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1. Streszczenie

Rzepak (Brassica napus L.) jest jedng z najwazniejszych roslin oleistych na $wiecie.
Jego waska pule genowa mozna wzbogaci¢ poprzez krzyzowanie z dzikimi i uprawnymi
gatunkami z rodziny Brassicaceae. Migdzygatunkowe mieszance mogg by¢ zrodlem

odpornosci na stresy biotyczne, w tym odpornosci na szkodliwe owady i choroby.

Podstawowym celem niniejszej pracy doktorskiej byto okreslenie stopnia odpornos$ci
wybranych mieszancéw oddalonych Brassicaceae na $mietke kapusciang (Delia radicum),
mszyce¢ kapusciang (Brevicoryne brassicae) oraz suchg zgnilizng kapustnych (Leptosphaeria
spp.), a takze identyfikacja najbardziej odpornych potomstw mieszancowych, ktore moga
zosta¢ wlaczone w dalsze procesy hodowlane. Cele poboczne obejmowaly ustalenie
zroznicowania genetycznego genotypow, okreslenie przydatno$ci wybranych markerow
molekularnych do selekcji/identyfikacji genotypow i ustalenie zwigzku pomigdzy zawarto$cig

sktadnikow mineralnych w roslinach a ich odpornoscig na owady.

Materiat badawczy stanowity 32 potomstwa mig¢dzygatunkowych mieszancow
pokolen Fs-F10, 55 odmian B. napus oraz 15 gatunkéw Brassicaceae. Aby osiggng¢ zamierzone
cele prowadzono zaréwno oceny fenotypowe w warunkach polowych, jak 1 analizy
laboratoryjne. W wyniku zrealizowanych badan potwierdzono, iz mieszance oddalone
posiadajg podwyzszong odpornos¢ na D. radicum i B. brassicae, ktéra w przypadku niektorych
genotypOow jest stabilna na przestrzeni lat. Wykazano réwniez zwigzek miedzy obserwowanym
poziomem odpornosci na wspomniane owady, a zawarto$cig wapnia i miedzi w tkankach
ro$linnych. Kontynuacja analiz fenotypowych umozliwita ponadto selekcje kilkunastu
mieszancow oddalonych o najwyzszej odporno$ci na suchg zgnilizng kapustnych. Analizy
molekularne z uzyciem markerow SSR pozwolily na wyznaczenie stopnia pokrewienstwa
pomiedzy genotypami mieszancowymi i gatunkami Brassicaceae, potwierdzajac ich wysoki
poziom zrdéznicowania genetycznego. Wspomniane markery zostaty réwniez skorelowane z
badanymi w warunkach polowych cechami morfologicznymi, co umozliwito selekcje kilku
markeréw zwigzanych z kolorem pedow i1 kwiatow roslin kapustnych. W ostatnim etapie badan
okre$lano przydatno$¢ marker6w molekularnych zwiazanych z rejonami genomu
odpowiadajacymi za odporno$¢ na L. maculans. W przypadku niektorych markerow
potwierdzono ich uzyteczno$¢ w badaniu miedzygatunkowych mieszancow o zrdznicowanej

strukturze genomowej.



W toku prowadzonych badan udato si¢ zrealizowac wszystkie zatozone cele. Sposrod
analizowanych miedzygatunkowych potomstw mieszancowych wyselekcjonowano genotypy o
podwyzszonej odpornosci na D. radicum, B. brassicae oraz Leptosphaeria spp. Ponadto,
wytypowano najcenniejsza kombinacj¢ B. napus cv. Jet Neuf x B. carinata Pl 649096, ktora
niosta stabilng i jednocze$nie wysoka odpornos¢ na $mietke kapusciang, mszyce kapusciang
oraz suchg zgnilizne kapustnych. Wykazano réwniez przydatno$¢ technik molekularnych i
polowych do identyfikacji cech zwigzanych z morfologia oraz odporno$cig na analizowane
szkodniki 1 sucha zgnilizn¢ kapustnych, a takze scharakteryzowano zwiazek pomiedzy

genetyczng odpornoscia 1 odzywieniem roslin.



2. Summary

Rapeseed (Brassica napus L.) is one of the most important oilseed crops in the world.
Its narrow gene pool can be enriched by crossing with wild and cultivated species of the
Brassicaceae family. Interspecific hybrids can provide resistance to biotic stresses, including
resistance to harmful insects and diseases.

The primary aim of this study was to determine the degree of resistance of selected
interspecific Brassicaceae hybrids to root fly (D. radicum), cabbage aphid (B. brassicae) and
blackleg (Leptosphaeria spp.), and to identify the most resistant lines that can be incorporated
into further breeding programs. Secondary objectives included investigation of the genetic
diversity of the genotypes, determining the suitability of selected molecular markers for
selection/identification of genotypes and establishing the relationship between plants nutrients

content and insect resistance.

The study material consisted of 32 interspecific hybrids progeny of Fs-F1o generations,
55 varieties of B. napus and 15 species of Brassicaceae. To achieve the objectives, both
phenotype evaluations in field conditions and laboratory analyses were conducted. As a result
of the studies, it was confirmed that interspecific hybrids have an increased resistance to both
harmful insects, which for some genotypes is stable over the years. A relationship between the
observed level of resistance to D. radium and B. brassicae and the calcium and copper content
in plant tissues was also demonstrated. Moreover, phenotypic analyses made it possible to select
interspecific hybrids with the highest resistance to blackleg. Molecular analyses with the use of
SSR markers allowed the determination of genetic relationship between hybrid genotypes and
Brassicaceae species, confirming their high level of genetic diversity. The SSR markers were
also correlated with morphological traits studied in field conditions, allowing the selection of
several markers linked to stem and flower color of Brassicaceae plants. Finally, the usefulness
of different molecular markers associated with regions of the genome connected to L. maculans
resistance was determined. For some markers, the usefulness was proven for the study of

interspecific hybrids with different genomic structure.

In the course of the study, all the research objectives were fulfilled. Among the
analysed interspecific hybrid lines, genotypes with increased resistance to D. radicum, B.
brassicae and Leptosphaeria spp. were selected. In addition, the most valuable line B. napus

cv. Jet Neuf x B. carinata PI 649096 which carried stable high resistance to the root fly, cabbage



aphid and the disease was identified. The usefulness of molecular and field techniques for
identifying selected plant traits connected to the resistance to analyzed insects and blackleg was
also demonstrated, and the relationship between genetic resistance and plant nutrition was
characterised.
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3. Wprowadzenie

3.1. Podstawowe informacje o rodzinie Brassicaceae i rzepaku

Rodzina Brassicaceae jest jedng z najwigkszych rodzin wsrod roslin
okrytonasiennych, liczy ponad 3700 gatunkéw jednorocznych, dwuletnich i bylin
rozproszonych w zroéznicowanych rejonach geograficznych (Hasanuzzaman, 2020). Wsrod
przedstawicieli tej rodziny mozna znalez¢ gatunki o szerokim zastosowaniu gospodarczym,
wykorzystywane miedzy innymi jako zrodto pozywienia dla ludzi i zwierzat, komponenty do
przemystu, a takze w medycynie (Al-Shehbaz, 2011).

Gatunki z rodziny Brassicaceae sg przedmiotem wielu badan ewolucyjnych i
taksonomicznych (Haider, 2013), a na szczegdlng uwage zashugujg gatunki ujete w tzw.
Trojkacie U (U, 1935). Koreanski badacz przedstawit zwigzek pomiedzy szescioma gatunkami
rodzaju Brassica: diploidalne gatunki B. rapa (AA, n=10), B. oleracea (CC, n=9), oraz B. nigra
(BB, n=8) wulegly spontanicznej mig¢dzygatunkowej hybrydyzacji dajac poczatek
allotetraploidalnym roslinom B. napus (AACC, n=19), B. carinata (BBCC, n=17) i B. juncea
(AABB, n=18). Procz tych znanych i docenianych za wysoka warto$¢ uzytkowa i
agronomiczng gatunkow, warto wspomnie¢ o innych przedstawicielach rodziny, takich jak np.
Arabidopsis thaliana, ktora jest rosling modelows szeroko wykorzystywang w badaniach
genomowych (Meinke i in., 1998), czy Sinapis alba — wykorzystywanej m.in. w kosmetyce i
do produkcji biopaliw (Mitrovi¢ i in., 2020).

Jeden z najbardziej znanych przedstawicieli swojej rodziny, rzepak (Brassica napus
L. ssp. oleifera Metzg.), jest jak wspomniano amfidiploidalng ro$ling uprawng, powstatg ze
skrzyzowania B. rapa i B. oleracea najprawdopodobniej 5000-7000 lat temu w rejonie Azji,
cho¢ nadal istnieje wiele watpliwosci co do miejsca pochodzenia (Chalhoub i in., 2014; Gupta
i Pratap, 2007). Wedlug danych USDA, rzepak jest trzecim najwigkszym zrodtem oleju
roslinnego na $wiecie po soi i palmie olejowej — $wiatowa produkcja tego surowca w sezonie

2022/2023 wynosita ponad 32 mln ton.

Unia Europejska plasuje si¢ na pierwszym miejscu na $wiecie pod wzgledem
wielkosci rocznej produkcji rzepaku, przy czym w Polsce produkcja nasion sigga 3,6 min ton
(wraz z rzepikiem, wedtug danych GUS za 2022). Rzepak jest w naszym kraju podstawowa
ro§ling oleistg. Zdecydowana wickszo§¢ upraw B. napus w Polsce to uprawy ozime, co jest

zwigzane z wigkszym potencjalem plonowania w poréwnaniu do form jarych. Dominacja
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upraw ozimych przektada si¢ na ilo§¢ zarejestrowanych odmian rzepaku: obecnie na liscie
odmian roslin rolniczych wpisanych do Krajowego Rejestru w Polsce znajduje si¢ 12 odmian

rzepaku jarego i 150 odmian rzepaku ozimego.
3.2. Zagrozenia w uprawie rzepaku

Rzepak jest porazany przez choroby i szkodniki w ciggu calego sezonu wegetacyjnego,
co jest przyczyng zroznicowanych strat w plonie. Wedlug Mréwcezynskiego i in. (Mréwczynski
i in., 2009) do chorob rzepaku stanowigcych duze zagrozenie dla jego uprawy zaliczamy m.in.
suchg zgnilizn¢ kapustnych, zgnilizng¢ twardzikowa, czern krzyzowych, szarg plesn, zgorzele
siewek, kile kapusty i werticilioze. Istotnymi w uprawie szkodnikami sa z kolei mszyca
kapus$ciana, $mietka kapusciana, stodyszek rzepakowiec, oraz chowacz podobnik (Bruck i in.,
2005; Pereira i in., 2019; Zamojska i Wegorek, 2014).

3.2.1. Sucha zgnilizna kapustnych

Sprawcg suchej zgnilizny kapustnych sg nalezagce do typu Ascomycota gatunki
Leptosphaeria maculans i Leptosphaeria biglobosa, cho¢ rdznig si¢ one patogenicznoscig i
agresywnoscig wobec gospodarza (Jacques i in., 2021; Wijayawardene i in., 2018). Niegdy$
klasyfikowano oba te gatunki jako Leptosphaeria maculans (odpowiednio: typ A/Tox" i typ
B/Tox?), jednak réznice morfologiczne umozliwity ostateczne rozdzielenie na dwa odrebne
gatunki (Shoemaker i Brun, 2001). Sg one zdolne to porazania nie tylko rzepaku, ale tez wiclu
ro$lin z rodziny Brassicaceae (Li i in., 2005). L. maculans jest gatunkiem o wigkszej
agresywnosci i odpowiedzialnym za wigksze straty plonu rzepaku niz L. biglobosa
(Gwiazdowski, 2008). W warunkach kontrolowanych izolaty L. maculans mimo wolnego
wzrostu zarodnikujg obficie 1 sg zdolne do wytwarzania fitotoksycznej simodesminy, ktora jest
jednym z czynnikow wskazujacych na agresywnos¢ patogena (Koch i in., 1989). Jednak mimo
powszechnego traktowania L. biglobosa jako mniej wirulentnego, obserwacje polowe
przeprowadzone w Chinach, wskazuja, Zze patogen ten moze roéwniez powodowaé znaczne

uszkodzenia roslin (Cai i in., 2018).

Co wigcej, zainteresowanie swiatowych hodowcow i badaczy gatunkiem L. maculans
jako glownym sprawca suchej zgnilizny kapustnych, przyniosto w ostatnich latach
nieoczekiwane skutki, gdyz obserwuje si¢ obecnie wzrost znaczenia L. biglobosa w rejonach
europejskich (Huang i in., 2022). Gatunek ten moze powodowac znaczne szkody nie tylko w

warunkach ekosrodowiskowych Wielkiej Brytanii, gdzie czg¢stos¢ jego izolacji na
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uszkodzeniach podstaw todygi wzrosta od 14% do 95% w latach 2000-2013, ale tez w Polsce,

gdzie cieple i wilgotne okresy jesienne sprzyjaja rozwojowi choroby (Brachaczek i in., 2021).

Globalne straty bedace skutkiem destrukcyjnego dziatania gatunkoéw z rodzaju
Leptosphaeria w rzepaku szacuje si¢ na ponad 900-1200 min USD rocznie (Fitt i in., 2008;
Zhang i in., 2014). Duze straty w plonie obserwuje si¢ w Europie, Australii i Ameryce
Potnocnej, z kolei w skali krajowej procent porazonych roslin moze lokalnie si¢gga¢ nawet 55%

(Walczak i in., 2014).

Zwalczanie suchej zgnilizny opiera si¢ na stosowaniu fungicydow, uprawianiu odmian
odpornych, usuwaniu resztek pozniwnych 1 utrzymywaniu wysokiego poziomu agrotechniki
(Dawidziuk i in., 2012; Kutcher i in., 2011). Mozliwe jest roéwniez wykorzystanie ochrony
biologicznej w walce z patogenami. Aplikacja substancji chemicznych do ograniczania
wystepowania sprawcy choroby jest czgstym wyborem hodowcow rzepaku, jednak pojawiaja
si¢ doniesienia na temat uodparniania si¢ L. maculans na dziatanie fungicydow (Wouw i in.,
2017, 2021). Biorac pod uwage istotne zagrozenie wyksztatcenia odpornosci na substancje
aktywne, stosowanie odmian odpornych wydaje si¢ by¢ najbezpieczniejsza i przyjazna

srodowisku metodg walki z suchg zgnilizng kapustnych.

Wyrézniamy dwa typy odpornosci na L. maculans — odpornos$¢ pionowg i pozioma,
niewiele wiadomo jednak na temat mechanizméw odpornosci na L. biglobosa. Odporno$é
pionowa wystepuje u mtodych roslin i jest regulowana przez pojedyncze, rasowo-specyficzne
geny gtowne (Neik i in., 2017). Dzialanie tego typu odporno$ci wymaga rozpoznania
molekularnego mi¢dzy genem odpornosci (R) w ro$linie, a genami awirulencji patogenu (Avr).
Dotychczas opisano w literaturze ponad dwadzie$cia gléwnych genéw odpornosci na suchg
zgnilizne kapustnych w genomach gatunkow B. napus, B. rapa, B. juncea i B. nigra: RIm1,
RIm2, RIm3, RIm4, RIm5, RIm6, RIm7, RIm8, RIm9, RIm10, RIm11, RIm12, RIm13, LepR1,
LepR2, LepR3, LepR4, LepR5, LepR6, BLMR1, BLMR2, RIMSTEE98 oraz RImS (Amas i in.,
2022; Thomas i in., 2022). Niektore z zidentyfikowanych rejonow odpornosci sg jednak
formami allelicznymi tego samego genu, tak jak w przypadku genéw RIm4 oraz RIm7 (Haddadi
i in., 2022). Sposrod rozpoznanych genow tylko pie¢ zostato sklonowanych: RIm2, RIm4, RIm7,
RIm9 oraz LepR3 (Cantila i in., 2023). W odpornos¢ poziomg zaangazowane jest wiele genow,
czesto zgrupowanych w rejonach QTL (Quantitative Trait Loci — loci cech ilosciowych), przy
czym ten rodzaj odpornosci wystepuje u roslin dorostych, zwykle po wernalizacji. Lokalizacja

1 mechanizmy dzialania rejonéw zwigzanych z odpornosciag poligeniczng sa nadal stabo
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rozpoznane (Amas i in., 2021). W przeciwienstwie do odpornosci pionowej, ktora zapewnia
calkowite zabezpieczenie poprzez zapobieganie kolonizacji przez patogen, odporno$¢ pozioma
ma jedynie charakter cze$ciowy i polega na ograniczaniu obszarow porazenia (Jestin i in.,
2015). Chociaz odporno$¢ opierajgca si¢ na pojedynczych genach gwarantuje kompletng
ochrong, to nie jest to odporno$¢ trwata. Wynika to z wczes$niej wspomnianej interakcji miedzy
genami R oraz Avr — pojedyncze geny sg specyficzne dla danego izolatu, co wywotuje silng
presje selekcyjng, a wiec dostosowanie si¢ patogenu i namnazanie bardziej wirulentnych form
(McDonald i Linde, 2002). W zwigzku z powyzszym, najskuteczniejszym sposobem
wprowadzania odpornosci na suchg zgnilizng kapustnych jest piramidyzacja genow R oraz
gendw ilosciowych, co zapewnia trwalg i kompleksowg ochrone (Amas i in., 2021). Co wigcej,
wykazano iz odpornos¢ wielogenowa moze zwigksza¢ trwatos¢ odpornosci jednogenowej
(Brun i in., 2010). Ten fakt dodatkowo umacnia zasadno$¢ korzystania ze zréznicowanych

zrodet odpornosci w ograniczaniu wystepowania suchej zgnilizny kapustnych.
3.2.2. Mszyca kapusciana i $mietka kapusciana

Szkodliwe owady sg kolejnym, procz sprawcoéw chorob, istotnym czynnikiem
moggcym wplywaé na wystepowanie strat w plonie. Jak wspomniano wczesniej, waznymi z

punktu widzenia gospodarczego agrofagami sg mszyca kapusciana oraz $mietka kapusciana.

Mszyca kapusciana (Brevicoryne brassicae L.) to owad nalezacy do rzedu Homoptera,
rodziny Aphididae. Ten wyspecjalizowany gatunek jest szkodnikiem w uprawach wielu ro$lin
Brassicaceae, zywi si¢ przede wszystkim mtodymi tkankami roslinnymi, lis¢mi i pgkami
kwiatowym. Ponadto, szkodniki nalezace do tego gatunku mogg by¢ wektorem chordb
wirusowych (Costello i Altieri, 1995; Ellis i in., 1996). Cze¢stym wyborem w zwalczaniu
mszycy kapu$cianej jest deltametryna, zwigzek z grupy syntetycznych pyretroidow, ktorego
pozostatosci w spozywanych produktach maja negatywny wptyw na zdrowie cztowieka (Lu i
in., 2019). Alternatywne sposoby ochrony przed B. brassicae moga obejmowaé wykorzystanie
wyciggébw roslinnych. Przyktadem moze by¢ wykorzystanie ekstraktu z agawy (Agave
americana), ktorego aplikacja w warunkach polowych istotnie wplywa na zwigkszenie

$miertelnosci mszyc (Pereira i in., 2019).

Kolejnym szkodnikiem rzepaku o znaczeniu gospodarczym jest $mietka kapusciana
(Delia radicum L.), gatunek przynalezny do rzedu Diptera, rodziny Anthomyiidae. Moze
stwarza¢ zagrozenie zaréwno dla dzikich jak i uprawnych roslin Brassicaceae, zerujac na

tkankach u podstawy todygi i w poblizu korzeni (Dam i Raaijmakers, 2006). Wybor rosliny-
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gospodarza przez ten gatunek opiera si¢ na czynnikach chemicznych, takich jak np. zawartos¢
glukozynolanow oraz czynnikach bazujacych na morfologii takich jak ksztatlt, kolor i struktura
lisci (Stadler i in., 2002). Ochrona upraw przed D. radicum polega w glownej mierze na
stosowaniu insektycydow, a do niedawna jedng z podstawowych substancji aktywnych byt
chlorpyrifos, ktory decyzja Komisji Europejskiej zostat wycofany z obrotu w 2019 ze wzgledu
na wysokg szkodliwos$¢ dla ludzi (EFSA, 2019). Bezpiecznymi dla $rodowiska i zdrowia
alternatywami dla srodkéw ochrony roslin s3 m.in. metody biologiczne — m.in. wykorzystanie

grzyba entomopatogenicznego Metarhizium anisopliae (Klingen i in., 2002).

Nadmierne aplikowanie §rodkow ochrony roslin 0 tym samym mechanizmie dziatania
w ochronie przed szkodliwymi owadami spowodowato stopniowe wyksztatcanie odpornosci
przez wiele gatunkéw (Hervé, 2018). Ponadto, skuteczne substancje aktywne sg wycofywane
z obrotu, ze wzgledu na watpliwosci co do ich bezpieczenstwa dla ludzi i organizmow
pozytecznych (Chrustek i in., 2018; Connolly, 2013). Biorac pod uwage te doniesienia, oraz
regulacje dotyczace Integrowanej Ochrony Roslin w Unii Europejskiej (wedlug Dyrektywy
2009/128/EC), ktore zaktadaja wykorzystanie przede wszystkim ochrony niechemicznej,
wlasciwe wydaje si¢ wykorzystanie naturalnego potencjatu roslin poprzez hodowl¢ odmian

odpornych.

Odpornos¢ roélin Brassicaceae na D. radicum i B. brassicae opiera si¢ na trzech
podstawowych mechanizmach, tj. antyksenoza, antybioza i tolerancja (Painter, 1968).
Antyksenoza (brak preferencji) wynika z nieatrakcyjnosci gospodarza, w skutek czego owad
omija lub szybko opuszcza rosling (Kogan i Ortman, 1978). Antybioza jest niekorzystnym
oddziatywaniem roslin na owady czego skutkiem jest zahamowanie ich rozwoju lub ptodnosci.
Z kolei tolerancja to zdolno$¢ gospodarza do minimalizowania uszkodzen (Smith i Chuang,
2014).

Niezwykle istotnym czynnikiem mogacym wptywac na odpornos¢ roslin na owady
jest poziom odzywienia ro$lin. Przyktadowo, optymalne odzywienie roslin azotem wptywa na
ich atrakcyjnos¢ (wielko$é, ilo$é¢ lisci, akumulacja biatek i cukrow) dla owadow, co z kolei
skutkowa¢ moze zwigkszona populacjg fitofagow (Rostami i in., 2012). Interakcje pomigdzy
sktadnikami odzywczymi i owadami opisano rowniez dla fosforu i potasu, ktoérych zwigkszona
aplikacja w uprawie Brassica wptywa ograniczajaco na rozwdj mszycy kapustnicy (Lipaphis
erysimi) (Bala i in., 2018).

3.3. Hodowla odpornosciowa i wykorzystanie mieszancow oddalonych Brassicaceae
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Metoda hodowlana polega na otrzymywaniu nowych wyselekcjonowanych odmian
rzepaku, charakteryzujacych si¢ podwyzszong lub catkowita odpornoscia na dany czynnik. Jak
akcentowano wczesniej, hodowla roslin o podwyzszonej odpornosci na wybrane szkodniki i
choroby jest optymalnym rozwigzaniem w ograniczaniu strat plonu, cho¢ proces otrzymywania
odmian o ulepszonych cechach moze stanowi¢ niemate wyzwanie ze wzgledu na dynamiczne
interakcje migdzy roslinami i organizmami szkodliwymi (Nelson i in., 2018). Uzyskana
odpornos¢ nie jest cechg stata, gdyz moze by¢ sukcesywnie przetamywana przez np. sprawcow
chorob o wysokim potencjale ewolucyjnym. Taki proces zaobserwowano w Australii, gdzie do
przetamania monogenicznej odpornosci na L. maculans doszto juz trzy lata po wprowadzeniu
nowej odmiany (Sprague i in., 2006). Wobec powyzszego, kluczowe wydaje si¢ byc
poszukiwanie nowych zrddet odpornosci, aby zapewni¢ uprawom nieustanng ‘ochroneg

genetyczng’.

Naturalna zmienno$¢ genetyczna wsrod gatunkow Brassicaceae jest przyczyng
obecno$ci wielu gendow odpornosci na stres biotyczny i abiotyczny (Kole, 2011). Odpornos¢ na
B. brassicae zostata zidentyfikowana u osobnikow gatunkow B. fruticulosa, B. spinescens, B.
juncea oraz Eruca sativa (Singh i in., 1994), natomiast wysoki poziom antybiozy i tolerancji
na D. radicum scharakteryzowano m.in. u B. villosa, B. montana, B. hilarionis, B. macrocarpa
(Shuhang i in., 2016). Gatunki, u ktorych stwierdzono podwyzszona odporno$¢ na
Leptosphaeria spp. to m.in. Arabidopsis thaliana, B. elongata, B. fruticulosa, B. juncea, B.
carinata, B. nigra i Raphanus sativus (Chen i Séguin-Swartz, 1999; Rimmer i van den Berg,
1992; Siemens, 2002).

Selekcja 1 identyfikacja roslin z rodziny Brassicaceae jest niezwykle istotna, gdyz
poszczegbdlne genotypy sa zroédtem cennych cech, ktéore moga by¢ przenoszone poprzez
hybrydyzacj¢ miedzygatunkowa (Leflon i in., 2007; Wang i in., 2007). Ta technika polega na
kontrolowanym krzyzowaniu rzepaku z pokrewnymi gatunkami. Ilo$¢ potwierdzonych
przypadkow spontanicznej hybrydyzacji jest ograniczona, cho¢ nie jest to zjawisko niemozliwe
(Katche i in., 2019). Niski odsetek udanych krzyzowan miedzygatunkowych w warunkach
naturalnych jest spowodowany wystepowaniem barier prezygotycznych i postzygotycznych.
W pierwszym przypadku moze dochodzi¢ do nieskietkowania pytku na znamieniu stupka,
niepowodzenia wrastania lub penetracji tagiewki pytkowej (DeVerna i in., 1987). Z kolei drugi
typ barier jest zwigzany z degradacja lub obumieraniem zarodka (De Jeu i Jacobsen, 1995). W
niektorych przypadkach mozna pokonac ten problem poprzez wykonanie odwrotnego schematu

krzyzowania, czyli przez zamiang genotypu matecznego z ojcowskim (Haig i Westoby, 1991).
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Podczas krzyzowania B. napus z B. fruticulosa i B. rapa zgodnos¢ kojarzeniowa jest znacznie
wigksza gdy rzepak jest traktowany jako forma mateczna (Wojciechowski i in., 2002). Ponadto,
Quazi uzyskiwatl mieszance z wigkszg tatwoscia, gdy gatunek o wyzszej liczbie chromosomow

zostal uzyty jako rodzic zenski (Quazi, 1988).

Techniki in vitro takie jak fuzja protoplastow, kultury zalazkoéw, zalazni i zarodkow
mogg poméc w przelamaniu barier krzyzowalnosci 1 umozliwi¢ otrzymanie roslin
mieszancowych (Ripley i Arnison, 1990), co potwierdzaja doniesienia wielu badaczy.
Przyktadowo, zastosowanie embryo rescue (ratowanie zarodkow poprzez usunigcie ich z
matecznego Srodowiska 1 przeniesienie na sztuczng pozywke) umozliwia otrzymanie
mieszancow Brassica x Sinapis, oraz B. rapa x B. oleracea (Heath i Earle, 1996; Momotaz i
in., 1998), a wsparcie krzyzowan poprzez kultury zalgzni pozwala na uzyskanie mieszancow

B. rapa x B. oleracea (Zhang i in., 2004).
3.4. Selekcja otrzymanych potomstw mieszancowych

Po otrzymaniu roslin bedacych mieszancami oddalonymi niezbedna jest ich selekcja i
ocena pod wzgledem pozadanych przez hodowce cech. W tym celu mozna wykorzysta¢ szereg

technik, m.in. metody cytogenetyczne, molekularne i oceny polowe.

Aby potwierdzi¢ mieszancowy charakter 1 zweryfikowa¢ zmienno$¢ genetyczng na
poziomie chromosomalnym, genotypy uzyskane w wyniku krzyzowania mi¢dzygatunkowego
mozna analizowa¢ metodami hybrydyzacji in situ. Genomowa hybrydyzacja in situ (GISH,
Genomic In Situ Hybridization) jest wykorzystywana przede wszystkim do identyfikacji
genomow rodzicielskich u gatunkéw allopoliploidalnych. Wyniki analizy GISH dostarczaja
informacji na temat miedzygenomowych rearanzacji strukturalnych (translokacji pomig¢dzy
genomami) oraz podobienstw pomiedzy DNA spokrewnionych gatunkow (Lim i in., 2000;
Majka i in., 2017, 2018). Wysoki poziom homologii pomigdzy genomami A i C moze jednak
powodowac niespecyficzne przylaczanie si¢ sond fluorescencyjnych, co jest istotnym
czynnikiem wplywajacym na uzytecznos¢ metody GISH do analizy rodziny Brassicaceae
(Snowdon i in., 1997).

Szeroko wykorzystywang metodg identyfikacji cech uzytkowych jest selekcja
wspierana markerami (MAS, Marker Assisted Selection). Umozliwia ona wyodrebnienie
najlepszych (pod wzgledem celu hodowli) genotypow bez wpltywu warunkow srodowiskowych
(Francia i in., 2005). Identyfikacja moze dotyczy¢ zaréwno pojedynczych genéw glownych jak

i loci cech ilo$ciowych, a do czgsto wykorzystywanych typéw markeréw nalezag AFLP, RFLP,
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CAPS, SNP, oraz RAPD. Skuteczno$¢ metody MAS zalezy przede wszystkim od wlasciwosci
markera: fizycznej odlegtosci od identyfikowanego rejonu, poziomu polimorfizmu, dystrybucji
w obregbie genomu, wystepowania kodominacji (identyfikacja heterozygot), a takze od kosztu i
poziomu skomplikowania detekcji markera (Andersen, 2013).

