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A b s t r a c t  
 

Selenium, a micronutrient significantly involved in plant metabolism control, is also es-
sential for human. Se regulates plant growth and protects plants from many adverse factors. The 
relevance of the issue is particularly high in biogeochemical provinces with selenium deficiency. 
Improvement of cultivation of greenhouse crops is also largely associated with optimization of the 
light regime. In this paper, we first reported on how selenite and selenate ions, in combination 
with intensity of UV-A + PAR, impact on growth and age-associated accumulation of primary 
and secondary metabolites in Laсtuca sativa L. plants. These results will contribute to a better 
understanding of signaling elements involved in metabolic regulation. Prior to sowing, the seeds 
were treated with 4 % sodium selenite or sodium selenate in test and with water in control. Light 
intensity and spectral characteristics were changed by covering a greenhouse with polyethylene 
films F1 and F2 (for F2, the UV-A transmission was 40-50 % higher and PAR was 30-35 % 
higher as compared to F1). More insolation under F2 led to elevated content of leaf chloro-
phyll a (Chla), chlorophyll b (Chlb), and sugars in 60-day-old plants, thus promoting shoot 
development due to formation of more internodes (by 15 %) and higher stem weight compared 
to F1 (p < 0.05). Se + F1 intensified accumulation of carbohydrates and proteins, increased leaf 
area and caused the decline in ascorbic acid content, while F2 stimulated accumulation of ascor-
bic acid and flavonoids. Higher accumulation of leaf pigments (carotenoids, flavonoids and antho-
cyanins), lower carbohydrates in juvenile leaves under F2, and a greater number of leaf layers on a 
stem, due to synergic effect of light and Se, were peculiar of selenate action. Selenite + F1 led to 
higher content of carotenoids in juvenile leaves, whereas under selenite + F2 the level of ascor-
bic acid and flavonoids was higher in aging leaves. The highest content of reducing sugars (RS) 
and soluble proteins was in the mature leaves (layers 8 to 16) of control plants (F1). When solar 
radiation going up, a rise of RS level by 30 %, 45 % and 2.3 times occurred in aging leaves (lay-
ers 4-7), in adult leaves, and in young leaves (layers 17-21), respectively, while the protein con-
tent decreased in aging leaves (p < 0.05). Both SeO3

2 and SeO4
2 resulted in a higher level of 

RS and proteins in young leaves and kept this high in aging ones. The young and aging leaves of 
the control F1 plants differed in the content of flavonoids (Fla) 6-fold. Both selenium ions re-
duced the Fla level in mature and aging leaves by 20-30 % (p < 0.05), and SeO4

2 led to a 4-fold 
increase in Fla of young leaves (F1). Increasing solar radiation (F2) resulted in the decline of 
Fla content. SeO3

2 provided a higher Fla level in aging and mature leaves, whereas SeO4
2 en-

hanced Fla accumulation in young leaves. At a higher light intensity, SeO4
2 + F2 increased the 

carotenoids content by 76 %, while SeO3
2 + F1 ensured only a 60 % increase (p < 0.05). In 

increasing insolation, both selenium ions elevated the shoot dry weight and the content of low 
molecular antioxidants (ascorbic acid and Fla) in plants. Thus, our findings showed the depend-
ence of plant growth and metabolism on specific forms of selenium under varying intensity of 
solar radiation. These biomarkers should be accounted while growing plants using selenium in 
different lighting conditions. 
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reducing sugars, proteins, ascorbic acid, flavonoids, anthocyanins, primary and secondary metabolites  
 

Selenium (Se) is an essential element for animals and humans, as well as 
a regulator of biochemical processes in plants. In some countries, such as China, 
Egypt, and Thailand, its concentration is reduced [1]. In Russia, the most sele-
nium-deficient soils are located in Buryatia, the Chita Region, and the Khaba-
rovsk Territory [2], where the minimal content of selenium in wheat grains is 
recorded. Selenium deficiency in the human diet leads to endemic osteopathy, 
myxomatous endemic cretinism, development of cardiological and oncological 
diseases, pathologies of the reproduction system, malfunctioning of the thyroid 
and pancreatic glands, which is related to abnormalities in synthesis and func-
tioning of 25 selenium-dependent proteins [3, 4]. Agricultural plants are bioforti-
fied through foliar or soil application of Se compounds [5]. Se regulates plant 
growth, modifies the carbohydrate composition and increases resistance to abiot-
ic stresses induced by cold, drought, UV-B rays, water shortage, salinity, and 
heavy metals [1, 6-8]. The positive effects of Se depend on its dose and the plant 
genotype and are accompanied by the activation of antioxidant protection in the 
cells [5, 8, 9]. The existence of several inorganic forms of Se including selenites 
(SeO3

2) and selenates (SeO4
2) raises the question about their functions and 

availability to plants, the impact on the productivity and sustainability of crops 
to the effects of light. 

