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Peaches ripen and deteriorate rapidly at room temperature. Therefore, refriger-
ation is used to slow these processes and to extend fruit market life; however,
many fruits develop chilling injury (CI) during storage at low temperature.
Given that cell membranes are likely sites of the primary effects of chilling, the
lipidome of six peach varieties with different susceptibility to CI was analyzed
under different postharvest conditions. By using liquid chromatography cou-
pled to mass spectrometry (LC–MS), 59 lipid species were detected, including
diacyl- and triacylglycerides. The decreases in fruit firmness during postharvest
ripening were accompanied by changes in the relative amount of several plas-
tidic glycerolipid and triacylglyceride species, which may indicate their use
as fuels prior to fruit senescence. In addition, levels of galactolipids were also
modified in fruits stored at 0∘C for short and long periods, reflecting the stabi-
lization of plastidic membranes at low temperature. When comparing suscep-
tible and resistant varieties, the relative abundance of certain species of the
lipid classes phosphatidylethanolamine, phosphatidylcholine and digalacto-
syldiacylglycerol correlated with the tolerance to CI, reflecting the importance
of the plasma membrane in the development of CI symptoms and allowing the
identification of possible lipid markers for chilling resistance. Finally, tran-
scriptional analysis of genes involved in galactolipid metabolism revealed
candidate genes responsible for the observed changes after cold exposure.
When taken together, our results highlight the importance of plastids in the
postharvest physiology of fruits and provide evidence that lipid composition
and metabolism have a profound influence on the cold response.

Introduction

Peach (Prunus persica L. Batsch) is a climacteric fruit
that ripens after harvest, prior to human consumption.
While ripening prepares fruit for human consumption,

Abbreviations – CI, chilling injury; CS, cold-stored fruits; DAG, diacylglycerol; DGDG, digalactosyldiacylglycerol; EL, Elegant
Lady; FD, Flordaking; H, harvested fruits; LM, Limón Marelli; MGDG, monogalactosyldiacylglycerol; R2, Rojo 2; PC,
phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PI, phosphatidylinositol; RG, Red Globe; SL,
Spring Lady; RS, room temperature-stored fruits; TAG, triacylglycerol.

marketing and shipping require lengthy storage periods.
Refrigeration is used to slow ripening and to extend fruit
market life; however, several fruits can develop chilling
injury (CI) during storage at low temperature. CI is genet-
ically influenced and triggered by a combination of the
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temperature and length of storage (Lurie and Crisosto
2005). In peach, CI includes internal and external brown-
ing, flesh breakdown, woolliness, reddish discoloration,
loss of ability to ripen and increased incidence of decay
when stored for more than 2–3 weeks at temperatures
below 8∘C (Lurie and Crisosto 2005).

The comprehension of the complex molecular events
that underlie the response to cold treatment leading
to CI in peach fruit has dramatically increased since
the application of the so-called -omics strategies. For
example, transcriptomic studies following cold storage
using single or contrasting genotypes with differential
susceptibility to cold have allowed the identification of
part of the molecular mechanisms involved in peach
cold tolerance (González-Agüero et al. 2008, Ogundi-
win et al. 2008, Vizoso et al. 2009, Dagar et al. 2013,
Pons et al. 2015). In addition, proteomic studies have
also identified key proteins involved in the protection
to cold or in the development of CI symptoms (Lara
et al. 2009, Nilo et al. 2010, Almeida et al. 2016).
Recently, an analysis of primary metabolism using gas
chromatography–mass spectrometry (GC–MS) indicated
that differential metabolic rearrangements due to cold in
different peach varieties are related with CI resistance,
while candidate biomarkers of resistant/susceptibility
to this disorder were also identified (Bustamante et al.
2016). To date, however, there are no reports using
large-scale lipidomics approaches to investigate the
influence of low temperatures on peach fruit lipid
composition.

Dysfunction of cell membranes at low temperature
is considered to be one of the major molecular events
leading to the development of CI symptoms. Normal
functioning of integral cell membrane depends on the
fluidity of the membrane, which is strongly influenced by
its lipid composition. A higher proportion of unsaturated
fatty acids in lipids generally lead to a lower incidence
of CI (Marangoni et al. 1996). In peach fruit, it appears
that a higher unsaturation degree of membrane lipid
and N-acylphosphatidylethanolamine accumulation are
beneficial for maintaining membrane fluidity, leading to
an enhanced tolerance of peach fruit to chilling stress
(Zhang and Tian 2010). In the present work, the differ-
ential remodeling of the lipidome during the postharvest
of peach varieties with contrasting susceptibility to CI
was investigated. These varieties have been previously
characterized in detail (Bustamante et al. 2016, Genero
et al. 2016, Monti et al. 2016), allowing the question of
how variation in chilling tolerance between these fruits
is reflected in their lipid composition. In addition, the
common changes in the lipidome of the six varieties
were also analyzed after storage of fruits at ambient
or low temperature, providing information about the

general responses to normal ripening and low temper-
ature stress, respectively. Finally, the relative expression
levels of transcripts encoding enzymes involved in the
metabolism of key lipids revealed part of the regu-
latory mechanisms involved in the response of fruits
to cold.

Materials and methods

Fruit material and postharvest treatments

Assays were conducted with peach (P. persica L. Batsch)
fruit of six different varieties (Flordaking, Rojo 2, Spring
Lady, Red Globe, Elegant Lady and Limón Marelli)
grown in the Estación Experimental Agropecuaria INTA,
San Pedro, Argentina. The principal agronomic charac-
teristics of each variety and the fruit quality parameters
are described in Monti et al. (2016), Bustamante et al.
(2016), Tables S1 and S2. Fruits were collected at S4
stage (Lombardo et al. 2011) and manually selected
for uniformity of color, size and firmness, and divided
into four groups according to Bustamante et al. (2016)
(Fig. S1). Representative mesocarp tissue was col-
lected from at least 20 fruits from the different groups,
immediately frozen in liquid nitrogen and stored at
−80∘C for further experiments. The results shown in
the present work correspond to fruits collected dur-
ing the 2009/2010 season, although similar results
were obtained for some peach varieties grown during
2011/2012.

Lipid extraction and LC–MS analysis

The lipid extraction method was performed as described
by Giavalisco et al. (2011). Briefly, mesocarp tissue of
peach fruits (n= 5) was ground using ceramic mortar
and pestle pre-cooled with liquid nitrogen, and 25 mg
of the powder was used for lipid extraction using 1 ml of
methanol: methyl tert-butyl ether: water (1:3:1) mixture.
After incubation in 4∘C and sonication for 10 min in
an ice-cooled sonic bath, 500 ml of water: methanol
(3:1) mixture was added. This led to the formation of
two phases: a lipophilic phase and a polar phase. The
lipophilic phase was collected, vacuum-dried and stored
at −80∘C until used.

