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Abstract. In the Non-chernozem zone of Russia, the recurrent spring cold up to 1-2 °C can cause damage and
death of thermophilic amaranth seedlings. Pre-sowing treatment of seeds with growth regulators is an inexpensive
and effective method to reduce the negative effect of hypothermia on seed germination. The aim of the research
was to study the effect of low-temperature stress on etiolated and de-etiolated seedlings of amaranth cv. ‘Valentina’
(A. tricolor L.) grown from seeds treated with growth stimulants. Seeds were pretreated with aqueous solutions of
Albit (1 g/L), hydrogen peroxide (H,0,) —5 mM and succinic acid (ScA) — 500 mg/L. Seeds were germinated
in peat pots at 23 + 2 °C (T,,) for 7 days. On the 7th day, peat pots with seedlings grown in the light and in the
dark were moved to thermostat at 2.0 + 0.5 °C (T,) for 8 hours. Determination of the amount of amaranthine,
chlorophylls and carotenoids were carried out according to generally accepted methods. Pretreatment of seeds
with the growth regulators Albit, H,0,, and ScA increased hypocotyl length, root length, and biomass of light
and etiolated seedlings. Low positive temperatures increased the content of amaranthine and carotenoids but
reduced the content of chlorophylls. It was shown that all used growth regulators — H,0,, Albit and ScA —
trigger or at least maintain the system of antioxidant protection in light and etiolated seedlings of amaranth cv.
‘Valentina’ under low positive temperatures.

Keywords: Valentina, cultivar, amaranthine, photosynthetic pigments, abiotic stress, low-temperature
stress, chlorophyll

Conflicts of interest. The authors declared no conflicts of interest.
Article history: Received: 7 April 2023. Accepted: 10 July 2023.
For citation: Gins EM. Effect of low positive temperature on the antioxidant system formation in de-etiolated

and etiolated Amaranthus tricolor L. seedlings grown from seeds treated with growth regulators. RUDN Journal
of Agronomy and Animal Industries. 2023; 18(3):520—530. doi: 10.22363/2312-797X-2023-18-3-520-530

© Gins E.M., 2023

@ @ @ This work is licensed under a Creative Commons Attribution 4.0 International License

https://creativecommons.org/licenses/by-nc/4.0/legalcode

520 PACTEHVEBO/ACTBO



Gins EM. RUDN Journal of Agronomy and Animal Industries, 2023;18(4):520-530

Introduction

Low temperatures are among the main abiotic stresses that significantly reduce yield
and affect almost all plant functions such as photosynthesis, water and nutrient uptake,
transpiration and respiration [1, 2].

Amaranth (Amaranthus tricolor L.) is a leafy vegetable plant containing biologi-
cally active compounds with antioxidant activity, including ascorbic acid, amaranthine,
[-carotene, phenols and flavonoids [3]. In the Non-chernozem zone of Russia, the re-
current spring cold up to 1-2 °C can cause damage and death of thermophilic amaranth
seedlings. It is known that low-temperature stress induces accumulation of reactive ox-
ygen species (ROS) such as superoxide radical, hydrogen peroxide, singlet oxygen and
hydroxyl radicals [4, 5]. Damage caused by ROS and disruption of cellular homeostasis
are facilitated by the action of various antioxidants: enzymatic (catalase, superoxide dis-
mutase, peroxidase, glutathione reductase, glutathione peroxidase) and non-enzymatic
(ascorbic acid, carotenoids, alpha-tocopherols and glutathione) [4, 5]. The mechanism
of ROS formation and their neutralization by low molecular weight antioxidant system
were associated with resistance of plants to abiotic stresses [6].

Currently, much attention is paid to the development of approaches to reduce the
negative effects of abiotic stresses on seed germination. Pre-sowing treatment of seeds
with growth regulators is inexpensive and effective method [7]. Seed pre-treatment is an
induction of a certain physiological state, in which plants are able to activate protective
reactions faster and better to cope with abiotic stress [7, 8].