Light plays an important role in the regulation of plant life. It activates 
signaling pathways, which are controlled by selective sensory pigments and are 
involved in the implementation of growth and metabolic processes. Selective 
light alters plant growth and the amount of absorbed Se [10]. The total efficiency 
of the mixed stream of solar radiation on the productivity of crops in greenhous-
es is less studied [11]. It is known that removing UV(A + B) (= 280-400 nm) 
from a stream of solar radiation enhances the growth of terrestrial and subterra-
nean plant organs, increases the concentration of photosynthetic pigments, pho-
tosynthetic enzyme activity and efficiency of the photosynthetic systems PSII 
[12]. At the same time, it is suggested that the role of photosynthetically active radi-
ation (PAR  = 400-700 nm) is to modify the sensitivity and photo-morphogenetic 
responses of plants to UV-B radiation ( = 280-320 nm). Increasing the ratios 
PAR/UV-B and UV-A/UV-B is important for reducing the damage from UV-B to 
terrestrial and aquatic plants [13]. However, there are few studies on the interaction 
of UV-A (A = 320-400 nm) and PAR.  

The authors have demonstrated for the first time significant differences 
in the manifestation of responses to the combined action of selenium and light 
between lettuce leaves of different ages characterized by the varying intensity of 
growth processes. 

The aim of this work was to examine the effects of different forms of sele-
nium (SeO3

2 and SeO4
2) on plant growth and the content of primary and sec-

ondary metabolites in lettuce leaves (Lactuca sativa L.) of different age under dif-
ferent lighting (varying percentage of PAR and UV-A in the light stream).  

Techniques. The anthocyanin-containing lettuce variety Gurman (Lactu-
ca sativa L.) has been selected as a research object. Plants were grown in a 
greenhouse (Tomsk Region, 2011 and 2014) during the period from May to June 
with varying proportions of PAR and UV-A in the light stream. Greenhouses were 
covered with double (F1) or single (F2) polyethylene film. The emission spec-
trum and relative intensity were measured using a spectrometer AvaSpec-
102/256/1024/2048 version 6.2 (Avantes BV, Netherlands). 

Seeds were preliminarily treated with 4% solution of sodium selenite or 
selenate (Sigma, USA) (experiment) or water (control). At the end of the vegeta-
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tive stage of 60-day plants, the following parameters were determined: morpholog-
ical parameters (dry weight and dimensions of sprout structural elements), bio-
chemical parameters, i.e. the content of reducing sugars [14], proteins [15], photo-
synthetic pigments [16], ascorbic acid [17], anthocyanins and the amount of fla-
vonoids [18]. The content of substances was measured using a spectrophotometer 
UV-1650 (Shimadzu Corp., Japan), a cell with 10 mm optical path length. 

The content of reducing sugars (RS) in plants was evaluated spectropho-
tometrically [14]. The sample weight of leaves was extracted three times with 
distilled water at a temperature of 70-80 C. An aliquot of supernatant was taken 
from the combined extract and heated in the presence of an alkaline solution of 
potassium ferricyanide (15 min at 100 C). A solution of ferrous sulfate mixed 
with gelatin was added to the cooled mixture. The optical density (OD) of blue-
colored solution was measured at  = 690 nm. The control solution was a sam-
ple that went through all analysis stages, but without RS extracts. In order to 
express the relative solution density in mass units, a calibration curve was plot-
ted for glucose (initial solution concentration 1000 µg/ml). 

The quantification of protein was made according to M.M. Bradford [15]. 
This method is based on the direct binding of Coomassie G-250 with amino acid 
residues (arginine, tryptophan, tyrosine, phenylalanine and histidine) in protein. 
Extracts of leaves were mixed with the Bradford reagent at the room temperature, 
allowed for at least 2-3 min, and OD was measured at  = 595 nm. The control 
solution was a mixture of the same reagents without the extract. The protein 
content was determined by a calibration graph for 0.01 to 0.10 mg of the 
standard protein samples (bovine serum albumin). 

Leaves of the 20th layer were analyzed in order to determine the content 
of chlorophylls a and b (Chla and Chlb) and the amount of carotenoids (Car). 
Pigments were extracted with 96% ethanol three times. The extract was centri-
fuged at 10,000 g for 10 min. The optical density of the supernatant was meas-
ured using a spectrophotometer at 470, 648.6, 664.2 and 720 nm (values of the 
last measurement were subtracted from the previous ones to account for possible 
diffusion). The following formulas by Lichtenthaler were used for calculation of 
the concentrations of pigments (Ca, Cb, Ccar.) in 96% ethanol (mg/l):  

Ca = 13.36ŁOD664.2  5.19ŁOD648.6; Cb = 27.43ŁOD648.6  8.12ŁOD664.2; 
Ccar. = (1,000ŁOD470  2.13ŁCa  97.64ŁCb)/209. 

The pigment content per unit leaf area (mg/dm2) was calculated basing 
on the data of spectrophotometric analysis given the surface area of cut-outs 
taken for study. 

The content of ascorbic acid (AsA) was determined spectrophotometri-
cally [17]. Fresh leaves were extracted with 50 mM solution of oxalic acid (OA). 
The extract in equal volumes was mixed with the phosphotungstic reagent (PTR, 
pH = 1.0), aged for 30 min at 20-25 C, and centrifuged (7,000 g, 10 min). The 
optical density of the supernatant (ODx) was measured at  = 700 nm relative to 
the control solution PTR:OA = 1:1 (v/v). The AsA content (Cx, µM) was calcu-
lated according to the formula: Cx = (ODx/ODs) Cs, where Cs is the concentra-
tion of the standard solution (56.8 μM L-Ascorbic acid), ODs – optical density 
of the standard solution. 

