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Abstract
A gas chromatography–mass spectrometry approach was employed to evaluate the use of
metabolite patterns to differentiate fruit from six commercially grown apple cultivars harvested in
2008. Principal component analysis (PCA) of apple fruit peel and flesh data indicated that
individual cultivar replicates clustered together and were separated from all other cultivar samples.
An independent metabolomics investigation with fruit harvested in 2003 confirmed the separate
clustering of fruit from different cultivars. Further evidence for cultivar separation was obtained
using a hierarchical clustering analysis. An evaluation of PCA component loadings revealed
specific metabolite classes that contributed the most to each principal component, whereas a
correlation analysis demonstrated that specific metabolites correlate directly with quality traits
such as antioxidant activity, total phenolics, and total anthocyanins, which are important
parameters in the selection of breeding germplasm. These data sets lay the foundation for
elucidating the metabolic basis of commercially important fruit quality traits.

Keywords
apple; correlation analysis; hierarchical clustering analysis; metabolomics; principal component
analysis; quality trait

INTRODUCTION
Apples (Malus × domestica Borkh.) are one of the most important tree fruit crops grown in
midlatitude climate zones. Attractiveness to consumers is determined by numerous factors,
including appearance, firmness, taste, and perceived health benefits.1 These quality traits are
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ultimately based on the metabolic makeup of a given fruit. For example, sweetness depends
primarily on the amounts and composition of various sugars and sugar alcohols, acidity is
determined mostly by the amounts and composition of organic acids, firmness is controlled
by the properties of chemically complex cell wall polymers, color is determined by the
quantity and composition of carotenoids and anthocyanins in the peel, and browning of fruit
tissue after cutting is associated with the oxidation of hydroxycinnamic acids.2–7 Potential
health benefits of apple fruit consumption are thought to result from the biological activities
of numerous phytochemicals, which are particularly enriched in the peel and include, among
others, polyphenolic metabolites and triter-penes.8

There are various targeted assays to quantitate specific classes of phytochemicals. The field
of metabolomics, in contrast, aims at quantitating all metabolites in a given cell, tissue,
organ, or organism.9 Although it is currently impossible to cover the entire metabolome of
apple fruit in a single analysis, there has been significant progress in the development of
technologies for the nontargeted analysis of relevant subsets of the metabolome. Whereas
nuclear magnetic resonance spectroscopy is an excellent choice for a first-pass analysis of
the more abundant metabolites, the majority of metabolomics studies with fruit employ a
combination of a chromatographic separation coupled to a mass spectrometric (MS)
detector.10,11 GC-MS-based metabolomics has been used successfully to assess phenotypic
differences in apple and pear fruit subjected to postharvest treatments, such as cold or low-
oxygen storage or irradiation with UV–vis light.12–16 Metabolomics using an LC-MS
platform was employed recently to assess the authenticity of fruit juices, including those
from apple.17 Metabolic changes during ripening have been studied by a metabolomic
analysis of strawberry fruit.18,19 Attempts have also been made to correlate metabolomics
data for apple fruit volatiles with quality traits and fungal infection.20–24 Füzfai et al.25

evaluated cultivar differences in sour cherry, apple, and ber fruits using GC-MS.
Metabolomic imaging techniques have been used to determine the spatial gradients of
metabolite accumulation in apple fruit.26

In this study we obtained nontargeted GC-MS-based metabolomics data from fruit (peel and
flesh) of six commercially grown apple cultivars (‘Red Delicious’, ‘Golden Delicious’,
‘Cox’s Orange Pippin’, ‘Fuji’, ‘Gala’, and ‘Granny Smith’). Phenotypic variation (including
metabolite diversity) is ultimately dependent on interactions between genotype (in this case
the cultivar), the developmental stage of the fruit, and environmental factors (e.g., soil type,
weather, and management practices).27 To ensure that conclusions drawn from the statistical
analyses of metabolomics data obtained with various apple cultivars would be robust, we
collected fruit from two harvest years (2003 and 2008) and different commercial orchards in
Washington State. Using various statistical methods we demonstrate the utility of our
metabolomics approach to differentiate apple cultivars and correlate specific metabolites
with commercially relevant quality traits such as antioxidant activity, phenolic content, and
anthocyanin amounts.

MATERIALS AND METHODS
Chemicals

All authentic standards were purchased from Sigma-Aldrich (St. Louis, MO, USA) except
for maslinic acid, which was purchased from Cayman Chemical (Ann Arbor, MI, USA), and
α-tocopherol, which was purchased from Matreya (Pleasant Gap, PA, USA).

