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Background. Soil toxicity of Al is associated with severe changes in plant root morphology that limit the uptake of water and
mineral nutrients. Long-term exposure to Al results in deficiencies in some important nutrients, such as phosphorus, calcium,
magnesium, potassium, and iron. Thus, the joint study of plant resistance to the effects of Al and the accumulation of micronu-
trients in the oat grain is relevant.

Materials and methods. Thirty oat accessions of Russian and French origin from the VIR collection served as the research ma-
terial. They were represented by cultivars with different levels of breeding improvement: landraces (early 1920s), cultivars de-
veloped by primitive breeding (1920-1930s), and modern improved cultivars.

Results. Oat cultivars with different breeding improvement levels demonstrated significant differences in the content of micro-
nutrients and aluminum tolerance. Among the studied accessions, landraces and modern improved cultivars showed a tenden-
cy towards medium or high Al tolerance, the group of primitive cultivars from Russia had the lowest Al tolerance, while primi-
tive cultivars from France demonstrated the highest average resistance (0.5-1.9).

Conclusion. The content of Fe and Zn was influenced by the geographic origin of genotypes. The concentrations of different mi-
cronutrients positively correlated with each other. Strong correlations were recorded between the contents of Zn and Fe
(r=10.81), and between Zn and Mg (r = 0.75). There was a positive correlation between the content of micronutrients and the
resistance to crown rust (0.38 to 0.50). High content of the studied set of micronutrients was registered in such improved cul-
tivars from France as the naked ‘Avoine Nue Renne’, ‘Chantilly’, ‘Negrita’ and ‘Noire de Michamps’, plus the Russian improved na-
ked cultivar ‘Gavrosh’. Among them, ‘Chantilly’ was distinguished for its yield, and the naked ‘Gavrosh ‘for its high tolerance to
aluminum.
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AJIIOMOTOJIEPAHTHOCTh U MUKPO3JIEMEHTHBINA COCTaB
3€epHOBKHU COPTOB 0BcCa U3 KoJuiekuuu BUP
C pa3/IMYHOM CTENEeHbI0 CeJIEKIIMOHHOM MPOPaA6OTKHU

H.T. lockyToB"?, B. Bytpuc? U. A. Kocapesa'|, E. B. Baiunosa!, JI. 0. HoBukoga'

1 @edepasbHblii uccaedosamenvckuli yenmp Bcepocculickuli uHcmumym 2eHemu4eckKux pecypcos pacmeHutl
umeHu H.H. Basusosa, Caukm-Ilemep6ype, Poccus

2 Cankm-Ilemep6ypackuli 2ocydapcmeeHHblili yHugepcumem, Cankm-IlemepGype, Poccus

Aemop, omeemcmeeHnHblll 3a nepenucky: Urops I'pagucaaBoBud JlockyTos, i.loskutov@vir.nw.ru

AKTya/ibHOCTB. [louBeHHast TOKCUYHOCTD Al CBsI3aHa € cepbe3HbIMU U3MeHEeHUSIMU B MOP$OJIOrUH KOPHEH y pacTeHUH, KOTo-
past orpaHUYMBaeT NOIJIOIeHHe BOAbI U MUHEepaJIbHbIX IUTaTe/bHbIX BelllecTB. JlIuTe/bHOe Bo3elcTBUe Al TPUBOAUT K Jie-
GUIUTY HEKOTOPBIX BAXKHBIX MUTATEbHbBIX BELECTB, TAKUX Kak Gocop, KalbLUH, MarHUH, KaJuil U xese30. TakuM 06pasoM,
COBMECTHOe U3yyeHHe YCTONYMBOCTH pacTeHUH K Bo3/eicTBUIO Al M HaKOIJIEeHUsI MUKPO3JIeMeHTOB B 3epPHOBKe OBCa SIBJIsI-
I0TCS1 aKTYya/IbHbIMU.

MaTepuaJjibl 1 METOABL. MaTepuasioM /g HccaefoBaHUM nocayuan 30 06pas1ioB 0Bca pOCCUUCKOro U GpaHIly3CKOro npo-
ucxoxAeHus u3 kosekuiuy BUP. OHu 6b11M IpeicTaB/IeHbl COPTAaMU € pa3HbIM YPOBHEM CeJIeKIMOHHOM NPOpaboTKHU: CTapo-
JaBHUMU copTaMu (Hayasio 1920-x IT.), copTaMu, NOJy4YEHHBIMU METO/IOM IPUMUTUBHOU cesiekiuu (1920-1930-e rr.), ¥ coB-
peMeHHBIMU Y/Iy4llIeHHBIMU COPTaMHU.

PesyabraThl. CopTa 0Bca € pa3HbIM yPOBHEM CeJIeKIIMOHHOM NpopaboTKy MoKa3a/iu CyleCTBeHHbIe Pa3/IMYKs 110 CofepKa-
HUI0 MHUKDPO3JIEMEHTOB U TOJIEPAaHTHOCTH K ailoMUHUI0. Cpein M3y4eHHbIX 06pa3lloB CTapojaBHUe COPTa U COBpeMeHHbIe
yJlydllleHHble COpTa NPOSBJIS/IN TeHJEHIHIO K CpefiHel MJIM BbICOKOM yCTOMYMBOCTH K Al, camast HU3Kasi yCTOMYHUBOCTD K Al
6bly1a y IpyNIbl IPUMUTHBHBIX COPTOB U3 Poccuy, a caMasi BbicoKasi cpefjHss ycToluuBocTsb (0,5-1,9) npossisiack y NpUMHU-
TUBHBIX COPTOB U3 OpaHIUMU.

3axkmo4yenue. Ha cofepxanue Fe 1 Zn nossusio reorpapuieckoe NpoUcXoXjeHre reHOTUNOB. KoHIleHTpaluy pa3iM4HbIX
MHKPO3JIEMEHTOB I0JIOKUTENbHO KOPpPeJUpOBaIn Mexy co60i. CulbHbIe KOppeasauy 3adUKCUPOBaHbI MEX/AY cojepka-
HussMU Zn U Fe (r = 0,81), a Takke Mexay Zn u Mg (r = 0,75). BeisiB/ieHa MOJI0KUTENbHAS KOPPEISALUS MEXAY CoAepKaHUeM
MHKpPO3JIEMEHTOB U YCTOWYUBOCTBIO K KOpoHuYaToi pkaBuuHe (0,38-0,50). Bricokoe cofepxxaHue U3yyaeMoro Habopa MU-
KpO03JIEMEHTOB OTMEYEHO Y TaKUX YJIy4lIeHHbIX COPTOB U3 PpaHiuy, Kak roso3epHole Avoine Nue Renne’, ‘Chantilly’, ‘Negri-
ta’ 1 ‘Noire de Michamps’, a Takke y poccuiicKkoro cejieKLIHOHHOTO roJio3epHoro copta ‘TaBpour. Cpenu Hux ‘Chantilly’ oiu-
YaJicsl YpOorKalHOCThIO, a F0J103epHBIN copT ‘TaBpol’ — BICOKOH YCTOMYMBOCTBIO K aJTIIOMUHUIO.

