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Abstract: The research presents a comparative metabolomic study of extracts of Vigna unguiculata
seed samples from the collection of the N.I. Vavilov All-Russian Institute of Plant Genetic Resources.
Analyzed samples related to different areas of use in agricultural production, belonging to different
cultivar groups sesquipedalis (vegetable accessions) and unguiculata (grain accessions). Metabolome
analysis was performed by liquid chromatography combined with ion trap mass spectrometry.
Substances were localized in seeds using confocal and laser microscopy. As a result, 49 bioactive
compounds were identified: flavonols, flavones, flavan-3-ols, anthocyanidin, phenolic acids, amino
acids, monocarboxylic acids, aminobenzoic acids, fatty acids, lignans, carotenoid, sapogenins, steroids,
etc. Steroidal alkaloids were identified in V. unguiculata seeds for the first time. The seed coat (palisade
epidermis and parenchyma) is the richest in phenolic compounds. Comparison of seeds of varieties
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found in samples from cultivar group sesquipedalis, and 24 in unguiculata. The greatest variety of
bioactive compounds was found in the vegetable accession k-640 from China.
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Vigna unguiculata (L.) Walp. is an important component of farming systems in many
parts of the world. It is mainly grown on the continents of Africa, Asia, and South America.
In recent years, information has appeared about the successful experience of its cultivation
in the southern regions of Russia and Russian Far East [1,2]. V. unguiculata is a multipurpose
vegetable crop and it is valued for its drought and heat tolerance. It is grown mainly for its
seeds (cvg. unguiculata = ssp. unguiculata) or green vegetable pods (cvg. sesquipedalis = ssp.
sesquipedalis). Food products prepared from Vigna are a source of many nutrients: proteins,
amino acids, carbohydrates, minerals, fiber, vitamins, and other bioactive compounds [3-7].

This crop has a high level of polyphenols, some profiles of which are not com-
monly found in other legumes. The main polyphenols are phenolic acid derivatives
(148-1176 ug/g) and flavonol glycosides (27-1060 pg/g). A number of varieties contain
anthocyanins (875-3860 pg/g) and/or flavan-3-ols (2155-6297 pg/g). Monomers, mainly
catechin-7-O-glucoside, predominate among the flavan-3-ols.
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There are data on the content of bioactive peptides in V. unguiculata; although, their
content varies depending on the variety. In addition, there is medical evidence showing sig-
nificant anti-inflammatory effects and benefits of V. unguiculata polyphenols and peptides
against cancer, diabetes, and cardiovascular diseases [8]. It holds great promise for wider
use in modern food products due to nutritional properties that have a positive impact
on health and a range of agronomic advantages over other legumes. The high content of
polyphenols in the seeds, which are mainly concentrated in the seed coat, provides addi-
tional benefits for the use of phenolic extracts as nutraceutical and functional ingredients in
food formulations [9].

The seeds of V. unguiculata are rich in bioactive compounds, and they can be used in the
development of functional foods necessary for a healthy lifestyle. Such nutrition will serve
as a medicine at the same time, because seeds of V. unguiculata have anti-inflammatory,
immune-boosting, neuroprotective, anti-apoptotic, anti-cancer, antioxidant, anti-mutagenic,
and cardioprotective properties [10].

At the present, analysis of the metabolomic composition of plants is applied for vari-
ous purposes [11-18]. This approach is used to identify relationships between biochemical
parameters and genetic characteristics of various crops, to solve various breeding problems,
to characterize different groups of crops (variety types, subspecies, and species), to identify
genotypes that do not differ morphologically and physiologically, etc. In recent years,
interest has arisen in the application of metabolomic data in applied research aimed at solv-
ing problems in the food and pharmaceutical industries. Nutritional quality is becoming
increasingly important for consumers and food manufacturers.

Comprehensive and diversified approaches are necessary to improve the quality of
pods and seeds in different groups of V. unguiculata varieties, both vegetable and grain
use. The data obtained from the analysis of the metabolome of seeds in the future can
complement traditional and molecular genetic breeding methods that are aimed at creating
new hybrids, donors of valuable traits, inbred lines, and varieties with high levels of
bioactive compounds.

When searching for accessions with the highest nutritional value, and in order to
create varieties with improved seed quality, it is important to study the content of bioactive
substances, taking into account the specifics of their content in varieties with different direc-
tions of use. Microscopic methods, including confocal laser scanning microscopy, provide a
unique opportunity to study the tissue localization of phytochemical compounds in plants.
Comparison of HPLC data with fluorescent microscopy allows not only visualization of
these compounds, but also the understanding of their function in plant organs. Currently,
microscopic images are successfully used to clarify the morphological structure of cells
and the structure of plant tissue [19], and to visualize the location of different groups of
chemicals in plant organs [20-22]. However, there is limited information available on the
presence and localization of bioactive compounds in V. unguiculata seeds.

The purpose of this research was a comparative metabolomic analysis of bioactive
substances in V. unguiculata seeds derived from the collection of N.I. Vavilov All-Russian
Institute of Plant Genetic Resources. Samples were grown in the field in Primorsky Krai
(Russia) at the northern border of the crop area.

The objectives of the study were:

- Analysis of bioactive compounds in seeds using high-performance liquid chromatog-
raphy (HPLC) and tandem mass spectrometry (MS/MS) methods;

- Visualization of the localization of phytochemical compounds in seed tissues using
confocal laser microscopy;

- Identification of differences in the content of bioactive compounds in seeds of vegetable
and grain accessions (cultivar groups sesquipedalis and unguiculata).
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2. Materials and Methods
2.1. Materials

The object of the research was the seeds of V. unguiculata from the group of varieties
(cultivar groups) sesquipedalis and unguiculata harvested in 2020, grown at the Far East
Experiment Station Branch of the Federal Research Center the N.I. Vavilov All-Russian
Institute of Plant Genetic Resources (Table 1; Figure 1). Landraces were collected by N.I.
Vavilov during the 1929 expedition to China (k-640, k-642) and obtained from the extract in
1921 from the USA (k-6) and in 1985 from Germany (k-1783); modern cultivar “Lyanchihe”
(k-632341) was developed in Russia in the Primorsky Territory as a result of selection from
samples of Chinese origin. Seeds (k-6) had cherry seed color; k-1783—Dbeige; k-640, k-642,
and k-632341—reddish-brown with dark strokes. Seeds for analysis were collected at the
stage of industrial ripeness at the same time in 2020.

Table 1. V. unguiculata seed material samples.

VIR Catalogue Name of Country of Cultivar

No Number Accessions Origin Acqdate Groups
1 k-6 gult“"f}r USA 1921 unguiculata

Clay

2 k-640 Landrace China 1929 sesquipedalis
k-642 Landrace China 1929 sesquipedalis
4 k-1783 Landrace Germany 1985 unguiculata
Cultivar Far East, . .
5 k-632341 “Lyanchihe” Russia 2018 sesquipedalis

Figure 1. Cont.
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k-642 k-632341

Figure 1. Samples of V. unguiculata grown at the Far East Experiment Station Branch of the Federal
Research Center the N.I. Vavilov All-Russian Institute of Plant Genetic Resources. Appearance of the
plants and seeds.

2.2. Chemicals and Reagents

HPLC-grade acetonitrile was purchased from Fisher Scientific (Southborough, UK),
and MS-grade formic acid was from Sigma-Aldrich (Steinheim, Germany). Ultra-pure
water was prepared from a SIEMENS ULTRA clear (SIEMENS water technologies, Munich,
Germany), and all other chemicals were analytical grade.

2.3. Maceration

Fractional maceration technique was applied to obtain highly concentrated extracts.
From 300 g of the sample, 4 g of V. unguiculata was randomly selected for maceration. The
total amount of the extractant (ethyl alcohol of reagent grade) was divided into 3 parts,
and the grains were consistently infused with the first, second, and third parts. The
solid-solvent ratio was 1:20. The infusion of each part of the extractant lasted 7 days at
room temperature.
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2.4. Liquid Chromatography

HPLC was performed using Shimadzu LC-20 Prominence HPLC (Shimadzu, Kyoto,
Japan), equipped with a UV-sensor and a Shodex ODP-40 4E reverse phase column to sepa-
rate multicomponent mixtures. The gradient elution program was as follows: 0.01-4 min,
100% CH3CN; 4-60 min, 100-25% CH3CN; 60-75 min, 25-0% CH3CN; control washing
75-120 min 0% CH3CN. The entire HPLC analysis was performed using a UV-VIS detector
SPD-20A (Shimadzu, Japan) at wavelengths of 230 and 330 nm, at 30 °C provided with
column oven CTO-20A (Shimadzu, Japan) with an injection volume of 20 pL.

2.5. Mass Spectrometry

MS analysis was performed on an ion trap amaZon SL (BRUKER DALTONIKS, Bre-
men, Germany) equipped with an ESI source in negative ion mode. The optimized param-
eters were obtained as follows: ionization source temperature: 70 °C, gas flow: 4 L/min,
nebulizer gas (atomizer): 7.3 psi, capillary voltage: 4500 V, end plate bend voltage: 1500 V,
fragmentary: 280 V, collision energy: 60 eV. An ion trap was used in the scan range m/z
100-1.700 for MS and MS/MS. The mass spectra were recorded in negative and positive ion
modes. The capture rate was one spectrum/s for MS and two spectrum/s for MS/MS. Data
collection was controlled by Hystar Data Analysis 4.1 software (BRUKER DALTONIKS,
Bremen, Germany). All experiments were repeated three times. A four-stage ion separation
mode (MS/MS mode) was implemented. After a comparison of the m/z values, retention
times, and fragmentation patterns with the MS/MS spectral data retrieved from the cited
articles and after a database search (MS2T, MassBank, HMDB). The AmaZon SL ion trap is
equipped with dedicated software to manage and interface it with 8 major HPLC system
manufacturers. The Compass HyStar software (Version Bruker Compass HyStar 4.1 SR1
(4.1.28.0)) was used for synchronization with the Shimadzu chromatograph.

2.6. Optical Microscopy

The study of the structure of the V. unguiculata seed coat by light microscopy was
carried out by performing sections of dry seeds. Sections were prepared by hand with a
safety razor from the middle part of half the seed in a direction perpendicular to the hilum.
Photo fixation of sections and the study of the color of the seed coat were carried out in
water, immediately after preparation of the sections.

For the confocal laser scanning microscopy, dry untreated V. unguiculata seeds were
used. The transverse dissection was performed with an MS-2 sled microtome (Tochmed-
pribor, Kharkiv, Ukraine). The obtained sliced seeds were placed on microscopic cover
glass through immersion oil to reduce light refraction by air gaps. The autofluorescence
parameters were determined using confocal microscope (LSM 800, Carl Zeiss Microscopy
GmbH, Berlin, Germany). The autofluorescence spectrum was chosen using lambda scan
mode of the microscope, which allows to determine the emission maximum in a specific
sample and obtain spectral acquisition. The specimen was excited by each laser separately
and three main peaks of autofluorescence were revealed: excitation by a violet laser, 405 nm
(solid state, diode, 5 mW) with the emission maximum of 400-475 nm (blue); excitation by
a blue laser, 488 nm (solid state, diode, 10 mW) with the emission maxima in 500-545 nm
(green) and 620-700 nm (red). The used power and detector gain for blue, green, and red
channels were 5% and 750 V, 4.5% and 800 V, and 7% and 850 V, respectively. The objective
Plan-Apochromat 63 x /1.40 Oil DIC M27 with 63 x magnification and the software ZEN 2.1
(Carl Zeiss Microscopy GmbH, Germany) were used for image acquisition and processing.