The dried lipid extracts were re-suspended in 500 μl
buffer B (see below) and transferred to a glass vial.
Two microliters of this sample were injected on a C8
reversed phase column (100 mm ×2.1 mm ×1.7 μm
particles waters), using a Acquity UPLC system (Waters,
Milford, MA). The two mobile phases were water with
1% 1 M NH4Ac and 0.1% acetic acid (Buffer A), and
acetonitrile:isopropanol (7:3) containing 1% 1 M NH4Ac
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and 0.1% acetic acid (Buffer B). The gradient separation,
which was performed at a flow rate of 400 μl min−1,
was: 1 min 45% A, 3 min linear gradient from 45 to
35% A, 8 min linear gradient from 35 to 11% A, 3 min
linear gradient from 11 to 1% A. After washing the
column for 3 min with 1% A the buffer was set back to
45% A and the column was re-equilibrated for 4 min.
Mass spectra were acquired, in positive and negative
ionization modes, using an Exactive mass spectrometer
(Thermo-Fisher, Carlsbad, CA) using altering full scan
and all-ion-fragmentation scan mode, covering a mass
range from 100 to 1500 m/z. The spectra were recorded
from 1 to 17 min of the UPLC gradients. Processing of
chromatograms, peak detection and integration were
performed using REFINER MSH 10 (GeneData, Basel,
Switzerland). Processing of mass spectrometry data
included the removal of the fragmentation information,
isotopic peaks and chemical noise. Selected features
were annotated using an in-house lipid database.

Fatty acid extraction and GC-FID analysis

For GC-FID (gas chromatography flame ionization detec-
tion) analysis, mesocarp tissue was ground using ceramic
mortar and pestle pre-cooled with liquid nitrogen, and
500 mg of the powder was resuspended in 1 ml of 1 N
HCl in methanol. An internal standard (100 μl of FA15:0,
pentadecanoic acid) was added to each sample before
incubation at 80 ∘C in a water bath for 30 min. After
cooling to room temperature, 1 ml of 0.9% NaCl and
1 ml of 100% hexane were added to each vial. Vials
were shaken for 5 s and centrifuged for 4 min at 21000g.
The upper FAME-containing hexane phase was trans-
ferred to a new glass vial, where it was concentrated
in a stream of N2. Finally, FAMEs were dissolved in
hexane and filled into GC glass vials. The details of
the GC-FID method are as follows: injector tempera-
ture of 250 ∘C; helium carrier gas; head pressure 25 cm
s−1 (11.8 psi); GC column, J&W DB23 (Agilent, Santa
Clara, CA), 30 m × 0.25 mm ×0.25 μm; detector temper-
ature 250 ∘C; detector gas H2 40 ml min−1, air 450 ml
min−1, He make-up gas 30 ml min−1.

The double bond index (DBI), a measure of
the membrane lipid unsaturation, was calculated
according to Skoczowski et al. (1994) as follows:

DBI = [∑(percentage of fatty acid content × number of double bond)]
100

RNA isolation and reverse transcription

Total RNA was isolated from 4 g of peach mesocarp
using the method described by Meisel et al. (2005).
The integrity of the RNA was verified by agarose

electrophoresis. The quantity and purity of RNA were
determined spectrophotometrically. First-strand cDNA
was synthesized from 3 μg of RNA with MoMLV-reverse
transcriptase following the manufacturer’s instructions
(Promega, Madison, WI) using oligo(dT) primer.

Quantitative real-time PCR

Relative expression was determined by performing
quantitative real-time PCR (qRT-PCR) in an iCycler
iQ detection system with the Optical System Software
version 3.0a (Bio-Rad, Hercules, CA), using the inter-
calation dye SYBRGreen I (Invitrogen, Carlsbad, CA)
as a fluorescent reporter, with 2.5 mM MgCl2; 0.5 μM
of each primer and 0.04 U μl−1 of GoTaq Polymerase
(Promega, Madison, WI). PCR primers were designed
based on peach fruit cDNA sequences published in
GDR Genome Database for Rosaceae (http://www
.rosaceae.org) and Phytozome (https://phytozome.jgi
.doe.gov), using “primer3” software (http://www.frodo
.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi) in order
to produce amplicons of 141–241 bp in size (Table S3).
A 10-fold dilution of cDNA obtained as described above
was used as template. PCR controls were performed in
the absence of added reverse transcriptase to ensure
RNA samples were free of DNA contamination. Cycling
parameters were as follows: initial denaturation at
94 ∘C for 2 min; 40 cycles of 96∘C for 10 s, 58∘C for
15 s and 72∘C for 1 min; and 72∘C for 10 min. Melting
curves for each PCR were determined by measuring
the decrease of fluorescence with increasing temper-
ature (from 65 to 98∘C). The specificity of the PCRs
was confirmed by melting curve analysis as well as by
agarose gel electrophoresis of the products. Relative
gene expression was calculated using the ‘Compara-
tive 2-ΔΔCT’ method (Livak and Schmittgen 2001) and
DNA-repair enzyme (PpDNArep) as reference gene
(Genero et al. 2016). Each RNA sample was run in trip-
licate and repeated at least with two independent sets
of treatments generating a total of 6 replicates per gene
per sample.

Statistical analysis

Levels of individual lipid species were normalized to the
total ion count (TIC) of each sample and also across the
day of measurement to reduce batch effect (Bromke et al.
2015); the resulting data matrix was used for further anal-
ysis. Principal component and hierarchical clustering
analysis of log2-transformed data and correlation anal-
ysis between lipids based on Pearson correlation were
conducted using the software package XLSTAT (Microsoft
Excel). Data presented were analyzed using two way
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analysis of variance (ANOVA) with storage temperature
and genotype as factors.

Results

Peach varieties characteristics and
postharvest treatments

Six peach varieties with different agronomic characteris-
tics (Table S1, Monti et al. 2016, Bustamante et al. 2016)
were selected in the present work: Flordaking (FD), Rojo
2 (R2), Spring Lady (SL), Red Globe (RG), Elegant Lady
(EL) and Limón Marelli (LM). Fruits from each variety
were collected at commercial maturity and flesh firmness
between 40 to 70 N, which allowed the ending of the
ripening process to take place after harvest (Monti et al.
2016). Harvested fruits (H) were stored in chambers at
20∘C for 3–5 days depending on the variety, until reach-
ing firmness and organoleptic characteristics suitable for
consumption (RS fruits, Fig. S1). Another group of fruits
were stored at 0∘C for short time (3–5 days depending
on the variety, CS fruits); or for 21 days (CS21 fruits,
Fig. S1). The cold storage treatment at 0∘C for 21 days
was selected because it successfully discriminates peach
varieties according to their different degrees of resis-
tance/susceptibility to chilling injuries (CI) (Bustamante
et al. 2016, Genero et al. 2016). After 21 days at 0∘C,
fruits were stored at 20∘C for ripening (CS21+RS fruits,
Fig. S1). Firmness and soluble solid content were mea-
sured in fruits from all postharvest conditions (H, RS, CS,
CS21 and CS21+RS) and described in Table S2 and Bus-
tamante et al. (2016). The amount of expressible juice
measured in RS and CS21+RS fruits (Table S2) allowed
us to classify the varieties in: susceptible (FD and R2)
and resistant (EL, LM, RG and SL) to CI as reported in
Genero et al. (2016) and Bustamante et al. (2016). Other
CI symptoms, such as flesh browning or internal redden-
ing, were not detected in the varieties selected and the
postharvest conditions applied in the present work.

