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Since isoprenoids are precursors in chlorophyll, carotenoid and tocopherol pathways, the study of their
metabolism is of fundamental importance in understanding the regulatory cross-talk that contributes
to the nutritional quality of tomato fruits. By means of an integrated analysis of metabolite and gene
expression profiles, isoprenoid metabolism was dissected in ripening-impaired (ripening inhibitor and
non-ripening), senescence-related (lutescent1 and green flesh) and jasmonate insensitive (jasmonic acid
insensitive 1-1) tomato mutants, all in the Micro-Tom genetic background. It was found that the more
upstream the location of the mutated gene, the more extensive the effect on the transcriptional profiles
of the isoprenoid-related genes. Although there was a distinct effect in the analyzed mutations on chlo-
rophyll, carotenoid and tocopherol metabolism, a metabolic adjustment was apparent such the antioxi-
dant capacity mostly remained constant. Transcriptional profiles from fruits of ripening and senescence-
related tomato mutants suggested that maintenance of the de novo phytyl diphosphate synthesis might,
in later ripening stages, compensate for the lack of chlorophyll-derived phytol used in tocopherol produc-
tion. Interestingly, an impairment in jasmonate perception led to higher total tocopherol levels in ripe
fruits, accompanied by an increase in antioxidant capacity, highlighting the contribution of tocopherols
to this nutritionally important trait.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Fruit ripening involves a series of coordinated biochemical and
physiological processes resulting in organoleptic changes in tex-
ture, aroma and color (Seymour et al., 1993). One of the most
important and visible changes in tomato (Solanum lycopersicum
L.), a climacteric fruit, involves de-greening and accumulation of
carotenoids; a phenomenon that is associated with a chloroplast-
to-chromoplast transition (Egea et al., 2011). Tomato is one of
the most consumed fruits worldwide and is a major source of
many dietary nutrients, such as minerals, antioxidants and vita-
mins; all of which contribute to the prevention of chronic diseases
(Seybold et al., 2004; Perez-Fons et al., 2014). In particular toc-
opherols, which belong to the vitamin E (VTE) family, are potent
lipid soluble antioxidant molecules that reduce free-radical dam-
age to membrane lipids by scavenging peroxyl radicals
(Brigelius-Flohé et al., 2002; Niki and Traber, 2012). Tocopherols
can also act as scavengers of singlet oxygen (1O2) and, in plants,
this function is related to protection of the photosynthetic appara-
tus from oxygen toxicity (Trebst, 2003; Krieger-Liszkay and Trebst,
2006).

Tocopherols are isoprenoid-derived compounds that are syn-
thesized from the condensation of a chromanol ring and a prenyl
side-chain from the shikimate (SK) and 2-C-methyl-D-erythritol
4-phosphate (MEP) pathways, respectively (Dellapenna and
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Pogson, 2006). The MEP pathway also provides precursors for other
plastid isoprenoids, such as chlorophylls (Chls) and carotenoids,
the latter of which can be divided into two classes based on their
chemical structures: linear or cyclized hydrocarbons, termed caro-
tenes, and xanthophylls that are oxygenated derivatives of caro-
tenes. The xanthophylls lutein, violaxanthin and neoxanthin are
components of the light harvesting complex (LHC) and act both
as antenna pigments and as protective molecules, by reducing
the production of reactive oxygen species (ROS). b-Carotene is a
component of the photosynthetic reaction center (Dall’Osto et al.,
2006) and during tomato fruit ripening, it accumulates together
with the primary ripening-related pigment lycopene (Bramley,
2002).

A recent study focusing on the transcriptional regulation of
tocopherol biosynthesis in tomato (cv. M82) (Quadrana et al.,
2013) showed that expression of genes encoding enzymes of the
tocopherol-core, MEP and SK pathways are controlled both tempo-
rally and spatially, and that the supply of the prenyl donor, phytyl
diphosphate, appears to be a limiting step in VTE accumulation at
later fruit stages. In Arabidopsis thaliana, it has been shown that
phytyl diphosphate for tocopherol biosynthesis can also originate
from the activity of phytol kinase (VTE5), which functions in phytol
recycling after Chl degradation (Ischebeck et al., 2006; Valentin
et al., 2006). The strong correlation between the expression of
VTE5 and the VTE biosynthetic genes, and the content of Chls and
VTE in tomato leaves and fruits supports the contribution of phytol
Table 1
Solanum lycopersicum L. (cv. Micro-Tom) genotypes used in this study.
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recycling enzymes to tocopherol biosynthesis in this species as
well (Quadrana et al., 2013).

This metabolic cross-talk suggests that changes in carotenoid
biosynthesis and Chl metabolism might affect tocopherol content,
but a better understanding of the accumulation of these metabo-
lites depends on deciphering the complexity of the isoprenoid met-
abolic network and its branching (Vranová et al., 2012). To this end,
senescence and ripening-related tomato mutants represent poten-
tially excellent models, since they provide a means to study meta-
bolic fluxes between these pathways (Table 1). Non-ripening (nor)
and ripening inhibitor (rin) are tomato mutants with impaired fruit
ripening, which fail to undergo typical ripening-related de novo
carotenoid biosynthesis and Chl degradation (Giovannoni, 2004).
Another mutant, green flesh (gf) is deficient in the STAY-GREEN1
(SGR1) protein involved in destabilization of the Chl-apoprotein
complexes and recruitment of the Chl catabolic enzymes, which
are a prerequisite for Chl catabolism; thus the fruit retains Chls
even at the ripe stage (Barry et al., 2008; Park et al., 2007;
Hörtensteiner, 2009). In contrast, the lutescent (l) mutant displays
premature leaf senescence and its fruits lack Chl (Barry et al.,
2012).

The ethylene and cytokinin signaling pathways are well-defined
and mediate senescence and de-greening, while other hormones,
such as jasmonic acid (JA), have also been demonstrated to affect
these processes (Lim et al., 2007). Altered patterns of senescence
and de-greening have been reported in JA-insensitive or JA-defi-
ene function/phenotype Tomato locusa Reference
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cient mutants, as well as following exogenous JA applications (Lim
et al., 2007; Seltmann et al., 2010). JA treatment has been reported
to promote climacteric fruit ripening by increasing ethylene pro-
duction, accelerating Chl degradation and b-carotene biosynthesis
(Fan et al., 1998). Moreover, the tomato JA-deficient mutants spr2
and def1 are impaired in lycopene accumulation and show reduced
expression levels of lycopene biosynthetic genes (Liu et al., 2012).
Although it has been proposed that JA might function indepen-
dently of ethylene to promote ripening in tomato fruits, the under-
lying mechanism is still poorly understood (Liu et al., 2012). The
tomato jasmonic acid insensitive 1-1 (jai) mutant is, however, defec-
tive in the receptor component of the JA signal transduction path-
way and fails to produce defense related compounds (Li et al.,
2004), and although this mutant does not have an obvious senes-
cence-related phenotype in vegetative tissues, it has delayed petal
senescence and produces fruit lacking mature seeds (Li et al.,
2004). Whether JAI also affects fruit ripening and ripening-related
metabolic pathways remain to be determined.

