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The aim of this study was to investigate the role of tocopherols in the susceptibility of Star Ruby grapefruit to
postharvest chilling injury (CI). Fruit exposed to normal sunlight (NC, non-covered) and deprived of light (C,
covered) in the last stages of development were used. Tocopherol contents increased in the flavedo of both NC
and C fruit during development, concomitantly with the up-regulation of TAT1 and most genes of the tocopherol-
core pathway. Fruit shading reduced total contents by repressing y-tocopherol accumulation, associated to a
down-regulation of GGDR and VTEI and, to a lesser extent, of VTE2, VTE3a and VTE4. During cold storage, total

and a-tocopherol contents increased in NC and C fruit, and no direct relationship between tocopherol accu-
mulation and CI tolerance was found. Cold stress up-regulated most genes involved in the synthesis of tocopherol
precursors and down-regulated those of the tocopherol-core pathway, but changes seemed to be cold-mediated
and not related to CI development.

1. Introduction

Chilling injury (CI) is an economically important postharvest disor-
der that reduces external fruit quality, marketability and consumer
acceptance, culminating in important economic losses. Because of their
subtropical origin, fruit of many species and cultivars of Citrus are prone
to develop peel injuries during storage at low temperatures (Lado,
Cronje, Rodrigo, & Zacarias, 2019; Zacarias, Cronje, & Palou, 2020).
Fruit of grapefruit cultivars are highly susceptible to CI when stored at
temperatures below 10 °C (Lado, Rodrigo, Cronje, & Zacarias, 2015;
Schirra, 1993). CI in the peel of grapefruit is manifested as a series of
symptoms, referred to as peel pitting, which initiates as small brown pit-
like depressions that expand forming large necrotic and depressed areas
after prolonged cold storage (Lado et al., 2019; Lado, Rodrigo et al.,
2015). Susceptibility to CI is influenced by many factors, including the
Citrus genotype and environmental and agronomical conditions, such as
the harvest season, maturity, growing conditions, rootstock, fruit posi-
tion on the tree canopy and peel pigmentation, among others, that
markedly define the initiation and development of CI during postharvest
cold storage (Lado et al., 2019; Zacarias et al., 2020).

Oxidative stress is a primary mechanism in the response of Citrus
fruit against stress caused by low temperature, and/or by the damage
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induced under these conditions (Toivonen, 2004). The capability of
certain species and cultivars to counteract these processes appears to be
essential to determine fruit tolerance or susceptibility to CI under cold
stress conditions (Lado et al., 2019; Zacarias et al., 2020). Antioxidant
defense mechanisms in plants include detoxifying enzymes and low
molecular weight compounds such as ascorbic acid, glutathione, carot-
enoids and tocopherols (Decros, Baldet, Beauvoit, Stevens, Flandin,
Colombié, & Peétriacq, 2019; Toivonen, 2004). Enhanced activity of
enzymes of the antioxidant system has been associated with the natural
tolerance to CI of several mandarin cultivars (Sala, 1998) and also with
the tolerance induced by heat-conditioning treatments (Lafuente,
Establés-Ortiz, & Gonzalez-Candelas, 2017). Among them, a protective
role of catalase against chilling has been proposed, as higher catalase
activity and increased catalase transcripts have been detected in the peel
of tolerant fruit of mandarin and grapefruit (Lado, Rodrigo, Lopez-Cli-
ment, Gomez-Cadenas, & Zacarias, 2016; Maul, McCollum, Guy, &
Porat, 2011; Sala, 1998). Ascorbic acid (vitamin C) and glutathione are
potent water-soluble antioxidants (Decros et al., 2019) but their relation
to CI in Citrus fruit is controversial, as contents in grapefruit and man-
darin fruit did not support a direct relationship with CI tolerance (Lado
et al., 2016; Rey, Zacarias, & Rodrigo, 2020). Carotenoids, on the other
hand, are considered to be the first line of defense against singlet oxygen
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(Decros et al., 2019) and have been associated with higher tolerance to
CI and other postharvest disorders (Cronje, Barry, & Huysamer, 2011;
Lado, Rodrigo et al., 2015; Rey et al., 2020). In Star Ruby grapefruit, it
has been shown that light avoidance at later stages of fruit development
led to the accumulation of the red carotene lycopene, which resulted in
fruit with a uniform red coloration of the peel and markedly induced
fruit tolerance to CI after subsequent storage at low temperature (Lado,
Rodrigo et al., 2015; Lado et al., 2016). Interestingly, in the red peel of
shaded grapefruit, the capacity to quench singlet oxygen was 2-3 times
higher than in fruit exposed to light, which were susceptible to CI (Lado
et al., 2016). Similarly, in fruit of mandarin cultivars with contrasting
susceptibility to CI (Fortune, Nova and Nadorcott), a higher p-cryptox-
anthin and violaxanthin content and capacity to quench singlet oxygen
was detected in the CI-tolerant cultivars (Rey et al., 2020). Therefore,
increased concentrations of carotenoids with enhanced antioxidant ca-
pacity may induce tolerance to CI in Citrus fruit. However, little is known
about the role of tocopherols, which are potent lipid-soluble antioxi-
dants, on the susceptibility of Citrus fruit to CI.