Kamwoueswle cnosa: Avena L., MecTHBIE COPTa, CEJIEKIUOHHBIE COPTA, YCTOMYUBOCTH K Al, Zn, Cu, Fe u Mg, MUKpO3/ieMeHThI

BaazodapHocmu: pa6oTa BbINIOJIHEHA B paMKax roCyZjlapCTBEHHOI0 33/]JaHUs COIVIaCHO TeMaTH4eckoMy IyiaHy BMP no npoek-
Ty N2 0481-2022-0001 «CTpyKTypHpOBaHHE U pacKPBITHE NMOTEHI[MalIa HAC/AeJCTBEHHON N3MEHYMBOCTU MUPOBOU KOJIJIEK-
IJUM 3ePHOBBIX U KPYNAHBIX KyAbTyp BUP /151 pa3BUTHA ONTUMU3UPOBAaHHOTO reH6aHKa U paljOHAJbHOI0 UCM0JIb30BAHUS
B CeJIEKIIUU U PacTeHHEeBOJCTBe» U B paMKax I'PaHTa, BblAeseHHOro CanKT-IleTep6yprckomMy rocyAapcTBeHHOMY YHUBEPCH-
tety (PURE ID 60256916).

ABTOpBI 6J1arofapsT peljeH3eHTOB 3a UX BKJa/J, B 9KCIIEPTHYIO OL{eHKY 3TOH paGoThl.

JAas yumupoearusi: JlockytoB U.I, Bytpuc B., KocapeBa U.A., bainnosa E.B., HoBukosa JI.10. AtoM0TOJIepaHTHOCTb U MUKPO-
3JIeMeHTHBIN COCTaB 3ePHOBKH COPTOB 0Bca U3 KoJuieknuu BUP c pasiinyHoOi cTeneHblo cesleKIIMOHHON NpopaboTKU. Tpyde!
no npuksadHoli 6omaHuke, 2eHemuke u cesiekyuu. 2022;183(3):96-110. DOI: 10.30901/2227-8834-2022-3-96-110
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Introduction

An increased concentration of mobile aluminum ions in
the soil solution (67% of the total acidic soil area) is the prin-
cipal factor that determines the phytotoxicity of acidic soils.
Aluminum toxicity in acidic soils reduces the yield of food
crops, especially cereals, being the main obstacle to crop pro-
duction (Pérez-Clemente et al., 2013).

Higher concentrations of protons in soil solutions lead,
per se, to an abrupt decrease in the supply of nutrients in the
cationic form to plants, inhibit the activity of many microor-
ganisms, and, as a result, retard the release of nitrogen, phos-
phorus, sulfur and many trace elements from plant residues.
The content of a number of chemical elements in the soil solu-
tion can grow to levels toxic for plants, especially in techno-
logically polluted soils. An increase in the concentration of
such components in the soil solution means that these com-
pounds become involved in significant amounts in food
chains, provoking all the ensuing negative consequences
(Gupta etal, 2013).

The negative effect of aluminum primarily afflicts the
roots. Plant roots become short and brittle, change their color,
and the growth of root hairs is inhibited. At the cellular level,
the arrest of root growth is caused by the suppression of cell
division and enlargement of the meristem. Aluminum inter-
acts with the cell wall, plasma membrane, and cytoplasm of
plant cells; such interaction forms Al complexes (Gupta et al.,
2013).

Thus, the toxicity of Al is associated with serious changes
in root morphology, limiting the absorption of water and min-
eral nutrients. Prolonged exposure to Al leads to shortages in
some important nutrients, such as phosphorus, calcium, mag-
nesium, potassium and iron, which are easily traced in plants
as deficiency symptoms. All this ultimately induces a de-
crease in biomass or plant death.

As a consequence, many authors noted the loss of agro-
nomic qualities in crops. The effect of high Al concentrations
deteriorates the quality of plant products, reducing the con-
tent of monosaccharides, sucrose and total sugars as well as
protein forms of nitrogen in them (White, Broadley, 2005).

There were many reports on nutritional imbalances
caused by exposure to Al in several plant species. Aluminum
prevents the absorption, transport and utilization of most
minerals. The Al stress inhibits the uptake of many cations, in-
cluding Ca,+ (69%), Mg,+, K+ (13%) and NH,+ (40%), but en-
hances the influx of nitrate (44%) and phosphate (17%) an-
ions (Olivares et al. 2009; Gupta et al. 2013). Both sensitive
and tolerant wheat genotypes showed a decrease in the K and
Mg content in their roots, while the content of Ca, Al, and Si in
them increased (Silva et al.,, 2010).

Aluminum interfered with the binding of cations in the
cell wall by the same order of magnitude as their influx,
whereas the binding of phosphate was strongly enhanced.
The results are consistent with the mechanism of binding Al
to the plasma membrane phospholipids, thus forming a posi-
tively charged layer that affects the movement of ions to the
binding sites of transport proteins. A positive charge layer
would retard the movement of cations and increase the move-
ment of anions to the plasma membrane proportionally to the
charges carried by these ions (Nichol et al., 1993).

Differences in acid resistance between cultivars of the
same crop were found to overlap interspecies differentiation
in resistance to ionic toxicity (Loskutov, 2007; Loskutov, Rines
2011).

Resistance of plant forms to aluminum toxicity is the re-
sult of their long-term growth on soils with high Al content,

i. e, it is a genetically determined trait. Different plant geno-
types show different resistances to aluminum exposure (Los-
kutov et al., 2017; Pukhal’skaya, 2005).