Few studies have provided comprehensive insights into the reg-
ulation of the metabolic network that distribute common precur-
sors towards isoprenoid compounds throughout fruit ripening.
Described herein is an evaluation of how the impairment of differ-
ent aspects of fruit development and ripening influence the metab-
olism of Chls, carotenoids and tocopherol and, consequently, fruit
antioxidant capacity, by taking advantage of a collection of near
isogenic tomato mutants.
2. Results and discussion

2.1. Transcriptional regulation of isoprenoid metabolism controls the
pigment and antioxidant content of tomato fruits

During the transition from chloroplasts to chromoplasts in rip-
ening tomato fruits, chlorophyll breakdown, carotenoid accumula-
tion and tocopherol biosynthesis are tightly regulated, and the
cross-talk between these isoprenoid branching pathways contrib-
utes to fruit nutritional quality (Vranová et al., 2012; Seymour
et al., 2013a). In this current study, these metabolic interactions
(Fig. 1) were explored by combining biochemical and gene expres-
sion analyses of ripening impaired, senescence-related and jasmo-
nate insensitive tomato mutants (Table 1). The content of
tocopherols, carotenoids and Chl were quantified in mature green
(MG) and ripe (R) fruits from the MT-rin, MT-nor, MT-gf, MT-l
and MT-jai mutants, as well as in the corresponding MT control
(Fig. 2 and Table 2), using high-performance liquid chromatogra-
phy (HPLC). Additionally, the expression patterns of twenty-five
genes involved in the MEP (DXS(1), ISPE and GGDR), post-choris-
mate SK (ADH(1), ADH(2), TAT(1), TAT(2), HPPD(1), HPPD(2))
tocopherol-core (VTE1, VTE2, VTE3(1), VTE3(2) and VTE4), caroten-
oid biosynthetic (PDS, PSY(1), PSY(2), LCYb, CYCb), Chl metabolism
(CHLG, CLH(1), CLH(4), PPH, PAO) and phytol recycling (VTE5) path-
ways were assessed by qPCR (Figs. 1 and 3, Table S1 and Table S2).

Fruits from all the mutant and MT-wild type genotypes showed
marked changes in levels of the analyzed isoprenoid-derived com-
pounds during ripening (Fig. 2 and Table 2), with MT-jai showing
the greatest number of metabolic changes, at both the MG and R
stages, compared to the control. The MT-rin mutant showed the
most highly altered gene expression profile, with significant differ-
ences in mRNA accumulation for all twenty-five analyzed genes in
at least one of the tested ripening stages. In comparison, twenty
and sixteen genes were differentially expressed in the fruits of
the MT-nor and MT-gf mutant, respectively. Finally, the least
altered expression profiles were seen in the MT-l and MT-jai
mutants, for which only eight genes showed differential patterns
of mRNA accumulation (Fig. 1 and Table S1). Thus, the more
upstream the role of the mutated gene, in a regulatory context,
the greater the impact on the transcriptional profile of the isopren-
oid-biosynthesis related genes. This was especially evident when
comparing the MT-rin and MT-gf genotypes, since while the former
harbors a deletion in a ripening master transcription factor and
shows a dramatically affected expression pattern in all the ana-
lyzed genes, the gf mutation affects a protein that regulates Chl
degradation and, consequently, most of the genes with altered
expression profiles are those associated with Chl metabolism (four
out of six) and the VTE biosynthetic (four out of five) pathway
(Fig. 1 and Table S1).

In order to evaluate the biochemical and gene expression pro-
files in an integrated manner, principal component analyses
(PCA) were performed (Fig. 4). When the whole data set was ana-
lyzed, samples grouped by ripening stages. Samples from R fruits
were scattered along PC1, while MG fruits were dispersed along
the second component, suggesting that the metabolite and tran-
script profiles are more variable at the R than at the MG stage
(Fig. 4A). When the same analysis was applied to data from the
two stages separately, the first two dimensions explained approx-
imately 53% of the variance for both the MG and R stages. At the
MG stage, four groups were distinguished: MT-l, MT-jai, MT control
and a cluster encompassing samples from the MT-nor, MT-rin and
MT-gf mutants (Fig. 4B). However, at the R stage, all analyzed
genotypes separated from each other by the first two PCA dimen-
sions (Fig. 4C). It is notable that both metabolites and genes were
found amongst the top eigenvectors, indicating that both types of
variables contributed equally to sample separation. Moreover,
when PCA were carried out exclusively with metabolites or gene
expression profile data, samples were poorly separated (data not
shown).

In the MT control genotype, the increased expression of the key
enzyme encoding gene DXS(1) (Lois et al., 2000) and PSY(1) (Fraser
et al., 2007), together with the transcriptional downregulation of
GGDR, provides more isoprenoid intermediates for carotenoid bio-
synthesis (Fig. 3 and Table S1). Notwithstanding the transcriptional
reduction of the phytol biosynthetic enzyme, tocopherol contents
remained constant, suggesting the compensation via Chl break-
down, as proposed by Quadrana et al. (2013).

2.2. The MT-nor and MT-rin mutants

A number of transcription factors required for the initiation and
promotion of tomato fruit ripening have been identified; however,
the molecular mechanisms by which they interact are still largely
unknown (Seymour et al., 2013b). RIN and NOR regulate the
expression of genes involved in various aspects of fruit ripening,
including carotenoid biosynthesis (Giovannoni et al., 1995;
Vrebalov et al., 2002; Osorio et al., 2011; Martel et al., 2011;
Fujisawa et al., 2013). The data herein show that R fruits from
the MT-rin and MT-nor mutants had reduced levels of lycopene
and higher levels of the photosynthetic xanthophyll neoxanthin
than the control fruits (Table 2 and Fig. 5). Interestingly, these
mutants were not deficient in b-carotene, and MT-nor actually
accumulated more of this compound than the control at the R
stage.

