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Background. Oat grains accumulate substantial amounts of
various phenolic compounds that possess biological activity
and have a potential to considerably increase health bene-
fits of oats as a food. Avenanthramides (AVA) is an impor-
tant group of these compounds due to their antioxidant, an-
ti-itching, anti-inflammatory, antiproliferative activities.
Materials and methods. Using combined HPLC and LC-MS
analyses, we provide the first comprehensive review of the
total avenanthramide content and composition in cultivat-
ed and wild oats. The AVA content was measured in 32 wild
and 120 cultivated oat accessions obtained from the global
collection of the N.I. Vavilov Institute of Plant Genetic Re-
sources (VIR), St. Petersburg, Russia. Results and conclu-
sion. The wild hexaploid A. sterilis L. had the highest total
AVA content, reaching 1825 mg kg. Among cultivated ac-
cessions, naked oat cv. ‘Numbat’ (Australia) had the highest
AVA content, 586 mg kg™. The AVA composition exhibited
awide diversity among the analyzed samples. Accessions
were identified where AVAs A, B and C, which are generally
considered as major AVA, had a low percentage, and instead
other AVAs prevailed. The AVA content in eight oat cultivars
revealed significant annual changes in both the total AVA
content and the proportions of individual AVAs. Using HPLC
analyses, 22 distinguishable peaks in AVA extracts of oat
seeds were detected and quantified. Several of these peaks,
which have not been previously documented, presumably
represent different AVAs. Further analyses are needed to
detail these findings and to determine the specific AVA
structures in oat grains.

Key words: oat, cultivated and wild Avena spp., avenanth-
ramides, genetic resources.

AxTyasbHOCTb. OBeC HaKal/IMBaeT 3HAa4YUTeJIbHbIe KOJIhYe-
CTBa pa3/MYHbIX QEHOJIbHBIX COeJUHEHUHN, KOTOpble 006Ja-
AT OHOJIOTUYECKOM aKTUBHOCTbIO M CIIOCOOHBI 3HA4YHU-
TeJIbHO NMOBbILIATh NUTATE/JbHYI0 3HAYUMOCTb IPOAYKTOB U3
oBca. ABeHaHTpaMu/bl (AVA) BJASIOTCS BaXKHOU rpymnmnoun
3TUX COEJUHEHUH 6Jlarofapsi UX aHTUOKCHUIAHTHOM, MPOTHU-
BOBOCNA/INTEJbHON U APYTHX BUJOB aKTUBHOCTU. MaTepu-
aJ M MeToAuka. Mcrosb3ys KOMOWHMPOBAHHBINA aHaIU3
HPLC wu LC-MS, BnepBble ObLIM MOJIyY€Hbl KOMILJIEKCHbIE
JlaHHble 10 06l1eMy COlepXKaHHUI0 U COCTaBy aBeHaHTpaMU-
JI0B Y 00pasLioB KyJbTYPHBIX W AUKHUX BHUJAOB OBca. bblio
ompejesieHo coep:kaHue AVA y 32 006pasnoB JAUKOrO
1 120 06pasiLoB KyJbTYPHOrO0 0BCA, MOJYYEHHBIX U3 MUPO-
BOU KOJIJIEKLIMU Bcepoccuiickoro MHCTUTYTa reHeTUYeCKUX
pecypcoB pactenuil um. H.W. BaBusiosa (BUP, CaukT-IleTep-
oypr, Poccus). PesynbTaThl M BbIBOABL O6paselr JUKOTO
rekcamjiougHoro Buja A. sterilis L. iMeJ1 caMmoe BbICOKOE 06-
mee cojepkanue AVA B3epHoBke (1825 wMr/kr), acpeju
06pasloB KyJbTYPHOTO OBCAa caMOe BBICOKOEe COJep:KaHHhe
AVA (586 Mr/kr) umeJ rosio3epHbiil copt 'Numbat' (ABcTpa-
ausi). JlaHHble IO KOMIIOHEHTHOMY cOCTaBy AVA mokasaiu
60JibllIOe pa3HOOOpa3ue CpeAu aHAJU3UPYyEMbIX 06pa3L0B.
Bolin uaeHTHGUIIMPOBaAIN 06paslibl, y KOTOPBIX OCHOBHbIE
KoMIIOHEeHTHI A, B u C JaHHOT0 BelljecTBa UMeJIM HU3KOe CO-
JlepkaHue, a BMECTO HUX Npeobsafany Jpyrue, MeHee 3Ha-
yuMble KOMIOHeHThl. Cofepxkanue AVA y BOCbMU COPTOB
OBCa M0Ka3aJslo 3HauuTe/bHble H3MEHEeHHUs M0 I'oJjlaM Kak 06-
miero cogepkaHus AVA, Tak ¥ COOTHOLIEHUS OT/eJIbHbIX ero
koMIoHeHTOB. Ucnonb3ysa ananus HPLC, yctanoBu/IM M KO-
JINYeCTBEHHO OllpeJie/IUIN 22 pa3IMyHbIX MUKAa KOMIIOHEH-
TOB AVA B 3KCTpaKTax 3epHOBOK OBca. HekoToprble U3 3THX
IIMKOB, KOTOpble paHee He ObLIN JOKYMEHTHPOBAHBbI, Npej-
MOJIOXKUTEJIbHO NPeJCTaBJISAIT pa3Hble KOMIOHEHTHI AVA.
B nanbHeleM Heo6X04MMO JleTaJIU3UPOBATh MOJIyYeHHble
pe3y/bTaThl U ONpee/UTh KOHKpeTHble KOMIIOHEHTbl AVA
B 3epHe OBca.

