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Streszczenie

Owies zwyczajny (Avena sativa L.) jest zbozem wykorzystywanym w zywieniu
cdowieka 1 zwierzat, o udokumentowanych wilasciwosciach prozdrowotnych, majacym
duze znaczenie gospodarcze nie tylko w Europie, ale réwniez w Australii, Ameryce Pin.
1Azi Hodowla tego gatunku koncentruje si¢ przede wszystkim na poprawie zdohos$ci
plonotworczych.  Zwigkszenie efektywnosci tradycyjnej hodowli mozna  osiggnad
wykorzystujac  precyzyjne genotypowanie dostarczajgce wiedzy na temat réznorodnosci
alleli dostgpnych w zasobach genetycznych, a w kolejnym etapie selekcje wspomagang
markerami.

Celem rozprawy doktorskiej bylo zbadanie zréznicowania oraz struktury genetycznej
wspolczesnych 1 historycznych polskich odmian i linii hodowlanych owsa zwyczajne go
w oparciu o analiz¢ rodowodow oraz oceng polimorfizmu markerow molekularnych typu
ISSR, REMAP oraz SNP. Na podstawie analiz cech agronomicznych mieszancow
migdzygatunkowych owsa zwyczajnego z owsem glhichym okreslono rowniez mozliwo§¢
poszerzenia puli genowej gatunku uprawnego o nowe allele wystepujace u spokrewnionych
form dzkich.

Analiza rodowodowa pozwolila na identyfikacje pieciu glownych przodkéw polskich
odmian owsa oraz wykazala duzy udziat odmian niemieckich w ksztaltowaniu puli
genetyczne] wykorzystywanej w polskiej hodowli tego gatunku. Analiza struktury
genetycznej polskich odmian owsa z wykorzystaniem metod ISSR i REMAP potwierdzita
male zroznicowanie genetyczne wspodlczesnych odmian, a jednoczesnie ich odrebnos¢ od
odmian historycznych  postulowana we wczesniejszych badaniach. Zastosowanie
nowoczesnych narzgdzi genomicznych umozliwito szczegblowa charakterystyke 487 form
owsa, w tym linii hodowlanych pochodzacych z trzech firm hodowlanych, wspoélczesnych
1 historycznych odmian polskich oraz odmian zagranicznych. Przeprowadzone analizy
mutacji punktowych typu SNP identyfikowanych metoda DArTseq wykazaly, Zze podczas
120-letniego procesu hodowli owsa w Polsce tylko 67 alleli z historycznej puli genow
zostalo utraconych, a obecne programy hodowlane wprowadzity do puli genowej owsa 673
nowe allele. Analiza markerow DArTseq wykazala, Ze §lady ukierunkowanej selekcji sa
szczegblnie widoczne na subgenomach A i D, gldéwnie na chromosomie 6A i w mniejszym
stopniu na chromosomie 5D, a jednocze$nie zmiany nastgpowaly najrzadziej

w chromosomach subgenomu C. Z przeprowadzonych badan wynika takze, ze polska



hodowla owsa oparta gldwnie na tradycyjnych metodach hodowli i nastawiona na
doskonalenie waznych agronomicznie cech, tj. plonu i jakosci ziarna oraz odpornosci na
choroby czy zdolnosci adaptacyjnych do warunkéw S$rodowiska, nie zawegzila w istotny
sposob puli genowej owsa. Polscy hodowcy stworzyli odmiany, ktore s3 nie tylko
konkurencyjne na rynku europejskim, ale stanowig takze rezerwuar nowych alleli, ktorych
nie ma w analizowanych materialach zagranicznych.

Z uwagi na to, ze wykazano male zréznicowanie genetyczne odmian owsa, rownolegle
prowadzono liczne krzyzowania migdzygatunkowe, w wyniku ktorych otrzymywano
materialy wyjsciowe do hodowl. Jednym z podjetych probleméw badawczych bylo
okreslenie wplywu kierunku krzyzowania z A. fatua na fenotyp uzyskiwanych mieszancow.
Najwazniejszymi wnioskami wyplywajacymi zoceny cech fenotypowych mieszancow owsa
zwyczajnego z owsem gluchym jest brak korelacji pomiedzy osypywaniem,
charakterystycznym dla form dzkich, a analizowanymi cechami agronomicznymi oraz brak
wplywu kierunku krzyzowania na badane cechy z wyjatkiem dlugosci doklosia, ktéra
w badanych populacjach dziedziczona byla po linii matecznej. Na tej podstawie mozna
stwierdzi¢, ze krzyzowanie z A. fatuaprzyczynia si¢ do poszerzenia zmienno$ci genetycznej
owsa, ale z uwagi na ogélne mniejszg uzyteczno$¢ agronomiczng powstalych mieszancow
potencjal hodowlany wykazuja tylko niektore transgresywne segreganty.

Analiza uzyskanych wynikow nie tylko umozliwita ocene¢ efektow dotychczasowych
prac prowadzonych w ramach polskich programéw hodowlanych owsa, ale stanowi réwniez

cenng wskazowke do opracowania plandéw przysztych dzalan w tym gatunku.

Stowa  kluczowe: DArTseq, mieszance migdzygatunkowe, owies zwyczajny,

ukierunkowana selekcja, zréznicowanie genetyczne



Summary

Common oat (Avena sativa L.) is a cereal used in human and animal nutrition, with
documented health-promoting properties and of great economic importance not only in
Europe but also in Australia, North America and Asia. Oat breeding focuses primarily on
improving its yield-producing abilities. An increase in traditional breeding efficiency can be
achieved by using precise genotyping, which provides knowledge about the diversity of

alleles available in genetic resources, folowed by marker-assisted selection.

The doctoral dissertation aimed to examine the diversity and genetic structure of
contemporary and historical Polish varieties and breeding lines of common oat based on the
pedigree analysis and the assessment of ISSR, REMAP and SNP molecular markers
polymorphism. Based on the analysis of the agronomic traits of common oat and wild
A. fatua mterspecific hybrids, the possibility of expanding the A. sativa gene pool with new

alleles occurring in related wild species was also determined.

Pedigree analysis allowed the identification of five main ancestors of Polish oat
cultivars and showed a large contribution of German varieties in shaping the gene pool used
in Polish oat breeding. The genetic structure analysis of Polish oat varieties using the ISSR
and REMAP methods confirmed the low genetic diversity of modern cultivars and,
simultaneously, theirr distinctiveness from historical varieties, which was postulated in
previous studies. The use of modern genomic tools enabled a detailed characterization of
487 oat forms, including breeding lines from three breeding companies, contemporary and
historical Polish cultivars and foreign varieties. The analyzes of DArTseq identified SNP
point mutations demonstrated, that during the 120-year oat breeding process in Poland, only
67 alleles from the historical gene pool were lost, and current breeding companies introduced
673 new alleles to the oat gene pool. The DArTseq markers analysis revealed the particular
presence of directed selection traces on the A and D subgenomes, mainly on chromosome
6A and, to a lesser extent, on chromosome 5D, with the least frequent changes in the C
subgenome chromosomes. The research also shows that Polish oat breeding, based mainly
on traditional breeding methods and focused on improving agronomically important
features, ie. grain yield and quality, disease resistance and adaptability to environmental
conditions, has not significantly narrowed the oat gene pool Polish breeders have created
cultivars that are not only competitive on the European market but also constitute areservoir

of new alleles that are not present in the analyzed foreign materials.



Due to the low genetic diversity of oat cultivars, numerous interspecific crosses were
carried out in parallel to obtain oat breeding starting materials. One of the research goals was
to determine whether crossbreeding with A. fatua and the crossing direction affects the
phenotype of the obtained hybrids. The assessment of the phenotypic traits of 4. sativa and
A. fatua hybrids allowed to conclude the lack of correlation between shattering, typical trait
of wild forms, and the remaining agronomic characteristics. Furthermore, no influence of
the crossing direction on the hybrid populations examined parameters was found, except for
the length of the first mnternode below the panicle which seemed to be nherited from the
maternal form. Onthis basis, it can be concluded that crossbreeding with A. fatua contributes
to the oats genetic variability expansion, but due to the generally lower agronomic usefulness

of the obtained hybrids, only some transgressive segregants show breeding potential.

The analysis of the obtained results enabled the assessment of Polish oat breeding
programs' current work and above all may be a guide to developing long-term strategies

beneficial to modern oat breeding.

Key words: DARTseq, interspecific hybrids, common oat, targeted selection, genetic diversity



1. Wprowadzenie

1.1. Podstawowe informacje o rodzaju Avena

Owies zwyczajny (Avena sativa L.) nalezy do rodzaju Avena L., podplemienia
Aveninae Presl., plemienia Aveneae Dumort, podrodziny Pooideae Macfarlane & Watson,
rodziny Poaceae Barnh (Frey i Rutkowski 2002). Rodzaj Avena L. obejmuje zaréwno
gatunki uprawne, jak 1 dzkie, rdéznigce si¢ poziomem ploidalnosci: diploidalne,
tetraploidalne oraz heksaploidalne, o podstawowej liczbie chromosomow x=7 (Rajhathy
1 Thomas 1974, Leggett 1 Thomas 1995). Wedlug systematyki opracowanej przez Bauma
(1977), a uaktualnionej przez Zellera (1998), Mohler’a i in. (2023) oraz Jellen’a i . (2024)
rodzaj ten obejmuje 30 gatunkéw, w tym 16 diploidalnych (2n=2x=14), 8 tetraploidalnych
(2n=4x=28) 1 6 heksaploidalnych (2n=6x=42). Wszystkie gatunki z wyjatkiem
A. macrostachya Bal. ex. Coss. et Dur. s3 jednoroczne i samopylne, a zdecydowana
wigkszo§¢ z nich to formy dzkie (Leggett 1996). Najwigksze znaczenie wsrod form
uprawnych maja gatunki heksaploidalne: A. sativa L. (owies zwyczajny) oraz A. byzantina
C. Koch. (owies bizantyjski, owies czerwony). Namniejsza skale uprawiany jest diploidalny
Avena strigosa Scheb. (owies szorstki), niewielki udziat maja rowniez diploidy A. nuda L.,
A. brevis Rotch. 1 A. hispanica Ard. (Baum 1977) oraz tetraploid A. abyssinica Hochst
(Zeller 1998).

W powstawaniu gatunkdw w obrebie rodzaju Avena podstawowa rolg odegraly dwa
mechanizmy: strukturalne réznicowanie chromosoméw oraz krzyzowanie 1 podwajanie
liczby chromosomow u mieszancOw (Rajhathy 1 Thomas 1974, Mohler 1 mn. 2023).
Analizujac strukture kariotypow oraz oceniajac sposob koniugacji chromosoméw podczas
mejozy, zidentyflkowano 4 podstawowe homeologiczne genomy wystepujace w obrebie
rodzaju: A, B, C oraz D w kombinacjach: AA i CC u diploidow, AABB, CCDD i DDDD
u tetraploidow oraz AACCDD u heksaploidow (Rajhathy 1 Thomas 1974, Loskutov i Rines
2011, Yan i in. 2016; Yan i in. 2021, Tomaszewska i n. 2022). Odrebne oznaczenie dla
genomOw  wieloletniego,  autotetraploidalnego  owsa A. macrostachya (EEEE)
zaproponowano ze wzgledu na jego wyjatkowy kariotyp (Badaeva iin. 2010) i trudno$ci w
krzyzowaniu z gatunkami Avena posiadajagcymi genomy A, B lub D, przy nieco wigkszej

zgodno$ci z genomem C (Jellen i in. 2024).
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1.2. Udomowienie Avena sativa

Owies zwyczajny (Avena sativa L.) to wtorny gatunek uprawny, ktory na poczatku
towarzyszyt jako chwast segetalny uprawom jeczmienia i pszenicy, bedacymi pierwotnymi
7zbozami udomowionymi przez czZowicka na Bliskim Wschodzie w erze neolitycznej
(Murphy 1iHoffman 1992). Chociaz wysilki Owczesnego czlowieka byly skierowane
na udomowienie pierwotnych roslin uprawnych, to wywarly rowniez niezamierzong presj¢
selekcyjng na bedace chwastami trawy, takie jak zyto 1 owies (Zohary i Hopf 1993). Chwasty
te ostatecznie zyskaly status wtornych roslin uprawnych wypierajac pierwotne ro$liny
uprawne Ww rejonach o niesprzyjajacych warunkach glebowych 1lub klimatycznych.
Najstarsze europejskie znaleziska owsa pochodza z okresu brazu i dotycza glownie owsa
szorstkiego (ok. 2400 lat p.ne.) (Lewicki i Mazurek 1971), za§ dostgpne dowody
archeologiczne dotyczace owsa zwyczajnego S$wiadcza, Ze gatunek ten byl uprawiany

w centralnej 1 pomnocnej Europie w epoce brazu 1 zelaza (Klichowska 1972, Baum 1977,
Gorny 2005).

1.3. Charakterystyka Avena sativa

W przeszloSci owies zwyczajny uprawiano gldwnie z przeznaczeniem na pasze,
obecnie, z uwagi na wysoka warto$¢ odzywcza, doceniany jest rowniez jako pokarm dla
czowieka (Bartnikowska i . 2000). Na wyjatkowe walory zywieniowe zarna skladaja si¢
m.in. wysoka zawarto$¢ tluszczu (5-10%), w ktorym przewazaja wielonienasycone kwasy
thiszczowe: oleinowy 1 linolowy oraz wysoka zawarto$¢ biatkka (11 do 15% s.m.) z duzym
udzialem aminokwasow egzogennych, frakcja globulin stanowiaca 50-80% oraz prolamin,
zwanych u owsa avenmami — 20% (Gasiorowski 1999). Wiokno pokarmowe stanowi
w owsie pozbawionym plew do 12,5%, z czego 50% to rozpuszczalne w wodzie B-glukany
0 dzalaniu przeciwmiazdzycowym, przeciwcukrzycowym 1 zapobiegajace otyloSci
(Pisulewska 1 in. 1999). Ziarno owsa jest bogatym zrddlem witamin (B1, E, kwasu
pantotenowego), lecytyny oraz skladnikow mineralnych takich jak: zelazo, wapn, magnez,
mangan, cynk, krzem i miedZ (Mazurek 1 in. 1993, Jasinska 1999, Pizlo 1. 1999). Zawiera
rowniez calg game zwigzkow fenolowych: flawonony, flawonole, flawony, chalkony,
antocyjanidyny, aminofenole, chinony, kwas benzoesowy icynamonowy (Pizlo iin. 1999).
Owies znajduje zastosowanie rowniez jako surowiec w przemysle kosmetycznym
1 farmaceutycznym (Jasinska 1999, Lentini 1 in. 2022).

Owies zwyczajny jest gatunkiem o mniejszych, w porOwnaniu z mnymi zbozami,

wymaganiach glebowych. Ro$nie niemal na wszystkich glebach, ktére dobrze utrzymuja
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wodg, lecz nie s podmokle. Nieprzydatne do jego uprawy sg natomiast suche i ubogie
redziny. Wrazliwo§¢ owsa na odczyn gleby jest niewielka, jednak wysokie plony,
a szczegblnie wyzszg efektywno$¢ nawozenia mineralnego, mozna uzyskaé¢ na glebach o pH
powyze] 5,5 (Mazurek 1 . 1993). Duze znaczenie ma uprawa owsa jako ro$liny
fitosanitarnej. Liczne dos$wiadczenia wykazaly, Ze jeczmien i pszenica uprawiane po owsie
plonuja lepiej niz po mnych zbozach (Pawlowska i mn. 1999).

Na poczatku ubieglego wicku owies byt jednym z najpowszechniej uprawianych zbdz
na $§wiecie. Obecnie areal jego uprawy wynosi ok. 9,5 min ha, co stanowi 4,3% powierzchni
zajmowane] przez pszenice (219 min ha) (FAOSTAT 2023). W przeszlosci swoja
popularno$¢ zawdzigczat glownie wykorzystaniu w Zywieniu koni, jednak mechanizacja
rolnictwa 1 transportu znacznie ograniczyla liczebno$¢ tych zwierzat, co wplynelo takze na
nizszg produkcje owsa (Spiss 2003). Przed II wojng $wiatowa owies w Polsce uprawiano na
2 min ha, wlatach 60. XX w. na ponad 1,5 min ha (Spiss 2003), za§ obecnie, pomimo swoich
cennych walorow odzywczych, owies uprawia si¢ na niecalym 0,5 min ha (GUS 2023).
Pomimo to, od 2018 roku Polska jest czwartym producentem ziarna owsa na §wiecie, po
Kanadzie, Federacji Rosyjskiej 1 Awustralii (FAOSTAT 2023). Niemniej jednak pod
wzgledem $redniej wielkosci plonu z hektara wynoszacym 3,2 t Polska plasuje si¢ dopiero
na 20 pozycji, podczas gdy liderzy rankingu, Irlandia, Wielka Brytania i Nowa Zelandia
osiagajg plony odpowiednio 8,3;6,3 16,0t z hektara zasiewoéw (FAOSTAT 2023).

1.4. Hodowla owsa w Polsce

Hodowla owsa zwyczajnego w Polsce, podobnie jak w Niemczech, Wielkiej Brytanii
czy Szwecji, rozpoczela si¢ pod koniec XIX wieku. Pierwsza polskg odmiang datowang na
1893 r., wyhodowang przez profesora Antoniego Sempolowskiego byl ‘Sobieszynski’.
W okresie przedwojennym w uprawie znajdowaly si¢ glownie odmiany miejscowe oraz
odmiany, ktérych hodowle prowadzity spétki hodowlane 1 prywatni hodowcy (Slabonski
1949). Niektore z tych odmian uprawiane byly jeszcze dlugo po wojnie np. Bartek Udycki
czy Bialy Mazur (Swierczewski i Mazaraki 1993). Jako, ze wiele materialdw hodowlanych
zostalo utraconych w czasie Il wojny $wiatowej, w okresie powojennym polska hodowla
owsa musiala zosta¢ gruntownie przebudowana. Poczatkowo wigkszo§¢ odmian
uprawianych w kraju stanowily selekcje z odmian niemieckich np. Przebdj 11 Przeboj 11, czy
Proporczyk (Swierczewski i Mazaraki 1993, Spiss 2003). Nowe polskie odmiany bedace
efektem krzyzowania z odmianami i liniami zagranicznymi zaczely pojawiaé si¢ w polskim

rejestrze odmian roliczych po roku 1977. Od tego czasu wpisano na liste kilkadziesiat
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nowych odmian, z ktérych np. ‘Dragon’ pozostawal na liScie az 22 lata, a ‘Komes’ lat 14
(COBORU 2023). Badania zmiennosci genetycznej polskich odmian owsa pokazuja, Ze
zréznicowanie zarowno w obrgbie historycznych, jak i wspolczesnych pul genowych jest
do$¢ waskie (Paczos-Grzgda 2004, Paczos-Grzeda 2007; Boczkowska im. 2015;
Boczkowska 1 Onysk 2016). Istniejg jednakze duze rdéznice miedzy tymi dwiema pulami, co
oznacza, ze historyczne odmiany owsa moga by¢ cennym zrédlem korzystnych genow dla
wspolczesnej hodowli. Co istotne, zar6wno badania rodowodow, jak i analizy genetyczne
wskazuja, ze tylko nieliczne odmiany historyczne znalazly zastosowanie w tworzeniu

odmian wspolczesnych (Sowa i Paczos-Grzeda 2020a, Boczkowska i Onysk 2016).

1.5. Gatunki dzikie jako zZrodlo zmienno$ci genetycznej w hodowli owsa

Jak wykazano w wielu badaniach, owies zwyczajny jest przykladem gatunku
uprawnego o dos¢ waskiej puli genowej (Fu i in. 2005, Diederichsen 2007, Boczkowska
1 Tarczyk 2013), w ktorym postep hodowlany pod koniec XIX i na poczatku XX wieku
polegal glownie na powolnym lecz stalym wzroscie plonu zarna uzyskiwanym w efekcie
krzyzowan miedzyodmianowych. W polowie XX wieku odkryto, ze Zrédlem zmiennos$ci
genetycznej dla owsa zwyczajnego moga by¢ pokrewne gatunki dzkie z rodzaju Avena
(Langer imn. 1978, Rodgers 1983, Frey 1986, Frey 1992), ktére przyporzadkowano do trzech
pul genowych, o réznym stopniu pokrewienstwa do owsa zwyczajnego, a wiec 0 réznym
nasileniu barier genetycznych wynikajacych z réznego poziomu ploidalnosci lub braku
homologii genoméw ograniczajacych wprowadzenie korzystnych genéow z tych gatunkow
(Harlan 1 de Wet, 1971, Leggett i Thomas 1995). Do pierwszej puli genowej zaliczane s3
wszystkie gatunki heksaploidalne (4. byzantina, A. sterilis, A. fatua, A. occidentalis,
A. ludoviciana). Swobodne przekazywanie genéw do form uprawnych odbywa si¢ poprzez
konwencjonalne krzyzowanie ikrzyzowanie wypierajace. Do drugiej puli genowej zaliczane
sg tetraploidy o skladzie genomowym CCDD: A. magna, A. murphyi oraz A. insularis.
Przekazywanie genow z tej puli do heksaploidalnych form uprawnych jest tylko czeSciowo
ograniczone, gdyz pentaploidalne mieszance Fi mozna otrzyma¢ stosunkowo latwo
1 pomimo, ze sg one samosterylne to charakteryzuja si¢ czgsciowa zenskoplodno$cig, wigc
poprzez krzyzowanie wsteczne mozna przywrocic im plodnos¢. Do trzeciej puli genowej
zaliczone zostaly gatunki tetraploidalne o skladzie genomowym AABB: A. barbata,
A. abyssinica, A. vavilovoniai A. agadiriana oraz wszystkie diploidy. Przeniesienie gendow
z tych gatunkéw do form uprawnych jest ograniczone 1 wymaga przelamania barier

krzyzowalno$ci poprzez stosowanie kultur in vitro oraz poliploidyzacji.
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Zmienno$¢ pokrewnych gatunkoOw, nawet z pierwszej puli genowej, nie zawsze
w rownym stopniu jest dostgpna dla hodowcoéw, a przeszkoda w poszerzaniu zmiennosci
genetycznej owsa zwyczajnego jest obecnos¢ w genomie licznych translokacji, inwersji czy
duplikacji utrudniajgcych lub uniemozliwiajacych zachodzenie rekombinacji (Thomas
1992). Najczgéciej spotykane sg translokacje z genomu C do D, mniej czgste z A do C lub
zD do C (Tinker i in. 2022, Tomaszewska i in. 2022). Zidentyfikowano jednak rowniez
rzadkie translokacje z A do D iz D do A (Tomaszewska i mn. 2022). Analizy genoméw
gatunkow z rodzaju Avena ujawnily utrate co najmniej 226 Mpz bogatych w geny region6w
z genomu C heksaploidow na rzecz genoméw A 1D (Kamal 1. 2022). W odmianach owsa
zwyczajnego zidentyfikowano dwie bardzo czeste translokacje 7C-17A (1C/1A) (Jellen
1 Beard 2000) 1 3C-14D (6C/5D) (Jellen i n. 1997), ktérych obecno$¢ ogranicza mozliwo$¢
udoskonalania odmian migdzy nnymi poprzez supresj¢ crossing-over w tych regionach,
gdzie jak stwierdzono, zlokalizowane sg istotne dla postepu hodowlanego w tym gatunku
loci cech llosciowych, QTL (quantitative trait loci) (Kianian 1. 1997, Tinker i n. 2022).

1.6. Avena fatua jako chwast i rezerwuar korzystnych alleli

Owies gluichy (Avena fatua L.) jest problematycznym chwastem wystepujacym
na polach uprawnych na calym $wiecie, powodujagcym straty w plonach szczegdInie
w uprawach zbo6z jarych 1 ozimych, a takze rosln okopowych (Khan i n. 2010, Trzcmska-
Tacik iin. 2010). 4. fatua rosnie rOwniez na nieuzytkach, mozna go spotka¢ wzdhiz brzegow
rzek, pasow autostrad 1itordw kolejowych (Baum 1977). Latwo przystosowuje si¢ do
réznych warunkéw Srodowiskowych ze wzgledu na szczegdlne cechy morfologiczne oraz
wytwarzanie duzej ilosci osypujacych sie po dojrzeniu nasion charakteryzujacych sie
wydlizonym okresem spoczynku (4 do 6 lat) (Darmency i1 Aujas 1992, Blanco i in. 2014,
Bajwa i m. 2017, Necajeva i in. 2021). Ponadto osypywanie pojedynczymi zarniakami
ulatwia rozsiewanie z udzialem wiatru na dalsze odleglosci z uwagi na maly, w poréwnaniu
z calym kloskiem, mas¢. Owies gluchy rozprzestrzenia si¢ wigc bardzo latwo 1 jest trudny
do zwalczenia, a ponadto coraz czes$ciej identyfikowane sg genotypy tego gatunku
charakteryzujace si¢ odpornoscig na herbicydy (Thill 1 n. 1994, Owen 1 mn. 2009,
Adamczewski 1. 2013).

Mimo probleméw, jakie A. fatuaipozostate dzkie gatunki z rodzaju Avena sprawiaja
na polach uprawnych, ograniczenie puli genowej owsa zwyczajnego spowodowalo,
ze hodowla zaczela w dzkich formach poszukiwa¢ nowych, korzystnych z rohiczego
punktu widzenia, alleli (Zeller, 1998; Loskutov, 2001). W programach hodowlanych
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najczescie] wykorzystywany jest A. sterilis, w mniejszym stopniu A. fatua (Leggett
1 Markhand 1995). Wielu badaczy udowodnilo jednak, ze A. fatua jest bogatym Zzroédiem
przydatnych genéw i ma ogromny potencjat w zakresie udoskonalania odmian owsa. Owies
glichy stosowano w programach hodowlanych z uwagi na: wczesno$¢, mrozoodpornosc,
karfowato$¢, odporno$¢ na suszg, wysoka zawartos¢ biakka 1 thiszczu w zarniakach,
odporno$¢ na rdz¢ koronowa, S$nie¢, magczniaka prawdziwego, skrzypionki zbozowe,
tolerancje na wirusa zotej karlowatosci jeczmienia (BYDV), odpornos¢ na herbicydy, diugi
okres spoczynku nasion czy szybki wzrost wegetatywny (Suneson i Marshall 1967, Suneson
1969, Briggle 1 Youngs 1975, Rines im. 1980, Luby i Stuthman 1983, Burrows 1986, Frey
1986, Frey 1991, Brown i Patterson 1992, Leggett 1992, Leggett 1996, Cavan i in. 1998,
Milach 1. 1997, Zeller 1998, Loskutov 2001). Z tego wzgledu, mimo daleko zakrojonych
wysitkoOw w celu wyeliminowania tego chwastu z pdl uprawnych, jednocze$nie
podejmowano dzalania, ktorych celem bylo zachowanie genetycznego zréznicowania
zardwno tego, jak i innych dzkich gatunkow z rodzaju Avena w bankach genow (Zeller,
1998; Loskutov i Rines, 2011).

A. fatua jest najbardziej znany jako zrédlo genow wcezesnosci skracajacych okres
wegetacji do nawet 81 dni (Loskutov 1998), czy genu karlowatosci Dw$, ktéry wplywa na
dlugo$¢ migdzywezli, nie zmniejszajac ich liczby i przyczynia si¢ do redukcji wysokosci
ro$lin nawet o 50% nie zmieniajagc niekorzystnie morfologii wiechy, jak to si¢ dzeje
w przypadku gendéw Dw6 czy Dw7 (Morikawa 1 in. 2007). W amerykanskich programach
hodowlanych wykorzystano genotypy A. fatua do uzyskania odmian ekstremalnie
wczesnych jak ‘Rapida’ czy odpornych na suszg ‘Sierra’, ‘Mesa’ czy ‘Montezuma’
(Thompson 1967, Suneson 1969). Rines i Halstead (1988) uzyskali linie A. fatua x A. sativa
zawierajgce cytoplazme A. fatua, ktére rekomendowali jako przydatne do hodowli odmian
o zwigkszonej odpornosci na choroby ipoprawionej jakos$ci ziarna przy jednoczesnym braku
negatywnego wplywu na wysokos$¢ plonowania. Luby 1 Stuthman (1983) stwierdzili, ze
A. fatua moze wnosi¢ allele wplywajace na zawarto$¢ thiszczu w ziarnie (9,2%). Ponadto
A. fatua syntetyzuje wyzszy, w porOwnaniu z innymi gatunkami Poaceae poziom esterazy
ilipazy, dlatego tez moze stanowi¢ dobry surowiec do produkcji przemystowej tych
enzymow  (Mohamed 1 n. 2000). W innych badaniach wykazano, ze ziarmo A. fatua
zawieralo ponad 20% biakka, 8% lipidow 1 55% skrobi oraz bylo bogate w niezbgdne
mineraly 1 witaminy (Sosulski i Sosulski 1985). 4. fatua byt zrédlem genow odpornosci na

wirusa zole] karlowato$ci jeczmienia (BYDV) (Rines i in. 1980), a najnowsze badania
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wskazuja, ze moze by¢ cennym zrédlem genéw odpornosci na rdz¢ koronowa (Paczos-

Grzeda 1 in. 2018) czy maczniaka prawdziwego (Okoniin. 2014).