Publicly available chromatin immune precipitation (ChIP) assay
data coupled with qPCR and/or large-scale gene expression analy-
ses allowed retrieval of a catalog of genes that are directly or indi-
rectly regulated by RIN (Martel et al., 2011; Fujisawa et al., 2011,
2012, 2013). The DXS, ISPE and geranylgeranyl diphosphate syn-
thase (GGPS(2)) genes involved in the MEP pathway are all posi-
tively regulated in a RIN-dependent manner (Fujisawa et al.,
2012, 2013). RIN also directly interacts with the promoter region
of the PSY(1) gene, which constitutes the rate-limiting step of
carotenoid biosynthesis (Fraser et al., 2007), favoring its transcrip-
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Fig. 1. Schematic view of the crosstalk between tocopherol, carotenoid and chlorophyll metabolism. The methyl erythritol phosphate, shikimate, tocopherol biosynthetic,
carotenoid biosynthetic, chlorophyll metabolic and phytol recycling pathways are indicated in red, green, blue, orange, grey and black, respectively. The indicated enzyme
encoding genes are those for which expression profiles were assayed. The genes are named according to the following abbreviations: 1-deoxy-D-xylulose-5-P synthase (DXS);
4-(cytidine 50-diphospho)-2-C-methyl-D-erythritol kinase (ISPE); geranylgeranyl reductase (GGDR); arogenate dehydrogenase (ADH); tyrosine aminotransferase (TAT); 4-
hydroxyphenylpyruvate dioxygenase (HPPD); homogentisate phytyl transferase (VTE2); 2,3-dimethyl-5-phytylquinol methyltransferase (VTE3); tocopherol cyclase (VTE1); c-
tocopherol C-methyl transferase (VTE4); phytoene synthase (PSY); phytoene desaturase (PDS); chloroplast-specific b-lycopene cyclase (LCYb); chromoplast-specific b-
lycopene cyclase (CYCb); chlorophyll synthase (CHLG); chlorophyllase (CLH); pheophytinase (PPH); pheophorbide a oxygenase (PAO) and; phytol kinase (VTE5). Abbreviated
intermediate metabolites are: glyceraldehyde 3-phosphate (GA3-P); 1-deoxy-D-xylulose-5-P (DXP); 4-(cytidine 50-diphospho)-2-C-methyl-D-erythritol (CDPME); 2-phospho-
4-(cytidine 50-diphospho)-2-C-methyl-D-erythritol (CDPMEP); geranylgeranyl-2P (GG-2P); phosphoenolpyruvate (PEP); hydroxyphenylpyruvate (HPP); homogentisate
(HGA); chlorophyllide a (Chlide a); chlorophyll a (Chl a); chlorophyll b (Chl b); pheophytin (Phein a); pheophorbide a (Pheide a); 2-methyl-6-geranylgeranylbenzoquinol
(MPBQ) and; 2,3-dimethyl-6-geranylgeranylbenzoquinol (DMBQ). Highlighted metabolites were quantified. Gene expression profiles of each enzyme-encoding gene were
measured by qPCR in samples of pericarp from mature green (MG) and ripe (R) tomato fruits (n P 3). Expression data are represented as log2 fold changes compared to the
corresponding development stage of the Micro-Tom control by a color scale, where red and blue indicate statistically significant decreasing and increasing transcript levels
(p < 0.05), respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Tocopherol content of the pericarp of fruits at the mature green (MG) and ripe (R) stages. Different letters indicate significant differences between both stages of the
same genotype (p < 0.05). Asterisks denote significant differences compared to the corresponding stage of the Micro-Tom wild type control genotype (p < 0.05).
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Table 2
Chlorophyll and carotenoid content of the pericarp of fruits at mature green (MG) and ripe (R) stages.

Genotype Chlorophyll a Chlorophyll b Neoxanthin Violaxanthin Lutein b-Carotene Phytofluene Neurosporene Lycopene

Mature green
MTMG 1.00 ± 0.06 a 1.00 ± 0.08 a 1.00 ± 0.07 1.00 ± 0.10 1.00 ± 0.11 a 1.00 ± 0.17 a nd nd nd
MT-norMG 0.95 ± 0.12 a 0.57 ± 0.08 a 1.08 ± 0.21 a 0.85 ± 0.11 0.92 ± 0.12 a 0.95 ± 0.13 a nd nd nd
MT-rinMG 1.09 ± 0.09 a 1.09 ± 0.06 a 1.02 ± 0.05 a 1.09 ± 0.15 1.04 ± 0.06 a 1.14 ± 0.06 a nd nd nd
MT-gfMG 1.27 ± 0.10 a 1.32 ± 0.12 a 1.46 ± 0.05⁄a 1.23 ± 0.13 1.16 ± 0.07 a 1.25 ± 0.16 a nd nd nd
MT-lMG nd nd nd nd 0.41 ± 0.02⁄a 0.27 ± 0.03⁄a nd nd 0.01 ± 0.00 a
MT-jaiMG 1.65 ± 0.16⁄a 1.53 ± 0.15⁄a 1.77 ± 0.21⁄ 2.97 ± 0.36⁄a 1.33 ± 0.03 a 1.62 ± 0.04⁄a nd nd nd

Ripe
MTR 0.02 ± 0.01 b 0.04 ± 0.00 b nd nd 0.80 ± 0.08 a 1.57 ± 0.15 b 1.00 ± 0.16 1.00 ± 0.03 1.00 ± 0.09
MT-norR 0.34 ± 0.03⁄b 0.25 ± 0.03⁄b 0.43 ± 0.01⁄b nd 0.98 ± 0.12 a 2.71 ± 0.23⁄b nd 0.24 ± 0.01⁄ 0.01 ± 0.00⁄

MT-rinR 0.38 ± 0.05⁄b 0.36 ± 0.02⁄b 0.48 ± 0.05⁄b nd 0.72 ± 0.05 b 1.32 ± 0.03 a nd 0.21 ± 0.00⁄ nd
MT-gfR 0.45 ± 0.03⁄b 0.56 ± 0.01⁄b 0.84 ± 0.03⁄b nd 0.89 ± 0.04 b 1.62 ± 0.13 a 0.52 ± 0.12 0.90 ± 0.15 0.93 ± 0.24
MT-lR nd nd nd nd 0.89 ± 0.10 b 2.19 ± 0.36 b 1.04 ± 0.17 1.39 ± 0.24 1.67 ± 0.28 b
MT-jaiR 0.11 ± 0.03⁄b 0.22 ± 0.07⁄b nd 1.49 ± 0.35⁄b 1.23 ± 0.05⁄a 3.09 ± 0.39⁄b 1.40 ± 0.21 1.07 ± 0.37 0.98 ± 0.11

Pigment levels in mature green (MG) and ripe (R) fruits. Data were normalized against MT-MG or MT-R. Asterisks denote significant differences from the corresponding stage
of the MT wild type control genotype (p < 0.05). Different letters indicate significant differences between the stages of the same genotype (p < 0.05). nd indicates metabolite
not detected.
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Fig. 3. Expression ratio between ripe (R) and mature green (MG) fruits within
genotypes. The log2 of the expression ratios is indicated by a color scale where red
and blue indicate statistically significant decreases and increases of transcript
abundance (p < 0.05), respectively.
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tion (Martel et al., 2011). Moreover, NOR expression is directly
induced by RIN (Fujisawa et al., 2013), explaining the highly simi-
lar metabolic and gene expression profiles observed in MT-rin and
MT-nor.