The quantity of anthocyanins (Ant) in plant raw material was evaluated as 
described in [18]. The sample weight was extracted three times with 1% HCl at a 
temperature 40-45 C; the combined extract was centrifuged at 10,000 g for 10 
min. The optical density of the supernatant was measured spectrophotometrically 
at  = 510 nm (control solution 1% HCl). The amount of anthocyanin (%) in 
terms of cyanidin-3,5-diglycoside in absolutely dry raw materials (Xant.) was calcu-
lated according to the formula: Xant. = ODŁ250Ł100Ł4531Łm1Ł(100  W)1, 
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where OD is the optical density of the experimental solution; 453 is specific ab-
sorbtion of cyanidin-3,5-diglycoside in 1% HCl; m is raw weight; W is loss in 
weight after drying, %. 

Flavonoids (Fl) were determined spectrophotometrically [18]. The sam-
ple of plant raw material was extracted three times with 70% ethyl alcohol on a 
boiling water bath for 60 min, the extracts were combined. An aliquot of the 
extract was aged in the presence of aluminium chloride and acetic acid, and af-
ter 40 min, optical density was determined at  = 415 nm. The control solution 
did not contain aluminum chloride and was prepared for each sample separately. 
Scheme for OD measurement of control rutin solution was the same. The total 
content (%) was re-calculated per rutin and absolutely dry weight (Xflav.):  

Xflav. = ODxŁKxŁmx
1ŁmpŁODp

1Ł Kp
1Ł100Ł(100  W)1Ł100,  

where ODx is the optical density of the experimental solution; ODp is optical 
density of the rutin solution; mx raw weight of biomaterial, g; mp is weight of ru-
tin, g; Kx is dilution factor of the experimental solution (1250); Kp is dilution fac-
tor of the rutin solution (2500); W is loss in weight after drying, %. 

The physiological condition of leaves in different layers was assessed ac-
cording to changes in growth processes. The leaf length and width on plants with 
the same number of layers as in test plants were measured 5 days prior to esti-
mation of the main indicators with subsequent plotting of growth curves. The 
leaf area was measured using photographs (Moticam 3.0 software, Motic, Neth-
erlands).  

The results were statistically processed using the Student and Fisher cri-
teria (Microsoft Excel 2007standard software). The figures represent the arith-
metical average (M) for the growth (n = 50) and biochemical (n = 5) parameters 
with double-sided confidence intervals (M±1.96 SEM). The growth parameters 
were analyzed independently in the same organ or layer of leaves, the contents 
of pigments in a mixed group. Differences between values marked by different 
letters are statistically significant at p < 0.05. Changes of the studied morpholog-
ical and physiological indicators of plants have similar dynamics, so the article 
contains data for one year 2014. 

Results. Plants are characterized by long-lasting growth throughout the 
whole life. The growth of sprouts is ensured by the formation of new metamers, 
between which donor-acceptor relations remain. The sprout has actively growing 
(young) leaves, already grown leaves, actively functioning (adult) leaves and ag-
ing leaves with elements of chlorosis. Regulation of the size and shape of the 
sprout is one of the adaptation mechanisms of plants to environmental condi-
tions. The response of the whole plant to an external factor seems to be more 
complex than the response of a separate organ. Therefore, the authors have con-
ducted studies of a multilayered sprout, rather than a single metamer (layer) of 
the plant.  

Changes of PAR and UV-A during the experiment are illustrated (Fig. 1, 
A). The optical properties of F2 were characterized by a greater light-permitting 
ability than F1: in the range  = 360-390 nm (UV-A), the differences account-
ed for 40-50%,  = 400-500 nm (blue light) for 29-35%,  = 500-600 nm 
(green light) and  = 600-700 nm (red light) for 30%. At the initial stages of 
ontogenesis (on day 27), donor-acceptor relations between the consistently 
forming structural elements of the sprout, leaves of different layers, were trans-
forming, which was reflected in a change of their dry weight (see Fig. 1, B). 
Control plants cultivated without selenium have demonstrated earlier comple-
tion of growth of the 1st layer leaves under F1, which has caused longer 
growth of subsequent leaves of the 2nd and 3rd layers (by 4.2 and 3.8 times, 
p < 0.05). Growth inhibition of these layers under F2 has led to the accumula-
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tion of dry mass in the 4th and 5th layers (by 4.6 and 3.8 times relative to the 
1st layer). This kind of redistribution of the growth processes in plants under 
F2 resulted in a greater increase in the sprout size, which was accompanied by 
the development of new metamers while maintaining the total surface area of 
leaves in control plants compared with those under F1 (see Fig. 1, B). As a 
result, 60-day plants had 21 layers under F1 and 24 layers under F2.  