Plant responses to abiotic stresses, including low positive temperatures, have been
the subject of various studies for several decades. The study of plant responses to
stressors is necessary to understand adaptation of plants grown in the open ground [9].
At the moment, there are not enough data in literature on how the antioxidant system in
amaranth seedlings responds to low positive temperatures, and what is the importance
of pre-sowing treatment for practical use.

The aim of the study was to investigate the effect of low-temperature stress on
light and etiolated seedlings of amaranth cultivar ‘Valentina’ (A. tricolor L.) grown from
seeds treated with growth regulators.

Materials and methods

Seeds and seedlings of vegetable amaranth Amaranthus tricolor L., cv. ‘Valentina’,
selected in Federal Scientific Center for Vegetable Growing (Moscow Region) were studied.

Seed pretreatment. Homogeneous and complete seeds were carefully selected.
4 variants of seed treatments were studied: Albit (1 g/L), hydrogen peroxide (50 mM/L),
succinic acid (500 mg/L). Distilled water was used as control. Seeds were soaked in
solutions for 4 hours, then washed with distilled water, dried, and sown into peat pots.
A part of the pots was covered with a material that does not transmit light and placed in
a dark room. The experiment was performed in three replications. Plants were grown
at 23 +2 °C (T,,). On day 7, peat pots with seedlings grown in the light and in the dark
were moved to a thermostat at 2.0 + 0.5 °C (T,) for 8 hours (overnight).
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Biochemical parameters. The content of photosynthetic pigments was determined
by spectrophotometric method. The total content of chlorophylls and carotenoids was
calculated by the formulas [10].

(13,36A464,, — 5,1946456)V

mr] _
Xna r | , 1000m : '
27,43Ag45 6 — 8,124c642)V
mr] _ &/ 43486456 — S,144664,2)V
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4,785A470 + 3,657 Ageaz — 12,76A0456)V
% |MI — ’ 470 ) 664,2 ) 648,6 ,
Kap® | r | 1000m

where A, A, 156 and A o absorbance at 470 nm, 648.6 nm and 664.2 nm respectively;
V = volume of extract (ethanol 96 %) in ml; m = weight of the sample in g.

The amount of amaranthine in the water extracts was determined considering a molar
extinction coefficient of 5.66-104 I-mol*-cm™ and a molar weight of 726.6 g-mol™ [11].

Data analysis. Data were presented as the mean of three replications + SD (stand-
ard deviation) at a significance level of P < 0.05. Data analysis was performed in the R
environment [12].

Photographs of cotyledon leaves and hypocotyls were taken using a Stemi 508
inverted stereomicroscope with an Axiocam 305 color camera (Carl Zeiss Microscopy

GmbH, Germany) at 5x magnification.

Results and discussion

Effect of pre-sowing treatment on morphometric parameters of seedlings. The
present study revealed that pre-sowing treatment of amaranth seeds with plant growth
regulators improved morphometric parameters of amaranth seedlings grown under light
and dark conditions (Table 1).

Table 1

Morphometric parameters of amaranth cultivar ‘Valentina’ seedlings grown from seeds
treated with growth regulators under light and dark conditions

Light conditions Dark conditions
Variant Hypocotyl Root 10-seedling Hypocotyl Root 10-seedling
length, cm length, cm weight, g length, cm | length, cm weight, g
H,0 (Control) 2.53 £+ 0.18 |2.28+0.32 | 0.0780+0.0022 | 6.12+0.21 |[2.10+0.43 | 0.1003 +0.0070
Albit 3.28+0.21 |3.53+0.35| 0.0890+ 0.0027 | 7.10+0.14 |2.62+0.38 | 0.1120 +0.0075
Succinic acid | 2.78+0.084 | 4.01+0.27 | 0.0787 +0.0020 | 6.20+0.15 |3.28+0.40 | 0.1033 + 0.0043
H,0, 2.87+0.094 |3.42+0.25| 0.0790+0.0013 | 5.82+0.10 |2.99+0.38 | 0.1005+0.0038
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Seed treatment with the growth regulators Albit, H,O, and ScA increased hypocotyl
length in seedlings grown in the light by 28.64, 13.44 and 9.88 %, respectively, root
length by 54.82, 50 and 75.88 %, respectively, and seedling biomass by 14.10, 1.28,
0.9 %, respectively.

