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& Structuring and phenotyping genetic diversity is an important aspect of the work with breeding sources and mate-
rials. In the Introduction, the authors pointed out the role of N.I. Vavilov’s scientific foresight in defining the topical
trend in researching the genetic diversity of a crop, particularly the analysis of its biochemical composition. As the tar-
get of their research, the authors chose biochemical characters identifiable in the process of metabolomic analysis con-
ducted by means of gas chromatography with mass spectrometry. Materials and methods. The object was the grain of
naked and covered forms of common oat (Avena sativa L.) from the collection held by the Oat, Rye and Barley Genetic
Resources Department of VIR. The analysis of metabolomic research were performed using the method of gas chro-
matography with mass spectrometry on the chromatograph Agilent 6850 (USA). Results. The obtained metabolomic
spectra which reflected the metabolomic status of genotypes of various ecogeographic origin were compared among
themselves using statistical (principal component) analysis methods. The results of the comparison are discussed by
referring to the most important groups of metabolites significant for forming the traits of resistance to stressors as
well as the characters related to food qualities of grain products. Special attention has been paid to biologically ac-
tive compounds determining the functional value of the products for human nutrition: the sum of phenolics in covered
forms is five times higher than that in naked ones and the content of glycine in covered forms is five times higher than
in naked grain, with a similar proportion in the content of organic acids, sugars, etc. Conclusion. Differences between
metabolomic profiles of naked and covered forms have been detected and statistically verified. Accessions with the most
optimal nutritional composition have been identified for food purposes and for the development of resistance to biotic
and abiotic environmental stresses.
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& CrpykTypHsalus U (eHOTUTTHPOBAHHE TEHETHYECKOTO Pa3HooOpasus — BaykHOE HampaBieHHe PaboThl C MCXOAHBIM
M CeJIeKIIMOHHBIM MaTepuasoM. [IpeameroM uccienoBanusi BeIOpaHbl OHOXMMHUECKHE MPU3HAKH, BBISBJSEMbIC B XOJ€
MeTaboJIOMHOTO aHa/Iu3a, MPOBEJIEHHOTO ¢ HCIMOJb30BaHUEM Ta30BOH Xpomartorpaduu ¢ macc-criekrpomerpuei. O6b-
ekTbl — 3epHa muieHuaTbix (I1P) u rosozepubix dopm (I'D) oBca nocesHoro (Avena sativa L.) U3 KosJIeKIHMH OTHENA
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reHeTHUECKUX pecypcoB oBca, pxkH, suMens BHP. OcHoBHas 3afaya paGoThl — BBISBJIEHHE Pa3iuddil MexKIy hopMaMu
OBCa Ha ypoBHE MeTaboJIOMHBIX CMeKTpPoB. [losydeHHbIe CMEKTPBI OTpazKaroT MeTaboJHYecKoe COCTOSTHHE T'eHOTHIIOB
PasJIMYHOr0 9K0JI0ro-reorpaduieckoro npoucxoxietus. [IpoBeieHo cpaBHeHHe M0 BaXKHEHIIMM IpyIamM MeTaboJUTOB,
MMEIOLIUM BaykHOe 3HaueHHe /7151 (POPMHPOBAHHsSI MMPU3HAKOB YCTOHUYHUBOCTH K CTpeccopaMm, MUILEBbIX, Je4eOHbIX, JHe-
THYECKHMX JIOCTOMHCTB 3€PHOBOH TpPOAyKUMH. B TOM uMciie BHMMaHHe yjieJieHO GHOJIOTMUECKH aKTHBHBIM COEAMHEHHSIM,
OnpeaessIonnM (PyHKIHOHAIBHYIO 1IeHHOCTb MPOIYKIMH /s TUTAHHUS YeJoBeKa — (PeHOJbHBIM COeIMHEHHIM 1 CBOOO/-
HbIM aMHHOKHcI0TaM. J1o/1s1 peHoMbHbIX coenHenil B MeTaboanTHOM npocuse [1P Boitle TakoBbix y ['D. YeraHoB/eHbI
OT/IHYHsT MeTaboJIOMHBIX TTpodusieit [P n [1D, KoTopble MoATBEp:KIEHBI CTATHCTHYECKH. BhisiBeHb 06pasiibl ¢ Hanbosiee
ONTHMAJIbHBIM MUTATEJbHBIM COCTABOM JUISl UCTIOJIb30BAHUS B MUIIEBBIX LEJX U (POPMHUPOBAHUST YCTOHUHBOCTH K OHOTH-

YeCKUM M aOHOTHUYECKUM CTpeccaM OKpyzKalolled cpelbl.

% KuioueBbie cioBa: MeTab0JIOMUKA; roJjio3epHblie M I1JieH4aTble CbOprI OBca; OHOXMMHUYECKUH COCTaB, InuuieBas LeH-

HOCTb; yCTOI;I'-lI/IBOCTb K cTpeccam.