KinroueBble cj10Ba: 0Bec, KyJIbTypHbIe U IUKKe BU/ibl Avena,
aBeHaHTPaMU/ibl, TeHETHUYeCKHe PecypChl.
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Introduction

Oat grains accumulate substantial amounts of various
phenolic compounds that possess biological activity and
have a potential to considerably increase health benefits of
oats as afood. Avenanthramides (AVA) is an important
group of these compounds due to their antioxidant, anti-
itching, anti-inflammatory, antiproliferative activities (Hi-
tayezu etal., 2015; Koenig et al., 2014; Meydani 2009; Ren
etal. 2011; Yang et al,, 2014), and preventing effects in can-
cer and heart diseases (Guo et al., 2010). In a recent study,
AVA A and its metabolites have exhibited bioactivity against
human colon cancer cells (Wang etal., 2014). In addition,
due to their antioxidative activity, AVA can help to prevent
the rancidity of food products and thus improve their sto-
rage properties (Peterson, 2001).

AVAs are phytoalexins, i.e. compounds produced in re-
sponse to pathogenic attack. However, they are constitu-
tively expressed in both oat seeds and leaves (Peterson,
Dimberg 2008). Chemically, AVA are derivatives of anthra-
nilic (2-aminobenzoic) acid, connected either with hydroxy-
cinnamic (typel AVA) or with avenalumic (5-(4-hydro-
xyphenyl)-2,4-pentadienoic) acid (type I AVA). Anthranilic,
hydroxycinnamic and avenalumic acids can have substitu-
tions with hydroxyl and/or methoxyl functions, and thus
over 30 different compounds with molecular mass from 283
to 387 are built up (Collins 1989; Wise 2014).

Most of the reports on the AVA structure and composi-
tion have confined to cultivated oat and describe the pres-
ence and antioxidant activity of only few AVAs; in most cas-
es these are major three A, B and C (Boz, 2015; Collins,
2011). Several publications showed levels of AVA A, B and C
produced in different fractions and products of oat seeds. In
the study of Hitayezu et al. (2015), fine bran had the highest
AVA content, while the whole groat oat flour had the lowest.
This is in contrast with the data of Mattila etal. (2005),
where oat flakes had double AVA content than that in oat
bran. Oat hulls had comparable amounts of three major
AVAs in the studies of Bryngelsson etal. (2002) and Ortiz-
Robledo et al. (2013). Several researchers have documented
the influence of environmental conditions, i.e. year and lo-
cation, on AVA accumulation (Dimberg et al. 2005; Emmons,
Peterson 2001; Peterson 2005; Wise etal., 2008). The
amount of AVA in oat grains increases significantly during
imbibition (Matsukawa et al., 2000), plant development (Pe-
terson, Dimberg, 2008), stimulation by elicitors (Mayama,
1995a; Ishihara etal., 1996; Matsukawa etal., 2000; Ren,
Wise, 2012; Wise, 2011), steeping (Bryngelsson et al., 2003),
storing (Dimberg etal., 1996), and fungal infection (Maya-
ma etal., 1995a, b; Miyagawa et al., 1995).

Regarding AVA antioxidant activity, Hitayezu etal.
(2015) found correlation between AVA and radical scaveng-
ing data, while there was no such correlation for five free
phenolic acids. Studies on antioxidant activity showed dif-
ferences between AVA A, B and C extracted from seeds of
cultivated oat (Bratt etal., 2003; Hitayezu etal., 2015; Ren
etal,, 2011; Yang et al., 2014). This indicates that other AVAs
may also possess properties different from those reported
for AVA A, B and C, and further studies are needed to dis-
cover their potential as bioactive compounds.