Fruit Provenance and Harvesting
Cultivars ‘Golden Delicious’, ‘Red Delicious’, ‘Gala’, ‘Fuji’, and ‘Granny Smith’ were
obtained from six commercial orchards in central Washington State (Yakima Valley and
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Columbia Basin) between August and October 2008. Also in 2008, ‘Cox’s Orange Pippin’
apples were obtained from three orchards located in western Washington and at Washington
State University’s R. B. Tukey Horticulture Farm in Pullman, WA, USA. Fruit from the
same cultivars (with the exception of ‘Cox’s Orange Pippin’) were also processed from a
2003 harvest (as a year-to-year control). In general, semiarid, mesoclimatic conditions
prevailed among all orchards. Trees were mature (>5 years) and on standard Malling
rootstocks. Similar crop loads were maintained to ensure marketable fruit size. Most soils in
the region have a sandy-loam texture of similar fertility, and therefore, fertilizer practices do
not vary appreciably for a given cultivar. Similar pest and pathogen pressures exist
throughout the region, with codling moth and powdery mildew being the principal insect
pest and pathogen, respectively. Thus, pest and disease management practices are similar
across the region.

Fruit was harvested at commercial maturity based on standard measurements (see the
Supporting Information) of flesh firmness, soluble solids concentration, starch–iodine index,
and the nonred, surface background color. Peel tissue from undamaged fruits of similar size
and color (separate biological replicates) was taken from the sun-exposed equator of the fruit
with a razor blade, finely chopped, and immediately frozen in liquid nitrogen. Flesh tissue,
without peel, was taken with a cork borer (15 mm diameter) at the sun-exposed equator of
the fruit (separate biological replicates). We limited our tissue sampling to a cylinder of
cortical tissue taken perpendicularly from the outer 10 mm of tissue. Given that this was
<20% of the distance from the surface to the center of the fruit, our sampling procedure
would be unlikely to have traversed the most conspicuous physiological boundary that
separates the cortical from carpel tissue (i.e., core) of the fruit. Flesh and peel tissue samples
(six biological and three technical replicates) were separately ground with a mortar and
pestle in the presence of liquid nitrogen and the tissue homogenates stored at −80 °C until
further analysis.

Fruit Maturity Measurements and Determination of Quality Trait Parameters
Apples (10–20) from each sample were weighed and their cortex firmness and soluble solids
concentration measured. Fruit cortex firmness after skin removal was measured with a 11
mm diameter, stainless steel cylinder on an automated Güss Fruit Texture Analyzer (model
GS-20, software version 5.0, Güss Manufacturing Ltd., Strand, South Africa) set at 16 mm/s
forward speed, 1.11 N trigger threshold, 10 mm/s measuring speed, 8 mm measure distance,
and 35 mm/s reverse speed. Soluble solids concentration was measured in juice expressed
from a 10 mm thick × 15 mm diameter cylinder of fruit cortical tissue taken just under the
skin with a digital refractometer (Atago model PR-101 Palette Refractometer, Atago Co.,
Ltd., Tokyo, Japan). Two measurements each of firmness and soluble solids were made at
the equator on opposite sides of each fruit. The starch–iodine index for individual fruit from
each sample orchard was evaluated using a previously reported method.28 Briefly, each fruit
was cut in half across the equator, sprayed with a potassium iodide solution, and incubated
for 5 min, and then its pattern of staining was compared to the Cornell starch–iodine index
chart for apples.

Antioxidant activity of hydrophilic and lipophilic fractions was measured by the end-point
2,2′-azinobis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS)/hydrogen peroxide/peroxidase
(horseradish peroxidase, HRP, type VI-A) method with modifications.29,30 Specifically, 100
mg of powdered, frozen apple tissue was extracted in 700 μL of 50 mM MES (pH 6.0) and
700 μL of ethyl acetate, mixed for 30 s, and centrifuged at 13000g for 10 min at 4 °C. The
organic (top) and aqueous (bottom) phases were separately transferred to new vials for
measurements of lipophilic and hydrophilic antioxidant activities (LAA and HAA,
respectively). For both fractions, 40 μL of 1 mM H2O2, 100 μL of 15 mM ABTS, and 10
μL of 3.3 U HRP were placed in 1 mL quartz cuvettes and gently shaken for 10 s, after
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which 830 μL of 50 mM phosphate buffer (pH 7.4) was added and mixed with a stir paddle.
Absorbance was monitored at 734 nm on a UV–visible spectrophotometer until stable (<10
s), and then 20 μL (for HAA) or 40 μL (for LAA) extract was added, mixed with a stir
paddle, and monitored at 734 nm until absorbance reached a minimum. HAA and LAA were
calculated from the absorbance difference and expressed on the basis of Trolox equivalents
from standard curves of 5 mM Trolox diluted in 50 mM MES buffer (pH 6.0) or 100% (v/v)
ethyl acetate, respectively, and measured as described for the samples. HAA and LAA were
summed to estimate total antioxidant activity (TAA) as Trolox equivalent antioxidant
capacity (TEAC).