One of the ways to solve the problem of acidic soils is the
development of acid-resistant cultivars, facilitated by the
significant intraspecific variability in aluminum tolerance
and relatively simple screening and breeding schemes (Bat-
alova, 2000). Laboratory screening techniques are most fre-
quently used to assess a gene pool for aluminum tolerance;
they are based on seed germination in nutrient solutions
with toxic Al concentrations. Plants are most vulnerable to
a mobile Al excess in the soil at early stages of their ontogen-
esis, which makes it possible to diagnose Al resistance in
seedlings. A fairly high correlation was observed between
the results of early diagnosis and the data of field trials (Ko-
sareva, 2013).

Micronutrients are an important component in the miner-
al nutrition of plants. They are vital because they perform var-
ious catalytic and regulatory functions in metabolic process-
es: absorption, transport, redox and biosynthesis of organic
compounds, and transfer of genetic information. Each ele-
ment has its own range of safe concentration, ensuring nor-
mal functioning of an organism. When it is disturbed, various
pathological disorders in metabolic processes are observed:
a shortage leads to deficiency, while an excess provokes toxic-
ity (Rebrov, 2008).

The content of micronutrients in the generative parts
(seeds or fruits) of the reproductive organs, where the ele-
mental chemical composition is under strict genetic control,
is little changed under the influence of environmental stress-
ors. Therefore, the reproductive organs (seeds or fruits) are
believed to manifest barrier-type accumulation of micronu-
trients. At the same time, there is evidence of significant vari-
ability in the content of micronutrients in plant seeds under
the impact of environmental factors (Ermakov, 2018).

Zinc, iron and copper play an important role not only in
seed formation and germination processes but also in the
protective mechanisms of aluminum-induced oxidative stress
responses and the restoration of tissues damaged by toxic ef-
fects.

It is known that, after treatment of plants with A3+, the
exudation of organic acids can occur either immediately or af-
ter a delay. Pretreatment with Mg?+ was noted to increase ci-
trate secretion within an hour, compared to seedlings without
Mg?+ pretreatment. The activity of Mg?+ inside the cytoplasm
is directly involved in the regulation of ATPase H+ activity,
sending directing H+ from the cytoplasm either to the apo-
plasm or to the vacuole.

Thus, high physiological activity of the studied elements
was observed in many studies, including their participation in
the protective mechanisms formed under exposure to toxic
aluminum.

There is enough evidence that normal vital functions of
a plant organism are possible only if it is fully supplied with
micronutrients. With a deficit in one or another chemical ele-
ment in the soil, plants suffer serious metabolic disorders and
may die. A number of micronutrients are coenzymes of many
enzymes: iron, copper, molybdenum, manganese, zinc, mag-
nesium, and cobalt. Grain and products of its processing are
among important sources of minerals (first of all, phospho-
rus, potassium, magnesium, calcium, sulfur and iron) ab-
sorbed by a human organism with food (Panasenko, 2018).

Despite the abundance of the required chemical elements
in most soils, the availability of Fe, Zn and Mn for plants is of-
ten limited, especially in limestone soils. Low bioavailability
of such trace elements as Fe, Zn or Mn leads to their deficien-
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cy in plants and results in significant decreases of crop yields
worldwide (Alloway, 2008).

Humans require avariety of micronutrients, including
iron (Fe), zinc (Zn), manganese (Mn) and other trace ele-
ments, and plants are sources of their supply (White, Broad-
ley, 2005; Frossard etal, 2000; Gomez-Galera etal., 2010).
Grain is the most important source of calories; meanwhile,
the food produced from cereals has low concentrations of mi-
cronutrients but is rich in nutrients (such as phytic acid and
phenols) that limit the absorption of many minerals in the in-
testine (Grusak, DellaPenna, 1999; Mendoza, 2002).

Besides, grain is polished or ground when processed.
Since the concentration of some trace elements is highest in
the bran, the processed grain can lose large amount of miner-
als during polishing or grinding on the way to the end product
(Doesthale et al., 1979; Gregorio et al., 2000). The deficiency
in micronutrients is a serious global problem provoked by
various nutrition patterns (for example, insufficient con-
sumption of vegetables and fruits, animal and fish products;
or low total levels and poor bioavailability of micronutrients
in plant foods), which may lead to serious health problems or
lethality among consumers, especially women and children
(Bhullar, Gruissem, 2013).

Iron deficiency anemia is one of the most common micro-
nutrient deficiencies in the world (WHO 2002). Zinc deficien-
cy affects, on average, one third of the world’s population (In-
ternational Zinc Nutrition Consultative Group et al., 2004). In
industrialized countries, the daily intake of Mn in the diet is
higher than the estimated daily requirement, and Mn defi-
ciency appears to be a rare effect of malnutrition (Bornhorst
etal, 2010).

The problem of micronutrient deficiencies can be solved
by enriching crop cultivars or enhancing their nutritional
properties through either agronomic intervention or breed-
ing practice (Graham etal., 2001; Kutman etal., 2010; Spe-
rotto etal., 2012). It is possible, however, that such efforts
will result in increasing the concentration of micronutri-
entsinleaves butnotin seed or grain (Frossard et al., 2000).
Similar concentrations of micronutrients (for example, Zn)
in fruits or seeds are strongly restricted by the low mobility
of trace elements in the phloem. Combined techniques were
therefore proposed, joining together breeding and agro-
chemical approaches: they made it possible to accumulate
trace elements from the soil in edible parts of plants (White,
Broadley, 2005). There are significant genetic differences in
the concentration of micronutrients in the edible parts of
most crops. Genetic variability in micronutrient concentra-
tions is often lower in seeds than in leaves. Nevertheless,
studying large collections of major cereal crops showed
a wide variety of micronutrient concentrations in their ker-
nels (White, Broadley, 2005).

Common oat has been found to possess, along with use-
ful agronomic traits, good grain quality characteristics.
High values of both biochemical and agronomic indicators
combined in one cultivar have been the goal of oat breeders
in recent years. Grain quality indicators in oat are varietal
characters: that is why their further improvement is possi-
ble. Depending on the cultivar, the content of crude ash in
whole grain is reported to range from 2.0 to 5.7%; in naked
oat cultivars it is lower (1.6%) than in hulled ones (Korenev
etal,, 2015).