Pre-seeding treatment of seeds with SeO3
2 has slowed down the accumu-

lation of dry matter by leaves of the 1st-2nd layers (20% to the control), which 
contributed to the growth of the leaves of the following layers, while SeO4

2 has 
led to a 3.4 times more longer growth of the first leaf and inhibited growth of 
subsequent leaves (see Fig. 1B, F1). An increase in the percentage of PAR and 
UV-A in the light stream has changed the sprout response to Se. SeO3

2 hindered 
the growth of leaves of the 1st and 4th-5th layers (by 36, 40 and 17%, respec-
tively, p < 0.05), whereas SeO4

2 accelerated the growth of leaves of the 1st-2nd 
layers by 39 and 88%, respectively, compared to the control under F2 
(p < 0.05).  
 

 

Fig. 1. Light spectra in greenhouses under films F1 and F2 (A) and the growth parameters of leaves of 
the 1st-5th layers (B) and organs (C, D) in 27-day (B) and 60-day (C, D) lettuce (Lactuca sativa L.) 
plants cv. Gurman depending on light intensity and pre-seeding treatment with Se: 1-5 — leaves of the 
1st-5th layers, 6 — leaves of all layers, 7 — stem, 8 — root (Tomsk Province, average for the year 
2014). Vertical bars indicate ±1.96 SEM (n = 50). Growth parameters were analyzed independently for 
the same layer of leaves (B) or organ (C, D). For each parameter, differences in values marked with 
different letters are statistically significant at p < 0.05. 

 

With the completion of the vegetative development stage, SeO4
2 in-

creased the dry mass of leaves, stems, and roots in experimental 60-day lettuce 
plants relative to the control (see Fig. 1, D). Ions of SeO4

2 had an advantage in 
the regulation of sprout development compared to SeO3

2. Leaves form more lay-
ers under the influence of SeO4

2 rather than SeO3
2, 24 and 21 for F1, 24 and 28 

for F2, respectively. Treatment with SeO4
2 provided a stimulating effect (+15%) 

similar to light under F1 and an additive effect (+33%) after an increase in the 
percentage of PAR and UV-A under F2. Other authors have shown greater effi-
ciency of SeO4

2 (2-4 µM) compared to SeO3
2 (6-10 μM) in the regulation of the 

leaf area in Cucumis sativus L. [19]. The age dependence of growth processes on 
the concentration of SeO4

2 has been demonstrated: addition of low concentra-
tions did not affect the raw or dry weight of younger plants L. sativa, but signifi-
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cantly stimulated growth in aging plants [20]. 

Differences in growth processes in plants in response to light of different 
quality could be due to metabolic changes. Sugars as primary exchange products 
are necessary for growth and differentiation. The sugar content in leaves has 
been changing depending on their functional status (age) and the intensity of 
photosynthesis. For control plants L. sativa under F1, the authors have identified 
a higher content of reducing sugars (RS) in grown leaves, where an active syn-
thesis of these compounds took place. Low accumulation of RS has been noted 
in the actively growing (17th-21th layers) and aging (4th-7th layers) leaves (Fig. 
2, A) since the former acted only as acceptors of sugars, and the latter were dy-
ing. An increase in the proportion of PAR and UV-A in the light stream (F2) 
resulted in an increase in RS production by 30%, 45% and by 2.3 times in aging, 
adult (8th-16th layer) and young leaves in control plants compared with those 
under F1, which could indicate their different physiological status associated 
with the activation of photosynthesis or increased transport of sugars. A change 
in hormonal balance is also possible since light-dependent integration of signal-
ing pathways for sugar and hormones through PIF (phytochrome interacting fac-
tor) and DELLA (transcriptional repressors of gibberellin signaling) proteins has 
been demonstrated [21]. 

 

 

Fig. 2. Reducing sugars (RS, A) and water-soluble proteins (B) in leaves of different layers in 60-day 
lettuce (Lactuca sativa L.) plants cv. Gurman depending on light intensity in greenhouses under films 
F1 and F2 and pre-seeding treatment with Se: 1 — control, 2 — sodium selenite, 3 — sodium sele-
nate (Tomsk Province, average for the year 2014). Vertical bars indicate ±1.96 SEM (n = 5). 

 

According to the research results, the amount of RS increased in young 
lettuce leaves and remained high in aging leaves under F1 under the influence of 
SeO3

2 and SeO4
2 ions. The increase in the RS content in old lettuce leaves (4th-

7th layers) could indicate a withdrawal of their aging effects and activation of 
photosynthetic reactions. Such effect of Se could be connected to the restoration 
or maintenance of the structure of cell membranes and integrity of cells by re-
ducing the amount of O2 and H2O2 after adding of this element [1]. The role of 
SeO4

2 in the acceleration of photosynthesis is confirmed by the results by 
M. Djanaguiraman et al. [22] obtained for sorghum plants. The increased content 
of soluble sugars and starch has been also described for potato leaves after treat-
ment with Se [4]. Under F2, the effectiveness of SeO3

2 increased only in young 
lettuce leaves, and the effectiveness of SeO4

2 decreased in adult and young leaves. 
The observed reactions of lettuce plants showed the influence of light on the ac-
cumulation of Se and the influence of the element on the duration of synthetic 
processes in leaves of different layers. It is known that the travel rate of SeO3

2 in 
plants is lower than that of SeO4

2, and the impact of red and blue light in addition 
to white light increases the amount of endogenous Se [20, 10].  