Total phenolic (TP) compounds were measured with the Folin–Ciocalteu phenol (F–C)
reagent with modifications.31 Specifically, 1 mL of 80% (v/v) methanol was added to
powdered, frozen apple tissue (100 mg of peel or 250 mg of flesh) in microcentrifuge tubes.
Samples were mixed and allowed to extract for 1 h at room temperature and then overnight
at −20 °C, followed by centrifugation at 14000g for 20 min at 4 °C. The supernatant was
removed and extraction of the pellet was repeated twice as described above, with
supernatants being combined after each extraction and then made up to 4 mL with 80% (v/v)
methanol after the final extraction. TP compounds were assayed by adding 400 μL of
sample extract into two 15 mL tubes containing 600 μL of 80% (v/v) methanol, 5 mL of
10% (v/v) F–C reagent, and either 4 mL of saturated Na2CO3 (75 g/L) or 4 mL of water.
Tubes were thoroughly mixed and incubated at room temperature for 2 h. One milliliter
aliquots from the sample tubes containing Na2CO3 or water were added to 1.5 mL plastic
cuvettes, and the absorbance of each was measured at 760 nm in a UV–visible
spectrophotometer. The concentration of phenolic compounds was determined by
subtracting the absorbance of samples containing Na2CO3 from those not containing this
chemical, and was quantified as gallic acid (3,4,5-trihydroxybenzoic acid) equivalents based
on standard curves.

For the determination of total anthocyanin (TA) levels, powdered, frozen apple tissue (100
mg of peel and 250 mg of flesh) was extracted in 1 mL of 1% (v/v) HCl–methanol.32 After
incubation for 24 h at −20 °C, sample tubes were centrifuged at 14000g for 10 min at 4°C.
Extraction with HCl–methanol as above was repeated twice. Following centrifugation on
day 4, supernatants were decanted into 15 mL plastic tubes and made up to 3 mL volumes
with HCl–methanol. Anthocyanin concentrations were determined by measuring the
absorbance at 530 nm, expressed as cyanidin-3-O-galactoside equivalents based on standard
curves.

Tissue Processing and Extraction
Aliquots of 50–55 mg of frozen flesh or peel tissue were placed in a 1.5 mL Eppendorf vial,
assigned a randomized numerical identifier, and cryogenically milled to a fine powder for 2
min (MM301, Retsch, Haan, Germany). To each sample was added 1 mL of 70% aqueous
MeOH, and the mixture was vortexed for 1 min. Suspensions were flash-frozen in liquid
nitrogen, thawed in a 34 °C water bath for 2 min, and incubated for 30 min at 23°C. Samples
were centrifuged at 16000g for 5 min, and the resulting extract was removed and filtered
through a 0.45 μm PTFE cartridge filter. Extracts were dried under reduced pressure (EZ-
Bio, GeneVac, Gardiner, NY, USA), and the residue was suspended in 500 μL of H2O
(containing 0.1 mg/mL hydroxyproline as an internal standard) and 500 μL of ethyl acetate
(containing 0.1 mg/mL nonadecane as an internal standard) by vigorous mixing for 5 min.
For improved phase separation samples were centrifuged at 3220g. Aliquots of the nonpolar
ethyl acetate (300 μL) and polar aqueous (250 μL) phases were transferred to 2 mL
borosilicate glass vials and the extracts dried separately. The derivatization method for
metabolites was modified from that of Roessner et al.33 Briefly, 50 μL of pyridine
containing 20 mg/mL methoxylamine and 0.5 mg/mL each of pentadecane and docosane
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(retention time standards) was added to each dried residue and the mixture incubated for 30
min at 47 °C. After the addition of 50 μL of N-methyl-N-(trimethylsilyl)trifluoroacetamide
(MSTFA), samples were incubated for another 60 min at 47 °C. Each reaction mix was
transferred to a deactivated glass insert, which was then placed back in the original 2 mL
borosilicate glass vial. When samples were not analyzed directly, the dried residue was
stored at −80 °C before derivatization.

