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Anthocyanins Participate in Protection of Wheat Seedlings
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Plant secondary metabolites anthocyanins are considered to play a protective role. In
bread wheat (7riticum aestivum L.), anthocyanins can be observed in both adult plants and
seedlings. The aim of the current study was to investigate the putative role of anthocyanins
present in grains and shoots with respect to the protection of seedlings against drought. For
this purpose a set of near isogenic lines (NILs) differing in pericarp and coleoptile colour
was used. Water stress was created by artificial shortage of moisture under laboratory condi-
tions. Differences among the lines were observed in a way that the lines with dark-purple
grains and coleoptiles (genotype Pp-DI1Pp-DI1Pp3Pp3Rc-A1Rc-AIRc-DIRc-DI) demon-
strated a higher seedling drought tolerance than plants with uncoloured pericarp and light-
purple coleoptiles (pp-D1pp-D1pp3pp3Rc-AlRc-Alre-D1re-DI). Furthermore, protection of
the root system and the shoot was related with the presence of anthocyanins in grains and
coleoptiles, respectively.

Keywords: Triticum aestivum L., flavonoids, near isogenic lines, grain, purple pericarp,
red coleoptile

Introduction

Plants are sessile organisms which are constantly exposed to a variety of biotic and abi-
otic stresses. To overcome different stress stimuli and their combinations, plants devel-
oped mechanisms for multiple stress tolerance, which are activated in contrast to stress-
specific protective reactions independently on the type of stress stimuli (Pandey et al.
2015). Anthocyanin biosynthesis is considered as a component of these universal protec-
tive reactions against distinct types of stresses (Chalker-Scott 1999).

At least four mechanisms of anthocyanins’ plant protective role in severe environ-
ments are considered. One is that anthocyanins act as photoprotective light screen,
quenching excess photons and, thereby, mitigate photoinhibitory and photo-oxidative
damage (Steyn et al. 2002; Merzlyak et al. 2008; Solovchenko and Merzlyak 2008).
A further mechanism is based on scavenging free radicals. Due to their high antioxidant
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capacity anthocyanins neutralize reactive oxygen and nitrogen species compounds almost
four times more effectively than ascorbic acid and a-tocopherol do (Bors et al. 1994;
Wang et al. 1997). Since anthocyanins are present in cells in glycosylated forms they are
also considered as osmolytes contributing to depression of osmotic potential and mainte-
nance of turgor pressure during drought-stressed conditions (Chalker-Scott 1999). More-
over, anthocyanins are also able to chelate some heavy metal ions, preventing in such a
way oxidative stress (Hale et al. 2001, 2002; Fedenko 2008).

In bread wheat (Triticum aestivum L., BBAADD, 2n = 6x = 42), anthocyanin pig-
ments can be synthesized in different parts of the plant such as coleoptile (controlled by
Rc genes), culm (Pc), leaf blade (PIb), leaf sheath (Pls), glumes (Pg), auricle (Ra), grain
pericarp (complementary genes Pp-I and Pp3), and anthers (Pan). The genes predeter-
mining anthocyanin coloration in wheat have been mapped: Re, Pc, Plb, Pls, Pp-1, Ra,
Pan form gene clusters on homologous group 7 chromosomes, Pp3 and Pg map to chro-
mosome 2A (Khlestkina 2013; Khlestkina et al. 2014).

The aim of the current study was to investigate the putative protective role of antho-
cyanins present in wheat grains and coleoptiles, in particular, to investigate whether they
can protect spring wheat seedlings from damaging drought at early growth stages (leaf
development, tillering), when drought can cause 13—60% of wheat yield reduction (Blum
et al. 1990; Ivanova et al. 2011).

To investigate this issue a precise genetic model — a set of NILs differing by the allelic
state of genes conferring purple grain (Pp) and coleoptile (Rc) colour was used.

Materials and Methods
Plant material

The wheat genotypes used in the study were: (1) ‘Saratovskaya 29’ (‘S29°), carrier of the
dominant Rec-A1 allele (determining light-purple coleoptiles) and Pp alleles conferring
uncoloured pericarp (pp-DIpp-DIpp3pp3Pp-A1Pp-Al); (2) near isogenic lines (NILs)
developed in ‘S29’ background (Arbuzova et al. 1998), but having an additional Rc gene
(Rc-D1I) conferring intensive dark-purple coleoptile pigmentation and two dominant
complementary genes Pp-DI and Pp3 determining intensive anthocyanin pigmentation
of pericarp, inherited from genetic stocks ‘Purple Feed’ (‘PF’) and ‘Purple’ (‘P’). These
lines, designated i:S29Pp-A1Pp-D1Pp3¥F (‘iPF’) and i:S29Pp-A1Pp-D1Pp3® (‘iP’), re-
spectively, have been characterized earlier using microsatellite markers, and differ only in
the length of the introgressed fragments in the chromosomes 2A and 7D (Tereshchenko et
al. 2012; Gordeeva et al. 2015).