Markery molekularne sa z powodzeniem wykorzystywane w badaniach rodziny
Brassicaceae. Przyktadowo, markery typu CAPS umozliwity detekcje linii wysokooleinowych
rzepaku oraz genotypow B. juncea o niskiej zawartosci kwasu erukowego (Saini i in., 2016;
Spasibionek i in., 2020). W badaniach Pushpa i in., uzyto markery molekularne do selekcji
osobnikéw B. juncea o0 niskiej zawartosci glukozynolanow (Pushpa i in., 2016). Odporno$¢ na
stresy biotyczne rowniez moze by¢ monitorowana w warunkach laboratoryjnych — za pomocg
MAS mozna wesprzeé proces piramidyzacji genow odpornosci na kite kapusty aby otrzymac
nowa, ulepszong odmian¢ B. rapa ssp. pekinensis (Zheng i in., 2022). W B. carinata
zidentyfikowano z kolei markery silnie sprzgzone z locus genu Xcalbc niosacego odpornosé
na bakteryjng czarng zgnilizn¢ kapustnych (Sharma i in., 2016). Markery molekularne moga
by¢ rowniez uzyteczne w ocenie zréznicowania genetycznego roslin kapustnych. Testowanie
pokrewienstwa i pochodzenia jest mozliwe dzigki analizie rejonéw mikrosatelitarnych (SSR,
Simple Sequence Repeats) — tandemowo wyst¢pujacych powtérzen krotkich sekwencji
nukleotydowych rozproszonych w genomie (Zalapa i in., 2012). Polimorfizm dlugosci
obserwowany pomiedzy gatunkami czyni markery wysoce informatywnymi, zapewniajgc
skuteczny 1 doktadny sposdb testowania zmienno$ci genetycznej rowniez w rodzinie
Brassicaceae (Matuszczak, 2013; Powell i in., 1996). Markery SSR byty wykorzystywane m.in.
w okre$laniu dystansu genetycznego pomiedzy odmianami i liniami rzepaku oraz oceny
rozmieszczenia mikrosatelit u gatunkow kapustnych (Plieske i Struss, 2001a). Ponadto, w
badaniach Zhai i in. wygenerowany na bazie Raphanus sativus zestaw markeréw postuzyt do
oceny zroznicowania genetycznego rzodkwi, ale potwierdzono tez jego skutecznos¢ w

analizach innych gatunk6éw Brassicaceae (Zhai i in., 2014).

Oceny fenotypowe sg podstawowsg i najstarsza metoda selekcji (Brown i Caligari,
2011). Pozwalaja na okreslenie morfologii roslin, odpornosci na szkodniki i choroby, adaptacji
do stresu abiotycznego oraz potencjatu plonowania. Pozyskane w wyniku analiz fenotypowych
dane moga zosta¢ potaczone z informacjami genetycznymi, aby identyfikowaé zwigzki gen-

cecha (Araus i Cairns, 2014).
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Kluczowe w badaniach polowych jest istnienie barier, ktore mogg obniza¢ wydajnos¢
oceny roslin. Nalezy do nich wystepowanie konkurencji migdzy gatunkami, nierowne warunki
srodowiskowe, czy tez brak automatyzacji (Fasoula i in., 2020). Przezwyci¢zeniem tych i
innych niedoskonatos$ci zajmuje si¢ fenomika. Ta galaz nauki umozliwia wysokowydajne
fenotypowanie prowadzone w celu ulepszania upraw z uwzglgdnieniem przysztoSciowych

scenariuszy demograficznych i klimatycznych (Rahaman i in., 2015).
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4. Hipotezy badawcze i cel pracy

Hipotezy badawcze

1. Gatunki z rodziny Brassicaceae istotnic wzbogacaja pule genowa rzepaku i moga by¢
zrodtem odpornosci na wybrane biotyczne czynniki stresowe.

2. Odpornos¢ na smietke kapusciang (D. radicum), mszyce kapusciang (B. brassicae) oraz
suchg zgnilizng kapustnych (Leptosphaeria spp.) moze zosta¢ przeniesiona z dzikich i
pokrewnych gatunkéw z rodziny Brassicaceae do rzepaku na drodze miedzygatunkowego
krzyzowania.

3. Fenotypowe oceny odpornosci mieszancow oddalonych Brassicaceae na szkodniki i
choroby umozliwiaja wyselekcjonowanie obiecujacych komponentow hodowlanych.

4. Odpornos¢ miedzygatunkowych mieszancow Brassicaceae na szkodniki jest cze$ciowo
warunkowana przez czynniki pozagenetyczne, takie jak zawarto$¢ sktadnikow mineralnych.
5. Zastosowanie technik molekularnych moze znacznie przyspieszy¢ proces selekcyjny i
hodowle nowych odmian z podwyzszong odpornoscig. Markery molekularne mogg zostac
wykorzystane zarowno do identyfikacji gendow odpornosci jak 1 do oceny zroznicowania

genetycznego mieszancoOw miedzygatunkowych.
Cele badawcze

Podstawowym celem badawczym bylo okreslenie stopnia odporno$ci wybranych
mieszancow oddalonych Brassicaceae na D. radicum, B. brassicae oraz Leptosphaeria spp., a
takze identyfikacja najbardziej odpornych potomstw mieszancowych, ktore mogg zostaé

wlaczone w dalsze procesy hodowlane.
Poza celem gléwnym wyznaczono cele dodatkowe:

1. Okreslenie stopnia pokrewienstwa pomiedzy analizowanymi mieszancami oddalonymi
i genotypami rodzicielskimi za pomoca technik molekularnych.

2. Ocena przydatno$ci wybranych markeréw molekularnych do selekcji genotypow
odpornych na suchg zgnilizne kapustnych oraz do oceny pokrewienstwa genetycznego ro$lin z
rodziny Brassicaceae.

3. Okreslenie zwiazku pomigdzy zawarto$cig sktadnikow mineralnych i odpornoscia na

szkodniki u migdzygatunkowych mieszancow Brassicaceae.
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5. Materialy i metody badawcze
5.1. Materiat badawczy

Materiat badawczy stanowitly 32 kombinacje potomstw mieszancow oddalonych
Brassicaceae, 15 gatunkéw z rodziny Brassicaceae oraz 55 odmian B. napus (Tab. 1).
Migdzygatunkowe mieszance pochodzily z kolekcji Katedry Genetyki i Hodowli Roslin
(Uniwersytet Przyrodniczy w Poznaniu) i zostaly otrzymane w wyniku prowadzenia
kontrolowanych krzyzowan rzepaku (forma mateczna) z pokrewnymi gatunkami Brassicaceae
(forma ojcowska) wspieranych metoda embryo rescue, zgodnie z procedurg opisang przez
Niemann i in. (2012). Przed rozpoczeciem kwitnienia usuwano pylniki z matecznych pakow
kwiatowych i dokonywano recznego zapylenia pytkiem gatunku ojcowskiego. Po uptywie 14-
19 dni niedojrzate zarodki w stadium sercowatym i stadium torpedy izolowano z miodych
tuszczyn, po czym prowadzono kultury in vitro izolowanych zarodkoéw. Otrzymane mtode
ro$liny aklimatyzowano w glebie, a nast¢pujace po sobie pokolenia hodowano w warunkach
polowych, aby oceni¢ przystosowanie do warunkow srodowiskowych. Kazde kolejne
pokolenie otrzymywano poprzez samozapylenie genotypow wyselekcjonowanych na
podstawie ocen fenotypowych uwzgledniajacych m.in. odporno$¢ na stresy biotyczne i
abiotyczne. Szczegotowe analizy uzyskanego materialu badawczego, ktore sg podstawa
niniejszej rozprawy, prowadzono etapami na pokoleniach Fs — Fio. Ocene odpornosci na
szkodliwe owady prowadzono w latach 2017-2019 na pokoleniach Fs — F7, przy czym w roku
2019 pobrano réwniez material do analizy zawartosci sktadnikow odzywczych. Identyfikacje
uszkodzen powodowanych przez suchg zgnilizne kapustnych oraz analizy molekularne
przeprowadzono na pokoleniach F9 — Fio (2021-2022), a ocen¢ cech morfologicznych

wykonano na potomstwie Fo.

Tabela 1. Lista migdzygatunkowych mieszancéw, odmian B. napus oraz gatunkow

Brassicaceae wykorzystanych w badaniach.

Lp. Kombinacja krzyzowania Lp. Kombinacja krzyzowania
1 1234 B. napus cv. Jet Neuf x B. rapa ssp. 171234 B. napus cv. Lisek x B. carinata
pekinensis 08 007569 Dodola
5134 B. napus cv. Jet Neuf x B. rapa ssp. 1g 1234 B. napus cv. Californium x B.
pekinensis 08 007574 fruticulosa — P1649097

21



Lp. Kombinacja krzyzowania Lp. Kombinacja krzyzowania
3134 B. napus cv. Jet Neuf x B. carinata PI 19 1234 B. napus cv. Lisek x B. fruticulosa —
649091 P1649097
4 1234 B. napus cv. Gorczanski x B. rapa ssp. 20 1234 B. napus cv. Lisek x B. fruticulosa —
pekinensis 08.007574 P1649099
5 134 B. napus cv. Gorczanski x B. rapa ssp. 51 1284 B. napus cv. Jet Neuf x B. carinata
pekinensis 08.007569 —P1 649094
5 134 B. napus cv. Gorczanski x B. rapa ssp. 551234 B. napus cv. Jet Neuf x B. carinata
chinensis — P1 649096
2134 B. napus cv. Lisek x S. alba cv. 03 1234 B. napus cv. Californium x B. rapa
Bamberka ssp. pekinensis 08 007574-1
B. napus cv. Californium x B. rapa
g 1234 B.napus cv. Lisek x B. tournefortii 24 134 P P
ssp. pekinensis 08 007574-2
g 134 B. napus cv. Lisek x B. rapa Pak Choi o5 134 B. napus cv. Californium x B. rapa
08, 007574 ssp. pekinensis 08 007574-3
10134 B. napus cv. Lisek x B. rapa Pak Choi o 134 B. napus cv. Californium x B. rapa
08, 007569 ssp. pekinensis 08 007574-4
11184 B. napus cv. Gorczanski x B. rapa Pak 07184 B. napus cv. Zhongshuang9 x B.
Choi 08, 007574 rapa ssp. pekinensis 08 006169
B. napus cv. Jet Neuf x B. oleracea var. B. napus MS8 line x B. rapa ssp.
12 134 28 134
alboglabra pekinensis 08 006169-1
13184 B. napus cv. Californium x B. oleracea 29 134 B. napus MS8 line x B. rapa ssp.
var. alboglabra pekinensis 08 006169-2
14 B. napus cv. Lisek x B. oleracea var. 30 134 B. napus MS8 line x B. rapa ssp.
1234 alboglabra pekinensis 08 006169-3
15 184 B. napus cv. Californium x S. alba cv. gp 134 B. napus cv. Zhongshuang9 x B.
Bamberka rapa ssp. chinensis 08 007574
16 B. napus cv. Jet Neuf xS. alba cv. 30 B. napus cv. Zhongshuang9 x B.
1234 Bamberka rapa ssp. pekinensis 08 006169
Lp. Odmiana B. napus Lp. Odmiana B. napus
114 Amir 29 134 Anderson
24 Inspirati 30 14 Andromeda
3! Bufalo 31! Arsenal
41 Atora 321 Hybrirock
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Lp. Odmiana B.napus Lp. Odmiana B.napus

51 Dolar 33! Graf

61 Fair 341 Hary

71 Fantastik 351 Mickey

81 Jet Neuf 361 150/47

91 Jupiter 371t Prince

101 Kana 38! Sofia

111 Azurio 391! Santana

121 Memoris 40! Rubin

131 Lindora 41 434 Monolit

141 150/38 421 Metys

151t 150/46 431 Chrobry

161! Walegro 441 150/42

171! Marita 451 Kabriolet

181 150/40 46! Falcon

191 150/44 471 Diger

20! Razmus 48* Corina

211 Walery 491 Kontakt

221 Aruze 50! Ceres

231 Bazyl 511 Galileus

241 Bellinda 521 Markolo

251 Californium 531! Hewelius

261! Darmor 54 34 Skrzeszowicki

271 PR48W26 55 34 Lisek

281 PX111CL

Lp. Gatunek Brassicaceae Lp. Gatunek Brassicaceae

134 B. carinata 1 934 B. fruticulosa PI 649097

234 B. carinata 2 1034  B. rapa ssp. pekinensis 08, 007569
33 B. carinata 3 1134 B. rapa ssp. pekinensis 08, 007574
43 B. carinata 4 1234 B. rapa ssp. pekinensis (COBORU)
53 B. carinata cv. Dodola 1334 B. rapa ssp. pekinensis 08 006169
63 B. carinata Pl 596534 1434 B. oleracea var. alboglabra
734 B. rapa ssp. chinensis (COBORU) 1534 S. alba cv. Bamberka

83*  B.rapa ssp. chinensis P1430485 98CI

1,234

— cyfry odnosza si¢ do numeru publikacji, w ktorej dany genotyp zostat uzyty jako materiat badawczy
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Realizacja zatozonych celéw rozprawy wymagata przeanalizowania powyzszego
materialu roslinnego za pomoca zréznicowanych metod badawczych, obejmujacych zarowno
obserwacje polowe jak i techniki laboratoryjne. Ponadto, opracowanie otrzymanych wynikoéw
bylo mozliwe dzieki wykorzystaniu analiz statystycznych. Niniejsze podrozdziaty opisuja

poszczeg6lne etapy badan polowych oraz analiz molekularnych.

5.2. Oceny fenotypowe

5.2.1. Schemat doswiadczen polowych (Publikacja 1, 2, 3, 4)

Polowe oceny odpornosci oraz oceny cech morfologicznych byly prowadzone na
terenie Rolniczego Gospodarstwa Doswiadczalnego Dlon, bedacego Stacja Doswiadczalng
Katedry Genetyki i Hodowli Roslin Uniwersytetu Przyrodniczego w Poznaniu. Eksperymenty
zaktadano w trzech lub pigciu powtdrzeniach (w zaleznosci od celu badan) w ukladzie
blokowym calkowicie zrandomizowanym. Wielko$¢ jednego poletka doswiadczalnego
wynosita 10m?, a odlegto$¢ miedzy poletkami 0,3m. Gesto$¢ zasiewu okre§lono na 60 nasion
na m?. Na obszarze do$wiadczalnym stosowano typowe zabiegi agrotechniczne dla panujacych

warunkow srodowiskowych.
5.2.2. Fenotypowa ocena odpornosci na owady (Publikacja 1 12)

W pierwszym etapie badan oceniano w warunkach polowych uszkodzenia
powodowane przez dwa szkodniki, tj. $mietke kapusciang (Delia radicum) oraz mszyce
kapus$ciang (Brevicoryne brassicae), u 31 kombinacji mieszancowych oraz 53 odmian rzepaku
(zgodnie z Tab. 1). Oceny przeprowadzano w pazdzierniku lub listopadzie pod koniec sezonu
wegetacyjnego na korzeniach (uszkodzenia powodowane przez D. radicum) oraz li$ciach roslin
(uszkodzenia powodowane przez B. brassicae). Dla kazdego genotypu wybierano losowo sze$¢
(publikacja 1) lub dziesie¢ (publikacja 2) osobnikow, nastgpnie okreslano stopien odpornosci
wedtug dziewigciostopniowej skali (1-9), przy czym wynik ‘1’ oznaczajacy brak odporno$ci
przyznawano gdy uszkodzenia wystgpowaly na 100% powierzchni korzeni/liSci, a wynik ‘9’
wskazujacy na wysoka odpornos¢ byt przyznawany gdy nie obserwowano zadnych uszkodzen
na korzeniach lub lisciach. Na podstawie przeprowadzonych obserwacji obliczono $rednie dla
kazdego powtorzenia, co pozwolilo na pozyskanie danych ilosciowych o rozkladzie

normalnym.
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Otrzymane w ten sposob dane opracowywano za pomocag Mmetod statystycznych.
Normalnos$¢ rozktadu testowanych zmiennych sprawdzono za pomoca testu Shapiro-Wilka
(Shapiro i Wilk, 1965), po czym przeprowadzono analiz¢ dwuczynnikowg ANOVA aby oceni¢
wplyw czynnikéw (roku oraz genotypu) na odpornos¢ roslin na dwa gatunki szkodnikow. Test
najmniejszych istotnych roznic NIR (ang. LSD, Least Significant Differences) wykonany zostat
aby utworzy¢ grupy jednorodne genotypow, a roznice miedzy grupa mieszancow oddalonych i
odmian rzepaku testowano za pomocg testu t-Studenta. Wszystkie analizy statystyczne

przeprowadzono za pomocg programu GenStat v.18 (VSN International Ltd.)
5.2.3. Ocena zawartosci sktadnikow mineralnych (Publikacja 2)

W celu ustalenia zwigzku pomigdzy stezeniem pierwiastkéw w tkankach 1 odpornoscia
na owady, analizowano zawarto$¢ makrosktadnikow (N, P, K, Ca, Mg, Na, S, S-SO) oraz
mikrosktadnikow (Cu, Zn, Mn, Fe, Ni) u dwunastu wybranych mieszancow oddalonych
(zgodnie z Tab. 1). Z poletek doswiadczalnych pobrano dla kazdego badanego genotypu
dziesi¢¢ losowo wybranych roslin, w dwoch terminach: faza rozety (BBCH 11-14) i faza
kwitnienia (BBCH 63-65). Material badawczy sktadajacy sie z lisci i pedéw zostal poddany
kolejno suszeniu, mieleniu 1 spopieleniu. Tak przygotowany popidt zawieszono w HCI 1
rozcienczono H>O, a oznaczenie pierwiastkéw chemicznych przeprowadzono za pomocg
atomowej spektroskopii absorpcyjnej (ASA) w urzadzeniu SpectrAA 220 FS (Varian Medical
Systems, Inc.), oraz wykorzystujac metode kolometryczng, metod¢ Kjeldahla i metode

turbidymetryczng (Bardsley i Lancaster, 1960; Butters i Chenery, 1959; Gawlinski i in., 1991).

Podczas analiz statystycznych w pierwszej kolejnosci zbadano normalno$é¢ rozktadu
badanych cech (Shapiro i Wilk, 1965). Nastepnie przeprowadzono analize wielowymiarowsa
MANOVA oraz analiz¢ dwuczynnikowag ANOVA aby oceni¢ wptyw genotypu oraz terminu
badania na zawarto$¢ zwiazkow odzywczych. Grupy jednorodne utworzono na podstawie testu
NIR, a zwiazki pomigdzy pierwiastkami okre§lono za pomocg wspdiczynnikow korelacji
Pearsona. Zastosowano analiz¢ korelacji kanonicznej, aby przedstawi¢ wielocechowa ocene
podobienstwa badanych mieszancéw oddalonych przy jak najmniejszej utracie informacji
(Rencher, 1992). Odlegtos¢ Mahalanobisa zostata zastosowana jako miara wielocechowego
podobienstwa mieszancow (Camussi i in., 1985; Mahalanobis, 2018; Seidler-Lozykowska i in.,
2013) i obliczona zostata niezaleznie dla faz rozwojowych. Zwiazki pomigdzy obserwowanymi
sktadnikami mineralnymi, odpornosciag na B. brassicae oraz odpornosciag na D. radicum

oceniono za pomoca analizy regresji w obu terminach niezaleznie w kazdym roku badan.
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Pozyskane dane na temat zawarto$ci sktadnikow mineralnych traktowano jako zmienne
niezalezne i uwzgledniano w poszczegdlnych modelach. We wszystkich analizach zastosowano
krytyczne poziomy istotnosci rowne 0,05, 0,01 1 0,001, wynikajace z poprawki Bonferroniego.
Wszystkie analizy przeprowadzono przy uzyciu pakietu statystycznego GenStat v.18 (VSN
International Ltd.).

5.2.4. Fenotypowa ocena odpornosci na suchg zgnilizng kapustnych (Publikacja 3 i 4)

Kolejnym etapem prowadzonych badan byla ocena porazenia migdzygatunkowych
mieszancow Brassicaceae (32 kombinacje, zgodnie z Tab. 1) przez suchg zgnilizne kapustnych,
ktorej sprawcg jest kompleks grzybow Leptosphaeria maculans — Leptosphaeria biglobosa.
Analize prowadzono w dwoéch terminach: w listopadzie podczas fazy rozwojowej BBCH 19
oraz w lipcu w fazie rozwojowej BBCH 70-89. W pierwszym terminie oceniano objawy
lisSciowe wedlug pigciostopniowej skali (0-4), gdzie wynik ‘0’ oznaczat brak widocznych
objawow, a wynik ‘4’ przyznawano roslinom u ktorych zauwazono wigcej niz dziesig¢ plam
chorobowych (Brachaczek i in., 2021). W drugim terminie oceny objawdéw widocznych na
pedach dokonywano korzystajac ze skali 0-9, przy czym ‘0’ ponownie oznaczato brak
uszkodzen, a ‘9’ oznaczato rosling catlkowicie zniszczong przez nasilone objawy choroby
(Brachaczek i in., 2021; Jedryczka, 2007). W obydwu terminach dla kazdego badanego
genotypu dokonywano oceny dziesigciu osobnikéw wybranych w sposob losowy. Otrzymane
wyniki w formie skali przeksztatcono na wartosci procentowe, a nastgpnie obliczono $rednie

wartosci na podstawie dziesigciu powtorzen.
5.2.5. Polowa ocena wybranych cech morfologicznych (Publikacja 4)

Podczas ostatniego etapu badan w warunkach polowych, przeprowadzono wsrod 31
potomstw mieszancowych ocene fenotypowa (zgodnie z lista kombinacji w Tab. 1),
uwzgledniajaca kolor kwiatow (procentowy udziat zottych, bladozottych i biatych kwiatow),
kolor pedow (procentowy udziat zielonych i fioletowych pedoéw), kolor lisci oraz wystepowanie
zjawiska protogynii. Obserwacje te prowadzono w fazie rozwojowej BBCH 60-69 (kwitnienie).
Po zakonczeniu zbioréw przeprowadzono dodatkowo ocene ditugosci tuszczyn oraz ilosci
nasion w tuszczynach. Wszystkie wymienione analizy prowadzono na dziesigciu losowo
wybranych roslinach w obrgbie kazdego genotypu za wyjatkiem oceny koloru kwiatéw, ktora
ze wzgledu na duzg zmienno$¢ w obrebie poszczegdlnych potomstw prowadzono na co

najmniej 50 osobnikach.
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Aby okresli¢ wptyw genotypu na obserwowang zmiennos¢ fenotypowsa wykorzystano
analizy statystyczne, tj. test Shapiro-Wilka oraz analiz¢ jednoczynnikowa ANOVA. Ponadto,
okreslenie wspotczynnikéw korelacji umozliwito wyznaczenie zalezno$ci pomiedzy cechami
morfologicznymi. Genotypy mieszancowe pogrupowano na podstawie odleglosci euklidesowe;j
i analizy skupien. Wyznaczono réwniez zaleznosci pomigdzy cechami fenotypowymi i

markerami SSR na podstawie analizy regresji (Bocianowski i in., 2011).

5.3. Analizy molekularne

5.3.1. Izolacja materiatu genetycznego (Publikacje 3 i 4)

W celu przygotowania materiatu roslinnego do badan molekularnych, wybrane
genotypy zostaly wysiane na sterylnych szalkach Petriego wytozonych zwilzong bibutg. Tak
przygotowane nasiona pozostawiono w kontrolowanych warunkach $wietlnych w celu
pobudzenia wzrostu. Catkowite genomowe DNA izolowano z 3-5 dniowych siewek, przy
uzyciu zestawu Genomic Mini AX Plant (A&A Biotechnology) wedlug zataczonej przez
producenta procedury. Otrzymany materiatl genetyczny zawieszono w buforze 10 mM Tris-
HCI, a nastepnie sprawdzono koncentracje DNA 1 jego jako$¢ za pomoca spektrofotometru DS-

11 (DeNovix). Wszystkie proby doprowadzono do jednolitego st¢zenia 50ng/ul.
5.3.2. Molekularna ocena pokrewienstwa genetycznego (Publikacje 3 i 4)

Aby oceni¢ stopien pokrewienstwa pomiedzy 32 potomstwami mieszancowymi
Brassicaceae i dziewietnastoma komponentami rodzicielskimi (wykaz materiatu ro§linnego w
Tab. 1) wykorzystano zestaw pietnastu markeréw SSR wybranych na podstawie danych
literaturowych (Tamura i in., 2005), przy czym sekwencje markerow zostaty opracowane przy
uzyciu metody ISSR-suppresion-PCR z genomu B. rapa. Analizy PCR prowadzono w objetosci
koncowej 12,5ul, a w sktad mieszaniny reakcyjnej wchodzit 1ul DNA pozyskanego podczas
wczesniejszej izolacji, 0,5ul kazdego z pary specyficznych starteréw, 4,25ul H20, oraz 6,25ul
roztworu OptiTaqg Master Mix (EURx) zawierajacego polimerazg¢ DNA OptiTaq,
zoptymalizowany bufor reakcyjny, MgCl,, oraz dNTP. Lancuchowe reakcje polimerazy

prowadzono w zoptymalizowanych warunkach:

— wstepna denaturacja (94°C, 5 minut)

— denaturacja (94°C, 45 sekund)

— przylaczanie starterow (temperatura specyficzna, 45 sekund) 35 cykli
— elongacja (72°C, 90 sekund)

— koncowa elongacja (72°C, 7 minut)
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Temperatury przylaczania kazdej pary starterow opracowano na podstawie ich temperatury

topnienia. Wszystkie reakcje prowadzono w termocyklerze C1000 Touch (Bio-Rad).

Sekwencje wykorzystanych do analiz par starterow oraz temperatury przylaczania

zaprezentowane zostaly w Tabeli 2.

Tabela 2. Sekwencje i temperatury przylaczania starterow wykorzystanych do detekcji

markerow SSR.

Marker SSR

Sekwencje starterow

Temperatura przylaczania

mstg001
mstg004
mstg008
mstg012
mstg013
mstg016
mstg025
mstg027
mstg028
mstg033
mstg034
mstg038
mstg039
mstg042
mstg052

mstg055

F: CAT GAG TTT TCA TAA ATA AAA
R: TAT GCAACT TGT CTT TGA TAT
F: CAT ATATAG CAT GAG TGG TGC
R: CTT AAAGGG CACTCT TTC ATG
F: TCT CTT TGA AAT CTC AAC CCA
R: AGA TGG CAT GTT AAACTG AAC
F: TGATACATAGACTTG GTG GTG
R: CGG CAT TAT CTT GAA CACGTT
F: AGATTT GGC TTA CAC GAC GAC
R: ATATAC CAG GTACCG TCA CTC
F: CGT TAC ATT CGG GTATCA CTA
R: TCATCG AAAGCCTTG TAACTG
F: AGA GGC AGT TAC GTT CAC GTC
R: CAT CGC ACT CGT GTCTCTTTC
F:CTCTTT TGG TCA GCT TCC TCA
R:TTGTTAGTT AGATCC TCG TAG
F: GCC AAG AAG ACG AAG ATT CTC
R: AGG TTC TCG ATT TAG GAA CCG
F:ATGTAAGCATCT TTGATCTGC
R: CTT GAT CTT CCT GAT GTACTC
F:CGACTG GTAATATTC TGATAC
R: CAT GAA AGA CTC TCA AAT CCC
F:GAATGGTGG TTCTTG TGT GTC
R: CAA AGC GAA GCT CTT GAATTG
F:-TACTCGCTCTTGTTG AAG CTG
R: GAC AAT CTT GGA GTC ATC TCG
F: GAT ATT CGA TCC GCT TCG ACA
R: CGA ATATCT CATCCACTT TGT
F: AGT AACATGTTTTCT TTT GTG
R: CAT CAG ATG CTC AAG GAACTT
F: ACA CGC GCC TAT GCA GAA TAC
R: CTT AGC GAT TAC GGT GAA GCC

41°C

47°C

47°C

48°C

50°C

48°C

52°C

48°C

49°C

46°C

46°C

49°C

50°C

49°C

46°C

52°C
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Rozdziat elektroforetyczny produktow PCR prowadzono na zelu agarozowym o
stezeniu 2% (29 agarozy na 100ml buforu TBE 1X) z dodatkiem barwnika Midori Green
Advance (Nippon Genetics) w ilosci 5ul/100ml buforu. W zaleznosci od wielkoSci
rozdzielanych produktow, elektroforeza trwata 1,5-3h, przy staltym napigciu 120V.
Wizualizacja otrzymanych elektroforegramow zostala wykonana w transiluminatorze
Molecular Imager® Gel Doc™ XR System (Bio-Rad), zintegrowanego z programem ImageLab
(Bio-Rad). Wszystkie uzyskane wyniki w formie wzoréw prazkowych analizowano tworzac
binarng macierz danych: dla kazdego markera, oceniano obecnos¢ lub brak produktu PCR o
danej wielkos$ci odpowiednio jako ‘1’ lub 0’. Nastgpnie wykorzystano program Peak Scanner

Software v1.0 (Applied Biosystems) w celu dalszej analizy utworzonego zbioru danych.

Dla kazdego badanego markera obliczono wspotczynnik informacji o polimorfizmie
(ang. PIC, Polymorphic Information Content) aby okresli¢ jego uzytecznos¢ diagnostyczng
(Anderson i in., 1993; Wolko i in., 2014). Podobienstwo genetyczne (ang. GS, Genetic
Similarity) zostato skalkulowane dla kazdej pary markerow wedhlug zatozen Nei i Li (1979). Do
skonstruowania dendrogramu zaleznosci genetycznych z wykorzystaniem metody UPGMA
(ang. Unweighted Pair Group Method with Arithmetic Mean) wykorzystano macierz
podobienstwa, na podstawie ktorej dokonano réwniez analizy glownych sktadowych (ang.
PCA, Principal Component Analysis). Wszystkie analizy wykonano za pomoca
oprogramowania statystycznego GenStat 18.2 (VSN International Ltd.). Analiza AMOVA
umozliwiajgca ocene wariancji pomiedzy i w obrebie grup genotypdéw zostata wykonana przy
uzyciu GenAlEx 6.5 (Peakall i Smouse, 2006). Ponadto, obliczono wspotczynnik utrwalenia

Fst okreslajacy dystans genetyczny.
5.3.3. Molekularna identyfikacja odporno$ci na L. maculans (Publikacja 4)

W kolejnym etapie analiz molekularnych identyfikowano obecnos¢ rejonow
zwigzanych z odpornoscig na L. maculans (jednego ze sprawcow suchej zgnilizny kapustnych)
dla 31 genotypéw mieszancowych Brassicaceae i osiemnastu gatunkéw rodzicielskich
(zgodnie z listg przedstawiong w Tab. 1). Identyfikacj¢ prowadzono za pomoca siedemnastu
markeréw molekularnych wybranych na podstawie literatury (Ferdous i in., 2019; Huang i in.,
2016; Larkan i in., 2013; Plieske i Struss, 2001b; Raman i in., 2012a; Raman i in., 2012b;
Rashid i in., 2018). Wykorzystane do analiz markery byty zwigzane z odporno$cia pionowg jak
i poziomg (Tab. 3). Reakcje amplifikacji przeprowadzono dla kazdej pary starteréw z

uwzglednieniem ich specyficznej temperatury przylaczania, po czym wykonano rozdziat
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elektroforetyczny, ktory umozliwil wizualizacj¢ produktow PCR. Metodyka wykonania tych
dwoch etapéw pozostata taka sama jak przy analizach markerow SSR. Uzyskane

elektroforegramy analizowano pod katem obecnos$ci spodziewanych produktow reakcji.