1.7. Badania zmiennoSci genetycznej owsa

W dotychczasowych badaniach zrdéznicowania genetycznego puli genowej polskich
odmian wykorzystywano glownie losowy polimorfizm DNA (RAPD — Random Amplified
Polymorphic DNA), polimorfizm dlugosci amplifkowanych fragmentéw restrykcyjnych
(AFLP — Amplified Fragment Length Polymorphism), polimorfizm sekwencji
retrotranspozonowych 1 mikrosatelitarnych (REMAP — Retrotransposon-Microsatellite
Amplified Polymorphism) oraz polimorfizm sekwencji zlokalizowanych pomiedzy
sekwencjami mikrosatelitarnymi (ISSR — Inter Simple Sequence Repeat) (Paczos-Grzgda
2004, Paczos-Grzeda iin. 2014, Boczkowska i in. 2014). Wymienione techniki markerowe
wykorzystano do analizy zrdéznicowania genetycznego 23 historycznych odmian owsa
wyhodowanych w Polsce przed 1939 rokiem (Boczkowska i in. 2014), 19 odmian owsa
zarejestrowanych w Polsce w latach 1984-2004 (Paczos-Grzgda i Bednarek, 2014) oraz
wybranych historycznych 1 wspdlczesnych odmian hodowlanych, a takze odmian
miejscowych (Boczkowska 1 Tarczyk 2013, Boczkowska i Onysk, 2016). Pomimo,
ze metody oparte na PCR (Polymerase Chain Reaction) s3 szeroko wykorzystywane,
stosunkowo niedrogie 1 wielokrotnie wykazano ich przydatno$¢ do analizy zr6znicowania
genetycznego,  to  zastosowanie  technik  opartych na  wysokorzepustowym
sekwencjonowaniu  DNA  umozZliwia  znaczny  wzrost  liczby  polimorfizméow
identyfikowanych w jednym eksperymencie. Wsréd wielu dostgpnych technik bardzo
popularne 1 czgsto stosowane jest genotypowanie DArTsegq. Jest to metoda typu GBS
(genotyping by sequencing) oparta na sekwencjonowaniu z wykorzystaniem technologii
nowej generacji firmy Illumina zredukowanej reprezentacji genomu uzyskanej poprzez
trawienie restrykcyjne (Kilian 1 in. 2012, Kilian i1 Graner 2012, Cruz i n 2013). W metodzie
te] uzyskiwane s3 dwa typy markeréw, dominujgce - silicoDArT oraz kodominujagce —
DarTseq (Diversity Arrays Technology). Technologie DArT wykorzystano do identyfikacji
markeréw dla genéw odpornosci na rdze koronowa (Sowa i1 Paczos-Grzeda 2020Db,
Toporowska 1 in. 2021) i mgczniaka prawdziwego (Herrmann i Mohler 2018, Okon i .
2018, Ociepa 1 in. 2020, Ociepa i Okon 2022), badz oceny zrdéznicowania genetyczne go
ianaliz typu GWAS (genome wide association studies) (Montilla-Bascon iin. 2015, Rispail
iin. 2018, Rio i in. 2021).
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2. Hipotezy i cele badawcze

W niniejszej pracy doktorskiej przyjeto nastepujace hipotezy badawcze:

1. Wiasciwie prowadzony proces hodowlany nie prowadzi do zawezenia zmiennoS$ci
genetyczne] owsa zwyczajne go.

2. Odmiany historyczne charakteryzujg si¢ wyzszym poziomem zmiennos$ci anizeli
odmiany wspotczesne 1 linie hodowlane.

3. Odmiany zagraniczne posiadaja mne allele niz odmiany polskie 1 mogg by¢
wykorzystane do poszerzania zmienno$ci genetycznej.

4. Poziom korelacji wynkéw oceny podobienstwa genetycznego oszacowanego
z wykorzystaniem systemow markerowych oraz na podstawie rodowodow jest niski.

5. Systemy markerowe bazujace na sekwencjonowaniu sg bardziej wydajnym narzgdziem
oceny polimorfizmu miedzyodmianowego, anizeli techniki bedace modyfikacjami
metody PCR.

6. Ukierunkowana selekcja prowadzona w ramach procesu hodowlanego wprowadza
zmiany w genomie rosliny uprawne;j.

7. Gatunki zrodzaju Avena, w tym Avena fatua L., wprowadzaja nowa zmienno$¢
genetyczng do puli genowej owsa zwyczajnego mozliwa do zaobserwowania na

poziomie fenotypu i wykorzystania w hodowli nowych odmian.

Aby zweryfikowaé powyzsze hipotezy wyznaczono nastepujace cele badawcze:

1. Ocena zréznicowania genetycznego 1 struktury populacji 72 polskich odmian owsa
zwyczajnego wyhodowanych w latach 1893-2008 z wykorzystaniem metod ISSR oraz
REMAP (P.1).

2. Analiza rodowodéw 72 polskich odmian owsa i identyfikacja form wyjsciowych, ktore
zapoczatkowaly polska hodowle (P.1).

3. Oszacowanie korelacji wynkdw oceny zmiennosci genetycznej uzyskanych
z wykorzystaniem systeméw markerowych ISSR, REMAP oraz analizy rodowodoéw
(P.1).

4. Ocena zréznicowania genetycznego 1 struktury populacji 487 polskich i zagranicznych
odmian i linii  hodowlanych  owsa  zwyczajnego z  wykorzystaniem
wysokoprzepustowego genotypowania metoda DArTseq (P.2).

5. Charakterystyka puli allelicznej  wykorzystywanej w polskich  programach
hodowlanych (P.2).

6. Okreslenie zmian w obrgbie subgenoméw owsa wywolanych ukierunkowang selekcja
w trakcie trwajacego niemal 120 lat procesu hodowlanego (P.2).

7. Ocena efektoéw dwukierunkowego krzyzowania Avena fatua L. z owsem zwyczajnym
w konteks$cie mozliwosci wykorzystania gatunkow dzkich do poszerzania puli genowej

odmian A. sativa (P.3).
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3. Material i metody badawcze

Material _ro$linny wykorzystany do przeprowadzenia badan w ramach pracy

doktorskiej stanowity:

- 72 historyczne 1 wspodlczesne odmiany owsa zwyczajnego wyhodowane w latach
1983-2008. Stare odmiany, sprzed roku 1986, uzyskano z Krajowego Centrum
Roslnnych Zasobow Genowych w Radzikowie. Nasiona pozostalych odmian (42)
zostaly dostarczone przez trzy polskie firmy hodowlane: Hodowlge Rosln Strzelce,
Malopolske Hodowlg Roslin Polanowice 1 Hodowle Rosln DANKO. (P.1)

— 487 odmian 1 linii hodowlanych A. sativa, w tym 41 wspdlczesnych polskich odmian,
26 polskich odmian historycznych, 43 odmiany zagraniczne, 136 lnii hodowlanych
z MHR Polanowice, 145 zHR Strzelce oraz 96 z HR DANKO. Odmiany zagranic zne
sprowadzono z bankéw genéw National Small Grain Collection (USDA-ARS),
Aberdeen, Idaho w Stanach Zjednoczonych oraz Plant Gene Resources of Canada,
Saskatoon, Saskatchewan w Kanadze. Linie hodowlane otrzymano bezposrednio od
hodowcow. (P.2)

— mieszance pokolen F» uzyskane w efekcie prowadzonych samodzielnie krzyzowan:
A. sativa L. cv. Sam X% A. fatua L. 51532 (152 ros$lny F2)oraz A. fatua L. 51532 x
A. sativa L. cv. Sam (158 rodln F2)iich formy rodzcielskie. (P.3)

Metody badawcze:

Analiza rodowodow odmian

Rodowody 72 odmian zostaly odtworzone na podstawie informacji dostepnych
w bazie  danych Krajowego  Centrum  Ro$lnnych Zasobow  Genowych
(https//bank genow.edu.pl/en) 1 POOL (Pedigrees of Oat Lines),
(httpsv/triticeaetoolbox.org/POOL, Tinker i Deyl 2005). Wspolczynniki rodzicielstwa (COP
- coefficient of parentage) obliczono w MS Excel (Wang i1 Lu 2006).

Izolacja DNA i genotypowanie

Ekstrakcje calkowitego, genomowego DNA odmian 1 lnii przeprowadzono
zmiodych lisci 10-20 siewek uzyskanych z zarniakow pochodzacych z pojedynczych,
losowych roslin. W przypadku 72 odmian analizowanych w ramach publikacji P.1 izolacje
prowadzono metodag CTAB (Doyle 1 Doyle, 1987), natomiast w przypadku 487 obiektow
analzowanych w ramach publikacji P.2 izolacj¢ wykonano przy uzyciu zestawu DNasy
Plant Mimi Kit (Qiagen®, Hilden, Niemcy). Czysto$¢ 1 ilos¢ wyekstrahowanego DNA
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oceniano spektrofotometrycznie (NanoDrop2000), za§ mtegralnos¢ elektroforetycznie.
Genotypowanie 72 odmian owsa przeprowadzono metoda ISSR wykorzystujac
do amplifikacji 36 starteroéw ISSR (Zigtkiewicz iin. 1994) oraz metoda REMAP przy uzyciu
startera REMAP-LTR specyficznego dla LTR retrotranspozonu BARE-1 w kombinacji z 21
starterami  ISSR (Kalendar i in. 1999). Produkty amplifikacji rozdzielono na 2,5% zelach
agarozowych w buforze TBE. Obecno$¢/brak poszczegdlnych fragmentéw ISSR i REMAP
w badanych probach zapisano w postaci matryc bimarnych. Analiza metoda DArTseq,
polegajaca na sekwencjonowaniu technikkami nowej generacji (Illumina Hiseq 2500)
zredukowanej reprezentacji genomu zostala przeprowadzona przez Diversity Arrays
Technology Pty Ltd. (DArT, Canberra, Australia) (Kilian i1 in. 2012). Dane uzyskano
w postaci plikow Excel zawierajgcych matryce binarne, dane sekwencyjne oraz lokalizacje¢
genomowa poszczegdlnych fragmentéw DNA w odniesieniu do wersji v2 genomu A. sativa

OT3098 (https//wheat.pw.usda. gov/jb/?data=/ggds/oat-o0t3098-pepsico).

Analiza danych molekularnych

Analiza danych molekularnych uzyskanych metodami ISSR i REMAP obejmowata
okreslenie: poziomu informacyjnosci starterow (PIC) (Roldan-Ruiz 1 n.2000), indeksu
markera (MI) (Varshney 1. 2007), zdolhosci rozdzielczej (RP) (Prevost i Wilkinson 1999).
Przeprowadzono test Mantela, aby zweryfikowa¢ zwigzek miedzy markerami
molekularnymi a rodowodami odmian. Wykorzystano metode grupowania Warda oraz
skonstruowano dendrogramy w XLSTAT Ecology (Addinsoft XLSTAT 2019.4.1). W celu
identyfikacji grup jednorodnych przeprowadzono analiz¢ dyskryminacyjng (DA).
Przeprowadzono rowniez analize glownych wspohrzednych (PCoA — principal coordinate
analysis) w oparcu o macierze odleglosci, aby zwizualizowa¢é wzér grupowania
1przedstawi¢  graficzng  reprezentacj¢  zaleznosci  miedzy odmianami.  Zmiennos$¢
genotypowa oceniano w grupach utworzonych na podstawie czasu hodowli i o$rodka
hodowlanego za pomocg analizy wariancji molekularnej (AMOVA) w GenAlEx (Peakall
i Smouse 2012). Strukture¢ populacji oszacowano za pomoca podej$cia opartego na modelu
bayesowskim, zammplementowanego w programie STRUCTURE v. 2.3.4 (Wright 1965).
Zastosowano model mieszany ze skorelowanymi czgstosciami  alleli.  Odmiany
0 wspdlczynniku przynalezno$ci nizszym niz 0,8 zostaly zidentyfikowane jako zmieszane.

Dane molekularne uzyskane metoda DArTseq wykorzystano do analizy struktury
1 zréznicowania populacji w programie Rstudio (1.4.1106) (https//www.r-project.org/). Na

etapie fitrowania usunieto markery, ktore byly monomorficzne, z brakujgcymi odczytami

19



> 5%, o powtarzalno$ci (Re-pAvg) <1 lub jesli wzgledna czgstos¢ alleli rzadkich (MAF —
mmor allele frequency) wynosita <0,01 (Gruber i in. 2018). W kolejnym kroku okreslono
proporcje kazdego typu mutacji i obliczono podstawowe wspolczynniki, takie jak zawarto$¢
mformacji polimorficznej (PIC), obserwowang (Ho) i oczekiwang (He) heterozygotycznos¢
oraz wspolczynnik wsobnosci (F) (Dzurdziak iin. 2021). Do oceny alokacji SNP, PIC i Ho
wzdluiz chromosoméw w trzech homeologicznych subgenomach zastosowano metode
przesuwanego okna z odstepami 500 kb (Gu i in. 2014). Wyniki przedstawiono w ukladzie
kolowym jako $rednie wartosci dla 250 punktow na chromosom. Wykorzystujac program
HP-RARE oszacowano zawartos¢ alleli (AR allelic richness) (Kalmnowski 2005). Parametr
Fsr Wrighta wykorzystano do oszacowania zréznicowania calego genomu (Wright 1984).
Do weryfikacji istotnosci roznic wykorzystano analize¢ wariancji (ANOVA) oraz test post
hoc Tukey’a. Nastepnie, podobnie jak w przypadku danych z ISSR i REMAP
przeprowadzono analiz¢ struktury genetycznej populacji w programie STRUCTURE
(Hubisz 1 in. 2009). Na podstawie uzyskanych danych wyodrgbniono rowniez zbior
podstawowy badanych obiektéw (core collection) (Kim imn. 2007).

Wyprowadzenie populacji miedzygatunkowych

W celu uzyskania mieszancow A. sativa L. cv. Sam x A. fatua L. ‘51532’ oraz
A. fatua L. 51532 x A. sativa L. cv. Sam w 2016 roku w warunkach polowych
w Gospodarstwie ~ Doswiadczalnym ~ Uniwersytetu ~ Przyrodniczego ~ w  Lublinie
Zlokalizowanym w Czeslawicach kolo Nalgczowa przeprowadzono krzyzowania
miedzygatunkowe. Zastosowano 2 terminy wysiewu w odstepie 2-tygodniowym by
zsynchronizowa¢ termin kwitnienia komponentéw rodzicielskich do krzyzowan. Kika dni
przed kwitnieniem kastrowano kwiaty w wiechach odmiany owsa zwyczajnego ‘Sam’ oraz
w wiechach owsa gluichego (4. fatua 51532°) przeznaczonych na formy mateczne.
W kazdym klosku A. sativa do krzyzowania przeznaczono tylko jeden, pierwszy kwiat,
z ktorego recznie usuwano wszystkie pyhiki. Z kolei w kloskach A. fatua pozostawiano dwa
dolne kwiaty w klosku. Na wiechy zakladano izolatory z foli, a po 3 dniach na dojrzate
znamiona slupka nanoszono peseta §wiezy pylek pobrany z roslin ojcowskich. Zapylanie
powtarzano po dwoch kolejnych dniach. Do krzyzowan przeznaczono po pig¢ roslin owsa
zwyczajnego 1 pie¢ owsa ghichego. Celem bylo uzyskanie zarniakéw mieszancowych
kombinacji 4. fatua x A. sativa oraz A. sativa x A. fatua pochodzacych od dwoch roslin
rodzcielskich, z ktorych jedna roslina byla formg mateczng w pierwszej kombinacji 1 forma
ojcowska w drugiej, z kolei druga roslina byla forma ojcowska w pierwszej kombinacji
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iformag mateczng w kombinacji drugiej. Z kazdej z roslin rodzcielskich zarniaki
pochodzace z samozapylenia zebrano osobno. Uzyskane zarniaki mieszancowe wysiano
punktowo w 2017 roku w warunkach polowych otrzymujac rosliny pokolenia Fi. Kwitngce
wiechy izolowano w celu zabezpieczenia przed obcozapyleniem. W fazie dojrzalosci pelnej

zroslin zebrano ziarniaki stanowigce pokolenie Fo.

Eksperyment polowy

Ziarniaki  wszystkich form przeznaczonych do fenotypowania wysiewano
na poletkach Gospodarstwa Do$wiadczalne go Uniwersytetu Przyrodnic ze go
w Czeslawicach koto Naleczowa na glebie brunatnej wytworzonej z lessu, nalezacej do II
klasy bonitacyjnej. Komponenty rodzcielskie do krzyzowan, mieszance pokolenia Fi1 F2
oraz pochodzace z samozapylenia zarniaki zebrane z konkretnych form rodzcielskich
w kolejnych latach wysiewano punktowo w rzedach o dlugosci 1 m w rozstawie 10 cm x 20
cm. Przedplonem w kazdym roku badan byly zemniaki Przed siewem stosowano
nawozenie w ilosci: N 60 kgha'!, P2Os 80 kgha'!, KoO 100 kg-ha'!. W okresie wegetacji
wykonywano zabiegi pielegnacyjne. W fazie krzewienia poletka opryskiwano preparatem
Chwastox D wilo$ci 0,8 Vha w celu zwalczenia chwastow. W pozniejszym okresie chwasty
usuwano recznie.  Wykonywano roéwniez oprysk przeciwko mszycom 1 skrzypionkom
preparatem Fastac 10EC wilosci 0,1 Vha. Ro$liny form mieszancowych 1 nalezace
do gatunku A. fatua zabezpieczono przed osypywaniem ziarniakoOw zakladajac na wiechy
izolatory z celofanu.

W okresie wegetacyjnym roku 2018 wykonano obserwacje polowe, w fazie
dojrzalosci pelnej wybrano 152 pojedyncze rosliny sposrod mieszancow F2 A. sativa L.
cv. Sam X 4. fatua L. ‘51532’ oraz 158 ro$lin F2 A. fatua L. ‘51532’ x A. sativa L. cv. Sam,
atakze po 30 ro$ln z form rodzcielskich do oceny cech plonotworczych. W trakcie
wegetacji okreslono date wiechowania 1 wysokos¢ roslin (cm). Po zbiorze oceniono: liczbg
pedow produkcyjnych 1 nieprodukecyjnych, liczbe migdzywezli w zdzble gldownym, dlugosé
doklosia (cm), $rednice drugiego od dotu miedzywezla w zdzble glownym (mm), dlugosé
wiechy glownej (cm), liczbe kloskéw z wiechy glownej, liczbe 1 mase (g) ziarniakow
z wiechy glownej. W przypadku osypujacych roslin A. fatua i potomstwa F» liczbe kloskéw
1 ziarniakOw oceniano po ostroznym usunigciu z wiech celofanowych izolatorow.
Dodatkowo obliczono: plodnos¢ kloska, mas¢ 1000 ziaren (MTZ) (g) oraz wspolczynnik
wylegania Lc (Milczarski 2008).
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Analiza danych fenotypowych

Dla kazdej analizowanej cechy obliczono $rednig, mediang, minimum, maksimum
1 odchylenie standardowe. Dopasowanie cech do rozkladu normalnego oceniono za pomoca
testu normalno$ci Shapiro-Wilka (0=0,05). Jednorodno$¢ wariancji zbadano za pomoca
testu Bartletta. Wielokrotne poréwnania miedzy wszystkimi genotypami przeprowadzono
zgodnie z testem Tukeya lub poréwnaniem post-hoc §rednich rang (p <0, 05). Analizy chi-
kwadrat (¥2) danych dotyczacych fenotypowania potomstwa F» przeprowadzono w celu
zbadania dopasowania obserwowanych do oczekiwanych stosunkéw rozszczepien.
Dla wszystkich danych obliczono wspolczynnik korelacji Spearmana. Analiz¢ statystyczng
wykonano za pomocg programow STATISTICA 13.3 (TIBCO Software) oraz PAST 4.1
(Hammer 1 mn. 2001).
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4. Omowienie wynikOw badan z elementami dyskusji

4.1. Analiza rodowodoéw oraz zréznicowania genetycznego polskich historycznych
i wspolczesnych odmian owsa zwyczajnego

P.1. Koroluk A., Paczos-Grzeda E.*, Sowa S., Boczkowska M., Toporowska J. 2022. Diversity of Polish

oat cultivars with a glance at breeding history and perspectives. Agronomy-Basel 12(10), 2423. DOLI:
10.3390/agronomy 12102423.

Poczatki hodowli owsa w Polsce siggaja konca XIX wieku, a w ciggu ponad 120 lat
funkcjonowania polskiej hodowli tego gatunku powstatlo wiele nowych odmian 1 obecnie
okolo 80% z nich, znajdujacych si¢ na Krajowej LiScie Odmian Ro$ln Rohiczych
COBORU (COBORU 2023), pochodz z polskich firm hodowlanych. W pracy P.1 badano
72 polskie odmiany owsa zwyczajnego, z ktorych najstarsza byl Sobieszynski (1893 r.), za$
najmlodszymi Berdysz i1 Zuch (2008 r.). Celem pracy byla ocena zrdézmicowania 1 struktury
populacji badanych polskich odmian owsa. Analiz¢ oparto na danych rodowodowych oraz
polimorfizmie markerow ISSR i REMAP. Badany zestaw odmian przypisano do czterech
grup ze wzgledu na okres w jakim zostaly wyhodowanie i1 dopuszczone do uprawy na terenie
kraju (przed 1945, 1945-1969, 1970-2000 i po 2000 r.) oraz do szesciu grup ze wzgledu na
miejsce wyhodowania (HR Strzalce, HR DANKO, HR Rogaczewo, MHR Polanowice,
MHR Borowo i inne).

Analiza rodowodéw wykazala, ze badane polskie odmiany owsa zwyczajnego
wywodzg sie ze 124 rodzcielskich odmian 1 linii hodowlanych oraz odmian miejscowych,
z ktorych pie¢: ‘Markische Landsorte’, ‘selekcja z owsa Ligowo’, ‘Fransk Svarthavre’,
‘Blanche de Siberie’ 1 ‘selekcja z Schleswig-Holstein® pojawialy si¢ najczgscie;j.
Stwierdzono, ze co najmniej jedna z wyzej wymienionych form byla obecna w 78%
rodowodow analizowanych obiektow. Najbardziej rozbudowane byly rodowody odmian
wyhodowanych po 1977 roku oraz odmian wspotczesnych. Najwigcej, bo az 19 sposrod 72
badanych odmian zostalo wyhodowanych w HR Strzelce, a ich rodowody rozpisano do 56
przodkow. Wigkszo$¢ z tych odmian posiadala w swoim rodowodzie ‘Markische
Landsorte’, ‘selekcje z owsa Ligowo’ i ‘Blanche de Siberie’. Z HR DANKO pochodzio 16
odmian z badanego zestawu i1 wywodzity si¢ one glownie z ‘selekcji z owsa Ligowo’
i ‘Fransk Svarthavre’, za§ w ich rodowodach zdentyfikowano 75 form ancestralnych.
Trzecia z prowadzacych wspotczesnie hodowle owsa spokk - MHR Polanowice
reprezentowana byla przez 5 odmian, dla ktéorych rodowody rozpisano do 43 przodkéw.
Po likwidacji HR Rogaczewo i HR Borowo materialy z tych hodowli zostaly przejete przez
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MHR Polanowice, stad w rodowodach odmian wyhodowanych przez MHR Polanowice
pojawila sie odmiana ‘Milton’ charakterystyczna dla form uzyskanych w hodowli
Rogaczewo. Na podstawie przeprowadzonej analizy mozna stwierdzié, ze hodowla
niemiecka, ze wzgledow historycznych i geograficznych miala duzy wplyw na polska pule
genetyczng owsa. Niemieckie odmiany wywodza si¢ réwniez z kilku linii genetycznych,
w ktorych wystepuja zidentyfikowane w badaniach wilsnych odmiany rodzcielskie,
a mianowicie ‘Lochows Gelb’ (odmiana pochodzaca z ‘Markische Landsorte’), ‘Probsteir’
(wywodzacy sie z ‘selekcji z Schleswig-Holstein’), ‘Fransk Svarthavre’, ‘selekcja z owsa
Ligowo’ czy ‘Blanche de Siberie’ (Bickelman 1989). Potwierdza to, ze odmiany owsa
polskiego iniemieckiego wywodzily si¢ zniewielkiej liczby blisko spokrewnionych odmian
1 Inii hodowlanych oraz odmian miejscowych, co wskazuje na stosunkowo waska
ancestralng pule genetyczng.

W wyniku analizy DNA przeprowadzonej metoda ISSR z zastosowaniem 36 starterow
uzyskano 203 produkty amplifikacji, z ktdrych 99,5% bylo polimorficznych. Nieobcigzona
oczekiwana heterozygotyczno$¢ wedlug Nei (uHe) obliczona na podstawie danych ISSR
wyniosta 0,256. Uwzgledniajac grupy wyodrgbnione na podstawie czasu wyhodowania
najwyzsza wartoscig tego parametru i najwickszym zrdézmicowaniem charakteryzowaty si¢
odmiany wyhodowane w latach 1970-1999 (0,236), z kolei uwzgledniajac miejsce hodowli
najbardziej] zréoznicowane odmiany pochodzity z HR Strzelce (0,241), za$ najnizszym
zrézmicowaniem charakteryzowaty si¢ odmiany wyhodowane przez MHR Polanowice
(0,155).

Na postawie AMOVA stwierdzono, ze wickszo$¢ zaobserwowanej zmiennoS$ci
genetycznej wynikala ze zroznicowania w obregbie grup utworzonych w zalezno$ci od czasu
wyhodowania (91%) lub pomigdzy odmianami w ramach firm hodowlanych (93%). Analiza
warto$ci @pr wykazala, Ze im dluzszy odstgp czasu pomigdzy grupami wyodrgbnionymi
w oparciu o datg wprowadzenia do rejestru, tym wicksze sg miedzy nimi roznice. Analiza
®pr wykazata takze brak istotnych réznic pomigdzy odmianami pochodzacymi z roéznych
wspOlczesnie  funkcjonujacych osrodkow hodowlanych, a jednocze$nie znaczne rdznice
pomiedzy odmianami przedwojennymi a wspolczesnymi.

Podobienstwo Gowera pomigedzy parami odmian wahalo si¢ od 0,94 do 0,64,
a algorytm grupowania Warda i1 analiza PCoA wyodrebnily trzy glowne skupienia. Analiza
dyskryminacyjna wykazala, ze w analizie rodowodow 1 ISSR do tych samych grup
przypisano  58,33% odmian. Analiza STRUCTURE wyodrgbnila dwie subpopulacje,
obejmujgce odpowiednio 21 1 28 odmian, pozostale 23 odmiany posiadaly powyzej 20%
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alleli pochodzacych z drugiej z subpopulacji. Odmiany historyczne, odmiany wyhodowane
w latach 1945-1969 i cztery odmiany z lat 1970—-1999 zaliczono do grupy pierwszej. Grupe
drugg stanowilo 28 odmian pochodzacych z dwoch ostatnich czasookresow.

Stosujac 21 par starterow REMAP, uzyskano wsumie 178 fragmentow, zczego 87,1%
bylo polimorficznych. Nieobcigzona oczekiwana heterozygotycznos¢ wedlig Nei (uHe)
obliczona na podstawie REMAP byla nieco wyzsza niz okreslona na podstawie ISSR
iwyniosla 0,308. Najbardziej zrézmicowana byla grupa odmian najnowszych (0,289),
szczegblnie pochodzacych z HR DANKO (0,288) i HR Strzelce (0,283). Wynki AMOVA
oparte na danych REMAP byly zgodne z wynikami uzyskanymi dla ISSR 1 wykazaly,
ze zmienno$¢ pomiedzy odmianami wyhodowanymi w tym samym czasie byla istotnie
wicksza niz zmienno$¢ pomiedzy wyznaczonymi czasookresami Roznice miedzy
odmianami pochodzacymi z jednej hodowli byly réwniez wicksze niz miedzy odmianami
pochodzacymi zréznych firm. Wyniki analizy ®pr nie byly zgodne z wynikami uzyskanymi
na podstawie ISSR, i tak na przyklad roznica pomigdzy odmianami najstarszymi
1 najbardziej] wspolczesnymi nie byla az tak duza jak pomiedzy odmianami najstarszymi
a odmianami z okresu 1977-2000. Podobnie jak w analizie ISSR odmiany pochodzace
z historycznych  o$rodkow hodowlanych roznity si¢ istotnie od odmian z os$rodkow
funkcjonujacych wspolczesnie.

Podobienstwo  genetyczne  pomiedzy odmianami  obliczone na podstawie
wspolczynnika Gowera zawieralo si¢ w przedzale 0,59-0,88. Na podstawie macierzy
odleglosci genetycznych przeprowadzono analize skupien Warda, ktdra wykazata obecnos¢
trzech glownych skupien obejmujacych 27,11 134 odmiany. Przynalezno$¢ odmian do grup
byla identyczna az w 79,17% dla analz REMAP 1ISSR, ale tylko w 58,33% w porownaniu
z przynalezno$cig okreslong na podstawie rodowodow. Analiza STRUCTURE wyodrebnita
dwie grupy, w grupie pierwszej znalazly si¢ gldwnie odmiany wyhodowane przed rokiem
1970, za§ w grupie drugiej odmiany poOZniejsze.

Dla trzech macierzy zréznicowania genetycznego, uzyskanych w oparciu o rodowody,
polimorfizm ISSR 1 REMAP przeprowadzono parami test Mantela stwierdzajac obecnos¢
istotnej statystycznie korelacji (r = 0,419, wartos¢ p < 0,0001) jedynie przy pordéwnaniu
macierzy ISSR 1 REMAP. Dla polagczonych macierzy binarnych uzyskanych z analiz ISSR
1 REMAP przeprowadzono aglomeracyjne hierarchiczne grupowanie (AHC) przy uzyciu
metody Warda. Wykazano obecnos¢ trzech glownych grup skupien, zawierajacych
odpowiednio 19, 18 i 35 odmian. Analiza dyskryminacyjna wykazala, ze wyniki AHC dla
polaczonych macierzy byly w 77,78% zgodne z grupowaniem uzyskanym na podstawie
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wynikéw ISSR i w 86,11% zgodne z wynikami wuzyskanymi z REMAP. Zgodnos¢
grupowania polgczonych macierzy z wynkami uzyskanymi z analizy rodowodowej
wyniosta 58,33% ibyla taka sama jak dla kazdej z analiz molekularnych z osobna. Analiza
struktury genetycznej w programie STRUCTURE wykazala obecno$¢ trzech subpopulacji.
Grupe pierwsza reprezentowaly odmiany najstarsze, z niewielkim udzialem pozostatych
grup. W grupie drugiej dommowaty odmiany z lat 1970-1999, podczas gdy najnowsze
odmiany nalezaly zaréwno do subpopulacji drugiej, jak i trzeciej.