Under dark conditions, treatment of seeds with Albit and ScA also effectively influ-
enced morphometric parameters and increased hypocotyl length by 16.01 and 1.31 %
compared to control, respectively, root length by 24.78 and 56.19 %, respectively, and
seedling weight by 11.67 and 2.99 %, respectively. At the same time, H,O, treatment
reduced hypocotyl length by 4.9 % compared with control.

Remarkably, under dark conditions, hypocotyl length in control samples of amaranth
seedlings was 141.9 % longer than in control samples grown under light conditions.

In our study, etiolated seedlings of amaranth cultivar ‘Valentina’ formed long hy-
pocotyl and yellow-pink cotyledon leaves, which, when visually assessed, did not open
and were smaller than the leaves of seedlings grown in the light (Fig. 1, 2).

a . o b

Fig. 1. Cotyledon leaf of 7-day-old seedling of amaranth cultivar ‘Valentina’
grown under light (a) and dark conditions (b)
Source: made by authors

Fig. 2. Hypocotyl of 7-day-old seedling of amaranth cultivar ‘Valentina’
grown under light (a) and dark conditions (b)
Source: made by authors
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Effect of low positive temperature on amaranthine and photosynthetic pigment
content in light and etiolated seedlings. The study revealed an increase in amaranthine
content under the action of low positive temperature in all seedlings grown under light
and dark conditions. At the same time, different levels of amaranthine accumulation
under hypothermia depending on plant growth regulator were observed (Table 2).

Table 2

Amaranthine content, mg/g FW, in light and etiolated seedlings of amaranth cultivar
‘Valentina' grown from seeds treated with growth regulators
at low positive temperature 2 °C

Light conditions Dark conditions
Variant
T23 T2 T23 TZ

H,0 0.385+0.014 0.395+0.010 0.066 +0.003 0.118 +0.005
(Control)

Albit 0.340 £ 0.008 0.519 £ 0.008 0.058 £ 0.003 0.130 £ 0.005
Succinic acid 0.38010.012 0.406 +0.09 0.093 £0.002 0.136 £ 0.006
H,0, 0.400+0.011 0.480+0.008 0.079 £ 0.004 0.140 £ 0.006

In de-etiolated seedlings, hypothermia increased amaranthine content in the con-
trol as well as in the seedlings grown from seeds treated with ScA, H,O, and Albit by
2.6, 6.84, 20 and 52.65 %, respectively, and in etiolated seedlings — by 78.79, 46.24,
77.22 and 124.14 %, respectively. At the same time, in the control variants in etiolated
seedlings, amaranthine content was lower by 82.86 % than in the de-etiolated seedlings.

It is known that betacyanins are photoprotective compound closely related to chilling
stress [13]. The increase in amaranthine biosynthesis under hypothermic conditions sug-
gests that this pigment plays important role in resistance of seedlings to chilling stress.

In etiolated seedlings, a trace content of the sum of chlorophylls a+b was found, so
only the total content of chlorophylls in de-etiolated seedlings was presented. The action
of low-temperature stress reduced the sum of chlorophylls a and b content in de-etiolated
seedlings, in control and in ScA treatments, by 9.84 and 3.13 %, respectively (Table 3).

Table 3

Total chlorophyll a+b content in de-etiolated seedlings of amaranth cultivar ‘Valentina’
treated with plant growth regulators at low positive temperature 2 °C

Chlorophyll a+b, mg/g FW

Variant
T23 T2
H,0 (Control) 0.315+0.007 0.284 +0.005
Albit 0.267 £ 0.005 0.325+0.006
Succinic acid 0.320+0.012 0.310+0.0010
H,0, 0.321+0.011 0.337+0.009
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It is possible that the decrease in chlorophyll content under low-temperature stress
may be partially related to the disruption of protochlorophyllide biosynthesis or to the
inhibition of 5-aminolevulinic acid biosynthesis [14]. It is known that low-temperature
stress induces lipid oxidation in membrane, which leads to the ROS formation, mainly
in plastids. Subsequently, ROS oxidize photosynthetic pigment, reducing chlorophyll
content [15].

