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ABSTRACT: Circadian biorhythms are fundamental in plant adaptability and development. To reveal the effect
of organic and inorganic forms of Se, foliar treatments of dandelion with 0.26 mM Se solutions were practiced in
two contrasting day times: in the morning with the highest levels of leaf Se and polyphenol (TP) and the lowest
dry matter, and in the evening with the opposite characteristics. Compared to the control, the morning Se supply
demonstrated a higher increase of root biomass (1.27-1.37 times), Se (1.82-2.85 times), TP content (1.42-1.44 times),
and antioxidant activity (AOA) (1.47-1.48 times) than the evening treatment. The latter did not affect root biomass and
TP levels, but increased Se (1.38-2.57 times) and AOA (1.47-1.48 times). Contrary, compared to control, the evening
Se supply improved leaf parameters more significantly than the morning treatment: AOA (1.22-1.25 vs. 1.12-1.17),
TP (1.29-1.33 vs. 1.10-1.25), and Se (7.03-8.58 vs. 5.32—-7.19). Similar photosynthetic pigment increase was recorded
under organic and inorganic Se supply and between morning and evening treatments. Contrasting trends in
root disaccharide accumulation under Se supply were recorded between morning and evening treatments, with a
significant decrease of the mentioned parameter in the former case (1.27-1.15 times) and an increase in the latter
(1.11-1.31 times). Contrary to other dandelion characteristics, only disaccharide root levels demonstrated higher
changes under selenocystine supply, compared to selenate. The revealed phenomenon indicates the differences
in root/leaf biochemical profile response to the time of Se supplementation and may become the basis of targeted
production of functional food products with improved yield and nutritional value.
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1 Introduction

Circadian biorhythms of various biochemical processes represent the basis of plant growth,
development, and the adaptation efficiency to the environmental factors, optimizing hormonal and
antioxidant status, photosynthesis, and plant productivity [1,2]. The biosynthesis regulation of various
phytohormones, such as ethylene, salicylic, jasmonic, indol-3-acetic, and abscisic acids, gibberellins,
cytokinin, and brassinosteroids, via special circadian genes participation provides the daily rhythms
in hormone activities, optimizes nutrient assimilation, and the protection of plants against biotic and
abiotic stresses [3,4]. In their turn, phytohormones modulate the biosynthesis of many biologically active
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compounds, including polyphenols [5,6], terpenoids [7], sterols [8], vitamins [9], etc. According to literature
reports, low selenium dose supply may affect gene expression, phytohormone and secondary metabolite
biosynthesis, improving yield and the accumulation of natural antioxidants, stimulating photosynthesis,
and increasing protein and carbohydrate content [10,11].

Investigations of Se circadian biorhythms of several Allium species, trees, and bushes revealed
significant circadian oscillations of the element concentrations supposedly linked to the involvement
of the volatile methyl selenide formation [12]. The detected phenomenon and the ability of small Se doses
to stimulate antioxidant biosynthesis in plants indicate the possibility of the circadian biorhythm effect on
the efficiency of plant biofortification with Se. The latter may become of high importance in the production
of functional food with high levels of Se suitable for the optimization of the human Se status. Uneven
distribution of Se in the world causes the abundance of Se deficiency among the population of many
countries [13], inducing decreased resistance to viral, oncological, and cardiovascular diseases [14,15],
optimizing the immunity and providing the beneficial conditions of the iodine metabolism [16].

Up to date, the common recommendations of plant biofortification with Se include foliar Se supply in
the morning or evening to diminish the possibility of plant sunburn [17]. Several investigations indicate
higher prospects of the evening Se supply, due to low leaf temperature and stomatal closure preventing Se
loss through transpiration and enhancing plant absorption [18].

Foliar Se treatment was proven to be more beneficial than soil application due to the exclusion of
the irreversible soil absorption of the element [19]. Accumulation of Se by leaves occurs through the
stomata, cuticle, stigmata, hydathodes, and trichomes with the subsequent transfer of the microelement
to chloroplasts and the formation of seleno-amino acids: selenocysteine and selenomethionine [20,21].
Selenate is the prevailing chemical form of Se used for biofortification, characterized by high mobility and
accessibility. Utilization of organic chemical forms (selenomethionine, selenocystine) results in higher
levels of the most bioavailable Se amino acids for humans, but it is not so popular due to the high costs of
Se-amino acid synthesis. In this respect, the new method of low-cost selenocystine production [22] opens
high prospects of its utilization in plant biofortification with Se.

