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ROZDZIAL 1
Autoreferat rozprawy



1. Wykaz stosowanych skrotow

X - krzyzowanie

1 - mikro (10°®), przedrostek jednostki miary w uktadzie SI, oznaczajacy mnoznik 0,000
001 = 10-6 (jedna milionowa)

APR — (ang. Adult Plant Resistance) odporno$¢ roslin dorostych

CAPS — (ang. Cleaved Amplified Polymorphic Sequences) fragmenty restrykcyjnie

amplifikowanych sekwencji
CE - (ang. Crossing Efficiency) efektywnos¢ krzyzowania

CIMMYT - (ang. International Maize and Wheat Improvement Center)
Migdzynarodowy Osrodek Uszlachetniania Kukurydzy i Pszenicy

cM — centymorgan, jednostka dystansu genetycznego w oparciu o czgstotliwosé

rekombinacji

COBORU - Centralny O$rodek Badan Odmian Ros$lin Uprawnych
Coss. — Ernest Saint-Charles Cosson

CTAB - bromek heksadecylotrimetyloamoniowy

DAPI — 4’-6-diamidyno-2-fenyloindol

Desf. — René Desfontaines

DH — (ang. double haploid) podwojone haploidy

DIG - digoxygenina-11-dUTP

DNA — (ang. deoxyribonucleic acid) kwas deoksyrybonukleinowy
f. sp. — Formae specialis

F1— (fac. filia = corka, filius = syn) pierwsze pokolenie potomne

FAO — (ang. Food and Agriculture Organization of the United Nations) Organizacja

Narodéw Zjednoczonych do spraw Wyzywienia i Rolnictwa
FISH — (ang. Fluorescence in situ Hybridization) fluorescencyjna hybrydyzacja in situ

GISH - (ang. Genomic in situ Hybridization) genomowa hybrydyzacja in situ



GUS — Gtowny Urzad Statystyczny

ISH — (ang. in situ Hybridization) hybrydyzacja in situ

Kom. osob. — komunikacja osobista

L. — Karol Linneusz

Lr — (ang. Leaf rust) gen odpornos$ci na rdz¢ brunatng

LTN — (ang. Leaf Tip Necrosis) nekroza wierzchotkow lisci

MAS — (ang. Marker Assisted Selection) selekcja wspomagana markerami
P. — (fac. Puccinia) rodzaj grzybow z rodziny rdzowatych

PBS — buforowana fosforanem sdl fizjologiczna (pH 7,4)

PCR — (ang. Polymerase Chain Reaction) reakcja tancuchowa polimerazy
Pm — (ang. powdery mildew) gen odporno$ci na maczniaka prawdziwego
pz — par zasad

RNaza — rybonukleaza

sdH20 — sterylna woda destylowana

SDS — (and. Sodium Dodecyl Sulphate) siarcan dodecylu sodu

sp. — (tac. species) gatunek

ssp. — (tac. subspecies) podgatunek

SSC — roztwér cytrynianu sodu i soli fizjologicznej

SSR — (ang. Simple Sequence Repeats) amplifikowane sekwencje mikrosatelitarne
STS — (ang. Sequence Tagged Site) miejsce znaczone sekwencyjnie

var. — (fac. varietas) odmiana

Yr — (ang. Yellow rust) geny odpornosci na rdzg zotta



2. Wprowadzenie

2.1. Pszenziyto — filogenza, wykorzystanie i znaczenie

Pszenzyto (xTriticosecale Wittmack) jest sztucznie otrzymanym allopoliploidem
powstatym poprzez skrzyzowanie pszenicy (Triticum spp.) z zytem (Secale cereale L.).
Celem stworzenia pszenzyta bylo otrzymanie zboza taczacego doskonate cechy
jakosciowe pszenicy ze zdolno$ciami adaptacyjnymi, wigorem i tolerancja lub
odporno$cig na abiotyczne i biotyczne stresy charakteryzujgce zyto. Pierwsze, sterylne
mieszance zostaty uzyskane pod koniec XIX wieku (Wilson 1873). Proces hodowli
pszenzyta stat si¢ mozliwy na poczatku XX wieku, gdy opracowano techniki embryo
rescue oraz metody indukcji podwojonych haploidow (DH) z uzyciem kolchicyny
(Blakeslee i Avery 1937, Laibach 1925). Najczesciej spotykane sg formy heksaploidalne
(AABBRR). Pszenzyta oktaploidalne (AABBDDRR), ktore okre§la si¢ mianem
pierwotnych, wykazujg lepsze wlasciwosci jakoSciowe, jednak cechujg si¢
niestabilno$cig genetyczng i sterylnoscia kwiatostanow (Mergoum i in. 2009). Pszenzyta

tetraploidalne (AARR) réwniez wykazuja sterylno$¢ kwiatostanéw (Simmonds 1976).

Pszenzyta powstate poprzez pierwsze krzyzowania pszenicy z zytem, bez kolejnych
hybrydyzacji, nazywane sg pszenzytami pierwotnymi. W proces powstawania pszenzyta
pierwotnego zaangazowane bylo International Maize and Wheat Improvement Center
(CIMMYT), a takze krajowe programy hodowlane we Wschodniej i Zachodniej Europie,
Australii, Chinach i1 Kanadzie. W hodowli pszenzyta pierwotnego pojawialo si¢ jednak
wiele problemow takich jak: cze$ciowa sterylnos¢ kwiatéw, zasychanie ziarniakow, niski
plon i staba adaptacja roslin. Ze wzgledu na to, hodowcy skupili si¢ na uzyskaniu
pszenzyta wtornego, poprzez krzyzowanie rdznych pszenzyt pierwotnych oraz

krzyzowania wsteczne z pszenica (Mergoum i in. 2009, Randhawa i in. 2015).

W Polsce proby hodowli pszenzyta ozimego podjeto juz w XIX wieku. W 1902
roku ukazat si¢ po polsku podrgcznik zatytutowany Hodowla i uszlachetnianie roslin
gospodarskich. Byt on owocem wieloletnich badan prof. Antoniego Sempotowskiego.
W tej wielce nowatorskiej, jak na owe czasy ksigzce (niektore przemyslenia zachowaly
aktualno$¢ do II potowy XX wieku), autor zwracal m.in. uwag¢ na mozliwo$¢
krzyzowania pszenicy z zytem (Sempotowski 1902). Dzigki inspiracji Profesora Polska

stala si¢ krajem pionierskim w hodowli 1 uprawie pszenzyta, bo tak nazwano t¢



mieszancowa forme. Wieloletnie badania pozwolily na zarejestrowanie juz przed II
wojng pierwszej odmiany pszenzyta (Kruszynkowskie). Odmiany przeznaczone do
produkcji towarowej zaczety powstawaé w Polsce dopiero na poczatku lat 80 XX w.
Prekursorowg odmiang zarejestrowang w 1982 roku byto ‘Lasko’, ktére — ze wzgledu na
swojg wysoka sklonno$¢ do wymarzania — przeznaczone bylo na cele eksportowe
(Arseniuk 1 in. 2003). Od czasu pojawienia si¢ pierwszych odmian pszenzyta
powierzchnia zasiewu uprawy na $wiecie wzrasta z roku na rok. Obecnie w Krajowym
Rejestrze  COBORU (Centralny Osrodek Badania Odmian Roslin  Uprawnych)
zarejestrowane sa 43 odmiany pszenzyta ozimego oraz 17 odmian pszenzyta jarego
(COBORU). Pszenzyto stanowi 12,9% wszystkich zasiewow w Polsce, a $redni plon tej
uprawy w 2020 roku wyniost 4,46 t/ha (GUS). Na swiecie w 2020 roku wyprodukowano
ponad 15 min ton pszenzyta, a powierzchnia zasiewu wyniosta prawie 4 min ha.
Gléwnymi producentami pszenzyta byta Polska (6 mln ton), Niemcy (2 mln ton), Bialorus$

(1,5 min ton), Francja (1,2 min ton) i Hiszpania (800 tys. ton) (FAO).

Pszenzyto jest gatunkiem uprawnym o ugruntowanej pozycji na arenie
migdzynarodowej i jest wykorzystywane gtownie na pasze dla zwierzat gospodarskich,
w szczeg6lnosci dla drobiu i trzody chlewnej, w postaci ziarna, ale takze jako roslina
wypasowa. Wykazano, ze biatko pszenzyta charakteryzuje si¢ korzystniejszym uktadem
aminokwasowym i jest lepiej przyswajalne przez zwierzgta niz biatko zyta i pszenicy
(Arseniuk 1 Oleksiak 2002). Ponadto, wspotczesne odmiany pszenzyta sa
konkurencyjnym surowcem do produkcji bioetanolu 1 biogazu. Pszenzyto posiada uktad
enzymoOw autoamylolitycznych, ktory pomaga w konwersji duzych ilosci skrobi w cukry
fermentujace (McGoveriniin. 2011). Ze wzglgdu na brak genomu D pszenicy, w ktorym
zlokalizowane sg najwazniejsze geny warunkujgce warto$¢ technologiczna, pszenzyto
charakteryzuje si¢ niska wartoscig wypiekowa. Prowadzono jednak badania skladu
chemicznego i cech fizycznych maki z ziarna pszenzyta i wykazano, ze maka pszenzytnia
moze by¢ z powodzeniem wykorzystywana do wyrobow ciastkarskich (Archemowicz
1in. 2014). Jednym z gtéwnych problemdéw w hodowli pszenzyta jest brak wystarczajace]
roznorodno$ci genetycznej (Mergoum 1 in. 2004, Niedziela 1 in. 2016). Pszenzyto jest
nowym gatunkiem uprawnym, ktéry w poréwnaniu z innymi uprawami, takimi jak
pszenica i jeczmien, nie przeszedl naturalnego procesu ewolucji i specjacji (Mergoum
1 in. 2004). Wykazano, ze wigkszo$¢ plazmy zarodkowej pszenzyta jest genetycznie

podobna (De Costa i in. 2007, Kuleung i in. 2006, Trebichalsky i in. 2013). Tams i in.
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(2004) analizowali europejskie odmiany pszenzyta z 13 firm hodowlanych i wykazali, ze
plazma zarodkowa genotypow charakteryzowata si¢ zmiennos$cig wynoszaca zaledwie
15,3%. Jedna z metod poszerzania rdéznorodno$ci genetycznej pszenzyta moze byc

introgresja chromatyny spokrewnionych gatunkéw, takich jak pszenica.
2.2. Choroby grzybowe w uprawie pszeniyta

Pszenzyto poczatkowo charakteryzowato si¢ wysoka odpornoscig na choroby
W porOwnaniu z pszenicg, jednak wraz z rosnacg powierzchnig uprawy pojawiaty sie
nowe rasy w populacjach patogenow (Arseniuk 1996, Mergoum i in. 2004, 2009).
Pszenzyto jest corocznie porazane przez to samo spektrum patogendéw, co jego formy
wyjsciowe — pszenica i zyto (Audenaert i in. 2014). Rdza zdZblowa, powodowana przez
Puccinia graminis f. sp. tritici, zostata uznana za pierwsza chorobe pszenzyta w Australii,
ktora wystgpita w skali epidemii (Arseniuk 1996). Obecnie do gtéwnych zagrozen
biotycznych w uprawie pszenzyta nalezg choroby powodowane przez patogeny grzybowe
Puccinia sp., Septoria sp., Blumeria graminis oraz Fusarium sp. a takze bakterie
Xanthomonas sp. i Pseudomonas sp. (Arseniuk 1996, Mergoum i in. 2004, 2009, 2019,
Sapkota 2015, Sapkota i in. 2018).

Rdza brunatna jest najczestsza i najbardziej rozpowszechniong choroba, atakujgca
zboza na calym $wiecie (Cliford 1985, Park 1 in. 2015). Rdza brunatna na pszenzycie jest
spowodowana przez patotypy obligatoryjnego patogena pszenicy Puccinia triticina
Eriksson, ktore staly sie zjadliwe wobec genotypow pszenzyta (Sodekiewicz i in. 2008,
Mikhailova i in. 2009). Patogen P. triticina Erikss. nalezy do krolestwa grzybow (Fungi),
typu podstawczaki (Basidiomycota), klasy rdze (Pucciniomycetes), rzedu rdzowce
(Pucciniales), rdzowate (Pucciniaceae) i rodzaju rdza  (Puccinia)

(http://www.indexfungorum.org/).

P. triticina Erikss. jest makrocykliczng i heteroecyjng rdza dwudomowa,
wytwarzajacg pieé¢ stadiow zarodnikéw. Zywicielem ecjalanym, na ktérym rozwijaja sie
bazydiospory i ecjospory sg rézne gatunki rutewki (Thalictrum) i zdrojowki (Isopyrum),
jednak w Europie nie odgrywaja one zadnej roli (Bolton i in. 2008). Zywicielem telialnym
jest pszenica zwyczajna (T. aestivum L.), pszenica durum (T. turgidum L. var. durum),
pszenica plaskurka (T. dicoccon (Schrank) Schiibl.) i T. dicoccoides (Korn. ex Asch.
I Graebn.) Schweinf., Aegilops speltoides Tausch., Ae. cylindrica i pszenzyto. Pierwsze

objawy na lisciach pojawiajg si¢ w maju lub czerwcu w postaci chlorotycznych plam,
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a nastgpnie w tym miejscu w ciggu 7-10 dni po inokulacji grzybnia rozrastajaca si¢
w tkance liscia powoduje powstawanie rdzawych uredindw z urediniosporami.
Pomaranczowo-czerwone urediniospory sg uwalniane, gdy uredinie rozrywaja epiderme
lisci. Uredinia mogg si¢ tworzy¢ takze na pochwach liSciowych, zdzbtach i ktosach.
Urediniospory sa przenoszone przez wiatr lub deszcz i osadzajg si¢ po obu stronach li§cia
pszenicy. Kielkowanie zarodnikéw nastgpuje po 4-8 godz. w temperaturze 20°C
i wilgotnosci 100% (Hu i Rijkenberg 1998, Zhang i Dickinson 2001, Zhang i in. 2003),
ale zarodniki mogg zachowaé zywotno$¢ przez 1-3 dni (Allen 1926). Patogen zimuje
w postaci urediniospor lub grzybni w oziminach, samosiewach lub trawach (Bolton i in.
2008). W miar¢ dojrzewania rosliny zywicielskiej i rozwoju infekcji, w urediniach
powstajg dikariotyczne, bragzowoczarne, dwukomodrkowe teliospory, o grubych, gtadkich
Sciankach. W klimacie $rodziemnomorskim teliospory pozwalajg rdzy przetrwac gorace

i suche lata, aby jesienig zainfekowac¢ alternatywnych zywicieli.

Straty plonu w wyniku infekcji P. triticina sa zwykle wynikiem redukcji cigzaru
ziarniakow oraz ich wypelnienia (Sayre i in. 1998, Wo$ i in. 1994) oraz pomarszczenia
I ograniczenia zawigzywania ziarniakow (Roelfs 1992). Porazone zboza gorzej zimuja,
ze wzgledu na gorsze rozkrzewienie systemu korzeniowego. Wykazano, ze porazenie
10% lisci pszenzyta przez rdz¢ brunatng skutkuje do 3% straty plonu ziarna (Zhang i in.
2010). W sprzyjajacych warunkach straty plonu powodowane przez patogena moga
waha¢ si¢ od 15% (Roelfs 1 Bushnell 1985) do ponad 50%, jesli infekcja wystepuje we
wczesnych stadiach wzrostu (Huerta-Espino i in. 2011).

2.3. Hodowla odpornosciowa zboz

Obecnie, jedng z najskuteczniejszych i najbardziej przyjaznych dla srodowiska
metod zwalczania chordb jest hodowla odmian odpornych (Dinh i in. 2020). W pszenicy
skatalogowano ponad 100 genow i alleli odpornosci na rdze brunatna, ktore oznaczane sg
symbolem Lr (ang. Leaf rust), ok. 130 alleli genéw warunkujgcych odpornos¢ na rdze
z6tta (Yr, ang. Yellow rust) oraz ponad 140 alleli genow odpowiadajacych za odpornosc
na maczniaka prawdziwego (Pm, ang. Powdery mildew) (Mclintosh i in. 2019).

Geny odpornosci mozna sklasyfikowa¢ w dwoch grupach. Do pierwszej grupy
nalezg geny zapewniajace odporno$¢ rasowo-specyficznag, czyli gldéwne geny odpornosci
indukujgce odpornos¢ pionows ,,gen na gen” (Flor 1971). Geny te zapewniaja ro§linom

odpornos¢ przez caly cykl wegetacyjny, stad ten typ odpornosci nazywany jest
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odporno$cig w stadium siewki (ang. seedling resistance). Geny gléwne sa skuteczne
jedynie w przypadku danych ras fizjologicznych patogenéw. Ekspresja gendw wystepuje
w przypadku jednoczesnej obecnosci genu efektorowego awirulencji (Avr) w genotypie
patogena 1 genu odpornosci w roslinie. Dziatanie genu objawia si¢ reakcja
nadwrazliwosci rosliny na infekcje patogena (Bolton i in. Kolmer, i Garvin 2008).
Obecnie wigkszos$¢ z gendw odpornosci na choroby w pszenicy jest rasowo-specyficzna.
Populacja P. triticina Erikss. sktada si¢ z wielu ras o zrdéznicowanym poziomie
zjadliwosci i1 charakteryzuje si¢ czestymi mutacjami sekwencji genu Avr w organizmie
patogena, ktora skutkuje brakiem rozpoznania przez gen gldwny rosliny-gospodarza
(Dodds i Rathjen 2010). W zwiagzku z tym patogen moze szybko przystosowaé si¢ do
porazenia odmian posiadajacych jeden lub wiele gendéw odpornosci, ktore wczesniej byty
skuteczne przeciwko rasom patogena wystepujacym na danym terenie (McCallum 1 in.
2014). Wykazano, ze trwato$¢ odpornosci pionowej jest odwrotnie proporcjonalna do
zakresu jej stosowania w uprawach roslin (Parlevliet 1993). Geny rasowo-specyficzne
zapewniaja odporno$¢ odmianom zaledwie przez 5-7 lat, dlatego nalezy stale poszukiwac
1 wprowadza¢ do programow hodowlanych nowe Zrédta odpornosci (Kilpatrick 1975).
Obecnie stosuje si¢ wiele zrodet odpornosci warunkowanej genami glownymi i dazy si¢
do ich piramidyzacji, czyli réwnoczesnego wprowadzania kilku genéw w nowych

odmianach (Kolmer 1996).

Drugg grup¢ stanowia geny warunkujgce odpornos¢ w stadium roslin dorostej
(APR, ang. Adult Plant Resistance), nazywanej takze odporno$cig poziomg, rasowo-
niespecyficzng lub czgéciows. Zapewnia ona roslinom odpornos¢ przed wieloma rasami
patogendéw, w zwigzku z tym charakteryzuje si¢ wigksza trwato$cia w warunkach
polowych (Van Ginkel i Rajaram 1993, Krattinger 2011). Ekspresja gendw nastepuje
w stadium rosliny dorostej (Ellis i in. 2014). Odporno$¢ nie objawia si¢ reakcja
nadwrazliwosci, jak w przypadku genéw rasowo-specyficznych, ale obnizonym tempem
rozwoju grzybow (Rubiales i Niks 1995, Risk i in. 2012). Poniewaz priorytetem
wigkszosci programow hodowlanych zbdz na $wiecie jest obecnie osiggnigcie trwatej
odpornosci na patogeny grzybowe, dlatego dobrg alternatywa dla genow rasowo-
specyficznych moze by¢ wprowadzanie do odmian odpornosci poziomej. W puli genowej
pszenicy zidentyfikowano do tej pory osiem gendéw, ktore nadaja trwata odpornos¢ roslin
dorostych na liczne choroby grzybowe i opracowano dla nich markery molekularne.
Geny te nazwano: Lr34 (=Yrl8/Sr57/Pm38), Lr46 (=Yr29/Sr58/Pm39, Lr67
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(=Yr46/Sr55/Pm46), Lr68, Lr74, Lr75, Lr77 i Lr78 (Suenaga i in. 2003, Singh i in. 1998,
Hiebert 1 in. 2010, Herrera-Foessel i in. 2012, Mclintosh i in. 2015, Singla i in. 2017,
Kolmer i in. 2018a, Kolmer i in. 2018b). Tylko dwa geny zostaly wizolowane: Lr34
(Krattinger i in. 2009) i Lr67 (Moore i in. 2015). Poniewaz cechg charakterystyczng dla
dziatania genow jest spowolnienie procesu infekcji patogena rdzy, nazywane sg genami
typu slow rusting (powolne rdzewienie). Ekspresja gendow skutkuje czeSciowa
odpornoscig na wszystkie rasy patogendéw grzybowych pszenicy wywotujacych nie tylko
rdze brutnatng, ale takze rdze z6ttg (P. striiformis f. sp. tritici Westend), rdz¢ zdZblowa
(P. graminis f. sp. tritici Pers.) i maczniaka prawdziwego (Blumeria graminis Speer f. sp.
tritici).

Przedtozna rozprawa doktorska dotyczyta wprowadzenia do genomu pszenzyta loci
trzech genoéw typu slow rust: Lr34, Lr46, Lr68. Do tej pory najbardziej poznanym jest
gen Lr34 (opisywany takze: Lr34/Yr18/Sr57/Pm38). Gen jest szeroko stosowany
w hodowli odmian pszenicy na calym $wiecie, a jego odporno$¢ pozostaje skuteczna
przez wiele lat pomimo zastosowania w rolnictwie na duzg skale. Gen koduje transporter
wigzacy ATP (tzw. ABC transporter — ATP Binding Cassette transporter) (Krattinger
I in. 2009), czyli wielodomenowe biatko blonowe, ktore wykorzystuje energi¢ z hydrolizy
ATP do translokacji substancji przez btong komorkowa organizmow zywych. Lr34 jest
powszechnie wystepujacym genem we wszystkich odmianach pszenicy heksaploidalne;,
w roznych wariantach alelicznych: allel Lr34res — zapewniajacy odpornos¢ roézni si¢ od
powszechnie wystepujacego allelu Lr34sus trzema mutacjami SNP (ang. Single
Nucleotide Polymorphism, polimorfizm pojedynczego nukleotydu) w intronie 4 oraz
egzonach 11 i 12 sekwencji genu Lr34 (Krattinger i in. 2009). Najwicksza efektywnosc¢
genu nastepuje w temperaturze tj. 4-10°C, w stadium liscia flagowego oraz w stadium
siewki (Risk i1 in. 2012). W wysokich temperaturach efektywno$¢ genu obniza si¢
(Mclntosh i in. 1995). Gen wywodzi si¢ prawdopodobnie z chinskich odmian lokalnych
(Krattinger i in. 2009, Kolmer i in. 2008). Gen zostat zidentyfikowany w kilku odr¢bnych
grupach materialu genetycznego, np. w liniach CIMMYT 1 europejskiej plazmie
zarodkowej pszenicy ozimej, na przyktad odmianie ‘Frontana’, ktora zostala opracowana

w Brazylii, lub wloskiej odmianie ‘Mentana’ (Kolmer i in. 2013).

Gen Lr46 (opisywany takze jako Lr46/Yr29/Sr58/Pm39) rowniez zapewnia
czeg$ciowa odpornos¢ roslin dorostych na rdze brunatng oraz rdzg z6tta od ponad 60 lat

(Kolmer 2015). Gen zostat po raz pierwszy opisany w odmianie ‘Pavon 76’
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i zlokalizowany na dtugim ramieniu chromosomu 1B (Singh i in. 1998 ). Efekt genu Lr46
jest podobny, ale mniejszy w pordwnaniu z Lr34 w roslinach dorostych (Martinez i in.
2001). Lagudah (2011) wskazat, ze gen Lr46 jest bardziej efektywny w chtodniejszych
srodowiskach, a obecno$¢ innych genow Lr moze wptywac na ekspresje Lr46. William
11in. (2003) stwierdzili, ze Lr46 jest powigzany lub plejotropowy z genem odpornosci na
rdzg z6Mta Yr29. Okreslono rowniez, ze genotypy pszenicy z genem Lr46 posiadaja gen
odpornos$ci na rdze zdzbtowa Sr58 (Singh i in. 2013) oraz gen odporno$ci na mgczniaka
prawdziwego (Pm39) (Lillemo i in. 2008).

Herrera-Foessel i in. (2012) zidentyfikowali kolejny gen APR, Lr68 w odmianie
pszenicy ‘Parula’. Gen zostal zmapowany w specyficznym obszarze bogatym w geny na
chromosomie 7BL pomiedzy locus Psyl-1 (gen warunkujacy zoélte bielmo) a markerem
molekularnym Xgwm146. Gen prawdopodobnie pochodzi z brazylijskiej odmiany
pszenicy ‘Frontana’, ktora jest znana z APR na P. triticina ze wzglgdu na obecnos$¢ genu
Lr34 i 2-3 dodatkowych niezidentyfikowanych genow typu slow rusting (Singh
1 Rajaram 1992). Lillemo i in. (2011) wykazali, ze dziatanie Lr68 w uprawach zb6z na

terenie Urugwaju i Argentyny bylo silniejsze niz Lr34.

Ponadto z obecnoscig genow zwigzana jest nekroza wierzchotkéw lisci LTN (ang.
Leaf Tip Necrosis), warunkowana przez geny Ltnl i Ltn2. Jest to proces podobny do
starzenia, ktory rozwija si¢ gltéwnie w lisciach flagowych dorostych roslin pszenicy
i moze by¢ wykorzystywany jako marker morfologiczny dla genéw typu slow rusting
(Singh 1992, Krattinger i in. 2009).

2.4. Techniki molekularne i cytogenetyczne w hodowli

W komercyjnej hodowli pszenzyta stosuje si¢ glownie tradycyjne metody
hodowlane. Pszenzyto jest rosling samopylng, lecz charakteryzuje si¢ takze pewnym
sptopniem fakultatywnej obcopylnosci (0-60%). Przeniesienie obcych gendw,
warunkujacych pozadane cechy, mozna osiagna¢ poprzez wyprowadzanie linii
translokacyjnych z wykorzystaniem krzyzowan oddalonych, a nastgpnie krzyzowan
wstecznych (Lelley 2006, Randhawa 1 in. 2015). W celu ulepszania pszenzyta moga by¢
wykorzystywane takze nowoczesne techniki hodowlane takie jak: selekcja wspomagana
markerami MAS (ang. Marker-Assisted Selction), genomowa hybrydyzacja in situ GISH
(ang. Genomic in situ Hybridization) , technika podwojonych haplioidow (DH) i techniki

inZynierii genetycznej.
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Stosowanie markero6w molekularnych nie tylko skraca cykl hodowlany, ale jest
rowniez bardziej efektywne, gldwnie dlatego, ze wyeliminowany zostaje wpltyw
czynnikow srodowiskowych na wyniki analiz (Mergoum i in. 2009). Obecnie dostepno$¢
markerow molekularnych dla pszenzyta jest ograniczona, ale wiele markerow
molekularnych pszenicy i zyta zostato zaadoptowanych do analiz genomu pszenzyta,
dlatego metody moga by¢ stosowane takze w pszenzycie (Mergoum i in. 2019).
W literaturze dostepnych jest szereg markerow molekularnych uzywanych do

identyfikacji loci wyzej opisywanych genéw typu slow rusting w pszenicy.

Multipleksowa reakcja tancuchowa polimerazy (PCR) jest wariantem PCR,
w ktorym w tej samej reakcji amplifikowane sg produkty charakterystyczne dla r6znych
loci. Od czasu pierwszej publikacji w 1988 r. (Chamberlain i in. 1988) metoda ta byta
z powodzeniem stosowana w wielu obszarach badan DNA, w tym w analizach delecji
(Henegariu i in. 1994), mutacji (Shuber i in. 1993), polimorfizméw (Mutirangura i in.
1993), w testach ilosciowych (Mansfield i in. 1993), a takze w identyfikacji genow
odpornosci na choroby zb6z (Tomkowiak 1 in. 2019, Sumikova i Hanzalova 2010).
Zastosowanie metody typu multipleks PCR do jednoczesnej identyfikacji wielu genow
pozwala na skrocenie czasu i ograniczenie kosztéw procesu wyboru komponentéw do

krzyzowan.

Jedna z najwazniejszych analiz po uzyskaniu roslin mieszancowych jest analiza
cytogenetyczna w celu poznania struktury genomowej mieszancéOw. Przelomem byto
opracowanie metod hybrydyzacji kwasow nukleinowych in situ (ISH, ang. in situ
hybridization) polegajacej na potaczeniu metod cytogenetycznych i molekularnych.
Technika polega na taczeniu sondy, czyli wyznakowanego jednoniciowego DNA lub
RNA z komplementarnymi sekwencjami w komoérce. W wyniku hybrydyzacji mozliwa
jest fizyczna lokalizacja sekwencji DNA na chromosomach mitotycznych lub
mejotycznych oraz jadrach interfazowych na preparatach cytogenetycznych. U roslin
fluorescencyjna hybrydyzacja in situ (FISH) zostata po raz pierwszy zastosowana w 1985
roku na materiale pozyskanym z pszenicy (Rayburn i Gill 1985). Genomowa
hybrydyzacja in situ (GISH) stanowi modyfikacje metody FISH, w ktorej sonde stanowié
moze catkowite genomowe lub subgenomowe DNA. Z wykorzystaniem metody GISH
mozliwa jest identyfikacja chromosoméw pochodzacych od réznych komponentow
uzytych w krzyzowaniach. Metoda GISH zostata po raz pierwszy wykorzystana na

materiale ro§linnym przez Schwarzecher i in. (1989).
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3. Hipoteza badawcza i cel pracy doktorskiej

Jak wykazano we wprowadzeniu, ze wzgledu na powigkszajaca si¢ powierzchnie¢
uprawy pszenzyta i pojawianie si¢ nowych zjadliwych ras patogenéw, obecnie konieczne
jest wprowadzanie nowych skutecznych genéw odpornosci na choroby pszenzyta, w celu
ograniczania rozwoju patogena i zmniejszania ilosci stosowanych $rodkéw ochrony
ro$lin. W zwigzku z tym hipoteza badawcza zaktadata, Ze istnieje mozliwos$¢ poszerzenia
puli genowej pszenzyta 0 geny typu slow rusting, zapewniajace rasowo-niespecyficzng
odporno$¢ na rdze brunatng (powodowang przez Puccinia triticina Erikss.) przy

wykorzystaniu technik kontrolowanego krzyzowania.

Badania obejmowaty:

1) Identyfikacje gendéw  odporno$ci  horyzontalnej na rdzg brunatng
w zgromadzonych 73 genotypach pszenicy zwyczajnej (T. aestivum L.),

2) Opracowanie metod typu multipleks PCR do jednoczesnej identyfikacji loci
genow Lr34, Lrd6, Lr68 w réznych wariantach,

3) Identyfikacje¢ locus genu Lr46 w wybranych odmianach pszenzyta (xTriticosecale
Wittmack) przy uzyciu marker6w molekularnych Xwmc44 oraz csLV34G22 oraz
markera morfologicznego LTN,

4) Wyprowadzenie roslin mieszancowych pszenica — pszenzyto poprzez
kontrolowane krzyzowanie dwoch odmian pszenzyta z 33 genotypami pszenicy,

5) Ocena uzyskanych mieszancow Fi przy uzyciu markerow molekularnych oraz
genomowej hybrydyzacji in situ (GISH),

6) Ocena przydatnosci dostepnych w literaturze markerow molekularnych do

identyfikacji locus genu Lr46 w pszenicy.

