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,cNatura jest naszym najwiekszym sprzymierzencem

1 najwieksza inspiracja.”

David Attenborough



Streszczenie

Sekwencja genomowego DNA jest charakterystyczna cechg kazdego zywego organizmu.
Nawet genomy indywidualnych osobnikéw w obrebie gatunku réznia sie miedzy
soba. Zmiennos¢ genetyczna obejmuje roéznorodne warianty, od zmian pojedynczych
nukleotydéw (SNP) az po duze zmiany strukturalne (SV). Niezbalansowane SV, w ktorych
fragment sekwencji DNA jest tracony lub powielony, nazywane sa zmiennoscig liczby kopii
(CNV). Wigkszosé CNV nie ma znaczacego wplywu na fenotyp osobnika. Jednak niektore
z nich moga mie¢ wyrazny - szkodliwy efekt, np. zwiazany z rozwinieciem sie choroby,
podczas gdy inne ujawniaja sie lepsza adaptacja osobnika do warunkéw srodowiska. U
eukariontéw geny zaangazowane we wspolny szlak metaboliczny sa zazwyczaj rozproszone
w genomie. Jednak w ostatnich latach zidentyfikowano metaboliczne klastry genow (MGC)
czyli skupiska niehomologicznych gendéw zaangazowanych we wspoélny szlak metaboliczny.
Zaréwno CNV jak i MGC czesto wystepuja w dynamicznych regionach genomu takich
jak okolice centromeréw czy regiony bogate w transpozony. Oba te zjawiska, choé
stabo poznane, wydaja sie mie¢ istotny wplyw na ksztaltowanie genoméw roglinnych.
W regionach podatnych na rearanzacje strukturalne mozliwosé potaczenia korzystnych
zestawOw genow jest wicksza niz w pozostalej czesci genomu, promujac tym samym
tworzenie MGC. CNV i MGC maja wiele elementéw wspolnych i wydaje sie, ze udziat
CNV w ksztaltowaniu i ewolucji MGC jest duzy i znaczacy.

Celem prowadzonych badan w ramach mojej rozprawy doktorskiej byto okreslenie
wewnatrzgatunkowej zmiennosci liczby kopii dla rosliny modelowej Arabidopsis thaliana,
a takze analiza, w jakim stopniu CNV wplywaja na strukture i stabilno$é metabolicznych
klastrow genow. Wykorzystujac dane z wysokoprzepustowego sekwencjonowania nowej
generacji dla ponad 1000 naturalnych linii A. thaliana, opracowatam autorskie podejscie
do integracji wynikéw z siedmiu programéw opartych o trzy gltowne metody detekeji
CNV: analize glebokosci pokrycia, analize mapowania odczytéw sparowanych i analize
mapowania odczytow rozlacznych. Stworzytam katalog duzych indeli (50-499 pz) oraz
wariantow CNV (>500 pz). Wykazatam, ze CNV sg waznymi markerami, ktére moga by¢
wykorzystywane w analizach populacyjnych i asocjacji z fenotypem. Nastepnie skupitam
sie na zbadaniu zmiennosci strukturalnej (gtownie CNV) w czterech MGC, w populacji A.
thaliana. Zaobserwowatam ogromng réznorodno$é w obrebie badanych klastrow. Klaster

gen6w marneralu wydaje sie ustalony na poziomie gatunku. Klaster biosyntezy thalianolu



istnieje w dwoch wersjach. W tym MGC zidentyfikowalam inwersje, obecna az w 65%
badanej populacji, ktéra skutkowata bardziej zwartym klastrem centralnym. Kompaktowa
wersja klastra biosyntezy thalianolu byta dominujaca i bardziej konserwatywna niz wersja
nieciggta. Najwiekszy, wysoce zmienny i zréznicowany w populacji jest klaster biosyntezy
arabidiolu/baruolu. W tym klastrze zidentyfikowatam duza (21-27 kpz) insercje genomowa,
obecng w okolo jednej trzeciej analizowanej populacji. Wewnatrz insercji wystepuje
nowa para genow: CYP705A2a-BARS2, przy czym BARS2 stanowi niereferencyjny
gen kodujacy nowa, dotychczas niescharakteryzowana syntaze oksydoskwalenu (OSC) w
genomie A. thaliana. Analiza asocjacji z fenotypem (GWAS) wskazata, ze linie z insercja
mialy wolniejsza dynamike wzrostu korzeni i byly zwiazane z cieplejszym klimatem w
poréwnaniu do linii z referencyjnym ukladem genéw. W korzeniach i lisciach, profil
ekspresji genéw w klastrze arabidiolu/baruolu byt rézny dla linii z insercja i bez.
Dodatkowo, analiza par genoéw: OSC-oksydazy cytochromu P450 wykazata, ze pary gendéw
sa bardziej zmienne niz ich niesparowane odpowiedniki.

Uzyskane wyniki badan podkreslaja istotny wplyw zmienno$ci genetycznej w
formowaniu i ksztaltowaniu MGC. Duza réznorodnosé klastrow u A. thaliana wskazuje na
ich dynamiczng ewolucje za$ wyniki GWAS potwierdzajg ich mozliwg role w réznorodnosci
fenotypowej i adaptacji roélin. Zrozumienie zmienno$ci genetycznej i jej wplywu na

organizacje genomu jest kluczowe w lepszym zrozumieniu ich funkcji.



Abstract

The genomic DNA sequence is a characteristic feature of every living organism. Even
the genomes of individuals within a species vary. Genetic variation ranges from single
nucleotide polymorphisms (SNPs) to large structural variations (SVs). Unbalanced SVs,
in which a fragment of a DNA sequence is lost or gained, are called copy number
variations (CNV). Most CNVs do not have a significant impact on an individual’s
phenotype. However, some of them may have a deleterious effect e.g. associated with the
development of disease, while others contribute to improved adaptation of the individual to
environmental conditions. In eukaryotes, genes involved in a common metabolic pathway
are usually dispersed throughout the genome. Nevertheless, recent investigations have
identified metabolic gene clusters (MGCs) comprising non-homologous genes involved
in a shared metabolic pathway. Both CNVs and MGCs are often found in dynamic
regions of the genome such as centromere proximity or transposon-rich regions. Both
these phenomena, although poorly understood, appear to have important implications for
shaping plant genomes. In regions prone to structural rearrangements, the possibility of
combining favorable sets of genes is greater than in the rest of the genome, thus promoting
the formation of MGCs. CNVs and MGCs have many elements in common, and the
contribution of CNVs to the formation and evolution of MGCs seems to be large and
significant.

The primary objective of my research was to investigate intraspecific copy number
variation in the model plant Arabidopsis thaliana, and to analyze to what extent CNVs
affect the structure and stability of metabolic gene clusters. Using high-throughput
next-generation sequencing data for more than 1,000 natural A. thaliana accessions,
I developed a pipeline to integrate the results from seven different tools based on
three main CNV detection methods: read depth, paired-end mapping and split read.
I created a catalog of large indels (50-499 bp) and CNVs (>500 bp). I demonstrated
that CNVs are important markers that can be used in population analyses and in
genome-wide association study (GWAS). I then focused on the analysis of structural
variation (mainly CNVs) in four MGCs, in the A. thaliana population. I observed
significant diversity within these studied clusters. The marneral gene cluster appears to
be fixed at the species level. The thalianol biosynthesis cluster exists in two versions.

In this MGC, I identified an inversion, present in as many as 65% of the studied
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population, which resulted in a more compact central cluster. The compact version of the
thalianol biosynthesis cluster was dominant and more conservative than the discontiguous
version. The largest, highly variable and diverse in the population is the arabidiol /baruol
biosynthesis cluster. In this cluster, I identified a large (21-27 kbp) genomic insertion
present in about one-third of the analyzed population. This insertion introduced a new
gene pair, CYP705A2a-BARS2, where BARS2 was a non-reference gene encoding a
previously uncharacterized oxidosqualene synthase (OSC) in the A. thaliana genome.
GWAS indicated that accessions with this insertion displayed slower root growth dynamics
and were associated with a warmer climate as opposed to accessions with the reference
gene arrangement. In roots and leaves, the gene expression profile in the arabidiol /baruol
cluster was different for accessions with and without the insertion. In addition, analysis of
gene pairs: OSC- cytochrome P450 oxidase showed that the gene pairs were more variable
than their unpaired counterparts.

The findings of this research underscore the significant influence of genetic variability
on the formation and shaping of MGCs. The high diversity of clusters in A. thaliana
indicates their dynamic evolution while GWAS results confirm their possible role in
phenotypic diversity and plant adaptation to environmental conditions. Understanding
genetic variation and its impact on genome organization is crucial to gaining insights into

their biological functions.
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Rozdzial 1
Wprowadzenie

Zrozumienie mechanizmow lezgcych u podstaw réznorodnosci fenotypowej, prowadzacych
do jej powstawania i utrzymywania sie w $rodowisku naturalnym, jest jednym z
gtownych celow wspotezesnej biologii. Czynniki wewnatrzkomoérkowe oraz rozmaite bodzce
srodowiskowe moga prowadzi¢ nie tylko do zmian w sekwencji genomu, ale réwniez
powodowaé¢ zmiany epigenetyczne (odzwierciedlone na poziomie komoérkowym m.in.
poprzez modyfikacje histonéw czy stopieri metylacji DNA), prowadzac tym samym do
zmian fenotypowych (Lang i wsp. 2016) (Rysunek 1.1).

Czynniki srodowiskowe, rozwojowe, fizjologiczne i inne

! }

Zmiennos$c genetyczng =) 7miennos$c epigenetyczna

S i

Rysunek 1.1: Wplyw réznorodnych czynnikéw na zmiennos$é genetyczna i epigenetycza, ktore
przyczyniaja sie do réznorodnosci fenotypowe;j

Zmienno$¢ genetyczna, bedaca jednocze$nie podstawa doboru naturalnego i procesu
ewolucji, wynika z wystepowania réznic w sekwencjach DNA miedzy osobnikami.
Zrodlem tej zmiennosci sa mutacje czyli trwale zmiany w sekwencji genomu. Wiekszosé
pojawiajacych sie zmian nie wywiera znaczacego wplywu na fenotyp osobnika. Zdarza
sie jednak, ze niosa one ze soba bardzo wyrazny efekt, ktory moze byé¢ szkodliwy,
na przyktad zwigzany z rozwinieciem sie choroby, badz korzystny, gdy pojawienie si¢
alternatywnych wariantow danej sekwencji genomowej umozliwia adaptacje osobnikéw
do zmieniajacych sie warunkéw srodowiska, ich przetrwanie, a z czasem pojawienie si¢
nowych cech fenotypowych w populacji. Mutacje wystepujace w komorkach rozrodezych

(germinalnych) moga zosta¢ przekazane kolejnym pokoleniom, stanowiac tym samym
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prawdziwy motor napedowy ewolucji. Gdy dany wariant pojawia sie w co najmniej
1% populacji méwimy o zjawisku zwanym ,polimorfizmem” (Hollox i wsp. 2022).
Dotychczasowe badania nad zmiennoscia genetyczna ujawnily zlozone relacje miedzy
genotypem, a fenotypem, przyczyniajac sie do poszerzenia naszej wiedzy na temat
funkcjonowania i réznorodnosci organizmow.

