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Synthesis of flavonoid compounds in plants is associated with their response to environ-
mental stress; however, the way in which the transcription of the relevant structural genes is
regulated in stressed plants is still obscure. Transcription of the ‘early’ flavonoid synthesis
genes Chi-1 and F3h-1 in the wheat coleoptile was investigated by quantitative real-time
PCR in seedlings exposed to 100 mM or 200 mM NaCl. Under mild stress, transcript abun-
dance of both Chi-1 and F3h-1 was increased significantly after six days of exposure. Under
severe stress, the level of transcription was the same or even lower than that seen in non-
stressed seedlings. In non-stressed conditions, the transcription patterns of Chi-1 and F3h-1
were quite distinct from one another, whereas under stress they became similar. An observed
alteration in structural genes regulation mode under stress conditions may optimize flavo-
noid biosynthesis pathway to produce protective compounds with maximum efficiency.
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Introduction

The flavonoids are a group of phenolic plant secondary metabolites which make an im-
portant contribution to the response to both biotic and abioitic stress (Treutter 2006;
Khlestkina 2013). In bread wheat (Triticum aestivum), the synthesis of flavonoids can be
induced by e.g. Hessian fly infestation, salinity, drought, and low temperature stress (Gio-
vanini et al. 2006; Olenichenko et al. 2006, 2008; Tereshchenko et al. 2012; Ma et al.
2014). A comparison between near-isogenic wheat lines has suggested a correlation be-
tween drought tolerance and the intensity of pigmentation of the coleoptile and pericarp
produced by anthocyanins (Tereshchenko et al. 2012). Although the molecular basis of
anthocyanin synthesis has been thoroughly investigated (Winkel-Shirley 2001), little is
known concerning the regulation under stress of the relevant structural genes. In wheat,
the regulation of the gene encoding flavanone 3-hydroxylase (F3H) is of particular inter-
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est, since F3H activation is the major regulatory checkpoint in anthocyanin synthesis
(Khlestkina et al. 2008, 2010; Tereshchenko et al. 2013).

Three F3h homoeologs and one paralog are present in the bread wheat genome (Khlest-
kina et al. 2008, 2013; Himi et al. 2011). The F3A-1 homoeologs are all involved in an-
thocyanin synthesis (Shoeva and Khlestkina 2013). The products of F3k-1, along with
those of Chi (chalcone-flavanone isomerase) and Chs (chalcone synthase) are all involved
in the early stage of the anthocyanin synthesis pathway; the genes are co-regulated in
some plant species (Martin et al. 1991; Quattrocchio et al. 1993), but not so in wheat
(Tereshchenko et al. 2013). Chalcone-flavanone isomerases are responsible for the forma-
tion of nine of the twelve major flavonoid subgroups (Winkel-Shirley 2001). The wheat
genome harbors three homoeologous copies of Chi-1, all of which are transcriptionally
active in both pigmented and non-pigmented tissue (Shoeva et al. 2014). The present
study set out to expose the temporal transcriptional behavior Chi-1 and F3h-1 in the
wheat coleoptile in response to imposed salinity stress.

Materials and Methods
Plant material and RNA extraction

Total RNA was extracted from seedlings of the bread wheat cultivar ‘Saratovskaya 29°,
which has pronounced anthocyanin pigmentation in its coleoptile (Khlestkina et al. 2010).
Seeds were germinated on moist filter paper at 20 °C under a 12 h photoperiod, and after
one day were exposed to 0 (control), 100 mM or 200 mM NaCl. Three replicates of each
treatment were imposed, with each replicate consisting of 16 seedlings. Four seedlings
per replicate were pooled every 24 h between days 3 and 6 for subsequent RNA extraction
by a QIAGEN Plant Rneasy Kit (www.qiagen.com), followed by a DNAse treatment.
Concentration of RNA was measured by spectrophotometer (SmartSpec™ Plus, Bio-
Rad).