Taking into account that no investigations of the circadian biorhythms’ effect on plant Se biofortification
have been documented so far, the present research aimed to evaluate the efficiency of the morning/evening
foliar Se supply, both in the forms of selenate and selenocystine, on dandelion (Taraxacum officinale) growth
and biochemical parameters. Dandelion (Asteraceae family) has been the object of investigation and is
known for its high adaptability, fast growth, high nutritional and medicinal value [23,24], and suitability
for Se biofortification [25].

2 Material and Methods

2.1 Experimental Protocol and Growing Conditions

Research was carried out on wild dandelion (Taraxacum officinale) grown in Moscow region
(55°48700” N; 37°56’00” E) in clay-loam soil with pH 6.8, 1.8% organic matter, and 230 pg kg™! d.w.
Se content.

To elicit the dandelion circadian biorhythms of Se and polyphenols, leaf samples were gathered from
4 to 22 h in 3 random sunny days around mid-May in 2024 and 2025 every two hours, cutting leaves from
5-6 plants to compose a mixed sample. Probes were kept in the refrigerator at +10°C up to the next day
and transferred to the laboratory. The samples were dried at 70°C, homogenized, and subjected to the
determination of Se, AOA, and TP.

The experimental protocol was based on the factorial combination between two foliar selenium
biofortification treatments (sodium selenate and selenocystine) and two application times (8.00 in the
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morning and 20.00 in the evening), plus an untreated control. The Se treatments were practiced twice on
10 and 12 May 2025, spraying plants with 0.26 mM solutions (100 mL per 10 plants) of sodium selenate
(Sigma-Aldrich, SigmaUltra, St. Louis, MO, USA) or selenocystine (synthesized in Penza University,
according to Poluboyarinov et al. [22]). The chosen concentration of Se is most often used for agricultural
crop biofortification due to low toxicity and high efficiency of Se accumulation.

Mean day/night temperature during the experiment is presented in Fig. 1.

Temperature ( °0)

5 1 — Day —o— Night

Date of May

Figure 1: Mean day, night temperatures during the experiment.

A randomized complete block design was used for the treatment distribution in the field, with three
replicates, and each experimental unit covered a 10 m? surface area. Plants were harvested in the evening
on 1 June. After transferring to the laboratory, roots and leaves were separated, washed with the tip
water, and dried using a filter paper. After measuring the biometrical parameters and weight, leaves were
homogenized, and the ascorbic acid and photosynthetic pigments were analyzed. The residue was dried at
70°C to constant weight and homogenized to obtain a fine powder for determining AOA, TP, carbohydrates,
and Se.

2.2 Biochemical Analysis
2.2.1 Dry Matter

The dry residue was assessed gravimetrically by drying the samples in an oven at 70°C until constant
weight. The calculation of dry matter content was performed according to the formula:

D.M. (%) = (MI:MZ) X 100,

where M; and M; are the sample biomass after and before drying, respectively.
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2.2.2 Photosynthetic Pigments

Chlorophyll a, b, and carotene (in mg g~! f.w.) were determined spectrophotometrically using the
absorption level of leaf ethanolic extracts at 664, 649, and 407 nm on Unico 2804 UV spectrophotometer
(Suite E, Dayton, Newark, NJ, USA) and the appropriate equations [26]:

Chla = 13.36A664 - 5.19A649;
Chlb = 27.43A649 - 8.12A664;

Car = (1000A479 — 2.13Chl a — 97.63Chl b)/209

where A = light absorption, Chl-a: chlorophyll a, Chl-b: chlorophyll b, Car: carotene.

2.2.3 Ascorbic Acid (AA)

The concentration of the ascorbic acid was determined according to the AOAC titrimetric method
based on Tillman’s reagent utilization [27] and using 6% trichloracetic acid for vitamin C extraction. The
sensitivity of visual titration is equal to 5 g mL™!. The results were expressed in mg 100 g~* f.w.

