Postharvest Biology and Technology 127 (2017) 76-87

Contents lists available at ScienceDirect

Postharvest Biology and Technology

journal homepage: www.elsevier.com/locate/postharvbio

A metabolomics approach to elucidate apple fruit responses to static @ Cosshark
and dynamic controlled atmosphere storage

Stefano Brizzolara®*, Claudio Santucci®, Leonardo Tenori¢, Maarten Hertog?,
Bart Nicolai®®, Stefan Stiirz', Angelo Zanella', Pietro Tonutti®

2 Istituto di Scienze della Vita, Scuola Superiore Sant’Anna, Pisa, Italy

b CERM, University of Firenze, Firenze, Italy

< Fondazione FiorGen ONLUS, Firenze, Italy

d Division of Mechatronics, Biostatistics and Sensors (MeBioS), Department of Biosystems (BIOSYST), KU Leuven, Leuven, Belgium
€ Flanders Centre of Postharvest Technology (VCBT), Leuven, Belgium

fLaimburg Research Centre for Agriculture and Forestry, Ora, Bolzano, Italy

ARTICLE INFO ABSTRACT

Article history:

Received 7 November 2016

Received in revised form 22 January 2017
Accepted 22 January 2017

Available online 3 February 2017

The response of apple fruit to storage conditions based on low oxygen protocols depends on their genetic
background. In order to elucidate common and divergent processes characterizing the metabolic changes
under hypoxia, fruit of two apple (Malus domestica) varieties (‘Granny Smith’, GS, and ‘Red Delicious’, RD)
were stored under two different low oxygen protocols (Ultra Low Oxygen, ULO, at 0.9 kPa oxygen, and
Dynamic Controlled Atmosphere based on chlorophyll fluorescence, DCA-CF, between 0.2 and 0.55 kPa
oxygen) for up to 200 and 214 days of storage for GS and RD samples, respectively. Through an integrated
metabolomics approach ('"H NMR, GC-MS, HS-SPME-GC-MS analyses) a total of 130 metabolites
(volatiles and non-volatiles) were identified. Most of them (117) were common to both cultivars; 95 were
significantly different between both cultivars when comparing the whole set of data (ULO + DCA-CF),
whereas 13 volatile compounds, identified via HS-SPME-GC-MS, were specific for either GS or RD.
Multivariate analyses (PCA and PLS) of the whole dataset allowed to clearly discriminate between GS and
RD samples. When storage condition was used as a categorical response variable, a lower percentage
explained variance was obtained as this effect was overshadowed by the large effect of storage time. After
4 months of storage, RD underwent more pronounced metabolic compositional changes of the cortex,
possibly associated with the evolution of ripening. Based on the accumulation pattern of pyruvate-
derived metabolites (ethanol, acetaldehyde, lactate, alanine) it can be hypothesized that there are two
main metabolic reconfiguration strategies in GS and RD to regenerate NAD* and cope with energy crisis
under hypoxia. GS showed more pronounced responses through changes in the nitrogen metabolism and
limited induction of the ethanol fermentation while the latter was highly induced in RD under both ULO
and DCA-CF. Marked differences were detected between the VOC profiles of the two cultivars regardless
storage conditions. Ethyl esters and 2-methylbutyl derivatives appeared finely modulated by the oxygen
level in GS and RD apples, respectively.
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1. Introduction Since the earliest commercial applications, the benefits of CA

technology in apple, as compared to regular atmosphere storage,

A decreased oxygen level, coupled with refrigeration and
increased carbon dioxide concentration, is commonly applied in
order to prolong the market life of fruits such as apples, kiwifruit,
and winter pears in so-called controlled atmosphere (CA) systems.

* Corresponding author at: Istituto di Scienze della Vita, Scuola Superiore
Sant’Anna, Piazza Martiri della Liberta 33, 56127 Pisa, Italy.
E-mail address: s.brizzolara@sssup.it (S. Brizzolara).
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are the delay of ripening and senescence and a better maintenance
of quality due to the synergistic effects of low temperature,
increased carbon dioxide concentration and reduced levels of
oxygen (Yahia, 2009). The discovery that oxygen concentrations of
around 1kPa improve storability has led to the worldwide
application of Ultra Low Oxygen (ULO, 0.8-1.2kPa) protocols
(Dilley, 2006). In general, these hypoxic conditions are maintained
from the beginning until the end of storage (static CA). This static
approach does not always provide optimal post-storage results
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(Prange et al., 2013). A further improvement of CA technology is
realised through the development of dynamic CA (DCA) in which
storage conditions change over time, to adapt to the changing fruit
physiology. With this technology, fruit are kept at oxygen
concentrations of 0.4-0.8 kPa (depending on the lowest threshold
tolerated by the different apple cultivars) that correspond or are
close to the anaerobic compensation point (ACP) where CO,
production reaches its minimum (Gasser et al., 2008; Hoehn et al.,
2009). The ACP can also be taken as the Lower Oxygen Limit (LOL)
that represents the concentration below which the fermentation
level becomes unacceptable, causing tissue damage and loss of
quality. While O, concentrations corresponding to or slightly above
the ACP results in reduced respiration and maximal storability of
apple fruit (Prange et al., 2003), the risk of severe quality losses due
to the anaerobic metabolism (e.g., fermentation) and stress
conditions increases; in this context, the evaluation of the fruit’s
metabolic activity becomes crucial. The typical parameters used to
monitor the fruit’s metabolic responses are ethanol production,
chlorophyll fluorescence (DCA-CF) and the Respiratory Quotient
(RQ-DCA) (Maxwell, 2000; Prange et al., 2002; Veltman et al.,
2003; Gasser et al., 2008; Bessemans et al., 2016). Based on these
physiological responses the oxygen concentration is set in order to
reach levels deemed “safe”.