GC-MS Data Acquisition and Peak Identification
Using a CombiPAL autosampler (LEAP Technologies, Carrboro, NC, USA), 1 μL sample
aliquots were injected onto a fused silica column installed in a 6890N GC coupled to a 5973
mass selective detector (Agilent Technologies, Santa Clara, CA, USA). The GC was
equipped with a split/splitless liner with deactivated glass wool packing. Samples were
analyzed in the random order originally assigned for processing, and care was taken to
ensure that samples were on the autosampler for no longer than 12 h before injection. The
derivatized polar and nonpolar extracts of each sample were first injected in splitless mode
(GC-MS-3 method). The polar extract was also injected with a 50:1 split to analyze the more
abundant sugars and organic acids (GC-MS-4 method). The GC inlet temperature was set to
280 °C and the inlet pressure to 0.8 bar. The column used was a 30 m × 250 μm i.d., 0.25
μm, HP-5MS (J&W Scientific, Folsom, CA, USA) with a carrier gas flow of 1.3 mL/min.
The oven temperature program for the GC-MS-3 method (in splitless mode) involved an
initial temperature of 70 °C, a ramp of 2 °C/min to 220 °C, and a fast ramp of 4 °C/min to
300 °C, followed by a 14 min hold. The GC-MS-4 method (50:1 split injection) used an
oven temperature program with an initial temperature of 70 °C, a ramp of 2 °C/min to 220
°C, a ramp of 4 °C/min to 275 °C, and a fast ramp of 30 °C/min to 300 °C, which was held
for 5 min. All other conditions were the same as for the GC-MS-3 method. The MSD
thermal transfer line was set to 280 °C for both methods, and the MSD settings were as
follows: MS source at 230 °C, MS quadrupole at 150 °C, and scan range at m/z 50–550.
Data acquisition, instrument control, and peak quantitation were performed using the
ChemStation software package (rev E.01.00; Agilent Technologies, Santa Clara, CA, USA).
Analytes were tentatively identified on the basis of a comparison of retention indices and
mass spectra with those of authentic standards. For this purpose the NIST05 (National
Institute of Standards and Technology, Gaithersburg, MD, USA) and the Fiehn GC-MS
Metabolomics RTL Library (Agilent Technologies), as well as our own custom-built library,
were employed. For quantitation purposes a unique target ion was selected for each peak. A
custom report macro was generated to export raw data into a Microsoft EXCEL-compatible
format.

Data Processing and Statistical Analysis
Raw signal abundance values were log10-transformed and adjusted for internal standard
amount and original sample weight. Results for the three chromatographic runs per sample
(nonpolar extract, splitless; polar extract, splitless; and polar extract, split) were collapsed
into a single data set. Apple peel and flesh data sets were processed separately. Using the
EXCEL add-on StatistiXL (StatistiXL, Nedlands, WA, Australia), a factorial analysis of
variance (ANOVA) with Tukey post hoc tests was used to differentiate between the different
apple varieties. Components with an ANOVA P value >0.05 were eliminated and the
preprocessed data subjected to a principal component analysis (PCA) using StatistiXL. The
case-wise PCA scores for the first three principal components were uploaded into the Systat
13 software package (Systat Software Inc., Chicago, IL, USA) for three-dimensional
plotting. In addition, the ANOVA preprocessed data were range-scaled in Systat 13 before
being analyzed by hierarchical clustering algorithms (complete linkage and Pearson’s
correlation distance methods). To evaluate the correlation of fruit quality traits and apple
fruit metabolite patterns, the values from the fruit quality measurements were log10-scaled
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and integrated into the peel and flesh metabolite data matrices. A Pearson correlation
analysis was performed in Microsoft EXCEL using the StatistiXL add-in. Only correlations
that passed a Sidak multiple testing correction (P value ≤ 2.16 × 10–4) were considered to be
significant.34

RESULTS AND DISCUSSION
Analyte Extraction and Analysis

The GC-MS-based broad-spectrum profiling of plant metabolites involved in central
metabolism was first reported for the analysis of Arabidopsis thaliana leaves and potato
tubers.33,35 These pioneering methods were then adapted to interrogate the analogous subset
of the metabolome in various other plants, organs, tissues, and specialized cell types.36

Metabolomics has been used to evaluate metabolic changes associated with postharvest
storage conditions in apple.12–16 Our analysis deviated from these published tree fruit
extraction protocols in several important aspects:37 (1) we used a protocol that involves the
partitioning of analytes into a nonpolar organic phase and a polar aqueous phase; (2) a
shallow oven ramp (2–4 °C/min) was employed to ensure adequate separation of analytes;
(3) separate chromatographic runs were performed with a splitless injection to capture low
abundance metabolites in both the nonpolar (Figure 1A) and polar (Figure 1B) extracts; and
(4) high-abundance metabolites in the polar fraction were quantified after a 50:1 split
injection (Figure 1C). We tracked a total of 248 mass tags, of which 75 were quantified from
nonpolar extracts, 163 from polar extracts in splitless injection mode, and 10 from polar
extracts in 50:1 split injection mode.