Lipidomics reveals a diversity of lipids accumulated
in peach fruit

Changes in peach fruit lipid composition during the
postharvest were assessed by LC–MS, and the rela-
tive abundance of 59 lipid species was determined,
including: phosphatidylcholine (PC) (13 species),
phosphatidylethanolamine (PE) (10 species), phos-
phatidylglycerol (PG) (3 species), phosphatidylinositol
(PI) (1 species), lyso phosphatidylcholine (lysoPC) (2
species), monogalactosyldiacylglycerol (MGDG) (3
species), digalactosyldiacylglycerol (DGDG) (6 species)
and triacylglycerol (TAG) (21 species). In Fig. S2, the
lipids detected reproducibly at harvest (H) in each peach

variety and the peak intensities of each lipid molecular
species within each class are shown.

Principal component (PCA), hierarchical clustering
(HCA) and lipid-lipid correlation analysis

The changes in all lipids analyzed as a function of
postharvest conditions and varieties selected suggest a
fairly complex picture (Fig. 1, Table S4). The data set
obtained was examined by principal component anal-
ysis (Fig. 2, Table S5), with three principal components
(PC1-3) explaining 68.8% of the overall variance of the
lipid profiles (34.7, 21.9 and 12.2% for PC1, PC2 and
PC3, respectively). PCA separates the samples in two
main groups along PC1, which divide the peach fruits
depending on the postharvest condition: one group is
composed by ripened fruits of each variety (RS and
CS21+RS), independently to whether the fruits were
subjected to 21 days of cold storage or not; and the other
is composed by H and fruits that were subjected to either
short or long cold storage treatment (CS and CS21 fruits).
Varieties resistant to CI (LM, EL, RG and SL) can be found
in different parts of the PCA graphs. Among the lipids
that most contribute to PC1 separation, higher levels of
PC 34:1, PC 36:1, TAG 52:3, TAG 54:4 and TAG 54:5
are found in H and cold-stored (CS and CS21) samples;
while higher levels of PC 36:3 (2) are found in ripened
fruits (RS and CS21+RS) (Fig. 2, Table S5). PC2 and all
higher-order components do not contribute to separate
the samples in any biologically meaningful group. The
contribution of individual variables to each principal
component and the compounds that contribute the most
to PC1, PC2 and PC3 are shown in Table S5 and Fig. 2.

Applying HCA to the full data set also revealed
interesting results (Fig. 3). The samples were separated
into four main clusters, which divide the peach fruits
depending on the variety and the postharvest condition.
Similar to PCA, samples were separated depending
on the postharvest treatment: ripened fruits (RS and
CS21+RS) group together, meanwhile H and cold-stored
fruits (CS and CS21) form another group. However, in this
case, SL and LM fruits cluster together and separate from
FD, RG, EL and R2 varieties (Fig. 3). In addition, the HCA
map obtained indicates that the peach varieties suscepti-
ble to CI (FD and R2) cluster together among the different
subgroups, except in the case of CS samples (Fig. 3).

Correlation analysis performed on the entire data set
of lipids of each of the six different varieties at the differ-
ent postharvest treatments was also performed in order to
identify associations of lipid molecular species (Fig. 4).
Out of 1711 total pairs analyzed, 797 resulted in signif-
icant correlation coefficients (P<0.05). Of these corre-
lating pairs 472 were positive and 325 negative (Fig. 4).
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Fig. 1. Distribution of lipid species analyzed by LC–MS in peach fruits
during ripening and after cold storage. The graph shows the relative
level of each lipid species in the six varieties (FD, R2, SL, RG, EL and
LM) subjected to different postharvest treatments (H, RS, CS, CS21 and
CS21+RS). Normalized values are shown on a color scale (shown at
the top of the figure), which is proportional to the content of each
lipid. Mean values of 5 independent determinations for each sample
were expressed as log2 using the MultiExperiment Viewer software (MeV
v4.4.1, Saeed et al. 2003). Every lipid is annotated using C x:y where
x is the total carbon number and y is the total number of bound. For
example, PC/PE 36:3 and PC/PE 36:3 (2) are isomers of the same lipid,
they have the same sum formula and are the same lipids but the position
of the double bound is different.

The TAGs, especially TAG 50:1, TAG 52:2, TAG 52:3,
TAG 54:4 and TAG 54:5, showed the highest number of
positive correlations within a sub-class. Negative corre-
lations were detected between the group of TAGs and
some membrane lipids, such as MGDG 36:4, MGDG
36:5, DGDG 36:4, DGDG 36:5, PC 36:3 (2) and PC
36:5. In addition, highly positive correlations between
PC 36:6 and PE 36:6, PC 32:2 and PE 36:4, PC 36:3 and
PE 36:3, and PC 36:1 and PE 34:1 were also found. By
contrast, PC 36:3 (2) correlated negatively with PC 34:1
and TAG 52:3, and PC 36:6 displayed negative associa-
tions with PE 34:1 and PC 36:1 (Fig. 4).

Common changes in lipid composition during
the postharvest ripening of the six varieties

During the postharvest ripening, some lipids showed sta-
tistically significant changes (P< 0.05) when comparing
RS and H samples of the six peach varieties. We can
find lipids that increase during ripening (ratios higher
than 1); lipids that decrease during postharvest ripen-
ing (ratios lower than 1); and lipids with no significant
changes when comparing H and RS samples and thus,
they are not modified during fruit softening (Table S6).
In all the six peach varieties, the only lipid that con-
sistently increases is MGDG 36:4, with rises of up to
5.0-fold in RG; while MGDG 36:6, DGDG 36:3, DGDG
36:6, TAG 52:5 and TAG 54:4 significantly decrease dur-
ing ripening (Table S6). In addition, the content of TAG
species decreases during ripening of at least one vari-
ety, with the exception of TAG 54:9, which increases in
LM (Table S6).

Common and differential changes in lipid
composition after cold exposure of the six
peach varieties

In order to analyze the extent to which cold treatment
modifies the lipid composition and identify lipid markers
that could be correlated with CI resistance in peach fruit,
the relative lipid content of CS, CS21 and CS21+RS
samples was compared with that detected at harvest (H)
and RS fruits in each peach variety. Table S6 shows the
lipids that are significantly modified, either increased
or decreased, in CS vs H, CS21 vs H, CS vs RS and
CS21+RS vs RS, for each peach fruit variety.