Zmienno$¢ genetyczna obejmuje szeroki wachlarz wielkosci wariantow, poczawszy od
zmian pojedynczych nukleotydow (ang. Single Nucleotide Polymorphism, SNP), poprzez
male insercje lub delecje, zwane indelami, az po duze zmiany strukturalne (ang. Structural
Variations, SV), ktore moga obejmowac rozlegte segmenty sekwencji DNA, a nawet czesé
lub caly chromosom. Warianty strukturalne stanowia najbardziej zr6znicowang grupe pod
wzgledem typow i wielkosci zmian genetycznych. Poczatkowo tym terminem okreslano
zmiany >1 kpz. Wraz z dynamicznym rozwojem nowych technologii, a zarazem wieksza
czulodcia i precyzja metod badawczych, granica ta zmniejszyta sie i obecnie w literaturze
definiuje sie je jako zmiany >100 pz, a czasem nawet >50 pz (Ho i wsp. 2020, Yuan
i wsp. 2021, Hollox i wsp. 2022). SV obejmuja regiony DNA, w ktorych obserwuje
sie roznice w liczbie kopii danego fragmentu sekwencji (delecje, duplikacje, insercje),
jego orientacji (inwersje) badz w polozeniu na chromosomie (translokacje) miedzy
osobnikami (Rysunek 1.2). Dodatkowo, takie warianty moga sie naktada¢ lub taczy¢
tworzac duze i zlozone kompleksy, zwane rearanzacjami genomowymi. Wystepowanie
niezbalansowanych wariantéow strukturalnych, w ktérych fragment sekwencji DNA jest
tracony badz powielony nazywane jest zmiennoscia liczby kopii (ang. Copy Number
Variation, CNV).

@
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Rysunek 1.2: Typy wariantéw strukturalnych
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Takie regiony w sekwencji genomowej moga wystepowaé zaréwno w obszarze
niekodujacym, jak i kodujacym, a takze dotyczyé¢ sekwencji regulatorowych genu niosac
ze soba potencjalne skutki funkcjonalne, takie jak zmiana struktury genu, jego dawki czy
tez mechanizméw regulacji. Przyktadowo, duplikacja calego genu moze (cho¢ nie musi)
skutkowaé¢ podwyzszeniem poziomu jego ekspresji i produkeji odpowiadajacych mu biatek.
Delecja genu pociaga za soba utrate zarowno catego transkryptu, jak i kodowanego przez

niego biatka. Z kolei ztozone zmiany strukturalne moga mie¢ bardziej zréznicowane skutki.

1.1 Metody detekcji wariantéw strukturalnych

Badania nad zmiennoscia genetyczna oraz jej zwiazkami z fenotypem czesto skupiaja
sie na analizach SNP lub krétkich indeli, zaniedbujac przy tym warianty strukturalne.
Przyczyna jest duza ztozonos$¢ problemu badawczego oraz istniejace jeszcze do niedawna
istotne ograniczenia technologiczne. Wezesne badania strukturalne genoméw prowadzono
przy pomocy mikroskop6w na poziomie kariotypu, z rozdzielczoscia >3 Mpz (Feuk i wsp.
2006). Badania wariantow strukturalnych w wyzszej rozdzielczosci i na szersza skale
staly sie mozliwe dzieki opracowaniu metody pordéwnawczej hybrydyzacji genomowej
do mikromacierzy (ang. Array Comparative Genomic Hybridization, aCGH). Metoda
ta pozwala na wykrycie niezbalansowanych roznic (a wiec CNV) miedzy dwoma
poréwnywanymi genomami, w wielu loci jednoczesnie (Escaramis i wsp. 2015). Niemniej
jednak, to podejscie nie wykrywa zbalansowanych SV (czyli transolokacji i inwersji), ani
tez bezwzglednej liczby kopii danego segmentu DNA. Ma réwniez pewne ograniczenia pod
wzgledem czulosci i swoistosci wykrywanych wariantéw. Eksperymenty z wykorzystaniem
tej metody dostarczyty pierwszych istotnych informacji na temat CNV. Wyniki badan
opublikowane w dwoch waznych pracach przez Sebat i wsp. (2004) i lafrate i wsp.
(2004) wskazywaty, ze SV niewidoczne na poziomie kariotypu stanowia liczna grupe
niezidentyfikowanych jak dotad zmian w genomie cztowieka. Byt to bez watpienia punkt
zwrotny w badaniach nad zmienno$cig genetyczna, ktory jednoczesnie wzbudzit szerokie
zainteresowanie naukowcow analizami CNV. Badania prowadzone w kolejnych latach
dowiodly, ze SV przyczyniaja sie co najmniej w takim samym stopniu jak SNP i mate
indele do miedzyosobniczej zmiennosci na poziomie genomu (Feuk i wsp. 2006, Escaramis
i wsp. 2015).

Prawdziwym przetomem w genetyce byl rozwdj technik sekwencjonowania DNA.
Niespetna 50 lat temu, w 1977 roku, Fred Sanger opracowal metode sekwencjonowania
przez synteze (Sanger i wsp. 1977), otwierajac tym samym nowa epoke w
badaniach nad genomem. W efekcie, na przestrzeni lat poznano sekwencje genomowe
licznych organizméw. 7 kolei rozwodj technik sekwencjonowania nowej generacji
(ang. Next-Generation Sequencing, NGS) otworzyl droge do masowego, réwnoleglego

sekwencjonowania krotkich fragmentow DNA, dajac poczatek analizom opartym na

14



poréwnaniach miedzygatunkowych i wewnatrzgatunkowych. Dynamiczny wzrost ilosci
generowanych sekwencji pociagnat za soba problem na etapie przechowywania, obrébki
i analizy coraz wiekszych ilosci danych, w efekcie czego rozwineta sie bioinformatyka —
interdyscyplinarna dziedzina taczaca nauki biologiczne i informatyczne.

Detekcja wariantéw strukturalnych przy uzyciu krotkich odezytéw to ztozony problem
badawczy. Cho¢ identyfikacja delecji jest stosunkowo tatwa, zaréwno duplikacje jak
i bardziej ztozone rearanzacje stanowig duze wyzwanie. W odpowiedzi na zaistnialg
potrzebe nastapil prezny rozwdj algorytmoéw do detekcji réznych typow SV, w tym
réwniez do identyfikacji inwersji i translokacji. W wyniku sekwencjonowania NGS uzyskuje
sie krotkie sekwencje z jednego korica fragmentu DNA (tzw. pojedyncze odczyty; ang.
single-end reads), badz z obu jego koricow (tzw. odczyty sparowane; ang. pair-end reads).
W zaleznosci od zastosowane] technologii odczyty moga mieé¢ dlugosé od 30 do 600 pz
(Giza i wsp. 2021). Do identyfikacji SV mozna wykorzysta¢ oba typy odczytow, przy czym
zastosowanie odczytow sparowanych znacznie rozszerza zaréwno mozliwosci samej detekeji
jak i zwieksza dokladnos¢ w okreslaniu koncow regionéw zmiennych (ang. breakpoints).
Wiekszos¢ algorytmow bazuje na mapowaniu (przyrownaniu) odezytéw badanej probki do
sekwencji genomu referencyjnego. Mozliwe jest réwniez wezedniejsze sktadanie genoméow
de novo (ang. de novo assembly, AS), czyli taczenie odczytow w dtuzsze fragmenty (tzw.
kontigi), a nastepnie detekcja SV poprzez mapowanie kontigow do genomu odniesienia.
Niemniej jednak, w przypadku krotkich odczytéow podejécie to jest bardzo zmudne i
wymagajace pod wzgledem jakosci danych, a w regionach bogatych w powtoérzenia takich
jak centromery, telomery czy powtoérzenia mikrosatelitarne czasem wrecz niemozliwe do
zastosowania.

W przypadku CNV, gtéwne podejscia stosowane do ich detekcji przy uzyciu krotkich
odezytow to: analiza glebokosci pokrycia (ang. Read Depth, RD) - identyfikuje CNV
zliczajac odcezyty zmapowane do kazdego regionu w genomie; analiza mapowania odczytow
sparowanych (ang. Read Pair, RP) - wykrywa CNV w oparciu o ,niezgodnie zmapowane”
odezyty, czyli takie, dla ktorych dlugosé wstawki (odlegtosé miedzy para odczytow,
tzw. insert size) znacznie odbiega od wartosci $redniej z probki; analiza mapowania
rozdzielonych odczytow (ang. Split Read, SR) - do identyfikacji CNV wykorzystuje
niekompletnie zmapowany odczyt z kazdej pary (Rysunek 1.3). Czynniki takie jak
gtebokos¢ pokrycia, dtugos¢ odczytu czy sSrednia odlegltosé miedzy parami odczytu
wplywaja na doktadnosé¢ i jako$¢ mapowania, co z kolei bezposrednio przektada sie na
wydajnos¢ kazdej metody (Yoon i wsp. 2009, Li i Olivier 2013, Singh i wsp. 2021).
Metoda RD pozwala na identyfikacje duplikacji i delecji o szerokim spektrum wielkosci
wariantow wykorzystujac zarowno pojedyncze jak i sparowane odczyty sekwencjonowania.
Dobrze sprawdza sie w detekcji duzych zmian, wiekszych niz 1 kpz. Jej stabym punktem
jest czesto niedokladne okrelanie koncéw regionu zmiennego, chociaz w zaleznosci od

jakosci danych oraz przyjetych parametréow podejscie to moze wykrywaé granice z
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duza doktadnoscia. Bez watpienia duza zaleta metody RD jest mozliwo$¢ precyzyjnego
okreslenia liczby kopii. Z kolei podejscia oparte o RP i SR mozna wykorzysta¢ do
identyfikacji wszystkich typow SV, w tym réwniez do inwersji i translokacji. Niemniej
jednak wydajnos¢ tych metod w regionach zduplikowanych jest bardzo niska, gdyz
opieraja sie one na niezaleznym mapowaniu kazdego korca. Podejscia te wymagaja
wysokiej jakosci i spéjnosci danych w roéznych regionach. Dobrze sprawdzaja sie w detekcji
mniejszych SV (<1 kpz). Oczywista zaleta tych metod jest duza doktadnosé i precyzja
okreslenia koncow poszczegdlnych wariantow, a w przypadku SR z rozdzielczoscia nawet
do 1 nukleotydu. Niemniej jednak, wysoka wrazliwos¢ tych podejéé skutkuje detekcja
bardzo duzej liczby, czesto wzajemnie naktadajacych sie wariantéw, przez co kluczowe
jest zastosowanie restrykcyjnych kryteriow filtracji wynikéw w celu usuniecia regionéw
fatszywie pozytywnych. Kazde z wyzej wymienionych podej$s¢ ma pewne ograniczenia
pod wzgledem czutosci, specyficznosci, precyzji w okreslaniu granic, typow czy wielkosci
wykrywanych wariantoéw, stad czesto wykorzystuje sie podejscie integrujace rézne metody,
ktore tak naprawde wzajemnie sie uzupelniaja (ang. Combinatorial Approach, CA) (Zhao
i wsp. 2013, Ho i wsp. 2020, Hollox i wsp. 2022) (Tabela 1.1).

A. Metoda RD
DELECJA DUPLIKACJA
Genom referencyjny S s —
Odczyty badanego ) E : —> — —> — —> >
enomu —r — —r «— —_—r — —> <«
g —> «— — — —> — —> ——>
—_— —
—_—  —
—_—  —
B. Metoda RP
Brak SV DELECJA INSERCJA INWERSJA TRANSLOKACJA

—_—r e — —r —_—> =
Genom referencyjny W w— Q_ o] i

Genom badany b C —
C. Metoda SR

DELECJA INSERCJA
Genom referencyjny .