The authors hereof have shown that in plants L. sativa under F1, the 
highest content of soluble proteins (see Fig. 2, B) was in grown leaves (8th-16th 
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layers). With an increasing proportion of PAR and UV-A in light (F2), the 
amount of proteins decreased in aging leaves of control plants, which was ac-
companied, however, by an increase in carbohydrate metabolism (see Fig. 2, A). 
Se increased the protein content in young (17th-28th layers) and aging (4th-7th 
layers) leaves regardless of light spectral composition. SeO3

2 supported the con-
tent of proteins in aging leaves better than SeO4

2, since it is known that selenite 
is more effective than selenate as an inductor of the activity of antioxidant en-
zyme selenium-dependent glutathione peroxidase (GSH-Px) [23].  

 

 

Fig. 3. Photosynthetic pigments in leaves of the 20th layer (A), distribution of ascorbic acid (B), fla-
vonoids (C) and anthocyanins (D) in leaves of different layers in 60-day lettuce (Lactuca sativa L.) 
plants cv. Gurman depending on the light intensity in greenhouses under films F1 and F2 and pre-
seeding treatment with Se: 1 — control, 2 — sodium selenite, 3 — sodium selenate, Chla and Chlb — 
chlorophylls a and b, Car — carotenoids (Tomsk Provice, average for the year 2014). Vertical bars 
indicate ±1.96 SEM (n = 5). The pigment content was analyzed in a mixed group. For pigments, 
differences in values marked with different letters are statistically significant at p < 0.05. 

 

Accumulation of photosynthetic pigments in leaves of the 20th layer 
(Fig. 3, A) varied depending on the light intensity and spectral composition. The 
growing proportion of PAR and UV-A in the light (F2) caused an increase in 
Chla and Chlb compared to control plants under F1. The total content of all 
photosynthetic pigments in different variants under F1 and F2 was higher than 
the control for F1. However, the total number of chlorophylls influenced by 
SeO3

2 for F2 stayed within the F1 control and below the F2 control. The indi-
vidual pigment composition of leaves also depended on the form of selenium. 
SeO3

2 under F1 increased the content of carotenoids by 60% (p < 0.05) that act 
as antioxidants and protect Chla from photochemical oxidation [24]. This con-
tributed to the accumulation of Chla under F1, whereas SeO4

2 decreased the 
carotenoid content and increased the amount of the oxidized Chlb form. The 
expression of the antioxidant effect of SeO4

2 similar to SeO3
2 under F1 occurred 

with an increasing proportion of PAR and UV-A radiation in the light stream 
(F2). Perhaps the latter conditions increased the absorption of selenium or its 
restoration. 

Ascorbic acid is an important antioxidant in plant tissues [25]. Most of 
its content is located in grown leaves of the 12th-16th layers (F1) and grown 
leaves of the 8th-11th layers (F2). Both forms of selenium hindered the synthesis 
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of AsA under F1, whereas with an increasing proportion of PAR and UV-A in 
the light stream (F2), SeO3

2 increased the content of AsA in aging and adult 
leaves, and SeO4

2 in adult and young leaves (see Fig. 3, B). These results are 
consistent with the data on the increase in AsA in leaves and chloroplasts during 
acclimatization to high-intensity light [26]. AsA deficit in vtc mutants of Ara-
bidopsis reduces the zeaxanthin-dependent non-photochemical quenching sup-
ported by violaxanthin de-epoxidase and determines sensitivity to photooxida-
tion. Processing with exogenous AsA reduces the phytotoxic effect of high con-
centrations of Se that is manifested in relation to the membrane, chlorophyll and 
PSII functions in plants Oryza sativa L. through an increase in the activity of 
antioxidant and metal-tolerant mechanisms [27]. In the first mechanism, the 
effect is due to the action of enzymes superoxide dismutase (SOD), catalase 
(CAT), ascorbate peroxidase (APX) and glutathione reductase (GR), as well as 
non-enzyme antioxidants, i.e. AsA, glutathione, and proline. The second mech-
anism is implemented through metallothioneins, thiols, and glutathione-S-
transferase (GST). An increase in the content of these molecules reduces the 
toxic effect of Se through its conjugating and/or removal of reactive oxygen spe-
cies generated due to selenium stress. Low Se concentrations (1 mg/kg) increase 
the activity of SOD, CAT, APX, and GR [27]. 

Flavonoids are essential among the secondary metabolites. The authors 
have established the age dependency of Fl accumulation in leaves of L. sativa 
plants (see Fig. 3). In adult and aging leaves, flavonoid accumulation was 4 and 
6 times higher than in young leaves (17th-21th layers). This meant the 
strengthening of the synthesis of secondary metabolites with the completion of 
the active leaf growth. The obtained data are consistent with reports on photoin-
hibition of flavonoid biosynthesis at an early stage of development of the Gossy-
pium hirsutum fiber in vitro, but stimulating at later stages [28].  