2.7. Statistical Data Processing

Statistical analysis included the compilation of binary matrices for each of the com-
pounds identified in seeds of V. unguiculata, in which the “presence” (1) or “absence” (0) of
the compound was noted in each of the studied samples. Based on the total matrix, a
dendrogram was built, demonstrating the relationship between the studied samples. The
method of unweighted pair-group cluster analysis with arithmetic averaging (UPGMA)
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using the TREECON program was used to construct the dendrogram. The cluster analysis
was also carried out and a WPGMC (Median Clustering or Weighted Pair Group Method
with Centroid Averaging) dendrogram was plotted in the Statistica 7 program, based on
the data of the summary matrix.

In addition, based on the results of a comparative analysis of substances identified in
V. unguiculata seeds, a Consensus tree was constructed using the Winclada-Nona program
using the maximum parsimony criterion.

3. Results and Discussion
3.1. Tandem Mass Spectrometry

V. unguiculata extracts were analyzed using an ion trap coupled to high-performance
liquid chromatography to better interpret the diversity of phytochemicals available. Pri-
mary analysis of the extracts showed a composition rich in bioactive substances. All
experiments were repeated three times. A four-stage ion separation mode (MS/MS mode)
was implemented. After a comparison of the m/z values, retention times, and fragmen-
tation patterns with the MS/MS spectral data retrieved from the cited articles and after a
database search (MS2T, MassBank, HMDB). Tentative identification showed the presence
of 49 bioactive compounds detected by mass spectrometric analysis in V. unguiculata ex-
tracts. Forty-nine target analytes were successfully identified by comparing fragmentation
patterns and retention times, most of which were polyphenols. Other compounds were
identified by comparing their MS/MS data with the available literature. All identified
compounds, along with molecular formulas, calculated and observed m/z, MS/MS data,
and their comparative profile for V. unguiculata, are shown in Table 2.
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Table 2. Compounds identified from extracts of V. unguiculata under positive and negative ionization modes by tandem mass spectrometry.

No Cat‘a{llg{gue Class of Identified Formula Mass Molecular Molecular Fragmezntation Fragmee‘ntation Fragme4ntation References
Number Compounds Compounds Ion [M-H]- Ion [M+H]+ RS/MS VS/MS MS/MS
Polyphenols
k-6(583); Dihydrokaempferol Solanium tuberosum [23];
1 k-642 (582) Flavonol (Aromadendrin; Ci5H1206 288.25 287 151; 269 E. glaucescens [24]; Camellia kucha
Katuranin) [25]; Echinops [26]
k-6(583); Potato leaves [27]; Vigna sinensis
2 k-632341 (5’79) Flavonol Quercetin C15H1007 302.23 301 179; 273 151; [28]; Vaccinium macrocarpon [29];
Propolis [30]
k-11<}68(35?§)§)5,5) Dihydroquercetin Dracocephalum palmatum [31];
3 k-640 (589); Flavonol (Taxifolin; Ci5H1,07 304.25 303 285; 177 241 Vitis amurensis [32];
k-640 (590)’ Taxifoliol) Rhodiola rosea [33]
Vaccinium macrocarpon [29];
4 k-640 (590) Flavonol Myricetin C15H100s 318.23 317 273 260; 251 F. glaucescens [24]; millet grains
[34]; Sanguisorba officinalis [35]
ti . . .
3-8—lée111;cc'eoérilde Potato [23]; Vigna sinensis [28];
5 k-6(584) Flavonol (Isoquercitrin; Cy1Hp0012 464.37 303 256; 165 229 Andean blueberry [36];
H?rsutrin) ’ Lonicera Henryl [37]
Acacetin 248: 237: 216 Mentha [38];
6 k-640 (590) Flavone (Linarigenin; C16H1205 284.26 285 257;239; 177 173 Dracocephalum palmatum [39];
Buddleoflavonol) Wissadula periplocifolia [40]
Luteoliflavan-
7 k-6(583) Tf;r;;‘g’af: eriodictyol-O- C36H34016 722.64 723 587; 555; 499 543; 516; 499 499 C. edulis [24]
hexoside
treloch Cassia granidis [41];
Epiafzelechin . Cassia abbreviata [42,43];
8  k-632341(579)  Flavan-3-ol (ep)Afrelechiny  C15H1405 274.26 275 195; 149 167 150 A cordifolint F. glaticescons
F. herrerae [24]
k-632341 (579); Eucalyptus [44];
k-632341 (580); ey Catechin . Vaccinium macrocarpon [45];
9 10640 (590); Flavan-3-ol (D-Catechol) CisHiOs 29026 289 245205 201 175 C. edulis [24]; Vigna inguiculata
k-642 (582) [46]; Triticum [47]
k-632341 (579); ; in-4/-
10 k640 (590); Flavan-3-ol ~ (EpDafzelechin-d’-0 pp 5 © 43641 435 299;191; 161 151; 117 Vigna unguiculata [46]
k-642 (582) O-glucoside 8 8
11 k632341(580)  Flavan3ol  (EpDafzelechind-— 0 o0 13641 435 313;299; 273 Vigna unguiculata [46];

O-glucoside

Cassia abbreviata [42]
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Table 2. Cont.

No Cat‘a/llg{ ue Class of Identified Formula Mass Molecular Molecular Fra, mezntation Fra; me?’ntation Fra, mélntation References
Nu ml;ge " Compounds Compounds Ion [M-H]- Ion [M+HIl+ %\/IS MS %\/IS MS %VIS MS
k-6(583);
12 k_élgigf’f‘(%}m); Flavan-3-ol ChinchonainTa ~ CpHyOy 45241 451 289 245 203 Andean blueberry [36]
k-642 (582)
k-632341 (579); . .
13 k-632341 (580))  Flavan-3-ol %’ﬁcate?gm CyHpuOrn 45241 451 289; 269; 245 245,231 27 Andean blueberry [36]
k-640 (590) -hexosiae
k-6(583); Rapeseed petals [48];
k-6(584); Vigna sinensis [28];
k-632341 (579); Delphinidin Berberis ilicifolia; Berberis
14 k-632341 (580); Anthocyanidin 3- O—p 1 id C1Hp1 0104 465.39 463 300 151; 271 169 empetrifolia; Ribes maellanicum;
k-640 (589); glucoside Ribes cucullatum;
k-640 (590); Muyrteola nummalaria [49];
k-642 (582) Vigna unguiculata [50]
k-632341 (579); C il A A Vitis labrusca [51];
15 k632341 (580); Anthocyanidin Delghl;udm. 3 O CpHxOp 62652 626 303; 465 257; 165 229; 157 Solanium nigrum [52];
k-642 (582) lgtucoside Muscadine pomace [53]
Dimethylma-
16  k-1783(585) Lignan ( Arctﬁggﬁf;“f/}ethyl CpHosO6 386.44 387 205 Lignans [54]
Ether)
17 k-640 (590) Lignan Medioresinol CHa,O 388.41 387 207; 225; 179 Lignans [54]; Punica granatum
& 2152407 : 7 £29; [551; Bituminaria [56]
298: 254: 218: Triticum aestivum L. [47]; Lignans
18  k-632341 (579) Lignan Syringaresinol CpoHp60s 418.44 419 326; 248; 151 “17d T 251;182; 145 [54]; Punica granatum [55];
Magnolia thailandica [57]
: Vigna unguiculata [6]; Eucalyptus
Hydroxybenzoic . 8
. . . Protocatechuic 44]; Eucalyptus Globulus [58];
19 k-632341 (579) acid (P_}:ienohc acid C7HgOy4 154.12 155 126 Vaccinium macrocarpon [45];
acid) Lonicera japonica [59]
g Polyphenolic Coumaroyl quinic . . . )
20 k-640 (590) acid acid methyl ester C17HOg 352.34 351 285; 267; 243 242;200 F. glaucescens [24]
l?lelgvative_ of Feruli A. cordifolia [24]; millet grains
21 k-640 (590) yaroxycin- ,ceruie C16H2009 356.32 355 191;209; 174 173 [34]; Rapeseed petals [48]; beer
namic acid-O-hexoside
acid [60]; strawberry [61]
k-632341 (579); Hydroxybenzoic . - Salvia miltiorrhiza [62];
22 k-640 (589) acid Salvianolic acid D CpoH18019 418.35 417 373 347 303 Lonicera caerulea [63]
23 k-640 (590) Phenolic acid Trans-salvianolic o 1y o 538.46 539 493; 479; 357 420 Mentha [38]

acid J
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Table 2. Cont.

No Cat‘;llgfgue Class of Identified Formula Mass Molecular Molecular Fragmezntation Fragme?’ntation Fragméntation References
Number Compounds Compounds Ion [M-H]- Ion [M+HI+ S/MS MS/MS MS/MS
Others
. tI\iIr?n- ni L-Pyroglutamic
24 k-642 (582) Pﬁ’_ §_a§§irelo € acid (Pidolicacid; ~ CsH;NO3 129.11 130 112 Potato leaves [27]
acid 5-Oxo-L-Proline)
) ) 4-Aminqbenzoic
25 k632341 (580) Aminobenzoic (p_amiicggenzoic C;HNO, 13714 138 119 Solanum tuberosum [23]
acid)
k-632341 (579)
k-632341 (580) Carboxvlic Indole-3-
26 k-640 (589); . dy carboxylic C10H9NO, 175.18 176 159; 130 Beer [60]
k-640 (590) act acid
k-642 (582)
k-632341 (579); . . .
27 k-632341 (580); Monoc?gjoxyhc D‘hydr‘?éemhc C1oHp204 1962 195 159; 129 A. cordifolia [24]; Coffee [64]
k-640 (590) act act
Camellia kucha [25];
L-Tryptophan P
k-632341 (579); . . . . Vigna inguiculata [6,46];
28 k-632341 (580) Amino acid S(T}‘ryptophﬁn, C11H12N O, 204.23 205 188 146; 144 118 Rapeseed petals [48];
(S)-Tryptophan) Perilla frutescens [65]
Mpyristoleic acid
29 k-1783 (585) Omegji'g fatty TGS CuHyO, 22636 27 209 139 122 F. glaucescens [24]
acid)
30 k-642 (582) Purine Adenosine C10H13N504 267.24 268 136 Lonicera japonica [59]
Linoleic acid . . . .
Omega-3 fatty T Salviae [66]; Angelicae sinensis
1 - . ; H 280.4 27 261; 2 2 . 5 ;
3 k-632341 (579) acid 1%112;1)32 gggs CisHa20, 8045 9 61;205 05 Radix [67]; Pinus sylvestris [68]
Hvdroperox Hydroperoxy-
32 k-640 (590) %attyzd a Y octadecadienoic C1sH304 312.44 311 183; 309 Potato [23]
acid
9,10-Dihydroxy-8-
Unsaturated oxooctade_c—12—
d 291; 269; 251; o .
k-6(583); monocar- enowcacid /511 S0 279; 258; 247; . Bituminaria [56]; Broccoli [69];
B k640 (589) boxyéic O(Qg_%‘i}yggf};_ CisHpOs 32844 327 BHEILIN 236,217,195 177; 161 Phyllostachys nigra [70]
aci

octadecenoic
acid)
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Table 2. Cont.

