalibur 2.2.1 (Thermo Fisher Scientific, Bremen, Ger-
many) software, by using extracted ion chromatograms from
Full-Scan Mass Spectra. Quantification was performed by
reporting the measured integration areas in the calibration
equation of the corresponding standard if available (indi-
cated with “MSI-level 1” in Table 1). If no analytical
standard was available, the calibration equation of a similar
compound was utilized for quantification of the corre-
sponding phenolic compound (indicated with “MSI-level 2”
in Table 1). p-Coumaronyl quinic acid was quantified by
p-coumaric acid, phloretin-2'-O-xylosylglucoside, 3-hy-
droxyphloretin-2'-O-glucoside and 3-hydroxyphloretin-2'-
O-xylosyl glucoside were quantified by phloretin-2’-O-glu-
coside, and (epi)catechin trimer, (epi)catechin tetramer, and
two (epi)catechin pentamers were quantified by procyanidin
B2. Compound identity was confirmed by close inspection
of the mass spectrometric profiles. Spectra that did not meet
the quality criteria were excluded from the data. A custom
report macro was generated to export raw data into a
Microsoft Excel compatible format. By using Microsoft
Excel (Microsoft, Redmond, USA), both ‘raw’ data sets (for
peel and flesh) were adjusted for dilution and original
sample weight. Concentrations below the corresponding
limit of quantification (LOQ) were replaced by the LOQ of
the relevant compound. As a result two ‘clean’ multivariate
data sets (for peel and flesh) were obtained, both consisting
of a 50 x 30 matrix, in which rows represented the apple
cultivars/candivars analyzed (50 objects: 47 different culti-
vars/candivars, 3 geographic replicates), and columns the
concentrations of 30 individual phenolic compounds.

2.5 Sources of variation

The ‘environmental variance’ (variation arising from
differences in environmental effects: weather and soil)
was estimated as the difference between the cultivars,
‘Nicoter’, ‘Nicogreen’ and ‘Zari’ from two locations ‘PC
Fruit’ and ‘Better3Fruit’. The ‘tree-to-tree variance’
which arises from differences between apples with the
same genetic background from different trees subject to
the same environmental conditions was estimated from
the separated analysis on ‘Nicoter’ samples collected
from 6 different trees on the same location (‘PC Fruit’).
The ‘technical variance’ or the sum of the ‘analytical
variance’ (error arise from differences during instrumen-
tal analysis) and the ‘sample work-up variance’ (error
arise from differences during sample work-up) was esti-
mated from triplicate measurements of the candivars
‘Ennoblement 1°, ‘Ennoblement 2’, ‘Ennoblement 3,
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‘Ennoblement 4’, ‘Ennoblement 6°. Due to the composi-
tion of the studied ‘variety pool’, the possible variance
that arises from the difference in agricultural practice
could not be estimated in this study. To get insight into
the contribution of the studied sources of noise, all tech-
nical and biological repeats were included in both peel
and flesh datasets.