Analiza rodowodowa pozwolita na identyfikacje pieciu glownych przodkéw polskich
odmian oraz ustalenie wplywu odmian zagranicznych na analizowany material.
Przeprowadzona analiza polimorfizmu DNA umozZliwila zbadanie zmian w puli genowej
odmian owsa na przestrzeni blisko 120 lat hodowli w Polsce. Spadek obserwowane;
heterozygotycznosci w obrebie grup stwierdzono dopiero w okresie powojennym (1945—
1969), a nowe allele wprowadzono w wyniku ekstensywnych krzyzowek z materiatami
obcymi. Struktura genetyczna populacji byla dos¢ prosta i skladala si¢ z dwoch lub trzech
odrgbnych pul genowych, w zaleznosci od metody oceny polimorfizmu. Analizy ISSR
1 REMAP wskazuja, Ze obecnie uprawiane odmiany sg podobne genetycznie, cho¢ pochodza
z rozmych firm hodowlanych, a ich pula genowa znacznie roézni si¢ od puli gendéw starszych
odmian. Potwierdza to niezaprzeczalng odrebno$¢ pul genowych dawnych i1 wspdlczesnych
polskich odmian, postulowang przez badaczy we wczes$niejszych badaniach réznorodnos$ci
owsa (Boczkowska iin. 2014, Boczkowska imn. 2015, Boczkowska iin. 2016). Odrdéznienie
historycznej puli genowej od wspolczesnych odmian owsa wynika ze zniszczenia polskiego
materialu hodowlanego w czasie Il wojny $wiatowej (Spiss 2003), skutkowalo to rowniez
utratg alleli charakterystycznych dla przedwojennej puli genowej, niemniej jednak tego typu
produktow zidentyfikowano zaledwie 4 w analizie ISSR oraz 2 w REMAP. Na podstawie
wynikow uzyskanych w niniejszej pracy stwierdzono, ze grupa najnowszych odmian byla
najbardzie] zr6znicowana. Oznacza to, ze w wyniku wysitkéw hodowcoOw 1 zainicjowanych
w latach 70-tych licznych krzyzowan z materialami zagranicznymi do puli genowej owsa
wprowadzono nowe allele (Swierczewski i Mazaraki 1993). Mozna to zaobserwowaé
w wynikach analiz molekularnych, gdzie w przypadku ISSR zdentyfikowano az 13,
a REMAP - 11 alleli specyficznych dla odmian z lat 1970-1999.

Analiza poroéwnawcza metod zastosowanych w badaniu wykazala, Ze skuteczniejsze
W ocenie zroznicowania genetycznego byly markery REMAP niz ISSR, ale wyniki uzyskane
z udzialem obu metod wykazuja istotng statystycznie korelacje.
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4.2. Ocena zréznicowania genetycznego polskich materialow hodowlanych owsa na
tle odmian krajowych i zagranicznych.

P.2.  Koroluk A., Sowa S., Boczkowska M., Paczos-Grzeda E.* (2023). Utilizing Genomics to Characterize

the Common Oat Gene Pool—the Story of More than a Century of Polish Breeding. Int. J. Mol. Sci.
24(7), 6547. DOI: 10.3390/ijms24076547.

Kolejnym etapem badan, przedstawionym w publikacji P.2, byla ocena zr6znicowania
1 struktury genetycznej populacji obejmujgcej 487 form owsa, w tym glownie
zaawansowanych linii hodowlanych z wspodlczesnych programéw trzech polskich firm
hodowlanych zajmujgcych sig¢ tym gatunkiem (DC — HR Danko, POB — MHR Polanowice,
STH — HR Strzelce), a takze wspdlczesnych (P) 1 historycznych (H) odmian polskich oraz
odmian zagranicznych (F). Jednoczesna analiza genetyczna linii 1 odmian pozwolila okresli¢
potencjal dostepnej puli genetycznej do kreowania nowych, doskonalszych od
dotychczasowych,  odmian.  Analiz¢ oparto na 7411, sposrod 32253 SNP
zidentyfikowanych metoda DArTseq, przyporzadkowanych do trzech subgenoméw
(A, C,D) genomu referencyjnego owsa OT3098 v2 (https//wheat.pw.usda.gov/jb/?
data=/ggds/oat-o0t3098-pepsico). Dotychczas w badaniach gatunkow z rodzaju Avena
DArTseq stosowano glownie do identyfikacji markerow zwigzanych z opornoscia na
choroby (Herrmann 1 Mohler 2018, Sowa 1 Paczos-Grzgda 2020b, Toporowska 1 in. 2021).
U owsa zwyczajnego, podobnie jak u mnych gatunkéw poliploidalnych, ze wzgledu na
obecnos$¢ homeologicznych subgenomoéw, genotypowanie jest skomplikowane 1 wymaga
fitrowania markeréw w celu wyeliminowania tych, ktore pochodza z wiecej niz jednego
locus (Huang i in. 2014). W badanym zestawie odmian 1 linii 4. sativa wykryto wszystkie
mozliwe typy SNP z nieco wigksza liczba mutacji typu tranzycji (53,05%) niz transwersji
(46,95%). Nadmiar tranzycji SNP obserwowano takze we wczesniejszych badaniach, np.
dla jeczmienia, pszenicy czy ryzu (Vasumathy iin. 2020, Dziurdziak iin. 2021), co wynika
z wickszego prawdopodobienstwa zachowania funkcji i struktury biatkka (Wakeley 1996).
Wigkszos¢ analizowanych SNP zlokalizowana byla na chromosomie 4D (524), a najmniej
na chromosomie 2A (148). Juz wczesniej donoszono o nieréwnym rozkladzie markerow
pomiedzy subgenomami, np. w pszenicy (Tyrka iin. 2021). Rozklad badanych loci wzdhiz
kazdego chromosomu byt podobny, z najwicksza liczba loci na koncach chromosoméw
zZmniejszajaca si¢ stopniowo w kierunku centromeru.

Heterogeniczno$¢ analizowanego materiatu byla bardzo niska, gdyz badano jedynie
odmiany 1 wysoce homozygotyczne lnie hodowlane. Odsetek loci heterozygotycznych

w kazdym subgenomie nie wykazal znaczacych roznic statystycznych, ale stwierdzono
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istotne statystycznie roznice w poziomach $redniej heterogenicznosci w obrgbie badanych
grup 1 tak, najwyzsza warto$¢ Ho zaobserwowano w liniach POB (0,109), a najnizsza
w grupie  wspdlczesnych odmian polskich (P) (0,075). Podobne wartosci, typowe dla
gatunkow samopylnych, uzyskano w badanu struktury genetycznej 509 genotypow
pszenicy reprezentujgcych zarejestrowane odmiany i zaawansowane linie hodowlane
z wykorzystaniem metody GBS (Tyrka i in. 2021). Szczegélowa analiza heterogeniczno$ci
na poziomie chromosoméw wykazala maksymalng Ho na chromosomach 5A i1 6A.
Natomiast najbardziej jednorodne loci zlokalizowano na chromosomach 7C 14A.

Srednia warto$¢ wspolczynnika chowu wsobnego F w badanej populacji wyniosta
0,75. Byla ona najwyzsza w grupie polskich odmian wspdlczesnych, a najnizsza w grupie
POB. Bogactwo alleli wahato si¢ od 1,49 (P - polskie odmiany historyczne) do 1,95 (linie
STH), ze $rednig 1,78. Roznice w poziomach tego wspdlczynnika pomiedzy grupami byty
istotne statystycznie.

Analiza gléwnych skifadowych (PCA), analiza gldéwnych wspotrzednych (PCoA) oraz
analizy skupien 1 STRUCTURE daly zgodne wyniki, ktore pokazuja, ze wickszo§¢ badanych
odmian i materialdow z polskich programéw hodowlanych utworzyla gléwne grupy
genotypow, a tylko niektore formy pochodzace z HR Strzelce oraz odmiany zagraniczne
byly na tyle odmienne od pozostatych obiektow, ze znalazly sie poza grupami glownymi.
Na dendrogramie uzyskanym na podstawie dystansu genetycznego Provesti powstalo 15
skupien. W ramach najwigkszego skupienia mozna bylo wyr6zni¢ dwie podgrupy. Pierwsza
podgrupe stanowilo 435 obiektow, wszystkie odmiany polskie (P) (41) 1 historyczne (H)
(26), 30 z 43 odmian zagranicznych (F), 134 ze 136 lnii POB, 94 z 96 linii DC oraz 109 ze
145 lnii STH. Druga podgrupa zawierala 33 linie STH i jedna lni¢ hodowlang POB (POB
20). Najbardziej odrebne od pozostalych obiektow w badanej populacji bylo 6 odmian
zagranicznych: Kanota, Quoll, Potoroo, Wallaroo, Ugorny i1 Ogle oraz 3 linie: STH 42, STH
431STH 54. Analiza 487 obiektoéw w programie STRUCTURE wskazala na istnienie dwoch
puli genowych obejmujacych odpowiednio 80% 1 20% analizowanych obiektow.
W pierwszej z nich dommowaly linie DC 1 POB oraz odmiany historyczne (H) 1 polskie
wspolczesne (P), za§ w drugiej znalazta si¢ wigkszo$¢ odmian zagranicznych (F) i niektore
lmie z HR Strzelce (STH).

Aby zidentyfikowaé bardziej subtelne roznice w strukturze populacji badanych
materialdw hodowlanych i odmian, przeprowadzono analizg¢ STRUCTURE dla kazdej grupy
oddzielnie. Uzyskane wyniki wskazaly, ze wyodrgbniona w badaniu wszystkich obiektow
Iacznie grupa druga reprezentowata formy, ktore zawieraly allele charakterystyczne dla
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australijskich 1 amerykanskich programéw hodowlanych, czyli reprezentatywne dla
pozaeuropejskiej zmiennosci genetycznej. Warto zauwazy¢, ze odmiany zagraniczne
wyhodowane w FEuropie reprezentowaly pierwsza pule genowa. We wczesniejszych
badaniach prowadzonych na duzych panelach linii owsa w oparciu o markery DArT lub
GBS zaobserwowano slabg struktur¢ populacji w obrebie analizowanych form (Huang i in.
2014, Tumino iin. 2016, Winkler i in. 2016, Bjernstad i in. 2017, Rio i in. 2021). Analiza
wtornej struktury genetycznej polskich odmian wspotczesnych (P) wykazala istnienie
siedmiu pul, z ktorych tylko w odmianach z HR DANKO wykryto wszystkie siedem pul
gendbw, w MHR Polanowice — trzy, a HR Strzelce wykorzystywata komponenty
reprezentujgce pie¢ pul genowych.

Analiza wystepowania unikalnych alleli wykazala, ze poszczegdlne grupy roznity sie
istotnie pod tym wzgledem. Najmniejsze roznice wystapity przy pordOwnaniu polskich
odmian wspotczesnych z lmiami POB. Obie grupy roznity si¢ zaledwie 16 allelami,
co $wiadczy o braku doptywu nowych alleli do puli genowej w tej hodowl. W liniach
pochodzacych z HR Strzelce 1 HR DANKO liczba nowych alleli nieobecnych
we wspolczesnych polskich odmianach wyniosta odpowiednio 59 1 116. Natomiast
w odmianach zagranicznych stwierdzono od 84 do 169 alkeli, ktorych nie bylo
we wspolczesnych  polskich materialach  hodowlanych.  Jednocze$nie w liniach DC
majdowalo sie 90 alleli nicobecnych u odmian zagranicznych, w liniach STH bylo to 48
alleli za§ POB tylko dwa unikalne allele. Warto zauwazy¢, ze az 303 allele obecne
we wspolczesnych odmianach zagranicznych nie byly obecne w odmianach historycznych,
a jednoczesnie tylko 20 alleli charakterystycznych dla odmian historycznych nie zostato
zachowanych w odmianach  zagranicznych.  Wspolczesne  programy  hodowlane
wprowadzily do puli genowej od 90 (POB) do 347 (DC) nowych alleli w poréwnaniu do
odmian historycznych. Dla kontrastu, w poréwnaniu do wspolczesnych odmian, w liniach
hodowlanych pojawi#o si¢ od 12 (POB) do 116 (DC) nowych alleli Jednocze$nie
wspolczesny materiat hodowlany nie zawierat od 60 (STH) do 108 (DC) alleli
wystepujacych u odmian historycznych. Poréwnujagc odmiany historyczne 1 wspolczesne
odmiany polskie, mozma zauwazy¢, ze w procesie hodowlanym trwajacym 120 lat, 67 alleli
ze starej puli genowej zostalo utraconych 1 zastgpionych nowymi allelami podczas gdy
w polskim jeczmieniu jarym straty dotycza okolo 600 alleli (Dzurdziak 1 . 2022).
Uzyskane wyniki wskazujg, ze w obrebie polskiej puli genowej rodzimego owsa nie
zaobserwowano powaznej erozji genetycznej. Co wiecej, obecne programy hodowli owsa

wprowadzily do puli genowej 673 nowe allele w porownaniu z odmianami historycznymi.
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Jednocze$nie, we wspolczesnym materiale hodowlanym bylo tylko 187 nowych alleli
W poréwnaniu ze wspdlczesnymi odmianami.

Wyniki wskazujg takze, ze w rodowodach wspoélczesnych polskich odmian znalazty
si¢ komponenty pochodzace z programoéw hodowlanych prowadzonych poza Europa, co
swiadczy o preznym rozwoju polskiej hodowli i potwierdza systematyczny doptyw
materiatu  hodowlanego, czyli nowych alleli z zewnatrz. Z danych wynka jednak, ze
wymiana materialu hodowlanego pomiedzy programami na réznych kontynentach byla
7nacznie mniejsza niz pomigdzy krajami europejskimi

Analiza rodowodowa wspodlczesnych polskich odmian, zwlaszcza pochodzacych z HR
Strzelce, wykazala, ze do krzyzowan czgsto wykorzystywano mutanta wyselekcjonowane go
z odmiany ‘Swan’. ‘Swan’ to australijska odmiana jara o podwdjnym przeznaczeniu (stoma
1 ziarno), wypuszczona na rynek w 1967 roku i pochodzaca ze skrzyzowania odmian Kent
(USA) 1 Ballidu (Australia Zachodnia) (Troup iin. 2018). Pierwsza polskag odmiang majaca
w rodowodzie mutanta odmiany ‘Swan’, zarejestrowana w 1993 r. i wykre$lona z rejestru
27 lat pozniej, byla ‘Stawko’ (COBORU 2023). Odmiana ta zostala wysoko oceniona przez
rolnikow ze wzgledu na tolerancje na stres oraz zdono$¢ adaptacji do zmieniajacych si¢
warunkow  srodowiska (Sowa 1 Paczos-Grzeda 2020a). ‘Swan mut.” pojawtt si¢
w rodowodach wielu polskich odmian wpisanych do krajowego rejestru po 2000 roku, m.in.
w najlepiej] znanej na rynku europejskim polskiej odmianie ‘Bingo’. W prowadzonych
badaniach zidentyfikowano 142 allele unikalne dla ‘Swan mut.’, z czego najwicksza ich
liczbe wykryto na chromosomach subgenomu D (40,8%) w tym az 34 na 4D. De Koeyer
iin. (2004) oraz Tinker i in. (2022) zokalizowali QTLe na chromosomie 4D, ktore sa
odpowiedzialne za wysoko$¢ plonu zarna, mas¢ 1000 zaren, tendencj¢ do wylegania,
stopien wypehienia ziarniakow, przydatnos¢ do przetworstwa. Na chromosomie 4D
maleziono réwniez QTLe zwigzane z czasem kwitnienia, fotoperiodem i odpowiedzia na
wernalizacje (Chaffin 1 m. 2016, Bekele 1 in. 2018). Wszystkie te cechy sa wazne
z agronomicznego punktu widzenia, anowe allele warunkujace korzystniejsze wartosci cech
mozna podda¢ ukierunkowanej selekcji w procesie hodowlanym.

Jednym z najciekawszych aspektow pracy byla identyfikacja w genomie owsa
regionw/regiondw, w ktoérych pod wplywem prac hodowlanych, krzyzowania 1 selekcji,
zaszly najwigcksze zmiany polegajace na utrwaleniu we wspolczesnych odmianach i liniach
hodowlanych nowych alleli w porownanu 2z odmianami historycznymi. Analiza
wspolczynnikow  Fsr wykazala, ze wigkszo§¢ zmian w stosunku do odmian historycznych

nastgpta  w obrebie subgenomu A, ze szczegblnym uwzglednieniem chromosomu 6A.
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Co istotne, regiony, w ktorych zaszly zmiany, byly rozmieszczone wzdhiz calego
chromosomu, a nie tylko na jego koncach. Chromosom 6A zawiera glowne QTLe
odpowiedzialne za zawarto$¢ tluszczu, B-glukanu i mase¢ tysigca zaren (Kianian iimn. 1999,
Kianian i in. 2000, Carlson i in 2019, Fogarthy i in. 2020, Tinker i in. 2022). Programy
hodowlane nie wprowadzity prawie zadnych zmian w chromosomach 2A i 7A.
Ukierunkowane zmiany byly szczegdlnie rzadkie w subgenomie C, jednak wszystkie linie
hodowlane wykazaly obecno$¢ zmian na koncu chromosomu 4C. Co cickawe, zmiany tej
nie zaobserwowano w grupie wspolczesnych polskich odmian. W subgenomie D wyraznie
ukierunkowana zmiana nastgpila na koncu chromosomu 5D. Natomiast w przypadku
chromosomoéw 2D i 3D programy hodowlane nie wprowadzity znaczacych zmian.

Subgenomy owsa, w wyniku czgstych rearanzacji genomowych, charakteryzujg sie
mozaikowa architekturg (Chaffin in. 2016, Yan iin. 2016), a efektem licznych translokacji
jest zrézmicowana liczba genow przypadajagca na poszczegdlne genomy. Badanie
chromosoméw owsa ujawnilo najnizsza liczbe gendéw w subgenomie C w wyniku
translokacji regionow bogatych w geny z subgenomu C do A i D (Kamal i in. 2022, Peng
iin. 2022). Przykladami gendéw, ktore nie wystepuja w subgenomie C sa kodujace biatka
zapasowe, aweniny 1 globuliny, geny zdentyfikowane jedynie na chromosomach
subgenomow A (1A, 4A, 7A)1 D (1D, 3D, 4D) (Kamal i in. 2022). Co ciekawe, ze wzgledu
na duzg liczbe powtarzajacych sie sekwencji subgenom C jest o okoto 20% wiekszy niz
A 1D (Peng iin. 2022). Ponadto, badanie réznic w ekspresji gendéw pochodzacych z ré6znych
subgenomow ujawnito preferencyjng ekspresj¢ z subgenomoéw D lub A, w porownaniu z C
(Kamal iin. 2022, Peng iin. 2022).

W pracy podjeto rowniez probe wyodrgbnienia kolekcji bazowej, czyli minimalne;j
grupy odmian reprezentujacej cale zréznicowanie  genetyczne badanej populacji.
Z przebadanych 487 form wyodrebniono 289, wsrdd ktorych znalazto sie: 27 wspoleczesnych
polskich odmian, 35 odmian zagranicznych, 15 odmian historycznych, 54 linie DC, 81 linii
POB i1 76 - STH. Szczegélny nacisk nalezy polozy¢é na utrzymanie tych materiatow
hodowlanych i odmian w bankach genéw, aby ulatwi¢ przyszte wykorzystanie tych zasobow
genetycznych przez naukowcdéw i hodowcow.

Przeprowadzone badania wykazaly, Ze polska hodowla owsa oparta glownie na
tradycyjnych metodach hodowli — cho¢ nastawiona na zwigkszenie plonu i jako$ci ziarna
oraz poprawe zdolosci adaptacyjnych — nie zawezila znaczaco puli genowej owsa
1 wyksztalcila odmiany, ktdre nie tylko sg konkurencyjne na rynku europejskim, ale sg takze

rezerwuarem nowych alleli, ktorych nie stwierdzono w analizowanych materialach obcych.
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4.3. Ocena cech plonotworczych mieszancow miedzygatunkowych owsa zwyczajnego
z A. fatua.

P.3. Koroluk A., Sowa S., Paczos-Grzgda E.* (2022). Characteristics of progenies derived from bidirectional
Avena sativa L. and Avena fatua L. crosses. Agriculture 12(11), DOIL: 10.3390/agriculture12111758

Dotychczasowe badania potwierdzaja, ze owies zwyczajny ma bardzo waska pule
gendéw (Paczos-Grzeda 2004, Montilla-Bascon 1. 2013, Boczkowska i in. 2015, Koroluk
1. 2022). W celu poszerzenia zmienno$ci genetycznej owsa od lat 70. ubieglego wieku
prowadzono krzyzowania migdzygatunkowe gdyz udowodniono, Ze bedace przodkami owsa
zwyczajnego gatunki dzikie sg bogatym zrodlem korzystnych alleli (Sowa i m. 2016, Okon
1. 2018, Paczos-Grzeda i in. 2019, Paczos-Grzeda i in. 2021). Jako zrédlo nowych alleli
wykorzystywano A. sterilis 1 A. fatua (Rines 1 m. 1980, Luby 1 Stuthman 1983, Morkawa
iin. 2007). W rodzaju Avena nie istnieja bariery krzyzowalno$ci w obrebie gatunkoéw
heksaploidalnych, amieszance pomigdzy A.sativa, A. byzantina, A. fatua i A. sterilis mozna
uzyska¢ stosunkowo Ilatwo, niemniej jednak z uwagi na morfologie wiechy owsa
efektywnos¢ krzyzowan, nawet miedzyodmianowych, jest bardzo niska 1 wynosi
maksymalnie 2-3% (Rajhathy 1 Thomas 1974).

Hodowcy, glownie ze wzgledow ekonomicznych, wykorzystuyja do krzyzowan juz
istniejace odmiany lub linie bedace efektem krzyzowan w obrgbie A. sativa, aby unikngd
niepozadanych alleli pochodzacych od dzkich przodkéw mogacych negatywnie wplywacé
na plon (Koroluk iin. 2022). Ciagla selekcja w obrebie potomstwa mieszancow uzyskanych
w wynku krzyzowania miedzy soba wysoce spokrewnionych materiatdw umozliwia
wytworzenie wysoko plonujacych odmian dobrze przystosowanych do warunkow uprawy
bez koniecznos$ci eliminacji niepozadanych cech, co znacznie przySpiesza proces
hodowlany, jednak niesie za sobg ryzyko znacznego zawezenia puli genowej gatunku, czyli
~erozji genetycznej” (Harlan 1972, Li i in. 2022). Dlatego tez, za tworzenie mieszancow
miedzygatunkowych odpowiedzialne sg bardzo czesto instytucje naukowe dostarczajace
wstepnie ocenionych 1 wyselekcjonowanych lnii. Podczas selekcji uwzglednia sig wiele
cech fenotypowych, posrednio lub bezposrednio wplywajacych na plon 1 decydujacych
o wartosci hodowlanej mieszancow (Boczkowska i in. 2016).

Krzyzowania migdzygatunkowe polskich odmian A. sativa z A. sterilis 1 A. fatua
prowadzono w Instytucie Genetyki, Hodowli i Biotechnologii Ro$ln UP w Lublinie od
1997 r. W obrebie segregujacego potomstwa identyfikowano linie charakteryzujace si¢
korzystnymi cechami i przekazywano hodowcom do dalszych krzyzowan lub selekcji
(Chrzgstek 1 Paczos-Grzeda 2003, Paczos-Grzgda 2003, Chrzastek 1 n. 2010). Badania
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opisane w publikacji P.3 s3 kontynuacja wczesniejszych wysitkow 1 proba okreslenia
wplywu kierunku krzyzowania na cechy agronomiczne, w tym moZzliwo$ci poszerzenia
zmiennos$ci genetycznej owsa poprzez krzyzowanie z A. fatua.

Ocenie fenotypowej poddano 30 roslin kazdej z badanych form rodzcielskich oraz
158 roslin pokolenia F2 z kombinacji mieszancowej A. fatua L. ‘51532° X A. sativa L.
cv. Sam 1152 rosliny A. sativa L. cv. Sam x A. fatua L. ‘51532°. Wysoko$¢ badanych form
rodzicielskich wyniosta $rednio 130 cm dla odmiany ‘Sam’ i 139,7 cm dla A. fatua ‘51532°,
za§ wysoko$¢ mieszancOw zawierala si¢ w przedzale 65 - 156 cm w kombinacji ‘Sam’
% ¢51532’ (Srednio 121 cm) oraz 98 - 170 cmw ‘51532’ x cv. Sam ($rednio 135 cm). Rosliny
populacji ‘Sam’ x ‘51532’ byly istotnie nizsze od form rodzcielskich oraz roslin populacji
‘51532’ x cv. Sam, natomiast rosliny populacji ‘51532 x cv. Sam nie roéznity si¢ istotnie od
form rodzcielskich. Srednica drugiego od dolu miedzywezla pedu glownego rézmila sie
istotnie u obu form rodzicielskich i w obu populacjach. U odmiany ‘Sam’ $rednica drugiego
od dolu migdzywezla wynosila $rednio 6,5 mm, natomiast u A4. fatua ‘51532’ byla znacznie
mniejsza, $rednio 3,6 mm. U osobnikéw obu populacji mieszancowych migdzywezla miaty
zréznicowang grubos$¢; w przypadku ‘Sam’ x ‘51532’ $rednica migdzywezla wahala si¢ od
2,1 do 7,6 mm, a dla populacji ‘51532’ x cv. Sam wynosita od 2,9 do 7,7 mm. Wysoko$¢
ro$lin i §rednica drugiego od dotu miedzywezla umozliwiaty oszacowanie wspdlczynnika
wylegania, ktorego najnizsza, a zarazem najbardziej pozadang, warto$¢ zaobserwowano
u A. sativa cv. Sam (20,2), za$ najwyzsza u A. fatua ‘51532° (39,6). W przypadku populacji
F> wigksze zroznicowanie cechy zaobserwowano u mieszancow ‘51532° X cv. Sam,
ale korzystniejsze wspolczynniki uzyskano dla roslin z populacji cv. Sam x ‘51532,
co wskazuje na potencjalnie mniejszag tendencj¢ osobnikéw z tej kombinacji mieszancowej
do wylegania.

Oceniajac krzewienie badanych ro$lin stwierdzono istotnie wigksza liczbg¢ zarowno
pedéw produkcyjnych, jak 1 nieprodukcyjnych u formy rodzcielskiej A. fatua ‘51532,
cojest typowe dla gatunkéw dzkich (Chrzastek 1 Paczos-Grzgda 2003). Zaréwno
w roslnach rodzcielskich, jak 1 roslnach pokolenia F» powstawalo wigcej pedow
produkcyjnych niz nieprodukcyjnych. Dodatkowo w populacjach F2 odnotowano znaczny
wzrost liczby peddw produkcyjnych 1 nieprodukcyjnych w pordwnaniu z A. sativa ‘Sam’,
co wskazuyje na zwigkszone krzewienie u mieszancOw z A. fatua obserwowane juz
we wezesniejszych pracach (Chrzastek 1 Paczos-Grzeda 2003).

Liczba migdzywezli w pedzie glownym odmiany ‘Sam’ wynosila od 5 do 6, podczas
gdy rosliny A. fatua formowaty od 3 do 6 migdzywezli. Mmnimalna liczba miedzywe z1i
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zaobserwowana w populacjach wynosila 3; maksymalna od 6 do 7. Srednia dlugos¢ doklosia
w odmianie ‘Sam’ wyniosta 50 cm, za$ u A. fatua ‘51532’ 55,7 cm. Duze zroznicowanie
badanej cechy stwierdzono w populacjach mieszancowych, gdzie warto$¢ ta zawierala si¢
w przedziale 31 - 79 cm oraz 22 - 90 cm, odpowiednio w populacjach ‘51532’ x cv. Sam
icv. Sam x 51532, Dlugo$¢ wiech form rodzcielskich wahata si¢ od 22 do 29 cm u roslin
odmiany ‘Sam’ i od 14 do 28 cm u ro$lin A. fatua ‘51532°. Zaobserwowano, ze rosliny
odmiany Sam i mieszance ‘51532’ x cv. Sam mialy znacznie dluzsze wiechy glowne
w porownaniu do A. fatua ‘51532 1 mieszancoOw Sam X ‘51532°. Najdluzsze wiechy (35 -
36 cm) wystgpowaly u mieszancow F2 obu populacji. Krzyzowanie z A. fatua moze
powodowa¢ umieszancow redukcje liczby migdzywezli oraz wydluzenie doklosia i wiechy.
Tego typu zmiany, nastgpujgce pod wplywem genow A. fatua, moma wykorzystaé
w krzyzowaniach z formami posiadajacymi gen Dw6 redukujacy dlugo$¢ zdzbla. Obecnosé
genu Dw6 wplywa na skrocenie doklosia 1 wiechy, co skutkuje niepelhym wysuwaniem si¢
wiechy z pochwy liSciowej, negatywnie wplywa na plon i ogranicza wykorzystanie tego
genu w hodowli owsa (Paczos-Grzeda 1 Gradzielewska 2012). Mozna rozwazy¢
krzyzowanie krotkoslomych form owsa posiadajacych Dwo z A. fatua.

Kolejng analizowang cecha byla wczesno$¢ wyrazona jako liczba dni od 1 maja do
daty wiechowania. Cecha ta nie byla skorelowana zzadnym z analizowanych parametréw.
Wiechy A. fatua ‘51532° pojawialy si¢ najpozniej, $rednio 58,7 dnia liczac od 1 maja,
co statystycznie odroznialo t¢ grupe od analizowanych populacji. U 4. sativa ‘Sam’ okres
ten byl o kilka dni krotszy 1 wynostt $rednio 54,3 dnia, za§ w populacjach Sam x ‘51532’
oraz ‘51532 x Sam, odpowiednio 53,5 i 54,1 dnia, przy czym w obu populacjach
zaobserwowano formy kwitngce wczesniej niz obie formy rodzcielskie, czyli 46-47 dni po 1
maja. Jednoczesnie nie stwierdzono ro$lin mieszancowych, ktore kwitlyby pozniej, anizeli
A. fatua. Owies jest szczegdlnie podatny na susze w okresie kwitnienia, dlatego termin
wiechowania ma fundamentalne znaczenie w klimacie umiarkowanym, gdyz wczesne
wiechowanie umozliwia uniknigcie suszy (Canales 1 in. 2021) i moze by¢ kluczowe
dla swiatowej hodowli owsa w warunkach systematycznie ocieplajgcego si¢ klimatu.