Tabela 3. Lista markerow wykorzystanych do okreslenia odpornosci na L. maculans, wraz z
sekwencjami i temperaturg przylaczania starterow (Tp) oraz identyfikowanym genem/rejonem

odpornosci.

Identyfikowany  Zrédlo
Marker Sekwencje starterow Tp

gen/rejon

Raman i
F: GTTTCACATATTTTCTCTGTTTATT .
Xbrms075 51°C RIm4 in.,
R: ACCTTAAATGTTAAGTAAGCTAAAC
2012b

SeI14 F: CACCCGGATGGTCGTACGAGGATA 63°C
C O
R: CACCCGGATGCACTTCCTCAAGAT

F: TCTCAGACATAGGRTGCCANGA . )
Fad8 53°C Rejon QTL in.,
R: GTATACGACCTCTCCCNAGNAT
2016

F: TTGGATCATTTTGGCATC
CB10449 54°C
R: TCATCCAGGTAATGTTGTTG

F: TGCCTTTCTCACTTCTTCTCTC .
B5-1520 59°C Rashid i
R: AGCGTCTATGTCGGTCTTTCAA RIMG .
m in.,

F: GTTACAGAGGGTTGTATCTCATTC
B5RIm6_1 55,5°C 2018
R: ACCAGGAGTGGTTAGAAGCTAAT

Huang i

Gen odpornosci  Plieske i
F: TGTTACTGATTGTGCAGAACGCCTTG

pRP1513 65°C zlokalizowany na  Struss,
R: CTGGACGAAATTGACTGTGGTT

genomie B 2001b
F: GCAGACCACTTCAACTTGTAACC
B0l023847 59°C
R: GGGTACTTTAGTCATCTAGCC
F:-TGCCATATGCTCCTTGTGTT
B0l021435 59°C
R: CCGTTTGACTGGTTCGATTC
F:CTTGAGTGGTCTGCACGGTA Rejon na
Bol040029 60°C . Ferdous
R: GCCCATTATAGGCCGAGTTA chromosomie A .
iin.,
F: TGAGCACGATGTTGGAAAAA zawierajacy geny
B0l040038 58°C 2019
R:GGTTATTACCATTGCTTAGTGT odpornosci

F:GGACTTTTCCTCTGCTCGAA
Bol040045 59°C
R: GGATGGACTGATCGGCTTAT

F: TGGGTTGATTAGGGATTTGA
Bol040099 59°C
R: GCTCACCAAGTTCGTCAGGT
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BLRC

F: CTATACCGAACTACACCAAGT

55°C
InDel R: CAGCTCTAGCAACACAACTCC
F: CTTGAAGAGCTTCCGACACC )
Xol12-e03 50,5°C Raman i
R: GACGGCTAACAGTGGTGGAC
Rim1 in.,
Xnal2- F: AGCCTTGTTGCTTTTCAACG
45°C 2012a
a02a R: AGTGAATCGATGATCTCGCC
Larkan i
Ind10-12 F: GGACGGTGTCATGGGTGAATAACAG .
54°C LepR3 in.,
InDel R: CGTTTGTAAAACCGACCTTCA 2013
1

31



6. Wyniki

Rozdzial ten podsumowuje najwazniejsze wyniki uzyskane w toku realizowanych
badan, ktore zostaty opublikowane i wiaczone w cykl publikacji pod wspolnym tytulem
rozprawy ,,Identyfikacja genotypoéw z podwyzszong odpornoscig na wybrane szkodniki i sucha
zgnilizne kapustnych u mieszancéw oddalonych z rodziny Brassicaceae”. Rozdziat zostat
podzielony na podrozdzialy tematyczne, w ktorych zaprezentowane zostaly rezultaty badan

polowych i laboratoryjnych.
6.1. Fenotypowa ocena odpornosci na owady (Publikacja 1 1 2)

W toku badan ustalono, iz genotyp oraz termin badan (a takze ich interakcja) byty
istotnymi czynnikami wptywajacymi na poziom odpornosci na oba badane owady.
Przeprowadzone analizy pozwolily na pordwnanie stopnia odpornosci na mszyce kapusciang
(B. brassicae) oraz $mietke kapusciang (D. radicum) w obrebie oddalonych mieszancéw oraz
odmian rzepaku, a takze pomiedzy tymi grupami. Srednie wartoéci pomiarowe dla
miedzygatunkowych mieszancOw oraz odmian B. napus w trzech latach badan zostaly
przedstawione w formie wykresu (Ryc. 1). W poréwnaniu z odmianami, $rednia odporno$¢
potomstw mieszancowych na B. brassicae byta wyzsza w 2018 (oraz w 2019 bez istotnej
roznicy statystycznej), a odpornos$¢ na D. radicum byta wyzsza we wszystkich latach. Ponadto
zaobserwowano, ze poziom uszkodzen byt zréznicowany w grupie oddalonych mieszancéw i
odmian B. napus, co pozwolito na wyrdznienie 35 genotypoéw 0 podwyzszonej, utrzymujgcej
si¢ przez wszystkie lata badan odpornosci na co najmniej jednego ze szkodliwych owadow (8
potomstw mieszancowych oraz 27 odmian rzepaku). Kombinacje mieszancowe nalezace do
statystycznie najlepszej grupy pod wzgl¢dem odpornosci na Smietke kapusciang przez trzy lata
to B. napus cv. Jet Neuf x B. carinata Pl 649091, B. napus cv. Gorczanski x B. rapa ssp.
pekinensis 08.007574, B. napus cv. Lisek x B. carinata Dodola, B. napus cv. Lisek x B.
fruticulosa P1649099 oraz B. napus cv. Jet Neuf x B. carinata — Pl 649096. Z kolei
potomstwami mieszancowymi, wsrod ktorych zidentyfikowano najwyzsza, utrzymujacg si¢ w
latach badan odpornos¢ na mszyce kapusciang byty B. napus cv. Gorczanski x B. rapa Pak
Choi 08 007574, B. napus cv. Californium x B. oleracea var. alboglabra, B. napus cv.
Californium x B. fruticulosa — P1 649097 oraz B. napus cv. Jet Neuf x B. carinata — Pl 649096.
Nalezy zaznaczy¢, iz do grupy utrzymujacej wysoka odpornos¢ jednoczesnie na B. brassicae

oraz D. radicum przez wszystkie trzy lata badan nalezat miedzygatunkowy mieszaniec B. napus
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cv. Jet Neuf x B. carinata — Pl 649096, oraz odmiany B. napus cv. Galileus oraz B. napus cv.
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Rycina 1. Wykres przedstawiajacy usredniong odporno$¢ oddalonych mieszancow
Brassicaceae oraz odmian rzepaku na mszyce kapusciang (B. brassicae) oraz $mietke

kapus$ciang (D. radicum) w trzech latach badan.
6.2. Ocena zawartos$ci sktadnikoéw mineralnych (Publikacja 2)

Przeprowadzone analizy wskazaty, ze na poziom sktadnikéw mineralnych w tkankach
ro$linnych wpltyw miat zar6wno genotyp, termin badania jak i ich interakcja. Obserwowano
duzg zmienno$¢ zawartosci pierwiastkow u badanych 12 genotypow mieszancoOw oddalonych,
co wiecej zidentyfikowano wystepowanie korelacji migdzy poziomami mikro i
makrosktadnikéw. Wynikiem potaczenia analiz odpornosci na B. brassicae oraz D. radicum z
zawarto$cig sktadnikéw odzywczych byla analiza asocjacyjna, ktora pozwolita na okreslenie
zwigzku pomiedzy cechami. Zaobserwowano negatywna korelacja pomiedzy poziomem Ca 1
odpornoscig na B. brassicae w 2019 roku, pozytywng interakcje pomi¢dzy zawartoscig Cu i
odpornoscig na B. brassicae w 2019 roku, oraz negatywna zalezno$¢ migdzy Ca i odpornoscia
na D. radicum (2019).

6.3. Fenotypowa ocena odpornos$ci na suchg zgnilizne kapustnych (Publikacja 3 1 4)

Analizy prowadzone w kolejnym etapie do$wiadczen polowych umozliwity
Wylonienie 16 genotypéw mieszancowych Brassicaceae, ktore cechowaly si¢ najnizszym

poziomem porazenia W obu terminach obserwacji, a wigc charakteryzowaly si¢ najwyzsza
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odpornoscia na suchg zgnilizng kapustnych sposrod badanych migdzygatunkowych

mieszancow (Tab. 4).

Tabela 4. Genotypy mieszancowe Brassicaceae o najwyzszej polowej odpornosci na suchg

zgnilizne kapustnych (nalezace do statystycznie najlepszej grupy w obu terminach obserwacji).

Numer Poziom
Kombinacja krzyzowania porazenia %
genotypu” (termin 1/11)
2 B. napus cv. Jet Neuf x B. rapa ssp. pekinensis 08 007574 5/6
3 B. napus cv. Jet Neuf x B. carinata Pl 649091 0/3
7 B. napus cv. Lisek x S. alba cv. Bamberka 4/4
11 B. napus cv. Gorczanski x B. rapa Pak Choi 08, 007574 7/8
15 B. napus cv. Californium x S. alba cv. Bamberka 0/3
16 B. napus cv. Jet Neuf x S. alba cv. Bamberka 0/3
17 B. napus cv. Lisek x B. carinata Dodola 0/3
18 B. napus cv. Californium x B. fruticulosa - P1649097 0/4
19 B. napus cv. Lisek x B. fruticulosa - P1649097 0/5
20 B. napus cv. Lisek x B. fruticulosa - P1649099 0/5
21 B. napus cv. Jet Neuf x B. carinata - Pl 649094 0/4
22 B. napus cv. Jet Neuf x B. carinata - Pl 649096 0/3
27 B. napus cv. Zhongshuang9 x B. rapa ssp. pekinensis 08 006169 3.33/9
28 B. napus MS8 line x B. rapa ssp. pekinensis 08 006169 1 4/6
29 B. napus MS8 line x B. rapa ssp. pekinensis 08 006169 2 6/6
30 B. napus MS8 line x B. rapa ssp. pekinensis 08 006169 3 6/6

“numeracja genotypow zgodna z Tabelg 1.

6.4. Polowa ocena wybranych cech morfologicznych (Publikacja 4)

W toku badan zaobserwowano istotne zréoznicowanie pomiedzy poziomem badanych
cech morfologicznych u badanych migdzygatunkowych mieszancow. Sposrod analizowanych
31 kombinacji wigkszos¢ wyksztatcita zotte kwiaty (23 genotypy), u pigciu stwierdzono
dodatkowy udzial biatych kwiatow nie przekraczajacy 25%, a u czterech kombinacji
wystepowaly procz zoltych rowniez biale kwiaty (ogoélny udziat nie wigkszy niz 5%). U

siedmiu badanych genotypow stwierdzono obecnos¢ fioletowych pedow (udziat 25-100%),
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ponadto u wigkszosci (28 z 31) potomstw mieszancowych wystepowaly tylko zielone liscie.
Zjawisko protogynii zauwazono tylko u pojedynczych osobnikow czterech potomstw
mieszancowych rzepaku z B. rapa (B. napus cv. Gorczanski x B. rapa ssp. chinensis, B. napus
cv. Lisek x B. rapa Pak Choi 08 007574, B. napus cv. Gorczanski x B. rapa Pak Choi 08
007574 oraz B. napus cv. Gorczanski x B. rapa ssp. pekinensis 08.007574). Wysokie
zréznicowanie zauwazono réwniez dla dwoch cech badanych po zbiorach tuszezyn,
mianowicie $rednia dtugo$¢ strgkow wahata si¢ od 49 do 97 mm, a ilo$¢ nasion w pojedynczych

huszczynach wynosita od 5 do nawet 34 sztuk.

Dla wszystkich par cech przeprowadzono analiz¢ korelacji, przy czym dodatnig
zalezno$¢ stwierdzono dla par: protogynia — dlugosc¢ tuszczyn, ilo$¢ nasion — dtugo$é tuszezyn.
Ujemng zalezno$¢ zaobserwowano dla par: zotte kwiaty — bladozotte kwiaty, zielone pedy —

fioletowe pedy.

Ponadto, wykonane badania asocjacyjne pomig¢dzy cechami morfologicznymi i
markerami SSR pozwolity na powigzanie wiasciwosci fenotypowych z zamplifikowanymi
rejonami genomu. W ten sposob zidentyfikowano 22 allele zwigzane z co najmniej jedng z
cech. Najsilniejszy zwigzek wystepowal pomigdzy markerami mstg004 (allel o wielko$ci
300pz) i mstg027 (allel o wielkosci 500pz) a procentowym udziatem bladozottych kwiatow.

Oba te markery wyjasnialty zmienno$¢ cechy na poziomie 44,5%.
6.5. Molekularna ocena pokrewienstwa genetycznego (Publikacja 3)

Warto podkresli¢, iz zastosowanie pietnastu wyselekcjonowanych na podstawie
literatury markeréow typu SSR umozliwito okre$lenie zrdéznicowania genetycznego pomigdzy
oddalonymi mieszancami i komponentami rodzicielskimi. Analiza elektroforegramow
pozwolita na identyfikacj¢ tacznie 98 alleli polimorficznych i dwoch alleli monomorficznych.
Najliczniejszy wzor prazkowy (15 alleli) wygenerowat marker mstg039, ponadto dla 13
markeréw odnotowano obecno$¢ wytacznie prazkéw polimorficznych. Oceniono réwniez
uzyteczno$¢ zastosowanych markerow SSR. Wartosci PIC zawieraty si¢ w zakresie od 0,594

do 0,989, co wskazuje na ich wysoka przydatnos¢.

Na podstawie analizy UPGMA podzielono badane genotypy na dziewigé grup w
zalezno$ci od ich pokrewienstwa. Najwigkszy stopien podobienstwa wyznaczono wynoszacy
0.97 wyznaczono dla dwoch miedzygatunkowych mieszancéw rzepaku —odmiany
Zhongshuang9 z B. rapa ssp. pekinensis. Najmniejsza miar¢ podobienstwa odnotowano dla

gatunkoéw B. carinata i B. fruticulosa (0,22). Na podstawie macierzy podobienstwa i analizy
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PCA stworzono diagram podsumowujacy dystans pomigdzy genotypami i procent zmiennosci

wyjasniony przez markery molekularne — pierwsze dwa komponenty sktadowe wyjasnity

tacznie 31,54% wariancji markerow SSR (Rycina 2).

+*7M

+16M

1.89 432
w
ot
) *11G
1.39 4 ||” *8G
@]
*6M =W
*14M
oo b 8 *12G
191 *10G
*11M *20M
M #41R e15m *156
a2sM BMER o e1m +12 *18M *13G .
o S 3IM ey t13M 0.39 | #28M -
24 4R *27M *71G
&M $BIM 9m SM PC =16.69%
¢ — ¥ — . . . :
-1.88 —I,}XSSR -0.88 -0.38 =0.11 1 0.12 (1‘32 1.12 1.62 2.12 2.62
14G
=0.61 4
*10M
=111 4
=1.61 4
*2G  e3M
211 A *1G
*21M .
oot = P
.
=2.6194G LaS

Rycina 2. Diagram UPGMA, przedstawiajacy dystans genetyczny pomigdzy genotypami oraz

procent zmienno$ci wyjasniony przez markery molekularne. Numeracja zgodna z Tab. 1., przy

czym zastosowano oznaczenia literowe: M — mieszaniec oddalony, R — odmiana rzepaku, G —

gatunek Brassicaceae.

6.6. Molekularna identyfikacja odpornosci na L. maculans (Publikacja 4)

W celu identyfikacji rejonow zwigzanych z odpornoscia na L. maculans wsrod

mieszancow oddalonych Brassicaceae i komponentow rodzicielskich wybrano 17 markerow.

Dla wszystkich identyfikowanych markeréw podj¢to proby jak najlepszego zoptymalizowania

reakcji poprzez nanoszenie zmian w profilach reakcji. Mimo tego, produkty PCR otrzymano w

przypadku 12 z 17 par specyficznych starterow. Wyniki przeprowadzonych analiz

podsumowano w Tabeli 5.
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Tabela 5. Lista dwunastu markerow wraz z wielkoscig amplifikowanego produktu i iloscia

genotypow dla ktorych otrzymano produkt.

Ilo$¢ genotypow u ktorych
Wielkos$¢ uzyskanego
Marker 3 zaobserwowano produkt
produktu reakcji B
reakcji
Scli4 700pz 39
CB10449 280pz 38
83pz /83pz i 150pz * 18
PRP1513 pe 1E=p P
150pz 2 2
B0l023847 789pz 32
1213pz*t 6
Bol040029
1300pz 2 7
Bol040038 899pz 20
960pz 127
Bol040045
750pz 1
Bol040099 1145pz 27
305pz ! 26
BLRC InDel
433pz 2 1
128pz 8
Xol12-e03 128pz i 214pz 39
177pz 1
193pz 1/ 191pz i 162pz Y/
Xnal2-a02a ] 49
158pz i 172pz ?
506pz ! 32
Ind10-12
794pz 2 4

! wynik oznacza obecno$¢ identyfikowanego przez marker genu/rejonu odpornosci

2 wynik oznacza brak identyfikowanego przez marker genu/rejonu odpornosci

Dla cze$ci markeréw zaobserwowano produkty odmienne od spodziewanych — tak jak
w przypadku markera Bol040045 opisywanego jako monomorficzny (Ferdous i in., 2019), dla
ktorego uzyskano w jednej probie produkt o wielkosci ok. 750pz zamiast 960pz. Ponadto dla
markera Xol12-e03 wzory prazkowe byly inne od oczekiwanych, gdyz wedtug literatury o
obecnosci genu RIml $wiadczy uzyskanie produktu PCR wielkosci 214pz, a o0 jego braku

produkty wielkosci 128pz i 177pz (Raman i in., 2012a). Podobna sytuacj¢ zaobserwowano dla
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markera Xnal2-a02a, dla ktorego produkty PCR miescity si¢ w oczekiwanych warto$ciach,

lecz ich odréznienie bylo niemozliwe.
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7. Dyskusja

Obecnie, programy hodowlane rzepaku skupiajg si¢ na otrzymywaniu odmian 0
udoskonalonych cechach uzytkowych zapewniajacych stabilne plonowanie oraz wysoka jako$¢
plonu, a takze na zapewnieniu odpornosci roslin na stresy abiotyczne i biotyczne, w tym na
szkodniki i choroby. Hodowcy rzepaku tworzg odmiany korzystajac z dostepnej zmiennoS$ci
genetycznej, identyfikujac i selekcjonujac komponenty hodowlane pod wzgledem pozadanych
cech. Podstawowa metodg, ktora moze prowadzi¢ do wytworzenia nowych gatunkow albo do
miedzygatunkowej introgresji  genoéw  jest krzyzowanie miedzygatunkowe. Ten
rozpowszechniony w przyrodzie proces moze zosta¢ wykorzystany do ukierunkowanego
ulepszania roslin w rolniczych systemach hodowlanych. Nalezy podkresli¢, Ze istnieje
konieczno$¢ wzbogacania puli genowej rzepaku o nowg zmienno$¢ genetyczng. Ta potrzeba
wynika z faktu, ze przez lata prowadzono intensywng selekcje wzgledem cech jakosciowych
plonu, co z kolei doprowadzito do silnego zawezenia puli genetycznej B. napus (Shiranifar i
in., 2020). Rodzina Brassicaceae obfituje w dzikie i uprawne gatunki o zréznicowanych
cechach uzytkowych, ktéore moga sta¢ si¢ zrodlem nowej zmiennos$ci genetycznej. Jednakze
wprowadzanie nowych genow z pokrewnych gatunkéw jest procesem znacznie bardziej
skomplikowanym niz proste krzyzowanie mi¢dzy odmianami rzepaku. Mimo duzego poziomu
trudnosci prowadzenia hodowli miedzygatunkowej, w dtuzszej perspektywie jest to wlasciwa
strategia prowadzaca do zwigkszania plonow roslin uprawnych (Rahman, 2013), dlatego tez
niniejsza rozprawa podejmuje tematyke identyfikacji oddalonych mieszancow Brassicaceae o
podwyzszonej odpornosci na szkodniki i choroby. Jest to istotny etap na drodze do poszerzania

zasobow genowych rzepaku.

W pierwszym etapie badan realizowanych w ramach pracy doktorskiej potwierdzono,
iz mieszance miedzygatunkowe Brassicaceae posiadaja podwyzszona odporno$¢ na D.
radicum i B. brassicae, co jest zgodne z zatozong hipoteza badawczg pracy. W wyniku
prowadzonych obserwacji zidentyfikowano osiem kombinacji mieszancowych o stabilnej na
przestrzeni trzech lat badan odpornosci, przy czym na szczegdlng uwage zastuguje B. napus cv.
Jet Neuf x B. carinata Pl 649096 — genotyp utrzymujacy odporno$¢ na oba analizowane
szkodliwe owady. Warto tez podkresli¢, ze inne potomstwa mieszancowe, ktorych rodzicem
byta B. carinata rowniez wykazywaty wysoki poziom odpornosci, cho¢ nie we wszystkich
latach. Podobne obserwacje zostaly opisane przez zespot kanadyjskich badaczy, gdzie

odporno$¢ B. carinata byla relatywnie wysoka, ale wahata si¢ istotnie migdzy latami badan
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(Dosdall i in., 2000). Wytlumaczeniem takiego zjawiska moze by¢ wpltyw srodowiska (roku
badan) na odporno$é, co potwierdza przeprowadzona analiza wariancji. Dynamika rozwoju
populacji owadow moze by¢ modyfikowana przez temperature, wilgotnos¢, opady oraz inne
rodzaje stresu abiotycznego i biotycznego (Hervé, 2018; Ladanyi i Horvath, 2010). Mnogos¢
interakcji pomigdzy $rodowiskiem i genotypem moze wigc znacznie utrudnia¢ poszukiwania

odpornych genotypow.

Oprécz miedzygatunkowych mieszancow, odporno$¢ na szkodniki analizowano
rowniez wsrod zarejestrowanych odmian rzepaku. W ich przypadku takze znaleziono
obiecujace zrodta odpornosci, ktore teoretycznie mozna wykorzysta¢ w dalszej hodowli.
Nalezy jednak wzigé pod uwage wspomniang wczesniej konieczno$¢ wzbogacania puli
genowej rzepaku o nowg zmienno$¢ genetyczng. W zwigzku z tym, dobrym rozwigzaniem
wydaje si¢ by¢ dywersyfikacja zrodet odpornosci i ich piramidyzacja, poprzez tgczenie
zidentyfikowanej wsrod zarejestrowanych odmian B. napus odpornosci na suchg zgnilizne

kapustnych z odpornoscig pozyskang z pokrewnych gatunkow Brassicaceae.

Jak wczesniej podkreslono, odpornos¢ roslin na owady moze by¢ zalezna od
warunkow srodowiskowych. Dlatego tez, w kolejnym etapie badan analizowano zwigzek
pomig¢dzy zawartoscig sktadnikow mineralnych w roslinach Brassicaceae a odpornos$cig na D.
radicum i B. brassicae. Badania te mialy na celu odkrycie dodatkowych czynnikoéw
wplywajacych na genetyczng odpowiedz odpornosciows. Zatozono, iz rosliny o optymalnym
poziomie odzywienia powinny by¢ mniej podatne na uszkodzenia, co udalo si¢ czesciowo

potwierdzic.

W toku prowadzonych analiz zaobserwowano negatywny zwigzek pomiedzy
akumulacjg Ca i odporno$cig na $§mietke kapusciang i mszyce kapusciang. Wapn jest wtornym
przekaznikiem uczestniczacym w transferze sygnatow ze srodowiska, rowniez tych zwigzanych
z odpowiedzig na zagrozenie (Lecourieux i in., 2006). W reakcji na rézne bodzce, w tym
$wiatto, grawitacjg, stresy abiotyczne i biotyczne oraz hormony, cytozolowe oraz jadrowe
stezenie jonow wapnia w ro$linach gwattownie wzrasta (Pauly i in., 2000; Reddy, 2001).
Sygnaty przekazywane przez wapn oraz aktywowang przez wapn kalmoduling moduluja
aktywnos$¢ biatek odpowiedzialnych m.in. za transport jonow, struktur¢ komorkowa, ekspresje
genow, co prowadzi do odpowiedzi fizjologicznej — np. $mierci komorki, zahamowania
wzrostu lub tolerancji na stres (Yang i Poovaiah, 2003). Na podstawie badan bedacych

przedmiotem pracy doktorskiej stwierdzono jednak, ze w niektorych przypadkach zwigkszona
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zawarto$¢ wapnia wplynela negatywnie na odpornos¢ roslin, a doktadniej wigzato si¢ to z
obserwacja wiekszych uszkodzen powodowanych przez D. radicum i B. brassicae. Ten
fenomen mozna wytlumaczy¢ toksycznoscig nadmiaru Ca badz stresem osmotycznym (White
i Broadley, 2003), ktory zaburzyt wzrost roslin, a przez to uposledzit ich zdolnos¢ odpowiedzi
na szkodliwe owady.

Kolejnym waznym sktadnikiem mineralnym, ktdrego zasobno$¢ analizowano w
trakcie prowadzonych badan byla miedz. Ten pierwiastek jest elementem strukturalnym
niektorych biatek ztozonych (metaloprotein), biorgcych udziat w transporcie elektronéw w
chloroplastach 1 mitochondriach, a takze w odpowiedzi roslin na stres oksydacyjny. Jony Cu
dzialaja jako kofaktor w enzymach, a na poziomie komorkowym miedZ odgrywa istotng role
miedzy innymi w metabolizmie $ciany komorkowej, oraz sygnalizacji w mechanizmach
transportu biatek transkrypcyjnych, fosforylacji oksydacyjnej i mobilizacji zelaza (Yruela,
2009). Pierwiastek ten jest ponadto wykorzystywany w srodkach ochrony roslin — fungicydach
i bakteriocydach (Torre i in., 2018). Na podstawie przeprowadzonych badan wykazano, ze W
pewnych przypadkach zwiekszona ilos¢ miedzi w tkankach roslinnych moze lgczy¢ sie z
odporno$cig na mszyce kapusciang, co mogloby potencjalnie $wiadczy¢ o wplywie tego

pierwiastka na kolejng - poza bakteriami i grzybami — grupe organizmow.

Dla pozostatych analizowanych sktadnikow odzywczych nie zauwazono istotnych
zwigzkéw z odpornoscig na D. radicum i B. brassicae, co czesciowo potwierdzajg rowniez
obserwacje prowadzone przez innych autoréw. Przyktadowo, w badaniach Mochiah i in.,
stwierdzono, ze zwigekszone nawozenic NPK oraz obornikiem drobiowym nie wplyneto w
sposOb istotny na wystepowanie B. brassicae (Mochiah i in., 2011). Z drugiej strony,
wykazano, ze zwigkszone dawki azotu moga pozytywnie wptywac na zdolno$¢ rozrodczg tego
owada, cho¢ nadmierne nawozenie azotem obniza ptodno$¢ mszyc kapuscianych (Chesnais i
in.,, 2016). W przypadku siarki natomiast, standardowa i podwoéjna dawka nawozenia
zwigkszylta ilos¢ i wielko$¢ osobnikow D. radicum Zzerujacych na rzepaku (Marazzi i Stadler,
2005).

Niewielka ilo$¢ zidentyfikowanych korelacji pomiedzy zawartoscia sktadnikow
mineralnych i odpornoscia na $mietke kapusciang i mszyce kapusciang, wskazuje na mozliwe
znaczenie wielu innych czynnikéw, w tym czynnika genetycznego. Optymalne odzywienie
roslin jest niezwykle istotne i jak wykazano moze wpltywa¢ na odpowiedz roslin na obecno$¢

agrofagow, jednak kluczowe jest zapewnienie dobrej bazy genetycznej odpornosci. Idealnym
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rozwigzaniem wydaje si¢ taczenie aspektow srodowiskowych (kontrola nawozenia i warunkow
gleby) z doborem odpornych odmian, co wpisuje si¢ w koncepcje zrownowazonego rolnictwa.
Podsumowujac, zaobserwowane w trakcie realizacji badan korelacje pomigedzy czynnikami
pozagenetycznymi (rok badan i poziom odzywienia) oraz odpornoscia na szkodliwe owady

potwierdzaja zatozong hipoteze badawcza niniejszej rozprawy.

Kolejnym etapem prowadzonych prac byta polowa ocena odpornosci badanych
kombinacji mieszancowych na suchg zgnilizng kapustnych. Na podstawie otrzymanych
wynikow stwierdzono, iz poziom porazenia byl zroznicowany pomiedzy genotypami, a
ponadto przeprowadzona ocena umozliwita selekcje Szesnastu najlepszych pod katem
odpornosci miedzygatunkowych mieszancow. Wszystkie analizowane genotypy, ktorych
komponentem ojcowskim byly gatunki B. carinata, B. fruticulosa lub S. alba charakteryzowaty
si¢ najnizszym poziomem porazenia. Mozna wigc wnioskowaé, ze to wilasnie te gatunki
powinny sta¢ si¢ obiektem szczegdlnej uwagi hodowcow, gdyz mogg zawiera¢ cenne geny
odporno$ci ktore przyczynig si¢ do ograniczenia wystepowania choroby. Badania innych
autorow w pelni potwierdzaja to przypuszczenie (Marcroft i in., 2002; Niemann i in., 2016;
Rimmer i van den Berg, 1992). Jak wspomniano w rozdziale wczeséniejszym tej pracy, sucha
zgnilizna kapustnych moze istotnie ograniczy¢ wielkos$¢ plonu, ale co wazne moze tez wplynaé
na jego jakos¢. Genetyczne korelacje cech przeprowadzone na przestrzeni lat wykazaty, ze
porazenic przez sprawce suchej zgnilizny kapustnych wplywa na poziom kwasow
tluszczowych nasion, ktory jest istotnym parametrem oleju uzywanego w gastronomii (Fikere

i in., 2020).