No Cat‘;llg{gue Class of Identified Formula Mass Molecular Molecular Fragmezntation Fragme?’ntation Fragméntation References
Number Compounds Compounds Ion [M-H]- Ion [M+HI+ S/MS MS/MS MS/MS
k-6(583); Unsaturated ) o
34 k-632341 (580); nggﬂ;fla: T“hydr;’:iydoctadecadle‘&’%gH;;z05 328.44 327 211; 183; 127 183; 167; 149 Potato leaves [27]
Kk-640 (590) ok
Omega-
hydroxy-long- Hydroxy . PR
35 k-640 (589) chain fatty docosanoic acid CpoHysO3 356.58 355 309 305; 132 A. cordifolia [24]
acid
36 K78 ((559805))? Stercidal Solanidine CyHiENO  397.64 398 185; 272 167 Potato [71,72]
37 k'6(5é39)6)k'640 Lf‘:t‘tgy' ;};laén Nonacosanoic acid ~ CpoHsgOp  438.77 437 393 C. edulis [24]
g 1783 ((55;305)); Steroid Vebonol CypHuO; 45267 453 435; 336; 209 336; 226 Hylocereus ﬁ;’%ff[%[”]
all-trans-3-
39 k-6(583) Carotenoid cryptoxanthin 706.2 707 625; 587; 571 527 Sarsaparilla [75]
caprate
40 k-640 (590) Stercidal B-chaconine CyHgNOy 70592 706 690
(all-E)- a8 T
41 k-6(583) Carotenoid violaxanthin 810.1 811 Z?é’ Z%g’ Z%)g’ Carotenoids [76]
myristate T
k-6(583);
k-1783 (585); Steroidal
42 k-640 (589); alkaloid a-chaconine Cy5H73NO14 852.06 852 706 704; 690 Solanum tuberosum [72,77,78]
k-640 (590);
k-642 (582)
i3 KO0 ((ggg)); Satliraolggl a-solanine CisH;NOps  868.96 868 722 560; 398 398; 185 Solanum tuberosum [72,77,78]
k-6(583); Steroi . . 803: 765;
. teroidal Solanidenol 850; 823; 765;
44 11(('_22118 ((223(9))), alkaloid chacotriose CasH73NO1s5 868.96 868 747;722; 706 704 677 Potato [77]
45 k-1783 (585) Stercidal Solanidadiene ¢ h:NOs  868.96 868 706 722; 398; 560 Potato [77]
k-6(583); Steroidal Solanidenediol 866; 822; 800; 78; 849; 822; 720;
46 1640 (590) alkaloid chacotriose CysH7NOys  884.06 884 720; 704 704; 691 Potato [77]




Plants 2022, 11, 2147

11 of 29

Table 2. Cont.

No Cat‘a/llg{ ue Class of Identified Formula Mass Molecular Molecular Fra, mezntation Fra; me?’ntation Fra, mélntation References
Numl;ger Compounds Compounds u Ion [M-H]- Ion [M+HI+ %\/IS/MS %\/IS/MS %VIS/MS
k-6(583); - . 704- 677
47 k640 (589); St&rol‘dgl Leptinine II CisH;3NOys  884.06 884 866; 738; 722 720, 70% 677, Solanum tuberosum [77]
k-640 (590) alkalol
k-6(583); 3-Rhamnose-
k-632341 (579); galactose-
k-632341 (580); . glucuronic 615; 733; 795; Bituminaria bituminosa [56];
48 k-640 (589); Sapogenin acid- CasH73015 943.12 941 923 571 Medicago truncatula [79]
k-640 (590); soyasapogenol
k-642 (582) yasagos
k6(583); hexonide-aroni
k-640 (589) . = . . Bituminaria [56];
49 k-640 (590); Sapogenin oy :;;il)—g onl CygH7g019 959.12 957 525; 733; 939 457 Medicago truncatula [79]
k-642 (582)
A
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Separately, it is worth noting the presence of steroidal alkaloids in all presented
samples of V. unguiculata, which were not previously noted by other authors. In addition,
the presence of sapogenins A and B is also interesting, as they previously were identified in
soybean (Glycine Willd.).

Figure 2 shows an example of decoding the spectrum of the steroidal alkaloid o-
chaconine from an ion chromatogram obtained by tandem mass spectrometry. The [M + H]+
ion produces five product ions at m/z 706, m/z 673, m/z 560, m/z 437, and m/z 398
(Figure 2). A fragment ion at m/z 706 gives rise to two daughter ions at m/z 560 and
m/z 398. A fragment ion at m/z 560 gives rise to five daughter ions at m/z 545, m/z 454,
m/z 398, m/z 380, and m/z 213. This compound is identified in scientific articles as
a-chaconine, for example, in Solanum tuberosum [72,77,78,80,81].

Vignalseeds 642_-1_01_582.d: +MS, 42.4min #1634
+

x1063 1 Sl
1.04 e 470.22 782.35 1+ .,
053 34?26 391.16 8523330 9331+33
X 0%: 111. 1¥igna seeds 642_-1_01_582.d: +MS2(852.35), 42.5min #1638
2] 706.31
13 39;30 1+ 3+ 14 1+
o L | 43709 560.14 673.39 783.40
x1054111. 1+ Vigna seeds 642_-1_01_582.d: +MS3(852.35->706.31), 42.6min #1642
1. 560.29
054 398.24
x!PO(‘\1 111. 1l+ Vigna seeds 642‘7—17017582.01:+M54(852.35->706.31->560.29), 42.7min #1646
1.0 380.26+
0.59 398.09
0.0 IZ:l3|08 M T " L’ 'l 'I i M '45i'93 M T M Sztizi M T M M M M T M M M M T M M M M T M M M M
100 200 300 400 500 600 700 800 900 mz
Figure 2. Mass spectrum of the steroidal alkaloid a-chaconine from V. unguiculata extract, at
m/z 852.35.
Table 3 shows the distribution of bioactive substances in accessions of V. unguiculata.
Based on the tabular data, the sample of vegetable accession k-640 showed the greatest va-
riety of bioactive compounds (29 compounds). In two other vegetable accessions (k-632341
and k-642), 19 and 13 compounds were found, respectively. In grain accessions (k-6 and
k-1783), 18 and 7 compounds were identified, respectively.
Table 3. Distribution of bioactive substances in accessions of V. unguiculata.
Class of VIR Catalogue Number
N Identified Compounds F 1
° Compounds P OrmWA k642 k632341 k640  k-1783 k-6
Polyphenols
Dihydrokaempferol
1 Flavonol (Aromadendrin; C15H1206
Katuranin)
2 Flavonol Quercetin C15H1907
Dihydroquercetin
3 Flavonol (Taxifolin; Taxifoliol) C15H1207
4 Flavonol Myricetin C15H190g
Quercetin
3-O-glucoside
5 Flavonol (Isoquercitrin; C21H20012
Hirsutrin)
Epiafzelechin
6 Flavan-3-ol ( (epi) A fzelechin) C15H1405
7 Flavan-3-ol Catechin (D-Catechol) C15H1406
(Epi)afzelechin-4'-O-
8 Flavan-3-ol glucoside C21H24010
9 Flavan-3-ol (Epi)afzelechin-3-O- CayHosO10

glucoside
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Table 3. Cont.

VIR Catalogue Number

k-632341 k-640

k-1783

k-6

Class of .
No Compounds Identified Compounds Formula e
10 Flavan-3-ol Chinchonain Ia Co4Hp9O9
(epi)Catechin
11 Flavan-3-ol O-hexoside C21H24011
Acacetin (Linarigenin;
12 Flavone Buddleoflavonol) C16H1205
Luteoliflavan-
13 Tetrahydroxyflavan eriodictyol-O-hexoside C36H34016
1 Delphinidin
14 Anthocyanidin 3-O-glucoside Cp1H10124
g Delphinidin-3,5-O-
15 Anthocyanidin diglucoside CoyHj3p047
Dimethylmatairesinol
16 Lignan (Arctigenin Methyl CyoHy6Op
Ether)
17 Lignan Medioresinol Cy1Hy407
18 Lignan Syringaresinol CHy6Og
Hydroxybenzoic
19 acid (Phenolic Protocatechuic acid CyHgOy4
acid)
Hydroxybenzoic
20 acid (Phenolic Salvianolic acid D CooH18019
acid)
- Coumaroyl quinic acid
21 Polyphenolic acid methyl ester Cy7Hp00g
Derivative of
22 hydroxycinnamic  Ferulic acid-O-hexoside =~ C;5H3(Og
acid
23 Phenolic acid Trans-salvianolic acid]  Cy7H», 012
Others
Non- L-Pyroglutamic acid
24 proteinogenic (Pidolic acid; CsH;NO3
L-a-amino acid 5-Oxo-L-Proline)
Aminobenzoic 4-Aminobenzoic acid
25 acid (p-aminobenzoic acid) C7H7NO,
26 MO“O‘EBOXYIIC Dihydroferulicacid ~ CjoHy,04
27 Caboxylicacid ~ "9OTAPOVIC ¢, poNo,
L-Tryptophan
28 Amino acid (Tryptophan; C11H12N> Oy
(S)-Tryptophan)
Myristoleic acid
29 Omega-5 fatty acid (Cis-9-Tetradecanoic C14Hy60,
acid)
30 Purine Adenosine C10H13N504
. Linoleic acid (Linolic
31 Omega-3 fatty acid acid; Telfairic acid) C1gH3,0,
Hydroperoxy-
32 Hydrop eroxy fatty octadecadienoic C18H3,04
acid .
acid
9,10-Dihydroxy-8-
Unsaturated oxooctadec-12-enoic
. acid (oxo-DHODE;
33 monocarboxylic . C18H3,05
. oxo-Dihydroxy-
acid

octadecenoic
acid)
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Class of e VIR Catalogue Number
No C d Identified Compounds Formula
ompounds k-642  k-632341  k-640 k-1783 k-6
Unsaturated . L
3 monocarboxylic Trlhydroxchtadecad1en01c C1H30s
. acid
acid
Omega-hydroxy- .
35 long-chain fatty Hydroxy d.ocosan01c CyoHyy O3
. acid
acid
36 Long-(;tclia? fatty Nonacosanoic acid Co9Hs30,
37 Steroid Vebonol C30Hy403
all-trans-3-
38 Carotenoid cryptoxanthin
caprate
39 Carotenoid (all—E)-Vlc?laxanthln
myristate
40 Steroidal alkaloid Solanidine CyyHyi3NO
41 Steroidal alkaloid 3-chaconine C39HgzNOqg
42 Steroidal alkaloid a«-chaconine Cy5H73NO4
43 Steroidal alkaloid a-solanine CysH73NOq5
44 Steroidal alkaloid  Solanidenol chacotriose =~ Cy5H73NOq5
. . Solanidadiene
45 Steroidal alkaloid solatriose Cy5H73NO15
. . Solanidenediol
46 Steroidal alkaloid chacotriose Cy5H73NO¢
47 Steroidal alkaloid Leptinine II Cy5H73NO14
3-Rhamnose-galactose-
48 Sapogenin glucuronic CysHy5018
acid-soyasapogenol B
6-deoxyhexose-
49 Sapogenin hexoside-uronic CygH75019

acid-soyasapogenol A

Comparison of samples by the presence or absence of identified substances by different
statistical methods did not reveal clear relationships with their origin and belonging
to a certain group of varieties (cultivar groups) (Figures 3-5). However, some samples
differed from others in the presence of specific substances that were found only in them
(Figure 6). Thus, only the grain accession “Clay” (k-6, USA) bred at the beginning of
the last century contained the flavonol quercetin 3-O-glucoside, carotenoids all-trans-f3-
cryptoxanthin caprate, and (all-E)-violaxanthin myristate, tetrahydroxyflavan luteoliflavan-
eriodictyol-O-hexoside. The steroidal alkaloid solanidadiene solatriose, omega-5 fatty acid
myristoleic acid, and lignan dimethylmatairesinol were found in a local grain accession
from Germany (k-1783). In addition, unlike other studied samples, only k-1783 lacked the
anthocyanidin delphinidin 3-O-glucoside and sapogenin 3-rhamnose-galactose-glucuronic
acid-soyasapogenol B. Vegetable accessions from China (k-640; k-642), and Primorsky Krai
Russia (k-632341) also differed from each other in the content of some bioactive substances.
Only k-642 had L-pyroglutamic acid and adenosine. Only k-632341 had aminobenzoic
acid, protocatechuic acid, L-tryptophan, (epi)afzelechin and (epi)afzelechin-3-O-glucoside,
omega-3 fatty acid linoleic acid. The lignan syringaresinol were not identified only in
k-632341. The flavone acacetin, the steroidal alkaloid 3-chaconine, and the phenolic acid
Trans-salvianolic acid ] were identified in k-640.
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Figure 3. Dendrogram WPGMC (Median Clustering or Weighted Pair Group Method with Cen-

troid Averaging), plotting on the basis of a comparative analysis of substances identified in
V. unguiculata seeds.
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k-1783

