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Spinach is an economically important vegetable crop widely cultivated and consumed worldwide.
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Introduction
he conditions of modern life put forward new require-
ments for human nutrition. In the market, there is a

growing demand for natural products with high nutritional
value and revitalizing properties. Cultivated spinach
(Spinacia oleracea L.) is an economically important veg-
etable crop widely cultivated and consumed worldwide.
According to FAOSTAT, global production of spinach is
growing every year, having reached 35 million tons in 2021
(FAOSTAT) [1]. Spinach is consumed fresh, used in the
canning industry for the production of juices, purees, in
baby and diet foods, as well as for the production of a
green dye [2,3]. This leafy vegetable is rich in bioactive
components and fiber [4]. It is valued for its high content of
ascorbic acid, carotenoids, vitamins B1, B2, B3, B6, B9, H,
K, E, P, and PP [5]. Also, it contains iron, sodium, potassi-
um, calcium, magnesium, phosphorus, sugars, and pro-
tein. Due to the high content of various organic acids, the
nutritional value of spinach does not change during can-
ning and drying [6,7]. Spinach contains various active com-
pounds such as flavonoids and other polyphenolic active
ingredients that act synergistically as anti-inflammatory,
antioxidant and anti-cancer agents. Epidemiological and
preclinical data from studies on the health effects of
spinach confirm its beneficial effects [8,9,10,11,12,13].

According to the APG Il Classification System (2003)
[14], Spinacia L. genus belongs to the Chenopodioideae
subfamily of the Amaranthaceae family. In an earlier classi-
fication, spinach belonged to the Chenopodiaceae family.
The genus is represented by three species: two 2003wild
ones, S. turkestanica lljin and S. tetrandra Stev., and culti-
vated S. oleracea L. The species S. tetrandra was first
described by Christian von Steven, a Russian botanist of
Swedish origin, while studying the flora of the Caucasus
(1809) [15], and was long considered the only wild spinach
species. The species S. turkestanica was isolated by M.M.
llyin in 1934 as an independent species of wild spinach
growing in Central Asia [16]. The distribution area of S.
tetrandra is located mainly in Transcaucasia, while that of
S. turkestanica is found in East and Central Asia,
Uzbekistan, Turkmenistan, Afghanistan, and Iran
[17,18,19].

The exact origin and the earliest date of S. oleracea cul-
tivation are still unknown. It is believed that spinach was

Spinacia oleracea L.
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introduced into culture about two thousand years ago in
Iran (former Persia), from where it spread to China,
Europe, North Africa and America [20]. These assump-
tions were confirmed by recent transcriptome sequencing
of 120 spinach accessions. It was shown that the most
likely progenitor of cultivated spinach is S. turkestanica
[21,22].

Wild S. turkestanica is of considerable interest for
spinach breeding for such economically valuable traits as
cold and drought tolerance, resistance to the most com-
mon diseases, abiotic stresses, as well as soil salinity and
acidity. Its biochemical composition has been studied lit-
tle. In light of the growing interest to the nutritional value
and composition of spinach, the present study is relevant.

The present work was aimed at revealing features of the
biochemical profile and antioxidant activity in the cultivated
spinach species (S. oleracea) and its wild predecessor (S.
turkestanica).

Materials and methods

The object of the study were two spinach species, S.
oleracea and S. turkestanica (Fig. 1). The material for the
experiment were 48 accessions from the spinach collec-
tion of the N.I. Vavilov All-Russian Institute of Plant Genetic
Resources (VIR). The plants were grown in the open field of
the "Pushkin and Pavlovsk Laboratories of VIR" Research
and Production Base (59°7111275'N, 30°43032647E) in
2019, 2020. Seeds were sown manually on July 15 in a row
with a 10 cm distance between plants and 70 cm between
rows. Biomass was sampled for analyzing in the rosette
phase on day 40 from the sprouts emergence. Soils in
Pushkin are predominantly sod-podzols and sandy loams.
The accessions were grown against a natural background
without the use of fertilizers and pesticides.