Odpornos¢ pionowa na L. maculans podlega interakcji genowej, w ktorej kazdemu
genowi rosliny R odpowiada gen awirulencji Avr patogena (Howlett, 2004). Jak zauwazono juz
wczesniej, tylko pie¢ gendéw rasowo-specyficznych zostalo dotychczas sklonowanych,
pozostate nie sa w pelni scharakteryzowane. Z racji tego, ze do ich pierwotnej identyfikacji
uzywano réoznych systeméw markerow (Neik i in., 2017), prawdopodobnym jest, iz niektore z
nich sg zduplikowane (tj. ten sam gen opisany jako dwa rézne). Jest to dodatkowym
utrudnieniem dla hodowcow, poniewaz moze wystapi¢ sytuacja w ktorej korzystaja z tego
samego zrodta odpornosci przez kilka lat mimo zmiany odmiany rzepaku. Proces ten moze
przyspieszy¢ zjawisko wyksztatcania si¢ odpornosci patogenu. Ten powazny problem moze
by¢ stopniowo rozwigzywany poprzez poszukiwanie 1 wprowadzanie odpornosci ze
zroznicowanych zrodet — pokrewnych rzepakowi gatunkow rodziny Brassicaceae (Amas i in.,
2021).
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Podsumowujac, po przeanalizowaniu otrzymanych wynikéw dotyczacych odpornosci
na D. radicum, B. brassicae oraz Leptosphaeria spp., zidentyfikowano jeden genotyp, ktory
utrzymywal si¢ w statystycznie najlepszych grupach odpornosci zaréwno na szkodniki jak i na
analizowang chorobe we wszystkich latach badan. Jest to migdzygatunkowy mieszaniec B.
napus cv. Jet Neuf x B. carinata Pl 649096. Warto zauwazy¢, ze potencjal B. carinata jako
donora istotnych cech zostal juz wczesniej potwierdzony przez innych badaczy. Wybrane
genotypy tego gatunku mogag by¢ zrédtem odpornosci zaréwno na zgnilizng twardzikowsa
(Navabi i in., 2010), czarng zgnilizng kapustnych (Tongug i1 Griffiths, 2004), a takze sucha
zgnilizne kapustnych (Subramanian i in., 2005) i $mietke kapusciang (Dosdall i in., 2000).
Wiaczenie gatunku B. carinata do krzyzowan oddalonych z komercyjnymi odmianami rzepaku
okazato si¢ by¢ skuteczng metodg wprowadzenia kompleksowej odpornosci na stres biotyczny,

co spetnia zatozenia tej pracy | potwierdza zaktadang hipoteze rozprawy.

Kolejnym etapem badan prowadzonych w ramach pracy doktorskiej byty analizy
molekularne testowanego materiatu roslinnego, ktore po pierwsze miaty umozliwi¢ oceng
zroznicowania genetycznego potomstw mieszancowych Brassicaceae oraz komponentow
rodzicielskich, a ponadto umozliwi¢ wykazanie przydatnosci wybranego zestawu markeroéw
genetycznych do tego typu badan. Mimo, ze wykorzystane do tego celu markery SSR zostaty
opracowane na bazie gatunku B. rapa zawierajacego tylko genom A, udowodniono ich
przydatnos¢ dla mieszancow Brassicaceae o zroznicowanej kompozycji genomowej. Bylo to
mozliwe najprawdopodobniej dzieki obecnosci rejondw konserwatywnych w genomie réznych
gatunkow rodziny Brassicaceae (Suwabe i in., 2004), oraz dzieki licznej obecnosci rejonow

mikrosatelitarnych i ich duzemu polimorfizmowi pomiedzy gatunkami (Thakur i in., 2017).

Wiadomym jest, iz na podstawie obliczonego wspoiczynnika informacji o
polimorfizmie mozna okresli¢ przydatno$¢ markera molekularnego do badania pokrewienstwa
lub oceny zaleznosci (Serrote i in., 2020). W niniejszej pracy dla dwunastu markeroéw
molekularnych (mstg001, mstg004, mstg008, mstg012, mstg025, mstg028, mstg033, mstg038,
mstg039, mstg042, mstg052, oraz mstg055) wartos¢ wspotczynnika PIC wynosita ponad 0,7
co $wiadczy o ich wysokiej uzytecznosci W detekeji zréznicowania genetycznego (Berg i

Singer, 1992).

Zgodnie z zatozeniami pracy, analiza materialu badawczego przy wykorzystaniu
zestawu markeréw SSR wspierana przez metody statystyczne pozwolita na okreslenie dystansu

genetycznego pomigdzy genotypami, jednak niektore wyniki okazaly sie¢ zaskakujace. B. rapa
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ssp. chinensis (COBORU) oraz B. fruticulosa Pl 649097 nie wykazaly silnego zwiazku z swoim
potomstwem oraz z innymi osobnikami z tego samego gatunku, zar6wno przy uzyciu analizy
UPGMA jak i PCA. Niski poziom pokrewienstwa pomiedzy przedstawicielami gatunku mozna
wytlumaczy¢ réznym pochodzeniem geograficznym (Das i in., 1999), z kolei w przypadku
rodzica i mieszanca przyczyng moze by¢ duzy udzial chromosomoéw drugiego rodzica w
genomie potomka. W podobny sposoéb mozna wytlumaczy¢ zidentyfikowanie wysokiego
podobienstwa genetycznego pomiedzy parami B. napus cv. Lisek x B. fruticulosa - P1649099 i
B. napus cv. Californium x S. alba cv. Bamberka, oraz B. napus MS8 line x B. rapa ssp.
pekinensis 08 006169 i B. napus cv. Jet Neuf x B. oleracea var. alboglabra. Ich komponenty
ojcowskie prezentujg catkowicie odmienng strukture genomowa, a mimo tego wyznaczono
migdzy nimi maly dystans genetyczny. Tak jak powyzej, przyczyng moze by¢ nierowne
odziedziczenie liczby chromosomow od obojga rodzicéw, z przewaga genomu B. napus.
Wyjasni¢ to mozna przez fakt, ze rzepak posiada genom AACC, a jak wspomniano wczesniej,

markery molekularne zostaty opracowane na bazie gatunku zawierajacego tylko genom A.

Analiza wynikow otrzymanych na podstawie przeprowadzonych badan
molekularnych wykazata ponadto, ze podobienstwo genetyczne badanych w niniejszej pracy
genotypow miescito si¢ w przedziale 0,22 do 0,97. Szeroki obserwowany zakres podobienstwa
$wiadczy o zroznicowaniu i niejednorodnosci rodziny Brassicaceae, co potwierdzajg badania
innych autorow, ktérzy analizowali pokrewienstwo pomiedzy rdéznymi przedstawicielami

ro$lin kapustnych (Kumari i in., 2009; Westman i Kresovich, 1999).

Kontynuacjag badan dotyczacych podobienstwa genetycznego roslin, bylo
przeprowadzenie polowych ocen wybranych cech morfologicznych, ktére nastepnie
skorelowano z markerami SSR. Wedtug Yu i in., obserwacje fenotypowe roslin mogg by¢
przydatne w okreslaniu pokrewienstwa genotypéw, choc istotny jest tez wptyw warunkéw

srodowiskowych na otrzymywane wyniki (Yu i in., 2005).

W wyniku przeprowadzonych obserwacji dotyczacych morfologii roslin
Brassicaceae, wykazano istnienie korelacji pomiedzy czterema parami cech. Trzy z nich, tj.
dhugos¢ tuszczyn 1 ilo§¢ nasion w luszczynie, procentowy udziat zottych i bladozoltych
kwiatow, oraz procentowy udziat zielonych i fioletowych pedow nie sg zaskoczeniem. Jednak
wykazany silny zwigzek pomigdzy wystgpowaniem zjawiska protogynii i dtugoscia tuszczyn

jest niespodziewany, gdyz dotychczas nie opisywano w literaturze zwigzku pomiedzy tymi
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cechami. Protogynia jest jednym z mechanizméw zapobiegania samozapyleniu (Friedman i

Barrett, 2009), a jego korelacja z dtugoscig torebki nasiennej jest nieoczywista.

W efekcie przeprowadzonych badan majacych na celu korelacje obserwowanych cech
z wynikami analiz molekularnych zidentyfikowano 22 markery SSR zwigzane z
charakterystykami morfologicznymi. Dwa markery (mstg004 i mstg027) generowaty prazki
wyjasniajgce w ponad 40% wystepowanie biatych i zottych kwiatow. Z danych literaturowych
wynika, ze mechanizmy kontrolujace kolor kwiatéw nie sa w pelni rozpoznane, cho¢ udato si¢
zidentyfikowaé pojedyncze geny u B. rapa i B. carinata zwigzane odpowiednio z
wystepowaniem biatych i zottych kwiatow (Zhang i in., 2020; Zhang i in., 2018). W przypadku
innego markera (mstg038), potwierdzono jego korelacj¢ z wystgpowaniem fioletowych pedow.
Barwa pedu zwigzana jest z wystepowaniem antocyjanin 1 jest kontrolowana zaré6wno przez
geny gtéwne jak i loci cech ilosciowych (Li i in., 2019; Tang i in., 2017). Jednak na podstawie
przeprowadzonych badan nie mozna stwierdzi¢ z jakim rejonem lub genem s3a zwigzane
powyzsze markery. Mimo tego, zgodnie z zatozong hipoteza badawcza pracy, moga one by¢
uzyteczne w prowadzeniu selekcji pod katem opisanych cech. Nalezy jednak pamigtac, ze
cechy morfologiczne mogg by¢ modyfikowane przez czynniki $rodowiskowe takie jak np.

dostepnos¢ wody (EI-Soda i in., 2014; Khalid i in., 2010; Song i in., 1995).

Podczas kolejnego etapu analiz prowadzonych w ramach rozprawy doktorskiej,
testowano markery zwigzane z rejonami genomu odpowiadajgcymi za odpornos¢ na L.
maculans na grupie mieszancoOw oddalonych i gatunkow Brassicaceae. Podstawowym celem
tego badania nie byta identyfikacja konkretnych genéw, lecz ocena przydatnosci markerow

wybranych na podstawie danych literaturowych w prowadzeniu selekcji.

W przypadku niektorych markeréw obserwowano wystepowanie niespecyficznych
produktow, badz tez produktow PCR, ktére byly potaczeniem wzoru prazkowego
oczekiwanego zaréwno dla podatnej jak i odpornej rosliny. Produkty niespecyficzne moga by¢
efektem niewystarczajacej specyficznosci starterow, ktore przylaczytly sie w wielu miejscach
genomu (Shigemori i in., 2005). Przyczyng otrzymania innych niz oczekiwane produkty moze
by¢ takze korzystanie z innego materialu badawczego. Markery Xol12-e03 oraz Xnal2-a02a
byly pierwotnie testowane na liniach podwojonych haploidow rzepaku, z kolei marker Ind10-
12 walidowano na genotypach powstatych z krzyzowania wstecznego B. napus (Larkan i in.,
2013; Raman i in., 2012a). Genotypy mieszancowe charakteryzuja si¢ zdecydowanie wigkszym

zroznicowaniem genomowym, co moglo wplyna¢ na uzyskane wyniki. Mimo tego, w
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przypadku markeréw Bo0l050029, BLRC InDel, Ind10-12 oraz pRP1513 udato si¢
zidentyfikowa¢ osobniki zawierajace gen/rejon odpornosci, cho¢ nie dla wszystkich genotypow
obserwowano produkt amplifikacji. Wedlug niektorych autoréw (Ferdous i in., 2019), marker
Bol040045 zwigzany z loci odpornosci na chromosomie A, nie umozliwia wykrycia
polimorfizmu amplifikowanego regionu. Jednak w toku prowadzonych badan udato si¢ wykry¢
produkt o innej niz spodziewana wielkosci dla S. alba, cho¢ prazek nie pojawit si¢ u genotypow
potomnych. Przyczyng zaobserwowanego polimorfizmu moze by¢é roznica w sekwencji
flankowanego przez specyficzne startery fragmentu genomu. Mozliwe, ze jest to zwigzane
bezposrednio z odpornoscig genotypu na L. maculans, cho¢ to przypuszczenie nalezaloby
potwierdzi¢ na podstawie dalszych badan, np. sekwencjonowania polimorficznego produktu
PCR.

Podsumowujac, analizy molekularne wykonane na genotypach o zrdznicowane;j
kompozycji genomowej, umozliwity ocene przydatnosci dostepnych w literaturze markerow w
selekcji mieszancow oddalonych pod katem wystepowania genéw odpornosci. Choé¢ zbadane
markery mozna oceni¢ jako potencjalnie uzyteczne, to niezbedne sg dalsze badania, ktoére

bezsprzecznie potwierdzg ich skutecznos¢.

Zaprezentowane w niniejszej rozprawie doktorskiej wyniki sg zbiorem istotnych
danych na temat odporno$ci miedzygatunkowych mieszancow na D. radicum, B. brassicae i
Leptosphaeria spp., oraz dostarczaja informacji na temat sposobow prowadzenia efektywnej
analizy cech fenotypowych i genotypowych. Hodowla odpornosciowa jest skuteczng i
przyjazng srodowisku metodg ochrony rzepaku przed szkodliwymi czynnikami biotycznymi, a
wigczenie do procesu hodowlanego mieszancéw oddalonych Brassicaceae o zweryfikowanej,
podwyzszonej odporno$ci na szkodniki i choroby moze skutkowaé otrzymaniem nowych
udoskonalonych odmian. Ponadto, uprawa odpornych na agrofagi roslin, moze poméc w
ograniczeniu wykorzystywania insektycydow i fungicydéw zgodnie z obecnymi wymogami
prawnymi i tendencjami spotecznymi. Nalezy rowniez podkresli¢, iz wsparcie hodowli
metodami molekularnymi moze znacznie przyspieszy¢ selekcje genotypow pod wzgledem ich
odrgbnosci genetycznej i cech uzytkowych, co umozliwi szybsza reakcje na potrzeby rynku

nasiennego poprzez skrocenie procesu otrzymywania nowych odmian.
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8. WhnioskKi

W toku prowadzonych badan udato si¢ zrealizowac wszystkie zalozone cele. Ponizej

wypunktowano najwazniejsze wnioski podsumowujace wyniki otrzymane w trakcie realizacji

pracy doktorskiej.

1.

Zastosowanie krzyzowania mig¢dzygatunkowego jest skutecznym  sposobem
wzbogacania puli genowej rzepaku o nowe zrodta odpornosci.

Wsrod analizowanych potomstw mieszancowych zidentyfikowano pigé kombinacji
mieszancowych 0 utrzymujacej si¢ podwyzszonej odpornosci na $mietke kapusciang
(D. radicum), cztery o podwyzszonej, stabilnej odpornosci na mszyce kapusciang (B.
brassicae) oraz szesnascie potomstw mieszancowych z podwyzszong odpornoscia na
sucha zgnilizne kapustnych (Leptosphaeria spp.). Wyselekcjonowane kombinacje
mieszancowe mogg zosta¢ wykorzystane w dalszych procesach hodowlanych.
Kombinacja mieszancowa B. napus cv. Jet Neuf x B. carinata Pl 649096 niosta stabilng
I wysoka odpornos¢ na D. radicum, B. brassicae oraz Leptosphaeria spp., co czyni ja
wyjatkowo cenng.

Istnieje pozytywna korelacja pomiedzy odpornoscig mieszancow oddalonych na B.
Brassicae a zawartoscig miedzi w tkankach, oraz ujemna zalezno$¢ pomiedzy
odporno$cig na D. radicum i B. brassicae a poziomem wapnia w tkankach.

Testowany zestaw 15 markerow SSR umozliwia detekcje polimorfizmu rejonow
mikrosatelitarnych w rodzinie Brassicaceae co czyni go uzytecznym narzedziem W
ocenie dystansu genetycznego.

Markery mstg004 oraz mstg027 sa istotnie zwigzane z rejonami genomu regulujgcymi
kolor kwiatow, a marker mstg038 jest skorelowany z kolorem pedu analizowanych
mieszancow Brassicaceae. Te markery mogg by¢ przydatne w molekularnej selekcji
materialu ro§linnego pod wzgledem wskazanych cech.

Markery zwigzane z odpornoscig na L. maculans mozna potencjalnie wykorzysta¢ w
selekcji mieszancow oddalonych. Szczegodlnie przydatne moga okaza¢ si¢ markery
Bol050029, BLRC InDel, Ind10-12 oraz pRP1513, ktorych zastosowanie umozliwito
otrzymanie oczekiwanych produktow reakcji 1 identyfikacj¢ genotypow zawierajacych

geny/rejony odpornosci.
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Abstract: Rapeseed (Brassica napus) can be attacked by
a wide range of pests, for example, cabbage root fly
(Delia radicum) and cabbage aphid (Brevicoryne bras-
sicae). One of the best methods of pest management is
breeding for insect resistance in rapeseed. Wild geno-
types of Brassicaceae and rapeseed cultivars can be used
as a source of resistance. In 2017, 2018, and 2019, field
trials were performed to assess the level of resistance to
D. radicum and B. brassicae within 53 registered rape-
seed cultivars and 31 interspecific hybrid combinations
originating from the resources of the Department of
Genetics and Plant Breeding of Poznaii University of Life
Sciences (PULS). The level of resistance varied among
genotypes and years. Only one hybrid combination and
two B. napus cultivars maintained high level of
resistance in all tested years, i.e., B. napus cv. Jet Neuf
x B. carinata—PI 649096, Galileus, and Markolo. The
results of this research indicate that resistance to insects
is present in Brassicaceae family and can be transferred
to rapeseed cultivars. The importance of continuous
improvement of rapeseed pest resistance and the search
for new sources of resistance is discussed; furthermore,
plans for future investigations are presented.
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1 Introduction

Rapeseed (Brassica napus L. ssp. oleifera Metzg.) is one
of the three most important sources of vegetable oil in
the world. The European Union (EU) was the world
leader in rapeseed production in 2017 (22 million tons),
followed by Canada (21 million tons), China (13 million
tons), India (7.9 million tons), Australia (4.3 million
tons), and Ukraine (2.1 million tons) [1]. The greatest
producers of rapeseed in the EU are France, Germany,
Poland, Romania, Great Britain, the Czech Republic,
Hungary, Denmark, and Slovakia, respectively [2,3].
Protection from pests is an essential part of breeding
programmes— for example, yield losses caused by pests
in Poland can range from 15 to 50% [4]. Moreover, a
significant increase in the threat from pests is expected,
related both to climatic changes and to agrotechnical
simplifications [5,6].

Rapeseed plants in Poland are attacked by a wide
range of pests. Among them, two economically impor-
tant insects can be distinguished —cabbage root fly
(Delia radicum L.) (Diptera: Anthomyiidae) and cabbage
aphid (Brevicoryne brassicae L.) (Homoptera: Aphididae).
The cabbage aphid is one of the most important and
commonly occurring insect pests of rapeseed worldwide
[7]. Brevicoryne brassicae causes significant yield losses in
many crops in the family Brassicaceae, including mus-
tards and crucifers. Heavy infestation can result in severe
plant damage, causing death of seedlings and young
transplants. Symptoms in larger plants include curling
and yellowing of leaves, stunting of plants, and deforma-
tion of developing heads [8,9].

The cabbage root fly is one of the most important
pests of many Brassica crops in the temperate regions of
Europe and North America. After overwintering as pupae
and hatching in early spring, females lay eggs in close
proximity to the host plant. Depending on the tempera-
ture, eggs hatch in about 4 days [8]. The number of
generations varies each year from one to four, depending
on climatic conditions [10]. Larvae of D. radicum can
damage plants by feeding on root tissue, resulting in

8 Open Access. © 2020 janetta Niemann ef al., published by De Gruyter. [{= M This work is licensed under the Creative Commons Attribution 4.0
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wilting of leaves or the entire plant and eventually
reducing the yield and quality of the crop. Moreover,
roots attacked by D. radicum are more susceptible to
secondary root pathogens, such as Fusarium spp. [10,11].

To date, three resistance mechanisms have been
recognized in the interaction of Delia—Brassica and
Brevicoryne-Brassica: antixenosis, antibiosis, and toler-
ance [12]. Antixenosis (non-preference, avoidance) de-
notes morphological or chemical plant traits that make it
unattractive for insects. For example, variation in
cabbage leaf colour makes it less attractive to B.
brassicae [13]. Antibiosis resistance is based on adverse
effects of the plant after feeding [14]. Antibiosis does not
prevent infestation, but rather causes increased mor-
tality or delayed development of insects. Tolerance
means the ability of a plant to reduce inflicted damage.
A tolerant host is able to grow and reproduce despite the
presence of a high number of insects [12,13]. In contrast
to antixenosis and antibiosis, tolerance is independent
of the herbivore response but is an adaptive mechanism
helping plants to grow normally under biotic stress [15].

For most growers, the use of pesticides is an
essential form of protection against harmful organisms
[16]. However, there has been an increasing emphasis on
the use of environmentally friendly methods of pest
control. For example, in 2013, the EU restricted the use of
certain neonicotinoids, and in 2018, banned three main
neonicotinoids (Commission Implementing Regulation
[EU] 2018/783, 2018/784, 2018/785). Moreover, Inte-
grated Pest Management, which focuses on reducing
the use of pesticides, has become compulsory for all
farmers in the EU since 2014 (Directive 2009/128/EC).
Therefore, breeding cultivars with resistance to insect
pests fits perfectly into the cunrently applicable require-
ments and modem environmentally friendly trends
[17,18]. The natural genetic variation among the wild
relatives of crop species can provide good sources of
novel host plant resistance [19].

Wild and related species of the Brassicaceae family
are proved to be a valuable source of desirable agronomic
traits. For example, Sinapis alba has been shown to be
tolerant to crucifer flea beetle [20]; B. juncea, B. carinata,
and B. nigra can be used to transfer blackleg resistance
genes [21]; and B. rapa, B. carinata, and S. alba may act as
a source of pod shattering resistance [22]. The assessment
of the level of resistance within various Brassicaceae wild
species or Brassicaceae hybrids may help identify
genotypes with desired traits, which then can be included
into rapeseed breeding programmes.

The aim of this research was to determine the range
of pest resistance levels among selected rapeseed
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cultivars and new Brassica hybrid combinations ob-
tained from the Department of Genetics and Plant
Breeding of Poznan University of Life Sciences (PULS).
This study has been conducted to identify the sources of
resistance not only in rapeseed cultivars but also in other
brassicaceous species. Consequently, this strategy will
allow the assessment of the genetic resistance of
interspecific Brassica hybrids in comparison with the
parental forms in the future.

To the best of our knowledge, this is one of the few
studies in which in-field comparison of resistance has
been made among rapeseed cultivars and interspecific
hybrids towards economically important insect pests.

2 Materials and methods
2.1 Experimental design

The experiment was conducted for three consecutive
years (2017, 2018, and 2019) on the testing fields in PULS
experimental station Dloft (51°4123"N, 17°04’10"E) lo-
cated 100 km south from Poznaii, Poland. The whole
experiment was set up in a completely randomized block
design with five replications (on the basis of six plants)
in each year (N = 90), and each single plot size was 10 m*
with a 030 row distance and a sowing density of
60 seeds/m’. The field experiment in Dlofi was con-
ducted on typical heavy soil of quality class I [23].
Agricultural practices were optimal for local agroecolo-
gical conditions in Diofi. Plots were harvested using a
plot harvester. In crop seasons 2016/2017, 2017/2018, and
2018/2019, the weather conditions were normal for
Poland. The seasonal rainfall in Dloft was 667 mm in
2017, 372 mm in 2018, and 393 mm in 2019, whereas the
mean annual temperatures in 2017, 2018, and 2019 were
9.6, 10.8, and 11.1°C, respectively.

2.2 Plant material

Seeds of 53 rapeseed cultivars and 31 hybrid combina-
tions were used as the research material (Table 1). All
Brassica interspecific hybrids were generated in the
Department of Genetics and Plant Breeding of PULS with
the application of in vitro culture of isolated embryos
according to the method described by Niemann et al.
[24]. In order to obtain interspecific hybrids with genetic
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Table 1: List of Brassicaceae hybrids and B. napus cultivars used as the research material

No.ofline  Cross-combination No.ofline  Cross-combination
H1 B. napus cv. Jet Neuf x B. rapa ssp. pekinensis 08  H17 B. napus cv. Lisek x B. carinata Dodola
007569
H2 B. napus cv. Jet Neuf x B. rapa ssp. pekinensis 08  H18 B. napus cv. Californium x B. fruticulosa - P1649097
007574
H3 B. napus cv. Jet Neuf x B. carinata Pl 649091 H19 B. napus cv. Lisek x B. fruticulosa - PI649097
H4 B. napus cv. Gérezafiski x B. rapa ssp. pekinensis  H20 B. napus cv. Lisek x B. fruticulosa - PI649099
08.007574
H5 B. napus cv. Gérezafiski x B. rapa ssp. pekinensis  H21 B. napus cv. Jet Neuf x B. carinata~ Pl 649094
08.007569
H6 B. napus cv. Gérezafiski x B. rapa ssp. Chinensis H22 B. napus cv. Jet Neuf x B. carinata =Pl 649096
H7 B. napus cv. Lisek x S. alba cv. Bamberka H23 B. napus cv. Californium x B. rapa ssp. pekinensis 08
00757 4-1
H8 B. napus cv. Lisek x B. tournefortii H24 B. nopus cv. Californium x B. rapa ssp. pekinensis 08
007574-2
H9 B. napus cv. Lisek x B. rapa Pak Choi 08, 007574  H25 B. napus cv. Californium x B. rapa ssp. pekinensis 08
0075743
H10 B. napus cv. Lisek x B. rapa Pak Choi 08, 007569  H26 B. napus cv. Californium x B. rapa ssp. pekinensis 08
0075744
Hn B. napus cv. Gérezaftski x B. rapa Pak Choi 08, H27 B. napus cv. Zhongshuang9 x B. rapa ssp. pekinensis
007574 08 006169
H12 B. napus cv. Jet Neuf x B. oleracea var. alboglabra H28 B. napus MS8 line x B. rapa ssp. pekinensis 08
006169-1
H13 B. napus cv. Californium x B. oleracea var. H29 B. napus MS8 line x B. rapa ssp. pekinensis 08
alboglabra 006169-2
H14 B. napus cv. Lisek x B. oleracea var. alboglabra H30 B. napus MS8 line x B. rapa ssp. pekinensis 08
006169-3
H1S B. napus cv. Californium x S. alba cv. Bamberka H31 B. napus cv. Zhongshuang9 x B. rapa ssp. chinensis
08 007574
H16 B. napus cv. Jet Neuf x S. alba cv. Bamberka
No. of line Cultivar name No. of line Cultivar name
a Amir c28 PXIncL
Q Inspirati 29 Anderson
a Bufalo o Andromeda
C4 Atora 1 Arsenal
s Dolar 32 Hybrirock
c6 Fair 3 Graf
«a Fantastik 4 Hary
cs Jet Neuf as Mickey
(] Jupiter a6 150/47
c10 Kana a7 Prince
m Azurio s Sofia
2 Memoris a9 Santana
a3 lindora C40 Rubin
C14 150/38 C41 Monolit
s 150/46 C42 Metys
Q16 Walegro C43 Chrobry
a7 Marita Ca4 150/42
s 150/40 C45 Kabriolet
Q9 150/44 C46 Falcon
c20 Razmus Ca7 Diger
@ Walery C48 Corina
c22 Aruze C49 Kontakt
c23 Bazyl cs0 Ceres
C24 Bellinda s Galileus
25 Californium 52 Markolo
26 Darmor 53 Hewelius
27 PR&BW26
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pest resistance, paternal forms harbouring high level of
resistance to B, brassicae and D. radicum were selected
according to the literature data.

All interspecific cross-derived lines were sister-pollinated
{five plants were enclosed in one paper bag during flowering)
for four generations in crder to stabilize the fertility [25].
Morphotypes of plants of the FeF; generations were
compared with the parental lines, as described by Woijcie-
chowski [26]. Analysis of selected morphological traits was
performed in order to determine whether the obtained plants
reserrbled the B. napus type or the patemnal type. The
examination was based on (a) leaf colour, (b) presence of
trichomes on the lower side of the leaf blade, (c) position of
the buds relative to the open flowers, (d) growth habit, (e)
type of inflorescence, and (f) flower characteristics (sterile ar
fertile).

2.3 Assessment of pest resistance

The assessment of pest resistance was carried out for two
insects (Delia radicum and Brevicoryne brassicae) and
consisted of plant damage evaluation. General damage by
insects was assessed at the end of the season, in late
October 2017, 2018, or in early November 2019 in Diodi. All
assessments, ie., direct damage on roots for D. radicum
and on leaves for B. brassicae, were performed according
to the EPPO standards [27] on randomly chosen indivi-
duals. For every genotype, six plants were assessed. The
severity of insect damage on plants was evaluated at
physiological maturity on a 1 to 9 scoring scale, used
commonly by the Research Centre for Cultivar Testing in
Poland, which corresponds with the Intemational Union
for the Protection of New Varieties of Plants [28] system of
assessment. According to this scale, score 9 means no
visible damage on plants (highly resistant), and score 1
means a completely damaged plant (fully susceptible)

Table 2: lnsect pest damage rating scale. Visual symptoms observed
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(Table 2). No pesticides were used on the plots. The
average vahies from six plants were calculated for each
replication. In this way, we obtained quantitative trait
data with normal distributions.

2.4 Statistical analysis

The nommality of the distributions of the studied traits
(resistance to B, brassicae and resistance to D. radicum)
was tested using the Shapiro-Wilk normality test [29].
Two-way analyses of variance (ANOVA) with blocks were
camied out to determine the effects of year, genotype
(cultivars and hybrids, independently), and year x
genotype interaction on the variability of resistance to B,
brassicae and resistance to D. radicum. The mean values
and standard deviations of the observed traits were
calculated for each genotype in all years of study. Fisher’s
least significant differences (LSDs) were estimated for
individual traits, and on this basis, homogeneous groups
were determined. Differences between cultivars and
hybrids were tested on the basis of a f-test, independently
for resistance to B. brassicae and resistance to D. radicum.
We used the critical significance level equal o 0.05,
resulting from a Bonferroni correction. All the analyses
were conducted using the GenStat v. 18 statistical software
package (VSN International, Hemel Hempstead, UK).

3 Results

3.1 Morphology of hybrid plants

The individual interspecific and intergeneric hybrid combi-
nations of Fe—F; generations had reasonably uniform

on roots (Delia radicum) or on leaves (Brevicoryne brassicoe)

Scale  Visual symptoms Plant respanse

1 Lesions profuse on 100% of the roots and leaf surface Susceptible

2 Lesions present on up to 90% of the roots and leaf surface Susceptible to moderately susceptible

3 Lesions present on up to 70=75% of the roots and leaf surface Moderately susceptible

[ Lesions visible an up to 50% of the roots and leaf surface Moderately susceptible to moderately resistant
5 Lesions wisible on up to 25% of the roots and leaf surface, little damage  Moderately resistant

6 Lesions visible on less than 15-20% of the roots and leaf surface Moderately resistant to resistant

7 Lesions wisible on less than 0% of the roots and leaf surface Resistant

8 Lesions visible on less than 5% of the roots and leaf surface Resistant to highly resistant

9 No insect damage visible on any analysed part of the plant Highly resistant
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morphological characteristics. Moreover, plants of all tested
lines were very consistent in growth habit. Hybrid plants
obtained from crosses between B. napus x B. rapa genotypes
were similar to rapeseed. However, in a small number of
cases, some morphological features were similar to those of
turnip rape, e.g., lighter leaf colour, frichomes on the lower
side of the leaf blade, and turnip rape-like inflorescence. No
significant new characteristics, absent in either parent, were
reported in the hybrids. All other hybrid plants resembled
more paternal morphotypes. Consequently, plants obtained
from crosses between B. napus x B. carinata, B. juncea, and
S. aba genotypes had young leaf surfaces with high
trichome density.

