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ABSTRACT

Flavonoids are secondary metabolites found in plants with a wide range of biological functions, such as
stress protection. This study investigated the functions of a tomato (Solanum lycopersicum) flavanone 3-
hydroxylase-like protein gene SIF3HL by using transgenic tobacco. The expression of the gene was up-
regulated under chilling (4 °C), heat (42 °C), salt (NaCl) and oxidative (H,0,) stresses. The transgenic
plants that displayed high SIF3HL mRNA and protein levels showed higher flavonoid content than the WT
plants. Moreover, the expression of three flavonoid biosynthesis-related structural genes, namely,
chalcone synthase (CHS), chalcone isomerase (CHI) and flavonol synthase (FLS) was also higher in the
transgenic plants than in the WT plants. Under chilling stress, the transgenic plants showed not only
faster seed germination, better survival and growth, but also lower malondialdehyde (MDA) accumu-
lation, relative electrical conductivity (REC) and H;0; and O, levels compared with WT plants. These
results suggested that SIF3HL stimulated flavonoid biosynthesis in response to chilling stress.

Tomato
Transgenic tobacco

© 2015 Elsevier Masson SAS. All rights reserved.

1. Introduction

Chilling stress is a major environmental factor that limits plant
growth, productivity and geographical distribution. Chilling-
sensitive plants, including important vegetable crops (e.g. sweet
pepper, tomato and cucumber), suffer from chilling injury at
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temperatures below 10 °C—12 °C. Therefore, the response and
adaptation mechanisms of plants to chilling stress should be un-
derstood. Chilling stress limits enzyme activities in the Calvin cycle,
which consequently reduces the utilization of absorbed light en-
ergy for CO; assimilation and induces the overproduction of reac-
tive oxygen species (ROS). ROS accumulation causes DNA and RNA
damage, protein oxidation, membrane lipid peroxidation and, ul-
timately, cell death. Plants have evolved enzymatic and non-
enzymatic antioxidant defence systems to scavenge ROS. The
enzymatic system includes ascorbate peroxidase (APX), superoxide
dismutase (SOD), catalase (CAT) and guaiacol peroxidase (GPX). The
non-enzymatic system includes several plant secondary metabo-
lites, such as ascorbic acid (AsA), glutathione (GSH) and flavonoids,
which play important roles in protecting plants from environ-
mentally induced oxidative stress, and also pollen tube germina-
tion, seed dormancy, and auxin transport (Brown et al., 2001;
Debeaujon et al., 2000; Hichri et al., 2011).

Several studies have focused on the protective effects of flavo-
noids on plants exposed to abiotic stresses, such as low and high
temperatures, high light, drought, salt, low nutrient availability and
ultraviolet (UV) damage (Castellarin et al., 2007; Hernandez et al.,
2009; Park et al, 2007). Flavonoids possess antioxidant
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properties in vitro. For example, quercetin chelates transition
metals, such as Fe?", to prevent the involvement of such metals in
ROS-generating Fenton reaction. The observation that salt-tolerant
species often accumulate more flavonoids than the salt-sensitive
species suggests a link between flavonoids and salt stress toler-
ance (Liu et al.,, 2012). It has long been recognized that flavonoids
accumulation was induced rapidly by abiotic stresses. For example,
chilling stress increases flavonoid accumulation in grape, maize,
red orange and apple (Christie et al., 1994; Mori et al., 2005; Piero
et al., 2005; Ubi et al., 2006). In Arabidopsis, chilling stress signif-
icantly up-regulates chalcone synthase (CHS), chalcone isomerase
(CHI) and flavanone 3-hydroxylase (F3H) to induce flavonoid
accumulation (Zhang et al., 2010). In fact, flavonoid pathway-
related genes are induced by stress treatment in various plants,
such as potato, birch and rice; this finding suggests that these genes
play important roles in plant stress tolerance (André et al., 2009;
Lenka et al., 2011; Liu et al.,, 2013; Morales et al., 2010). The over-
expression of key flavonoid genes in transgenic plants induces
flavonoid accumulation, which is often accompanied by increased
antioxidant ability and stress tolerance (Mitsunami et al., 2014;
Lukaszewicz et al.,, 2004; Reddy et al.,, 2007). By contrast, the
down-regulation of flavonoid genes in mutants reduces antioxidant
ability and stress tolerance (Oosten et al., 2013). Therefore, the
antioxidant capacity of flavonoids could influence their protective
effects against stress.