Tocopherols are plant-derived isoprenoids belonging to the chemical
group of tocochromanols, which also includes tocotrienols, plastocro-
manol 8 and tocomonoenols. Their structure consists of a polar chro-
manol ring and a lipophilic polyprenyl side chain and, according to the
position and degree of methylation of the chromanol ring, four isoforms
exist: a-, p-, y- and &-tocopherols. Tocopherols are mainly produced in
photosynthetic organisms and, together with tocotrienols, are the only
organic molecules with vitamin E activity in animals (Mene-Saffrané,
2017; Munoz & Munné-Bosch, 2019). These compounds have diverse
physiological functions in plants, of which their role as antioxidants is
among the most relevant, with the capability to scavenge free radicals
and quench singlet oxygen, protecting cell membranes from lipid per-
oxidation and reducing oxidation of cellular components (Falk &
Munné-Bosch, 2010). Additionally, the disposition and mobility of to-
copherols within cell membranes helps to maintain stability and
conformation of membrane’s structure (Boonnoy, Karttunen, & Wong-
ekkabut, 2018). Since chilling in plants is associated with oxidative
processes and the loss of cell membranes stability/fluidity (Lado et al.,
2019; Zacarias et al., 2020), tocopherols could play a role in the pro-
tection of fruit against cold stress during postharvest storage by pro-
tecting cells against oxidative processes (Boonnoy et al., 2018; Falk &
Munné-Bosch, 2010; Ma et al., 2020).

The synthesis of tocopherols in plants occurs mainly in plastids and
can be divided into two stages. The first stage consists in the indepen-
dent synthesis of the precursors homogentisate (HGA) and phytyl py-
rophosphate (PPP), while the second stage involves the specific steps
and modifications leading to tocopherol formation (Mene-Saffrane,
2017; Munoz & Munné-Bosch, 2019). The chromanol ring of all toco-
chromanols derives from the precursor HGA, which results from the
degradation of L-tyrosine formed in the Shikimate (SK) pathway (Riewe,
Koohi, Lisec, Pfeiffer, Lippmann, Schmeichel, & Altmann, 2012; Tse-
gaye, Shintani, & DellaPenna, 2002). The precursor PPP is specific for
tocopherol synthesis, and can be formed directly from GGPP (ger-
anylgeranyl diphosphate) (Ruiz-Sola et al., 2016), produced in the
methylerythritol 4-phosphate (MEP) pathway, or alternatively from the
recycling of free phytol (Mene-Saffrané, 2017; Pellaud & Mene-Saffrane,
2017). The regulation of key enzymes involved in these steps define
HGA and PPP availability and have a direct impact in the final amount of
tocopherols accumulated (Pellaud & Mene-Saffrané, 2017). The specific
tocopherol pathway, known as the tocopherol-core pathway, starts with
the condensation of HGA and PPP, catalyzed by homogentisate phytyl
transferase (HPT; VTE2), which forms 2-methyl-6-phytyl-1,4-benzoqui-
nol (MPBQ). MPBQ can produce §-tocopherol by the action of tocoph-
erol cyclase (TC; VTEI) and later p-tocopherol by the tocopherol methyl
transferase (y-TMT; VTE4); or, it can be methylated into 2,3-dimethyl-6-
phytyl-1,4-benzoquinol (DMPBQ) by a MPBQ methyltransferase
(MPBQ-MT; VTE3). DMPBQ then produces y-tocopherol and a-tocoph-
erol by the same TC and y-TMT. Tocopherol accumulation in vegetative
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tissues is limited by VTE2 (Collakova & DellaPenna, 2003; Maeda, Song,
Sage, & DellaPenna, 2006), and also highly influenced by the pathways
supplying the precursors HGA and PPP controlling the influx into the
tocopherol core-pathway (Munoz & Munné-Bosch, 2019; Pellaud &
Mene-Saffrané, 2017). Nonetheless, other studies have observed that the
accumulation of tocopherols in fruit is not markedly influenced by the
expression of the VTE2 gene, and that VTE3 seems to play a more pivotal
role controlling tocopherol contents (Quadrana et al., 2013).

Accumulation of tocopherols and transcriptional changes of their
biosynthetic genes in response to different abiotic stresses have been
widely studied in many plant species (Ma et al., 2020; Sadiq, Akram,
Ashraf, Al-Qurainy, & Ahmad, 2019). A role of tocopherols in the
tolerance of plant species to low temperatures has been suggested, as
increases in tocopherol contents have been detected in vegetative tissues
in response to low temperatures, and plants lacking tocopherols exhibit
a hypersensitive phenotype under cold stress (Bergmiiller, Porfirova, &
Dormann, 2003; Maeda et al., 2006; Wang et al., 2017). The involve-
ment of tocopherols in the response of fruit to postharvest cold storage
has received little attention, and only few studies have addressed such
relationship in cherry (Tijero, Teribia, Munoz, & Munné-Bosch, 2016),
avocado (Vincent, Mesa, & Munné-Bosch, 2020) and squash fruit
(Rodov, Paris, Friedman, Mihiret, Vinokur, & Fennec, 2020). In Citrus
fruit, we have recently observed that the natural tolerance of mandarin
fruit to postharvest CI is associated with increased tocopherol contents
(Rey, Rodrigo, & Zacarias, 2021), and that changes during storage ap-
pears to be independent of the development of CI. In order to gain
further insights into the potential function of tocopherols in the response
of other Citrus, fruit to postharvest cold temperatures, we took advan-
tage of the chilling tolerance of Star Ruby grapefruit induced by fruit
shading during the last stages of development (Lado, Rodrigo et al.,
2015; Lado et al., 2016). Using such system, the objective of the present
work was to study the effects of shading and storage at 2 °C on
tocopherol concentration, and on the expression of genes of the different
tocopherol biosynthetic pathways in Star Ruby grapefruits.