3.2 Assessment of pest resistance

The results of the ANOVA indicated that the effects of
cultivar, hybrid, and year were significant for both tested
traits (resistance to B. brassicae and D. radicum). The
year x genotype interactions were highly significant for
both observed traits for cultivars and hybrids (Table 3).

The mean values of resistance to insect pests for the
analysed hybrids and cultivars in the years studied
successively, i.e., 2017, 2018, and 2019, are presented in
Table 4. In general, the resistance to both pests varied
among years. The highest mean level of resistance to B.
brassicae was observed for cultivars in 2017 (8.991),
whereas the lowest in 2018 was also for cultivars (5.513).

Table 3: Mean squares (m.s.) from two-way analysis of variance for
Brevicoryne brassicoe and Delia radicum (hybrid and cultivar
resistance) (N = 90)

Source of  Brevicoryne brassicae Delia rodicum
vadation

df. ms. p-Value d.f ms. p-Value
Hybrids
Block 4 0.73 4 127
Hybrid 30 27592 <0.001 30 20.438 <0.,001
Year 2 2411076 <0.001 2 18.884 0.022
Hybrid 57 3.3161 <0.001 57 12,488 <0.001
x year
Residual 425 0.5328 427 4,875
Cultivars
Block 4 091 4 132
Cultivar 52 59015 <0.001 52 30.982 <0.001
Year 2 10749311 <0.001 2 290.038 <0.001
Cultivar 104 7.7494 <0001 104 23986 <0.001
x year
Residual 897 0.4831 632 4339

d.f. =the number of degrees of freedom.
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For D. radicum, the highest mean resistance was noticed
in 2019 for hybrids (7.153). In contrast, the lowest mean
resistance was observed for cultivars in 2017 (4.136).

The obtained data showed that the level of pest
resistance varied between cultivars and hybrids.
Compared to the analysed cultivars, the mean resistance
of hybrid plants was higher in all tested years for D.
radicum. For B. brassicae, the mean resistance of hybrids
was higher only in 2018, The difference in resistance to
B. brassicae among cultivars and hybrids in 2019 was not
statistically significant (Table 5).

More detailed results are presented in Tables 5
and 6. The conducted analyses showed significant
differences between the tested plants. Moreover, the
collected data allowed us to distinguish a group of
genotypes with the highest resistance to pests (be-
longing to group a) in tested years for both hybrids and
cultivars. Within those plants, we found individuals that
belonged to statistically the best group for all three
successive years (Table 7). Four hybrids (e.g., B. napus
cv. Gérczaniski x B. rapa Pak Choi 08, 007574) and 27
cultivars (e.g., Inspirati) maintained the high level of
resistance to B. brassicae during the tested years.
However, only five hybrids (e.g., B. napus cv. Jet Neuf
x B. carinata PI 649091) and two rapeseed cultivars
(Galileus and Markolo) maintained the high level of
resistance to D. radicum. Among the tested plant
genotypes, only one hybrid and two cultivars remained
resistant for both pests in three years, i.e., B. napus cv.
Jet Neuf x B. carinata —Pl 649096, Galileus, and
Markolo.

4 Discussion

As stated before, in recent years, the use of insecticides
became partly limited —some chemicals have been with-
drawn due to their harmful effects on the environment. It
causes many problems for farmers, as the range of
effective insecticides is getting narrowed. Moreover, the
use of chemicals may not always be successful as insects
can develop resistance, For both insects, ie., D. radicum
and B. brassicae, cases of resistance to certain pesticides
have been reported [30-32]. Considering this, host plant
resistance might be the future of pest management, as it is
one of the most economically feasible and ecologically
sustainable options [33]. Several strategies to obtain
insect-resistant rapeseed have been already presented
[34]. This study has successfully followed two of them:
finding the source of resistance within Brassicaceae
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Table & Mean resistance to Brevicoryne brassicae and resistance to Delio rodicum (and standard deviations) of all imvestigated Brossica

napus culthars and hybrid lines over three years

2007 ms 2019

Hybrids Cultivars Hybrids Cultivars Hybrids Cultivars
Resistance to Brevicoryne brassicoe
Number of observations 309 530 93 265 w7 265
Mean 8.803 B.991 6.28 5583 7.692 7.57
Standard deviation 0.5494 0.0968 1913 2326 0.6881 0.6599
-Statistic -5.96 3.3 1.65
p-Value <0.001 0.002 0.1
Resistance to Delia radicum
Number of observations 310 265 93 265 ns 265
Mean 6.697 4.136 6581 5.B04 7.153 5.362
Standard deviation 267 2.568 3.076 3.034 1.556 2.537
-Statistic ns 212 B.A6
p-Value <0.001 0.035 <0,001

species and selecting the insect-resistant rapeseed culti-
vars among cultivars that have been already registered.

Previous studies showed that wild species of
Brassicaceae can be a useful source of resistance to B
brassicae and D. radicum. For example, B. fruticulosa
and B. spinescens have a very high level of resistance to
both pests and may be used as research material to find
respective Quantitative Trait Loci (QTLs) or as part of a
breeding programme [35,36]. Moreover, Dosdall et al.
[37] screened many genotypes within Brassicaceae and
successfully produced S. alba x B, napus hybrids that
inherited resistance to Delia spp. from . alba.

However, according to the literature data, much
uncertainty still exists about insect feeding preferences
and sources of plant resistance to pests [38]. Despite
this, there is a considerable amount of literature
comparing the life history traits of adults and larvae of
pollen beetles among species of Brassicaceae [39—41].
For example, 5. alba may act as a donor of resistance,
which can be successfully introgressed into rapeseed.
Mareover, 5. alba genotypes show resistance to a few
other pests of rapeseed: root flies Delia spp. [37,42], flea
beetle P. cuciferae [4344], and bertha armyworm
Mamestra configurata [45]. However, based on the in-
field screening performed in this study, it is not possible
to confirm that the obtained B. napus x S. alba hybrid
combinations were able to maintain higher level of
resistance to D. radicum or B. brassicae during the three
consecutive years of study. Furthermore, review of the
literature supports resistance to pollen beetles also in
Eruca sativa [40] and in C. abyssinica [46].

Breeding programmes depending on resistant mate-
rials are presenfly also being applied against Centoriynchus

obstrictus (Marsham) (Coleoptera: Curculionidae). Previous
experience in other countries has shown that among the
tested Brassicaceae species, the white mustard S. alba was
much less susceptible than rapeseed to C. obstricius
damage [47].

These studies confirm our assumption that some of
the interspecific or intergeneric hybrids can be success-
fully used as part of future breeding strategies.

Generally, rapeseed cultivars are not considered a
very promising source of resistance to pests, as screen-
ings for resistance within existing varieties rarely bring
expected results [38,48,49]. Despite this, we managed to
find genotypes within B. napus {Galileus and Marcala),
which are moderately or highly resistant to both B.
brassicae and D. radicum. Qur observations have shown
that in the future mare assessments should be performed
to verfy a greater number of cultivars,

Our research has proven the existence of insect-
resistant genotypes among rapeseed cultivars and
Brassicaceae hybrids. A few genotypes were able to
maintain the high level of resistance in the three
consecutive years of field experiments, which seems to
be very useful in future insect resistance breeding.
Observed differences in the infestation level allow us to
conclude that the plant response might be conditioned by
genotype, which may give a chance to identify resistance
genes, Future work should focus on labaratary studies, to
determine the genetic basis of resistance, as it may
depend on three systems: antixenosis, antibiosis, or
tolerance [35]. Moreover, research conducted by Hao
et al. [50] showed that aphids have preferential behaviour
regarding the host plant. Upper epidermis thickness and
trichome length had significant impact on aphids’
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Table 5: Mean values and standard deviations (s.d.) for hybrid resistance to Brevicoryne brassicae and resistance to Delia radicum

(N=90)
Hybrid Resistance to Brevicoryne brassicae (9° scale) Resistance to Delia radicum (9° scale)
2017 2018 2019 207 2018 2019
Mean sd.  Mean sd.  Mean sd.  Mean sd.  Mean sd.  Mean sd.

H1 8.8abc 0.42  6333bcdef 058 6.667¢ 231 69bcde 256 8.333ab 058 3.6671 3.79
H2 9a 0,00 6333bcdef 15 7.8ab 0.45 6.5bcdef 338  7.333abc 2,89 8abc 123
H3 8.8abc 0.42  7abed 0.00 7.333bc 058 7.6abc 158 6abc 436 7333abed 136
H4 8.889ab 033 30 173 6.667¢ 153  7.3abc 241 6abc 3.46 7.667abc 058
H5 9a 0.00 5.333cdefgh 153  7.4abc 134  7.2abed 278 7abc 173 6.6¢def 2.07
Hé6 9a 0.00 3333hi 231  7.8ab 0.45  7.4abc 280 3.667cd 3.79 7.4abed 0.55
H7 8.8abc 0.42  3.667ghi 2,89 7.333b¢ 058 5.8cdef 3.08 4bed 436 7abcde 1.00
H8 8.5bed 0.71 6bedef 173 8ab 0.00 6.1cdef 264 6abc 2,65 84a 0.55
H9 8.7abcd  0.48  Sdefghi 100 7.667ab 058 6.6bcdef 227  4bed 173 6defg 2.00
H10 8.5bed 0.85 7.333abc 058 7.8ab 0.45 6.5bcdef 255 9a 0.00 6.8bcdef 1.64
Hn 87abcd 048 7abed 0,00 8ab 0,00 3.5gh 292 9a 0.00 7.8abc 0.84
H12 9a 0.00 4333fghi 252 8ab 0.00 6.6bcdef 337 5.667abc 4,04 8333ab 0.58
H13 8.9ab 032 7.333abc 058 8ab 0.00 4.9efg 185 5333abed 379 8.2ab 0.45
H14 8.8abc 0.63 7.667ab 058 7.25bc 096 6.9bcde 285 6.667abc 3.2 7.5abod 1.00
H1S 8.6abed 070  4333fghi 3.06 7.8ab 0.45 7.3abc 142 0.00 7.6abc 0.55

H16 9a 0.00 6.667bcde 0.58
HY7 8.9ab 032  6333bcdef 2,08 8.2
H18 8.7abed 095  7abed 0.00 8ab
H® 8.4cd 070 5333cdefgh 058 7.6ab
H20 8.9ab 032 5.667bcdefg 115  7.6ab
H21 9a 0,00 6bcdef 1.00 8ab
H22 9a 0.00 7.333abc 115 8ab
H23 7.9¢ 120  4.667efghi 2.08 7.5abc

H24  83de 116 7.667ab 058 8ab
H25 88abc 063 6333bcdef 115  8ab
H26  9a 0.00 7.667ab 058  7.333bc
H27 9a 0.00 6667bcde 058  7.667ab
H28  9a 0.00 9a 000 -

H29  9a 000 9% 0.00 -

H30 9a 0.00 %a 0.00 -

H31 9%a 0.00 6333bcdef 115 7.4abc
LSDges 0.45 2233 0.841

058 6.8bcde 355 5.667abc 4,04 Sghi 173
045 7.Jabed 218 6.667abc  3.22 7.8abc 0.84
0.00 6.3cdef 157 5.667abc  4.04 7.4abed 0.89

055 23h 157 6abc 436 7.2abcde 130
055  8.4ab 0.84 5667abc  4.04 7.8abc 0.84
0.00 7.4abc 217  6abc 436 6.8bcdef 130

0.00 7.8abc 204 8.333ab 058 7.8abc 0.45
058  4.6fg 171 5.667abc  4.04 7.5abcd 058
0.00 S.2defg 132 8333ab 058 5.333fgh 153
3.667c¢d 2.89 7.8abc 0.45

058  7.7abc 258 9a 0.00 5.667¢fg 153

058  7.5abc 259 8.333ab 136  &hi 2,65

- 9a 0.00 9a 0.00 - N

- 9a 0.00 9a 0.00 - -

- 9a 0.00 9a 0.00 - -

0.89  6.1cdef 191 9a 0.00 7.4abed 0.89
201 4.644 1592

Values with different letters in columns are significantly different,

preference on initial probing, which leads to a conclusion
that physical properties of rapeseed leaves may be
important for B. brassicae host choice.

The level of plant damage varied over the years of
observation. Therefore, it can be concluded that the results
of the field trials might have been partly dependent on the
weather or other abiotic and biotic stresses [34]. Popula-
tion dynamics of insects may be affected by parameters
such as temperature, humidity, and total rainfall [51,52].
Many factors affect the plant response to insects, which
makes it harder to find individuals with true genetically
induced resistance to insects.

Currently, insect resistance research is focused on
quantitative resistance, as it might provide a more

durable effect than pyramiding single resistance genes
[34]. Variability of insect-derived damage observed in
our study proves the complexity of plant response to
pests. This might indicate that the resistance of tested
genotypes relies on multiple genes located in QTLs. This
type of resistance is usually harder to track, because of
its complexity and dependence on environmental factors
[53]. This makes quantitative traits difficult to include in
breeding programmes. However, a study by Ekuere et al.
[54] proves that it is possible to track QTLs conferring
resistance to Delia spp. by using linkage analysis.
Successful introduction of multigenic resistance to
insects in Brassica crops would be a great strategy in
pest management.
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Table 6: Mean values and standard deviations (s.d.) for cultivar resistance to Brevicoryne brassicae and resistance to Delio rodicum
(N =90)

Cultivar Resistance to Brevicoryne brassicae (9° scale) Resistance to Delia radicum (9* scale)
2007 2018 2019 2007 2018 2019

Mean sd.  Mean sd.  Mean sd.  Mean s.d.  Mean sd.  Mean sd.
a 9a 0.00  4.6ghi 219 Ba 0.00 6.2bcde 164 6.6abcdefg 1.67 Tabodef 1.00
c2 9a 0,00  6.8abcd 0.84 74abcd 089 3aijkdmno 2,88 5.B8abodefghijk 2,95 7.4abed 0.89
[} 9a 0.00 6.2abcdefg 110  Ba 000 7b 123 3.4hijkimn 3.36 7.6abc 0.55
4 9a 0.00  6.8abed 110 7.8ab 0.45  4ghijklmn 2,12 5.Babedefghijk 2,95 7.2abcde 0.84
[ 9a 0.00 S.dcdefg 114 Thabed 055 S.2cdefgh 2,49 4.6defghijklm 329 1.2n 0.45
[« 8.9a 032 7.2ab 0.45 7.6abc 055  Sdefghi 2.45 S2cdefghijbl  3.83 3jkimn 1.87
[ary 9a 0.00 6.2abcdefg 045 7.5abc 055  S.6bedefg 055  Gabedefghij 2,92 6G.4abedefg 251
[«] 9a 0.00 7.6a 055 7.6abc 055 3aijkdmne 195 B.2abc 0.45 S.Abcdefghij 2,70
(<] 9a 0.00 6.6abcde 055  7.6abc 055 4.Bdefghli 130 Babe 0.71 3.6hijklmn 313
(w1} 9a 0.00 7.6a 0.55  7ede 0.00  2.20pqr 0.84 7abedef 3.3% 16n 0.55
n 9a 0.00 5.2defgh 0.45  6.6de 152 20par 2,24  3jklmn 3.08 3.2jklmn .7
o2 %a 0.00 Tabe 071 7.6abc 055 12qr 0.45 7abedef 2.24 7.4abed 0.55
(s ] 9a 0.00 7.2ab 0.84 7.8ab 0.45  3kimnop 2,35 7.2abede 3.49 5.8abcdefgh 2,39
14 B8.9a 032 S5.2defgh 0.45 7.8ab 0.45  4.6efghifk 230 3jkimn 2,35 6.2abedefg 164
s 9a 0.00 5.2defgh 130 7.4abcd 089 Lapar 0.55 S.8abedefghijk 3.1 &.2abcdefg 164
(w13 8.9a 032 Tdab 089 7.6abc 055  3.2fkimne 2.7 B.4ab 0.55 Sdefghijkl  3.00
(s 8.9a 032 Tabe 100 TFede 0.00 24nopqr 134 5.2cdefghifk  3.03 3.6hijklmn 321
w3 9a 0.00 7abe 122 7.8ab 0.45 Ir 0.00 B.g6ab 0.55 S.6bcdefghl 2,79
[wl} 9a 0.00  4.8fghi 110 7.6abc 055  4.6efghifk  3.51 6.2abedefghi 3.03 2.2mn 2.7
20 9a 0.00 2.4kl 152  6.Bde 110 44fghijkl 2,88 5.Babedefghijk 2,78 2.6imn 195
21 9a 0.00 2.4kl 152 7.6abc 055  &2fghikim 192 2.8kimn 2,05 S.4bcdefghij 2.88
22 8.9a 032 2kl 122 Ba 0.00 3.6hijklmne 2,30 7.6abed 0.55 6G.4abedefg  0.89
23 9a 0.00  3.3jk 268 7.8ab 045 4&.6efghifk 207 7.4abede 152 6.6abedefg 2,61
24 9a 0.00  2.8ik 110 T.4abed 055 Lépar 0.55 7.Babc 0.45 2.8klmn 239
[l 9a 0.00 2.8k 205 B8a 0.00 S.4bcdefg 055  afghifkimn 3.00 3.6hijklmn 2,30
26 9a 000 0.00 668 152 2.8lmnopg 2.7 1.2a 0.45 &8efghijkl 192
27 9a 0.00 1LBK 130 6.6e 152  3.2Zkimno 192 2.2mn 179 2.2mn 110
28 9a 000 AU 0.00 7.2bcde 045  44fghikl 195 2Zmn 100 6.2abcdefg 164
29 9a 000 2.8k 205 7.6abc 055 24nopgr 152 Babe 0.00 2.6lmn 134
30 9a 0.00  3.6hij 358 7.6abc 055 4ghijklmn 274 afghijkimn 3.74 7.2abcde 0.84
31 9a 0.00 6.4abcdef 089 7.6abc 055 3kimnop 2.74 6.Babcdefg 2,68 12n 0.45
32 9a 000 2.8k 130 72bcde 045 3.ehikimno 167  3.8ghijkimn 3.42 6.4abcdefg 134
33 9a 000 6.6abcde 167 7.8ab 0.45 5.6bcdefg 134 2.4lmn 2,61 Tabodef 1.3
34 9a 000 7.Ba 0.45 7.6abc 055  3.6hijkimne 207 B.6ab 055 7.6abc 0.89
35 9a 0.00 7.4ab 055 7.4abed 089  2.6mnopgr  2.07 B.dab 0.55 5.2cdefghijk 0.84
36 9a 000 7.2ab 0.84 7aabed 055 46efghik 329 4.edefghifklm 3,51 S.6bcdefghi 2,07
a7 9a 0.00 7.6a 055  7.2bede 045  Lapgr 0.55 B.6ab 0.55 &dghijkdm 195
38 9a 0.00 5.Bbcdefg 045 7.6abc 055 Tb 100 3.Hjkimn 2.95 S.6bcdefghi 3,29
39 9a 0.00  6.8abed 0.45 7.4abed 055 3.2jklmno 192 Babc 0.71 T.4abed 0.55
C40 9a 0.00  3.6Hhij 207 7.4abed 089 Lapgr 0.55 S5.2cdefghijkl 2,39 &abedefgh 1.00
[ 9a 0,00 7abe 0.00 7.8ab 0.45  2.20pqr 130 7.Babc 164 8.2a 0.45
c42 9a 0.00 5.2defgh 0.45 Ba 0.00 44fghikl 167 1n 0.00 &Befghijkl 2.59
a3 9a 000 7.hab 0.55 7.6abc 055  4ghijklmn 255 7.8abe 0.45 6Gabcdefgh 2,24
Cah 9a 000 64abedef 114 Ba 0.00  2.20pgr 130 3.8ghijkimn 3.03 6.6abcdeflg 2,61
C45 9a 0.00 2.6kl 251 7.8ab 0.45 S.4bedefg 241 S.6bcdefghik 344 6.6abedefg 167
Ca6 9a 0.00 Sefgh 200 Ba 0,00 3.6hijkimno 230 7abedef 2,83 6G.dabedefg 251
ca7 9a 0.00 7.2ab 110 Ba 0,00 &.8defghij 259 6.2abcdefghi  2.68 4.Befghijkl 228
C48 9a 0.00 6.2abcdefg 179 7.8ab 0.45  Gdbcd 0.89 4&.4efghijlm  3.29 Gabcdefgh 141
C49 9a 0.00 7.6a 055 Ba 0.00 5.Bbedef 110 B.Ba 0.45 5.2cdefghijk  2.68
50 9a 0.00 64abcdef 089 7.6abc 055 6.8be 130 6.4abcdefgh 2,07 7.8ab 0.45
51 9a 0.00 7.2ab 0.45 Ba 000 9a 0.00 7.Babe 0.84 TFabodef 1.87
52 9a 0.00 7.4ab 152 7.6abc 055 %a 0.00 6.6abcdefg 2.61 T7.8ab 0.84
53 9a 0.00 7.8a 0.84 Ba 0.00 9a 0.00 7abedef 3.39 4.6fghijkkm 251
LSDy0s  0.085 1.61 0.76 1.65 3 2.4

Values with different letters in columns are significantly different,
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Table 7: List of genotypes with high resistance to pests in three
successive years

Brevicoryne brassicae

Hybrids H1T', H13, H18, H22

Cultivars €2, C3, C4, C6, (7, C8, €9, C12, €13, C16, €18, (31,
€33, (34, (35, €36, €39, C41, C43, C44, C47, C48,
C49, €50, €51, €52, (53

Delia radicum

Hybrids H3, H4&, H17, H20, H22
Cultivars 051, (52

Genotypes resistant to both pests are highlighted in bold font.
“Numbers according to Table 1.

In conclusion, we found several sources of resis-
tance to D. radicum and B. brassicae among the rapeseed
cultivars, i.e., Galileus and Marcolo, and interspecific
Brassicaceae hyhrids, ie., B. napus cv. Jet Neuf x B.
carinata—Pl 649096. Some of the genotypes showed
high level of resistance over the three successive years of
field trials. These genotypes are especially valuable and
should be diligently analysed.
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Abstract: Rapeseed (Brassica napus L. ssp. oleifera Metzg) is attacked by a wide range of pests.
Breeding of resistant cultivars is one of the best methods of protecting crops against insects, and non-
cultivated species of Brassicaceae can be used as resistance donors. In this study, we investigated the
relationship between nutrient content and resistance to two commonly occurring pests (Delia radicum
and Brevicoryne brassicae) in 12 Brassicaceae hybrid combinations. The experiment was conducted at
Poznan University of Life Sciences Experimental Station located in Diori. The assessment was carried
out for three years (2017, 2018, and 2019) on randomly chosen individuals in two growth stages:
vegetative stage and flowering stage. The resistance to B. brassicae and D. radicum was observed in all
three years, however, macronutrient and micronutrient contents as well as total nitrogen, total sulfur,
and sulfur sulfate were observed only in 2019. Statistically significant negative association between
Ca and resistance to B. brassicae and D. radicum was discovered. Additionally, positive association
between Cu and resistance to B. brassicae was observed. The importance of selected mineral elements
in plant resistance is widely discussed.

Keywords: rapeseed; Delia radicum; Brevicoryne brassicae; nutrients; hybrids

1. Introduction

Rapeseed (Brassica napus L. ssp. oleifera Metzg) is a major crop plant and one of
the most important oil sources in the world [1,2]. Currently, rapeseed growers face nu-
merous problems that limit plant productivity, quality, and seed yield such as climate
changes affecting the growth condition or increased pest infestation [3]. Rapeseed may be
attacked by a large number of specialist insects. Cabbage aphid (Brevicoryne brassicae L.)
(Homoptera: Aphididae) and cabbage root fly (Delia radicum L.) (Diptera: Anthomyiidae)
are economically important pests in many regions of the world including Poland.

D. radicum is a pest originating from Europe, present across the entire Northern
Hemisphere [4]. Larvae of D. radicum damage rapeseed plants by chewing mines in the
roots, occasionally penetrating the stem and the head of the plant. Larvae feeding results
in delayed growth, wilting, and stunting. Heavy infestation may result in reduced seed
number or even plant death [5].

B. brassicae is a highly specialized pest, attacking only the Brassicaceae family. Insect
is present in most temperate regions. Up to 15-20 generations can be completed during
the growing season, depending on weather conditions [4,6]. Rapid development rate often
results in severe infestation, leading to the death of young seedlings and wilting of adult
plants. Other symptoms include yellowing and curling of the leaves, deformation of heads,
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and reduced yield, often followed by contamination caused by the presence of honeydew
and dead aphids [4,6]. B. brassicae is also an important vector of virus diseases [7].

Breeding resistant cultivars is one of the best methods of protecting rapeseed against
dangerous insects. It is also considered as the most economical and ecological friendly
approach of reducing the number of many pests [8]. One of the limiting factors of this
method is an insufficient number of resistance genes within the cultivated species of
Brassicaceae family. On the other hand, non-cultivated species of Brassicaceae can be an
interesting source of genetic variability, and serve as a donor of resistance to insects.
Interspecific crosses between chosen wild genotypes and rapeseed plants may allow the
transfer of useful agronomical traits such as resistance to certain pests or diseases. This is
why our research team’s work in the Department of Genetics and Plant Breeding (Poznan
University of Life Sciences) focuses on obtaining and studying hybrid Brassicaceae plants,
especially analyzing the presence of resistance to commonly occurring insect pests. Recently,
we concentrated our efforts on investigating the relationship between the amount of
selected elemental minerals in hybrid plants and their field resistance to insects. Nutrients,
both macro- and micronutrients, are essential for plant development. Traditionally, three
nutrients (i.e., N, P and K) have been considered to be the most crucial, as most crops have
high requirements for them. Apart from the above-mentioned elemental minerals, S, Ca,
Mg and Na also play a significant role in plant metabolism. Moreover, micronutrients
are responsible for increasing both the quantity and quality of crop yield through their
involvement in the metabolism of N, P, K, Ca, Mg, and S as well as crop responses to
environmental stress conditions [9,10]. Aside from significant influence on yield amount,
some mineral elements play a major role in plant response to herbivores. For example,
calcium ions act as a second messenger in signal pathways after herbivore attack. They
activate calcium-sensitive proteins and eventually lead to the formation of jasmonates and
activation of defense genes [11].

Macro- and micronutrients are responsible for various functions as structural com-
ponents in macromolecules [12]. First of all, a special role is assigned to macronutrients
because they are generally required at the concentration of greater than 0.1% of dry matter.
In the case of the Brassicaceae family, the significance of sulfur is underlined. Sulfur, besides
nitrogen, is involved in synthesizing plant defense compounds such as glucosinolates.
These compounds are hydrolyzed as a result of plant cell damage under the influence of
the enzyme myrosinase. Together with the enzyme glucosinolases, which breaks them
down, they constitute the two-component defense system of plants against pathogens and
pests [11,13,14]. Aside from its great effect on glucosinolate content, nitrogen also affects
the potential attractiveness of a plant to pests as it plays a major role in determining plant
architecture and quality [15]. A similar real meaning may be attached to many compounds
that contain S because they have metabolic, structural, and regulatory functions and are
ubiquitous [16,17].

As mentioned earlier, besides macronutrients, micronutrients are a necessary require-
ment by plants, although in smaller amounts—less than 0.01% of dry matter. Regardless,
micronutrients play an important role in the growth and development of plants. Some
metals (i.e.,, Cu and Zn) and their compounds show remarkable bactericidal and fungicidal
activity [12].

Considering the significant roles of macro- and micronutrients in plant physiology,
the potential influence of element concentrations in plant tissues of Brassicaceae hybrids on
resistance to chosen pests was investigated as a main aim of the study. In detail, research
was connected to the plants’ response to two different insects: Delia radicum (Cabbage root
fly) and Brevicoryne brassicae (Cabbage aphid).
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2. Materials and Methods
2.1. Plant Material
Twelve hybrid combinations (Fs—F7) were used as research material (Table 1). All geno-

types were obtained at the Department of Genetics and Plant Breeding, Poznan University
of Life Sciences (PULS) with the use of in vitro technique described by Niemann et al. [18].

Table 1. List of hybrid genotypes used in the study.

No. of Line Cross Combination
H1 B. napus cv. Lisek x B. fruticulosa—PI 649097
H2 B. napus cv. Jet Neuf x B. carinata—PI 649094
H3 B. napus cv. Lisek x B. carinata cv. Dodola
H4 B. napus cv. Lisek x B. fruticulosa—PI 649099
H5 B. napus cv. Jet Neuf x B. rapa ssp. pekinensis 08 007569
Hé6 B. napus cv. Lisek x B. tournefortii
H7 B. napus cv. Lisek x B. oleracea var. alboglabra
H8 B. napus cv. Gorczanski x B. rapa ssp. pekinensis 08 007574
H9 B. napus cv. Jet Neuf x B. carinata—PI 649096
H10 B. napus cv. Californium x B. fruticulosa—PI 649097
H11 B. napus cv. Jet Neuf x S. alba cv. Bamberka
H12 B. napus cv. Californium x B. rapa ssp. pekinensis 08 007574

2.2. Field Conditions

The experiment was conducted at the Poznan University of Life Sciences Experimental
Station located in Dton (51°41/23.835” N 17°4'1.414” E), on a typical heavy soil of III quality
class. The experiment was carried out in a randomized complete block design with three
replications. For plant analysis, we chose 10 plants per hybrid in each replication in each
year of study. Agricultural practices were optimal for local agroecological conditions.
Wheat (Triticum aestivum L.) was used as a forecrop in three preceding years. The pre-
sowing fertilization consisted of ammonium phosphate (200 kg ha~!) and ammonium
nitrate (100 kg ha~1). During spring, four more fertilizers were used: Saletrosan 26
(300 kg ha!), ammonium nitrate (200 kg ha~!), and ADOB Bor, containing borum and
nitrogen, which was also used as an autumn treatment. One fungicide—Caryx 240SL
(1 Lha~!) was used during plant growth.