Przeprowadzone badania mialy na celu ocen¢ mozliwoSci przeniesienia loci
gendéw warunkujgcych odpornos$¢ horyzontalng na rdze brunatng z pszenicy zwyczajnej
(T. aestivum L.) do pszenzyta (xTriticosecale Wittmack.) oraz opracowanie warunkoéw
reakcji typu multipleks PCR, ktore moglyby skroci¢ czas analiz i ich kosztochtonno$¢
w aspekcie zastosowana w hodowli komercyjnej. Celem posrednim pracy bylto
opracowanie metod pozwalajgcych na wybor materiatow do krzyzowan, a takze ocene
uzyskanych ro$lin mieszancowych pod wzgledem przeniesienia chromosomow lub
fragmentow chromatyny z pszenicy do pszenzyta. Cele zostaty zrealizowane przy uzyciu
markerow molekularnych, cytogenetyki molekularnej oraz technik kontrolowanego

krzyzowania oddalonego.
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4. Material i metody
4.1. Material badawczy

Materiat badawczy stanowito 14 odmian pszenzyta ozimego oraz 6 odmian
pszenzyta jarego (xTriticosecale Wittmack), ktore jest obecnie zarejestrowane
w Krajowym Rejestrze COBORU (Tab. 1). Wigkszos¢ odmian jest corocznie polecana
do uprawy na terenie Polski w zaleznos$ci od regionu. Do badan uzyto ponadto 2 genotypy
pszenicy ozimej oraz 71 genotypow pszenicy jarej (Triticum aestivum L.), ktora wedtug
danych literaturowych oraz analizy rodowodowej moze by¢ zrédtem r6znych gendow typu

slow rusting (Tab. 2).

Ziarniaki pszenicy pozyskano z National Small Grains Germplasm Facility,
National Small Grains Colletion w Aberdeen, Idaho, USA. Ziarniaki pszenzyta uzyskano

z firmy nasiennej DANKO Hodowla Roslin Sp. z 0.0. w Choryni.

Materiat referencyjny dla genéw typu slow rusting w analizach molekularnych
stanowily nastepujace genotypy pszenicy: ‘Lr34’ (dla genu Lr34), ‘Pavon 76F’ (Lr46)
oraz ‘Parula’ (Lr68).

Tabela 1. Odmiany pszenzyta 0zimego (Triticosecale Witt.) uzyskane z firmy nasiennej
DANKO Hodowla Roslin Sp. z 0.0. w Choryni.

Lp. Odmiana  Odpornos¢ na Odpornos¢ na |Lp. Odmiana  Odpornos¢ na Odpornos¢ na
rdz¢ brunatng (1- rdzg zotta (1-9)* rdzg brunatng (1- rdzg zotta (1-9)*
9)* 9)*
1. Avocado 8.3 8.2 11. Subito 8.1 75
2. Belcanto 8.6 8.7 12 Trapero 8.3 8.4
3. Dolindo 8.5 8.0 13.  Trismart 6.8 6.8
4. Fredro 7.5 7.5 14. Twingo 8.0 8.3
5. Kasyno 8.5 8.8 15. Dublet 7.5 8.5
6. Maestozo 8.3 7.3 16. Mamut 8.3 8.7
7. Orinoko 8.2 7.8 17. Mazur 8.2 8.5
8. Pizarro 8.0 8.4 18. Puzon 8.3 8.1
9. Porto 8.5 8.3 19. Santos 8.4 8.5
10. Rotondo 8.0 6.5 20. Sopot 8.0 8.4

*QOcena polowa odpornosci wg skali COBORU : 9 - oznacza stan najkorzystniejszy,
1 — stan najmniej korzystny. Dane pochodza z badan PDO (Porejestrowe
Doswiadczalnictwo Odmianowe) z lat 2016-2018 (Drazkiewicz 2019).
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Tabela 2. Genotypy pszenicy zwyczajnej (T. aestivum L.) stanowigce material badawczy w cyklu publikacji wraz z wykazem pochodzenia,

rodowodem oraz postulowanymi loci gendéw typu slow rusting na podstawie literatury.

Postulowane loci genéw

Lp. Genotyp :\égmil;ikacyjny Pochodzenie Rodowéd (https://npgsweb.ars-grin.gov/gringlobal/search.aspx) typu slow rusting
1. Ceruga-4 P1560118 USA, Georgia Coker 916//Tyler/Buck Manantial Lr46

2. San Martin Pl 116314 Argentyna, Buenos Aires Americano 25E/Pelon 33C Lr46

3. H51 Pl 191925 Argentyna, Buenos Aires Americano 25e/Favorito//Universal Lr46

4, Avrtigas P1 192535 Urugwaj Americano 25E/Americano 26N Lr46

5. Larranaga P1 191713 Urugwaj Americano 25e/Pelon 33c Lr46

6. ProINTA Imperial P1 674008 USA, Kalifornia Buck Manantial/ProINTA Imperial/*6 ProINTA Imperial Lr46

7. NP 818 Pl 422294 Indie, Delhi Democrat/C 518//Spaldings Prolific/NP 114/3/E 220 (Kenya C10854) Lr46

8. Buck Manantial Pl 344455 Argentyna, Buenos Aires Rafaela MAG/Buck Quequen Lr46

9. Janz P1591910 Australia, Queensland 3AG3/4*Condor//Cook Lr34

10. 7536K-51A4 PI 553001 Kanada, Saskatchewan Willet/McMurachy//Glenlea Lr34, Lr46
11. 7531-V3D Pl 552994 Kanada, Saskatchewan Glenlea/NB313 Lr34, Lr46
12. Jacui P1 520498 Brazylia, Rio Grande do Su S 8/Toropi Lr34, Lr46
13. P8802-C1*3A2C16 P1 596351 Kanada, Saskatchewan Benito*6/Glenlea//Benito Lr34

14. P8802-C1*3A2A2U P1 596350 Kanada, Saskatchewan Benito*6/Glenlea//Benito Lr34

15. HD 2329 PI 648391 Indie, Delhi HD 1962/E 4870//K 65/3/HD 1553/UP 262 Lr34, Lr46
16. K494 P1 250413 Pakistan - Lr67

17. Glenlea Cltr 17272 Kanada, Manitoba Pembina*2/Bage//CB 100 CB 100 = Sonora 64/Tezanos Pintos Precoz//Nainari 60 Lr34 ,Lr46
18. Avrtigas Pl 73046 Urugwaj Americano 25E/Americano 26N Lr46

19. Amurskaya 90 Pl 592036 Rosja, Amurskaja oblast' Glenlea/Altair 12 Lr34, Lr46
20. Lerma Rojo Cltr 13651 Meksyk, Ciudad de México Lerma 50/Yaqui 48//Mario Escobar*2/Supremo 211 Lr34, Lr46
21. 363-11 P1 527696 Kanada, Saskatchewan P1 191320/Glenlea Lr46

22. 256-3 Pl 527695 Kanada, Saskatchewan Pl 191320/Glenlea Lr46

23. NP 846 Pl 322263 Indie, Dehli Rio Negro/NP 760 Lr46, Lr67
24. 75M-505-001-001 Pl 556464 Kanada, Alberta Bluebird sib/Tobari 66/4/Toropi//Ciano 67/Inia 66 sib/3/Ciano 67/Inia 66 sib Lr34, Lr46
25. 7531-AP5A PI 552997 Kanada, Saskatchewan Glenlea/NB313 Lr34, Lr46,
26. 7531-AG5B Pl 552996 Kanada, Saskatchewan Glenlea/NB313 Lr34, Lr46,
27. 7531-AG5A Pl 552995 Kanada, Saskatchewan Glenlea/NB313 Lr34, Lr46,
28. CM 46725-3P-1P-3P-2P P1 520562 Meksyk, Ciudad de México Zopilote sib/4/Toropi//Ciano/Noroeste 66/3/Bluebird/Ciano/5/Ciano sib/3/Penjamo Lr34, Lr46

62//Gallo/Bluetit/6/Pavon sib

29. Cook P1 442900 Australia, Queensland Timgalen/Condor sib//Condor Lr34

30. PAT 7219 Pl 422416 Brazylia, Rio Grande do Sul S12/39280-67//Nobre/Toropi Lr34, Lr46
31. HI 617 Pl 422283 Indie selection from C306 Lr46, Lr67
32. Oxley Pl 386167 Australia, Queensland Penjamo 62/4*Gabo 56//Tezanos Pintos Precoz/Nainari 60/4/2* Lerma Rojo//Norin 10/Brevor Lr34, Lr46

14/3/3*Andes; sister line of Condor ; “Norin 10/Brevor 14" = Cltr 13253, Norin 10/Brevor, Sel. 14

33. NP 718 Pl 322236 Indie, Delhi NP 52/NP 165 Lr46, Lr67
34. San Martin P1 104137 Argentyna, Buenos Aires Americano 25E/Pelon 33C Lr46

35. A99AR P1 600923 USA, Minnesota Glenlea/Zaragoza Lr34, Lr46
36. Klein San Martin Pl 191884 Argentyna, Buenos Aires Americano 25E/Pelon 33C Lr46
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Tabela 2. Ciag dalszy.

Lp. Genotyp :\(‘jlejr:l;;i kacyjny Pochodzenie Rodowaéd (https:/npgsweb.ars-grin.gov/gringlobal/search.aspx) ff;;uslﬁvv\(’apjszf:é genow

37. H51 Pl 184512 Argentyna, Buenos Aires Americano 25e/Favorito//Universal Lr46

38. San Martin P1 117500 Argentyna, Buenos Aires Americano 25E/Pelon 33C Lr46

39. San Martin Cltr 8437 Argentyna, Buenos Aires Americano 25E/Pelon 33C Lr46

40. Record Cltr 8399 Argentyna, Buenos Aires Americano 26N/Americano 25E Lr46

41. Frontana Cltr 12470 Peru, Junin Fronteira/Mentana Lr34, Lr46

42. Chris Cltr 13751 USA, Minessota Kenya 58/Newthatch//Thatcher/3/Frontana/Thatcher Lr34

43. ROD P1191772 Portugalia - Lr34

44. Frontana 3671 P1 193932 Kolumbia, Cundinamarca - Lr34, Lr46

45. Frontana LF 320 P1193933 Kolumbia, Cundinamarca - Lr34, Lr46

46. Frontana LF 321 P1193934 Kolumbia, Cundinamarca - Lr34, Lr46

47. Fronthatch-1 P1 290745 Kenia, Rift Valley Frontana/Kenya 58//Newthatch Lr34, Lr46

48. Fronthatch-2 P1297014 Kenia, Rift Valley Frontana/Kenya 58//Newthatch Lr34, Lr46

49. Fronthatch-3 P1299419 Kenia, Rift Valley Frontana/Kenya 58//Newthatch Lr34, Lr46

50. Toropi P1 344200 Brazylia, Rio Grande do Sul Petiblanco 8//Frontana 1971.37/Quaderna Lr34, Lr46

51. Fortaleza P1351779 Brazylia, Rio Grande do Sul Colonista/Frontana Lr34, Lr46

52. Sparrow P1519725 Meksyk, Mexico City Frontana/Mida/3/Kenya 117A//2*Copifen/4/Sonora 64//Klein Rendidor/Ciano sib/5/Lerma Rojo Lr34, Lr46
64*2/Sonora 64

53. Pavon F76 P1519847 Meksyk, Mexico City Vicam//Ciano sib/Siete Cerros 66/3/Kalyansona/Bluebird Lr46

54, Pavon 76 P1520003 Meksyk, Mexico City Vicam//Ciano sib/Siete Cerros 66/3/Kalyansona/Bluebird Lr46

55. Pavon P1520054 Meksyk, Mexico City Vicam 71//Ciano 67 sib/Siete Cerros 66/3/Kalyansona/Bluebird Lr46

56. Pavon P1520172 Meksyk, Mexico City Vicam 71//Ciano 67 sib/Siete Cerros 66/3/Kalyansona/Bluebird Lr46

57. Myna P1520334 Meksyk, Mexico City Nord Desprez/Wagga Wagga//Lee/Frontana/3/Newthatch/4/Tanori 71 resel Lr34, Lr46

58. Junco P1519947 Meksyk, Mexico City Bluebird/Gallo//Carpintero/3/Pavon sib Lr46

59. Tanager P1519878 Meksyk, Mexico City Siskin sib/Pavon 76 sib Lr46

60. Parula P1520340 Meksyk, Mexico City Frontana//Kenya Farmer/Newthatch/3/2*Federation//Kenya 350 ADC92/Gabo/4/Bluebird/Chanate Lr34, Lr46, Lr68

61. Rayon 89 P1591786 Meksyk, Mexico City Parula/Veery #6 Lr34, Lr46, Lr68

62. Cumpas 88 P1591786 Meksyk, Mexico City Parula/Veery #6 Lr34, Lr46, Lr68

63. Mochis 88 P1 591791 Meksyk, Mexico City Parula/Veery #6 Lr34, Lr46, Lr68

64. P8901-AP P1 613175 Kanada, Saskatchewan Laura/RL5801//5*Laura -

65. P8901-AQ P1 613176 Kanada, Saskatchewan Laura/RL5801//5*Laura -

66. Tlaxcala F2000 P1 619634 Meksyk, Mexico City Zacatecas VT74/Romoga F96 Lr34, Lr46

67. Lr34 GSTR 433 Kanada, Manitoba Thatcher*6/Terenzio Lr34

68. IWA8608696 Pl 624623 Iran, Kordestan - Lr34

69. Anza Pl 638742 USA, California Lerma Rojo//Norin 10/Brevor/4/Y aktana 54//Norin 10/Brevor/3/3*Andes Lr34

70. UC1110 P1 671999 USA, California GSTR 274/ 4* GSTR 13501 Lr34, Lr46

71. Kern P1 672001 USA, California GSTR 274 | 4* P1612142+Yr5+2NS-2AS+Lr47 Lr34

72. TX89D6435 P1584759 USA, Texas Collin/Enano//TAM 200 Lr34, Lr46

73. Purdue Cltr 13227 USA, Indiana Wabash//American Banner/Aniversario Lr34, Lr46
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4.2  Metody badawcze

4.2.1 lzolacja DNA przeznaczonego do analiz molekularnych

DNA wyizolowano z lisci 10-dniowych siewek przy uzyciu kitu Gene MATRIX
Plant & Fungi DNA Purification KIT (EURx Ltd., Polska) zgodnie z zalgczonym
protokotem. Stezenie 1 jakos¢ DNA okreslono za pomocg spektrofotometru DeNovix
(DeNovix Inc., USA). Proby rozcienczano buforem Elution (EURX Ltd, Polska) w celu
uzyskania jednolitego stezenia 50 ng/ul.

4.2.2  Analizy molekularne
— amplifikacja metoda multipleks PCR w celu jednoczesnej identyfikacji locus
genow typu slow rusting (Publikacje P1. i P2. wchodzace w sklad cyklu
publikacji rozprawy doktorskiej)

W celu jednoczesnej identyfikacji locus genéw Lr34, Lr46 i Lr68 zastosowano
trzy markery molekularne: csLV34, Xwmc44 oraz ¢sGS. Marker STS (ang. Sequence
Tagged Sites) csLV34 mapuje 0,4 cM od genu Lr34, a sekwencja starterOw jest
nastepujaca: cSLV34F 5-GTT GGT TAA GAC TGG TGA TGG -3'; csLV34R 5'- TGC
TTGCTATTG CTG AAT AGT -3' (Lagudah i in. 2006). Jak donosi literatura, wielko$¢
amplifikowanego produktu w genotypach odpornych wynosi 150 pz (par zasad),
a w przypadku genotypow podatnych 229 pz. Sekwencja starteréw markera Xwmc44 to:
WMC44F 5’-GGTCTTCTGGGCTTTGATCCTG-3’; WMC44R 5’-
GTTGCTAGGGACCCGTAGTGG-3’. Produktem tego markera typu SSR (ang. Simple
Sequence Repeat) jest prazek o wielkosci 242 pz w genotypach odpornych, a locus
markera znajduje si¢ 0,4 cM od genu Lr46 (Suenaga i in. 2003). Trzecim uzytym do
reakcji typu multipleks PCR markerem byl dominujagcy marker STS 0 nazwie csGS
i nastepujacej sekwencji starterow: csGSF 5’-AAGATTGTTCACAGATCCATGTCA-
3;7 cSGSR 5-’GAGTATTCCGGCTCAAAAAGG-3’. Wielkos¢ amplifikowanego
produktu dla odpornych genotypow to 385 pz. Marker znajduje si¢ w odlegtosci 1,2 cM
od locus genu Lr68 (Herrera-Foessel i in. 2012).

W sktad mieszaniny reakcyjnej multipleks PCR wchodzito: 12,5 pl 2x PCR
TagNovaHs PCR Master Mix (Blirt), ktory zawieral 2x stezony bufor reakcyjny PCR,
4 nM MgCl2, mieszaning 1,6 nM dNTP (0,4 nM kazde dNTP), 2 pl matrycy DNA
(50 ng/ul), 6,5 ul wody do PCR, a takze w zalezno$ci od wariantu potaczonych w jednej

reakcji markeréw rézne objetosci starterow (Tab. 1.).
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Tabela 3. Objgtosci starterdw oraz mieszaniny reakcyjnej w poszczego6lnych wariantach

multipleks PCR.

Wariant mulitplex Objetosé Objetos¢ mieszaniny

Lp. PCR Startery staterow reakcyjnej
csLV34R 0,8 ul
csLV34F 0,8 ul

1 Lr34 + Lr46 WMC44R 124l 25 ul
WMC44F 1,2 ul
csLV34R 0,8 ul
cSLV34F 0,8 ul
WMC44R 1,2 ul

+ +

2 Lr34 + Lr46 + Lr68 WMCA4F 12 4l 27 ul
csGSR 1 ul
csGSF 1 ul
WMC44R 1,2 ul
WMC44F 1,2 ul

+

3 Lr46 + Lr68 cSGSR Il 25,4 ul
csGSF 1 ul
csLV34R 0,8 ul
csLV34F 0,8 ul

4 Lr34 + L 24,6 pl

r3 68 csGSR 1 ul 61

csGSF 1l

Profil reakcji multipleks PCR zmodyfikowano w odniesieniu do standardowego
protokotu 1 przetestowano rézne temperatury przylaczania starterow. Koficowa reakcja
multipleks PCR w kazdym z wariantow sktadata si¢ z poczatkowej denaturacji w 94°C
przez 5 min, a nastepnie 40 cykli (denaturacja, 94°C przez 45 s; przylaczanie starteréw,
60°C przez 30 s; elongacja, 72°C przez 1 min), nast¢gpnie koncowej elongacja przez
7 min w 72°C 1 przechowywania w 4°C. Reakcj¢ przeprowadzono przy uzyciu

termocyklera Labcycler (SensoQuest GmbH).

— identyfikacja markerow molekularnych sprzezonych z genami Lr34 oraz
Lr46 w genotypach pszenicy oraz otrzymanych z Kkrzyzowania roslinach

(Publikacja P4. wchodzaca w sklad cyklu publikacji rozprawy doktorskiej)

W celu potwierdzenia obecnosci alleli zwigzanych z genami typu slow rusting
w genotypach pszenicy i otrzymanych z krzyzowania roslinach F1 wykorzystano markery
csLV34 (Lagudah i in. 2005) sprzezony z genem Lr34 oraz Xwmc44 (Suenaga i in. 2003)
I csLV46G22 sprzezone z genem Lr46. Marker CAPS (ang. Cleaved Amplified

Polymorphic Sequences), jest $ciSle sprzgzony z genem Lr46 i metodyka zostala
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udostgpniona dzigki uprzejmosci dr Evans’a Lagudah’a z CSIRO Plant Industry
w Canberry w Australii (komunikacja osobista 2020). Objetos¢ reakcji PCR wynosita 20
ul i sktadata si¢ ze 1 ul (100 nM) kazdego z dwoch starterow danego markera, 10 ul
2x PCR TaqNovaHs PCR Master Mix (Blirt), 2 ul matrycy DNA (50 ng/ul), 6 ul wody
do PCR. Profil reakcji PCR byt taki sam jak w przypadku wyzej opisanego multipleks
PCR, z temperaturg przylaczania starterow wynoszaca 50°C (dla markera csLV34), 61°C
(Xwmc44) lub 64°C (csLV46G22). Produkty amplifikacji PCR markera csLV46G22
trawiono enzymem restrykcyjnym BspEl w termocyklerze w 37°C przez godzing

(Lagudah, kom. osob. 2020, Ponce-Molina i in. 2018).

— amplifikacja metoda PCR w celu identyfikacji markerow csGS
(niepublikowane dane) oraz Xwmc44 i csLV46G22 w genotypach pszenzyta
(Publikacja P3. wchodzaca w sklad cyklu publikacji rozprawy doktorskiej)

Z uwagi na braku genomu D w pszenzycie nie analizowano obecnos$ci genu Lr34
znajdujacego si¢ na chromosomie 7DL. Istniato jednak przupuszczenie, ze loci genow
Lr46 (1BL) lub Lr68 (7BL) moga by¢ obecne w analizowanych odmianach pszenzyta.
Materiat zostal przeanalizowany na obecnosc markerow cSGS (Lr68) oraz Xwmc44
I csLV46G22 (Lrd6). Sekwencje starterow omowiono wyzej. Objetos¢ mieszaniny
reakcyjnej PCR wynosita 25 pl 1 sktadata si¢ z 12,5 pl 2x PCR TagNovaHs PCR Master
Mix (Blirt, Polska), 1 pl kazdego startera (st¢zenie dla kazdego startera wynosito 100
uM), 2 ul matrycy DNA i 6,5 ul wody do PCR. PCR zmodyfikowano na podstawie
standardowego protokotu. Temperatura przylaczania starteréw wynosita 60°C dla csGS
oraz 61°C dla Xwmc44 (Suenaga et al. 2003). Profil PCR modyfikowano na podstawie
standardowego protokotu i koncowy profil byt taki sam jak wyzej.

— amplifikacja metoda PCR markeréw molekularnych Xwmc44, Xbarc80,
Xgwm130 oraz csLV46G22 w celu porownania ich przydatnosci do
identyfikacji locus genu Lr46 (publikacja P5. wchodzaca w sklad cyklu
publikacji rozprawy doktorskiej)

Do potwierdzenia obecnosci alleli zwigzanych z Lr46 wykorzystano nastepujace
markery molekularne: csLV46G22R, Xwmc44, Xgwm259 i Xbarc80. Marker
mikrosatelitarny Xgwm259 mapuje okoto 20 cM dystalnie do Lr46 (Somers i in. 2004).
Sekwencja starteréw jest nastepujace: Xgwm259F 5
AGGGAAAAGACATCTTTTTTTTC i Xgwm259R 3'5' CGACCGACTTCGGGTTC 3.
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Wedlug literatury oczekiwany produkt powinien wynosi¢ 105 pz. Locus mikrosatelitarny
markera Xbarc80 mapuje 10-11 cm dystalnie do markera Xgwm259, a sekwencja jego
starterow to: Barc80F 5° GCGAATTAGCATCTGCATCTGTTTGAG 3' i Barc80R 5'
CGGTCAACCAACTACTGCACAAC 3'. Wielkos¢ amplifikowanego produktu wedlug
Giffey i in. (2009) wynosi 100 pz, jednak wedlug bazy MASwheat i przedstawionego tam
elektroforogramu, oczekiwany produkt dla genotypu referencyjnego jest powyzej wzorca
o wielkosci 100 pz. Reakcje PCR przeprowadzono w objetosci 20 ul, sktadajacej sig
z 1 ul dwoch starterow (Sigma); 12,5 uL FastGene® Optima HotStart ReadyMix
(NIPPON Genetics Europe GmbH), ktory zawiera mieszaning FastGene® Optima DNA
Polymerase (0,2 U na pl reakcji), FastGene® Optima Buffer (1x), dNTPs (0,4 mM
kazdego dANTP), MgCl2 (4 mM) i stabilizatory; 2 pL matrycy DNA oraz wod¢ do PCR.
Procedur¢ PCR zmodyfikowano w odniesieniu do standardowego protokotu.
Temperatury przyltaczania starterow dla poszczegolnych markeréw wynosity 61°C dla
Xwmc44 Suenaga i in. 2003), 56°C dla Xgwm259 (Cobo i in. 2019), 50°C dla Xbarc80
(Griffey i in. 2009) oraz 64°C dla csLVG22R (Lagudah, kom. os. 2020). Metodyka
dotyczaca profilu reakcji PCR byla taka sama jak w wyzej opisywanych podpunktach.

— rozdzial elektroforetyczny oraz wizualizacja wynikéw (publikacje P1., P2.,

P3., P4., P5. wchodzace w sklad cyklu publikacji rozprawy doktorskiej)

Produkty amplifikacji w przypadku wszystkich analiz molekularnych
przygotowano poprzez dodanie 0,5 pl Midori Green Direct (NIPPON Genetics EUROPE)
do kazdej proboéwki i rozdzielono przy uzyciu 2% zelu agarozowego (SIGMA) w buforze
1x TBE (BioShop) przy 100 V przez dwie i p6t godziny. Do wizualizacji produktow PCR
zastosowano system Molecular Imager Gel Doc™ XR UV z oprogramowaniem Biorad

Bio Image™.

4.2.3. ldentyfikacja markera morfologicznego LTN (publikacja P3. wchodzaca
w sklad cyklu publikacji rozprawy doktorskiej)

Nekrozg wierzchotkoéw lisci LTN (ang. Leaf Tip Necrosis), bedaca markerem
morfologicznym dla gendow typu slow rusting (Singh 1992, Krattinger i in. 2009)
identyfikowano w dwudziestu odmianach pszenzyta w warunkach polowych w ogrodzie
doswiadczalnym Katedry Genetyki 1 Hodowli Roslin Uniwersytetu Przyrodniczego
w Poznaniu. Zaobserwowano 1 oceniono dziesi¢¢ losowo wybranych lisci flagowych

danego genotypu, stosujac wyniki dodatnie/ujemne (LTN+/LTN-).
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4.2.4. Analiza zywotnosci ziaren pylku (publikacja P4. wchodzaca w sklad cyklu
publikacji rozprawy doktorskiej)

Ocene zywotnosci ziaren pytku przeprowadzono na 33 genotypach pszenicy
wyselekcjonowanych na bazie analiz molekularnych, ktore miaty by¢ dawca pytku do
krzyzowan z odmianami pszenzyta. Ziarna pytku wybarwiono 2% roztworem
acetokarminu w glicerynie w proporcji 1:1. Oceng zywotnosci pytku przeprowadzono za
pomoca mikroskopu Delta Genetic Pro (Delta Optical, Polska). Zywotnos¢ pylku
okreslono na podstawie stopnia wypelnienia ziaren cytoplazma. Pylek intensywnie
wybarwiony (catkowicie wypetniony cytoplazmg) uznawano jako zywotny, a pylek
niewybarwiony lub czg$ciowo wybarwiony (pusty lub czg¢sciowo wypehiony
cytoplazmg) jako niezywotny. W obrebie kazdego genotypu analizowano ok. 200 ziaren
pytku. Nastepnie obliczano zywotno$¢ ziaren pytku dzielac sume ziaren zywotnych przez
catkowitg liczbe ziaren pytku (zywotne 1 niezywotne). Wyniki przedstawiono

w procentach.

4.2.5. Wyprowadzenie mieszancow F1 poprzez kontrolowane Kkrzyzowanie

(publikacja P4. wchodzaca w sklad cyklu publikacji rozprawy doktorskiej)

Rosliny mieszancowe F1 uzyskano w wyniku krzyzowania pszenzyta (rodzic
zenski) z pszenica (zapylacz) w szklarni Katedry Genetyki i Hodowli Roslin
Uniwersytetu Przyrodniczego w Poznaniu. W tym celu wysiano 10 nasion z kazdego
genotypu w plastikowych doniczkach w pigciu powtdrzeniach co dwa tygodnie w celu
synchronizacji terminu dojrzalo$ci znamion stupkow form akceptorowych 1 terminu
pylenia zapylaczy (pszenicy). Ponadto, dostosowywano termin kwitnienia komponentow
ojcowskich poprzez przycinanie roslin, manipulowanie fotoperiodem, obnizanie
(zastosowanie komory jarowizacyjnej) lub podwyzszanie temperatury otoczenia. Nie
dostosowywano natomiast terminu kwitnienia ro$lin matecznych, w celu ograniczenia
negatywnego wptywu manipulacji na stopien wyksztalcenia ziarniakow mieszancowych.
Kwiaty roslin matecznych (pszenzyta) wykastrowano w celu uniknigcia samozapylenia
stosujac metode Tschermaka (1921), polegajaca na obcinaniu gornej czesci ktoskow (1/3
dhugos$ci) wraz z 0$¢mi, rozchylaniu plewek, usunieciu kwiatow srodkowych i1 usunigciu
pylnikow. Termin kastracji wybierano na podstawie oceny morfologicznej roslin
matecznych. Zabieg ten wykonywano u roslin, ktorych ktosy byly jeszcze w pochwach

lisSciowych, a li$¢ flagowy osadzony jest 3-5 cm ponad pochwa. W tym okresie rozwoju
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rosliny pylnkiki maja barwe zielong lub lekko zotta Wykastrowane kwiaty liczono
i zapylano §wiezo zebranym pytkiem pszenicy po uptywie 3-6 dni od wykonania kastracji
w okresie 3 miesiecy (kwiecien — czerwiec 2019 r.). Do krzyzowan wybierano dobrze
rozwinete znamiona stupkoOw w momencie cze¢sciowego rozwierania si¢ plewek,
wywolanego przez napgcznienie luszczek miodnikowych. Dojrzate pylniki roslin
ojcowskich zebrano do probdéwki i wymieszano, aby dokladnie pokryly si¢ pytkiem
osypanym z pekajacych pylnikow. Dojrzalte, posiadajace turgor, pokryte pytkiem pylniki
(lub ich fragmenty) wktadano do wykastrowanych kwiatow. Zapylony klos izolowano
przy pomocy torebek papierowych opisanych data kastracji i zapylenia oraz symbolami
form rodzicielskich. Przeprowadzono ocen¢ efektywnosci krzyzowania poprzez analiz¢
srednich uzyskanych poprzez iloraz liczby otrzymanych ziarniakéw przez liczbe

wszystkich zapylonych kwiatow.

4.2.6. Analizy cytogenetyczne (publikacja P4. wchodzaca w sklad cyklu publikacji
rozprawy doktorskiej)

— wykonanie preparatéw metodq trawienia enzymatycznego

Procedur¢ akumulacji i utrwalania metafazy mitotycznej przeprowadzono
zgodnie z metodyka Kwiatka i in. (2016). Nasiona mieszancéw F1 kietkowano na
wilgotnej bibule filtracyjnej na szalkach Petriego przez 3-4 dni. W celu nagromadzenia
metafazy mitozy, wierzchotki korzeni zebrano i przechowywano w lodzie przez 26
godzin w ciemno$ci. Utrwalenie wierzchotkow korzeni wykonano przy uzyciu
mieszaniny etanolu i kwasu octowego (3:1). Utrwalone merystemy trawiono
W mieszaninie maceracyjnej sktadajacej si¢ 0,01 M buforu cytrynianowego,
zawierajacego 20% pektynazy (Sigma) oraz 1% celulazy z Aspergillus niger
(Calbiochem) i 1% celulazy ,,Onozuka” R-10 z Trichoderma viride (Hasterok i in. 2006).
Koncoéwki korzeni umieszczano w 0,01 M buforze cytrynianowym celem wyptukania
enzymu maceracyjnego, a nastepnie na szkietku w 60% kwasie octowym i preparowano
metalowg igla pod mikroskopem stereoskopowym Delta Optical StereoLight (Delta
Optical, Polska). Tkank¢ wraz z kropla 60% kwasu octowego przenoszono na szkietko
podstawowe, przykrywano szkietkiem nakrywkowym (20 x 20 mm) i rozgniatano.
Nastepnie sprawdzano jako$¢ preparatu pod mikroskopem kontrastowo-fazowym
(Nikon, Japonia). Szkietko zanurzano w cieklym azocie w celu usunigcia szkietka

nakrywkowego 1 przechowywano w temperaturze 4 °C.
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— izolacja genomowego DNA przeznaczonego do analiz cytogenetycznych

Catkowite genomowe DNA Aegilops tauschii Coss., stanowigce prekursor genomu
D pszenicy (2n = 2x = 14 chromosoméw; DD; PI 603226; US National Plant Germplasm
System) wyizolowano przy uzyciu zestawu DNeasy Plant Maxi Kit 24 (Qiagen, Niemcy).