A general overview of the lipid composition rearrange-
ments of peach fruits after each cold treatment shows that
the lipid content alterations are dependent on the time of
exposure to cold. When comparing cold-stored fruits vs
H, it is evident that after 21 days at 0∘C (CS21 vs H), the
number of lipids that are modified is higher than after
short cold treatment (CS vs H). However, if peach fruits
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Fig. 2. PCA of the lipid composition of peach fruit varieties subjected to different postharvest treatments. Lipid composition of peach fruit samples
from six varieties (FD, R2, SL, RG, EL and LM) subjected to different postharvest treatments (H, RS, CS, CS21 and CS21+RS) was analyzed by PCA.
The first principal component (PC1) is shown on the x-axis vs the second principal component (PC2) on the y-axis in (A); and vs the third principal
component (PC3) on the y-axis in (B). The lipids that contribute the most to each component separations are indicated on the top (PC1) and on the
right (PC2 in A and PC3 in B). The variance explained by each component (%) is indicated in parentheses. Samples from each variety are indicated by
geometric shapes and postharvest conditions are color coded: H, in green; RS, in light orange; CS, in light blue; CS21, in dark blue; CS21+RS, in dark
orange.
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Fig. 3. HCA of peach fruits from six varieties subjected to different postharvest treatments based on their lipid composition. Peach fruit samples from
six varieties (FD, R2, SL, RG, EL and LM) subjected to different postharvest treatments (H, RS, CS, CS21 and CS21+RS) are divided in four principal
clusters depending on the variety and the postharvest condition. Samples from susceptible varieties (FD and R2) that clustered together are underlined
and postharvest treatments are color-coded: H, in green; RS, in light orange; CS, in light blue; CS21, in dark blue; CS21+ RS, in dark orange.

stored at 0∘C are compared with fruits stored at 20∘C
at the same postharvest time (CS vs RS), the number of
lipids that changes is even larger (Table S6), indicating
that the lipid composition of CS fruits is more similar to
H samples than to ripened fruits (RS). Among the mod-
ifications observed in the lipidome of all the six peach
varieties, higher levels of DGDG 36:4 and PC 38:2 are
found in CS21 fruits when compared with H samples,
with rises of up to 7.0- and 3.3-fold in RG, respectively.
In contrast, MGDG 36:5 content decreases after 21 days
at 0∘C (Table S6). In addition, the content of several plas-
tidic glycerolipids are modified in fruits of all the varieties
stored at 0∘C for a short period in relation to fruits of

the same postharvest age under 20∘C ripening conditions
(DGDG 36:3, DGDG 36:6 and MGDG 36:6 increase;
MGDG 36:4 and MGDG 36:5 decrease).

One of the goals of the present work was to identify
lipid markers that could be correlated with CI resistance
in peach fruits. In this way, the lipid composition of
susceptible (R2 and FD) and resistant (EL, RG, LM and SL)
to CI varieties was compared in the different postharvest
conditions (Table S6). After short cold storage (CS), PC
36:3 content decreases in susceptible varieties, while it
does not change in resistant ones, in relation to H. When
compared CS21 vs H, levels of DGDG 34:3 increase in
resistant fruits, from 1.6 (SL) to 4.1 (RG), meanwhile it
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Fig. 4. Visualization of lipid-lipid correlations of LC–MS data of each peach variety. Correlation coefficients were calculated by applying Pearson
correlation. Each square represents the correlation between each lipid species heading the column and the lipid species heading the row with a color
scale (color scale key at the top of the figure).

remains the same in R2 and FD. Finally, CS21+RS fruits
of susceptible varieties showed higher levels of several
membrane lipids (PC 34:3, PC 36:3 (2), PC 36:5, PC 36:6,
PE 34:3, PE 36:3 (2) and PE 36:6) in relation to RS, while
in resistant varieties, the content of these lipids does not
change or even decreases (Table S6).

Analysis of transcripts encoding enzymes involved
in galactolipid metabolism in varieties
with contrasting susceptibility to CI

In view of the fact that galactolipids were the lipids that
changed most during the postharvest ripening and after
cold storage of the six varieties tested, the relative level
of transcripts encoding enzymes involved in galactolipid

metabolism was studied by qRT-PCR in Springlady (SL,
resistant to CI) and Flordaking (FD, susceptible to CI)
varieties (Genero et al. 2016). Galactolipids contain one
or two galactose molecules attached to the sn-3 position
of a glycerol backbone, respectively MGDG and DGDG,
and are unique to plastid membranes from which they
represent up to 80% of the total lipids. The final step in
MGDG biosynthesis occurs in the envelope of chloro-
plasts and non-green plastids and is catalyzed by MGDG
synthase (MGD, UDP-galactose: 1,2-diacylglycerol
3-𝛽-D-galactosyltransferase), and DGDG is subse-
quently synthesized by galactosylation of MGDG,
via DGDG synthase (DGD, UDP-galactose:3-(𝛽-D-
galactosyl)-1,2-diacylglycerol 6-𝛼-galactosyltransferase)
(Kelly and Dörmann 2004).
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Fig. 5. Expression analysis of transcripts encoding enzymes involved in galactolipid metabolism in peach fruits from SL and FD varieties during the
post-harvest at different temperatures. For each sample, means of the results obtained, using three independent RNA biological replicates as templates,
are shown. Each reaction was normalized using the Ct values corresponding to Prunus persica DNA-repair enzyme mRNA (Table S3). Y axis refers to
the fold difference in a particular transcript level relative to its amount found in peaches analyzed after harvest (H). Standard deviations are shown.
For each transcript analyzed, bars with the same letters are not significant different (P <0.05).

An in silico analysis of P. persica genome, based
on literature of Arabidopsis galactolipid biosynthe-
sis genes (Awai et al. 2001, Kelly et al. 2003, 2016),
allowed the identification of two transcripts encod-
ing putative MGDs (called PpMGD1 and -2) and two
peach sequences encoding putative DGDs (called
PpDGD1 and -2) (Table S7). Although only PpMGD1
and PpDGD1 are predicted to be plastidic (Table S7),
localization of MGD2 and DGD2 proteins in plastids
has been confirmed in Arabidopsis (Awai et al. 2001,
Kelly et al. 2003). Therefore, the relative expression
levels of PpMGD1, PpMGD2, PpDGD1 and PpDGD2
were investigated in SL and FD varieties during the
postharvest at different temperatures.

During ripening (RS vs H), PpMGD2, PpDGD1 and
PpDGD2 were not modified in the varieties tested, while
PpMGD1 transcript decreased and increased during fruit
softening of SL and FD, respectively (Fig. 5). When SL
and FD fruits were stored at low temperature, PpMGD1
and PpMGD2 transcripts were temporally induced after
short cold storage in comparison to H, except in the
case of PpMGD1 in FD variety, and reverted to their
initial levels when fruits were stored for a longer period
of time (CS21 vs H) (Fig. 5). In relation to PpDGD1

and PpDGD2 genes, levels of transcripts increased
when fruits were stored at low temperature for a short
period of time (CS vs H), and reached even higher levels
when they were stored for 21 days (CS21 vs H), with
the exception of PpDGD2 in the susceptible variety.
Finally, PpDGD2 was the only transcript that changed
when comparing RS and CS21+RS fruits: the tran-
script increased and decreased in SL and FD varieties,
respectively (Fig. 5).