Our GC-MS analysis covered a broad range of different metabolite classes, some of which,
for example, sugars (mono-and disaccharides), sugar alcohols, sugar phosphates, organic
acids, fatty acids, amino acids, and sterols, are routinely detected in GC-MS. However,
because of the relevance of polyphenolic metabolites in apple fruit, it is important to note
that we also detected flavan-3-ols (e.g., (+)-catechin and (−)-epicatechin), dihydrochalcone
glycosides (e.g., phloridzin), flavonols (e.g., quercetin), anthocyanidins (e.g., cyanidin),
anthocyanins (e.g., cyanidin-3-O-glactoside), and phenolic acids (e.g., chlorogenic acid).
Interestingly, although flavonoids and phenolic acids are most commonly analyzed by LC-
MS, their TMS derivatives were readily detectable in our analysis, thus greatly enhancing
the utility of the data, as these metabolites have been associated with antioxidant capacity
and other potentially health-related traits.39 Various additional unknown metabolites with
retention times and mass fragmentation patterns consistent with polyphenols or their
glycosides were detected, which is further evidence for a relatively broad coverage of the
metabolome.

Differentiating Tree Fruit Cultivars on the Basis of Principal Component Analysis
To reduce the complexity of our data set obtained with apple fruit harvested in 2008 (248
mass tags, 6 apple cultivars, 3–6 replicates per cultivar), normalized raw data (adjusted for
sample weight and internal standard loading) were log10-transformed, ANOVA-filtered (P <
0.05), and then subjected to a PCA. In the PCA model for apple peel extracts the case-wise
principal component (PC) scores for PC1, PC2, and PC3 were 25.6, 16.1, and 10.7% (total
of 52.4%) of the variance, respectively (Figure 2A). Highly positive loadings on the PC1
axis were obtained for ‘Red Delicious’ and, to a lesser extent, the ‘Fuji’ cultivar, whereas
the loading for ‘Granny Smith’ was strongly negative. The loadings on PC2 were highly
positive for ‘Fuji’ and negative for ‘Gala’. ‘Golden Delicious’ had the most positive loading
on PC3, followed by ‘Cox’s Orange Pippin’, whereas other cultivars had neutral to slightly
negative values. The replicates of each individual apple cultivar had similar scores for all
three PCs, although the scores differed significantly from cultivar to cultivar, thus leading to
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a separation of cultivars in a three-dimensional plot (Figure 2A). The standard deviation and
standard error of PC scores for different apple cultivars were smaller than the difference
between the means of PC scores between cultivars, indicating that the separation of cultivars
by PCA was statistically significant. The same analysis was performed with data acquired
from an apple fruit harvest in 2003 (with the exception that ‘Cox’s Orange Pippin’ was not
included). Once again, a separation of all apple cultivars was observed in a three-
dimensional PCA plot (Figure 2B). The loadings for each individual cultivar were different
from those obtained with fruit harvested in 2008, which could be a reflection of
environmental effects on metabolite abundances. In this context, it is important to note that
average maximum temperatures during the growing season (May–September) were
markedly different between 2003 and 2008, with maximum temperatures in 2003 being well
above average (i.e., +2.5–4.0 °C, except for May) and temperatures closer to average in
2008 (±1.5 °C).40 The fact that a statistical analysis enabled us to still capture cultivar-to-
cultivar variation demonstrates the robustness of our GC-MS metabolomics approach for
cultivar differentiation.