Figure 4. Dendrogram UPGMA (Unweighted Group Average or Unweighted Pair Group Method
with Arithmetic Averaging), constructed on the basis of a comparative analysis of substances identi-
fied in V. unguiculata seeds.

k-1783

k-642

k-632341

k-6

V4
N\ k-640

Figure 5. Consensus tree built using the criterion of maximum parsimony based on the results of a
comparative analysis of substances identified in V. unguiculata seeds (Ci = 77, consistency index—the
proportion of homoplasia in the total number of changes in traits, L = 63, Ri = 33 retention index—the
number of synapomorphies determined by the data).
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Figure 6. Venn diagram of bioactive compounds between V. unguiculata accessions.

Despite the absence of a significant difference in the presence or absence of various
bioactive compounds in seeds between grain and vegetable accessions, the samples from
these groups differed in the number of identified compounds. Grain accessions had
much fewer (24) bioactive substances than in vegetable samples (36) (Tables 2 and 3). A
comparison of accessions of different directions of use in terms of the number of identified
classes of compounds also showed their smaller number in grain accessions (12) than in
vegetable samples (23) (Figure 7).

It should be noted that indole-3-carboxylic acid, catechin, (Epi)afzelechin-4’-O-glucoside
were found in all vegetable accessions and were not identified in grain accessions (Table 3).

Two compounds belonging to the group of anthocyanins were identified in vegetable
accessions and one in grain accessions, and delphinidin 3-O-glucoside was not found only
in k-1783 and k-640.

Five flavonoid compounds were identified: dihydrokaempferol in vegetable acces-
sion k-642 and grain accession k-6, quercetin 3-O-glucoside in k-6; myricetin in k-640;
quercetin in k-632341; and dihydroquercetin in k-640 and in all grain accessions. Flavone
acacetin has only been identified in vegetable cultivar k-640. A total of six flavan-3-ols
were identified: catechin and (epi)afzelechin-4’-O-glucoside were found in all vegetable
cultivars, (epi)afzelechin and (epi)afzelechin-3-O-glucoside were found only in vegetable
cultivar k-632341, chinchonain Ia—in two vegetable accessions (k-642; k-632341) and one
grain accession (k-6), (epi)catechin O-hexoside—in two vegetable accessions (k-632341;
k-640). Tetrahydroxyflavan had only been identified in grain accession k-6 (luteoliflavan-
eriodictyol-O-hexoside).

A class of phenolic acids has also been identified: trans-salvianolic acid ] and coumaroyl
quinic acid methyl ester were in k-640, salvianolic acid D was identified in k-632341 and
k-640; protocatechuic acid was in k-632341, and a derivative of hydroxycinnamic acid
(ferulic acid-O-hexoside) was found in k-640.
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Figure 7. The content of bioactive substances in the seeds of grain and vegetable accessions.

1-7—number of identified substances.

In addition, amino acids (L-tryptophan in k-632341), monocarboxylic acid (dihydro-
ferulic acid in k-632341 and k-640), aminobenzoic acid (4-aminobenzoic acid in k-632341),
carboxylic acid (indole-3-carboxylic acid in all vegetable accessions), non-proteinogenic
L-x-amino acid (L-pyroglutamic acid in k-642), unsaturated monocarboxylic acid (9,10-
dihydroxy-8-oxooctadec-12-enoic acid in k-6, and k-640), and trihydroxyoctadecadienoic
acid (in k-640, k-632341, and k-6) were identified in V. unguiculata seeds.

From hydroperoxy fatty acids, hydroperoxy-octadecadienoic acids (k-640) were found;
from long-chain fatty acids—nonacosanoic acid (k-6, k-640); from omega-3 fatty acids—linoleic
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acid (k-632341); from omega-5 fatty acid—mvyristoleic acid (k-1783); and from omega-
hydroxy-long-chain fatty acid—hydroxy docosanoic acid (k-640).

In addition, three lignans (dimethylmatairesinol in k-1783, medioresinol in k-640,
and syringaresinol in k-640), two carotenoids (all-trans-3-cryptoxanthin caprate, (all-E)-
violaxanthin myristate, only in k-6), purine (Adenosine in k-642), and two sapogenins
(3-Rhamnose-galactose-glucuronic acid-soyasapogenol B were identified in all accessions,
except for k-1783; 6-deoxyhexose-hexoside-uronic acid-soyasapogenol A was found in
k-642, k-640, and k-6.

Eight compounds from the group of steroidal alkaloids were also identified: solani-
dine (k-640, k-1783), -chaconine (k-640), a-chaconine (in all samples except k-632341),
a-solanine (k-642, k-640), solanidenol chacotriose (k-640; k-6), solanidadiene solatriose
(k-1783), and solanidenediol chacotriose and leptinine II (k-640; k-6).

3.2. Confocal Laser Scanning Microscopy

Laser microscopy exploits the ability of the chemicals to fluoresce when excited by a
laser and allows certain groups of chemical compounds in the plant tissues to be located.
Our study allowed us to find out the spatial arrangement of phenolic compounds in the
seed coat and cotyledons of V. unguiculata, based on the autofluorescence.

According to the literature data, the blue fluorescence in plants is mainly due to the
presence of phenolic hydroxycinnamic acids [82]. The main fluorescent component is
ferulic acid, but other hydroxycinnamic (p-coumaric, caffeic) acids can also contribute to
it [83]. Moreover, lignin is a well-known source of blue fluorescence in plants. It has a wide
emission range due to the presence of multiple fluorophore types within the molecule and
can be observed when excited by UV and visible light [84]. Previous studies have shown
that the lignin content of legume seed coat is low [85,86], and the cotyledons are poorly
lignified [87]. Therefore, we suppose that most of the blue fluorescence in V. unguiculata
seeds comes from hydroxycinnamic acids.

The blue-light-induced green autofluorescence in the range of 500-545 nm can be
explained by the presence of flavins and flavonols (myricetin, quercetin, and kaempferol)
and their derivatives [88-90]. The emission in the red spectrum mainly occurs due to the
presence of anthocyanins and anthocyanidins [91-93].

The seed coat consists of cells of the palisade layer (palisade epidermis), hypoderma,
and parenchyma. Sample k-6, with cherry-colored seeds, had a small number of flavonols
and flavins in the cell walls of the palisade epidermis and in the cell cavities of this layer
(Figure 8c). Anthocyanins and anthocyanidins accumulated mostly only in the parenchyma
of the seed coat (Figure 8d). Phenolic acids were the most abundant in cotyledons, especially
in their outer layer (Figure 8b).

According to confocal microscopy, the cavities and cell walls of the palisade epidermis
of accession k-1783, which had a beige seed color, contained more flavonols and flavins
than accession k-6 (Figure 9¢c). The same substances were found in the hypoderma and
in several rows of parenchyma cells adjacent to it, as well as in the cells of the cotyledons.
Anthocyanins and anthocyanidins were located in small inclusions in the cell cavities of
the palisade epidermis and hypoderma and in the upper cells of the parenchymal layer
(Figure 9d). Quite significant differences between the two grain samples can be noted in
the location of phenolic acids. Phenolic acids were almost exclusively in the cotyledons in
accession k-6 (Figure 8b), and the same acids were in the cotyledons and in the cells of the
parenchyma of the seed coat in accession k-1783 (Figure 9b).
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(d) (e)

Figure 8. V. unguiculata accession k-6: (a)—seed coat structure, light microscopy (1—palisade

layer, 2—hypoderma, 3—parenchyma); (b—e) transverse section of the seed, confocal microscopy,
(b)—excitation 405 nm with the emission in 400-475 nm (blue), (c¢)—excitation 488 nm with the
emission in 500-545 nm (green), (d)—excitation 488 nm with the emission in 620-700 nm (red),
(e)—merged.
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(d) (e)

Figure 9. V. unguiculata accession k-1783: (a)—seed coat structure, light microscopy (1—palisade

layer, 2—hypoderma, 3—parenchyma); (b—e)—transverse section of the seed, confocal microscopy,
(b)—excitation 405 nm with the emission in 400-475 nm (blue), (c)—excitation 488 nm with the
emission in 500-545 nm (green), (d)—excitation 488 nm with the emission in 620-700 nm (red),
(e)—merged.
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Despite the light beige color of the seeds, the k-1783 accession had much more bioactive
substances in the seed coat than the k-6 sample with dark cherry seeds.

Photographs showed a more intense coloration of the palisade epidermis and underly-
ing layers of the seed coat in vegetable accessions (k-640, k-642, and k-632341), in contrast
to grain accessions (Figures 10-12). The seeds of these specimens were reddish-brown in
color and had longitudinal dark streaks running parallel to the hilum. Anthocyanins and
anthocyanidins were present in the palisade epidermis, in the hypoderma, and in the cells
of the parenchyma adjacent to the hypodermis. Among vegetable samples, k-640 had a less
bright red color, and k-632341 had a stronger red color (characterized by dark cherry pods
at the stage of technical ripeness). The green color, indicating the presence of flavonols and
flavins, was the most intense for k-642, less for k-640, and k-632341. These compounds were
located in all vegetable accessions both in the palisade epidermis, hypoderma, parenchyma,
and in the cotyledons (Figures 10c, 11c, and 12c).

Phenolic acids in all vegetable samples were concentrated to a greater extent in the
cotyledons, and to a lesser extent in the seed coat (Figures 10b, 11b and 12b). It should be
noted that in k-642 and k-632341, the hypoderma and parenchyma of the seed coat were
more strongly colored blue than in k-640. Based on the photographs, we can conclude that
the highest content of the studied substances was found in accession k-642.