2. Materials and methods
2.1. Plant material and storage conditions

Fruit of Star Ruby grapefruit (Citrus paradisi Macf.) were used
throughout this study. Fruit of this cultivar are characterized by their
red-colored flesh (due to lycopene accumulation), and they may also
develop red coloration in areas of the peel. Accumulation of lycopene in
the peel (external red coloration) is stimulated in this genotype by
covering fruit and avoiding direct light exposure in the last stages of fruit
development, which results in fruit tolerant to the development of CI, in
contrast to Cl-sensitive control fruit (Lado, Rodrigo et al., 2015; Lado
et al., 2016). Therefore, in this work we used non-covered (NC) and
covered (C) fruit of Star Ruby to explore the involvement of tocopherols
in the susceptibility/tolerance to CI. For this purpose, 100 fruits of Star
Ruby grapefruit located outside of the tree canopy from four adult trees
were covered with black polyethylene plastic bags 5 months before
harvest at the immature-green stage (last week of July), leaving the
bottom open to allow air circulation as described by Lado et al. (2015).
Uncovered control fruit (NC) were located outside the canopy of the
same trees, adjacent to C fruit, and exposed to direct sunlight. Orchards
were located in the Citrus Germplasm Bank at the Instituto de Inves-
tigaciones Agrarias (IVIA, Moncada, Valencia, Spain) and grown under
normal agro-ecological conditions. NC and C fruit were harvested at
commercial maturity in the first week of January, being the average for
maximum and minimum field temperature for the four weeks previous
to harvest of 16.8 + 0.4 °C and 4.3 £ 0.6 °C, respectively. Fruit was
delivered to the lab, inspected for color uniformity and external dam-
ages, and fruit free of any defect or damage, of both NC and C grape-
fruits, were randomly separated into two lots and stored at 2 °C and 85%
RH for up to 8 weeks. The first lot of fruit was used for collecting samples
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of flavedo tissue, while the second lot was divided in three replicates of
ten fruit (for each NC or C condition) and used for the periodic evalu-
ation of CI. Flavedo samples were collected from the equatorial section
of 6-8 fruits at the covering time (CT), harvest (H) and periodically
throughout storage (1, 3, 5, 8 weeks). Flavedo tissue was excised with a
scalpel, frozen in liquid nitrogen and ground to a fine powder. Samples
were stored at —80 °C until analysis. At each date, peel color was
measured using a Minolta CR-330 colorimeter (Minolta, Osaka, Japan)
on three locations around the equatorial plane of the fruit, using three
replicates of 10 fruit for each condition. Color was expressed as the a/b
Hunter ratio, which is negative for green fruit, around zero for yellow
fruit at color break, and positive for orange and red colored fruit.

2.2. Evaluation of chilling injury

During cold storage, CI was evaluated by inspecting and scoring fruit
on a scale according to the extension and severity of the peel damage:
0 (no CI), 1 (low CI, <25% peel surface), 2 (high CI, 25-50% peel sur-
face) and 3 (severe CI > 50% peel surface). Results were expressed as CI
index, which was calculated by adding the product of the number of fruit
in each category multiplied by the score for each category and after-
wards dividing it by the number of total fruits evaluated (Sala, 1998). CI
was evaluated in 3 replicates of 10 fruit for each NC and C condition.

2.3. Tocopherol extraction and quantification

Tocopherols were extracted from the flavedo tissue following the
protocol described in Fraser, Pinto, Holloway, and Bramley (2000).
Briefly, 200 mg of flavedo tissue was extracted with methanol (MeOH,
HPLC grade, Scharlau, Barcelona, Spain), Tris buffer plus NaCl (50 mM
Tris-HCI pH 7.5/1 M NaCl) and dichloromethane (HPLC grade, Schar-
lau, Barcelona, Spain). Samples were grounded with a mortar and pestle
with sea sand (PanReac AppliChem, Barcelona, Spain) as an abrasive,
and the mixture was sonicated in a XUBA3 ultrasonic water bath (Grant
Instruments, Cambridge, England) for 5 min. The homogenized sample
was centrifuged for 10 min at 3000g and 4 °C for phase separation. The
dichloromethane phase was recovered in a glass tube and the methanol
phase and sediment were re-extracted with dichloromethane. The
pooled dichloromethane extracts were dried under nitrogen gas and
stored at —20 °C in a free O, atmosphere until analysis. For tocopherol
quantification, dry extracts were re-suspended in 500-700 pl of ethyl
acetate (HPLC grade, Merck, Madrid, Spain) and an aliquot of 20 pl was
injected directly in a HPLC system (Acquity® Arc™, Waters, Barcelona,
Spain) coupled with a fluorescence detector (2475 FLR Detector, Waters,
Barcelona, Spain), and a YMC C30 column (150 x 4.6 mm, 3 pm)
(Teknokroma, Barcelona, Spain) at 25 °C. A ternary gradient elution at a
flow rate of 1 ml/min was used for tocopherol separation. The initial
solvent composition consisted of 90% of MeOH, 5% water and 5%
methyl tert-butyl ether (MTBE, HPLC grade, Scharlau, Barcelona, Spain).
After 12 min at these conditions, the solvent composition changed lin-
early to 95% MeOH and 5% MTBE, and after 2 min to 50% MeOH and
50% MTBE. These conditions were maintained for 5 min, after which the
solvent composition was gradually re-established to initial conditions
(min 20), and equilibrated for 10 min before the next injection. Com-
pounds were detected by fluorescence with excitation at 296 nm and
emission at 340 nm, and standards for -, y- and a-tocopherol (Sig-
maAldrich, Barcelona, Spain) were used for the identification and
quantification of tocopherols. All procedures were carried out on ice and
under dim light to prevent degradation. Total tocopherol content was
calculated as the sum of the tocopherol isoforms detected, and concen-
trations are expressed as ug/g of fresh weight. Samples were extracted
twice and results are the mean of the replicates (mean =+ standard error).

