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A b s t r a c t  

An important area of systemic biology (metabolomics) is the study of the composition and 
properties of low-molecular metabolites of agricultural plants with different modes of nutrition. The 
use of metabolic technologies expands the possibilities of analyzing biochemical changes in the com-
position and structural modifications of metabolites occurring during the transition from autotrophic 
to heterotrophic nutrition. Most photosynthetic plants are capable of autotrophic nutrition, but in 
their lifetime, there are periods of appearance of the achlorophyllic organs which receive nutritients 
from the organic substances stored earlier. Thus, among Amaranthus tricolor L. plants there are varie-
ties with leaves which differ from each other in the way of nutrition. For example, Early Splendor 
variety plants form brightly colored red heterotrophic leaves along with green photosynthesis leaf 
blades at the end of the vegetative phase. The comparative study of the low-molecular metabolites 
composition in these leaves is important for understanding the relationship between heterotrophic 
and autotrophic nutrition in the whole plant. In this paper, significant qualitative differences in me-
tabolites composition between autotrophic and heterotrophic leaves were stated for the first time 
during the metabolome analysis of water and alcohol extracts of heterotrophic and autotrophic ama-
ranth leaves of Early Splendor variety using the method of gas chromato-mass spectrometry. It was 
found that the low-molecular metabolites of autotrophic and heterotrophic leaves contained both 
non-specific metabolites common for both type of nutrition and specific metabolites characteristic 
for each of the ways separately. On the one hand, it indicates the close interaction between two ways 
of nutrition and, on the other hand, the ability to synthesize and modify the metabolites which 
demonstrates partial autonomy of heterotrophic leaves. The purpose of the work is to study the com-
position of low-molecular metabolites and to identify new biologically active metabolites antioxidants 
in heterotrophic and autotrophic amaranth leaves of Early Splendor variety. Experiments were car-
ried out in 2017-2019 with amaranth plants of the Early Splendor variety at the end of flowering—
the beginning of seed formation phase. The plants were grown in a film greenhouse (the Federal 
Research Center for Vegetable Growing). The fresh red-colored heterotrophic leaves formed at the 
top of the main stem and the underlying photosynthetic leaves with a fully formed leaf blade were 
collected for analysis. The leaves were homogenized (T18 homogenizer, IKA, Germany) and extract-
ed for 30 min at 24 C with either 96 % ethanol or distilled water (leaves weighing batch: extragent 
1:10). The metabolites were profiled by gas chromato-mass spectrometry method (GH-MC) with a 
chromograph GH-MC JMS-Q1050GC (JEOL Ltd., Japan). According to the mass spectra library of 
the NIST-5 National Institute of Standards and Technology (USA), a total of 87 metabolites were 
totally identified. Heterotrophic leaves contained 19 substances in water extracts and 38 metabolites 
in alcohol extracts, while photosynthetic leaves contained 21 substances in the water extract and 57 
metabolites in alcohol extracts. Twenty-nine identical metabolites were found in water and alcohol 
extracts. In heterotrophic and autotrophic amaranth leaves of Early Splendor variety squalene 
(C30H50), a biologically active compound with antioxidant properties was identified for the first time. 
Also, in heterotrophic leaves monopelargonine (monononanoin) (C15H11O7) was identified. Mon-
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opelargonine is an intermediate product of flavonoid o-glycosylation, is referred to phenolic com-
pounds and possesses high antioxidant activity. Metabolites have been identified that are present in 
both autotrophic and heterotrophic amaranth leaves, which suggests a close interaction of the two 
types of nutrition during the appearance, growth and development of heterotrophic leaves. At the 
same time, photosynthesizing leaves serve as donors of key metabolites for heterotrophic leaves, 
while the latter are not only acceptors, but also can synthesize and modify metabolites necessary 
for cell formation. Due to revealed rich composition of carbohydrates, essential amino acids, li-
pids and organic acids, the photosynthesizing leaf biomass is a source of antioxidants and biologi-
cally active substances. It should be stressed that not all metabolites were identified. Nevertheless, 
the set of metabolites that we identified in the photosynthetic leaves allows us to suggest these 
substances to be key and sufficient compounds for the construction and functioning of cells and 
tissues in heterotrophic leaves. 

 

Keywords: Amaranthus tricolor, low-molecular antioxidants, autotrophic leaf, heterotrophic 
leaf, gas chromatography, mass spectrometry 

 

Photosynthetic plants are mostly autotrophs, however, their chlorophyll-
less organs (flowers, leaves, bulbs, etc.) should utilize organic nutrients accumu-
lated earlier. As all non-green organs and plant cells in the dark are hetero-
trophic, disclosing the mechanisms of heterotrophic nutrition is of fundamental 
importance. 

Amaranth plants (Amarantus tricolor L.) are widespread throughout the 
world and recognized as a source of essential nutrients [1-3]. Healthy nutrition is 
an important element of human life. Deficiency of essential nutrients, bioactive 
compounds and minerals poses a serious threat to health [4]. Gaining more 
knowledge about the nutritional and pharmacological metabolites derived from 
amaranth leaves allows for a better development of safe functional foodstuff. 
Amaranth leaves contain vitamins, minerals [5-7], red betacyanins and yellow 
betaxanthins, flavonoids and other physiologically active compounds with anti-
oxidant properties [8-11].  