Pre-seeding treatment with SeO4
2 increased 4-fold the total amount of 

flavonoids in leaves compared to control leaves and plants treated with SeO3
2 in 

variants with F1. With an increasing proportion of PAR and UV-A (F2), the 
stimulating effect of both Se forms on the accumulation of flavonoids in plants 
was observed. Other authors also describe Se as a photoprotector from harmful 
UV-B radiation [27], which manifests itself in Triticum aestivum L. primarily as 
increasing amounts of antioxidants and a decrease in the membrane peroxidation 
of lipids (MPL) in aboveground parts of plants. Se provides an ambiguous effect 
on MPL in roots: it inhibited peroxidation at low concentrations and intensified 
it at high concentrations [19, 29]. 

Anthocyanins (Ant) as flavonoids have been accumulated in grown leaves 
of the 4th-11th layers of control plants under F1 (see Fig. 3). A simultaneous in-
crease in the proportion of the visible spectrum and UV-A (F1) has reduced the 
amount of Ant in the control. Under F1, the treatment with SeO4

2 has increased 
its content in young leaves of the 17th-24th layers and reduced in adult leaves 
compared with the controls. Treatment with SeO4

2 under F2 has increased the 
content of Ant in leaves of the most layers (see Fig. 3). At the same time, a de-
crease in the accumulation of RS has been observed (see Fig. 2, A). The latter fact 
can be explained by the role of substrate sugars in the synthesis of Ant. However, 
partial coherence in changes of the content of RS (see Fig. 2, A), Fl (see Fig. 3A) 
and Ant (see Fig. 3, B) in other circumstances was probably caused by a signal 
function of sugars regulating the expression of genes that control the biosynthesis of 
flavonoids and Ant. Other authors have shown that sugars activate the gene PAP1 
(Production of Anthocyanin Pigmentation 1) through a sugar-specific signaling path-
way [30]. At that, not RS, but sucrose increased the synthesis of PAP1 mRNA and 
the expression of genes encoding enzymes of Ant biosynthesis, the DFR, LDOX, 
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and UF3GT (Dihydroflavonol-4-Reductase, Leucoanthocyanidin Dioxygenase, UDP-
Glucose: Flavonoid 3-O-Glucosyltransferase) determining Ant accumulation.  

Based on the obtained results, the authors have suggested that differences 
in the metabolism of L. sativa plants depending on lighting are caused by the 
specific functioning of regulatory photoreceptors. An increase in the proportion 
of PAR and UV-A in light (F2) has increased the contents of photosynthetic 
pigments and carbohydrate in the leaves of control plants, which accelerated the 
development of sprouts. This is consistent with the data on elimination of UV-
A-induced negative effects on photosynthesis, PSII activity and the contents of 
photosynthetic pigments, with preliminary exposure to the red light that is asso-
ciated with the phytochrome control of these reactions [31]. Specific light-
dependent response of plants to Se can be associated with the unequal accumu-
lation of different forms of its ions, because additional exposure to the red and 
blue light in addition to white increases the amount of endogenous Se in plants 
[10]. It is known that the growth-enhancing effect of SeO3

2 exists in a more nar-
row range of concentrations than in the case of SeO4

2 (respectively 6, and 6-
20 μm) [19]. Another explanation for the different direction and rate of growth 
processes can be the fact that Se as a pro- or antioxidant changed the accumula-
tion of Fl of various nature. Flavonoids with o-hydroxyls in the nucleus acted as 
auxin synergists stimulating the growth of plants as a result of inhibition of IAA-
oxidase, while Fl with p-hydroxyls acted as cofactors of IAA-oxidase demon-
strating the properties of IAA antagonists and, consequently, being growth inhib-
itors [32]. Se could affect the content of other phytohormones [33], and hor-
mones, in turn, could alter the Se-dependent growth of plants [34]. 

The differential response of lettuce leaves in different layers depended on 
age (primarily on the oxidative status, which was determined by the content of 
metabolic or stress ROS). Other authors [20] have demonstrated the ability of 
SeO4

2 to counteract the aging-induced oxidative stress in L. sativa. In young and 
aging plants, the antioxidant effect of Se is associated with the increased activity 
of glutathione peroxidase (GSH-Px). In aging plants, an increase in the amount 
of Se enhances the antioxidant ability, preventing a decrease in the concentra-
tion of -tocopherol and increasing SOD activity.  

Thus, it has been established that the pre-seeding treatment of Lactuca 
sativa seeds with Se in two ionic forms regulates the intensity of growth and 
metabolic processes in plants, changing the content of primary and secondary 
metabolites. The pre-seeding treatment of seeds with Se provided a stimulating 
effect on the formation of new metamers of L. sativa sprouts and seed germina-
tion (SeO4

2). At the same time, the regulation of the light stream spectrum has 
changed the efficiency of Se. An increased proportion of PAR and UV-A has 
stimulated growth processes (stretching and thickening of the sprout, formation 
of new metamers) through the activation of carbohydrate metabolism. The age 
dependence of the morphological and physiological parameters of leaves in 
L. sativa plants on the forms of selenium and light spectrum has been demonstrat-
ed. Under F1, at a lower intensity of UV-A and PAR, after the treatment with Se, 
the content of reduced sugars and proteins increased in actively growing leaves 
and remained the same in old ones. SeO4