Genom badany

Rysunek 1.3: Charakterystyczne wzorce mapowania odczytéw dla wybranych SV w trzech
metodach detekcji wariantéw przy uzyciu krotkich odczytow
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Tabela 1.1: Poréwnanie metod do identyfikacji SV w oparciu o analize krotkich odczytow

Metoda Typ SV Wielkosé SV Udzial Rozdzielczosé Okreslenie
wynikow liczby kopii
falszywie

pozytywnych
RD Delecje, Zdolno$é do identyfikacji Niski Srednia Tak
duplikacje duzych zmian (>1 kpz)
RP Wszystkie typy Maksymalna wielko$é Sredni Wysoka Nie
SV wariantéw czesciowo

uzalezniona od dlugosci
wstawki, najwyzsza
czutosé przy SV <3000
pz
SR Wszystkie typy Gloéwnie warianty <500 Bardzo wysoki Bardzo wysoka, Nie
SV pz nawet do 1 nt

Technologia sekwencjonowania III generacji zwana réwniez jako sekwencjonowanie
dtugich odezytow (ang. Long-Read Sequencing) zostala uznana przez Nature Methods
Metoda Roku 2022 (Marx 2023). Polega ona na sekwencjonowaniu pojedynczych molekut
(czasteczek kwasow nukleinowych) w czasie rzeczywistym, w wyniku czego uzyskuje sie
tzw. dtugie odczyty. Podejscie to pozwala na uzyskanie odczytéw o dlugosci znacznie
wiekszej niz poprzednie technologie, przy srednim wspoétczynniku bledu wynoszacym
(w przypadku niektorych technologii) zaledwie 1%. Srednia ditugos$é odczytéow wynosi
10-15 kpz, jednak ultra diugie odczyty moga siegaé¢ kilkuset tysiecy pz, a czasem
osigga¢ dhugosé ponad miliona nukleotydow (Athanasopoulou i wsp. 2021, Marx 2023).
Dtugie odczyty sekwencjonowania umozliwiajg analize i sktadanie problematycznych
dla NGS regionéw w genomie m.in. centromeréw czy telomeréw, zawierajacych wysoce
powtarzalne sekwencje czy bogatych w rézne rearanzacje genomowe. Pozwalaja one na
bardzo skuteczna asemblacje prawie kompletnych genomoéw eukariotycznych, co umozliwia
nowe podejscie do identyfikacji SV poprzez bezposrednie porownanie wlasciwej sekwencji
badanych regionéw np. miedzy osobnikami, z pominieciem mapowania odczytéow do
genomu referencyjnego. Na chwile obecng czynnikiem limitujacym jest kosztownosé
przeprowadzenia takich badan. Ponadto, trudno$ci na etapie analizy, zaréwno podczas
sktadania de novo samych genoméw jak i podczas identyfikacji wariantow wymagaja

obecnie eksperckiej wiedzy z zakresu bioinformatyki.

1.2 Identyfikacja wariantéw strukturalnych w genomie

czlowieka i ich zwiazek z fenotypem

Z oczywistych wzgledow, najbardziej prezne dziatania prowadzone sa w badaniach
nad genomem czlowieka. Poczawszy od lat 90-tych, najlepsze instytucje badawcze z
calego $wiata lacza swoje sily w ramach konsorcjow m.in. The 1000 Genomes Project

Consortium, Telomere-to-Telomere (T2T), Human Pangenome Reference Consortium
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(HPRC) czy Human Genome Structural Variation Consortium (HGSVC), generujac
sekwencje genomowe mozliwie najwiekszej liczby oséb, aby jak najlepiej poznaé sekwencje
ludzkiego genomu oraz scharakteryzowaé i zrozumie¢ pelne spektrum zmiennosci
genetycznej cztowieka. Ostatni rok okazal sie prawdziwym przelomem w tej dziedzinie.
W marcu 2022 r., w Science, opublikowano kompletna, ciagta sekwencje ludzkiego
genomu haploidalnego (tacznie z centromerami) dla wszystkich chromosomow z wyjatkiem
Y, jednoczesnie wypelniajac luki obecne w poprzedniej wersji genomu referencyjnego
(Nurk i wsp. 2022). Miesiac p6zniej, w tym samym czasopi$mie, ukazala sie praca
charakteryzujaca segmentalne duplikacje (ang. Segmental Duplication, SD) w nowo
ztozonym genomie (Vollger i wsp. 2022). SD to bardzo dynamiczne regiony i uwaza
sie, ze odgrywaja znaczaca role w ewolucji. Wyniki badarn ujawnily, ze wiekszosé luk
w poprzedniej wersji genomu pokrywala sie wlasnie z regionami SD, za$ w odniesieniu
do nowej, kompletnej sekwencji genomu, regiony te stanowia ok. 7% calosci. Najdtuzsze
powtorzenia zlokalizowano na kroétkich ramionach chromosoméw akrocentrycznych.
Ponadto, globalna analiza ekspresji i metylacji miedzy genami zduplikowanymi i
unikalnymi sugeruje, ze az dwie trzecie zduplikowanych genéw jest wyciszanych
epigenetycznie. Najnowsza publikacja prezentujaca wstepna wersje pierwszego ludzkiego
pangenomu, ktora ukazata sie w Nature, stanowi kolejny krok milowy w badaniach
nad zmiennoscia (Liao i wsp. 2023). Termin ,pangenom” zostal zaproponowany przez
Tettelin i wspotbadaczy w 2005 r. podczas analizy o$miu szczepéw chorobotworczego
paciorkowca Streptococcus agalactiae (Tettelin i wsp. 2005). Celem badania pangenomu
jest poznanie cato$ci zmiennosci genetycznej u badanej grupy blisko spokrewnionych
osobnikéw np. nalezacych do tego samego gatunku, a takze identyfikacja tzw. gendéw
rdzenia (ang. core genes), czyli zestawu genéw obecnych u wszystkich badZz wiekszosci
badanych osobnikoéw. Analiza polega na poréwnywaniu sekwencji genomowych wielu
osobnikow, identyfikacji podobienstw i réznic miedzy nimi oraz stworzeniu swoistego
katalogu zmiennosci badanej grupy, ktéry bedzie punktem odniesienia w badaniach
poréwnawczych. W ramach pilotazowej fazy projektu pangenomu czlowieka, pangenom
stworzono z sekwencji 47 os6b wyselekcjonowanych z réznych regionéw $wiata. Docelowo
projekt zakltada analize sekwencji DNA pochodzacych od 350 oséb. Juz wstepne wyniki
badan pokazuja ogromny potencjal pangenomiki. Zastosowanie pangenomu umozliwito
identyfikacje dwukrotnie wiekszej liczby SV na osobe, niz bylo to mozliwe przy uzyciu
liniowego genomu referencyjnego GRCh38.

Sposérod genow zlokalizowanych w regionach polimorficznych poczatkowo niewiele
wiadomo byto o ich znaczeniu funkcjonalnym. Znaczna czes¢ badari skupiata sie na
poszukiwaniu zwiazkow CNV z ryzykiem rozwoju réznych choréb u ludzi (Shaikh 2017).
Wykazano, ze liczne CNV sg zaangazowane w etiologie m.in. zespotu Pradera-Williego
i Angelmana (Vogels i Fryns, 2002), ztozonych chor6b neuropsychiatrycznych, w tym

zaburzenl ze spektrum autyzmu (Sebat i wsp. 2007) i schizofrenii (Walsh i wsp.
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2008) oraz chor6b neurodegeneracyjnych, w tym choroby Parkinsona (Singleton i
wsp. 2003) i choroby Alzheimera (Sekine i Makino 2017). Ponadto, w przypadku
wieloallelicznych CNV, czyli takich ktore wystepuja w populacji w wielu wariantach
liczby kopii, powigzano obecno$é pewnych czestych wariantow (>1%) z kilkoma
ztozonymi chorobami lub cechami np. podatnoscia na zakazenie wirusem HIV,
chorobami autoimmunologicznymi, takimi jak reumatoidalne zapalenie stawéw i choroba
Lesniowskiego-Crohna, czy cukrzyca typu 2 (Girirajan i wsp. 2011, Shaikh 2017).
Wykazano réwniez, ze CNV sa najczestszymi mutacjami somatycznymi obserwowanymi
w genomach nowotworéw, gltownie wpltywajacymi na liczbe kopii genéw supresorowych
nowotworéw i protoonkogenow (Lee i wsp. 2007, Hu i wsp. 2018).

Obecne mozliwosci technologiczne otwieraja zupetnie nowe perspektywy do tego typu
badan. Coraz wiekszym zainteresowaniem ciesza sie badania dotyczace roli zmiennosci
strukturalnej, w tym polimorfizmu liczby kopii w adaptacji i ewolucji organizméw (Hollox
i wsp. 2022). U czlowieka, ciekawym przykladem pokazujacym elastyczno$é genomu i
jego mozliwosci adaptacji jest zalezno$¢ miedzy dieta, a liczba kopii genéw kodujacych
amylaze - enzym wazny dla trawienia pokarméw bogatych w skrobie, takich jak zboza czy
ziemniaki. Amylaza kodowana jest przez dwa geny: AMY1, kodujacy tzw. amylaze §linowa
i AMYZ2, kodujacy tzw. amylaze trzustkows. Szacuje sie, ze w Swiatowej populacji liczba
kopii genu AMY1 wynosi 2-18 kopii, natomiast AMY2 0—4 kopii. Badania pokazujg, ze
istnieje pozytywna korelacja zarowno miedzy populacjami z dieta bogata w skrobie, a
wyzsza liczba kopii AMYT jak i liczba kopii obu genéow AMY1 i AMY2 (Perry i wsp.
2007, Carpenter i wsp. 2015). Biorac pod uwage, ze archaiczne genomy homininéw i
genomy szympansoéw maja tylko jedna kopie¢ AM Y1, mozna podejrzewac, ze wysoka liczba
kopii jest niedawng adaptacja do diety bogatej w skrobie zwigzanej z silnym rozwojem
rolnictwa. Coraz wiecej badan pokazuje réwniez, ze choroby zakazne m.in. malaria,
przyczynily sie do uksztaltowania specyficznej dla populacji adaptacji (Williams i wsp.
2005, Louzada i wsp. 2020). Malaria, choroba przenoszona przez komary w tropikalnych
i subtropikalnych strefach klimatycznych, jest wywolywana przez pierwotniaki m.in.
Plasmodium falciparum i Plasmodium vivaz. Zakazenie malarig stanowi gléwna, infekcyjng
przyczyne Smierci wsrod dzieci w Afryce. Sktadnik hemoglobiny, a-globina, kodowana jest
przez dwa geny: HBA1 i HBA2. Zazwyczaj u ludzi wystepuja dwie kopie kazdego genu
na genom diploidalny, chociaz istnieja zarowno warianty delecyjne jak i duplikacje tych
genow. Wykazano, ze allele delecyjne sa utrzymywane w wyzszych czestosciach w Afryce
Subsaharyjskiej (do 20%) i stanowia selektywna ochrone przed ciezka malaria (Williams
i wsp. 2005). Co ciekawe, u czlowieka prawie wszystkie SV, dla ktérych zaproponowano
adaptacje specyficzne dla populacji, obejmowaly adaptacje do diety lub miaty zwiazek z

podatnoscia na choroby (Hollox i wsp. 2022).
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1.3 Rola CNV w ksztaltowaniu zmiennosci genetycznej
i fenotypowej roslin

Rodliny, jako organizmy osiadle, doskonale nadajg sie do $ledzenia i badania
zmiennosci wewnatrzgatunkowej. Poszczegdlne osobniki pochodzace z okreslonej
lokalizacji reprezentuja specyficzne, stosunkowo jednorodne podgrupy (zwane liniami,
ekotypami czy tez odmianami) zaréwno pod wzgledem genetycznym, fizjologicznym jak i
morfologicznym. Reprezentujg tym samym swoisty zestaw cech wyksztatconych w wyniku
ewolucji i adaptacji do swojego siedliska. Dodatkowo, wiele gatunkéw roslin, w tym
takze gatunki modelowe, wykazuje samopylnosé¢, a ich genomy sa zazwyczaj wysoce
homozygotyczne. Dlatego analiza SV u roslin zwykle polega na identyfikacji wariantéw
np. miedzy liniami czy ekotypami, a nastepnie okresleniu wplywu réznic genetycznych
na ich fenotyp i przystosowanie do danych warunkéw otoczenia. 7Z kolei catogenomowe
poréwnania sg swietng okazja do prowadzenia badan pangenomicznych.