The amaranth (A. tricolor) Early Splendor variety is convenient for pro-
filing organic substances in photo-synthesizing and chlorophyll-less leaves. The 
variety considered as leafy vegetable is so decorative that also decorate flower 
beds. During their life cycle, plants pass through stages characteristic only for 
the Early Splendor variety, i.e., the emergence of bright red heterotrophic 
leaves at shoot tops after growth completed, the formation of a green spot at 
the tip of each red leaf, and a gradual spread of the green zone throughout the 
leaf masking the red color.  

Our previous findings have shown that the total content of antioxi-
dants, photo-synthetic pigments and betacyanins in photosynthetic and hetero-
trophic leaves of Early Splendor plants differs. Moreover, the heterotrophic 
tissue of red leaves contains trace amounts of chlorophyll and is incapable of 
photosynthesis [12]. A number of studies have been reported on chlorophyll 
accumulation in red leaves [13, 14]. When assessing the expression of nine 
genes encoding eight enzymes that are involved in chlorophyll biosynthesis, a 
decrease was observed in the expression of the NADP-H-protochlorophyllide 
oxidoreductase gene. It catalyzes one of the stages of chlorophyll biosynthesis, 
therefore, a decrease in the NADP-H-protochlorophyllide oxidoreductase gene 
expression causes a loss of the ability to synthesize this photosynthetic pigment 
which plays a key role in the formation of red leaves in A. tricolor and its nu-
trition. Overproduction of the red-colored pigment amarantine can also be 
regulated by altering gene expression [15, 16].  

The autotrophic leaves use inorganic substrates to photosynthesize while 
heterotrophic leaves of the same plant utilize pre-synthetized organic compounds 
[17]. However, scant data are available on the patterns of the main low-
molecular-weight metabolites in auto- and heterotrophic leaves. 
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This paper is the first to report significant differences in the metabolite 
profiles between auto- and heterotrophic leaves of the Early Splendor amaranth 
plants. Gas chromatography-mass spectrometry (GC-MS)-based metabolomic 
analysis of water and ethanol leaf extracts has identified both nonspecific (com-
mon for different trophic types) and specific (characteristic of each type) low-
molecular-weight metabolites. These findings broaden current knowledge of the 
adaptive changes in cells during the transition from phototrophic to hetero-
trophic nutrition type through modulation of the set and properties of low-
molecular-weight metabolites. 

This work aimed to comparatively profile the low-molecular-weight me-
tabolites from heterotrophic and autotrophic leaves of the amaranth plant and to 
identify new bioactive antioxidant metabolites. 

Material and methods. The amaranth (Amarantus tricolor L.) Early 
Splendor cv. plants were grown in a film greenhouse (the Federal Scientific 
Center for Vegetable Growing, 2017-2019). During the period from the end of 
flowering to the beginning of seed formation, fully formed red-colored hetero-
trophic leaves from the top of the main shoot and the underlying photosynthet-
ic leaves were collected. The fresh leaves were crushed (an A11 basic homoge-
nizer, IKA, Germany) and extracted with 96% ethanol or distilled water at a 
ratio of 1:10 (leaves:extractant) at 24 С for 30 min. Metabolites were analyzed 
by gas chromatography-mass spectrometry (GC-MS) using a JMS-Q1050GC 
chromatograph (JEOL Ltd, Japan) equipped with a DB-5HT capillary column 
(Agilent, USA; 30 m½0.25 mm, film thickness 0.52 μm). The temperature gra-
dient ranged from 40 to 280 С (250 С for the injector and interface, 200 С 
for the ion source). The helium carrier gas flow rate in the column was 
2.0 ml/min, the analysis time was 45 min, the injection mode was split-flow, 
the volume of the injected sample was 1-2 μl of the evaporated extract. For 
derivatization, the silylation reagent N,O-bis(trimethylsilyl)trifluoroacetamide 
(BSTFA) was used as described by Robbins [18]. The scanning range was 33-
900 m/z. Substances were identified by retention parameters and mass spectra 
according to the of the library NIST-5 (National Institute of Standards and 
Technology, https://www.nist.gov, USA). The reliable probability of identification 
ranged within 75-98%. 

Results. The Figure (A, B) shows typical GC-MS profiles of water and 
ethanol extracts from heterotrophic amaranth leaves. The analysis identified 
87 metabolites of which 33 were found in water extracts and 74 in ethanol 
extracts (Table). 

A total of 22 compounds were organic acids, including aliphatic, cyclic 
and high molecular weight acids which contain one or more carboxyl groups (see 
Table). In cells, organic acids can be free or bound. The physiological role of 
organic acids lies in their protective antibacterial activity, antioxidant properties, 
and the ability to buffer cell sap and participate in the Krebs cycle. Five organic 
acids were identified in the water extracts from heterotrophic amaranth leaves 
and nine in the ethanol extracts. Bromsebacic, monoamidoethylmalonic and 
succinic acids were found in both extracts of the heterogeneous leaves. Phenolic 
acids (i.e., benzoic, phenylacetic, and phthalic) were identified only in auto-
trophic leaves. 