Changes of fatty acid composition in total lipids

To investigate the relationship between degree of lipid
unsaturation and cold tolerance, fatty acid composition
and DBI of total lipids from the six peach varieties sub-
jected to different postharvest treatments were deter-
mined. Linoleic acid (C18:2) and palmitic acid (C16:0)
were the major fatty acids in mesocarp tissue (Table S8).
As shown in Table S8, the patterns of changes in the fatty
acids detected did not show correlation with the storage
temperature or genotype analyzed. However, when the
DBI was calculated (Table S9), a significant increase of
this value was observed after cold exposure of suscepti-
ble cultivars (Flordaking: in CS21 vs H, Rojo 2: in CS vs
H, CS vs RS and CS21 vs H).
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Discussion

Lipid profiling has been successfully applied to
investigate the effects of temperature stress on cel-
lular lipid composition in Arabidopsis, Atriplex
lentiformis, wheat and tomato leaves (Burgos et al.
2011, Degenkolbe et al. 2012, Higashi et al. 2015, Li
et al. 2015, Spicher et al. 2016). However, until this
work, there were no reports on the effects of tempera-
ture on lipid composition of fruit tissue. In this study, 59
lipid species were reproducibly detected in mesocarp
tissue of peach fruit by using LC–MS. Even when the
number of lipids identified in peach fruit was lower
than that found in leaves from other plant species (about
200 different lipid species), our results provide infor-
mation about the dynamics of different lipid species
under different postharvest storage conditions and allow
the identification of possible lipid markers for chilling
resistance.

Postharvest ripening of peach fruits is
accompanied by plastidic lipid remodeling
and a reduction in the storage lipid content

In the present work, postharvest ripening of the six
varieties selected was accompanied by a decrease in fruit
firmness, modifications in the galactolipid composition
and a decrease in the content of TAGs (Fig. 6A).

MGDG and DGDG seem to be important in the
ripening process of peach fruit. In all the varieties,
the increase of MGDG 36:4 (non-bilayer lipid) and
the decrease of some DGDG species (DGDG 36:3
and DGDG 36:6, bilayer lipids) could destabilize the
chromoplast membranes (Hincha et al. 1998), in a
process that would be characteristic of the normal
ripening (Table S6). In addition, even though some
MGDG and DGDG species change during ripening (RS
vs H, Table S6), and the total DGDG content decrease in
SL variety (Table S10), no correlation was found between
the galactolipid content and the transcript levels of
PpMGD1, PpMGD2, PpDGD1 and PpDGD2 genes
(Table S6, Fig. 5), which may be due to translational or
posttranslational regulation of these enzymatic activities
during fruit ripening, or the participation of putative
galactolipases (Troncoso-Ponce et al. 2013). Particularly,
MGD1 activity has been found to be posttranslationally
regulated by acidic lipids such as phosphatidic acid,
sulfoquinovosyldiacylglycerol and PG in cucumber
seedlings (Ohta et al. 1995). In photosynthetic tis-
sues, the abundance of galactolipids in the thylakoid
membranes suggests they have not only typical bilayer
functions but also specific roles, such as stabilization
of photosynthetic complexes, membrane architecture
and thylakoid stack formation (Dörmann 2013). In

Arabidopsis, it was demonstrated that galactolipids are
essential for proper thylakoid biogenesis, photosynthe-
sis and embryo development (Kobayashi et al. 2007).
During fruit ripening, chloroplasts differentiate into
photosynthetically inactive chromoplasts in a process
characterized by the degradation of the thylakoid mem-
branes, and by the active synthesis and accumulation
of carotenoids (Cheung et al. 1993). In tomato, isolated
fruit chromoplasts have the capacity to synthesize ATP
through the operation of an ATP synthase complex,
driven by a membrane proton gradient generated by an
electron transport process in which NADPH acts as an
electron donor (Pateraki et al. 2013). Even though the
components of the chromorespiratory pathway are still
unclear, a preliminary model suggests that the electron
transport chain is probably located in the inner mem-
branes of chromoplasts, which form elongated sacs or
convoluted compartments (Renato et al. 2014). How-
ever, if the modifications in the galactolipid composition
observed in this work conduce to change the stability
of the plastidic membranes during normal ripening,
and if these modifications could be associated with the
regulation of respiratory processes in the mesocarp of
peach fruit, is still unknown.

In relation to storage lipids, 21 molecular species
of TAGs were identified. Most of these TAG species
decrease during ripening of at least one variety (Table S6)
according to correlation results (Fig. 4), resulting in a
reduction of the total TAG content in all the varieties
tested (Table S10). In the Dixiland variety, a decrease
in amino acid levels, coupled to an induction of tran-
scripts encoding amino acid and organic acid catabolic
enzymes, indicated that amino acids were used as respi-
ratory substrates during the ripening process (Lombardo
et al. 2011). Thus, a similar role for TAGs is proposed
in the present work, which, along with amino acids,
would help to maintain the cellular status prior to fruit
senescence.

Major modulation of galactolipids during cold

Chloroplasts and photosynthetic membranes respond
to environmental changes. They acclimate to intensity
and quality of light, and also to temperature changes
(Kanervo et al. 1997, Lichtenthaler 2010, Burgos et al.
2011, Rochaix et al. 2012, Spicher et al. 2016). In
non-green tissues, such as fruits, the effect of tem-
perature on non-photosynthetic plastids and plastidic
membranes has not been explored yet. By using an
untargeted lipidomic approach, the changes in the
lipidome of six peach varieties subjected to cold treat-
ment were investigated. At low temperature, most of
the modifications were linked to changes in the content
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of galactolipids, indicating that plastidic membranes
would be the main target of cold in mesocarp tissue
of peach fruit. The results obtained indicate that while
the total DGDG content increased significantly in SL,
R2, RG and LM varieties after cold storage (in CS vs H,
CS21 vs H and CS vs RS), the relative amount of some
specific species of DGDG (DGDG 36:4, in CS21 vs H;
DGDG 36:3 and DGDG 36:6, in CS vs RS) increased
in all the varieties tested (Tables S6 and S10). On the
contrary, the total MGDG content decreased in SL, FD,
EL, RG and LM varieties after cold treatment (especially
in CS21 vs H), meanwhile the relative amount of some
specific species of MGDG (MGDG 36:4, in CS vs RS;
MGDG 36:5 in CS21 vs H and in CS vs RS) decreased
in all the six varieties (Tables S6 and S10). Similar results
have been described in Arabidopsis and Thellungiella
salsuginea leaves during cold acclimation (Moellering
et al. 2010, Degenkolbe et al. 2012, Zhang et al. 2013).
Low temperature produced a reduction in MGDG and a
concomitant increase in DGDG content, as well as the
appearance of tri and tetragalactolipids (not detected
in this work; Moellering et al. 2010, Degenkolbe et al.
2012, Zhang et al. 2013). As MGDG is a non-bilayer
lipid that can severely destabilize membranes, whereas
DGDG is a bilayer lipid that may increase membrane
stability, it is proposed that an increase in the ratio
of bilayer- to non-bilayer-forming membrane lipids
results in the stabilization of membranes during freezing
(Hincha et al. 1998). In wheat leaves, total DGDG and
MGDG content increases and decreases, respectively,
after cold treatment. Additionally, changes in the relative
amount of some specific species of DGDG are also
detected when plants are grown at low temperature, in
relation to plants grown at room temperature: DGDG
36:6, the most abundant DGDG, increases; DGDG
34:3, DGDG 36:5 and DGDG 36:4 decrease (Li et al.
2015). Unexpectedly, MGDG 36:6, the most unsaturated
and abundant MGDG detected in this work, increases
in all six cultivars when CS fruits are compared with
RS samples (Fig. S2, Table S6). However, the decrease
in the content of this galactolipid species during ripen-
ing and the unchanged levels observed in CS fruits in
relation to H (Table S6) suggest that the decrease in
MGDG 36:6 content during ripening is inhibited by
cold treatment in CS samples. Thus, it can be considered
that in CS fruits, where ripening processes would be
stopped, cold treatment itself does not increase the
MGDG 36:6 content to avoid CI, but merely maintains
it constant.