2.3. Assessment of Pest Resistance

Resistance to two insects, Delia radicum and Brevicoryne brassicae, was assessed during
field trials. The assessment of general damage caused by D. radicum and B. brassicae
infestation was performed in 2017, 2018, and 2019. The evaluation of direct damage on roots
for D. radicum, and the percentage of infested plants by B. brassicae was executed according
to the European and Mediterranean Plant Protection Organization (EPPO) standards [19]
on randomly chosen individuals (Figures 1 and 2). For every genotype, ten plants were
assessed in each replication. The severity of insect damage and plant infestation were
evaluated at physiological maturity on a one to nine scoring scale, used commonly by the
Research Center for Cultivar Testing in Poland, which corresponds to the International
Union for the Protection of New Varieties of Plants [20] system of assessment. According
to this scale, for D. radicum, a score of nine means no visible damage on plants (highly
resistant), a score of five means that lesions are visible on up to 25% of the roots and surface
of the leaves (moderately resistant), and a score of one means a completely damaged plant
(fully susceptible). For B. brassicae, a score of nine means no insects present on the plant
(highly resistant), a score of five means small and medium sized colonies on the plant
(moderately resistant), and a score of one means that the plant is completely covered by
aphid colonies (fully susceptible). The average values from ten plants were calculated
for each replication, which allowed us to obtain quantitative traits data with the normal
distributions.
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Figure 1. B. brassicae infestation on the leaf of the Brassicaceae hybrid.

Figure 2. Damage caused by D. radicum on the root of the Brassicaceae hybrid.

2.4. Analysis of Plant Materials

Whole plants were collected from the field. For every genotype, ten randomly chosen
individuals were assessed. The plant material was collected at two dates corresponding to
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the vegetation phases: the BBCH 11-14 rosette phase (vegetative stage) and the flowering
phase BBCH 63-65 (flowering stage). Plant material, consisting of fresh leaves and stems,
was dried at 60 °C, ground and ashed in a furnace at 450 °C for 6 h. The ash was dissolved
in 5 mL of 6 mol-dm~—3 HCI [21] and diluted to a constant volume with distilled water.
The obtained extracts were analyzed to assess macronutrient (K, Ca, Mg and Na) and
micronutrient (Cu, Zn, Mn, Fe and Ni) contents using atomic absorption spectroscopy
(ASA) in a Varian Spectra AA 220 FS apparatus. For total nitrogen (Ntot) and phosphorus
content (Ptot), plant samples were analyzed separately and two different methods were
performed. Total phosphorus content was measured colorimetrically by the ammonium
methanadinate method and total nitrogen was analyzed by the Kjeldahl method [21]. Total
sulfur (Stot) and sulfur sulfate (S-SO4) were determined by turbidimetric methods by
Butters and Chenery [22] and Bardsley and Lancaster [23], respectively. All the assays iden-
tifying the amounts of mineral elements (nutrients) were performed in three replications of
the same biological sample. The macronutrient and micronutrient contents as well as total
nitrogen, total sulfur, and sulfur sulfate were observed only in 2019 in two growth stages:
vegetative stage and flowering stage.

2.5. Statistical Analysis

The normality of the distributions of the studied elements (Ntot, Ptot, Stot, S-SO, K,
Ca, Na, Mg, Cu, Zn, Mn, Ni, and Fe) were tested using Shapiro-Wilk’s normality test [24].
Multivariate analysis of variance (MANOVA) was performed. Next, two-way analysis of
variance (ANOVA) was carried out to determine the effects of hybrids and growth stages
as well as hybrid x growth stage interaction on the variability of Ntot, Ptot, Stot, S-SO4,
K, Ca, Na, Mg, Cu, Zn, Mn, Ni, and Fe. The mean values and standard deviations of
mineral elements were calculated. The Fisher’s least significant differences (LSDs) were
calculated for individual minerals and on this basis, homogeneous groups were determined.
The relationships between analyzed nutrients were assessed on the basis of Pearson’s
correlation for growth stages independently. Relationships of observed mineral elements
were presented in heatmaps. Results were also analyzed using multivariate methods.
The canonical variate analysis was applied in order to present multi-trait assessment of
similarity of tested hybrids in a lower number of dimensions with the least possible loss
of information [25]. This makes it possible to illustrate variation in species in growth
stages of all observed mineral elements in the graphic form. The Mahalanobis distance [26]
was suggested as a measure of “poly-trait” hybrids similarity [27], whose significance
was verified by means of critical value D, called “the least significant distance” [28].
Mahalanobis distances were calculated for hybrids, independently for growth stages. The
associations between observed mineral elements, resistance to Brevicoryne brassicae, and
resistance to Delia radicum were estimated using regression analysis in both growth stages
independently in each year of study. The mineral element observations were treated as
independent variables and considered in individual models. In all analyses, we used
the critical significance levels equal to 0.05, 0.01, and 0.001, resulting from a Bonferroni
correction. All the analyses were conducted using the GenStat 18th edition statistical
software package.

3. Results
3.1. Macro- and Micronutrient Analysis

The results of the MANOVA performed indicated that all the hybrids (Fyq.48 = 64.99;
p < 0.0001), growth stages (Fy4g = 3112.04; p < 0.0001), and hybrid x growth stage inter-
action (Fy1,48 = 45.84; p < 0.0001) were significantly different with regard to all of the 13
quantitative mineral elements. Analysis of variance indicated that the main effects of
hybrids as well as hybrid x growth stage interaction were significant for all the nutrients
of study (Table 2). The main effects of growth stages were significant for all the nutrients
except K (Table 2). The mean values and standard deviations for the observed mineral
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elements indicated a high variability among the tested hybrids for which significant differ-
ences were found in growth stages of all the analyzed nutrients (Table 3).

Table 2. Mean squares form two-way analysis of variance for analyzed nutrients.

Source of Variation Hybrid Growth Stage Hybrid x Growth Stage Residual
d.f. 11 1 11 48
Ptot 0.007 *** 0.122 *** 0.004 *** 0.001
S-S0y 2,257 #4% 24.743 *** 1.314 *++ 0.073
Ntot 37.148 **+ 435.563 *** 31.765 *** 0.8435
Stot 1,567 %% 158.554 *** 0.498 *#* 0.1296
K 17.082 *+* 0.381 29.106 *** 0.383
Ca 30.857 *** 587.549 *** 21.277 ¥ 0.128
Na 0.002 **+* 0.004 *** 0.003 **+* 0.001
Mg 0.120 *** 3.472 %+ 0.082 *+* 0.001
Cu 0.405 *** 4.661 *** 0.605 *** 0.014
Zn 2744.726 *** 9092.936 *** 2807.555 *** 4711
Mn 1473.782 *++ 12,554.258 **+ 463411 ** 5.329
Ni 0.886 *** 8.487 *** 0.514 *** 0.069
Fe 78,015.46 *+* 643,093.3 ¥+ 75,226.66 *** 26.87
1 < 0.001.

The correlation analysis within nutritional elements indicated statistically significant
correlation coefficients for Zn and Fe, Mn and Fe, S-SO4 and Cu, Ntot and Mn, K and
Na, Ca and Mg, Ca and Cu, Ca and Fe, and Na and Mg in both growth stages (Table 4,
Figures 3 and 4). Additionally, in the vegetation stage, we observed significant correlation
between Ptot and Stot, Ptot and Zn, Stot and S-SOy, Stot and Zn, Stot and Fe, K and Mn, Ca
and Zn, Ca and Ni, Na and Ni, Mg and Ni, Cu and Zn, Cu and Fe as well as Zn and Mn
(Table 2, Figure 3). In the flowering stage, the pairs Ptot-K, Ptot-Mn, S-5O4-K, S-S04-Ca,
5-504-Mg, S-SO4-Mn, Ntot-Ca, Ntot-Fe, Stot-K, K-Ca, K-Mg, K-Zn, Ca-Na, Ca-Mn, Na-Fe,
Mg-Cu, Mg-Mn, Mg-Fe, Cu-Mn and Cu-Ni were significantly correlated (Table 4, Figure 4).

Individual nutrients are of different importance and have a different share in the joint
multivariate variation. A study on the multivariate variation for hybrids also includes
the identification of the most important mineral elements in the multivariate variation of
hybrids. Analysis of canonical variables is a statistical tool making it possible to solve
the problem of multivariate relationships [29-32]. Figures 5 and 6 show the variability
of the 13 nutrients of 12 studied rapeseed hybrids in the growth stages of the first two
canonical variables in the first and second growth stage, respectively. In the graph, the
coordinates of the point for particular hybrids are the values for the first and second
canonical variables, respectively. The first two canonical variables accounted for 95.93%
and 78.11% of the total multivariate variability between the individual hybrids in the
vegetative stage and flowering stage, respectively (Table 5, Figures 5 and 6). The most
significant, negative, linear relationship between the first canonical variables was found for
Zn and Fe in the vegetative stage (Table 5); the second canonical variable in the vegetative
stage was significantly positively correlated with Ni and negatively correlated with Ca, Mg,
and Mn (Table 5). In the flowering stage, the most significant, positive, linear relationship
between the first canonical variables was found for Ntot, Ca, Mg, Mn, and Fe (Table 5). The
second canonical variable in the flowering stage was significantly positively correlated with
5-504, K, Ca, and Mg (Table 5). The greatest variation of all 13 nutrients jointly (measured
Mahalanobis distances) was found for hybrids H3 and H9 (in vegetative stage) and H4 and
H6 (in flowering stage), the Mahalanobis distance between them amounted to 232.13 and
86.35, respectively (Table 6). The greatest similarity was found for hybrids H8 and H11
(13.69) in the vegetative stage as well as between H1 and H5 (8.45) in the flowering stage
(Table 6). The correlation coefficient between Mahalanobis distances in both terms was
equal to —0.1606 and was not significant (p = 0.1977).
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Table 3. Mean values and dard d (s.d.) for obs d (N =90).
Nutrient Ptot S-S0y Ntot Stot K
Growth stage n 1 n 1 1 1 mn
Hybrid Mean sd. Mean sd. Mean sd. Mean sd. Mean sd. Mean sd. Mean sd. Mean sd. Mean sd. Mean sd.
H1 0772 0011 0827 0008 1943 0198 3493 0359 441 0254 3896 2290 2633 0239 5918 0081 1558 0975 1743 0.074
H2 0789 0028 0890 0.012 2449 0125 2226 0514 4508 0676 427 079 2917 0441 6.039 0224 2187 0748 1409 0572
H3 0783 0032 0871 0.041 2395 0231 2989 0268 4395 0370 4124 0769 2609 0053 6.037 0298 2136 0612 1815 0.09
H4 0777 0024 0872 0.048 2973 0.188 2822 0042 4181 0498 3942 0232 2891 0149 5764 0705 1714 0492 1433 0.092
H5 0764 0002 0837 002 2266 0274 2977 0129 4011 0422 4088 0199 228 0336 6077 0300 1866 1117 1926 0307
Hé 0773 0016 0847 0018 1951 0603 3244 0160 4087 089% 3288 0.073 24 0265 6439 0235 1976 0588 2135 0375
H7 0704 0015 0792 0018 2105 0209 3352 0285 4871 1027 3788 0089 315 0079 5607 0097 1741 0420 2081 0133
H8 0725 0021 0929 0017 2531 0543 4843 0298 4488 0540 4361 029 3577 0239 628 0552 2233 0446 1871 0718
H9 0774 0010 0830 0.037 2053 0074 2678 0101 4475 2167 3035 0106 3703 0076 6326 0669 2274 0210 1778 0.034
HI10 0758 0050 0880 0.069 3003 0110 588 0265 4192 139 3369 0481 4113 0100 6428 0935 1929 1646 2083 0.29%
HI1 0719 0004 0803 0009 2747 0091 3967 0152 4235 1821 3791 0109 419 0108 6423 029 1817 048 2188 0563
H12 0727 0046 0717  0.023 223 0156 4241 0102 419 0362 4195 0165 4363 0140 7103 0109 1725 0608 2519 0472
LSDg 05 0.044 0.054 0479 0.433 1775 1.281 0.367 0.772 1.328 0.643
Nutrient Ca Na Mg Cu Zn
Growth Stage 1 n 1 I 1 n
Hybrid Mean sd. Mean sd. Mean sd. Mean sd. Mean sd. Mean sd. Mean sd. Mean sd. Mean sd. Mean sd.
H1 44 0020 1011 0266 0179 0.002 0187 0006 0506 0012 1.059 0053 4207 0090 4703 0172 7592 4783 2382 0.862
H2 593 0216 1046 0423 0250 0011 018 0001 0726 0031 09 0.033 4233 0.061 4003 0057 6289 6362 2179 0932
H3 652 0106 1271 0361 0209 0008 0216 0010 0738 0020 1243 0006 4373 0070 486 0020 1658 4323 1751 0.868
H4 6.8 0146 1175 0.147 0236 0012 0255 0019 0764 0041 1211 0042 3507 0.031 404 0115 4264 0839 3209 1330
H5 1072 0450 1186 0352 0239 0008 0212 0003 0957 0058 1125 0053 3593 0147 4757 0078 2526 3092 2324 1161
Hé 633 0203 912 0128 0262 0030 0229 0009 0726 0008 0871 0.025 459 0281 4653 0012 218 0559 1775 0.661
H7 775 0087 1819 0530 0258 0013 0211 0004 0948 0003 1405 0.017 3867 0058 4737 0023 2193 034 1925 0849
H8 8 0431 1603 0.69 0260 0009 0234 0030 0678 0012 133 004 346 0072 5143 0021 221 1623 2031 2150
H9 741 0.001 675 0276 0228 0036 0192 0007 0646 0022 0952 0040 4227 0227 3767 0111 2654 2076 1654 0.113
H10 7.6 0123 1752 0254 0201 0001 0218 0003 0654 0028 1472 0.007 34 0080 4633 025 1827 0211 226 1.074
Hi11 873 0300 1263 0860 0232 0017 0165 0003 0751 0013 1014 004 395 0070 403 0010 2055 0017 192 0421
Hi12 737 0205 19 0481 0187 0.005 0265 0013 0774 0032 1555 0041 4113 0101 43 0100 189 0850 1877 0.106
LSDg o5 0.39 0.7553 0.027 0.020 0.047 0.063 0218 0.183 4.876 1728
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Table 3. Cont.
Nutrient Mn Ni Fe
Growth Stage 1 n 1
Hybrid Mean sd. Mean sd. Mean sd. Mean sd. Mean sd.  Mean sd.
H1 2459 0516 5839 1917 38 0.300 239 0135 3327 4770 845 1.061
H2 6698 1497 7138 1610 2833 0058 175 0128 2789 2962 61 3.555
H3 6391 2506 807 0232 3 0529 3407 0546 9606 15677 858 1486
H4 355 4358 5544 3878 3.067 0351 174 0386 2153 4051 1196 4.845
H5 3067 1723 6533 1541 2033 0208 2057 0.029 1734 9900 80.7 1.061
Heé 2595 3765 5317 1478 24 0100 208 0115 2117 2235 454 0567
H7 56.17 4792 9207 1390 2167 0252 214 0036 1799 0740 894 2597
H8 29 0197 9.3 2.239 32 0100 2357 0418 1794 0952 837 1765
H9 4655 2470 3333 1558 3133 0306 2303 0218 1448 10980 481 1.465
H10 4796 1422 8805 2410 2433 0208 1827 0292 1477 2743 987 0756
HI11 2575 0230 5459 1480 3.1 0200 199 0070 1565 0367 726 0113
HI2 1563 2680 5078 1.153 28 0.100 1687 0.197 243 7238 862 3540
LSDy g5 4439 325 0438 0448 117 3953
Table 4. The correlation coefficients matrix for nutrients analyzed in the vegetative stage (above diagonal) and flowering stage (below diagonal) (N = 90).
Nutrient Ptot S-S0y Ntot Stot K Ca Na Mg Cu Zn Mn Ni Fe
Ptot 1 0.02 -025 —046* 0.17 -032 -0.12 -03 0.24 0.40* 0.2 0.21 03
S-S0y 0.09 1 -022 037% —-0.01 0.18 0.01 0 -0.05 0.13 0.01 007
Ntot 0.04 -0.05 1 0.06 0.14 -027 0.18 0 0.06 0.14 0.12 0.08
Stot -032 0.3 -0.08 1 0.04 0.18 -0.25 -0.15 -0.26 -042* -0.17 0.14 -034%
K —0.53 *** 0.53 #* -0.15 0.52* 1 0.1 0.36* —0.08 0.1 0.16 0.57 ** —0.02 0.17
Ca -022 0.65 *** 0.37* 018 0.55 **+* 1 0.28 —0.44* -0.12 —0.53 ***
Na 0.02 0.19 0.19 029 0.23 0.44 1 —-0.01 -028 029 —041%
Mg -0.14 0.63 *** 029 015 046 1 -021 0.09 —0.72%
Cu 0.29 0.31 -0.02 0.22 0.24 0.39* 0.40* 0.02
Zn 0.19 —0.05 0.24 -0.27 —0.52* 0 0.26 0.08 1 0.46 %
Mn 041+ 044* -0.22 0.09 .50 ** 0.03 1
Ni 0.21 —0.16 0.07 —0.06 —0.11 —0.06 —032 0.2
Fe 0.1 0.33 0.39* —-0.21 042 0.68 ***
*p <0.05; % p <0.0L; ** p < 0.001; in both veg and ing stages with the coefficients

flowering stages with the opposite sign.
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Table 5. Correlation coefficients between the first two canonical variables and nutrients in both terms (N = 90).

Vegetative Stage Flowering Stage
Nutrient First Canonical Second Canonical First Canonical Second Canonical
Variable Variable Variable Variable
Ptot —-0.3721 0.2918 0.2488 —0.2435
S-S0y 0.067 —0.3284 0.1973 0.7333 **
Ntot —0.1418 —0.2435 0.6071 * —0.0484
Stot 0.4106 0.1114 —0.4367 0.4807
K —0.1285 —0.0412 —0.2577 0.8729 ***
Ca 0.3175 —0.6427 * 0.6113 * 0.7067 *
Na 0.2642 —0.4646 0.4248 0.1661
Mg 0.0271 —0.8156 ** 0.6718 * 0.6005 *
Cu —0.3758 0.5651 0.3847 0.5392
Zn —0.9693 *** 0.1223 0.5569 —0.5692
Mn —0.448 —0.4653 0.6824 * 0.4192
Ni —0.1824 0.6783 * 0.0558 0.1199
Fe —0.9912 ** 0.0967 0.8769 *** 0.0079
Percentage variation 91.56% 4.37% 57.32% 20.79%

*p<0.05;* p<0.01; *** p <0.001.

Table 6. The Mahalanobis distances between the studied hybrids in vegetative stage (above diagonal) and flowering stage (below
diagonal) (N = 90).

Hybrid H1 H2 H3 H4 H5 Hé6 H7 H8 H9 H10 HI11 H12
H1 0 33.13 173.38 379 61.39 49.54 57.3 58.35 66.71 65.05 61.69 46
H2 28.37 0 181.88  24.48 4488 45.17 31.63 4459 55.27 50.09 52.16 43.64
H3 28.22 37.42 0 19566 20844 21572 20046 219.72 23213 22749 22393 20638
H4 46.06 49.29 4579 0 2893 34.68 26.07 31.64 46.06 35.54 36.56 32.1
H5 8.45 29.46 25.08 47.36 0 38.97 2791 28.78 4435 32.72 29.85 359
Hé 42.63 54.68 61.9 86.35 43.74 0 46.13 21.59 22.85 28.45 20.74 19.21
H7 38.99 45.99 17.49 50.39 34.73 68.96 0 36.7 50 37.85 419 41.95
H8 326 39.78 16.13 51715 2848 63 17.05 0 19.21 14.56 13.69 27.49
H9 432 50.36 64.55 79.56 47.5 255 72.46 68.37 0 2043 20.43 34.58
H10 35.84 4817 28.36 53.36 33.72 60.5 213 2401 63.09 0 17.19 33.23

H11 29.65 4.47 4794 71.58 29.34 23.12 52.85 47.68 32.93 43.25 0 23.02
H12 36.7 56.64 4149 57.93 34.64 54.85 41.83 40.9 57.9 33.69 39.15 0
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Figure 3. Heatmap for linear Pearson’ correlation coefficients between observed nutrients in the vegetative stage (1o = 0.36).
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Figure 4. Heatmap for linear Pearson’ correlation coefficients between observed nutrients in the flowering stage (1 = 0.36).
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Figure 5. Distribution of 12 hybrids in the space of the first two canonical variables in the vegetative stage (N = 90).
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Figure 6. Distribution of 12 hybrids in the space of the first two canonical variables in the vegetative stage (N = 90).
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3.2. Resistance to Pests

The resistance to B. brassicae and D. radicum of the hybrids was widely described by
Niemann et al. [33]. In our previous research, we assessed the resistance to B. brassicae
and D. radicum within 53 rapeseed cultivars and 31 interspecific hybrids including twelve
genotypes investigated in this study. Generally, the resistance to insects of studied hybrid
plants varied between genotypes and years. For B. brassicae, mean resistance values for
hybrids in 2017, 2018, and 2019 were 8.766, 6.250, and 7.610, respectively. The highest
level of resistance (9.000) was observed in 2017 for three genotypes: B. napus cv. Jet Neuf
X B. carinata-P1649094, B. napus cv. Jet Neuf x B. carinata-P1 649096, and B. napus cv. Jet
Neuf x S. alba cv. Bamberka, while the lowest level of resistance (3000) was reported
in 2018 for B. napus cv. Gorczanski x B. rapa ssp. pekinensis 08.007574. For D. radicum,
mean resistance values for hybrids in 2017, 2018, and 2019 were 6.542, 6.611, and 6.864,
respectively. The highest level of resistance (8.400) was noticed in 2017 for B. napus cv. Lisek
X B. fruticulosa-P1649099 and in 2019 for B. napus cv. Lisek x B. tournefortii. Meanwhile, the
lowest level of resistance (2.300) was observed in 2017 for one hybrid—B. napus cv. Lisek x
B. fruticulosa-P1649097.

3.3. Associations between Pest Resistance and Nutrient Content

The associations between analyzed nutrients, resistance to B. brassicae, and resistance
to D. radicum are presented in the Tables 7 and 8, respectively. We observed a statistically
significant negative (—0.2101) association between Ca in the vegetative stage and resistance
to B. brassicae in 2019 (p = 0.033). Percentage of variation of resistance to B. brassicaec was
accounted by a Ca variation equal to 31.8% (Table 7). Additionally, a positive (0.817)
association between Cu in the vegetative stage and resistance to B. brassicae was observed
in 2019 (p = 0.036). Percentage of variation of resistance to B. brassicae accounted by Cu
variation was equal to 30.6% (Table 7). The resistance to D. radicum in 2019 was statistically
significantly negatively (—0.6) associated with Ca in the vegetative stage and p = 0.014.
Percentage of variation of resistance to D. radicum accounted by Ca variation was equal to
41.5% (Table 8).
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Table 7. The between the analyzed nutrients and resistance to Brevicoryne brassicae (N = 90).
Percentage of Percentage of Percentage of
Estimate p Values Variation Estimate p Values Variation Estimate p Values Variation
Nutrient Growth Stage Accounted Accounted Accounted
2017 2018 2019
Ptot vegetative stage -0.76 0.726 -07 0959 9 0.107 16.2
flowering stage 02 0.865 -12.23 0.069 223 -215 0.503
550, vegetative stage 0.225 0.161 105 -0.32 0.759 —0.076 087
4 flowering stage —0.0422 0.482 0228 0541 —0.073 0.663
Niot vegetative stage 0.0173 0.51 0.045 0.784 ~0.0086 0.906
flowering stage 0.0099 0.502 —0.1571 0.064 232 —0.0487 0.219 62
Siok vegetative stage 0.0949 0.25 43 0227 0.666 0.085 0.717
flowering stage 0.002 0.992 —0.089 0928 0.37 039
vegetative stage 0.0431 0.081 20.1 -0.09 0.582 0.0289 0.694
K flowering stage —0.0137 0.482 0.094 0438 —0.0019 0972
Ca vegetative stage 0.0522 0.172 9.6 0115 0.642 -0.2101 0.033 318
flowering stage 0.0009 0.955 —0.0039 0.969 —0.0274 0533
vegetative stage 211 0.324 0.7 -6.7 0.62 —7.63 0.185 85
Na flowering stage -0.87 0.678 -106 0409 0.62 0.915
Mg vegetative stage 05 031 13 3.34 0271 31 -174 0.191 8.1
flowering stage 0 1 0.01 0997 —0.254 0.735
cu vegetative stage -0.102 0.515 0.694 0473 0817 0.036 30.6
flowering stage -0216 0.116 15.1 —1246 0.148 117 —0.519 0178 9.1
Zn vegetative stage 0.0001 0.94 —0.0015 0.87 0.0048 0.215 64
flowering stage —0.0037 0.804 —0.0685 0451 —0.0283 0484
vegetative stage 0.0052 0.146 19 0.0111 0.633 0.0065 0.526
Mn flowering stage 0 1 ~0017 0388 ~0.0094 0279 28
e vegetative stage ~0.011 0.929 ~1.083 0.139 126 0.16 0.64
Nt flowering stage —0.009 0.949 —0269 0745 0.106 0773
Fe vegetative stage 0.00003 0.926 —0.0001 0937 0.00094 0.201 74
flowering stage —0.00001 0.997 —0.0075 0.686 —0.0055 0.501
Total percent of variation accounted by all 13 nutrients 67.81 45.77 89.07
Agriculture 2021, 11,94 15019
Table 8. The associations between analyzed nutrients and resistance to Delia radicum (N = 90).
Percentage of Percentage of Percentage of
Estimate p Values Variation Estimate p Values Variation Estimate p Values Variation
Nutrient Growth Stage Accounted Accounted Accounted
2017 2018 2019
Ptot vegetative stage -13 0.937 13 0341 56 0.715
flowering stage 6.11 0.505 7.8 0.292 21 277 0.74
5-50. vegetative stage 1.84 0.144 121 —0.94 0.382 -05 0.677
2 flowering stage —0.298 0.529 —0534 0.151 114 0.122 0.777
vegetative stage 0.016 0.94 0.069 0.687 0.189 0.302 16
Ntot flowering stage 001 0935 ~0.0964 0304 16 ~0.078 0454
Stot vegetative stage 0.323 0.628 ~0.806 0.119 14.8 0.184 0.76
flowering stage -0.12 0.922 —~1554 0.106 16.4 0.28 0.808
K vegetative stage 0.347 0.072 216 0209 0206 7 0.098 0.602
flowering stage —0.093 0.548 —0.151 022 6.1 —0.016 0.907
vegetative stage 0471 0.111 157 0.28 0.264 35 -0.6 0.014 415
e flowering stage 0.015 0.903 —0.176 0.065 23.1 0.024 0.831
Na vegetative stage 30.2 0.053 257 14.7 0283 25 -31 0.841
flowering stage 125 0.446 —-183 0.157 10.8 207 0144 121
M vegetative stage 6.17 0.095 179 218 0499 —4.84 0.155 11
] flowering stage 033 0879 24 0.147 18 11 0565
vegetative stage -1.06 0.384 —0.021 0983 1.06 0331 04
o flowering stage -117 0.295 20 0.052 0956 0.12 0.909
vegetative stage —-0.0045 0.694 0.0029 0.756 0.0053 0.603
Zn flowering stage 0.013 0913 —0.0377 0.693 —0.042 0.693
vegetative stage 0.0374 0.187 84 0.0266 0258 38 0.0152 0.567
M flowering stage 0.0041 0.871 —0.0041 0844 0.0027 0.906
. vegetative stage -112 0.237 50 —0528 0508 0.731 0.4
Ni flowering stage -0.39 0.713 0.99 0234 52 0.46 0.626
Fe vegetative stage ~0.0004 0.847 0.0001 0.963 0.0013 0.511
flowering stage 0.0033 0.89 —0.0196 0.297 19 —0.0001 0.99%
Total percent of variation accounted by all 13 nutrients 89.17 91.73 85.73
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4. Discussion

The pathogens and insects are responsible for the reduced crop yield, so presently,
a variety of fungicides and pesticides are applied in agriculture. Taking into account the
current requirements of sustainable agriculture with less consumption of agrochemicals,
more attention is paid to the natural defense mechanisms of plants against pests and
pathogens. It can be assumed that plants with the proper concentration of nutrients in
plant tissues will resist pests more, and the research carried out confirmed such a statement
indirectly.

B. napus plants are rich in sulfur as it is necessary for plant development. Sulfur is used
to synthesize glucosinolate and phytoalexins, which play an important role in plant defense
systems [34]. Marazzi and Stadler [35] found a correlation between sulfur plant nutrition
and D. radicum development by testing B. napus plants with three different levels of sulfur
supply: no sulfur added, normal dose of sulfur, and double dose of sulfur. The conducted
experiment showed that larval survival to pupation, adult emergence, and adult fresh
weight was significantly greater when B. napus plants received normal or double the normal
dose of sulfur. In contrast, our research showed no connection between sulfur content in
plants and resistance to D. radicum. As stated before, B. brassicae is a highly specialized
pest. The insect adapts so well that it takes advantage of the plants” own defense system
by using glucosinolates produced by the host as protection against predatory species [36].
As glucosinolates do not harm the insect, it would be expected that an increased amount
of sulfur and nitrogen in the plant, which are compounds of this toxic chemical, will not
impact the number of B. brassicae individuals that damage the plants. This assumption
corresponds well with our results.

Based on our study, no relation was discovered between nitrogen content and resis-
tance to D. radicum and B. brassicae. Furthermore, in 2011, Mochiah et al. [37] studied how
insect population in Brassica oleracea is affected by the use of different soil fertilizers (i.e.,
NPK and poultry manure). Conducted field trials showed that both organic and synthetic
nutrients could increase the population of some pests on cabbage, but the same effect
was not observed for B. brassicae. However, experiments performed by Mutiga et al. [38]
showed clearly that increasing the quantity of nitrogen applied in the soil led to an increase
in B. brassicae infestation on collard (Brassica oleracea var. acephala). This phenomena might
be explained by enhanced amino acid synthesis caused by increased N level, as it changes
the nutritional quality of floem sap; though it is crucial to emphasize that is it the balance
and composition of different amino acids that plays the major role [14,38]. Furthermore, a
study from Chesnais et al. [39] proved that an increase in N level may indeed positively
impact B. brassicae size and fecundity, though using excessive nitrogen treatments may
limit aphid fertility.

The group of macronutrients also includes calcium, although it is not as required by
Brassica plants as sulfur or nitrogen. However, the role it plays in plant cells is significant.
Calcium is an essential second messenger in many pathways, especially in plant response
to pathogen attacks [40,41]. Lecourieux et al. [40] made an exhaustive review of various
calcium compounds and their functions in plant organisms and pointed to the importance
of calmodulin and calmodulin-binding proteins in plant defense against fungal pathogenic.
Based on this, one can risk a theory that the compounds with the participation of calcium
including the aforementioned calmodulin can also determine the resistance of plants to
pests. The obtained findings from our own research confirm this in some way, as we
discovered a significant association between the resistance to D. radicum and Ca, and
between the resistance to B. brassicac and Ca in the last year of our study.