Obecnie wiadomo, ze podobnie jak u ludzi i zwierzat, polimorfizm liczby kopii stanowi
istotng cze$¢ zmiennosci genetycznej rowniez u roslin (Zmieﬁko i wsp. 2014, Ho i wsp.
2020, Yuan i wsp. 2021, Hollox i wsp. 2022). Poczatkowo wiekszos¢ badari dotyczyta
identyfikacji sekwencji obecnych w jednym genomie, ale calkowicie nieobecnych w innych
(ang. Presence-Absence Variations; PAV) (Zmieriko i wsp. 2014). Pierwsze analizy CNV
na szeroka skale prowadzone byly na kukurydzy (Springer i wsp. 2009, Bel6 i wsp. 2010,
Swanson-Wagner i wsp. 2010), ryzu (Yu i wsp. 2011) oraz soi (Haun i wsp. 2011, McHale i
wsp. 2012). Rozwoj technik sekwencjonowania znacznie rozszerzyt zakres eksploracji CNV
u roslin. Liczne prace wykorzystujace dane z sekwencjonowania krotkich lub/i dtugich
odczytow czy tez integracji roznych metod przez lata dostarczylty informacji o wariantach
strukturalnych m.in. dla kukurydzy (Chia i wsp. 2012, Yang i wsp. 2019, Lin i wsp. 2021,
Hufford i wsp. 2021%*), ryzu (Xu i wsp. 2011, Wang i wsp. 2018%*, Kou i wsp. 2020, Ma i wsp.
2020), soi (Lam i wsp. 2010, Liu i wsp. 2020*, Valliyodan i wsp. 2021*), pszenicy (Saintenac
i wsp. 2011, Montenegro i wsp. 2017*, De Oliveira i wsp. 2020, Walkowiak i wsp. 2020%),
melona (Zhao i wsp. 2019), brzoskwini (Guo i wsp. 2020), rzepaku (Chawla i wsp. 2021),
jeczmienia (Jayakodi i wsp. 2020%), Medicago truncatula (Zhou i wsp. 2017*), stonecznika
(Htbner i wsp. 2019*), pomidora (Alonge i wsp. 2020*, Gao i wsp. 2019*, Li i wsp. 2023%),
jabtka (Sun i wsp. 2020%) oraz wielu innych (Zmieiiko i wsp. 2014, Dolatabadian i wsp.
2017, Yuan i wsp. 2021). Warto podkresli¢, ze prace te maja roznorodny stopien ztozonosci
— od detekcji kilkudziesieciu regionéw w genomie az po analizy pangenomiczne (oznaczone
*). Dodatkowo, znaczna wiekszosé¢ badan nadal skupia sie na identyfikacji PAV, co mimo
tak zaawansowanej technologii i mozliwosci integracji r6znych metod badawczych pokazuje
jak duzym wyzwaniem wciaz sg regiony zduplikowane i rearanzacje strukturalne.

Roéwnolegle do badan nad poznaniem zmiennosci strukturalnej prowadzono dziatania

majace na celu znalezienie zwiazkow pomiedzy CNV, a fenotypem. Zwlaszcza warianty
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liczby kopii, ktore pokrywaja sie albo sasiaduja z genami kodujacymi biatka (ang.
Protein-Coding Genes, PCG) lub ich promotorami, moga by¢ przyczyna zmiennoSci
fenotypowej. Juz pierwsze analizy u réznych organizmoéw wskazywaly na nieréwnomierne
rozmieszczenie CNV w genomie. Zaobserwowano duzo wyzsze zageszczenie CNV w
regionach powtorzen, a nizsze w regionach PCG (Emerson i wsp. 2008, Conrad i wsp.
2010, Chia i wsp. 2012), wskazujac na potencjalnie silne oddzialywanie tych ostatnich
na organizm. Stad, liczne prace koncentruja sie na poszukiwaniu zaleznosci miedzy
konkretnymi genami badz regionami w genomie, a wystepowaniem okreslonego fenotypu.
Odkryte jak dotad zwiazki miedzy CNV, a fenotypem u roslin obejmuja zaréwno
cechy morfologiczne, jak i fizjologiczne oraz odporno$é na choroby (Zmieriko i wsp.
2014, Dolatabadian i wsp. 2017, Yuan i wsp. 2021). Przyktadowo, Diaz i wsp. (2012)
wykazali korelacje miedzy liczba kopii genu Vrn-A1, kodujacego czynnik transkrypcyjny
MADS-boz, a czasem kwitnienia pszenicy. Rosliny z dodatkowa kopia tego genu kwitty
pozniej. W pszenicy, CNV powiazano réwniez z kartlowatym fenotypem (Li i wsp. 2012)
czy wieksza tolerancja na mroz (Sieber i wsp. 2016). W réznych roslinach wykazano,
ze zmiany w liczbie kopii DNA wigza sie z tolerancja na roézne zwiazki chemiczne
obecne w glebie. I tak u Arabidopsis halleri zwiekszenie liczby kopii genu HMAY,
kodujacego biatko odpowiedzialne za translokacje jonéw metali cynku i kadmu z korzenia
do pedu, przyczynia sie do hiperakumulacji i hipertolerancji tych jonéw (Hanikenne i
wsp. 2008, 2013). W jeczmieniu, odmiany wykazujace wyzsza tolerancje na bor zawieraty
czterokrotnie wiecej kopii genu Bot! (gen transportera boru) (Sutton i wsp. 2007), za$ u
kukurydzy, tolerancje na glin powiazano z wyzsza liczba kopii genu MATE1 (Maron et al.
2013). Wskazano rowniez, ze zwielokrotnienie kopii genu MATE1 nastapito stosunkowo
niedawno i prawdopodobnie byto zwiazane z udomowieniem rosliny. Podobna tendencje
zaobserwowano u innych roslin uprawnych pokazujac, ze CNV przyczyniaja sie do szybkiej
adaptacji zwigzanej z ich udomowieniem, co moze byé¢ kluczowym aspektem w kwestii
ulepszania upraw (Lye i wsp. 2019). Liczne przyktady u roslin wskazuja réowniez na
powiazanie CNV z odpornoscia na choroby i patogeny. Dowiedziono, ze CNV zwiagzane
sa czesto z genami kodujacymi biatka klasy NB-LRR (tj. zawierajacymi domene wiazaca
nukleotydy oraz powtorzenia bogate w leucyne), o ktorych wiadomo, ze biora udzial w
mechanizmach zwiazanych z obronnoscia roslin (Saxena i wsp. 2014, Dolatabadian i wsp.

2017).

1.4 Badania asocjacyjne calego genomu

Poznanie i zrozumienie w jaki sposob SV ksztattuje fenotyp wydaje sie by¢ kluczowym
wyzwaniem wspolczesnej genetyki. Wzrastajaca kompleksowo$é danych pociaga za soba
rozwoOj nowych, globalnych metod analizy np. w oparciu o badania asocjacyjne catego
genomu (ang. Genome-Wide Association Study, GWAS). Analiza GWAS ma charakter
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przesiewowy. Jej celem jest identyfikacja wariantow genomowych, ktore sa statystycznie
powiazane z wystapieniem okreslonej cechy. Metoda ta, cho¢ ma ogromny potencjal,
stawia przed badaczami sporo wyzwan (Pearson i Manolio 2008). Na pomyslna detekcje
asocjacji pomiedzy wariantami genetycznymi, a badana cecha (z metodologicznego
punktu widzenia) ma wpltyw kilka czynnikow m.in. liczba probek, liczba wariantow
uzywanych w analizie, ztozonos¢ analizowanego fenotypu (ilos¢é markeréw wplywajacych
na pojawienie sie danej cechy), a takze zréznicowanie badanej cechy w populacji. W
analizie GWAS uwzglednia sie wytacznie czeste polimorfizmy (wystepujace np. w co
najmniej 5% populacji), przez co czes¢ informacji o rzadkich wariantach jest tracona.
Analiza GWAS obejmuje setki tysiecy, a czasem wiecej wykonanych testow statystycznych
w jednym eksperymencie, co wymusza stosowanie niskich progéw istotnosci statystycznej
(uwzglednionych np. poprzez zastosowanie korekty na wielokrotne testowanie). Dlatego,
aby uzyska¢ wystarczajaca moc analizy statystycznej, badana populacja powinna sktadaé
sie z co najmniej kilku tysiecy probek. Im wiecej, tym lepiej. Przyktadowo, International
Consortium for Blood Pressure Genome-Wide Association Studies poszukiwato markerow
zwiazanych z ryzykiem chorob uktadu krazenia na grupie az 200 tysiecy osob
(International Consortium for Blood Pressure Genome-Wide Association Studies 2011).
Kolejnym aspektem jest zlozonos¢ badanej cechy. Liczne fenotypy warunkowane sa
przez kilka, wspoélnie wystepujacych wariantow, ktore — analizowane pojedynczo -
czesto majg stosunkowo maty efekt i przez co sg bardzo trudne do identyfikacji. Im
bardziej ztozona cecha, badz dyskretny efekt, tym trudniej uzyska¢ odpowiednia moc
statystyczng i tym wieksza powinna by¢ badana proba. Z kolei im silniejszy efekt,
tym wicksza szansa na identyfikacje wariantu z nim zwiazanego. W badaniach GWAS
tzw. ,ukryta zmienna’, silnie wplywajaca na wynik, jest struktura populacji (Barton i
wsp. 2019). Kazda naturalna populacja jest w jaki$ sposob ustrukturyzowana i mozna
w jej obrebie wydzieli¢ podobne genetycznie podgrupy. Przykitadowo, jesli w jednej
podgrupie wspoélistnieja: badany marker i niezwigzana z nim cecha fenotypowa, to w
efekcie analizy GWAS moze doj$¢ do identyfikacji nieprawdziwej, pozornej zaleznosci.
Dlatego uwzglednienie struktury populacji w celu zminimalizowania jej wplywu na
wyniki GWAS jest niezbedne. Nalezy pamietac, ze wyniki GWAS reprezentuja wylacznie
matematyczne i statystyczne zaleznodci wystepujace w analizowanym przez nas zbiorze
danych. To narzedzie, ktére skanuje genom w poszukiwaniu potencjalnych ,kandydatow”
zwigzanych z okre$lonym stanem lub cecha. Jednak uzyskanie istotnej statystycznie
asocjacji nie oznacza, ze dany wariant wywotuje badany fenotyp. Konieczne sa dalsze
badania funkcjonalne wyselekcjonowanych markeréw, ktore ujawnia ich prawdziwy
zwiazek przyczynowo-skutkowy. W wiekszosci przypadkéw analizy GWAS opierajg sie
na SNP. Mozliwo$¢ wykorzystania CNV samodzielnie badZ wspoélnie z informacja o SNP
do tego typu analiz wydaje sie niezwykle cenna i moze rzuci¢ nowe spojrzenie na zwiazek

CNV z fenotypem. W badaniach asocjacyjnych na kukurydzy Chia i wsp. (2012) wykazali,
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ze CNV w duzym stopniu przyczynia sie do zmiennosci analizowanych 5 cech zwigzanych
z rozwojem lisci i odpornoécia na choroby oraz dostarcza nowych informacji stanowiac

uzupelnienie wynikéw uzyskanych ze SNP.