As compared to ULO, the extremely low oxygen concentrations
used in DCA protocols have been effective in retaining firmness and
acidity in specific varieties such as ‘Holsteiner Cox’, ‘Boskoop’
(Hennecke et al., 2008), ‘Ariane’ (Gasser and Von Arx, 2015) and
‘Braeburn’ (Zanella and Rossi, 2015), and reducing the incidence of
storage disorders such as superficial scald as demonstrated in cv
‘Granny Smith’ (Zanella et al., 2005). However, DCA has not always
been as successful showing limited or no significant added effect of
DCA-CF over ULO in cvs such as ‘Topaz’, ‘Otava’ (Gasser and Von
Arx, 2015), ‘Fuji’ and ‘Gala’ (Zanella and Rossi, 2015). This indicates
that, within the same species, a pronounced variability is present
in terms of the capacity to reduce firmness loss in response to
postharvest low oxygen applications. This is probably due to
different hypoxia-related regulatory mechanisms present in apple
varieties. Slight changes in low oxygen concentrations may induce
different physiological and metabolic responses depending on the
genotypes. Zanella and Stiirz (2015) showed that, differently from
eight other varieties, ‘Red Delicious’ apple reacts significantly and
accumulates higher ethanol levels when stored in DCA-CF as
compared to ULO. Besides the main quality parameters, limited
information is available concerning the effects of different hypoxic
conditions on metabolic processes and composition profiling of
apples. Cukrov et al. (2016) recently reported that ‘Granny Smith’
apples stored at 0.4 or 0.8 kPa oxygen markedly differ in terms of
metabolic and transcriptome profiling. More than 1000 genes were
differentially expressed after 24 d of storage under these different
hypoxic conditions and the involvement of ethylene responsive
factors (ERFs) in modulating hypoxia-dependent gene expression
has been hypothesized. In addition to the observed difference in
terms of primary metabolism (e.g., pyruvate, ethanol) in ‘Granny
Smith’ (Cukrov et al., 2016), oxygen levels ranging from 1.0 to
0.5 kPa differentially affected the volatile profile of ‘Royal Gala’
with some negative aspects on ester production induced by the
lowest oxygen concentration (Both et al., 2014).

In this paper the results of a comparative metabolomics
approach on two apple varieties (‘Granny Smith’ and ‘Red
Delicious’) kept under two different oxygen protocols (static
ULO, at 0.9 kPa, and DCA-CF, between 0.2 and 0.55 kPa) throughout
6 months of storage are reported. The goal of this work was to
better clarify the responses of the selected cultivars, differently
sensitive to hypoxic conditions, to slight changes in terms of
oxygen level and to the different atmosphere management,

highlighting the differences that characterise both varieties and
storage protocols.

2. Materials and methods
2.1. Plant material and treatments

Apple fruit (Malus domestica Borkh., cv ‘Granny Smith’, GS, and
‘Red Delicious’, RD) were harvested in the province of Bolzano
(Italy) at the optimum harvest date for long-term storage,
according to the recommended maturity parameters for long
term CA storage by the Laimburg Research Centre for Agriculture
and Forestry [GS: Starch pattern index (1-5) 2.1-2.5, Firmness 67—
76 N, Total Soluble Solids: 10.0-11.0%; RD: Starch pattern index (1-
5) 2.0-2.5, Firmness 66-74 N, Total Soluble Solids: 11.0-12.0%]. In
case of GS, apple fruit were sampled in the commercial packing
house ‘OG Kaiser Alexander’ (Latitude: 46.4226°; Longitude:
11.3269°), whereby apples were harvested in a representative
orchard for the Adige valley (~200 m a.s.l.). RD were sampled in the
commercial packing house ‘GEOS’ (Latitude: 46.6262°; Longitude:
10.7646°), whereby apples were harvested in a representative
orchard for the higher altitude in the Venosta valley (=660 m a.s.l.).
After harvest, homogeneous fruit in terms of size and color were
selected and immediately pre-refrigerated at 2.5 °C for seven days
under normoxia (21 kPa, regular air), in order to simulate the room
filling time of commercial packing-houses. Afterwards fruit were
stored at 1.0-1.3°C and about 98% relative humidity. After one
week of acclimation to low temperature the first sampling (0 DIA,
days in atmosphere) was performed. Starting from this point the
level of oxygen was slowly lowered down from 21 kPa to about
0.9kPa in four days (4 DIA). Then a static 0.9kPa oxygen
atmosphere with 1.3 kPa (GS-ULO) or 1.5kPa (RD-ULO) carbon
dioxide concentration was applied (ULO treatments), whereas, for
the DCA-CF treatments, apples were kept under a dynamic oxygen
concentration, ranging between 0.2 and 0.55 kPa (GS-DCA-CF and
RD-DCA-CF). The experimental chambers for DCA-CF storage were
equipped with the HarvestWatch system (Satlantic Inc., Halifax, N.
S., Canada). It consists of the hourly assessment of chlorophyll
fluorescence (F-a) by means of FIRM (fluorescence interactive
response monitor, Satlantic Inc.) sensors during the whole storage
period on samples of six apples (DeLong et al., 2004). Supplemen-
tary Fig. S1A shows the oxygen levels applied throughout the
experimental period; the oxygen concentration was set dynami-
cally based on the chlorophyll fluorescence signal. Starting from 5
DIA the two varieties have been treated independently according
to the onset of the chlorophyll fluorescence peak.

In the GS-DCA-CF chamber, the chlorophyll fluorescence peak
appeared at 5 DIA at a level of 0.3 kPa that was maintained for one
day, after which the concentration was brought to 0.45kPa and
kept until 119 DIA. A rise of fluorescence was later detected again
and the oxygen level was raised up to 0.55 kPa (119 DIA), which was
maintained until the end of the experiment (200 DIA).

Similarly, for RD-DCA-CF samples, after one day at 0.9 kPa the
oxygen concentration was lowered to 0.4 kPa (5 DIA), thereafter (7
DIA) it was reduced to 0.2 kPa. The chlorophyll fluorescence peak
appeared one day later (8 DIA) when the oxygen pressure was set at
0.55 kPa and maintained until the end of the experiment (214 DIA).

Since no fluorescence peak was detected afterwards, that
oxygen concentration was maintained until the end of the trial. The
temperature of the storage chambers was maintained at 1-1.3°C
throughout the experimental period. For metabolomics analyses,
fruit samples were collected after 0,4, 5, 7,14, 21 and 26 (for GS and
RD samples, respectively), 35,119, 174 DIA. Supplementary Fig. S1B
shows the experimental design and the sampling collection times.
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2.2. Chemico-physical quality parameters

Quality parameters of fruit in terms of firmness (Newton), total
soluble solids (%) and titratable acidity (malic acid equivalent g/L,
MAeq g/L) were determined by means of the automated
instrument ‘Pimprenelle’ (Setop Giraud-Technologie, Cavaillon,
France), (Zanella and Werth, 2004). Besides harvest, internal fruit
quality was evaluated on a representative number of fruit (30,
otherwise 45) for both varieties at room opening and after 7 d of
shelf-life at 20°C and about 65% relative humidity.