The weather conditions of the second half of the sum-
mer of 2019 and 2020 were generally favorable for growing
spinach and were characterized by moderate air tempera-
tures at the level of long-term mean values (Fig.2). The
growing season of 2020 was characterized by a large
amount of precipitation: in June by 20 mm, in August - by
45 mm. Irrigation was carried out if necessary. The weath-
er conditions of both years of testing made it possible to
obtain plants identical in habit and weight of one plant with
the closest possible biochemical parameters.

o O

| Spinacia turkestanica Ijin. §

Fig. 1. Experimental spinach species: S. oleracea L. (left) and S. turkestanica lljin. (on right).
Puc.1. Bugsl wnuHaTta B onbite: S. oleracea L. (cneBa) n S. turkestanica lljin. (cnpaBa).
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Fig. 2. Climatic characteristics of the growing seasons 2019, 2020 (Pushkin)
Puc. 2. Knumatnyeckas xapaktepucTuka BeretaymoHHbix nepuogos 2019, 2020 rogos (r. [MywkuH)

Biochemical analysis was carried out in the Department of
Biochemistry and Molecular Biology of VIR. Accessions
were processed and analyzed as described in Ermakov et al.
[23]. Dry weight (in %) was measured gravimetrically. A50 g
portion of fresh substance was dried in a thermostat at 80 °C
for 12 hours, and then at 105 °C for 1 hour to a constant
weight. The content of ascorbic acid was determined by
direct extraction from plants (10 g) with 1% HCI solution
(according to I.K. Murri) followed by titration with 2,6-
dichloroindophinol (Thielman's reagent) and expressed in
mg/100 g. The total sugars content was determined by the
Bertrand method. A 25 g sample was taken for the analysis.
Oligosaccharides were preliminarily hydrolyzed with 10%
HCI solution. The amount of cuprous oxide precipitate strict-
ly corresponded to the amount of sugar in the solution. The
settled precipitate of cuprous oxide was dissolved with iron
sulfate (oxide) in the presence of sulfuric acid. In this case,
copper oxide is oxidized completely, and ferrous oxide, in
turn, is quantitatively oxidized with a titrated solution of
potassium permanganate. The data are presented in per-
cent. To measure the total acidity, a 25 g sample of fresh
substance was homogenized in 250 ml of hot distilled water,
then filtered, and 10 ml was titrated with 0.1 N alkali in the
presence of an indicator. The results are expressed as a per-
centage, recalculated as oxalic acid. The protein content
was measured by the Kjeldahl method [24]: a sample of
dried and ground material was mineralized by heating with
concentrated sulfuric acid at 420 °C for one and a half hours.
Nitrogen was determined using a Kjeltec 2200 semi-auto-
matic analyzer (FOSS, Sweden) followed by titration with 0.1
N sulfuric acid solution The total protein content was calcu-
lated from nitrogen with a factor of 6.25 (for vegetable
crops). Pigments were isolated with 100% acetone, and
their absorption was measured on an Ultrospec Il spec-

pes

of

; I

Fig. 3. Origin and number of the studied spinach accessions

trophotometer (England) at different wavelengths (nm): 662
and 645 for chlorophylls a and b, 440 for carotenoids, and
454 for B-carotene. The total amount of soluble phenolic
compounds was determined by Folin-Ciocalteu spectropho-
tomety (phenolic compounds were extracted with 80% alco-
hol and kept for 12t in the dark at room temperature; absorp-
tion measured at 765 nm) modified by Singleton and Rossi
[25]. The result was expressed as mg of gallic acid equiva-
lent (GAE) per 100 g. For assessing antioxidant activity, free
radical colorimetry was used as a method based on the reac-
tion of the ethanol-dissolved DPPH (2,2-diphenyl-1-picrylhy-
drazyl (C1gH12N506, M = 394.33)) with an antioxidant sample
[26]. The result was expressed as ascorbic acid equivalent
(AAE). All data are given in terms of crude matter.