To the best of our knowledge, there is only one publica-
tion on AVA content and composition in wild oat, where up
to 13 wild and 80 cultivated oat accessions were analyzed
(Redaelli etal., 2016). In that study again only the major
three AVAs, i.e. A, B and C, were taken into consideration.
Wild oats present a crucial source of variation for breeding

programs, which dictates the need to further investigate
the variability pattern in AVA content and composition
across the genus Avena L. Wild oat species may have a unique
composition of AVA that potentially can be used in various
applications.

The aim of this study was to analyze the AVA content and
composition in 32 wild and 128 cultivated (including com-
mercial cultivars and landraces) oat accessions from the
collection of N.I. Vavilov Institute of Plant Genetic Resourc-
es (VIR). We employed HPLC and LC-MS analyses and fo-
cused specifically on identification and quantitative analy-
ses of several minor AVA in wild and cultivated oats.

Materials and methods

Plant material

Thirty two accessions of wild species of different ploidy
level and one hundred and twenty accessions of cultivated
hexaploid species of different geographical origin (Table 1)
were selected from the VIR collection for comprehensive
field trials which were conducted at VIR’s field station in
2010-2014. Taxonomical definition was done according to
Rodionova et al. (1994), Loskutov (2007), and Loskutov and
Rines (2011). All accessions were sown manually on 1.0 m?
plots in six 1 m rows with the 15 cm spacing between the
rows and 30 cm between the plots. Harvesting was done
manually and followed by the manual threshing of panicles
using VIR’s standard guidelines (Loskutov et al., 2012).

Extraction and analyses of avenanthramides
on HPLC and LC-MS
Grains of oat were dehulled manually and milled (Pul-
verisette). Avenanthramides were extracted with 80% eth-
anol according to the method described elsewhere (REF).
Two to three replications were made for each accession.

HPLC

HPLC model Agilent 1100 with a diode array detector
was used to analyze the extracted AVA with detection at
340 nm. We used a C18 column, Kromasil 100-3.5C18, di-
mensions 4.6 x 150 mm. We used H,0 with 0.1% formic acid
as buffer A and acetonitrile as buffer B. Flow rate was
0.8 ml/min with a gradient as follows: during first 24 min
20-45% buffer B; from 24th to 25th min, 80% buffer B;
stayed so till 30 min; till 30min 10 sec, 20%); stayed there till
40 min. AVA reference standards A, B, C, AA, BB, CC, D, G
and L, kindly provided by Prof. A. Ishimata (Kyoto Univer-
sity, Japan), were used for building calibration curves to
quantify corresponding peaks. All other peaks were quanti-
fied using calibration curve of AVA A.

Total avenanthramide level was calculated from the
HPLC chromatogram by summing up the peaks that appear
in the region between AVA CC and L. Quantification was
based on basis of the fresh weight of the samples.

LC-MS

Several representative samples (with the highest amount
of avenanthramides other than those for which standards
were available) were analyzed by LC-MS. An Agilent Technol-
ogies 1260 Infinity HPLC system (CA, USA) equipped with
a diode array detector (DAD, G4212) was used under the con-
ditions described above. A mass spectrometer (Agilent Tech-
nologies 6120 Quadrupole, Germany) equipped with an API-
ES was connected with the HPLC-DAD system. The ionization
source parameters were as follows: API-ES negative ion
mode; nebulizer pressure 25 psig; dry gas temperature 300°C;
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Table 1. List of analyzed oat species accesions

Ta6smna 1. CHUCOK NpoaHaJIUu3UPOBAHHBIX 00pa310B BU/0B OBCA

Species Ploidy 2n Genome Numb?r of Geographical origin
accessions
Russian Federation, Ukraine,
Belarus, Norway, UK, Sweden,
Finland, France, Netherland,
1 | A sativa L. 3 ACD 110 Germany, Austria, Czech