2.4. Total RNA extraction, cDNA synthesis and g-PCR conditions

Total RNA was extracted from flavedo tissue using the RNeasy Plant
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Mini Kit (Qiagen, Madrid, Spain), following manufacturer’s instructions.
For cDNA synthesis, total RNA was treated with DNase I (DNA free,
DNase treatment & removal, Ambion, Barcelona, Spain) and RNA con-
centration was measured by spectrophotometric analysis (Nanodrop,
Thermo Fisher Scientific, Barcelona, Spain). The quality of the RNA was
verified by agarose gel electrophoresis with GoodView™ Nucleic Acid
Stain (SBS Genetech, Beijing, China). Five pg of total RNA were reverse-
transcribed using the SuperScript III Reverse Transcriptase (Invitrogen,
Barcelona, Spain) in a total volume of 20 pl, following the manufac-
turer’s procedure. First-strand cDNA samples were diluted 1:5 to a final
concentration of approximately 100 ng/ul for each amplification
reaction.

Quantitative real-time PCR was performed using a LightCycler 480
instrument (Roche, Madrid, Spain), using the LightCycler 480 SYBR-
Green I Master kit (Roche, Madrid, Spain) and following the manufac-
turer’s instructions. The relative expression was measured for 14 genes
related to: i) the SK pathway supplying the tocopherol precursor HGA
(TAT1 and HPPD); ii) the MEP pathway supplying the precursor PPP
(DXS1 and DXS2, GGPPS1 and GGPPS6 and GGDR); iii) the recycling of
free phytol into PPP (VTE5 and VTES6); iv) and to the tocopherol-core
pathway (VTE2, VTE3a and VTE3b, VTE1 and VTE4). These genes
were selected on the basis of their putative function and the activity of
the corresponding enzyme in the metabolic pathway of tocopherol
biosynthesis in plants (Mene-Saffrané, 2017; Pellaud & Mene-Saffrané,
2017; Quadrana et al., 2013). Moreover, the selected genes were pre-
viously identified in the Citrus genome based on homology to Arabidopsis
thaliana and Solanum lycopersicum protein sequences and the primers
designed for each gene were successfully used for analysis of gene
expression in the peel of mandarin fruits (Rey et al., 2021). Details of the
genes and primers sequences used are listed in Table S1. The cycling
protocol, for all genes analyzed, consisted of 10 min at 95 °C for pre-
incubation, 40 cycles of 10 s at 95 °C for denaturation, 10 s at 59 °C
for annealing and 10 s at 72 °C for extension. Specificity of the PCR
reaction was assessed by the presence of a single peak in the dissociation
curve performed after the amplification steps. For expression measure-
ments, we used the LightCycler 480 Software release 1.5.0, version
1.5.0.39 (Roche, Madrid, Spain) and calculated expression levels rela-
tive to values of a reference sample using the Relative Expression Soft-
ware Tool (Pfaffl, Horgan, & Dempfle, 2002). For all genes and all dates
analyzed the reference sample used to calculate relative expression was
the expression value for covered fruit of Star Ruby at harvest, which was
set as 1. The housekeeping gene used for normalization was ACTIN
(Alos, Rodrigo, & Zacarias, 2014). The reference sample used for all
genes was the expression values for covered fruit of Star Ruby at harvest.

2.5. Statistical analyses

Unpaired Student’s t-test was used to determine statistically mean
differences between NC and C fruit in each sample date (significance
level at p < 0.05). Additionally, a one-way ANOVA was carried out and
Tukey’s test (significance level at p < 0.05) was used for mean com-
parisons among dates for each fruit condition (NC or C fruit). Analyses
were performed using SigmaPlot version 14.0 (Systat Software, USA).

3. Results and discussion

3.1. Fruit shading and cold storage influenced tocopherol accumulation in
the flavedo of Star Ruby grapefruit

As a first step to understand the involvement of tocopherols, as
potent lipid-soluble antioxidants, in the tolerance of Citrus fruit to CI, the
concentration of tocopherols was determined in the flavedo of NC and C
Star Ruby grapefruits, which displayed contrasting susceptibility to CI.
For that purpose, immature fruit of Star Ruby grapefruit with an external
green coloration were covered (C) in July with black bags to avoid light
exposure during fruit ripening, whereas non-covered (NC) fruit were
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Fig. 1. External appearance (A), rind color expressed as a/b ratio (B) and development of CI expressed as CI index (C) of immature-green fruit at the covering time
(CT), and of non-covered (NC) and covered (C) fruits of Star Ruby grapefruit at harvest (H) and during postharvest storage at 2 °C for up to 8 weeks. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

located outside of the fruit canopy and exposed to direct sunlight. Both
fruit were harvested at the first week of January and were similar in size
but with different internal maturity. Total soluble solids and acidity
were higher in the juice of NC than in C fruit, resulting in a lower in-
ternal maturity index, 5.48 and 7.14, respectively (Table S2). These
results may be indicative of an accelerated internal maturation in the
pulp in covered conditions, similarly to the effect of shading on accel-
erating peel degreening, triggering the earlier degradation of chloro-
phylls and the accumulation of carotenoids (Lado, Cronje, et al., 2015).
Moreover, at harvest, marked differences in peel coloration (Fig. 1A and
B) between NC and C fruit were detected. C fruit developed a uniform
red peel coloration, whereas peel color of NC fruit was pale-yellow with
pale red shades in some areas of the fruit surface less exposed to sunlight
(Fig. 1A). This effect was clearly reflected by the a/b Hunter ratio, which
was around 1 for C fruit and 0.2, typical for yellow coloration, for NC
fruit (Fig. 1B). During storage at 2 °C, peel coloration remained nearly
constant in both NC and C fruit (Fig. 1B). NC fruit were highly sensitive
to CI, with symptoms appearing after 1 week and increasing substan-
tially during storage, reaching a CI index near 2.5 (severe damage) after
8 weeks at 2 °C. On the other hand, and as observed in previous studies
(Lado, Rodrigo et al., 2015; Lado et al., 2016), C fruit developed chilling
symptoms at a much lower rate and, after 8 weeks, CI index was less than
1 (slight damage) (Fig. 1A and C).