An important metabolite found in the ethanol extract was pantothenic 
acid (vitamin B5), an amide of the amino acid -alanine and pantothenic acid. 
Pantothenic acid as a coenzyme in CoA is involved in more than 130 metabolic 
reactions, participating in the synthesis of fatty acids, sterols, glycerides, citric 
acid, etc. [19].  
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Chromatographic profiles of water (left) and ethanol (right) extracts from heterotrophic (A, B) and 
photosynthesizing (C, D) leaves of amaranth (Amaranthus tricolor L.) cv. Early Splendor. Gas chro-
matography-mass spectrometer JMC-Q1050GC (JEOL Ltd, Japan).  
 

Metabolites identified in extracts from heterotrophic and photosynthesizing tissues of 
amaranth (Amarantus tricolor L.) cv. Early Splendor leaves by gas chromatography-
mass spectrometry 

Rt, min Compounds Extract 
O r g a n i c  a c i d s  

20:02 D-arabinonic acid, C5H10O5  EH, EP 
19:57 Azelainic acid, C9H16O4  WH, WP 
22:42 2-Bromosebacic acid, C10H17O4Br WH, EH 
10:23 Butanoic acid, C4H8O2  EP 
27;25 Dodecanedioic acid, C12H22O2 EP 
17:59 Glutaric acid, C5H8O4 EH, EP 
22:23 2-Hydroxyoctanoic acid, C4H8O3 WP 
12:09 Monoamidoethylmalonic acid, C14H33NO3  WH, EH, EP 
16:33 Malic acid, C4H6O5 EH, EP 
14:59 Malonic acid, C3H4O4 EH, EP 
10:24 Lactic acid, C3H6O3 EH, EP 
20:47 Pentonic acid, C5H10O2 EH, EP 
20:11 10-Undecynoic acid, C11H22О2 WP 
14:58 Erythronic acid, C18H30O5 EP 
22:59 Erythro-pentonic acid, C6H12O2  EP 
13:09 DL-malic (Butanedioic) acid, C4H4O5  EP 
14:04 Succinic acid, C4H4O4 WH, EH 
17:47 2-Isopropylmalic acid, C4H4O4  EH 
22:04 Pantothenic acid, C9H17O5 EH 

P h e n o l i c  a c i d s  
19:37 Benzoic acid, C7H6O2  WP 
21:09 Phenylacetic acid, C8H8О2 EP 
22:51 Isoferulic acid, C10H13O4  WP 
21:23 Phthalic acid, C8H12O4 WP 

F a t t y  a c i d s  
18:25 
19:07 

Dodecanoic acid, C10H20O2 
Myristic acid, C14H28O2  

EH  
EH 

21:15 Hexadecanoic acid, C16H32O2 WH, EH, WP, EP 
17:51 Octadecanoic (Stearic) acid, С17Н35COOH WH, EH, WP, EP 
21:10 Linoleic acid (essential), C12H14О2 WH, EH, WP, EP 
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Continued Table 

C a r b o h y d r a t e s  
19:43 L-(-)-Arabitol, C5H12O5 EP 
21:22 -DL-Arabinopyranose, C5H12O5 WH, EH, EP 
19:03 -L-Galactopyranose, C6 H13 O8 EH, WP, EP 
19:26 D-Galactose, C6 H16O6 EH, WP, EP 
20:01 -D-Xylopyranose, C6H10O5  EH 
22:07 D-Mannitol, C6H12O6 EP 
19:43 Ribitol, C5H12O5 WP, EP 
17:57 β-Erythrotetrofuranose, C5H14O5 EP 
22:41 Ribonic acid, pentakis, C5H12O5 EP 
22:17 -D-Glucopyranose, C6H6O6 EP 
20:46 -(DL)-Lyxopyranose, С5Н10О5 EP 
20:00 Levoglucosan, C6H10O5 WP, EP 
36:53 3--Mannobiose, C12H22O11 EP 
20:11 D-(-)-Tagatofuranose, C6H12O6  EH, EP 
20:15 L-(-)-Sorbose, C6H12O6 EP 
20:36 -l-(-)Sorbofuranose, С6Н12О6 EH, WP, EP 
18:36 D-(-)-Ribofuranose, C5H10O5  WH, EH, EP 
20:36  D-(-)-Fructofuranose, C5H8O6  EP 
20:51 D-(-)-Fructopyranose, C5H8O6  WP, EP 
30:48 D-(+)-Turanose, C6H12O6 EP 
20:55 D-(+)-Talofuranose, C5H12O6  EH  
19:43 Ribitol, C5H12O5 EH 
21:17  Glyceryl glycoside EP 
20:18 Glucofuranoside, C6H12O6 EP 
19:43 Gluconic acid, -lacton, C6H12O6 EP 
21:51 Inositol, C6H12O6 EP 
19:30 D-(+)-Ribono-1,4-lactone, C5H12O5 EH, EP 
19:43 Gluconic acid, -lacton, C6H10O6  WH, EH  
13:50 Clycerol, C3H8O3 WH, EH, WP, EP 
14:57 2(3H)-Furanone, C4H4O2 EH 