There is considerable genetic potential for the develop-
ment of barley and oat cultivars with higher levels of micro-
nutrients (Fe, Zn and Mn). Among the studied barley geno-
types, the content of Fe, Zn and Mn exhibited a 3- to 5.5-fold
variation. Different oat cultivars showed a 7.0-fold variation

in zinc content and an almost 3-fold variation in manganese
content (Bityutskii et al.,, 2017). The genetic diversity of the
studied characteristics in oat cultivars can be significant, with
a 2.7- to 10.5-fold difference between the maximum and min-
imum values, which implies a search for promising sources of
a high content of important micronutrients in grain to serve
as a basis for the development of new high-quality oat culti-
vars (Bityutskii et al.,, 2020). Wide differences between culti-
vars of the same crop can be effectively used in breeding pro-
grams to increase the content of micronutrients in grain (Los-
kutov, Khlestkina, 2021; Shelenga et al., 2021).

The objective of this work was to identify oat genotypes
contrasting in their resistance to aluminum and composition
of micronutrients, and find correlations between acid resis-
tance, useful agronomic traits and micronutrients in the grain
of oat accessions, The findings can serve as a basis for re-
search and development of methods for studying the acid re-
sistance mechanisms in common oat (Avena sativa L.) and us-
ing the identified diversity of accessions from the VIR collec-
tion as promising source material for breeding.

Research materials and methods

Materials

Thirty oat accessions of Russian and French origin from
the VIR collection served as the research material. They were
represented by cultivars with different levels of breeding im-
provement: landraces (early 1920s), cultivars developed by
primitive breeding (1920-1930s), and modern improved cul-
tivars. It should be mentioned that Russia and France are the
countries where the history of oat breeding dates back to the
late 19th century, scientific breeding achieved significant
progress in the 1920-1930s, and modern improved cultivars
are diverse and high-yielding. The selected set included
hulled (27 cultivars) and naked (3) oat genotypes. Cv. ‘Privet’
(VIR-14787, Moscow Province), approved for cultivation in
Leningrad Province, was chosen as the reference for the
study: it was planted after every 20 plots in the sowing pat-
tern. Research objects are presented in Table 1.

Field experiment

The selected oat accessions were tested for useful agro-
nomic traits at Pushkin and Pavlovsk Laboratories of VIR (St.
Petersburg, 59°42’ N, 30°25’E) in 2017-2019 according to
VIR’s guidelines for studying and maintaining barley and oat
collections (Loskutov et al. 2012). The parameters covered by
the study included duration of the germination-heading and
germination-harvest periods; plant height, lodging resis-
tance, panicle length, number of spikelets per panicle,
1000 grain weight, yield per plot, field resistance to crown
and stem rusts. The soils in the experimental field are sod-
podzolic, light loamy, sandy loam, well or moderately cultivat-
ed, with a neutral or slightly acidic reaction, low moisture ca-
pacity, and good air permeability. The climate in the region is
transitional from the maritime climate to a more continental
one. The sum of active temperatures is 1600-2000°C. The
mean annual precipitation is 500-600 mm, with 65-75% fall-
ing in the warm season. Sowing was carried out at the optimal
time for the area on 1 m? plots. The experiment was per-
formed in two replications.

Acid resistance assessment technique

Aluminum tolerance (AT) was assessed in 2017 and 2019
for 28 oat varieties (30 grains per each of them). The experi-
ments were carried out in a controlled environment (climate
chamber) at Pushkin and Pavlovsk Laboratories of VIR.
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Table 1. Evaluated oat accessions from the VIR collection

Ta6una 1. U3yyeHHbIe 06pa3ibl 0Bca U3 KosuteKuuu BUP

VIR cz;ltzllogue Cultivar name Botanical varieties Origin acqz‘ia:il;ion
1461 Local var. aurea Russia, Penza Prov. 1919
1512 Local var. aurea Russia, Saratov Prov. 1919
1539 Local var. aurea Russia, Tyumen Prov. 1919
1711 Local var. ligulata Russia, Smolensk Prov. 1919
1733 Local var. brunnea Russia, Irkutsk Prov. 1920
1670 Local var. brunnea France 1919
1722 Local var. pugnax France 1919
5336 Local var. culta France 1927
5337 Local var. culta France 1927
5338 Local var. mutica France 1927
2219 Smolenets var. mutica, aurea Russia, Arkhangelsk Prov. 1922
2306 Selektsionny 33 var. mutica Russia, Orel Prov. 1922
2896 Chervonny var. segetalis Russia, Kirov Prov. 1922
2919 Shatilovsky var. mutica Russia, Tula Prov. 1923
2938 Zhelanny var. mutica Russia, Kursk Prov. 1923
2108 Avoine jaune de Ardennes var. ligulata France 1921
2122 Avoine nue grosse var .inermis France 1921
2113 Avoine d'hiver var. cinerea France 1921
7795 Avoine noire inversable var. montana France 1929

11145 Trophee Vilmorin var. aristata France 1930
14787 Privet var. aurea Russia, Moscow Prov. 2000
15276 Borrav 2 var. mutica Russia, Leningrad Prowv. 2010
15439 Gavrosh var .inermis Russia, Kemerovo Prov. 2013
15494 Medved var. mutica Russia, Kirov Prov. 2014
15495 Vsadnik var. mutica Russia, Ulyanovsk Prov. 2014
14516 Negrita var. brunnea France 1995
14641 Criniere var. mutica, aristata France 1997
14712 Noire de Michamps var. montana France 1998
15399 Avoine nue Rennes var. inermis France 1995
15401 Chantilly var. aristata France 2012

The technique employing the eriochrome cyanine dye for
visual assessment of Al resistance in cereals was used in the
work. This method was developed by A. Aniol (Aniol, 1991)
and modified by the Department of Plant Resistance and De-
velopment Physiology at VIR (Kosareva et al., 1995).

The earliest symptoms of toxicity are associated with
roots, so inhibition of root growth can be used as a tool to
measure Al toxicity.

The method is based on the assessment of mitotic activity
restoration in roots after exposure to the Al stress. The area of
root tissue damaged by aluminum is stained with Eriochrome
cyanine R. This dye is widely used for intraspecific screening
and forms a violet-colored complex with aluminum.

The degree of color intensity depends on the Al content in
plant tissues. However, this is not a reliable indicator, since
the toxicant can accumulate both in the cells of plants sensi-

100
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tive to aluminum and in resistant accessions. Plant resistance
to aluminum was assessed by the length of the root tip growth
after exposure to the toxicant.