As MGDGs and DGDGs are the main lipids modified
by cold, the enzymes involved in the metabolism of
these plastidic lipids were analyzed by qRT-PCR in SL
and FD varieties (Fig. 5). When compared CS vs RS fruits,

the increase and decrease of some DGDGs and MGDGs
species (Table S6), respectively, along with the increase
in the total DGDG content in SL variety (Table S10),
seem to be more related with rises in PpDGD1 and
PpDGD2 transcripts. However, the synthesis of MGDG
from diacylglycerol (DAG) via PpMGD2 can not be dis-
carded due to transcript levels of PpMGD2 gene increase
significantly after short cold storage of both varieties, in
relation to RS fruits, which may result in maintaining a
constant level of total MGDG (Table S10). In addition,
the increase and decrease in DGDG 36:4 and MGDG
36:5 in all the varieties tested (Table S6), respectively,
and the changes observed in the total DGDG and
MGDG contents after 21 days at 0∘C in relation to H
fruits (Table S10), could be the result of rises in the level
of the transcript encoding PpDGD1. The results obtained
also indicate that PpDGD2 could be responsible for the
differential accumulation of DGDG 34:2 in the resistant
varieties, as this transcript increases in SL and remains
constant in FD when compared CS21 vs H samples
(Fig. 5). Overall, our results suggest that the modi-
fications in the relative content of galactolipids at
low temperature are more related to the turnover of
MGDG into DGDG by PpDGD1 and PpDGD2 than
to the MGDG biosynthesis via PpMGD1 or PpMGD2.
In Arabidopsis, MGDG is synthesized from DAG by
a multigenic family of MGDG synthases, AtMGD1,
AtMGD2 and AtMGD3. Subsequently, MGDG is trans-
formed to DGDG via AtDGD1 and AtDGD2. MGDs
and DGDs enzymes are localized in the chloroplasts of
Arabidopsis leaves and only AtMGD1 and AtDGD1 are
regulated positively by cold (Li et al. 2015). Based on
changes in glycerolipid content and transcripts dynamics
under suboptimal temperature conditions, Li et al. (2015)
proposed a model that emphasizes the glycerolipid path-
way coordination in response to growth temperature in
plants, suggesting that glycerolipid composition and the
degree of fatty acid desaturation are two major factors
underpinning membrane performance during tempera-
ture stress. However, when the degree of unsaturation of
total lipids was analyzed in all the samples, it was found
that the DBI increased after cold storage of susceptible
varieties (Table S9), indicating that lipid unsaturation
would not be important for maintaining membrane flu-
idity in resistant peach fruits stored at low temperature.
Only MGDGs seem to increase the degree of unsatura-
tion in cold-stored fruits, as the contents of MGDG 36:4
and MGDG 36:5 decrease, while MGDG 36:6 increases
in the six varieties when compared CS and RS samples
(Table S6).

In addition to the observed changes in the galactolipid
levels after cold storage, an increase in the relative
content of PC 38:2 was also detected in all the varieties
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after 21 days at 0∘C (CS21 vs H) (Table S6). It has been
shown that an increase in the content of diunsaturated
species of PC in rye protoplasts leads to an increased
tolerance of the plasma membrane against freezing and
osmotic stresses (Steponkus et al. 1988). In Arabidopsis
leaves, the relative contents of PC 38:2 and PC 38:4 (not
detected in this work) correlated with freezing tolerance
in acclimated plants (Degenkolbe et al. 2012). Thus, the
increase in PC 38:2 levels observed in all the varieties
could be part of an adaptive response of fruits to long
cold treatment. Given its low abundance (Fig. S2), the
treatment applied (21 days at 0∘C) may not lead to major
reorganization of the plasma membrane; however,
additional work is required to support this observation.
Fig. 6B summarizes part of the regulatory mechanisms
in response to cold in peach fruit. In the scheme, the
action of putative desaturases, which are involved in
mediating the formation of double bonds in fatty acyl
moieties, was included in order to explain some of
the changes associated with the different postharvest
conditions.

Correlation between relative abundance of lipids
and CI tolerance

The results presented here indicate a major restructura-
tion of plastidic lipids following exposure to cold; how-
ever, these changes may represent a consequence of
cold stress without any functional role in peach fruit
protection against CI. In order to discriminate the pro-
cesses that are critical for CI tolerance from those that
are merely responsive to low temperature, the lipid
reconfiguration in susceptible and resistant varieties was
compared. Though PCA analysis does not discriminate
between resistant and susceptible varieties (Fig. 2), FD
and R2 cluster together in the HCA map, except after
short cold storage (Fig. 3), indicating that susceptibil-
ity to CI is characteristic of a particular lipid group in
peach fruit.

Interestingly, the lipids that most correlated with the
tolerance to CI were those associated with the plasma
membrane. When compared CS21+RS and RS fruits,
susceptible varieties showed higher levels of several
species of PC and PE: PC 34:3, PC 36:3 (2), PC 36:5, PC
36:6, PE 34:3, PE 36:3 (2) and PE 36:6, while in resistant
varieties, the content of these lipids does not change
or even decreases (Table S6). According to this, some
of these membrane lipids showed positive correlation
among them (PC 34:3 and PE 34:3, PC 36:3 (2) and PE
36:3 (2), PC 36:6 and PE 36:6; Fig. 4). In peach fruit, CI
symptoms mainly develop during fruit ripening after cold
storage. Here, the visual evaluation of CS21+RS fruits
indicated no apparent evidence of CI symptoms in any

variety (Bustamante et al. 2016). However, although not
externally visible, it is well known that these symptoms
may be present. Flesh browning is generally related to tis-
sue deterioration or senescence, which leads to changes
in membrane permeability and the interaction between
phenols and polyphenol oxidase, which are generally
found in separate compartments in the cell (Lurie and
Crisosto 2005). In this work, even though flesh brown-
ing was not apparent in FD and R2 varieties, results
obtained suggest that increases in the relative contents
of certain phospholipids species (in CS21+RS vs RS)
may destabilize the plasma membrane when fruits ripen
after a long cold treatment. In Arabidopsis leaves, the
relative amounts of PC and PE increase after 2 weeks at
4∘C (Degenkolbe et al. 2012). During cold acclimation,
increases in phospholipid content have been repeatedly
observed in plants, and it is frequently assumed that this
is of adaptive value (Steponkus 1984). However, only
the relative content of PC 36:3 seems to follow a similar
trend: it decreases and does not change in susceptible
and resistant varieties after short cold treatment with
respect to H, respectively (Table S6). Therefore, the
study of the physical properties of membrane lipids
in susceptible and resistant varieties is a future chal-
lenge, since it will reveal the relationship between
lipid composition and membrane integrity under
cold stress.