However, in seedlings which seeds were treated with H,O, and Albit, we found an
increase in total chlorophyll content by 4.98 and 21.71 %, respectively (see Table 3). Ap-
parently, degree of chlorophyll resistance to hypothermia in seedlings can be determined
by concentration and type of growth regulator. Thus, low concentration of exogenous
H,O, regulates physiological processes including photosynthesis, increasing stability of
photosynthetic pigments including carotenoids [16].

In chloroplasts, carotenoids act as auxiliary light-collecting pigments that direct
excess energy from chlorophylls to protect against photo-oxidative damage [17].

In our experiments on de-etiolated seedlings, ambiguous data were obtained. Under
hypothermic conditions, carotenoid content decreased in de-etiolated seedlings which
seeds were treated with ScA by 11.11 % and in controls — by 13.76 %, while in seedlings
which seeds were treated with H,O, and Albit, pigment amount increased by 5.41 and
19.33 %, respectively (Table 4).

Table 4

Total carotenoid content, mg/g FW, in light and etiolated seedlings of amaranth cultivar
‘Valentina’ treated with growth regulators at low positive temperature 2 °C

Variant Light conditions Dark conditions
T, T, T, T,
H,0 (Control) 0.138 £ 0.004 0.119£0.003 0.024 £ 0.002 0.041 £ 0.001
Albit 0.119£0.002 0.142 £ 0.005 0.022 £ 0.001 0.049 + 0.002
Succinic acid 0.135+0.007 0.120 £ 0.004 0.029 +0.003 0.043 £ 0.005
H,0, 0.148 £ 0.003 0.156 £ 0.004 0.031+0.004 0.043+0.001

At the same time, in etiolated seedlings under low positive temperatures, carotenoid
content increased in all seed treatments: in the control — by 70.83 %, in treatments
with Albit — by 122.73 %, ScA — by 48.28 %, H,0, — by 38.71 %. It was noted that
etiolated seedlings accumulated significantly less carotenoids compared with de-etio-
lated seedlings at both optimal and low temperatures. This may be due to the fact that
carotenoid biosynthesis in etiolated seedlings is limited by the presence of metabolic
precursors [18].

We found a strong activation of carotenoid biosynthesis in all treatments when ex-
posed to light at optimal temperature. Apparently, etioplastic carotenoids contribute to
adaptation of etiolated seedlings to light. In addition, regulation of carotenoid formation
in the dark may allow etiolated seedlings to optimize transition to photosynthesis after
light. Therefore, the light-induced deetiolation process of amaranth seedlings involves
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formation of high levels of carotenoids, chlorophylls and amaranthine to maintain pho-
tosynthetic and defense responses.

Under hypothermic conditions, increased content of the sum of chlorophylls as
well as carotenoids in amaranth seedlings grown from seeds treated with H,O, and
Albit indicates the increased stability of photosynthetic pigments and, consequently, of
photosynthetic apparatus.

Effect of low positive temperature on content of amaranthine antioxidant and
photosynthetic pigments in cotyledon leaves of de-etiolated seedlings grown from
seeds treated with growth regulators. When studying amaranthine accumulation in
cotyledon leaves of de-etiolated seedlings in response to low-temperature stress, it was
found that amaranthine content increased, but its amount depended on the treatment
variant. Thus, in the control and when seeds were treated with H,O,, ScA and Albit,
amaranthine content under hypothermia increased by 12.46, 35, 41.29 and 44.41 %,
respectively (Table 5).