INTRODUCTION

Genetic diversity (GD) collected and stored in
national gene banks and centers since the moment
of entering the collection has become an object of
comprehensive study, including research based on
quality attributes [1—7]. Given that quality is now
recognized as a priority in breeding, one cannot
help but recall the pioneering role of the founder
of the All-Union Research Institute of Plant Indus-
try (VIR), N. L. Vavilov, in the understanding of the
special importance of “works on varietal physiology
and biochemistry, linked to breeding. The importance
of biochemical characteristics in the study of plant
GD is much broader than the provision of alimental,
feed, and other ‘utilitarian’ advantages of crops” [5].

New opportunities for solving the above prob-
lems became available when a methodological
approach based on a complete description of the
metabolome profile of the object was used. Such
an approach enabled the identification of biochem-
ical markers of biological processes. The method-
ological basis of this approach is chromatographic
analysis combined with mass spectrometry [8, 9].
This technique enables us to evaluate comprehen-
sively the processes in plants, animals, and mi-
croorganisms in accordance with the principles of
systems biology [10—13]. In recent years, metabo-
lomic techniques have become a highly sought tool
in biology and agricultural science, namely, phe-
notyping of species and varieties, analysis of signs
of resistance and quality, and breeding [14—17].

Studies on the metabolome of living objects
allow a comprehensive evaluation of the effect
of genetic modifications and biotic and abiotic
stressors on it [18—=21]. Thus, metabolomics is
a promising approach for identifying the relation-

ships between biochemical parameters and ge-
netic characteristics of crops and opening up new
possibilities for targeted breeding for quality [22].
Our study seems relevant and was conducted at a
contemporary methodological level.

In the Federal Research Center N. I. Vavilov
All-Russian Institute of Plant Genetic Resour-
ces (VIR), the metabolome approach is used to
characterize different groups of crops by identify-
ing specific metabolites [23] and evaluating va-
rieties (using oats as an example) with varying
degrees of resistance to fungal diseases [6, 7].

In the varietal diversity of the species of com-
mon oats (Avena sativa L.) (both among the
landraces and modern varieties), two subspecies
are distinguished, namely, covered oats (A. sa-
tiva subsp. sativa L.) and naked (A. sativa
subsp. nudisativa (Husn.) Rod. et Sold.) [24].
Naked oats (with a center of origin and diversity
in Mongolia and Northwest China) do not have
limited practical use. In recent years, breeders
have shown interest in them because of a number
of consumer advantages over traditional covered
ones [25, 26]. The identification and screening
of biochemical factors that determine the appear-
ance of economically valuable traits in the source
and breeding material is a common experimental
approach to understand the mechanisms of their
formation. In particular, we used this method to
identify reliable relationships between the content
of individual metabolites and the resistance of oat
varieties to Fusarium [6, 7].

This work aimed to identify biochemical differ-
ences (metabolite markers) of naked and covered
varieties of oats for subsequent phenotyping of the
varietal gene pool of common oats.
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MATERIALS AND METHODS

The research material was accessions of com-
mon oat grains grown at the Center for Plant Ge-
netic Fund and Bioresources of the All-Russian
Selection and Technology Institute for Horticul-
ture and Nursery in the village of Mikhnevo, Mos-
cow Region in 2016 (see Table 1). The experiment
was included in the field crop rotation according
to the VIR technique [27]. Studies were conduct-
ed using grains of 40 Russian and foreign covered
and naked varieties, representing the most impor-
tant and common breeding groups from the col-
lection of the Department of Genetic Resources
of Oats, Rye, and Barley of the Federal Research
Center N. I. Vavilov All-Russian Institute of Plant
Genetic Resources (VIR).

Accessions preparation and metabolic analysis
Grains of accessions were weighed, homog-
enized with an appropriate amount of methanol
(the most effective extractant) in a ratio of 1 : 10,

and infused for 30 days at 5 °C—6 °C [22]. The
resulting extract was centrifuged at 14,000 rpm
for 10 min. About 100 pl of the extract was
evaporated in a CentriVap Concentrator (Lab-
conco, USA) unit, and 50 pl of bis(trimethylsilyl)
trifluoroacetamide was added to the dry residue
and heated up for 40 min at 100 °C in a Digi-
Block unit (USA). The analysis was performed on
an HP5MS capillary column with 5% phenyl and
95% methylpolysiloxane (30.0 m, 250.0 pm, and
0.25 pm) by using an Agilent 6850 gas chromato-
graph with an Agilent 5975B VL. MSD quadrupole
mass-selective detector (Agilent Technologies,
USA). Analysis conditions included helium veloc-
ity through a column of 1.5 ml/min. The heat-
ing program was 70 °C—320 °C at a heating
rate of 4 °C/min. The temperature of the detec-
tor was 250 °C, the temperature of the injector
was 300 °C, and the sample volume was [ pl.
The internal standard was a solution of triclosan
in pyridine (1 pg/pl). The analysis was performed