A m i n o  a c i d s  a n d  t h e i r  d e r i v a t e s  
11:07 L-Alanin, C3H7NO2 EH, WP, EP 
12:06 L-Leucine, C6H13NO2 EH, EP 
14:03 L-Isoleucine, C6H13NO2 EP 
16:58 L-Aspartic acid, C4H7NO4  EP 
18:40 L-Аsparagin, C4H8N2O3 EP 
16:48 L-Proline, C3H9NO2 EH, EP 
13:47 L-Homoserine, C4H9NO3 EH 
13:20 L-Serin, C3H7N1O3 EP 
12:55 L-Valin, C5H11NO2 EH, EP 
15:23 L-Treonin, C4H9NO3 EH, EP 
21:37 L-Tyrosine, C9H17NO2 EP 
18:12 L-Phenylalanin, C9H18NO2 EP 
22:38 L-Cistatione, C7H14N2O2 EH 

T e r p e n e s  
36:06 Squalen, C30H50  WH, EH, WP, EP 
23:01 Borneol, C10H18O  EH 
20:10 Izoborneol, C10H18O EH 
22:42 Dehydroabietic acid, C20H29O EH 

O t h e r s   
40:20 (+)--Tocopherol, C29H50O2 EP 
16:00 Niacinamide, C6H5NO2 WP, EP 
22:25 Stigmasterol, C30H18O EH 
20:29 Monononanoin, C15H18O7      EH 
11:45 Carbamothioic acid, CH3NO2 EH, WP 
20:08 Adenine, C5H5N5 EH, WP 
14:25 Uracil, C4H6N2O2 EP 
11:18 Mono-ethylmalonate, C4H4O5 EH 
16:25 Trigonelline, C7H7NO2 EP 
16:08 2-Pyrrolidone-5-carboxylic acid, C9H27N2O4 EH 
16:28 2,4(1H,3H)-Pyromidinedione, C4H4N2O3 EP 
N o t е. Rt — retention time, WH — water extract from heterotrophic tissues, EH — ethanol extract from 
heterotrophic tissues, WP — water extract from photosyntesizing tissues, EP — ethanol extract from 
photosyntesizing tissues. 

 

The next group of identified compounds refers to fatty acids that contain 
an acidic group —COOH (carboxyl) in their molecule. Fatty acids are the lipid 
components and have protective functions. In addition to fatty acids, lipids in-
clude alcohol glycerol which has been identified in water and ethanol extracts of 
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heterotrophic leaves. In the course of plant adaptation to changing ambient con-
ditions, an important role is assigned to an increase in the content of saturated 
and unsaturated fatty acids and their ratio, which determines the stability of the 
membrane lipids [20, 21]. 

In heterotrophic and autotrophic leaves, two saturated fatty acids (pal-
mitic and stearic) and one unsaturated fatty acid (linoleic) were identified. In 
addition, in the aqueous extract of heterotrophic leaves, we found two saturated 
fatty acids, the myristic (C14H28O2) and lauric (C10H20O2), which indicates a 
high adaptability of photosynthetic leaves.  

Low-molecular-weight sugars and polyhydric alcohols perform protective 
functions in the plant, exhibiting osmoprotective and antioxidant properties, and 
can also be part of signaling systems [22]. Monosaccharides serve as sources of 
energy and nutrients and are used for the synthesis of polysaccharides. The 
group of carbohydrate derivates is the largest and represented by 30 compounds, 
including simple carbohydrates, sugar alcohols, and lactones. Analysis of these 
compounds from the heterotrophic leaves revealed 12 substances, including two 
polyhydric alcohols, the glycerol and ribitol. The water extracts contained only 
four carbohydrate metabolites, the gluconic acid lactone, arabinopyranose, ga-
lactopyranose, and ribose  

Amino acids are bioactive compounds with physiological activity. They 
are structural elements of synthesized protein molecules and participate in vari-
ous metabolic events, in formation of plant resistance to stresses of various na-
tures, and in detoxification of xenobiotics [23]. In the ethanol extract from het-
erotrophic leaves, we identified six amino acids of which three, the valine, thre-
onine, and leucine are essential. It should be noted that cystathione serves as an 
intermediate in the biosynthesis of methionine.  

Terpene metabolites, the borneol, isoborneol, dehydroabietic acid, and 
squalene were identified in the water extracts, while phytosterols and stigmas-
terol involved in the synthesis of cholesterol were identified in the ethanol ex-
tracts. The unique phytosterol squalene (C30H50) found in the heterotrophic 
leaves exhibits anticarcinogenic activity and wound-healing effects in humans 
and, being a powerful antioxidant, promotes intensive metabolism in cells [24]. 
As a food ingredient or as a special dietary supplement, squalene lowers choles-
terol. Earlier, we first identified squalene in an aqueous extract from leaves of 
amaranth Amaranthus tricolor L. cv. Valentina [25]. Squalene is the compound 
from which steroids are formed. Currently, a number of steroid compounds have 
been found in plants that were previously considered typical for animal organ-
isms, for example, cholesterol pregnenolone and progesterol [26].  

In heterotrophic amaranth leaves, monopelargonin (mononanoin) 
(C15H11O7) was identified for the first time. Mononanoin is a phenolic com-
pound, an intermediate of o-glycosylation of flavonoids, and has high antioxi-
dant activity [27, 28].  