1.5 Arabidopsis jako roslina modelowa w badaniu

zmiennosci wewnatrzgatunkowej

Obiektem moich badan jest roslina modelowa Arabidopsis (Arabidopsis thaliana) znana
rowniez jako rzodkiewnik pospolity. To pierwsza roslina, ktérej genom zsekwencjonowano.
Sekwencja DNA pochodzaca z ekotypu Columbia-0 (Col-0) zostata opublikowana przez
konsorcjum Arabidopsis Genome Initiative w 2000 r. (Arabidopsis Genome Initiative
2000) i - zaktualizowana - do teraz uznawana jest za sekwencje referencyjna dla tego
gatunku. Arabidopsis ma stosunkowo maly, diploidalny genom (5 chromosomoéw, ~135
Mpz), a jej tatwos¢ w hodowli i krotki cykl zyciowy (okolo 6 tygodni) sprawiaja, ze
jest popularnym obiektem badari. Jest roslina samopylng i szeroko rozpowszechniong
na Swiecie, szczegdlnie na poétkuli potnocnej. Wsrod naturalnych ekotypoéw Arabidopsis
obserwuje sie duze zréznicowanie cech fizjologicznych i morfologicznych. Linie (ang.
accessions) reprezentujace osobniki pochodzace z okreslonej lokalizacji geograficznej,
czesto byly utrzymywane w warunkach laboratoryjnych przez diugi czas. Obecnie,
oznaczone unikalnym identyfikatorem wchodza w sktad bogatego banku nasion dla tej
rosliny (The Nottingham Arabidopsis Stock Centre, NASC, https://arabidopsis.info/). Te
lokalnie przystosowane linie sa wysoce wsobne i jednorodne genetycznie. Umozliwia to
wielokrotne fenotypowanie tego samego genotypu w réznych, kontrolowanych warunkach.
Dlatego, Arabidopsis wydaje sie by¢ idealnym obiektem do badania interakcji miedzy
genotypem, a srodowiskiem oraz do prowadzenia badan wewnatrzgatunkowych.

Podobnie jak u innych roslin, poczatkowo u Arabidopsis wiekszo$¢ analiz byla
ukierunkowana na scharakteryzowanie zjawiska PAV, podczas gdy wykrywanie duplikacji
ograniczato si¢ do pojedynczych linii lub niewielkich populacji. Jedna z pierwszych prac
obejmujacych detekcje CNV na szeroka skale z danych aCGH oraz NGS byla praca
Santuari i wsp. (2010). Poréwnanie przez nich czterech linii w odniesieniu do referencji
(linii Col-0) pozwolito wykryé¢ liczne delecje, ktore pokrywaly sie z transpozonami
(ang. Transposable FElements, TE) i PCG. Co ciekawe, wiekszos¢ zidentyfikowanych
wariantow wystepowata w dwoch lub wiecej liniach, wskazujac istotny stopieri zmiennosci
wewnatrzgatunkowej genomu Arabidopsis.

W 2008 r., powstato konsorcjum w ramach projektu 1001 Genomoéw (The 1001
Genomes Project, https://1001genomes.org/), ktorego celem bylo scharakteryzowanie
catogenomowej zmiennosci dla co najmniej 1001 linii Arabidopsis. Trzy lata p6zniej, w

2011 r., w ramach pilotazowej fazy projektu zsekwencjonowano i opublikowano dane NGS
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dla 80 linii, tacznie z analiza SNP i krotkich indeli (Cao i wsp. 2011). Zidentyfikowano
rowniez 1059 dtuzszych CNV (w odniesieniu do Col-0) o wielkosci od 1 do 13 kpz.
Ponad 85% wykrytych wariantow wystepowala w wiecej niz jednej linii, a sumarycznie
wszystkie warianty obejmowaly ~2% genomu. W efekcie zakonczenia drugiej fazy tego
projektu, w czerwcu 2016 r. udostepniono calogenomowe dane dla 1135 linii Arabidopsis
(1001 Genomes Consortium 2016). Stworzono katalog SNP i krotkich indeli (<50 pz),
jednak pominieto identyfikacje dtuzszych wariantéw strukturalnych, w tym réwniez CNV.
W oparciu o uzyskane dane m.in. wydzielono grupy genetyczne, scharakteryzowano
strukture populacji i zaproponowano wzorce migracji, co stanowi doskonate podwaliny
do badan nad fenotypem, ewolucja i adaptacja. Réwnolegle do danych genomowych
przedstawiono wyniki analiz metylomoéw i transkryptoméw réwniez dla ponad 1000 linii
Arabidopsis (Kawakatsu i wsp. 2016). Publiczny dostep do trzech tak duzych i wzajemnie
uzupetniajacych sie zestawéw danych NGS otworzyl zupetnie nowe mozliwosci badawcze.
Dzieki temu, przez kilka ostatnich lat powstatlo wiele zaawansowanych baz danych
dla Arabidopsis integrujacych réznorodne dane biologiczne, geograficzne, klimatyczne,
czy fenotypowe, w tym m.in. niezwykle cenna baza danych fenotypéw AraPheno
(https://arapheno.1001genomes.org/). Poltaczenie roznorodnych wynikéw daje mozliwosé
wzbogacania wlasnych badan o dodatkowe aspekty bez koniecznosci przeprowadzania
analiz eksperymentalnych od podstaw, co przektada si¢ na wicksza kompleksowos¢ analiz,
jednakze stawia duze wymagania dla bioinformatykéw, gdyz tylko poprzez zrozumienie
danych i prawidtowo dobrane, i opracowane Sciezki analizy z surowych danych mozna
uzyskaé¢ prawidtowy wynik.

Pomimo zsekwencjonowania setek genoméw Arabidopsis wcigz istniata luka dotyczaca
zmiennosci wewnatrzgatunkowej. Analizy pangenomiczne wymagaja kompletnej sekwencji
genomowej dla poszczegbdlnych linii, co =z krotkich odezytéow pochodzacych 2z
sekwencjonowania bylo bardzo trudne do osiagniecia. Jiao i Schneeberger (2020) ztozyli
sekwencje genomowe 7 linii Arabidopsis, z danych uzyskanych przy pomocy dlugich
odczytow. Wzajemna analiza poréwnawcza ujawnita w kazdym z genomoéw rearanzacje
o tacznej dtugosci okoto 13-17 Mpz i pozwolita na zidentyfikowanie 5-6 Mpz sekwencji
nieobecnej w genomie referencyjnym. Przetozylo sie to na roznice liczby kopii w okoto
5000 genoéw. Dodatkowo, zidentyfikowano tzw. gorace miejsca rearanzacji czyli regiony
bardzo zmienne w populacji Arabidopsis, co przekladalo sie obserwowany zwiekszony
odsetek CNV w tych regionach genomu. Obecnie trwaja prace nad projektem 1001G+,
ktorego celem jest ztozenie jak najwiekszej liczby kompletnych sekwencji genomowych
naturalnych linii Arabidopsis w oparciu o dtugie odczyty sekwencjonowania. Takie dane
pokaza co kryje sie w czesci genomu, ktoérej obecnie nie mozemy zobaczy¢ oraz pozwola
na przeprowadzenie kompleksowej analizy pangenomicznej ujawniajac rzeczywisty zakres

zmiennosci i roznorodnosei dla Arabidopsis (Wlodzimierz i wsp. 2023, Lian i wsp. 2023).
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1.6 Metabolity wtérne

Rogliny maja niesamowita zdolno$¢ do syntezy zréznicowanych niskoczasteczkowych
zwiazkow organicznych. W efekcie moga tatwo dostosowywaé sie do zycia w zmiennych
i wymagajacych warunkach srodowiskowych. Ze wzgledu na pelnione funkcje, zwigzki
te dzieli sie¢ na trzy grupy: metabolity pierwotne — zwiazki chemiczne niezbedne do
prawidlowego przebiegu procesow zyciowych, ktore spelniaja w organizmie zywym
najbardziej podstawowe funkcje (budulcowe, energetyczne, zapasowe); metabolity wtorne
- zwiazki istotne, cho¢ nie niezbedne dla przezycia komorki, ktére powstaja w przebiegu
wyspecjalizowanej przemiany materii; oraz hormony, ktoére reguluja procesy organizmu
i metabolizm (Jasiniski i wsp. 2009, Erb i Kliebenstein 2020). Przez dziesieciolecia
ta funkcjonalna trychotomia metabolizmu roslin ksztattowata teorie i eksperymenty w
biologii roslin, mimo ze granice miedzy tymi klasami metabolitow byly w zasadzie
umowne.

Chociaz metabolity wtorne nie sa niezbedne do wzrostu i rozwoju samej rosliny
odgrywaja duza role w komunikacji miedzy rosling, a srodowiskiem. Do najwazniejszych
funkcji tych zwiazkéw nalezy ochrona rogliny przed roslinozercami czy pasozytami,
ochrona przed mikroorganizmami patogennymi, wabienie owadoéw, regulacja wzrostu
i rozwoju rodliny, a takze oddzialywan symbiotycznych roélin z innymi organizmami
(Jasiniski i wsp. 2009, Elshafie i wsp. 2023). Dodatkowo, najnowsze badania podkreslaja
znacznie obszerniejsza niz wczeSniej zaktadano role tych zwiazkow. Wskazuja, ze
metabolity wtorne moga by¢ wielofunkcyjne i dziata¢ zaréwno jako regulatory wzrostu
roslin, jak i moga by¢ zaangazowane w metabolizm pierwotny czy ochrone roslin (Isah
2019, Erb i Kliebenstein 2020). Metabolity wtorne stanowia niezwykle zréznicowana grupe
zwiazkow o szerokim zakresie aktywnosci biologicznej. Poszczegdlne zwiazki sa zwykle
swoiste dla danej rosliny i powstaja tylko w niektérych komoérkach, tkankach lub organach.
Zwiazki te magazynowane sa gtéwnie w wakuolach, w przestrzeniach miedzykomoérkowych
oraz na powierzchni tkanek (Jasiniski i wsp. 2009). Warto podkresli¢, ze stezenie danego
metabolitu w roslinie moze by¢ zmienne w zaleznosci od warunkéw srodowiska.