Najwicksza $rednig liczbe kloskow w wiesze stwierdzono u odmiany ‘Sam’ (103,3),
a najmniejsza (38,7) u A. fatua ‘51532’. Srednia liczba kloskéw w obu populacjach byl na
poréwnywalnym poziomie 53,2 dla Sam x ‘51532° 1 55,2 dla ‘51532’ % cv. Sam. Cecha
ta byla bardzo zroznicowana w potomstwie 1 wahala si¢ od 15 do 139 w populacji cv. Sam
X 51532’ 1i0d 11 do 131 w ‘51532 x cv. Sam. Konsekwencja zrd6znicowania liczby kloskéw

bylo zrézmicowanie liczby imasy ziarniakow zwiechy glownej. Srednia liczba, atakze masa
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ziarniakéw z wiechy glownej w populacjach byla wyzsza niz formy rodzcielskiej ‘51532’;
jednak znacznie nizsza niz u odmiany ‘Sam’. Roslny obu populacji wytworzyly wiechy
otej samej Sredniej masie zarniakow (2,3 g) 1 poréwnywalnej liczbie zarniakoéw
wynoszacej maksymalnie 289 w populacji cv. Sam x ‘51532’ 1 217 w populacji ‘51532’
x cv. Sam. Plodno$¢ kloska byla najwyzsza w odmianie ‘Sam’ i wynosila $rednio 2,1,
podczas gdy u A. fatua osiggala $rednio 1,7. W populacjach mieszancowych obserwowano
istotne zroznicowanie tej cechy, od 0,4 do 3,0. Analiza MTZ wykazala najwicksza warto$¢
(34,9 g) dla odmiany ‘Sam’, a najnizsza (20,1 g) dla A. fatua ‘51532°. Zrbzmicowanie tej
cechy umieszancéw bylo duze 1 wahalo si¢ od 5,9 do 46,4 g w populacji Sam x 51532 1 od
2,5 do 38 g w populacji 51532° x Sam. Niektore roslny badanych populacji
charakteryzowatly si¢ wartoscig cech fenotypowych przewyzszajaca obie formy
rodzicielskie. Dotyczylo to liczby kloskow w wiesze, liczby zarniakow z wiechy, plodnos$ci
kloska czy MTZ i czgéciej takie rosliny obserwowano w populacji cv. Sam x 51532°.
Wystepowanie szerszego zakresu zmienno$ci cech w pordwnaniu z formami rodzcielskimi
wynika z duzego zrdézmicowania allelicznego form rodzcielskich, wielogenowego
dziedziczenia badanych cech oraz addytywnego dzalania gendéw (Xu iin. 2017). Zjawisko
transgresji zaobserwowano m.in. dla parametréw zwigzanych z czasem kwitnienia
i wysokoscia plonowania u jeczmienia (Tondelli i1 in. 2014). Segregacja transgresywna
1 heterozja stanowig podstawe efektywnej hodowli roshn, umozZliwiajac uzyskanie
genotypow o wartosciach cech niespotykanych u form rodzcielskich (Mackay i in. 2021).

Analizujac  korelacje cech, najwiecej, bo az 13 skorelowanych parametrow (r > 0,65)
stwierdzono w odmianie ‘Sam’ 1 tylko dwie w populacji ‘51532’ x cv. Sam. Liczba
ziarniakow byla skorelowana z masg zarniakow z wiechy glownej (r = 0,87, p > 0,05),
niezaleznie od tego, czy analizowano caly zbior danych, czy tez dane grupowano wedlug
populacji. Podobnie liczba kloskow byla pozytywnie skorelowana z liczba zarniakow
zwiechy glownej, a S$rednica drugiego miedzywezla byla negatywnie skorelowana
ze wspoOlezynnikiem wylegania (Lc) (r < —0,69). Wysoko$¢ roslny byla dodatnio
skorelowana z dlugoscig doklosia (r> 0,65, p > 0,05).

W obu populacjach mieszancowych obserwowano segregacjc pod wzgledem
sposobu rozsiewania ziaren odpowiadajacg dziedziczeniu monogenicznemu, przy czym allel
recesywny warunkowal osypywanie pojedynczych zaren, za§ dominujacy - brak
osypywania zaréwno zaren, jak 1 kloskow. Osypywanie u form dzkich warunkuje
rozprzestrzenianie si¢ nasion 1 umozliwia przetrwanie gatunku (Maity 1 in. 2021).

Udomowienie umozliwito kontrole tego procesu i pozwolilo na zwigkszenie efektywnosci
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zbioru oraz ograniczenie strat w plonie (Shirtliffe i in. 2002). W niniejszej pracy wickszo$¢
cech nie wykazywala istotnej korelacji z osypywaniem, z wyjatkiem liczby
nieproduktywnych peddéw w populacji ‘51532° x cv. Sam, w ktorej rosliny nieosypujace
krzewity si¢ stabiej. Mozna wigc stwierdzi€, ze osypywanie jest cechg latwg do eliminacji
w procesie hodowlanym.

Reasumujac, krzyzowanie z A. fatua zwickszylo, w poréwnaniu z odmiang ‘Sam’,
liczbe pedow produkcyjnych i nieprodukcyjnych u mieszancéw, obnizylo liczbe
migdzywezli w pedzie glownym, liczbe kloskow i1 ziarniakéw, mase ziarniakow w wiesze
glowniej 1 mase tysigca ziarniakow. Niezaleznie od kierunku krzyzowania $rednica drugiego
od dolu miedzywezla w pedzie glownym ulegala zmniejszeniu w poroéwnaniu z odmiang
‘Sam’, natomiast dhigo$¢ doklosia wydawala si¢ by¢ dziedziczona po formie matecznej.
Badacze twierdza, ze nawet w mniej odleglych krzyzowkach owsa mozna spodziewac si¢
mozliwych efektow jadrowo-cytoplazmatycznych, takich jak zwigkszony plon linii
z cytoplazmg A. sterilis (Beavis 1 Frey 1987) czy zwigkszony poziom odpornosci na choroby
(Smons  1985). Dodatkowo odnotowano istotne interakcje pomiedzy genami
cytoplazmatycznymi a genami jadrowymi oddzalijacymi na zawarto$ci bialka w zarnie
w mieszancach miedzygatunkowych A. sativa i A. sterilis (Rezai 1 Frey 1989).

A. fatua jest cennym zrédlem genéw udoskonalajacych  owies uprawny.
Charakterystyka  cech  fenotypowych  potomstwa  pochodzacego z  krzyzdwek
dwukierunkowych pozwolita na oceng wplywu krzyzowania z A. fatua na obnizenie
uzytecznosci agronomicznej powstalych mieszancoéw. Prawie wszystkie $rednie warto$ci
analizowanych cech w populacjach wahaly si¢ pomigdzy warto$ciami obu form
rodzicielskich, jednakze w obu kombinacjach zaobserwowano genotypy transgresywne,
o cechach przewyzszajacych formy rodzcielskie. Szczegblnie genotypy o zwigkszonej
plodnosci kloska 1 masie 1000 ziaren moga stanowi¢ ciekawy material hodowlany.
Uzyskane wyniki potwierdzity takze wczesniejsze doniesienia o korelacji pomigdzy
wysokoscig ro$ln a diugoScia doklosia; nie zaobserwowano jednak silnej korelacji
pomiedzy wysoko$cig a dlugoscig wiechy. Unikalng cechg gatunkow dzkiego owsa jest
takZze niekorzystne agronomicznie osypywanie. Przeprowadzone badania potwierdzily
potencjalnie jednogenowe dziedziczenie tej cechy u A. fatua 1 wykluczyly korelacje
z wigkszodcig analizowanych cech, z wyjatkiem liczby pedow nieprodukcyjnych. Analiza
statystyczna nie wykazala wplywu kierunku krzyzowania na parametry agronomiczne
badanych populacji uzyskanych z krzyzowek miedzygatunkowych z wyjatkiem dlugosci

doklosia, ktore w analizowanych populacjach ulegalo dziedziczeniu po linii mateczne;.
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Stwierdzenia i wnioski

Przeprowadzone badania wykazaly, ze polska hodowla owsa prowadzona od niemal
120 lat tradycyjnymi metodami, takimi jak selekcja czy krzyzowania
migdzyodmianowe i miedzygatunkowe, cho¢ ukierunkowana na poprawe plonowania
1tolerancji na stresy biotyczne iabiotyczne, nie zawezila znaczaco puli genowej owsa.
Oznacza to, ze wlasciwie prowadzony proces hodowlany nie prowadz do zawegzenia
Zmienno$ci genetycznej owsa zwyczajnego.

W procesie hodowlanym utracono stosunkowo niewielkka liczbg alleli z wyjsciowe;j
puli genowej historycznych odmian hodowlanych 1 odmian miejscowych,
a jednocze$nie wprowadzono na ich miejsce wiele nowych alleli zapobiegajac w ten
sposob erozji genetycznej.

W rodowodach 72 badanych odmian zdentyfikowano 124 wyjsciowe odmiany
hodowlane i miejscowe, a takze linie hodowlane, sposrod ktérych wyodrebniono
piecciu glownych przodkow: ‘Markische Landsorte’, ‘selekcje z owsa Ligowo’,
‘Fransk Svarthavre’, ‘Blanche de Siberie® 1 ‘selekcje z Schleswig-Holstein’.
Stwierdzono, ze co najmniej jedna z wyze] wymienionych odmian byla obecna
w rodowodach 78% analizowanych form. Analiza rodowodow wykazata, Zze polska
hodowla owsa bazowala na waskiej grupie do$¢ sinie spokrewnionych odmian
hodowlanych pochodzacych glownie z Niemiec i Szwecji oraz lokalnych odmianach
miejscowych.

Odmiany historyczne, sa genetycznie odmienne od odmian wspodiczesnych, co jest
efektem wprowadzenia do puli genowej wielu nowych alleli poprzez krzyzowania
migdzyodmianowe 1 migdzygatunkowe prowadzone w latach 70.180. XX w.

Nie stwierdzono istotnych roznic genetycznych migdzy wspodlczesnymi odmianami
pochodzacymi z réznych firm hodowlanych analizujac 72 polskie odmiany z lat 1893
- 2008, jednak pordéwnujac wspdlczesne linie z trzech niezaleznych programow
hodowlanych (HR DANKO, HR Strzelce i MHR Polanowice) wyraznie widoczna jest
ich odrgbno$¢, co oznacza, ze kazda z frm wytworzyla material hodowlany w oparciu
o inne pule alleliczne, ktére w réznym stopniu reprezentowane sg w zarejestrowanych

dotychczas odmianach.
Polskie odmiany stanowig rezerwuar nowych alleli, ktoérych nie ma w analizowanych
odmianach zagranicznych, a jednoczesnie odmiany zagraniczne s3 rOwniez
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10.

11.

12.

13.

atrakcyjnym zrédlem nowych alleli mogacych poszerzy¢ krajowa pule genetyczna
owsa.

Analiza rodowodowa jest metoda przeszacowujaca zréznicowanie genetyczne
pomigdzy badanymi odmianami, a wyniki takiej analizy sa szczegélnie mylace w
przypadku uwzglednionych w badaniu polskich odmian owsa, ktére wywodzily sie
z niewielkiej grupy spokrewnionych przodkow.

Poziom korelacji wynikéw oceny podobienstwa genetycznego oszacowanego
z wykorzystaniem systemow markerowych identyfikujacych polimorfizm DNA oraz

na podstawie rodowodow jest niski.

Badania wykazaly, Zze oparte na PCR systemy markerowe ISSR i REMAP sa
efektywnymi, mformacyjnymi 1 wiarygodnymi technikami dostarczajacymi wysoce
skorelowanych wynikéw oceny zroznicowania genetycznego niemniej jednak poziom
polimorfizmu DNA identyfikowany z wykorzystaniem wysokoprzepustowe go
sekwencjonowania, w tym przypadku DArTseq, jest wielokrotnie wyzszy, stad
wlasnie ta metoda bylaby metoda rekomendowana w dalszych badaniach nad tym
gatunkiem.

Przeprowadzone analizy wykazaly, 7z ukierunkowana selekcja prowadzona
w polskich programach hodowlanych wywolala zmiany na subgenomach A i D,

gldwnie na chromosomie 6A oraz w mniejszym stopniu na 5D.

Analiza cech plonotworczych roslin F2 uzyskanych w wyniku dwukierunkowe go,
migdzygatunkowego krzyzowania A. fatua z owsem zwyczajnym wykazala obecnos¢
w segreguyjacym potomstwie transgresywnych rekombmnantow mozliwych do
wykorzystania  jako materialy wyjSciowe w hodowli owsa, co potwierdza,
ze krzyzowanie z dzkim gatunkiem A. fatua przyczyni¢ si¢ moze do poszerzenia
zmienno$ci genetycznej A. sativa.

Badania wykazaly brak wplywu kierunku krzyzowania A. fatuaz A. sativa na wartosci
analizowanych parametrow z wyjatkiem dhugosci doklosia, ktére w analizowanych
populacjach ulegalo dzedziczeniu po linii mateczne;.

Przeprowadzone badania potwierdzily jednogenowe dzedziczenie osypywania
ziarniakow typowe dla 4. fatua i wykluczyly korelacje osypywania z wiekszo$cia
analizowanych cech, z wyjatkiem liczby pedow nieprodukcyjnych.
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Abstract: During 120 years of Polish breeding of oats (Avena sativa L.), dozens of new varieties have
been developed. This study was undertaken to investigate the diversity and population structure
of 72 Polish oat cultivars released since 1893. The analysis was based on pedigree data as well as
ISSR and REMAP marker polymorphisms. The ancestry of common oat cultivars was traced back
to 124 cultivars, breeding lines, and landraces. The five most common progenitors were ‘Markische
Landsorte’, ‘selection from Ligowo oat’, ‘Fransk Svarthavre’, ‘Blanche de Siberie’, and ‘selection from
Schleswig-Holstein landrace’. We found that at least one of them was present in 78% of analysed
objects. The studied cultivars were assigned to four groups according to the period of their breeding
(before 1945, 1945-1969, 1970-2000, and after 2000) and six groups according to the breeding company
(Strzelce Plant Breeding Company, DANKO Plant Breeding, Station of Plant Breeding in Rogaczewo,
Matopolska Plant Breeding Company, Station of Plant Breeding in Boréw, and other). A decrease in
observed heterozygosity within the groups was observed only in the postwar period (1945-1969).
As a result of breeders’ efforts and extensive crosses with foreign materials initiated in 1970 and
1980, new alleles were provided to the oat gene pool. The highest number of new varieties came
from the Strzelce and DANKO breeding companies. There were no significant differences between
modern cultivars derived from different breeding companies. However, very early breeding centres
functioning before 1945 had significantly different materials from the modern ones. The population
genetic structure of the studied group of cultivars appeared to be quite simple. It was shown that
their genetic makeup consisted of two or three distinct gene pools, depending on the method of
polymorphism assessment. The performed research proved that Polish oat breeding using traditional
breeding methods—such as selection or intraspecific and interspecific crosses—although focused on
improving yield and tolerance to biotic and abiotic stress, did not significantly narrow the oat gene
pool and has been releasing cultivars that are competitive in the European market.

Keywords: Avena sativa; ISSR; REMAP; pedigree; cultivars; oat; diversity

1. Introduction

Within the genus Avena L., the self-pollinating allohexaploids A. sativa L. and A. byzantina
C. Koch., (2n = 6x = 42)—known as common and red oats, respectively—are the main
cultivated oat species [1]. In some regions, the diploid A. strigosa Schreb., called bristle oats,
and the tetraploid A. abyssinica Hochst., known as Ethiopian oats, are also cultivated [2,3].
The cultivated forms of marginal importance are the diploid species A. nuda L., A. brevis
Rotch., and A. hispanica Ard. [2], along with the tetraploid A. barbata Pott. ex link [4].

Avena sativa L. appeared in cultivation several thousand years later than wheat and
barley [5]. Initially, it was a weed that polluted these crops [6]. The importance of oats
increased as a result of migration from Southeast Asia toward Northern European regions

Agronomy 2022, 12, 2423. https:/ /doi.org/10.3390/agronomy12102423

https:/ /www.mdpi.com/journal /agronomy


https://doi.org/10.3390/agronomy12102423
https://doi.org/10.3390/agronomy12102423
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com
https://orcid.org/0000-0001-6273-0322
https://orcid.org/0000-0002-0753-0149
https://orcid.org/0000-0001-8691-410X
https://doi.org/10.3390/agronomy12102423
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com/article/10.3390/agronomy12102423?type=check_update&version=2

Agronomy 2022, 12, 2423

20f22

with a cold and humid climate in the late Bronze Age [7,8]. Non-shattering oat mutants
emerged and, as they were less demanding, cold-resistant, and well-adapted, they began
to displace wheat, becoming cultivated over time [9]. The area of oat cultivation has
continuously declined over the past few decades. This can be partially attributed to the
increase in major crops such as maize or wheat. However, in recent years, the demand
for oats for human consumption has increased, particularly because of their dietary bene-
fits [10]. Today, the common oat is the seventh most economically important cereal, after
maize, wheat, rice, barley, sorghum, and millet [11]. The grain production quantity, after
a significant (i.e., almost twofold) drop in the 1980s and 1990s, has been quite stable over
the last 20 years (2000-2021), oscillating around 25 million tonnes. Due to low environ-
mental requirements, including cool and wet climates and soils with low fertility, oats
are cultivated worldwide [1]. Poland is among the three largest oat-producing countries,
after Canada and the Russian Federation. The other important oat suppliers—producing
about 1 million tonnes per year—are Spain, Finland, Australia, the United Kingdom, and
the United States [11]. Formerly, oats were primarily a fodder cereal; therefore, the basic
direction of breeding was to increase the yield and improve the fodder value of grain
with a low share of husk and high protein and fat [12]. The introduction of naked oat
varieties with a low fibre content increased the attractiveness of growing this species as a
fodder plant for monogastric animals [13]. Currently, attempts are being made to create
varieties that are resistant to biotic stresses and can easily adapt to abiotic stresses and
climate change.

Oat breeding in Poland began in the late 19th century, around the same time as oat
breeding in Germany, the United Kingdom, and Sweden [14]. Before the First World
War and during the interwar period, seed companies and private breeders were involved
in breeding oats. The first Polish varieties of oat were ‘Sobieszyniski’, ‘Najwczesniejszy
Niemierczanski’, and ‘Teodozja’. The oldest printed description of breed cultivars con-
cerns the ‘Sobieszyniski’ oat, developed by professor Antoni Sempotowski in Sobieszyn
in 1893 [15]. Before the First World War and in the interwar period in Poland, mainly
domestic cultivars and landraces were cultivated. During the Second World War, almost all
achievements of Polish breeders were lost, and after the war, for many years, the register of
oat varieties in Poland was based on prewar entities from the 1920s and German varieties
cultivated as indemnity for deeds executed during the war. Additionally, immediately
after the war, Polish varieties selected from the German ones were created, i.e., ‘Przebdj I’,
‘Przebgj II’, and ‘Proporczyk’, selected from ‘Flamingsgold’, ‘Flamingstreu’, and ‘Findling’,
respectively. At the end of the 1960s, as in the case of other spring cereals, foreign oat
varieties were imported, i.e., ‘Flamingsweiss II’, ‘Diadem’, and ‘Leanda’. Because of the
lack of national materials, foreign cultivars and lines were included in the Polish breeding
programs. It took over 30 years for Polish oat breeding to recover from the damage caused
by the war, and new Polish cultivars did not begin to enter the market until 1977 [16]. From
1979, better and better Polish varieties were entered into the register, among which ‘Dragon’,
‘Komes’, and ‘Markus’ gained the greatest importance in cultivation in the 1980s. The last
two decades of the 20th century were marked by numerous successes in oat breeding in
Poland. Many very good varieties were developed at the plant breeding stations in Borow,
Choryni, Polanowice, Wielopole, and Strzelce. Currently, oat breeding is conducted by three
companies at Choryn, Polanowice, and Strzelce.

Plant breeders usually source populations for cultivar development from crosses
within regionally adapted germplasm with good agronomic performance. The exchange
of lines and cultivars between breeders is common but occurs mainly within certain re-
gions and is rare between continents. As a consequence, European spring oat breeding
programs may be reliant on a relatively narrow gene pool for agronomic and quality
traits [17]. Over the years of selection, some valuable alleles have been lost, so modern
breeding seeks new germplasm in wild ancestors, obsolete cultivars, and landraces [18].
New sources of genes could be useful in the future; therefore, a thorough knowledge of
cultivars’ genetic diversity and relatedness is highly important for breeders. Molecular
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markers are so far the most effective tool widely used to study genetic diversity in the
Avena genus. Paczos-Grzeda [19] compared RAPD (randomly amplified polymorphic
DNA) and simplified P! AFLP (amplified fragment length polymorphism) in the diver-
sity evaluation of 19 common oat (A. sativa L.) cultivars registered in Poland in the years
1984-2004. Paczos-Grzeda and Bednarek [20] performed a comparative analysis of hexaploid
Avena species (A. sativa L., A. fatua L., and A. sterilis L.) using the REMAP (retrotransposon—
microsatellite-amplified polymorphism) and ISSR (inter-simple-sequence repeats) methods,
and concluded that both techniques were informative enough to differentiate between the
species and generated reliable molecular markers for the diversity assessment. ISSR, RAPD,
and AFLP were also used by Boczkowska et al. [21] to evaluate the genetic diversity of
23 primary cultivars of common oat bred in Poland before 1939. Comparative analysis
of the three molecular markers’ systems showed that the set of ISSRs was the most effi-
cient, highly reproducible, and had a relatively low cost. Moreover, only ISSR showed
a statistically significant correlation with morphological data, prompting the use of this
method to analyse a set of Polish oat landraces [22] and compare the diversity of landraces
to selected modern and old Polish cultivars [23]. One of the major findings of the research
was the undeniable distinctiveness of the gene pools of the old and modern Polish cultivars;
however, none of the previous studies covered a wide set of Polish varieties representing
almost the entire history of Polish oat breeding; hence, an attempt was made to conduct
such an experiment. The genetic analysis of 72 oat cultivars released from 1893 to 2008 was
performed based on ISSR and REMAP markers, the usefulness of which was confirmed in
the studies cited above. Additionally, the results were enriched with pedigree data. The
aims of this study were as follows: to investigate the changes in the gene pool of the Polish
oat cultivars over nearly 120 years of breeding through diversity and population structure
analysis; to verify the possibility of genetic discontinuities between obsolete and modern
Polish cultivars hypothesised by researchers in the previous oat diversity studies; and to
determine the effectiveness of ISSR and REMAP markers in assessing the genetic diversity
of A. sativa.

2. Materials and Methods
2.1. Plant Material

In this study, 72 Polish A. sativa cultivars released between 1893 and 2008 were included
(Table 1). The old cultivars dated before 1986 were obtained from a Polish gene bank (the
National Centre for Plant Genetic Resources, Radzikdéw, Poland). The seeds of the remaining
cultivars (42) were kindly supplied by three Polish breeding companies: Strzelce Plant
Breeding, Matopolska Plant Breeding, and DANKO Plant Breeding. The cultivars were
assigned to four groups according to their breeding time: before 1945, 1946-1969, 1970-1999,
and after 2000.

2.2. DNA Extraction and Genotyping

Extraction of total genomic DNA was carried out from several-day-old leaves of
15-20 seedlings of each of the 72 genotypes, according to the CTAB procedure [24]. Molec-
ular analyses were performed using the ISSR method described by Zietkiewicz et al. [25],
with minor modifications as specified by Paczos-Grzeda et al. [26]. For amplification,
36 ISSR primers were used (Table S1). Cultivar genotyping was also carried out according
to the REMAP method described by Kalendar et al. [27] and modified by Paczos-Grzeda
and Bednarek [20], using the REMAP-LTR primer (555° CTAGGGCATAATTCCAACA
333') directed toward 555’ terminal LTR sequence Bare-1 retrotransposon, combined with
16 random ISSR primers (Table S1). The amplification products were separated on 2.5%
agarose gels in 1X TBE buffer (89 mM Tris-borate, 2.5 mM EDTA, 0.1% EtBr).
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Table 1. Names, breeding company, pedigree, and information about time of presence in the National Register of Varieties of common oat cultivars.

The Year of Entry and Group Accordine to
No. Cultivar Name Breeding Company Pedigree Accession Number Donor Identifier Removal from the National p Acc '8
. Lo the Breeding Time
Register of Varieties
1 Akt Strzelce Plant Breeding Adam x Adamo Strzelce 1997/2007 1970-1999
2 Antonifiski Bialy ~ Sendomiersko-Wielkopolska Plant )0 0 of Sobieszyriski PL51622 NCPGR 1928/~ Before 1945
Breeding in Antoniny
3 Antoniriski Zotty ~ Sandomiersko-Wielkopolska Plant g 1o 505 of Von Lochow Gelb PL51465 NCPGR 1928/~ Before 1945
Breeding in Antoniny

4 Arab DANKO Plant Breeding, Choryri Borys x Jawor - DANKO 2004/2014 After 2000

5 Bachmat DANKO Plant Breeding, Choryn Dula x Komes - DANKO 2001/2007 After 2000

6 Bajka Strzelce Plant Breeding KR 8543 x [X(I;ael;gr‘:;? x KR 316) : Strzelce 1997,/2007 1970-1999

7 Bartek Udycki ‘Udycz’ Company Antoniniski Z6étty x Znajda PI285552 USDA Before 1939 /1972 Before 1945

8 Berdysz DANKO Plant Breeding, Choryru (Dukat x SV87598) x Bajka - DANKO 2008/2018 After 2000

9 Bialy Mazur Maiopolska} Plant Breedlr}g m Local variety x Biaty Orzet PL51466 NCPGR 1928/1973 Before 1945

Skrzeszowice—Kleszczyriscy
10 Biaty Orzet Sveriges Ustadesforenigs Von Lochow Gelb x Sieger PL51467 NCPGR Before the war/- Before 1945
Institution, Svalof
11 Bohun DANKO Plant Breeding, Choryn LP 8675 x STH 110/86 - DANKO 2002/2012 After 2000
12 Borek Station of Plant Breeding, Borgw ~ (o¢/ma * Avoine Grise D'hiver) PL50043 NCPGR 1981/1989 1970-1999
x Udycz Zétty
13 Borowiak Station of Plant Breeding, Borow Goral x Santor - MPB 1998/2010 1970-1999
14 Boruta Station of Plant Breeding, Boréw [Rodney ABDHCR x (Astor PL50113 NCPGR 1982/1991 1970-1999
x Flamingsweiss II)] x Dula
15 Boryna Station of Plant Breeding, Borow ~ odney ABDHCR x (Astor - MPB 1990/1999 1970-1999
x Flamingsweiss II)] x Dula
16 Borys Station of Plant Breeding, Borow (Dato x Po.39) x Pinto - MPB 1991/1999 1970-1999
17 Breton DANKO Plant Breeding, Choryni Szakal x Expander - DANKO 2007 /2017 After 2000
18 Budrys DANKO Plant Breeding, Choryrt Adamo x CHD 792 - DANKO 2001/2005 After 2000
19 Cacko Strzelce Plant Breeding Adam x Adamo - Strzelce 2000/2010 After 2000
20 Cekin Station of Plant Breeding, Boréw POB-W-2010/93 x Zlatak - MPB 1999/2010 1970-1999
21 Celer Station of Plant Breeding, Boréw Goral x KR-KOR - MPB 2000/2010 After 2000
2 Chwat Strzelce Plant Breeding Dulkat Xx(glvir;glgsmva - Strzelce 2000/2010 After 2000
23 Cwat DANKO Plant Breeding, Choryn Borys x Jawor - DANKO 2001/2011 After 2000
24 Deresz DANKO Plant Breeding, Choryri Maro x MGH 978.2 - DANKO 2000/2010 After 2000
25 Dragon Stahonlg’(fgpalj;‘etﬁ;eedmg' MGH 6374 x Diadem PL50117 NCPGR 1982,/2004 1970-1999
26 Dukat Strzelce Plant Breeding Fagot x KR 2335/74 L. - Strzelce 1991/2006 1970-1999
o7 Farys Matopolska Plan.t Breeding, (Bialy Mazur x Astor) x Cebeco ) MPB 1989,/1999 1970-1999
Polanowice 7511

28 Furman DANKO Plant Breeding, Choryn Kwant x Jawor - DANKO 2006/2016 After 2000
29 German Strzelce Plant Breeding Samanta x Alfred - Strzelce 1991/2007 1970-1999
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Table 1. Cont.

The Year of Entry and Group Accordine to
No. Cultivar Name Breeding Company Pedigree Accession Number Donor Identifier Removal from the National p Acc '8
. Lo the Breeding Time
Register of Varieties
30 Gniady DANKO Plant Breeding, Choryri Noirine x Tropicale - DANKO 2007/2017 After 2000
31 Goral Strzelce Plant Breeding Borek x Brutus - Strzelce 1988/2007 1970-1999
32 Grajcar Station of Plant Breeding, Boréw Komes x KR 81-1122 - MPB 1997/2010 1970-1999
33 Hetman DANKO Plant Breeding, Choryni Jawor x Semundo 212.1 - DANKO 1999/2007 1970-1999
34 Jagietto J.Turnau in Mikulicach Selection of Rychlik Mikulicki PL51507 NCPGR Before 1939/ Before 1945
35 Jawor DANKO Plant Breeding, Choryri  MGH0894.4 x (Mana x Leanda) - DANKO 1994 /2007 1970-1999
36 I ub.ﬂeuszpwy Buszczyriski and the sons Selection of Antonitiski Z6tty PL52020 NCPGR Before 1939/ Before 1945
Wiectawicki
37 Kanarek Mikulicki J.Turnau in Mikulice Selection of Jagietto PL51510 NCPGR 1923/- Before 1945
38 Karol Strzelce Plant Breeding STH 171 x Brutus - Strzelce 1989/1996 1970-1999
39 Kasztan Station of Plant Breeding, Borow Dawid x CHD 1685/84 or 83 - MPB 1999/2010 1970-1999
40 Komes DANKO Plant Breeding, Choryn MGH 61649 x Jaycce - DANKO 1985/1999 1970-1999
41 Koneser Strzelce Plant Breeding Szakal x (Jawor x Dukat) - Strzelce 2007/2017 After 2000
42 Koscielecki Buszczyriski and the sons selection O.f Mar.czak PL51933 NCPGR 1923/- Before 1945
Wioscianski
43 Krezus Strzelce Plant Breeding Goral x [(Flamingsnova - Strzelce 2005/2015 After 2000
X Swan mut.) X Dukat)]
44 Kwant Strzelce Plant Breeding Alfred x Dula - Strzelce 1992/2010 1970-1999
45 Lach Station of Plant Breeding, Vigor x Flamande de Blanche PL50122 NCPGR 1980/1987 1970-1999
Aleksandrowka
46 Markus Station of Plant Breeding, Astor x Pendek PL50118 NCPGR 1979/1988 1970-1999
Rogaczewo
47 Modzurowski Krakéw Plant Breeding Sun II x Bialy Mazur PL51319 NCPGR 1969-1972 1945-1969
48 Niemierczariskd Buszczyniski and the sons Selection of Wiosciariski 2 PL51084 NCPGR 1893/- Before 1945
Najwczesniejszy Podola
49 Pegaz Matopolska Plant Breeding, Auswuchsfester x Bordeweiss PL51217 NCPGR 1977/1981 1970-1999
Polanowice
50 Platek Strzelce Plant Breeding (Flamm‘is%‘;igapendek) PL50731 NCPGR 1986,/1993 1970-1999
51 Podkowa Diuzewski o™ Mifisko-Mazowiecls - PL51227 NCPGR 1929//- Before 1945
52 Polar Strzelce Plant Breeding (Ago x Ramiro) x (Platek - Strzelce 2002/2012 After 2000
x Swan mut) x Caesar
53 Proporczyk National Plant Breeding Selection of Findling PL51229 NCPGR Before 1939,/- Before 1945
nstitutions
54 Przeboj 1 National Plant Breeding Selection of Flamingsgold PL52070 NCPGR 1962/~ 1945-1969

Institutions
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Table 1. Cont.