Genomowe DNA z zyta S. cereale L. (Imperial; Pl 323382; US National Plant
Germplasm System), stanowigce prekursor genomu R oraz T. durum Desf. (2n = 4x = 28
chromosomow; AABB; Ceres; HR Smolice; Polska), stanowigce prekursor genomow
A i B, zostalo wyizolowane wedlug procedury Lombard i Delourme (1997).
W porcelanowym mozdzierzu rozdrabniano 5g tkanki traktowanej cieklym azotem
i umieszczano utartg tkanke w proboéwce typu Falcon (50 ml). Nastepnie do materiatu
dodawano 30 ml 2% CTAB, czyli buforu izolacyjnego. Po wymieszaniu proby
umieszczano w fazni wodnej w temperaturze 65°C na 2h, mieszajac probki co 10 minut.
Po okresie inkubacji do préb dodano 20 ml mieszaniny skladajacej si¢ z chloroformu
i 1-oktanolu w stosunku 24:1 i wirowano z predko$cig 4500 obrotow na minute przez 45
minut. Do nowych probowek typu Falcon pobierano gorng faze wodna i dodawano 16 ml
100% izopropanolu schtodzonego do temperatury -20°C. Nastepnie proby doktadnie
mieszano 1 odstawiano na dobg¢ do temperatury 4°C. W kolejnym etapie materiat
wirowano z predkosciag 3800 obrotéw na minute, zlewano supernatant i suszono proby
przez 40 minut. Do préb dodawano 5 pl RNazy oraz 10 ml TE i inkubowano przez
godzing w temperaturze 37°C. Nastgpnie do prob dodawano 5 ml SM NaCl 1 mieszano,
po czym ponownie dodawano 10 ml 100% izopropanolu (-20°C). Po raz kolejny materiat
mieszano 1 odstawiano na dobe (4°C). Po okresie inkubacji proby wirowano przez 10
minut i zlewano supernatant, a otrzymany osad zawieszono w 5 ml 70% izopropanolu
(-20°C). Préby ponownie wirowano przez 10 minut z predkosciag 3800 obr./min.
z chtodzeniem (4°C). Po zlaniu supernatantu materiat suszono przez 15 minut. Do préb

dodawano 100 sddH»0 i poddawano inkubacji w temperaturze 37°C przez 15 minut.
— przygotowanie sond molekularnych oraz blokera

Genomowe DNA A. tauschii Coss. zostalo wyznakowane przez nick translacje
z uzyciem fluorochromu Atto-488 (Atto-488NT Kkit; Jena Bioscience, Niemcy).
Catkowite genomowe DNA zyta znakowano w ten sam sposob fluorochromem Atto-550.
W sklad mieszaniny o objetosci 20 pl wchodzito: 6 pl znakowanej sekwencji

genomowego DNA,; 2 ul sddH20; 2 ul 10 x NT labeling buffer; 2 ul Atto-488 lub Atto-
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550 labeling mix; 2 pl mieszaniny enzyméw. Reakcje przeprowadzono w termocyklerze
w warunkach: niktranslacja w 15°C przez 95 minut i zatrzymanie reakcji w temperaturze

60°C przez 15 minut.

W celu przygotowania blokera genomow A i B wykorzystano 230 ul DNA
T. durum Desf. 0 DNA, ktore umieszczonow probowce typu Eppendorf (2 ml). Dodano
20 pl 5M NaCl i gotowano przez 45 minut w celu pocigcia DNA na fragmenty ok. 300-
500 pz). Nastgpnie probowki umieszczano w lodzie na 5 minut. Po okresie inkubacji do
prob dodawano 3M NaAC w objetosci 1/10 roztworzu, czyli 25 pl 1 nastepnie 750 ul
100% EtOH (2x objetos¢ roztworu). Proby umieszczano na noc w temperaturze -20°C.
Nastepnego dnia proby wirowano przez 30 minut przy 14 000 rpm w temperaturze 4°C.
Po wirowaniu zlewano supernatant i przemywano 50 ul 70% EtOH (-20°C), wkrapiajac
po Sciankach proboéwki. Proby nastepnie ponownie wirowano przez 5 minut przy 14 000
rpm w temperaturze 4°C. Po wirowaniu odsgczano EtoH i suszono przez 15 minut
w cieplarce w temperaturze 37°C.Uzyskany material rozpuszczano w 40 pl TE
i przechowywano przez dob¢ w temperaturze 4°C, a nastgpnie w -20°C. Bloker

stosowano w stosunku 1 : 50 (sonda/bloker).
— genomowa hybrydyzacja in situ GISH

Chromosomy roslin mieszancowych F1 analizowano za pomocg metody GISH.
Celem analizy byto obliczenie efektywnosci hybrydyzacji krzyzowej CE (ang. Crossing
Efficiency). Analiz¢ GISH wykonano wedtug Kwiatka i in. (2016).

Przed hybrydyzacja przygotowane preparaty traktowano 170 ul RNAzy (SIGMA,
100 mg/ml w 2xSSC). Na preparaty nalozono foli¢ i inkubowano w wilgotnym
pojemniku przez godzing w cieplarce w 37°C. Nastepnie preparaty ptukano dwukrotnie
w 2xSSC przez 5 minut, w trakcie ptukania zdejmowano foli¢. Preparaty ptukano
nastgpnie w paraformaldehydzie w 1xPBS przez 15 minut i ponownie ptukano
dwukrotnie w 2xSSC przez 5 minut. Kolejnym etapem byta dehydratacja w szeregu
alkoholowym (etanol 70%, 90% 1 100%) przez 3 minuty. Preparaty nastepnie suszono.
W sktad mieszaniny hybrydyzacyjnej o objetosci 38 pl wchodzito: wyznakowane
genomowe DNA (100 ng), formamid (20 pl), siarczan dekstranu (8 pl), 20 x SSC (4pul),
SDS (detergent, 2 ul), bloker DNA z T. durum (5000 ng) woda destylowana. Mieszaning
hybrydyzacyjng denaturowano przez 10 minut w 75°C, a nastepnie stabilizowano na

lodzie. Uzyskang mieszaning naktadano na preparaty, przykrywano folig i poddawano
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denaturacji w 70 °C przez 4 minut i 30 sekund. Preparaty nastgpnie umieszczano

w wilgotnym pojemniku i inkubowano w temperaturze 37°C w cieplarce przez dobeg.

Po hybrydyzacji preparaty poddawano ptukaniu w temperaturze 42°C w 2 x SSC
przez 5 minut, dwukrotnie w 0,1 x SSC przez 5 minut i w 2 X SSC przez 5 minut.
Nastepnie w celu immunodetekcji na preparaty naktadano mieszaning antycial AntiDig
(Roche) z blocking reagent i inkubowano przez 1 godzing w 37 °C. Preparaty ptukano
w 4 x SSC z Tween 20 przez 8 minut, a nastgpnie w 2 X SSC przez 1 minutg. Preparaty
poddawano nastepnie dehydratacji w szeregu alkoholowym (1 minuta). Ostatnim etapem
bylo zamykanie preparatéw przy uzyciu DAPI w Vectashield w objetosci 10 pl na

preparat.
— analiza mikroskopowa i dokumentacja wynikow

Preparaty analizowano za pomocg mikroskopu fluorescencyjnego Axio Observer
7 (Carl Zeiss, Oberkochen, Niemcy). Obrobk¢ obrazu wykonano przy uzyciu
oprogramowania ZEN Pro (Carl Zeiss, Oberkochen, Niemcy). Kazdy genotyp oceniano

poprzez analiz¢ zestawOw chromosomoéw U 10 jader komoérkowych.
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5. Wyniki i dyskusja
51  Wyniki
5.1.1 Opracowanie metody multipleks PCR dla genéw typu slow rusting

(publikacje P1 i P2. wchodzace w sklad cyklu publikacji rozprawy
doktorskiej)

Do jednoczesnej identyfikacji gendéw Lr34, Lr46 oraz Lr68 wykorzystano
markery molekularne csLV34, Xwmc44 i csGS. W badaniach podjeto probe opracowania
facznie 4 wariantow reakcji do jednoczesnej identyfikacji: Lr34 + Lr46, Lr34 + Lr46 +
Lr68, Lrd6 + Lr68, Lr34 + Lr68. Produkty amplifikacji markera csLV34 o wielkosci 145
pz zaobserwowano w genotypach: ‘Lr34’, ‘NP846°, ‘TX89D643’5, ‘Parula ‘S’
I ‘Mochis’. W pozostalych odmianach ‘Pavon F7°6, ‘Rayon 8’9, ‘NP818’ i ‘Kern’
otrzymano produkt o wielkosci 229 pz, wskazujacy na brak genu Lr34. W wyniku
amplifikacji markera Xwmc44 sprzezonego z genem Lr46 otrzymano produkty
specyficzne o wielko$ci 242 pz w genotypach ‘Lr34°, ‘NP846°, ‘TX89D6435’, ‘Pavon
F76° 1 ‘Mochis 88’. Produkt markera csGS o wielkosci 385 pz zidentyfikowano
w genotypach: ‘Parula’ i ‘NP846’. Akumulacje genow Lr34 i Lr46, a tym samym
obecnos¢ obu specyficznych dla markeréw produktéw, uzyskano w genotypach
‘TX89D6435°, ‘Lr34’ oraz ‘NP846°. Jednoczesna obecno$¢ genoéw Lrd6 i Lr68
wykazano w genotypie ‘NP846°. Produkty dla genow Lr34 i Lr68 wystapity jednoczesnie
w genotypach: ‘Parula’ i ‘NP846°. Obecnos¢ wszystkich analizowanych markerow

zidentyfikowano przy uzyciu reakcji multipleks PCR w genotypie ‘NP846°.

5.1.2 Molekularna identyfikacja genéw typu slow rusting w pszenicy

— identyfikacja genu Lr34 w 33 genotypach pszenicy zwyczajnej przy uzyciu
pojedynczej reakcji PCR (publikacja P4. wchodzaca w sklad cyklu
publikacji rozprawy doktorskiej)

Genotypy pszenicy przeznaczone do wyprowadzenia roslin mieszancowych
pszenica — pszenzyto (41-73 Tab. 1) analizowano na obecno$¢ gendéw Lr34 i Lr46. W tym
celu wykorzystano markery molekularne csLV34 (dla genu Lr34) oraz Xwmc44
I csLV46G22 (Lr46). W wyniku reakcji PCR z uzyciem markera csLV34 uzyskano
produkty amplifikacji o wielkosci 160 pz w kontroli pozytywnej (genotyp ‘Lr34’) oraz
24 genotypach pszenicy. Produkt PCR o wielko$ci 240 pz zidentyfikowano dla o$miu
genotypow pszenicy, O Wskazuje na obecnos¢ allelu charakteryzujacego podatnos¢ na

infekcje. Analiza genotypow z wykorzystaniem markera Xgwm44 data dwa produkty:
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260 1 280 pz w kontroli pozytywnej (genotyp ‘Pavon 76F’) i 17 genotypow pszenicy.
Pozostate 11 genotypdw pszenicy charakteryzowalo si¢ produktami o wielkosci 200 i 230
pz. W obrebie dwoch genotypow pszenicy zaobserwowano produkty o wielkosci 240
i 270 pz. W genotypie ‘Toropi’ zidentyfikowano produkty 235 i 265 pz. Drugi marker
csLV46G22, Scisle sprzgzony z genem Lr46 (Lagudah, kom. os. 2020), dat inne wyniki
w porownaniu z Xgwm44. Allel odporny zostal zidentyfikowany w 16 genotypach
pszenicy. Markery Xgwmd44 i csLV46G22 zidentyfikowano jednoczesnie dla 21 z 33
genotypOow pszenicy. Dziesi¢¢ genotypow pszenicy zawierato wszystkie trzy markery dla

analizowanych genow.

— jednoczesna identyfikacja genow Lr34, Lr46 i Lr68 w 40 genotypach
pszenicy zwyczajnej (publikacja P2. wchodzaca w sklad cyklu publikacji
rozprawy doktorskiej)

Wariant reakcji PCR pozwalajacy na jednoczesna identyfikacje genow Lr34, Lr46
i Lr6é8 wykorzystano do identyfikacji genow w genotypach pszenicy, ktore wedtug
doniesien literatury lub analizy rodowodoéw genotypow moga wskazywaé na obecno$¢
tych genéw (1-40, Tab 1.). W wyniku analizy gen Lr34 zidentyfikowano w 13 z 40
badanych odmian, gen Lr46 w 17 odmianach, a gen Lr68 w 12 odmianach. W czterech
odmianach zidentyfikowano wszystkie trzy testowane geny (‘Glenlea’, ‘A99AR’,
‘NP846°, ‘363-11"), a w o$miu odmianach wykryto obecno$¢ dwoch testowanych genow
w jednej odmianie. W 14 odmianach nie zidentyfikowano zadnego z gendéw typu slow

rusting.

5.1.3  Molekularna identyfikacja genéw typu slow rusting w mieszancach
pszenzyta x pszenicy F1 (publikacja P4. wchodzaca w sklad cyklu
publikacji rozprawy doktorskiej)

Do badania obecnos$ci loci genéw Lr34 i Lr46 w roslinach mieszancowych Fi
wykorzystano zestaw trzech markerow molekularnych csLV34, Xwmc44 oraz
csLV46G22. Reakcje PCR dla markera csLV34 daty trzy typy produktow: 160 pz
pochodzacy z odpornej pszenicy (chromosom 7D) oraz 250 i 300 bp z genomu
R pszenzyta. Ocena elektroforogramow uzyskanych po rozdziale produktéow PCR
amplifikowanych przy uzyciu markera Xgwm44 byta trudniejsza. Trzy produkty zostaty
zamplifikowane przy uzyciu DNA wyizolowanego z roslin mieszancowych Fi1: 150, 200
1 240 pz, ktore byly charakterystyczne zarowno dla chromosomu 1B pochodzacego

z odpornych genotypow pszenicy, jak i chromosomu 1B z pszenzyta. Odporny wariant
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allelu markera csLV46G22 zidentyfikowano w roslinach uzyskanych z czterech
kombinacji krzyzowania. Co wigcej, te kombinacje (‘Fredro’ x ‘Frontana LF 321’,
‘Twingo’ x ‘Frontana LF 321°, ‘Twingo’ x ‘Frontana 3671 i ‘Twingo’ x ‘Sparrow’)
zawieraly wszystkie trzy odporne markery alleli powigzane z genami typu slow rusting
Lr34 i Lr46.

5.14  Molekularna identyfikacja genéw Lr68 (niepublikowane dane) oraz Lr46
w odmianach pszenzyta (publikacja P3. wchodzaca w sklad cyklu

publikacji rozprawy doktorskiej)

Analizy molekularne z wykorzystaniem markera csGS nie potwierdzity obecno$ci
locus genu Lr68 w zadnej analizowanej odmianie pszenzyta. W celu identyfikacji genu
Lr4d6 w 20 polskich odmianach pszenzyta wykorzystano dwa pszeniczne markery
molekularne Xwmc44 oraz csLV46G22. Wykazano, ze wyniki identyfikacji genu przy
uzyciu markera Xwmc44 nie sg takie same jak wyniki analiz z wykorzystaniem blizej
sprzezonego markera csLV46G22. Marker Xwmc44 zidentyfikowano w 6 odmianach
ozimych pszenzyta: ‘Dolindo’, ‘Fredro’, ‘Orinoko’, ‘Pizarro’, ‘Porto’ i ‘Trismart’.
Natomiast, produkt specyficzny markera csLV46G22 zaobserwowano w trzech innych

odmianach pszenzyta: ‘Kasyno’ (odmiana 0zima), ‘Mamut’ i ‘Puzon’ (odmiany jare).

5.15 Porownanie uzyteczno$ci diagnostycznej markerow molekularnych do
identyfikacji locus genu Lr46 w genotypach pszenicy (publikacja P3.
wchodzaca w sklad cyklu publikacji rozprawy doktorskiej)

Celem analizy byto ukazanie roznic pomigdzy wynikami identyfikacji locus Lr46
przy uzyciu czterech markerow (Xwmcd4, Xgwm259, Xbarc80 i csLV34G22)
zlokalizowanych w réznych odleglosciach od locus genu. Produkt specyficzny dla
markera Xwmc44 o wielkosci 242 pz byt obecny w 38 z 73 testowanych genotypow.
W przypadku analiz z wykorzystaniem markerow Xgwm259 oraz Xbarc80 uzyskano duza
liczb¢ niespecyficznych produktow o podobnej wielkosci do amplifikowanego
specyficznego produktu, przez co trudno bylo oceni¢ standardows elektroforeze
z uzyciem 2% zelu agarozoweg0. Opierajac si¢ na wielokrotnych powtorzeniach
identyfikacji locus Lr46 przy uzyciu zarowno markera Xgwm?259, jak i Xbarc80,
oceniono obecnos¢ markeréw zwigzanych z allelem odpornosci. Zidentyfikowano
produkt specyficzny o wielkosci 105 pz (Sommers i in. 2003) dla markera Xgwm259

w 52 z 73 analizowanych genotypow, podczas gdy produkt markera Xbarc80 pojawit si¢
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w 11 genotypach. Ostatnim analizowanym markerem byl csLV46G22. W wyniku
przeprowadzonych analiz locus markera zidentyfikowano w 60 z 73 analizowanych

genotypow.

5.1.6 Identyfikacja markera morfologicznego LTN (publikacja P3. wchodzaca
w sklad cyklu publikacji rozprawy doktorskiej)

Wyniki analiz molekularnych identyfikacji genu Lr46 w odmianach pszenzyta

porownano z obserwacja obecnosci nekrozy wierzchotkow lisci (LTN). Ceche LTN

zaobserwowano tylko u pieciu odmian ozimych (Belcanto, Dolindo, Kasyno, Pizzarro
i Porto).

Fotografia 1. Objawy nekrozy wierzchotkéw na lisciu flagowym odmiany Kasyno (na
gorze) w poréwnaniu z lisciem flagowym odmiany Grenado (na dole) (publikacja P3.

wchodzaca w sklad cyklu publikacji rozprawy doktorskiej)

5.1.7 Krzyzowanie (publikacja P4. wchodzaca w sklad cyklu publikacji rozprawy
doktorskiej)

Przeprowadzono krzyzowanie pSzenzyta ozimego z pszenica posiadajaca geny
typu slow rusting w celu oceny efektywnosci krzyzowania CE (ang. Crossing Efficiency)
przez kombinacje¢ krzyzowania pszenzyta z pszenica. Lacznie zapylono 5094 kwiaty
pszenzyta ziarnami pylku pszenicy. Ocena efektywnos$ci krzyzowania wykazata, ze
pszenzyto odmiany ‘Twingo’ wyprodukowato wiecej nasion mieszancowych (32

nasiona) niz odmiany ‘Fredro’ (2 nasiona). Nasiona mieszancowe uzyskano w zaledwie
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siedmiu kombinacjach krzyzowania. Catkowite CE dla obydwu odmian pszenzyta byto
niskie i wynosito 0,1% dla kombinacji ‘Twingo’ x pszenica i 0,001% dla kombinacji
‘Fredro’ x pszenica. Kombinacja ‘Twingo’ x ‘Frontana 3671’ byta najbardziej efektywna
i data 12 nasion (CE 21,43%).

5.1.8  Analiza statystyczna danych PDO dotyczacych odpornosci analizowanych
odmian pszenzyta

Srednia warto$é oceny odpornosci na rdze brunatng wahata sie od 6,8 do 8,6 dla
odmian ozimych oraz 7,5-8,4 dla odmian jarych analizowanych w tym badaniu.
Jednoczesnie $rednia ocena odporno$ci na rdze z6ita wahata si¢ od 6,5 do 8,8 dla odmian
ozimych i 8,1-8,7 dla odmian jarych. Srednie oceny odpornosci na P. triticina Erikss.
i P. striiformis West. dla odmian ozimych niosacych allel Xwmc44res byly nizsze niz

srednie oceny dla odmian Xwmc44sus.

5.1.9  Analiza zywotnosci ziaren pylku (publikacja P4. wchodzaca w sklad cyklu
publikacji rozprawy doktorskiej)

Zywotno$¢ ziaren pytku genotypow pszenicy przeznaczonych do krzyzowan byta
wysoka 1 wahata si¢ od 88,29 do 99,36%. Najwyzsza zywotno$¢ pytku zaobserwowano
dla genotypu ‘Chris’. Najnizsza zywotno$¢ ziaren pylku zanotowano w genotypie
Junco’. Srednia zywotno$¢ pylku dla wszystkich 33 gatunkéw pszenicy uzytych
w krzyzowaniach wynosi 90,45%. Wysoka zywotnos¢ ziaren pytku (powyzej 90%)
wykazaty genotypy: ‘Frontana’, ‘Frontana 3671, ‘Toropi’, ‘Sparrow’, ‘Myna’,
‘Tanager’, ‘Rayon 89’, ‘Mochis 88’, ‘P8901-AQ’, ‘Anza’, ‘TX89D6435 i ‘Purdue’.

5.1.10 Analizy cytogenetyczne (publikacja P4. wchodzaca w sklad cyklu
publikacji rozprawy doktorskiej)

Analize GISH przeprowadzono dla wszystkich 34 nasion F1 w celu potwierdzenia
ich mieszancowego pochodzenia. Kariotyp roslin mieszancowych pszenzyto x pszenica
(F1) byt zgodny z teoretycznym sktadem chromosomowym dla tego typu kombinacji
I zawierat 14 chromosomow (7 par) genomu A, takg sama liczbg chromosoméw genomu
B, 7 chromosoméw (monosomicznych) genomu D, ktoére pochodzity z pszenicy
rodzicielskiej 1 7 (monosomicznych) chromosomoéw genomu R, pochodzacych od

rodzicielskiego pszenzyta.
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Fotografia 2. Genomowa hybrydyzacja in situ przeprowadzona na chromosomach
mitotycznych roslin pochodzacych z krzyzowej hybrydyzacji pszenzyta i pszenicy:
chromosomy genomu D - Atto-488, zielony; chromosomy genomu R - Atto-550,
czerwony (1, 2 — ‘Twingo’ x ‘TX89D643°5, 3 — ‘“Twingo’ x ‘Mochis’, 4 — ‘Twingo’ x
‘Rayon 89’, 5, 6 — “Twingo’ x ‘Frontana 3671’,
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5.2 Dyskusja

Transfer genéw za posrednictwem kontrolowanych krzyzowan pokrewnych
gatunkéw do konwencjonalnych odmian pszenzyta jest na razie jedyna mozliwo$cia
uzyskania translokacji w prowadzonych na duzg skale komercyjnych programach
hodowlanych w Unii Europejskiej. Do tej pory zidentyfikowano i zastosowano w hodowli
ro$lin wiele gendow nadajacych odpornos¢ na choroby zb6z, ale wiele z nich stracito swoja
skuteczno$¢ z powodu pojawienia si¢ | adaptacji (przystosowania) nowych ras patogenow
(Singh 1 in. 2000). Niestety, wprowadzenie nowych genow odpornosci skutecznych
przeciwko obecnie wystepujacym rasom patogenow zajmuje kilka lat, glownie ze
wzgledu na dhugi proces zwigzany z wyprowadzaniem linii homozygotycznych (Alemu
2019). Dlatego obecnie wickszos¢ hodowcoéw sklania sie ku wykorzystaniu genow
zapewniajacych trwalg tolerancj¢ na wiele ras rdznych patogendéw, co z potaczeniu
z genami rasowo-specyficznymi moze pomodc zminimalizowaé ilo§¢ stosowanych

fungicydéw w uprawach zb6z.

W pracy podjeto skuteczng probe opracowania warunkow muliplex PCR, w celu
zminimalizowania kosztow, czasu 1 nakladu pracy przy wyborze materiatow
wyjsciowych do krzyzowan. Opracowano tacznie 4 rdézne warianty multipleks PCR,
pozwalajace na jednoczesng identyfikacje gendw Lr34 + Lr46, Lr46 + Lr68, Lr34 + Lr68
oraz Lr34 + Lr46 + Lr68. Wyniki pokazaty, ze produkt amplifikacji locus csLV34res
(warunkujacego odporno$¢) wynosit okoto 145 pz, w przeciwienstwie do wynikoéw
Lagudaha i in. (2006), ktorzy podali wielko$¢ 150 pz. Réznice w wielko$ci produktow
moga wynika¢ z rodzaju zastosowanego wzorca wielkosci DNA. Lagudah i in. (2006)
zastosowali wzorzec markerowy o wielkosci 100 pz. W przedtozonej pracy zastosowano
doktadniejszy wzorzec DNA o0 wielkosci 50 pz, ktory wykazat, ze produkt markera

csLV34 jest mniejszy niz 150 pz.

Optymalizacja metody multipleks PCR opierata si¢ o dobor odpowiedniej objetosci
startera dla wszystkich genow w obrebie kazdego wariantu i dostosowaniu odpowiedniej
temperatury przylaczania starterow w celu uzyskania jednorodnie intensywnych prazkow
na 2% zelu agarozowym. Z tego wzgledu, w kazdej probie uzyto mniejszej objetosci
startera csLV34 niz w pozostalych, poniewaz starter wykazywat bardzo intensywne

produkty po rozdziale elektroforetycznym. Ponadto, objgtos¢ startera Xwmc44 zostata
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zwigkszona w kazdym wariancie, poniewaz produkt markera po rozdziale

elektroforetycznym byt niewystarczajaco wyrazny.

Opracowane warunki multipleks PCR umozliwity identyfikacj¢ genow Lr34, Lr46
I Lr68 w materiatach pszenicy, ktore wedlug doniesien literatury i analizy rodowodow
moga posiadac¢ geny typu slow rust. Odmiana ‘Glenlea’ zostala zarejestrowana w 1972
r. i byla pierwszg odmiang niosgcg gen Lr34 w zachodniej Kanadzie (Evans i in. 1972,
Dyck i in. 1985). W badaniach wchodzacych w sktad rozprawy doktorskiej wszystkie
trzy geny typu slow rusting (Lr34 +Lr46 + Lr68) zostaly zidentyfikowane w tym
genotypie. Ponadto, w niektorych genotypach posiadajacym w swoim rodowodzie
genotyp ‘Glenlea’ réwniez zidentyfikowano rézne kombinacje alleliczne wariantow
warunkujgcych odpornos¢: ‘A99AR’ i “363-11° (Lr34+L46+Lr68), 7531-V3D’
(Lr34+Lr68), ‘7531-AG5A” (Lr34+Lr46), ‘7536K -51A4’ (Lr34), ‘P8802-C1*3A2C16’,
‘P8802-C1*3A2A2U° i ‘7531-AP5A’ (Lr46). ‘Lerma Rojo’ to jedna z potkartowatych
odmian opracowanych w CIMMYT na cele programéw rozwoju rolnictwa
prowadzonych w latach 60. XX w. przez agencj¢ ONZ okreslanych mianem tzw. Zielonej
Rewolucji. Opracowanie odmiany przyczynito si¢ do przelomowego wzrostu plonéw
w Indiach, Pakistanie, Turcji i innych czeS$ciach $wiata. Odmiana ‘Lerma Rojo’
charakteryzuje si¢ dluga zywotnoscig ze wzgledu na odpornos$¢ na patogeny (Borlauge
1968). W pracy zidentyfikowano dwa geny typu slow rusting w odmianie ‘Lerma Rojo’:
Lr34 i Lr46. W genotypie ‘Oxley’, ktorego genealogia obejmuje ‘Lerma Rojo’, rowniez
zidentyfikowano locus genow Lr34 i Lr46. Kolejnym genotypem, w ktorym
zidentyfikowano locus wszystkich analizowanych genow jest indyjska odmiana
‘NP 846°, znana réwniez jako ‘New Pusa 846°. Do tej pory dane literaturowe donosity,
ze ‘NP 846’ posiada allel Lr34res (Kaur i in. 2000, Kolmer i in. 2008). Altieri i in. (2008)
okreslili liczbg 1 charakterystyke gendw odpornosci na rdzg lisci pszenicy obecnych
w argentynskiej odmianie ‘Buck Manantial’, ktora wykazuje trwata odporno$¢ na rdze
brunatng. Uzyli rowniez $cisle powigzanego markera csLV34 z Lr34, aby wykry¢
obecno$¢ tego genu odpornosci w ‘Buck Manantial’, zgodnie z hipotezg Dycka (1989).
W wyniku przeprowadzonych przez autorow badan nie udato si¢ potwierdzi¢ obecnosci
genu w odmianie ‘Buck Manantial’ na podstawie allelu wykrytego przez ten marker
molekularny. W ramach badan wchodzacych w sktad pracy doktorskiej rowniez nie

zidentyfikowano zadnego genu w odmianie ‘Buck Manantial’, chociaz takze wedlug
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innych zrédet odmiana ta posiada gen Lr34 (Mclintosh i in. 1995, Mcintosh i in. 2008,
McCallum 2012).

Literatura podaje wiele przyktadow udanego wykorzystania metody multipleks
PCR do identyfikacji genéw odpornosci specyficznych dla rasy. Lesniowska-Nowak i in.
(2013) opracowali metod¢ multipleks PCR w celu zidentyfikowania dwoch gendow
odporno$ci na rdze brunatng: Lr9 i Lrl9. Inne gtowne geny odpornosci na P. triticina
Erikss. Lr29 i Lr37 zostaly zidentyfikowane w jednej reakcji PCR przez Sumikova
i Hanzalova (2010). Gogot i in. (2015) podjeli udang probe wykorzystania metody
multipleks PCR do jednoczesnej identyfikacji genow odporno$ci na dwie rozne choroby:
Lr21 (rdza brunatna) i Pmdb (magczniak prawdziwy). Tomkowiak i in. (2019)
zidentyfikowali geny Pm2, Pm3a, Pmdb i Pm6 w genotypach pszenicy, a takze
opracowali warunki reakcji multipleks PCR do jednoczesnej identyfikacji genow Pm2
I Pm4b.