The PCA model for metabolites in apple flesh extracts gave case-wise PC scores of 25.3%
(PC1), 16.5% (PC2), and 11.3% (PC3) (total of 53.1%) of the total variance (Figure 2C).
Four cultivars were positively loaded on PC1 (in order of loading scores: ‘Gala’, ‘Cox’s
Orange Pippin’, ‘Fuji’, and ‘Red Delicious’), and ‘Golden Delicious’ had a slightly negative
score, whereas the loading of ‘Granny Smith’ was strongly negative. On PC2 ‘Red
Delicious’ and ‘Fuji’ had positive loadings, whereas the loadings of ‘Golden Delicious’,
‘Gala’, and ‘Cox’s Orange Pippin’ were negative. ‘Golden Delicious’ was the only cultivar
with a highly positive loading on PC3 and ‘Red Delicious’ the only one with a significantly
negative loading. A three-dimensional PCA plot (Figure 2C) based on apple flesh extract
data indicated that the six cultivars were generally distinguishable (lower variance between
replicates than cultivar-to-cultivar variance), but the separation was not as clear-cut as with
peel data. In particular, ‘Gala’ and ‘Cox’s Orange Pippin’ occupied partially overlapping
positions in a three-dimensional plot. A general separation of cultivars in a PCA plot was
also observed with fruit flesh from a 2003 harvest (Figure 2D), which again validates the
robustness of our analytical platform. One of the reasons the flesh samples did not cluster as
tightly as those obtained from peel might be that the flesh profile is dominated by sugars and
sugar alcohols (as discussed in more detail below), and these types of metabolites are fairly
similar in the flesh of fruit from different cultivars. In contrast, many of the natural products
of peel accumulate differentially in the cultivars investigated here (more details below), and
this natural variation is reflected in our data sets and statistical analyses (see the Supporting
Information).

Dissecting the Contribution of Individual Mass Tags to Principal Components
A further examination of the component loadings of apple PCA models by extracting
eigenvectors enabled an assessment of which individual mass tags were associated with
cultivar differences. The positive loadings of peel extracts from ‘Red Delicious’ and ‘Fuji’
on PC1 correlated with positive component loadings of triterpene/sterols, flavonoids,
phenolic acids, stearic acid, anthocyanins, and several carbohydrates. The strongly negative
loading of ‘Granny Smith’ on PC1 corresponded to negative component loadings for three
organic acids (malic, maleic, and citric acid) and several carbohydrates. The positive PC2
loading of ‘Fuji’ peel extracts correlated with positive component loadings of various
carbohydrates (including glucose and sorbitol). The strong positive loading of ‘Golden
Delicious’ peel extracts on PC3 corresponded to positive component loadings of myo-
inositol, several carbohydrates (some with unknown structure), a putative sugar phosphate,
and succinic acid. Consistently negative loadings on PC3 were detected for ‘Red Delicious’
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and ‘Granny Smith’, which correlated with the relative abundances of unsaturated fatty acids
(oleic and linoleic acid) and several carbohydrates (see Supporting Information).

The positive PC1 loadings of flesh extract data for several cultivars (‘Gala’, ‘Cox’s Orange
Pippin’, ‘Fuji’, and ‘Red Delicious’) correlated mostly with positive component loadings of
various mono- and disaccharides, whereas organic acids (malic and maleic acid) and several
carbohydrates contributed to the negative loading of ‘Granny Smith’. Positive PC2 loadings
of flesh (‘Red Delicious’ and ‘Fuji’) were associated primarily with positive component
loadings of several mono-and disaccharides as well as (−)-epicatechin. The moderately
negative PC2 loadings of all other cultivars were in accordance with negative component
loadings of myo-inositol, various organic acids (malic, succinic, and maleic acid), and two
amino acids (valine and pyroglutamic acid, which is formed from glutamate and glutamine
during derivatization). As in peel, the highly positive PC3 loading of ‘Golden Delicious’
was associated with high levels of myo-inositol and several carbohydrates. The component
loadings contributing to the negative PC3 loading of ‘Red Delicious’ were enriched in
flavan-3-ols ((+)-catechin and (−)-epicatechin) and various carbohydrates. The fairly strong
correlation of specific metabolite classes with cultivar loadings indicated that our
metabolomics data should be tested for correlations between metabolites and fruit traits (see
Supporting Information).

Correlating Metabolomics Data with Genetic Relationships among Apple Cultivars
To further interrogate our apple metabolomics data, we used, in addition to PCA,
hierarchical clustering analysis (HCA) as an complementary multivariate analysis approach
(Figure 3). A heat map (see the Supporting Information) was used as a graphical
representation of metabolomics data, where the individual values contained in a matrix of
cultivar replicates (x-axis) and metabolite abundances (y-axis) are represented with a color
code. For the peel data set, the replicates for each cultivar were placed in one clade,
indicating that the biological variation among fruits of one cultivar harvested at different
locations was less than the cultivar-to-cultivar variance. The clustering of peel samples
based on metabolite patterns sorted apple cultivars into two major clades (clade 1, ‘Fuji’,
‘Red Delicious’, ‘Gala’, ‘Golden Delicious’, and ‘Cox’s Orange Pippin’; clade 2, ‘Granny
Smith’; Figure 3A). Clade 1 split into two primary subclades: the first subclade contained
‘Fuji’, ‘Red Delicious’, and ‘Gala’, whereas the second subclade consisted of ‘Golden
Delicious’ and ‘Cox’s Orange Pippin’ (Figure 3A).