The Year of Entry and Group Accordine to
No. Cultivar Name Breeding Company Pedigree Accession Number Donor Identifier Removal from the National p Acc '8
. Lo the Breeding Time
Register of Varieties
55 Przeboj IT Station of Plants Selection in Selection of Flamingstreue PL51924 NCPGR 1974/- 1945-1969
Jezowo-Gola, Gostyn district
56  Putawski State Research Institute of Rural g0 ;0 of pfiffelbacher Gelb PL50406 NCPGR 1928/- Before 1945
Sredniorychty Husbandry in Putawy

57 Rajtar DANKO Plant Breeding, Choryri Ramiro x Jawor - DANKO 2004/2014 After 2000
58 Rumak Station of Plant Breeding, MGH 6374 x Flamingsweiss IT PL50120 NCPGR 1981/1987 19701999

Rogaczewo

Matopolska Plant Breeding in
59 Rychlik Oberek Skrzeszowice (Kleszczyniscy Rychlik Podgorski x Dogold PL51233 NCPGR Before 1939/- Before 1945
brothers)
(Flamingsnova
60 Sam Strzelce Plant Breeding x Swan mut) x {[Alfred x - Strzelce 1999/2010 1970-1999
(Garland x C2)] x Swan mut.}

61 Santor Strzelce Plant Breeding Borek x Brutus - Strzelce 1989/1999 1970-1999
62 Skrzat Matopolska Plant Breeding, Komes x Maris Tabard - MPB 1996/2004 19701999

Polanowice
63 Stawko Strzelce Plant Breeding Mustang x Swan mut. - Strzelce 1993/2010 1970-1999
64 Sobieszyfhski Agricultural Experimental Station g 1. 01 of Rychlik Lubelski PL51261 NCPGR 1923/- Before 1945

in Sobieszyn
65 Sprinter Strzelce Plant Breeding (Flammgsr;ox]l)auia?wan mut) - Strzelce 2000/2010 After 2000
66 Stoper Strzelce Plant Breeding (Flamlngsr;oxsuia?wan mut) - Strzelce 2003/2013 After 2000
67 Szakal Strzelce Plant Breeding (Flammgstoxsiuia?wan mut.) - Strzelce 2000/2010 After 2000

breeded in Leki by
68 Teodozja M.Rozanski/Czarnecki, Selection of Scottish oat PL50976 NCPGR 1923/- Before 1945
Kutnowski district

69 Udycz Biaty Udycz’ company in Kwaséw Kanarek Mikulicki x Sieger PL51051 NCPGR 1925/- Before 1945
70 Udycz Zétty Udycz’ company in Kwaséw Pflugs Gelb x Von Lochow Gelb PL51050 NCPGR Before 1939/1976 Before 1945
71 Utan DANKO Plant Breeding, Choryn WIR 1714 x Diadem PL51449 NCPGR 1985/1990 1970-1999
72 Zuch DANKO Plant Breeding, Choryri Vusch x Szakal - DANKO 2008/2018 After 2000
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2.3. Molecular Data Mining and Analysis

ISSR and REMAP fragments were converted into binary matrix tables. The matrices
were then used to determine the level of primer informativeness measured as polymorphic
information content (PIC), which is a relative measure of marker informativeness and
depends on the number of alleles of the particular marker, calculated according to the
formula described by Roldan-Ruiz et al. [28]; marker index (MI), which provides a con-
venient estimate of marker utility assessed based on the work of Varshney et al. [29]; and
resolving power (RP), which is the coefficient that indicates the discriminatory potential of
the markers chosen for the analysis, following the formula of Prevost and Wilkinson [30].
The pedigree of the cultivars was traced back to their ancestors’ cultivars or landraces using
data available in Polish GenBank databases (https://bankgenow.edu.pl/en/ accessed on
10 June 2022) and POOL (Pedigrees of Oat Lines) (https:/ /triticeaetoolbox.org/POOL/
accessed on 10 June 2022) [31]. The coefficients of parentage (COPs) were computed from a
pedigree in MS Excel 2016 for all pairwise combinations of genotypes, as described by Wang
and Lu [32]. Distance matrices were developed for molecular data based on the Gower
coefficient [33]. A Mantel test was conducted to verify the association between molecular
markers and pedigree. The Ward method of clustering was used, and dendrograms were
constructed in XLSTAT Ecology [34]. The relationships between the true distances and the
distances predicted using the dendrogram were measured as the cophenetic correlation
coefficient (CPCC) [35]. Discrimination analysis (DA) was carried out to identify homo-
geneous groups [34]. Principal coordinate analysis (PCoA) was also conducted based on
distance matrices to visualise the grouping pattern and to provide a graphical representa-
tion of the relationships between cultivars [34]. The Generalized Procrustes Analysis (GPA)
was used to reduce the scale effects and to obtain a consensus configuration of all of the
data [34]. Genotypic variations were assessed across groups created based on breeding time
and breeding centre using the analysis of molecular variance (AMOVA) in GenAlEXx [36].
The AMOVA procedure in GenAlEx follows the methods of Excoffier et al. [37], estimating
the proportion of the variance among populations relative to the total variance. When the
data are binary, AMOVA calculates the ®PT value, which is analogous to Fst [38,39]. A
®PT value of 0 denotes the minimum level of diversity among subpopulations, while a
value of 1 denotes the maximum. The significance of the resulting variance and intergroup
genetic distances was tested using 999 random permutations. Nei's coefficient [40] was
calculated to estimate genetic variation within the abovementioned groups of cultivars.

Population structure was estimated using a Bayesian model-based approach imple-
mented in the program STRUCTURE v. 2.3.4 [41]. An admixture model with correlated
allele frequencies was employed. The number of clusters (k) was set from 1 to 11, with five
independent runs for each k (10,000 burn-ins and 100,000 iterations). The Cluster Markov
Packager Across K (CLUMPAK) was used to find optimal alignments of independent
runs, and the output was used for cluster visualisation [42]. Cultivars with a membership
coefficient lower than 0.8 were identified as admixed.

3. Results
3.1. Pedigree

The ancestry of Polish common oat cultivars was traced back to 124 cultivars, breeding
lines, and landraces. The average number of ancestors per cultivar was 10.2, ranging from
1 to 28, and it increased along with the time of breeding, i.e., the oldest and the most recent
cultivars were derived from 1.6 and 15.6 ancestors on average, respectively (Figure 1). The
five most common progenitors were ‘Markische Landsorte’, ‘selection from Ligowo oat’,
‘Fransk Svarthavre’, ‘Blanche de Siberie’, and ‘selection from Schleswig-Holstein landrace’.
We found that at least one of these was present in 78% of analysed cultivars.


https://bankgenow.edu.pl/en/
https://triticeaetoolbox.org/POOL/

Agronomy 2022, 12,2423

8 of 22

100

80

60

40

. dl

before 1945 1945-1969 1970-2000 after 2000

® Number of cultivars B Number of ancestors ® Mean number of ancestors/cultivar and the range

Figure 1. Description of four periods of breeding, including the number of cultivars, number of
ancestors, and the mean number of ancestors per cultivar. The range of the number of single cultivar
progenitors is also shown.

Eighteen cultivars were bred before 1945, and these were derived from fourteen
ancestors. Six of them were descendants of the German landrace ‘Markische Landsorte’.
Only two cultivars in the study represented the period 1945-1969, and both of them had

‘Markische Landsorte” as a progenitor. Thirty cultivars represented the period lasting

for the next 30 years (1970-1999). Of 84 identified ancestors, the most common were

‘selection from Ligowo oat’, ‘Markische Landsorte’, and ‘Fransk Svarthavre’, appearing

in the pedigrees of 23, 21, and 20 cultivars, respectively. As many as 22 of the most
contemporary cultivars—those that were bred after 2000—were predominantly descendants
of ‘selection from Schleswig-Holstein landrace’, ‘Markische Landsorte’, ‘selection from
Ligowo oat’, and ‘Fransk Svarthavre’. In total, 81 ancestors were identified for the latest
cultivars. The summary of these data can be found in Figure 1.

Descendants of ‘Markische Landsorte” were the result of the Strzelce Plant Breeding
Company breeding programs. Only two cultivars—Stawko’ g3y and “Dukat’(,5y—did not
have it as an ancestor. Another prevailing progenitor was ‘selection from Ligowo oat’, and
only ‘Dukat’(55) and its descendants were not connected with it. ‘Blanche de Siberie” was
present in the pedigree of 14 cultivars bred by the Strzelce Plant Breeding Company. In total,
in the breeding of 19 cultivars, 56 progenitors were used. The DANKO Plant Breeding Com-
pany mainly used derivatives of ‘selection from Ligowo oat” and ‘Fransk Svarthavre’ in their
programs. Four cultivars had a distinct pedigree, i.e., ‘Deresz’(p4), ‘Komes’'(4g), ‘Utan’(7y),
and ‘Zuch’ (7). A total of 75 ancestors were identified for 16 cultivars. In this study, nine
cultivars bred by the Station of Plant Breeding in Boréw were included. In the pedigrees,
four primary sources were found, i.e., ‘Markische Landsorte’, ‘Blanche de Siberie’, ‘se-
lection from Ligowo oat’, and ‘Fransk Svarthavre’. Two cultivars had a distinct origin:

‘Borys’(16) and ‘Grajcar’(zp). Borys’(;6) resulted from crossing (‘Dato” x ‘P0.3999") x Pinto,

while ‘Grajcar’(3) originated from ‘Komes’ x ‘KR 81-112222'. In total, the cultivars were
derived from 55 ancestors. The Matopolska Plant Breeding Company was represented
in the study by five cultivars, for which 43 progenitors were identified. Their breeding
programs, similarly to the previous ones, were based on materials derived from ‘selection
from Ligowo oat” and ‘Markische Landsorte’. Notably, another distinct source ("Milton”)
was found in three cultivars. It is worth noting that 'Modzurowski’47) also had a slightly
different pedigree; however, it was bred in the earlier period (1945-1969). ‘Milton” also
appeared in the pedigrees of all three cultivars that were bred by the Station of Plant
Breeding in Rogaczewo. Furthermore, ‘Markische Landsorte” and ‘selection from Ligowo
oat” were found among the ancestors of all of them. In total, only 15 progenitors were
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identified for this set. The data summarising the Polish breeding companies and stations
are presented in Figure 2.

J_I.IJ-:

Mean numer of genotypes

Strzelce Plant DANKO Plant Station of Plant  Matopolska Plant  Station of Plant Other
Breeding Company Breeding, Choryn Breeding, Breeding Company Breeding, Borow
Rogaczewn
® Number of cultivars m Number of ancestors ® Mean number of ancestors/cultivar

Figure 2. A summary of the breeding centres” activity.

Based on COPs, the pairwise dissimilarity coefficient was calculated, and its average
value was 0.81. The dissimilarity matrix was used to perform clustering analysis. Clustering
of genotypes based on the Gower coefficient resulted in the detection of three major clusters
(Figure 3a) with CPCC equal to 0.568. Cluster 1 was the most numerous and consisted
of 37 cultivars that had 87 progenitors. Their breeding time was as follows: 23 cultivars
were bred in the years 1970-1999, 10 after the year 2000, 5 before 1945 and, finally, 1 in
the period 1945-1969. The cultivars in this cluster were derived mainly from ‘Markische
Landsorte” or “selection from Ligowo oat’ (37 and 28, respectively). All of the oldest cultivars
(bred before 1945) had ‘Markische Landsorte” and /or ‘Leutewizter Gelb’ in their pedigree,
which were also the ancestors of 16 other cultivars from this cluster. Among the later
cultivars, only three did not have ‘Markische Landsorte’ as a progenitor, i.e., ‘Stawko’43),
‘Boruta’(14), and ‘Budrys’(jg). The ‘selection from Ligowo oat” was the progenitor of 28
cultivars in this cluster; however, it did not occur in the pedigrees of the oldest cultivars or
in ‘Cekin’(og), ‘Utan’(7y), ‘Przebgj Il 55), or ‘Budrys’(1g). Cluster 2, composed of only nine
cultivars, was the smallest cluster. It contained ‘Dukat’ (), which was bred in 1991, and its
descendants that were obtained after 2000. Therefore, all cultivars were descendants of the
crossing ‘Fagot x KR 2335/74 L maximal in the third generation, and their other ancestry
components were quite similar. In total, 33 progenitors were identified for this cluster.
Avena sterilis L. was the ancestor of seven cultivars (exceptions: ‘Dukat’(o¢) and ‘Berdysz’g)).
All of them were bred by the two largest Polish breeding companies, i.e., Strzelce and
DANKO (6 and 3, respectively). Cluster 3 had 26 cultivars, with the majority having a
simple origin, i.e., a short list of progenitors. Thus, the rest of the old cultivars (before 1945)
were grouped there. Among other, more contemporary cultivars (i.e., those bred after 1970),
the most common ancestors were ‘selection from Ligowo oat” and ‘Fransk Svarthavre’.

The results of principal coordinate analysis (PCoA) based on pedigree data are pre-
sented on scatterplots of the first two principal coordinates in Figure 3b,c. The first and the
second principal coordinates explained 15.6% and 12.8% of the variation, respectively. No
significant grouping pattern was found, although the points corresponding to the studied
cultivars in two-dimensional space were arranged according to the clusters determined
by agglomerative hierarchical clustering. When the breeding centre was indicated, the
presence of two groups was noted within the cultivars bred by the DANKO Plant Breeding
and Malopolska Plant Breeding companies, as well as within those obtained at the Station
of Plant Breeding in Boréw (Figure 3c).



Agronomy 2022, 12,2423

10 of 22

a) ! b) 57 19 1
27 | 18 L]
50 04 29
& ] 14 @ 2 &
54 62 @ 7 -
6 | 3 . o 5 2]
lg 3 @ e 279 46
5 L
14 | 4 @ 02+ o® 98 200
58 1 23 63 91 13 \
1 ) 1 ° o & 3870
1 - 9 e
1 3 5 - e
18 | % ® ; 60
Q_‘ 1 51 | ® . : 0 552 e 55 =
ki =15 16014 13 -2 -0.1 ) 01 2 7 @3 04, “ae3
F‘g | =~ ? & 2 565,%-14 32 ! & ‘ 20 -‘ﬁg 4 54 .16
7 o
15 1 S P ey © g om B A ¢
3 & p s gL o ®
= | [ k) @ 8
21 | o p
61 2
31 } 72 Zf,f-’ 67
(])?: l -04 - o @
?4] " 2 Bh
4 o
28 | -
30
70 1 0.6 _
g}) g h — PCo 1 (15.6%)
39 ! e1 0203
65 |
22
66 —————
y &7 | T o
Z 4 | o) -7 A~
¥ 7 A : i a
% ] i A @ a S ey
_,‘I 1 7 “ : oA 2 ‘% Mo &
3 == ’ 4 3 %\
36 1 ’ % b A X
8 —— 'S )
21 i y, A I’ /, A % \Q
24— i ‘ ’ @ \
» — " \ & ‘ ] R
48 —— \ el 1 & 1
o | A 2 ! R L
i , L& 4 a. . il
2 AN i o e \ P
40 i T '@ o ’
3 \ i
3 I:I \ ’
g% I % A .
lg | T A 7@
& l st
33 1 o
.
;_2 I o Strzelce Plant Breeding Company 4 DANKO Plant Breeding, Choryn
1: | & Station of Plant Breeding, Rogaczewo @ Mlopolska Plant Breeding Company
T ati F P >ding v
0 i 2 : 4 g B 4 Station of Plant Breeding, Borow

Figure 3. Pedigree: (a) A dendrogram of the results of the Ward method of clustering based on the
COP. The vertical dashed line indicates the optimal number of clusters based on entropy, which
measures how elements are distributed or assigned in each cluster. Low entropy corresponds to
better clustering. (b) PCoA of the inter—cultivar distances measured using the COP. The colours
of the points correspond to the groups marked on the dendrogram ((a,b) each number represents
a single cultivar and is consistent with the numbers in Table 1). (c) PCoA plot with the indication
of the breeding centre, excluding the group of ‘Others’. The two distinct groups are framed by a
dashed line.

3.2. ISSR

In this study, 36 ISSR primers were used to amplify 203 fragments, of which 99.5%
were polymorphic. On average, a single ISSR generated 5.72 fragments (range: 1-18).
The marker informativeness coefficient values ranged as follows: PIC from 0.05 (sr37) to
0.49 (sr32), with a mean of 0.23; MI from 0.0 (sr37) to 0.49 (sr32), with a mean of 0.18; and
RP from 0.11 (sr37) to 23.36 (sr60), with a mean of 5.3 (Table S1).

The Nei’s unbiased genetic diversity (uHe) derived from the ISSR data was 0.256
(Table 2). It was the highest for cultivars bred between 1970 and 1999 (0.236), while it was
the lowest for the preceding period (0.106). The most diverse cultivars were derived from
the Strzelce Plant Breeding Company (0.241). The cultivars bred by the Matopolska Plant
Breeding Company had the lowest variation.



Agronomy 2022, 12,2423 11 of 22
Table 2. Summary statistics of diversity within groups created based on breeding time and breeding
company.

ISSR REMAP
2 8 £ £
£ =
2 £ £ 2 £ 2
g & & § & &
E = 3 £ = 4
oo g ’” Y @ b g " 9 -
& £ % T e &£ £ % E @
N = 2 N I~ o=
(=] (=] [=] © =] [=
s g s s £ &
p4 = °© Z = °
~ S ~ S
2 Z N 4
Total 203 99.51% - 0.256 0.012 178 87.08% - 0.308 0.012
()
_g Before 1945 170 65.02% 4 0.192 0.014 155 66.29% 2 0.236 0.015
%D 1945-1969 119 19.21% 1 0.106  0.015 126 28.65% 0 0.158 0.019
,g) 1970-2000 189 85.22% 13 0.236 0.013 173 88.20% 11 0.286 0.014
& After 2000 170 72.41% 1 0.224 0.014 160 81.46% 2 0.289 0.014
Strzelce Plant 179 7931% 5 0241 0014 163 8090% 5 0283 0015
Breeding Company
>
g DANKO Plant 167 6749% 2 0214 0014 158 7978% 3 0288 0015
o, Breeding, Choryn
E .
g Station of Plant 133 3892% 0 0173 0016 135 4663% 0 0211 0018
s Breeding, Rogaczewo
=
5 Matopolska Plant 141 4138% 2 0155 0015 141 5506% 0 0235 0018
o Breeding Company
o .
2 Station of Plant 155  5419% 0 0188 0015 150 6461% 4 0244 0016
Breeding, Boréw
Other 172 67.98% 4 0.198 0.013 155 67.42% 4 0.239 0.015

AMOVA determined that the majority of the observed genetic variability was due
to variation within groups formed according to breeding time (91%) or among cultivars
within breeding companies (93%). The pairwise matrix of the ®PT groups showed that the
longer the time interval between the breeding of two groups, the greater the differences
between them (Table 3). It also indicated that there were no significant differences between
cultivars from modern breeding companies/stations. However, very early breeding centres
functioning before 1945 had significantly different materials from the modern ones (Table 4).

Table 3. Results of the analysis of molecular variance (AMOVA). Pairwise ®PT values for groupings
according to breeding time (p < 0.001) of ISSRs (above diagonal) and REMAPs (below diagonal).

before 1945 1945-1969 1970-2000 after 2000
before 1945 X ns 0.091 0.131
1945-1969 ns X 0.110 0.141
1970-2000 0.116 ns X 0.047
after 2000 0.109 ns 0.021 X

ns—Not significant.
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Table 4. Results of the analysis of molecular variance (AMOVA). Pairwise ®PT values for groupings
according to the breeding company (p < 0.001) of ISSRs (above diagonal) and REMAPs (below diagonal).

Other
Strzelce Plant Breeding Company
DANKO Plant Breeding, Choryri
Station of Plant Breeding, Rogaczewo
Matopolska Plant Breeding Company
Station of Plant Breeding, Borow

Other X 0.117 0.131 0.114 0.093 0.108
Strzelce Plant Breeding Company 0.104 X ns ns ns ns
DANKO Plant Breeding, Choryn 0.124 0.020 X ns ns ns
Station of Plant Breeding,

Rogaczewo
Matopolska Plant Breeding
Company
Station of Plant Breeding, Borow 0.166 0.043 ns ns ns X

0.123 ns ns X ns ns

0.102 ns ns ns X ns

ns—Not significant.

The pairwise Gower similarity ranged from 0.936 (‘Biaty Mazur’(g) vs. ‘Sobieszyriski’(e4))
to 0.64 (‘Platek’(sg) vs. ‘Szakal’(s7)). The Ward clustering algorithm reflected three main
clusters with CPCCs equal to 0.371 (Figure 4a). The first cluster contained 36 cultivars, of
which 64% were bred in the period 1970-1999, 31% after 2000, and 2 cultivars were from the
oldest group, i.e., ‘Kanarek Mikulicki’(37) and "‘Podkowa Dtuzewski’(s1). The second cluster
was the smallest one, and it was composed of nine cultivars that were bred after 2000 and
two from an earlier period (1970-1999), i.e., ‘Sam’ 4, and ‘Stawko’ g3). The cultivars that
were grouped in this cluster were derived from two major breeding centres, i.e., Strzelce
and DANKO. The third cluster contained 25 cultivars, including the majority of the oldest
cultivars (before 1945), ‘Modzurowski’(47) and ‘Przebdj I’ 54 that were bred in the period
1945-1969, and also 7 cultivars obtained later. Discriminant analysis indicated that 58.33%
of cultivars were assigned to the same group in the analysis of COP and ISSR.

The first two coordinates of PCoA based on the Gower dissimilarity coefficient ex-
plained 22.8% of the variance and indicated the presence of three groups (Figure 4b). On
the plot below, an association of time of origin with the first coordinate can be observed.
The newest and the oldest cultivars were arranged at opposite ends of the axle (Figure 4c).

The genetic structure of 72 oat cultivars was estimated via model-based Bayesian
clustering using the STRUCTURE software. Based on the highest Ak values, k = 2 appeared
the most probable (Figure 4d). When considering k = 2, the collection was split into
two subgroups containing 21 and 28 cultivars, while 23 were admixed (80% level). The
oldest cultivars were placed in the first group or were classified as admixed, i.e., ‘Kanarek
Mikulicki’(37), ‘Podkowa Dtuzewski’(s1), “Teodzja’gg), and “Udycz Biaty’(g9). Both cultivars
bred in the period 1945-1969 and four from 1970-1999 were also assigned to the first group.
‘Polar’ (57, which was bred after 2000, was the only cultivar from that period in this group.
The second group was formed of 28 cultivars evenly sourced from the two most recent
periods (Figure 4d).
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Figure 4. ISSR: (a) A dendrogram of the Ward method clustering results based on the Gower dissimi-
larity coefficient. The vertical dashed line indicates the optimal number of clusters based on entropy,
which measures how elements are distributed or assigned in each cluster. Low entropy corresponds
to better clustering. (b) PCoA of the inter-cultivar distances measured using the Gower dissimilarity
coefficient. The colours of the points correspond to the groups marked on the dendrogram. (c) PCoA
plot with the indication of the breeding time. (d) Estimated number of clusters obtained for K values
from 1 to 11 using ISSR data based on AK. (e) Inferred population structure using the model-based
program STRUCTURE. Plots were generated based on the Q-matrix consensus permuted across
5 replications for K = 2 using the CLUMPAK software. Each cultivar is represented by a single
vertical line, which is partitioned into segments proportional to the estimated membership in the two
subpopulations. The likelihood of assignment to a given cluster is on the vertical axis. (a,b,e—Each
number represents a single cultivar and is consistent with the numbers in Table 1).

3.3. REMAP

Using 21 REMAP pairs of primers, a total of 178 fragments were obtained, of which
87.1% were polymorphic. On average, a single REMAP reaction yielded 8.48 fragments
(range: 2-17). All characteristics of the markers are presented in Table S2. The average value
of PIC for REMAP markers was 0.29. The maximum PIC was obtained for the primer pairs
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r42, r47, and r54 (0.49), while the minimum value was demonstrated by r6 and r11 (0.03).
The highest and the lowest MI values were obtained for the same primers as PIC, and the
values were 0.49 and 0.0, respectively. The average RP value for REMAP was 9.05, and for
each primer pair it ranged from 0.08 to 32.92 (r6 and r59, respectively), with a mean of 5.3
(Table S2).

The Nei’s unbiased genetic diversity (uHe) derived from the REMAPs was slightly
higher than that from ISSRs, at 0.308 (Table 2). The group of most recent cultivars were the
most diverse (0.289), while cultivars bred between 1945 and 1969 had the lowest diversity
coefficient (0.158). The most varied cultivars were bred by the DANKO Plant Breeding
Company (0.288) and Strzelce Plant Breeding Company (0.283), while the least diverse ones
were bred by the Station of Plant Breeding in Rogaczewo.

The results of AMOVA based on REMAP data were consistent with those obtained
for ISSRs and indicated that variability among cultivars within the periods of breeding
time was significantly higher than the variation between the breeding periods. Variance
among cultivars within breeding companies was also higher than between companies. The
pairwise ®PT of breeding period groups did not support the results of analogous analysis
for ISSRs. The difference between the oldest and the newest cultivars was smaller than that
between the oldest and those bred in the period 1970-1999 (Table 3). Very small differences
were found between contemporary breeding companies/stations. The cultivars derived
from historical breeding centres were significantly different from the more modern ones,
and this was consistent with the ISSR results (Table 4).

Genetic similarity between samples was calculated based on the Gower coefficient.
For REMAP analysis, it was in the range of 0.59-0.88 for the cultivar pairs ‘Borek’(;2) vs.
‘Proporczyk’(s3) and ‘Boryna’(js) vs. ‘Borys’(16), respectively. Based on the genetic distance
matrices, Ward’s cluster analysis was performed (Figure 5a). The cophenetic correlation
was 0.437. A dendrogram created based on these results showed the presence of three major
clusters with a strong hierarchical structure containing 27, 11, and 34 cultivars. The oldest
cultivars (before 1945), with no exception, were grouped in the first cluster. Apart from
them, there were also the two cultivars from the period 1945-1969, six bred in the period
1970-1999, and ‘Polar’ s, representing the most modern group. The second cluster was
composed of only 11 cultivars, the majority of which were bred after 2000. Two cultivars
("Kasztan’(zg) and ‘Stawko’(g3)) of this cluster were obtained earlier, i.e., between the years
1970 and 1999. The third and largest cluster was composed of 34 cultivars, of which 22
were bred in the period 1970-1999 and the remaining 12 came from the most recent period.
According to DA, the assignment of cultivars to the groups was identical in as much as
79.17% for REMAP and ISSR analyses, but only in 58.33% when comparing pedigree.

Associations among the 72 oat cultivars revealed by PCoA calculated from REMAP-
based Gower dissimilarity estimates are presented in Figure 5b. The first (PCol) and second
(PCo2) principle coordinates accounted for 13.8 and 8.4% of the total variation, respectively.
The results were spread across the principal coordinates, and no grouping pattern was
found. However, an association of the breeding period with the plot could be noted, as
shown in Figure 5c. DA confirmed 68.1% compliance of PCoA with the breeding time.

The STRUCTURE software was also used to determine the REMAP-based genetic
structure. The A statistical test showed that k = 2 was optimal in this analysis (Figure 5d).
Atk =2, 25 and 26 cultivars fell into the two groups, while 21 were marked as putative
hybrids (Figure 5e). In general, the participation of the genetic makeup of the first group
was higher in the cultivars bred before 1970, while the later ones mostly represented the
second group. However, two cultivars from the period 1970-1999 and seven from the most
recent period showed similarity with the first group at a level above 80%.
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Figure 5. REMAP: (a) Results of the Ward method clustering based on the Gower dissimilarity
coefficient. The vertical dashed line indicates the optimal number of clusters based on entropy, which
measures how elements are distributed or assigned in each cluster. Low entropy corresponds to
better clustering. (b) PCoA of the inter-cultivar distances measured using the Gower dissimilarity
coefficient. The colours of the points correspond to the groups marked on the dendrogram. (c) PCoA
plot with the indication of the breeding time. (d) Estimated numbers of clusters obtained for K values
from 1 to 11 using ISSR data based on AK. (e) Inferred population structure using the model-based
program STRUCTURE. Plots were generated based on the Q-matrix consensus permuted across
5 replications for K = 2 using the CLUMPAK software. Each cultivar is represented by a single
vertical line, which is partitioned into segments proportional to the estimated membership in the two
subpopulations. The likelihood of assignment to a given cluster is on the vertical axis. ((a,b,e)—Each
number represents a single cultivar and is consistent with the numbers in Table 1).

3.4. Combined and Comparative Evaluation

A pairwise Mantel test was performed for all combinations of dissimilarity matrices.
Statistically significant correlation (r = 0.419, p-value < 0.0001) was observed only for the
comparison of the ISSR and REMAP matrices.