Here, lycopene deficiency in both mutants correlates with the
reduced expression of PSY(1), supporting previously reported
observations (Kitagawa et al., 2005; Osorio et al., 2011; Martel
et al., 2011). PSY(1) is the most highly expressed (The Tomato
Genome Consortium, 2012) and functional studies demonstrated
that this paralog has an essential role in carotenogenesis during
tomato ripening (Fantini et al., 2013). Ripening mutants also
showed significant decreased PDS mRNA levels (Fig. 5), as previ-
ously reported (Martel et al., 2011). Besides inhibition of the met-
abolic flux towards carotenoids, the lack of lycopene accumulation
in R fruits of MT-rin and MT-nor is likely a consequence of LCYb and
CYCb repression failure, resulting in higher amounts of the final
product of the pathway, neoxanthin (Fig. 5). The low carotenoid
content of R fruits of these two mutants could potentially result
in more GGDP precursor being available for tocopherol biosynthe-
sis. However, the downregulation of MEP pathway genes, DXS and
ISPE (Fig. 1), could account for the maintenance of total tocopherol
content in the ripening mutant fruits (Fig. 5). This result also sup-
ports the role for RIN as a transcriptional regulator of DXS and ISPE
(Fujisawa et al., 2012, 2013). In addition, R fruits of the mutant
genotypes showed higher levels of GGDR mRNA than the control
(Fig. 5). As with PDS, for which the ChIP assays failed to detect
an effect of RIN on expression (Martel et al., 2011), GGDR and the
aforementioned LCYb and CYCb promoters contain putative CArG
cis-elements, which are predicted RIN-binding motifs (Quadrana
et al., 2013). Thus, these data suggest that NOR and RIN could be
involved directly or indirectly in the down-regulation of GGDR, as
well as the carotenoid genes LCYb and CYCb, at the onset of ripen-
ing (Fig. 1).

Regarding the SK pathway, in the MT control genotype, the
transcriptional profile of TAT(1), TAT(2), ADH(1), ADH(2), HPPD(1)
and HPPD(2) genes showed the same temporal fluctuation along
ripening and similar relative expression within paralogs as that
described for the Heinz cultivar (The Tomato Genome
Consortium, 2012) (data not shown). However, in MT-nor and
MT-rin mutants, these paralogs displayed a distinct pattern of
alterations compared to the controls that apparently do not impact
on homogentisate availability for tocopherol biosynthesis, suggest-
ing a certain level of functional redundancy between paralogs
(Fig. 5).

Both mutants are known to be deficient in Chl degradation and
accordingly, it was observed that their R stage fruits retained
approximately 30% of the total Chl a and b present at the MG stage
(Table 2). Fruit de-greening is dependent on the activity of the Chl
breakdown complex, which is regulated by the SGR protein, a key
control point of Chl catabolism (Barry et al., 2008; Hu et al., 2011;
Thomas and Ougham, 2014; Lira et al., 2014). The Chl degradation
complex aggregates all the enzymes that catalyze the stepwise
degradation of Chl to a primary fluorescent Chl catabolite,
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including PPH and PAO (Sakuraba et al., 2012). SGR1 is another
direct target of RIN in tomato and its expression level is much
higher in wild type than in the rin mutant throughout fruit devel-
opment (Hu et al., 2011; Fujisawa et al., 2013), which might
account in part for the Chl retention in R fruits of the MT-nor
and MT-rin mutants (Fig. 5). Furthermore, these fruits also showed
an apparent reduction in activity of the PAO-pathway, as indicated
by a down-regulation of PAO and PPH expression (Fig. 5). Since MT-
gf, an sgr1 mutant, did not display the same patterns, it seems that
NOR and RIN are directly or indirectly responsible for PAO and PPH
expression reduction rather than being a consequence of SGR defi-
ciency. Although GGDR is not down-regulated in MG or R fruits of
the MT-nor and MT-rin mutants (Fig. 3), and de novo phytyl diphos-
phate biosynthesis might therefore not be repressed, the reduced
levels of CHLG mRNA suggests that Chl biosynthesis is less active
in the mutant fruits than in those of the control (Fig. 5). Further-
more, the maintenance of CLH(1) mRNA levels observed during
MT-nor and MT-rin fruit development correlates with the Chl con-
tent as observed by Lira et al. (2014). Finally, CLH(4) has also been
reported as a target of RIN (Fujisawa et al., 2012), and, in support of
this, its expression was reduced in R fruits of the MT-rin mutant
(Fig. 5).

In the context of tocopherol biosynthesis, the control fruits
showed decreasing levels of VTE3, VTE1 and VTE4 expression
throughout ripening, while VTE2 remained constant (Fig. 3 and
Table S2), which is in agreement with data previously reported
by Quadrana et al. (2013). In contrast, MT-rin and MT-nor mutant
fruits exhibited differing expression profiles for the tocopherol-
core pathway genes (Figs. 1 and 3 and Table S1). For example,
MT-rin R fruits showed a substantial repression of VTE2 expression
and a noticeable reduction of c-tocopherol content compared to
the control (Fig. 5), suggesting that NOR and RIN differentially
modulate VTE biosynthesis. It was also noted that although levels
of the Chl-derived phytol were lower in these ripening mutants,
the maintenance of high expression levels of GGDR appear to be
sufficient to the supply the prenyl side-chain for tocopherol pro-
duction at the R stage (Fig. 5).

The findings here are consistent with previously published data
concerning the signaling pathways regulated by RIN (Martel et al.,
2011; Fujisawa et al., 2011, 2012, 2013). Furthermore, new evi-
dence is provided regarding steps in the isoprenoid metabolism
regulated by RIN and NOR in tomato fruits, as well as data promot-
ing a better understanding of the differences observed in the
metabolite profiles of the MT-rin and MT-nor mutant fruits.