Studied naked and covered accessions of common oat (Mikhnevo village, 2016)

No. of VIR Name Origin No. of VIR Name Origin
catalogue catalogue
Naked accessions Covered accessions
14717 Pushkinsky Leningrad Region 15444 Sapsan Kirov Region
14851 Numbat Australia 14648 Argamak Kirov Region
14960 Vyatsky Kirov Region 15352 Haga Norway
15063 Sibirsky Golozerny Omsk Region 15357 GNO08207 Norway
15290 Mestny Poland 15358 GN8214 Norway
15339 Progress Omsk Region 15367 Boto Denmark
15372 Tatran Slovakia 15442 Zalp Moscow Region
15382 Smachny Ukraine 15391 Aveny Sweden
15461 Korolyok Republic of Belarus 15400 Auteuil France
15493 UFRGS106150—3 Brazil 15402 Borrus Germany
15505 Avgol Ukraine 14911 Belinda Sweden
15520 Din Yan 4 Chine 15404 Minue France
15615 Bekas Kirov Region 15405 Raven Czech Republic
15305 Gehl Canada 15413 Effektive Austria
15649 Bai Yan 1 Chine 15421 Malin Germany
15650 Bai Yan 4 Chine 15462 Freestyle Republic of Belarus
15648 Bai Yan 5 Chine 15463 Elegant Republic of Belarus
15657 Bai Yan 10 Chine 15500 Mirt Republic of Belarus
15653 Pin 16 Chine 15516 Zorro Germany
15647 Yuan Za 2 Chine 15517 Hurdal Norway
& ecological genetics 2020;18(1) eISSN 2411-9202



30

GENETIC BASIS OF ECOSYSTEMS EVOLUTION

in three biological and three analytical replicates.
The results were processed using the AMDIS and
UniChrom programs. Peaks were identified using
the NIST 2010 mass spectra libraries, St. Peters-
burg University Research Park, and V.L. Koma-
rov Botanical Institute of the Russian Academy of
Sciences [21].

The results of the metabolite profile analysis of
oat grains were processed using STATISTICA 7.0
for Windows and MS Excel 2010 [28]. Significant
differences between the forms of oats were estab-
lished according to the results of one way analysis
of variance and post hoc comparison (PostHoc)
by using the generalized Tukey test. The relation-
ships between the contents of various substances
and the classification of oat forms were determined
by principal component analysis [28].
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RESULTS

As a result of the study, about 300 components
were found in oat grains, and 107 components
were identified. The latter were represented by
groups of compounds: 28 organic acids, 18 free
amino acids, nucleosides (adenosine and uridine),
13 fatty acids, acylglycerols (AGs; monoacylglycer-
ols MAG-1 C16:0, MAG-1 CI18:0, MAG-2 C18:3,
MAG-2 C18:2, diacylglycerol [DAG]), 15 poly-
atomic alcohols, 4 phytosterols, 10 phenolic com-
pounds (PhenC), 10 monosugars, and 6 oligosu-
gars (Appendix).

Figure | presents the content of various groups
of compounds that make up the metabolic profile
of covered forms (CFs) and naked forms (NFs)
of oat grains. In NF, the share of organic acids
and phosphoric acid was higher than that in CF
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Fig. 1. Major groups of metabolites of grains of covered and naked oat in percentage (4+0.95 confidence interval) of the total content of

all substances identified

* dKo02uHecKasa eeHemuKa

TOM 18 Nel 2020

ISSN 1811-0932



T'EHETHYECKHE OCHOBbI 9BOJIIOLIHH S9KOCHCTEM

31

by 1.2 and 2.2 times, respectively. The proportion
of phytosterols, polyatomic alcohols, and fatty ac-
ids was higher (0.2%, 3%, and 5%, respectively)
in the accessions of NF than in the accessions
of CE.

Higher percentages of free amino acids (3% and
2%, respectively), AGs (2% and 0.5%, respective-
ly; p = 0.003), and sugars (88% and 86 %, respec-
tively) were noted in CF than in NE PhenC indices
were higher in CF oats than in NF oats (0.1% and
0.03%, respectively; p = 0.0003; Fig. 1). Differ-
ences in their qualitative composition were also
identified (see below). The phosphoric acid content
of CF was 0.09%, and that of NF oats was an or-
der of magnitude greater at 0.2% (p = 0.003). The
level of nucleosides for CFF and NF accessions was
almost the same at 0.06% and 0.05%, respectively.
CF revealed a more than fourfold increase in the
level of AG compared with NF The significance of
differences between CF and NF in the content of
sugars and free amino acids was not confirmed.