For the combined binary matrices obtained from the ISSR and REMAP analyses,
agglomerative hierarchical clustering (AHC) was performed using the Ward method. It
showed the presence of three main clusters that, as before, were strongly hierarchical inside
and contained 19, 18, and 35 cultivars, respectively (Figure 6a). Discriminant analysis
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showed that the AHC results for the pooled matrices were 77.78% consistent with the
clustering derived from the ISSR results and 86.11% consistent with the results derived
from REMAP alone. The concordance of the clustering of the combined matrices with the
results obtained from the pedigree analysis was 58.33%, which was the same as for each of
the molecular analyses separately.
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Figure 6. Combined results: (a) Results of the Ward method clustering based on the Gower dissim-
ilarity coefficient for ISSR and REMAP. The vertical dashed line indicates the optimal number of
clusters based on entropy, which measures how elements are distributed or assigned in each cluster.
Low entropy corresponds to better clustering. (b) Scatterplot of GPA results for ISSR, REMAP, and
pedigree data. (c) GPA plot with the indication of the breeding time. (d) Estimated number of clusters
obtained for K values from 1 to 11 using ISSR and REMAP data based on AK. (e) Inferred population
structure using the model-based program STRUCTURE. Plots were generated based on the Q-matrix
consensus permuted across 5 replications for K = 3 using the CLUMPAK software. Each cultivar is
represented by a single vertical line, which is partitioned into segments proportional to the estimated
membership in the three subpopulations. The likelihood of assignment to a given cluster is on the
vertical axis. ((a,b,e)—Each number represents a single cultivar and is consistent with the numbers in
Table 1).

A combination of PCoA results obtained from the pedigree, ISSR, and REMAP data
was performed using Generalized Procrustes Analysis (GPA). The proportion of total
variance explained by the consensus matrix (Rc) for the dataset was high (0.737), and the
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permutation test indicated that it was statistically significant (p < 0.05), so the agreement
within the dataset was strong. The pedigree data gave slightly less consistent results. The
first two PCA dimensions (PC1 and PC2) accounted for 18.97 % of the variance in the
consensus matrix (Figure 6b). Based on the biplot of the first two dimensions, the presence
of three groups was noted. Moreover, a shift and then a change in breeding direction were
found (Figure 6c¢).

Genetic structure was estimated based on combined genetic data using the model-
based Bayesian clustering (Figure 6d). Based on the highest Ak values, k = 3 appeared to
be optimal. The oldest cultivars represented the first group, with the small participation of
other groups (Figure 6e). From 1970 to 1999, the presence of the genotypes representing the
second group was higher, while the recent cultivars belonged to both the second and third
groups. This reflected the GPA results presented below.

4. Discussion

The dozens of new oat cultivars have been developed over nearly 120 years of Polish
breeding of oats (Avena sativa L.). In this study, an analysis of the diversity and population
structure of 72 oat cultivars released since 1893 was carried out. The pedigree data as
well as ISSR and REMAP markers were used for the research. The studied set of cultivars
was assigned to the four groups according to the period of their breeding (before 1945,
1945-1969, 1970-2000, and after 2000) and six groups where the breeding company by
which they were developed was considered (Strzelce Plant Breeding Company, DANKO
Plant Breeding, Chory, Station of Plant Breeding, Rogaczewo, Matopolska Plant Breeding
Company, Station of Plant Breeding, Boréw, or other). For historical and geographical
reasons, European breeding has had a significant impact on the beginnings of oat breeding
in Poland. In this research, the ancestry of Polish common oat cultivars was traced back to
124 cultivars, breeding lines, and landraces, allowing us to establish the influence of foreign
varieties on the analysed material.

In our studies, we identified the five most common progenitors of Polish cultivars,
which were ‘Markische Landsorte’, ‘selection from Ligowo oat’, ‘Fransk Svarthavre’,
‘Blanche de Siberie’, and ‘selection from Schleswig-Holstein landrace’. We found that
at least one of these was present in 78% of analysed cultivars. ‘Selection from Markische
Landsorte” became the cultivar ‘Lochows Gelb’, which gave rise to ‘Flaminstreue’—a
cultivar from the first German oat breeding lineages described by Bickelman (1989). Bickel-
mann’s studies on fatuoid oats enabled him to conclude that the German varieties were
derived from several genetic lines, three of which are the most numerous. One of them
comes from the cross of the landraces ‘Lochows Gelb” and ‘Oberschlesische Landsorte
Weif3’, which gave rise to ‘Flamingstreue’ and ‘Flamingsgold’. Most of the German breed-
ing materials are descendants of these cultivars. The cross of ‘Probstei Type” with ‘Lochows
Gelb’ gave rise to the ‘Adler’ lineage, to which a series of cultivars can be traced back. The
cross of ‘Silber’” with a ‘Fransk Svarthavre’ gave rise to ‘Minor’—the starting point of a
third breeding lineage. Another progenitor of Polish cultivars, ‘Selection from Ligowo
oat’—a cultivar from Sweden—gave rise to ‘Swedish Select’, followed by the ‘Blanche de
Siberie’ (or “White Siberie”). This variety, after crossing with “‘Lochows Gelb’, gave the
‘Flamingsgold’ variety (also from the first German lineages). ‘Fransk Svarthavre’ gave rise
to the third German lineage. The common Polish cultivars” progenitor, ‘selection from
Schleswig-Holstein landrace’, took part in the formation of a Probsteir-type oat lineage,
which may be related to the second most popular pedigree line of German varieties. This
confirms that Polish and German obsolete oat cultivars were derived from a small number
of closely related landraces, cultivars, or breeding lines.

Comparing the European cultivars with the North American ones, Achleitner et al. [43]
found that oat cultivars originating from European breeding programs showed less di-
versity than cultivars originating from North and South America. However, in Canadian
breeding programs, 130 cultivars released from 1930 to 2001 could be traced back to fewer
than 10 parental lines [44]. Similarly, most of the USA germplasm utilised for cultivar
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development before 1970 traced back to only seven landrace varieties introduced from
Europe: ‘Kherson’ (‘Sixty Day’), ‘Green Russian’, “Victory’, ‘Markton’, “‘White Russian’
(“White Tartar’), ‘Red Rustproof’, and ‘Winter Turf” [7]. The higher diversity of American
cultivars was probably the effect of the popularity of the hybridisation of A. sativa with
A. byzantina. Such hybrids were quite rare, especially in North and Central Europe, because
A. byzantina is a winter-type red oat that is well-adapted to the mild winters typical of the
Mediterranean basin as well as the United Kingdom.

Concern has often been expressed that modern intensive plant breeding leads to a
reduction in the genetic diversity of crops. Such reductions may have consequences, both
for the susceptibility of crops to pests and diseases and their ability to respond to climate
change [45]. It is therefore necessary to quantify the changes that have occurred in the
genetic diversity of major crops. In this study, the diversity and population structure analy-
ses of 72 oat genotypes were performed to investigate the changes in the gene pool of the
Polish oat cultivars over nearly 120 years of breeding. For this purpose, ISSR and REMAP
molecular marker systems were used. Large-scale DNA sequencing techniques allow for
an increase in the number of polymorphisms identified in a single experiment—mainly
SNPs and In/Dels. Nevertheless, many breeding companies and scientists still cannot
afford sequential analysis, and traditional polymorphism analysis techniques are a widely
used and cheap alternative. PCR-based techniques give a direct measure of genetic diver-
sity and identify a high number of polymorphic loci uniformly distributed through the
genome. In our study, both the ISSR and REMAP matrices showed a statistically significant
correlation, allowing us to obtain complementary results. Similarly, Dziurdziak et al. [46],
examining local barley cultivars, found a high correlation between the results obtained with
the ISSR method and DArTseq. The DArTseq relies on the analysis of SNPs by restriction
digestion within the reduced representation of the genome. Thus, it can be concluded
that the ISSR and related REMAP markers belong to the group of highly informative and
reliable markers.

In this paper, the effectiveness of ISSR and REMAP markers was determined by the
amount of polymorphism, PIC (polymorphic information content) coefficient, marker index
(MI), and resolving power (RI). The highest average number of polymorphic fragments as
well as PIC, RI, and MI was characterised by REMAP, in contrast to the results of Paczos-
Grzeda and Bednarek [20]. The REMAP method identifies polymorphisms resulting from
the distribution of microsatellite sequences and retrotransposons; therefore, a greater poly-
morphism of REMAP markers seems to be justified. The ISSR method, on the other hand,
detects variation in the size of the genomic regions between the two adjacent microsatellite
sequences used as the primer binding sites [25]. Most of the studies on Avena diversity
conducted so far by other authors have been carried out using the ISSR method; however,
enriching the results with REMAP polymorphism works in favour of the obtained results,
especially since the two methods show a statistically significant correlation. Pedigree
analysis is the most misleading method, as it is based on the assumption that parents con-
tribute half of their genome to the progeny and are genetically significantly distinct from
one another. Consequently, the differences between genotypes obtained by this method
are overestimated.

The genetic diversity of Polish oat cultivars has been analysed in the past using
molecular markers such as RAPD and AFLP [19], as well as ISSR [18,20,21,47]. The results
obtained in the previous studies indicated differences between old and modern Polish
cultivars; however, the diversity within the analysed gene pools was at a low level, which
is consistent with the results obtained in this study. Our research indicates that most of
the variability is due to the variation within analysed oat groups based on the period of
their breeding. The longer the breeding time interval, the greater the differences between
the studied gene pools. The distinction of the historical gene pool from that of modern
oat cultivars is justified by the destruction of Polish breeding materials during World War
II. Historical cultivars from the first half of the 20th century mainly result from selection
within landraces. Landraces, usually genetically heterogeneous and adapted to local
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conditions, are seen as a source of easily accessible genes that provide better resistance
to biotic and abiotic stresses [48]. Landraces, in comparison to cultivars, are considered
to be much more genetically diverse, as confirmed by the previous results of a genetic
diversity analysis within a collection of common oat landraces originating from the same
regions [18,22,23]. The total variation of the collection was relatively low in contrast
to the internal variation of the studied landraces. Moreover, the level of oat landraces’
internal variation was significantly higher than that found within historical and modern
cultivars [23]. In our study, the group of the most recent cultivars was more diverse than
most of the compared groups; however, incorporating landraces as well as wild relatives
into the modern breeding process would definitely expand the oat gene pool and enrich
it with the desired breeding traits. Today, in the modern breeding process—mostly for
economic reasons—the exploitation of landraces is replaced by advanced cultivars or
breeding lines with a limited genetic makeup. By narrowing the starting material, breeders
do not need several backcrossing cycles to eliminate the undesirable traits introduced along
with the desirable ones, significantly speeding up the breeding process, but leading to
meeting short-term breeding goals.

Currently, attempts are being made to create cultivars that are resistant to new aggres-
sive races of pathogens and easily adapt to abiotic stresses and climate change [13]. This
study indicates that historical oat cultivars are genetically distinct from more modern ones
and, according to our previous research [49] determining resistance to Puccinia coronata f.sp.
avenae in a set of 63 previously uncharacterised oat cultivars, historical varieties could be
a valuable source of useful Pc resistance genes discarded during subsequent breeding. A
similar role may be played by wild oat progenitors [49-53]; however, all Avena spp. are
grouped into three gene pools [54], and successful introgression of genes from diploids or
tetraploids belonging to the tertiary gene pool to hexaploid A. sativa is more demanding
and requires special techniques [55]. Attention needs to be paid to integrated efforts in
the conservation of oat germplasm and the exploration of new sources of desirable alleles.
Continuous diversification of breeding materials and gene introgression from more exotic
germplasm would broaden the genetic diversity and allow sustainable oat improvements.

Diversity loss is common in modern crops of major species developed by large breed-
ing programs [56]. The performed research proved that Polish oat breeding using traditional
breeding methods, although focused on improving traits defined by market needs, did not
significantly narrow the oat gene pool and has been releasing cultivars that are competitive
in the European market. A further, more detailed analysis extended with morphological
and physiological characteristics is crucial for developing long-term strategies that are
beneficial to modern oat breeding.

5. Conclusions

The performed analysis enabled the investigation of the changes in the gene pool
of the oat cultivars over nearly 120 years of breeding in Poland. A decrease in observed
heterozygosity within the groups was observed only in the postwar period (1945-1969),
and new alleles were provided as a result of extensive crosses with foreign materials. The
population genetic structure was quite simple, composed of two or three distinct gene
pools, depending on the method of polymorphism assessment. ISSR and REMAP analysis
support the statement that currently grown cultivars share a very similar genetic back-
ground, although they are derived from different breeding companies and their gene pool
is significantly distinct from that of older varieties. This confirms the undeniable distinc-
tiveness of the gene pools of old and modern Polish cultivars hypothesised by researchers
in the previous oat diversity studies. The pedigree analysis enabled the identification of the
five most common progenitors of Polish cultivars and the establishment of the influence of
foreign varieties in the analysed material. Comparative analysis of the methods used in the
study showed that the set of REMAPs was the most efficient, and since most of the studies
on Avena diversity conducted so far have been carried out using the ISSR method, enriching
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the results with REMAP polymorphism works in favour of the obtained results—especially
since the two methods show a statistically significant correlation.
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Power (RP).
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Abstract: This study was undertaken to investigate the diversity and population structure of 487 oat
accessions, including breeding lines from the ongoing programs of the three largest Polish breed-
ing companies, along with modern and historical Polish and foreign cultivars. The analysis was
based on 7411 DArTseq-derived SNPs distributed among three sub-genomes (A, C, and D). The
heterogeneity of the studied material was very low, as only cultivars and advanced breeding lines
were examined. Principal component analysis (PCA), principal coordinate analysis (PCoA), and
cluster and STRUCTURE analyses found congruent results, which show that most of the examined
cultivars and materials from Polish breeding programs formed major gene pools, that only some
accessions derived from Strzelce Plant Breeding, and that foreign cultivars were outside of the main
group. During the 120 year oat breeding process, only 67 alleles from the old gene pool were lost
and replaced by 67 new alleles. The obtained results indicate that no erosion of genetic diversity
was observed within the Polish native oat gene pool. Moreover, current oat breeding programs have
introduced 673 new alleles into the gene pool relative to historical cultivars. The analysis also showed
that most of the changes in relation to historical cultivars occurred within the A sub-genome with
emphasis on chromosome 6A. The targeted changes were the rarest in the C sub-genome. This study
showed that Polish oat breeding based mainly on traditional breeding methods—although focused
on improving traits typical to this crop, i.e., enhancing the grain yield and quality and improving
adaptability—did not significantly narrow the oat gene pool and in fact produced cultivars that are
not only competitive in the European market but are also reservoirs of new alleles that were not
found in the analyzed foreign materials.

Keywords: Avena sativa; oat; genetic diversity; DArTseq; SNP; cultivars; breeding

1. Introduction

One of the greatest modern challenges is the rapid growth of the human population,
estimated to reach 10 billion over the next 30 years [1]. Hence, there is a need to increase
agricultural production to provide global food security. Human nutrition is based on the
cereals belonging to the Poaceae family, also known as Gramineae, of which wheat, corn,
and rice provide nearly two-thirds of the global caloric intake [2,3]. Oat (Avena sativa L.)
significantly stands out from other cereals. Oat grain is rich in vitamins and macro-and
microelements and has the lowest polysaccharide content with a predominance of starch.

Oat contains large amounts of dietary fiber—in particular, its soluble fraction is rich in
B-glucans, ingredients that have been one of the greatest discoveries in recent years [4,5]. Of
particular interest are oat avenanthramides, reported to possess antioxidant [6] and cholesterol-
lowering properties [7]. The extraordinary nutritional value and health-promoting com-
pounds increase the economic importance of oat, extend the requirements for new oat
breeding cultivars, and develop new breeding directions.
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In 2021, the area in Poland planted with oats occupied 527.405 thousand hectares,
placing Poland among the top five oat producers globally, next to Russia, Canada, Australia,
and the USA (http://faostat3.fao.org, http:/ /stat.gov.pl/, accessed on 5 January 2023).

Polish oat breeding has a rich history of over 120 years. The beginning of oat breeding
on Polish territory dates back to the end of the nineteenth century. The first reports of Polish
cultivars appeared as early as 1893 when Antoni Sempotowski, considered the pioneer of
Polish breeding, developed the cultivar ‘Sobieszyniski’, which was derived from ‘Rychlik
Lubelski’, descended from oats grown by peasants in the Lublin region. This confirms that
the first Polish oat cultivars were developed even before 1893. Until World War II, around
60 Polish cultivars were bred. During the war, almost all Polish breeding materials were
destroyed, and oat breeding had to be thoroughly rebuilt.

For many years after the war, the Polish oat register was based on the pre-war cultivars
from the 1920s. Some of the old varieties, such as Udycz Zoétty, due to the high quality
comparable to other European oats, were listed in the register up until 1975 [8]. In 1964, due
to the lack of new Polish cultivars, the market was mostly dominated by foreign varieties.
Since 1977, this monopoly began to be overcome by new, Polish cultivars, of which the
Dragon and Markus developed in Danko Plant Breeding Ltd. played a major role [9].
Since then, due to breeding development, many excellent Polish cultivars have emerged,
bringing a richness of favorable traits.

In order to achieve new breeding goals, i.e., to increase the yield stability, nutritional
value, and resistance to biotic and abiotic factors, a thorough characterization of breeding
materials is necessary. Assessing the extent of the genetic diversity among adapted, elite
germplasms may be useful for estimating the genetic variability among segregating progeny.
In the studies conducted so far, the analyses of the genetic diversity of Polish cultivars
gene pool have mainly been based on randomly amplified polymorphic DNA (RAPD),
amplified fragment length polymorphism (AFLP), retrotransposon—microsatellite amplified
polymorphism (REMAP), and inter simple sequence repeat (ISSR) [10-13].

PCR-based markers have been used to analyze the genetic diversity of 23 primary
oat cultivars bred in Poland before 1939 [12], that of 19 oat cultivars registered in Poland
in the years 1984-2004 [11], and that of selected modern and old Polish cultivars and
landraces [13-15]. Even though PCR-based techniques are widely used and affordable, the
use of techniques based on large-scale DNA sequencing enables a significant increase in the
number of polymorphisms identified in a single experiment. Among the many techniques
available, DArT genotyping by sequencing (DArTseq™) is very popular and often used.
DArTseq is a highly informative genome marker technology based on next-generation
INlumina short-read sequencing [16,17].

This technique has enabled the successful genetic diversity evaluation of many species,
including Triticum aestivum [18], Allium sativum [19], Hordeum vulgare [20,21], and Solanum
lycopersicum [22]. In this study, DArTseq-derived SNPs were used to genotype breeding
lines from the ongoing programs of the three largest Polish breeding companies, along
with modern and historical Polish and foreign cultivars to assess the genetic relatedness
and population structure of Polish breeding materials. The material used had never been
genotyped by sequencing before, and thus the obtained results may increase breeders’
knowledge of oat germplasm and assist in the selection of materials useful for modern
oat-breeding programs.

2. Results
2.1. Data Quality

The SNP dataset obtained using the DArTseq™ genome reduction method contained
32,253 markers. The average rate of missing values per SNP marker was 11.36%. To avoid
errors in the statistical analysis, loci with more than 5% missing data, low reproducibility
(RepAvg < 1), and low minor allele frequency (MAF < 0.01) were removed. Therefore,
24,842 SNP loci were excluded, and 7411 met all quality parameters and were subjected to
further analysis.
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Within the remaining SNPs, a total of 6317 had known positions on the chromosomes
of A-, C-, and D-reference OT3098 oat genomes v2 [23] (Figure 1). There were 70 SNPs
assigned to the unknown chromosome of OT3098 composed of the sequences unassigned to
the 21 chromosomes, and 1024 markers not associated with any reference oat chromosome.
Most of the loci analyzed were located on chromosome 4D (524), and the least were on 2A
(148). In general, the patterns of the studied loci distribution along each chromosome were
similar; the number of loci was higher at the ends of chromosomes and decreased towards
the centromere.

o w64
i B

i

(c)

Figure 1. Circular overview of 21 chromosomes of A, C, and D oat reference genome OT3098 [23]
for 487 A. sativa genotypes based on DArTseq data. (a) DArTseq loci distribution; (b) average
polymorphism information content (PIC) distribution; and (c) average observed heterozygosity
(Ho) distribution.
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In the studied oat collection, more transition-type (53.05%) than transversion-type
(46.95%) mutations were observed with a transition/transversion (Ts/Tr) SNP rate of
1> 13 (Table 1). Within the transition, more changes occurred within purines (51.69%)
than pyrimidines (48.31%). In the A and C sub-genomes, the most frequent change was
A > G, and in the D sub-genome, G > A. For transversions, there were generally more
pyrimidine > purine changes (51.01%) than purine > pyrimidine (48.99%), and the most
frequently observed mutation was C > G (20.89% of all transversions). In the A and D
sub-genomes, the most common mutation type was C > G, and in the C sub-genome,
G > C. The least frequent type of change was A > T with only a single mutation of this type
observed on chromosome 6D.

Table 1. Summary of point mutation abundance at the tested loci by chromosome based on DArTseq
analysis of 487 A. sativa accessions.

Abundance on chromosome

Transitions Transversion o o

Purines Pyrimidines Purines > Pyrimidines Pyrimidines > Purines Yo ‘e TS/TV
A>G G>A C>T T>C A>C A>T G>C G>T C>A C>G T>A T>G 1© Tv Ratio
39 40 35 51 20 7 27 14 11 38 6 14 0.546 0.454 1.204
23 26 27 13 10 3 17 10 8 20 5 4 0.536 0464 1.156
47 74 55 70 18 14 49 29 37 48 13 16 0.523 0477 1.098
17 23 24 16 7 5 20 9 7 10 3 7 0.541 0459 1.176
60 50 47 44 24 6 18 16 16 29 10 28 0.578 0.422 1.367
49 64 57 47 12 11 34 24 23 34 5 25 0.564 0436 1.292
32 23 20 25 8 3 17 9 15 11 2 7 0.581 0.419 1.389
39 43 27 26 18 8 32 17 17 23 2 14 0.508 0.492 1.031
27 32 27 24 13 3 23 13 14 25 4 12 0.507 0.493 1.028
53 40 35 43 13 10 34 25 16 33 9 18 0.520 0.480 1.082
59 47 49 49 24 6 37 11 29 35 9 24 0.538 0462 1.166
67 68 71 66 22 16 52 37 38 50 15 22 0.519 0481 1.079
22 23 18 28 9 6 11 12 8 21 4 14 0.517 0483 1.071
46 41 49 42 22 6 30 17 18 28 13 10 0.553 0.447 1.236
57 59 52 34 19 8 41 29 21 46 14 24 0.500 0.500 1.000
33 20 30 28 14 9 13 14 13 29 5 10 0.509 0491 1.037
38 37 42 55 15 7 34 21 15 31 10 12 0.543 0.457 1.186
17 29 22 16 4 1 10 10 15 16 6 7 0.549 0451 1.217
36 36 43 34 13 2 26 14 12 26 8 23 0.546 0.454 1.202
39 38 33 32 14 3 23 21 18 15 6 13 0.557 0.443 1.257
66 65 62 60 32 12 46 23 36 44 17 30 0.513 0.487 1.054
161 127 138 133 57 32 107 63 64 115 34 63 0.511 0.489 1.045

As a result of the applied raw data filtering parameters, the PIC values ranged from
0.02 to 0.50 with a mean of 0.130 and a median of 0.081 (Figure 1). The mean PIC values
in the homoeologous genomes did not differ significantly. In sub-genome A, the highest
mean PIC value was observed for chromosome 5A (0.172), and the lowest for 7A (0.092).
In the C sub-genome, the highest average PIC was observed for chromosome 1C (0.169),
and the lowest for 7C (0.096). In the D sub-genome, the average PIC had a maximum for
chromosome 1D (0.152) and a minimum for 4D (0.111). Of the analyzed SNPs, 36% had a
PIC not exceeding 0.05, and only about 5% had a PIC above 0.4 (Figure 2).

2.2. Genetic Diversity

The average heterozygosity (Ho) in the studied set, which, for the studied material,
reflects the heterogeneity of accessions, was very low at 0.10. The proportion of heterozy-
gous loci in each sub-genome showed no significant statistical differences. In sub-genome
A, it ranged from 0. 063 (4A) to 0.170 (5A); in sub-genome C, from 0.057 (7C) to 0.115 (1C);
and in sub-genome D, from 0.097 (7D) to 0.137 (6D). There were statistically significant
differences in the levels of the mean heterogeneity of the groups studied. The maximum
Ho value was observed in the POB group (0.109), and the minimum was in the P group
(0.075), representing modern Polish cultivars.
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Figure 2. Summary of coefficients for 487 accessions of A. sativa; (a) polymorphic information content
(PIC); (b) diversity coefficients: heterogeneity (Ho) and expected heterozygosity (He), inbreeding
factor (F) and allelic richness (AR); (c) PIC by chromosome; and (d) heterogeneity by chromosome.

A detailed analysis of the heterogeneity within the groups, i.e., at the chromosome
level, showed that the maximum Ho in foreign cultivars (F) and breeding materials from
Matopolska Plant Breeding Ltd. (POB), Strzelce Plant Breeding Ltd. (STH), and Danko
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Plant Breeding Ltd. (DC) occurred on chromosome 5A, and in the modern Polish (P)
and historic (H) cultivars, on 6A. In contrast, the most homogeneous loci were found on
chromosomes 7C (the DC, F, H, and STH groups) and 4A (the P and POB groups). For
nearly every chromosome, there was a group of outlier loci that had a very high level
of heterogeneity.

The mean value of the inbreeding coefficient F in the study set was 0.75. It was the
highest in the P group and the lowest in the POB group, and the difference was statistically
significant. Allelic richness ranged from 1.49 (H) to 1.95 (STH) with a mean of 1.78. The
differences in the levels of this coefficient among the groups were statistically significant.

The analysis of the heterogeneity levels of accessions in the studied groups showed dif-
ferences: DC (0.055-0.236), F (0.055-0.346), H (0.061-0.140), P (0.055-0.185), POB (0.058-0.235),
and STH (0.055-0.365). In general, among the accessions tested, DC57/14 had the highest
homogeneity, while STH_37 had the highest internal heterogeneity (Figure S1).

2.3. Genetic Relationship

A dendrogram of 487 A. sativa cultivars and breeding lines based on Provesti’s distance
grouped the analyzed genotypes into 15 clusters. Within the largest cluster, two subgroups
were distinguished. The first subgroup was composed of 435 objects, all Polish (41) and
historic cultivars (26), 30 out of 43 foreign cultivars, 134 out of 136 POB lines, 94 out of 96 DC
lines, and 109 out of 145 STH lines (Figure 3). The second subgroup contained 33 STH lines
and one POB oat-breeding line (POB 20). Two DC lines (DC64/14 and DC65/14) and one
STH (STH 121) line built another cluster. The remaining foreign cultivars, four STH lines
(STH 35, STH 42, STH 43, and STH 54), and the POB 122 line formed separate clusters.
The most distant were Kanota, Quoll, Poto-roo, Wallaroo, Ugorny, Ogle, STH 42, STH 43,
and STH 54.

lBcc BF B+ HBr B rcs STH

Figure 3. Hierarchical circular clustering dendrogram of 487 A. sativa genotypes based on 7411 SNPs
generated using the UPGMA method and Provesti’s distance matrix with 1000 bootstraps. Different
colors indicate different genotype groups: Historic cultivars (H), foreign cultivars (F), and breeding
lines from the ongoing programs of breeding at Malopolska Plant Breeding Ltd. (POB), Strzelce Plant
Breeding Ltd. (STH), and Danko Plant Breeding Ltd. (DC).

To visualize the grouping pattern and provide a graphical representation of the re-
lationships among cultivars, principal coordiate analysis (PCoA) was conducted. PCoA
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supplemented the above data with congruent results, which confirms the cluster analysis
(Figure 4). The first three coordinates explained approximately 13%, 7.6%, and 7% of the
total variance, respectively. The analysis showed that most of the examined cultivars and
materials from the Polish breeding programs formed a central cluster in the 3D space. A
significant part of the STH accessions, some foreign F cultivars, and a single POB accession
stood out from this grouping. A detailed analysis of the groups made it possible to identify
more subtle differences. Within the historical cultivars (H), two groups consisting of 12 and
13 accessions were clearly visible. It can also be seen that cultivar Borek was significantly
separated from these two groups and located in the space occupied by the STH accessions.
Contemporary Polish cultivars (P) formed a distinct cluster of about 25 accessions, which
was directly adjacent to one of the clusters of historical cultivars. The remaining ones
formed a loose cloud slightly away from the center of the analyzed space in the direction of
accession ‘Swan_mut’, which was used in the breeding programs in which these cultivars
were developed. Foreign cultivars were also largely located in the central part of the 3D
space. A total of 13 cultivars were separated from this cluster and formed a very loose cloud
that moved away from the central cluster along increasing PCA2 and PCA3 values. All of
these cultivars were from breeding programs conducted outside of Europe. The POB and
DC accessions occupied a very similar space to the Polish contemporary cultivars. The STH
accessions showed the greatest diversity among the analyzed Polish breeding materials.
Only a small group, i.e., about 15 accessions were located in the immediate vicinity of
historical cultivars. The remaining accessions were significantly displaced from the central
cluster, and this displacement ran in relation to PCA1 (in the descending direction) and
PCAS3 (in both directions). Thus, this cloud was separated from that formed by foreign
cultivars (F).

DC
H

POB
5TH

9
” .
- ®
e, .
s ™ 2

4 .
e . .
| .

Figure 4. Three-dimensional plot of the principal coordinate analysis results for DArTseq data
of 487 A. sativa accessions. Results in the first three coordinates’ system. Each point denotes one
tested accession. RouTable 3D figure can be found in the Supplementary Materials (Figure S2).
DC—materials from DANKO Plant Breeding Ltd.; F—foreign modern cultivars; H—historic cul-
tivars; P—Polish modern cultivars; POB—materials from Matopolska Plant Breeding Ltd.; and
STH—materials from Strzelce Plant Breeding Ltd.
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The Bayesian model approach implemented in STRUCTURE 2.3.4 software was used
for population structure analysis. When all the genotypes were analyzed, the AK peak was
the highest for K = 2, supporting the presence of two distinct, major gene pools at a ratio of
80% to 20%. The AK value of 3791 indicates that these two detected pools had significant
genetic distinctiveness. The first major gene pool had the largest presence in the DC, H, P,
and POB genotype groups. The second major gene pool was the strongest in F and STH
(Figure 5). Using the same admixture threshold as in an earlier study by Koroluk et al. [13],
i.e., 0.8, about 30% of the accessions studied here represented admixed forms.

DC

F H P POB STH

Figure 5. The results of genetic structure analysis using STRUCTURE 2.3.4 software [24] for
487 A. sativa accessions based on DArTseq-derived SNPs data with K = 2 based on ad hoc measure
AK [25,26], where K is the number of ad hoc clusters; each vertical bar represents one accession. The
length of the colored segment shows the estimated proportion of the membership of each gene pool
in the cultivar genetic makeup. DC—materials from DANKO Plant Breeding Ltd.; F—foreign modern
cultivars; H—historic cultivars; P—Polish modern cultivars; POB—materials from Malopolska Plant
Breeding Ltd.; and STH—materials from Strzelce Plant Breeding Ltd.