Republic, Slovakia, Kyrgyzstan,
Mongolia, China, Japan, Canada,
Australia

2 A. byzantina C. Koch 3 ACD 10 Russian Federation, China,
Portugal

3 A. atlantica Baum 1 As 2 Morocco

4 A. canariensis Baum et Fedak. 1 Ac 2 Spain, Canary Islands

5 A. clauda Durieu 1 Cp 2 Turkey, Iran

6 A. damascena Rajh. et Baum 1 Ad 2 Syria

7 A. hirtula Lagas. 1 As 1 Tunisia

8 A. longiglumis Durieu 1 Al 1 from the U.S. genebank

9 A. wiestii Steud. 1 As 2 Israel, Iran

10 A. agadiriana Baum et Fedak 2 AB? 2 Morocco

11 A. barbata Pott 2 AB 2 Azerbaijan, Lebanon

12 A. insularis Ladiz. 2 CD? 2 Italy, Sicily

13 A. magna Murphy et Terr. 2 AC 2 Morocco

14 A. murphyi Ladiz. 2 AC 2 Spain

15 A. vaviloviana (Malz.) Mordv. 2 AB 2 Ethiopia

16 | A fatua L. 3 ACD 2 Ethiopia, China

17 A. ludoviciana Durieu 3 ACD 2 Iran, Ethiopia

18 | A. occidentalis Durieu 3 ACD 2 Spain, Canary islands

19 | A sterilis L. 3 ACD 2 Israel, Algeria

dry gas flow 10 L/min; capillary voltage +3.0 kV; VCap 3000V;
Quad temp 100°C. The mass signal dimension was 100-
1500 m/z, fragmentor set to 70 V.

Statistics
Individual AVAs were calculated as percentage of the to-
tal AVA. All statistical analyses were done using R program-
ming.

Results

1. Total AVA content

To check the effect of year-long AVA accumulation, eight
accessions were grown at one place during two years: 2014
and either 2011 or 2012 or 2013. We checked the difference
in the total AVA content in these accessions and discovered
that for four accessions 2014 was much more favorable for
AVA accumulation; for three accessions 2014 was less favor-
able than other years; and for cv. ‘Premjer’ the total AVA
content was the same in two years (Table 1). The lack of
a clear tendency for each analyzed year led to the absence of
statistical difference when the analysis was run for the
summarized data of 2014 and the other year (supplementa-
ry material, Table 2 3).

Then we looked at the total AVA in accessions belonging
to different species and with different ploidy levels. Tables 2
and 3 give the overview of the analyzed accessions. Total
AVA in cultivated oat varied from 12.35 (Mongolian landra-
ce, naked) to 586.63 mg kg™ (cv. Numbat’, naked) (Fig. 1;
supplementary material, Table 1). In wild oats, both ana-
lyzed accessions of the diploid species A. atlantica had the
lowest values (4-9 mgkg™), while tetraploid A. insularis,
A. longiglumis and hexaploid A. sterilis (the accession with
the origin from Algeria) showed the highest levels of AVA
(613,662 and 1825 mg kg™, respectively). Comparison of ac-
cessions of different ploidy (only for wild species) revealed
no significant variation in the total AVA. Therefore, we ran
further statistical analyses of different species, ignoring
their ploidy. That analysis, i.e. comparison of species, also
showed no significant difference, as accessions within one
species differed more in their AVA content than accessions
belonging to different species.

We compared total AVA between cultivated (hexaploid
species A. sativa and A. byzantina) and hexaploid wild oat
accessions; within A. sativa, hulled and naked oats were
compared. Again, no significant difference was observed in
either of those two analyzes (data not shown).
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Table 2. Total AVA content (triplicate average) in cultivars replicated in different years
(mean #* standard deviation in mg kg™ fresh weight; *p < 0.05, **p < 0.01, ***p < 0.001)
Ta6mna 2. O6mee cogepkanue AVA (cpesHee 3Ha4eHHe TPpeX IOBTOPHOCTEH) y COPTOB, BbIpallle HHbIX
B pa3Hble roJbl (Cpe/iHee + CTaHAaPTHOE OTKJIOHEHHE, MI KT cbIporo Beca; *p < 0.05, **p < 0.01, ***p < 0.001)

. . Total AVA, mg kg, Total AVA, mg kg?, Year 2 «
Cultivar, variety Year 1 (2014) P
Argamak, mutica 14648 18.15+3.3 (2011) 84.40 + 18.4 ok
Numbat, inermis 14851 551.35+31.5(2011) 60.08 £5.2 ok
Persheron, inermis 15275 82.26 +9.6 (2012) 43.85+5.4 ok
Eklips, aurea 15187 171.01 £ 34.5 (2013) 64.34 £ 6.4 ok
Premjer, A. byzantina 15238 60.57 + 3.1 (2013) 59.46 £ 6.9 ns
Krechet, mutica 14857 37.57 £6.0 (2012) 127.08 + 16.4 ok
Konkur, mutica 15068 70.31 3.0 (2010) 13303 +36.3 x
Bulanyi, mutica 15277 22.04 £ 5.5 (2013) 46.14+£7.0 o
e}
s | 8
][ E ]
B - =B L H
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11 51 91 131 181 32 72 112 162 13 53 93 133 183

Fig. 1. Total AVA content (mg kg™) in diploid (‘1’ after dot), tetraploid (‘2’ after dot) and hexaploid (‘3’ after dot)
wild and cultivated oat species. The digit(s) before dot designate species according to Table 1
(1 - A. sativa, 2 - A. byzantine, etc.)