Ponadto, istnieje wiele przyktadow wykorzystania multipleks PCR do
identyfikacji innych gendow pszenicy. Zhang i in. (2008) opracowali dwa multipleksowe
testy PCR majace na celu poprawe jakosci wypieku chleba i makaronu w pszenicy
zwyczajnej, ktore zostaly zweryfikowane przy uzyciu 70 odmian 1 linii z chinskich
regionow pszenicy ozimej. Wang i in. (2010) zidentyfikowali geny w locus Glu-A3,
opracowali markery STS i opracowali multipleks PCR z markerami STS dla alleli Glu-
A3. System multipleks PCR zostat zwalidowany na 141 odmianach pszenicy CIMMY T
i liniach z réznymi allelami Glu-A3, potwierdzajac, ze moga one by¢ skutecznie
wykorzystywane w hodowli wspomaganej markerami. Moczulski i Salmanowicz (2003)
zastosowali metod¢ multipleks PCR do identyfikacji alleli loci Glu-1 kompleksu
gluteninowego HMW (Glu-Al, Glu-B1 i Glu-D1) w genotypach pszenicy zwyczajnej.
W poréwnaniu z konwencjonalnymi technikami PCR, ktore pozwalaja na identyfikacje
pojedynczych gendéw odpornosci, multipleks PCR jest metoda, ktéra umozliwia
jednoczesne wykrywanie wielu gendw odpornosci w jednej reakcji z wysokg czutoscia
1 swoistoscig. W konsekwencji, multipleks PCR jest bardziej odpowiednig 1 mniej
czasochlonng metoda wykrywania kilku genéw odpornosci (Ballabio i in. 1990).
Ponadto, metoda multipleksowego PCR stanowi podstawe dla przysziego rozwoju
ilosciowej 1 bardziej czutej metody PCR z wykorzystaniem technologii PCR w czasie
rzeczywistym (Coté i in. 2004). Metoda multipleks PCR jest wygodnym narzedziem do

selekcji materiatow do hodowli roslin. Przedstawiona metoda moze by¢ z powodzeniem
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wykorzystana do jednoczesnej identyfikacji genow Lr34, Lr46 i Lr68. Ponadto
dodatkowe warianty metody pozwalajace na jednoczesng identyfikacje genoéw Lr34
i Lr46, Lr46 i Lr68 oraz genéw Lr34 i Lr68 mogg by¢ roéwniez pomocnym narzedziem
w hodowli ro$lin. Odmiany zawierajgce geny typu slow rusting, zidentyfikowane
w analizie przy uzyciu metody multipleks PCR, moga dostarczy¢ genéw odpornosci APR

do hodowli pszenicy lub innych gatunkéw zboz.

W pracy zatozono ponadto, ze gen Lr46 zlokalizowany na chromosomach 1B
moze by¢ obecny w niektorych odmianach pszenzyta, biorgc pod uwage rézne Sciezki
wyprowadzania pierwotnego i wtornego pszenzyta. Analizowano dwadziescia polskich
odmian pszenzyta W celu identyfikacji locus Lr46 przy uzyciu dwoch najblizszych
markerow molekularnych i wykazano, ze marker mikrosatelitarny Xwmc44 nie pokrywa
si¢ z analizami markera CAPS csLV46G22. Locus mikrosatelitarny markera Xwmc44
znajduje si¢ 5,6 cM proksymalnie od domniemanego QTL dla Lr46 (Suenaga i in. 2003).
Dla poréwnania, ostatnie mapy dla Lr46 z Pavon 76 umieszczaja locus genu pomiedzy
TraesCS1B01G453900 oraz csLV46G22 (Lagudah, kom. osob.). Marker Xwmc44
zidentyfikowano w 6 odmianach ozimych: ‘Dolindo’, ‘Fredro’, ‘Orinoko’, ‘Pizarro’,
‘Porto’ i “Trismart’. Wyniki dla allelu odpornosci Xwmc44 nie pokrywaty si¢ z markerem
CAPS csLV46G22res scisle zwigzanym z Lrd6. Specyficzny produkt markera
csLV46G22 zaobserwowano w trzech innych odmianach pszenzyta: ‘Kasyno’ (odmiana

ozima), ‘Mamut’ i ‘Puzon’ (odmiany jare).

Biorgc pod uwage ekspresje genu Lrd6, porownano wyniki analizy markerow
molekularnych z oceng polowa porazenia P. triticina Erikss. i P. striiformis West.
powodujace odpowiednio rdze brunatng i zo6tta, w odmianach pszenzytach badanych
w ramach programu porejestrowego doswiadczalnictwa odmianowego (PDO 2016-2018;
Drazkiewicz 2019 , Najewski 2019). ‘Belcanto’ i ‘Kasyno’ byty najbardziej odporne na
infekcje zarowno P. triticina Erikss., jak i P. stiiformis West. Biorac pod uwage drugi
marker, $rednie oceny odpornosci na P. triticina Erikss. i P. striiformis West. dla
odmian csLV46G22res byly wyzsze niz $rednie oceny dla odmian csLV46G22sus
zjednym wyjatkiem. Wyniki dotyczace porazenia rdza zo6ita byty podobne w poréwnaniu
z odmianami jarymi niosgcymi cSLV46G22res i csLV46G22sus. Wyniki zestawiono
réwniez z analizg nekrozy wierzchotkéw lisci (LTN). Ceche LTN zaobserwowano tylko
u pieciu odmian ozimych (‘Belcanto’, ‘Dolindo’, ‘Kasyno’, ‘Pizzarro’ i ‘Porto’).

W poréwnaniu z odmianami LTN— wyniki odpornosci na rdz¢ brunatng i rdze z6ita byly
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wyzsze dla odmian LTN+. W$rod ozimych odmian LTN+, ‘Dolindo’, ‘Pizzaro’ i ‘Porto’
nosity allel Xwmc44res, podczas gdy w odmianie ‘Kasyno’ zidentyfikowano
allel csLV46G22res.

Podsumowujac wyniki markeréw molekularnych w poréwnaniu z 3 letnig oceng
polowa porazenia rdzg brunatng i rdzy zoltej oraz identyfikacja markera LTN, mozna
przypuszczac, ze odmiana ‘Kasyno’ ma gen Lr46. Co wiecej w oparciu o wysoki poziom
odpornosci na rdz¢ brunatng 1 z6tta oraz obecno$¢ cechy LTN mozna przypuszczaé ze
odmiana ‘Belcanto’ rowniez posiada geny typu slow rusting. Wymaga to jednak
dodatkowych badan markerow molekularnych. Ponadto, odmiany te moga stuzy¢ jako
material wyjsciowy do piramidyzowania gendéw typu slow rusting w genotypach

pszenzyta.

Rosliny mieszancowe pszenica x pszenzyto uzyskane poprzez kontrolowane
krzyzowanie dwdch odmian pszenzyta z 33 genotypami pszenicy, ktéra wedtug doniesien
literaturowych byta zrodtem roéznych gendow typu slow rusting zostaty przeanalizowane
na obecnos¢ locus gendéw Lr34 i Lrd6 przy uzyciu markerow molekularnych
opracowanych do identyfikacji gendw w pszenicy. W wyniku analiz dla podatnych roslin
mieszancowych amplifikowano rézne prazki o wielkosci 250 1 350 pz. Mozna
wigc przypuszczaé, ze ortolog csLV34 jest obecny na chromosomach genomu R
(prawdopodobnie na chromosomie 7R), ale daje rézne amplikony, ktore sg przydatne do
identyfikacji locus Lr34 u mieszancow pszenzyta z pszenica. Marker Xwmc44 dat cztery
rozne produkty amplifikacji dla roslin mieszancowych Fi. Roznice wielkosci miedzy
amplikonami byty trudne do oceny za pomoca standardowe;j elektroforezy z uzyciem 2%
zelu agarozowego. Dla poréwnania zastosowano marker CAPS csLV46G22, ktory
poniewaz jest kodominujacy wydaje si¢ by¢ uzyteczny do genotypowania na roslinach
F1. Ponadto, wykazano stabg zdolnos¢ diagnostyczng markera Xwmc44 uzywanego do
identyfikacji genu Lr46. Co wiecej, dla 12 z 33 analiz genotypéw pszenicy wyniki
miedzy markerami Xgwm44 i csLV46G22 roznity sig.

Analiza GISH potwierdzita obecnos¢ siedmiu monosomicznych chromosomow
genomu D pochodzacego z pszenicy w wigkszo$ci nasion uzyskanych z krzyzowania
pszenzyta 1 pszenicy w tym badaniu. Metoda ta ma bezposrednie zastosowanie
w badaniach podstawowych, a takze w wykrywaniu wprowadzonej chromatyny

(Schwarzacher i in. 1992, Kwiatek i in. 2019). Wiele doniesien wykazato przydatnos¢
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metod cytogenetycznych do okreslenia introgresji chromosomow genomu D pszenicy
lub Ae. tauschii Coss. w obrebie genomu pszenzyta (Lukaszewski 1 in. 1987,
Salmanowicz i in. 2013, Kwiatek i in. 2015). Poniewaz locus Lr34 znajduje si¢ na
chromosomie 7D pszenicy, GISH byt dodatkowg metoda wykazania mieszancowego
pochodzenia roslin F11i potwierdzenia przeniesienia chromosoméw genomu D
z locus Lr34 do roslin hybrydowych. Niestety, identyfikacja locus Lr46 nie moze by¢
poparta przez GISH, poniewaz ta metoda nie ma zastosowania do rozr6zniania tozsamych
chromosomdéw genomu B mieszancow F1, ktore pochodzity zaréwno z form

rodzicielskich pszenicy, jak i pszenzyta.

Potaczenie MAS 1 GISH umozliwitlo wyselekcjonowanie roslin hybrydowych
pszenzyto x pszenica z loci genow typu slow rust. Rosliny mieszancowe uzyskane
z kombinacji ‘Twingo’ x ‘Frontana 3671’ wydajg si¢ by¢ najbardziej obiecujacymi
formami, biorgc pod uwage akumulacj¢ alleli warunkujgcych odpornos¢ zaréwno dla
genu Lr34, jak i Lr46. Te kombinacje mogg by¢é wykorzystane W celu rozmnazania
nasion, dalszego krzyzowania wstecznego i oceny odpornosci. Wymagana w badaniach
jest poprawa krzyzowalnosci odmian pszenzyta z wybranymi zapylaczami pszenicy. Co
wiecej, niezbedne sa testy odpornosci polowej, aby potwierdzié, czy przeniesione geny

typu slow rusting zapewniaja odporno$¢ genotypom pszenzyta.

Ostatnim etapem pracy byto ukazanie rdéznic pomigdzy wynikami identyfikacji
locus Lr46 przy uzyciu czterech markerow (Xwmc44, Xgwm259, Xbarc80 i csLV34G22)
zlokalizowanych w roznych odlegtosciach od locus genu. Marker mikrosatelitarny
Xgwm259 zlokalizowany jest okoto 20 ¢cM dystalnie w stosunku do Lr46, a marker
mikrosatelitarny Xbarc80 mapuje 10-11 cm dystalnie do Xgwm?259. Oczekiwany produkt
markera wedtug Giffey i in. (2009) wynosi 100 pz; jednak wedlug bazy MASwheat
(https://maswheat.ucdavis.edu/protocols/Lr46) i przedstawionego tam elektroforogramu,
oczekiwany produkt dla genotypu referencyjnego jest powyzej wzorca 100 pz. Wedtug
analiz przeprowadzonych w ramach pracy doktorskiej, produkt zidentyfikowany
w genotypie referencyjnym ‘Pavon F76° byl rowniez nieco wigkszy niz 100 pz.
Analizowano rowniez marker cSLVG22R, $cisle powigzany z genem Lr46 (Lagudah,
kom. osob. 2020). Wedtug doniesien literatury marker jest wysoce wiarygodnym
i sprzgzonym w 100% markerem diagnostycznym dla genu Lr46 (Cobo i in. 2019, Ren
i in. 2017). Jednak sekwencje starteréw i protokoty nie sg do tej pory opublikowane
(Lagudah, kom. osob.), dlatego obecnie nie mozna bra¢ pod uwage markera dla MAS.

41



Podobnie Huerta-Espino 1 in. (2020) uzyli dwoéch markerow SNP  (Viccars,
Chandramohan i Lagudah, niepublikowane dane), ktoére znajdowaly si¢ w poblizu Lr46,
w celu zbadania kolekcji odmian pszenicy z Meksyku. Pozostate markery znajduja si¢
w wiekszej odleglosci od genu, a uzyskane istotne rdznice w wynikach wskazujg na
nieprzydatnos¢ markerow do identyfikacji genu Lr46. Wyniki identyfikacji markera
Xwmc44 pokrywaja sie w 52% z markerem csLV46G22, w 75% z Xgwm259, i w zaledwie
32% z markerem Xbarc80. Tylko 12% genotypéw uzyskato ten sam wynik dla
wszystkich markerow. Aby zwalidowac¢ i potwierdzi¢ wystepowanie genu L46, Liu i in.
(2007) wykorzystali markery molekularne: Xwmc44, Xgwm259 i Xbarc80. Kolmer i in.
(2015) uzyli rekombinowanych linii wsobnych F6 (RIL) ,,Thatcher”*3/,,C113227”
z markerem csLV46G22, aby zmapowac¢ region chromosomu 1BL, ktory byt silnie
zwigzany z odporno$cig na wiele patogendéw. Autorzy poinformowali, ze przy uzyciu
markera csLV46G22R (wariant warunkujacy odpornos¢) zidentyfikowano odporno$é na
rdz¢ brunatng, rdz¢ z6tta i maczniaka prawdziwego. Jednak w przedtozonym badaniu
marker ten okazatl si¢ negatywny (wraz z trzema innymi markerami) dla genotypu nr. 31
(‘HI 617’; ‘P1 42228°3; ‘Sujata’), ktory zostal uznany za genotyp rodzicielski Lr46 (Lan
I in. 2015, Ponce-Molina i in. 2018). Wedlug Lan i in. (2015), gen Lr46 wykryto
w populacji ‘Avocet YrA’ x ‘Sujata RIL’. Moze to prowadzi¢ do hipotezy, ze powigzanie

miedzy dostepnymi markerami a loci Lr46 moze zosta¢ zerwane.

Biorac pod uwage wyniki analiz molekularnych, nalezy stwierdzi¢, ze marker
csLV46G22 mozna uznaé za wiarygodny marker do identyfikacji genu Lr46, ale analizy
powinny by¢ poparte dodatkowym skriningiem markera Xwmc44. Marker csLV46G22
ma charakter kodominujacy i wydaje si¢ by¢ uzyteczny dla MAS w programach hodowli
pszenicy po opublikowaniu sekwencji starterow 1 protokotow. Nalezy wspomnie¢, ze
ocena LTN, ktora jest $cisle powigzana z loci Lr46 (Rosewarne i in. 2006), moze by¢

rowniez uwzgledniona w selekcji odpornych genotypow pszenicy.

W niniejszej pracy potaczenie metod molekularnych oraz cytogenetycznych
umozliwito selekcje komponentéw do krzyzowan, a nastepnie selekcje i analizg
mieszancoéw uzyskanych w wyniku kontrolowanego krzyzowania pszenicy z pszenzytem.
Zastosowanie reakcji multipleks PCR pozwolito na znacznie szybsza i mniej kosztowng
ocene duzej puli genotypow pod wzgledem obecnosci genéw Lr34, Lr46 i Lr68 oraz

wytypowanie cennych genotypow, ktore moga zostawaé wykorzystane jako zrodto
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odpornosci w innych badaniach i projektach, bedacych kontynuacja wstgpnych badan
przedstawionych w pracy doktorskiej. Uzyskane wyniki wskazujg na obecnos¢ locus
gendéw typu slow rusting w uzyskanych mieszancach Fi, jednak potwierdzenie ekspresji
genow 1 trwalej odpornosci roslin nalezatoby potwierdzi¢ kilkuletnia oceng polowa po
uzyskaniu materiatu roslinnego w wystarczajacej ilosci. Eksperyment moze stanowic¢
zbidr danych, metod i wnioskow, ktore pozwola na dopracowanie szczeg6téw badania
1 powtorzenie go na wigksza skalg co dopiero umozliwi realizacj¢ kolejnego etapu

procesu hodowlanego, czyli krzyzowan wstecznych z pszenzytem.

43



. Literatura

. Achremowicz B., Ceglinska A., Gambu$ H., Haber T., Obiedzinski M. (2014).
Technologiczne wykorzystanie ziarna pszenzyta. Postgpy Techniki Przetworstwa
Spozywczego. 1(24): 113-120.

. Alemu G. (2019). Wheat breeding for disease resistance. Journal of Microbiology and
Biotechnology, 4(2): 000141. https://doi.org/10.23880/0ajmb-16000143

. Allen R. F. (1926) A cytological study of Puccinia triticina physiologic form 11 on
Little Club wheat. Journal of Agricultular Research, 33: 201- 222.
http://handle.nal.usda.gov/10113/IND43967146

. Altieri E., McCallum B., Somers D. J., Sacco F. (2008). Inheritance and genetic
mapping of leaf rust resistance genes in the wheat cultivar Buck Manantial. In:
Proceedings of the 11th International Wheat Genetics Symposium (R. Appels, R.
Eastwood, E. Lagudah,
P. Langridge, M. Mackay, L. Mclntyre, P. Sharp, eds.). Brisbane QLD, AU.

. Arseniuk E. (1996). Triticale diseases — a review. In: Guedes-Pinto H, Darvey N,
Carnide VP (eds) Triticale today and tomorrow. Kluwer Academic Publishers,
Dordrecht, ss. 499-525

. Arseniuk E., Krzymuski J., Martyniak J., Oleksiak T. (2003). Historia hodowli
i nasiennictwa na ziemiach polskich w XX wieku. Krzymuski J. (red.). Instytut
Hodowli 1 Aklimatyzacji Rooelin, Radzikow: 76—77.

. Arseniuk E. i Oleksiak T. (2004). Triticale in Poland, in Triticale Improvement and
Production, ed. by Mergoun M and Gomez-Macpherson H. Food and Agriculture
Organization of the United Nations, Rome, 131-134.

. Arseniuk E. | Oleksiak T. (2002). Production and breeding of cereals in Poland. In
Proceedings of the 5th International Triticale Symposium, Radzikow, Poland, 30
June-5 July, 2002. Volume I: oral presentations Plant Breeding and Acclimatization
Institute. ss. 11-20.

. Audenaert K., Troch V., Landschoot S., Haesaert G. (2014). Biotic stresses in the
anthropogenic hybrid triticale (x Triticosecale Wittmack): current knowledge and
breeding challenges. European Journal of Plant Pathology, 40(4): 615-630.
https://doi.org/10.1007/s10658-014-0498-2

44



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Ballabio A., Ranier J. E., Chamberlain J. S., Zollo M., Caskey C. T. (1990). Screening
for steroid sulfatase (STS) gene deletions by multiplex DNA amplification. Human
Genetics, 84(6): 571-573. https://doi.org/10.1007/BF00210812

Blakeslee A.F., Avery A.G. (1937). Methods of inducing doubling of chromosomes
in plants. Journal of Heredity, 28: 392-411.
https://doi.org/10.1093/oxfordjournals.jhered.a104294

Bolton M. D., Kolmer J. A., Garvin D. F. (2008). Wheat leaf rust caused by Puccinia
triticina. Molecular Plant Pathology, 9(5): 563-575. . https://doi.org/10.1111/J.1364-
3703.2008.00487.X.

Borlauge N. E. (1968). Wheat breeding and its impact on world food supply. s. 1-36.
In: Proceedings of the 3rd International Wheat Genetics Symposium. 5-9 August
1968, Canberra, AU

Chamberlain J. S., Gibbs R. A., Rainer J. E., Nguyen P. N., Thomas C. (1988).
Deletion screening of the Duchenne muscular dystrophy locus via multiplex DNA
amplification. Nucleic acids research, 16(23): 11141-11156. https://doi.org/
10.1093/nar/16.23.11141.

Clifford B. C. (1985): Barley leaf rust. In Diseases, distribution, epidemiology, and
control Academic press. ss. 173-205.

Cobo N., Wanjugi H., Lagudah E., Dubcovsky J. (2019). A high-resolution map of
wheat QYr.ucw-1BL, an adult plant stripe rust resistance locus in the same
chromosomal region as Yr29. Plant Genome,1(12): 180055.
https://doi.org/10.3835/plantgenome2018.08.0055.

Coté M. J., Tardif M. C., Meldrum A.J. (2004). Identification of Monilinia fructigena,
M. fructicola, M. laxa, and Monilia polystroma on inoculated and naturally infected
fruit  using multiplex PCR. Plant Disease, 88 (11): 1219-1225.
https://doi.org/10.1094/PD1S.2004.88.11.1219

De Costa C. T, Albuquerque A. C. S., Nascimento Junior A. D., Marcelino F. C.,
Pereira J. F. (2007). Genetic diversity of Brazilian triticales evaluated with genomic
wheat microsatellites. Pesquisa Agropecudria Brasileira, 42: 1577-1586.
https://doi.org/10.1590/S0100-204X2007001100009.

Dinh H. X., Singh D., Periyannan S., Park R. F., Pourkheirandish M. (2020).
Molecular genetics of leaf rust resistance in wheat and barley. Theoretical and
Applied Genetics, 133(7): 2035-2050. https://doi.org/10.1007/s00122-020-03570-8.

45



20.

21.

22.

23.

24,

25.
26.

27.

28.

29.
30.

31.

Dodds P. N. I Rathjen J. P. (2010). Plant immunity: towards an integrated view of
plant—pathogen interactions. Nature Reviews Genetics, 11(8): 539-548.
https://doi.org/10.1038/nrg2812.

Drazkiewicz K. (2019). Pszenzyto. Pszenzyto ozime. [w:] Lista opisowa odmian
ro$lin rolniczych 2019.
http://www.coboru.pl/Publikacje_ COBORU/Listy_opisowe/LOORR%20-
%20zbozowe%202019.pdf. [Dostep: 4 maj 2022]

Dyck P. L. (1989). The inheritance of leaf rust resistance in wheat cultivars Kenyon
and Buck Manantial. Canadian Journal of Plant Sciences, 69: 1113-1117.
https://doi.org/10.4141/ cjps89-134%20AGR:%20IND90021723

Dyck P. L., Samborski D. J., Martens J. W. (1985). Inheritance of resistance to leaf
rust and stem rust in the wheat cultivar Glenlea. Canadian Journal of Plant Pathology,
7(4): 351-354. https://doi.org/10.1094/PDI1S.1997.81.5.505

Evans L. E., Shebeski L. H., McGinnis R. C., Briggs K. G., Zuzens D. (1972). Glenlea
red spring wheat. Canadian Journal of Plant Sciences, 52(6): 1081-1082.
https://doi.org/10.4141/ cjps72-184

FAO https://www.fao.org/faostat/en/ [Dostep: 4 maj 2022]

Flor H. H. (1971). Current status of the gene-for-gene concept. Annual Review of
Phytopathology 9(1): 275-96.
https://doi.org/10.1146/annurev.py.09.090171.001423.

Gogot A., Lesniowska-Nowak J., Nowak M., Okon S., Kowalczyk K. (2015).
Development of multiplex PCR for Lr21 and Pm4b resistance genes detection in
common wheat (Triticum aestivum L.). Annales Universitatis Mariae Curie-
Sktodowska. Sectio E. Agricultura LXX (3): 21-30.

Griffey C. A., Thomason W.E., Pitman R.M., Beahm B.R., Paling J.J., Chen J. (2009).
Registration of ‘USG 3555 Wheat. Journal of Plant Registratuib. 3(3): 273-
http://doi.org/8.10.3198/jpr2009.05.0258crc

GUS https://stat.gov.pl/banki-i-bazy-danych/ [Dostep 4 maja 2022].

Hasterok R., Dulawa J., Jenkins G., Leggett M., Langdon T. (2006). Multi-substrate
chromosome preparations for high throughput comparative FISH. BMC
biotechnology, 6(1): 1-5. https://doi.org/10.1186/1472-6750-6-20.

Henegariu O., Heerema N. A., Dlouhy S. R., Vance G. H., Vogt P. H. (1997).
Multiplex PCR: critical parameters and step-by-step protocol. Biotechniques, 23(3):
504-511. https://doi.org/10.2144/97233rr01.

46



32.

33.

34.

35.

36.

37.

38.

39.

40.

Herrera-Foessel S. A., Singh R. P., Huerta-Espino J., Rosewarne G. M., Periyannan
S. K., Viccars L.,Lagudah E. S. (2012). Lr68: a new gene conferring slow rusting
resistance to leaf rust in wheat. Theoretical and Applied Genetics, 124(8): 1475-1486.
https://doi.org/10.1007/s00122-012-1802-1

Hiebert C. W., Thomas J. B., McCallum B. D., Humphreys D. G., DePauw R. M.,
Hayden M. J., Spielmeyer W. (2010). An introgression on wheat chromosome 4DL
in RL6077 (Thatcher* 6/Pl 250413) confers adult plant resistance to stripe rust and
leaf rust (Lr67). Theoretical and Applied Genetics, 121(6): 1083-1091.
https://doi.org/10.1007/s00122-010-1373-y.

Hu G., Rijkenberg F. H. (1998). Subcellular localization of B-1, 3-glucanase in
Puccinia recondita f. sp. tritici-infected wheat leaves. Planta, 204(3): 324-334.
https://doi.org/10.1007/s004250050263.

Huerta-Espino J., Singh R., Crespo-Herrera L. A., Villasefior-Mir H. E., Rodriguez-
Garcia M. F., Dreisigacker S., (2020) Adult plant slow rusting genes confer high
levels of resistance to rusts in bread wheat cultivars from Mexico. Frontiers in Plant
Sciences. 14(11): 824 http://doi.org/10.3389/fpls.2020.00824

Huerta-Espino J., Singh R. P., German S., McCallum B. D., Park R. F., Chen W. Q.,
Goyeau H. (2011). Global status of wheat leaf rust caused by Puccinia triticina.
Euphytica, 179(1): 143-160. https://doi.org/10.1007/s10681-011-0361-X.

Index Fungorum http://www.indexfungorum.org/names/names.asp [Dostep: 4 maj
2022]

Singh R. P., Herrera-Foessel S. A., Huerta-Espino J., Lan C. X., Basnet B. R., Bhavani
S., Lagudah E. S. (2013). Pleiotropic gene Lr46/Yr29/Pm39/Ltn2 confers slow
rusting, adult plant resistance to wheat stem rust fungus. [w]: proceedings of the
Borlaug global rust initiative technical workshop, 19-22 Aug. 2013, New Delhi,
India. Indian Council of Agricultural Research, New Delhi. ss. 17.1

Kaur M., Saini R.G., Preet K. (2000). Adult plant leaf rust resistance from 111 wheat
(Triticum  aestivum L.)  cultivars. Euphytica, 113(3): 235-243.
https://doi.org/10.1023/ A:1003913004580

Kilpatrick, R. A. (1975). New wheat cultivars and longevity of rust resistance, 1971-
75. United States Department of Agriculture Economic Research Service NE. 64:1—
20

47



41.

42.

43.

44,

45.

46.

47.

48.

49.

Kolmer J. A., Singh R. P., Garvin D. F. (2008). Analysis of the Lr34/Yr18 rust
resistance region in wheat germplasm. Crop Sciences, 48 (4): 1841-1852.
https://doi.org/10.2135/ cropsci2007.08.0474.

Kolmer J. A., Lagudah E. S., Lillemo M., Lin M., Bai G. (2015) The Lr46 gene
conditions partial adult- plant resistance to stripe rust, stem rust, and powdery mildew
in thatcher wheat. Crop Sciences, 55: 2557-65.
http://doi.org/10.2135/cropsci2015.02.0082

Kolmer J. A. (1996). Genetics of resistance to wheat leaf rust. Annual Review of
Phytopathology, 34(1): 435-55. https://doi.org/10.1146/annurev.phyto.34.1.435.
Kolmer J. A. (2015). A QTL on chromosome 5BL in wheat enhances leaf rust
resistance of Lr46. Molecular Breeding, 35(2): 1-8. https://doi.org/10.1007/s11032-
015-0274-9.

Kolmer J. A., Bernardo A., Bai G., Hayden M. J., Chao S. (2018a). Adult plant leaf
rust resistance derived from toropi wheat is conditioned by Lr78 and three minor
QTL. Phytopathology, 108: 246-253. https://doi.org/10.1094/PHYTO-07-17-0254-R
Kolmer J. A., Mert Z., Akan K., Demir L., Unsal R., Sermet C., Morgounov A.
(2013). Virulence of Puccinia triticina in Turkey and leaf rust resistance in Turkish
wheat cultivars. European Journal of Plant Pathology, 135(4): 703-716.
https://doi.org/10.1007/s10658-012-0107-1. https://doi.org/10.1007/s10658-012-
0107-1.

Kolmer J. A., Singh R. P., Garvin D. F., Viccars L., William H. M., Huerta-Espino J.,
Lagudah, E. S. (2008). Analysis of the Lr34/Yr18 rust resistance region in wheat
germplasm. Crop Science, 48(5): 1841-1852.
https://doi.org/10.2135/cropsci2007.08.0474.

Kolmer J. A., Su Z., Bernardo A., Bai G., Chao S. (2018b). Mapping and
characterization of the new adult plant leaf rust resistance gene Lr77 derived from
Santa Fe winter wheat. Theoetical and Applied Genetics, 131: 1553-1560.
https://doi.org/10.1007/s00122-018-3097-3

Krattinger S. G., Lagudah E. S., Spielmeyer W., Singh R. P., Huerta-Espino J.,
McFadden H., Keller B. (2009). A putative ABC transporter confers durable
resistance to multiple fungal pathogens in wheat. Science, 323(5919): 1360-1363.
https://doi.org/10.1126/science.1166453.

48



50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

Kuleung C., Baenziger P. S., Kachman S. D., Dweikat I. (2006). Evaluating the
genetic diversity of triticale with wheat and rye SSR markers. Crop Sciences,
46:1692-1700. https://doi.org/10.2135/cropsci2005.09-0338.

Kwiatek M. T., Kurasiak-Popowska D., Mikotajczyk S., Niemann J., Tomkowiak A.,
Weigt D., Nawracata J. (2019). Cytological markers used for identification and
transfer of Aegilops spp. chromatin carrying valuable genes into cultivated forms of
Triticum. Comparative  cytogenetics, 13(1):  41-59. https://doi.org/
10.3897/CompCytogen.v13i1.30673.

Kwiatek M., Belter J., Majka M., Wisniewska H. (2016). Allocation of the S-genome
chromosomes of Aegilops variabilis Eig. carrying powdery mildew resistance in
triticale  (x  Triticosecale ~ Wittmack).  Protoplasma, 253(2): 329-343.
https://doi.org/10.1007/s00709-015-0813-6

Lagudah E.S. (2011) Molecular genetics of race non-specific rust resistance in wheat.
Euphytica, 179(1): 81-91. https:// doi.org/10.1007/s10681-010-0336-3

Lagudah E. S., Krattinger S. G., Herrera-Foessel S., Singh R. P., Huerta-Espino
J., Spielmeyer W., Keller B. (2009). Gene-specific markers for the wheat gene
Lr34/Yr18/Pm38 which confers resistance to multiple fungal pathogens. Theoretical
and Applied Genetics, 119(5): 889-898. https://doi.org/10.1007/s00122-009-1097-z.
Lagudah E. S., McFadden H., Singh R. P., Huerta-Espino J., Bariana H. S.,
Spielmeyer W. (2006). Molecular genetic characterization of the Lr34/Yr18 slow
rusting resistance gene region in wheat. Theoretical and Applied Genetics, 114(1):
21-30. https://doi.org/10.1007/s00122-006-0406-z.

Laibach F. (1925). Das Taubwerden von Bastardsamen und die kiinstliche Aufzucht
frith absterbender Bastardembryonen. Zeitschrift fiir Botanik, 17: 417-459.

Lan C., Zhang Y., Herrera-Foessel S. A., Basnet B. R., Huerta-Espino J., Lagudah E.
S., Singh R. P. (2015). Identification and characterization of pleiotropic and co-
located resistance loci to leaf rust and stripe rust in bread wheat cultivar Sujata.
Theoretical and Applied Genetics, 128(3): 549-561. https://doi.org/10.1007/s00122-
015-2454-8.

Lelley T. (2006). Triticale: a low input cereal with untapped potential. In: Singh RJ,
Jauhar PR (eds) Genetic resources, chromosome engineering, and crop improvement.
Taylor and Francis, Roca Baton, ss. 395-430

Lesniowska-Nowak J., Gradzielewska A., Majek M. (2013). Identification of the gene

resistant to leaf rust in selected European wheat cultivars and multiplex PCR

49



60.

61.

62.

63.

64.

65.

66.

67.

68.

development. Annales Universitatis Mariae Curie-Sktodowska. Sectio E., 68 (3): 20—
28.