2.3. The MT-gf mutant

The tomato gf mutant carries an amino acid substitution in an
invariant residue of the ortholog of the Arabidopsis SGR protein
(Barry et al., 2008). Since gf is not a knockout mutant, the activity
of the Chl catabolic enzymes is not completely impaired in the
mutant, and so the fruits retain detectable levels of Chl a and Chl
b at the R stage (Table 2). The abnormal de-greening process corre-
lates with multiple changes in the expression patterns of genes
encoding enzymes involved in Chl and carotenoid metabolism, as
well as in the MEP-, SK-, and tocopherol-core pathways. Interest-
ingly, these results showed an effect of the gf mutation earlier than
the onset of fruit ripening, as previously reported by Cheung et al.
(1993). At the MG stage, the presence of the mutant allele resulted
in the down-regulation of DXS, GGDR, CHLG, PPH, VTE5, PDS, LCYb,
VTE3, TAT(1) and HPPD transcripts (Fig. 5). Ripe fruits from the
MT-gf mutant showed higher levels of CLH(1) mRNA compared to
the control. This data correlates well with observations reported
by Akhtar et al. (1999), that an accumulation of chlorophyllide a
and b in R fruits from the gf mutant occurs following an increase
in CLH activity. Interestingly, the increased levels of GGDR and
CHLG mRNAs suggest that Chl biosynthesis remained active during
late ripening in MT-gf mutant fruit (Fig. 5). It has been reported
that Chl retention in gf is associated with the maintenance of chlo-
roplast structure and photosynthesis related proteins, including
the light-harvesting Chl a/b-binding proteins of photosystem II
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and the small subunits of ribulose bisphosphate carboxylase/oxy-
genase, as well as their mRNAs (Cheung et al., 1993; Akhtar
et al., 1999). It can, therefore, be inferred from these results that
the Chl biosynthesis machinery is still functional in R stage fruits.
Changes in transcriptional regulation of Chl biosynthetic genes
were previously reported in the Arabidopsis phytochrome A mutant
(Brouwer et al., 2014). Induced leaf yellowing in this mutant corre-
lates to the repression of Chl biosynthesis associated genes rather
than to an increase of its catabolism. Moreover, the maintenance of
chloroplast structure is further evidence for the GGDR activity,
since this enzyme is functional as long as it is anchored to mem-
brane by light-harvesting-like protein LIL3 as previously reported
(Tanaka et al., 2010; Takahashi et al., 2014).

The MT-gf mutant showed several alterations in tocopherol
metabolism (Fig. 5). Despite the impairment in Chl catabolism,
transcript levels of VTE1 and VTE4 increased at the R stage, a
change is proposed to allow maintenance of total tocopherol con-
tents equivalent to levels observed in the control fruit (Fig. 2). From
MG to R, while fruits of the control genotype exhibited constant
expression levels of VTE2 and reduced levels of VTE3(1) and (2),
the corresponding MT-gf fruits showed an increase in VTE2 and sta-
ble VTE3(2) mRNA levels, which suggests a corresponding increase
in tocopherol biosynthesis (Fig. 3). Indeed, higher levels of b-, c-
and d-tocopherol were detected in R MT-gf fruits compared to
the control (Fig. 5). The perturbations in Chl and tocopherol accu-
mulation do not seem to affect GGDP availability for carotenoid
biosynthesis, since the carotenoid profile of the MT-gf mutant fruit
resembles that of control fruits with the exception of neoxanthin
(Table 2). The stronger up-regulation of DXS(1) and PDS expression
from MG to R (Fig. 3 and Table S2) in this genotype may account in
part for the maintenance of carbon precursors for the carotenoid
pathway.

Recently, SGR1 has been shown to regulate lycopene and b-car-
otene biosynthesis in tomato fruits by direct interaction with
PSY(1), thereby inhibiting its activity (Luo et al., 2013). Tomato
SGR1-silenced lines showed PSY(1) mRNA accumulation and plas-
tid conversion at the early stages of fruit ripening, resulting in
increased lycopene and b-carotene contents in R fruits (Luo et al.,
2013). In contrast, the gf mutation has no apparent effect on lyco-
pene and b-carotene levels (Table 2), which is consistent with the
study of Akhtar et al. (1999). One possible explanation for this
apparent controversy is that the point mutation does not compro-
mise the interaction with PSY. In addition, the accumulation of
neoxanthin observed in these fruits (Fig. 5) might indicate that
the Chl degradation deficiency partially impairs the disassembly
of the photosynthetic apparatus. In agreement with this idea, it
has been proposed that in the sgr mutant, Chl retention within
the LHC shields its photosensitivity property; however the mecha-
nism of energy dissipation under these conditions remains to be
elucidated (Cheung et al., 1993; Sakuraba et al., 2012).

2.4. The MT-l mutant

The MT-l mutant contains a mutation in an unknown locus,
resulting in premature leaf yellowing and albino fruits; however,
Chl biosynthesis is not impaired in this genotype since at early
stages of development the plant displays normal Chl production
(Barry et al., 2012). The albino phenotype of the fruits is, however,
consistent with the absence of Chls (Table 2).

The up-regulation of PAO-dependent Chl breakdown correlates
with increased PAO and PPH mRNA levels (Fig. 1 and Table S1), sug-
gesting that the lack of Chl in MG fruits is the result of accelerated
degradation, rather than a reduction in biosynthesis. In addition to
the lack of Chls, MG fruits from the MT-l mutant were also shown
to have lower levels of violaxanthin and neoxanthin (Fig. 5), further
implicating an impairment in the photosynthetic machinery.
Intriguingly, although LCYb and CYCb mRNA levels were compa-
rable to those of the controls (Fig. 5), MG fruits from the MT-l
mutants had detectable levels of lycopene, reduced b-carotene
and lutein content and a lack of the xanthophylls neoxanthin and
violaxanthin (Table 2). The observed increase in lycopene is in
agreement with results previously reported by Jen (1974). The
altered carotenoid profile exhibited by MT-l could be the conse-
quence of another important regulatory mechanism involved in
carotenoid accumulation, which relates to changes in storage and
sequestration of carotenoids within various plastid structures
(Cazzonelli and Pogson, 2011; Nogueira et al., 2013). Analysis of
the chloroplasts from cotyledons of the l mutant have shown them
to be impaired in thylakoid membrane development (Barry et al.,
2012), and it may be that an equivalent alteration in fruit chloro-
plast structure of MT-l affects carotenoid accumulation. This chem-
otype, together with higher level of DXS mRNA, suggests increased
metabolic flux towards tocopherol at the MG stage, which corre-
lates with the observed increase in a- and total tocopherol levels
compared to the control (Fig. 2).