Table 5

Content of amaranthine and photosynthetic pigments: chlorophylls and carotenoids
in de-etiolated seedlings treated with growth regulators at low positive temperature

Amaranthine, mg/g FW Chlorophyll a+b, mg/g FW Carotenoids, mg/g FW
Variant
T23 TZ T23 T2 T23 T2

:Iégntrol) 0.610+0.010 | 0.686 +0.009 | 0.667 +0.009 | 0.657+0.012 | 0.266 + 0.009 | 0.276 + 0.007
Albit 0.599+0.009 | 0.865+0.014 | 0.708 +0.012 | 0.750+0.014 | 0.290+0.010 | 0.314+0.006
Succinic

acid 0.603+0.012 | 0.852+0.009 | 0.693+0.010 | 0.760+0.010 | 0.278 +0.005 | 0.321 +0.007
H,0, 0.618+0.014 | 0.838+0.010 | 0.693+0.009 | 0.777 £0.007 | 0.283+0.008 | 0.335+0.009

Amaranthine is a pigment that is essential for homeostasis under abiotic stress.
Significant accumulation of betacyanin accumulates in the upper and lower epidermis,
in palisade and spongy mesophyll cells, as well as in guard cells [19].

Chlorophyll content under low positive temperature conditions decreased only in
cotyledon leaves of control seedlings by 1.5 %, while treatment of seeds with Albit,
ScA and H,O, increased chlorophyll content in seedlings by 5.93, 9.67 % and 12.12 %,
respectively.

Wittayathanarattana et al. concluded that the effect of short-term positive low tem-
perature stress on amaranth root system limits photosynthesis, which depletes plant tissue
resources and forces plants to conserve critical nutrients for survival. Chlorophyll may
be less necessary under conditions of limited resources and excessive ROS compared
to amaranthine and carotenoids [15].
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Carotenoids are pigments accumulated in chloroplasts and are crucial for photopro-
tection, light trapping and stabilization of photosynthetic activity [20], and have high
antioxidant capacity by removing singlet oxygen and peroxyl radicals [21].

Under hypothermia, increase in carotenoid levels was observed in all variants: by
3.76 % —in the control, by 8.27 % — in treatment with Albit, by 15.47 % — in treatment
with ScA and by 18.37 % — in treatment with H,O,,.

Under conditions of low positive temperature, amount of antioxidant amaranthine
and carotenoids in cotyledon leaves significantly increased in seedlings treated with
Albit, H,O, and Sc A. Thus, all used growth regulators trigger or at least maintain the
system of antioxidant protection in light and etiolated seedlings of amaranth cultivar
“Valentina’ under low positive temperatures.

Conclusions

Pre-sowing treatment of amaranth seeds with growth regulators not only increased
seed quality, but also changed — increased or decreased antioxidant capacity of seedlings,
as well as growth processes compared with control. Low positive temperature induced
amaranthine synthesis in light and etiolated seedlings in all types of seed treatments with
growth regulators, whereas carotenoid synthesis increased in de-etiolated seedlings only
when seeds were treated with H,0, and Albit, and in ethiolated seedlings — when seeds
were treated with Albit, ScA and H,0,.

According to the literature data and the results of our study, it can be assumed that
hypothermia induces excess of ROS molecules in cells, which exhibit both the properties
of toxic metabolic products and signaling molecules, being involved in the processes
leading to increase in seedling resistance to stress. The resistance of amaranth seedlings
is expressed through the amount of induced amaranthin molecules formed after low-tem-
perature stress exposing. The level of increase in amaranthine content in cotyledon leaves
after low temperature stress may indicate the different ability of seedlings to induce the
maximum amount of antioxidants for a given treatment. Compared to the control, the
amaranthine synthesis system gives greater resistance to hypothermia to seedlings which
seeds were treated with growth regulators.
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BnvsaHue HU3KON NONOXXUTENbHOU TeMnepaTypbl
Ha ¢opMUpOBaHME aHTUOKCUAAHTHOM CUCTEMbI CBETOBbIX
N 3TUONIMPOBaHHbIX NPOopocTKOB Amaranthus tricolor L.,
BblpaLl,eHHbIX U3 ceMsiH, 06paboTaHHbIX perynsiTopaMm pocTta