Lillemo M., Asalf B., Singh R.P., Huerta-Espino J., Chen X. M., He Z. H. (2008).
The adult plant rust resistance loci Lr34/Yrl8 and Lr46/Yr29 are important
determinants of partial resistance to powdery mildew in bread wheat line. Theoretical
and Applied Genetics, 116: 1155-1166. https://doi.org/10.1007/s00122-008-0743-1
Lillemo M., Singh R. P., William M., Herrera-Foessel S., Huerta-Espino J., German
S., Lagudah E. S. (2011). Multiple rust resistance and gene additivity in wheat:
lessons from multi-location case studies in cultivars Parula and Saar. In Borlaug
Global Rust Initiative (BGRI) 2011 Technical Workshop, 13-16 June, St Paul,
Minnesota, USA. Oral Presentations (pp. 111-120). Borlaug Global Rust Initiative.
Liu F., Niu Y., Deng H., Tan G. (2007). Mapping of a major stripe rust resistance
gene in Chinese native wheat variety Chike using microsatellite markers. Journal of
Genetics and Genomics, 34(12): 1123-1130. https://doi.org/10.1016/S1673-
8527(07)60128-3.

Lombard V., Delourme R. (2001). A consensus linkage map for rapeseed (Brassica
napus L.): construction and integration of three individual maps from DH populations.
Theoretical and Applied Genetics, 103: 491-507.
https://doi.org/10.1007/s001220100560.

Lukaszewski A. J. (2006). Cytogenetically engineered rye chromosomes 1R to
improve breadmaking quality of hexaploid triticale. Crop Sciences, 46: 2183-2194.
https://doi.org/10.2135/cropsci2006.03.0135

Martinez F., Niks R. E., Singh R. P., Rubiales D. (2001). Characterization of Lr46, a
gene conferring partial resistance to wheat leaf rust. Hereditas, 135(2-3): 111-114.
https://doi.org/10.1111/j.1601-5223.2001.00111.x.

MASwheat. Rust resistance gene Lrd6-Yr29:
https://maswheat.ucdavis.edu/protocols/Lr46 [Dostep: 2 maj 2022].

McCallum B. D., Somers D. J.,, Humphreys D. G., Cloutier S. (2008). Molecular
marker analysis of Lr34 in Canada western red spring wheat cultivars. [w]:
Proceedings of 11th International Genetics Symposium (R. Appels, R. Eastwood, E.
Lagudah, P. Langridge, M. Mackay Lynne, eds.). Brisbane, AU. ss.137-140.
McCallum B. D., Hiebert C. W., Cloutier S., Bakkeren G., Rosa S. B., Humphreys D.

G., Wang, X. (2016). A review of wheat leaf rust research and the development of

50



69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

resistant cultivars in Canada. Canadian Journal of Plant Pathology, 38(1): 1-18.
https://doi.org/10.1111/j.1601-5223.2001.00111.x.

McGoverin C. M., Snyders F., Muller N., Botes W., Fox G., Manley M. (2011). A
review of triticale uses and the effect of growth environment on grain quality. Journal
of the Science of Food and Agriculture, 91(7): 1155-1165.
https://doi.org/10.1002/jsfa.4338.

Mclintosh R. A., Wellings C. R., Park R. F. (1995). Wheat rusts: an atlas of resistance
genes. CSIRO publishing. https://books.google.pl/books?id=PjCpoYKCr6MC.
Mcintosh R. A., Yamazaki Y., Dubcovsky J. (2008). Catalogue of gene symbols for
wheat: 2008. Proceedings of the 11th International Wheat Genetics Symposium. 24—
29 August 2008, Brisbane, AU

Mclintosh R. A., Dubcovsky J., Rogers W. J., Morris C., Appels R., Xia X. C. (2015).
Catalogue of gene symbols for wheat: 2015-2016  supplement.
https://shigen.nig.ac.jp/wheat/komugi/genes/macgene/supplement2015.pdf.
Mclintosh R.A, J. Dubcovsky W.J. Rogers C. Morris i Xia X. C. (2019). Catalogue of
Gene Symbols for Wheat: 2019.
https://shigen.nig.ac.jp/wheat/komugi/genes/symbolClassList.jsp.

Mergoum M., Pfeiffer W. H., Pena R. J. i in. (2004). Triticale crop improvement: the
CIMMYT programme. In: Mergoum M, Gomez-Macpherson H (eds) Triticale
improvement and production. FAO Plant production and protection paper no. 179.
FAO, Rome, s. 11-26

Mergoum M., Singh P. K., Pena R. J., Lozano-del Rio A. J., Cooper K. V., Salmon
D. F., Gomez Macpherson H. (2009). Triticale: a “new” crop with old challenges. In
Cereals (s. 267-287). Springer, New York, NY.

Mergoum M., Sapkota S., EIDoliefy A. E. A., Naraghi S. M., Pirseyedi S., Alamri M.
S., AbuHammad W. (2019). Triticale (x Triticosecale Wittmack) Breeding. In
Advances in Plant Breeding Strategies: Cereals (s. 405-451). Springer, Cham.
Mikhailova L., Merezhko A. F., Funtikova E. Y. (2009). Triticale diversity in leaf rust
resistance. Russian Agricture Sciences, 35: 320-323.
https://doi.org/10.3103/S1068367409050097.

Moczulski M., Salmanowicz B.P. (2003). Multiplex PCR identification of wheat
HMW glutenin subunit genes by allele-specific markers. Journal of Applied Genetics,
44 (4): 459-472,

51



79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Mutirangura A., Greenberg F., Butler M. G., Malcolm S., Nicholls R. D., Chakravarti
A., Ledbetter D. H. (1993). Multiplex PCR of three dinucleotide repeats in the Prader-
Willi/Angelman critical region (15911-g13): molecular diagnosis and mechanism of
uniparental ~ disomy. Human  Molecular  Genetics, 2(2):  143-151.
https://doi.org/10.1093/hmg /2.2.143

Niedziela A., Ortowska R., Machczynska J., Bednarek P. T. (2016). The genetic
diversity of triticale genotypes involved in Polish breeding programs. Springerplus,
5: 355. https://doi.org/10.1186/s40064-016-1997-8.

Park R. F., Golegaonkar P. G., Derevnina L., Sandhu K. S., Karaoglu H., EImansour
H. M., Singh D. (2015). Leaf rust of cultivated barley: pathology and control. Annual
Review of Phytopathology, 53: 565-589. https://doi.org/10.1146/annurev-phyto-
080614-120324.

Parlevliet, J. E. (1993). What is durable resistance, a general outline. In Durability of
disease resistance. Springer, Dordrecht. (s. 23-39). https://doi.org/10.1007/978-94-
011-2004-3_3.

Ponce-Molina L. J., Huerta-Espino J., Singh R. P., Basnet B. R., Lagudah E., Aguilar-
Rincon V. H., Lan C. (2018). Characterization of adult plant resistance to leaf rust
and stripe rust in Indian wheat cultivar ‘New Pusa 876°. Crop Science, 58(2): 630-
638. https://doi.org/10.2135/cropsci2017.06.0396.

Rajaram S. i Van Ginkel M. (1996). Yield potential debate: Germplasm vs.
methodology, or both. Increasing yield potential in wheat: breaking the barriers.
Mexico, DF: CIMMYT, 11-18.

Randhawa H. S., Bona L., Graf R. J. (2015). Triticale breeding — progress and
prospect. In: Eudes F (ed) Triticale. Springer. Cham. ss. 267286

Rayburn A. L. i Gill B. S. (1985). Use of biotin-labeled probes to map specific DNA
sequences on wheat chromosomes. Journal of Heredity, 76(2): 78-81.
https://doi.org/10.1093/oxfordjournals.jhered.a110049.

RenY., Singh R. P., Basnet B. R., Lan C. X., Huerta-Espino J., Lagudah E. S., Ponce-
Molina L. J. (2017). Identification and mapping of adult plant resistance loci to leaf
rust and stripe rust in common wheat cultivar Kundan. Plant disease, 101(3): 456-
463. https://doi.org/1094/PDIS-06-16-0890-RE.

Risk J. M., Selter L. L., Krattinger S. G., Viccars L. A., Richardson T. M., Buesing
G., Keller B. (2012). Functional variability of the Lr34 durable resistance gene in

52



89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

transgenic  wheat.  Plant  Biotechnology  Journal,  10(4):  477-487.
https://doi.org/10.1111/j.1467-7652.2012.00683.X.

Roelfs A. P. i Bushnell W. R. (1985). The cereal rusts .Orlando, FL: Academic Press.
Vol. 2, ss. 606.

Roelfs A. P. (1992). Rust diseases of wheat: concepts and methods of disease
management. CIMMY'T.

Rosewarne G. M., Singh R. P., Huerta-Espino J., William H. M., Bouchet S., Cloutier
S., Lagudah E. S. (2006). Leaf tip necrosis, molecular markers and 1-proteasome
subunits associated with the slow rusting resistance genes Lr46/Yr29. Theoretical and
Applied Genetics, 112(3), 500-508. https://doi.org/10.1007/s00122-005-0153-6
Rubiales D., i Niks R. E. (1995). Characterization of Lr34, a major gene conferring
nonhypersensitive resistance to wheat leaf rust. Plant Diseases, 79: 1208.
https://doi.org/ 10.1094/PD-79-1208

Salmanowicz B. P., Langner M., Wisniewska H., Apolinarska B., Kwiatek M.,
Btaszczyk L. (2013). Molecular, physicochemical and rheological characteristics of
introgressive Triticale/Triticum monococcum ssp. monococcum lines with wheat
1D/1A chromosome substitution. International Journal of Molecular Sciences, 14(8):
15595-15614. https://doi.org/10.3390/ijms140815595

Sapkota S. (2015) Identification and genomic mapping of resistance to bacterial leaf
streak in wheat. MS thesis, North Dakota State University

Sapkota S., Zhang Q., Chittem K., Mergoum M., Xu S. S., Liu Z. (2018). Evaluation
of triticale accessions for resistance to wheat bacterial leaf streak caused by
Xanthomonas translucens pv. undulosa. Plant Pathology, 67(3): 595-602.
https://doi.org/10.1111/ppa.12768.

Sayre K. D., Singh R. P., Huerta-Espino J., Rajaram S. (1998). Genetic progress in
reducing losses to leaf rust in CIMMYT-derived Mexican spring wheat cultivars.
Crop science, 38(3): 654-659.
https://doi.org/10.2135/cropsci1998.0011183X003800030006x.

Schwarzacher T., Leitch A. R., Bennett M. D., Heslop-Harrison J. S. (1989). In situ
localization of parental genomes in a wide hybrid. Annals of Botany, 64(3): 315-324.
https://doi.org/10.1093/oxfordjournals.aob.a087847.

Schwarzacher T., Heslop-Harrison J. S., Anamthawat-Jonsson K., Finch R. A,

Bennett M. D. (1992). Parental genome separation in reconstructions of somatic and

53



premeiotic metaphases of Hordeum vulgarex H. bulbosum. Journal of Cell Science,
101(1): 13-24. https://doi.org/10.1242/jcs.101.1.13

99. Sempotowski A. 1902. Hodowla 1 uszlachetnianie roslin gospodarskich. Warszawa,
Sktad gtowny E. Wende i S-ka.

100.  Shuber A. P., Skoletsky J., Stern R., Handelin B. L. (1993). Efficient 12-mutation
testing in the CFTR gene: a general model for complex mutation analysis. Human
Molecular Genetics 2: 153-158. https://doi.org/10.1093/hmg/2.2.153.

101. Simmonds N. (1976). Evolution of crop plants. Longman, New York

102. Singh R. P. (1992). Association between gene Lr34 for leaf rust resistance and
leaf tip  necrosis in  wheat. Crop  Sciences  32:  874-878.
https://doi.org/10.2135/cropsci1992.0011183X003200040008x

103. Ponce-Molina L. J., Huerta-Espino J., Singh R. P., Basnet B. R., Lagudah E.,
Aguilar-Rincén V. H., Lan C. (2018). Characterization of adult plant resistance to leaf
rust and stripe rust in Indian wheat cultivar ‘New Pusa 876’. Crop Science, 58(2):
630-638. https://doi.org/10.2135/cropsci2017.06.0396.

104. Singh R. P., Mujeeb-Kazi A., Huerta-Espino J. (1998) Lr46/Yrl9: a gene
conferring slow-rusting resistance to leaf rust in wheat. Phytopathology, 88(9): 890
894. https://doi.org/10.1094/PHYT0.1998.88.9.890

105. Singh R. P. i Rajaram S. (1992). Genetics of adult-plant resistance of leaf rust
in'Frontana'and  three  CIMMYT  wheats.  Genome,  35(1): 24-31.
https://doi.org/10.1139/g92-004.

106. Singh R. P., Mujeeb-Kazi A., Huerta-Espino J. (1998). Lr46: a gene conferring
slow-rusting resistance to leaf rust in wheat. Phytopathology, 88(9): 890-894.
https://doi.org/10.1094/PHYT0.1998.88.9.890.

107. Singh R. P., Nelson J. C., Sorrells M. E. (2000). Mapping Yr28 and other genes
for resistance to stripe rust in wheat. Crop Science, 40(4): 1148-1155.
https://doi.org/10.2135/cropsci2000.4041148x.

108. Singla J., Liithi L., Wicker T., Bansal U., Krattinger S. G., Keller B. (2017).
Characterization of Lr75: a partial, broad-spectrum leaf rust resistance gene in wheat.
Theoretical and Applied Genetics, 130(1), 1-12. https://doi.org/10.1007/s00122-016-
2784-1.

109. Sodekiewicz W., Strzembicka A., Apolinarska B. (2008) Chromosomal location
in triticale of leaf rust resistance genes introduced from Triticum monococcum. Plant
Breeding, 127: 364-367. https://doi.org/10.1111/j.1439-0523.2007.01485..x.

54



110. Somers D. J. Isaac P., Edwards K. (2004). A high-density wheat microsatellite
consensus map for bread wheat (Triticum aestivum L.). Theoretical and Applied
Genetics, 109: 1105-1114. https://doi.org/10.1007/s00122-004-1740-7

111. Suenaga K., Singh R. P., Huerta-Espino J., William H. M. (2003). Microsatellite
markers for genes Lr34/Yr18 and other quantitative trait loci for leaf rust and stripe
rust resistance in bread wheat. Phytopathology, 93(7): 881-890.
https://doi.org/10.1094/PHYTO.2003.93.7.881.

112. Sumikova T., Hanzalova A. (2010). Multiplex PCR assay to detect rust resistance
genes Lr26 and Lr37 in wheat. Czech Journal of Genetics and Plant Breeding, 46 (2):
85-89. https:// doi.org/10.17221/32/2010-CJGPB

113.  Swi¢ H. (1922). Rejonizacja uprawy pszenzyta w Polsce, vol. XLVII, 10,
ANNALES UNIVERSITATIS MARIAE CURIE-SKLODOWSKA LUBLIN —
POLINIA

114. Tams S. H., Bauer E., Oettler G., Melchinger A. E. (2004). Genetic diversity in
European winter triticale determined with SSR markers and coancestry coefficient.
Theoretical and Applied Genetics, 108(7): 1385-1391.
https://doi.org/10.1007/s00122-003-1552-1.

115. Tomkowiak A., Skowronska R., Weigt D., Kwiatek M., Nawracata J.,
Kowalczewski P.L. Pluta M. (2019). Identification of powdery mildew Blumeria
graminis f. sp. tritici resistance genes in selected wheat varieties and development of
multiplex PCR. Open Chemistry, 17 (1): 157-165. https:// doi.org/10.1515/chem-
2019-0024

116. Trebichalsky A., Baldzova 7., Galova Z., Chnapek M., Tomka M. (2021).
Detection of genetic diversity of triticale by microsatellite markers. Journal of
Microbiology, Biotechnology and Food Sciences, 2 (Special issue 1): 1898-1906.
https://doi.org/ 10.1186/s40064-016-1997-8.

117. Tschermak E. (1921). Beitrdge zur vervollkommnung der technik der
bastardierungszuchtung der vier hautpgetreidearten. Zeitschrift fiir Pflanzenziichtung
8:1-13.

118. Varughese G., Pfeiffer W. H., Pena R. J. (1996). Triticale: a successful alternative
crop. 1. Cereal Foods World, 41: 474-482.

119. Wang L., Li G.., Pena R.J., Xia X., He Z. (2010). Development of STS markers

and establishment of multiplex PCR for Glu-A3 alleles in common wheat (Triticum

55



aestivum L.). Journal of Cereal Science, 51(3): 305-312.
https://doi.org/10.1016/j.jcs.2010.01.005.

120.  William M., Singh R. P., Huerta-Espino J., Islas S. O., Hoisington D. (2003).
Molecular marker mapping of leaf rust resistance gene Lr46 and its association with
stripe rust resistance gene Yr29 in wheat. Phytopathology, 93(2): 153-159.
https://doi.org/10.1094/PHYTO0.2003.93.2.153.

121.  Wilson S. (1873) Il. Wheat and Rye hybrids. In Transactions of the Botanical
Society of Edinburgh (Vol. 12, No. 1-4, ss. 286-288). Taylor & Francis Group.
https://doi.org/10.1080/03746607309469536

122.  Wolski T., i Tymieniecka E. (1983). The first Polish triticale variety. Cereal
Research Communications, 11(2): 139-141.

123.  Wos$ H., Mackowiak W., Cichy H., Paizert K. (1994). Susceptibility of winter
triticale, to glume blotch, leaf rust and scald. Hodowla Ro$lin, Aklimatyzacja |
Nasiennictwo, 38: 3-4.

124. Zhang X. K., Liu L., He Z. H., Sun D. J., He X. Y., Xu Z. H, Xia X. C. (2008).
Development of two multiplex PCR assays targeting improvement of bread-making
and noodle qualities in common wheat. Plant Breeding, 127(2): 109-115.
https://doi.org/10.1111/j.1439-0523.2007.01442.x.

125. Zhang L., Dickinson M. (2001). Fluorescence from rust fungi: a simple and
effective method to monitor the dynamics of fungal growth in planta. Physiological
and molecular plant pathology, 59(3): 137-141.
https://doi.org/10.1006/pmpp.2001.0349.

126. Zhang L., Meakin H., Dickinson M. (2003). Isolation of genes expressed during
compatible interactions between leaf rust (Puccinia triticina) and wheat using cDNA-
AFLP. Molecular Plant Pathology, 4(6): 469-477. https://doi.org/10.1046/j.1364-
3703.2003.00192.x.

56



ROZDZIAL 1l
Publikacje wchodzace w sklad rozprawy

57



1. Development of multiplex PCR to detect slow rust
resistance genes Lr34 and Lr46 in wheat

Skowronska R., Kwiatek M., Tomkowiak A., Nawracata J.
Journal of Applied Genetics, 2019, 60(3): 301-304.
https://doi.org/10.1007/s13353-019-00520-z
IF - 3,240; pkt wg MEIN - 140,000

58



Journal of Applied Genetics (2019) 60:301-304
https://doi.org/10.1007/513353-019-00520-z

PLANT GENETICS - SHORT COMMUNICATION

®

Check for
updates

Development of multiplex PCR to detect slow rust resistance genes
Lr34 and Lr46 in wheat

Roksana Skowronska ' (%) - Michat Kwiatek ' (3 - Agnieszka Tomkowiak ' () - Jerzy Nawracata'(®

Received: 20 March 2019 /Revised: 15 July 2019 /Accepted: 3 September 2019 /Published online: 10 September 2019
© The Author(s) 2019

Abstract

Leafrust caused by Puccinia triticina belongs to one of the most dangerous fungal diseases of wheat (7riticum aestivum L.) and is
the cause of large yield losses every year. Here we report a multiplex polymerase chain reaction (PCR) assay, which was
developed for detection of two important wheat slow rust resistance genes Lr34 and Lr46, using two molecular markers:
¢sLV34 and Xwmc44, respectively. The presence of genes was analyzed in one winter wheat variety TX89D6435 and five spring
wheat varieties: Pavon F76, Parula ‘S’, Rayon 89, Kern, Mochis 88. Both Lr34 and Lr46 genes were identified in variety
TX89D6435, gene Lr34 was also identified in Parula ‘S’ and Kern varieties, and gene 246 occurs in Pavon F76 and Mochis
88 variety. None of the resistance genes tested was detected in the Rayon 89 variety. The use of the multiplex PCR method

allowed to shorten the analysis time, reduce costs of analyses, and reduce the workload.

Keywords Leafrust - Lr34 - Lr46 - Multiplex PCR - Wheat

Introduction

Leaf rust caused by the pathogen Puccinia triticina Erikss. &
Henn. is one of the most destructive diseases of wheat
(Kolmer et al. 2005). There are many fungicides that help
control these fungal disease, but their use is expensive and
can have a negative impact on the environment. The most
efficient, economical, and environmentally sound method to
mitigate the losses caused by pathogens is breeding for genetic
resistance (Muthe et al. 2016). To date, more than 70 leaf rust
resistance (Lr) genes have been cataloged (Mclntosh et al.
2013), but many of these genes are race-specific and they have
lose their effectiveness when new races of the pathogen are
appearing (McCallum et al. 2007). Currently, breeding pro-
grams focus on producing cultivars with adult plant resistance
(APR), also known as slow rusting or race non-specific genes.
Slow rusting genes are a group of leaf rust resistance genes
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and Bioengineering, Poznan University of Life Sciences, 11 Dojazd
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that give durable resistance only in adult plant (Boskovi¢ et al.
2008). APR is characterized by less and slower pathogen
growth and reproduction despite a high infection type
(Tiwari et al. 2009). An important advantage of genes is their
pleiotropic effect on many pathogens, for example Blumeria
graminis causing powdery mildew (Lillemo et al. 2008).
Among all, the leaf rust resistance genes in wheat only four
genes are known as slow rusting: Lr34 (Singh 1992), Lr46
(Singh et al. 1998), Lr67 (Dyck and Samborski 1979), and
Lr68 (Herrera-Foessel et al. 2012).

The leaf rust resistance gene Lr34 (earlier Lr72) is the best
known and most effective of slow rusting genes. The gene
Lr34 was first described in the wheat line PI58548 and located
on short arm of wheat chromosome 7D (Dyck 1987). Lagudah
et al. (2006) developed PCR-based marker ¢sZV34 that has
been used extensively to identify the presence of Lr34 gene.
The disadvantage is that the marker is not diagnostic in some
genetic backgrounds, like Canadian wheat germplasm
(Lagudah et al. 2009). Leaf tip necrosis (LTN) is one of the
morphological markers associated with leaf rust resistance
gene Lr34 and is also expressed in the absence of the pathogen
(Lagudah et al. 2006). The Lr46 gene was first described in
wheat cultivar Pavon F76 and was localized on chromosome
IBL (Singh etal. 1998). Lr46 shows a resistance phenotype in
adult plants similar to Lr34, but the effects of Lr46 are not as
pronounced as Lr34 (Martinez et al. 2001). Lillemo et al.
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(2008) have shown that Lr46 has an additive effect on leaf rust
resistance of Lr34. The gene Lr46 was mapped distal to
Xwmc44 and proximal to Xgwm259 (Suenaga et al. 2003).

Material and methods

The aim of this study was to develop a multiplex PCR method
for simultaneous identification of two most effective slow rust
resistance genes: Lr34 and Lr46. Plant material consisted of
six wheat cultivars Triticum aestivum L. derived from the
National Small Grains Collection, the Agriculture Research
Station in Aberdeen, USA: TX89D6435, Pavon F76, Parula
‘S’, Rayon 89, Kern and Mochis 88 (Table 1).

The DNA was extracted from leaf tissue using the
GeneMATRIX Plant & Fungi DNA Purification Kit (EURx
Ltd., Poland). DNA quality and concentration was checked
using the DeNovix spectrophotometer. In order to identify
the Lr34 and Lr46 genes, two molecular markers were used:
csLv34 and Xwmce44. The STS marker ¢sLV34 maps 0.4 cM
from Lr34 and the sequence of primers (Merck) is as follows:
csLV34F 5'- GTT GGT TAA GAC TGG TGA TGG -3";
¢sLV34R 5'- TGC TTG CTA TTG CTG AAT AGT -3’
(Lagudah et al. 2006). According to the literature, the size of
the amplified product is a 150 bp (base pairs) band, indicative
of the presence of the gene and a 229 bp band in susceptible
genotypes. Locus of SSR marker Xwmc44 is located 0.4 cm
from QTL for Lr46. A product of the microsatellite marker is
242 bp band for the presence of Lr46 gene, and the sequence
of marker primers is as follows: WMC44F 5'- GGT CTT CTG
GGC TTT GAT CCT G -3', WMC44R 5- GTT GCT AGG
GAC CCG TAG TGG -3’ (Suenaga et al. 2003). The 25 puL
mix composition of multiplex PCR volume consisted of the
following: 12.5 pL 2x PCR TagNovaHs PCR Master Mix
(Blirt), which included 2% concentrated PCR reaction buffer,
4 mM MgCl,; 1.6 mM dNTPs mix (0.4 mM of each dNTP);
0.8 pL esLv34 forward primer; 0.8 puL csLv34 reverse primer;
1.2 uL Xwmc44 forward primer; 1.2 uL Xwmc44 reverse
primer (the concentration for each primer was 100 pM);
2 uL DNA template (50 ng/puL) and 6.5 uL. PCR grade water.
PCR profile was modified with reference to standard protocol.
The following annealing temperatures were tested: 55 °C,

optimal for the csLv34 primer (Lagudah et al. 2006), 61 °C
recommended for the Xwmc44 marker (Suenaga et al. 2003),
and several intermediate variants. The final PCR reaction
consisted of initial denaturation at 94 °C for 5 min, followed
by 40 cycles (denaturation, 94 °C for 45 s; primer annealing,
60 °C for 30 s; elongation, 72 °C for 1 min), followed by the
final extension for 7 min at 72 °C and final step at 4 °C. The
reaction was carried out using the Labcycler thermal cyclers
(SensoQuest GmbH). The products of amplification were pre-
pared by adding 0.5 Midori Green Direct (NIPPON Genetics
EUROPE) to each tube and were separated using 2% agarose
(SIGMA) gel in 1x TBE buffer (BioShop) at 100 V for two
and a half hours. A Molecular Imager Gel Doc™ XR UV
system was used with the Biorad Bio Image™ Software to
visualize the PCR products.

Results and discussion

Molecular markers can be successfully used in the identifica-
tion of leaf rust resistance genes in wheat resistance breeding
programs (Vida et al. 2009). The results showed that the am-
plification of ¢sLv34 marker was observed in TX89D6435,
Parula ‘S’, and Kern varieties, but the size of the resulting
Lr34 gene linked product was approximately 145 bp, which
is smaller than reported by Lagudah et al. (2006). Differences
in the size of products may result from the size of the DNA
ladder used. Lagudah et al. (2006) used a 100 bp ladder mo-
lecular size markers. In our experiment we have used more
precise, 50 bp DNA ladder, which showed that the csLv34
marker product is smaller than 150 bp. Considering other
varieties (Pavon F76, Rayon 89, and Kem’) the PCR reaction
with esLv34 marker showed a 229 bp product, indicating the
lack of the Lr34 gene. The analyses with the Xwmc44 marker
linked to the Lr46 gene resulted in the identification of a
242 bp specitic product in TX89D6435, Pavon F76, and
Mochis 88 varieties. The accumulation of both Lr34 and
Lr46 resistance genes was demonstrated by the multiplex
PCR in TX89D6435 variety, so this variety can be a good
source of non-race specific resistance to leaf rust (Table 1,
Fig. 1).

Table 1 Presence of genes Lr34 and L46 in tested wheat varieties

No. Cultivar Origin Plant ID Presence of Lr34 Presence of Lr46
ks TX89D6435 US, Texas PI 584759 + +

2 Pavon F76 Mexico P1520003 -

3. Parula ‘S’ Mexico P1 520340 +

4. Rayon 89 Mexico P1591784

5. Kem us PI1 672001 + -

6. Mochis 88 Mexico P1 591791 - +
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242 bp
229 bp

145 bp

Fig. 1 Electrophoresis showing the presence of markers: ¢sZv34 (for the
Lr34) and Xwmc44 (for the Lr46) in the wheat varieties. M, GeneRuler
50 bp DNA ladder (NIPPON Genetics EUROPE GmbH); 1,
TX89D6435: 2, Pavon F76; 3, Parula *S’; 4, Rayon 89; 5, Kern; 6,
Mochis 88

The literature gives many examples of successful use of the
multiplex PCR method to identify race-specific resistance
genes. Lesniowska-Nowak et al. (2013) developed a multi-
plex PCR method to identify two resistance genes for leaf rust
Lr9 and Lr19. Other major resistance genes for P, triticina
Lr29 and Lr37 were identified with one PCR reaction by
Sumikova and Hanzalova (2010). Gogot et al. (2015) made
a successful attempt to use the multiplex PCR method to si-
multaneously identify genes of resistance to two different dis-
eases: Lr21 (leaf rust) and Pm4b (powdery mildew).
Tomkowiak et al. (2019) identified the Pm2, Pm3a, Pm4b,
and Pm6 genes and developed multiplex PCR reaction condi-
tions for simultaneous identification of Pm2 and Pm4b genes.

Slow rusting genes L34 and Lr46 are very important for
breeding because they provide durable resistance over a long
period of time in different environments, and they are effective
against many pathogens (Imbaby et al. 2014). The develop-
ment of the multiplex PCR method allows to significantly
shorten the time of analysis of these two important genes.
The study demonstrated that the developed multiplex PCR
conditions are effective diagnostic tool for the simultaneous
identification of Lr34 and L46 genes using the ¢sLv34 and
Xwmce44 markers, respectively. The developed multiplex
PCR conditions can be used in breeding programs for
marker-assisted selection.
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Abstract

Currently, production of wheat cultivars (Triticum aestivum L.) that show durable field
resistance against fungal pathogens is a priority of many breeding programs. This type of
resistance involves race-nonspecific mechanisms and can be identified at adult-plant stag-
es. Until now, seven genes (Lr34/Yr18, Lr46/Yr29, Lr67/Yr46, Lr68, Lr75, Lr77 and Lr78)
conferring durable types of resistance against multiple fungal pathogens have been identi-
fied in the wheat gene pool. In this study we showed a multiplex Polymerase Chain Reac-
tion (multiplex PCR) assay, which was developed for detection of slow rusting resistance
genes Lr34, Lr46, Lr68, using molecular markers: csLV34, Xwmc44 and csGS, respectively.
Identification of molecular markers was performed on 40 selected wheat genotypes which
are the sources of slow rusting genes according to literature reports. Multiplex PCR is an
important tool to reduce the time and cost of analysis. This multiplex PCR protocol can be

applicable for genotyping processes and marker assisted resistance breeding of wheat.

Keywords: leaf rust, Lr34, Lr46, Lr68, multiplex PCR

Introduction

Bread wheat (Triticum aestivum L.) is currently one of
the most significant cereal foods in the world, not only
in terms of food production, but most of all for pro-
viding the total amount of food calories and protein
in human diet (Gupta et al. 2008). Diseases and pests
cause at least 10% of global plant production losses
(Chakraborty and Newton 2011). The three fungal
pathogens: Puccinia triticina, P. striiformis f. sp. tritici,
and P. graminis f. sp. tritici, causing rust diseases of
wheat are the most important biotic constraints to
wheat production. Yield losses caused by infection of
P triticina may reach 40% in susceptible cultivars, and
are the result of lower kernel weight and a decreased
number of kernels per head (Knott 1989). The aim of
modern wheat resistance breeding is to obtain suffi-
cient resistance to all major diseases to reduce the use

of plant protection products. Breeding for multiple
resistance to disease, which can be achieved by in-
troducing slow rusting genes to plants, is a promising
strategy.