The data were statistically processed in the Statistica 10.0
program and in the R environment. The descriptive statistics
(mean values, standard error of the mean, and coefficient of
variation) were calculated for all parameters. Pearson corre-
lation coefficient values of r<0.5 were considered as low,
those in the range of 0.51>r> 0.7 as medium, in the range of
0.71>r>0.9 as high, and those of r > 0.9 as very strong.

Results and discussion

The VIR spinach collection is represented by three known
species and features a wide variety of genotypes both in
terms of origin and year of inclusion in the collection, and in
terms of morphological characteristics. All the studied
accessions are of European or Asian origin. The largest
number of accessions belongs to the species S. oleracea;
39 accessions are from European countries, Russia and
Japan (Fig.3). S. turkestanica was represented by 9 acces-
sions from Armenia, Kazakhstan, Uzbekistan, Tajikistan and
China, which is consistent with historical data on the center
of crop origin and ways of its spreading [19].

Origin
B Armenia
I Bulgaria
| Germany
= Spain
B ltaly
I Kuzakhstan
£ China
[ Netherlands
[ Russia
! Romania
B Tujikistan
I Uzbekistan
France
B Cuech
B sweden
= Japan

Puc. 3. MpoucxoxgeHue N KOaN4eCcTBo 06pa3LyoB WNNHaTa B ONbITe
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Dry matter content. The content of dry matter is one of
important indicators for judging the quality of vegetable
raw matter. In the present study, the dry matter content did
not differ significantly (p < 0.05) between accessions of the
two species and averaged 10.5% for S. oleracea and
10.31% for S. turkestanica (Table 1). A weak variability of
this trait is characteristic (Cv=11-14%). The maximum con-
tent of 14.6% was noted in ‘Sp. Riccio DAmerica’ (k-942,
Italy), an accession of S. oleracea. Dry matter content
above the average was shown by 55.5% of the accessions
of S. turkestanica.

Ascorbic acid content. A marked variation in the levels of
ascorbic acid (vitamin C) among the tested genotypes was
observed in the range from 24.8 to 62.0 mg/100 g. On the
average, itwas 40.9 mg/100 g. The maximum content of 62
mg/100 g was found in an accession of S. turkestanica
from Tajikistan (k-942). No significant differences in the
content of ascorbic acid were found between the two
species. Similar data were obtained for S. oleracea by
other authors when studying various genotypes grown in
open ground conditions [27,28,29]. However, in protected
ground conditions the differences between genotypes
were much stronger. For instance, a study of a set of 34 S.
oleracea genotypes in China has revealed a significant dif-
ference in the content of ascorbic acid [30]. This is
explained by lighting conditions that affect the concentra-
tion of ascorbic acid in fruits and vegetables: a decreased
light intensity usually leads to a decrease in its concentra-
tion and genotypic differences [31,32]. It may be assumed

CEJIEKUMA, CEMEHOBOACTBO M BUOTEXHOJIOIMA PACTEHUN

that the genotypes of S. turkestanica, which formed under
conditions of increased photosynthetic activity in the cen-
ter of origin of the crop, are able to synthesize ascorbic
acid more actively. Several components, including ascor-
bic acid and phenolic compounds, have been reported to
inhibit nitrite toxicity in spinach [33]. No doubt that spinach,
which accumulates more ascorbic acid, will be more bene-
ficial for human health.

Content of chlorophylls and total acidity. The content of
organic acids and chlorophylls in the studied accessions of
the two species was similar and had no significant differ-
ences (p < 0.05).

Protein content. In terms of protein content, the group of
S. oleracea accessions was superior to S. turkestanica.
The maximum value of 29.11% was recorded for the
‘Ratnik’ variety (k-916, Russia). A general regularity was
observed in the negative correlation between the content
of protein and sugars (Fig. 4, 5). At the same time, this rela-
tionship was more significant (r=— 0.72 (p<0.05)) in acces-
sions of S. turkestanica vs. r = — 0.57 (p<0.001) in S. oler-
acea.