Quantitative real-time PCR (qRT-PCR)

Single-stranded cDNA was synthesized from 1 pg total RNA using a (dT),s primer and
the QTAGEN Omniscript Reverse Transcription kit in a 20 pl reaction. The subsequent
gRT-PCRs were formulated with a QIAGEN QuantiTect SYBR Green kit and run on the
7900 HT Fast Real-Time PCR System (Applied Biosystems, USA). The primer pairs for
amplifying F3h-1 were homoeolog-specific (Khlestkina et al. 2008), while all three Chi-1
homoelogs were amplified together using the pair 5’-CGGGGGCAAGTTCATCAA-
GT-3" and 5’-CAGCGGCAGGATCATCGTCA-3’. Known quantities of cloned cDNA
product were used to calibrate a standard curve. Each sample was represented by three
technical replicates. Transcript abundances were normalized with respect to those ob-
tained for 7aAct (AY663392), based on amplicons generated by the primer pair 5’-CT-
GACGGTGAGGACATC-3’ and 5’-CCCATCCCTACCATGAC-3’. The primers were
designed using OLIGO software (Offerman and Rychlik 2003).
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Statistical analysis

Data are presented as means + standard error (SE). Spearman rank correlation between
the genes’ expression levels was carried out using Statistica v6.1 software package (Stat-
Soft Inc., USA). Differences between transcript abundances in non-stressed seedlings and
those exposed to either 100 mM or 200 mM NaCl were tested by Dunnett’s post hoc test,
taking p < 0.05 as the significance threshold.

Results
Chi-1 transcription

The transcription of Chi-1 in seedlings exposed to salinity stress for up to six days is il-
lustrated in Fig. la. In three day old seedlings, the level of Chi-1 transcript was sup-
pressed by the salinity stress imposed by both concentrations of NaCl. However, by day
4, it had recovered to the control level in the seedlings exposed to 100 mM NaCl, while
in the more severely stressed seedlings, transcription remained lower than in the control.
Transcription was down-regulated in the seedlings exposed to 200 mM NaCl on day 5,
but was up-regulated in those exposed to 100 mM NaCl on day 6. It can be concluded that
salinity affects expression of the Chi-/ gene, but this effect is different under distinct
NaCl concentrations.
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Figure 1. Transcription profiles (a) Chi-1, (b) F3h-A1, (¢) F3h-BI and (d) F3h-D1 under control (0 mM NaCl)
and salinity stressed conditions (100 and 200 mM NaCl). * — differences statistically significant at p < 0.05
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F3h-1 transcription

Transcription of each of the three individual F3A-1 homoeologs was suppressed by the
presence of 200 mM NacCl on day 3, but induced markedly by the presence of 100 mM
NaCl on day 6 (Fig. 1b—d). The transcript levels of the three genes were well correlated
with one another throughout, always remaining at or above 0.69 (Table 1). As for Chi-1,
salinity stress affects expression of the F3h-1 gene but this effect is different under dis-
tinct NaCl concentrations.

Correlation between F3h-1 and Chi-1 transcription

The abundance of Chi-1 and F3h-1 transcript was not correlated in the absence of salinity
stress, but in its presence (both at 100 mM and 200 mM NacCl), there was a strong correla-
tion (Table 1). It can be concluded that in optimal growing conditions some differences in
regulation mode of F3h-1 and Chi-1 exist, whereas under salinity conditions the ‘early’
flavonoid biosynthesis genes are co-regulated (Table 1).

Table 1. Spearman’s correlation between the transcript abundance of Chi-1 and F3h-1

0 mM F3h-BI F3h-DI1 Chi-1
F3h-A1 0.84* 0.87* 0.35
F3h-Bl 0.91%* 0.25
F3h-D1 0.13
100 mM F3h-B1 F3h-D1 Chi-1
F3h-Al 0.93* 0.93* 0.78%*
F3h-B1 0.99% 0.74*
F3h-D1 0.78*
200 mM F3h-B1 F3h-D1 Chi-1
F3h-A1 0.69* 0.83* 0.96*
F3h-Bl 0.93* 0.58*
F3h-D1 0.76*

* Statistically significant at p<0.05.