Materials and equipment: climatic chamber with a day-
time temperature of 19-21°C and a nighttime temperature of
14-16°C, the length of the light period of 14 hours, and the il-
lumination of 5 klx; thermostat with a temperature of 22-
25°C; Petri dishes; filter paper; germinators with cells and
mesh bottoms; containers for solutions; distilled water; pH
meter; nutrient solution with pH = 4.0, containing CaCl, =
177.584 mg, KNO, = 262.888 mg, MgCl,-6H,0 = 203.312 mg,
(NH,),S0, =5.28 mg, NH,NO, = 12.8 mg; 1% aqueous solu-
tion of Eriochrome cyanine R; salt A1C13-6H20.

Seeds were placed on moistened filter paper in Petri
dishes, and the latter were putinto a thermostatat +22°C for
48 hours for germination. After culling, the remaining
sprouted high-quality seeds were transferred to germina-
tors with mesh bottoms, which were inserted into plastic
containers with a nutrient solution for three days. Then the
meshes with seedlings were returned to the same nutrient
solution but with added aluminum chloride (concentration
0.25 mM). The pH of the solution was adjusted to 4.2. After
24 hours, the seedlings on the meshes were washed with
running water, their roots were quickly dried with filter pa-
per, and the plants were transferred on the meshes to a fresh
aluminum-free nutrient solution for 48 hours. Then the
roots of the seedlings were stained with a 0.1% solution of
Eriochrome cyanine R. For this purpose, the roots were im-
mersed into a dye solution for 10 min, and the solution was
slightly stirred. Excess dye at the root tips was washed off
with running tapwater, and the roots were dried with filter
paper. Seedlings with root meristems damaged by alumi-
num had intensely colored root tips, while intact ones man-
ifested a colored section followed by a regrown white root
tip. The regrown part of the root was measured, and the av-
erage root growth after the stressor’s impact was calculat-
ed. Depending on the length of the root growth after the im-
pact of the Al stressor, the accessions were ranked into
groups.

Assessment of micronutrient composition

The composition of micronutrients in 30 oat accessions
was studied on the harvests of 2017 and 2019. A sample of
each accession contained 100 grains.

Micronutrient composition in oat grains was assessed at
the Center for Collective Use of St. Petersburg State Universi-
ty.

Ash mineralization was performed using the “wet ashing”
technique on a microwave digestion autoclave (CEM, USA).
Chemically pure nitric acid and hydrogen peroxide were used.
The composition and content of micronutrients were ana-
lyzed in the laboratory.

The total content of micronutrients in the tested geno-
types was measured using inductively coupled plasma atomic
emission spectrometry (ICP-AES) with preliminary sample
preparation though acid mineralization.

The essence of the method was to register the electromag-
netic radiation emitted by excited-state atoms. The excitation
source was the Ar plasma initiated by an electric discharge
and supported by an HF field. Since the energy of such radia-
tion is individual, a characteristic spectrum was detected for
each trace element.

The work was done using the ICPE-9000 device. The data
were registered and processed with the ICPEsolution soft-
ware, and later exported to MC Excel 2016 for further pro-
cessing.

This method is applicable to liquid samples. Acid mineral-
ization is effective for converting solid samples into a liquid
solution.

Sample preparation started with grinding and homogeni-
zation. For this purpose, a small fraction of a sample was
ground in a coffee grinder (fine grinding). Samples of about
100 mg were selected, and 4 ml of concentrated HNO, and
2 ml of concentrated H,0, were added to them as oxidizing
agents. As soon as the violent chemical reaction had abated,
the samples were decomposed in a microwave oven. Blank
samples were prepared to deduct the errors introduced by
the reagents. The samples were adjusted to the volume of
30 ml

Thus, the samples reached homogenization, the matrix ef-
fect was averted, and strong dilution was done to avoid errors
caused by the difference in rheological characteristics of flu-
ids and self-absorption. As a consequence, aqueous solutions
with salts of the studied elements may be used as references.

Reference samples are solutions with a precisely fixed
concentration of the chemical elements to be measured. Elev-
en calibration solutions containing the studied Cu, Zn, Fe and
Mg in the range of 0.0001-0 mg/L were prepared from the
standard solution (stock solution with a certified concentra-
tion) with a concentration of 50.0 mg/L to serve as referenc-
es. Aseries of working solutions were prepared from the
stock solution with such range of concentrations that har-
bored the analyzed samples for all the tested chemical ele-
ments. Additionally, a “zero reference” was prepared, i.e.,
a blank sample for reference solutions (an empty flask was
filled to the HNO, mark, 1:100), in order to subtract the ana-
lytical signal contained in the solvent and auxiliary reagents.

The measured elements and wavelengths correspond-
ing to spectral lines with the lowest detection limit (higher
sensitivity): ACu=224.700 nm; AZn=202.548 nm; AFe=
259.940 nm; AMg = 285.213 nm.

The spectra were registered in the following sequence:
“zero standard” — reference samples in the ascending order
of their concentrations — analyzed samples. All parallel mea-
surements were performed automatically. To establish the
calibration dependence, the software used the following for-
mula describing how the concentration of elements in the so-
lution affects the radiation intensity:

C=alP+bl?+cl+d,

where C is the concentration of a chemical element in the
chosen units of measurement; I is the intensity of a spectral
line; a, b, c and d are the experimentally determined parame-
ters of the equation.

The resulting volumetric concentration (mg/dm?) was re-
calculated into the mass concentration (ug/g) in the oat grain:

o= (Csamp—Cblank)*V
m

*100,

where Csamp is the concentration in a sample; Cblank is
the concentration in the blank sample; V is the volume of
a sample; m is the mass of a sample.

Data processing technique

Replications were compared using Student’s t-test for de-
pendent samples. The groups of cultivars differentiated ac-
cording to their level of breeding improvement and the coun-
tries of their origin were compared using the two-way analy-
sis of variance. Fisher’s least significant difference (LSD) test
was used for a post hoc analysis. Pearson correlation coeffi-
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cients were calculated. The principal component analysis
(PCA) was applied to select accessions according to a set of in-
dicators.