The clustering of flesh metabolomics data was not as clear-cut. A full separation of cultivars
was not achieved in all cases (i.e., one ‘Red Delicious’ sample clustered with ‘Fuji’ and one
‘Cox’s Orange pippin’ sample clustered with ‘Gala’). Another difference was that flesh
metabolite accumulation patterns of ‘Golden Delicious’ were more closely related to those
of ‘Granny Smith’ than those of other cultivars (Figure 3B). The chromatograms of flesh
samples were very much dominated by common mono- and disaccharides, which may be
one of the reasons for an insufficient separation of genotypes in this analysis, as discussed
before in the context of PCA.

Interestingly, the clustering of peel generally reflected the genetic relationships among apple
cultivars (Figure 3C). ‘Red Delicious’, ‘Golden Delicious’, and ‘Cox’s Orange Pippin’
belong to the founding clones.41 ‘Fuji’ was generated by crossing ‘Red Delicious’ with
‘Ralls Genet’ (not included in this analysis), and one would expect ‘Fuji’ to be positioned
near ‘Red Delicious’ (true for both peel and flesh clustering). The ancestry of ‘Gala’ is more
complicated. A cross of ‘Red Delicious’ and ‘Cox’s Orange Pippin’ generated ‘Kidd’s
Orange Red’. ‘Gala’ emerged from a further cross of ‘Kidd’s Orange Red’ with ‘Golden
Delicious’.41 In both the peel and flesh clusters, ‘Gala’ grouped with ‘Red Delicious’. In our
HCA of peel samples ‘Granny Smith’ formed an outgroup (Figure 3C). This could be due to
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differences in origins between apple cultivars. In terms of its genetics, ‘Granny Smith’ was
propagated 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.42

Correlating Metabolomics Data with Fruit Quality Traits
To obtain further insights into the metabolic basis of fruit quality traits, we correlated
metabolomic data with traditional fruit quality measurements for peel and flesh samples. An
almost perfect correction (R (Pearson coefficient) = 0.96, P value = 2.7 × 10−15) was
observed between total anthocyanin (TA) amounts and a peak at 96.7 min in the hydrophilic
extracts. The main anthocyanins in apple cultivars with reddish fruit skin had been described
as cyanidin glycosides.43,44 Because volatile derivatives of anthocyanins and other
polyphenols are amenable to GC-MS analyses,45 we purchased authentic standards of
candidate metabolites and, on the basis of retention time and mass fragmentation patterns,
were able to annotate several additional mass tags. Importantly, the above-mentioned mass
tag was identified as the trimethylsilylated derivative of cyanidin-3-O-galactoside (Figure
4A).

The total antioxidant activity (TAA) measurements for peel tissue correlated with two
flavan-3-ols, (−)-epicatechin (R = 0.84, P = 4.28 × 10−8) and (+)-catechin (R = 0.68, P = 9.9
× 10−5) (Figure 4A), cyanidin-3-O-galactoside (R = 0.83, P = 6.62 × 10−8), and several as
yet unidentified metabolites with mass spectra characteristic for polyphenols. (−)-
Epicatechin and (+)-catechin contributed most prominently to the antioxidant activity of
lipophilic metabolites, whereas cyani-din-3-O-galactoside was the most highly correlated
hydrophilic metabolite. The correlation of TAA with flavan-3-ols is in agreement with prior
work.46 The contribution of cyanidin-3-O-galactoside to TAA is particularly relevant in
apple varieties with reddish fruit skin (most prominently in ‘Red Delicious’). We calculated
a weaker correlation between TAA and the flavonoids quercetin (P = 0.005) and phloridzin
(P = 0.02) than reported previously.46 It is conceivable that these discrepancies are due to
the fact that many of the phenolic glycosides in our analysis have not yet been identified.
The fact that the majority of peaks remain unidentified is a general challenge with
metabolomics approaches and limits their utility with regard to linking metabolites with
traits. To project the field beyond the proof-of-concept stage, it will thus be important to
increase the coverage and identification of analytes in metabolomics analyses. Common data
repositories and searchable databases are a first step in this direction.47,48