2 increases the amount of flavonoids 
regardless of the light spectrum, whereas SeO3

2 has the same upon an increase in 
the proportion of PAR and UV-A. A higher proportion of PAR and UV-A can 
probably result in Se metabolism acceleration of. Maybe there was also a protec-
tive effect of high PAR with increasing UV-A, which resulted in the enhance-
ment of carbohydrate metabolism and an increase in the content of ascorbic ac-
id. Our findings extend the understanding of plant adaptive response to light of 
varying quality by providing better understanding of Se-dependent mechanisms 
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defining resistance to increased proportions of PAR and UV-A in light. The ob-
tained data can also be used for diagnosis of the physiological condition of leaves 
in different layers with and without selenium. Pre-seeding treatment with Se 
combined with a changing light spectrum increases the nutritional value of let-
tuce due to the accumulation of primary and secondary metabolites. 

 
R E F E R E N C E S  

 
1. Feng R., Wei C., Tu S. The roles of selenium in protecting plants against abiotic stresses. Envi-

ron. Exp. Bot., 2013, 87: 58-68 (doi: 10.1016/j.envexpbot.2012.09.002). 
2. Golubkina N.A. Selenium accumulation by cereals in Russia. Russian Agricultural Sciences, 

2007, 33(5): 288-291 (doi: 10.3103/S1068367407050035). 
3. Tinggi U. Selenium: its role as antioxidant in human health. Environ. Health Prev. Med., 2008, 

13(2): 102-108 (doi: 10.1007/s12199-007-0019-4). 
4. Galochkin V.A., Galochkina V.P. Organic and mineral forms of selenium, their metabolism, 

biological availability and role. Sel’skokhozyaistvennaya Biologiya [Agricultural Biology], 2011, 4: 
3-15.  

5. Schiavon M., Acqua S., Mietto A., Pilon-Smits E.A.H., Sambo P., Masi A., Malagoli M. Sele-
nium fertilization alters the chemical composition and antioxidant constituents of tomato (Sola-
num lycopersicon L.). J. Agric. Food Chem., 2013, 61(44): 10542-10554 (doi: 10.1021/jf4031822).  

6. Turakainen M., Hartikainen H., Seppänen M.M. Effects of selenium treatments on potato (So-
lanum tuberosum L.) growth and concentrations of soluble sugars and starch. J. Agric. Food 
Chem., 2004, 52(17): 5378-5382 (doi: 10.1021/jf040077x).  

7. Hashem H.A., Hassanein R.A., Bekheta M.A., El-Kady F.A. Protective role of selenium in 
canola (Brassica napus L.) plant subjected to salt stress. The Egyptian Journal of Experimental 
Biology (Botany), 2013, 9(2): 199-211. 

8. Sieprawska A., Kornas A., Filek M. Involvement of selenium in protective mechanisms of 
plants under environmental stress conditions. Acta Biologica Cracoviensia, Series Botanica, 2015, 
57(1): 9-20 (doi: 10.1515/abcsb-2015-0014).  

9. Baraboi V.A., Shestakova E.N. Ukr. bіokhіm. zhurn., 2004, 76(1): 23-32 (in Russ.). 
10. Golovatskaya I.F., Kulagina Yu.M., Krakhaleva A.V., Karnachuk R.A. Agrokhimiya, 2013, 5: 

558-565 (in Russ.). 
11. Chikov V.I., Salyakhova G.A., Safiullina G.F., Zamalieva F.F. Photosynthesis, assimilates transport 

and productivity in potato plants of the Nevskii variety grown under different insolation. Agricultural 
Biology, 2012, 1: 72-77 (doi: 10.15389/agrobiology.2012.1.72eng). 

12. Kataria S., Baroniya S. S., Baghel L., Kanungo M. Effect of exclusion of solar UV radiation on 
plants. Plant Science Today, 2014, 1(4): 224-232 (doi: 10.14719/pst.2014.1.4.61).  

13. Krizek D.T. Invited review influence of PAR and UV-A in determining plant sensitivity and 
photomorphogenic responses to UV-B radiation. Photochem. Photobiol., 2004, 79(4): 307-315 
(doi: 10.1111/j.1751-1097.2004.tb00013.x). 

14. Veshnyakov V.A., Khabarov Yu.G., Kamakina N.D. Khimiya rastitel'nogo syr'ya, 2008, 4: 47-50 
(in Russ.). 

15. Bradford M.M. A rapid and sensitive method for the quantitation of microgram quantities of 
protein utilizing the principle of protein-dye binding. Anal. Biochem., 1976, 72(1-2): 248-254 
(doi: 10.1016/0003-2697(76)90527-3). 

16. Lichtenthaler H.K. Chlorophylls and carotenoids: pigments of photosynthetic biomembranes. 
Method. Enzymol., 1987, 148: 350-382 (doi: 10.1016/0076-6879(87)48036-1). 