Puc. 1. O6mee coaep:xxanue AVA (Mr Kr') y AMNIOUAHBIX («1» mOcJie TOYKH), TETPANJIOUAHBIX («2» MOCJIe TOYKH)
M reKCanJIOuAHbIX («3» MocJie TOYKH) JUKHUX U KyJIbTYPHBIX BUJOB 0Bca. Lludprl epes TOUKOM yKa3bIBAIOT BU/ bl
corsiacHo Ta6uauue 1 (1 - A. sativa, 2 - A. byzantina u T. i.)
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2. AVA composition

HPLC analyses suggested the presence of over 20 AVAs
in oat grains (Fig. 2, A), i.e. peaks appearing between CC and
L - ‘AVAregion’ (Fig. 2, B). We identified them by comparing
the retention times with those of the available nine stan-
dards (Fig. 2, B) and by checking the molecular weight by
LC-MS. LC-MS analyses revealed several AVAs that were
eluting at the same time and thus appearing as one peak on
the HPLC chromatogram. For example, AVA B co-eluted with
minor AVA QQ, and thus we could not calculate the exact

mAU

amount of these two compounds. Thus, we identified about
25 AVAs. Of them, 17 were the AVAs known from before, and
8 compounds were unknown. Major AVAs in most acces-
sions were A, B and C (Fig. 2, A). However, there were acces-
sions that had unusual AVA composition. Several HPLC chro-
matograms on most interesting examples of unusual AVA
composition are presented in Fig. 3. For instance, they had
relatively low levels of major AVAs, compensating it by high
levels of other compounds, which sometimes appeared on
chromatograms in the areas outside the AVAregion

(Fig. 3, 1).

x0i A
1754
15 4
125
104
75
5]
254
0+ —
2.5 T T T - T T T
0 5 10 15 20 25 30 35 min
mAU I B) AA A G
] cc L
154 C D
10 BB B
5]
0
— _/
5] '
AVA region
10
0 3 10 15 20 25 E 35 min

Fig. 2. HPLC chromatogram of AVA content extracted from the grains of oat cv. Sprint 3 (A)
and of nine AVA standards (B)

Puc. 2. HPLC-xpomaTorpamma coaep>kaHusi AVA, aKcTparupoBaHHbIX U3 3epeH oBca copTa CipuHT 3 (A)
U JeBATb cTaHAapTOB AVA (B)

15.217 - 2F

A)

18.508

2103
2350

20.538

25231

22871
3817

Fig. 3. HPLC chromatograms of cultivated (A-C) and wild (D-I) accessions of oat species
with unusual AVA composition

Puc. 3. HPLC-xpoMaTorpaMmMsl 06pa3noB Ky/AbTypHbIX (A-C) u aukux (D-1) BuA0B oBca
C HeOGBIYHBIM cocTaBOM AVA
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Fig. 3. HPLC chromatograms of cultivated (A-C) and wild (D-I) accessions of oat species
with unusual AVA composition

Puc. 3. HPLC-xpomaTorpaMmsl 06pa3noB Ky/1bTypHbIX (A-C) u aukux (D-I) BuA0B oBca
C He0GBIYHBIM cocTaBoM AVA
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Puc. 3. HPLC-xpomaTorpaMmMsl 06pa3noB KyJIbTypHbIX (A-C) u aAukux (D-I) BuAoB oBca
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Fig. 3. HPLC chromatograms of cultivated (A-C) and wild (D-I) accessions of oat species
with unusual AVA composition

Puc. 3. HPLC-xpomaTorpaMmsl 06pa3noB Ky/1bTypHbIX (A-C) u aukux (D-I) BuA0B oBca
C He0GBIYHBIM cocTaBoM AVA
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LC-MS was used to analyze molecular weight (MW)
of AVA and unknowns. Fig. 4 illustrates the HPLC chro-
matogram and MW of unknown 2 and AVA C extracted
from wild oat A. damascena. Judging by the HPLC chro-
matogram only, a perception would be that the largest
peak is AVA C. However, LC-MS analyses revealed that
the largest peak had MW 326 instead of 316, as MW of

AVA C, and thus we identified the largest compound as
an unknown.