At the R stage, transcriptional profile of the MEP pathway genes
and carotenoid content of the MT-l fruits showed similar levels to
control fruits. However, the dramatic phenotype of this Chl-defi-
cient mutant was associated with a reduction in tocopherol levels
at the R stage (Fig. 5). The absence of phytol derived from Chl
breakdown is likely the cause of the observed reduction in b- and
c-tocopherol, which together resulted in a 35% decrease in total
tocopherol content (Fig. 2). Although the ripening-impaired
mutants (nor and rin) and the Chl retainer gf showed a reduction
in the availability of Chl-derived phytol (Fig. 5), it can be proposed
that the maintenance of high GGDR mRNA levels at the R stage in
these mutants ensures sufficient levels of prenyl chain to maintain
constant tocopherol levels. This compensatory mechanism might
explain why seeds of A. thaliana sgr mutants show only a modest
tocopherol reduction compared to wild type (Zhang et al., 2014).
In contrast, in the MT-l mutant, besides the complete depletion
of Chl-derived phytol, the GGDR expression showed a similar
reduction to the control, further highlighting the importance of
phytol derived from Chl degradation for tocopherol production
during tomato fruit ripening (Quadrana et al., 2013).

2.5. The MT-jai mutant

The MT-jai mutant harbors a loss of function allele in the COR-
ONATINE-INSENSITIVE1 (COI1) locus, which encodes an F-box pro-
tein from the Skp/Cullin/F-box complex (SCFCOI1); a key
component of the JA signaling pathway (Li et al., 2004). Upon per-
ception of JA, COI1 promotes the degradation of the JAZ repressor
(jasmonate ZIM-domain), thereby releasing transcription factors
that will in turn activate JA-mediated responses (Wasternack and
Hause, 2013). Although the role of JA in the regulation of plant fer-
tility, secondary metabolism, and defense responses (Wasternack
and Hause, 2013), including stress-induced leaf senescence
(Kariola et al., 2005; Lira et al., 2014), has been widely reported,
its role in fruit ripening remains poorly described (Fan et al., 1998).

During tomato fruit development, immediately prior to the MG
jelly placenta stage, the endogenous concentration of JA peaks,
causing an increase in ethylene production and accelerating chlo-
rophyll degradation and carotenoid synthesis (Fan et al., 1998).
In addition, it was shown that the JA-deficient mutants spr2 and
def1 produce less ethylene at the breaker stage, accumulate less
lycopene, and show a down-regulation of DXS(1), PSY and PDS
expression, while JA-overproducing transgenic plants show the
opposite pattern (Liu et al., 2012). The JA and ethylene signaling
pathways share a point of convergence, since JAZ also represses
the EIN3/EIL1 protein, which is a positive regulator of ethylene
responses, in a SCFCOI1-dependent manner (Zhu et al., 2011; Li



Table 3
Trolox equivalent antioxidant capacity (TEAC) in mature green (MG) and ripe (R)
fruits.

Genotype TEACa

Mean ± SE

MTMG 456.16 ± 39.27 a
MTR 641.62 ± 82.6 a
MT-norMG 333.47 ± 16.2 a
MT-norR 573.96 ± 83.67 b
MT-rinMG 403.32 ± 41.33 a
MT-rinR 534.59 ± 21.34 a
MT-gfMG 514.22 ± 87.38 a
MT-gfR 679.92 ± 24.25 a
MT-lMG 442.8 ± 49.66 a
MT-lR 525.97 ± 98.27 a
MT-jaiMG 495.79 ± 35.88 a
MT-jaiR 1,001.24 ± 152.96⁄b

Different letters indicate significant differences between stages of the same geno-
type (p < 0.05). Asterisks denote significant differences from the corresponding
stage of the MT control genotype (p < 0.05).

a lmol of trolox equivalent/g of dry weight.
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et al., 2013). NEVER RIPE (nr), an ethylene-insensitive mutant,
shows a significant delay in fruit ripening does not reach the red
ripe stage and exhibits very low levels of lycopene (Wilkinson
et al., 1995; Osorio et al., 2011). However, the exogenous applica-
tion of JA to nr partially rescues this phenotype, promoting the
expression of lycopene biosynthetic genes and lycopene accumula-
tion. These results indicate that even though JA and ethylene have
a synergistic effect on tomato fruit ripening, JA signal transduction
is not ethylene-dependent.

It was observed in this study that MT-jai fruits accumulated
higher levels of Chl a and b at both ripening stages compared to
the control (Table 2), and showed an increase in CLH(1) transcript
abundance (Fig. 1). This observation is congruent with a role for
CLH(1) in Chl recycling (Lira et al., 2014), although additional data
are required to confirm this hypothesis. Interestingly, fruits from
the JA insensitive mutant showed higher levels of b-carotene, vio-
laxanthin and neoxanthin at the MG stage, and b-carotene, viola-
xanthin and lutein at the R stage than the controls (Fig. 5), which
can be proposed to be a consequence of the higher accumulation
of the fruit-specific CYCb mRNA at the MG stage (Fig. 5). Moreover,
in the transition from MG to R stages, the expected increase in DXS,
ISPE, PSY(1) and PDS expression was stronger than in the control,
which likely further contributed to the increased carotenoid con-
tent in R fruits (Fig. 3 and Table S2). Although these results may
seem contradictory to those obtained for the spr2 and def1
mutants, they may in fact suggest the existence of a new variable
in the complex regulatory network that controls fruit ripening.
The absence of the JA peak before the MG stage in the spr2 and
def1 mutants compromises ethylene production at the breaker
stage, when the fruits exhibit the first visible trace of carotenoid
accumulation. However, MT-jai is not defective in JA biosynthesis
and the metabolic differences are primarily the results of the
impairment of COI-dependent JA perception. In conclusion, the
data herein suggest a COI-independent JA signaling pathway in
tomato fruits, as previously proposed for A. thaliana (Caño-
Delgado et al., 2003; Mueller and Berger, 2009).

Tocopherol levels also showed an increase in R fruits of MT-jai
(Fig. 2), which are proposed to reflect, at least in part, the observed
increases in VTE1 and TAT(1) transcript levels at the MG and, VTE4
at the R stage (Fig. 5). It has been demonstrated that fruit pericarp
is an important source of carbon assimilate for determining seed
metabolic profile (Lytovchenko et al., 2011). Chlorophyll degrada-
tion-derived phytol serves as an intermediate in tocopherol syn-
thesis for seed VTE accumulation (Valentin et al., 2006). Since
tocopherols are abundant in tomato seeds (Ellen et al., 2010)
and, indeed, homozygous MT-jai fruits are seedless, the lack of
seeds might contribute to the increased levels of tocopherols
observed in the pericarp of these fruits (Fig. 5). The increase in b-
carotene, violaxanthin and lutein (Table 2), together with increased
VTE content suggest that the R fruits of the MT-jai1 mutant have
greater nutritional value and the highest antioxidant capacity of
the tested genotypes (see below).