A large number of researchers have shown the important role of the seed coat in
supplying the embryo with nutrients during development [94,95]. It plays a significant
role in the regulation of seed dormancy and germination, and it is a rich source of many
valuable substances. It contains a wide range of compounds: flavonoids, proteins, peptides,
amino acids, alkaloids, terpenoids, steroids, etc. [96]. Many components of the seed coat
play an important role in seed protection. As a result of our study of seeds using confocal
microscopy, it was found that in most samples, the largest number of bioactive substances
was in the palisade epidermis of the seed coat, and fewer compounds were found in the hy-
poderma, parenchyma, and cotyledons. Moreover, phenolic acids were localized mainly in
the cotyledons, less in the parenchyma of the seed coat. Flavonols and flavins were located
mainly in the palisade epidermis, and less in the cells of the hypoderma, parenchyma of the
seed coat, and cotyledons. Anthocyanins and anthocyanidins in vegetable samples (k-640,
k-642, k-632341) were present not only in the palisade epidermis, but also in parenchyma
cells. Anthocyanins were found mainly in parenchyma cells and hypodermis in grain
accessions (k-6, k-1783)

Polyphenolic compounds, including phenolic acids and their derivatives, tannins,
and flavonoids, represent the largest group of natural plant nutrients. They determine
the color of fruits and seeds and play an important role in disease resistance [97,98]. Most
of the phenolic compounds found in legume seeds are also located in the seed coat. In
soybean and common bean, the concentration of phenolic compounds such as flavonoids
and anthocyanins correlate with seed coat color [99,100]. In our study, according to the
results of tandem mass spectrometry, anthocyanidins, which determined the color of cherry
and red-brown seeds, were identified in V. unguiculata seeds. The darkest seeds (cherry) of
accession k-6 had the smallest number of different polyphenols, compared with the seeds of
vegetable accessions (k-640, k-642, and k-632341), colored red-brown. It can be assumed that
the color of the seed coat of k-6 also depends on the carotenoid ((all-trans)-p-cryptoxanthin
caprate), which was found only in its seeds.

A comparison of the results obtained using confocal laser microscopy with data on
the content of bioactive substances in seeds identified using tandem mass spectrometry
provides additional information. Laser microscopy makes it possible to visualize the
comparative concentration of substances in plant tissues, which is an additional character-
istic in the study of bioactive substances in samples. If, according to the data of tandem
mass spectrometry, k-640 had the greatest variety of identified substances, then k-642 was
distinguished by the concentration of anthocyanidins and flavonols in the cells of the
seed coat.



Plants 2022, 11, 2147

22 of 29

(d) (e)

Figure 10. V. unguiculata accession k-640: (a)—seed coat structure, light microscopy (1—palisade

layer, 2—hypoderma, 3—parenchyma); (b—e)—transverse section of the seed, confocal microscopy,
(b)—excitation 405 nm with the emission in 400-475 nm (blue), (c)—excitation 488 nm with the
emission in 500-545 nm (green), (d)—excitation 488 nm with the emission in 620-700 nm (red),
(e)—merged.
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(d) (e)

Figure 11. V. unguiculata accession k-642: (a)—seed coat structure, light microscopy (1—palisade

layer, 2—hypoderma, 3—parenchyma); (b—e) transverse section of the seed, confocal microscopy,
(b)—excitation 405 nm with the emission in 400475 nm (blue), (c)—excitation 488 nm with the
emission in 500-545 nm (green), (d)—excitation 488 nm with the emission in 620-700 nm (red),
(e)—merged.
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(d) (e)

Figure 12. V. unguiculata accession k-632341: (a)—seed coat structure, light microscopy (1—palisade

layer, 2—hypoderma, 3—parenchyma); (b—e)—transverse section of the seed, confocal microscopy,
(b)—excitation 405 nm with the emission in 400-475 nm (blue), (c)—excitation 488 nm with the
emission in 500-545 nm (green), (d)—excitation 488 nm with the emission in 620-700 nm (red),
(e)—merged.



Plants 2022, 11, 2147 25 of 29

4. Conclusions

The seeds of both vegetable and grain accessions of V. unguiculata are rich in bioac-
tive compounds: phenols, polyphenols, flavonols, flavones, anthocyanins, amino acids,
carotenoids, omega-3 and 5 fatty acids, sapogenins, steroids, etc. We identified 49 bioactive
substances, most of which belonged to the class of polyphenols. For the first time, steroidal
alkaloids were found in V. unguiculata seeds, and they were present in all studied samples.
Most of the bioactive substances were localized in the palisade epidermis; the smaller
part was in the hypoderma and parenchyma of the seed coat and cotyledons. Seeds of
vegetable accessions differed from seeds of grain accessions in a large number of bioactive
substances, 36 and 24, respectively. Comparison of accessions of different directions of use
in terms of the number of classes of compounds also showed their smaller number in grain
accessions (13) than in vegetable accessions (22).

Given these differences, it is the most effective to include seeds from accessions of
different uses in different diets. Vegetable accessions differed in the content of a larger
number of compounds related to flavan-3-ol, anthocyanidin, lignan, phenolic acid, etc.,
only carotenoid was encountered in grain varieties. Further research involving a larger
number of samples will provide new data on the regularities of the content of substances
in accessions from different use groups and apply them in the development of dietary
recommendations, as well as in the selection of varieties with improved seed quality.

Author Contributions: Conceptualization, M.O.B. and M.P.R.; methodology, M.O.B., YN.Z. and
M.PR,; software, YN.Z. and A.M.Z; validation, M.O.B., E.A K. and K.S.G.; formal analysis, N.M.I.
and O.A.C,; investigation, K.S5.G. and M.P.R; resources, K.5.G. and M.O.B.; data curation, O.A.C.;
writing—original draft preparation—M.PR. and M.O.B.; writing—review and editing M.O.B., Y.N.Z.
and E.A K.; visualization, M.P.R., M.O.B. and E.A.K,; supervision, K.S.G.; project administration,
M.O.B. and K.S.G. All authors have read and agreed to the published version of the manuscript.

Funding: The work was supported by the budget project of VIR No. 0481-2022-0002 “Revealing the
possibilities of legumes gene pool to optimize their breeding and diversify their use in various sectors
of the national economy”.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The data presented in the current study are available in the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Burlyaeva, M.O.; Gurkina, M.V.; Chebukin, P.A.; Perchuk, I.N.; Miroshnichenko, E.V. New varieties of vegetable cowpea
(Vigna unguiculata subsp. sesquipedalis (L.) Verdc.) and prospects of their cultivation in southern Russia. Veg. Crops Russ. 2019, 5,
33-37. (In Russian) [CrossRef]

Burlyaeva, M.O.; Gurkina, M.V.; Miroshnichenko, E.V. Application of multivariate analysis to identify relationships among useful
agronomic characters of cowpea and differentiation of cultivars for vegetable and grain uses. J. Proc. Appl. Bot. 2021, 182, 36-47.
[CrossRef]

Bouchenak, M.; Lamri-Senhadji, M.Y. Nutritional quality of legumes, and their role in cardiometabolic risk prevention: A review.
J. Med. Food 2013, 16, 185-198. [CrossRef] [PubMed]

Gongalves, A.; Goufo, P; Barros, A.; Dominguez-Perles, R.; Trindade, H.; Rosa, E.A.S.; Ferreira, L.; Rodrigues, M. Cowpea
(Vigna unguiculata L. Walp), a renewed multipurpose crop for a more sustainable agri-food system: Nutritional advantages and
constraints. J. Sci. Food Agric. 2016, 96, 2941-2951. [CrossRef] [PubMed]

Singh, B.; Singh, ].P; Shevkani, K.; Singh, N.; Kaur, A. Bioactive constituents in pulses and their health benefits. ]. Food Sci. Technol.
2017, 54, 858-870. [CrossRef]

Lazaridi, E.; Ntatsi, G.; Fernandez, ].A.; Karapanos, I.; Carnide, V.; Savvas, D.; Bebeli, P.J. Phenotypic diversity and evaluation of
fresh pods of cowpea landraces from Southern Europe. J. Sci. Food Agric. 2017, 97, 4326-4333. [CrossRef]

Collado, E.; Klug, T.V.; Artés-Hernandez, F.; Aguayo, E.; Artés, F.; Fernandez, ].A.; Gémez, P.A. Quality changes in nutritional
traits of fresh-cut and then microwaved cowpea seeds and pods. Food Bioprocess Technol. 2019, 12, 338-346. [CrossRef]

Awika, ].M.; Duodu, K.G. Bioactive polyphenols and peptides in cowpea (Vigna unguiculata) and their health promoting properties:
A review. J. Func. Foods 2017, 38, 686—697. [CrossRef]


http://doi.org/10.18619/2072-9146-2019-5-33-37
http://doi.org/10.30901/2227-8834-2021-4-36-47
http://doi.org/10.1089/jmf.2011.0238
http://www.ncbi.nlm.nih.gov/pubmed/23398387
http://doi.org/10.1002/jsfa.7644
http://www.ncbi.nlm.nih.gov/pubmed/26804459
http://doi.org/10.1007/s13197-016-2391-9
http://doi.org/10.1002/jsfa.8249
http://doi.org/10.1007/s11947-018-2214-2
http://doi.org/10.1016/j.jff.2016.12.002

Plants 2022, 11, 2147 26 of 29

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Avanza, M.V.; Alvarez-Rivera, G.; Cifuentes, A.; Mendiola, J.A.; Ibaniez, E. Phytochemical and Functional Characterization of
Phenolic Compounds from Cowpea (Vigna unguiculata (L.) Walp.) Obtained by Green Extraction Technologies. Agronomy 2021,
11, 162. [CrossRef]

Fasuan, T.O.; Chukwu, C.T.; Uchegbu, N.N.; Olagunju, T.M.; Asadu, K.S.; Nwachukwu, M.C. Effects of pre-harvest synthetic
chemicals on post-harvest bioactive profile and phytoconstituents of white cultivar of Vigna unguiculata grains. J. Food Process.
Preserv. 2022, 46, €16187. [CrossRef]

Grierson, C.S.; Barnes, S.R.; Chase, M\W.; Clarke, M.; Grierson, D.; Edwards, KJ.; Jellis, G.J.; Jones, ].D.; Knapp, S.;
Oldroyd, G.; et al. One hundred important questions facing plant science research. New Phytol. 2011, 192, 6-12. [CrossRef]
[PubMed]

Frank, T.; Engel, K. Metabolomic Analysis of Plants and Crops. In Metabolomics in Food and Nutrition; Elsevier: Amsterdam, The
Netherlands, 2013; pp. 148-191.