In case of other unknowns, the levels of unknowns 1,
3 and 4 were too low for being detectable by LC-MS.
There were accessions with high levels of unknowns 5,
6,7 and 8; all of them had more or less the same ion com-
position; MW of the major ion was 316 (Fig. 4, B).
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Fig. 4. LC-MS analysis of the AVA content extracted from oat with depicted MW of unknowns 5-8

Puc. 4. LC-MS aHau3 coaep:xkaHusi AVA, BblJeJIEeHHbIX U3 OBCA C HEM3BeCTHbIMU NUKamu MB 5-8
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Tables 3 and 4 give the lowest and the highest percent-
age of different AVAs in wild and cultivated oats, respective-
ly. For the majority of the accessions, AVA A, B and C com-
prised the largest portion of AVAs, but there was one excep-
tion. One accession of A. damascena had 48.6% of unknown 2
and 9.1% of unknown 1, while levels of AVA A, BQ and C were
much lower: together they comprised only 18% (Fig. 4, A;
Table 3). In cultivated oat, the highest level of unknown 2

and unknown 1 was 11.9 and 5.8% respectively (Table 4).
The other interesting results were higher portion of R/N in
wild oat with maximum 18.27% in A. magna vs. maximum
7.76% in cultivated oat (cv.Podgornyi), 16.97% of un-
known 7 in wild oat (A. hirtula) vs. 4.67 in cultivated oat,
and large difference in the highest level of B+Q between
wild and cultivated oats: maximum 24.71% in wild vs.
39.5% in cultivated oat.

Table 3. Lowest and highest percentage of different AVA in wild oat

Ta6smna 3. Camble HU3KHe M caMble BbICOKUe 3HaueHus (%) pa3/IMYHbIX KOMIIOHEHTOB AVA
y 06pa3noB AUKHUX B/ 0B 0BCA

Compound Lowest value, % (species) Highest value, % (species)
AVA_CC 0.41 (A. canariensis-1) 6.28 (A. atlantica-2)
AVA_UN1 0.05 (A. occidentalis-2) 9.1 (A. damascena-1)
AVA_UN2 0.02 (A. insularis-2) 48.6 (A. damascena-1)
AVA_C 4.78 (A. canariensis-1) 41.7 (A. longiglumis)
AVA_AA 0.31 (A. wiestii-1) 11.9 (A. sterilis-1)
AVA_BB 0.12 (A. agaridiana-2) 4.39 (A. agaridiana-1)
AVA_QQ 0.00 (A. vaviloviana-1) 5.03 (A. sterilis-2)
AVA_UN3 0.05 (A. ludoviciana-2) 2.26 (A. clauda-2)
AVA_A 3.88 (4. clauda-2) 33.02 (A. canariensis-1)
AVA B+Q 3.34 (A. clauda-2) 24.71 (A. insularis-2)
AVA_X+00 0.43 (A. occidentalis-1) 6.69 (A. canariensis-1)
AVA_G+Y 1.26 (A. barbata-1) 12.49 (A. hirtula)
AVA_H 0.07 (A. vaviloviana-2) 5.63 (A. sterilis-2)

AVA_ O 1.92 (A. ludoviciana-1) 16.67 (A. canariensis-1)
AVA_P/S 0.31 (A. longiglumis) 9.69 (A. sterilis-1)
AVA_R/N 0.78 (A. damascena-1) 18.27 (A. magna-1)
AVA_UN4 0.00 (A. insularis-2) 2.80 (A. sterilis-2)
AVA_UN5 0.00 (A. murphyi-1) 4.09 (A. clauda-2)
AVA_UN6 0.00 (A. insularis-2) 2.49 (A. hirtula)
AVA_UN7 0.06 (A. occidentalis-2) 16.97 (A. hirtula)
AVA_UN8 0.01 (A. longiglumis) 5.70 (A. fatua-2)

AVA L, g;%;ﬁ; fi;?ﬁlﬂu:;;ms " 3.11 (A damascena-1)
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Table 4. Lowest and highest percentage of different AVA in cultivated oat

Ta6.imna 4. Camble HU3KHe M CaMble BbICOKHe 3HaueHu: (%) pa3IMYHbIX KOMIIOHEHTOB AVA
y 06pa3no0B KyJIbTYPHOTr0 OBCa