2.6. Analysis of antioxidant capacity

Profiling of pigment composition (Table 2) showed that the Chl
and carotenoid contents of the mutant fruits were substantially
different from those of the control. The Trolox equivalent antioxi-
dant capacity (TEAC) showed little difference between the two rip-
ening stages (Table 3) and the only genotypes with an increase in
antioxidant capacity during ripening were the MT-nor and MT-jai
mutants, and these two genotypes also showed an increase in b-
carotene and total tocopherol levels. In contrast, MT-l fruits, which
accumulated carotenes to the same degree as control fruits, but
displayed a reduction in total-tocopherol, did not show a difference
in antioxidant capacity between the MG and R stages. MT-jai was
the only mutant with a higher total tocopherol content than the
control at the R stage accompanied by an increase in antioxidant
capacity, suggesting a major contribution of VTE to total antioxi-
dant capacity in tomato fruits. Notably, R fruits from the MT-jai
mutant also contained higher amounts of violaxanthin and lutein.
Lutein has been reported to undergo the slowest degradation of the
carotenoids in olive fruits and the radical species resulting from
the molecular structure of lutein exhibit less propagation than
those from b-carotene (Roca and Mínguez-Mosquera, 2001). It,
therefore, cannot be disregarded that the potential effect of the
increased lutein content is on the higher TEAC observed in MT-
jai fruits. Underlining the influence of tocopherol on the antioxi-
dant capacity of MT-jai fruits, previous studies have shown that
the peroxyl radical scavenging capacity of b-carotene and lycopene
is about one-tenth that of a-tocopherol, and the efficacy of lipid
peroxidation inhibition is considerably smaller (Takashima et al.,
2012). Moreover, the chemical species formed from carotenoids
when they scavenge radicals are not stable, and may undergo sev-
eral secondary reactions, thereby compromising the effects and
efficacy of carotenoids as antioxidants (Takashima et al., 2012).
The interactions between antioxidant compounds are complex
and differences in the nature, concentrations and ratios in which
they are present, are all important variables in defining antioxidant
capacity (Gawlik-Dziki, 2012). A previous study of antioxidant
capacity of lipophilic extracts obtained from different tomato vari-
eties showed that tocopherol and b-carotene/lycopene act in a syn-
ergistic manner positively affecting antioxidant properties (Zanfini
et al., 2010).

3. Concluding remarks

In this study, the metabolic network that links isoprenoid bio-
synthesis and recycling during ripening were explored in ripening
impaired, senescence related and jasmonate insensitive tomato
mutants. Although these pathways have been characterized in
detail separately, few studies have addressed the potential cross-
talk between isoprenoid derived pathways in a comprehensive
manner.

The integrated analyses presented here revealed a remarkable
plasticity of the interconnected Chl, carotenoid and tocopherol
metabolic pathways, which is in part explained by the transcrip-
tional regulation of the enzyme encoding genes from the corre-
sponding pathways. This conclusion is supported by the fact that
neither metabolites nor mRNA quantification alone discriminated
between the mutant genotypes when non-parametric analyses
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were applied (Fig. 4). The impact of transcriptional regulation on
metabolite contents was proven by a weighted network analysis
including mRNA, metabolites and TEAC quantification data
(Fig. S1). The most striking difference in the topology of the con-
structed networks is that in all mutant genotypes, tocopherols
appear highly connected with the other components, but this is
not the case with the control genotype. This suggests that tocoph-
erol composition is modified in the mutants diverting the isopren-
oid metabolism, thereby keeping the antioxidant capacity
constant. Network analyses also showed that in genotypes where
Chl degradation is impaired, GGDR is connected with the tocoph-
erol cluster but not the Chl cluster, supporting a putative role for
this enzyme in supplying the prenyl side-chain for VTE biosynthe-
sis, as discussed above. The analyses presented here indicate that
transcription is a main regulatory mechanism of the isoprenoid
metabolism; however, it is noted here that post-transcriptional
and epigenetic regulation might also account for the complexity
of this regulatory network (Martinis et al., 2013; Quadrana et al.,
2014).

The biochemical analyses and gene expression profiles obtained
from mutant-based resources contribute to a more detailed under-
standing of isoprenoid metabolism than was made possible by pre-
viously published data related to the RIN and NOR signal
transduction pathways (Osorio et al., 2011; Martel et al., 2011;
Fujisawa et al., 2013). Furthermore, this study provides insights
into the effect of the gf, l and jai mutations on the regulatory net-
works that determine the composition of nutritionally important
metabolites in tomato fruits. As a consequence of its wide distribu-
tion and high levels of global consumption, tomato is an important
component of the human diet. The data presented here demon-
strate that tocopherols make an important contribution to the anti-
oxidant capacity of the tomato fruits, and suggest targets for future
manipulation of their nutritional.
4. Experimental

4.1. Plant material

Seeds of Solanum lycopersicum L. (cv. Micro-Tom) (MT), and the
mutants lutescent 1 (l) (Barry et al., 2012), green flesh (gf) (Barry
et al., 2008), rin (Vrebalov et al., 2002) and nor (Casals et al.,
2012) in the MT background were produced in the Laboratory of
Hormonal Control of Plant Development (www.esalq.usp.br/
tomato). The mutations were introgressed by six successive back-
crosses to the MT cultivar as the recurrent parent (BC6 generation),
resulting in plants where at least 99% of the genome corresponds
to MT. The jai1-1 mutant (jai) in the MT background was kindly
provided by Dr. Gregg Howe from Michigan State University. Due
to the female sterility of jai, 1:1 segregating homozygous plants,
which resulted from crosses between heterozygous MT-jai and
homozygous jai (pollen donor), were screened in a methyl jasmo-
nate (MeJA)-containing medium (Li et al., 2004; Campos et al.,
2009). A brief description of all genotypes is presented in Table 1.
Other than MT-jai, all the analyzed plants were homozygous for
the mutations. The plants were grown in 8 l rectangular plastic
pots containing a 1:1 mixture of commercial substrate (Plantmax
HT, Eucatex, São Paulo, Brazil) and expanded vermiculite, supple-
mented with 1 g l�1 of NPK 10:10:10 and 4 g l�1 of dolomite lime-
stone (MgCO3 + CaCO3). Plants were grown in a greenhouse under
automatic irrigation (four times a day) in an average mean temper-
ature of 25 �C; 11.5 h/13 h (winter/summer) photoperiod and 250–
350 lmol m�2 s�1 of incident photo-irradiance. Fruit pericarp
material (without placenta and locule walls) from the mature
green (MG, jelly placenta), and ripe (R, placenta without Chl) stages
was harvested. The MG stage was reached at approximately
35 days after anthesis (daa) for the MT, MT-l, MT-gf, MT-jai and
MT-rin genotypes; and 38 daa for the MT-nor genotype. The R stage
pericarp samples were collected at 45 daa for the MT, MT-l, MT-gf
and MT-jai genotypes, 50 daa for the MT-rin mutant and at 54 daa
for the MT-nor mutant. All samples were frozen in liq. N2, homog-
enized and stored at �80 �C until further use. Samples were named
with the mutant name followed by the ripening stage: MTMG,
MTR, MT-norMG, MT-norR, MT-rinMG, MT-rinR, MT-gfMG, MT-
gfR, MT-lMG, MT-lR, MT-jaiMG and MT-jaiR (Table 1).
4.2. Tocopherol and pigment quantification by HPLC