Organic acids are represented by lactic, py-
ruvic, 3-hydroxypropionic, nicotinic, oxalic, suc-
cinic, fumaric, maleic, malonic, methylmalonic,
malic, glyceric, erythric, ribonic, galactonic,
gluconic, and galacturonic acids; free amino ac-
ids (pipecolic acid and 5-hydroxypipecolic acid);
threonol,4-lactone (a product of the oxidation of
ascorbic acid); phenolcarboxylic acids (benzoic,
salicylic, para-coumaric, ferulic, and caffeic ac-
ids); and azelaic acid. In all the accessions stud-
ied, malic and gluconic acids prevailed; their share
in the total content of organic acids was about
50%. For CF accessions, the contents of malic
and gluconic acids were 24% and 23%, respec-
tively; by contrast, those values for NF were 40%
and 11%, respectively. Lactic acid in CF was
16%, and the amount of other organic acids did
not exceed 10%.

In the group of ifree amino acids, a-alanine,
glycine, proline, serine, oxoproline, ornithine, as-
paragine, aspartic acid, glutamine, and glutamic
acid were identified, including essential amino ac-
ids, namely, threonine, leucine, valine, lysine, ty-
rosine, tryptophan, phenylalanine, and amino al-
cohol ethanolamine. In CF accessions, glutamine
was 76%. In NF, the main free amino acids were
glycine (22%) and tyrosine (50%).

Fatty acids were determined, namely, pelargon-
ic, undecylic, lauric, tridecylic, palmitic, linoleic,
oleic, vaccenic, stearic, eicosanoic, behenic, ligno-
ceric, hydroxyl-octadecanoic, DAG, MAG-1 C16:0,
MAG-1 C18:0, MAG-2 C18:2, and MAG-2 C18:3.
For all the studied oat accessions, the main fatty
acids were palmitic, linoleic, and oleic acids. In
the AG group, MAG-2 C18:2 prevailed in the ac-
cessions of NF (6%), and MAG-2 C18:3 prevailed
in CF (8%).

In CF accessions, dulcitol, chyroinositol, and
myoinositol (39%, 14%, and 12%, respectively)
turned out to be the main polyatomic alcohols.
In NF, the main polyatomic alcohols were ono-
nytol, glycerol, and myoinositol (29%, 26%, and
18%, respectively). Among phytosterols, sitosterol
dominated in all grains of the studied accessions.
NF oats revealed isofucosterol (1%).

PhenC prevailed in CF oat, namely, methylar-
butin, hydroquinone, para-coumaric, ferulic acid,
and resorcinol (32%, 20%, 20%, 15%, and 2%,
respectively), whereas para-coumaric, benzoic ac-
ids, and methylarbutin prevailed in NF oat (44 %,
30%, and 26%, respectively). Oat accessions
differed in the qualitative and quantitative com-
position of PhenC. Para-coumaric acid level was
high in all accessions studied. PhenC of CF was
represented mainly by hydroxycinnamic acids, hy-
droquinone, and methylarbutin, and PhenC of NF
was represented mainly by hydroxycinnamic acids,
hydroxybenzoic acids, and methylarbutin.

Sugars of CF accessions were mainly repre-
sented by oligosugars (74 %), and the monosugar
content was only 26%. NF accessions were char-
acterized by a different ratio of mono- and oligo-
sugars (57 % and 43 %, respectively). Monosugars
were mainly represented by glucose, and oligo-
sugars were represented by sucrose; a significant
amount of raffinose was also found for CF.

Glycerol-3-phosphate and threono-1,4-lactone,
metabolically active forms [29] that were mainly
found in NF accessions, were identified.

DISCUSSION

When we compared our results with those of
other authors, we did not find publications in which
naked and covered oats were compared by bio-
chemical characteristics. According to previous
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work [30], 247 metabolites were identified in
metabolic profiles of wheat, barley, rye, and oat
grains, and 89 metabolites were identified. A to-
tal of 32 identified compounds were PhenC, 30
were organic acids, 10 were fatty acids, 11 were
sugars, and 6 identified compounds were sterols.
In addition to the abovementioned groups of com-
pounds, we identified free amino acids, polyols,
AGs, and a wide range of sugars. PhenC in [30]
was represented mainly by free phenol carboxylic
acids (ferulic, caffeic, synapic, salicylic, gallic,
gentisic, homovanilic, and a-resorcylic acids) and
their methyl esters. Notably, ferulic (33% of the
sum of PhenC), synapic (26%), and caffeic (23 %)
acids prevailed in oat grains. Para-coumaric acid
prevailed in our accessions, ranging from 20% to
44 %, while the level of ferulic acid in the compo-
sition of PhenC ranged from 0% in NF accessions
to 15% in CF. In addition to hydroxycinnamic and
hydroxybenzoic acids, resorcinol, hydroquinone,
methylarbutin, and a-tocopherol were identified
in oat accessions.