Wystepujace w $wiecie rodlinnym metabolity wtorne dzielimy na trzy podstawowe
grupy: terpenoidy, niebiatkowe zwiazki azotowe (gtownie alkaloidy, jak rowniez betalainy,
glikozydy cyjanogenne oraz glukozynolany) oraz zwiazki fenolowe (Jasiriski i wsp. 2009,
Twaij i Hasan 2022, Elshafie i wsp. 2023). Poza oczywistymi korzysSciami dla samej
rosliny metabolity wtorne sa wykorzystywane przez cztowieka jako dodatki spozywcze, w
medycynie naturalnej, ziololecznictwie, do produkcji lekéw i farmaceutykow, kosmetykow
oraz w innych galeziach przemystu. Sposréd powszechnie stosowanych zwiazkéw mozna
wymieni¢ m.in.: limonen, mircen, linalol, o/ 8-pinen, kamfen, bajkaline, apigenine i wiele
innych (Twaij i Hasan 2022, Elshafie i wsp. 2023). Szerokie spektrum wykorzystania

tych zwiazkow oraz praktycznie nieograniczona ich liczba (biorac pod uwage ogromne
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zroznicowanie $wiata roslinnego) pokazuje jak duze znaczenie ma identyfikacja nowych

zwigzkow i zrozumienie szlakéw ich powstawania.

1.7 Roslinne metaboliczne klastry genéw

W genomach bakterii powszechne sa tzw. operony czyli jednostki zgrupowanych genéow
(tworzacych swoisty klaster), transkrybowanych wspolnie - jako pojedyncza czasteczka
mRNA i kodujacych enzymy zaangazowane we wspolny szlak metaboliczny. U eukariontow
z kolei geny zaangazowane we wspolny szlak metaboliczny sa zazwyczaj rozproszone
w genomie. Jednakze, badania prowadzone w ostatnich latach dowiodly istnienia
podobnych do operonéw jednostek organizacyjnych - funkcjonalnych klastréw ztozonych
z niehomologicznych genéw - w genomach u roélin i grzybéw. Te stosunkowo niedawno
odkryte jednostki organizacyjne u eukariontéw sa nazywane metabolicznymi klastrami
genow lub klastrami genow biosyntezy (ang. Metabolic Gene Clusters, MGC/ Biosynthetic
Gene Clusters) (Nitzmann i wsp. 2018). Pomimo czeSciowych podobienstw do
operonow bakteryjnych (fizyczne grupowanie, wspotregulacja), geny tworzace klaster sa
transkrybowane oddzielnie (jako odrebne czasteczki mRNA) (Boycheva i wsp. 2014,
Niitzmann i wsp. 2018). W miare nowych, znaczacych odkry¢ definicja MGC jest na
biezaco doprecyzowana. Obecnie, MGC sa okreslane jako grupa trzech lub wiecej genéw,
ktore koduja co najmniej trzy rézne typy enzymoéw zaangazowanych we wspoélny szlak
metaboliczny (zwykle szlak biosyntezy). Budowa MGC jest wiec zroznicowana i zalezy od
wielu czynnikow. W obrebie MGC wyroznia sie dwa typy enzymoéw (Niitzmann i wsp.
2018). Enzym podstawowy (ang. signature enzyme) jest odpowiedzialny za tworzenie
chemicznego szkieletu metabolitu. Definiuje on finalna klase produktow szlaku (np.
terpenoidy, alkaloidy) i jest zaangazowany w glowny (zazwyczaj pierwszy) etap szlaku
metabolicznego. Drugim typem enzymoéw sa réznorodne enzymy kodowane przez pozostate
geny klastra, modyfikujace szkielet podstawowy metabolitu (ang. tailoring enzymes)
(Rysunek 1.4). Najczesciej sa to oksydazy cytochromu P450 (CYP450), transferazy (m.in.
acylo-, metylo-, glukozylotransferazy), dehydrogenazy, transaminazy i wiele innych. Warto
zaznaczy¢, ze w przypadku jednego z najczesciej wystepujacych enzyméw w obrebie
znanych MGC, CYP450, kazda rodzina cytochromoéw jest traktowana jako odrebny typ
enzymu (Niitzmann i wsp. 2016).

Pod wzgledem architektury wyroznia sie kilka typow MGC (Nitzmann i wsp.
2016). U roslin, klaster centralny zawiera wiekszos¢ genow szlaku (zwykle lacznie z
genem kodujacym enzym podstawowy). Geny te sa zlokalizowane w sasiednich pozycjach
genomu tworzac zwarta grupe (Rysunek 1.5 A). Zdarza sie jednak, ze moga by¢ one
przeplatane ograniczong liczba niepowiagzanych funkcjonalnie genéow. Zazwyczaj, poza
klastrem centralnym istnieje co najmniej jeden gen peryferyjny kodujacy inne etapy

szlaku metabolicznego. Taki gen moze by¢ zlokalizowany w poblizu klastra centralnego
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Rysunek 1.4: Dwa typy enzyméw w obrebie MGC: podstawowy (*) oraz inne enzymy
modyfikujace szkielet podstawowy metabolitu (na podstawie: Niitzmann i Osbourn 2014)

badz w odleglym miejscu w genomie, a nawet na innym chromosomie (Niitzmann i wsp.
2016, Kautsar i wsp. 2017) (Rysunek 1.5 B). Klaster DIMBOA u kukurydzy zwiazany
jest z synteza benzoksazynoidow (Bx), czyli metabolitow wtornych, ktore dziataja jako
pestycydy, insektycydy i wykazuja dzialanie allelopatyczne (Sicker i wsp. 2000). Zwiazki
te sg produkowane przez wiele gatunkow roslin, w tym gtoéwnie przez kukurydze, pszenice
i zyto (Sue i wsp. 2011). U kukurydzy, synteza cyklicznego kwasu hydroksamowego
DIBOA wymaga wspotudziatu pieciu genéw, ktore znajduja sie w klastrze centralnym
(Frey i wsp. 1997, 2003, von Rad i wsp. 2001, Jonczyk i wsp. 2008). Peryferyjny gen
Bz7 kodujacy enzym O-metylotransferaze, niezbedna do biosyntezy DIMBOA (czyli
2 4-dihydroksy-7-metoksy-1,4-benzoksazyn-3-onu), znajduje sie w odlegtosci 15 Mpz od
klastra centralnego (Jonczyk i wsp. 2008). Z kolei gen Bz9, ktory koduje transferaze
cukrowa aktywna wobec DIBOA/DIMBOA, znajduje sie na innym chromosomie (von
Rad i wsp. 2001). Badania prowadzone dla pszenicy i zyta ujawnily, ze dla tych
roslin geny biosyntezy DIBOA znajduja sie w dwoch podgrupach zlokalizowanych na
roznych chromosomach (Sue i wsp. 2011). Niektore szlaki metaboliczne sa bardziej
pofragmentowane. Poza klastrem centralnym moga istnie¢ dodatkowe skupiska ztozone
z dwoch lub trzech genow (ang. satellite subgroups) w innym miejscu w genomie
(Rysunek 1.5 C). W ostatnim typie organizacji MGC gen kodujacy enzym podstawowy
jest peryferyjny. Wowczas klaster centralny sklada sie z co najmniej trzech genéw
kodujacych enzymy zaangazowane w dodatkowe etapy szlaku, ktore wykazuja silng
koekspresje z genem kodujacym enzym podstawowy (Rysunek 1.5 D). Te dwa ostatnie
typy organizacji MGC mozna zaobserwowa¢ w klastrze a-tomatyny u pomidora. Klaster
centralny biosyntezy a-tomatyny zlokalizowany jest na chromosomie 7 i sklada sie
z 6 genow. Gen katalizujacy pierwszy etap tego szlaku (konwersje cholesterolu do
22-hydroksycholesterolu) (Itkin i wsp. 2013), réwniez znajduje si¢ na chromosomie 7,
aczkolwiek jest oddalony o 7,9 Mpz od najblizszego genu klastra centralnego (Tomato
Genome Consortium 2012). Dwa dodatkowe, sasiadujace ze soba geny kodujace enzymy
tego szlaku znajduja sie na chromosomie 12. Udziat enzyméw kodowanych przez geny

peryferyjne oraz sie¢ polaczen miedzy réznymi szlakami biosyntezy metabolitéw moze
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skutkowaé dodatkowym zréznicowaniem produktéow biosyntezy (Huang i wsp. 2019).

A. Klaster archetypowy B. Klaster centralny + gen(y) peryferyjne
* *

- - — e - - = —

C. Klaster centralny + dodatkowe podgrupy  D. Gen kodujacy enzym podstawowy
* zlokalizowany poza klastrem centralnym

S :
i __‘_'_—’-»‘H/'-'

Rysunek 1.5: Typy organizacji MGC (na podstawie: Niitzmann i wsp. 2016)

MGC u grzyboéw wystepuja dosé powszechnie i u tych organizméw zidentyfikowano
klastry zaangazowane zaro6wno w metabolizm pierwotny (podstawowy) jak i wtorny. Z
kolei u roslin obecnie znanych jest ponad 30 MGC i wszystkie zwigzane sa z wytwarzaniem
metabolitow wtornych. Ich rozmiary wahaja sie od 35 kpz do kilkuset kpz i obejmuja od
3 do 10 genéw (Niitzmann i wsp. 2018). Wsrod stosunkowo niewielu zidentyfikowanych
MGC u roslin zadziwiajaca jest tak duza réznorodnosé i ztozonosé klastrow, zaréwno pod
wzgledem budowy jak i produkowanych zwigzkéw. Badania nad MGC u roélin rozwijaja
sie bardzo dynamicznie, zas nowe odkrycia na biezaco poszerzaja nasza wiedze w tej
ztozonej tematyce. Warto przywotaé¢ tu najlepiej jak dotad poznany klaster biosyntezy
thalianolu u Arabidopsis. Przez wiele lat uznawano, ze ten MGC zbudowany jest z czterech
sasiadujacych ze soba genéw (Field i Osbourn 2008). Wyniki badan w ostatnich latach
wskazuja nie tylko na istnienie genéw peryferyjnych w tym klastrze (Huang i wsp. 2019,
Liu i wsp. 2020), ale rowniez dowodza istnienia inwersji w obrebie klastra centralnego w
niektorych liniach Arabidopsis, w efekcie tworzac rozszerzony, ciagly klaster centralny (Liu
i wsp. 2020). Z kolei Mugford i wsp. (2009) zidentyfikowali w klastrze awenacyny u owsa
dodatkowe zgrupowanie genow wewnatrz klastra centralnego. Ten swoisty modut ztozony
z trzech sasiadujacych ze soba genéw tworzyl tzw. ,modul acylacyjny” niezbedny do
acylowania triterpenéw (Mugford i wsp. 2013). Innym, ciekawym zjawiskiem jest liniowe
utozenie genéw w obrebie klastra noskapiny w maku (Winzer i wsp. 2012). Zaobserwowano,
ze geny te zorganizowane sg w podgrupy odpowiadajace wczesnym, sSrodkowym i péznym
etapom szlaku. Chociaz obserwacje te sugeruja, ze kolejnos¢ genéw moze by¢ istotna dla
funkcji szlaku, to wspoétliniowosé wydaje sie by¢ raczej wyjatkiem niz reguta u roslin

(Nitzmann i wsp. 2016).
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1.8 Regulacja metabolicznych klastrow genéw

Wiegkszo$¢ zwigzkéw metabolicznych powstaje w $ciezkach, w ktorych geny nie sa
sklastrowane tylko rozproszone w genomie. Dlatego odkrycie stosunkowo rzadkiego
zjawiska grupowania genéw wsrod eukariontéw nasuwa wiele intrygujacych pytan m.in.:
dlaczego niektore szlaki metaboliczne sa zwiazane z organizacja w klastry, podczas gdy
inne nie? Jakie korzysci przynosi takie grupowanie? Jakie sa mechanizmy odpowiedzialne
za powstawanie tych jednostek organizacyjnych? Na obecnym etapie wiedzy naukowej
brakuje odpowiedzi na te kluczowe pytania.