To identify more subtle differences in the population structure of the studied breeding
materials and cultivars, STRUCTURE analysis was performed for each group separately.
The results show that two gene pools were also separated for the foreign cultivar (F) group
(Figure S3). The first pool included 27, and the second pool included 4 cultivars, while
12 cultivars were considered to be admixed. In the overall population structure of this
group, the first gene pool accounted for 75% and the second for 25%. It should be noted
here that the second gene pool was associated with cultivars from breeding programs
conducted outside of the European continent, i.e., in Australia and North America.

A correlation analysis showed that the distribution in this group highly mirrored
that described for the entire set of accessions studied here (0.979; p < 0.0001). Thus, the
second major gene pool described in the genetic structure of the 487 accessions was related
to sources of variation used in breeding programs conducted outside of Europe. The
secondary structure of this group indicates the presence of as many as seven gene pools
with the following proportions: 66%, 11%, 8%, 4%, 4%, 4%, and 3%.

It is noteworthy that the cultivars bred in Europe still represented the first gene pool.
The contribution of the other gene pools in these cultivars was small. Only the ratio of the
fourth pool was in the range of 15-20% in cultivars bred in the United Kingdom and France.
For Canadian cultivars, the second gene pool was typical, and for Australian cultivars,
the third. It is evident that the flow of breeding material among programs on different
continents was significantly lower than that among European countries. For US cultivars,
the influence of European and Canadian components could be seen.

In the group of Polish contemporary cultivars (P), the proportions of three gene pools
were evident with 55%, 26%, and 18% (Figure S4). A total of 16 cultivars represented the
first gene pool, three represented the second, and one represented the third. In addition,
51% of the cultivars contained two or three gene pools. Compared to the two major gene
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pools present in all accessions studied, the first gene pool was strongly correlated with the
first major gene pool (0.645; p < 0.001), and the third was correlated with the second major
gene pool (0.925; p < 0.0001).

This indicates that the pedigrees of Polish contemporary cultivars included compo-
nents from breeding programs conducted outside of Europe. This result is, therefore,
consistent with the picture obtained from projecting the results of the first three main PCoA
coordinates. The secondary genetic structure of this group indicates the presence of seven
gene pools with the following proportions: 40%, 19%, 18%, 10%, 7%, 3%, and 3%.

Only five cultivars were classified as representing a single gene pool, and they all
represented the first gene pool. The analysis of cultivars from the three Polish breeding
companies showed differences in the percentages of individual gene pools (Figure 6). While
the first gene pool was best represented in all three companies and made up 30% to 48%,
only at Danko Plant Breeding Ltd. were all seven gene pools detected. At Malopolska
Plant Breeding Ltd., the components used for crossbreeding represented the first three gene
pools. On the other hand, Strzelce Plant Breeding Ltd. substantially used components from
five gene pools.

_ Malopolska Plant
Breeding Ltd.

Danko Plant
Breeding Ltd.

Strzelce Plant
Breeding Ltd.

]l =2 3 4 m5 w6 w7

Figure 6. Proportions of seven gene pools in Polish modern cultivars depending on breeding company
based on population structure analysis for A. sativa DArTseq SNPs.

The primary genetic structure of the historical cultivars (H) showed the presence of
three gene pools whose shares were 43%, 29%, and 28% (Figure S5). Five cultivars were
assigned to the first, four to the second, and two to the third gene pool. The remaining
15 cultivars showed mixed ancestry. Pools 2 and 3 only moderately corresponded with
the major pools 1 and 2 determined for all accessions (0.530; p = 0.005 and 0.573; p = 0.002,
respectively). The second-order structure determined for k = 6 showed that there was no
change in the pre-determined first and second gene pools. The four new gene pools were
actually derived only from the third gene pool (11%, 10%, 5%, and 5%). One cultivar was
assigned to each of the three gene pools, and the fifth gene pool was only an admixture.

For the DC breeding lines, the primary structure was also formed by two gene pools
(Figure S6). Of the lines, 42.7% were classified into the first and 11.5% into the second gene
pool, and the remaining 45.8% were admixed forms. Although the first-order structure is
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quite strong, it should be kept in mind that the two gene pools distinguished in this group
did not correspond to the major pools determined during the analysis of 487 accessions.
This result was confirmed by the correlation analysis (0.192; p = 0.061). The analysis
also showed the presence of a secondary population structure for k = 3; however, the
probabilities of its occurrence were significantly lower. After separating the three gene
pools, only 38 accessions were considered pure (25, 11, and 2 for gene pools 1, 2, and 3,
respectively), and as many as 58 accessions, i.e., 60% were admixed. The proportions of
individual gene pools in the studied materials were 56%, 31%, and 13%. However, the
correlation analysis showed that the third segregated gene pool largely corresponded to
the second major gene pool.

For the STH group of breeding materials, we also found that two major gene pools most
likely formed its diversity and genetic structure (Figure S7). In this case, the correlation
analysis showed that the two identified pools of the first-order structure significantly
corresponded to the major pools separated in the analysis of all accessions (0.828; p < 0.0001).
Of the 145 accessions examined, as many as 74% were assigned to the first gene pool, and
only 9% to the second one. In contrast, 17% of the accessions were considered to be admixed.
Due to the very strong first-order structure (AK = 4237.6), the probability of a lower-order
structure in this group was quite low, i.e., AK = 22.9 for k5. With such parameters applied,
only 23 accessions were classified as representing the first gene pool. Six accessions each
represented the second and third gene pools, and only two for the fifth gene pool. The
fourth gene pool occurred only as an admixture, and its contribution to the studied group
of accessions was about 9%. The participation values of the other gene pools in this group
of breeding materials were 41%, 30%, 13%, and 6% for the first, second, third, and fifth
gene pools, respectively.

Regarding the third group of contemporary Polish breeding materials, i.e., POB, the
algorithm implemented in the STRUCTURE 2.3.4 software showed that three gene pools
were most likely to be involved in this group (Figure S8). Totals of 69, 9, and 3 accessions
were assigned to these three gene pools, while 55, i.e., 40.4%, were considered to be admixed.
The contributions of the three pools to the overall genetic makeups of the groups were
69%, 20%, and 11%, respectively. The correlation analysis showed a significant relationship
between this structure and the two major pools determined in the analysis of all accessions.

The third POB gene pool significantly reflected the second major gene pool (0.976;
p <0.0001), and the other two POB gene pools were contained within the first major gene
pool determined within 487 accessions. A secondary structure in this group singling out
four gene pools was highly probable. There were 32, 9, 7, and 3 accessions classified as pure
forms to the respective gene pools, and as many as 62.5% of the accessions were considered
to be admixed in this case. Here, pools 1 and 2 were separated from the first gene pool in
the primary structure of this group, and pools 3 and 4 almost completely corresponded to
the previously described pools 2 and 3.

2.4. Lost and Gained Alleles

An assessment of the proportions of unique loci in the studied groups was performed.
The analysis was performed according to the method of Dziurdziak et al. (2022), i.e., only
loci that were quite common in one of the groups were considered (i.e., only loci with a
frequency higher than 0.25, and at the same time, in the compared second group with a
frequency lower than 0.05). This analysis showed that the individual groups differed signif-
icantly in terms of unique alleles. The smallest differences occurred when comparing Polish
modern cultivars and POB breeding materials from the Matopolska Plant Breeding Ltd.

The two groups differed by only 16 alleles, which indicates a lack of inflow of new
alleles into the gene pool used by the breeders working there and a focus on handling
the genetic variability present in the domestic market (Figure 7). The other two breeding
companies showed a higher number of new alleles absent in contemporary Polish cultivars,
i.e., 59 for STH and 116 for DC. On the other hand, there were between 84 and 169 alleles in
the foreign cultivars that were not present in contemporary Polish breeding materials. At
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the same time, the gene pool of the DC materials contained 90 alleles absent in the foreign
cultivars. For STH, this amounted to as few as 48 alleles, and POB had only two alleles that
were unique compared to the foreign cultivars.

4

Figure 7. Summary of changes in the number of unique alleles during more than 120 years of
breeding and cultivation of oats in Poland. Colors indicate groups, and arrows connect compared
periods. DC—materials from DANKO Plant Breeding Ltd.; F—foreign modern cultivars; H—historic

cultivars; P—Polish modern cultivars; POB—materials from Matopolska Plant Breeding Ltd.; and
STH—materials from Strzelce Plant Breeding Ltd.

Comparing historical cultivars and modern Polish cultivars, it can be seen that, dur-
ing the breeding process of over 100 years, 67 alleles from the old gene pool were lost
and replaced by 67 new alleles. However, it is interesting to note that, while as many
as 303 alleles present in the modern foreign cultivars were not present in the historical
cultivars, only 20 alleles unique to the historical cultivars were not retained in the foreign
cultivars. Current breeding programs have introduced between 90 (POB) and 347 (DC) new
alleles into the gene pool relative to cultivars from the early days of breeding. In contrast,
there were 12 (POB) to 116 (DC) new alleles compared to the modern cultivars. At the same
time, the modern breeding materials did not contain 60 (STH) to 108 (DC) alleles present in
the historical cultivars.

2.5. Swan Mutant Case in Polish Breeding

The pedigree analysis of Polish modern varieties showed that, in breeding programs,
Swan mut appears quite often as one of the components. A total of 142 alleles unique to
Swan mut accessions were identified. Loci containing these alleles were present in all three
homoeologous sub-genomes; however, their abundances varied (Figure 8). The largest
number of unique loci was detected in the D sub-genome (40.8%). Furthermore, 25.4%
were in the C sub-genome, and 18.3% were in the A sub-genome. For 15.5% of the unique
loci, the chromosomal location was unknown.
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Figure 8. Loci containing alleles unique to Swan mut present in Polish A. sativa cultivars and breeding
materials; (a) A sub-genome; (b) C sub-genome; and (c) D sub-genome. DC—materials from DANKO
Plant Breeding Ltd.; P—Polish modern cultivars; POB—materials from Matopolska Plant Breeding
Ltd.; and STH—materials from Strzelce Plant Breeding Ltd.

From a chromosome perspective, the largest number of loci was found on chromosome
4D (34 loci). Four chromosomes, i.e., 2A, 3C, 6A, and 6D, did not carry any loci containing
a unique allele. The analysis showed that, within Polish breeding materials and cultivars,
all these alleles occur; however, their numbers and frequencies varied. The highest num-
ber of unique alleles was found in STH breeding materials, and the lowest in POB. The
mean frequency of unique alleles was also the highest in STH and significantly different
(p < 0.0001) from the mean frequencies in P (0.084) and POB (0.075). The distribution of
unique alleles along the chromosomes showed that they occur in clusters.



Int. . Mol. Sci. 2023, 24, 6547

13 of 23

2.6. Targeted Selection

To determine the region in which breeding-related changes have occurred from the
origins in Poland to the present day, a pairwise Fgr coefficient analysis was performed for
the historical cultivar group as well as for all contemporary groups of breeding materials
and cultivars (Figure 9). This analysis showed that, relative to the historical cultivars, most
changes occurred in the A sub-genome, especially on chromosome 6A. Significantly, the

regions where changes occurred were distributed along the entire chromosome—not only
at the ends.

@F @DC @ POB @ STH

Figure 9. Circular overview of A. sativa chromosomes with an indication of the FST values for
historic cultivars vs. other groups. (a) A genome chromosomes, (b) C genome chromosomes,
(c) D genome chromosomes. DC—materials from DANKO Plant Breeding Ltd.; F—foreign modern

cultivars; P—Polish modern cultivars; POB—materials from Matopolska Plant Breeding Ltd.; and
STH—materials from Strzelce Plant Breeding Ltd.
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Breeding programs have made almost no changes to chromosomes 2A and 7A. Only
the DC materials showed one region each on these two chromosomes where there was
a clear change in the allele frequency. At the ends of chromosomes 1A and 4A, there
were regions where all the tested groups showed significant, targeted changes from the
historical cultivars. On the other hand, in the case of 3A, the allele frequency did not differ
significantly between the POB group and the historical cultivars.

In the C sub-genome, targeted changes were definitely the rarest. All groups of
domestic breeding materials showed the presence of changes at the end of chromosome
4C. Interestingly, this change was not observed in the group of modern Polish cultivars.
The STH materials showed the most changes within this sub-genome in relation to the
historical cultivars. In the group of foreign cultivars, there were virtually no regions where
directed selection occurred relative to the historical cultivars.

In the D sub-genome, a clearly targeted change occurred at the end of chromosome 5D.
In contrast, on chromosomes 2D and 3D, breeding programs lasting more than 100 years
did not introduce any significant changes. In the group of DC materials bred by Danko,
the occurrence of very significant changes in the allele frequency was observed, and
interestingly, these changes tended to affect the central part of the chromosome. On
chromosome 1D, it was observed that materials from the Polish contemporary breeding
programs showed a different region of directed changes than the foreign cultivars.

2.7. Core Collection

The minimum group of cultivars representing the full diversity was identified using
an advanced maximization strategy through a modified heuristic algorithm (A*), which
is complete and optimal. Out of the studied 487 accessions, a set of 289 that should form
the core collection was extracted. The core collection included 27 Polish modern cultivars,
35 foreign cultivars, 15 historical cultivars, 54 DC, 81 POB, and 76 STH materials. The
cultivars are marked in Table S1.

3. Discussion

In this study, DArTseq technology was applied to evaluate 487 oat accessions, includ-
ing breeding lines from the ongoing programs of the three Polish breeding companies along
with modern and historical Polish and foreign cultivars. Thus far, in the Avena studies,
DArTseq has been successfully used for molecular marker identification, mainly for the
detection of markers linked to disease resistance [27-29]. In oat, as in other polyploid
species, due to the presence of homoeologous sub-genomes, genotyping is complicated
and requires marker filtering to eliminate those that are confounded by multiple loci [30].

In the analyzed panel, we selected 32,253 markers comprising 7411 high-quality, non-
redundant SNPs. The markers were distributed among three sub-genomes (A, C, and D)
with the greatest number of markers in sub-genome D (2646). An uneven distribution of
markers among sub-genomes has been previously reported, e.g., in wheat [18]; however,
in our study, the observed disproportions were much lower. Some wheat studies have
indicated that the distribution of identified SNPs may be influenced by differences in the
sub-genomes because a smaller proportion of markers was mapped to the “youngest”
sub-genome D compared to sub-genomes A and B [31-34].

In our study, we observed a low or complete absence of SNPs in the centromeric and
pericentromeric regions and high frequency in the distal parts of chromosomes. The DArT-
seq library was based on the Pstl/Ingl genome complexity reduction similar to the DArT
microarray [35,36]. Other marker technologies based on methylation-sensitive restriction
enzymes have shown the same predisposition of clustering in various regions with little or
no coverage in other regions [37,38]. Marker distribution may reflect the overall protein-
coding gene dispersal. This has been observed in studies on barley [20,39], wheat [40,41],
and, to a lesser extent, rice [42,43]. In these species, the levels of recombination and marker
frequency were suppressed near the centromere and increased in telomeric, gene-rich,
euchromatic chromosome regions.
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In the studied Avena set, all possible SNP types were detected with slightly more
transition-type (53.05%) than transversion-type (46.95%) mutations. The excess of transition
SNPs has also been observed in previous studies, e.g., for barley, wheat, rice, cowpea, and
common bean [44—48], and has occurred due to the higher probability of preserving protein
function and structure [47,49].

Overall, the most frequent nucleotide change was A > G, followed by C > T, which
is consistent with the above-cited research and may be connected with the frequency of
methylation/demethylation-related mutations. However, in the D sub-genome, the most
abundant SNP was G > A. In the case of transversions, the most abundant SNP was C > G,
except for the C sub-genome, where the most frequent change was G > C—yet, its frequency
was comparable to C > G. Similar results have been obtained by DArTseq and GBS for
barley [20,45] and wheat [45].

The heterozygosity in the studied Avena population was very low with a mean value
of 0.10. Similar values, typical for self-pollinated species, were obtained in the genetic
structure study of the 509 wheat accessions representing registered varieties and advanced
breeding lines using the GBS approach [18]. Advanced breeding materials should be highly
homozygotic, so as expected, the minimum Ho value was observed in the group of Polish
modern cultivars (P). This confirms the genetic uniformity of individuals within a cultivar
resulting from the breeding process.

The analyzed loci were localized on the reference A. sativa genome, allowing for
tracking if changes in the genetic diversity were related to the sub-genome or individual
chromosomes. In general, the proportion of heterozygous loci in each sub-genome was
relatively equal. At the chromosome level, heterogeneity was dependent on the analyzed
group and was the highest on 5A and 6A and the lowest on 7C and 4A, which represented
regions of low variation. It should be noted that, for virtually every chromosome, there
was a group of outlier loci that had a very high level of heterogeneity.

In previous research conducted on large panels of oat lines based on DArT or
GBS markers, a weak population structure within the analyzed accessions has been
observed [30,50-58]. Authors have claimed that oat, despite having four recognizable types
(naked, covered, spring, and winter), has not shown an obvious structure of a population.
In our material set, the majority of accessions were covered-seeded spring oat, as Polish
breeding is based on this type of line due to the climatic conditions of the country and
market requirements.

Naked or winter lines were added to the evaluated set within foreign cultivars, and
both dendrogram and PCoA analysis showed that some foreign cultivars stood out from the
grouping. Additionally, these analyses indicate a significant part of Strzelce Plant Breeding
lines (STH) and single Matopolska Plant Breeding lines (POB) as distinct. Similarly, the
STRUCTURE analysis showed that STH accessions had the greatest diversity among the
analyzed Polish breeding materials. The results also indicate that the pedigrees of Polish
contemporary cultivars included components from breeding programs conducted outside
of Europe, which indicates the thriving development of Polish breeding and confirms the
systematic inflow of breeding materials.

However, the data show that the exchange of breeding materials among programs on
different continents was significantly lower than that among European countries. In the
past, high yield was the main direction of oat breeding due to its main usage in livestock
feeding. Currently, many studies have confirmed a wide range of possible oat utilization
in the food, pharmaceutical, cosmetic, and chemical industries, and hence the new oat
breeding directions may be reflected in the resulting groups within the analyzed breeding
lines when the analysis is performed for each group separately.

Modern oat breeding is based on constant selection from the progeny of crosses among
related, current, or recent cultivars. With time, heterogeneous landraces have been replaced
by varieties that are mostly homogeneous populations [14]. This allowed for obtaining
high yield and better adaptation to farming conditions; however, the risk of a significant
narrowing of the breeding materials’ gene pools emerged. Purposeful breeding activities
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may cause ‘genetic erosion” [59], manifesting in a dramatic shift in the population structure
or allele frequencies within a species, as exemplified in wheat by the Green Revolution
of the 1960s and 1970s [60]. In our study, the obtained results indicate that no erosion of
genetic diversity was observed within the Polish native oat gene pool.

During the 120 year oat-breeding process, only 67 alleles from the old gene pool
were lost and replaced by 67 new alleles, whereas, in Polish spring barley, the losses
concern about 600 alleles that are preserved only due to the activity of the gene bank [20].
Interestingly, a significant part of the variability of old oat varieties has been preserved in
foreign cultivars. It is worth noting that the current oat breeding programs have introduced
673 new alleles into the gene pool relative to historical cultivars. In contrast, there were only
187 new alleles in the contemporary breeding materials compared to the modern cultivars.

A detailed analysis of changes in the allele frequency showed that POB breeding is
based on local contemporary materials, and limited cross-breeding with new sources of
variation is manifested in the absence of alleles unique to Polish modern cultivars. Although
PCoA and STRUCTURE showed significant differentiation in the STH materials, there
were fewer unique alleles in relation to the modern varieties in comparison to DC. Most
likely, STH started introducing foreign sources of variability earlier than DC, and therefore
modern varieties already contain new variability. The allelic richness and large dispersion
of the STH genotypes on the PCoA chart may indicate that the STH breeding process
also uses new sources of diversity, and new alleles are not yet fixed in the population of
breeding materials.

The pedigree analysis of Polish modern varieties, especially those derived from the
Strzelce Plant breeding station, showed that Swan mut was often used for crossing. Swan
is an Australian dual-purpose (hay and grain) spring cultivar that was released in 1967
and derived from a cross between Kent (USA) and Ballidu (Western Australia) [61]. It is
characterized as being very tall and having medium maturity, high quality, plump grain,
a high groat content, excellent hectoliter weight, good digestibility, and a lower protein
content in hay.

In Polish breeding, the single plant selected from the Swan cultivar called ‘mutant’
with very promising panicle architecture parameters and thousand-grain weight, was
used for crossing at the Strzelce breeding company (Z. Nita, personal communication).
The first Polish cultivar with Swan mut in its pedigree, which was registered in 1993 and
withdrawn from the register 27 years later, was Stawko [62]. This cultivar was highly
appreciated by the farmers for its stress tolerance [63] and resilience to environmental
changes. Swan mut appeared in the pedigrees of numerous Polish cultivars released after
2000, for example, among others, in the best Polish cultivar Bingo, which is well-known in
the European market.

In our studies, 142 alleles unique to Swan mut were identified with the largest number
detected in the D sub-genome (40.8%), out of which the largest number of loci (34) was
located on chromosome 4D. The distribution of unique alleles along the chromosomes
showed that they occur in clusters. De Koeyer et al. [64] and Tinker et al. [65] localized
QTLs on chromosome 4D that are responsible for the grain yield, 1000 kernel weight, test
weight, lodging severity, plumpness of kernels, and milling yield. On the 4D chromosome,
QTLs connected with the flowering time, photoperiod, and vernalization response have
also been found [66,67]. All these features are agronomically important, and novel alleles
that condition more favorable trait values could be subjected to targeted selection in the
breeding process.

Fst analysis enabled the identification of regions in which breeding-related changes
have occurred. Different alleles were fixed in the contemporary breeding materials, and
cultivars were compared to the obsolete cultivars. This analysis revealed that, relative to
the historical cultivars, targeted changes were the rarest in the C sub-genome. Oat genomes,
as a consequence of frequent genomic rearrangements, have resulted from a mosaic-like
architecture [68,69]. As a result of translocation events in oat, the sub-genomes exhibit
unbalanced gene numbers. An examination of the oat chromosomes revealed the lowest
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gene counts in the C sub-genome as a consequence of the translocations of gene-rich regions
from the C to the A and D sub-genomes [70,71]. Examples of the lack of genes on the C
sub-genome are grain proteins, avenins, and globulins—encoding genes identified only on
the chromosomes of sub-genomes A (1A, 4A, and 7A) and D (1D, 3D, and 4D) [70].

Intriguingly, the assembly results show that due to the abundance of repetitive se-
quences, sub-genome C is about 20% larger than A and D [71]. Moreover, the study of
sub-genomic gene expression differences revealed the bias in homoeologous gene usage
and pointed out the C sub-genome genes as slightly less expressed than those derived from
the D or A sub-genomes [70,71]. An examination of the non-synonymous-to-synonymous
substitution rate ratios showed that the purifying selection of the C sub-genome was less
intense than that of the other two sub-genomes [71]. Nevertheless, some QTLs for agro-
nomically important traits were identified on sub-genome C, such as the oil content (4C),
husk percentage (6C), and loci related to local adaptation (1C and 3C) [65,67].

The most changes within oat genomes in relation to the historical cultivars occurred
in the A sub-genome with emphasis on chromosome 6A, where changes are distributed
along the entire chromosome—not only at the ends. Chromosome 6A contains major
QTLs and candidate genes for oil content (ACC.416), 3-gulcan (CslF9 and CslF11), and the
1000 kernel weight [65,72-75]. Our studies revealed that breeding programs lasting more
than 100 years have made almost no changes on chromosomes 2A and 7A, despite previous
surveys locating on these chromosomes the loci influencing the groat percentage (2A) and
flowering time (7A) [65,76].

A clear change in the allele frequency on these two chromosomes was visible only in
the DC materials. All the tested groups showed significant targeted changes in comparison
to the historical cultivars at the ends of chromosomes 1A and 4A. At the end of chromosome
1A, the QTLs for the groat percentage and milling yield were identified, whereas, at the
end of 4A, major loci related to the heading time, plant height, and lodging severity were
found [65,77,78]. A clearly targeted change occurred at the end of chromosome 5D, on
which QTLs for the oil content in grain were previously discovered [75].

Contrarily, on chromosomes 2D and 3D, the breeding programs did not introduce
any significant changes. On the 3D chromosome, no QTL was found in previous studies;
however, on the 2D chromosome, loci affecting the 1000 kernel weight, lodging severity,
and groat percentage were established [65]. The identification of regions subjected to
targeted selection revealed that Polish oat breeding goals were typical for this crop and
focused on enhancing the grain yield and quality and improving adaptability.

In our study, using the high-density SNP genotyping data, we identified a core set
of cultivars and lines, thereby, capturing the majority of the allelic diversity present in
the Polish breeding materials and cultivars. The core collection included a group of
289 cultivars and lines representing the total genomic variation. This set can be used for
evaluating traits that are difficult or expensive to score. Particular emphasis should be
placed on maintaining these breeding materials and cultivars as germplasm collections in
gene banks to facilitate the future use of these genetic resources by scientists and breeders.

4. Materials and Methods
4.1. Plant Material

The plant material consisted of 487 A. sativa accessions (Table S1), of which 41 were
Polish modern cultivars (P), 26 were historic cultivars (H), and 43 were foreign cultivars
(F) from the collection of the Institute of Genetics, Plant Breeding and Biotechnology,
University of Life Sciences in Lublin, Poland and the National Centre for Plant Genetic
Resources, Radzikéw, Poland. The remaining genotypes were breeding lines from the ongo-
ing programs of the largest Polish breeding companies—Malopolska Plant Breeding Ltd. in
Polanowice (136 genotypes designated as POB), Strzelce Plant Breeding Ltd. (145 genotypes
designated as STH), and Danko Plant Breeding Ltd. (96 genotypes designated as DC).
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4.2. DNA Extraction and Genotyping

Extraction of the total genomic DNA from the analyzed forms was conducted from
the young leaves of 10 seedlings obtained from seeds taken from a single random plant
using the DNasyTM Plant Mini Kit (Qiagen®, Hilden, Germany) following the manufac-
turer’s protocol. The quality and quantity of extracted DNA were evaluated spectropho-
tometrically (NanoDrop2000). An analysis of the DNA’s integrity was performed by gel
electrophoresis. The concentration of all DNA samples was adjusted to 100 ng pL.

DArTseq™ analysis was performed by Diversity Arrays Technology Pty Ltd. (DArT P/L,
Canberra, Australia), combining the DArT technique with next-generation sequencing [79].
DNA libraries were generated using genomic complexity reduction technology [16] by the
digestion of the DNA samples with Pstl and Tagl restriction enzymes (NEB) and ligation
with adaptors corresponding to the enzyme overhangs. Only Pstl-Taql fragments were
effectively PCR-amplified, followed by sequencing on an Illumina Hiseq 2500.

Sequencing data were processed using proprietary DArT analytical pipelines, pro-
viding two types of markers: silicoDArT presence/absence variants (PAVs) analogous to
microarray DArTs but extracted in silico from sequences obtained from genomic represen-
tations, and DArTseq single-nucleotide polymorphisms (SNPs) in fragments present in the
representation. The sequences were then BLASTed against a reference genome, Avena sativa
OT3098 v2, PepsiCo [23] with an expected value (E) < 1071” and a minimum base identity
of >95% as blast criteria.

4.3. Data Mining and Analysis

Population structure and diversity analysis were performed by implementing R-4.1.2 [80]
in Rstudio (1.4.1106). As a first step, VCF files resulting from the marker calling were
subjected to the filtering process by the dartR package [81]. Markers were removed if
they were monomorphic, missing >5% of calls, had reproducibility (RepAvg) <1, or if the
relative minor allele frequency (MAF) was <0.01. The matrix was transformed into genind,
genpop, genlight, and hierfstat objects and subjected to further analysis in the R packages.

In the next step, the proportion of each mutation type was determined, and basic coef-
ficients, such as the polymorphic information content (PIC), observed (Ho) and expected
(He) heterozygosity, and inbreeding factor (F), were calculated [44]. A sliding window
method with 500 kb intervals was used to assess the allocation of SNPs, PIC, and Ho
along chromosomes in the three homoeologous sub-genomes. The results were presented
as a circular layout as average values for 250 spots per chromosome using the circlize
package [82]. The rarefaction method implemented in HP-RARE 1.0 was used to estimate
the level of allelic richness (AR) [83]. Wright’s Fgt parameter was used to estimate the
genome-wide diversity [84]. Analysis of variance (ANOVA) and Tukey’s post hoc test were
used to verify the significance of the differences.

To assess the hierarchical levels of population structuring, an analysis of molecular
variance (AMOVA) was computed among a priori assigned and novel clusters. Clustering
was then performed based on the Bayes model for genetic structure analysis implemented
in STRUCTURE 2.3.4 software (Pritchard Lab, Stanford University) [24]. To obtain the most
probable value of K, a search was performed in the range of 1 to 20 with five independent
repetitions per K and within groups of 1-10 with five repetitions per K. For each run, the
initial burn-in period was set to 50,000 with 100,000 MCMC (Markov chain Monte Carlo)
iterations after burn-in.

For batch file analysis, a LINUX cluster hosted by the Interdisciplinary Center for
Mathematical and Computer Modeling at the University of Warsaw was used. The number
of clusters was determined by the posteriori data probability for a given K and AK [25], and
a full search algorithm of CLUMPAK [26] was used to find the best match of the replicated
cluster analysis results. A baseline value of 0.8 was defined as the probability of assigning
accessions to the gene pool [13].

An advanced M strategy implemented through a modified heuristic algorithm (A¥)
was used to extract the core collection [85].
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5. Conclusions

Precise genotyping is currently the first step to obtain marker-assisted breeding
progress and to increase the efficiency of traditional breeding in crops. Therefore, to
achieve genetic gain, it is important to have knowledge regarding the allelic diversity in the
available genetic resources. Utilizing modern genomic tools enabled the detailed charac-
terization of 487 cultivars and lines representing over 100 years of Polish breeders’ efforts.
The performed analyses demonstrated that traces of directed selection are particularly
visible on sub-genomes A and D—mainly on chromosome 6A and to a lesser extent on 5D.
Notably, targeted changes were the rarest in the C sub-genome.