2.6 Data pretreatment

Data pretreatment was performed before conducting an
exploratory data analysis. In order to avoid a heterosced-
astic error structure in the data sets, several transformation
methods were tested for their effectiveness: Briggsian log,
square root, and Anscombe transformation (van den Berg
et al. 2006). With the aim to make phenolic compounds
comparable to each other when studying the variation
between the cultivars/candivars by means of principal
component analysis, large differences in offset between the
mean concentrations of high and low abundant phenolic
compounds in both peel and flesh data sets were removed
by means of column-wise arithmetic mean centering. To
make the variation study more independent from the
abundance of the phenolic compounds, several column-
wise normalization (scaling) methods were tested (van der
Werf et al. 2005). Due the fact that some phenolic com-
pounds were quantified with the sensitivity factor of a
similar compound, only scaling methods that results in
dimensionless datasets were considered: autoscaling, range
scaling, vast scaling and level scaling (van den Berg et al.
2006; van der Werf et al. 2005). The effectiveness of the
scaling methods with regard to the removal of the depen-
dency of the variable value (not proportional to their bio-
logical relevance) to the corresponding variance
contribution was studied by the correlation between the
rank of a phenolic compound based on the corresponding
mean concentration and fold change on the one hand, and
the rank based on the cumulative contributions of the
loadings on the first three principal components on the
other hand (van den Berg et al. 2006). To avoid that phe-
nolic compounds with large values contribute more to the
distance measure than variables with small values, column-
wise autoscaling was conducted before hierarchical clus-
tering was applied on both Briggsian log transformed peel
and flesh datasets. In order to allow direct visual repre-
sentation of the abundance of each phenolic compound
throughout the samples, a column-wise normalization by
scaling between 0 and 1 was conducted on the Briggsian
log transformed datasets. In the perspective to permit a
visual comparison of samples with a similar phenolic
profile, a row-wise normalization by scaling between 0 and
1 was applied on the Briggsian log transformed datasets.
All data pretreatments were conducted by using R
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statistical computing software version 2.15.2 (R Founda-
tion, Auckland, New Zealand).

2.7 Exploratory data analysis

Exploratory data analysis was used to search for natural
groupings of samples and to obtain an easy-to-under-
stand form, maximizing insight into the datasets (Cut-
hbertson et al. 2012). In order to provide a partial
visualization of data structure in a reduced dimension
while retaining the maximum amount of variability
present in data, principal component analysis (PCA) was
applied on Briggsian log transformed and column-wise
scaled datasets (Nyamundanda et al. 2010). To discover
structures in data, cluster analysis was used to assign the
different samples into groups such that the degree of
association between them was maximal if they belong to
the same group and minimal otherwise (Tikunov et al.
2012). In this study, k-means clustering (kMC) based on
the squared Euclidean distance was performed on the
scores of the observations to the first two principal
components after PCA for both peel and flesh datasets.
The number of clusters was determined based on the
‘Elbow’ method wherein the percentage of explained
variance is the ratio of the between-group variance to the
total variance (F test, & = 0.05). Furthermore, hierar-
chical clustering (HCA) based on maximum dissimilarity
(‘complete linkage’) was applied on the Briggsian log
transformed peel and flesh datasets. In order to further
detect underlying interrelationships, HCA based on the
squared Euclidean distance and maximum dissimilarity
was applied on column-wise autoscaled and Briggsian
log transformed datasets. To graphically visualize the
abundance of the different phenolic compounds
throughout the samples, heatmaps of the Briggsian log
transformed and column-wise normalized peel and flesh
dataset were employed. With the aim to visualize simi-
larities in phenolic profile between the studied samples,
heatmaps of the Briggsian log transformed and row-wise
normalized peel and flesh datasets were generated. All
data exploration methods were performed by using R
statistical computing software version 3.0.1 (R Founda-
tion, Auckland, New Zealand) with follow packages:
‘Bioconductor’ version 2.12 (PCA, kMC, HCA) and
‘pheatmap’ version 0.7.4 (heatmaps).

3 Results

Concentration of considered phenolic compounds in the
peel and flesh of the studied apple cultivars/candivars are
given in Supplementary Data 3 and Supplementary Data 4
respectively.

3.1 Data pretreatment

Due to nearly constant relative standard deviations of
technical error, it was possible to largely remove the het-
eroscedasticity in both peel and flesh datasets by applying a
Briggsian log transformation, which was not the case for
the square root and Anscombe transformation (Supple-
mentary Data 5 and Supplementary Data 6). Applying
different column-wise scaling methods on the Briggsian
log-transformed data sets demonstrates that range scaling
and autoscaling were able to remove the dependency
(expressed as Pearson’s correlation coefficient) of the rank
of the phenolic compounds, on both average concentration
and magnitude of the fold changes. This result was not
achieved for vast scaling and level scaling, which is in
conformity with the findings of van den Berg et al. (2006).
Furthermore, the variance explained by the first two prin-
cipal components in the PCA analysis is also affected by
the method of scaling: autoscaling and range scaling result
in similar explained variances (58.3 and 57.0 % respec-
tively), while vast scaling and level scaling result in higher
levels of explained variances (74.1 and 86.4 % respec-
tively). However, conducting k-means clustering on the
scores of the performed PCA on both datasets results in
only one cluster when using vast scaling and level scaling,
while autoscaling and range scaling delivers 3 separate
clusters. It was decided to perform auto-scaling before each
PCA and HCA.