A previous study demonstrated [30] that suc-
cinic, glyceric, maleic, fumaric, malic, pyroglu-
tamic, and azelaic organic acids, as well as methyl
esters of aconitic and citric acids, are dominant in
oat grains. The highest content is characteristic
of succinic and 3-hydroxybutyric acids. According
to our data, malic and gluconic acids were the
most prevailing. The metabolic characteristics of
oats obtained by us and international authors [30]
were somewhat different from one another, as we
studied different sets of accessions grown under
varying soil and climatic conditions.

Our data revealed that the content of organic
and phosphoric acids in NF was higher than that
in CF. The differences were due to malic, glucon-
ic, and lactic acids. The first one prevailed in NF,
and the latter two prevailed in CF. Organic acids
affect many functions of the human body. Malic
acid is widely used in food and pharmacological
industries. Gluconic acid has unique antibacterial
properties, and it is also widely used in the food
industry as a food supplement, baking powder,
and acidity regulator.

NF accessions were characterized by a high
content of pipecolic and 5-hydroxypipecolic acids.
Their presence is associated with the conversion

of the amino acid lysine [31] in response to dam-
age to plant tissues by a fungus of Fusarium [32].
The resistance of plants to abiotic factors, particu-
larly to drought, is associated with the free amino
acid glycine, which prevailed in our oat NF acces-
sions [33]. Tyrosine, which prevailed in NF, is an
important component of the synthesis of growth
factors [34]. All studied accessions contained
proline, whose presence in plant tissues is asso-
ciated with resistance of plants to drought, low
temperatures, and free radicals [35]. NF and CF
of our studied oats differed from each other in the
content of mono- and oligosugars. In accordance
with published data, raffinose promotes plant tis-
sue resistance to temperature stress and water
deficiency [36]. A high raffinose content was es-
tablished for CF oats. In general, accessions with
a high content of sugars and free amino acids are
more resistant to abiotic stress factors of the en-
vironment than accessions with a low content of
sugars and free amino acids [18, 19, 37].

In oat CF, the AG content exceeded four times
the AG content in NFE Earlier, we suggested the
possible role of these compounds in the formation
of resistance to Fusarium in plants, particularly
oats [6, 7].

Oat accessions differed in the qualitative and
quantitative compositions of PhenC (see above).
NF is characterized by a high content of oxyben-
zoic acids, and a high content of phenols is typical
for CF. The resistance of plants to a number of
diseases, insect pests, and water stress is associ-
ated with these groups of compounds [33, 38, 39].

The polyatomic alcohols ononytol and galacti-
nol prevailing in oat NF represent a form of stor-
age substances and are also produced in response
to stress [35, 36, 40]. A high concentration of ga-
lactinol in the seeds contributes to their long stor-
age [41]. NF and CF accessions had significant
contents of myoinositol and its isoforms. Inositol
and its isomers are known to participate in the
regulation of growth and the transmission of in-
tercellular signals, and they contribute to the in-
tegrity of the membrane complex [42].

The oligosugar content was higher in CF than
in CF, which is important for comparing the nu-
tritional values of NF and CF. In our opinion, the
high sugar levels in our accessions of oats were
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associated with the characteristics of the material
itself, including the accumulation of carbohydrates
as storage substances, as well as soil and climatic
conditions of growth.

In NF, the glycine level was more than three
times higher than that in CE. The special role in
human metabolic processes of glycine, which is
a neurotransmitter of inhibitory type of action,
should be considered. Under its influence, me-
tabolism in brain tissues improves. Our studies
found a higher content of PhenC in CF than in
NE E. I. Sharova in the monograph “Plant Anti-
oxidants” discussed the protective role of PhenC
in plants from environmental stress factors. Their
content increases with stress. For humans, PhenC
is important as antioxidants [43]. As a rule, acces-
sions with a high concentration of sugars and free
amino acids are more resistant to abiotic environ-
mental factors than those with low concentrations
of sugars and iree amino acids [18, 19, 37].

In oat breeding, the creation of varieties resis-
tant to Fusarium is important [7]. As mentioned
above, hydroxycinnamic, hydroxybenzoic, pipecol-
ic, and 5-hydroxypipecolic acids were identified in
the studied oat accessions. Given that the latter
compounds are characterized by anti-Fusarium
activity [44], accessions with a high content of
these compounds may be isolated from the col-
lections because they are potentially resistant to
fungal infection.

A principal component (PC) analysis of the re-
sults of the study of common oats showed that
the difference between the metabolite profiles of
covered and naked oats was associated with four
main PC.

PCI1 (F1, 23.8% of the variance) included the
most content of fatty and organic acids, phosphor-
ic acid, polyatomic alcohols (myoinositol, glycerol
phosphate, and galactinol), MAG-1 C16:0, as
well as some amino acids and phytosterols with
a minimum content (less than 0.05%; Fig. 2, a).