The Figure (C, D) shows typical profiles of water and ethanol extracts of 
autotrophic leaves of amaranth cv. Early Splendor. GC-MS analysis revealed 67 
low-molecular-weight compounds in photosynthesizing green-violet leaves, of 
which 59 metabolites from autotrophic tissues were present in the ethanol extracts, 
and only 21 metabolites were identified in the water extracts (see Table 1).  

It should be noted that more organic acids were present in autotrophic 
leaves than in heterotrophic. We found five organic acids in the water extracts 
from autotrophic leaves. It is known that natural antimicrobial substances with 
antioxidant activity synthesized in the leaves of amaranth A. tricolor (malate, 
oxalacetate, ferulic, benzoic, gallic and other organic and phenolic acids) con-
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tribute to food preservation [29-32]. Among natural metabolites of amaranth, 
these organic and phenolic acids involved in cell metabolism attract special at-
tention [33-35]. 

Organic acids of different chemical nature (i.e., polyoxycarboxylic and 
phenylcarboxylic acids) were found in the ethanol extracts of green amaranth 
leaves. For example, the bioactive phenylacetic acid (С8Н8O2) serves as a plant 
hormone (auxin).  

Of the fatty acids, we found palmitic, stearic, and linolenic acids both in 
water and ethanol extracts. In addition, lauric and myristic saturated fatty acids 
were detected in the water extracts.  

In green leaves, five monosaccharides and a polyhydric alcohol ribit were 
identified in the water extracts, erythrofuranose and ribonic acid were addition-
ally found in the ethanol extracts (see Table). The ethanol extracts of auto-
trophic leaves contained the largest number of monosaccharides and their de-
rivatives, a total of 24, of which five, the mannitol, ribitol, glycerin, arabitol, and 
inositol (a vitamin-like substance cyclohexane-1,2,3,4,5,6-hexol, the vitamin B8) 
belong to polyhydric alcohols.  

In water and ethanol extracts of autotrophic amaranth leaves, we found 
essential amino acids valine, leucine, isoleucine, threonine, and phenylalanine, 
as well as stress-protective amino acids serine, proline, aspartic acid, asparagine, 
alanine, and tyrosine. Six amino acids were detected in heterotrophic leaves.  

Ore earlier studies have shown that the leaves of the vegetable amaranth 
A. tricolor cv. Valentina contain a full set of free and protein-bound essential ami-
no acids, as well as a large number of bioactive metabolites with antioxidant ac-
tivity which determine the pharmacological property of a bioactive supplement 
(herbal tea) Amarantil [7, 36].  

Trigonelline (betaine) which is formed by methylation of nicotinic acid 
and plays a significant role in nitrogen metabolism [31, 37] was also found in the 
ethanol extracts from photosynthesizing amaranth leaves.  

The E group vitamins identified in the ethanol extracts of photosynthe-
sizing leaves, being strong antioxidants, regulate free radical activity in the cell 
and thus protect unsaturated fatty acids of membrane lipids from oxidation. To-
copherols reduce the risk of chronic free radical pathologies and suppress the 
enzyme responsible for cholesterol synthesis [38]. The profiles of bioactive me-
tabolites in water and ethanol extracts from amaranth leaves identified in this 
work and obtained earlier [24] indicate that amaranth can be used to develop 
safe functional products and drugs exhibiting antioxidant [39], hepatoprotective 
[40, 41], and antidiabetic [42, 43] effects.  

The biochemical composition of low-molecular-weight bioactive sub-
stances, including those with anti-stress and pharmacological effects, is being 
actively studied in various organs of amaranth, but especially in the leaves [44, 
45]. With the advent of metabolomic technologies, the list of identified low-
molecular-weight metabolites in various amaranth species has increased [46]. In 
leaves of green- and red-colored vegetable and grain amaranth species, com-
pounds were found that are valuable not only for the food, but also for the phar-
maceutical industry (squalene, inositol, glycerin, stigmasterol, linoleic acid, gluco-
pyranose, mannose, etc.), which is similar to the data obtained in this work.  

The relationship between hetero- and phototrophic leaves is of particular 
interest. Metabolic profiling showed that the heterotrophic leaves of cv. Early 
Splendor contain 13 carbohydrate derivates out of 29 those present in auto-
trophic leaves (see Table). It should be noted that carbohydrates in plants play a 
key role as energy sources and carbohydrate skeletons for organic compounds, 
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storage substances, signaling molecules, they also participate in plant defense 
response to abiotic stresses. 

Of the monosaccharides, eight compounds were detected in the hetero-
trophic leaves, which was significantly less compared to autotrophic leaves con-
taining 13 compounds. It should be noted that among the latter, xylose and 
talose which are involved in the synthesis of complex carbohydrates were not 
identified. The revealed ability of monosaccharides to be both water- and etha-
nol-extracted from heterotrophic (arabinopyranose and ribose) and autotrophic 
(galactopyranose, galactose, sorbofuranose and fructofuranose) leaves indicates 
the amphiphilic (osmoprotective) properties of their molecules.  

Metabolic profiling revealed five polycyclic alcohols in the autotrophic 
leaves and glycerol and ribitol in heterotrophic leaves. 