In this study, a positive relationship was shown between the amount of copper in
plant cells and resistance to B. brassicae (in the third year of the study) This result should be
considered interesting and intriguing, more so because copper is attributed with a strong
fungicidal and bactericidal effect [12]. Considering the fact that when Cu is presentin a
low concentration, it acts as a cofactor for metallo-proteins and enzymes, whereas at higher
concentrations, it performs as an antimicrobial agent against pathogens. In this aspect, it
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would have to be considered whether the Cu level in the plants was sufficiently adequate
to induce a pest resistance effect.

Pest management of oilseed rape in Europe relies mostly on chemical treatments.
Unfortunately, pesticides are often used as a preventive measure in many cases without
precise recognition of insects in the field [42]. Such a demeanor leads to the over-use of
broad spectrum chemicals and results in pesticide resistance and pest resurgence [38].
Moreover, uncareful application, especially during the flowering period, may have harmful
effects on beneficial insects such as bees [43]. Therefore, it is particularly relevant to develop
a consistent, environmentally friendly approach to limit the pests” population. Considering
all the presented results, it cannot be confirmed that adjusted plant nutrition is a sufficient
replacement for using pesticides, though it should be considered as part of a non-chemical
strategy against dangerous pests, along with biological control and breeding resistant
cultivars.

5. Conclusions

Despite the fact that the presented outcomes showed correlation between elemental
accumulation expressed by the concentration of nutrients and plant resistance to pests only
for Caand Cu, research in this direction should be continued, as they fit into the philosophy
of sustainable agriculture. The role of adjusted plant nutrition in plant resistance should be
further analyzed.
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Abstract: Brassica napus is an important oil source. Its narrow gene pool can be widened by in-
terspecific hybridization with the Brassicaceae species. One of the agronomically important traits,
that can be transferred through the hybridization, is the resistance to blackleg, a dangerous disease
mainly caused by Leptosphaeria maculans. Hybrid individuals can be analyzed with various molecular
markers, including Simple Sequence Repeats (SSR). We investigated the genetic similarity of 32 Bras-
sicaceae hybrids and 19 parental components using SSR markers to reveal their genetic relationship.
Furthermore, we compared the field resistance to blackleg of the interspecific progenies. The tested
set of 15 SSR markers proved to be useful in revealing the genetic distances in the Brassicaceae
hybrids and species. However, genetic similarity of the studied hybrids could not be correlated with
the level of field resistance to L. maculans. Moreover, our studies confirmed the usefulness of the
Brassicaceae hybrids in terms of blackleg management.

Keywords: Brassicaceae; interspecific hybrids; SSR markers; Leptosphaeria maculans; genetic similarity

1. Introduction

Brassicaceae is a family of high agroeconomic importance comprising fodder, oilseed
plants, vegetables, ornamental species, as well as plants of medical and scientific importance.
Furthermore, ecological, morphological, and genetic diversity of this family makes it a
perfect model for relationship and evolution studies [1]. The genus Brassica contains three
diploid species, i.e., B. rapa (AA genome), B. nigra (BB genome), and B. oleracea (CC genome),
and allotetraploid species obtained as a result of natural interspecific crosses, namely B.
napus (AACC), B. juncea (AABB), and B. carinata (BBCC). Another representative of the
Brassicaceae family is Sinapis alba, a yellow mustard plant closely related to Brassica, well
known for possessing many potentially useful traits [2].

Brassica napus (rapeseed) is one of the most important oil crops, accounting for over
12% of worldwide oil production (USDA). Due to a relatively short history of cultivation
and use of conventional breeding methods, rapeseed displays limited genetic diversity [3,4];
therefore, it seems crucial to expand the B. napus gene pool. One of the most effective
approaches to solve this problem is interspecific hybridization [5]. Crossing the rapeseed
with different species may help to enrich the B. napus germplasm and to enable the transfer
of genome fragments carrying desirable traits, which could further improve the cultivar’s
characteristics. The sexual incompatibility and differences in the genome sizes of parental
components may result in hybridization failure [6]. Barriers of interspecific hybridization
can be overcome by implementing in vitro techniques, including ovary, ovule, and embryo
rescue [7]. The Department of Genetics and Plant Breeding of Poznan University of Life
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Sciences has great experience in creating interspecific Brassicaceae hybrids, which are
profoundly analyzed in terms of chromosomal constitution, morphology, as well as insect
and pathogen resistance. Recently developed hybrids showed a significant variability
of blackleg resistance in field conditions. Blackleg, mainly caused by L. maculans, is a
fungal disease which can cause significant yield losses [8]. The reliance on commercial
cultivars with a single resistance source increases the selective pressure on pathogens and
accelerates its evolution. Management of blackleg disease includes proper agronomic
practices (such as crop rotation and tillage), the use of fungicides, weed control, the use of
certified seeds and the use of resistant cultivars [9]. The breeding of resistant cultivars is
environmentally friendly and is a reliable method of controlling blackleg disease [10]. It
relies on the existence of naturally resistant genotypes, which can be used as a donor of
certain genes conferring blackleg resistance.

Various molecular marker systems such as RFLP, SSR, and RAPD can be used to
determine the genetic distance of the Brassicaceae species [11]. Simple Sequence Repeats
(SSR) or microsatellites are defined as tandem repeats of short nucleotide motifs, usually
consisting of 1-6 base pairs [12]. They occur frequently in eucaryotic organisms, and the
variation in repeat numbers results in a high degree of polymorphism. The random distri-
bution of SSR loci in plant genomes allows for genetic differentiation within and between
species [13]. Moreover, it defines the high utility of SSR markers for cruciferous plants, as
the microsatellite loci among members of the Brassicaceae family show high variation in
length, which subsequently permits the differentiation of species [14,15]. The SSR markers
had been previously used in numerous Brassicaceae studies, including unraveling the ge-
netic variation and species diversity [14,16,17], species and cultivar differentiation [13,18],
and estimation of genetic distances [19].

We are aiming to gain insight into the genetic relationship between hybrids with dif-
ferent parental components, which are diverse in terms of resistance to blackleg. Therefore,
the objectives of this research are to determine the genetic similarity of hybrid and parental
genotypes from the Brassicaceae family and to evaluate the usefulness of the chosen SSR
markers for genetic diversity analysis.

2. Materials and Methods

A total of 32 various Brassicaceae hybrids of Fg and Fyy generation and 19 parental
genotypes were used as research material (Table 1). Interspecific hybrids of the F; genera-
tion were developed at the Department of Genetics and Plant Breeding (Poznan University
of Life Sciences), with the use of in vitro cultures. Next, selected combinations were self-
pollinated multiple times in order to obtain stable hybrid lines.

Table 1. List of Brassicaceae genotypes used in this study and groups for the analysis of molecular
variance (AMOVA).

No of Genotype Combination/Species Group
1 B. napus cv. Jet Neuf x B. carinata PI 649091 1
2 B. napus cv. Lisek x B. carinata Dodola 1
3 B. napus cv. Jet Neuf x B. carinata—PI 649094 1
4 B. napus cv. Jet Neuf x B. carinata—PI 649096 1
5 B. carinata 1 1
6 B. carinata 2 1
7 B. carinata 3 1
8 B. carinata 4 1
9 B. carinata cv. Dodola 1
10 B. carinata P1596534 1
1 B. napus cv. Gorczanski x B. rapa ssp. chinensis 2
12 B. napus cv. Zhongshuang9 x B. rapa ssp. chinensis 08 007574 2
13 B. rapa ssp. chinensis (COBORU) 2
14 B. rapa ssp. chinensis P1430485 98CI 2
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Table 1. Cont.

No of Genotype Combination/Species Group
15 B. napus cv. Lisek x B. rapa Pak Choi 08, 007574 2
16 B. napus cv. Lisek x B. rapa Pak Choi 08, 007569 2
17 B. napus cv. Gorczanski x B. rapa Pak Choi 08, 007574 2
18 B. fruticulosa PI 649097 3
19 B. napus cv. Californium x B. fruticulosa—P1649097 3
20 B. napus cv. Lisek x B. fruticulosa—P1649097 3
21 B.napus cv. Anderson 1,2,3,4,5,6,7
22 B. napus cv. Monolit 1;2,3:4:5,6,7
23 B. napus cv. Skrzeszowicki 1;:2:3:4,5:6,7
24 B. napus cv. Lisek 1,2,3;4,5,6;7
25 B. napus cv. Californium x B. oleracea var. alboglabra 4
26 B. napus cv. Jet Neuf x B. rapa ssp. pekinensis 08 007569 5
27 B. napus cv. Jet Neuf x B. rapa ssp. pekinensis 08 007574 5
28 B. napus cv. Gorczanski x B. rapa ssp. pekinensis 08.007574 5
29 B. napus cv. Gorczanski x B. rapa ssp. pekinensis 08.007569 5
30 B. napus cv. Californium x B. rapa ssp. pekinensis 08 007574 5
31 B. napus cv. Californium x B. rapa ssp. pekinensis 08 007574-1 5
32 B. napus cv. Californium x B. rapa ssp. pekinensis 08 007574-2 5
33 B. napus cv. Californium x B. rapa ssp. pekinensis 08 007574-3 5
34 B. napus cv. Zhongshuang9 x B. rapa ssp. pekinensis 08 006169 5
35 B. napus MS8 line x B. rapa ssp. pekinensis 08 006169 5
36 B. napus MS8 line x B. rapa ssp. pekinensis 08 006169 5
37 B. napus MS8 line x B. rapa ssp. pekinensis 08 006169 5
38 B. rapa ssp. pekinensis 08, 007569 5
39 B. rapa ssp. pekinensis 08, 007574 5
40 B. rapa ssp. pekinensis (COBORU) 5
41 B. napus cv. Lisek x B. oleracea var. alboglabra 4
42 B. napus cv. Jet Neuf x S. alba cv. Bamberka 6
43 B. napus cv. Lisek x B. fruticulosa—P1649099 3
4 B. napus cv. Lisek x S. alba cv. Bamberka 6
45 B. napus cv. Lisek x B. tournefortii 7
46 B. napus cv. Jet Neuf x B. oleracea var. alboglabra 4
47 B. napus cv. Californium x S. alba cv. Bamberka 6
48 B. rapa ssp. pekinensis 08 006169 5
49 B. oleracea var. alboglabra 4
50 S. alba cv. Bamberka 6
51 B. napus cv. Zhongshuang9 x B. rapa ssp. pekinensis 08 006169 2 5

2.1. Molecular Analysis

15 SSR markers were selected to characterize the genetic background of the research
material. The markers were chosen according to the literature data [20]. This set of
microsatellites was developed from B. rapa using the ISSR-suppression-PCR method. Pre-
liminary screening was performed in order to assess their usefulness in the present study.
Genomic DNA was extracted from young seedling leaves of the studied individuals using
the Genomic Mini AX Plant kit (A&A Biotechnology, Gdansk, Poland) according to the
manufacturer’s protocol. PCR was performed in a total volume of 12.5 uL (6.25 uL OptiTaq
Master Mix (EURx, Gdansk, Poland), 2 x 0.5 uL primers, 4.25 uL. H>O, and 1 uL. DNA
template) under the following conditions: initial denaturation at 94 °C for 5 min, thirty-five
cycles of amplification (denaturing at 94 °C for 45 s, annealing at primer specific tempera-
ture for 45 s, extension at 72 °C for 1.5 min), followed by a final extension step at 72 °C for
7 min. Primer sequences and annealing temperatures are presented in Table 2.
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Table 2. Primer sequences and annealing temperatures of SSR markers used in the study.

SSR Marker Primer Sequences Annealing
Temperature
F: CAT GAG TTT TCA TAA ATA AAA R
iR R: TAT GCA ACT TGT CTT TGA TAT 41vc
F: CAT ATA TAG CAT GAG TGG TGC .
HisiE00 R: CTT AAA GGG CAC TCT TTC ATG 47°C
I F: TCT CTT TGA AAT CTC AAC CCA i
R: AGA TGG CAT GTT AAA CTG AAC 47°C
F: TGA TAC ATA GAC TTG GTG GTG R
isgpI2 R: CGG CAT TAT CTT GAA CAC GTT 48°¢
F: AGA TTT GGC TTA CAC GAC GAC R
StE01s R: ATA TAC CAG GTA CCG TCA CTC 50°c
_r. F: CGT TAC ATT CGG GTA TCA CTA 18ec
R: TCA TCG AAA GCC TTG TAA CTG
F: AGA GGC AGT TAC GTT CAC GTC .
TERH2D R: CAT CGC ACT CGT GTC TCT TTC 52°C
el F: CTC TTT TGG TCA GCT TCC TCA 8eoe
8 R: TTG TTA GTT AGA TCC TCG TAG
mstg028 F: GCC AAG AAG ACG AAG ATT CTC 10ec
R: AGG TTC TCG ATT TAG GAA CCG
F: ATG TAA GCA TCT TTG ATC TGC R
mstgliad R: CTT GAT CTT CCT GAT GTA CTC 467°C
F: CGA CTG GTA ATA TTC TGA TAC R
matgioe R: CAT GAA AGA CTC TCA AAT CCC 46°C
mstg038 F: GAA TGG TGG TTC TTG TGT GTC i
R: CAA AGC GAA GCT CTT GAA TTG 49°C
F: TAC TCG CTC TTG TTG AAG CTG .
matgls) R: GAC AAT CTT GGA GTC ATC TCG 50°C
F: GAT ATT CGA TCC GCT TCG ACA R
mstg042 R: CGA ATA TCT CAT CCA CTT TGT 49°C
istgl2 F: AGT AAC ATG TTT TCT TTT GIG P
R: CAT CAG ATG CTC AAG GAA CTT
mstg055 F: ACA CGC GCC TAT GCA GAA TAC —

R: CTT AGC GAT TAC GGT GAA GCC

Electrophoresis was performed on agarose gel stained with Midori Green Advance
(Nippon Genetics, Diiren, Deutchland), 5 uL per 100 mL of TBE buffer. All image data
obtained from the electrophoresis gels were examined in the same way: for each marker,
the presence or absence of a band of particular size was scored as ‘1" or ‘0’, respectively.
Next, a binary data matrix was created which was further analyzed with Peak Scanner
Software v1.0 (Applied Biosystems, Waltham, MA, USA).

2.2. Statistical Analysis

The polymorphic information content (PIC) was calculated for each marker using the
formula:

k
PIC, =1- Z p,'l'z,
j=1

where p;; denotes frequency of the jth allele for i-th marker among a total of k alleles [21,22].
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Genetic similarity (GS) was estimated for each pair of genotypes on the basis of Nei
and Li [23]:
- 2N AB
~ Nao+Ng’
where N,p denotes the number of bands in genotypes A and B, N4 and Np denote the
number of bands in A and B, respectively. The similarity matrix was used to construct a
dendrogram using the unweighted pair group method with arithmetic mean (UPGMA) to
determine genetic relationships among the genotypes studied. The principal component
analysis (PCA) was calculated on the basis of the similarity matrix. All the analyses were
conducted using the GenStat 18.2 edition (VSN International Ltd., Hemel Hempstead, UK)
statistical software package. The analysis of molecular variance (AMOVA) was made using
GenAlEx 6.5 [24]. AMOVA estimated and partitioned the total molecular variance between
and within the groups of genotypes and tested the partitioned variance components [25].
The population genetic structure coefficient (Fsr) was calculated using the formula:

GS

Hr —Hs

Fst = T

where Hr denotes the probability that two alleles drawn at random from the entire group
differ in state and Hg denotes the probability that two alleles drawn at random from a
subgroup differ in state. Groups for AMOVA, presented in the Table 1, were created by
organizing the genotypes on the basis of their parental components, e.g., B. napus x S. alba
hybrids were grouped together with S. alba. Four B. napus cultivars were added to each

group.
2.3. Resistance to Blackleg

All hybrid combinations have been studied in terms of resistance to phoma leaf
spotting /blackleg in field conditions. The assessment was carried out in testing fields at
the Poznan University of Life Sciences experimental station Dlori, located in Wielkopolska
Voivodeship. The soil and weather conditions were typical for this region of Poland, and
no fungicides or pesticides were used on the testing field. The agricultural practices were
optimal for the local ecological conditions. The experiment was set up in a completely
randomized block design with five replications; the size of a single plot was 10 m? with a
0.30 m row distance and a sowing density of 60 seeds per square meter. The assessment
was performed in two terms, i.e., in November, BBCH 19 (term I), and July, BBCH 70-89
(term II). Phoma leaf spotting (term I) was evaluated according to the scale from 0 to 4,
where 0 was no visible disease symptoms and 4 was numerous (over 10) leaf spots per
plant [26]. The blackleg symptoms (term II) were assessed according to a scale from 0 to 9,
where 0 was no visible symptoms and 9 was a plant totally damaged by the disease [26].
Obtained scale values were subsequently transformed into percentage values. For every
genotype, 10 randomly chosen individuals were examined, and for each genotype, the
average values from 10 replications were calculated.

3. Results
3.1. Genetic Similarity Assessment

The set of 15 primer pairs allowed for the detection of 2 monomorphic and 98 poly-
morphic alleles (Table 3, Figure 1). The average number of polymorphic alleles per marker
was 6.533, ranging from 2 to 15. Monomorphic alleles were observed only for two markers:
mstg028 and mstg042. The SSR markers used in this study generated highly informative
loci with the PIC values ranging from 0.594 for mstg016 to 0.989 for mstg039, with the mean
0.848 (Table 3).

102



Curr. Issues Mol. Biol. 2022, 44 4295
Table 3. Quantity of detected alleles and PIC values for SSR markers.
Quantity of Quantity of Percentage of .
SSR Marker  Polymorphic Monomorphic Polymorphic hI:If(():rg:tl iyonr: ‘gg:::::;)
Alleles Alleles Alleles (%)

mstg004 2 0 100 0.962
mstg008 8 0 100 0.969
mstg012 7 0 100 0.771
mstg016 8 0 100 0.594
mstg025 4 0 100 0.838
mstg028 7 1 87.5 0.769
mstg033 3 0 100 0.988
mstg038 9 0 100 0.841
mstg039 15 0 100 0.989
mstg042 2 1 66.7 0.913
mstg052 7 0 100 0.893
mstg055 9 0 100 0.776
mstg001 4 0 100 0.908
mstg034 5 0 100 0.686
mstg027 8 0 100 0.822

Mean 6.533 0.133 96.947 0.848

Figure 1. Example of electrophorograms with visible PCR products. Results for genotypes 21-40,
marker mstg004 (above) and mstg008 (below).

The data were computed to estimate genetic similarity between the studied rapeseed
genotypes based on Nei and Li’s coefficients. The highest genetic similarity (equal to 0.97)
was found between genotypes B. napus cv. Zhongshuang9 x B. rapa ssp. pekinensis 08 006169
(34) and B. napus cv. Zhongshuang9 x B. rapa ssp. pekinensis 08 006169 (51), whereas the
lowest genetic similarity (0.22) was found for B. carinata (7) and B. fruticulosa PI 649097 (18).
The mean value of genetic similarity was 0.63. The SSR marker data were used to group
cultivars by the UPGMA method. The relationships between genotypes are presented in
the form of a dendrogram (Figure 2), in which nine clusters were clearly distinguished.
Cluster I comprised only one individual, genotype 13 (B. rapa ssp. chinensis (COBORU)),
which had less than a 0.5 similarity with other genotypes; Cluster Il comprised only one
individual, genotype 18 (B. fruticulosa PI 649097); Cluster III comprised only one individual,
genotype 43 (B. napus cv. Lisek x B. fruticulosa—P1649099); Cluster IV comprised genotypes
42,44, 47, and 50 (B. napus cv. Jet Neuf x S. alba cv. Bamberka, B. napus cv. Lisek x S. alba
cv. Bamberka, B. napus cv. Californium x S. alba cv. Bamberka, and S. alba cv. Bamberka);
Cluster V, 14, 38, 39, 40, and 48 (B. rapa ssp. chinensis P1430485 98ClI, B. rapa ssp. pekinensis
08, 007569, B. rapa ssp. pekinensis 08, 007574, B. rapa ssp. pekinensis (COBORU), and B.
rapa ssp. pekinensis 08 006169); Cluster VI comprised only one individual, genotype 49 (B.
oleracea var. alboglabra); Cluster VII comprised genotypes 1,2,3,4,5,6,7,8,9, and 10 (B.
napus cv. Jet Neuf X B. carinata P1 649091, B. napus cv. Lisek x B. carinata Dodola, B. napus
cv. Jet Neuf x B. carinata—PI 649094, B. napus cv. Jet Neuf x B. carinata—P1 649096, B.
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X
L

carinata 1, B. carinata 2, B. carinata 3, B. carinata 4, B. carinata cv. Dodola, and B. carinata P1
596534); Cluster VIII comprised two genotypes, 19 and 20 (B. napus cv. Californium x B.
fruticulosa—P1649097 and B. napus cv. Lisek X B. fruticulosa—P1649097), while the ninth
cluster contained the remaining 26 genotypes (Figure 2).
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Figure 2. Dendrogram obtained from SSR data showing the genetic relationship of studied genotypes
(numbers according to Table 1). Genotypes were grouped hierarchically using the UPGMA method.
The scale at the bottom of the dendrogram indicates the level of similarity between individual plants.

The significant differentiation (Fgr = 0.059; p = 0.011) between the genotypes among
the groups presented in Table 1 was further supported by the AMOVA results. The intra-
and inter-genotype variabilities were found to be significant, with 6% of the genetic variance
contributed by the differentiation between the groups, whereas 94% was partitioned within
the groups. The largest variability was observed in the first group (mean squares within
the group was equal to 9.582), while the smallest was in group number 7 (4.160) (Table 4).
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Table 4. Values of differentiation Fst (below diagonal) and probability based on non-parametric per-
mutational testing procedures with 999 permutations (above diagonal) between groups of genotypes.

Group 1 2 3 4 5 6 7
1 0.000 0.045 0.002 0.016 0.005 0.002 0.055
2 0.041* 0.000 0.153 0.072 0421 0.398 0.433
3 0.154 * 0.028 0.000 0.001 0.012 0.052 0.181
4 0.077* 0.052 0.191 *** 0.000 0.083 0.009 0.060
5 0.066 ** 0.000 0.092* 0.050 0.000 0.289 0.393
6 0135+ 0.000 0.103 0.160 * 0.017 0.000 0.384
7 0.077 0.000 0.046 0.099 0.000 0.000 0.000

Mean Squiares 9.582 8.132 4281 8.797 8.853 4250 4160

within group

*p <005, p <0.01,*** p < 0.001

Statistical significant differences were observed between the following pairs of groups
of genotypes: 1-2, 1-3, 14, 1-5, 1-6, 34, 3-5, and 4-6 (Table 4).

The PCA for 51 genotypes based on the distance matrix was presented in Figure 3.
The first two PCs explained a total of 31.54% SSR marker variation (16.69% and 14.85%,

respectively).
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Figure 3. Principal component analysis of 51 genotypes based on 100 detected PCR products, numbers
1-51 according to Table 1.

3.2. Field Resistance to Blackleg

The performed analysis allowed to distinguish the genotypes with the highest resis-
tance level to blackleg (Table 5). Sixteen hybrid combinations belonged to the statistically
best group (group f) in both terms, which indicates their ability to maintain stable and low
susceptibility to pathogen infestation. These include hybrids with B. carinata, B. fruticulosa,
and S. alba as a parental component. The lowest level of blackleg resistance was observed
for B. napus cv. Gorczaniski x B. rapa ssp. chinensis in both terms (23.33% and 25% infesta-
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tion), although those genotypes are still considered as moderately resistant. Examples of

lesions observed on hybrid combinations are presented in Figure 4.

Table 5. Results of blackleg field resistance assessment for hybrid plants. The level of infestation is

expressed as a percentage.

- Infestation Infestation
e SRR Level—Term I Level—Term II

1 B. napus cv. Jet Neuf x B. carinata PI 649091 0f* 3ef
2 B. napus cv. Lisek x B. carinata Dodola 0f 3ef
3 B. napus cv. Jet Neuf x B. carinata—PI 649094 0f 4 ef
4 B. napus cv. Jet Neuf x B. carinata—PI 649096 0f 3ef
11 B. napus cv. Gorczaniski x B. rapa ssp. chinensis 2333a 25a
12 B. napus cv. Zhongshuang9 x B. rapa ssp. chinensis 08 007574 15b 22 ab
15 B. napus cv. Lisek x B. rapa Pak Choi 08, 007574 8 bede 8 def
16 B. napus cv. Lisek x B. rapa Pak Choi 08, 007569 8 bede 9 cdef
17 B. napus cv. Gorczanski x B. rapa Pak Choi 08, 007574 7 cdef 8 def
19 B. napus cv. Californium x B. fruticulosa—PI649097 0f 4ef
20 B. napus cv. Lisek x B. fruticulosa—PI1649097 0f 5ef
25 B. napus cv. Californium x B. oleracea var. alboglabra 9.33 bede 2.08 f
26 B. napus cv. Jet Neuf x B. rapa ssp. pekinensis 08 007569 8 bede 8 def
27 B. napus cv. Jet Neuf x B. rapa ssp. pekinensis 08 007574 5 def 6 ef
28 B. napus cv. Gorczanski x B. rapa ssp. pekinensis 08.007574 12.33 be 15 bed
29 B. napus cv. Gorczanski x B. rapa ssp. pekinensis 08.007569 11 bed 6 ef
30 B. napus cv. Californium x B. rapa ssp. pekinensis 08 007574 5 def 15 bed
31 B. napus cv. Californium x B. rapa ssp. pekinensis 08 007574-1 4 def 16 be
32 B. napus cv. Californium x B. rapa ssp. pekinensis 08 007574-2 5.25 def 13.33 cd
33 B. napus cv. Californium x B. rapa ssp. pekinensis 08 007574-3 6 cdef 14 cd
34 B. napus cv. Zhongshuang9 x B. rapa ssp. pekinensis 08 006169 3.33 ef 9 cdef
35 B. napus MS8 line x B. rapa ssp. pekinensis 08 006169 1 4 def 6 ef
36 B. napus MS8 line x B. rapa ssp. pekinensis 08 006169 2 6 cdef 6 ef
37 B. napus MS8 line x B. rapa ssp. pekinensis 08 006169 3 6 cdef 6 ef
41 B. napus cv. Lisek x B. oleracea var. alboglabra 10 bede 10 cde
42 B. napus cv. Jet Neuf x S. alba cv. Bamberka 0f 3ef
43 B. napus cv. Lisek x B. fruticulosa—PI649099 0f Sef
44 B. napus cv. Lisek x S. alba cv. Bamberka 4 def 4 ef
45 B. napus cv. Lisek x B. tournefortii 8 bede 6 ef
46 B. napus cv. Jet Neuf x B. oleracea var. alboglabra 10.33 bede 10 cde
47 B. napus cv. Californium x S. alba cv. Bamberka 0f 3ef
51 B. napus cv. Zhongshuang9 x B. rapa ssp. pekinensis 08 006169 2 6 cdef 15bed

*Values with different letters in columns are significantly different.

Figure 4. Examples of leaf damage on hybrid genotypes caused by L. maculans.
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4. Discussion

The assessment of diversity between species is important for the management of
germplasm resources and for the curation of genetic databases. As the phenotypic assess-
ments partially relay on environmental conditions, they do not allow for a clear discrimi-
nation of related species. Thus, in this study, genotypic analysis using SSR markers was
performed for the unbiased determination of genetic diversity.

Molecular DNA markers are important tools for genetic similarity studies. SSR mark-
ers are especially valuable, as they enable multi-allelic detection and can be applied using
various laboratory systems [27]. The markers selected for this study derived only from
B. rapa (AA, 2n = 20) and were developed using the ISSR-suppression-PCR method by
Tamura et al., [20]; however, the applicability of these markers for a wider group of Bras-
sica species has been suggested by the aforementioned authors. The Brassicaceae family
consists of approximately 3000 species [28] with diverse genomic composition, e.g., the U
triangle (A, B, and C genome), S. alba (S genome), and B. fruticulosa (F genome), although
conserved regions of gene content and gene order are present among the family [29]. This
attribute, combined with the before mentioned unique features of the microsatellite loci
that are widely spread among the Brassicaceae, allows to detect sequences originating from
one species in the genomes of its relatives. We managed to confirm that the selected SSR
markers can be used for genetic similarity studies in the Brassicaceae family, as the markers
enabled the detection of allelic variation.

Polymorphism Information Content (PIC) is an indicator that allows to evaluate the
discriminatory ability of molecular markers and to study the genetic diversity [30]. The
PIC value can vary from 0 to 1, and markers with a PIC value exceeding 0.7 are considered
highly informative [31]. Therefore, it can be concluded that twelve out of fifteen tested
markers are particularly effective in detecting the polymorphism in the studied population.

The UPGMA allowed for the distinction of nine groups, based on genetic similarity.
Generally, the applied method permitted the assessment of the genetic distance of the stud-
ied hybrids and their parents, but not all of the results are in line with the predictions. For
example, B. rapa ssp. chinensis (COBORU) shows weak connection to their progeny or other
genotypes form the same species. Furthermore, the distinctiveness of this genotype was
confirmed with the PCA method. The weaker-than-expected association between species
can be explained by a different origin (geographical distribution) or outbreeding [32].

The PCA analysis was conducted to confirm the complicated structure of the studied
individuals, and the results confirmed a close relationship for B. rapa and B. carinata and
their hybrid progeny. The rest of the genotypes were generally more scattered around the
diagram. However, attention should be drawn to the short distance revealed for two pairs
of genotypes: B. napus cv. Lisek x B. fruticulosa P1649099 and B. napus cv. Californium x S.
alba cv. Bamberka, and B. napus MS8 line x B. rapa ssp. pekinensis 08 006169 and B. napus
cv. Jet Neuf x B. oleracea var. alboglabra. These hybrids” male parental components present
entirely different genomic structures, however their genetic similarity can be explained
by the unequal inheritance of the B. napus genome during hybridization. It should also
be emphasized that the markers used in this study derived from B. rapa, which possess A
genome, which might have an impact on the obtained PCR products.

The genetic similarity of the studied genotypes varied from 0.22 to 0.97. The extensive
range of the similarity coefficient values show that the Brassicaceae germplasm collection
reflects a diverse and varied population. These results are in line with the findings of
Kumari et al. [33], as well as other researchers [34], who studied the genetic diversity in
nine genotypes of Brassica and their wild relatives.

The level of field resistance to blackleg varied between the studied genotypes. We
managed to select sixteen combinations with the lowest pathogen infestation, which might
be especially valuable in future studies focusing on finding a durable resistance to L.
maculans and incorporating their germplasm into the B. napus gene pool. All individuals that
had B. carinata, B. fruticulosa, and S. alba as one of the interspecific cross components showed
the lowest infestation level. This indicates that particular attention should be paid to these
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parental species, as they may hold valuable resistance genes that could help to control
the disease. This is especially important considering the previously reported resistance
breakdowns [35]. The aforementioned species have been previously characterized as
potentially significant resistance gene sources [36-38], which is in line with our findings.