2.3. Juice preparation

The freshly prepared juice was extracted from cortex tissue
using a domestic juice extractor (Efbe-Schott) at ambient
temperature. From each fruit 20 mL of juice were transferred into
a 50 mL plastic vial, frozen in liquid nitrogen and stored at —80°C.
Each sample consists of four biological replicates (four apples).

2.4. "H NMR analysis

A total of 144 samples (36 samples for each treatment and
cultivar) were studied using 'H NMR technique. Four biological
replicates, together with two technical replicates, were analysed
for each sampling time. For all biological replicates 540 L of juice
were mixed with 60 wL of sodium phosphate buffer (0.2M
NaH,PO, in 100% 2H,0, 10 mM TSP and 30 mM NaNs, pH 7.0). A
total of 450 L of the mixture was pipetted into 4.25 mm NMR
tubes (Bruker BioSpin srl). "TH NMR spectra for all samples were
acquired employing a Bruker 600 MHz spectrometer (Bruker
BioSpin) operating at 600.13 MHz proton Larmor frequency and
equipped with a 5 mm CPTI 1H-13C/31P-2H cryoprobe including a
z-axis gradient coil, an automatic tuning-matching (ATM) and an
automatic sample changer adopting the same approach and
settings used by Santucci et al. (2015).

2.5. GC-MS analysis of polar metabolites

For each sample 200 mg of frozen juice was mixed into a 2 mL
microcentrifuge eppendorf tube with 1 mL of ice-cold methanol
and incubated using a thermomixer at 70°C for 15min and
1400 rpm. After centrifugation at 30500g (RCF) for 20 min at 4°C,
100 pL of the supernatant was transferred to a new 1.6 mL micro
centrifuge tube and 50 L of the internal standard mix, containing
phenyl-3-p-glucopyranoside (3 g/L methanol) and 3-4 hydroxy-
phenyl propionic acid (0.1 g/L methanol), were added to the
supernatant. The samples were immediately dried under a stream
of nitrogen gas for approximately 50 min at 50°C. The dried
samples were redissolved in 120 wL of MOX (a solution of 20 mg
methoxyamine hydrochloride in 1 mL of pyridine) and incubated at
30°C for 60min while shaking. Finally, derivatization of the
mixture was achieved through incubation with 120 pL of BSTFA (N,
O-bis(trimethylsilyl)trifluoroacetamide) at 45 °C for 120 min while
shaking. For all the samples 1 L of the derivatized extract was
injected in the GC column of an Agilent GC-MS system (GC 7890
with a 5975 single quadrupole MS with electron impact ionization
source; Agilent Technologies, Palo Alto, CA, USA). Each sample was
analysed twice; a split (1:150) method was used for the abundant
compounds and a splitless method was exploited for the less
abundant compounds. A HP-5-MS capillary GC-MS column of 30 m
length, 0.25mm internal diameter and 0.25um film thickness
(Supelco, Bellefonte, CA, USA) was employed. The GC-MS setting
adopted concerning injector, interface, carrier gas (helium)
velocity, GC temperature program and mass spectra acquisition
were the same used by Hatoum et al. (2014).

2.6. HS-SPME-GC-MS analysis of aroma volatile compounds

The applied methodology is an adaptation of the protocol
employed by Vandendriessche et al. (2013a). Briefly, the frozen
apple juices were first thawed in a 15 °C water bath (SWB20, Haake
GmbH, Germany). For the analysis 3 mL of juice was transferred to
a 20 mL vial and 3 mL of 1 M NaCl buffer was added after which the
vial was transferred to the heating module of the autosampler for
incubation at 40°C for 2h. Subsequently, the apple volatile
compounds were sampled for 45 min by means of a solid phase
micro extraction (SPME) fiber (Supelco Inc., Bellefonte, PA, USA),
with a polydimethylsiloxane/divinylbenzene (PDMS/DVB, 1cm
long, 65pum thickness, 0.357 wL volume) sorptive coating.
Incubation and extraction time were selected based on prior
optimization tests to assess the achievement of a stable head space
and to check the stability of samples after this relatively lengthy
period. The fiber was desorbed into the injector of the GC set at
250°C for 5min. Analyses were performed using an Agilent
Technologies (6890N, USA) gas chromatograph equipped with an
autosampling device (MPS2, Gerstel Multipurpose sampler,
Germany). Volatiles were separated on a 30m x 0.25mm i.d.
capillary column (HP-5MS, 5% phenyl methyl siloxane) having a
film thickness of 0.25 pm. Helium was the carrier gas with a flow
rate of 1.2 mLmin~’. The GC oven heating started at 40°C and was
increased to 250 °C at a rate of 5°C min~! with a total analysis time
of 32.5min. Each sample was analysed in quadruplicate. For the
identification of the compounds a mass spectrometer (5973
Network Mass Selective Detector, Agilent Technologies) coupled
to the GC was used.

2.7. Statistical analyses

Considering the 'H NMR dataset, all resonances of interest were
checked manually, and signals were assigned on template one-
dimensional 'H NMR profiles by using matching routines of AMIX
7.3.2 (Bruker BioSpin) in combination with the BBIOREFCODE
(version 2-0-0; Bruker BioSpin) reference database and published
literature when available (Vermathen et al., 2011). The relative
concentration of each metabolite was calculated by integrating the
signals in the spectra. The significance (p-value <0.05) of
increasing/decreasing tendencies of metabolite levels in the two
storage conditions was assessed by the t-test (Witt and McGrain,
1985).