Phenolic Content. Phenolic compounds are among the
most common secondary plant metabolites [34]. Phenolic
compounds found in spinach have a strong antioxidant
effect due to the ability of their hydroxyl groups to scav-
enge free radicals. Extensive conjugation in the structure of
flavonoids and numerous hydroxyl groups enhance their
antioxidant properties [35]. Previous studies of spinach
have shown that kaempferol (54%) predominates among

Table 1. Comparative characteristics of biochemical indicators of S. oleracea and S. turkestanica
Tabnuya 1. CpagHumenbHasi xapakmepucmuka 6uoxumuyeckux rnokazamesel obpa3syoe eudoe S. oleracea L. u S. turkestanica lljin.

S. oleracea

Biochemical indicators

Dry matter, % 10.5£0.2 (14.0%)

Ascorbic acid, mg/100 g 41.0£1.3 (20.2%)
Total sugars, % 0.46 (0.28+1.86)°
Titrated acidity, % 0.17+0.01 (15.5%)
Chlorophyll A, mg/100 g 82.442.92 (22.1%)
Chlorophyll B, mg/100 g 32.7£1.1 (21.8%)
Chlorophylls, mg/100 g 115.124.1 (22.0%)
Carotenoids, mg/100 g 32.0£1.0 (20.0%)
B-carotene, mg/100 g 5.4410.2 (22.0%)
Proteing, % of dry matter 25.4£0.3 (6.8%)
Phenolic compounds, mg GAE/100 g 238.7 (82.9+750.9)°

AOA °, ug AAE/00 g 166.3£10.0 (37.5%)

S. turkestanica
MzSE ° (Cv®, %), LSDOS*
Median (min+ max)°
10.31+0.4 (11.0%) 1.18
40.5+3.7 (27.2%) 7.32
0.83 (0.45+2.38) c
0.1740.01 (14.6%) 0.02
80.816.1 (22.5%) 15.2
31.9+2.6 (24.7%) 6.05
112.8+8.6 (23%) 21.13
32.0+1.9 (17.8%) 5.21
5.35+0.4 (21.7%) 0.99
23.2+1.1 (14.3%) 1.74
429.7 (112.6+656.5)°
177.0£25.2 (42.7%) 54.0
60.07.8 (39.1%) 15.8

DPPH', % 56.8+2.9 (31.6%)

aM=SE - mean=standard error; ®*Cv — coefficient of variation; °standard distribution difference;
¢Least Significant Difference (LSD); ¢ Antioxidant activity; 'Antiradical activity
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the phenolic compounds, the content of gallic acid is 26% leaders. The maximum value of 750.0 mg GAE/100 g was
and that of galangin is 18% [36]. The content of phenolic found in the accession ‘Gb. 25784 (k-941, the Netherlands).
elements in the studied accessions varied over a wide Among S. turkestanica accessions, one from Armenia (vk-
range. It should be noted that genotypes with a high con-  935) with 656.5 mg GAE/100 g and another one from
tent of phenolic elements were more common in S. Tajikistan (vk-942) with 604.3 mg GAE/100 g were singled
turkestanica. The group with the above-average values out regarding this indicator. A general trend demonstrated
included 23% of all S. oleracea and 34% of S. turkestanica by the correlation matrix for the crop is that the higher the
accessions. Among accessions of the cultivated species, content of dry matter and total acidity in plants, the less phe-
only those of Dutch and Russian origin turned out to be the  nolic elements they contain. The negative correlation of
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these indicators in genotypes of the wild species was more
significant: r=-0.75 (p<0.05) vs. r=-0.47-0.54 (p<0.01) in S.
oleracea accessions. It was previously noted that the con-
tent of phenolic compounds in plants increases under condi-
tions of high photosynthetically active radiation [37], as well
as with the advance of the crop to northern latitudes [38,39].
We assume that the origin of S. turkestanica genotypes,
which formed in climatic regions with active solar radiation
and thus got adapted to such conditions, is reflected in the
ability to accumulate phenolic elements.