Presently, more than 80 leaf rust resistance (Lr)
genes have been identified and described in wheat and
its derivatives (McIntosh et al. 2017). Gene pyramid-
ing can increase the durability of plant resistance
to pathogens. New breeds of pathogens are rapidly
emerging, and resistance conferred by racially specific
genes becomes ineflective. Therefore, new solutions in
plant breeding are desirable and one of them is the in-
troduction of slow rusting genes into varieties (Singh
et al. 2000). Up to now, seven genes conferring a partial
type of resistance in adult plants have been identified
in the wheat gene pool. These genes were named Lr34
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(=Yr18/Sr57/Pm18) (Singh 1992a), Lr46 (=Yr29/Sr58/
Pm39) (Singh et al. 1998), Lr67 (=Yr46/Sr55/Pm46)
(Dyck and Samborski 1979), Lr68 (Herrera-Foessel
etal. 2012); Lr75 (Singla et al. 2017), Lr77 (Kolmer et al.
2018a) and Lr78 (Kolmer et al. 2018b). Slow rusting
genes provide durable resistance against all races of
various pathogens including Puccinia triticina, P. stri-
formis f. sp. tritici, P. graminis f. sp. tritici, Blumeria
graminis f. sp. tritici that cause leaf rust, stripe rust
and powdery mildew, respectively. Slow rusting is
a type of resistance characterized by durable resistant
of adult plants which is not associated with a mecha-
nism of hypersensitivity reaction as in the case of race
specific genes (Bariana et al. 2001). The mechanism
of slow rusting genes is still not well understood. It
has been shown that Lr34 and Lr67 encode an ATP-
-binding cassette transporter and hexose transport-
er, respectively (Krattinger et al. 2009; Moore et al.
2015; Dodds and Lagudah 2016). Slow rusting genes
ensure plant protection for a long period of grow-
ing in an environment favorable to the development
of the disease (Johnson and Law 1975). The durable
resistance, also known as racially nonspecific immu-
nity, results from an additive effect of minor genes,
usually polygenic. Cultivars possessing slow rust-
ing genes show almost the same level of resistance
over space and time and the same level of reaction
against different races. For example, the ‘Frontana’
variety, which was registered about half a century
ago, still has effective rust resistance in almost all
parts of the world (Khan et al. 2013). It has been
shown that retarded disease progress in plants results
from a longer latent period, smaller pustule size,
lower receptivity, and slower spore production than
a susceptible check (Ohm and Shaner 1976; Wil-
coxson 1981; Das et al. 1993). Singh et al. (2000b)
estimated that dozens of slow rusting genes for leaf
rust resistance are present in CIMMYT bread wheat
germplasm.

Gene Lr34 was first described in cultivar ‘Fron-
tana’ by Dyck and Samborski (1966) on the short
arm of chromosome 7D. The level of immunity as-
sociated with the presence of the Lr34 gene in plants
is best manifested at low average daily temperatures
(0-20°C) under field conditions, which allows a sig-
nificant reduction in disease progression (McIntosh
et al. 1995). The Lr34 gene is the most frequently used
disease resistance gene in wheat breeding because
of its durability and broadspectrum specificity. The
Lr34res increase the latency period, the percentage of
early aborted colonies not associated with cell necro-
sis and decrease colony size (Rubiales and Niks 1995).
Lagudah et al. (2006) developed a molecular genetic
marker ¢sLV34 that maps 0.4 cM from Lr34. The se-
quence-tagged-site (STS) marker is widely used for
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detection of gene locus in wheat varieties in many
countries of the world (Singh et al. 2007; Kolmer et al.
2008; McCallum et al. 2008; Priyamvada et al. 2009),
but this marker is not diagnostic for some wheat
genotypes derived from the Canadian line ‘RL4137’
(McCallum et al. 2008; Lagudah et al. 2009).

The second gene involved in slow rusting, Lr46
was identified in the cultivar ‘Pavon’ and located on
chromosome 1B. To locate the gene, crosses were
carried out with a monosomic series of adult plant
leaf rust susceptible cultivar ‘Lal Bahadur’ (Singh
et al. 1998). The effect of expression of Lr46 gene is
smaller than that of Lr34 and it also does not pro-
vide complete immunity to plants. The presence
of the gene is revealed in infected adult plants as
a longer disease latency period than the control with-
out this gene (Martinez et al. 2001). Lagudah (2011)
showed that Lr46 is more effective in a cooler envi-
ronment than in higher temperature environments.
To date, several markers have been developed to
identify the Lr46 gene in wheat: Xbarc80 (Lowe et al.
2011), Xgwm259 (Roder 1998), Xwmc44 (Somers
and Isaac 2004) and csLV46G22 (Lagudah, perso-
nal communication 2020). Lr46 was mapped distal
to the microsatellite locus Xwmc44, approximately
5-15 c¢M, and proximal to Xgwm259, approximately
20 cM (https://maswheat.ucdavis.edu/protocols/Lr46).
Whereas, microsatellite locus Xbarc80 maps 10-11 cM
distal to Xgwm259 (Lowe et al. 2011). The CAPS
(Cleaved Amplified Polymorphic Sequence) marker
csLV46G22 is the closest linked to Lr46 gene (Lillemo
et al. 2013; Ren et al. 2017; Cobo et al. 2019), among
all the above markers.

Herrera-Foessel et al. (2012) identified the follow-
ing slow rusting adult plant resistance (APR) gene,
Lr68 in wheat cultivar ‘Parula’ The gene was mapped to
a specific gene-rich area on chromosome 7BL between
the locus Psyl-1 (yellow endosperm) and molecular
marker xgwm146. The origin of the gene is likely to be
Brazilian wheat cultivar ‘Frontana, which is known for
its APR to leaf rust due to the presence of gene Lr34 and
2-3 additional unidentified slow rusting genes (Singh
and Rajaram 1992). Lillemo et al. (2011) revealed that
the effect of Lr68 at sites in Uruguay and Argentina was
stronger than Lr34. Herrera-Foessel et al. (2012) re-
commended two molecular markers for marker-assist-
ed selection of Lr68: co-dominant marker ¢s7BLNLRR
positioned at 0.8 cM from the gene and the domi-
nant marker ¢sGs at 1.2 cM from the gene. The ¢sGS
marker was used in a bread wheat breeding program of
CIMMYT for diagnosing L68 in the crossing block.

Pinto da Silva et al. (2018) reported that pyramid-
ing of slow rusting genes in different combinations
in one genotype confers a high or sustainable level of
durable resistance to P. triticina. Singh et al. (2014)
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observed that the presence of single APR genes do
not confer adequate resistance under high disease
pressure, but combinations of four or five such genes
usually result in “near immunity”. For this reason,
the task of resistance breeding wheat should be to
look for sources (genotypes) having more than one
slow rust gene. The traditional PCR method which
can detect one gene in one reaction is time consuming
and expensive. An alternative method may be to use
the multiplex Polymerase Chain Reaction (multiplex
PCR). Multiplex PCR is a variant of PCR in which two
or more loci are simultaneously amplified in one reac-
tion. Multiplex PCR is used to increase the amount of
information generated in one assay, and to reduce con-
sumables and labor costs (Henegariu et al. 1997). The
method was first used in 1988 (Chamberlain et al. 1988)
and since then has been successfully applied in many
areas of DNA testing, including analyses of deletions
(Henegariu et al. 1994), mutations (Shuber et al. 1993)
and polymorphisms (Mutirangura et al. 1993). The
studies reported that the result of multiplex analysis is
influenced by some factors (e.g., primer concentration,
cycling profile) (Chamberlain et al. 1990; Vandenvelde
et al. 1990). Also, there are specific problems associ-
ated with multiplex PCR, including uneven or lack of
amplification of some loci and difficulties in reproduc-
ing some results (Henegariu et al. 1997). Moreover,
the development of multiplex PCR assays on plants is
difficult due to the large genome sizes and polyploidy.
Bread wheat, one of the world’s most important cereal
crops (Donini et al. 1998), is an allohexaploid with
a large and complex genome, comprised of paralogous
gene families and about 75% repetitive DNA (Bennett
and Smith 1975). For this plant, extensive optimiza-
tion is required for the multiplex PCR reaction. There-
fore, the aim of this study was to develop and optimize
a multiplex PCR assay for the simultaneous identifica-
tion of three slow rust genes (Lr34, Lr46 and Lr68) and
use a method to identify these genes in 40 genotypes
which according to the literature are carriers of various
APR genes.

Materials and Methods

Plant material

Plant material consisted of 40 spring wheat T. aesti-
vum L. cultivars (Table 1) which had been reported as
sources of slow-rusting genes and three reference ma-
terials for Lr34, Lr46 and Lr68 genes [Lr34’ (GSTR
433), ‘Pavon F76’ (P1520003) and ‘Parula, respective-
ly], derived from the National Small Grains Collec-
tion, the Agriculture Research Station in Aberdeen.
Seeds were germinated on Petri dishes and DNA was
extracted from the leaf tissue of 10-day-old seedlings
with the use of GeneMATRIX Plant & Fungi DNA Pu-
rification Kit (EURx Ltd., Poland). DNA concentra-
tion and quality were checked using a DeNovix spec-
trophotometer (DeNovix Inc., USA) and the samples
were diluted with Tris buffer (EURx Ltd., Poland) to
a concentration of 50 ng - pl™".

Development of multiplex PCR and
identification of Lr34, Lr46 and Lr68 genes

The following molecular markers were used to simul-
taneously identify the Lr34, Lr46 and Lr68 genes:
csLV34, Xwmc44 and csGs, respectively. In this exper-
iment, we could not use the closer linked ¢sLV46G22
marker for the Lr46 gene, because the methodology
of using the marker makes it impossible to combine
it with the other selected markers (Lagudah, personal
communication). Primer sequences, size of expected
product and recommended annealing temperature
for each molecular marker are presented in Table 2.
In this study, we attempted to create three differ-
ent muliplex PCR variants for the simultaneous iden-
tification of the Lr34 + Lr46 + Lr68 (I variant), Lr46 +
+ Lr68 (1l variant) and Lr34 + Lr68 genes (III variant).
Skowronska et al. (2019) developed the multiplex
PCR reaction for the Lr34 + Lr46 variant. Various op-
tions of mix composition and PCR profile of multiplex
PCR were tested. The final 27 pl mix composition of

Table 1. Primer sequences, size of expected product and recommended annealing temperature for each molecular marker which was

used for multiplex PCR

Markers Primer sequences Size of products Auanesiing . Sources
temperatures
V34 csLV34F 5'-GTTGGTTAAGACTGGTGATGG-3'; 150 bp (+) sEeC Lagudah
Cs
csLV34R 5'- TGCTTGCTATTGCTGAATAGT-3' 229 bp (-) etal. 2006
WMC44F 5'-GGTCTTCTGGGCTTTGATCCTG-3; Suenaga
Xwmc44 242 bp (+) 61°C
WMC44R 5'-GTTGCTAGGGACCCGTAGTGG-3' etal. 2003
¢sGS-F 5-AAGATTGTTCACAGATCCATGTCA-3; ]
csGs 385 bp (+) 60°C Herrera-Foessel
¢sGS-R 5-'GAGTATTCCGGCTCAAAAAGG-3' etal. 2012
(+) - size of product indicative of the presence of the gene, (-) - size of band in susceptible genotypes

*recommended primer annealing temperature according to literature references
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multiplex PCR volume in variant I consisted of the fol-
lowing: 12.5 ul 2 x PCR TagNovaHs PCR Master Mix
(Blirt), which included 2 x concentrated PCR reaction
buffer, 4 mM MgCl; 1.6 mM dNTPs mix (0.4 mM of
each ANTP); 0.8 p, csLv34 forward primer; 0.8 pl cs-
Lv34 reverse primer; 1.2 pl Xwmc44 forward primer;
1.2 p, Xwmc44 reverse primer, 1 pl csGs forward prim-
er; 1 pl ¢sGs reverse primer (the concentration for each
primer was 100 pM); 2 pl DNA template (50 ng - pl™")
and 6.5 pl PCR grade water. For the II variant, the to-
tal volume of the multiplex PCR mix composition was
25,4 pl and consisted of 12.5 ul 2 x PCR TagNovaHs
PCR Master Mix (Blirt), 1.2 pul Xwmc44 forward prim-
er; 1.2 pl Xwmc44 reverse primer, 1 pl ¢sGs forward
primer; 1 pl ¢sGs reverse primer, 2 ul DNA template
(50 ng - pl™') and 6.5 pl PCR grade water. For the last,
the third variant the PCR multiplex mixture with
a total volume of 24,3 pl contained 12.5 pl 2 x PCR
TagNovaHs PCR Master Mix (Blirt), 0.8 pl csLV34
forward primer; 0.8 pl csLV34 reverse primer, 1 pl ¢sGs
forward primer; 1 pl csGs reverse primer, 2 pl DNA
template (50 ng - ul') and 6.5 pl PCR grade water. The
PCR profile was modified with reference to standard
protocol and various temperatures recommended for
primer annealing were tested (Table 2). The final PCR
reaction consisted of initial denaturation at 94°C for
5 min, followed by 40 cycles (denaturation, 94°C for
45 s; primer annealing, 60°C for 30 s; elongation, 72°C
for 1 min), followed by the final extension for 7 min
at 72°C and and storage at 4°C. The multiplex PCR
was carried out using Labcycler thermal cyclers (Sen-
soQuest GmbH). Amplifications were prepared by
adding 1 pl Midori Green Direct (NIPPON Genetics
EUROPE) to each tube. The reaction products were
separated using 2% agarose (SIGMA) gel in 1 x TBE
buffer (BioShop) at 100 V for 2 h.

In order to simultaneously identify all genes in 40
wheat varieties originating from the National Small
Grain Collection, the first variant and the methodol-
ogy described above were used. Cooling during elec-
trophoretic separation of products was used to obtain
clearer results.

Results and Discussion

Breeding programs have successfully used molecular
markers to assist in the development of varieties with
leaf, yellow and stripe rust resistance genes (Alemu
2019). Numerous genes conferring disease resistance
to wheat have been identified and used in breeding,
but many of these genes have lost their effectiveness
due to the emergence of new virulent breeds (Singh
et al. 2000). Unfortunately, it takes several years to in-
troduce new resistance genes that are effective for new
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breeds of the pathogen, mainly due to the long process
involved in the establishment of pure breeding wheat
lines (Alemu 2019). The solution may be to introduce
genes that give durable tolerance to many pathogens
to varieties, which, in combination with racial-specif-
ic genes, can help minimize the use of fungicides in
wheat cultivation.

In this experiment, we developed a multiplex PCR
method for the simultaneous identification of various
combinations of slow rust genes: Lr34 + Lr46 + Lr68
(variant I), Lr46 + Lr68 (variant II) and Lr34 + Lr68
(variant III). Optimization of the method consisted of
selecting the appropriate primer volume for all genes
in each variant and adjusting the appropriate primer
annealing temperature in order to obtain uniformly
intense bands on the gel. For this purpose, a smaller
volume of the ¢sLV34 primer was used for each sam-
ple than the others, because the primer showed very
distinct bands and dominated the others. In addition,
the volume of the Xwmc44 primer in each sample and
variant was increased because the bands on the gel
were not sufficiently visible when the same volume of
all primers was used. There was no effect of changes in
the csGS primer volume for the Lr68 gene, at different
volumes. The products of all markers were equally vis-
ible and readable.

In variant I, in the reference variety ‘Lr34; a 145 bp
product specific for the Lr34 gene and a 242 bp pro-
duct associated with the Lr46 gene were obtained. In
our study, the size of the Lr34 gene-specific product
differed from the size of 150 bp reported by Lagudah
et al. (2006). Differences in the size of products may
result from the size of the DNA ladder used, which was
also noted by Skowronska et al. (2019). In ‘Pavon 76,
two products were identified: a 242 bp band, indicat-
ing the presence of the Lr46 gene, and 229 bp band
indicating the absence of the Lr34 gene. In the ‘Parula
variety, which is the reference material for the Lr68
gene, a specific product of the 385 bp csGS marker and
a 145 bp product indicating the presence of the Lr34
gene were identified. In variant IT (Lr46 + Lr68) and
variant III (Lr34 + Lr68) the above-described results
have been confirmed, which indicates that all devel-
oped multiplex PCR variants can be used in the selec-
tion of materials in the wheat breeding process.

Variant I of the multiplex PCR method that we de-
veloped allowed for the identification of the Lr34, Lr46
and Lr68 genes in wheat materials that are reported as
having slow rust genes. They are characterized by du-
rable resistance, indicating the presence of slow rust
genes. For example, the ‘Glenlea variety was registered
in 1972 and was the first major variety bearing the Lr34
gene in western Canada (Evans et al. 1972; Dyck et al.
1985). In this work, all three slow rust genes (Lr34 +
+ Lr46 + Lr68) were identified in the ‘Glenlea’ variety.
In addition, some varieties possessing ‘Glenlea’ in their
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Fig. 1. Electrophorogram showing the presence of molecular markers csLV34 (for Lr34), X\wmc44 (for Lr46) and ¢sGS (for Lr68) in wheat
varieties. M — GeneRuler 50 bp DNA ladder (Nippon Genetic Europe, Germany)
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Fig. 2. Electrophorogram showing the presence of molecular markers csLV34 (for Lr34), X\wmc44 (for Lr46) and ¢sGS (for Lr68) in wheat
varieties. M — GeneRuler 50 bp DNA ladder (Nippon Genetic Europe, Germany), 1-40 — wheat varieties

pedigree also carry various combinations of genes:
‘A99AR’ and ‘363-11" (Lr34 + L46 + Lr68), ‘7531-
V3D’ (Lr34 + Lr68), 7531-AG5A’ (Lr34 + Lr46),
7536K-51A4" (Lr34), ‘P8802-C1*3A2C16, ‘P8802-
-C1*3A2A2U° and ‘7531-AP5A' (Lr46) (Table 2,
Fig. 2). ‘Lerma Rojo’ is one of the semi dwarf varie-
ties developed at CIMMYT during the green revolu-
tion and contributed to yield breakthroughs in India,

Pakistan, Turkey and other parts of the world. ‘Lerma
Rojo’ is characterized by a long life span due to its
resistance to pathogens (Borlauge 1968). We identi-
fied two slow rust genes in the ‘Lerma Rojo’ variety:
Lr34 and Lr46 (Table 2, Fig. 2). The Oxley varie-
ty, whose genealogy includes ‘Lerma Rojo, also has
the Lr34 and Lr46 genes (Table 2, Fig. 2). The next
variety in which the three slow rust genes have been
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identified is the Indian variety ‘NP 846’ also known
as ‘New Pusa 846’. So far, NP 846 was known to have
gene Lr34 (Kaur et al. 2000; Kolmer et al. 2008).
In summary, the L34 gene was identified in 13 of
the 40 varieties tested, the Lr46 gene in 17 varieties,
and the Lr68 gene in 12 varieties. In four varieties all
three tested genes were identified, and in eight varie-
ties the presence of two tested genes in one variety
was detected. In 14 varieties none of the slow rust
genes were identified (Table 2, Fig. 2). Altieri et al.
(2008) determined the number and characteriza-
tion of resistance genes to wheat leaf rust present in
‘Buck Manantial, an Argentinian cultivar that shows
durable resistance. They also used closely linked
marker ¢sLV34 to Lr34 to detect the presence of this
resistance gene in ‘Buck Manantial’ as hypothesized
by Dyck (1989). As a result of the study conducted
by the authors, the presence of the gene could not
be confirmed in Buck Manantial based on the allele
detected by this molecular marker. In our study, we
also did not identify any slow rust gene in the ‘Buck
Manantial’ variety, although, according to other
sources, the cultivar has the Lr34 gene (McIntosh
et al. 1995; Mclntosh et al. 2008; McCallum 2012)
(Table 2, Fig. 2).

In the literature one can find many examples of
the development the multiplex PCR method to iden-
tify resistance genes. Le$niowska-Nowak et al. (2013)
developed a multiplex PCR method to identify two
resistance genes for leaf rust Lr9 and Lr19. Other
race specific resistance genes for P triticina, Lr29
and Lr37 were identified simultaneously by Sumik-
ova and Hanzalova (2010). Gogdt et al. (2015) used
the multiplex PCR method to simultaneously iden-
tify genes of resistance to two different diseases: Lr21
(leaf rust) and Pm4b (powdery mildew). Tomkowiak
et al. (2019a) identified the Pm2, Pm3a, Pm4b,
and Pm6 genes and developed multiplex PCR reaction
conditions for simultaneous identification of Pm2
and Pm4b genes. The multiplex PCR conditions
have been developed for the simultaneous identifica-
tion of the Lr1I + Lri6 and Lr1l + Lr26 gene pairs
by Tomkowiak et al. (2019b). The method of simul-
taneous identification for slow rusting genes Lr34
and Lr46 was developed by Skowronska et al. (2019).
The authors also used a smaller volume of the csLv34
primer and a larger volume of the Xwmc44 primer,
and their method may complement the results of the
above work.

Moreover, there are many examples of the use of
multiplex to identify other genes in wheat. Zhang et
al. (2008) developed two multiplex PCR assays target-
ing improvement of bread-making and noodle quali-
ties in common wheat that validated using 70 culti-
vars and advanced lines from Chinese autumn-sown
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wheat regions. Wang et al. (2010) identified genes at
Glu-A3 locus, developed the STS markers, and estab-
lished multiplex PCR with the STS markers for Glu-A3
alleles. The multiplex PCR system was validated on
141 CIMMYT wheat varieties and advanced lines
with different Glu-A3 alleles, confirming that they
can be efficiently used in marker-assisted breeding.
Moczulski and Salmanowicz (2003) used the multi-
plex PCR method to identify the allele composition of
HMW glutenin complex Glu-1 loci (Glu-Al, Glu-B1
and Glu-D1) in common wheat genotypes. Compared
to conventional PCR techniques that allow the iden-
tification of single resistance genes, multiplex PCR is
a method that can simultaneously detect multiple re-
sistance genes in one system with high sensitivity and
specificity. Consequently, multiplex PCR is a more
appropriate and less time-consuming method of de-
tecting several resistance genes (Ballabio et al. 1990).
In addition, the multiplex PCR method provides the
basis for the future development of a quantitative and
more sensitive PCR method using real-time PCR tech-
nology (Coté et al. 2004). The multiplex PCR method
is a convenient tool for selecting materials in plant
breeding. The method presented in this article can be
successfully used to simultaneously identify the L34,
Lr46 and Lr68 genes. Moreover, additional variants of
the method allowing for the simultaneous identifica-
tion of the Lr46 and Lr68 genes as well as the Lr34 and
Lr68 genes can also be a helpful tool in plant breeding.
Varieties containing slow rust type genes, identified in
the test using the multiplex PCR method can provide
APR resistance genes for breeding wheat or other ce-
real species.

Conclusions

In summary, a multiplex PCR method was developed
for the simultaneous identification of different com-
binations of slow rusting genes: Lr34 + L46 + Lr68,
Lr34 + Lr68 and Lr46 + Lr68. This method can be ap-
plicable for the genotyping process and marker as-
sisted selection for breeding programs of wheat.
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Abstract

Recently, leaf rust and yellow rust caused by the fungi Puccinia triticina Erikss. and P. striiformis Westend f. sp. tritici Eriks and
Henn are diseases of increasing threat in triticale (x Triticosecale Wittmack, AABBRR, 2n = 6x = 42) growing areas. The use of
genetic resistance is considered the most economical, effective and environmentally friendly method to control the disease and
minimize the use of fungicides. Currently, breeding programs mainly relied on race-specific Lrand Yr genes (R), but new races of
the rust fungi frequently defeat resistance. There is a small group of genes that causes partial type of resistance (PR) that are
characterized by a slow epidemic build up despite a high infection type. In wheat slow rusting resistance genes displayed longer
latent periods, low infection frequencies, smaller pustule size and less spore production. Slow rusting Lr46/Yr29 gene, located on
chromosome 1B, is being exploited in many wheat breeding programs. So far, there is no information about slow rusting genes in
triticale. This paper showed significant differences between the results of identification of wheat molecular markers Xwmc44 and
csLV46G22 associated with Lr46/Yr29 in twenty triticale cultivars, which were characterized by high levels of field resistance to
leaf and yellow rust. The ¢sLV46G22res marker has been identified in the following cultivars: Kasyno, Mamut and Puzon.
Belcanto and Kasyno showed the highest resistance levels in three-year (2016-2018), leaf and yellow rust severity tests under
post-registration variety testing program (PDO). Leaf tip necrosis, a phenotypic trait associated with Lr34/Yr18 and Lr46/Yr29
was observed, among others, to Belcanto and Kasyno, which showed the highest resistance for leaf rust and yellow rust. Kasyno
could be considered to have Lr46/Yr29 and can be used as a source of slow rust resistance in breeding and importantly as a
component of gene pyramiding in triticale.

Keywords ¢sLV46G22 - Molecular markers - Lr46 - Leaftip necrosis - Slow rusting - Triticale - Xwmc44

Introduction pathogens, especially to rusts (Mergoum et al. 2004). As the

triticale area harvested has increased, new races of pathogens

Triticale (% Triticosecale Wittmack, 2n = 6x =42, AABBRR
genomes) is a man-made amphiploid hybrid produced from
the crossing of female parent hexaploid or tetraploid wheat
(Triticum sp.) and male parent rye (Secale cereale L.)
(Ammar et al. 2004). It is mostly used in animal feed and
biofuel production (Feuillet et al. 2008; McGoverin et al.
2011; Martinek et al. 2008). Triticale, since its commerciali-
zation, has shown good resistance to a wide spectrum of
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have adapted to this host (Oettler 2005) and have led to the
rapid erosion of effective resistance genes. Leaf rust is one of
the most important diseases of wheat (Kolmer 2005), but the
pathogen has also been reported on triticale crops
(Sodekiewicz and Strzembicka 2004). Leaf rust on triticale
is caused by pathotypes of the wheat leaf rust pathogen
Puccinia triticina that have become virulent to triticale geno-
types (Sodekiewicz et al. 2008; Mikhailova et al. 2009).
Triticale is annually infected by the same spectrum of patho-
gens as its parents—wheat and rye (Audenaert et al. 2014). To
minimize the use of plant protection products, it is necessary
to search for and introduce new sources of resistance to
varieties. The genetic origin of leaf rust resistance genes in
triticale has been studied by several authors. Singh and
McIntosh (1990) showed that leaf rust resistance in five triti-
cale varieties was controlled by a single gene designated
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LrSatu. Wilson and Shaner (1989) studied the inheritance of
resistance to culture 7434—1-1 T of Puccinia recondita f. sp.
tritici in four triticales that were selected as potential sources
of resistance genes for wheat and described genes for
hypersensitive resistance and slow rusting genes in triticale.
In Poland, Grzesik and Strzembicka (2003) analyzed leaf rust
resistance in three triticale cultivars and showed that the resis-
tance of these cultivars was controlled by the hypersensitive
resistance genes described by Wilson and Shaner (1989).
Singh and Saari (1991) identified four resistance genes in
three genotypes and two additional genes in triticale in
Mexico. Stuchlikovéa and Bartos (1980) analyzed the genetics
of resistance to leaf rust in five varieties of triticale in F» and F5
and postulated five different genes for resistance to leaf rust.
Mikhailova et al. (2009) tested 416 triticale from the Vavilov
All-Russian Research Institute of Plant Industry and identified
17 leaf rust resistant cultivar. Hanzalova and Barto$ (2011)
studied resistance of triticale to wheat leaf rust and analyzed
whether specific differences in virulence exist between wheat
leaf rust isolates attacking wheat and isolates attacking tritica-
le. They found that leaf rust isolates from triticale were viru-
lent to a higher number of triticale cultivars than isolates col-
lected from wheat.

One of the most effective and environmentally sound meth-
od to control disease is breeding resistant varieties (Dinh et al.
2020). To date, more than 80 genes and alleles of leaf rust
resistance (Lr) have been identified and described (Mcintosh
et al. 2017), but most of this genes are race-specific for hyper-
sensitive resistance (HR). HR genes are very effective in re-
ducing the epidemic build up and easy to introduce in breed-
ing programs because of their monogenic nature, but the re-
sistance provided by these genes can be short-lived as new
races of pathogen continue to evolve (Martinez et al. 2001).
Kroupin et al. (2019) analyzed the collection of spring triticale
accessions for the presence of genes Lr9, Lri2, Lr19, Lr24,
Lr25, Lr28, Lr29 and Lr47 with the use of molecular markers
and isogenic lines carrying target genes. They showed that the
gene pool of spring triticale is extremely depleted in leaf rust
resistance genes and therefore necessitating work on the intro-
gression of new resistance genes both from the known donor
lines of triticale and from bread wheat. It is necessary to search
for new sources of resistance or improving intrinsically resis-
tance by gene pyramiding or by use of multilines (McCallum
et al. 2007). Another possibility is to incorporate genes that
provide partial type of resistance (PR), also known as slow
rusting genes or adult plant resistance (APR). PR is a poly-
genic trait (Parlevliet 1979; Qi et al. 1998) characterized by
slow disease progress in the field despite a compatible host
reaction (Caldwell 1968). Adult plant resistance (APR) have
historically been more durable than race-specific genes (Boyd
2006; Krattinger et al. 2009; Lowe et al. 2011). Slow rusting
resistance genes have small to intermediate effects when pres-
ent alone, so a higher level of resistance is obtained by

@ Springer

combining several genes (Singh et al. 2000). In wheat at least
seven leaf rust resistance genes are known as slow rusting
genes: Lr34/Yrl8 (Singh 1992), Lr46/Yr29 (Singh et al.
1998), Lr67/Yr46 (Dyck and Samborski 1979), Lr68
(Herrera-Foessel et al. 2012), Lr75 (Singla et al. 2017), Lr77
(Kolmer et al. 2018a) and L»78 (Kolmer et al. 2018b). Lr34/
Yr18 is the leaf rust APR gene with the longest history of
resistance, because it has remained effective for almost
100 years (Ellis et al. 2014). Lr34/Yr18 is the best known slow
rusting gene so far. It encodes a modified ATP-binding cas-
sette transporter (Krattinger et al. 2009), and it has been re-
ported to cause an increase in latency period, in percentage of
early aborted colonies not associated with cell necrosis and a
decrease of colony size (Rubiales and Niks 1995).

Lr46/Yr29 is the second named gene involved in slow rusting
resistance to leaf rust in wheat. Lr46/Yr29 has provided partial
APR to leaf and stripe rust for more than 60 years (Kolmer et al.
2015). It was first described in cultivar Pavon 76 and located on
long arm of chromosome 1B (Singh et al. 1998). The effect of
Lr46/Yr29 is similar, but smaller than that of Lr34/Yr18 in adult
plants (Martinez et al. 2001). Lagudah (2011) indicated that
Lr46/Yr29 is more effective in cooler environments and the
presence of other Lr genes may influence expression of Lr46/
Yr29. William et al. (2003) found that Lr46 is linked or pleiotro-
pic to Y729 stripe rust resistance gene. Similarly, the close linkage
of Lr34 slow rusting gene to Yr/8 stripe rust resistance gene was
identified as well. Wheat genotypes with gene Lr46/Yr29 were
also determined to have stem rust Sr38 resistance gene (Singh
et al. 2013) and powdery mildew (Pm39) resistance gene
(Lillemo et al. 2008).