This study shows that, in over 100 years of breeding in Poland, some alleles have been
replaced by new ones; however, only a small number have been lost, and the Polish gene
pool has avoided genetic erosion. The study also proves that Polish oat breeding based
mainly on traditional breeding methods and focused on improving agronomically impor-
tant traits, i.e., the grain yield and quality and environmental resilience and adaptability,
did not significantly narrow the oat gene pool.

Polish breeders have developed cultivars that are not only competitive in the Euro-
pean market but that also constitute a reservoir of new alleles that were not found in the
analyzed foreign materials. Since we performed a comparison of the materials from three
independent breeding programs, we can conclude that each of them has developed differ-
ent breeding materials with different properties. This obtained knowledge is a pre-requisite
for further association mapping studies of important agronomic traits.
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Abstract: Crossing genetically distant forms is widely used in breeding programs and allows the
introduction of beneficial features from the wild into cultivated species. In this study, agronomic
traits of two F; segregating populations derived from crosses in both directions between A. sativa cv.
Sam and A. fatua ‘51532’, as well as their parental forms, were phenotyped and statistically compared.
Almost all mean values of the analysed features in the populations ranged between the values of
the two parental forms. In both F, populations, high variability of the traits was observed. The
plant height was strongly correlated with the length of the first inernode below the panicle in all
populations except parental form ‘51532’. An intermediate correlation between the plant height
and the panicle length could be observed only for ‘Sam” and ‘Sam’ x ‘51532’. The segregation of
non-shattering to shattering phenotypes of the progeny confirmed a single gene inheritance of the
trait. Additionally, in both combinations, transgressive forms in terms of some phenotypic traits
were observed. The direction of crosses had no impact on the values of characterised parameters.
During the interspecific crosses, new breeding lines and cultivars are obtained, enriched with specific
qualitative and quantitative properties. The genetic distinctness between crossed species often
prevents the formation of desired hybrids but also enables obtaining superior genotypes with traits
exceeding the parental forms. Even though efficient crossbreeding with A. fatua is demanding, looking
for new germplasm in wild ancestors is crucial for expanding the Avena genetic pool and developing
long-term strategies beneficial to modern oat breeding.

Keywords: Avena fatua; Avena sativa; interspecific hybrids; phenotyping; wide crossing; oat

1. Introduction

A. fatua is a hexaploid Avena specious belonging to the family Poaceae, with genome
AACCDD and a chromosome count of 2n = 6x = 42 [1,2]. A. fatua may easily adapt to
different environmental conditions because of special morphological features, high seed
production and a unique germination ecology [3]. This widespread wild oat is one of the
10 worst annual weeds of cereal crops in agricultural regions [4], with increasing resistance
to herbicides [5-7]. A. fatua causes significant economic danger to crop yield due to the
seed shattering allowing achieving long-distance dispersal, the ability of seed dormancy,
enabling the seeds to remain viable for several years in the soil and competitiveness at
the seedling stage [8,9]. At the same time, it may be widely used in breeding programs
as a new source of useful genes since A. fatua genotypes can be crossed quite easily with
oat cultivars.

Many researchers have proven that wild A. fatua is a rich source of useful genes and has
tremendous potential for oat varieties improvement. Briggle and Youngs [10] indicated that
this wild oat contains disease-resistance genes and other valuable properties such as early
maturity, rapid growth rate, seed dormancy, high seed protein and high groat percentage.
Another advantage of A. fatua is its good adaptation to difficult growing conditions. It
grows in equal amounts on alkaline and acidic soils, both nutrient-rich and poor. Luby and
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Stuthman [11] established that A. fatua might contribute to A. sativa valuable agronomic and
grain quality traits, such as increased oil content (9.2%), which is associated with increased
grain energy. A. fatua contained the highest level of esterase and lipase among species of
Gramineae; therefore, it was considered a good feedstock for these enzymes in industry
production [12]. The grain of A. fatua contained over 20% of protein, 8% of lipid and 55% of
starch and was rich in essential minerals and vitamins [13]. Moreover, A. fatua was a source
of dwarfing genes crossed into cultivated oat for increased lodging resistance [14] and
resistance to barley yellow dwarf virus (BYDV) [15]; however, it remains underexploited as
a fungal resistance gene donor.

A. fatua, widely available and richly gathered in global collections, can still be a
valuable source of new gene alleles for the improvement of cultivated oat. The most
recent studies indicate that A. fatua may be a valuable source of resistance genes to the
most damaging fungal diseases of oat. Paczos-Grzeda et al. [16] tested 204 worldwide
accessions of A. fatua in terms of crown rust reaction using host-pathogen tests with five
highly virulent races of Puccinia coronata f. sp avenae. Twelve of them, mainly derived from
Kenya or Egypt, allowed postulation of the likely presence of novel crown rust resistance
genes. Similarly, Okon et al. [17] tested eleven genotypes of A. fatua with the three most
virulent isolates of Blumeria graminis f. sp. avenae, and some of the genotypes presented
intermediate resistance.

Previous studies confirm that cultivated oat (A. sativa) has a very narrow gene pool [18-24].
In order to extend the genetic variability of oat, interspecies and intergeneric crosses
were carried out. As an exotic alleles source, A. sterilis and A. fatua accessions were
used [11,14,15]. There are no crossing barriers between hexaploid species within the genus
Avena, and hybrids between A. sativa, A. byzantina, A. fatua and A. sterilis could be obtained
with relatively low effort [25]. Wild and weedy species seeds or spikelets shattering at
maturity inherited as a recessive trait is the main obstacle. However, plant breeders, mostly
for economic reasons, usually source populations for cultivar development from crosses
within regionally adapted A. sativa cultivars with good agronomic performance to avoid
yield penalties connected with undesirable alleles derived from wild progenitors and
linkage drag [24]. Linkage drag is a severe limitation on the use of potentially beneficial
alleles accumulated in wild species and may not always be removed, even by multiple
backcrossing to the recurrent parents [26]. By narrowing the starting material, breeders
do not need to eliminate the undesirable features, significantly speeding up the breeding
process, but this attempt leads to meeting only short-term breeding goals and narrowing
the cultivated oat gene pool [27]. Therefore, prebreeding programmes are conducted by
scientific institutions to support breeders and provide preliminary evaluated and selected
lines. During the initial selection, many quantitative traits determining the value of the
evaluated forms are taken into account. The most frequently assessed traits, such as plant
height, tillering, earliness and fertility of the spikelet or 1000 kernel weight, are determined
due to their direct impact on yield, which is still the basic goal of modern oat breeding [28].

Interspecific crosses of Polish A. sativa cultivars with A. sterilis and A. fatua were
performed previously [29-31], and within segregating progeny lines, characterising advan-
tageous traits were identified. The best lines were given over to the breeders for further
crosses or selection. This study is a continuation of our previous efforts and attempts to
determine the influence of A. fatua on the extension of genetic variability in cultivated oat
based on the assessment of the morphological traits of two hybrid F, populations derived
from crosses between A. sativa and A. fatua. This study also investigated whether cross-
breeding with A. fatua and the crossing direction affects the breeding value of cultivated oat.

2. Materials and Methods
2.1. Plant Material

The study materials were hexaploid oat hybrids of the F; and F, generations derived
from crosses: A. sativa L. cv. Sam x A. fatua L.’51532" and A. fatua L. ‘51532" x A. sativa L. cv.
Sam obtained at the Institute of Plant Genetics, Breeding and Biotechnology of the Univer-
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sity of Life Sciences in Lublin, Poland, as well as the parental forms of studied populations.
‘Sam’ is a Polish variety of common oat derived from Strzelce Plant Breeding company, with
a pedigree (Flamingsnova x Swan mut) x {[Alfred x (Garland x C2)] x Swan mut.}. The
‘51532’ is the accession of wild oat A. fatua L. originated from Peru and was obtained from
the Polish genebank (National Center for Plant Genetic Resources in Radzikéw, Poland).

The field experiment was carried out at the Experimental Farm of the University of
Life Sciences in Lublin, in Czestawice (Czestawice 51°18' N, 22°15’ E). Forms intended for
crossing, as well as field and laboratory evaluation, were sown on brown soil made of loess,
belonging to the 2nd valuation class. The forecrop was potatoes. In late autumn, deep
ploughing was performed, and in spring, mineral fertilisation was applied in the amount
of 60 N kg - ha™!, 80 P,Os5 kg - ha~! and 100 K,0 100 kg - ha—?.

Parental components for the crossing were sown manually on 2-row plots, about 1 m
long and 0.6 m wide, in April 2016. As a result of the crossing, F; hybrid grains were
obtained, which in 2017 were sown on experimental plots to obtain F; grains. F, genera-
tion hybrid grains were harvested from each F; plant and sown pointwise at a distance
of 10 cm X 20 cm in April 2018. At the beginning of the growing season, maintenance
spraying with herbicide (Chwastox D) was carried out, and later, the weeds were removed
manually. In addition, spraying by Fastac 10EC was performed against the cereal leaf beetle
(Oulema melanopus) at the rate of 0.1 L - ha=1.

Plants of the segregating progeny and A. fafua were protected against grain shedding
by putting cellophane isolators on panicles. Field observations were made during the
growing season; afterward, in the phase of full maturity, the plants were harvested for
laboratory evaluation of agronomic traits.

2.2. Phenotyping and Data Analysis

Phenotyping was carried out to evaluate the basic agricultural values of plants in field
and laboratory conditions. The heading date was recorded in the field as the date on which
the base of the panicle had just emerged from the boot and expressed as the number of
days from 1st May to the heading date. Plant height (cm) was measured just before harvest
as the distance from the soil surface to the apex of the panicle. The following factors were
assessed in the laboratory conditions: the number of productive and unproductive tillers;
the number of internodes in the main shoot; length of the first internode below the panicle
(cm); diameter of the second from the bottom internode in the main shoot (cm) measured
with vernier; the main panicle length (cm), from the bottom of panicle to the top of the
upper spikelet; the number of spikelets from the main panicle; and number and weight (g)
of kernels from the main panicle. In the case of shattering A. fatua plants and F, progeny,
the number of spikelets and kernels were assessed after careful removal of cellophane
isolators from the panicles. Additionally, the following were calculated: the fertility of
the spikelet (number of grains per one spikelet in the main panicle), 1000 kernels weight
(g) (weight of grains per panicle/number of grains from the panicle x1000) and lodging
factor Lc [32] determined based on the ratio of plant height to the diameter of the second
internode from the bottom.

For each analysed trait, mean, median, minimum, maximum and standard deviation
were calculated. The fit of the traits to a normal distribution was assessed using Shapiro—
Wilk’s normality test (o« = 0.05). The homogeneity of variance was tested using Bartlett’s
test. Multiple comparisons among all genotypes were carried out according to Tukey’s test
or mean ranks post hoc comparison (p < 0.05). Chi-squared (x?) analyses of the phenotyping
data from F, progeny were conducted to test the goodness-of-fit of observed to expected
segregation ratios. Two sample test comparison of shattering and non-shattering progeny
from the cross A. fatua ‘51532 and A. sativa ‘Sam’ was performed by t-test or Mann-Whitney
U test (p < 0.05). The Spearman correlation between analysed phenotypic traits was assessed
for all data and divided into populations. The results were statistically analysed using
STATISTICA 13.3 [33] and PAST 4.1 software [34].
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3. Results

A phenotypic evaluation was carried out for 30 plants of each of the tested parental
forms of the combinations, as well as 158 plants of the A. fatua L. '51532" x A. sativa L. cv.
Sam and 152 plants of the A. sativa L. cv. Sam x A. fatua L. '51532" population.

Analysis of variance results indicated statistically significant differences (p < 0.0011)
among studied populations for all phenotyped traits.

The plant height of studied parental forms ranged from 108 to 143 cm for cv. Sam
and 125-155 cm for ‘51532’. The minimum plant height within the cv. Sam x ‘51532’
population was 65 cm, and the maximum height was 156 cm, while for the ‘51532” x cv.
Sam population, these values ranged from 98 cm to 170 cm (Table 1). The standard
deviation for both populations was at the level of 15.5 and 14.4, respectively, showing
high variability of the trait (Table 1). The results confirmed a normal distribution of the
trait for ‘51532” x cv. Sam population. Statistically significant differences in height were
observed between parental forms. The plants of the cv. Sam x ‘51532 population were
lower than the parental forms and the ‘51532” x cv. Sam population, while the genotypes
of the ‘51532 x cv. Sam population did not differ significantly from the parental forms
(Table 2).

When taking into account the number of productive and unproductive tillers, it was
noticed that the ‘Sam’ parental form differed significantly from other populations, as it
developed on average 2.6 and 1.3 of the tillers, respectively. In both parental and F, forms,
a greater number of productive than unproductive tillers was observed. Both populations
developed the same average number of unproductive tillers (2.4) (Table 1). Additionally, a
significant increase in the number of productive and unproductive tillers was noted in F,
populations in comparison to A. sativa ‘Sam’ (Table 2). Both traits did not have a normal
distribution for any of the studied populations.

The number of internodes in the main shoot of the ‘Sam’ cultivar differed from other
populations, achieving the highest mean number of 5.7 (Table 2). The mean number of
internodes of both analysed populations did not differ from A. fatua ‘51532’. The median of
the analysed trait was 5 for the cv. Sam x ‘51532’ population as well as wild form ‘51532,
and for the ‘51532" x cv., Sam population reached 4. The minimum number of internodes
for populations and ‘51532" was 3; the maximum was 6 for the cv. Sam x ‘51532’ population
and ‘51532’, and the maximum was 7 for the ‘51532” x cv. Sam population (Table 1). The
trait distribution was not normal for any of the studied populations.

The average distance between the panicle and the internode below in A. sativa cv. Sam
was 50 cm and in A. fatua ‘51532’, 55.7 cm. A large differentiation of the tested trait was
found in the individuals of the ‘51532” as well as hybrid populations, and the standard
deviation ranged from 8.2 to 10 (Table 1). Cv. Sam x ‘51532’ population and ‘Sam’ cultivar
differed significantly from ‘51532 x cv. Sam population and its maternal form ‘51532’
(Table 2). Normal distribution was observed in the ‘51532 x cv. Sam population.

The diameter of the second internode in the main shoot measured from the root in
both parental forms differed significantly from each other and in both populations (Table 2).
In the ‘Sam’ cultivar, the thickest internodes were observed with an average value of 6.5
cm, while in the wild form ‘51532’, the internodes were much thinner, on average 3.6 cm
(Table 1). Individuals of both populations developed internodes of similar thickness; for
the cv. Sam x ‘51532’ population, the internode diameter ranged from 2.1 to 7.6, and for
the '51532" x cv., Sam population was from 2.9 to 7.7. The trait had a normal distribution
in studied F, populations.
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Table 1. Statistical analysis of agronomic traits of parental forms Avena sativa cv. Sam and Avena fatua ‘51532" as well as their F, populations.

Diameter of the

. Parental ) Plant Height Nun}ber (.)f Numb.er of. N\}mber of I.nternodes Length of the First Main Shoot T.he Main
orm/Population Productive Tillers Unproductive Tillers in the Main Shoot Internode Second Internode Panicle Length
Mean 130.0 2.6 13 5.7 50.0 6.5 259
Min 108.0 1.0 0.0 5.0 43.0 55 22.0
A. sativa cv. Sam Max 143.0 4.0 4.0 6.0 58.0 7.5 29.0
Stand. Dev. 8.8 0.8 1.2 0.5 35 0.7 1.6
Median 130.0 3.0 1.0 6.0 50.0 6.5 25.0
Mean 139.7 6.3 3.6 4.8 55.7 3.6 23.1
Min 125.0 1.0 0.0 3.0 27.0 29 14.0
A. fatua ‘51532’ Max 155.0 20.0 8.0 6.0 69.0 43 28.0
Stand. Dev. 7.5 42 2.3 0.6 10.0 0.4 2.8
Median 140.0 6.0 4.0 5.0 58.0 35 23.0
Mean 135.0 5.6 2.4 44 573 5.2 25.1
Min 98.0 1.0 0.0 3.0 31.0 29 15.0
51532 X cv. Sam Max 170.0 20.0 10.0 7.0 79.0 7.7 36.0
Stand. Dev. 14.4 29 22 0.6 8.2 0.9 3.3
Median 136.0 5.0 2.0 4.0 57.0 5.3 25.0
Mean 121.0 4.7 24 4.6 51.0 5.0 23.6
Min 65.0 1.0 0.0 3.0 22.0 21 15.0
cv. Sam X 51532 Max 156.0 19.0 11.0 6.0 90.0 7.6 35.0
Stand. Dev. 15.5 2.8 2.3 0.6 9.1 0.9 3.8
Median 120.0 4.0 2.0 5.0 52.0 5.0 23.0

A point across the box
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cv. Sam x 51532 Max 139.0 289.0 6.6 3.0 46.4 342 65.0
Stand. Dev. 25.6 47.4 1.1 0.5 5.6 3.5 3.3
Median 47.0 93.0 23 1.9 24.2 239 53.0
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Table 2. Mean ranks post hoc comparison of agronomic traits among parental forms Avena sativa cv. Sam and Avena fatua ‘51532” as well as their F, populations

Lowercase letters (a, b, ¢, d) indicate homogeneous groups (p < 0.05).

Number of Length of Diameter of Number of Number of Weight of Number of
Number of Number of the First the Main The Main Spikelets Kernels Kernels The Fertility 1000 .
P . Plant . . Internodes X Lodging Days from
opulation Hei Productive  Unproductive . . Internode Shoot Panicle from the from the from the of the Kernels
eight . . in the Main . . . . . Factor Lc 1st May to
Tillers Tillers below the Second Length Main Main Main Spikelet Weight
Shoot N . . . Head Date
Panicle Internode Panicle Panicle Panicle
cv. Sam a a a a a a a a a a a
51532 b bc b b b b b b b b ab b b b
51532 X cv. Sam ab b bc b b c a c b c b c c [
cv. Sam X 51532 C c c b a c b C b c ab c d C
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It was observed that cv. Sam and the ‘51532 x cv. Sam plants had significantly longer
main panicles in comparison to the ‘51532” and cv. Sam x ‘51532" (Table 2); however, the
differentiation of the measurements was much higher in both populations. The panicles
length of the parental forms ranged from 22 to 29 cm in the ‘Sam’ and from 14 to 28 cm
in the ‘51532’ plants. The shortest panicle of plants of both populations was 15 cm long,
and the longest measured 35 cm in the cv. Sam x ‘51532” population and 36 c¢cm in the
‘51532" x cv. Sam population (Table 1). A normal distribution of the trait was observed in
the cv. Sam x ‘51532" population.

The highest average number of spikelets was observed for the ‘Sam’ cultivar (103.3)
and the lowest (38.7) for the ‘51532’ (Tables 1 and 2). The mean number of spikelets in
both of the populations was at a comparable level of 53.2 for the cv. Sam x ‘51532” and
55.2 for the ‘51532 x cv. Sam. The trait was very diverse in the progeny and ranged from
15 to 139 in the cv. Sam x ‘51532" population (standard deviation of 25.6) and from 11
to 131 in the ‘51532” x cv. Sam population (standard deviation of 23.4) (Table 1), and the
measurements exceeded the maximum number of spikelets from the main panicles of cv.
Sam (125). The consequence of the variation in the number of spikelets was the variation
in the number of kernels and kernel weights of the main panicle. The standard deviation
of the number of kernels was at a similarly high level in cv. Sam x ‘51532" population
(47.4) and ‘51532" x cv. Sam population (41.2). The mean number, as well as the weight of
kernels from the main panicle of populations, was slightly higher than that of the parental
form ‘51532’; however, still much lower than that of the ‘Sam” cultivar (Table 1). Plants of
both populations developed panicles with the same average kernel weight (2,3 g) and a
comparable number of kernels, from 10 to 289 in the cv. Sam x ‘51532" population, and
from 12 to 217 in the ‘51532” X cv. Sam population (Table 2). In both F, populations, all
three traits had a distribution far from normal.

The fertility of the spikelet differed significantly only between the ‘51532" X cv. Sam
population (1.7) and its paternal form ‘Sam’ (2.1) (Table 2). In the cv. Sam x ‘51532’ popula-
tion and paternal form ‘51532’ spikelet fertility was 1.9 and 1.7, respectively (Table 1). The
results confirmed the normal distribution of the trait for the ‘51532 x cv. Sam population.

The analysis of the 1000 kernels weight showed the highest mean (34.9 g) for the ‘Sam’
variety and the lowest (20.1 g) for the ‘51532, which was significantly different from the
populations and the ‘Sam’” parental form. The differentiation of the trait in the hybrids was
at a high level and ranged from 5.9 to 46.4 g in the cv. Sam x ‘51532” population and from
2.5 to 38 g in the ‘51532" x cv. Sam population (Table 1). The distribution of the trait in the
populations was not normal.

In terms of the lodging factor, each of the groups was statistically different (Table 2).
The lowest coefficient was observed in A. sativa ‘Sam’ (20.2) and the highest in A. fatua
‘51532’ (39.6) (Table 1). In parental forms, the trait was less varied than in populations,
while in the case of populations, greater differentiation of the trait was observed in the
‘51532" x cv. Sam population. The distribution of the trait was far from normal within the
progeny of studied F, populations.

The last statistically analysed trait was the number of days from 1st May to the head-
ing date. The panicles of A. fatua ‘51532’ matured at the latest on average 58.7 days from
1st May, which made the group statistically different from other analysed populations
(Table 2). In A. sativa ‘Sam’ and populations, the maturation period of the panicles was a
few days shorter and amounted to 54.3 days in the cv. ‘Sam’, 53.5 days in the plants of the
cv. Sam x ‘51532" population and 54.1 days in the plants of the ‘51532" x cv. Sam popula-
tion (Table 1). The trait distribution was comparable, but a lack of normal distribution was
noted in populations.

The largest number (13) of correlated traits (r > 0.65) were noticed in the cv. Sam
and the smallest (2) in ‘51532" x cv. Sam. The number of kernels was correlated with
the weight of kernels from the main panicle (r ~ 0.87, p > 0.05), regardless of whether
the entire dataset was analysed or the data were grouped by population; however, the
weakest correlation was observed for ‘51532’ (r = 0.7). Similarly, the number of spikelets
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was positively correlated with the number of kernels from the main panicle as well as the
diameter of the second internode was negatively correlated with the lodging factor (Lc)
(r < —0.69). The plant height was positively correlated with the length of the first internode
below the panicle (r > 0.65, p > 0.05) in all populations except ‘51532’. Additionally, in
‘Sam’ and cv. Sam x ‘51532’, the diameter of the second internode in the main shoot was
correlated with the number of spikelets from the main panicle (r = 0.71) (Figure 1).
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Figure 1. Cont.
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Figure 1. Heatmaps of Spearman’s correlation coefficient () showing association of agronomic traits
evaluated across (A) Avena sativa cv. Sam and (B) Avena fatua ‘51532’, as well as (C,D) their F2
populations and (E) full dataset. Blue colours represent positive correlation, while red show negative
correlation. R values with p > 0.05 are blank. The size of the ellipses corresponds to the correlation
level. R > 7.0 is in gray.

In both populations the segregation patterns based on Chi-square tests, fit a Mendelian
ratio of three non-shattering/one shattering phenotype in F, population (Avena fatua
‘51532" x Avena sativa ‘Sam’: x* = 0.684; p-value = 0.408; Avena sativa ‘Sam’ x Avena fatua
‘51532": x% = 0.035; p-value = 0.851) (Table 3). Two sample test comparisons of shattering
and non-shattering progeny of the population showed statistically significant differences
(p < 0.05) between the genotypes of ‘51532 x cv. Sam in terms of the number of unproduc-
tive tillers.

Table 3. Segregation ratios of shattering in F, progeny from the cross Avena fatua ‘51532" and Avena
sativa ‘Sam’.

‘Celer’/STH9210
Population Non-Shattering Shattering Ratio x2 p-Value
Avena fatua 51532" x Avena 123 35 31 0.684 0.40837
sativa ‘Sam
Avena sativa ‘Sam’ x Avena 115 37 31 0.035 0.85141

fatua '51532
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4. Discussion

Avena sativa L. is a cereal species cultivated on a global scale with a high range of
applications from the food industry to pharmaceuticals and animal feed [28]. Modern oat
breeding prioritises high yield and other desirable agronomic traits, including resistance
to biotic and abiotic stress. Wild oat progenitors have been proven to be a rich source of
useful genes [35-38]; however, all Avena spp. are grouped into three gene pools [39], and
successful transfer of genes from diploids or tetraploids from the secondary and tertiary
gene pool to hexaploid A. sativa is more demanding and requires special techniques [40].
Thus hexaploid wild oat species from the primary gene pool, including A. fatua L., may
be an available source of genetic diversity as they cross relatively easily and produce
fertile progeny. In this study, we compared selected phenotypic traits of two populations
between A. sativa cv. Sam and A. fatua ‘51532" in both crossing directions, as well as their
parental forms, to assess whether crossbreeding with A. fatua affects the breeding value of
cultivated oat.

In this research, traits influencing the agronomic value of the plant related to the yield
were selected. Tall plants are prone to lodging, which is one of the major causes of crop
losses. Lodging prevents effective vegetation, hinders harvesting, affects the quality of the
grain and reduces the usefulness of straw [41]. On average, cv. Sam was 10 cm shorter than
‘51532’, which is typical for cultivated varieties. Interestingly, cv. Sam x ‘51532’ reached a
lower average height than cv. Sam; however, in both populations, high variability of the
trait was observed since it is the F, generation. In our study, plant height was strongly
correlated with the length of the first internode below the panicle. Some studies suggest
that plant height might be correlated with panicle length [42]; however, in this case, an
intermediate correlation could be observed only for ‘Sam” and ‘Sam” x ‘51532". Although
usually lower plant height correlates with high yield, several studies showed that yield
is reduced when plants are shortened too much with dwarfism genes [43]. Incorporating
dwarfism genes into cultivars may cause some yield penalty associated, e.g., with failure of
the panicle to fully emerge from the leaf sheath [44] or compact panicle architecture [14,45]

The number of internodes and the diameter of the second internode in the main shoot,
as well as the length of the first internode below the panicle, are related to plant height
and, thus, are resistant to lodging [46]. In these cases, as in the case of all analysed traits,
there was a statistically significant difference between the parental forms. Crossing with
A. fatua lowered the average number of internodes in the main shoot, and in hybrids, the
number was lower than in ‘51532". Regardless of the direction of crossing, the diameter
has reached an average value, while the length of the first internode below the panicle
seemed to be inherited from the maternal form. Researchers claim that possible nuclear-
cytoplasmic effects could be expected even in less distant crosses of oat, such as enhanced
yield of the lines with A. sterilis cytoplasm [47] or different levels of disease resistance [48].
Additionally, in Avena, significant interactions between the cytoplasms and nuclear genes
of groat protein content in interspecific matings of A. sativa and A. sterilis were reported [49].
However, it should be taken into account that quantitative traits may also be influenced by
environmental conditions [50].

In ‘Sam’, the main panicle length was strongly correlated with the number and weight
of kernels; a slightly weaker correlation of these traits was observed in the ‘Sam” x ‘51532’
However, no such correlation was observed in A. fatua parental form ‘51532” as well as
the ’51532" x ‘Sam’. Almost all values of these traits in the populations ranged between
the two parental forms, similar to the number of days from 1st May to the heading date
in the assessment of earliness. The selection for short plant height and earliness has been
one of the main goals of different oat breeding programs. Oat is particularly susceptible to
drought during the flowering time, so the heading date is of fundamental importance in dry
summer temperate climates since the early heading date enables drought avoidance [51]
and may be crucial for world breeding in a systematically warming climate.

In both studied populations, the segregation of non-shattering to shattering genotypes
of the progeny fitting a Mendelian ratio was observed, confirming a single gene inheritance.
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Shattering in wild Avena progenitors is essential for seed dispersal and enables the survival
of the species. The domestication made this process possible to control and allowed for
increasing the harvesting efficiency and limiting yield losses. In this study, most of the
examined traits did not show any significant correlation with shattering except the number
of unproductive tillers in the ‘51532" x cv. Sam population in which the non-shattering
plants were less tillering.

Some plants of the studied populations were characterised by the value of phenotypic
traits exceeding the parental forms. This was in the case of the plant height, the number of
unproductive tillers, the length of the first internode below the panicle, the main panicle
length, fertility of the spikelet and 1000 kernel weight. The occurrence of a wider range of
variability of traits, in comparison to the parental generation, is most likely the result of a
large genetic diversity of parental forms, multi-gene inheritance of the examined phenotypic
traits and additive gene action [52]. The phenomenon of transgression was observed,
e.g., for the chlorophyll fluorescence parameters in sunflower (Helianthus annuus L.) [53]
and for parameters related to yielding and flowering time in barley [54]. Transgressive
segregation and heterosis are the basis of effective plant breeding, enabling obtaining of
superior genotypes with traits not found even in parental forms [55].

Studies of oat genetic variation show that diversity within obsolete as well as modern
gene pools is quite narrow [18-21,23]. Over the years of selection, some valuable alleles
have been lost, so looking for new germplasm in wild ancestors, obsolete cultivars and
landraces is crucial for the oat breeding progress [22]. Efficient crossbreeding with wild
forms such as A. fatua is demanding and requires backcrossing due to the presence of
many primitive features in hybrids of the early generations. However, expanding the
Avena genetic pool is essential for developing long-term strategies beneficial to modern
oat breeding.

5. Conclusions

A. fatua is a valuable source of genes for the improvement of cultivated oat. Statis-
tical characteristics of phenotypic traits of progenies derived from bidirectional crosses
enabled us to evaluate whether crossing with A. fatua reduces the agronomic utility of
the resulting hybrids. Almost all mean values of the analysed features in the populations
ranged between the values of the two parental forms; however, in both combinations,
transgressive, superior genotypes with traits exceeding the parental forms were observed.
Especially genotypes with increased fertility of the spikelet and 1000 kernel weight might
constitute relevant breeding material. Obtained results also confirmed earlier reports on
the correlation between plant height and the length of the first inernode below the panicle;
however, no strong correlation between the height and the length of the panicle was ob-
served. A unique trait of wild oat species is also the agronomically unfavourable shattering.
The conducted research confirmed the potential single-gene inheritance of this trait in
A. fatua and excluded correlation with most of the analysed traits, except the number of
unproductive tillers. Statistical analysis showed no influence of the crossing direction on
the agronomic parameters of the studied populations obtained from interspecies crossing.
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procentowy szacuj¢ na 60%.
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