E.M. I'uuc

desepasibHBIN UCCTIEI0BATeIbCKUH 1eHTp KapTodess um. A.T. Jlopxa, Mockogckas o6.,
Pocculickas ®edepayus
D<) katya.888888@yandex.ru

AnHortanus. B HeuepHo3emHol 30He Poccry Bo3BpaTHBIe BeCeHHHe X0mofa fio 1-2 °C MOryT BbI3BaTh
TIOBPEeX/eHHs U r1ubesb IPOPOCTKOB TEIJIO/00MBOro pacTeHus — amapaHTa. Heoporum 1 3 deKTHBHbIM
METO/IOM /|15l CHWXKEHHMS] HeraTUBHOTO [IeiCTBHS TMIIOTEPMHH Ha TIPOPACTaHKe CeMsiH sIB/ISIeTCSl IIPe/IioCeBHast
o6paboTka ceMsiH perynsiTopaMu pocta. Llenb ucciesoBaHus — U3yueHye BIUSTHHUS HU3KOTeMITepaTypHOTo
CTpecca Ha 3THO/IMPOBaHHbIE M CBETOBbIE TIPOPOCTKY amMapaHTa copta BaneHtrHa (A. tricolor L.), BblpalijeHHbIe
13 cemsiH, 06paboTaHHbBIX peryasTopamu pocta. s npeAnoceBHoN 06paboTKU CeMsiH UCTIO/b30Bai BOJHbIE
pactBopbl Abbuta — 1 1/, nepekucu Bogopoza (H,0,) — 5 MM u suTapHoi kuciotsl (1K) — 500 mr/n. Ce-
MeHa TpOopal1Baiy B TOPGAHBIX TopLIKax rnpu Temmneparype 23 + 2 °C (T,,) B Teuenue 7 cyTok. Ha 7-ii nenn
TOp(sIHbIE TOPILIKH C TPOPOCTKAaMH, BbIPAILLieHHBIMHU Ha CBETY ¥ B TEMHOTe, [lepeMell|a/ii B TePMOCTAT IPU TeM-
neparype 2,0 £ 0,5 °C (T,) Ha 8 yacos. Onipe/ie/ieHKe KONMUeCTBa aMapaHTHHa, XJIOPO(HIIOB ¥ KADOTHHOU/IOB
TIPOBOZIU/IU 0 OOI{eNpUHATEIM MeTofMKaM. I1peanocesHas 06paboTka cemsiH pery/sTopamu pocta Anbout, H,0,
u SIK yBenuuuBasa i/IMHY TUIIOKOTHJISL, JIMHY KOPHSI M 6MOMacCy CBETOBBIX U 3THOJIMPOBAHHBIX MPOPOCTKOB.
JlelicTBHe HM3KUX TOJIOKUTE/TBHBIX TEMITePaTyp MOBBIIIAJIO CoZiepykKaHe aMapaHTHHA U KapOTHHOU/[OB, O/JHAKO,
CHI)KAJIO CofiepyKaHue X/10poduios. ITokasaHo, UTO BCe MCIO/Ib30BaHHbIe perynsaTopel pocta: H,O,, Anbout
u SK — 3anyckaroT 1160 MoA/ep)KUBAIOT CUCTeMY aHTUOKCH/IAHTHOM 3all{UThl CBETOBBIX U 3THOJUPOBAHHBIX
ITPOPOCTKOB aMapaHTa copTa BaseHTHHa Npy [IedCTBUM HU3KKX TTOJIOKUTE/IBHBIX TEMIIEpaTyp.

KiroueBble ci0Ba: copt BaneHTrHa, aMapaHTHH, pOTOCHHTETHUeCKKe MUIMEHTBI, abMOTHYeCKHi cTpecc,

HU3KOTeMITepaTypHbIA CTPecc, X0poQut
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