3.2 Sources of variation

The result of the PCA, conducted on both peel and flesh
datasets including the technical and biological repeats, are
displayed in Figs. 2 and 3. The figures indicate the sample
scores and variable loading by means of a bidimensional
plot defined by the two first principal components. This
plot provides insight into the various sources of variation
that contribute to the total phenolic diversity in the eval-
uated set of apple cultivars and candivars. The technical
replicates (indicated with “M1, M2, ...” in Figs. 2 and 3)
of the candivars ‘EN1’, ‘EN2’, ‘EN3’, ‘EN4’, ‘EN6’ are
tightly grouped, indicating a very low amount of technical
variance. The replicates are also tightly linked in the cor-
responding dendrogram (Figs. 4a and 5a), which illustrates
that the variance among technical replicates is smaller than
differences between the biological variants. Furthermore,
the tree-to-tree replicates (indicated with “T1, T2, ...” in
Figs. 2 and 3) of ‘NCTR’ also group together. It should be
noted that additional tree-to-tree variation is present
besides the technical variation, leading to slightly more
dispersed data. This artifact indicates that there is few
heterogeneity between trees of the same genotype growing
under the same conditions (weather, soil, applied
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Fig. 2 k-mean clustering conducted on the score plot of the first two
principal components (PC1 x PC2) and of peel dataset including 47
different apple cultivars/candivars and 30 phenolic compounds. Red
filled circle cluster 1-red flesh, green filled diamond cluster

agricultural practice) and supports our hypothesis to dis-
regards the effect of the tree on the phenolic profile.
Finally, a grouping between the environmental replicates of
respectively ‘NCTR’, ‘NCGRN’ and ‘ZARI’ (indicated
with “El, E2, ...” in Figs. 2 and 3) can be observed,
although the dispersal between the environmental repli-
cates for each genotype is the result of the environmental
variation and the technical variation. This observation
suggests a relative low impact of environmental conditions
(weather and soil) on the whole phenolic profile, with the
constraint of possible small differences in growing condi-
tions between the two harvest places (locations ‘PC Fruit’
and ‘Better3Fruit’). A slightly increased heterogeneity can
be seen between the environmental replicates. The possible
influence of the type agricultural practice was not taken
into account in this variability study.

3.3 Distinction based on phenolic profile of the peel
data

Conducting k-means clustering on the scores of the per-

formed PCA (Supplementary Data 7) on the peel dataset
(Briggsian log transformation and column-wise auto-
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§ s
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2-ennoblement, new and classic, pink filled diamond between tree
replicates in cluster 2, blue filled diamond environmental replicates in
cluster 2, orange filled traingle cluster 3-heritage cultivars. For
explanation of abbreviations used, see Table 1 (Color figure online)

scaled) results in the segregation of the apple cultivars/
candivars into three clusters (explained variation 57.0 %)
(Fig. 2). A first cluster was formed by the red-flesh apple
candivars included in this study. Furthermore, it was pos-
sible to make a distinction between the classic/new culti-
vars and candivars (cluster 2) on the one hand and the
heritage apple cultivars (cluster 3) on the other hand. Large
difference in phenolic profile could be observed between
the mentioned clusters. Performing HCA on the columns of
the pretreated data delivers almost the same segregation
with more nuances (Fig. 4a).