Puzanskiy, R K.; Yemelyanov, V.V.; Gavrilenko, T.A.; Shishova, M.F. The perspectives of metabolomics studies of potato plants.
Vavilov |. Genet. Breed. 2017, 21, 112-123. [CrossRef]

Solovyeva, A.E.; Shelenga, T.V.; Shavarda, A.L.; Burlyaeva, M.O. Comparative analysis of wild and cultivated Lathyrus, L. spp.
according to their primary and secondary metabolite contents. Vavilov J. Genet. Breed. 2019, 23, 667—674. [CrossRef]

Solovyeva, A.E.; Shelenga, T.V.; Shavarda, A.L.; Burlyaeva, M.O. Comparative analysis of wild and cultivated Lathyrus, L. species
to assess their content of sugars, polyols, free fatty acids, and phytosterols. Vavilov ]. Genet. Breed. 2020, 24, 730-737. [CrossRef]
Perchuk, I.; Shelenga, T.; Gurkina, M.; Miroshnichenko, E.; Burlyaeva, M. Composition of Primary and Secondary Metabolite
Compounds in Seeds and Pods of Asparagus Bean (Vigna unguiculata (L.) Walp.) from China. Molecules 2020, 25, 3778. [CrossRef]
Loskutov, I.G.; Shelenga, T.V.; Konarev, A.V.; Khoreva, V.I; Kerv, Y.A,; Blinova, E.V.; Gnutikov, A.A.; Rodionov, A.V.; Malyshev, L.L.
Assessment of oat varieties with different levels of breeding refinement from the Vavilov Institute’s collection applying the
method of metabolomic profiling. Proc. Appl. Bot. Genet. Breed. 2022, 183, 104-117. [CrossRef]

Porokhovinova, E.A.; Shelenga, T.V.; Kerv, Y.A.; Khoreva, V.I; Konarev, A.V.; Yakusheva, T.V,; Pavlov, A.V,; Slobodkina, A.A;
Brutch, N.B. Features of Profiles of Biologically Active Compounds of Primary and Secondary Metabolism of Lines from VIR Flax
Genetic Collection, Contrasting in Size and Color of Seeds. Plants 2022, 11, 750. [CrossRef]

Meijering, E. Cell segmentation: 50 years down the road [life sciences]. IEEE Signal Process. Mag. 2012, 29, 140-145. [CrossRef]
Hutzler, P.; Fischbach, R.; Heller, W.; Jungblut, T.P.; Reuber, S.; Schmitz, R.; Veit, M.; Weissenbock, G.; Schnitzler, J.-P. Tissue
localization of phenolic compounds in plants by confocal laser scanning microscopy. J. Exp. Bot. 1998, 49, 953-965. [CrossRef]
Saboori-Robat, E.; Joshi, J.; Pajak, A.; Solouki, M.; Mohsenpour, M.; Renaud, J.; Marsolais, F. Common Bean (Phaseolus vulgaris L.)
Accumulates Most S-Methylcysteine as Its y-Glutamyl Dipeptide. Plants 2019, 8, 126. [CrossRef]

Razgonova, M.; Zinchenko, Y.; Pikula, K.; Tekutyeva, L.; Son, O.; Zakharenko, A.; Kalenik, T.; Golokhvast, K. Spatial Distribution
of Polyphenolic Compounds in Corn Grains (Zea mays L. var. Pioneer) Studied by Laser Confocal Microscopy and High-Resolution
Mass Spectrometry. Plants 2022, 11, 630. [CrossRef] [PubMed]

Oertel, A.; Matros, A.; Hartmann, A.; Arapitsas, P.; Dehmer, K.J.; Martens, S.; Mock, H.P. Metabolite profiling of red and
blue potatoes revealed cultivar and tissue specific patterns for anthocyanins and other polyphenols. Planta 2017, 246, 281-297.
[CrossRef]

Hamed, A.R.; El-Hawary, S.S.; Ibrahim, R.M.; Abdelmohsen, U.R.; El-Halawany, A.M. Identification of Chemopreventive
Components from Halophytes Belonging to Aizoaceae and Cactaceae Through LC/MS-Bioassay Guided Approach. . Chromatogr.
Sci. 2021, 59, 618-626. [CrossRef] [PubMed]

Qin, D.; Wang, Q.; Li, H; Jiang, X.; Fang, K.; Wang, Q.; Li, B.; Pan, C.; Wu, H. Identification of key metabolites based on
non-targeted metabolomics and chemometrics analyses provides insights into bitterness in Kucha [Camellia kucha (Chang et
Wang) Chang]. Food Res. Int. 2020, 138, 109789. [CrossRef] [PubMed]

Seukep, AJ.; Zhang, Y.-L.; Xu, Y.-B.; Guo, M.-Q. In Vitro Antibacterial and Antiproliferative Potential of Echinops lanceolatus Mattf.
(Asteraceae) and Identification of Potential Bioactive Compounds. Pharmaceuticals 2020, 13, 59.

Rodriguez-Perez, C.; Gomez-Caravaca, A.M.; Guerra-Hernandez, E.; Cerretani, L.; Garcia-Villanova, B.; Verardo, V. Compre-
hensive metabolite profiling of Solanum tuberosum L. (potato) leaves T by HPLC-ESI-QTOE-MS. Molecules 2018, 112, 390-399.
[CrossRef]

Chang, Q.; Wong, Y.-S. Identification of Flavonoids in Hakmeitau Beans (Vigna sinensis) by High-Performance Liquid
Chromatography—Electrospray Mass Spectrometry (LC-ESI/MS). J. Agric. Food Chem. 2004, 52, 6694-6699. [CrossRef]
Rafsanjany, N.; Senker, J.; Brandt, S.; Dobrindt, U.; Hensel, A. In Vivo Consumption of Cranberry Exerts ex Vivo Antiadhesive
Activity against FimH-Dominated Uropathogenic Escherichia coli: A Combined in Vivo, ex Vivo, and in Vitro Study of an Extract
from Vaccinium macrocarpon. J. Agric. Food Chem. 2015, 63, 8804-8818. [CrossRef]

Belmehdi, O.; Bouyahya, A.; J6zsef, ]‘E‘K.é.; Cziaky, Z.; Zengin, G.; Sotko, G.; Elbaaboua, A.; Senhaji, N.S.; Abrini, J. Synergistic
interaction between propolis extract, essential oils, and antibiotics against Staphylococcus epidermidis and methicillin resistant
Staphylococcus aureus. Int. J. Second. Metab. 2021, 8, 195-213. [CrossRef]

Okhlopkova, Z.M.; Razgonova, M.P;; Pikula, K.S.; Zakharenko, A.M.; Piekoszewski, W.; Manakov, Y.A.; Ercisli, S.; Golokhvast, K.S.
Dracocephalum palmatum S. and Dracocephalum ruyschiana L. originating from Yakutia: A High-Resolution Mass Spectrometric
Approach for the Comprehensive Characterization of Phenolic Compounds. Appl. Sci. 2022, 12, 1766. [CrossRef]


http://doi.org/10.3390/agronomy11010162
http://doi.org/10.1111/jfpp.16187
http://doi.org/10.1111/j.1469-8137.2011.03859.x
http://www.ncbi.nlm.nih.gov/pubmed/21883238
http://doi.org/10.18699/VJ17.229
http://doi.org/10.18699/VJ19.539
http://doi.org/10.18699/VJ20.667
http://doi.org/10.3390/molecules25173778
http://doi.org/10.30901/2227-8834-2022-1-104-117
http://doi.org/10.3390/plants11060750
http://doi.org/10.1109/MSP.2012.2204190
http://doi.org/10.1093/jxb/49.323.953
http://doi.org/10.3390/plants8050126
http://doi.org/10.3390/plants11050630
http://www.ncbi.nlm.nih.gov/pubmed/35270099
http://doi.org/10.1007/s00425-017-2718-4
http://doi.org/10.1093/chromsci/bmaa112
http://www.ncbi.nlm.nih.gov/pubmed/33352581
http://doi.org/10.1016/j.foodres.2020.109789
http://www.ncbi.nlm.nih.gov/pubmed/33288175
http://doi.org/10.1016/j.foodres.2018.06.060
http://doi.org/10.1021/jf049114a
http://doi.org/10.1021/acs.jafc.5b03030
http://doi.org/10.21448/ijsm.947033
http://doi.org/10.3390/app12031766

Plants 2022, 11, 2147 27 of 29

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Razgonova, M.; Zakharenko, A.; Pikula, K.; Manakov, Y.; Ercisli, S.; Derbush, I; Kislin, E.; Seryodkin, I.; Sabitov, A.;
Kalenik, T.; et al. LC-MS/MS Screening of Phenolic Compounds in Wild and Cultivated Grapes Vitis amurensis Rupr. Molecules
2021, 26, 3650. [CrossRef] [PubMed]

Zakharenko, A.M.; Razgonova, M.P; Pikula, K.S.; Golokhvast, K.S. Simultaneous determination of 78 compounds of Rhodiola
rosea extract using supercritical CO;-extraction and HPLC-ESI-MS/MS spectrometry. HINDAWY. Biochem. Res. Int. 2021, 2021,
9957490. [CrossRef] [PubMed]

Chandrasekara, A.; Shahidi, F. Determination of antioxidant activity in free and hydrolyzed fractions of millet grains and
characterization of their phenolic profiles by HPLC-DAD-ESI-MSn. . Funct. Foods 2011, 3, 144-158. [CrossRef]

Kim, S.; Oh, S.; Noh, H.B; Ji, S.; Lee, S.H.; Koo, ].M.; Choi, C.W.; Jhun, H.P. In Vitro Antioxidant and Anti-Propionibacterium
acnes Activities of Cold Water, Hot Water, and Methanol Extracts, and Their Respective Ethyl Acetate Fractions, from Sanguisorba
officinalis L. Roots. Molecules 2018, 23, 3001. [CrossRef] [PubMed]

Aita, S.E.; Capriotti, A.L.; Cavaliere, C.; Cerrato, A.; Giannelli Moneta, B.; Montone, C.M.; Piovesana, S.; Lagana, A. Andean
Blueberry of the Genus Disterigma: A High-Resolution Mass Spectrometric Approach for the Comprehensive Characterization of
Phenolic Compounds. Separations 2021, 8, 58. [CrossRef]

Jaiswal, R.; Muller, H.; Muller, A.; Karar, M.G.E.; Kuhnert, N. Identification and characterization of chlorogenic acids, chlorogenic
acid glycosides and flavonoids from Lonicera henryi L. (Caprifoliaceae) leaves by LC-MSn. Phytochemistry 2014, 108, 252-263.
[CrossRef]

Xu, L.L,; Xu, J.J.; Zhong, K.R.; Shang, Z.P.; Wang, F; Wang, R.F; Liu, B. Analysis of non-volatile chemical constituents of Menthae
Haplocalycis herba by ultra-high performance liquid chromatography—High resolution mass spectrometry. Molecules 2017,
22,1756. [CrossRef]

Olennikov, D.N.; Chirikova, N.K.; Okhlopkova, Z.M.; Zulfugarov, 1.5. Chemical Composition and Antioxidant Activity of Tanara
Ot6 (Dracocephalum palmatum Stephan), a Medicinal Plant Used by the North-Yakutian Nomads. Molecules 2013, 18, 14105-14121.
[CrossRef]

Teles, Y.C.F,; Souza, M.S.R.; de Fatima Vanderlei de Souza, M. New Sulphated Flavonoids: Biosynthesis, Structures, and Biological
Activities. Molecules 2018, 22, 480. [CrossRef]

Marcia Fuentes, J.A.; Lopez-Salas, L.; Borras-Linares, I.; Navarro-Alarcon, M.; Segura-Carretero, A.; Lozano-Sanchez, J. De-
velopment of an Innovative Pressurized Liquid Extraction Procedure by Response Surface Methodology to Recover Bioactive
Compounds from Carao Tree Seeds. Foods 2021, 10, 398. [CrossRef]

Thomford, N.E.; Dzobo, K.; Chopera, D.; Wonkam, A.; Maroyi, A.; Blackhurst, D.; Dandara, C. In vitro reversible and time-
dependent CYP450 inhibition profiles of medicinal herbal plant extracts Newbouldia laevis and Cassia abbreviata: Implications for
herb-drug interactions. Molecules 2016, 21, 891. [CrossRef] [PubMed]

Sobeh, M.; Mahmoud, M.E; Abdelfattah, M.A.O.; Cheng, H.; El-Shazly, A.M.; Wink, M. A proanthocyanidin-rich extract from
Cassia abbreviata exhibits antioxidant and hepatoprotective activities in vivo. J. Ethnopharmacol. 2018, 213, 38—47. [CrossRef]
[PubMed]

Santos, S.A.O.; Vilela, C.; Freire, C.S.R.; Neto, C.P; Silvestre, A.J.D. Ultra-high performance liquid chromatography coupled to
mass spectrometry applied to the identification of valuable phenolic compounds from Eucalyptus wood. J. Chromatogr. B 2013,
938, 65-74. [CrossRef] [PubMed]