The HPLC-FLR analysis of tocopherols revealed that only the iso-
forms o- and y-tocopherol were accumulated in the flavedo of NC and C
Star Ruby grapefruit, and that a-tocopherol was the predominant form
accumulated (Fig. 2). In other Citrus species, such as mandarin (Rey
etal., 2021) and orange (Assefa, Saini, & Keum, 2017), a-tocopherol has

been reported as the main tocopherol isoform, although the predomi-
nance of y-tocopherol has also been described in the peel of fruit of other
less common Citrus species (Assefa et al., 2017). Fruit shading signifi-
cantly reduced total tocopherol content at harvest (Fig. 2A). In
immature-green fruit, just before covering, total tocopherols were 81
ug/g, with a-tocopherol accounting for 76% and y-tocopherol for 24% of
total contents. During fruit development and maturation, a-tocopherol
increased to a similar extent in NC and C (Fig. 2C), but fruit shading
drastically impaired the increment of y-tocopherol in flavedo of mature
fruit, which was 4-times lower in C fruit (Fig. 2B). As a result of these
changes, total tocopherols were lower in the flavedo of C than in NC fruit
at harvest, and the proportion of a- and y-tocopherol was substantially
altered, with a-tocopherol accounting for 67-76% of the total in NC fruit
in comparison to 89-95% in C fruit (Fig. 2). These results clearly indi-
cate a differential effect of light on the accumulation of the different
tocopherols isoforms in the peel of Star Ruby grapefruit. Previous ex-
periments in Star Ruby revealed that shading altered the accumulation
of carotenoids and vitamin C, and also influenced the expression of key
genes of the biosynthetic pathways of these compounds (Lado, Cronje,
et al., 2015; Lado, Rodrigo et al., 2015; Lado et al., 2016). A similar
effect of light on tocopherol synthesis has been recently reported in
tomato fruit, in which the accumulation of tocopherols was reduced in
fruit grown under darkness, associated with a down-regulation of
several genes of their synthesis (Gramegna et al., 2019). Then, the
concentration of tocopherols increased in the peel of grapefruit during
the transition from fruit development to maturation, and it is likely that
light avoidance affects metabolic steps regulating the accumulation of
y-tocopherol.
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Fig. 2. Total tocopherol (A), y-tocopherol (B) and a-tocopherol content (C) in
the flavedo of non-covered (NC) and covered (C) fruits of Star Ruby grapefruit,
at the covering time (CT), harvest (H) and during postharvest storage at 2 °C for
up to 8 weeks. Letters indicate significant differences in tocopherol contents
among dates for each fruit condition, capital letters for NC fruit and lowercase
letters for C fruit (p < 0.05, Tukey test). Asterisks indicate significant differ-
ences between NC and C fruit (p < 0.05, t-test). Results are expressed as pg/g of
fresh weight.

Exposure of Star Ruby grapefruits to cold storage provoked a mod-
erate increase in total tocopherol content in both NC and C fruit
(Fig. 2A), although the effects on a- and y-tocopherol accumulation were
different. The concentration of y-tocopherol remained nearly constant in
NC fruit while the low content in C fruit decreased during storage (50%
after 3 weeks) (Fig. 2B). a-Tocopherol increased progressively during
the whole storage period in both NC and C (30% after 3 weeks), but with
minor differences between both conditions (Fig. 2C). Because of these
changes, total tocopherol content increased during cold storage in both
conditions, but were still higher in NC than in C fruit (Fig. 2A). Increases
in tocopherol content in response to low temperatures have been
observed in vegetative tissues (Bergmiiller et al., 2003; Ma et al., 2020;
Maeda et al., 2006), but information in fruit is scarce and variable. While
cold storage increased a-tocopherol content in cherries (Tijero et al.,
2016) it decreased them in fruit of different avocado cultivars (Vincent
et al., 2020).

Our results in Star Ruby grapefruits indicate that: (i) fruit shading
reduced total tocopherols in the peel of C fruit, which were more
tolerant to CI than NC fruit; (ii) this effect was more notable in
y-tocopherol contents, which were 4- to 8-times lower in C fruit; and (iii)
changes in a- and total tocopherol contents during storage were similar
in both conditions. Together, it appears that the changes in tocopherols
during cold storage are a response of the fruit to low temperature stress,
and that the positive relation between shading and the tolerance to CI of
Star Ruby grapefruit appears to be independent of tocopherol levels at
harvest and during the storage period. In mandarin fruit, a direct asso-
ciation between tocopherol content at harvest and the tolerance to CI

Food Chemistry: Molecular Sciences 3 (2021) 100037

during cold storage has been observed (Rey et al., 2021). Similarly, in
squash fruit stored at 4 °C, a higher resistance to CI was detected in
genotypes accumulating higher tocopherol contents (Rodov et al.,
2020). A possible explanation for the differences observed among Citrus
species would take into account a differential function of tocopherols in
the response of fruit to CI or, alternatively, that differences in tocopherol
concentrations may be associated with the natural tolerance to CI (such
as in mandarin varieties) but not with that induced by environmental
stimuli, as light avoidance in Star Ruby grapefruits. It is important to
remark that light deprivation in Star Ruby grapefruit triggers the
accumulation of the carotene lycopene, which is detected at trace
amounts in the peel of control fruit (Lado, Rodrigo et al., 2015). Lyco-
pene shares similar antioxidant properties with tocopherols and both
compounds are considered highly efficient singlet oxygen quenchers
(Decros et al., 2019). Therefore, the tolerance of Star Ruby C fruit to CI is
primarily related to the differential accumulation of this carotene (Lado,
Rodrigo et al., 2015; Lado et al., 2016) rather than to the tocopherol
content.