Monosaccharides, polycyclic alcohols and proline in amaranth leaves are 
compatible osmolytes that help maintain the osmotic balance of the cell, stabi-
lize proteins and cellular structures, exhibiting a protective function. However, 
heterotrophic leaves contained significantly less compatible osmolytes compared 
to autotrophic ones. Probably, in heterotrophic leaves, carbohydrates perform 
the function of signaling molecules and are necessary to construct cell mem-
branes.  

The obtained results suggest the formation of three pools of monosac-
charides and their derivates in hetero- and autotrophic amaranth leaves which 
perform different, possibly interchangeable functions. The water-soluble pool of 
carbohydrate metabolites plays a decisive role in cell metabolism, providing op-
timal metabolic activity in the cytoplasm and antioxidant protection. The etha-
nol-soluble pool of monosaccharides and their derivates ensures the preservation 
and activity of cell structures. The pool of amphiphilic monosaccharides and 
their derivates maintains the osmotic balance, participates in the stabilization of 
proteins and cell structures, and provides antioxidant protection.  

In cv. Early Splendor amaranth plants, after the growth of the main 
shoot is completed and the formation of heterotrophic tissues are initiated at its 
apex, complex metabolic links arise between red and photosynthesizing leaves. 
We assume that they are mediated by the transport of assimilates from photosyn-
thetic leaves (donor) to newly formed growing heterotrophic leaves (acceptor). 
This study indicates that the heterotrophic tissues of red leaves contain 37 low-
molecular-weight metabolites found in photosynthesizing leaves. These are car-
bohydrate substances, organic acids, amino acids, and essential fatty acids. Iden-
tical metabolites found in heterotrophic and autotrophic leaves seem to be key 
for the formation of heterotrophic tissue.  

Thus, gas chromatography-mass spectrometry profiling of water and eth-
anol extracts from photosynthesizing and heterotrophic leaves of amaranth cv. 
Early Splendor revealed 87 low-molecular-weight metabolites, including organic 
acids, monosaccharides and their derivates, fatty and amino acids, and second-
ary metabolites (phenolic compounds, terpenes, and glycosides). Heterotrophic 
leaves contain almost 1.5 times less metabolites compared to autotrophic leaves. 
The appearance of nonspecific and specific metabolites in both photosynthesiz-
ing and heterotrophic leaves, on the one hand, indicates a close interaction of 
these trophic ways, and on the other, the partial autonomy of heterotrophic 
leaves due to their ability to synthesize and modify metabolites. Most of the 
identified compounds have nutritional and pharmacological value. Therefore, 
leaves of the amaranth cv. Early Splendor are rich in bioactive metabolites and 
can be used as a raw material for production of dietary and prophylactic bioac-
tive food additives and herbal medicines. The detection of identical metabolites 
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in photosynthesizing and heterotrophic tissues indicates that in-deep study of 
their interaction is of fundamental and practical matter.  

 
R E F E R E N C E S  

 
1. Hilou A., Ouedraogo I., Sombié P., Guenné S., Paré D., Compaoré M. Leafy amaranthus con-

sumption patterns in Ouagadougou, Burkina Faso. African Journal of Food, Agriculture, Nutrition 
and Development, 2016, 16(4): 11248-11264 (doi: 10.18697/ajfand.76.13810). 

2. Li H., Deng Z., Liu R., Zhu H., Draves J., Marcone M., Sun Y., Tsao R. Characterization of 
phenolics, betacyanins and antioxidant activities of the seed, leaf, sprout, flower and stalk ex-
tracts of three Amaranthus species. Journal of Food Composition and Analysis, 2015, 37: 75-81 
(doi: 10.1016/j.jfca.2014.09.003). 

3. Rastogi A., Shukla S. Amaranth: a new millennium crop of nutraceutical values. Critical Reviews 
in Food Science and Nutrition, 2013, 53(2): 109-125 (doi: 10.1080/10408398.2010.517876). 

4. Gins M.S., Gins V.K., Kononkov P.F. Vestnik Rossiiskoi sel'skokhozyaistvennoi nauki, 2016, 2: 
55-58 (in Russ.). 

5. Kachiguma N., Mwase W., Maliro M., Damaliphetsa A. Chemical and mineral composition of 
amaranth (Amaranthus L.) species collected from central Malawi. Journal of Food Research, 
2015, 4(4): 92-102 (doi: 10.5539/jfr.v4n4p92). 

6. Sharma N., Gupta P. C., Rao C. V. Nutrient content, mineral content and antioxidant activity 
of Amaranthus viridis and Moringa oleifera leaves. Research Journal of Medicinal Plants, 2012, 
6(3): 253-259 (doi: 10.3923/rjmp.2012.253.259). 

7. Gins M., Gins V., Momyleva, S., Kulikov I., Medvedev S., Kononkov P., Pivovarov V. Mineral 
composition of amaranth (Amaranthus L.) seeds of vegetable and grain usage by ARHIVBSP selec-
tion. Potravinarstvo Slovak Journal of Food Sciences, 2018, 12(1): 330-336 (doi: 10.5219/863). 

8. Arunachalam V., Dhargalkar S., Vaingankar J., Kevat N. Pigment rich amaranth by tri-stimulus 
colorimetry and progeny test. National Academy Science Letters, 2016, 39(6): 411-415 (doi: 
10.1007/s40009-016-0491-8).  