Finally, the only plastidic lipid that showed correla-
tion with the tolerance to CI was DGDG 34:2, which
increased significantly (up to 4.1-fold in RG variety)
in resistant varieties and remained constant in suscep-
tible ones after long cold storage, in relation to H
fruits (Table S6). Fig. 6B outlines the metabolic pathway
involved in the differential accumulation of this bilayer
lipid in SL and FD varieties, as discussed earlier.

Author contributions

Conception and design of the work: C. A. B., M. V. L.,
M. F. D.; Acquisition of data for the work: C. A. B.,
Y. B., L. L. M., J. G., C. O. B.; Analysis of data for the
work: C. A. B., Y. B., L. L. M., M. V. L., M. F. D.; Inter-
pretation of data for the work: C. A. B., Y. B., A. R. F.,
M. F. D.; Manuscript revision and approval: C. A. B.,
Y. B., L. L. M., J. G., C. O. B., M. V. L., A. R. F., M. F. D.;
Accountability: C. A. B., Y. B., L. L. M., J. G., C. O. B.,
M. V. L., A. R. F., M. F. D.

Acknowledgements – Financial support was provided by
CONICET and ANPCyT (PICT 2012-416). Funding has been
provided by AvH to CAB, who was the recipient of a Georg
Forster fellowship to visit the ARF laboratory.

Physiol. Plant. 2017



References

Almeida AM, Urra C, Moraga C, Jego M, Flores A, Meisel
L, González M, Infante R, Defilippi BG, Campos-Vargas
R (2016) Proteomic analysis of a segregant population
reveals candidate proteins linked to mealiness in peach.
J Proteomics 131: 71–81

Awai K, Maréchal E, Block MA, Brun D, Masuda T,
Shimada H, Takamiya KI, Ohta H, Joyard J (2001) Two
types of MGDG synthase genes, found widely in both
16:3 and 18:3 plants, differentially mediate galactolipid
syntheses in photosynthetic and nonphotosynthetic
tissues in Arabidopsis thaliana. Proc Natl Acad Sci USA
98: 10960–10965

Bromke MA, Hochmuth A, Tohge T, Fernie AR, Giavalisco
P, Burgos A, Willmitzer L, Brotman Y (2015) Liquid
chromatography high-resolution mass spectrometry for
fatty acid profiling. Plant J 81: 529–536

Burgos A, Szymanski J, Seiwert B, Degenkolbe T, Hannah
MA, Giavalisco P, Willmitzer L (2011) Analysis of
short-term changes in the Arabidopsis thaliana
glycerolipidome in response to temperature and light.
Plant J 66: 656–668

Bustamante CA, Monti LL, Gabilondo J, Scossa F, Valentini
G, Budde CO, Lara MV, Fernie AR, Drincovich MF
(2016) Differential metabolic rearrangements after cold
storage are correlated with chilling injury resistance of
peach fruits. Front Plant Sci 7: 1478

Cheung AY, McNellis T, Piekos B (1993) Maintenance of
chloroplast components during chromoplast
differentiation in the tomato mutant green flesh. Plant
Physiol 101: 1223–1229

Dagar A, Pons Puig C, Marti Ibanez C, Ziliotto F, Bonghi
C, Crisosto CH, Friedman H, Lurie S, Granell A (2013)
Comparative transcript profiling of a peach and its
nectarine mutant at harvest reveals differences in gene
expression related to storability. Tree Genet Genomes 9:
223–235

Degenkolbe T, Giavalisco P, Zuther E, Seiwert B, Hincha
DK, Willmitzer L (2012) Differential remodeling of the
lipidome during cold acclimation in natural accessions
of Arabidopsis thaliana. Plant J 72: 972–982

Dörmann P (2013) Galactolipids in plant membranes. In:
Roberts K (ed) Encyclopedia of Life Sciences. John Wiley
& Sons, Chichester, pp 1–6

Genero M, Gismondi M, Monti L, Gabilondo J, Budde C,
Andreo C, Lara MV, Drincovich MF, Bustamante CA
(2016) Cell wall-related genes studies on peach cultivars
with differential susceptibility to woolliness: looking for
candidate genes as indicators of chilling tolerance. Plant
Cell Rep 35: 1235–1246

Giavalisco P, Li Y, Matthes A, Eckhard A, Hubberten H-M,
Hesse H, Segu S, Hummel J, Köhl K, Willmitzer L (2011)
Elemental formula annotation of polar and lipophilic
metabolites using 13C, 15N and 34S isotope labelling,

in combination with high-resolution mass spectrometry.
Plant J 68: 364–376

González-Agüero M, Pavez L, Ibanez F, Pacheco I,
Campos-Vargas R, Meisel LA, Orellana A, Retamales J,
Silva H, González M, Cambiazo V (2008) Identification
of woolliness response genes in peach fruit after
postharvest treatments. J Exp Bot 59: 1973–1986

Higashi Y, Okazaki Y, Myouga F, Shinozaki K, Saito K
(2015) Landscape of the lipidome and transcriptome
under heat stress in Arabidopsis thaliana. Sci Rep 5:
10533

Hincha DK, Oliver AE, Crowe JH (1998) The effects of
chloroplast lipids on the stability of liposomes during
freezing and drying. Biochim Biophys Acta 1368:
150–160

Kanervo E, Tasaka Y, Murata N, Aro EM (1997) Membrane
lipid unsaturation modulates processing of the
photosystem II reaction-center protein D1 at low
temperatures. Plant Physiol 114: 841–849

Kelly AA, Dörmann P (2004) Green light for galactolipid
trafficking. Curr Opin Plant Biol 7: 262–269

Kelly AA, Froehlich JE, Dörmann P (2003) Disruption of
the two Digalactosyldiacylglycerol synthase genes
DGD1 and DGD2 in Arabidopsis reveals the existence
of an additional enzyme of Galactolipid synthesis. Plant
Cell 15: 2694–2706

Kelly AA, Kalisch B, Hölzl G, Schulze S, Thiele J, Melzer
M, Roston RL, Benning C, Dörmann P (2016) Synthesis
and transfer of galactolipids in the chloroplast envelope
membranes of Arabidopsis thaliana. Proc Natl Acad Sci
USA 113: 10714–10719

Kobayashi K, Kondo M, Fukuda K, Nishimura M, Ohta H
(2007) Galactolipid synthesis in chloroplast inner
envelope is essential for proper thylakoid biogenesis,
photosynthesis, and embryogenesis. Proc Natl Acad Sci
USA 104: 17216–17221

Lara MV, Borsani J, Budde CO, Lauxmann MA, Lombardo
VA, Murray R, Andreo CS, Drincovich MF (2009)
Biochemical and proteomic analysis of “Dixiland”
peach fruit (Prunus persica) upon heat treatment. J Exp
Bot 60: 4315–4333

Li Q, Zheng Q, Shen W, Cram D, Fowler DB, Wei Y, Zou J
(2015) Understanding the biochemical basis of
temperature-induced lipid pathway adjustments in
plants. Plant Cell 27: 86–103

Lichtenthaler HK (2010) The non-mevalonate DOXP/MEP
(deoxyxylulose 5-phosphate/methylerythritol
4-phosphate) pathway of chloroplast isoprenoid and
pigment biosynthesis. In: Rebeiz CA, Benning C, Daniel
H, Hoober K, Lichtenthaler HK, Portis A, Tripathy B (eds)
The Chloroplast: Basics and Applications. Springer
Netherlands, Dordrecht, pp 95–118