Geny w obrebie MGC czesto ulegaja ekspresji w tym samym czasie i w podobnych
warunkach. Wzajemna bliskos¢ gendéw z pewnoscia sprzyja koordynacji ekspresji i
wspotregulacji, co przektada sie na efektywna produkcje enzymoéw lub innych biatek
niezbednych do danego procesu metabolicznego. Geny w klastrze moga dzieli¢ wspolne
elementy regulatorowe, ktore wptywaja na ich ekspresje. Wezesniejsze badania prowadzone
u grzybow wykazaly, ze MGC podlegaja epigenetycznym mechanizmom regulacji ekspresji
genéw (Bok i wsp. 2009, Brakhage 2013). Rowniez u roslin coraz wiecej prac opisuje
znaczenie modyfikacji epigenetycznych w regulacji MGC. Wegel i wsp. (2009) pokazali, ze
ekspresja klastra awenacyny u owsa zwigzana jest z komorkowo specyficzng dekondensacja
chromatyny. Zgodnie z aktualng wiedza, wszystkie MGC u Arabidopsis powigzano z
aktywnoscig w korzeniach (Huang i wsp. 2019). Yu i wsp. (2016) analizujac regiony MGC
u tej modelowej rosliny zaobserwowali istotnie wyzszy poziom trimetylacji reszty lizyny 27
histonu H3 (H3K27me3), zwiazanej z wyciszeniem genéw, w siewkach niz w korzeniach.
Wykazano réwniez, ze poziom tej modyfikacji byt odwrotnie skorelowany z ekspresja genow
klastra. Analiza MGC u owsa i kukurydzy wykazata podobne zaleznosci. Dodatkowo, w
korzeniach Arabidopsis wykazano wzbogacenie w regionach klastréw biosyntezy marneralu
i thalianolu w wariant histonu H2A.Z, bioracy udzial w aktywacji ekspresji genéw. Na
podstawie uzyskanych wynikow autorzy zaproponowali, ze H3K27me3 jest zaangazowany
w wyciszanie MGC, a H2A.Z w ich aktywacje (Niitzmann i Osbourn, 2015, Yu i wsp.
2016).

Fizyczna blisko§é genow utatwia zaréwno ich wspoélne dziedziczenie, ewolucje jak
i utrzymanie okreslonych szlakéw metabolicznych w populacji. Genetyczne sprzezenie
genow kodujacych ztozone cechy, ktore zapewniaja selektywng przewage, zmniejsza ryzyko
zaktocenia tych korzystnych zestawéw genoéw przez rekombinacje. Warto podkreslié,
ze liczne badania zwracaja uwage na istotnos¢ MGC jako calosci, zas wszelkie
mozliwe zaburzenia w kodowanych szlakach metabolicznych moga skutkowa¢ akumulacja
toksycznych zwiazkow posrednich i negatywnie wplywaé na wzrost, rozwoj, a nawet
przezycie roSliny (von Rad i wsp. 2001, Field i Osbourn 2008, Field i wsp. 2011,
Itkin i wsp. 2011). Stad grupowanie moze réwniez chroni¢ przed produkcja i kumulacja

toksycznych /bioaktywnych produktéw posrednich.
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Wyniki badan wskazuja, ze wiele z dotychczas opisanych MGC powstalo stosunkowo
niedawno i jest ograniczonych do waskich podgrup taksonomicznych (Qi i wsp. 2004,
Field i wsp. 2011, Matsuba i wsp. 2013). Tak duze zroznicowanie metaboliczne wsrod
roslin moze odzwierciedla¢ adaptacje do warunkéw w okreslonych niszach ekologicznych.
Zdolnos¢ roslin do tworzenia nowych szlakéw metabolicznych jest niezwykta i fascynujaca,
i pokazuje jak wysoce plastyczne i wszechstronne sa genomy tych organizméow. W Swietle
obecnych badan MGC jawia sie jako niezwykle dynamiczne obszary genomoéw. Mozna
zatem uznaé, ze ich aktualny  ksztalt” reprezentuje tylko moment w czasie ich ewolucji.
Daje to mozliwos¢ wychwycenia takich MGC, ktore dopiero sie formuja, takich, ktore
ewoluuja i tych, ktore juz sie wyksztalcity, czyli pozwala rozpatrywaé klastry w kontekscie
ich ,narodzin, zycia i $mierci” (Lind i wsp. 2017). Po znalezieniu korzystnej kombinacji
alleli réznych genow szlaku prawdopodobnie korzystne bedzie wspolne dziedziczenie tych
genow. W rezultacie grupowanie gendéw moze by¢ cecha skrajnej selekcji, dazacej do
wspoldziedziczenia i optymalizacji najlepszych kombinacji genéw dla nowych szlakow
metabolicznych, ktore zapewniaja selektywne korzysci (Yeaman i Whitlock 2011, Takos i
Rook 2012).

Badania locus Rhgl w genomie soi, zwiazanego z rozwojem opornosci rosliny na nicien
wegorka cysty sojowej (Heterodera glycines, SCN) dostarczyty fascynujacy przyktad takiej
selekeji pozytywnej powiazanej funkcjonalnie grupy genow (Lee i wsp. 2015, Cook i wsp.
2012, Cook i wsp. 2014). Wewnatrz regionu ~31 kpz zidentyfikowano trzy niehomologiczne
geny, ktore, jak wykazano, wspoélnie przyczyniaja sie do pelnej odpornosci soi na patogen
(Cook 1 wsp. 2012). Poszczegolne haplotypy locus Rhgl zwiazane byly z rozna liczba
kopii catego segmentu (a nie pojedynczych genéow). Odmiany podatne na SCN zawieraty
tylko jedna kopie 31 kpz segmentu na genom haploidalny, podczas gdy w odmianach
odpornych obserwowano nawet do 10 tandemowych kopii (rozszerzajac tym samym locus
odpornosci do ~300 kpz). Chociaz locus Rhgl nie jest zaliczane do klasycznych MGC
jest to pierwsze odkrycie, w ktérym pokazano, ze za ceche odpornodci na patogen u
ro$lin moze odpowiadaé¢ zwielokrotnienie liczby kopii wielogenowego klastra. Wydaje sie
wysoce prawdopodobne, ze wiele innych, ztozonych cech w genomach roslinnych jest
kontrolowanych wtasnie przez tego typu zmiennosé strukturalna.

Wedtug jednej z hipotez roslinne MGC powstaja w wyniku duplikacji i pdézniejszej
neo- lub subfunkcjonalizacji genéw zaangazowanych w metabolizm pierwotny, po czym
moze nastapi¢ rekrutacja dodatkowych genéw do nowo tworzacego sie szlaku biosyntezy
(Niitzmann i Osbourn 2014). Ponadto, MGC sa czesto zlokalizowane w dynamicznych
regionach genomu np. w okolicach centromeréw czy regionach bogatych w TE, gdzie
mozliwos¢ potaczenia korzystnych zestawdéw genéw poprzez rearanzacje strukturalne jest
wieksza niz w pozostalej czesci genomu, promujac w ten sposob tworzenie MGC (Field
i wsp. 2011). Te same czynniki moga réwniez przyczyni¢ sie do dalszych modyfikacji

genetycznych i zmiany profilu metabolicznego roslin, czyniac z takich MGC ,gorace
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miejsca ewolucji”. Wszystkie te cechy, lacznie z liniowym ulozeniem genéw klastra w
genomie powoduja, ze udzial CNV w ksztattowaniu MGC wydaje sie by¢ duzy i znaczacy.
Dlatego zbadanie powiazan pomiedzy wystepowaniem duplikacji/delecji, a struktura i
funkcja MGC pomoze lepiej zrozumieé genetyczne podstawy réznorodnosci fenotypowej
roslin, a w przyszto$ci moze znalezé praktyczne zastosowanie w hodowli roslin uprawnych

i biotechnologii.
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Rozdzial 2
Cel Pracy

Celem mojej pracy doktorskiej jest ocena wewnatrzgatunkowej zmiennosci strukturalnej
metabolicznych klastrow genéw u Arabidopsis oraz zweryfikowanie hipotezy, ze
polimorfizm liczby kopii ma istotny wplyw na integralno$é¢ tych MGC, a tym samym

moze odgrywaé role w adaptacji roslin do warunkow srodowiskowych.

Osiagniecie powyzszego celu wymagato realizacji nastepujacych zadan:

1. Opracowanie podejscia  bioinformatycznego do kompleksowej identyfikacji
regionéw wykazujacych polimorfizm liczby kopii DNA na podstawie danych
z wysokoprzepustowego sekwencjonowania oraz zastosowanie go do detekcji

wariantow CNV w genomie Arabidopsis.

2. Szczegdtowa charakterystyka zmiennosci strukturalnej regionéw obejmujacych

znane metaboliczne klastry genow.

3. Poszukiwanie powigzan pomiedzy wystepowaniem wariantéw liczby kopii genow,
a zmiennoscig fenotypowa i struktura populacji, ze szczegbélnym uwzglednieniem

wysoce polimorficznych metabolicznych klastrow genow.
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Rozdzial 3

Omowienie wynikow badan

3.1 Identyfikacja regionéw CNV w  genomie
Arabidopsis

Rozwo6j sekwencjonowania NGS zapoczatkowal nowy etap w badaniach nad zmiennoscig
genetyczna. Jednak w ciagu pierwszej dekady rozwoju tej technologii zdecydowanie
wieksza popularnoscia cieszyly sie analizy SNP i indeli w poréwnaniu z detekcja
SV. Dlatego jeszcze kilka lat temu istniata spora luka w charakterystyce duzych
zmian strukturalnych, nawet w przypadku tak dobrze zbadanej modelowej rosliny
jak Arabidopsis. Wykorzystanie bogatego zestawu danych z projektu 1001 Genomoéw
obejmujacych ponad tysiac naturalnych linii Arabidopsis, wydawalo sie zatem doskonatym
podejsciem do stworzenia katalogu regionéw wykazujacych zmiennosé liczby kopii, a tym
samym okreslenia zakresu wewnatrzgatunkowej zmiennoéci dla tej rosliny, otwierajac
droge do lepszego zrozumienia tego zjawiska. Badania po$wiecone temu zagadnieniu
zostaly opisane w publikacji pt. ,AthCNV: A Map of DNA Copy Number Variations
in the Arabidopsis Genome” (Zmienko i wsp. 2020), wchodzacej w sktad mojej rozprawy
doktorskiej.