9. Noori M., Talebi M., Nasiri Z. Seven Amaranthus L. (Amaranthaceae) taxa flavonoid com-
pounds from Tehran Province, Iran. International Journal of Modern Botany, 2015, 5(1): 9-17 
(doi: 10.5923/j.ijmb.20150501.02). 

10. Kwon H.J., Jung N.S., Han S.B., Park S.B. Evaluation of antioxidant activity of Amaranthus 
hypochondriacus L. extract using cyclic voltammetry. Electrochemistry, 2019, 87(6): 336-340 (doi: 
10.5796/electrochemistry.18-00097). 

11. Karamać M., Gai F., Longato E., Meineri G., Janiak M., Amarowicz R., Peiretti P.G. Antioxi-
dant activity and phenolic composition of amaranth (Amaranthus caudatus) during plant growth. 
Antioxidants, 2019, 8(6): 173 (doi: 10.3390/antiox8060173). 

12. Gins M.S., Pivovarov V.F., Gins V.K., Baikov A.A., Platonova S.Yu., Gins E.M. Ovoshchi 
Rossii, 2016, 3(32): 79-83 (doi: 10.18619/2072-9146-2016-3-79-83) (in Russ.). 

13. Iwamoto K., Fukuda H., Sugiyama M. Elimination of POR expression correlates with red leaf 
formation in Amaranthus tricolor. The Plant Journal, 2001, 27(4): 275-284 (doi: 10.1046/j.1365-
313x.2001.01082.x). 

14. Wang Q.M., Cui J., Dai H., Zhou Y., Li N., Zhang Z. Comparative transcriptome profiling of 
genes and pathways involved in leaf-patterning of Clivia miniata var. variegata. Gene, 2018, 677: 
280-288 (doi: 10.1016/j.gene.2018.07.075).  

15. Liu S., Zheng X., Pan J., Peng L., Cheng C., Wang X., Zhao C., Zhang Z., Lin Y., XuHan X., 
Lai Z.-X. RNA-sequencing analysis reveals betalains metabolism in the leaf of Amaranthus tri-
color L. PLoS ONE, 2019, 14(4): e0216001 (doi: 10.1371/journal.pone.0216001). 

16. Khandaker L., Akond M., Oba S. Air temperature and sunlight intensity of different growing 
period affects the biomass, leaf color and betacyanin pigment accumulations in red amaranth 
(Amaranthus tricolor L.). Journal of Central European Agriculture, 2009, 10 (4): 439-448. 

17. Mokronosov A.T. Ontogeneticheskii aspekt fotosinteza [Ontogenetic aspect of photosynthesis]. 
Moscow, 1981 (in Russ.). 

18. Robbins R.J. Phenolic acids in foods: an overview of analytical methodology. Journal of Agricul-
tural and Food Chemistry, 2003, 51(10): 2866-2887 (doi: 10.1021/jf026182t). 

19. Smashevskii N.D., Ionova L.P. Astrakhanskii vestnik ekologicheskogo obrazovaniya, 2016, 2(36): 
54-66 (in Russ.). 

20. Upchurch R.G. Fatty acid unsaturation, mobilization, and regulation in the response of plants 
to stress. Biotechnology Letters, 2008, 30(6): 967-977 (doi: 10.1007/s10529-008-9639-z). 

21. Yadav S.K. Cold stress tolerance mechanisms in plants. A review. Agronomy for Sustainable 
Development, 2010, 30(3): 515-527 (doi: 10.1051/agro/2009050). 

22. Ibragimova S.S., Gorelova V.V., Kochetov A.V., Shumnyi V.K. Vestnik Novosibirskogo gosudar-
stvennogo universiteta. Seriya: Biologiya, klinicheskaya meditsina, 2010, 8(3): 98-103 (in Russ.). 



 

929 

23. Yakhin O.I., Lubyanov A.A., Kalimullina Z.F., Batraev R.A. Izvestiya Orenburgskogo gosudar-
stvennogo agrarnogo universiteta, 2012, 1(33): 38-40 (in Russ.). 

24. Lutsenko M.T. Sibirskii nauchnyi meditsinskii zhurnal, 2010, 30(6): 152-154 (in Russ.). 
25. Gins M.S., Gins V.K., Motyleva S.M., Kulikov I.M., Medvedev S.M., Pivovarov V.F., 

Mertvishcheva M.E. Metabolites with antioxidant and protective functions from leaves of vege-
table amaranth (Amaranthus tricolor L.) Sel'skokhozyaistvennaya biologiya [Agricultural Biology], 
2017, 52(5): 1030-1040 (doi: 10.15389/agrobiology.2017.5.1030eng). 

26. Vysochina G.I. Khimiya rastitel'nogo syr'ya, 2013, 2: 5-14 (doi: 10.14258/jcprm.1302005) (in 
Russ.). 

27. Zaprometov M.H. Fenol'nye soedineniya: Rasprostranenie, metabolizm i funktsii v rasteniyakh 
[Phenolic compounds: localization, metabolism and function in plants]. Moscow, 1993 (in 
Russ.). 

28. Hofer B. Recent developments in the enzymatic O-glycosylation of flavonoids. Applied Microbi-
ology and Biotechnology, 2016, 100(10): 4269-4281 (doi: 10.1007/s00253-016-7465-0). 