17. Rutkowski M., Grzegorczyk K. Modifications of spectrophotometric methods for antioxidative 
vitamins determination convenient in analytic practice. Acta Scientiarum Polonorum: Technologia 
Alimentaria, 2007, 6(3): 17-28 

18. Gosudarstvennaya farmakopeya SSSR: Vyp. 2. Obshchie metody analiza. Lekarstvennoe rastitel'noe 
syr'e. MZ SSSR. 11-e izd. [USSR State Pharmacopoeia: Iss. 2. General methods of analysis. 
Medicinal plant materials. USSR Ministry of Health. 11th ed.]. Moscow, 1989 (in Russ.).  

19. Hawrylak-Nowak B., Matraszek R., Pogorzelec M. The dual effects of two inorganic selenium 
forms on the growth, selected physiological parameters and macronutrients accumulation in cu-
cumber plants. Acta Physiologiae Plantarum, 2015: 37-41 (doi: 10.1007/s11738-015-1788-9). 

20. Xue T., Hartikainen H., Piironen V. Antioxidative and growth-promoting effect of selenium on 
senescing lettuce. Plant Soil, 2001, 237(1): 55-61 (doi: 10.1023/A:1013369804867). 

21. Ljung K., Nemhauser J.L., Perata P. New mechanistic links between sugar and hormone signal-
ling networks. Curr. Opin. Plant Biol., 2015, 25: 130-137 (doi: 10.1016/j.pbi.2015.05.022). 

22. Djanaguiraman M., Devi D.D., Shanker A.K., Sheeba J.A., Bangarusamy U. Selenium — an 
antioxidative protectant in soybean during senescence. Plant Soil, 2005, 272(1-2): 77-86 (doi: 
10.1007/s11104-004-4039-1). 

23. Cartes P., Gianfreda L., Mora M.L. Uptake of selenium and its antioxidant activity in ryegrass 



 

1035 

when applied as selenate and selenite forms. Plant Soil, 2005, 276(1-2): 359-367 (doi: 
10.1007/s11104-005-5691-9). 

24. Stange C., Flores C. Carotenoids and photosynthesis — regulation of carotenoid biosyntesis by 
photoreceptors. Chapter 4. In: Advances in photosynthesis — fundamental aspects. M. Najafpour 
(ed.). IntechOpen, London, 2012: 77-96 (doi: 10.5772/29161). 

25. Wang J., Zhang Z., Huang R. Regulation of ascorbic acid synthesis in plants. Plant Signaling & 
Behavior, 2013, 8(6): e24536 (doi: 10.4161/psb.24536). 

26. Smirnoff N. Ascorbate biosynthesis and function in photoprotection. Philosophical Transactions of 
the Royal Society B: Biological Sciences, 2000, 355(1402): 1455-1464 (doi: 10.1098/rstb.2000.0706). 

27. Sharma S., Kaur N., Kaur S., Nayyar H. Ascorbic acid reduces the phytotoxic effects of seleni-
um on rice (Oryza sativa L.) by up-regulation of antioxidative and metal-tolerance mechanisms. 
J. Plant Physiol. Pathol., 2014, 2: 3 (doi: 10.4172/2329-955X.1000128). 

28. Qian S., Hong L., Cai Y., Gao J., Lin Y. Effects of light on in vitro fiber development and flavo-
noid biosynthesis in green cotton (Gossypium hirsutum). Acta Societatis Botanicorum Poloniae, 
2016, 85(2): 3499 (doi: 10.5586/asbp.3499). 

29. Yao X.Q., Chu J.Z., Ba C.J. Antioxidant responses of wheat seedlings to exogenous selenium 
supply under enhanced ultraviolet-B. Biol. Trace Elem. Res., 2010, 136(1): 96-105 (doi: 
10.1007/s12011-009-8520-9). 

30. Solfanelli C., Poggi A., Loreti E., Alpi A., Perata P. Sucrose-specific induction of the antho-
cyanin biosynthetic pathway in Arabidopsis. Plant Physiol., 2006, 140: 637-646 (doi: 
10.1104/pp.105.072579). 

31. Kreslavski V.D., Lyubimov V.Yu., Shirshikova G.N., Shmarev A.N., Kosobryukhov A.A., 
Schmitt F.-J., Friedrich T., Allakhverdiev S.I. Preillumination of lettuce seedlings with red light 
enhances the resistance of photosynthetic apparatus to UV-A. Journal of Photochemistry and 
Photobiology B: Biology, 2013, 122: 1-6 (doi: 10.1016/j.jphotobiol.2013.02.016). 

32. Makarenko O.A., Levitskii A.P. Fiziologiya i biokhimiya kul'turnykh rastenii, 2013, 45(2): 100-
112 (in Russ.). 

33. Puzina T.I., Prudnikov P.S., Yakushkina N.I. Doklady Rossiiskoi akademii sel'skokhozyaistven-
nykh nauk, 2005, 6: 7-9 (in Russ.). 

34. Golovatskaya I.F., Pavlova D.G., Kulagina Ju.M., Karnachuk R.A., Khripach V.A. The physio-
logical action of brassinosteroids depends on concentration of selenium in the medium. Proc. 
20th International Conference on Plant Growth Substances IPGSA (28 June — 2 July 2010, Tarra-
gona, Spain). Tarragona, 2010: 88-89. 


