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a b s t r a c t

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

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-

Table 1
Solanum lycopersicum L. (cv. Micro-Tom) genotypes used in this study.

Genotype Mature green fruit Ripe fruit Mutant gene function/phenotype Tomato locusa Reference

Micro-Tom (MT)
dwarf (d) and
self-pruning (sp)
(control
genotype)

D is a brassinosteroid biosynthesis enzyme
encoding gene. The mutant allele reduces all
organ sizes, except the fruits. SP regulates
vegetative to reproductive switching of
sympodial meristems. The mutant shows a
determinate growth habit

Solyc02g089160
Solyc06g074350

Meissner et al.
(1997), Martí
et al. (2006),
Bishop et al.
(1999)

MT-non ripening
(MT-nor)

NOR is a NAC transcription factor. Mutant fruits
do not ripe due to an alteration of the program
that triggers climacteric ethylene biosynthesis

Solyc10g006880 Giovannoni et al.
(1995)

MT-ripening
inhibitor (MT-
rin)

RIN is a MADS-box transcription factor. Mutants
show an altered fruit ripening program, which
fails to trigger climacteric respiration and
ripening related ethylene biosynthesis

Solyc05g012020 Vrebalov et al.
(2002)

MT-green flesh
(MT-gf)

gf plants harbor a mutant allele of the STAY-
GREEN1 protein encoding gene. The plants are
deficient in chlorophyll degradation and present
brownish fruits with green seed placental tissues

Solyc08g080090 Barry et al. (2008)

MT-lutescent 1
(MT-l)

L is locus with unknown function. Mutant plants
present non-pigmented ovaries and yellowish
leaves

? Jen (1974)

MT-jasmonic acid
insensitive 1-1
(MT-jai)

JAI is an F-box protein. Mutant plants are
insensitive to JA and show delayed senescence of
petals and styles, as well as glabrous ovaries

Solyc05g052620 Li et al. (2004)

a Sol Genomics Network (http://solgenomics.net/).
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