Both genes (Lr34/Yr18 and Lr46/Yr29) are associated with
a specific phenotypic trait, leaf tip necrosis (LTN) (Singh
1992; Rosewarne et al. 2006). The symptoms could be de-
scribed as a dying back of the flag leaf from the tip of the leaf
(Fig. 1). Leaf tip necrosis is observed to some extent in all
wheat varieties containing the leaf rust gene resistance gene
Lr34. The LTN trait was described by Singh (1992) to be
associated with Lr34/Yrl8 locus by investigating a number
of crosses between Lr34/Yrl8/LTN positive lines and Lr34/

Fig. 1 Symptoms of leaf tip necrosis on the flag leaf of Kasyno (up)
compared with flag leaf of Grenado (down)

77



J Appl Genetics (2020) 61:359-366

361

Yri8/LTN negative lines. It was confirmed by Schnurbusch
et al. (2004) in winter bread wheat cv. “Forno,” which has a
Lr34 locus associated with LTN. Rosewarne et al. (2006) used
field assays to score for both leaf and yellow rust in an Avocet-
YrA x Attila population that segregates for several slow
rusting leaf and yellow rust resistance genes. What is interest-
ing, the offspring population segregated for LTN, which was
interpreted as pleiotropic or closely linked to the Lr46/Yr29
locus, and L2 gene was suggested designation to this locus
(Rosewarne et al. 2006).

So far, there is no information about slow rusting genes in
triticale. Wheat cultivars with slow rusting resistance genes
displayed longer latent periods, low infection frequencies,
smaller pustule size and less spore production. Considering
the location of slow rust genes on wheat chromosomes, there
is a presumption that it is possible to identify the Lr46/Yr29,
Lr68, Lr75 and Lr77 genes (located on 1BL; 7BL; 1BS and
3BL chromosomes, respectively) in the triticale varieties.
Other slow rusting genes—Lr34/Yrl8, Lr67/Yr46 and Lr78
are located on the D genome (7DS, 4DL and 5DS, respective-
ly), which is not present in the triticale genotype. It is entirely
possible, that wheat donors of Lr46/Yr29 gene were used in
triticale breeding programs. The cross of the hexaploid tritica-
le with and hexaploid bread wheat carrying Lr46 (e.g., Pavon
76), followed by further backcross to triticale could explain its
presence in triticale cultivars. It is reported that various wheat-
rye translocation lines have been developed to increase genet-
ic variation in wheat and triticale genomes, especially to trans-
fer disease resistance genes and to improve grain yield
(Kwiatek and Nawracata 2018). For example, Pavon 1RS near
isogenic lines, such as “Pavon 76,” “Pavon 1RS,.1AL,”
“Pavon 1RS,.1BL” and “Pavon 1RS,.1DL” developed
by Lukaszewski (1993, 2000) are widely used in breeding
programs of wheat and triticale (Waines and Ehdaie 2007).
The second alternative is the presence of Lr46 in the tetraploid
parent used to develop primary triticale (Herrera-Foessel et al.
2012, Li et al. 2020).

Several molecular markers have been developed for Lr46/
Yr29 identification. At first, this locus was mapped on the long
arm of 1B chromosome using AFLP markers (Wilson and
Shaner 1989). Suenaga et al. (2003) revealed that the micro-
satellite locus Xwmc44 is located 5.6 cm proximal to the pu-
tative QTL for Lr46/Yr29. Moreover, it is reported that Lr46/
Y29 locus was mapped distal to Xwmc44, approximately 5—
15 em, and proximal to Xgwm259, approximately 20 cm
(https://maswheat.ucdavis.edu/protocols/Lr46).
Microsatellite locus Xbarc80 is located 10-11 c¢m distal to
Xgwm259 and is recommended as an alternative distal marker
(Lowe et al. 2011). Lagudah et al. (2009, personal
communication) developed a cleaved amplified polymorphic
sequence (CAPS) ¢sLV46G22 marker which is reported as the
closest marker for the Lr46/Yr29 gene, so far (Cobo et al.
2019, Lillemo et al. 2008, Ren et al. 2017). Among all

markers available, two closest markers (Xwmc44 and
csLV46G22) linked to Lr46/Yr29 were chosen in this study
to postulate the presence of Lr46/Yr29 gene in fourteen winter
and six spring Polish cultivars of triticale.

Materials and methods

This study was performed on twenty Polish triticale cultivars
derived from Danko Hodowla Roslin Sp. z 0.0. breeding com-
pany (Table 1). Bread wheat (Triticum aestivum L). cv.
“Pavon F76” (PI 520003) derived from the National Small
Grains Collection, the Agriculture Research Station in
Aberdeen, was the reference material.

DNA was isolated from the leaves of 10-day-old seedlings
with the use of GeneMATRIX Plant and Fungi DNA
Purification Kit (EURx Ltd., Poland). DNA concentration and
quality was determined using the DeNovix spectrophotometer
(DeNovix Inc., USA). The samples were diluted with Tris buffer
(EURx Ltd., Poland) to obtain a uniform concentration of 50 ng/
puL. To identify the Lr46/Yr29 gene, the molecular markers
Xwmc44 and csLV46G22 was used. The sequences of primers
are as follows: Xwmc44F 5-GGT CTT CTG GGC TTT GAT
CCT G-3' and Xwmc44R 5-GTT GCT AGG GAC CCG TAG
TGG-3". The CAPS marker csLV46G22 tightly linked to Lr46/
Yr29 was kindly provided by Dr. Evans Lagudah, CSIRO Plant
Industry, Canberra, Australia (personal communication, 2020).
The 25 pL polymerase chain reaction (PCR) mixture for
Xwmc44 and ¢sLV46G22 consisted of the following: 12.5 pL
2x PCR TagqNovaHs PCR Master Mix (Blirt, Poland), which
included 2% concentrated PCR reaction buffer, 4 mm MgCI2;
1.6 mm dNTPs mix (0.4 mm of each dNTP); 1 ul Xwmc44
forward primer; | pL Xwmc44 reverse primer (the concentration
for each primer was 100 uM); 2 uL. DNA template; and 6.5 pL
PCR grade water. The PCR was modified on the basis of a
standard protocol. The primer annealing temperature of the
marker primers was 61 °C for Xwmc44 (Suenaga et al. 2003).
The final PCR reaction consisted of initial denaturation at 94 °C
for 5 min, followed by 35 cycles (denaturation, 94 °C for 45 s;
primer annealing, 61 or 64 °C for 30 s; elongation, 72 °C for
1 min), followed by the final extension for 7 min at 72 °C and
storage at 4 °C. The ¢sLV46G22 PCR amplification products
were digested with the restriction enzyme BspEl in thermocycler
at 37 °C for 1 h (Lagudah, pers. comm. 2020; Ponce-Molina
et al. 2018). PCR and digestion was carried out using the
Labcycler thermal cyclers (SensoQuest, Germany). The products
of amplification were prepared by adding 0.5 Midori Green
Direct (Nippon Genetics Europe, Germany) to each tube. The
products were separated for one and a half hour using 2% aga-
rose (Sigma-Aldrich, Poland) gel in 1x TBE buffer (BioShop,
Canada) at 100 V. To visualize the PCR products, a Molecular
Imager Gel Doc™ XR UV system was used with the Biorad Bio
Image™ Software (Biorad, USA).
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Table 1 Presence of Lr46/Yr29

gene in tested triticale winter No.  Cultivar Molecular markers Leaf'tip necrosis  Leaf rust resistance Yellow rust
varieties (LTN) (scale 1-9)* resistance
Xwmed44  csLV46G22 (scale 1-9)*
| Avocado - - - 8.3 8.2
2. Belcanto - - + 8.6 8.7
3. Dolindo + - + 8.5 8.0
4. Fredro + - - 7.5 7.5
5 Kasyno + + 8.5 8.8
6. Maestozo  — - - 8.3 T3
7/ Orinoko + - - 82 7.8
8. Pizarro + - + 8.0 8.4
9. Porto + - + 8.5 8.3
10.  Rotondo - - - 8.0 6.5
11.  Subito 8.1 75
12.  Trapero - - - 83 8.4
13, Trismart + - - 6.8 6.8
14.  Twingo - - - 8.0 83
Total resistance (scale 1-9)* mean 8.1 7.9
Resistance (scale 1-9)* mean for Xwmc44res 7.9 7.8
Resistance (scale 1-9)% mean for Xwmc44sus 8.3 8.0
Resistance (scale 1-9)* mean for csLV46G22res 8.5 8.8
Resistance (scale 1-9)* mean for csLV46G22sus 8.1 7.8
Resistance (scale 1-9)* mean for LTN 84 8.4
Resistance (scale 1-9)* mean for LTN— 7.9 7.6

*Scale of the Research Centre for Cultivar Testing (COBORU) in Stupia Wielka (Poland). 9-—most resistant; 1
most susceptible. Mean data collected by post-registration variety testing (PDO) in 2016-2018 (Drazkiewicz

2019)

The mean scores of leaf and yellow rust severity were adapted
from post-registration variety testing program (PDO) for winter
(Drazkiewicz 2019) and spring triticale cultivars (Najewski
2019). This program was performed by the Research Centre
for Cultivar Testing (COBORU) and included 3 years (2016~
2018) of field scoring of natural infection of P. #riticina and
P. stiiformis in fifty localizations in Poland (Zych 2019).

Leaf tip necrosis was scored for twenty triticale accessions
in field trial at the Poznan University of Life Sciences. Ten
randomly chosen flag leaves were observed and evaluated
using positive/negative (LTN+/LTN-) scores (Fig. 1).

Results and discussion

Most leaf rust resistance genes are race specific (R) and effec-
tive during all of the host life cycle, being called seedling
genes. Seedling resistance is usually manifested by hypersen-
sitive resistance response (Bolton et al. 2008). Leaf rust resis-
tance conditioned by adult plant genes (APR) can be
expressed only at adult plant stage. Some adult plant resis-
tance genes are characterized by conferring partial resistance,
which is associated with a slow rusting development instead

) Springer

of a rapid hypersensitive response. Slow rusting genes result
in fewer and smaller uredinia and longer latent periods
(Lagudah et al. 2009). The partial resistance genes condition
longstanding effectiveness. Lr46 is located on long arm of 1B
chromosome and confers a comparable non-hypersensitive
type of defense to infection of P. triticina as Lr34 (7DS), but
its effect is smaller than that of Lr34 (Martinez et al. 2001).
In this study, we assumed that Lr46 gene located on 1B
chromosomes could be present in some of triticale cultivars,
considering different breeding pathways of primary and sec-
ondary triticale. We screened twenty Polish triticale cultivars
for Lr46 using two closest molecular markers and showed that
the microsatellite marker Xwmc44 do not line up with the
CAPS marker ¢sLV46G22 analyses. Microsatellite locus of
Xwmc44 marker is located 5.6 cm proximal to the putative
QTL for Lr46/Yr19 (Suenaga et al. 2003). For comparison,
recent maps for Lr46/Yr19 from Pavon 76 place this locus
between TraesCS1B01G453900 and ¢sLV46G22 (Lagudah,
personal comm.). Xwmc44 marker was identified in 6 winter
cultivars: Dolindo, Fredro, Orinoko, Pizarro, Porto and
Trismart (Fig. 2, Tables 1 and 2). Results for Xwmc44 resis-
tance allele do not coincided with the CAPS marker
csLV46G22res tightly linked to Lr46/Yr19. A specific product
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Fig.2 Electropherogram showing the presence of Xwmc44 marker in the triticale varieties. M, GeneRuler 50 bp DNA ladder (Nippon Genetic Europe,

Germany); P, Pavon F76; 1-30, triticale varieties

of ¢sLV46G22 marker was observed in three other triticale
cultivars: Kasyno (winter cultivar), Mamut and Puzon (spring
cultivars) (Tables 1 and 2). Considering the durability of Lr46
expression, the results of molecular marker analysis were
compared with leaf and yellow rust severity in these triticales
tested in the field under post-registration variety testing pro-
gram (PDO 2016-2018; Drazkiewicz 2019, Najewski 2019).
Belcanto and Kasyno were the most resistant for infections of
both P. titicina and P. stiiformis causing leaf and yellow rust,
respectively. The mean score for leaf rust resistance ranged
between 6.8 and 8.6 for winter cultivars (Table 1) and 7.5-8.4
for spring cultivars screened in this study (Table 1).
Simultaneously, the mean score for yellow rust resistance
ranged between 6.5 and 8.8 for winter cultivars (Table 1)
and 8.1-8.7 for spring cultivars (Table 2). What is interesting
is that the mean scores for leaf and yellow rust resistance for

winter cultivars carrying Xwmm44res allele were lower than
the mean scores for Xwmc44sus cultivars (Table 1).
Considering the second marker, the mean scores for leaf and
yellow rust resistance for csLV46G22res cultivars were higher
than mean scores for csLV46G22sus cultivars (Tables 1 and 2)
with one exception. The scores of yellow rust severity were
comparable comparing spring cultivars carrying
csLV46G22res and esLV46G22sus (Table 2). The results were
also compared with leaf tip necrosis (LTN) analysis. This trait
is associated with the Lr34 and Lr46 genes and is a useful
phenotypic marker to identify the presence of those genes in
wheat lines (Rosewarne et al. 2006). LTN trait was observed
only in five winter cultivars (Belcanto, Dolindo, Kasyno,
Pizzarro and Porto). The leaf and yellow resistance scores
for LTN+ cultivars were higher comparing to LTN— cultivars.
Among LTN+ winter cultivars, Dolindo, Pizzaro and Porto

Table 2 Presence of Lr46/Yr29

gene in tested triticale spring No. Cultivar  Molecular markers Leaf tip Leaf rust resistance  Yellow rust resistance
varicties necrosis (scale 1-9)* (scale 1-9)*
Xwmedd  esLV46G22  (LTN)
L. Dublet 7.5 8.5
2. Mamut - + - 8.3 8.7
3 Mazur - - - 8.2 8.5
4. Puzon - + - 83 8.1
5: Santos 8.4 8.5
6. Sopot o - - 8.0 8.4
Total resistance (scale 1-9)* mean 8.1 8.5
Resistance (scale 1-9)* mean for Xwmc44res n/a n/a
Resistance (scale 1-9)* mean for Xwmc44sus 8.1 8.5
Resistance (scale 1-9)* mean for csLV46G22res 8.3 8.4
Resistance (scale 1-9)* mean for csLV46G22sus 8.0 8.5
Resistance (scale 1-9)* mean for LN+ nla n/a
Resistance (scale 1-9)* mean for LTN 8.1 85

*Scale of the Research Centre for Cultivar Testing (COBORU) in Stupia Wielka (Poland). 9, most resistant; 1,
most susceptible. Mean data collected by post-registration variety testing (PDO) in 2016-2018 (Najewski 2019)
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carried Xwmc44res allele, when Kasyno was identified to
have csLV46G22res allele.

Considering the results of molecular markers com-
pared with 3 years of leaf and yellow rust severity tests
and LTN trait scoring, it could be assumed that triticale
cv. Kasyno could be considered to have Lr46/Yr29
gene. What is more basing on high levels of leaf and
yellow rust resistance and the presence of LTN trait is
that triticale cv. Belcanto could be suspected to have
Lr34/Yri8 gene. However, this requires additional mo-
lecular marker investigation, which falls outside the
scope of this study. In addition, these cultivars may
serve as the starting material for pyramiding slow
rusting resistance genes in triticale genotypes.
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There is a growing interest in breeding and production of hexaploid triticale
(x Triticosecale Wittmack ex A. Camus) in European Union and in the world. It is
reported that triticale can be an alternative to wheat (Triticum aestivum L.) for livestock
feed production and has a potential to become preferred industrial energy crop. Fungal
diseases, mainly leaf and stripe rusts, are the limiting factors of triticale growth and
yield. Geneticists and breeders are now focusing on accumulation of the major genes
for durability of rust resistance. Slow-rusting genes Lr34/Yr18 and Lr46/Yr19 are being
exploited in many wheat breeding programs. This type of horizontal resistance is
reported to be effective over space and time. Classical breeding techniques supported
by marker-assisted selection (MAS) are the main tools in breeding programs. The
aim of this study was to assess the possibility of transfer of slow-rusting genes
from resistant genotypes of wheat into hexaploid triticale through cross-hybridizations.
A total of 5,094 manual pollinations were conducted between two triticale cultivars
Fredro and Twingo and 33 accessions of common wheat, which were reported as
sources of slow-rusting resistance genes. The investigation of the slow-rusting gene
transmission was performed using both molecular markers analyses and genomic
in situ hybridization (GISH). In total, 34 F4 hybrid plants were obtained, and 29 of
them carried both slow-rusting loci. Therefore, these hybrids may be used for triticale
prebreeding program.

Keywords: genomic in situ hybridization, molecular markers, resistance genes, slow rust, triticale, wheat

INTRODUCTION

Triticale (x Triticosecale Wittmack ex A. Camus) is an artificial manmade grain, created through
hybridization of wheat derivatives (Triticum sp.) with rye (Secale cereale L.). Initially, triticale
was expected to combine the high robustness of rye with the great yield potential (Kwiatek and
Nawracala, 2018). At present, this crop is widely used as an alternative for other cereals, mostly
for wheat, as a valuable source of livestock feed (Ayalew et al., 2018). In recent years, the interest
in triticale production has increased because of its potential to become an industrial energy crop
(Sanaei and Stuart, 2018). The economic importance of triticale is reflected by a significant acreage
in Europe, which accounts for 90% of the world production (FAO, 2018). Triticale, as an artificial
crop, is characterized by low genetic variation. Moreover, the increasing harvesting area of this crop
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is associated with the rapid development of fungal pathogens,
which are continuously adapting to triticale. Hence, the need to
develop more basic and applied research on this crop connected
with resistance breeding.

Leaf rust caused by Puccinia triticina Eriks. and stripe rust
caused by Puccinia striiformis Westend f. sp. tritici are the most
important foliar diseases of triticale, as well as other major cereal
species. It is reported that rye genome in triticale improves
the resistance for leaf rust (Mikhailova et al., 2009). Genetic
resistance is the most economical and preferable method of
reducing vyield losses due to leaf rust (Kolmer, 1996). More
than 70 leaf rust resistance genes (Lr) have been mapped to
specific chromosomes and described in the Catalog of Gene
Symbols for Wheat (McIntosh, 1995; McIntosh et al., 2016).
Many of the leaf and stripe rust resistance genes are race specific
and have been overcome by the new races of Puccinia spp.
(Periyannan et al., 2017). However, in the wheat genepool, three
genes were identified that confer durable adult plant resistance
against multiple fungal diseases (Ellis et al., 2014). These genes
were named Lr34 (= Yr18/Sr57/Pm38; chromosome 7D), Lr46
(= Yr29/Sr58/Pm39; 1B), and Lr67 (= Yr46/Sr55/Pm46; 4D)
(Dyck, 1977; Dyck and Samborski, 1979; Singh et al., 1998). Their
expression results in partial resistance against all races of the
fungal wheat pathogens causing leaf rust, stripe rust, and powdery
mildew (Blumeria graminis f. sp. tritici).

New plant-breeding techniques (NPBTs) developed over the
past two decades have provided comprehensive opportunities
for efficient trait development in crops (Eriksson et al., 2018).
For example, transgenic barley (Hordeum vulgare L.) lines
expressing slow-rusting allele Ta-Lr34res of wheat showed
enhanced resistance against leaf rust and powdery mildew of
barley (Boni et al, 2018). Unfortunately, diverging opinions
and politically motivated arguments are hampering the political
progress to decide on the regulation of NPBTs in the European
Union. Hence, classical breeding techniques, such as wide cross-
hybridization supported by marker-assisted selection (MAS), are
still the main tool for breeding programs.

The aim of this work was to assess the possibility of transfer
of two main slow-rusting genes Lr34 and Lr46 from wheat-
resistant genotypes derived from the United States Department of
Agriculture (USDA)/Agricultural Research Service (ARS) Small
Grains Laboratory, Aberdeen (ID, United States) gene bank
into two elite cultivars of hexaploid triticale through cross-
hybridizations. The evaluation of the chromosome transmission
was performed using both molecular marker analyses and
genomic in situ hybridization (GISH). This initial study is
to obtain the starting pool triticale-wheat hybrids, carrying
slow-rusting genes, which will be applied in the triticale
breeding programs.

MATERIALS AND METHODS

Plant Material

Seeds of 33 accessions of wheat, which were reported as sources of
slow-rusting genes (Table 1), and two cultivars of winter triticale
were germinated on Petri dishes. The plantlets were transferred

to soil and cultivated for 6-8 weeks under short-day conditions
(8 h light/16 h dark, 20/18°C). Finally, the winter genotypes
were transferred for 6 weeks to vernalizing conditions (10 h
light/14 h dark, 4°C) and then returned to long-day conditions
(13 h light/11 h dark, 20/16°C).

Pollen Viability Evaluation and
Cross-Hybridizations

F; hybrid plants were obtained through cross-hybridization
between triticale (female parent) and wheat (pollinator)
performed in the glasshouse chambers of the Department
of Genetics and Plant Breeding at the Poznan University of
Life Sciences (PULS), Poland. In this purpose, 10 seeds from
each accession were sown in plastic pots in three replications.
Evaluation of pollen vitality was made on the wheat genotypes.
Pollen grains were stained with 2% aceto-carmine in glycerine
(vol. 1:1) for the presence of cytoplasm. The evaluation of pollen
vitality was made using a Delta Genetic Pro microscope (Delta
Optical, Poland).

Florets of maternal components (triticale plants) were
emasculated to avoid self-fertilization in order to cross with
the pollen of wheat. The emasculated florets were counted and
pollinated with freshly collected pollen of wheat within a period
of 3 months (April-June 2019). The percentage ratio of the
total amount of seeds from each plant with the total amount
of pollinated flowers of each plant was calculated [crossing
efficiency (CE)].

Identification of Molecular Markers
Linked to Lr34 and Lr46 Genes

The following molecular markers csLV34 (Lagudah et al,
2006) linked to Lr34 and Xgwm44 (William et al., 2003) and
csLV46G22 (Lagudah pers. comm.) linked to Lr46 were used
to confirm the presence of alleles connected with slow-rusting
resistance in wheat genotypes and F; hybrids. Genomic DNA
was extracted from seedling leaves using the Plant and Funghi
DNA Purification Kit (EURx, Poland). The PCR reaction volume
was 20 pl, consisting of 100 nM each of the two primers,
2 x TagNova-DNA hot-start polymerase buffer (Blirt, Poland),
and 50 ng of genomic DNA as template. A typical PCR
procedure was as follows: 5 min at 95°C, then 35 cycles of
30 s at 94°C, 30 s at 50-60°C (Skowronska et al., 2019),
1 min at 72°C, and 5 min at 72°C. PCR products were
run on 2% agarose gel (Lab Empire, Poland) with 1% Tris—
borate-ethylenediaminetetraacetic acid (TBE) buffer. DNA was
visualized via Midori Green Direct (Nippon Genetics Europe,
Germany) that was added to the samples.

Genomic in situ Hybridization

Chromosome sets of F; hybrids were analyzed using GISH. This
approach was to calculate the cross-hybridization efficiency (CE).
It was performed on mitotic chromosomes of root meristem cells
collected from hybrid plants. Mitotic metaphase accumulation
and fixation procedures were carried out according to Kwiatek
etal. (2016). Total genomic DNA was isolated using the DNeasy
Plant Maxi Kit 24 (Qiagen, Germany). DNA of Aegilops tauschii
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Coss. (2n = 2x = 14 chromosomes; DD; PI 603226; US National
Plant Germplasm System), a progenitor of the D-genome of
wheat, was labeled by nick translation with Atto-488 dye (Atto-
488NT kit; Jena Bioscience, Germany) for the investigation of
D-genome chromosomes. Total genomic DNA of rye (Imperial;
PI 323382; US National Plant Germplasm System) was labeled in
the same way by Atto-550 dye. Blocking DNA from T. durum
Desf. (2n = 4x = 28 chromosomes; AABB; Ceres; HR Smolice;
Poland) was sheared by boiling for 30-45 min and used at a
ratio of 1:50 (probe/block). GISH was performed according to
Kwiatek et al. (2016). Slides were analyzed with the use of an Axio
Observer 7 (Carl Zeiss, Oberkochen, Germany) fluorescence
microscope. Image processing was done using ZEN Pro software
(Carl Zeiss, Oberkochen, Germany). Each plant was evaluated by
an analysis of chromosome sets of 10 cells.

RESULTS

Identification of Molecular Markers

Linked to Loci of Slow-Rusting Genes in
Wheat Accessions

The molecular identification of Lr34 and Lr46 alleles was
performed in all wheat and triticale cultivars and genotypes
using ¢sLV34 and Xgwm44 markers, respectively. The Thatcher
near-isogenic line Lr34 (Lr34; GSTR 433; USDA) and Pavon 76
(Lr46; PI 520003; USDA) lines were used as a positive control
(R; Figures 1A,B). The PCR reactions using ¢sLV34 resulted in
the amplification products of 160 bp in size and were found
in DNA extracts of Lr34-positive control (GSTR 433) and 24
wheat cultivars and genotypes (Table 1). A PCR product of
240 bp in size was identified for eight wheat genotypes, indicating
susceptible (S) allele (Figure 1A and Table 1). PCR reaction with
Xgwm44 marker yielded two amplicons: 260 and 280 bp for a
product for Pavon76 and 17 wheat accessions (Figure 1B). Eleven
wheat genotypes were characterized by 200 and 230 bp bands.
Two wheat accessions showed 240- and 270-bp bands. “Toropi”
wheat showed 235- and 265-bp band pattern (S-allele). The
second Lr46 marker, csLV46G22, gave different results, compared
to Xgwm44. R-allele was identified in 16 wheat accessions. The
results of Xgwm44 and csLV46G22 markers were similar for 21
of 33 wheat accessions. Ten wheat accessions carried all three
resistant allele markers for Lr34 (csLV34) and Lr46 (both Xgwm44
and ¢sLV46G22) (Table 1).

Pollen Viability of Wheat Accessions
With Slow-Rusting Genes

The viability of pollen grains of wheat accessions was high and
ranged between 88.29 and 99.36% (Table 1). The highest pollen
viability was observed for “Chris” wheat cultivar. The lowest
viability of pollen grains was evaluated in “Junco” cultivar. The
mean pollen viability evaluated for all 33 wheat accession used for
this experiment amounts to 90.45%. Following wheat accessions:
Frontana, Frontana 3671, Toropi, Sparrow, Myna, Tanager,
Rayon 89, Mochis 88, P8901-AQ, Anza, TX89D6435, and Purdue
showed high viability of pollen grains (in excess of 90%).

Evaluation of Triticale x Wheat

Cross-Hybridizations

Cross-hybridization of winter triticale with wheat slow-rusting
pollinators was performed in order to evaluate the CE through
triticale x wheat crossing combinations (Table 1). Total amount
of 5,094 flowers of triticale were pollinated with wheat pollen
grains. The crossing evaluation showed, that in general, triticale
cv. Twingo produced more hybrid seeds (32 seeds) than cv.
Fredro (two seeds). Overall, hybrid seeds were provided by
only seven crossing combinations. The total CE for both
triticale cultivars was surprisingly low and amounts to 0.1% for
Twingo x wheat combinations and 0.001% for Fredro x wheat
combinations. Twingo x Frontana 3671 cross-hybridization was
the most effective and yielded 12 seeds (CE, 21.43%).

Identification of Molecular Markers
Linked to Loci of Slow-Rusting Genes in
Triticale x Wheat F4 Hybrids

Similar set of three molecular markers, csLV34, Xgwm44, and
csLV46G22 was used to screen the presence of Lr34 and Lr46
loci in F; hybrids (H) (Figure 1C and Table 2). The PCR
reactions for csLV34 marker yielded three types of amplicons:
160 bp from resistant wheat (chromosome 7D) and 250 and
300 bp from R-genome of triticale (Figure 1C). The evaluation of
electropherograms generated after separation of PCR products,
which were amplified using Xgwm44 marker, was more difficult.
Three products were amplified using DNA samples from F;
hybrids (H): 150, 200, and 240 bp, which were characteristics
for both 1B chromosome that originated from resistant wheat
accessions and 1B chromosome from triticale (Figure 1D). The
resistant allele of ¢sLV46G22 marker was identified in plants
of four crossing combinations. Moreover, those combinations
(Fredro x Frontana LF 321, Twingo x Frontana LF 321,
Twingo x Frontana 3671, and Twingo x Sparrow) carried all
three resistant allele markers linked to Lr34 and Lr46 slow-rusting
genes (Table 2).

Chromosome Constitution of F1 Hybrids
Revealed by Genomic in situ

Hybridization

Evaluation of chromosome constitution was made for all 34 F,
seeds in order to confirm their hybrid origin (Figures 1E-H and
Table 2). The karyotype for triticale x wheat F; hybrid contained
14 chromosomes (seven pairs) of A-genome, the same amount
of B-genome chromosomes, seven chromosomes (monosomic)
belonging to D-genome (Figure 1F), which were derived from
wheat parent, and seven monosomic chromosomes of R-genome
derived from triticale parent (Figure 1G).

DISCUSSION

Development of transgenic triticale as a source of bioindustrial
products is currently one of the main challenges for breeders.
For now, pollen-mediated gene flow from related species into
conventional triticale varieties is the only pathway for transgene
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FIGURE 1 | Amplification products of PCR reactions of (A) wheat accessions (pollen donors) and (C) Fy hybrids with csLV34 marker linked to Lr34

(= Yr18/Sr57/Pm38) locus and (B) wheat accessions and (D) Fy hybrids with Xgwm44 marker linked to Lr46 (= Yr29/Sr58/Pm39). Lr34 or Lr46+ indicate resistant
alleles; Lr34- or Lr46- indicate susceptible alleles. Genomic in situ hybridization preformed on mitotic chromosomes of plants derived through cross-hybridization
between triticale and wheat: (E) chromatin (DAPI), (F) D-genome chromosmes (Atto-488, green), (G) R-genome chromosomes (Atto-550, red), (H) merged.

movement in large-scale breeding programs leading in the of Lr34 allele (Rod, Toropi, Junco, etc.). However, different bands
European Union. Currently, most breeders lean toward the were amplified for susceptible triticale cultivars and F, hybrids
use of slow-rusting genes for durable and race non-specific (250 and 350 bp). Hence, it could be assumed that the csLV34
resistance of cereals. The main aim of this study was to obtain  ortholog is placed on R-genome chromosomes (probably on 7R
the starting pool triticale-wheat hybrids, which will be further ~chromosome) but yields different amplicons, which are useful for
used for backcrossing program, evaluation of slow-rusting gene identification of Lr34 locus in triticale x wheat hybrids.
expression, and inoculation tests. The second major slow-rusting gene, Lr46, was first described
The Lr34 gene has been widely used in breeding of wheat in 1998 by Singh et al. (1998) in Mexican cultivar Pavon 76 and
cultivars worldwide, and its resistance has remained effective located on chromosome 1B (William et al., 2003). Suenaga et al.
over many years despite large-scale agricultural use. The gene (2003) determined that the microsatellite locus Xwmc44 is located
was identified in several distinct groups of genetic material, e.g., 5.6 cM proximal to the putative quantitative trait locus (QTL)
CIMMYT lines, Chinese landraces, and European winter wheat  for Lr46. However, it is reported that the Xwmc44 resistance
germplasm, for example Frontana, which was developed in Brazil ~ allele in some cases is not diagnostic of Lr46, since numerous
or the Italian wheat Mentana (Kolmer et al.,, 2013). Lagudah etal. ~ varieties without Lr46 have Xwmc44 products of similar sizes
(2009) developed a sequence-tagged site (STS) marker, ¢sLV34, (Dubcovsky and Soria, 2017). In this study, Xwmc44 marker
that maps 0.4 ¢cM from Lr34 locus and was validated in many yielded four different amplification products for F; hybrids. The
lines and cultivars from different breeding programs worldwide.  size differences between amplicons were difficult to evaluate by
The Lr34 allele yielded a 150-bp product, and a 229-bp band was  standard electrophoresis using 2% agarose gel. In comparison, we
amplified in non-Lr34 germplasm (Lagudah et al,, 2009). In this  have used csLV46G22 marker (primer sequences and protocols
study, the product for resistant genotypes of wheat was the same. ~ were kindly provided by Prof. E. Lagudah, CSIRO, Australia),
A 230-bp band was amplified for wheat accessions with the lack  which is highly reliable and close to 100% diagnostic marker for
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the Lr46 gene (Lagudah, personal communication). This cleaved
amplified polymorphic sequence (CAPS) marker is codominant
and appeared to be useful for genotyping on the F; hybrids.
Moreover, we showed the poor diagnostic ability of the Xwmc44
marker used to trace the Lr46 gene. Moreover, we identified
mismatch results between Xgwm44 and ¢sLV46G22 in 12 of 33
wheat accessions.