Livak KJ, Schmittgen TD (2001) Analysis of relative gene
expression data using real-time quantitative PCR and the
2-DDCT. Methods 25: 402–408

Physiol. Plant. 2017



Lombardo VA, Osorio S, Borsani J, Lauxmann MA,
Bustamante CA, Budde CO, Andreo CS, Lara MV, Fernie
AR, Drincovich MF (2011) Metabolic profiling during
peach fruit development and ripening reveals the
metabolic networks that underpin each developmental
stage. Plant Physiol 157: 1696–1710

Lurie S, Crisosto CH (2005) Chilling injury in peach and
nectarine. Postharvest Biol Technol 37: 195–208

Marangoni AG, Palma T, Stanley DW (1996) Membrane
effects in postharvest physiology. Postharvest Biol
Technol 7: 193–217

Meisel L, Fonseca B, González S, Baezayates R, Cambiazo
V, Campos R, González M, Orellana A, Retamales J,
Silva H (2005) A rapid and efficient method for purifying
high quality total RNA from peaches (Prunus persica) for
functional genomics analyses. Biol Res 38: 83–88

Moellering ER, Muthan B, Benning C (2010) Freezing
tolerance in plants requires lipid remodeling at the outer
chloroplast membrane. Science 330: 226–228

Monti LL, Bustamante CA, Osorio S, Gabilondo J, Borsani
J, Lauxmann MA, Maulión E, Valentini G, Budde CO,
Fernie AR, Lara MV, Drincovich MF (2016) Metabolic
profiling of a range of peach fruit varieties reveals: high
metabolic diversity and commonalities and differences
during ripening. Food Chem 190: 879–888

Nilo R, Saffie C, Liley K, Baeza-Yates R, Cambiazo V,
Campos-Vargas R, González M, Meisel LA, Retamales J,
Silva H, Orellana A (2010) Proteomic analysis of peach
fruit mesocarp softening and chilling injury using
difference gel electrophoresis (DIGE). BMC Genomics
11: 43

Ogundiwin EA, Marti C, Forment J, Pons C, Granell A,
Gradziel TM, Peace CP, Crisosto CH (2008)
Development of ChillPeach genomic tools and
identification of cold-responsive genes in peach fruit.
Plant Mol Biol 68: 379–397

Ohta H, Shimojima M, Arai T, Masuda T, Shioi Y,
Takamiya K (1995) UDP-galactose:Diacylglycerol
galactosyltransferase in cucumber seedlings: Purification
of the enzyme and the activation by phosphatidic acid.
In: Kader JC, Mazliak P (eds) Plant Lipid Metabolism.
Kluwer Academic, Dordrecht, pp 152–155

Pateraki I, Renato M, Azcón-Bieto J, Boronat A (2013) An
ATP synthase harboring an atypical 𝛾-subunit is involved
in ATP synthesis in tomato fruit chromoplasts. Plant J 74:
74–85

Pons PC, Dagar A, Marti Ibanez C, Singh V, Crisosto CH,
Friedman H, Lurie S, Granell A (2015) Presymptomatic
transcriptome changes during cold storage of chilling
sensitive and resistant peach cultivars to elucidate
chilling injury mechanisms. BMC Genomics 16: 245

Renato M, Pateraki I, Boronat A, Azcón-Bieto J (2014)
Tomato fruit chromoplasts behave as respiratory
bioenergetic organelles during ripening. Plant Physiol
166: 920–933

Rochaix JD, Lemeille S, Shapiguzov A, Samol I, Fucile G,
Willig A, Goldschmidt-Clermont M (2012) Protein
kinases and phosphatases involved in the acclimation of
the photosynthetic apparatus to a changing light
environment. Philos Trans R Soc Lond B Biol Sci 367:
3466–3474

Saeed AI, Sharov V, White J, Li J, Liang W, Bhagabati N,
Braisted J, Klapa M, Currier T, Thiagarajan M, Sturn A,
Snuffin M, Rezantsev A, Popov D, Ryltsov A,
Kostukovich E, Borisovsky I, Liu Z, Vinsavich A, Trush V,
Quackenbush J (2003) TM4: a free, open-source system
for microarray data management and analysis.
Biotechniques 34: 374–378

Skoczowski A, Filek M, Dubert F (1994) The long-term
effect of cold on the metabolism of winter wheat
seedlings. II. Composition of fatty acids of
phospholipids. J Therm Biol 19: 171–176

Spicher L, Glauser G, Kessler F (2016) Lipid antioxidant
and galactolipid remodeling under temperature stress in
tomato plants. Front Plant Sci 7: 167

Steponkus PL (1984) Role of the plasma membrane in
freezing injury and cold acclimation. Annu Rev Plant
Physiol 35: 543–584

Steponkus PL, Uemura M, Balsamo RA, Arvinte T, Lynch
DV (1988) Transformation of the cryobehavior of rye
protoplasts by modification of the plasma membrane
lipid composition. Proc Natl Acad Sci U S A 85:
9026–9030

Troncoso-Ponce MA, Cao X, Yang Z, Ohlrogge JB (2013)
Lipid turnover during senescence. Plant Sci 205-206:
13–19

Vizoso P, Meisel LA, Tittarelli A, Latorre M, Saba J, Caroca
R, Maldonado J, Cambiazo V, Campos-Vargas R,
González M, Orellana A, Silva H (2009) Comparative
EST transcript profiling of peach fruits under different
postharvest conditions reveals candidate genes
associated with peach fruit quality. BMC Genomics
10: 423

Zhang C, Tian S (2010) Peach fruit acquired tolerance to
low temperature stress by accumulation of linolenic acid
and N-acylphosphatidylethanolamine in plasma
membrane. Food Chem 120: 864–872

Zhang XD, Wang RP, Zhang FJ, Tao FQ, Li WQ (2013)
Lipid profiling and tolerance to low-temperature stress in
Thellungiella salsuginea in comparison with Arabidopsis
thaliana. Biol Plant 57: 149–153

Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Table S1. Relevant agronomic characteristics of the six
varieties.
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Table S2. Firmness, soluble solids and expressible juice
of fruits from the six peach varieties.

Table S3. Sequences of the oligonucleotide primers used
for qRT-PCR.

Table S4. Numerical data for the content of the 59 lipid
species analyzed by LC–MS.

Table S5. Variable contribution to the principal compo-
nents (%) shown in Fig. 2.

Table S6. Lipid fold change between RS and H, CS and
H, CS21 and H, CS and RS, and CS21+RS and RS.

Table S7. Putative genes involved in galactolipid
metabolism.

Table S8. Fatty acids (%) quantified by GC-FID.

Table S9. DBI of total lipids.

Table S10. Fold changes for different lipid classes
between RS and H, CS and H, CS21 and H, CS and RS,
and CS21+RS and RS.

Fig. S1. Schematic representation of peach fruit treat-
ments after harvest.

Fig. S2. Relative abundance of lipid species analyzed by
LC–MS in peach fruits.
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