Stress treatment

Osmotic stress was induced by 15% polyethylene glycol (PEG 6000) according to Yudina
et al. (2015). The seeds were placed on filter paper, moistened with distilled water and
kept for 48 hours in a RUMED® climate chamber (Rubarth Apparate GmbH) at 4 °C
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without light to synchronize germination. Thereafter the temperature inside the chamber
was increased to 20 °C and a daily cycle with 12 h light/12 h darkness was set up. Germi-
nated seeds were exposed to either 15% or 0% (control) PEG 6000 solution. All experi-
ments were carried out using seeds produced in the same year and under the same cli-
matic conditions. The experiment was performed in triplicate for each genotype and treat-
ment, with sixteen seedlings per replicate. The root and shoot lengths of each seedling
were measured daily from the 3" to the 7 day after germination.

Anthocyanin extraction and measurement

For anthocyanin content evaluation, the three NILs were grown at the same conditions as
described above. In total 20 seedlings were grown per each replicate and every day from
the 3" to the 6t day after germination, coleoptiles from four seedlings of each NILs were
pooled and homogenized in 1% HCl/methanol in the proportion 5 ml of the solution to
1 g of fresh plant material. The mixture was incubated at 4 °C for 24 hours and centri-
fuged at 10,000 g for 30 min at 4 °C. A 100 pl of the collected supernatant was used for
the measurement of the relative anthocyanin content at a wavelength of 530 nm (OD530)
using a SmartSpec™Plus spectrophotometer (BioRad).

Anthocyanin content evaluation in pericarp was performed at early or soft dough stage
of grain maturity. Pericarp tissue from grains of one spike for each replicate was peeled
with a scalpel. The anthocyanin extraction procedure was the same as mentioned above.

Statistical analysis

The data are presented as mean value + standard error (n = 3). Significance of differences
between treated and control samples of the NILs were assessed using non-parametric
Mann-Whitney U-test, taking p < 0.05 as significant. Changes in root length were calcu-
lated as follows:

root length under §tress condition 1 1%100%
root length in control

Changes in shoot length and anthocyanin content were calculated accordingly.

The non-parametric Kruskal-Wallis H-test was used for determining the influence of
the factor ‘colour’ on changes of growth parameters of wheat seedlings. Two groups of
samples were distinguished: one group denominated as ‘non-coloured’ included ‘S29°,
the second group (‘coloured’) combined ‘iPF’ and ‘iP’. Spearman’s rank correlation coef-
ficients between the parameters were calculated. All statistical analysis was carried out
with Statistica v. 6.1 software (StatSoft, Inc.).
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Results
Shoots and roots length

The lengths of roots were not differed between ‘S29” and ‘iPF’ or ‘iP’ in control and PEG-
treated samples, whereas statistically significant differences were observed in the lengths
of shoots between the genotypes (Table 1).

Daily osmotic stress led to significantly reduced lengths of shoots and roots in the
seedlings (Fig. 1). However, the extent of growth parameters changes varied among the
NILs. Reduction in the lengths of shoots and roots was more severe in ‘S29’ compared to
‘iPF’ and ‘iP’. Shoots length decrease of ‘S29° was 18.6 to 28.1% (on average 24.3% dur-
ing all days of the experiment), whereas in ‘iPF’ and ‘iP’, it varied from 11.3 to 19.9%
(16.6%) and from 11.5 to 20.4% (16.6%), respectively (Fig. 1a). Reduction in the lengths
of roots was 10.3 to 22.6% (16.0%) in ‘S29°, whereas in ‘iPF’ and ‘iP’, it varied from 5.4
to 18.4% (11.0%) and from 3.8 to 14.7% (8.4%), respectively (Fig. 1b).