Hybrid individuals with the lowest blackleg infestation could be found in five out of
nine groups distinguished with UPGMA and were spread evenly on the PCA diagram.
This indicates that the genetic similarity of the studied hybrid genotypes is not correlated
with their level of field resistance. On the other hand, it might be simply explained by the
fact that applied molecular markers are not linked to the regions of the genome containing
the resistance genes.

In conclusion, the tested SSR markers proved to be useful in revealing the genetic
distances in Brassicaceae hybrids and species. The ability to properly characterize and
organize the genetic resources is key to the effective conservation of accessions. More
precise and quick determination of the relationship of genotypes and the amount of varia-
tion within or among accessions in a collection can be accomplished by using molecular
diagnostic techniques. Other than successfully maintaining the collections, genetic markers
are invaluable for crop improvement and plant breeding programs. Moreover, our studies
confirmed the usefulness of the Brassicaceae hybrids in terms of blackleg management and
the importance of searching new sources of L. maculans resistance outside the B. napus gene
pool.
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Abstract: Various molecular markers can be applied to accelerate the breeding process of Brassicaceae
plants. The aim of the present study was to assess the usefulness of available markers connected
to blackleg resistance and to screen for markers linked to genes influencing major morphological
characteristics, suitable for the further selection of Brassicaceae hybrids. Combining the field and
molecular results allowed for the selection of useful SSR markers, including mstg004 and mstg027
markers connected to the color of the flowers and marker mstg038 associated with stem color. The
field trails were also conducted to investigate the level of blackleg resistance, which permitted
the selection of rapeseed hybrids with B. fruticulosa, B. carinata, and S. alba exhibiting the lowest
infestation. Furthermore, the functionality of some of the resistance-linked markers was confirmed.
The importance of interspecific hybridization and the use of marker-assisted selection are discussed,
and the high utility of presented markers in further studies is highlighted.

Keywords: marker-assisted selection; interspecific hybrids; blackleg resistance; field evaluation;
SSR markers

1. Introduction

The Brassicaceae family includes more than 3700 species, including annuals, biennials,
and herbaceous perennials [1]. Some of the most recognizable members of this large family
include Brassica napus (one of the most important sources of edible oil), Brassica carinata
(protein and biodiesel crop), Brassica oleracea, and Brassica rapa (vegetables). Furthermore,
some Brassicaceae species, such as Brassica juncea and B. oleracea ssp., show considerable
medical potential [2]. This demonstrates the great economic importance of the family.
Interspecific hybridization is a commonly occurring event in Brassicaceae. For example,
rapeseed is an amphidiploid plant (AACC) resulting from a spontaneous hybridization
of Brassica rapa (AA) and Brassica oleracea (CC) more than 7000 years ago [3]. B. napus
shows significant potential for interspecific hybridization with members of the same family.
Moreover, it can cross spontaneously with B. rapa, as proven in field and greenhouse
studies [4]. Induced hybridization, often supported by in vitro techniques [5], can be
effectively used as a tool to transfer desirable traits from wild and related species to crop
plants, including the introgression of resistance to Sclerotinia stem rot [6]. Resistance to
Leptosphaeria maculans, the causal agent of blackleg, has been identified and transferred to
rapeseed from many Brassica accessions, such as B. rapa subsp. sylvestris [7] and B. juncea [8].

Molecular markers are a powerful tool for tracking important genes, and can be
successfully applied to Brassicaceae breeding programs [9]. Available marker systems
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include the restriction fragment length polymorphism (RFLP), randomly amplified poly-
morphic DNA (RAPD), simple sequence repeats (SSRs), inter-simple sequence repeats
(ISSRs), sequence-tagged sites (STSs), sequence-characterized amplified region (SCAR),
and amplified fragment length polymorphism (AFLP).

The regions connected to morphological traits, as well as biotic and abiotic stresses,
can be identified via the genetic marker techniques; for example, the winter survival QTL
detected with AFLP and RFLP markers [10], the yellow seed color gene flanked by RAPD
markers [11], and the quantitative resistance to L. maculans identified with RAPD and
RFLP markers [12]. Currently, the selection of L. maculans-resistant genotypes relies mainly
on susceptibility screening using differential fungal isolates with known Avr genes [13].
However, this approach has considerable limitations, such as masking the presence of
some genes by others. The application of verified markers connected to the desirable genes
can undoubtedly accelerate and facilitate the selection of valuable genotypes, without the
reliance on environment-dependent and time-consuming phenotyping assessments.

The molecular markers in Brassicaceae can also be implemented to track the genomic
origins and phylogenetic relationship of various species [14], or to characterize the genetic
diversity of related species [15]. Such studies are crucial for the crop’s improvement, as
they help to identify the genetic variability in cultivars and breeding components, which
may further lead to the introgression of agronomically important traits into the species’
germplasm [16].

The plant material used in the present study was previously identified as a promising
source of resistance to economically significant pests and diseases [17-19]. This research
focused on assessing the usefulness of available markers connected to blackleg resistance
in a diversified group of hybrid individuals, as well as screening for markers linked to
genes influencing major morphological characteristics, suitable for the further selection of
breeding material.

2. Materials and Methods
2.1. Plant Material

A total of 49 individuals were used as research material: 31 interspecific Brassicaceae
hybrids of Fg generation along with 18 parental Brassicaceae species. Interspecific hybrids
were obtained at the Department of Genetics and Plant Breeding, Poznan University of
Life Sciences. Various cultivars of B. napus (Jet Neuf, Gorczariski, Lisek, Californium,
Zhongshuang9, MS8) were crossed with Brassicacene species (B. rapa ssp. pekinensis, B. rapa
ssp. chinensis, B. rapa Pak Choi, S. alba, B. tournefortii, B. oleracea, B. fruticulosa) in controlled
conditions, followed by embryo rescue to assist the successful development of interspecific
hybrids. Next, all developed lines were self-pollinated to obtain Fy generation. The com-
plete list of plant material used in this study is available in Supplementary Material File S1.

2.2. Methods
2.2.1. Phenotype and Resistance to L. maculans Assessment

Field assessment of various morphological traits and resistance to L. maculans in
interspecific hybrids was performed in 2021, in the Poznari University of Life Sciences
experimental station located in Dlori, Greater Poland Voivodeship, Poland. No fungicides
or pesticides were used on the plots, and the soil and weather conditions in the testing
year were typical for this area of Poland. The farming practices were adjusted for the local
environment. The trial was conducted in a completely randomized block design with
five replications, with single plot size of 10 m?, 0.30 m distance and, a sowing density of
60 seeds/m?.

During the flowering phase (BBCH 60-69), the following characteristics were evalu-
ated: the percentage of yellow flowers, the percentage of white flowers, the percentage of
pale yellow flowers, the percentage of green stems, the percentage of purple stems, leaf
color, and the occurrence of protogyny. After harvesting, the length of siliques and the
number of seeds in pods were determined. All field and post-harvest assessments were
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carried out on 10 randomly chosen hybrid individuals, with the exception of flower color
assessment, which was conducted on at least 50 individuals per single plot.

In order to identify the resistance to L. maculans, 2 screenings for blackleg symptoms
were performed, in BBCH 19 phase (November, term I) and BBCH 70-89 phase (July, term II).
All plants were assessed following a 0-9 scale, according to the previous study [17]. Values
obtained after field testing were subsequently transformed into percentage values. The
average values from 10 replications for each genotype were calculated after the investigation
of 10 randomly selected individuals from each hybrid line.

2.2.2. SSR Marker Analysis

A total of 15 SSR markers were selected according to the available literature data [20],
and thoroughly tested in terms of their usefulness in assessing the genetic diversity of
Brassicaceae hybrids [17]. Polymerase Chain Reaction (PCR) was set up in a total volume of
12.5 uL (6.25 uL OptiTaq Master Mix (EURXx), 2 x 0.5 uL primers, 4.25 uL. H,O, and 1 pL
DNA template). The reaction consisted of initial denaturation at 94 °C, 5 min, followed by
35 amplification cycles (denaturing at 94 °C, 45 s; annealing at a temperature adjusted for
each pair of primers for 45 s; extension at 72 °C, 90 s) and final extension at 72 °C, 7 min.
The sequences of the primers, as well as their annealing temperatures, are available in
Supplementary Material File S1.

Analyses were followed by separation of PCR products in 1.5% agarose gel. Midori
Green Advance DNA Stain was used to allow the nucleic acid detection. Visualization
of electrophorograms was performed using Transilluminator High Performance UV, and
photographed with a Gel Doc system. All of the obtained image data were examined in the
same manner: the presence/absence of a band of particular size for each marker was rated as
“1” or “0”, accordingly. This approach allowed for the binary data matrix to be created, which
was scanned using Peak Scanner Software v1.0 (Applied Biosystems, Waltham, MA, USA).

2.2.3. Statistical Analysis

The Shapiro-Wilk test was used to verify the normality of the distribution of the
nine observed traits. The main line effect for each trait was evaluated using ANOVA
(one-way analysis of variance). Based on correlation coefficients, relationships between the
morphological traits were determined. Euclidean distances and cluster analysis, using the
nearest neighbor method, were used to group the lines.

For each pair of the investigated lines, genetic similarity was assessed [21]. Based on
these coefficients, the lines were grouped hierarchically using the UPGMA method [22]
and presented in the form of a dendrogram. An evaluation of the similarity of the tested
lines, using multiple markers, was presented using principal component analysis (PCA).

The effect of molecular markers on the observed traits was assessed by regression
analysis [23]:

yi=p+am;+e;,

where y—mean value of trait, y—the general mean, a—the regression coefficient for the
main effect of the marker m;, m;—the marker genotypes, and e;—error of observations. The
markers were assessed as independent variables and examined in independent models.
Model parameters were tested at the 0.05 level, resulting from a Bonferroni correction [24].
The accuracy of the model fit was assessed by the coefficient of determination, R?. All
of the analyses were performed using the GenStat 18.2 edition software and GenAlEx
6.5 software.

2.2.4. Markers Linked to Blackleg Resistance

In order to analyze the presence/absence of regions linked to L. maculans resistance,
DNA samples were tested with the use of SSR, SCAR, CAPS, RFLP, InDel, and HRM
markers connected to qualitative or quantitative blackleg resistance (Table 1). In addition
to the set of hybrid individuals, 18 parental components were also examined. PCR reaction
conditions were adjusted to certain markers and annealing temperatures. Analyses were
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performed in thermocyclers, followed by separation of PCR products. The electrophoresis
and visualization protocol remained the same, as in the case of SSR markers analysis.

Table 1. Markers used for the detection of blackleg resistance genes.

Marker Reference
Xbrms075 [25]
Sq14 [26]
Fad8 [26]
CB10449 [26]
B5-1520 [27]
B5RIm6_1 [27]
pRP1513 28]
Bol023847 [29]
Bol021435 [29]
Bol040029 [29]
Bol040038 [29]
Bol040045 [29]
Bol040099 [29]
BLRC InDel [29]
Xol12-e03 [30]
Xnal2-a02a [30]
Ind10-12 InDel [31]

3. Results
3.1. Morphological Traits

The conducted analyses showed great variation in terms of morphological characteris-
tics between studied genotypes (Supplementary Material File S2). The ANOVA indicated
that the main effect of the line was significant for all the traits of the study. During the
flowering phase, seven phenotype traits were evaluated directly on the testing field.

A total of 23 out of 31 hybrid lines developed only yellow flowers. For 5 genotypes,
pale yellow flowers were observed in addition to yellow flowers: genotypes number 8, 9,
10, 15, and 31 (25%, 25%, 5%, 2%, and 5% of pale yellow flowers, respectively). Moreover,
for 4 lines, white flowers were identified in addition to yellow flowers: genotypes number
11, 20, 27, 31 (5%, 2%, 5%, and 5% of white flowers, respectively). Green stems were
observed for 28 genotypes, and their percentage, in addition to purple stems, varied
between 25-100%. Purple stems were detected in 7 hybrid lines: genotypes number 1,
10, 20, 21, 25, 4, and 5; however, only the latter three genotypes expressed 100% of the
purple-colored stems. The vast majority of studied plants had green-colored leaves, as
green leaves with purple tips were detected for only 3 genotypes: 4, 6, and 9. The individual
cases of protogyny were identified in 4 genotypes: 11, 15,17, and 28.

After harvesting, two more phenotype characteristics were evaluated. The length of
siliques in all genotypes ranged from 49 mm to 97 mm. The lowest mean length of siliques
was recorded for genotype 14 (64.9 mm), and the highest mean was reported for genotype
17 (82.2 mm). The number of seeds in siliques varied between 5 and 34, with the lowest
mean observed for genotype 14 (13.3) and the highest mean detected for genotype 15 (25).

Correlation analysis indicated that the four pairs of observed traits were significantly
correlated (Figure 1). Positive correlations were observed for the occurrence of protogyny
and the length of siliques (0.50), as well as the length of siliques and the number of
seeds in the silique (0.51). Negative significant relationships were observed between the
percentage of yellow flowers and the percentage of pale yellow flowers (—0.97), as well as
the percentage of green stems with the percentage of purple stems (—1.00) (Figure 1).
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Figure 1. Heatmap for correlation coefficients between observed traits of Brassicaceae hybrids
(** p <0.01; ** p <0.001).

All hybrid lines tested were divided into three groups (Figure 2). The first (I) group
comprised two lines, the second (II) group comprised four lines, and group III included all
the other lines and was divided into three subgroups: IIIA, IIB, and IIIC (Figure 2).

3.2. Field Resistance to L. maculans

The results of the field assessment have been previously discussed in detail [17].
Briefly, the studied interspecific hybrids expressed great variation in the resistance level;
the genotypes with B. fruticulosa, B. carinata, and S. alba as parental components were
selected as being especially valuable, as their infestation level remained low in both terms
of assessment. The results of the field inspection are summarized in Figure 3.
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Figure 2. Dendrogram of the nearest neighbor cluster grouping of Brassicaceae hybrids on the basis of
Euclidean distances for nine traits.

3.3. Genetic Similarity

A total of 100 alleles (2 monomorphic and 98 polymorphic alleles) detected by 15 SSR
markers were used to analyze the relationships among 31 interspecific hybrid lines. The
number of polymorphic alleles per marker varied from 2 to 15, with an average of
6.533. The highest genetic similarity (0.958) was detected between lines B. napus cv.
Gorczanski x B. rapa ssp. pekinensis 08.007569 and B. napus cv. Californium X B. rapa ssp.
pekinensis 08 007574 (Supplementary Material File S3). The lowest genetic similarity was
recorded for B. napus cv. Jet Neuf x S. alba cv. Bamberka and B. napus cv. Lisek x B. carinata
Dodola as well as the former with B. napus cv. Jet Neuf x B. carinata—PI 649096 (0.311).
(Supplementary Material File S3). Four main groups were formed as a result of the geno-
typic investigation (Figure 4).
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Figure 4. Genetic similarity dendrogram for Brassicaceae hybrids, based on 15 SSR markers.
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The first (I) group comprised three lines; the second (II) group comprised only one
line—B. napus cv. Lisek X B. fruticulosa—P1649099. Group III included two lines, and group
IV included all remaining lines and was divided into three subgroups: IVA (five lines), IVC
(three lines), and IVB, which included all the other lines (Figure 4).

Relationship determination between genotypes, on the basis of applied SSR markers,
was defined using PCA (Figure 5). The values for the first 2 principal components were
statistically significant and explained 33.70% of the whole variation (Figure 5).
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Figure 5. Genotypes’ distribution in the space of two first principal components, based on SSR
markers. PC;—first principal component; PC;—second principal component.

3.4. Association Analysis for Phenotypic Traits

Twenty-two alleles were linked with at least one of nine studied traits (Table 2). The
greatest number of detected alleles was associated with the number of seeds in silique (11).
The fewest markers were linked with the percentage of green stems and the percentage
of purple stems (1). The occurrence of protogyny was determined by two alleles; the
percentage of yellow flowers, the percentage of white flowers, the percentage of pale yellow
flowers and leaf color were determined by three alleles. However, the length of siliques was
associated with four markers: mstg012, mstg038, mstg039, mstg055. The R? varied from
9.9% (markers mstg012, mstg038, mstg055 for the length of siliques) to 44.5% (mstg004
and mstg027 for the percentage of pale yellow flowers) with an average of 21.13%. The
association values sign indicates that the marker correlates with a decreasing or increasing
effect of a studied trait.
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Table 2. Effects of regression coefficients (coefficients of determinations R?) of SSR markers associated
with observed traits.

Percentage

vk e e (R Mo ol e foget Y

Flowers Flowers Flowess Stems Stems in Silique
mstgd04 (300bp) (256.23 %) &ﬁ%
mstg004 (350 bp) (21'3.76%)
mstg008 (200 bp) (_23.33/3
mstg012 (600 bp) (_9?93/1) (_1;(5)9/)
mstg016 (250 bp) A
mstg016 (190 bp) %1'?.34!’/0)
mstg025 (300 bp) (Oiz,s%)
mstg038 (280 bp) (_2;1:?3%)
mstg038 (250 bp) {3%3/0) (5347'.28»/0)
mstg038 (1200 bp) (7)%3/(.1) (71;:309/0)
mstg038 (1300 bp) ?ﬁt’ﬁ@ (_15(5)2/)
mstg039 (310 bp) (_28f2§/07)
mstg039 (810 bp) ?1'?2%)
mstg052 (130 bp) (71;:%0)
mstg052 (150 bp) (71‘;1306/0)
mstg035 (250 bp) (_12.'1205/“)
mstg055 (190 bp) (_9%;1) (_1;:309/")
mstg055 (750 bp) (;993;1) (,1;(5)9/)
mstg001 (250 bp) (_1‘;:;‘06/0)
mate0Z7 (200 o) (_13.2%) %i%?%) ‘(lig?o%)
mstg027 (500 bp) (;(2]332/) (2:4?570/0)
mstg027 (900 bp) ?2';0% )

Marker mstg027 was associated with three traits: the percentage of yellow flowers
(—6.2, R2 = 19.4%), the percentage of white flowers (1.545, R2 = 21.7%), and the percentage
of pale yellow flowers (4.65, R? = 10.0%). Eight alleles (from markers mstg004, mstg012,
mstg038, mstg055, and mstg027) were associated with two traits.

3.5. Markers Linked to Blackleg Resistance

For five of the analyzed markers (Xbrms075, Fad8, B5-1520, B5RImé6_1, and Bol021435),
the desired PCR products could not be obtained. Therefore, attempts were made to optimize
the reaction by adjusting the primer attachment temperature and changing the denaturation
and elongation time during amplification. Despite this, no specific bands were observed
during electrophoretic separation. However, the use of 12 of the 17 primer pairs analyzed
provided the expected PCR reaction products, making it possible to determine the presence
or absence of genome fragments associated with resistance to L. maculans.
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Markers ScJ14 and CB10449 enabled the identification of quantitative trait loci (QTL)
associated with resistance to blackleg. For the ScJ14 marker, a 700 bp product was observed
in 39 genotypes (Figure 6), while for the CB10449 marker, specific bands of an approximate
size of 280 bp appeared in 38 tested individuals (Figure 6).
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Figure 6. Examples of electrophorograms for selected markers: (a) CB10449, (b) pRP1513,
(c) Bol040045, (d) Bol040029, (e) BLRC InDel, (f) ScJ14, (g) Xol12-e03, and (h) Xna12-a02a. Numbers
of genotypes according to Supplementary Material File S1.

For the pRP1513 marker, a PCR reaction product of 83 bp, or 2 products of 83 bp and
150 bp, indicate the presence of a resistance gene, located in the B genome. Such a result
was obtained for 18 genotypes. The presence of a single band located at 150 bp, on the other
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hand, indicates the absence of the resistance gene, which was confirmed in 2 individuals
(Figure 6)

Markers Bol023847, Bol040029, Bol040038, Bol040045, Bol040099, and BLRC InDel
are associated with a region of the A genome containing, among others, the Rlm1 gene.
Specific products for marker Bol023847 were obtained for 32 genotypes (789 bp); for marker
Bol040038 there were 20 genotypes (899 bp); for marker Bol040099 there were 27 genotypes
(1145 bp); and for marker Bol040045 there were 27 genotypes (960 bp). Additionally, for
the latter marker, a polymorphism was observed in the band pattern—for one genotype
(No. 49) a reaction product of 750 bp was obtained instead of the expected one. The marker,
Bol040029, allowed us to distinguish between resistant (1213 bp) and susceptible (about
1300 bp) genotypes (6 and 7 individuals, respectively) (Figure 6). A double band pattern
(resistant/susceptible) was observed for 14 genotypes. The use of primers designed for
the BLRC InDel marker also allows detection of the resistance gene (305 bp) or its absence
(433 bp). In this way, 26 resistant genotypes were identified (Figure 6).

The SSR markers, Xol12-e03 and Xnal2-a02a, are located near the Rlm1 gene, so the
use of primers flanking these regions can enable the identification of the resistance gene.
For Xol12-e03, for resistant varieties the predicted PCR reaction product is 214 bp, while
for susceptible varieties it is 128 bp and 177 bp. For 39 genotypes, 128 bp and 214 bp
size bands were observed, for 8 individuals a 128 bp band was observed, and for only
1 combination an amplification product of 177 bp in size was detected (Figure 6). For the
Xnal2-a02a marker, the Rlm1 gene can be identified by the presence of PCR products of
size 193 bp (or 191 bp and 162 bp), and their nonappearance (or the presence of 158 bp and
172 bp products) indicates the absence of the gene. The obtained results do not allow the
precise distinction of the bands on the electrophorograms, nevertheless they are within the
expected size range (Figure 6).

The LepR3 gene was identified using the Ind10-12 marker—a 506 bp PCR reaction
product indicating its presence was observed in 32 combinations—while the absence of the
gene (794 bp) was confirmed in 4 genotypes.

4. Discussion

The plant morphological traits may be an indicator of quantitative/qualitative char-
acteristics. For example, the increased plant height may lead to the increase in seed yield,
oil yield, and protein yield, as well as the number of siliques on the main stem and the
siliques’ length. Furthermore, the silique length has been reported to be positively and
significantly correlated with oil yield, protein yield, and seed yield [32]. The morphological
characteristics might also be useful in revealing the genetic distances [33]. Therefore, it
seems important to control and observe the morphology of Brassicaceae plants, as it might
help to partially predict the yield outcome.

The performed correlation analysis between traits confirmed that the four pairs of
observed traits were significantly correlated, from which three pairs were predictable
(the length of siliques and the number of seeds; the percentage of yellow flowers and the
percentage of pale yellow flowers; and the percentage of green stems and the percentage
of purple stems). However, the strong positive correlation between the occurrence of
protogyny and the length of siliques is unexpected. The protogyny is a mechanism of
stigma maturation before the pollen release [34] and is associated with self-compatibility,
as it is an effective outcrossing mechanism in many plants [35]. The connection between
this mechanism and silique morphology has not been reported before.

The studied SSR marker set was developed from B. rapa using the ISSR-suppression-
PCR method by Tamura et al. [20]. However, the aforementioned authors have proposed
that these markers may be applicable to a larger group of Brassica species, which was
further confirmed in our recent research [17]. As the genetic relationship of the hybrids
was thoroughly analyzed before, it will not be discussed in this paper. Here, we mainly
focused on correlating the molecular markers with phenotype attributes, in order to further
inspect the MAS utility for the selection and characterization of Brassicaceae hybrids.
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Out of 100 alleles detected via the use of microsatellites, 22 were recognized to be
associated with morphological traits. Both mstg004 and mstg027 markers explained over
40% of white and yellow flower occurrence. A few genes controlling flower color have
been discovered, although the complete mechanisms of the different colors” formation
are not fully recognized. The white flower trait in B. rapa is controlled by two separate
loci and is recessive to yellow flowers [36]. On the other hand, in B. carinata, the single
gene has incomplete dominance over the yellow flower trait [37]. It could be assumed
that the aforementioned markers are linked to one or more of the flower-color-controlling
genes. Still, it is impossible to specify beyond doubt which gene/region was detected using
the microsatellites.

Another marker, mstg038, is linked to the color of the stems. The purple color of
the stems is a result of anthocyanin pigmentation, and is controlled by one major and
four minor QTL in B.rapa (A genome) [38] and by a single BoDFR gene in B. carinata (C
genome) [39]. The studied marker might be in a close position to one of the regions.

Morphological traits might be controlled by monogenic or polygenic mechanisms with
complex inheritance patterns, and are partially dependent on environmental conditions [40—42].
The SSR markers used in this study might become a valuable tool for tracking the phenotype
traits and might eventually help to further unveil the genetic background of the morphological
attributes of Brassicaceae.

The conducted field assessment confirmed the presence of functional blackleg resis-
tance in the studied interspecific hybrids. All of the studied genotypes showed moderate
to high resistance, which denotes their high utility for breeding programs. The interspecific
hybridization within the U triangle as well as between the six Brassica crops and their
cenospecies has been previously recognized as an excellent technique with which to en-
rich the primary gene pool of various species [43]. For instance, the resynthetization of
B. napus, by crossing two progenitor species (B. rapa and B. oleracea), resulted in individuals
with high resistance to Verticillium longisporum [44]. As an additional example, the cross
between B. carinata and B. oleracea, supported by embryo rescue, allowed for the attainment
of powdery-mildew-resistant hybrids [5]. Furthermore, many species, such as B. mauro-
rum [45], Sinapis alba [46], and Sinapis arvensis [47], are recognized as the source of resistance
to causal agents of major diseases. Our studies fully confirm these previous findings and
indicate the importance of developing interspecific hybrids instead of relying solely on the
narrowing gene pool of rapeseed.

The markers linked to blackleg resistance were applied to the hybrid genotypes with
confirmed field resistance. This approach allowed us to test and validate the molecular
markers on verified individuals. We aimed to correlate the field resistance with the molec-
ular analysis; however, the uncertainty of some of the obtained results discouraged the
authors from drawing such far-reaching conclusions. Instead, the results of marker-related
analyses are considered as primary tests, simply to validate the markers’ usefulness for the
interspecific hybrids.

Markers ScJ14 and CB10449 are associated with the QTL region of race-nonspecific
resistance to blackleg. The occurrence of PCR products on the electrophorograms may
indicate the presence of a region containing quantitative resistance genes in some genotypes,
but additional studies with reference genotypes would be necessary to fully confirm this
assumption. Unfortunately, QTL regions are still poorly identified and none have been
cloned to date, making correct identification much more difficult [26].

The pRP1513 marker allowed the identification of a region associated with resistance
to L. maculans for some individuals, but the electrophorograms show additional multiple
bands whose pattern is not related to the presence of marker-specific bands. This is most
likely due to insufficient specificity of the primers, which joined at more than one site of
the genome.

As mentioned earlier, the markers Bol023847, Bol040029, Bol040038, Bol040045, and
Bol040099 are associated with the region of the A genome, containing many blackleg
resistance genes. In the study by Ferdous et al. [29], the use of four of the aforementioned
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markers (Bol023847, Bol040038, Bol040045, and Bol040099) failed to reveal polymorphisms
in the amplified DNA region. However, during the course of the present analyses, a reaction
product of a different size than expected was observed for the marker Bol040045. A band
size of approximately 750bp occurred in Sinapis alba, but did not appear in any of the hybrid
plants resulting from crosses with this species. The change in product size may be due to
differences in the sequence of the amplified part of the genome. As this is a region rich in
genes for resistance to L. maculans, it is assumed that the bands’ polymorphism is related to
the plant’s response to this pathogen.

In the case of the marker Bol040029, its suitability for detecting polymorphisms be-
tween resistant and susceptible genotypes to blackleg was confirmed. Another tested
marker, BLRC InDel, was designed on its basis. According to Ferdous et al. [29], it allows
the detection of plants containing the resistance gene, which was partially confirmed, as
resistant genotypes were detected, but expected products did not appear in all of the
analyzed samples.

The markers Xol12-e03 and Xnal2-a02a are located in the vicinity of the Rlm1 gene,
making their detection possible [30]. However, the analyses performed cannot unambigu-
ously confirm their effectiveness. Although the sizes of the PCR reaction products are as
expected, they form band patterns that do not match the literature data. Such a discrepancy
may be due to the fact that the primers were previously tested on a population of doubled
haploids of selected oilseed rape cultivars. It is likely that their usefulness for studying the
highly diverse plant material, based on many species and hybrids, is insufficient.

The Ind10-12 marker was used to identify the LepR3 gene. In the vast majority of
genotypes, this marker was able to distinguish between resistant and susceptible individu-
als, but non-specific bands of approximately 450bp were observed. As in the case of the
previous marker, this phenomenon may be related to the use of very different test material
in the present study, as in the work of Larkan et al. [31], the marker was tested on BC1 and
BC3 generations, resulting from the crossing of two oilseed rape varieties.

The results obtained for most markers allow us to partially confirm their effectiveness
in identifying genotypes containing selected resistance genes or QTL. Some uncertainty
regarding the actual presence of resistance-linked regions may arise from the fact that the
markers were previously applied to more homogenous plant material (e.g., DH lines). Here,
we made an attempt to verify their utility for a more diversified group of genotypes. Some
of the results were in line with expectations; however, we have also encountered unexpected
band patterns, which can be explained by the multi-genome origin of the studied material.
However, the research should be further extended and combined with plant tests using
L. maculans isolates with known avirulence genes. This approach could also help to verify
whether results obtained by using the markers are reliable for interspecific hybrid studies.

Unfortunately, due to the complex structure of the Brassica genome, the development
of functional molecular markers remains a challenge for researchers [48]. The high sequence
similarity of homologous genes between the A and C genomes often prevents location
determination and correct identification. The discrimination of susceptible and resistant
alleles may be even more complicated, as the known resistance genes have been identified as
the alleles at the same locus. One of the possible solutions to the problem is the Kompetitive
Allele-Specific PCR (KASP), which allows for the detection of deletions and insertions, as
well as SNPs [49]. This high-throughput system has been tested to identify the Rlm2, LepR3,
RIm9, Rlm4, and Rlm?7 genes in the B. napus genome.

In conclusion, the interspecific hybridization of Brassicaceae species is a verified and
promising approach for broadening the gene pool of rapeseed. To ensure that the hybrid
individuals are genetically distinct and carry significant genes, the developed genotypes
should be constantly verified in terms of morphological and agronomically important
traits, which can be achieved by the use of molecular markers. Our studies allowed for
the selection of several high-utility SSR markers linked to the flower, stem, and leaf color,
which could be implemented in further studies. As mentioned, resistance-linked markers
such as BLRC InDel and Ind10-12 were verified as a useful tool for rapid gene detection,
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however the uncertainties regarding nonspecific PCR products must be resolved to ensure
the complete and reliable distinction of breeding material.
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