PC2 (F2, 14.0% of the variance) included grain
sugar. It showed an inverse relationship between
the values of main sugars (fructose, glucose, and
sorbose), chiro-inositol, tyrosine, and organic ac-
ids (ribonic, lactic and 3-hydroxypropionic acid),
as well as between the values of free amino acids
(e.g., tryptophan, asparagine, and aspartic acid),

pipecolic acid, and some minor substances of
grain (Fig. 2, a).

PC3 (F3, 13.1% of the variance) was the FenC
PC of the grain; it also demonstrated an inverse
relationship between the content of PhenC (e.g.,
hydroquinone, ferulic, and vanillic acids), some
free amino acids (e.g., glutamic, aspartic acids,
tryptophan, and glycine), DAG, and lauric and
undecyl acids, as well as among eicosenoic acid,
phenylalanine, glycine, alanine, ethanolamine,
and galactinol (Fig. 2, ¢).

PC4 (F4, 6.3% of the variance) was the PC of
polyatomic alcohols (dulcitol and arabinitol) and
MAG-2 C18:2; it revealed an inverse relation-
ship among the contents of dulcitol, ononytol,
and MAG-2 C:18, and gluconic and galacturonic
acids, as well as between valine and a number of
minor compounds (Fig. 2, ¢).

PC1 separated NFs from most CFs in terms of
the contents of fatty and organic acids, polyatomic
alcohols, and free amino acids (Fig. 2, b). The NF
and CF groups turned out to be heterogeneous.
Within the NF group, a subgroup was formed,
which had a high content of organic and fatty
acids, polyatomic alcohols, and MAG-1 C16:0.
[t included the naked varieties such as Sibirsky
Golozerny, Progress, and Gehl. Some CFs (e.g.,
Haga, Effective, and GNO08207) were similar to
naked ones because of PCI.

PC2 divided CF into two groups, namely, va-
rieties with the lowest sugar content (Freestyle,
Elegant, Raven, Malin, and Zorro), which had
the highest loads, and varieties with the high-
est sugar content (Myrtle, Boto, Auteuil, and
GN8214; Fig. 2, b). The last four varieties were
distinguished by PCI.

PC3 clearly divided CF (Fig. 2, d). Accessions
with minimal loads had significantly more DAG,
glutamic acid, tryptophan, urea, lauric, vanillic,
and ferulic acids but less oleic and palmitic ac-
ids, galactinol, and myoinositol than their coun-
terparts.

PC4 revealed differences between the “ex-
treme” forms of CF and NE CF (the least load)
had more MAG-2 C18:2, dulcitol, and ononytol
than NF (Fig. 2, d).

NFs were grouped at zero indicators of PC3 and
in the smallest positive part of PC4 (Fig. 2, d).
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Fig. 2. Distribution of the studied compounds and accessions of oat in the two-PC system: a — substances, PC 1 and 2; b — accessions,
PC 1 and 2; ¢ — substances, PC 3 and 4; d — accessions, PC 3 and 4

From CF, the varieties Sapsan, Zorro, and Bor-
rus were included in this group. The Gehl naked
variety and the covered Zalp, Sapsan, Argamak,
and Hurdal with a high content of phytosterols
in the grains had the highest loads in PC3. The
highest loads in PC4 were noted in the Prog-
ress and UFRGS1061503 naked varieties and the
covered varieties Zalp, Boto, Zorro, and Borrus.
The highest loads in PC3 and PC4 were noted
in the Progress, Gehl, and UFRGS1061503 na-
ked varieties, while the lowest loads were found
in only the covered varieties Auteuil, Raven, and
Minue.

The Boto variety with a high content of organ-
ic, fatty and free amino acids, polyatomic alcohols,

PhenC, and sugars was notable because of all four
PC (Fig. 2).

The significance of differences in metabolic pro-
files of NI and CF was confirmed using the Tukey
criterion. Gluconic, lactic, ferulic, and aspartic ac-
ids, as well as resorcinol, glucose, sucrose, and
raffinose, prevailed in CF. Malic, phosphoric, pipe-
colic, 5-hydroxypipecolic, palmitic, linoleic, oleic,
para-coumaric, and benzoic acids; glycine; tyrosine;
MAG-2 C18:2; ononytol; glycerol; myoinositol; ga-
lactinol; and isofucosterol prevailed in NF (Fig. 3).

Previous studies [10—12, 45] indicated that
specificity of the metabolic profile is due to the
interaction of a particular genotype with environ-
mental conditions. Thus, the significant differ-
ences between NF and CF of oats confirmed the
existence of genetic differentiation of subspecies
of common oats. A similar conclusion was made
in our previous publication [6].
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Avena sativa L.

Covered Naked and Naked
. covered .
14 compounds prevalil 17 compounds prevalil
significantly in the More than significantly in the con-

content (9 compounds
are typical only for the
covered ones)

80 compounds

tent (15 compounds
are typical only for the
naked ones)

Fig. 3. Quantity of compounds typical for metabolic profiles of grains of naked and covered forms of Avena sativa L.