Antioxidant and antiradical activity. Spinach is one of the
most valuable green crops with pronounced antioxidant
properties [36,40]. Antioxidant activity (AOA) is the ability to
inhibit the oxidation process, and antiradical activity (DPPH)
reflects the ability of compounds to react with free radicals.
There is strong evidence for the role of the vegetable antiox-
idant components in health maintenance and disease pre-
vention [41,42,43]. Compared with lettuce and kale, the
AOA and DPPH values in spinach are higher by 39.5% and
24.2%, respectively, and slightly lower than in broccoli [44].
Literature confirms that along with blueberries, spinach has
a high ability to scavenge free radicals [45,46,47]. In our
studies, high AOA levels in representatives of S. turkestanica
were more common (observed in 67% of accessions), while
it was true for only 46% of S. oleracea accessions. The max-
imum values were noted in S. turkestanica from Kazakhstan
(k-775), Tajikistan (k-942) and Armenia (k-960) — 244.04,
243.81 and 256.10 ug AAE/100 g, respectively. These
accessions were distinguished by a high content of sugars,
a low content of protein, oxalic, citric and pyruvic acids, fatty
acids and alcohols. In general, AOA of spinach negatively
correlated with protein content and was high in S.
turkestanica accessions. (r=—0.75, p<0.05).

AOA of spinach is determined mainly by the pigment com-
position, i.e., chlorophylls and carotenoids, as well as by
phenolic compounds. In the present study, the content of
carotenoids in two spinach species did not have significant
differences and averaged 32.0 mg/100 g. As shown in
Figure 6 a close positive correlation between chlorophylls
and carotenoids associated with AOA. Since the values of
the pigment composition in the wild and cultivated species
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Fig. 6. Scatterplot of spinach chlorophyils and carotenoids
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are close, it can be assumed that the increased AOA and
DPPH values in spinach are associated with the accumula-
tion of phenolic compounds.

It is known that the main carotenoid found in spinach
leaves is lutein, which averages 39% of the total carotenoids
[30]. This pigment is a natural protective filter for the eyes,
maintaining visual acuity. The human body is not able to syn-
thesize lutein, so its intake into the body is directly related to
nutrition. Spinach is a promising crop, a source of lutein and
high AOA. Its promotion and consumption will contribute to
the revitalization of the population.

Conclusions

The conducted studies showed that the comparison of
biochemical parameters of S. oleracea and S. turkestanica
revealed a significant similarity of the two species in most
biochemical parameters, which confirms their phylogenetic
relationship. A negative correlation between the content of
protein and sugars was noted to be characteristic of both
species. Significant differences were found in the content of
phenolic elements, which determine the increased values of
the antioxidant and antiradical activity of S. turkestanica. The
maximum content of phenolic elements (750.0 mg GAE/100
g) was recorded for an S. oleracea accession ‘Gb. 25784'
(k-941, the Netherlands). In S. turkestanica, the highest val-
ues were demonstrated by accessions from Armenia (656.5
mg GAE/100g (vk-935) and Tajikistan (604.3 mg GAE/100 g)
(k-942). These genotypes are of interest for breeding for an
increased content of phenolic elements and AOA.

A negative relationship was revealed between dry matter
content and total acidity with phenolic elements, which is
more significant in S. turkestanica. Among the genotypes of
the wild species, an accession from Tajikistan (k-942) is a
source of high content of ascorbic acid (62 mg/100 g). For
breeding for an increased AOA, S. turkestanica accessions
from Kazakhstan (k-775) and Armenia (k-960) can be recom-
mended.

In general, the biochemical composition of spinach is
quite rich and has a beneficial effect on human health. The
results of the study help to reveal the value of S. turkestani-
ca and recommend its inclusion in breeding programs.
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