2.2.4 Preparation of Ethanolic Extracts

The antioxidant activity and TP content were analyzed in 70% ethanol extracts of dry homogenized
dandelion root and leaf power. Utilization of dry homogenized material of dandelion roots and leaves
provides the opportunity to use representative probes, which is extremely important due to low sampling
weight. One gram of dry dandelion root and half a gram of leaf powder were extracted with 20 mL of 70%
ethanol (7:3, v/v) at 80°C for 1 h. The mixture was cooled and quantitatively transferred to a volumetric flask,
and the volume was adjusted to 25 mL. The obtained extracts after filtration were used for the determination
of TP and AOA.

2.2.5 Polyphenols (TP)

Polyphenol content was assessed spectrophotometrically based on the Folin-Ciocalteu colorimetric
method [28]. One mL of ethanolic extract prepared as described in Section 2.2.4 was transferred to a 25 mL
volumetric flask, to which 2.5 mL of saturated sodium carbonate solution and 0.25 mL of diluted (1:1, v/v)
Folin—Ciocalteu reagent were added. After adjusting the volume to 25 mL with distilled water and keeping
the mixture at room temperature for 1 h, the absorption of the reaction mixture at 730 nm was read, and
the TP concentration was calculated using the gallic acid solution as an external standard. The TP content
was expressed as mg of gallic acid equivalents per g (mg GAE g™! d.w.).

2.2.6 Antioxidant Activity (AOA)

The total antioxidant activity of dandelion leaves and roots was assessed via titration of 1 mL 0.01 N
potassium permanganate solution in 8 mL of distilled water and 1 mL of 20% sulfuric acid with ethanolic
extracts, produced as described in Section 2.2.4 [28], with the formation of colorless Mn?*. As an external
standard, 0.02% gallic acid was used. The AOA values were expressed as mg GAE g~ d.w.

2.2.7 Mono-And Disaccharides

The monosaccharides in dry dandelion roots were determined using the ferricyanide colorimetric
method, based on the reaction of sugar with potassium ferricyanide K3Fe(CN)s in the presence of an alkaline,
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with the formation of potassium ferrocyanide K4Fe(CN)¢ [29]. Sugar extraction was achieved by distilled
water at 80°C in half an hour. After precipitation of proteins with a saturated solution of lead acetate
and removal of lead acetate excess using 10% sodium sulfate solution, the extract was filtered through a
filter paper and used for the titration of 1% potassium ferricyanide solution in the presence of 1% sodium
hydroxide and a drop of 1% methylene blue as an internal indicator. The endpoint of the titration was
represented by the full discoloration of the solution. The total sugar content was analogically determined
after acidic hydrolysis of water extracts with 20% hydrochloric acid, and the disaccharide concentration
was calculated as a difference between the above-mentioned parameters. Fructose was used as an external
standard, and all the determinations were performed in triplicate. The results were expressed in % per d.w.

2.2.8 Crude Polysaccharides [30]

One g of dried homogenized dandelion root powder was mixed with 15 mL of water and extracted
using intensive agitation for 3 h at 80°C. The mixture was centrifuged at 8000 r min™! for 30 min at 4°C, the
supernatant was separated and mixed with a four times higher volume of 85% ethanol to form a precipitate.
The latter was separated via centrifugation at 10,000 r min~! for 20 min at 4°C and dissolved in 20 mL
of distilled water. The amount of polysaccharide content was determined gravimetrically after protein
removal and polysaccharide precipitation with ethanol.