Each GC-MS chromatogram was deconvoluted using the
automated mass spectral deconvolution and identification system
(AMDIS, National Institute of Standards, Gaithersburg, MD, USA).
As far as derivatized samples were concerned, the compounds
identification was carried out by comparing the peak retention
indices (RI) and mass spectra against an home-built library of
commercial standards. Standards were purchased from Sigma-
Aldrich-Fluka (Diegem, Belgium; pyruvic acid, phosphoric acid,
glyceric acid, glutamic acid, alanine, [3-alanine, valine, asparagine,
serine, threonine, fucose, sucrose, galactose, glucose, fucitol,
sorbitol), Acros Organics (Geel, Belgium; lactic acid, succinic acid,
fumaric acid, quinic acid, aspartic acid, mannose, fructose,
cellobiose, erythritol, ribitol), Merck Chemicals (Overijse, Belgium;
malic acid, xylose) and VWR (BDH Prolabo, Leuven, Belgium;
mannitol). Quantification of the compounds was done using the
MSD ChemsStation software (Agilent Technologies, Palo Alto, CA,
USA) in order to collect the peaks areas. Raw peak area data were
normalized using the actual peak area of the internal standard
(phenyl (3-p-glucopyranoside).

Concerning the HS-SPME-GC-MS chromatograms, each peak
was identified by comparing the experimental spectra with those
of the National Institute for Standards and Technology (NIST98,
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Table 1

Chemico-physical parameters determined in GS and RD apples at harvest (T0O) and at the end of ULO or DCA-CF storage (after 200 DIA, GS, and 214 DIA, RD) + seven days of
shelf life at 20 °C. Firmness and TSS values are mean (+/— SE) of 30 and 45 replicates, for GS and RD, respectively. Titratable acidity values, expressed as malic acid equivalent
(g/L), are mean (+/— SE) of three replicates. Letters indicate t-test significance (p < 0.05).

Cultivar Storage condition Firmness (N) TSS (%) TA (MAeqg/L)

Red Delicious TO 69.55+6.67 a 11.37+0.67 a 290+0.10 a
ULo 46.40+6.57 b 12.73+0.70 b 2.50+0.11 b
DCA-CF 48364814 b 12.53+0.72 b 250+£011 b

Granny Smith TO 68.08 £5.49 a 9.63+0.71 a 8.73+0.25 a
ULO 64.06 +5.01 a 10.80£0.51 b 6.67+0.12 b
DCA-CF 67.98£4.51 a 10.90£0.85 b 6.57+0.15 b

Version 2.0, USA) data bank considering only results with 85%
matching or more.

TH NMR and GC-MS data together were analysed by means of
Principal Component analysis (PCA) and Partial least squares
analysis (PLS) on the normalized data of the storage experiment.
JMP software (JMP®, Version 12. SAS Institute Inc., Cary, NC, 1989-
2007) was used to run the PLS with the metabolites as predictor
variables and storage duration (0, 4, 5, 7,14, 21/26, 35,119,174 DIA),
storage condition (ULO and DCA-CF) and cultivar (RD and GS) as
response variables. All variables were mean centred and weighed
by their standard deviation to give them equal variance. The
Variable Importance in Projection (VIP) scores were exploited to
select those features that differed the most between the tested
cultivars and treatments (0.8 threshold value).

3. Results

3.1. Chemico-physical parameters of apples after different CA storage
protocols

Low oxygen conditions differently affected quality parameters
in ‘Granny Smith’ (GS) and ‘Red Delicious’ (RD) at the end of the
storage +7 days of shelf life at 20°C (Table 1). Compared to TO
(harvest) firmness was maintained in GS whereas a decrease in this
parameter was observed in RD apples. Although no significant
differences were detected between the two hypoxic regimes
applied, a trend of slightly higher firmness values in apples stored
under DCA-CF conditions was observed. Total soluble solids (TSS)
increased in both varieties after storage with no significant
difference between the two protocols. Compared to TO, the total
acidity (TA) in GS decreased in a more pronounced way, again,
showing no significant difference between the two storage
conditions for both cvs (Table 1). Also considering internal fruit
quality, no visible difference was observed between the two tested
storage conditions (data not shown).

3.2. Multivariate statistics: macroscopic differences between cultivars
and treatments

A total of 19, 55, and 56 compounds were identified using 'H
NMR, GC-MS, and HS-SPME-GC-MS analysis of the derivatized
extracts techniques, respectively (Supplementary Tables S1, S2 and
S3). Most of them (117 metabolites) were found in both cvs; 95 of
these were significantly different between the two varieties when
comparing the whole set of data (ULO + DCA-CF), while 13 volatile
compounds, identified via HS-SPME-GC-MS, were specific for GS
or RD. The data produced by the different analysis techniques was
collated and used for further multivariate statistical analyses.

A principal component analysis (PCA) of the whole
dataset allowed to discriminate among GS and RD samples along
principal component (PC) 1 (31.4%, Supplementary Fig. S2),
whereas only 14,1% of variance was summarized by the second
component, mostly related to the effect of storage time. Indeed, the

last two sampling dates (corresponding to 119 and 174 DIA) were
well separated (upper quadrants) between them and from the
remaining sampling points which was particularly evident for RD
samples (Supplementary Fig. S2). The PCA analysis did not show
any separation of the samples according to the applied storage
conditions.

Partial least squares (PLS) analysis confirmed the PCA results. In
fact, running a PLS using both cultivar and storage condition as
response variables and all the identified compounds as predictor
variables resulted in a clear separation between the two cvs, along
the first latent factor (32.3% of explained variability, Figs. 1 and 2),
while the storage condition was only responsible for a slight
separation along the second (8.7% of explained variability, Fig. 1A
and B) and third (8.0% of explained variability, Fig. 2A and B) PLS
factor. The second PLS factor explained better the difference
between ULO and DCA-CF for GS while the third PLS factor mainly
explained the difference between storage conditions for RD
samples. When running a PLS employing time as response
variable, the effect of storage time was again evident, particularly
considering the 119 and 174 DIA samplings, with 92.9% of the
variability explained by the first two latent factors (Supplementary
Fig. S3A and B). Compounds located on the right quadrants of the
graph were associated with long-term storage.

PLS analysis (Figs. 1B and 2B) showed that amino acids (alanine,
[B-alanine, glycine, serine, proline, threonine, asparagine), alde-
hydes (hexanal, 2-hexenal, 2(E)-hexenal, heptanal, 2-heptenal, 2-
octenal, nonanal, decanal), several ethyl, butyl and hexyl esters
(ethyl hexanoate, butyl butanoate, isobutyrate and hexanoate,
hexyl hexanoate, 2-hexyl methylbutyrate, 2-hexenyl acetate) and
terpenoids (3-carene, geranylacetone, pinene) appeared to be
associated to GS. It is worthy to note that the chemical classes of
amino acids, aldehydes and terpenoids were tightly grouped
together. Other important metabolites, such as malic, stearic and
glycolic acid, a-glucose, fucose, melibiose, fucitol, uridine and
epicatechin were more related to GS.