Results and discussion

Aluminum tolerance. Student’s dependent sample t-test
confirmed the absence of differences in Al tolerance (AT)
among oat genotypes between the 2017 and 2019 years of re-
search (p = 0.116, for the initial data see Table 3, which sug-
gests that the method used for identifying the genetic diversi-
ty of the accessions is reliable and has good convergence of
data regardless of the place and year of seed growing. The

analysis that follows is associated with the two-year average
indices of root growth (IRG) in centimeters after the Al stress
in the studied oat accessions (Table 2, Fig. 1). AT (IRG, cm)
varied from 0.4 to 1.9. The reference ‘Privet’ had AT of 1.7. The
two-way ANOVA showed that there was no effect of either the
country of origin (p = 0.129) or the degree of breeding im-
provement (p = 0.307); however, the effect size of their inter-
action (p =0.042) was significant (see Fig. 1, Table 3). The
post hoc analysis using Fisher’s LSD test showed that, on aver-
age, the group of primitive cultivars from Russia had the low-
est AT (0.4-1.5): it was significantly lower than in all other
groups. Primitive cultivars from France had the highest aver-
age Al resistance (0.5-1.9).

Table 2. Indices of root growth (IRG) in oat seedlings after the Al stress recorded for two years of reproduction, cm
(Pushkin, 2017 and 2019)

Ta6upa 2. [lokasaTe/iu NpUPOCTAa KOPHEH MPOPOCTKOB 0Bca nocJie Al-ctpecca 06pasuoB ABYX JIET PENPOAYKIUH, CM
(MywmkwuH, 2017 1, 2019 1)

VIR Level of (AT) IRG, cm
catalogue Cultivar name Origin breeding
No. improvement Mean Min Max
Highly resistant
7795 Av. noire Interesable France primitive 1.90 1.87 1.94
5336 Local France landrace 1.89 1.82 1.98
11145 Trophee Vilmorin France primitive 1.86 1.78 1.93
2122 Av. nue Crosse France primitive 1.84 1.73 1.95
14712 Noire de Michamps France improved 1.78 1.72 1.83
1733 Local Russia landrace 1.65 1.57 1.70
14787 Privet Russia improved 1.65 1.58 1.74
15495 Vsadnik Russia improved 1.60 1.52 1.70
15276 Borrav 2 Russia improved 1.58 1.55 1.61
1722 Local France landrace 1.56 1.52 1.63
2919 Shatilovsky Russia primitive 1.54 1.52 1.59
1670 Local France landrace 1.53 0.99 1.73
15439 Gavrosh Russia improved 1.42 1.26 1.61
Medium resistant

1461 Local Russia landrace 1.33 1.31 1.36
1512 Local Russia landrace 1.30 1.30 1.31
1711 Local Russia landrace 1.27 1.22 1.30
15399 Av. nue Renne France improved 1.25 1.19 1.29
1539 Local Russia landrace 1.23 0.98 1.34
5337 Local France landrace 1.23 1.14 1.29
14516 Negrita France improved 1.13 1.07 1.21
15494 Medved Russia improved 1.12 1.04 1.29
5338 Local France landrace 1.11 1.05 1.17
15401 Chantilly France improved 0.99 0.95 1.02
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Table 2. The end
Ta6sinna 3. OKoHYaHHe

VIR Level of (AT) IRG, cm
catalogue Cultivar name Origin breeding
No. improvement Mean Min Max
Nonresistant
2306 Selektsionny 33 Russia primitive 0.78 0.75 0.80
2938 Zhelanny Russia primitive 0.67 0.66 0.68
2108 Av. Jeune de Ardennes France primitive 0.55 0.39 0.70
2219 Smolenets Russia primitive 0.49 0.43 0.56
2896 Chervonny Russia primitive 0.39 0.27 0.47
LSD, 0.19

The highest Al resistance (1.78-1.90 mm) was recorded
for aset of 5accessions (see Table 2) from France: Avoine
Noire Interesable (primitive, k-7795), Avoine Nue Grosse
(primitive naked, k-2122), Trophee Vilmorin (primitive,
k-11145), Local (landrace, k-5336), and ‘Noire de Michamps’
(improved, k-14712). The lowest resistance (0.39-0.78) was
identified in the group of primitive cultivars: ‘Chervonny’ (k-
2896), ‘Smolenets’ (k-2219), ‘Zhelanny’ (k-2938) and ‘Selekt-
sionny 33’ (k-2306) from Russia, and ‘Avoine Jeune de Ar-
dennes’ (k-2108) from France.

The observed range of resistance (0.4-1.9 mm) was sub-
divided into 3 intervals with a step of 0.5: accessions with
AT <0.9 were classified as nonresistant; those with
0.9 < AT < 1.4, as medium resistant; and those with AT > 1.4,
as highly resistant.

Landraces and modern improved cultivars from the stud-
ied set showed a tendency towards medium and high levels of
Al resistance; the lowest resistance for landraces was 1.1, and
for improved cultivars 1.0. The wide range of variability

among primitive cultivars from both countries shows that
cultivars developed by primitive breeding were not the re-
sults of targeted improvement for this trait, while landraces
and modern improved cultivars were purposefully selected
for this indicator.

Micronutrient composition in the grain of oat geno-
types. The initial data are presented in Table 3. Student’s de-
pendent sample t-test did not identify significant differences
between replications in the content of Cu (p = 0.445), Fe
(p=0.802), Mg (p = 0.502) or Zn (p = 0.471), which attests to
the reproducibility of the method.

The three-year average values of the Cu, Fe, Mg and Zn
content, Al tolerance, and field yield of 30 oat cultivars are
shown in Table 3. The analysis of variance proved that there
were differences among the cultivars in all the indicators.

The effect of the country of origin and the level of breed-
ing improvement on the studied indicators was analyzed

(Fig. 2).
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Fig. 1. Aluminum tolerance of oat accessions with different levels of breeding improvement from Russia and France
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Table 3. Micronutrient content values in the grain of oat cultivars (Pushkin, 2017-2019)
Ta6una 3. XapaKkTepuCTUKA MUKPO03JIEMEHTHOT0 COCTaBa 3ePHOBOK copToB oBca (IlymkuH, 2017-2019 rr.)