Compound Lowest value, % (cultivar) Highest value, % (cultivar)
AVA_CC 0.01 (Borot, mutica) 4,71 (Effectiv)
AVA_UN1 0.06 (Borot, mutica) 5,8 (Mongolian landrace, inermis)
AVA_UN2 0.04 (Chinese local, A. byzantina) 11,9 (Faust, mutica)
AVA _C 6.25 (Faust, mutica) 29.1 (Guzeripl, A. byzantina)
AVA_AA 0.67 (Gere) 13.74 (Soku, mutica)
AVA_BB 0.51 (Premjer, A sativa, A. byzantina) 5.75 (Borot, mutica)
AVA_QQ 0.04 (Drug, mutica) 6.48 (Gorisont, mutica)
AVA_UN3 0.04 (Metis, aurea) 2.19 (Dans, mutica)
AVA_A 9.84 (Bulanyi, mutica) 30.77 (Kirovetc, aurea)
AVA_B+Q 8.32 (Argamak, mutica) 39.50 (Universal-1, mutica)
AVA_X+00 0.34 (Pisarevskyi, mutica) 8.26 (Gorisont, mutica)
AVA_G+Y 1.43 (Narymskii 943, mutica) 14.99 (Dans, mutica)
AVA_H 0.00 (Kirovetc, aurea) 11.77 (Argamak, mutica)
AVA_O 0.02 (Persheron, inermis) 12.79 (Drug, mutica)
AVA_P/S 0.24 (Pomor, inermis) 14.25 (Bulanyi, mutica)
AVA_R/N 0.21 (Sprint 2, aurea) 7.76 (Podgornyi, mutica, grisea)
AVA_UN4 0.00 (local A. byzantina; Murom, inermis) 5,27 (Argamak, mutica)
AVA_UN5 0.00 (several accessions) 9,71 (Sprint 3, aurea)
AVA_UNG6 0.01 (Canyon) 8,8 (Sprint 3, aurea)
AVA_UN7 0.00 (Skakun, mutica) 4,67 (Taezhnik, aurea)
AVA_UN8 0.01 (Numbat, inermis) 5.01 (Hurdal)
AVA_L 0.01 (Numbat, inermis; Soku, mutica) 4.19 (Tumenskii golozernyi, inermis)
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3. Cluster analyses

Analyzing the variation of all 22 detected peaks in dif-
ferent species, it was possible to organize them into 5 clus-
ters for wild oat (Fig. 5) and into 10 clusters for cultivars
(Fig. 6). The main common tendencies for both wild and cul-
tivated oats were that O was in one cluster with X+00; L
with unl and un2; un3, un4, in 5, un6 and H (but for wild

ones, there was also G+Y in this cluster). The most striking
difference between wild and cultivated oat was AVA C and
R/N: in wild oat, they were the two the most distant AVA
while in cultivated oat they appeared in one cluster. A simi-
lar situation was observed for AVA P/S and QQ: sitting next
to each other in cultivars, they belonged to the two mostre-
mote clusters in wild oats.
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Fig. 5. Cluster analysis in wild oat

Puc. 5. Pe3ysibTaThl KJIaCTEpPHOTr0 aHa/1M3a JAHHbIX Y 06pa3L0B AUKHUX BH/0B 0BCa
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Fig. 6. Cluster analysis in cultivars
Puc. 6. Pe3ybTaThl KJIaCTEPHOT'0 aHAJIN3a JaHHBIX Y 06Pa3L0B KYJIbTYPHOr0 OBca
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Further statistical analyses were done on clusters in- and un2), with diploid oats having higher levels of these
stead of individual AVAs, separately for wild and cultivated = AVAs (Fig. 7); the species identity had a significant effect on
oat. For wild oat, ploidy and species effects on clusters were  cluster 5 (un7, 8, CC, QQ, R/N), with A. magna and A. fatua as
analyzed. Ploidy was significant for cluster 2 (AVAL, unl, the species with the highestlevels (Fig. 8).
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Fig. 7. Analysis of cluster 2 in diploid (‘1" after dot), tetraploid (‘2’ after dot),
and hexaploid (‘3’ after dot) wild oat species.
The digit(s) before dot is a code for species ID according to Table 1 (1 - A. sativa, 2 - A. byzantina, etc.).
Different letters designate the statistical difference

Puc. 7. AHa/u3 KJj1actepa 2 y JUNJIOUAHBIX («1» mocjie TOYKH), TEeTPANJIOUAHBIX («2» OCJIe TOYKH)
M FreKCanJIOUAHBIX («3» MmocJie TOYKH) 06pa3noB BUAOB JUKOT0 OBCa.
Lludpbl nepes TOUKOM — 3TO KO AJ151 UAEHTUDHKALMH BUa corsacHo Tabauue 1 (1 - A. sativa, 2 - A. byzantina u T. .).
Pa3Hble 6YKBbI 0603HAYAIOT CTATUCTUYECKYIO0 pa3HULY
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Fig. 8. Cluster 5 in different species of wild oat.
Species with higher AVA levels are marked by ‘a’; species with lower levels are not marked with any letter;
‘ab’ designates the species belonging to both groups
Puc. 8. Knacrtep 5 y pa3HbIX 06pa3noB AUKUX BUAOB 0BCa.