On the other hand, RD samples revealed higher levels of several
organic acids (chlorogenic, lactic, maleic, palmitic, phosphoric,
quinic, shikimic and threonic acid), sugars (arabinose, a- and
[B-galactose, maltose, melezitose, raffinose, xylose) and sugar
alcohols (sorbitol, myo inositol, meso erythritol). Considering
volatile compounds, RD samples were in general richer in esters
from all the different subgroups, namely butyl, ethyl, propyl, pentyl
and hexyl esters (butyl acetate and 2-methylbutanoate, isobutyl
butanoate, ethyl acetate, propanoate and tiglate, pentyl acetate, 2-
pentenyl acetate, hexyl acetate, and 2-methylbutyl acetate).
Several other compounds, such as GABA, acetaldehyde and
butyraldehyde were more abundant in RD samples.

The production of alcohols was more or less balanced between
the two cultivars. However, the selection of those variables that
contributed the most to the cultivar clustering indicated that some
alcohols were more abundant in RD apples (ethanol, butanol, 2-
methylbutanol, pentanol), while octanol was more correlated to GS
samples. A third group of alcohols (hexanol, 2-hexenol) did not
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Fig. 1. Partial least squares (PLS) analyses performed using the whole dataset. Score (A) and loading (B) plots representing the first and second PLS factors. Only the
compounds that mainly contributed to the clustering, according to Variable Importance in Projection (VIP) score, are included in this model: molecule relative intensities
were used as predictor variables while cultivar and storage condition together were employed as response variables.
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Fig. 2. Partial least squares (PLS) analyses performed using the whole dataset. Score (A) and loading (B) plots representing the first and third PLS factors. Only the compounds
that mainly contributed to the clustering, according to Variable Importance in Projection (VIP) score, are included in this model: molecule relative intensities were used as
predictor variables while cultivar and storage condition together were employed as response variables.

differ significantly between cvs. The presence of several cv-specific
aroma compounds, esters in particular, clearly contributed to the
separation. Pentanal was only present in GS while propyl, isobutyl,
2-pentenyl, 5-hexenyl, cis-3-hexenyl and benzyl acetate,
2,3-hexanedione, 2-ethylhexanol, benzaldehyde,

benzeneacetaldehyde, isovaleraldehyde and linalool were
detected only in RD. It is interesting to note that the ethyl esters,
except ethyl hexanoate, were clearly associated with RD and also
highly correlated to ethanol and acetaldehyde (Fig. 1B). In addition,
specific compounds, such as monoterpenes pinene and 3-carene,
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Fold changes of selected compounds, identified by '"H NMR and GC-MS analyses. Molecules included in this table showed significant differences between the two storage
conditions in at least one variety. Data of all sampling points (from 0 to 174 DIA) have been considered. Values in bold* are significant at p < 0.05. The fold change was
calculated according to the formula: FC = —log, (average ULO/average DCA-CF).

Significant Compounds

Granny Smith

Red Delicious

Equipment Technique Compound FOLD CHANGE ULO/DCA-CF

GC-MS Derivatization L-Proline 0.18* -041%*
Lactic acid —0.30% —0.03
Phosphoric acid —0.44% 0.23%
Glycine 0.33 —0.58*
Succinic acid —0.11 —0.25%
L-Serine 2.02% -0.57
Quinic acid 0.03 0.24*
Melibiose 0.01 0.26%*
Palmitic acid —0.09% 0.01

HS-SPME Ethyl acetate 0.89% 0.39

Ethyl propanoate 1.83% 0.02
Ethyl butanoate 1.70%* 0.14
Ethyl 2-methylbutanoate 1.79% -0.13
Ethyl tiglate 11.37% 0.36
Ethyl hexanoate 0.95% 0.71
2-Methylbutyl acetate -0.33 —0.16*
Pentyl acetate —0.33% —0.04
Hexyl 2-methylbutyrate 0.24 —0.38*
Hexyl hexanoate 0.61% 0.29
2-Heptenal —0.29% 0.12

NMR H Ethanol 1.37% 0.52
Alanine 0.47% 0.20
GABA 0.05 0.20*

and the terpenoid trans-geranylacetone were newly identified for
apple fruit and associated with GS.

3.3. Metabolic profiling during ULO and DCA-CF storage conditions

To better characterise the effects of the different storage
conditions, a t-test analysis considering the nine samplings (from
TO to 174 DIA) as a whole was performed on the entire dataset
(Supplementary Tables S1, S2 and S3). As shown in Table 2, only
two compounds that were detected by GC-MS, namely L-proline
and phosphoric acid, were significantly different in both cultivars
when comparing the two storage conditions, but with opposite
trends in GS and RD. Considering other compounds detected by
GC-MS, lactic acid, L-serine, and palmitic acid were significantly
different only in GS, whereas glycine, succinic acid, quinic acid and
melibiose were different between the two storage conditions in RD
only. Among the metabolites identified by 'H NMR, only ethanol
and alanine were significantly different between ULO and DCA-CF
in GS but not in RD samples, whereas GABA was different only in
RD. Nine volatiles detected by HS-SPME-GC-MS were differently
accumulating in GS samples, and only two were significantly
different between ULO and DCA conditions in RD apples (Table 2).

In order to better elucidate the responses of GS and RD to
different low oxygen concentrations, the time course accumulation
of selected compounds, detected as significantly different (Table 2
and Supplementary Tables S1, S2 and S3) and/or recognized as
hypoxia-dependent metabolites, is shown in Figs. 3-5 , and in
Supplementary Figs. S4, S5 and S6. Starting with the main product
of fermentation, ethanol accumulation was found to differ
between the varieties and in relation to the storage protocol
(Fig. 3).

In RD both storage conditions induced a considerable accumu-
lation of ethanol that peaked at 26 DIA, with the highest value
detected under DCA-CF conditions. GS apples accumulated ethanol
only in DCA-CF and, compared to RD, at a much lower level and
with the highest value detected at 7/14 DIA. Low levels of ethanol
accumulation were detected towards the end of the storage period
in both cvs.