29. Buldagov A.S. Pishchevye dobavki [Nutritional supplements]. St. Petersburg, 1996 (in Russ.). 
30. Shkarina E.I., Maksimova T.V., Nikulina I.N., Lozovskaya E.P., Chumakova Z.V., Pakhomov 

V.P., Sapezhinskii I.M., Arzamastsev A.P. Khimiko-Farmatsevticheskii Zhurnal, 2001, 35(6): 40-
47 (in Russ.). 

31. Kretovich V.L. Biokhimiya rastenii [Plant biochemistry]. Moscow, 1980 (in Russ.). 
32. Korul'kin D.Yu., Abilov Zh.A., Muzychkina R.A., Tolstikov G.A. Prirodnye flavonoidy [Natural 

flavonoids]. Novosibirsk, 2007 (in Russ.). 
33. Agarwal A.G., Khan M.I., Singh K., Sidhu O.P. Isolation, identification and quantification of 

bioactive compounds from Amaranthus hypochondriacus leaf extract: a vital source of potent 
natural antioxidants. International Journal of Research in Pharmaceutical Sciences, 2019, 10(12): 
5632-5638 (doi: 10.13040/IJPSR.0975-8232.10(12).5632-38). 

34. Nimbalkar M.S., Pai S.R., Pawar N.V., Oulkar D., Dixit G.B. Free amino acid profiling in 
grain amaranth using LC-MS/MS. Food Chemistry, 2012, 134(4): 2565-2569 (doi: 
10.1016/j.foodchem.2012.04.057).  

35. Guo S.-H., Hu N., Li Q.-S., Yang P., Wang L.-L., Xu Z.-M., Chen H.-J., He B.-Y., Zeng 
E.-Y. Response of edible amaranth cultivar to salt stress led to Cd mobilization in rhizo-
sphere soil: a metabolomic analysis. Environmental Pollution, 2018, 241: 422-431 (doi: 
10.1016/j.envpol.2018.05.018). 

36. Pivovarov V.F., Gins M.S., Gins V.K. Innovative beverage production technologies based on 
Amaranth biomass. IOP Conference Series: Earth and Environmental Science, 2019, 395: 012090 
(doi: 10.1088/1755-1315/395/1/012090). 

37. Bubnova M.G., Aronov D.M., Perova N.V., Chudakova I.V., Mel'kina O.E., Lobikova S.V., 
Zhasminova V.G. Klinicheskaya farmakologiya i terapiya, 2002, 11(4): 26-30 (in Russ.). 

38. Byshevskii A.Sh., Galyan S.L., Dement'eva I.A., Rudzevich A.V. Tromboz, gemostaz i reologiya, 
2009, 4(40): 16-32 (in Russ.). 

39. Clemente A.C., Desai P.V. Evaluation of the hematological, hypoglyces, hypolipidemic and 
antioxidant properties of Amaranthus tricolor leaf extract in rat. Tropical Journal of Pharmaceuti-
cal Research, 2011, 10(5): 595-602 (doi: 10.4314/tjpr.v10i5.8). 

40. Al-Dosari M.S. The effectiveness of ethanolic extract of Amaranthus tricolor L.: a natural hepa-
toprotective agent. The American Journal of Chinese Medicine, 2010, 38(6): 1051-1064 (doi: 
10.1142/S0192415X10008469). 

41. Aneja S., Vats M., Aggarwal S., Sardana S. Phytochemistry and hepatoprotective activity of 
aqueous extract of Amaranthus tricolor Linn. roots. Journal of Ayurveda and Integrative Medicine, 
2013, 4(4): 211-215 (doi: 10.4103/0975-9476.123693). 

42. Biswas M., Dey S., Sen R. Betalains from Amaranthus tricolor L. Journal of Pharmacognosy and 
Phytochemistry, 2013, 1(8): 7-95. 

43. Rahmatullah M., Hosain M., Rahman S., Rahman S., Akter M., Rahman F., Rehana F., Mun-
mun M., Kalpana M.A. Antyhyperglycaemic and antinociceptive activity evaluation of methanolic 
extract of whole plant of Amaranthus tricolor L. (Amaranthaceae). African Journal of Traditional, 
Complementary and Alternative Medicines, 2013, 10(5): 408-411 (doi: 10.4314/ajtcam.v10i5.31). 

44. Nimbalkar M., Pawar N., Pai S., Dixit G. Synchronized variations in levels of essential amino 
acids during germination in grain Amaranth. Brazilian Journal of Botany, 2020, 43: 481-491 
(doi: 10.1007/s40415-020-00624-5). 

45. Chmelík Z., Šnejdrlová M., Vrablík M. Amaranth as a potential dietary adjunct of lifestyle mod-
ification to improve cardiovascular risk profile. Nutrition Research, 2019, 72: 36-45 (doi: 
10.1016/j.nutres.2019.09.006). 

46. Rocchetti G., Tomas M., Zhang L., Zengin G., Lucini L., Capanoglu E. Red beet (Beta vulgar-
is) and amaranth (Amaranthus sp.) microgreens: Effect of storage and in vitro gastrointestinal di-
gestion on the untargeted metabolomic profile. Food Chemistry, 2020, 332: 127415 (doi: 
10.1016/j.foodchem.2020.127415). 