2.2.9 Selenium

Selenium was analyzed using the microfluorometric method [31] based on sample digestion with a
mixture of nitric-perchloric acids, reduction of selenate (Se®*) to selenite (Se**) via interaction with 6 N HC,
and the formation of a complex (piazoselenol) between Se** and 2,3-diaminonaphtalene (Sigma-Aldrich,
St. Louis, MO, USA). The Se concentration (in pug kg™' d.w.) was calculated by recording the piazoselenol
fluorescence value in hexane at 519 nm A emission and 376 nm A excitation with fluorimeter Fluorate 02-5M
(Lumex, Saint Petersburg, Russia). The precision of the results was verified using in each determination
two reference standards: Se-fortified mitsuba stem powder and lyophilized cabbage powder, with Se
concentrations of 1865 g kg™ and 150 ug kg1, respectively (Federal Scientific Vegetable Center, Moscow,
Russia). The concentration of Se was determined using a calibration curve (R? = 0.996) built with 5 different
Se concentrations of sodium selenate (0, 0.1, 0.2, 0.4, 0.5, and 0.6 nM Se). The Se concentration was calculated
according to the formula:

Se (ug kg™ d.w.) = 79 x C:a,

where C—the Se content in a probe, determined from a calibration curve, in nM; 79—the Se atomic mass;
a—the sample weight, in g.

2.3 Statistical Analysis

All the analyses were performed in triplicate. All data were tested for normality using the Shapiro-Wilk
test at a significance level of p < 0.05. The results confirmed that all parameters followed a normal distribution.
Subsequently, the data were subjected to analysis of variance, and mean separations were performed
through Duncan’s multiple range test, with reference to a 0.05 probability level, using SPSS software
version 29 (Armonk, NY, USA). Data expressed as percentages were subjected to angular transformation
before processing.
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3 Results and Discussion
3.1 Circadian Biorhythms

The evaluation of circadian fluctuations of the dandelion leaf chemical composition demonstrated
a gradual increase in the leaf dry matter content during the daytime (Fig. 2), which was related to the
intensive evaporation. Lack of precipitation during the period investigated makes it consider the dew as
the main water source for dandelion development, and the main differences in water availability in the

morning and evening.
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Figure 2: Dynamics of the dandelion leaf dry matter content (mean values for 3 tested days).

During this period, significant fluctuations were recorded both for leaf Se (Fig. 3A) and TP content
(Fig. 3B). In both cases, the peaks of Se and TP concentrations were recorded with an interval of 8-10 h in
the morning, with a much lower intensity of these parameters at 4 p.m. (16 h). The two lowest values were
recorded in the early morning (5.30) and at noon (12.00), with the latter point corresponding to the highest
intensity of sunlight and temperature.

Similar circadian fluctuations of Se in Allium leaves, corresponding to (8—-10 h) and (15-16 h) peaks,
along with the noon minimum, were previously reported [12]. Taking into account the ability of plants to
synthesize volatile methyl selenides [32,33], the present results make it suppose the participation of the
latter compounds in plant Se status regulation, not only in conditions of excess environmental Se, but also
in the dynamics of physiological processes during the daytime.

Up to date, Se methylation process has been discussed only as a promising way of Se phytoremediation [33].
Multiplicity of the environmental factor effects makes it difficult to predict the behavior of the appropriate
parameters for other plant species, though Se day fluctuations have been previously recorded in leaves of
chives (A. schoenoprasum), garlic (A. sativum), strawberry (Fragaria viridis), apple-tree (Malus domestica), and
blackcurrant (Ribes nigrum) [12].

A close relationship between Se and phytohormones may at least partially explain Se fluctuations
being the effect of Se-ethylene [34], Se-gibberellins [18,35], Se-salicylic acid [36], and Se-cytokinin [37]
interactions. Nevertheless, the possible relationship between circadian phytohormone fluctuations [38,39]
and Se concentration levels needs further investigation.
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Figure 3: Circadian biorhythms of Se (A) and total polyphenols (B) in dandelion leaves.

As far as polyphenol oscillations are concerned, literature reports confirm the existence of the morning
peak in the TP accumulation in plant leaves associated with high UV radiation in the first light hours of the
day [40]. Other investigations indicate species-dependent TP biorhythms with possible variations of the TP
component composition [5].

Furthermore, the synchronous fluctuations of Se and polyphenol content during daytime indicate
a high positive correlation between these parameters (r = 0.800; p < 0.001; n = 11). The results are in
accordance with the literature reports about Se biostimulation of antioxidants in plants [41,42].