The phenolic composition of the peel of the red-fleshed
apple candivars ‘EN1’, ‘EN2’, ‘EN3’, which all have a red
to dark-red skin, are typified by high amounts of chloro-
genic acid and caffeic acid and the lack of oligomeric
procyanidins and flavanols (Figs. 2 and Fig. 4b). In con-
trast with all studied classical/new cultivars and candivars,
the most abundant phenolic compounds in the peel of red-
fleshed apple candivars were not quercetin-glycosides, but
chlorogenic acid and caffeic acid (Fig. 4c). As for each
studied red colored apple cultivar/candivar, the main
anthocyanin identified in apple skin is cyanidin-3-O-
galactoside, while cyanidin-3-O-glucoside levels were very
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Fig. 3 k-mean clustering conducted on the score plot of the first two
principal components (PC1 x PC2) and of flesh dataset including 47
different apple cultivars/candivars and 30 phenolic compounds. red
filled circle cluster 1-red flesh, green filled diamond cluster

low (Fig. 4c). Based on the peel phenolic profile, the
candivars ‘EN6’ (intense red), ‘EN9’ (dark-red), and ‘EN4’
(purple) cluster together with the red-fleshed apple candi-
vars (Fig. 4a).

The phenolic composition of the peel of most classic/
new cultivars and candivars was typified by the flavonol
subclass, especially quercetin glycosides (Figs. 2 and 4b).
The most abundant flavonol in all studied genotypes of
cluster 2 (Fig. 2) is quercetin-3-O-galactoside, excluding
‘EN8’ where quercetin-3-O-rhamnoside dominates the
flavonol spectrum. For each cultivar/candivar of this group,
the content of quercetin-3-O-glucoside was larger than
quercetin-3-O-arabinoside. This observation is in contrast
with the heritage varieties group where the opposite
sequence was found (Fig. 4c). Noteworthy is the clustering
of “ZARI’, ‘NCGRN’, ‘RDLCF’ and ‘ENI11’ with their
corresponding ancestors ‘ELS’, ‘GOLD’, ‘GRSM’ and
‘DLCF’ (Fig. 4a). Furthermore, following our approach,
JNGLD’ could be combined in a cluster with its corre-
sponding color mutants ‘JNGRD’ and ‘RDJPR’ (Fig. 4).

The phenolic composition of the peel of heritage apple
cultivars is mainly characterized by phenolic compounds
out of the flavonoid subclasses flavan-3-ols, dihydrochal-
cones and procyanidins, and two hydroxycinnamic acids

2-ennoblement, new and classic, pink filled diamond between tree
replicates in cluster 2, blue filled diamond environmental replicates in
cluster 2, orange filled traingle cluster 3-heritage cultivars. For
explanation of abbreviations used, see Fig. 1 (Color figure online)

p-coumaronyl quinic acid and chlorogenic acid (Fig. 4b).
The most abundant dihydrochalcones found in heritage
cultivars were phloretin-2'-O-glucoside and 3-hydroxyph-
loretin-2'-O-glucoside, while the classical and new culti-
vars and candivars are more typified by phloretin-2'-O-
xylosylglucoside and 3-hydroxyphloretin-2'-O-xylosylg-
lucoside (Fig. 4b). Based on this segregating phenolic
profile, it was possible to cluster all studied heritage cul-
tivars with exception of ‘RBP’ by means of HCA (Fig. 4).

3.4 Distinction based on phenolic profile of the flesh
data

Applying k-means clustering on the scores of the per-
formed PCA (Supplementary Data 8) on the flesh dataset
results in the same segregation of the apple cultivars/can-
divars as derived from the peel datasets (explained varia-
tion 51.4 %) (Fig. 3). However, due to the difference in
phenolic profile between peel and flesh, other phenolic
compounds are responsible for these assignments (Fig. 5).
Both phenolic profiles of heritage cultivars as classic/new
cultivars and candivars are dominated by flavanols, flava-
nols and dihydrochalcones, although, based on the indi-
vidual representatives, differences could be observed.