3.2. Transcriptional regulation of tocopherol biosynthesis in the flavedo of
Star Ruby grapefruit

In order to understand the effect of fruit shading during development
and ripening and of cold storage on the regulation of tocopherol syn-
thesis, and whether the alterations in gene expression are associated
with the changes in tocopherol concentration, the expression of 14 genes
involved in different steps of tocopherol synthesis were analyzed in the
flavedo of NC and C grapefruits. Tocopherol biosynthesis requires the
condensation of the precursors PPP and HGA, and the steps controlling
their availability have been described to be as important as the specific
steps of tocopherol synthesis in determining the final tocopherol content
(Mene-Saffrané, 2017; Pellaud & Mene-Saffrané, 2017). Therefore, we
analyzed the expression of genes regulating HGA supply through the SK
pathway (TATI and HPPD), genes regulating PPP supply through the
recycling of phytol (VTE5 and VTE6) and through the MEP pathway
(DXS1, DXS2, GGPPS1, GGPPS6 and GGDR), and genes belonging to the
tocopherol-core pathway (VTE2, VTE3a, VTE3b, VTE1 and VTE4) regu-
lating the final concentration and composition of tocopherols.

3.2.1. Effect of fruit shading

Fruit shading did not affect the expression of the two genes involved
in the supply of HGA, but these genes were differentially expressed
during fruit ripening (Fig. 3A). Transcripts of TATI experienced a 15-
fold increase from immature (CT) to ripe fruit, whereas those of HPPD
remained nearly constant. Interestingly, these changes were similar in
both NC and C, indicating that the regulation of these genes was inde-
pendent of light exposure. On the other hand, the expression of VTE5
and VTE6 genes, which are involved in the supply of PPP by the recy-
cling of phytol, were slightly or markedly down-regulated during
development and ripening, respectively, but transcript levels were
higher in fruit kept in the darkness indicating that light may play a
negative effect on the expression of these genes (Fig. 3B). It is interesting
that, of these genes, only TAT1 was enhanced during fruit development
and maturation with minor differences in NC and C fruit, suggesting that
this step may contribute to the increase in total tocopherols observed at
harvest in both conditions (Fig. 2A). Transcriptional levels and enzy-
matic activity of TAT have been related to tocopherol content in leaves
of Arabidopsis (Riewe et al., 2012), and also appear to be involved in
tocopherol accumulation in tomato fruit (Quadrana et al., 2013).

Most genes involved in the MEP pathway, the other source of PPP,
were substantially down-regulated during fruit development, and GGDR
was the only gene strongly repressed by light deprivation (Fig. 3C). From
immature to ripe fruit, DXS1 and DXS2 experienced a dramatic reduc-
tion in their expression (2.5- and 5-times, respectively), and interest-
ingly, transcripts accumulation of DXS1 and GGPPS1 were significantly
higher in the flavedo of C than in NC fruit at harvest. The enzyme DXS
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Fig. 3. Relative expression of the genes involved in the synthesis of HGA (homogentisate) through the SK pathway (A), and in the synthesis of PPP (phytyl pyro-
phosphate) through the recycling of free phytol (B) and MEP pathway (C) in the flavedo of non-covered (NC) and covered (C) fruits of Star Ruby grapefruit, at the
covering time (CT), harvest (H) and during postharvest storage at 2 °C for up to 8 weeks. The genes analyzed were: TATI (tyrosine aminotransferase), HPPD (4-
hydroxyphenylpyruvate dioxygenase), VTE5 (phytol kinase), VTE6 (phytyl-P kinase), DXS1 and DXS2 (1-deoxy-D-xylulose-5-phosphate synthase 1 and 2), GGPPS1
and GGPPS6 (geranylgeranyl pyrophosphate synthase 1 and 6) and GGDR (geranylgeranyl diphosphate reductase). An expression value of 1 was arbitrarily assigned
to the values obtained in the flavedo of C fruit at harvest. The data are mean + S.E of at least three replicates.

limits the influx into the MEP pathway by determining the amount of IPP
available (Estévez, Cantero, Reindl, Reichler, & Ledn, 2001; Rodriguez-
Concepcion & Boronat, 2015), while GGPPS regulates the synthesis of
GGPP necessary for PPP (Ruiz-Sola et al., 2016). Many GGPPS paralo-
gues have been identified in Arabidopsis and tomato, but AtGGPPS11
(the orthologous of GGPPS6 in Citrus), and SIGGPPS1, 2 and 3 seem to be
the main forms responsible for the synthesis of GGPP (Barja et al., 2021;
Ruiz-Sola et al., 2016). Genes of MEP pathway are subject to multiple
levels of regulation, including several environmental signals, and light
has been demonstrated to be an essential promotor of their transcrip-
tions (Rodriguez-Concepcion & Boronat, 2015). Therefore, the higher

expression of DXS1 and GGPPS]1 in the flavedo of C fruit was an unex-
pected result. Previous experiments have shown an early repression of
DXS and GGPPS genes in bagged fruit of grapefruit, although differences
were not maintained in ripe fruit (Lado, Cronje, et al., 2015). None-
theless, it is important to highlight that many intermediates of the MEP
pathway are metabolic precursors for the synthesis of other plant iso-
prenoids (Rodriguez-Concepcion & Boronat, 2015), and that many
genes of this pathway are post-transcriptionally regulated (Hemmerlin,
2013). Thus, it is reasonable to assume that the down-regulation of
genes of the MEP pathway during maturation does not necessarily
implicate a reduction in tocopherol concentration, or that the higher
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at least three replicates.

expression of DXS1 and GGPPS1 in C fruit directly translates in higher
contents.