Alanine (Fig. 3) rapidly increased in GS in DCA-CF with the
highest level detected at 7 DIA. A less pronounced accumulation
peak was observed in GS stored in ULO. Alanine levels were lower
in RD as compared to GS fruit, with still some difference between
DCA-CF and ULO protocols. A trend of alanine accumulation was
observed towards the end of the storage period (119 and 174 DIA).

The GABA content differed significantly between both cvs
(Supplementary Table S1) and also between ULO and DCA-CF in RD
(Table 2), with higher levels detected late in storage in samples
kept under DCA-CF (Fig. 3). In GS the GABA level remained more or
less stable throughout storage, with no significant difference
between ULO and DCA-CF. A transient accumulation of lactate was
detected in both RD and GS apples held under ULO conditions, with
a peak at 24 and 35 DIA, respectively (Fig. 3).

Among the nineteen metabolites identified with 'H NMR
(Supplementary Table S1), eleven were also found when analysing
the derivatized extracts of the sample by GC-MS (Supplementary
Table S2). The observed trend for each compound was confirmed
by both the analytical approaches enhancing the consistency of the
produced dataset (data not shown). Among these common
compounds, the alanine and lactate content was significantly
different between GS-ULO and GS-DCA-CF samples. The difference
in lactate between both storage conditions was only significant in
the dataset produced with GC-MS; for alanine only 'H NMR
revealed significant differences.

The abundance of several aroma volatiles differed significantly
between ULO and DCA-CF storage in GS (Table 2, Fig. 4, and
Supplementary Fig. S5). Three subgroups of esters were detected in
GS with ethyl esters significantly affected by the postharvest
conditions. In RD, only 2-methylbutyl acetate and hexyl 2-
methylbutyrate accumulated differently in relation to the applied
storage conditions (Table 2).

Ethyl esters, in general more abundant in RD, increased
significantly in GS stored in DCA-CF with a peak after 7 (ethyl
hexanoate), 14 (ethyl butanoate), 21 (ethyl acetate), and 35 (ethyl
2-methylbutanoate and ethyl tiglate) DIA (Fig. 4). In samples stored
in ULO, ethyl tiglate and ethyl 2-methylbutanoate were absent or
only present in low amounts, respectively. Basal levels of ethyl,
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pentyl and 2-methylbutyl acetate were detected in GS apples at
both storage conditions (Fig. 4). Despite the general low amounts,
pentyl acetate differed significantly between the storage con-
ditions with more limited accumulation in DCA-CF samples.

In general no or more limited differences have been observed
between RD apples stored under both protocols, except for ethyl
acetate that increased under DCA-CFE. In RD, 2-methylbutyl acetate
(almost undetectable in GS) showed an increasing trend under ULO
throughout the storage period. The trend was more pronounced at
the end of the storage (119 and 174 DIA), with DCA-CF inducing a
reduced accumulation. On the other hand, the pentyl acetate
abundance (very low in GS) showed a decreasing trend (Fig. 4).

The trends of other compounds that were not significantly
different between the storage protocols (Table 2) but are generally
recognized as affected by hypoxia, showed that RD apples,
differently from GS, accumulated acetaldehyde under both storage
conditions with a peak at 26 DIA in DCA-CF stored apples and at 35

DIA for ULO stored ones, followed by a decrease towards the end of
the storage period (Fig. 5). The asparagine and aspartate content
were higher in GS, with the latter displaying a general decreasing
trend throughout the storage period (Fig. 5). An opposite trend
(increasing throughout storage) was observed for a-galactose that
resulted more abundant in RD, but with no difference detected
between ULO and DCA-CF conditions (Fig. 5).

4. Discussion

The present work aimed at comparatively describing the
metabolic behaviour of two apple varieties throughout two
different storage conditions (ULO and DCA-CF). The results clearly
indicated that the genetic background indeed plays a major role in
determining the precise metabolic responses to low oxygen
postharvest stress. The use of extremely low oxygen concen-
trations is known to minimize or prevent the onset of superficial
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scald in susceptible apple varieties (Zanella, 2003). In addition,
DCA may result in better quality parameters (flesh firmness and
acidity, and overall taste) at the end of storage and during the
subsequent shelf-life (Tonutti, 2015). However, the effects of DCA
may vary depending on a number of factors that, besides genotype,
include pre-harvest treatments, harvest time, and climatic
conditions during the growing season. In our results no significant
or only slight differences in terms of firmness, total soluble solids
content and titratable acidity have been reported between ULO and
DCA-CF stored apples. Indeed, as clearly evidenced by the PLS
models (Figs. 1 and 2), the effect of storage conditions was
considerably small, confirming that the above mentioned genetic
and preharvest factors may play a key role in modulating the
responses to different low oxygen storage protocols.

Aldehydes were the most obvious metabolic class that
contributed to the separation between cultivars; together with

malate, fucose and terpenoids they were typically associated with
GS samples. RD apples were characterized by high levels of esters,
organic acids, such as threonic and shikimic acid, but also of sugars,
alcohol sugars and GABA. A preliminary conclusion of the present
work is that the response to hypoxic conditions proceeds
differently in GS and RD apples through the modulation of specific
metabolic processes. The different metabolomics profiles of GS and
RD under the two imposed conditions might be correlated to the
different behaviour that these two apple varieties show under low
oxygen conditions, with GS retaining, after almost 6 months of
storage, firmness values similar to those at harvest, while RD
showed a decrease in firmness under both low oxygen conditions.
For both varieties the two last sampling dates were clearly
separated in the multivariate analyses performed (Supplementary
Figs. S2 and S3), with RD showing a more evident separation
between early (0-35 DIA) and late (119 and 174 DIA) samples. This



84 S. Brizzolara et al. / Postharvest Biology and Technology 127 (2017) 76-87

Acetaldehyde

Asparagine

1.0e-05 1.2e-05
L L

8.0e-06
.