@ Springer



748

D. De Paepe et al.

§
"2k

i3
—
° R

T T
v T I
B Tt i I

H

A H

moum|
300
whos|
motd
Mot
4
mowy]
151v08
a0
251v09
s
o
bivos
ol
va

wov)
nsano)
moano)
woano)

moAXHd

Fig. 4 Hierarchical clustering (a), heatmap on the column scaled (b), and heatmap of the row scaled (c¢) peel dataset. For

abbreviations used, see Table 1 and Fig. 1

EE

EEEEE]

§s3

%
i

]

{4

B30Eay

[T

e
oo
.
e
W

il

gz2222
111

g

i

R
———
|
[T

(NCTR_E:
it = =
c B eEcgfrpgpp “"® 2 E3 LE

T

i
Il

ood

¥
Mg
108300

151v08.
251v00
199,

MOAXHAH

e
moano)
woano)
vavano)
108
zawvos
ol
wWovio)
moiv]
s
movio)
moav

MoAXHd

1 i
Ioe =

06 =

0.4

a0
MoK
¥od
|
2
moim|
o 2

explanation of

onxHd|
meano
woano

[

vod|

oy

wvavano|
whos!
WD)
19 MHAH)

MSAXHaH

Fig. 5 Hierarchical clustering (a), heatmap on the column scaled (b), and heatmap of the row scaled (c) flesh dataset. For explanation of

abbreviations used, see Table 1

Based on HCA, it was possible to sort all studied heritage
cultivars into one group (Fig. 5a).

The phenolic profile of the flesh of heritage cultivars
was dominated by (—)-epicatechin, (+)-catechin and
caffeic acid, while the phenolic profile of the classic/new

cultivars and candivars excelled by the presence of

3-hydroxyphloretin-2’-O-glucoside, phloretin-2’'-O-xylo-
sylglucoside and 3-hydroxyphloretin-2’-O-xylosylgluco-
side (Fig. 5b). The phenolic profile of the flesh of red-
fleshed apple candivars is characterized by anthocyani-
dins cyanidin-3-O-glucoside, cyanidin-3-0O-galactoside

@ Springer

and protocatechuic acid which allows them to segregate

in a separated cluster (Fig. 3).

4 Discussion

4.1 Sources of variation

Within the selected ‘variety pool’, great variation was
observed in the distribution and composition of the mea-
sured phenolic compounds. This variation arises from the
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dependency of phenolic composition on the interactions
between genetic makeup, the developmental stage of the
fruit, and environmental factors (Treutter 2005).

In apple fruit, hydroxybenzoic acids are derived from
chorismic acid (salicylic acid) and 3-hydroshikimic acid
(protocatechuic acid and gallic acid), both intermediates
from the shikimate pathway which have L-phenylalanine as
an end product. All other phenolic compounds are syn-
thesized from L-phenylalanine through the phenylpropa-
noid pathway and flavonoid pathway. Chalcones,
flavanones, flavanonols, and flavanols can be considered as
intermediate products of phenylpropanoid pathway.
Anthocyanins, procyanidins, and flavonols are synthesized
via the flavonoid pathway, a branch of the phenylpropanoid
pathway (Takos et al. 2006). These complex biosynthetic
pathways involve a series of enzymes, which have been, as
well as the encoding genes, already functionally charac-
terized in apple fruit (Khan et al. 2012). The formation and
activity of these enzymes are determined by the maturity
stage, as well as internal (derived from genome differ-
ences) and several external (stress conditions existing
before and after harvest) factors (Slatnar et al. 2012).
Therefore, studying the variation in the phenolic profiles
engendered by genetic background apart from other influ-
ences is not feasible. However, based on low contributions
of the studied sources of noise (tree-to-tree and environ-
mental variation) and the harvest of all cultivars/candivars
at optimal maturity, which establish a sound basis for
equivalent comparison, it is possible to suggest that the
observed variability in both peel and flesh datasets could be
substantially linked to the variation in genetic background.