Table 1. The shoots and roots lengths of ‘S29°, ‘iPF’ and ‘iP’ and relative anthocyanin content in coleoptiles
under control and osmotic stress. Values are mean of three replications + standard error

Control 15% PEG
Day
$29 iPF iP S29 iPF iP

3 20.1+0.6 21.8+0.52 21.7+0.42 16.3+0.5 19.3+£0.4%" | 19.240.4%"
Shoot 4 41.9+0.9 45.94+0.82 46.0+0.92 32.4+0.5" | 38.8+0.7°" | 40.4+0.6*"
length, 5 72.5+1.2 76.4+0.8* | 78.0£1.0° 52.1+£0.7* | 61.240.9a* | 62.8+0.8+*
mm 6 99.4+1.4 102.4£1.0 | 105.7£1.2% | 73.3£1.0" 84.2+1.2¢" | 85.3+0.9*

7 123.5+1.5 | 127.9+1.2* | 131.1+1.42> | 91.7+1.17 | 103.9+£1.2%" | 104.4+1.2¢"

3 39.6+0.8 42.0+0.6* 40.1+0.6 30.6+£0.9 34.3+0.8" 34.2+0.6"
Root 4 62.4+1.2 64.0£1.0 62.7£1.0 50.2+1.3" 55.8+1.2 55.1+1.1
length, 5 79.9+1.5 82.5+1.7 80.5+1.4 68.7+1.5" 74.5+1.4 75.9£1.3
mm 6 95.9+1.8 96.6£1.0 97.0£1.6 83.0+1.8" 88.3+1.8 91.5+1.52

7 106.3+£1.9 107.2+£2.5 109.3£2.1 95.4+2.1" 101.4£2.0 | 105.2+1.72

3 0.7+0.0 2.2+0.12 2.0+0.12 1.1£0.1" 2.7+0.3*" 2.9+0.22

4 0.6+0.0 2.5+0.32 1.8+0.14> 1.0+£0.0 2.6+0.12 2.340.14b*
cAoriem 5 0.5+0.0 1.8+0.22 2.0£0.22 0.8+0.0 2.4+0.12" 2.2+0.12

6 0.6+0.0 2.1+0.12 2.0+0.12 0.9£0.1" 2.7+0.22" 2.5+0.12"

7 0.5+0.0 2.2+0.02 2.1£0.28 0.84+0.0" 2.9+0.22" 3.3+0.1>"

aMean value of ‘iPF’ or ‘iP’ is significantly different from that one of ‘S29’ under control or stress condition (»<0.05,
U-test).

®Mean value of ‘iP’ is significantly different from that one of ‘iPF’ under control or stress condition (p<0.05, U-test).

*Mean value of stressed sample is significantly different from control one (p<0.05, U-test).
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Figure 2. Changes in anthocyanin content in coleoptiles of ‘S29°, ‘iPF’ and ‘iP’ in response to osmotic stress
relative to control (%). *Significant differences between stressed and control samples at p<0.05 (U-test)

Anthocyanin content

The NILs differ in anthocyanin content in coleoptiles (Table 1). ‘iPF’ and ‘iP’ have more
then 3-fold more anthocyanins compared to ‘S29°. Anthocyanins were not present in
grains of ‘S29’, whereas their content was significantly different between ‘iPF’ (2.340.2)
and ‘iP’ (3.5+0.3) lines.

Osmotic stress increased the concentration of anthocyanins in coleoptiles of all geno-
types (Table 1). The intensification of anthocyanin biosynthesis relatively to untreated
controls was more pronounced in ‘S29’ than in the coloured lines ‘iPF’ and ‘iP’ (Fig. 2).
In °S29°, osmotic stress caused an increase of anthocyanin content in coleoptiles by 57.3—
72.7% (on average 66.3% during all days of the experiment), whereas in ‘iPF’ and ‘iP’
anthocyanin content increased by 1.8-34.2% (24.5%) and 12.1-58.5% (33.2%), respec-
tively, in comparison with the control.

There was moderate negative correlation between anthocyanin content in coleoptile
under control conditions and changing the anthocyanin content in response to osmotic
stress (r,=—0.718, p<0.01). Obtained data demonstrated that osmotic stress causes in-
tensification of the anthocyanin biosynthesis in wheat seedlings with a more pronounced
increase in the less coloured genotype ‘S29°.