4.0e-06 6.0e-06
L

2.0e-06
L

0.0e+00
|

I
~

1;9 1;4
Aspartate

a-galactose

50
I

Relative intensity

40

\

6e-04
H

5e-04

e-04

4

3e-04

2e-04

AN

1e-04

0e+00

T T T T
0 45 7 14 21 26 35 119 174

T T T T
0 45 7 14 21 26 35 119 174

Days in atmosphere (DIA)

—hA Gs-uo - FARES GS-DCA

~——®——  RD-ULO ™ S RD-DCA

Fig. 5. Accumulation trend of four hypoxia-related metabolites. Asparagine and aspartate were detected via GC-MS analysis of the derivatized extracts while acetaldehyde
and a-galactose were identified using 'H NMR. Each point represents the average value of four analyses; bars indicate the standard error.

could indicate that, in comparison to GS, RD undergoes more
pronounced metabolic changes, possibly associated with the
activation of ripening, starting after about 4 months of low oxygen
storage. These metabolic changes appeared to involve compounds
such as o and 3 galactose, xylose, raffinose and specific amino
acids (isoleucine, valine; Fig. 5 and Supplementary Fig. S6, and
Tables S1 and S2). The increase in these sugars, that are
constituents of the cell wall, may be correlated to loss of firmness
that occurred in RD, but not in GS, at the end of the storage period
(Table 1). In “Jonagold” apples, the isoleucine content markedly
increased during ripening in conjunction with the rise of the
internal ethylene content (Sugimoto et al., 2011). This would
further confirm that, differently from GS, specific ripening-
associated changes were most likely activated in RD for the last
two sampling dates under both ULO and DCA.

In addition to the specific volatile compounds identified
exclusively in one cv, a number of metabolites accumulated
differently in GS and RD apples throughout low oxygen storage.
The total number of these metabolites greatly exceeded that of
metabolites resulting not significantly different between the two
cultivars (regardless the hypoxic protocol applied). The accumula-
tion of the main hypoxia-related metabolites, namely ethanol,
acetaldehyde, lactate, GABA and alanine, was significantly different
between GS and RD. Cukrov et al. (2016) reported that the
concentration of pyruvate-derived compounds and the expression
of related metabolic genes were differently affected by extreme
low oxygen postharvest conditions in ‘Granny Smith’ apples. The
current work confirmed that GS apples started producing ethanol
only at oxygen levels below 0.9 kPa, whereas RD apples consider-
ably accumulated ethanol under both ULO (0.9 kPa oxygen) and
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DCA-CF (0.2-0.55 kPa oxygen) conditions, as already pointed out in
previous papers (Lumpkin et al., 2014). Similar to ethanol, and
regardless the oxygen concentration, acetaldehyde was more
abundant in RD samples, as well as GABA. Considering this four-
carbon non-proteinogenic amino acid, the observed difference
among samples and the increase at the end of the storage period
detected in RD DCA-CF samples (Fig. 3), may reflect an advanced
physiological stress condition under the lowest oxygen concen-
tration experienced by RD but not by GS. The levels of GABA
increase in plant tissues subjected to diverse stimuli and stresses
and are regulated by the so-called GABA shunt (Satya-Narayan and
Nair, 1990; Takayama and Ezura, 2015) that includes the synthesis
from glutamate and the subsequent catabolism to succinate.
Considering that, in RD DCA-CF samples, succinate levels show a
decrease in correspondence of the latest sampling (174 DIA)
(Supplementary Fig. S4), it is tempting to speculate that the
advanced stress conditions characterized by a low NAD:NADH
ratio, rather than stimulating GABA synthetic enzymes, inhibit the
catabolic enzymes (in particular the NAD"-dependent SSADH)
resulting in an accumulation of GABA.

Differently from ethanol, alanine accumulated more in GS
apples. Studies carried out in model species demonstrated that the
acclimation to low oxygen conditions is based on the ability to
mitigate the effects related to energy crisis and cytosolic acidosis
(Gibbs and Greenway, 2003; Greenway and Gibbs, 2003). This can
be accomplished through the activation of fermentative pathways
in order to regenerate NAD" thus allowing glycolysis to proceed
and sustain ATP production. Ethanol production represents one of
the pathways, but ethanol fermentation drains carbon for the
production of metabolically useless dead-end products (Limami,
2014). The production of alanine is an other salient event occurring
under hypoxia (Diab and Limami, 2016), as also observed in apples
(Vandendriessche et al., 2013b; Hatoum et al., 2014; Cukrov et al.,
2016). This alanine production is strategic in order to maintain the
glycolytic flux by preventing excessive pyruvate accumulation,
while retaining carbon resources within the cell (Rocha et al,,
2010).

Based on the current results, considering the dual behaviour in
terms of ethanol and alanine accumulation pattern under low
oxygen it can be hypothesized that these resemble two different
metabolic reset strategies to regenerate NAD* and cope with the
energy crisis under hypoxia. GS showed more pronounced
responses through reconfiguration of the nitrogen metabolism
and a limited induction of the ethanol fermentation, while for RD
this was the other way around. Whether this dual reconfiguration
of primary C/N metabolism indeed represents two different
genetically-dependent models affecting on one hand the amino
acid pool (in particular concerning Ala, Asp, Asn, Glu) and on the
other hand the modulation of fermentative processes, has to be
elucidated in future experiments. Preliminary qRT-PCR analysis
revealed that marked differences were present between GS and RD
with regard to the expression of genes encoding for alcohol
dehydrogenase (ADH) and ethylene responsive factors (ERF) (data
not shown).

The different behaviour of GS and RD in response to hypoxic
storage conditions affected other compositional traits, in particular
those related to ethyl-esters that were more abundantly produced
by RD apples (Fig. 4). In general, ethyl ester production is reported
to be enhanced under low oxygen conditions due to the increased
availability of ethanol as a substrate (Echeverria et al., 2004;
Lumpkin et al., 2015), and is usually flanked by decreased levels of
other esters (Mattheis et al., 1991; Yahia, 1994; Ampun, 1997; Dixon
and Hewett, 2000). The relation between ethanol and ethyl ester
production has been widely studied also through specific
exogenous treatments with ethanol that were effective in inducing
the production of several ethyl esters (Pesis, 2005; Rowan et al.,