4.2 Distinction based on phenolic profile of the peel
data

Apple peel color is one of the most important factors to
determine apple market acceptance. In general, red culti-
vars are the most preferred, and within a cultivar more
highly colored fruits are favored (Telias et al. 2011). In red-
fleshed apple genotypes, which exhibit an intense dark red
skin color, cyanidin-3-O-galactoside represents the major
flavonoid but occurs in all red peel colored cultivars/can-
divars. This finding is in accordance with other studies
(Rupasinghe et al. 2009). Generally, the intensity and
pattern of anthocyanin accumulation in apple peels can be
affected by UV-B irradiation and low-temperature treat-
ment, but is connected to a large genetic component (Telias
et al. 2011). Several genes required for anthocyanin syn-
thesis in the skin of apple fruit were coordinately tran-
scribed in response to light exposure by means of the
transcription factor genes MdAMYB1 and MdAMYBA (Ta-
kos et al. 2006). However, the transcripts of some required
structural genes were found to be barely detectable in the

non-red skin cultivars but were, to a greater or lesser
extent, abundant in the red skin cultivars suggesting that
expression of these genes are controlled by a common
regulator that is defective in non-red skin cultivars (Honda
et al. 2002). This regulator is responsible for anthocyanin
in the peel of the studied genotypes including the red-fle-
shed candivars.

Beside cyanidin-3-O-galactoside, the hydroxcinnamic
acids chlorogenic acid and caffeic acid dominates the
phenolic profile of the studied red-fleshed candivars (Bal-
azs et al. 2012). It was found that caffeic acid and chlor-
ogenic acid exhibit intermolecular copigmentation with
cyanidins. Indeed, they meet the main prerequisite as the
copigment, containing a planar 7 electron rich ring, which
allows a large m-m overlap with the pyrilium ring of the
flavylium ion. The complexation of a copigment with an
anthocyanin causes a hyperchromic effect (increase in
colour intensity) and a bathochromic shift (red shift) (Sun
et al. 2010). This conjecture could be a molecular expla-
nation for the different shades of red in apple skin of the
studied red-fleshed candivars. The high levels of cyanidin-
3-0-galactoside, caffeic acid, and chlorogenic acid in the
candivars ‘EN4’, and ‘EN6’, which all have an intense red
and dark-red blush respectively, results in the clustering of
these candivars together with the other red-fleshed apple
cultivars. The remarkably lower content of cyanidin-3-O-
glucoside, chlorogenic acid, and caffeic acid in ‘EN9’
could be a possible indication for its purple-like blush.

The phenolic profile of the group of classic/new culti-
vars and candivars is typified by higher concentrations of
flavonols and lower concentrations of dihydrochalcones,
proanthocyanidins and chlorogenic acid. Interestingly, the
cluster analysis of the row-wise normalized peel dataset
correctly reflected the genetic relationships among the
apple cultivars ‘ZART’, ‘NCGRN’, ‘RDLCF’, ‘EN11’ with
their corresponding ancestors ‘ELS’, ‘GOLD’, ‘GRSM’
and ‘DLCF’ (Supplementary Data 9). ‘GD’ belongs to the
founding clones. The ancestry of ‘ZARI’ is quite compli-
cated. A cross of ‘GOLD’ and ‘Ingrid Marie’ (not included
in this analysis) generated ‘ELS’. Furthermore, a cross of
‘Jon Grimes’ (not included in this study) and ‘GOLD’
generated ‘DLCF’. “ZARI’ emerged from a further cross of
‘ELS’ with ‘DLCF’. As a consequence, ‘GOLD’ shows up
twice in the pedigree of ‘ZARI’. ‘NCGRN’ is a cross of
‘DCF’ and ‘GS’ and has ‘GOLD’ in his pedigree. One of
the ancestors of ‘EN11’ is ‘DLCF’. ‘GRSM’ was propa-
gated from a chance seedling of unknown identity, but it
has been suggested that Malus sylvestris may have been a
significant contributor to its gene pool (Harrison and Har-
rison 2011). ‘RDCLF’ is a color mutant of ‘DLCF’. All
constituents of the pedigree of ‘ZARI’ and ‘NCGRN’ have
a green to green/yellow background color, in some cases
with a red blush (case for ‘ZARI’, ‘EST’, ‘RDLCF’). As
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expected, “ZARI’ and ‘NCGRN’ are positioned near their
ancestors in both for the HCA on peel and flesh datasets
(Figs. 4 and 5). Especially for the peel dataset, a complete
subcluster with all constituents of the pedigree within the
cluster of classical and new cultivars and candivars could
be identified. Also a tight clustering of ‘JS’ with one of his
ancestors ‘RE’ was found (Supplementary Data 10). The
pedigree of ‘Alkmene’, ‘Pinova’, ‘Jonagold’, and ‘Jonag-
ored’ are given in Supplementary Data 11.