Influence of the coleoptile and grains colour on growth parameters

The one-way ANOVA on ranks showed that two groups of samples (‘non-coloured’ vs
‘coloured’) were significantly different not only in anthocyanin content in coleoptiles and
grains under control conditions but also with respect to the changes in anthocyanin con-
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Table 2. Kruskal-Wallis H-test analysis. Group size: ‘non-coloured’ group has five values of traits of ‘S29°,
‘coloured’ group has ten values of traits of ‘iPF’ and ‘iP’; degrees of freedom (df): 1

Trait Group Sum of ranks H p-value
‘non-coloured’ 15

Anthocyanin content in coleoptile (in control) 9.38 0.0022
‘coloured’ 105
‘non-coloured’ 15

Anthocyanin content in grains 10.5 0.0012
‘coloured’ 105
) ) ) ) ‘non-coloured’ 64

Changing the anthocyanin content in coleoptile 8.64 0.0033
‘coloured’ 56
‘non-colored’ 57

Changing the length of roots 4.34 0.0373
‘coloured’ 63
‘non-coloured’ 60

Changing the length of shoots 6.00 0.0143
‘coloured’ 60
‘non-coloured’ 35

Root length (in control) 0.38 0.5403
‘coloured’ 85
‘non-coloured’ 35

Shoot length (in control) 0.38 0.5403
‘coloured’ 85

tent in coleoptiles and length of roots and shoots under stress conditions (Table 2), where-
as no differences between the groups were observed for lengths of roots and shoots under
control conditions. The data obtained demonstrated that factor ‘dark-purple colour’ has a
significant impact on changes in growth parameters of wheat seedlings under stress con-
ditions.

Correlation between anthocyanin level and growth parameters

Moderate negative correlations were observed between anthocyanin content in coleop-
tiles of control plants and reduction of shoot length under osmotic stress (r, =—0.721,
p=<0.01) and between anthocyanin content in grains and reduction of root length under
stress (r, =—0.548, p <0.05).

Discussion

Protective functions of anthocyanins have been suggested based on an increase of antho-
cyanins and the expression of related genes under different stress conditions (Chalker-
Scott 1999; Lo Piero et al. 2005; Castellarin et al. 2007; Nakabayashi et al. 2014; Sanchita
etal. 2015). However, some studies have demonstrated that the anthocyanin content is not
always increased under stress. The accumulation of anthocyanins in response to stress has
been reported to be genotype dependent. Daneshmand et al. (2010) observed in wild po-
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tato species under salinity stress a decrease in anthocyanin content in salt sensitive spe-
cies and no change in salt-tolerant ones. Ploenlap and Pattanagul (2015) observed antho-
cyanin overaccumulation under drought stress in a drought-tolerant rice and reduced an-
thocyanin content in a drought-sensitive variety. Contrary effects (i.e. an increase in a
sensitive variety and a decrease in a tolerant variety) were observed under salt stress in
tomato (Borghesi et al. 2011). Effects of genes not related to anthocyanin biosynthesis
may hinder establishing the role of anthocyanins in stress resistance.

In the current study, using differently coloured wheat NILs the protective functions of
anthocyanins under osmotic stress were shown. ANOVA and correlation analysis sug-
gest that anthocyanins protect the wheat seedlings under osmotic stress. These results
were obtained for two independent sister lines (‘iPF’ and ‘iP’) differing only in the
length of the introgressed fragments in chromosomes 2A and 7D carrying the regulatory
genes of anthocyanin biosynthesis and the donors of the genes. The investigation re-
vealed that pigments from different organs have a ‘local’ protective effect: anthocyanins
in pericarp improve seedlings’ root elongation, whereas anthocyanins in coleoptiles pro-
tect shoot elongation under osmotic stress. The protective role of anthocyanins accumu-
lated in the grain pericarp might be related to an effect on seed germination and radical
emergence.

Although the NILs used in the current study do not allow addressing the question how
anthocyanin biosynthesis is regulated in stress sensitive and stress-tolerant wheat geno-
types, it allows the finding of some peculiarities of the biosynthesis under osmotic stress
in differently coloured sister lines. PEG treatment induced anthocyanin accumulation in
all lines, but in different genotype-dependent manner: higher accumulation relative to the
control was observed in the less pigmented ‘S29’ (Fig. 2). Nonetheless the higher inten-
sification of the anthocyanin synthesis in ‘S29’ did not lead to its better growth ability
(Fig. 1) what allows the conclusion that the protective role of anthocyanins under os-
motic stress is predetermined rather by the anthocyanin content in unstressed conditions
than by the ability to increase the anthocyanin biosynthesis under stress.

It is also worth noting that the same set of the NILs demonstrated a different pattern of
anthocyanins accumulation under cold stress: anthocyanin content decreased in less pig-
mented ‘S29” and increased in ‘iPF’ and ‘iP’ (Gordeeva et al. 2013). These data allow the
hypothesis of a stress-dependent anthocyanin biosynthesis regulation in the present NILs.
Further investigations of the NILs under different types of stresses would be necessary to
confirm this hypothesis and might reveal other features of the protective functions of an-
thocyanins.
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