Tocopherols and pigments were extracted as described in
Almeida et al. (2011) and the samples adjusted to a final volume
(4 ml). For tocopherol analysis, aliquots (3 ml) were dried under
N2 and dissolved in a mobile phase (200 ll) composed of hexane/
tert-butyl methyl ether (90:10). Chromatography was carried out
on a Hewlett–Packard series 1100 HPLC system coupled with a
fluorescence detector (Agilent Technologies series 1200) on a nor-
mal-phase column (LiChrosphere� 100 Diol Si (250 mm � 4.0 mm,
5 lm; Agilent Technologies, Germany) at room temperature, with
the mobile phase running isocratically at 1 ml min�1. Eluted com-
pounds were detected by excitation at 295 nm and quantifying
their fluorescence at 330 nm.

For pigment analysis, aliquots (500 ll) of extract were dried
under N2 and dissolved in MeOH: EtOAC (500 ll, 50:50, v/v). Chro-
matography was performed with an Agilent 1200 Series HPLC sys-
tem coupled with a Diode Array Detector on a reversed phase
column (Zorbax Eclipse Plus C18 (150 mm � 4.6 mm, 5 lm; Agi-
lent Technologies, USA) at room temperature using a 0.6 ml min�1

flow rate. The elution was performed with a linear gradient of 100%
solvent A (CH3CN/MeOH/Tris buffer [0.1 M, pH 8] in a 72:8:3 ratio)
to 100% solvent B (MeOH/EtOAC in a 68:32 ratio) from 0 to 25 min,
followed by 10 min with 100% solvent B. For column equilibration,
the mobile phase was returned to 100% solvent A and maintained
for 5 min. Throughout the chromatography run, the eluate was
monitored continuously from 200 to 800 nm. Lutein, b-carotene,
and lycopene were quantified at 440 nm by comparison with an
external standard (Sigma–Aldrich Chemical Co., USA). Phytofluene,
Chl a and Chl b were quantified based on their absorption coeffi-
cient: e1% (348 nm) = 1577, e(431 nm) = 95.99 cm�1 mM�1 and
e(430 nm) = 57.43 cm�1 mM�1, respectively. These compounds
were expressed as lg g�1 of dry weight. Neurosporene, violaxan-
thin, neoxanthin and pheophytin were identified and quantified
at 440 nm and expressed as area (mAU*seg) per g of fruit dry
weight.
4.3. Trolox equivalent antioxidant capacity (TEAC)

The antioxidant capacity of the tocopherol and pigment extracts
was assayed as previously described (Re et al., 1999), with minor
modifications. The pre-formed radical monocation of 2,20-azin-
obis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS�+) was pro-
duced by oxidation of 7 mM ABTS with potassium persulphate
(2.45 mM final concentration) dissolved in H2O. The mixture was
placed in the dark at room temperature for 12–16 h before use,
and the ABTS�+ solution was diluted with EtOH and equilibrated
at 30 �C to an absorbance of 0.70 ± 0.02 at 734 nm. Aliquots of
25 lL extract or Trolox standard was mixed with 1 ml of diluted
ABTS�+ solution, vortexed for 10 s, and the absorbance measured
at 734 nm after 4 min at 30 �C. Values were obtained by interpolat-
ing the absorbance on a calibration curve using Trolox (0.03–
0.50 mM) and were expressed as lmol of Trolox equivalent per g
of dry weight. All samples were analyzed in triplicate.
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4.4. Quantitative polymerase chain reaction (qPCR)

RNA extraction and qPCR reactions were performed as
described by Quadrana et al. (2013). Annotated gene function
and primer sequences are described in Table S3. All reactions were
performed using two technical replicates and at least three biolog-
ical replicates. mRNA levels were quantified using a 7500 Real-
Time PCR system (Applied Biosystems) and SYBR Green Master
Mix (Applied Biosystems). Data were analyzed using the Lin-
RegPCR software package (Ruijter et al., 2009) to obtain Ct values
and to calculate primer efficiency. Expression values were normal-
ized to the mean of two constitutively expressed genes, CAC and
EXPRESSED (Quadrana et al., 2013). A permutation test lacking
sample distribution assumptions (Pfaffl et al., 2002) was applied
to detect statistical differences (p < 0.05) in expression levels
between mutants and the control using the algorithms in the fgSta-
tistics software package (Di Rienzo, 2009).
4.5. Data analysis and statistics

Data obtained from tocopherol, pigment and antioxidant capac-
ity measurements were analyzed using the InfoStat software pack-
age (Di Rienzo et al., 2011). When a data set showed
homoscedasticity, an ANOVA test followed by a Tukey test
(p < 0.05) was used to compare genotypes and fruit developmental
stages. In the absence of homoscedasticity, a non-parametric
ANOVA test was performed by applying the Kruskal–Wallis test
(p < 0.05). All values represent the mean of at least four biological
replicates.

PCA analyses were performed using the InfoStat software pack-
age and heatmaps were produced using GENE-E (http://www.bro-
adinstitute.org/cancer/software/GENE-E/). Network construction
and analyses was performed with expression and metabolite data
using the WGCNA R software package (Zhang and Horvath,
2005). A signed network with threshold power (b) = 6 was pro-
duced according to Zhang and Horvath (2005) and Horvath (per-
sonal communication). The network was constructed with genes
and metabolites presenting node connectivities P0.65 by using
an edge-weighted force-directed layout incorporated in the Cyto-
scape software package (Shannon et al., 2003).
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