This metabolomic data analysis illustrates the conse-
quences of selection and breeding techniques used in
modern apple breeding. The repeated use of a limited
number of cultivars with good characteristics as breeding
parents, results in the narrowing of the genetic variation
encoding for different traits, as illustrated in this study for
diversity in the phenolic profiles. Furthermore, the utility of
metabolomics towards a tool for assessing the quality of
traits in apple fruit is confirmed (Cuthbertson et al. 2012).

The studied heritage cultivars (except ‘JS’, ‘CDSS’,
‘LC’ and ‘MJDT’) have shown resistance over years to the
most important apple diseases (scab, cancer, mildew).
Given the fact that phenolic compounds are involved in
disease defense, it could be expected that this group of
cultivars would exhibit a deviating phenolic profile, par-
ticularly in the skin which acts as a protective barrier
between the plant tissue and its environment. The cluster of
heritage cultivars was indeed typified by an elevated con-
centration of flavanols, procyanidins, dihydrochalcones and
hydroxycinnamic acids. There is evidence that, flavan-3-
ols and chlorogenic acid content are the highlighted criteria
affecting the resistance of apple fruits against scab disease
(Khanizadeh et al. 2006). Moreover, these compounds are
also inversely related with the powdery mildew incidence
in apple orchards (Singh et al. 2010). Furthermore, phlo-
ridzin, which represents the major dihydrochalcone in
heritage apples, has often been linked to resistance to
numerous diseases (Slatnar et al. 2010). Studies on apple
have shown that resistance to V. inaequalis responsible for
scab was related to the presence of this compound (Ha-
mauzu 2006). The fungus degrades phloridzin to its toxic
aglycone, phloretin. So, it could be suggested that the
typical phenolic composition of the heritage apple varieties
included in this study forms a partially explanation for
resistance to scab and powdery mildew. Indeed, most of the
heritage apple varieties (except ‘JS’, ‘CDSS’, ‘LC’ and
‘MJDT’) sampled from the collection orchards of Walloon
Agricultural Research Centre (CRA-W, Wallon, Belgium)
and Regional Natural Space (Region Nord/Pas-de-Calais,
France) are maintained for their excellent disease
characteristics.

It should be noted that the most (except ‘MJDT’ and
‘RDFL’) of the heritage cultivars were cultivated under
organic agricultural practices, while most of the classic/new
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cultivars and candivars were cultivated under conventional
agricultural practice. This could be also a possible expla-
nation for the deviating phenolic profile of the heritage
cultivars. Namely, phenolic compounds are involved in
plant defence against biotic stress factors, leading to the
production and accumulation of an array of defence related
phenolic compounds during disease pressure (Petkovsek
et al. 2010; Zhao and Rajashekar 2006; Mayr et al. 1997).
On this manner, the observed elevated phenolic content
some phenolic constituents in the heritage cultivars could be
the underlying factor of their low susceptibility against the
most important apple diseases, or the result of disease
pressure by the lack of pesticides use. In this study, no
conclusion can be placed in this context, by the fact that no
comparison is made between heritage cultivars cultivated
under conventional and organic practice. Moreover, the
comparison between conventional and organic agricultural
practice for heritage cultivars is hampered by the fact that
the most heritage cultivars mostly concern high stem trees,
whereby the application of conventional agricultural prac-
tice is impossible.