Abeywickrama, G.; Debnath, 5.C.; Ambigaipalan, P.; Shahidi, F. Phenolics of Selected Cranberry Genotypes (Vaccinium macrocarpon
Ait.) and Their Antioxidant Efficacy. J. Agric. Food Chem. 2016, 64, 9342-9351. [CrossRef]

Ojwang, L.O.; Yang, L.; Dykes, L.; Awika, J. Proanthocyanidin profile of cowpea (Vigna unguiculata) reveals catechin-O-glucoside
as the dominant compound. Food Chem. 2013, 130, 35-43. [CrossRef]

Sharma, M.; Sandhir, R.; Singh, A.; Kumar, P.,; Mishra, A.; Jachak, S.; Singh, S.P.; Singh, ].; Roy, ]. Comparison analysis of phenolic
compound characterization and their biosynthesis genes between two diverse bread wheat (Triticum aestivum) varieties differing
for chapatti (unleavened flat bread) quality. Front. Plant Sci. 2016, 7, 1870. [CrossRef]

Yin, N.-W.; Wang, S.-X; Jia, L.-D.; Zhu, M.-C; Yang, J.; Zhou, B.-].; Yin, J.-M.; Lu, K,; Wang, R.; Li, ] -N.; et al. Identification and
Characterization of Major Constituents in Different-Colored Rapeseed Petals by UPLC—HESI-MS/MS. J. Agric. Food Chem. 2019,
67,11053-11065. [CrossRef]

Ruiz, A.; Hermosin-Gutiérrez, I.; Vergara, C.; von Baer, D.; Zapata, M.; Hitschfeld, A.; Obando, L.; Mardones, C. Anthocyanin
profiles in south Patagonian wild berries by HPLC-DAD-ESI-MS/MS. Food Res. Int. 2013, 51, 706-713. [CrossRef]

Ha, T.J.; Lee, M.H.; Park, C.H.; Pae, S.B.; Shim, K.B.; Ko, ].M.; Shin, S.O.; Baek, 1.Y.; Park, K.Y. Identification and Characterization
of Anthocyanins in Yard-Long Beans (Vigna unguiculata ssp. sesquipedalis L.) by High-Performance Liquid Chromatography with
Diode Array Detection and Electrospray lonization/Mass Spectrometry (HPLC-DAD-ESI/MS) Analysis. J. Agric. Food Chem.
2010, 58, 2571-2576.

Lago-Vanzela, E.S.; Da-Silva, R.; Gomes, E.; Garcia-Romero, E.; Hermosin-Gutierres, E. Phenolic Composition of the Edible Parts
(Flesh and Skin) of Bordé Grape (Vitis labrusca) Using HPLC—DAD—ESI-MS/MS. ]. Agric. Food Chem. 2011, 59, 13136-13146.
[CrossRef]

Chhon, S.; Jeon, J.; Kim, J.; Park, S.U. Phenolic Accumulation of Anthocyanins through Overexpression of AtPAP1 in
Solanum nigrum Lin. (Black Nightshade). Biomolecules 2020, 10, 277. [CrossRef] [PubMed]


http://doi.org/10.3390/molecules26123650
http://www.ncbi.nlm.nih.gov/pubmed/34203808
http://doi.org/10.1155/2021/9957490
http://www.ncbi.nlm.nih.gov/pubmed/34306755
http://doi.org/10.1016/j.jff.2011.03.007
http://doi.org/10.3390/molecules23113001
http://www.ncbi.nlm.nih.gov/pubmed/30453560
http://doi.org/10.3390/separations8050058
http://doi.org/10.1016/j.phytochem.2014.08.023
http://doi.org/10.3390/molecules22101756
http://doi.org/10.3390/molecules181114105
http://doi.org/10.3390/molecules23020480
http://doi.org/10.3390/foods10020398
http://doi.org/10.3390/molecules21070891
http://www.ncbi.nlm.nih.gov/pubmed/27399660
http://doi.org/10.1016/j.jep.2017.11.007
http://www.ncbi.nlm.nih.gov/pubmed/29126990
http://doi.org/10.1016/j.jchromb.2013.08.034
http://www.ncbi.nlm.nih.gov/pubmed/24055752
http://doi.org/10.1021/acs.jafc.6b04291
http://doi.org/10.1016/j.foodchem.2013.01.117
http://doi.org/10.3389/fpls.2016.01870
http://doi.org/10.1021/acs.jafc.9b05046
http://doi.org/10.1016/j.foodres.2013.01.043
http://doi.org/10.1021/jf203679n
http://doi.org/10.3390/biom10020277
http://www.ncbi.nlm.nih.gov/pubmed/32054115

Plants 2022, 11, 2147 28 of 29

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Anari, Z.; Mai, C.; Sengupta, A.; Howard, L.; Brownmiller, C.; Wickramasinghe, S.R. Combined Osmotic and Membrane
Distillation for Concentration of Anthocyanin from Muscadine Pomace Biomolecules. J. Food Sci. 2019, 84, 2199-2208. [CrossRef]
[PubMed]

Eklund, P.C.; Backman, M.].; Kronberg, L.A.; Smeds, A.L; Sjoholm, R.E. Identification of lignans by liquid chromatography-
electrospray ionization ion-trap mass spectrometry. J. Mass Spectrom. 2008, 43, 97-107. [CrossRef] [PubMed]

Bonzanini, F; Bruni, R.; Palla, G.; Serlataite, N.; Caligiani, A. Identification and distribution of lignans in Punica granatum L. fruit
endocarp, pulp, seeds, wood knots and commercial juices by GC-MS. Food Chem. 2009, 117, 745-749. [CrossRef]
Llorent-Martinez, E.J.; Spinola, V.; Gouveia, S.; Castilho, P.C. HPLC-ESI-MSn characterization of phenolic compounds, terpenoid
saponins, and other minor compounds in Bituminaria bituminosa. Ind. Crops Prod. 2015, 69, 80-90. [CrossRef]

Monthong, W.; Pitchuanchom, S.; Nuntasaen, N.; Pompimon, W. (+)-Syringaresinol Lignan from New Species Magnolia Thailandica.
Am. J. Appl. Sci. 2011, 8, 1268-1271. [CrossRef]

Pan, M.; Lei, Q.; Zang, N.; Zhang, H. A Strategy Based on GC-MS/MS, UPLC-MS/MS and Virtual Molecular Docking for
Analysis and Prediction of Bioactive Compounds in Eucalyptus Globulus Leaves. Int. ]. Mol. Sci. 2019, 20, 3875. [CrossRef]
[PubMed]

Cai, Z.; Wang, C.; Zou, L.; Liu, X.; Chen, J.; Tan, M.; Mei, Y.; Wei, L. Comparison of Multiple Bioactive Constituents in the Flower
and the Caulis of Lonicera japonica Based on UFLC-QTRAP-MS/MS Combined with Multivariate Statistical Analysis. Molecules
2019, 24, 1936. [CrossRef]

Quifer-Rada, P; Vallverdu-Queralt, A.; Martinez-Huelamo, M.; Chiva-Blanch, G.; Jauregui, O.; Estruch, R.; Lamuela-Raventos, R.
A comprehensive characterization of beer polyphenols by high resolution mass spectrometry (LC-ESI-LTQ-Orbitrap-MS). Food
Chem. 2015, 169, 336-343. [CrossRef]

Alvarez-Fernandez, M.; Cerezo, A.B.; Canete-Rodriguez, A.M.; Troncoso, A.M.; Garcia-Parrilla, M.C. Composition of nonantho-
cyanin polyphenols in alcoholic-fermented strawberry products using LC-MS (QTRAP), high-resolution MS (UHPLC-Orbitrap-
MS), LC-DAD, and antioxidant activity. J. Agric. Food Chem. 2015, 63, 2041-2051. [CrossRef]

Jiang, R.-W.; Lau, K.-M.; Hon, P.-M.; Mak, T.C.W.; Woo, K.-S.; Fung, K.-P. Chemistry and Biological Activities of Caffeic Acid
Derivatives from Salvia miltiorrhiza. Curr. Med. Chem. 2005, 12, 237-246. [CrossRef]

Razgonova, M.P,; Tikhonova, N.G.; Sabitov, A.S.; Mikhailova, N.M.; Luchko, S.R.; Zakharenko, A.M.; Pikula, K.S.; Golokhvast, K.S.
Identification of phenolic constituents in Lonicera caerulea L. by HPLC with diode array detection electrospray ionisation tandem
mass spectrometry. In BIO Web of Conferences; EDP Sciences: Les Ulis, France, 2021; Volume 32, p. 02010.

Lang, R.; Dieminger, N.; Beusch, A.; Lee, Y.M.; Dunkel, A.; Suess, B.; Skurk, T.; Wahl, A.; Hauner, H.; Hofmann, T. Bioappearance
and pharmacokinetics of bioactives upon coffee consumption). Anal. Bioanal. Chem. 2013, 405, 8487-8503. [CrossRef] [PubMed]
Zhou, X.-J.; Yan, L.-L.; Yin, P-P; Shi, L.-L.; Zhang, J.-H.; Liu, J.-H.; Ma, C. Structural characterisation and antioxidant activity
evaluation of phenolic compounds from cold-pressed Perilla frutescens var. arguta seed flour. Food Chem. 2014, 164, 150-157.
[CrossRef] [PubMed]

Yang, S.T.; Wu, X.; Rui, W.; Guo, J.; Feng, Y.F. UPLC/Q-TOF-MS analysis for identification of hydrophilic phenolics and lipophilic
diterpenoids from Radix Salviae Miltiorrhizae. Acta Chromatogr. 2015, 27, 711-728. [CrossRef]

Huang, Y,; Yao, P,; Leung, KW.; Wang, H.; Kong, X.P; Wang, L.; Dong, T.T.X.; Chen, Y.; Tsim, K.W.K. The Yin-Yang Property
of Chinese Medicinal Herbs Relates to Chemical Composition but Not Anti-Oxidative Activity: An Illustration Using Spleen-
Meridian Herbs. Front. Pharmacol. 2018, 9, 1304. [CrossRef]

Ekeberg, D.; Flate, P-O.; Eikenes, M.; Fongen, M.; Naess-Andresen, C.F. Qualitative and quantitative determination of extractives
in heartwood of Scots pine (Pinus sylvestris L.) by gas chromatography. J. Chromatogr. A 2006, 1109, 267-272. [CrossRef] [PubMed]
Park, SK.; Ha,].S,; Kim, ] M.; Kang, ].Y.; Lee, D.S.; Guo, T.].; Lee, U.; Kim, D.-O.; Heo, H.]. Antiamnesic Effect of Broccoli (Brassica
oleracea var. italica) Leaves on Amyloid Beta (A{3)1-42-Induced Learning and Memory Impairment. . Agric. Food Chem. 2016, 64,
3353-3361. [CrossRef]

Van Hoyweghen, L.; De Bosscher, K.; Haegeman, G.; Deforce, D.; Heyerick, A. In vitro inhibition of the transcription factor NF-xB
and cyclooxygenase by Bamboo extracts. Phytother. Res. 2014, 28, 224-230. [CrossRef]

Bianco, G.; Schmitt-Kopplin, P.; De Benedetto, G.; Kettrup, A.; Cataldi, T.R.I. Determination of glycoalkaloids and relative agly-
cones by nonaqueous capillary electrophoresis coupled with electrospray ionization-ion trap mass spectrometry. Electrophoresis
2002, 23, 2904-2912. [CrossRef]