The values for peel total phenolic (TP) content correlated with a larger number of
metabolites, some of which do not correspond to known metabolites in our in-house
database. The list of true polyphenolic metabolites with high correlation coefficients
contained cyanidin-3-O-galactoside (R = 0.75, P = 6.35 × 10−6) and (−)-epicatechin (R =
0.67, P = 1.5 × 10−4) (Figure 4B). However, several other highly correlated metabolites had
retention times and mass spectra indicative of sugars (mono-and disaccharides). The very
high concentrations of sugars in apple fruit obviously interfered with the Folin–Ciocalteu
assay for phenolic content, which is a well-known problem with this method.31

In the apple fruit flesh data set, there was a much weaker correlation between TA, TAA, and
TP with any of the detected metabolites, which is probably the result of lower flesh antho-
cyanin levels in the selected cultivars (compared to peel) and the generally low antioxidant
activity of flesh.49,50 The only metabolite that correlated significantly with TAA was myo-
inositol (R = 0.64, P = 1.9 × 10−4) (Figure 4D). Although myo-inositol has not been
demonstrated to exert strong antioxidant activities, it is the biosynthetic precursor for
ascorbic acid,51 a well-established antioxidant of apple flesh.49 In this context it is important
to note that ascorbic acid was not reported in this study as the quantitation was unreliable
due to a coelution with the much more abundant monosaccharide fructose.
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The LC-MS analysis of fruit extracts from a segregating F1 population of a cross between
apple cultivars ‘Prima’ and ‘Fiesta’ was used previously to integrate metabolite data with the
existing reference genetic linkage map, thus allowing the mapping of metabolite quantitative
trait loci (mQTL).52,53 The same approach was used successfully to map mQTLs for apple
fruit volatiles.54 Apple linkage group 16 was found to contain an mQTL hotspot for various
phenylpropanoid metabolites, which correlated with the location of genes putatively
involved in the phenylpropanoid pathway.53 This knowledge can now be used in marker-
assisted breeding, which should be greatly aided by the available apple genome sequence.55

The here presented GC-MS approach could be used in an analogous fashion to discover
markers for breeding, with a particular emphasis on quality traits. It is conceivable that
potentially health-related traits in tree fruit could become marketable in the future, and a
good understanding of the metabolic basis of these traits would thus be desirable. We
focused our current study on TA, TAA, and TP, but it is obvious that metabolite
composition also underlies other important fruit quality traits such as firmness, soluble
solids (Brix), starch–iodine index, and postharvest stability,56 and approaches such as the
one described here have the potential to contribute to unraveling the metabolic networks
regulating these traits.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Representative GC-MS total ion current chromatograms of apple peel extracts: (A) nonpolar
fraction (splitless injection); (B) polar fraction (splitless); (C) polar fraction (split 50:1).
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Figure 2.
Principal component analysis of metabolomics data from extracts of (A) apple fruit peel
(harvest 2008), (B) apple fruit peel (harvest 2003), (C) apple fruit flesh (harvest 2008), and
(D) apple fruit flesh (harvest 2003). PC, principal component. Symbols are used to indicate
loadings for different apple cultivars: ‘Golden Delicious’, yellow squares; ‘Gala’, light blue
triangles; ‘Red Delicious’, red diamonds; ‘Fuji’, dark blue triangles; ‘Granny Smith’, green
circles; ‘Cox’s Orange Pippin’, orange pentagons.
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Figure 3.
Hierarchical clustering of metabolomics data from extracts of (A) apple fruit peel and (B)
apple fruit flesh. (C) Outline of the genetic relationships between apple cultivars.
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Figure 4.
Correlation analysis of quality traits and the relative amounts of specific metabolites in apple
fruit: (A) total anthocyanins (TA) in peel; (B) total antioxidant activity (TAA) in peel; (C)
total phenolics (TP) in peel; and (D) TAA in flesh. Cyanidin-3-O-galactoside, black
diamonds; (−)-epicatechin, green circles; (+)-catechin, yellow triangles; mass tag BML-
GCMS3-E1-34.10-348.1, light blue squares with cross; mass tag BML-GCMS3-
H1-87.68-525.3, red squares; mass tag BML-GCMS3-E1-32.46-348.1, purple hyphen; mass
tag BML-GCMS3-H1-100.34-394.1, orange ×; and myo-inositol in flesh (D).
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