The most remarkable effect of light deprivation during development
and maturation on the genes of the MEP pathway was the reduction of
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GGDR (Fig. 3C). This gene controls the reduction of GGPP into PPP and
thus, directly regulates the availability of PPP for tocopherol synthesis
(Pellaud & Mene-Saffrané, 2017). A recent study in tomato fruit found a
substantial down-regulation of this gene in plants grown under darkness
(Gramegna et al., 2019). This effect was associated with the interaction
of a phytochrome-interacting factor with the promoter region of GGDR
in the absence of light, which negatively regulates GGDR expression in
tomato fruit (Gramegna et al., 2019). Our results indicate that the
expression of GGDR is also light-regulated in the peel of Star Ruby
grapefruit and correlated with tocopherol accumulation, supporting the
notion that the expression of GGDR gene may be a key mechanism
regulating tocopherol contents in the peel of Citrus fruit (Rey et al.,
2021).

Regarding the genes of the tocopherol-core pathway, their expres-
sions were in general up-regulated in the flavedo of NC grapefruit during
maturation and, with the exception of VTE3b, accumulation of the
transcripts was significantly lower in C fruit than in NC (Fig. 4). These
results indicate that the genes of the tocopherol-core pathway are
stimulated during development and ripening of grapefruit under normal
environmental conditions, in accordance with the increase in tocopherol
content (Fig. 2). Interestingly, the absence of light impaired the
enhancement of VTE2, VTE3a, VTE1 and VTE4 genes in C fruit, as
expression levels were similar to those before fruit bagging. Likewise, in
tomato, a down-regulation of the genes VTE2, VTEI and VTE4 has also
been observed in dark-grown fruit (Gramegna et al., 2019).

Tocopherol accumulation is highly dependent on the availability of
the precursors PPP and HGA, and the up-regulation of the genes
involved in their biosynthetic pathways usually translates in higher
availability of precursors and hence higher tocopherol contents (Pellaud
& Mene-Saffrané, 2017). In vegetative tissues, the tocopherol-core genes
(with the exception of VTE2 and VTEI) are thought to play a role in
shaping tocopherol composition rather than defining the contents, but
transcriptional studies in tomato fruit have revealed the importance of
VTE3 in regulating tocopherol accumulation in fruit tissues (Quadrana
et al., 2013). Our results in grapefruits suggest that the upsurge in total
tocopherols in both NC and C fruit during maturation could be due to the
combined up-regulation of TAT1 (Fig. 3A), involved in HGA synthesis,
and most of the genes of the tocopherol-core pathway (Fig. 4).

One of the most remarkable effects of light avoidance in Star Ruby
grapefruits was the reduction of y-tocopherol during development and
maturation, as the content in C fruit was 4-times lower than in NC fruit
(Fig. 2B). Consequently, a moderated reduction in total tocopherols was
also detected (Fig. 2A). These reductions in contents under dark con-
ditions could be related to the reduced expression of GGDR, VTE1, VTE4,
VTE3a and VTE2 in C fruit (Fig. 3C and 4). Similarly, Gramegna et al.
(2019) concluded that the down-regulation of the upstream gene GGDR
and downstream genes VTE2, VTE1 and VTE4 explained the low levels of
tocopherols accumulating in dark-grown tomato fruit. Although the
expression of many genes (DXS1, GGPPS1, VTE5 and VTE6) involved in
the formation of PPP were significantly higher in C fruit (Fig. 3B and C),
this was not translated into a higher tocopherol content. This suggests
that the reduction in the levels of GGDR transcripts by light avoidance
play a pivotal role controlling the supply of the precursor PPP for
condensation with HGA. Therefore, the enzyme GGDR is revealed as a
limiting step in tocopherol accumulation in grapefruit peel, reinforcing
its role in tocopherol accumulation in fruit tissues of different species
(Georgiadou et al., 2019; Gramegna et al., 2019; Quadrana et al., 2013;
Rey et al., 2021). It is noteworthy that, besides the shade-induced
repression of GGDR, four of the five genes of the tocopherol-core
pathway analyzed were also affected by light avoidance. This effect
was more prominent for VTE1 (transcript accumulation was 3-times
lower in C than in NC fruit) than in any other gene of this pathway
(Fig. 4). The gene VTEI encodes for the enzyme tocopherol cyclase,
which catalyzes the conversion of DMPBQ into y-tocopherol, and vtel
mutant plants lack all tocopherol isoforms and accumulate the inter-
mediate DMPBQ (Porfirova, Bergmuller, Tropf, Lemke, & Dormann,
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2002). A reasonable hypothesis to explain the reduction of y-tocopherol
provoked by fruit shading would take into account the down-regulation
of GGDR, and to a lesser extent of VTE2 and VTE3a, and the marked
impairment of VTEI induction during ripening (Figs. 2-4). Then, a
reduction in the precursor supply and in the conversion of DMPBQ to
y-tocopherol, and a non-limiting rate of conversion into a-tocopherol by
VTE4, may lead to a lower y-tocopherol pool in C grapefruits.