Flavonoid biosynthesis is mainly controlled by structural genes
in the highly conserved and well characterized phenylpropanoid
pathway and regulatory genes. The structural genes encode mul-
tiple enzymes, such as phenylalanine ammonia lyase (PAL), cinna-
mate4-hydroxylase (C4H), 4-coumarate-CoA ligase (4CL), CHS, CHI,
F3H, flavonoid 3’-hydroxylase (F3’H), flavonol synthase (FLS), and
dihydroflavonol 4-reductase (DFR, Fig. 1). F3H catalyzes the tran-
sition of flavanones to dihydroflavonols, which serve as in-
termediates for the biosynthesis of flavan 3-ols, flavonols, and
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Fig. 1. The flavonoid branch of the phenylpropanoid pathway.

anthocyanidins (Holton and Cornish, 1995). It is classified as a 2-
oxoglutarate-dependent dioxygenase (2-ODD) whose activity re-
quires the presence of 2-oxoglutarate, ferrous iron (Fe>*), molec-
ular oxygen, and ascorbate. Since it was first cloned in Antirrhinum
majus (Martin et al., 1991), F3H have been isolated and character-
ized in more than 50 plant species including Perilla frutescenes, Zea
mays, Daucus carota, Ginkgo biloba, and Persea americana.

In the present study, we isolated a tomato (Solanum lycopersi-
cum) F3H-like protein gene (SIF3HL). This protein is a member of
the 2-0ODD superfamily characterized by a 20G-Fell-Oxy domain. It
shares approximately 67% amino acid identity with Arabidopsis
downy mildew resistant 6 (DMR6), which encodes a 2-ODD su-
perfamily member with unknown functions. The expression of
DMR6 is associated with stress. DMR6 mutation enhances the
expression of a subset of defence-associated genes, suggesting its
roles in plant defence (Damme et al., 2008). The expression of
SIF3HL is also stress associated. In particular, SIF3HL overexpression
enhances the chilling tolerance of transgenic tobacco plants.

2. Materials and methods
2.1. Plant material, growth conditions and treatments

Tomato seeds (S. lycopersicum cv. Zhongshu 4, provided by the
Chinese Academy of Agricultural Sciences) were allowed to
germinate on Murashige and Skoog (MS) medium at 25 °C for 2
weeks. Sprouted seedlings were transplanted into sterilized soil
with nutrient solution and grown at 25 °C/20 °C (day/night) with a
16/8 h photoperiod, 500 pmol m~2 s~1'—600 pmol m~2 s~! photon
flux density (PFD) and 50%—60% relative humidity in a greenhouse.
Two-month-old plants were used for subsequent abiotic stress
assays in a growth chamber (GXZ-260C). For chilling treatment, the
plants were exposed to 4 °C in the illuminated incubation chamber
with a PFD of approximately 200 pumol m 2 s~ for 0, 3, 6, 9, 12 and
24 h. For heat treatment, the whole plants in pots were placed in
the illuminated incubation chamber at 42 °C for 0, 3, 6,12 and 24 h.
For oxidative treatment, the plant leaves were sprayed with
20 mM L~! H,05. Salt stress was induced by completely immersing
the plant roots in 200 mM L~! Nacl solution for 0, 3, 6, 12, 24, 48
and 72 h. For hormonal treatments, plant leaves were sprayed with
100 puM L~ ! abscisic acid (ABA) and 100 uM L~! jasmonic acid (JA)
for 0,1, 3, 6,12 and 24 h. The treated plant leaves were harvested at
an appropriate time, frozen in liquid nitrogen and then stored
at —80 °C.

Tobacco seeds (Nicotiana tabacum cv. NC89) of the wild-type
(WT) and transgenic plants were surface-sterilized and sown on
MS medium for germination. The seedlings were transferred into
fresh soil at the four-leaf stage and maintained under the same
greenhouse conditions. When the sixth leaf was fully expanded (at
about 2 months), the WT and transgenic tobacco plants were used
for chilling stress treatment (for investigation of MDA content and
REC, the plants were treated for 24 h. For investigation of other
physiological parameters, the plants were treated for 12 h). The
whole plants were exposed to low temperatures (4 °C) in an illu-
minated incubation chamber (GXZ-260C) at a PFD of
200 pmol m~2 s~ All the treated samples were immediately frozen
in liquid nitrogen and then stored at —80 °C for later use.

2.2. RNA gel blot analyses

Total RNA was isolated from tomato leaves using the total RNA
isolation system (Tiangen, Beijing). The total RNA (20 ug) was
separated in a 1.2% agarose formaldehyde gel, transferred to a nylon
membrane and then fixed on the membrane by cross-linking with
UV light. Pre-hybridization was performed at 65 °C for 12 h. The 3’
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