The GISH experiment confirmed the presence of seven
monosomic chromosomes of D-genome derived from wheat
accessions in most of the seeds obtained from cross-
hybridizations of triticale and wheat in this study. This method
has direct applications on the fundamental research, as well
as in detecting the amount of introgressed chromatin during
the production of prebreeding germplasm (Schwarzacher
et al, 1992; Kwiatek et al, 2019). A number of reports
showed the ability of cytogenetic methods to determine the
introgression of D-genome chromosomes of wheat or A. tauschii
Coss. into triticale genetic background (Lukaszewski et al.,
1987; Salmanowicz et al., 2013; Kwiatek et al., 2015). The
Lr34 locus is located on 7D chromosome of slow-rusting
wheat accessions; hence, GISH was an additional method
to prove the hybrid origin of F; plants and to confirm the
transfer of D-genome chromosomes with Lr34 locus into
hybrid plants, per se. Unfortunately, Lr46 locus identification
cannot be supported by GISH because this method is not
a applicable to discriminate B-genome chromosomes of
Fy hybrids, which were originated from both wheat and
triticale parental forms.

A combination of MAS and GISH enabled to select
triticale x wheat hybrid plants with loci slow-rusting genes.
Twingo x Frontana 3671 hybrids seems to be the most
promising prebreeding forms, considering the accumulation
of both Lr34- and Lr46-resistant alleles. Those combinations
will be used for seed propagation, further backcrossing, and
resistance evaluation. The crucial approach for this research is to
improve the crossability of triticale cultivars with chosen wheat
pollinators. What is more, field and greenhouse resistance tests
will be essential to confirm whether the transferred slow-rusting
genes will provide resistance in the triticale background.
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Abstract: Wheat leaf rust, caused by fungal pathogen
Puccinia triticina Erikss, annually contributes to produc-
tion losses as high as 40% in susceptible varieties and
remains as one of the most damaging diseases of wheat
worldwide. Currently, one of the major challenges of
wheat geneticists and breeders is to accumulate major
genes for durability of rust resistance called “slow rusting”
genes using marker-assisted selection (MAS). Until now,
eight genes (Lr34/Yr18, Lr46/Yr29, Lr67/Yr46, Lr68, Lr74,
Lr75, Lr77, and Lr78) conferring resistance against multiple
fungal pathogens have been identified in wheat gene pool
and the molecular markers were developed for them. In
MAS practice, it is a common problem that cultivars exhib-
iting desirable marker genotypes may not necessarily have
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the targeted genes or alleles and vice versa, which is
known as “false positives.” The aim of this study was to
compare the available four markers: Xwmc44, Xgwm259,
Xbarc80, and ¢sLV46G22 markers (not published yet), for
the identification of the Lr46/Yr29 loci in 73 genotypes of
wheat, which were reported as sources of various “slow
rusting” genes, including 60 with confirmed Lr46/Yr29
gene, reported in the literature. This research revealed
that csLV46G22 together with Xwmc44 is most suitable
for the identification of resistance allele of the Lr46/Yr29
gene; however, there is a need to clone the Lr46/Yr29 loci
to identify and verify the allelic variation of the gene and
the function.

Keywords: csLV46G22, molecular markers, Puccinia triti-
cina, wheat, Xbarc80, Xgwm259, Xwmc44

Introduction

Genetic mapping is used for the identification of the locus
of a gene as well as for the determination of the distance
between two genes or between a gene and a marker. Gene
mapping is considered as the common breeding tool in
which molecular markers are used. The principle of
genetic mapping is chromosomal recombination during
meiosis, which results in the segregation of loci. DNA
sequences present close to the gene of interest on the
same chromosome are known as linked markers. A marker
without recombination to the locus of gene of interest, ide-
ally drawn directly from the gene sequence, is described as
a perfect marker [1]. Moreover, markers that could be used
in multiple genetic backgrounds, ideally the marker—trait
association that is valid in all germplasm, can be considered
as diagnostic markers [1]. Since the 1980s, several types
of molecular markers have been used in plant breeding,
including random amplified polymorphic DNA, restriction
fragment length polymorphism, amplified fragment length
polymorphism, microsatellite or simple sequence repeats,

a Open Access. © 2022 Roksana Bobrowska et al., published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0
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and cleaved amplified polymorphic sequences (CAPS) [2].
Molecular markers have great potential to improve the effi-
ciency and precision of conventional plant breeding via
marker-assisted selection (MAS). This approach has been
successfully practiced all over the world to supplement con-
ventional breeding programs of plants such as wheat [3],
maize [4], barley [1], and soybean [5]. Mackill and Ni
(2000) and Mohler and Singrun (2004) delineated five
main considerations for the use of DNA markers in MAS:
reliability, quantity and quality of DNA required, technical
procedure for marker assay, level of polymorphism, and
cost. One of the most challenging issues is to examine the
utility of molecular markers in various genetic backgrounds
[6], especially breeding lines or cultivars.

Leaf rust is one of the major foliar diseases in majority
of wheat-growing zones of the world. The disease is
caused by obligate biotrophic fungus Puccinia triticina
Erikss. & Henn. (Pt), which causes serious losses in crops
every year in all wheat-growing areas of the world [7-11].
However, the incidence of leaf rust epidemics can be con-
trolled through the surveillance of resistant pathogens, the
development and distribution of resistant cultivars, and
the judicious use of fungicides [12]. The population of
Puccinia triticina consists of many physiological races
with varying levels of virulence due to the airborne nature
of the fungus and frequent mutation/selection. Therefore,
a pathogen can rapidly develop virulence against varieties
with one or more resistance genes that have been effective
against the races of the pathogen found in the region [13].
It is reported that vertical resistance caused by a specific
leaf rust resistance (Lr) gene does not last longer than 5-7
years [14], so new sources of resistance should be con-
stantly searched for and introduced into wheat breeding
programs.

More than 80 Lr genes have been identified and most
of them were already mapped on specific wheat chromo-
somes using DNA markers [15]. Some of them are known
as slow rust resistance genes, which are race nonspecific
and confer durable adult plant resistance against mul-
tiple fungal disease in wheat [16]. The most important
genes belonging to the category of “slow rusting” or
APR include Lr34/Yr18/Sr57/Ltnl [17], Lr46/Yr29/Sr58/
Ltn2 [18], and Lr67/Yr46//Sr55/Ltn3 [19], which confer
partial resistance to leaf rust, yellow rust, and stem
rust. These genes are associated with flag leaf tip necrosis
(LTN), a post-flowering morphological trait [20,21].

Singh et al. [18] first identified APR gene Lr46 on chro-
mosome 1B in the wheat cultivar Pavon76. The Lr46 co-
segregates with stripe rust resistance (Yr29) [18], stem rust
resistance (Sr58) [22], powdery mildew resistance (Pm39)
[23], and LTN (Ltn2) [24]. The effect of expression of Lr46
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gene is smaller than of Lr34, but Lr46 gene is more effec-
tive at cooler temperatures [25]. The mechanism of slow
rusting genes is still not well understood. Preliminary stu-
dies by CSIRO Plant Industry, Australia reported that the
molecular mechanisms of Lr34 and Lr46 are different, and
that Lr46 gene does not encode an ABC transporter protein
like Lr34 [26]. So far, the sequence of the Lr46 gene has not
been published, despite very intensive work in this area.
Lagudah (personal communication 2020) identified sev-
eral candidate genes that confer resistance to mature
wheat plants. To date, several markers have been used in
the research to identify the Lr46 gene in wheat: Xwmc44 [27],
Xgwm259 (28], Xbarc80 [29], and csLV46G22 (E. Lagudah,
unpublished data), but there are no data available of com-
parative efficacy markers in correlation to the distance of the
marker locus from the gene on the chromosome and to field
observations.

The objective of the present study was to compare
four molecular markers for the identification of the Lr46
gene. The study was carried out on the wheat accessions,
which were described by National Small Grain Collection
(Agricultural Research Station in Aberdeen, WA, USA) as
the source of slow rusting genes.

Materials and methods

Plant material

The plant material consisted of 73 wheat T. aestivum L.
genotypes (Table 1), which are reported as sources of
“slow rusting” genes and “Pavon 76” wheat cultivar con-
sidered as the reference for the presence of Lr46 locus.
Based on the literature data and genotype pedigrees, the
Lr46 gene locus is postulated in 60 out of 73 analyzed
genotypes. The cultivars were derived from the National
Small Grain Collection located at the Agricultural Research
Station in Aberdeen, WA, USA.

Identification of molecular markers linked
Lr46/Yr29 locus

To confirm the presence of molecular markers in tested
wheat cultivars, genomic DNA was isolated from the leaves
of 10-day-old seedlings using the GeneMATRIX Plant and
Fungi DNA Purification Kit (EURx Ltd, Poland), according to
the attached procedure. DNA concentration and quality
were determined using the DeNovix spectrophotometer
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(DeNovix Inc., USA) at 260 nm. The samples were diluted
with Tris buffer (EURx Ltd, Poland) to obtain a uniform
concentration of 50 ng/pL. The following molecular mar-
kers: csLV46G22R, Xwmc44, Xgwm259, and Xbarc80 were
used to confirm the presence of alleles connected with Lr46
gene. The PCR was carried out in 20 pL volume, consisting
of 1pL of two primers (Sigma); 12.5 pL FastGene® Optima
HotStart ReadyMix (NIPPON Genetics Europe GmbH), which
included FastGene® Optima DNA Polymerase blend (0.2U
per pL reaction), FastGene® Optima Buffer (1x), dNTPs
(0.4 mM of each dNTP at 1x), MgCI2 (4 mM at 1x), and sta-
bilizers. PCR procedure was modified with reference to
the standard protocol. The primer annealing temperatures
of the marker primers were 61°C for Xwmc44 (33], 56°C for
Xgwm259 [35], and 50°C for Xbarc80 [33]. The final PCR
consisted of initial denaturation at 94°C for 5 min, followed
by 35 cycles (denaturation, 94°C for 45s; primer annealing,
60°C for 30s; elongation, 72°C for 1 min), followed by the
final extension for 7 min at 72°C and storage at 4°C. The
¢sLV46G22 PCR amplification products were digested with
the reaction enzyme BspEI (Thermo Fisher Scientific, USA)
at 37°C for 1h (Lagudah, pers. comm. 2020). The Labcycler
thermal cycler (SensoQuest GmbH) was used to carry out the
reaction and digestion. The PCR products were separated on
2% agarose (Bioshop, Canada Inc.) gel in 1 x TBE buffer
(Bioshop, Canada Inc.) for one and a half hour. DNA was
visualized using Midori Green Advanced DNA Stain (Nippon
Genetics Europe, Germany) that was added to agarose gel.
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Results and discussion

The presented work aimed at showing the differences
between the results of the Lr46/Yr29 locus identification
using four markers (Xwmc44, Xgwm259, Xbarc80, and
csLV34G22) located at different distances from the gene
locus. In 2003, Suenaga et al. [29] determined that the
microsatellite locus Xwmc44 marker is located 5.6 cM
proximal to the putative QTL for Lr46. The authors scored
genotypic effects of marker loci, Xwmc44 (Lr46/Yr29) and
Xgwm295 (Lr34/Yr18), on leaf rust resistance QTLs and
found out that the two genes did not work additively
[29]. Furthermore, Xwmc44 marker was reported as diag-
nostic and completely linked with Lr46 gene [30-32]. In our
experiment, the specific product for the marker Xwmc44
with a size of 242bp was present in 38 out of 73 tested
genotypes (Table 1 and Figure 1). Another microsatellite
marker, Xgwm259, was also analyzed. The locus of marker
maps approximately 20 cM distal to Lr46 [26]. According to
the literature, the expected product should be 105 bp [26].
Due to the large number of nonspecific products of similar
size to the amplified specific product, it was difficult to
evaluate by standard electrophoresis using 2% agarose
gel (Figure 2). A similar problem emerged with the identifi-
cation of the Xbarc80 marker. Microsatellite locus Xbarc80
maps 10-11cM distal to Xgwm259. The expected marker
product according to Giffey et al. [33] is 100 bp; however,
according to the MASwheat database [34] and the marker

12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37
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Figure 1: Electropherogram showing the presence of molecular marker Xwmc44 in tested genotypes. M, FastGene 50 bp DNA Ladder (NIPPON

Genetics EUROPE GmbH); 1-73 — wheat genotypes.
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Figure 2: Amplification products of PCR of wheat genotypes with Xgwm259 marker linked to Lr46 locus. M, FastGene 50 bp DNA Ladder

(NIPPON Genetics EUROPE GmbH); 1-73 — wheat genotypes.

electrophoresis attached therein, the expected product for
the reference genotype is above the 100 bp standard.
According to our analyses, the specific product identified
in the Pavon F76 reference genotype was also slightly
greater than 100 bp (Figure 3). Based on multiple repetitions
of the Lr46/Yr29 locus identification using both the marker
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Xgwm259 and Xbarc80, we assessed the presence of the
markers linked with the resistance allele. We identified a
product specific for Xgwm259 marker in 52 out of 73 ana-
lyzed genotypes (Table 1 and Figure 2), while the product of
Xbarc80 marker appeared in 11 genotypes (Table 1 and
Figure 3). The last analyzed marker was csLV46G22, which

56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73

Figure 3: Electropherogram showing the presence of Xbarc80 marker linked to Lr46 gene in tested genotypes. M, FastGene 50 bp DNA

Ladder (NIPPON Genetics EUROPE GmbH); 1-73 — wheat genotypes.
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is tightly linked to the Lr46 gene (Lagudah, pers. comm.
2020). As a result of the analyses, the marker locus was
identified in 60 out of 73 analyzed genotypes (Table 1). It
was reported that csLV46G22 is highly reliable and close to
100% diagnostic marker for the Lr46 gene [35,36]. This
marker was used in many studies on the identification of
the Lr46 gene in wheat [37-40] and triticale [41,42]. How-
ever, the primer sequences and protocols are not published
by the developer, hence the marker cannot be considered
for MAS, so far. Similarly, Huerta-Espino et al. [21] used two
SNP markers (Viccars, L., Chandramohan, S., and Lagudah,
E. unpublished data), which were located in the proximity
of Lr46, with the purpose to screen a collection of bread
wheat cultivars from Mexico. The other markers are located
at a greater distance from the gene, and the obtained sig-
nificant differences in the results indicate the unsuitability
of the markers for the identification of the Lr46 gene. Our
results of the identification of the Xwmc44 marker coincide
52% with the ¢csLV46G22 marker, 75% with the Xgwm259
marker, and 32% with the Xbarc80 marker. Only 12% of the
genotypes achieved the same result for all markers (Table 1).
To validate and confirm the occurrence of L46 gene, Liu
et al. [43] used the following molecular markers: Xwmc44,
Xgwm259, and Xbarc80, jointly. Kolmer et al. [44] used the
F¢ recombinant inbred lines (RILs) “Thatcher”*3/“CI13227”
with ¢sLV46G22 marker to map the 1BL chromosome region
that was highly associated with resistance to multiple patho-
gens. The authors reported that csLV46G22 marker identified
the leaf rust, stripe rust, and powdery mildew resistance at
significant level [nr]. However, in the present study this
marker appeared to be negative (together with other three
markers) for genotype no. 31 (HI 617; PI 422283; Sujata),
which was reported as a parental to carry Lr46/Yr29 gene
[45,46). According to Lan et al. [45], the Lr46/Yr29 gene
was detected in the Avocet YrA x Sujata RIL population. It
can lead to the hypothesis that the linkage between avail-
able markers and Lr46/Yr29 loci can be broken. What is
more interesting in our another study (not published) is
that we confirmed that genotype HI617 — Sujata possesses
Lr67 gene, which was also reported by Lan et al. [45].

Considering the results of molecular analyses, it should
be stated that csLV46G22 marker can be considered as the
reliable positive marker for the identification of the Lr46
gene, but the analyses should be supported by the addi-
tional screening of Xwmc44 marker. The csLV46G22 CAPS
marker is codominant and appeared to be useful for MAS
in wheat breeding programs after publishing the primer
sequences and protocols. It should be mentioned that
scoring of LTN, a morphological trait (Ltn2), which is closely
linked to Lr46/Yr29 loci [23], can also be considered for
selection of resistant wheat genotypes.

Diagnostic accuracy of genetic markers for identification of the Lr46/Yr29 = 7

In summary, it can be said that the extended dur-
ability of the Lr46 gene seems to be suitable for attempting
to clone this gene or genes based on the previous studies
of wheat multipathogen APR genes Lr34/Yr18/Sr57/Pm38
and Lr67/Yr46/Sr55/Pm46. Cobo et al. mapped the 1BL
chromosome region which overlaps with Lr46/Yr29 loci
[35]. These authors identified 13 genes in the candidate
region that are annotated with functions associated with
disease resistance. The latest maps for Lr46/Yr29/ from
Pavon 76 place this locus between TraesCS1B01G453900
and csLV46G22 (Lagudah, unpublished data, 2018), a
region very similar to the candidate region of the 332 kb
gene for QYr.ucw-1BL identified by Cobo et al. [35]. Tom-
kowiak et al. [47] reported the differences in the expression
of microRNAs (miR5085 and miR164) associated with
the Lr46 gene and proved that miR164 can be involved
in leaf rust resistance mechanisms. Detailed identifica-
tion of Lr46/Yr29 region sequence will be a key issue for
characterizing the allelic variation presence in breeding
collections of wheat and become a significant support
for MAS programs.
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Na postawie wynikow badan w prezentowanych w rozprawie doktorskiej

zaproponowano nastepujace wnioski:

1.

Opracowane warunki multipleks PCR sg skutecznym narzedziem
diagnostycznym do jednoczesnej identyfikacji genoéw Lr34, L46 i Lr68 przy
uzyciu markerow csLV34, Xwmcd44i c¢sGS i mogg byé wykorzystane

w programach hodowlanych do selekcji wspomaganej markerami.

. Na podstawie analiz molekularnych w pordwnaniu z oceng polowa porazenia

1 wynikami identyfikacji markera morfologicznego LTN, mozna przypuszczac, ze

odmiana pszenzyta ‘Kasyno’ posiada gen Lr46.

Odmiana pszenzyta ‘Kasyno’ moze shuzy¢ jako material wyjsciowy do

piramidyzowania genow typu slow rusting w genotypach pszenzyta.

Wykorzystanie metod MAS i GISH umozliwia wyselekcjonowanie ro$lin

hybrydowych pszenzyto X pszenica z genami typu slow rusting.

‘Twingo’ x” Frontana 3671’ wydaje si¢ by¢ najbardziej obiecujacg kombinacja
krzyzowania, biorgc pod uwage akumulacj¢ alleli gendéw Lr34 i Lr46

warunkujacych odpornos¢ na rdze brunatng.

Marker csLV46G22 mozna uzna¢ za wiarygodny do identyfikacji genu Lr46
i moze by¢ uzyteczny dla MAS w programach hodowli pszenicy po

opublikowaniu sekwencji starteréw i protokotow.

Ocena nekrozy wierzchotkow lisci LTN (ang. Leaf Tip Necrosis) jest pomocna

w selekcji odpornych genotypow pszenicy.

Niezbedna jest poprawa krzyzowalnosci odmian pszenzyta z wybranymi

zapylaczami pszenicy, w celu kontynuowania badan.
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Pszenzyto (xTriticosecale Wittmack) powstato poprzez skrzyzowanie pszenicy
(Triticum spp.) z zytem (Secale cereale L.) w celu otrzymania zboza taczacego cechy
jakosciowe pszenicy z odpornoscig lub tolerancja na abiotyczne i1 biotyczne stresy zyta.
Poczatkowo pszenzyto charakteryzowalo si¢ wysoka odpornoscig na choroby, jednak
Wraz z rosngcg powierzchnig uprawy pojawiaty si¢ nowe rasy w populacjach patogenow.
Obecnie jedna z najczegsciej] wystepujacych chordb pszenzyta jest rdza brunatna
powodowana przez nieustanniec ewoluujgce patotypy Puccinia triticina Eriksson,
charakterystyczne dla pszenicy, rzadziej zyta. Hodowla odmian odpornych jest jedng
z najskuteczniejszych i1 najbardziej przyjaznych dla $rodowiska metod zwalczania
choréb. W pszenicy zidentyfikowano ponad 100 genow i alleli odpornosci na rdze
brunatng, ktore oznaczane sg symbolem Lr (ang. Leaf rust), ale najwicksza grupe wsrod
nich stanowig geny zapewniajace odporno$¢ rasowo-specyficzna, ktére traca swoja
skuteczno$¢ w przypadku pojawienia si¢ nowej rasy patogena. W puli genowej pszenicy
zidentyfikowano jednak do tej pory osiem genow typu ,,slow rusting ”, ktore nadajg trwata
odpornos$¢ roslin dorostych (APR, ang. Adult Plant Resistance), nazywang takze
odpornos$cia pozioma, rasowo-niespecyficzng lub czgsciowa. Geny te nazwano: Lr34
(=Yr18/Sr57/Pm38), Lr46 (=Yr29/Sr58/Pm39), Lr67 (=Yr46/Sr55/Pm46), Lr68, Lr74,
Lr75, Lr77 i Lr78. Geny zapewniaja ro§linom odpornos¢ przed wieloma rasami r6znych
patogenow. Pszenzyto jest stosunkowo nowa ro$ling uprawng, charakteryzujaca si¢
brakiem przej$cia naturalnego procesu ewolucji, dlatego jedng z metod poszerzania
réznorodnos$ci genetycznej pszenzyta moze by¢ introgresja chromatyny spokrewnionych

gatunkow, takich jak pszenica.

Prezentowana rozprawa miata na celu oceng¢ mozliwos$ci przeniesienia genow
warunkujacych odporno$¢ horyzontalng na rdzg brunatng z pszenicy zwyczajnej
(T. aestivum L.) do pszenzyta. Celem posrednim badan bylo opracowanie metod
pozwalajacych na wybdr materiatdéw do krzyzowan, a takze ocen¢ uzyskanych roslin
mieszancowych pod wzgledem przeniesienia chromosomow lub fragmentoéw chromatyny

z pszenicy do pszenzyta.

Material badawczy stanowily 73 genotypy pszenicy otrzymane z otrzymane
z National Small Grains Germplasm Facility, National Small Grains Colletion
w Aberdeen, Idaho, USA, ktore wedtug danych literaturowych oraz analizy rodowodowe;]
mogg by¢ zrodtem rdznych genow typu slow rusting. Do badan uzyto ponadto 20 odmian

pszenzyta, uzyskanych z firmy nasiennej DANKO Hodowla Roslin Sp. z 0.0. w Choryni.
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W pracy opracowano metodg¢ typu multipleks PCR do jednoczesnej identyfikacji
loci gendéw Lr34, Lr46, Lr68 w roznych wariantach przy uzyciu markerow molekularnych
odpowiednio csLV34, Xwmc44, csGS. Zastosowanie metody multipleks PCR umozliwia
skrécenie czasu analiz, kosztow 1 naktadéw pracy i stanowi wygodne narzedzie do
selekcji materiatow do hodowli roslin. Opracowane warunki multipleks PCR umozliwity
takze identyfikacje gend6w w materialach pszenicy, ktore wedtug doniesien literatury

i analizy rodowoddéw mogg posiada¢ geny typu slow rusting.

Identyfikowano takze locus Lr46 w wybranych odmianach pszenzyta przy uzyciu
pszenicznych markeré6w molekularnych Xwmc44 oraz csLV34G22 oraz markera
morfologicznego LTN, a wyniki zestawiono z 3 letnig oceng polowg porazenia. W wyniku
analiz wykazano, ze odmiana ‘Kasyno’ moze posiada¢ gen Lr46, a markery pszeniczne

umozliwiajg identyfikacj¢ gendéw w genotypach pszenzyta.

Przeprowadzono ponadto kontrolowane krzyzowania dwoch odmian pszenzyta
z 33 genotypami pszenicy, w celu oceny mozliwosci przeniesienia genéw typu slow
rusting z genotypow pszenicy do pszenzyta. Material wyjsciowy oraz uzyskane rosliny
mieszancowe F1 analizowano przy uzyciu markeréw molekularnych csLV34, Xwmc44
oraz csLV46G22. Ponadto, przeprowadzono analiz¢ GISH (genomowa hybrydyzacja in
situ) w celu potwierdzenia mieszancowego charakteru uzyskanych roslin. Wykorzystanie
markerow molekularnych oraz GISH umozliwilo wyselekcjonowanie roslin
mieszancowych pszenzyto x pszenica z loci gendow typu slow rusting. Rosliny
mieszancowe uzyskane z kombinacji ‘Twingo’ x ‘Frontana 3671’ wydaja si¢ by¢
najbardziej obiecujacymi formami, biorgc pod uwage akumulacj¢ alleli odpornych

zarowno na Lr34, jak i Lr46. Te kombinacje mogg by¢ wykorzystane do dalszych badan.

W pracy porownano rowniez uzyteczno$¢ diagnostyczng czterech markeréw
molekularnych, charakteryzujacych si¢ roéznym stopniem sprzezenia (dystansem
genetycznym) w odniesieniu do locus Lr46. Wykazano, ze Scisle sprzezony marker
csLV46G22 mozna uzna¢ za wiarygodny do identyfikacji genu Lr46 imoze by¢
uzyteczny do selekcji wspomaganej markerami w programach hodowli pszenicy po

opublikowaniu sekwencji starterow i protokotow.

Opracowane w pracy metody oraz uzyskany material moga zosta¢ wykorzystane do
kontynowania prac hodowlanych majacych na celu ulepszenie odmian uprawnych

pszenzyta.
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Transfer of gene loci determining horizontal resistance to leaf rust from common
wheat (Triticum aestivum L.) to triticale (x Triticosecale Wittmack)

Triticale (x Triticosecale Wittmack) is a hybrid crop of wheat (Triticum spp.) and
rye (Secale cereale L.) which was developed to combine the quality attributes of wheat
and the resistance and tolerance of rye to biotic and abiotic stresses, respectively. Initially,
triticale showed high resistance to diseases, but with the growing area of cultivation, new
types of pathogen populations have appeared. Currently, leaf rust is one of the most
common diseases of triticale. It is caused by the constantly evolving pathotypes of
Puccinia triticina Eriksson, characteristic of wheat, less often rye. The breeding of
resistant varieties is the most effective and environmentally friendly method of disease
control. More than 100 leaf rust genes have been identified in wheat (Lr — leaf rust), but
most of them are race-specific, hence they are prone to lose their effectiveness when
anew races of pathogen appear. However, eight “slow rusting” genes have been identified
in the wheat gene pool that confer sustained resistance for adult plants (APR), which is
also known as horizontal, racial-non-specific or partial resistance. These genes were
classified as: Lr34 (=Yrl8/Sr57/Pm38), Lr46 (=Yr29/Sr58/Pm39), Lr67
(=Yr46/Sr55/Pm46), Lr68, Lr74, Lr75, Lr77 and Lr78. These genes secure resistance
against many races of various pathogenes. Triticale is a relatively new crop in comparison
to other crops and lacks natural evolution. Therefore, an introgression of chromatin from
related species such as wheat is assumed as an effective method of expanding the genetic

diversity of triticale.

The aim of this study was to assess the possibility of transferring the horizontal
resistance genes to leaf rust from common wheat (T. aestivum L.) to triticale. The
intermediate goal of research was to develop methods allowing selection of materials for
crossing and the evaluation of the obtained hybrid plants in terms of the transfer of

chromosomes or chromatin fragments from wheat to triticale.

The plant material consisted of 73 wheat genotypes (T. aestivum L.), which were
provided from the National Small Grains Germplasm Facility, National Small Grains
Collection in Aberdeen, Idaho, USA. According to literature data and pedigree analysis,
these genotypes were the source of various slow rusting genes. Moreover, 20 cultivars of
triticale derived from DANKO Hodowla Roslin Sp. z 0.0. breeding company in Choryn

was also used in the research.
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As a result of research, a multiplex PCR method for the simultaneous
identification of Lr34, Lr46, Lr68 gene loci in different variants was developed using the
molecular markers csLV34, Xwmc44, and csGS, respectively. The use of the multiplex
PCR method enables to reduce the time and costs of analyses and it can be considered as
a convenient tool for plant breeding selection. The multiplex PCR conditions developed
were crucial for identification of genes in wheat materials, which were donors of slow

rusting genes.

The Lr46 gene locus was also identified in selected triticale cultivars using the
wheat molecular markers (Xwmc44 and csLV34G22) and the leaf tip necrosis (LTN)
appearance. The results were compared with a 3-year field assessment of leaf rust
infection. It was shown that cv. ‘Kasyno’ may have the Lr46 gene, and wheat markers are

enabled for the identification of genes in the genotypes of triticale.

In addition, a set of cross-hybridizations of two triticale cultivars with 33 wheat
genotypes were performed to evaluate the possibility of ‘slow rusting’ genes transfer from
wheat into hexaploid triticale. The genotypes of wheat and the F1 hybrid plants were
analyzed using the molecular markers csLV34, Xwmc44 and csLV46G22. In addition,
GISH (Genomic In Situ Hybridization) analysis was performed to confirm the
chromosome set of the hybrid plants. The use of molecular markers and GISH were
crucial techniques for selection of triticale x wheat hybrid plants with the "slow rusting"
gene loci. ‘Twingo’ x ‘Frontana 3671’ hybrids seems to be the most promising pre-

breeding forms, considering the accumulation of both Lr34 and Lr46 resistant alleles.

Moreover, in this study the diagnostic accuracy of four molecular markers located
at different distances from the Lr46 gene locus was evaluated. It has been shown that
csLV46G22 can be considered as a reliable marker for the identification of the Lr46 gene
and may be useful for marker assisted selection (MAS) in wheat breeding programs after

publication of the primer sequences and protocols.

The methods developed in the study as well as original plant material can be

implemented into breeding programs aiming in triticale improvement.
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Bytam zaangazowana w: wyprowadzenie roélin mieszaficowych, analizy molekularne oraz przygotowanie

preparatéw cytogenetych. Procentowy udzial: 10%.
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OSWIADCZENIE
Oswiadczam, ze w pracy}

— Bobrowska R., Noweiska A., Spychala J., Tomkowiak A., Nawracala J., Kwiatek M. T. (2022).
Diagnostic accuracy of genetic markers for identification of the Lr46/Yr29 “slow rusting” locus
in wheat (Triticum aestivum 1..). Biomolecular Concepts, 13(1): 1-9. https://doi.org/10.1515/bmc-
2022-0002

Bylam zaangazowana w: poprawienie pierwotnej wersji i przedstawienie sugesti dotyczacych ulepszenia

manuskryptu. Procentowy udzial: 5%.
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OSWIADCZENIE
Os$wiadczam, ze w pracy:.

— Bobrowska R., Noweiska A., Spychata J., Tomkowiak A., Nawracata J., Kwiatek M. T. (2022).
Diagnostic accuracy of genetic markers for identification of the Lr46/Yr29 “slow rusting” locus
in wheat (7riticum aestivum L.). Biomolecular Concepts, 13(1): 1-9. https://doi.org/10.1515/bmc-
2022-0002

Uczestniczylam w prowadzeniu badan. Procentowy udzial: 10%.

120