3.2 Selenium Biofortification

3.2.1 Biometrical Parameters

Taking into account the significant variations between morning and evening, in terms of plant
physiological parameters remarkably differing in the dry matter content and antioxidant status including
the AOA, TP, and Se levels, plants were sprayed with a solution of sodium selenate and selenocystine in
two opposite day times: (1) 8 a.m. (low dry matter; high Se and polyphenol content) and (2) 8 p.m. (high
dry matter; low Se and polyphenol content).

The biometrical parameters showed a significant increase in plant biomass as well as leaf length, width,
and surface under Se supply (Tables 1 and 2).
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Table 1: Plant biomass and dry matter content in dandelion under organic and inorganic Se supply.

Parameter Se Form and Time of Application Results

Control 179+ 1.7d

Selenate-morning 39.2+32a
Leaf biomass (g) Selenocystine-morning 349 +3.1ab
Selenate-evening 31.7 £ 4.0 be

Selenocystine-evening 274+ 26¢

Control 9.9+ 09b

Selenate-morning 13.6+13a

Root biomass (g) Selenocystine-morning 122+ 1.1a
Selenate-evening 9.8+0.7b

Selenocystine-evening 94+08b

Control 128+ 1.1a

Selenate-morning 130+ 1.2a

Leaf dry matter (%) Selenocystine-morning 138+ 13a
Selenate-evening 125+ 1.2a

Selenocystine-evening 124+ 12a

Control 253+21a

Selenate-morning 260+£22a

Root dry matter (%) Selenocystine-morning 254+22a
Selenate-evening 251+21a

Selenocystine-evening 244+21a

Within each parameter and plant part, values with the same letters ‘a—d’ do not differ statistically according to the Duncan test at
p < 0.05.

Indeed, selenate treatment increased leaf biomass by 2.2-2.3 times, compared to control, independently
of the treatment time, while selenocystine was less effective, augmenting leaf biomass by 1.5-1.9 times.
Contrary, root biomass did not change significantly after evening Se supply of both selenate and
selenocystine, whereas the morning treatment enhanced root biomass by 1.23-1.37 times (Table 1).

No significant changes in the dry matter content in leaves and roots were recorded as a result of Se
supplementation. Dandelion leaf surface and width under morning Se supply showed significant increase

by 1.62-1.75 and 1.29-1.43 times, respectively, with no significant effect in the evening (Table 2). Leaf
length changed by 1.03-1.17 times.

Table 2: Leaf morphological parameters of dandelion under Se supply.

Parameter Se Form and Time of Application Results

Control 33.0+3.0a

Selenate-morning 37.0+43a

Leaf length (cm) Selenocystine-morning 387+33a
Selenate-evening 340+31a

Selenocystine-evening 385+32a

Control 117.9+£11.2b

Selenate-morning 206.8 £20.0 a

Leaf surface (mm?) Selenocystine-morning 190.7 £ 16.0 a
Selenate-evening 113.1+11b

Selenocystine-evening 953+9.2b
Control 70.0 + 6.8 ¢

Selenate-morning 90.0 + 8.9 ab

Leaf width (cm) Selenocystine-morning 100.0 + 10.0 a
Selenate-evening 70.0 £7.1¢

Selenocystine-evening 80.0 + 7.9 be

Within each parameter and plant part, values with the same letters ‘a-c’ do not differ statistically according to the Duncan test at
p < 0.05.
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3.2.2 Photosynthetic Pigments

The recorded growth stimulation effect of Se described in other plants [11,43] was in agreement with
the significant increase of photosynthetic pigment accumulation in dandelion leaves (Table 3). Indeed, Se
supply improved chlorophyll a content by 1.3-1.5 times, chlorophyll b—by 1.3-1.4 times, and carotene—by
1.2-1.4 times. A similar encouragement of photosynthetic pigment biosynthesis occurred in other plants
treated with different forms of Se [11,41,43]. No significant differences between morning and evening
values of the measured parameters were recorded for carotene and total chlorophyll, chlorophyll a/b,
and chlorophyll/carotene ratios. The chemical form of Se also did not significantly affect the efficiency
of photosynthesis activation, and, based on the obtained results, there was only a tendency of lower
selenocystine effect (Fig. 4).

Table 3: Photosynthetic pigments of dandelion leaves.