VIR Content in the grain, pg/g
catalogue | Cultivar name Origin Yield, g/m? IRG, cm,
No. Cu Fe Mg Zn
Landraces
1461 Local Russia 14.6 52.5 1295.4 31.2 341.0 1.33
1512 Local Russia 14.9 49.6 1616.0 42.5 403.0 1.30
1539 Local Russia 13.7 50.9 1622.2 36.7 388.0 1.23
1711 Local Russia 13.2 41.2 1594.8 36.4 402.0 1.27
1733 Local Russia 131 45.2 1641.4 38.7 414.0 1.65
1670 Local France 13.1 43.8 1319.3 37.5 347.0 1.53
1722 Local France 13.6 33.0 1659.2 37.8 282.0 1.56
5336 Local France 13.5 38.7 1502.9 36.8 320.0 1.89
5337 Local France 14.0 71.9 1801.9 61.1 103.0 1.23
5338 Local France 47.8 1669.8 41.9 370.0 1.11
Cultivars of primitive breeding
2219 Smolenets Russia 13.7 42.5 1748.9 30.6 419.0 0.49
2306 Selektsionny 33 Russia 13.1 59.7 1726.6 47.1 350.0 0.78
2896 Chervonny Russia 12.8 44.3 1784.1 38.0 408.0 0.39
2919 Shatilovsky Russia 129 43.8 1680.2 42.5 368.0 1.54
2938 Zhelanny Russia 12.8 55.2 1796.7 46.0 400.0 0.67
2108 | AvJeunede France | 149 54.5 1910.3 417 342.0 0.55
Ardennes
2113 Av. de Hiver France 13.8 52.5 1561.3 39.0 122.0 —
2122 Av. nue Crosse France 13.8 47.9 1944.8 43.4 164.0 1.84
7795 Av. noire Interesable | France 13.9 48.6 1784.0 38.4 416.0 1.90
11145 Trophee Vilmorin France 12.8 43.1 1660.5 32.3 450.0 1.86
Modern improved cultivars

14787 Privet Russia 16.7 58.7 1745.8 35.2 495.0 1.65
15276 Borrav 2 Russia 17.9 52.5 1614.6 33.2 226.0 1.58
15439 Gavrosh Russia 20.3 70.5 2091.6 56.4 190.0 1.42
15494 Medved Russia 16.0 60.8 1575.8 36.3 525.0 1.12
15495 Vsadnik Russia 14.8 52.4 1497.8 33.3 619.0 1.60
14516 Negrita France 16.5 79.1 1798.4 48.9 538.0 1.13
14641 Criniere France 14.9 89.0 1728.8 49.1 286.0 —
14712 Noire de Michamps | France 17.4 98.8 1969.4 58.6 519.0 1.78
15399 Av. nue Renne France 16.8 102.2 2414.5 69.4 282.0 1.25
15401 Chantilly France 15.6 79.8 2151.8 479 683.0 0.99

LSD, . 2.5 31.7 269.1 10.0 139.1 0.19
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Fig. 2. The range of micronutrient content variability in the grain of oat cultivars with different levels
of breeding improvement from Russia and France
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Cu. The content of copper (see Fig. 2a) in the grain of the
studied accessions ranged from 12.8 to 20.3 pg/g. The refer-
ence cultivar Privet contained 16.7 ug/g of Cu. The two-way
analysis of variance showed that the principal component of
breeding improvement (p = 0.000) had a significant effect on
the Cu content, while the country of origin (p = 0.722) and the
interaction between the principal components (p =0.227)
showed no effect. The highest Cu content was observed in the
modern improved cultivars, both Russian and French, with-
out any significant difference between them. The Cu content
in improved cultivars was 14.8-20.3 pg/g, which is signifi-
cantly higher than that in landraces or primitive cultivars. The
highest amounts were found in the Russian improved culti-
vars. The maximum of 20.3 pg/g was recorded for the naked
oat cultivar ‘Gavrosh’ (k-15439).

Fe. The iron content (Fig. 2b) in the grain of the studied
accessions varied from 33.0 to 102.2 pug/g. The reference Pri-
vet had 58.7 pg/g of iron. The Fe content was influenced by
both principal components: the country of origin (p = 0.006)
and breeding improvement level (p =0.000), as well as by
their interaction (p = 0.001). The highest values (79-102 ng/
mg) were recorded in the group of modern improved culti-
vars from France, including the maximum value of 102.2 pg/g
in the naked cultivar ‘Avoine Nue Renne’ (k-15399). The
smallest amount (33.0 pg/g) was observed in the French
landrace k-1722.

Mg. The magnesium content (see Fig. 2c) in the set of the
studied accessions varied from 1295.4 to 2414.5 pug/g. The
reference showed 1745.8 ng/g. The level of breeding im-
provement had a significant effect (p =0.008). Neither the
country of origin (p = 0.089) nor the interaction of the princi-
pal components (p = 0.191) had any influence. The group of
improved cultivars of French origin demonstrated a high Mg
content (1728.8-2414.5 pg/g), significantly exceeding the
landraces but not differing reliably from the French cultivars
developed by primitive breeding. The highest value
(2414.5 pg/g) was registered for the naked cv. ‘Avoine Nue
Renne’. The smallest amount (1295.4 ng/g) was found in the
Russian landrace k-1461.

Zn. The zinc content (see Fig. 2d) in the grain of the stud-
ied accessions ranged from 30.6 to 69.4 ug/g, while the refer-
ence Privet contained 35.2 pg/g of Zn. This indicator was af-

fected by the principal component of the geographic origin
(p = 0.030), while the level of breeding improvement and the
interaction between the principal components did not influ-
ence the Zn level (p =0.099 and p = 0.057, respectively). Ac-
cessions from France were characterized by a higher Zn con-
tent (on average, 45.6 ng/g) than the Russian genotypes
(38.9 pug/g). The group of improved French cultivars showed
a high content of Zn (47.9-69.4 pg/g). The highest levels were
recorded for two improved cultivars from France, ‘Noire de
Michamps’ and the naked ‘Avoine Nue Renne’: 58.6 and
69.4 ug/g, respectively, as well as for the French landrace
k-5337 (61.1 png/g). The lowest content was observed in the
Russian accessions: 30.6 ug/g in the primitive cultivar
‘Smolenets’ and 31.6 in the landrace k-1461.

The yield varied from 103 to 683 g (Fig. 3). Neither the
country of origin (p =0.321) nor the level of breeding im-
provement (p = 0.185) nor their interaction (p = 0.353) had
any effect on the yield. The highest yields (over 600 g) were
observed in the improved cultivars: ‘Vsadnik’ (k-15495) from
Russia (619 g), and ‘Chantilly’ (k-15401) from France (683 g).
The lowest yields (103-226 g) were recorded for French gen-
otypes: landrace k-5337, primitive Avoine de Hiver (k-2113),
and primitive naked Avoine Nue Crosse (k-2122).