2009). The observed differences between GS and RD in terms of the
production pattern of ethyl esters under low oxygen conditions
(Fig. 4) confirms previous observations reported by Dixon and
Hewett (2000). These authors explained the enhancement in ethyl
esters with the competitive inhibition by ethanol of ester
biosynthesis from other alcohols and/or an alteration of the
normal profile of enzymes producing volatile compounds (Dixon
and Hewett, 2000, 2001). To reinforce the correlation between
ethanol and ethyl-ester production, it is interesting to note that the
abundance of six ethyl-esters was significantly higher in GS under
DCA-CF as compared to ULO, the former accumulating significantly
higher levels of ethanol (Table 2). The same volatile compounds did
not change in RD, where ethanol levels were not significantly
different between DCA-CF and ULO samples. This demonstrates
that specific and cultivar-dependent changes do occur when GS
and RD apples are stored under the two different conditions
applied in the present trial. As reported by Mattheis et al. (1991),
the balance of ethyl ester production is a key metabolic aspect in
apples stored under low oxygen conditions with consequences on
sensory properties of the fruit. In fact, these compounds have been
described as potent odorants that are important contributors to the
aroma of apple due to their low organoleptic threshold (Dixon and
Hewett, 2000; Echeverria et al., 2004; Lépez et al., 2007; Villatoro
et al., 2008; Ferreira et al., 2009; Ortiz et al., 2011). Alcohols and
some esters, such as ethyl acetate, are generally produced at high
levels but, since they have a high organoleptic threshold they likely
have less impact on fruit flavour and are rarely reported to be
impact compounds in fruit aroma; these molecules confer
background notes to the characteristic flavour of each fruit
(Buttery, 1993; Iglesias et al., 2012).

Even if the effects of the two hypoxic protocols could not be
clearly discriminated considering the whole metabolic data set,
specific compounds (e.g., ethanol and ethyl-esters) significantly
differed in their accumulation patterns in apple cortex. Ethyl tiglate
had, in GS only, the highest fold change between the two storage
conditions, and it was detected only at the lowest oxygen
concentrations. Limited information is available concerning this
volatile so far detected only in fruit of mango, pear and quince
(Schreyen et al., 1979; Idsteom and Schreier, 1985; Boulanger et al.,
1999; Ceva-Antunes et al., 2006).

Also for other esters, (2-methylbutyl acetate and hexyl-2-
methylbutyrate in RD and pentyl acetate, hexyl hexanoate, and 2-
heptenal in GS) significant differences were found depending on
the storage condition (Table 2). Hexyl 2-methyl butyrate, 2-
methylbutyl acetate, pentyl acetate, and hexyl hexanoate are
reported to have a low organoleptic threshold, hence likely
contributing to aroma and flavour in many apple cultivars such as
‘Granny Smith’, ‘Red Delicious’, ‘Pink Lady’, ‘Jonagold’, ‘Golden
Delicious’, ‘Royal Gala’, ‘Fuji’ (Paliyath et al., 1997; Lavilla et al.,
1999; Lopez et al., 2007; Réth et al., 2007; Zhu et al., 2008; Rowan
et al., 2009; Iglesias et al., 2012).

Both 2-methylbutyl acetate and hexyl 2-methylbutyrate derive
from 2-methylbutanol, a derivative of isoleucine (Wyllie and
Fellman, 2000; Sugimoto et al, 2011). In RD apples the
accumulation trends of 2-methylbutanol and ‘isoleucine +leucine’
(overlapping spectra) partly resembled that of 2-methylbutyl
acetate (Supplementary Fig. S6). Matich and Rowan (2007)
concluded that the reduced metabolism of isoleucine to 2-
methylbutanoyl-CoA, and hence the limited availability of this
compound for the synthesis of branched-chain esters, could be
considered the primary cause for the observed general decline in
ester synthesis for CA stored RD apples during shelf life. The
accumulation levels of 2-methylbutyl acetate appeared to be cv-
dependent: in fact, compared to GS, RD apples accumulate higher
amounts of this ester (Fig. 4). This molecule has been described as
ripening-related (Sugimoto et al., 2011) and indeed the highest
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levels have been detected for RD apples in the last two samplings,
when, as above stated, ripening-related metabolism seem to be
initiated/activated. Taking into account previous results on
different apple cvs (Fellman et al., 1993; Plotto et al., 2000; Matich
and Rowan, 2007; Raffo et al., 2009) the accumulation pattern of 2-
methylbutyl acetate in relation to storage conditions appears to be
highly variable depending on the genetic background of apple fruit.

Regarding others esters that strongly contribute to apple
flavour, Lavilla et al. (1999) reported that pentyl acetate was one
of the compounds with the highest influence on the sensory score
for ‘Granny Smith’ apples, while the same score was negatively
correlated to 2-methylbutyl acetate and ethyl hexanoate, the latter
more abundant in GS held under DCA-CF (Fig. 4). Pentyl acetate
was accumulated in extremely higher amounts in RD apples,
showing a decreasing trend with the lowest values detected at end
of the storage period, most likely due to its conversion to 2-
pentenyl acetate that increased from the beginning until the end of
the storage (data not shown), providing an additional evidence of
the progression of ripening in stored RD.

5. Conclusions

Our data, based on experimental trials carried out using
commercial protocols, clearly demonstrate that ‘Granny Smith’ and
‘Red Delicious’ apples respond differently to low oxygen storage
protocols, and the genetic background plays a key role in
determining and modulating the metabolic changes under
postharvest hypoxic conditions. Based on a metabolomics ap-
proach, it appeared that, after about 4 months of storage in both
ULO and DCA-CF, specific ripening-related processes were active in
RD apples whereas GS showed less pronounced changes. Two
different main metabolic changes appeared to be present in
‘Granny Smith’ and ‘Red Delicious’ apples when responding to
postharvest hypoxic stress with a selective reconfiguration of the
primary C/N metabolism. In order to balance the levels of pyruvate
and to keep on producing energy under hypoxia the two cvs
exploited different strategies with RD producing more ethanol and
GABA while GS appeared to be more alanine-oriented.

Despite the non significant or limited differences between
samples of the same variety observed at the end of the storage
period in terms of firmness, total soluble solids content and
titratable acidity, the metabolic profiling reported significant
differences when ULO or DCA-CF conditions were imposed. In
addition to fermentation products, the aroma metabolism, and in
particular ethyl esters and 2-methylbutyl derivatives in GS and RD,
respectively, was highly affected by the different low oxygen levels
during storage.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/].
postharvbio.2017.01.008.
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