Parameter Se Form and Time of Application Results

Chlorophyll a (mg g™* f.w.)

Control
Selenate-morning
Selenocystine-morning
Selenate-evening
Selenocystine-evening

0.153 £ 0.012b
0.217 £ 0.020 a
0.206 £+ 0.020 a
0.225 £ 0.020 a
0.200 £ 0.018 a

Chlorophyll b (mg g™* f.w.)

Control
Selenate-morning
Selenocystine-morning
Selenate-evening
Selenocystine-evening

0.090 + 0.006 ¢
0.126 £ 0.010 b
0.121 £ 0.010 b
0.125 £ 0.100 b
0.125 £ 0.100 b

Carotene (mg g™' f.w.)

Control
Selenate-morning
Selenocystine-morning
Selenate-evening
Selenocystine-evening

0.026 £ 0.002 b
0.037 £ 0.003 a
0.035 + 0.003 a
0.036 £+ 0.003 a
0.032 £ 0.003 a

Total chlorophyll (mg g™* f.w.)

Control
Selenate-morning
Selenocystine-morning
Selenate-evening
Selenocystine-evening

0.162 £ 0.012 b
0.343 £ 0.031a
0.327 £ 0.030 a
0.330 £ 0.031 a
0.325 £ 0.030 a

Control 1.70 £ 0.11a

Selenate-morning 172+ 0.11a

Chlorophyll a/b ratio Selenocystine-morning 1.70 £ 0.10 a
Selenate-evening 1.64 £ 0.10 a

Selenocystine-evening 160+ 0.10 a

Control 6.23 £0.61Db

Selenate-morning 9.27 £ 0.62 a

Total Chlorophyll/Carotene ratio Selenocystine-morning 9.34+0.63a
Selenate-evening 9.70 £ 0.64 a

Selenocystine-evening 10.09 £ 0.97 a

Within each parameter, values with the same letters ‘a—c’ do not differ statistically according to the Duncan test at p < 0.05.

3.2.3 Effect of Se on the Antioxidant Status of Plants

Being a natural antioxidant, Se improves membrane stability, antioxidant enzyme biosynthesis via
gene regulation, and stimulates the accumulation of secondary metabolites, including ascorbic acid and
TP, especially in stress conditions [41]. Indeed, Se supplementation increased the ascorbic acid content in
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dandelion leaves by 1.28-1.45 times, compared to the control plants, with slightly lower effect under the
selenocystine supply (Table 4). Similar beneficial effect of Se was recorded previously in other agricultural
crops [43,44].
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Figure 4: Effect of circadian fluctuations and chemical form of Se on accumulation of photosynthetic pigments in

dandelion leaves.

Table 4: Antioxidant status of dandelion under Se supply.

Se Form and Time AOA (mg GAE g ! d.w.) TP (mg GAE g d.w.) _
of Application Leaves ¢ ¢ Roots Leavesg ¢ Roots AA (mg 100 g™ f.w:)
Control 285+20a 120+ 1.0b 255+21c 13.0+1.0b 260+£21b
Selenate-morning 320+£29ab 208+18a 28.0 £ 2.4 bc 187+ 14a 378 £33a
Selenocystine-morning 33.3+3.0ab 205+ 18a 31.9+29ab 185+ 14a 333+30a
Selenate-evening 349 +£30a 176 £ 1.2a 328 £3.0ab 138+ 1.1b 37.2+£33a
Selenocystine-evening 352+31a 17.8+13 a 340+31a 143+1.2b 355+3.2a

AOA: total antioxidant activity; TP: total polyphenol content; AA: ascorbic acid. Within each column, values with the same letters
‘a—c’ do not differ significantly according to the Duncan test at p < 0.05.

The obtained data indicated that the effect of treatment time was not significant on the ascorbic acid
content. Contrary, the corresponding effect of treatment time and Se chemical form on the AOA and TP
was more specific, especially in plant roots (Table 4, Fig. 5).