Several studies have been conducted to gain information
regarding the impact of the production method, organic
versus conventional (or under integrated agricultural
methods with controlled fertilizer and pesticides use), on
the phenolic content in apples and other fruit species
(Stracke et al. 2010). However, the results are inconsistent
in literature by the fact that the difference between both
agricultural practices seems to be dependent on the culti-
var, the harvest season, and the identity of individual
phenolic compounds taken into account (Valavanidis et al.
2009; Petkovsek et al. 2010). However it has been found
that the production method appears to have only a small
impact on the phenolic content in comparison with cultivar
differences (Ceyman et al. 2013).

4.3 Distinction based on phenolic profile of the flesh
data

Whilst the majority of apples have white or cream flesh, a
small number of varieties have red flesh or pink flesh. In
contrast with the skin color where the transcription factor
genes MdAMYBI1 and MdAMYBA are involved, flesh color
is regulated by means of the transcriptor factor gene
MYBI10 (Telias et al. 2011). The transcription of some
required structural genes for anthocyanin synthesis in the
flesh of white-fleshed apple fruit is limited by levels of
MdMYBI10 (van Nocker et al. 2012). However, in red-
fleshed apple fruit, the structural genes involved in pro-
ducing anthocyanins were more highly expressed, forming
the genetic basis for the phenotypical difference between
red-fleshed and white-fleshed genotypes (Espley et al.
2007).
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Within the group of the current commercial varieties
and classical varieties, ‘NCGRN’ exhibits a distinct phe-
nolic profile. ‘NCGRN’ is characterized by an extreme low
chlorogenic acid, while the p-coumaronyl quinic acid
content is higher. As a result, a small chlorogenic acid to
p-coumaronyl quinic acid ratio is obtained which is an
important parameter in browning susceptibility. Namely,
chlorogenic acid is considered to be a preferential natural
substrate of the catecholase activity of polyphenoloxidase,
whereas p-coumaronyl quinic acid seems to be a compet-
itive inhibitor of this enzymatic activity. Furthermore, the
high content of high-molecular weight procyanidins in
‘NCGRN’ flesh could provide an additional anti-browning
effect (Le Bourvellec et al. 2004). It is therefore not sur-
prising that ‘NCGRN’ is known for his good resistance to
enzymatic browning after cutting, making this cultivar
suitable for processing fruit salads and bakery products.

5 Conclusion

In this study, a liquid chromatography—high-resolution
accurate mass spectrometry approach was employed to
explore the utility of the phenolic pattern to differentiate
between cultivars and to assess some important quality
traits (color, disease resistance, and browning) within a
unique variety pool of 47 apple cultivars. It was possible to
segregate the studied apple cultivars/candivars into three
clusters: the red-flesh apple candivars, classic/new cultivars
and candivars and the heritage apple cultivars. It was also
shown that heritage apple varieties selected for their dis-
ease resistance have a remarkable different phenolic profile
than the classic/new cultivars. This is a promising result
that must be confirmed with heritage cultivars cultivated
under the same conditions as the other studied cultivars/
candivars. Furthermore, several linkages could be made
between quality traits like color and resistance against
diseases and browning on one hand and the phenolic
makeup on the other hand. Moreover, it was found that the
phenolic makeup of the peel could suggest the genetic
relationships among the apple cultivars. The phenolic
profiles from the different apple cultivars and candivars
evaluated in the present study could help in (1) selecting
cultivars with a typical phenolic profile for quality traits or
disease resistance related breeding programs, (2) selection
of apple cultivars with better processing characteristics, (3)
selecting cultivars for studies designed to measure the
physiological effects of phenolic compounds. By the fact
that this study just use one biological replicate, the out-
comes of this study needs further validation by choosing
representative cultivars based on the results presented in
this manuscript.
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