Discussion

Intensification of the flavonoid synthesis and expression of the related genes under stress
conditions was widely reported in diverse plant species (Ithal and Reddy 2004; Lo Piero
et al. 2005; Walia et al. 2005; Ma et al. 2014). The accumulation of flavonoids and expres-
sion of those genes in response to stress are reported to be genotype dependent. For in-
stance, saline treatment increased the accumulation of total anthocyanins in fruits of salt-
sensitive tomato cultivar ‘Sun Black’ (2-fold increase), while it reduced it in fruits of
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salt-tolerant cultivar ‘ Anthocyanin fruit type’ (10-fold decrease) (Borghesi et al. 2011). In
rice, flavonoid pathway genes were significantly induced by salinity in salt-sensitive IR29
genotype, but none of the genes were induced at a statistically significant level in stressed
salt-tolerance sample FL478 (Walia et al. 2005).

According to the current study expression of the Chi and F3h genes in coleoptile of
wheat cultivar ‘Saratovskaya 29’ is belatedly activated and only under milder stress re-
gime (Fig. 1). Differences in the timing of induction of stress-activated genes are nor-
mally explained by variation in which proteins or signaling molecules they respond to
(Hirayama and Shinozaki 2010).

Under normal growing conditions, the structural genes responsible for anthocyanin
synthesis are regulated by a MYB/MYC/WD40 complex, which is responsive to a com-
plex combination of both environmental (light, temperature) and biochemical (sugars and
hormones) factors (Das et al. 2012). In Medicago truncatula, Shen et al. (2010) showed
that there was a 12 h delay between the up-regulation of F3# in the root and stem in re-
sponse to salinity stress, whereas no induction was noted in the leaf even 48 h after the
stress treatment had been imposed. The suggestion was that this delay reflected inefficien-
cies in the transport of key secondary metabolite signaling molecules. Late activation (on
the fifth day of exposure to salinity stress) of a Chi gene has also been observed in the
shoot of the Antarctic extremophile Deschampsia antarctica (Zamora et al. 2013).

The present experiments have demonstrated that the ‘early’ flavonoid synthesis genes
F3h-1 and Chi-1 are not rapidly up-regulated in the wheat seedling and are sensitive to an
intermediate level of salinity stress, whereas under high salinity stress, their transcription
is the same or even lower than that seen in non-stressed seedlings. This allows suggesting
that flavonoid biosynthesis can be suppressed under severe stress conditions and hence
flavonoids in some cases cannot help plants overcome intensive stress.

The data show that the way in which F3A-1 and Chi-1 is regulated is dependent on the
growing conditions experienced by the plant: under optimal growing conditions, the two
genes are regulated independently, while under salinity stress conditions, they appear to
be co-regulated (Table 1). F3A-1 transcript abundance is strongly correlated with the pres-
ence of pigmentation, while that of Chi-1 is not (Khlestkina et al. 2008, 2010; Teresh-
chenko et al. 2013; Shoeva et al. 2014). The independent regulation of various flavonoid
synthesis structural genes under optimal growing conditions has been widely reported
(Martin et al. 1991; Quattrocchio et al. 1993; Tereshchenko et al. 2013).

Under low temperature conditions, the transcription patterns of genes encoding chal-
cone synthase (Chs), dihydroflavonol 4-reductase (Dfr), UDP-glucose:flavonoid 3-O-
glucosyltransferase (Ufgt) and glutathione S-transferase (Gst) in the maize seedling are
distinct (Christie et al. 1994). Similarly, in red colored oranges, the transcription of Chs,
Dfr and Ufgt differing from Pal (phenylalanine ammonia-lyase) is affected by brief low
temperature stress (Lo Piero et al. 2005). In rice, the transcription of Pal and Chs is not
induced by salinity stress, although that of Dfi and Ans (anthocyanidin synthase) is (Ithal
and Reddy 2004).

The distinct regulation of genes active in a single metabolic pathway can result in a
diversity of flavonoid content, both qualitatively and quantitatively. Additional stress-
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specific transcriptional factors can be involved in regulation of flavonoid synthesis genes
expression. For instance, in Arabidopsis, bZIP transcriptional regulator AIR1 has been
assumed to be involved in the regulation of various steps of the flavonoid pathway and
itself regulated by the salt-stress response signalling machinery (Van Oosten et al. 2013).

A stress-imposed alteration in the mode of regulation of this class of structural gene
can be used by the plant to optimize the activity of a given metabolic pathway, allowing
protective compounds to be generated with maximum efficiency.
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