Interestingly, despite the known significantly higher TP and AOA levels in leaves compared to the
corresponding root parameters [45], Se beneficial effect was more pronounced in roots (Fig. 5).
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Figure 5: Effect of Se biofortification, day time, and chemical form on the total antioxidant activity (A) and the
polyphenol content (B) of dandelion leaves and roots. AOA: total antioxidant activity; TP: polyphenol content. Within
each organ, values with the same letters ‘a-b’ do not differ significantly according to the Duncan test at p < 0.05.

Indeed, differences in AOA/TP levels between the morning and evening Se-treated plants were much
more pronounced compared to the corresponding data related to the ascorbic acid and photosynthetic
pigment accumulation. Furthermore, changes in AOA/TP parameters as a result of morning/evening Se
supply predominated in roots, compared to leaves (Fig. 5), eliciting an increase of root AOA by 1.7 times
when plants were treated in the morning and by 1.45 times under the evening Se supply. Total root
polyphenol content increased by 1.43 times compared to the control data only under morning treatment,
with no significant effect in the evening.

In general, the morning Se treatment resulted in higher AOA levels in roots, compared to the evening
supply, while the opposite trend was recorded in leaves (Fig. 5); the same pattern was observed for the TP
content. The results suggest that the evening Se biofortification of leafy vegetables should provide higher
leaf quality, while morning Se supply is more beneficial in root vegetable production. The existence of a
certain mechanism of the equilibrium maintenance between the antioxidant status of roots and leaves has
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also arisen: the predominance of leaf antioxidant status improvement in conditions of TP and Se deficiency
in the evening, and the predominance of root quality improvement in conditions of high leaf antioxidant
status in the morning.

Notably, Se supply provided in leaves the highest increase of water-soluble antioxidant, and ascorbic
acid (by 1.28-1.45 times), while lower changes were recorded for ethanolic extract parameters, i.e., the
AOA (by 1.12-1.24 times) and TP (by 1.10-1.33 times) levels. The observed relationships may relate to the
known interactions between these compounds and phytohormones: AA—with ethylene and gibberelins [46],
TP—with auxins and cytokinins [47], Se—with ethylene, gibberelins, auxins, and abscisic acid [12,41].

3.2.4 Selenium Accumulation

A similar phenomenon regarding the effect of Se supplementation time was revealed for the peculiarities
of Se biofortification levels (Table 5, Fig. 6).

Table 5: Se content in dandelion leaves and roots before and after Se biofortification (ug kg™! d.w.).

Se Form and Time of Application Leaves Roots Leaf/Root Ratio
Control 741+ 21d 506 £1.0e 1.46
Selenate-morning 533.0 £ 15.0 b 144.0 £ 10.0 a 3.70
Selenocystine-morning 394.0 £ 220 c 920+ 6.0c 4.28
Selenate-evening 636.0 £ 44.0 a 125.0+ 8.0 b 5.09
Selenocystine-evening 521.0 £ 42.0b 704 +3.0d 7.40

Within each column, values with the same letters ‘a—e’ do not differ statistically according to the Duncan test at p < 0.05.

900 - a

800

700 1

600

500

400

Se (% to control)

300 - a
b

H

200 - C _
£ d

Selenate Selenocystine Selenate Selenocystine
Leaves Roots

[ Morning = Evening

Figure 6: Effect of Se supplementation time on the efficiency of dandelion biofortification with Se. Within each

organ, values with the same letters ‘a—d’ do not differ statistically according to the Duncan test at p < 0.05.

Indeed, in conditions of low Se in sod-podzolic soil, the evening Se supply elicited a higher
biofortification of leaves but lower of roots, whereas control plants accumulated only 74.1 and 50.1 pg Se
per kg of dry dandelion leaves and roots, respectively. Notably, sodium selenate supply resulted in higher
Se accumulation in roots than selenocystine, possibly due to the higher mobility of the Se®*. Furthermore,
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the results are in accordance with the reports of higher biofortification levels of plants with lower Se
content [48] and differences between selenate and selenocystine effects on beetroot [49].