Among other things, our study enabled us to
reveal the accessions (Sibirsky Golozerny, Gehl,
UFRGS1061503, and Progress naked variet-
ies; Freestyle, Elegant, Zalp, Sapsan, Argamak,
Hurdal, Raven, Malin, Boto, Zorro, and Borrus
covered varieties) with a high content of myoino-
sitol, sitosterol, malic acid, sucrose. The contents
of such compounds determine the nutritional and
gustatory advantages of common oats, as well as
resistance to stress (e.g., drought and Fusarium).
The forms isolated can subsequently be used in
breeding programs.

In the near future, a system must be developed
for the certification of genotypes, and passport
databases should be created based on metabolic
characteristics. The principal differences between
such systems of certification of genotypes lie in
the relationship between the components of the
metabolic profile and significant breeding traits
(e.g., quality and resistance to stress).

The studies had the financial support of the
Russian Foundation for Basic Research (Project
Nos. 170000338 and 170000340) and within the
state task No. 066220190006.

Appendix
Content of major metabolites in the grains of Avena sativa L. oat (mg/100 g)
Covered forms of Naked forms of
Compound name Avena sativa L. Avena sativa L. LSD, . Tukey
mean standard mean standard 0 test
value deviation value deviation
Lactic acid 3.98 0.7 1.42 0.21 0.56 0.01
3-Hydroxypropionic acid 0.26 0.16 0.00 0.00 0.36 -
Phosphoric acid 1.3 0.91 4.44 0.66 0.99 0.006
Nicotinic acid 0.13 0.03 0.05 0.01 0.11 -
Maleic acid 0.04 0.02 0.01 0.00 0.08 -
Oxalic acid 0.00 0.01 0.02 0.00 0.07 -
Succinic acid 0.54 0.2 0.31 0.08 0.27 -
Fumaric acid 0.00 0.00 0.01 0.01 0.04 -
Malonic acid 0.03 0.02 0.01 0.00 0.06 -
Methyl-malonic acid 0.11 0.02 1.27 0.12 2.01 -
Malic acid 5.61 1.21 13.5 2.45 1.12 0.03366
Erythric acid 0.19 0.07 0.17 0.08 0.19 -
Ribonic acid 0.74 0.23 0.67 0.15 0.39 -
Galactonic acid 0.01 0.00 0.00 0.00 0.01 -
Gluconic acid 3.80 0.57 1.53 0.31 0.60 0.0082
Galacturonic acid 0.83 0.06 0.76 0.07 0.41 -
& ecological genetics 2020;18(1) eISSN 2411-9202
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Appendix (continued)

Covered forms of Naked forms of
Avena sativa L. Avena sativa L. Tukey
Compound name LSD,
mean standard mean standard 0.05 test
value deviation value deviation

Pipecolic acid 0.54 0.14 1.90 0.23 0.35 0.0055
5-Hydroxy-pipecolic acid 0.00 0.00 0.04 0.04 0.01 0.0229
Glyceric acid 0.13 0.06 0.14 0.02 0.10 -
Threono-1,4-lactone 0.00 0.00 0.16 0.07 0.18 -
Azelaic acid 0.00 0.00 0.22 0.17 0.22 -
Benzoic acid 0.04 0.00 0.19 0.04 0.12 0.0105
para-Coumaric acid 0.27 0.17 0.79 0.30 0.075 0.0148
Resorcine 0.04 0.01 0.00 0.00 0.01 0.0352
Ferulic acid 0.14 0.04 0.00 0.00 0.04 0.0043
Vanillic acid 0.08 0.03 0.00 0.00 0.08 —
Methylarbutin 0.31 0.04 0.16 0.07 0.08 0.0136
Hydroquinone 0.19 0.02 0.01 0.00 0.05 0.0045
Pelargonic acid 0.00 0.00 0.01 0.02 0.04 -
Undecylic acid 0.36 0.13 0.00 0.00 0.45 —
Lauric acid 0.24 0.08 0.02 0.01 0.30 —
Tridecylic acid 0.00 0.01 0.05 0.00 0.10 —
Palmitic acid 23.72 5.52 50.42 6.41 2.35 0.0229
Hydroxy-hexadecanoic acid 0.00 0.00 0.03 0.00 0.07 -
Linolic acid 46.39 8.91 61.01 9.75 3.29 0.0427
Oleic acid 40.24 7.39 57.14 7.06 3.04 0.0576
Vaccenic acid 2.36 0.49 0.39 0.04 3.32 -
Stearic acid 2.45 0.89 1.46 0.55 1.22 -
Eicosanoic acid 1.4 0.25 1.68 0.15 0.62 -
Eicosenoic acid 0.19 0.02 0.00 0.00 0.21 -
Behenic acid 0.05 0.02 1.66 0.39 1.68 -
Lignoceric acid 0.00 0.00 0.03 0.00 0.08 —
MAG-1 C16:0 4.03 0.76 3.34 0.80 0.88 —
MAG-1 C18:0 0.22 0.06 0.47 0.10 0.32 —
MAG-2 C18:2 0.00 0.00 7.49 1.75 1.28 0.0013
MAG-2 C18:3 26.06 1.26 0.00 0.00 0.53 0.0141
DAG 0.00 0.00 4.59 0.61 5.00 -
a-Alanine 0.76 0.07 1.1 0.04 0.50 -
Glycine 2.75 0.07 14.4 0.41 1.78 0.0269
Ethanolamine 0.40 0.02 0.63 0.04 0.38 —
Proline 2.66 0.06 5.89 0.07 3.56 —
Serine 0.30 0.02 0.74 0.04 0.46 —
Hydroxyproline 0.20 0.08 0.31 0.10 0.26 —
Ornithine 0.08 0.13 0.08 0.09 0.13 -
Glutamic acid 1.76 0.74 0.67 0.20 1.62 -
Asparagine 1.84 1.11 4.08 1.80 2.95 -
Glutamine 0.21 0.20 0.19 0.09 0.204 —
Tyrosine 23.36 10.50 32.71 9.81 2.74 0.0131
Tryptophan 0.47 0.14 0.74 0.36 0.41
Aspartic acid 0.46 0.46 0.21 0.17 0.15 0.0464
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Appendix (continued)