Busibl c 60s1ee BBICOKUMU YPOBHSIMU AVA 0TMe4eHbI «a»; BUABI € 60J1e€ HUSKUMH YPOBHSIMU He 0603Ha4YeHbI
HU OJIHOY GYKBOMU; «ab» 0603HavYaeT BU/I, KOTOPBIA MPUHAJIEXKUT K 06€UM Ipynmnam
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Discussion

1. Total AVA.

In this study, we analyzed the AVA content and composi-
tion in 32 wild and 120 cultivated oat accessions and found
the AVA levels within the range from 4 to 1825 mg kg®®. In
hexaploid cultivars, the lowest AVA content was reported to
be 7.7 mg kg® (Bryngelsson etal., 2002) and the highest
3.0 gkg? (Redaelli etal., 2016). In a marginally cultivated
diploid accession of A. strigose Schreb., the total AVAreached
4.1 gkg? (Redaelli etal., 2016). For wild oats, levels from
240 to 1585 mg kg? were reported (Redaelli etal., 2016),
and this was the only publication on the AVA content in wild
oats. In our study, the highest AVA content among wild oats
was registered for one accession of hexaploid A. sterilis (al-
most 2 g kg?'), and tetraploid A. insularis and diploid A. longi-
glumis (about 600-700 mg kg®). However, other accessions
of A. insularis and A. sterilis had much lower AVA contents.
Thus, we cannot conclude that these species are generally
richer in AVAs than other species. Among cultivars, both the
lowest (12mgkg®) and the highest (up to almost
600 mg kg?) AVA level were found in naked oat. Thus, once
again we cannot conclude that the presence or absence of
hulls alone makes an effect on AVA accumulation. Total AVA
levels varied drastically between accessions of the same
species, which led to the absence of a statistically signifi-
cant difference between accessions with different ploidy
level, hulled and naked accessions, or between species.

Analyses of eight accessions that were reproduced during
two years revealed a large difference between the two repli-
cations. Remarkably, the conditions in 2014 favored AVA ac-
cumulation for four out of eight accessions, while for the three
accessions that year was unfavorable, and one accession had
the same AVA content in both years. Thus, our data indicate
that the conditions promoting AVA accumulation for one cul-
tivar might not have a similar effect on, or can even be highly
unfavorable for another cultivar. This is generally in line with
other data that showed strong influence of environmental
conditions on AVA accumulation (Emmons, Peterson, 2001;
Peterson et al., 2005; Redaelli et al., 2016).

2. AVA composition.

Chemical structure and nomenclature of 36 AVAs have
been described by M. L. Wise (Wise, 2014). In our study, we
were able to detect 25 compounds based on their MW ana-
lyzed by LC-MS; of those, 15 compounds were identified,
two compounds (R/N and P/S) could not be separated due
to the same eluting time and fragmentation pattern, and
8 compounds appeared unknown. Since unknowns eluted
at the retention times corresponding to avenanthramides,
they were accounted for as AVAs. However, further LC-MS
studies are needed to confirm their belonging to the AVA
class. There are just a few reports that mention AVAs other
than A, B, and C in oat grains; all of them were done on culti-
vated oat. Those are the works done by Okazaki et al. (2004),
where AVAs D, G, and L were reported in addition to the ma-
jor A, B,and C; Skoglund et al. (2008), who depicted 21 peaks
on the HPLC chromatogram; Elene Karlberg with coauthors,
who quantified 11 AVAs; M. Wise (2011), who provided MS
data of 10 AVA compounds; and A.Ishihara etal. (2014),
when AVAs CC, AA, and BB were studied in detail. Our study
is the first where analyses of AVAs other than A, B and C
were done on wild oats.

Studies on biochemical activity, such as antioxidant and
phytoalexin capacity, have only been done for A, B and C. For
example, in the study of oat resistance to crown rust, levels

of AVA A and B were higher in the resistant cultivars and
lower in the susceptible and highly correlated with retarda-
tion of hyphae growth (Mayama et al., 1982). On the other
hand, in the study of antioxidant capacity, AVA C was shown
to outperform A and B (Yang et al., 2014). These two exam-
ples demonstrate that different AVAs have different proper-
ties. Thus, it is important to further study the properties of
other AVAs as they might be more efficient than A, Band Cin
phytoalexin or antioxidant capacity and/or may possess
valuable capacities other than those reported for A, B and C.
Our study provides important information on cultivars and
wild oats that possess high levels of unusual unstudied
AVAs and may serve as a source for production of these AVAs
for further investigations. A method called false malting can
be used to increase dramatically the levels of AVAs in oat
grains, if needed (Collins et al., 2012).
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