3.2.5 Mono-, Di-, and Polysaccharide Content

Dandelion roots are famous due to their polysaccharides showing immune regulation,
anti-inflammatory, antioxidant, and anti-aggregation properties [50]. The content of the mentioned
compounds in dandelion roots may exceed 40% of d.w. in autumn, while it is about 20% in spring [51,52].
Lack of significant changes in polysaccharide accumulation is presumably connected with the short crop
cycle of dandelion in spring, when polysaccharide content did not exceed 20%. The continuous accumulation
of mono-, di-, and polysaccharides in dandelion roots during summer emphasizes the significance of low
molecular weight carbohydrates at the beginning of vegetation. In the present investigation, the content
of polysaccharides in dandelion roots did not exceed 20%, while the di-saccharides prevailed over the
mono-saccharides, attaining 35-58% of root dry weight (Table 6, Fig. 7).

Table 6: Sugar content in dandelion roots as affected by Se supply (% of d.w.).

Se Form a'nd ',rlme Monosaccharides Disaccharides Total Crude .
of Application Polysaccharides
Control 25+02a 443 +4.1b 46.7 £4.0b 194+12a
Selenate-morning 23+02a 385+4.0c 40.8 + 3.8 bc 190+12a
Selenocystine-morning 24+02a 350+3.2c 374 +34c 184+12a
Selenate-evening 234+02a 49.1 £ 43 ab 51.4 + 4.8 ab 190+ 1.2a
Selenocystine-evening 24+02a 581+51a 60.5+58a 208 +13a

Within each column, values with the same letters ‘a-c’ do not differ statistically according to the Duncan test at p < 0.05.
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Figure 7: Effect of time of Se foliar supply on mono-, di-, and polysaccharide content in dandelion roots. Within each
parameter values with the same letters ‘a—d’ do not differ statistically according to the Duncan test at p < 0.05.
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Fig. 7 emphasizes the most significant changes due to Se supply, which take place in disaccharides
whose amount differs greatly between the two chemical forms of Se applied and the two times of Se
supplementation. In both cases, the variations were more remarkable under selenocystine supply than
under selenate application. Furthermore, the morning and evening treatments produced the opposite effects
on disaccharide accumulation in dandelion roots; the morning Se supply reduced disaccharide content;
conversely, the evening application of Se led to the enhancement of disaccharide levels by 111% and 131%,
under selenate and selenocystine, respectively. The possibility of water-soluble saccharide decrease as a
result of Se biofortification has been previously reported in beetroot [53], but the contrasting differences in
the morning/evening effect were recorded in the present work for the first time.

The present knowledge of Se’s effect on disaccharide content in plant roots and tubers reveals significant
complexity of Se-carbohydrate interaction. It makes it hypothesizes an indirect Se effect via modulation
of plant hormones participating in root development (cytokinins, in particular) [37], changes in the plant
antioxidant system playing a significant role in disaccharide accumulation [54], stimulating the biosynthesis
of monosaccharide precursors of disaccharides, and affecting gene expression. Indeed, the present results
indicate significant changes in the root antioxidant system under the Se supply, and make it suppose
the existence of different relationships between organic and inorganic Se forms with carbohydrates of
dandelion roots.

It is known that at low concentrations, Se may affect genes involved in the biosynthesis of
phytohormones, such as ethylene, auxin, abscisic acid, and hormones associated with the antioxidant
defense [41]. At the same time, enhanced carbohydrate content under the evening Se supply may
be connected with the ability of Se to downregulate auxin biosynthesis, affecting root growth and
architecture [55,56].

4 Conclusions

The existence of Se circadian biorhythms in dandelion influences the efficiency of Se biofortification,
changes root-leaf antioxidant status, and root sugar accumulation, depending on the morning/evening time
of foliar Se supply. Both organic and inorganic forms of Se demonstrated strong growth stimulation effects
and similar behavior changes depending on the time of Se supply, with a higher beneficial effect of selenate
on all parameters tested. Compared to the evening treatment, the morning Se supply was more beneficial for
root development with increased levels of root biomass, Se, and AOA/TP content, but decreased disaccharide
levels. Contrary, the evening Se treatment stimulated leaf development with a greater increase of leaf
Se, AOA, TP, and root disaccharide content, but did not affect root biomass and polyphenols. Further
investigations are necessary to confirm the ubiquitous nature of the revealed phenomenon and develop a
specific strategy for the optimization of root and leafy vegetable biofortification with selenium.
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