Hossain, M.B.; Brunton, N.P,; Rai, D.K. Effect of Drying Methods on the Steroidal Alkaloid Content of Potato Peels, Shoots and
Berries. Molecules 2016, 21, 403. [CrossRef]

Wu, Y,; Xu, J.; He, Y;; Shi, M.; Han, X.; Li, W,; Zhang, X.; Wen, X. Metabolic Profiling of Pitaya (Hylocereus polyrhizus) during Fruit
Development and Maturation. Molecules 2019, 24, 1114. [CrossRef]

Razgonova, M.P,; Tekutyeva, L.A.; Podvolotskaya, A.B.; Stepochkina, V.D.; Zakharenko, A.M.; Golokhvast, K. Zostera marina
L.: Supercritical CO2-extraction and Mass Spectrometric Characterization of Chemical Constituents Recovered from Eelgrass.
Separations 2022, 24, 1114. [CrossRef]

Delgado-Pelayo, R.; Homero-Mendez, D. Identification and Quantitative Analysis of Carotenoids and Their Esters from
Sarsaparilla (Smilax aspera L.) Berries. ]. Agric. Food Chem. 2012, 60, 8225-8232. [CrossRef]

Mercadante, A.Z.; Rodrigues, D.B.; Petry, EC.; Barros Mariutti, L.R. Carotenoid esters in foods—A review and practical directions
on analysis and occurrence. Food Res. Int. 2017, 99, 830-850. [CrossRef] [PubMed]


http://doi.org/10.1111/1750-3841.14717
http://www.ncbi.nlm.nih.gov/pubmed/31313316
http://doi.org/10.1002/jms.1276
http://www.ncbi.nlm.nih.gov/pubmed/17729382
http://doi.org/10.1016/j.foodchem.2009.04.057
http://doi.org/10.1016/j.indcrop.2015.02.014
http://doi.org/10.3844/ajassp.2011.1268.1271
http://doi.org/10.3390/ijms20163875
http://www.ncbi.nlm.nih.gov/pubmed/31398935
http://doi.org/10.3390/molecules24101936
http://doi.org/10.1016/j.foodchem.2014.07.154
http://doi.org/10.1021/jf506076n
http://doi.org/10.2174/0929867053363397
http://doi.org/10.1007/s00216-013-7288-0
http://www.ncbi.nlm.nih.gov/pubmed/23982107
http://doi.org/10.1016/j.foodchem.2014.05.062
http://www.ncbi.nlm.nih.gov/pubmed/24996318
http://doi.org/10.1556/AChrom.27.2015.4.9
http://doi.org/10.3389/fphar.2018.01304
http://doi.org/10.1016/j.chroma.2006.01.027
http://www.ncbi.nlm.nih.gov/pubmed/16472534
http://doi.org/10.1021/acs.jafc.6b00559
http://doi.org/10.1002/ptr.4978
http://doi.org/10.1002/1522-2683(200209)23:17&lt;2904::AID-ELPS2904&gt;3.0.CO;2-1
http://doi.org/10.3390/molecules21040403
http://doi.org/10.3390/molecules24061114
http://doi.org/10.3390/separations9070182
http://doi.org/10.1021/jf302719g
http://doi.org/10.1016/j.foodres.2016.12.018
http://www.ncbi.nlm.nih.gov/pubmed/28847421

Plants 2022, 11, 2147 29 of 29

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.
99.

100.

Shakya, R.; Navarre, D.A. LC-MS Analysis of Solanidane Glycoalkaloid Diversity among Tubers of Four Wild Potato Species and
Three Cultivars (Solanum tuberosum). J. Agric. Food Chem. 2008, 56, 6949-6958. [CrossRef]

Steinert, K.; Hovelmann, Y.; Huber, F; Humpf, H.-U. LC-MS Identification of Novel Iso-Esculeoside B from Tomato Fruits and
LC—MS/MS-Based Food Screening for Major Dietary Steroidal Alkaloids Focused on Esculeosides. J. Agric. Food Chem. 2020, 68,
14492-14501. [CrossRef] [PubMed]

Pollier, J.; Morreel, K.; Geelen, D.; Goossens, A. Metabolite Profiling of Triterpene Saponins in Medicago truncatula Hairy Roots
by Liquid Chromatography Fourier Transform Ion Cyclotron Resonance Mass Spectrometry. J. Nat. Prod. 2011, 74, 1462-1476.
[CrossRef]

Deuber, H.; Guignard, C.; Hoffmann, L.; Evers, D. Polyphenol and glycoalkaloid contents in potato cultivars grown in Luxem-
bourg. Food Chem. 2012, 135, 2814-2824.

Huang, W,; Serra, O.; Dastmalchi, K.; Jin, L.; Yang, L.; Stark, R.E. Comprehensive MS and Solid-state NMR Metabolomic Profiling
Reveals Molecular Variations in Native Periderms from Four Solanum tuberosum Potato Cultivars. J. Agric. Food Chem. 2017, 65,
2258-2274. [CrossRef] [PubMed]

Corcel, M.; Devaux, M.-E,; Guillon, F,; Barron, C. Identification of tissular origin of particles based on autofluorescence multispec-
tral image analysis at the macroscopic scale. In Proceedings of the EP] Web of Conferences, Crete, Greece, 17-29 August 2017;
p- 05012.

Lichtenthaler, H.K.; Schweiger, J. Cell wall bound ferulic acid, the major substance of the blue-green fluorescence emission of
plants. J. Plant Physiol. 1998, 152, 272-282. [CrossRef]

Donaldson, L. Softwood and hardwood lignin fluorescence spectra of wood cell walls in different mounting media. JAWA J. 2013,
34, 3-19. [CrossRef]

Brillouet, ]. M.; Riochet, D. Cell wall polysaccharides and lignin in cotyledons and hulls of seeds from various lupin (Lupinus, L.)
species. . Sci. Food Agric. 1983, 34, 861-868. [CrossRef]

Krzyzanowski, F.C.; Franca Neto, ].D.B.; Mandarino, ] M.G.; Kaster, M. Evaluation of lignin content of soybean seed coat stored in
a controlled environment. Rev. Bras. De Sementes 2008, 30, 220-223. [CrossRef]

Brillouet, ].M.; Carré, B. Composition of cell walls from cotyledons of Pisum sativum, Vicia faba and Glycine max. Phytochemistry
1983, 22, 841-847. [CrossRef]

Sudo, E.; Teranishi, M.; Hidema, ]J.; Taniuchi, T. Visualization of flavonol distribution in the abaxial epidermis of onion scales via
detection of its autofluorescence in the absence of chemical processes. Biosci. Biotechnol. Biochem. 2009, 73, 2107-2109. [CrossRef]
Monago-Maraiia, O.; Durdn-Meras, 1.; Galeano-Diaz, T.; de la Pefia, A.M. Fluorescence properties of flavonoid compounds.
Quantification in paprika samples using spectrofluorimetry coupled to second order chemometric tools. Food Chem. 2016, 196,
1058-1065. [CrossRef]

Roshchina, V.V.; Kuchin, A.V,; Yashin, V.A. Application of Autofluorescence for Analysis of Medicinal Plants. Spectrosc. Int. ].
2017, 2017, 7159609. [CrossRef]

Talamond, P; Verdeil, ].-L.; Conéjéro, G. Secondary metabolite localization by autofluorescence in living plant cells. Molecules
2015, 20, 5024-5037. [CrossRef]

Collings, D.A. Anthocyanin in the vacuole of red onion epidermal cells quenches other fluorescent molecules. Plants 2019, 8, 596.
[CrossRef]

Mackon, E.; Ma, Y.; Jeazet Dongho Epse Mackon, G.C.; Li, Q.; Zhou, Q.; Liu, P. Subcellular Localization and Vesicular Structures
of Anthocyanin Pigmentation by Fluorescence Imaging of Black Rice (Oryza sativa L.) Stigma Protoplast. Plants 2021, 10, 685.
[CrossRef]

Weber, H.; Borisjuk, L.; Wobus, U. Molecular physiology of legume seed development. Annu. Rev. Plant Biol. 2005, 56, 253-279.
[CrossRef] [PubMed]

Moise, J.A.; Han, S.; Gudynaite-Savitch, L.; Johnson, D.A.; Miki, B.L. Seed coats: Structure, development, composition, and
biotechnology. In Vitro Cell. Dev. Biol.-Plant 2005, 41, 620-644. [CrossRef]

Ndakidemi, P.A.; Dakora, ED. Legume seed flavonoids and nitrogenous metabolites as signals and protectants in early seedling
development. Funct. Plant Biol. 2003, 30, 729-745. [CrossRef]

Salunkhe, D.K,; Jadhav, S.J.; Kadam, S.S.; Chavan, J.K. Chemical, biochemical, and biological significance of polyphenols in
cereals and legumes. Crit. Rev. Food Sci. Nutr. 1982, 17, 277-305. [CrossRef] [PubMed]

Dixon, R.A.; Paiva, N.L. Stress-induced phenylpropanoid metabolism. Plant Cell 1995, 7, 1085-1097. [CrossRef] [PubMed]
Benitez, E.R.; Funatsuki, H.; Kaneko, Y.; Matsuzawa, Y.; Bang, S.W.; Takahashi, R. Soybean maturity gene effects on seed coat
pigmentation and cracking in response to low temperatures. Crop Sci. 2004, 44, 2038-2042. [CrossRef]

Nakamura, T.; Yang, D.; Kalaiselvi, S.; Uematsu, Y.; Takahashi, R. Genetic analysis of net-like cracking in soybean coats. Euphytica.
2003, 133, 179-184. [CrossRef]


http://doi.org/10.1021/jf8006618
http://doi.org/10.1021/acs.jafc.0c05906
http://www.ncbi.nlm.nih.gov/pubmed/33245235
http://doi.org/10.1021/np200218r
http://doi.org/10.1021/acs.jafc.6b05179
http://www.ncbi.nlm.nih.gov/pubmed/28215068
http://doi.org/10.1016/S0176-1617(98)80142-9
http://doi.org/10.1163/22941932-00000002
http://doi.org/10.1002/jsfa.2740340814
http://doi.org/10.1590/S0101-31222008000200028
http://doi.org/10.1016/0031-9422(83)85009-2
http://doi.org/10.1271/bbb.90169
http://doi.org/10.1016/j.foodchem.2015.10.041
http://doi.org/10.1155/2017/7159609
http://doi.org/10.3390/molecules20035024
http://doi.org/10.3390/plants8120596
http://doi.org/10.3390/plants10040685
http://doi.org/10.1146/annurev.arplant.56.032604.144201
http://www.ncbi.nlm.nih.gov/pubmed/15862096
http://doi.org/10.1079/IVP2005686
http://doi.org/10.1071/FP03042
http://doi.org/10.1080/10408398209527350
http://www.ncbi.nlm.nih.gov/pubmed/6756791
http://doi.org/10.2307/3870059
http://www.ncbi.nlm.nih.gov/pubmed/12242399
http://doi.org/10.2135/cropsci2004.2038
http://doi.org/10.1023/A:1025541610329

	Introduction 
	Materials and Methods 
	Materials 
	Chemicals and Reagents 
	Maceration 
	Liquid Chromatography 
	Mass Spectrometry 
	Optical Microscopy 
	Statistical Data Processing 

	Results and Discussion 
	Tandem Mass Spectrometry 
	Confocal Laser Scanning Microscopy 

	Conclusions 
	References