3.2.2. Effect of cold storage

The expression profiling of the genes involved in the different
pathways of tocopherol biosynthesis were analyzed in the peel of NC and
C fruit stored at 2 °C for up to 8 weeks. In general, cold temperatures
induced an up-regulation of the genes involved in the synthesis of
tocopherol precursors in the flavedo of both NC and C fruit of SR
grapefruit (Fig. 3).

The most marked effect of cold storage was in the expression of the
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HPPD gene, with a near 7-fold increment only 1 week after storage at
2 °C in both NC and C fruit. Levels of HPPD transcripts remained with
minor variations after subsequent storage. The other gene of this
pathway, TATI, also increased but only at the end of the storage
(Fig. 3A). Similarly, an induction of HPPD by cold storage has also been
observed in other species, like alfalfa and lettuce, in response to other
abiotic stresses, suggesting the involvement of HPPD in plant response to
different stresses (Ma et al., 2020). Overexpression of this gene has
increased tocopherol content in seeds and leaves of Arabidopsis and
oilseed crops (Tsegaye et al., 2002), and thus could be contributing to
the increased tocopherol contents in both NC and C fruit. However, it is
important to indicate that the induction of HPPD under cold tempera-
tures does not necessarily indicate a higher HGA availability for
tocopherol production, since HGA is a common precursor for all toco-
chromanols. In relation to this, plastochromanol-8 and its precursor
plastoquinone-9 are potent singlet oxygen quenchers and have also been
induced in response to abiotic stresses (Liu & Lu, 2016), but their po-
tential role under cold stress is still unclear.

The genes VTE5 and VTES, involved in the supply of PPP through the
recycling of phytol formed during chlorophyll degradation, were also
cold-responsive. Both genes were stimulated by cold, at early stages of
the storage period for VTE5 and at the end for VTE6 (Fig. 3B). In general,
the effect of cold was similar in NC and C fruit, indicating that fruit
shading does not affect PPP supply through this pathway during cold
storage.

Genes of the MEP pathway were in general stimulated by postharvest
cold storage, although each gene was induced at a different stage of
storage. DXS1 was the only gene of this pathway that was more stimu-
lated by cold in NC than in C fruit. Other genes, like GGPPS6 showed
differences between both conditions after 3 weeks of storage. Interest-
ingly, the differences in transcript levels of GGDR induced by shading
were maintained during cold storage, and transcript accumulation was
always higher in NC than in C fruit (Fig. 3C), similarly to the effect of
cold stress on these genes in other species (Xu et al., 2019). Since this
metabolic pathway, which provides the precursor PPP in combination
with the supply through the recycling of phytol, is enhanced during
storage it indicates that the metabolic precursor for tocopherol synthesis
appears to be ensured during prolonged cold storage. These results
reinforce the notion that in Citrus fruit the transcriptional changes in the
genes of this pathway appear to be cold-responses rather than being
associated with the susceptibility to CI (Rey et al., 2021).

Cold storage, in general, produced a similar effect in most genes of
the tocopherol-core pathway in NC fruit: a decline at the middle of the
storage period and a later increase by week 8 (Fig. 4). In C fruit, in which
transcripts levels were lower than in NC before storage, low temperature
reduced (VTE3a, VTE3b) or maintained (VTE2, VTE1 and VTE4) accu-
mulation of the corresponding mRNAs, but differences between both
conditions were in general maintained. In green tissues under high-light
stress, drought or nutrient deficiency, changes in VTE2, VTE1 and VTE4
transcripts have been detected, supporting their role in the response of
plants to stress conditions (Collakova & DellaPenna, 2003; Ma et al.,
2020).

Collectively, the changes in gene expression during storage of NC and
C grapefruits at low temperature indicated that the up-regulation of
most genes involved in the synthesis of tocopherol precursor’s (Fig. 3)
may explain the slight increase in total and a-tocopherol contents during
cold storage (Fig. 2A and C). Moreover, the down regulation or main-
tenance of the tocopherol-core genes was not limiting for tocopherol
accumulation. Finally, most of the changes in gene expression during
cold storage appeared to be cold-mediated responses not related to the
tolerance of Star Ruby grapefruits to CI.

4. Conclusions

Fruit shading of immature green Star Ruby grapefruit was effective
in conferring tolerance to CI during cold storage. Compared to immature
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grapefruit, total, a- and y-tocopherol increased in mature Star Ruby
fruit, but light avoidance during ripening repressed the accumulation of
y-tocopherol and reduced total content. The effect of light deprivation
during maturation and cold storage on tocopherol contents and the
transcriptional profiling of tocopherol biosynthetic genes are summa-
rized in Fig. 5. During development and maturation, expression of TAT1
increased, while the expression of genes involved in PPP supply, either
through the recycling of phytol or the MEP pathway, declined. On the
other hand, genes of the tocopherol-core pathway were stimulated, and
this was more significantly in light-exposed fruit. Genes specifically
repressed in darkness (or light-stimulated) were GGDR, VTEI1, VTE4,
VTE3a, and VTE2, which appear to be key for tocopherol synthesis and
accumulation. Interestingly, in both NC and C fruit cold enhanced the
expression of genes involved in the synthesis of precursors, particularly
HPPD, which were in general repressed during maturation (except for
TATI and HPPD). By contrast, genes of the core-pathway were down-
regulated by cold when they had been stimulated during develop-
ment. To our knowledge, this is the first report describing the synthesis
and accumulation of tocopherol in grapefruits during fruit ripening and
during cold storage, and exemplified the complexity of the regulatory
network and signals modulating tocopherol biosynthesis in the peel of
grapefruits, with specific and common responses to fruit shading and
cold stress.
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