The analysis of variance showed that, among the field
characteristics, there was a statistically significant difference
between the groups of oat cultivars with different breeding
improvement levels in their resistance to crown rust
(p = 0.019). Modern improved cultivars had the highest aver-
age score (4.9) and significantly exceeded the landraces with
their lowest score (2.3). Cultivars of primitive breeding had
intermediate resistance (3.2). Russian and French cultivars
differed in their resistance to crown rust (p = 0.042): Russian
cultivars scored 2.7, and French ones scored 4.3. The acces-
sions from two countries did not differ in other field charac-
teristics.

Correlation analysis showed that micronutrients are
closely related to each other (correlation coefficients are
0.42-0.81, all are significant); they practically do not depend
on the yield or AT. There was a positive correlation between
the content of micronutrients and crown rust resistance: cor-
relation coefficients varied from 0.38 to 0.50. Strong correla-
tions were recorded between the content of Zn and Fe
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Fig. 3. The yield in the groups of oat accessions with different levels of breeding improvement
from Russia and France
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(r=0.81), and between Zn and Mg (r = 0.75). Correlations of
Al tolerance with all the studied characteristics were insignif-
icant. The yield significantly correlated neither with the con-
tent of micronutrients nor with AT. The yield is associated
only with agronomic characters: it negatively correlated with
the duration of the periods from germination to heading
(r=-0.62) and from germination to harvest (r = -0.48), and
positively with lodging resistance (r=0.52) and 1000 grain
weight (r = 0.42).

Comparison of micronutrient compositions in the
groups contrasting in Al tolerance
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ANOVA (Fig. 4) showed the absence of statistically signif-
icant differences in micronutrient composition between the
groups with different AT (p > 0.220).

The group of nonresistant accessions demonstrated the
lowest variability in the content of all micronutrients. The
group with medium resistance had an intermediate range of
variability in the content of Cu, and the highest variability in
other micronutrients. The group of highly resistant acces-
sions was characterized by the greatest variability in the con-
tent of Cu and Fe, and in the rest of the micronutrients it had
an intermediate variability span.
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Fig. 4. Micronutrient composition in the groups with different aluminum tolerance
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Polymorphism of oat accessions assessed for a set of component (PC1 - 47.9%) is associated with the content of
characters by means of PCA 4 trace elements, and the second (PC2 - 19.1%) with the yield
PCA was carried out for 6 indicators: the content of 4 mi-  and AT (Fig. 5).
cronutrients, yield, and aluminum tolerance. According to the
scree plot criterion, it is sufficient to leave two principal com-
ponents explaining 67.0% of the variance. The first principal

As far as PC1 is concerned, the set of micronutrients dem-
onstrates higher amounts than the average level in improved
cultivars from France (Fig. 6): the naked ‘Avoine Nue Renne’,

10| [E——
-
//f Yield
05}
Fe g ‘1
Y1) S - = i

Factor 2: 19,10%

N
)

. '. /

: : s
\ ' Aluminium
= Tolerance (IRG) |

10} e R ISl

1,0 05 00 05 1,0

Factor 1 : 47,86%

Fig. 5. Plot coordinates of variables in the space of the first two principal components
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Fig. 6. Oat accessions with different levels of breeding improvement from Russia and France in the space of the first
two factors according to PCA. Designations: Rl - Russia, landraces (dark-green), Fl - France, landraces (green), Rp - Russia,
primitive (blue), Fp - France, primitive (light-blue), Ri - Russia, improved (brown), Fi - France, improved (red).
Designations also contain accession numbers according to the VIR catalogue
Puc. 6. 06pa3noB pa3/IMYHOM ceJIeKIMOHHOU Npopa6oTKu U3 Poccuu u ®paHIuM B IPOCTPAHCTBE NEPBBIX ABYX
daxTopoB. O6o3nauenus: Rl - Poccusi, mecTHble (TeMHO-3eseHbIH 11BeT), Fl - ®panius, mectHble (3esennlit), Rp - Poccus,
npuMuTHBHBIe (ciHui), Fp - ®pannus, npuMmuTuBHbIe (rosty6oii), Ri - Poccus, cenexiponnblie (kopuyHeBsbli 1BeT), Fi -
dpaHnus, cesleKIMOHHbIE cOpTa (KpacHbIi). 0603HaYeHHe COAEPIKUT TaKXKe HOMep copTa 1o katasory BUP
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‘Chantilly’, ‘Negrita’ (k-14516), and ‘Noire de Michamps’, plus
the Russian improved naked cultivar ‘Gavrosh’. Among them,
‘Chantilly’ was distinguished for its yield, and the naked ‘Gav-
rosh’ for its Al tolerance.

Conclusion

Oat cultivars with different breeding improvement levels
demonstrated significant differences in the content of micro-
nutrients and aluminum tolerance. The case study of Russian
and French accessions showed that oat breeding trends dif-
fered in the requirements to these indicators across different
countries and periods of their plant breeding history.

The content of Cu, Fe and Mg in grain exhibits statistically
significant differences between cultivars with different levels
of breeding improvement. The highest content of micronutri-
ents is observed in modern improved cultivars, while the low-
est amounts are characteristic of landraces and cultivars de-
veloped by primitive breeding.

The content of Fe and Zn was influenced by the geograph-
ic origin of genotypes; on average, accessions from France
were characterized by higher concentrations of these trace
elements.

Among the studied accessions, landraces and modern
improved cultivars showed a tendency towards medium or
high Al tolerance, the group of primitive cultivars from Rus-
sia had the lowest Al tolerance, while primitive cultivars
from France demonstrated the highest average resistance
(0.5-1.9).

The concentrations of different micronutrients positively
correlated with each other, which may be associated with the
targeted breeding of these cultivars for functional nutrition.
Strong correlations were recorded between the contents of
Zn and Fe (r = 0.81), and between Zn and Mg (r = 0.75). There
was a positive correlation between the content of micronutri-
ents and the resistance to crown rust: the correlation coeffi-
cients are statistically significant (0.38 to 0.50).

High content of the studied set of micronutrients was reg-
istered in such improved cultivars from France as the naked
‘Avoine Nue Renne’ (k-15399), ‘Chantilly’ (k-15401), ‘Negrita’
(k-14516) and ‘Noire de Michamps’ (k-14712), plus the Rus-
sian improved naked cultivar ‘Gavrosh’ (k-15439). Among
them, ‘Chantilly’ was distinguished for its yield, and the naked
‘Gavrosh’ for its high tolerance to aluminum.
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