Covered forms of Naked forms of
Avena sativa L. Avena sativa L. Tukey
Compound name LSD, .
mean standard mean standard 005 test
value deviation value deviation

Phenylalanine 0.00 0.00 0.00 0.01 0.02 -
Valine 1.04 0.35 2.51 0.28 1.75 -
Leucine 0.12 0.06 0.17 0.08 0.19 —
Threonine 0.12 0.07 0.40 0.07 0.29 -
Lysine 0.00 0.00 0.02 0.00 0.061 -
Adenosine 0.60 0.07 0.70 0.03 0.41 —
Uridine 0.32 0.28 0.50 0.30 0.322 -
Urea 1.50 0.04 0.90 0.05 0.71 -
Glycerol 8.38 0.30 20.70 6.60 2.15 0.0046
Ononytol 10.90 3.14 27.70 7.31 4.16 0.0053
Glycerol phosphate 0.60 0.40 1.26 0.54 0.95 -
Dulcitol 41.27 10.04 14.10 6.60 2.79 0.0322
Sorbitol 2.24 1.26 4.70 1.20 2.86 -
Xylitol 0.76 0.46 4.30 1.50 3.71 —
Chyro-inositol 15.01 8.14 6.20 1.90 1.20 0.0235
Myo-inositol 12.78 5.19 26.10 8.30 1.79 0.0116
Galactitol 2.84 0.27 3.80 0.21 0.84 0.005
Erythritol 1.10 0.22 0.10 0.10 1.15 -
Mannitol 1.57 1.34 0.01 0.30 2.01 -
Cholesterol 0.14 0.04 1.53 0.07 2.02 -
Campesterol 0.04 0.15 0.14 0.04 0.17 -
Stigmasterol 0.10 0.12 0.14 0.05 0.129 —
Sitosterol 3.20 0.69 4.83 0.45 1.82 -
Isofucosterol 0.80 0.23 2.37 0.70 0.44 0.0003
Glyceraldehyde 1.84 0.28 0.41 0.10 1.72 -
Lyxose 0.00 0.11 0.08 0.00 0.09 -
Arabinose 0.01 0.19 0.15 0.00 0.66 -
Ribose 26.80 11.68 50.44 14.20 26.30 -
Xylopyranose 8.24 3.61 14.24 5.70 6.51 -
Mannose 0.39 0.21 0.27 0.20 0.29 -
Fructose 1 34.34 14.25 80.00 19.70 50.62 -
Fructose 2 36.44 17.85 94.65 20.40 60.08 -
Sorbose 17.19 17.91 51.30 21.50 37.88 -
Galactose 9.19 2.73 7.10 4.60 3.02 -
Glucose 1 232.56 30.00 170.80 36.10 7.83 0.0052
Glucose 2 259.46 40.30 237.40 45.30 9.12 0.0289
Rutinose 0.20 0.18 0.21 0.10 0.208 -
Melibiose 5.40 4.08 9.06 2.10 4.12 -
Succharose 1053.10 148.16 380.51 227.80 15.30 0.0235
Maltose 0.00 0.81 6.70 0.00 8.00 -
Raffinose 31.99 20.09 0.10 0.10 3.46 0.0434
Stachyose 10.00 0.10 23.12 32.20 16.35 -

Note. MAG — monoacylglycerol; DAG — diacylglycerol; LSD — least significant difference.
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