Jak wspomnialam we wstepie, detekcja CNV przy pomocy danych NGS jest
problemem zlozonym i nie ma ustalonej, ani tez powszechnie stosowanej $ciezki
analizy. W zwiazku z tym, prace rozpoczeliSmy od szerokiego przegladu literatury
dotyczacej metod uzywanych do detekcji CNV oraz testowania wybranych programoéw.
Warto podkresli¢, ze znaczna wiekszos¢ programéw do detekcji CNV powstata dla
genomu cztowieka, zas ich zastosowanie do innych genoméw wymagalto wcezesniejszej
optymalizacji i odpowiedniego doboru parametréow, a czasem okazywalo sie wrecz
niemozliwe. Sposrod siedmiu ostatecznie wyselekcjonowanych narzedzi trzy oparte byty
o metode RD (CNVnator, Control-FREEC, Genome STRiP-CNV), dwa o metode RP
(VariationHunter, BreakDancer), jeden o metode SR (Pindel), a jeden wykorzystywal
podejscie hybrydowe, taczace metody RP i RD (Genome STRiP-SV). We wszystkich
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wybranych programach warianty identyfikowaliémy indywidualnie dla kazdej probki,
w odniesieniu do genomu referencyjnego (linii Col-0) lub calej badanej populacji (w
przypadku Genome STRiP-SV oraz Genome STRiP-CNV). Wstepny wybor parametrow
dla kazdego programu prowadziliSmy na zestawie danych dla 80 genoméw Arabidopsis
(Cao i wsp. 2011). Po udostepnieniu danych dla 1 135 linii (1001 Genomes Consortium
2016) zarowno koncowa optymalizacja parametrow jak i dalsze analizy prowadzilismy juz
na tym nowym, rozszerzonym zestawie danych. W zaleznosci od probki, dane NGS réznity
sie miedzy soba nie tylko $rednim pokryciem genomu (5x — 118x), ale rowniez typem
odezytow (pojedyncze lub sparowane) i jakoscia. Zestaw dobrej jakosci probek (1 064 linie)
wykorzystaliémy w dalszych etapach analizy. Warto wspomnieé¢, ze wiekszos¢ usunietych
na tym etapie probek pochodzita wlasnie z wczesniejszego zestawu 80 genomédw, co
pokazuje jak ulepszenia technologiczne i metodologiczne w przeciagu zaledwie kilku lat
przetozyly sie na poprawe jakosci danych.

Opracowanie $ciezki identyfikacji CNV bylo zadaniem wieloetapowym. Pierwszy etap
obejmowat identyfikacje wariantéw przy uzyciu poszczegélnych programoéw. Dla czterech
z siedmiu uzytych przez nas programéw (CNVnator, Control-FREEC, BreakDancer
i Pindel), reprezentujacych trzy rézne metody identyfikacji CNV (RD, RP i SR),
przeprowadzitam optymalizacje parametrow i wykonatam identyfikacje wariantow w
genomie Arabidopsis. W nastepnym kroku, dla wynikéw uzyskanych z wszystkich siedmiu
programéw, opracowalam indywidualne kryteria filtracji w celu usuniecia wynikéw
falszywie pozytywnych (Zmienko i wsp. 2020: sekcja METHODS). Obserwowatam znaczne
roznice w wielkosci, typie i liczbie wykrytych wariantéw nie tylko pomiedzy metodami,
ale takze miedzy programami opartymi o te samg metode. Czesto dla pojedynczej probki
program identyfikowal kilka - kilkanascie wzajemnie nakltadajacych sie SV o réznej
dtugoséci w tym samym regionie. Podejécia RD oraz hybrydowe znajdowaly najdtuzsze
warianty, z najmniejszg frakcja wzajemnie nakladajacych sie regionéw. W programach
opartych o RP obserwowalam znaczny wzrost udzialu duzych i malych indeli, za$
Pindel, oparty o metode SR, znajdowal gléwnie mate indele oraz, co zaskakujace,
wieksze duplikacje. W tym ostatnim odsetek wzajemnie naktadajacych sie wariantow
byt najwiekszy. Podsumowujac, RD wykrylo najmniej, ale najdtuzszych wariantow, RP
zidentyfikowato wiecej, aczkolwiek krotszych zmian niz RD, zas SR bardzo duzo krétkich
wariantow (Zmienko i wsp. 2020: Figure 1B-C, Supplemental Figure 1). Delecje stanowity
przewazajaca wiekszos¢ zmian we wszystkich programach. 7Z uwagi na réznice w czutosci
i specyficznosci detekcji poszczegdlnych podejsé, podzielitam zestaw danych na dwie
kategorie: duze indele, czyli warianty o dtugosci od 50 do 499 pz, oraz CNV obejmujace
warianty >500 pz.

Aby stworzy¢ katalog zmiennosci dla Arabidopsis opracowatam autorskie podejscie
do integracji wynikow uzyskanych z réznych programoéw (Zmienko i wsp. 2020: sekcja
METHODS, Figure 1A). Etap integracji danych w obu przypadkach (dla duzych indeli
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i CNV) obejmowal taczenie wariantéw w obrebie wynikow z tego samego programu,
jak 1 pomiedzy metodami. Poczatkowo, najwicksze nadzieje pokladalismy w podejsciu
hybrydowym. Jednak juz pierwsze wyniki uzyskane z poszczegolnych programoéw ujawnity
ogromne roznice w liczbie zidentyfikowanych wariantéw. Podczas gdy programy oparte
na pojedynczej metodzie znajdowaly setki lub tysiace wariantéow dla pojedynczej linii,
Genome STRiP-SV znajdowat ich zaledwie kilkadziesiat. Naszym najwazniejszym celem
byta identyfikacja duplikacji, ktérych detekcja mozliwa jest prawie wylgcznie przy
uzyciu metody RD. Dodatkowo, podejscie to generowato najdtuzsze warianty z najnizsza
frakcja wzajemnie nakltadajacych si¢ zmian, stad postanowitam, ze wtasnie ta metoda
oraz metoda hybrydowa stworza baze do zbioru CNV. W celu wyselekcjonowania
regionéw zmiennych i jednoczesnie usuniecia wariantéw naktadajacych sie, wykonatam
dwustopniowy etap taczenia wariantéw uzyskanych przy pomocy programéw CNVnator,
Control FREEC, Genome STRiP-CNV oraz Genome STRiP-SV: najpierw w obrebie
programu, zaktadajac minimalne 50% wzajemne pokrycie (ang. Reciprocal Overlap, RO),
a nastepnie pomiedzy programami z RO wynoszacym 80%. Dodatkowo, uwzgledniatam
wytacznie regiony obecne w co najmniej 2 liniach. Tak stworzona baza wskazywata
regiony CNV, jednak ze wzgledu na niskg rozdzielczos¢ metod RD oraz taczenie
poszczegdlnych wariantéw, ich granice obarczone byly duzym bledem. Z tego wzgledu,
kolejny etap obejmowal udokladnienie granic regionéw. W tym celu, z pozostatych
programow wyselekcjonowatam wszystkie warianty, ktore pokrywaly sie z uzyskanymi
regionami z RO >80%. Nastepnie, ustalitam hierarchie przypisania granic wariantu na
podstawie tych natozen, biorac pod uwage precyzje i rozdzielczo$é kazdego podejscia,
tj. najwiekszy priorytet przypisalam granicom wyznaczonym przez metody hybrydowa i
SR, a najmniejszy — granicom okreslonym przez metody RD. Aby dodatkowo zwiekszy¢
wiarygodnos¢ wynikéw, z uzyskanych 34 368 CNV wybratam tylko te warianty, ktore
byty wykryte przez co najmniej 2 programy. W ten sposob otrzymatam konicowy zestaw
19 003 CNV, ktore stworzyty katalog nazwany przez nas AthCNV. W przypadku Sciezki
integracji duzych indeli zastosowatam analogiczne podejécie oparte o taczenie zaréwno w
obrebie programu jak i miedzy programami. Dla tego zestawu wariantéw dysponowatam
gtownie regionami z metod RP i SR, przy czym RP wybratam jako baze podstawowa.
Ostatecznie otrzymatam 70 137 duzych indeli.

Stworzenie katalogu regionéw zmiennych pozwolito na dalsza analize uzyskanych
danych w kontekscie ich rozmieszczenia w genomie, pokrycia z SNP, zwigzku z PCG
czy TE. W kolejnych etapach pracy skupiliémy sie wytacznie na analizie regionéow
AthCNV. Ponad 90% zidentyfikowanych wariantow bylto krotszych niz 20 kpz. Pod
wzgledem rozmieszczenia w genomie obserwowaliSmy duze zageszczenie CNV w regionach
centromeréw i telomeréw, jak réowniez zaobserwowaliSmy pozytywna korelacje miedzy
CNV, a TE oraz negatywna korelacje miedzy CNV, a PCG (Zmienko i wsp. 2020:
Table 1, Figure 2). Pary PCG-TE, zlokalizowane wzgledem siebie nie dalej niz 2kpz,
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zazwyczaj mialy ten sam status (CNV lub niezmienny). Szczegotowa analiza wzajemnego
rozmieszczenia zmiennych i niezmiennych par ujawnila, ze PCG-CNV leza blizej
TE niz PCG niezmienne, podczas gdy TE-CNV znajdowaly sie dalej od PCG niz
TE niezmienne. Moze to wskazywa¢ na przeciwnie dziatajacy czynnik selekcyjny, a
jednoczesnie skutkowaé¢ nieréwnomiernym rozktadem CNV w genomie (Zmienko i wsp.
2020: Figure 5). W obrebie regionow CNV zidentyfikowatam 7 712 PCG, z czego
5 032 caltkowicie zawierala sie w regionie zmiennym. Analiza ontologii tych genéw
wskazata wzbogacenie w terminy zwiazane z interakcja roslin z innymi organizmami oraz
obrong i odpowiedzia na stres (Zmienko i wsp. 2020: Figure 4). Identyfikacja tak duzej
liczby PCG w regionach CNV sktonita nas do oszacowania liczby kopii dla wszystkich
analizowanych linii. Uzyskane wyniki genotypowania byty zbiezne z okreslonymi przeze
mnie regionami AthCNV i zostaly dodatkowo przedstawione w formie przegladarki
internetowej (http://athenv.ibch.poznan.pl/).

Uzyskane wyniki poddaliSmy obszernej walidacji. Lokalizacje regionéow AthCNV
poréwnalismy z wynikami z licznych publikacji (Zmienko i wsp. 2020: Supplemental
Data Set 4, Figure 3, Supplemental Figure 2) uzyskujac bardzo duza zgodnos$é¢ wynikow.
Niezwykle istotnym etapem bylo rowniez eksperymentalne potwierdzenie opracowanego
podejscia. W tym celu rownolegle zajmowalismy sie optymalizacja metody multipleksowej
zaleznej od ligacji amplifikacji (ang. Multiplex Ligation-dependent Probe Amplification,
MLPA). W efekcie przedstawilismy protokot, ktory ma charakter uniwersalny i mozna go
zastosowaé dla réznych roslin, opisany w pracy ,,MLPA-based Analysis of Copy Number
Variation in Plant Populations” (Samelak-Czajka i wsp. 2017), ktora wchodzi w sktad
mojej rozprawy doktorskiej. Moje zadanie w tej pracy polegato na okresleniu optymalnych
zakresow stezen matrycy DNA uzywanych do analiz (Samelak-Czajka i wsp. 2017: Figure
2). Metode MLPA wykorzystaliSmy nastepnie w naszych badaniach (Zmienko i wsp. 2020,
Marszalek-Zenczak 1 wsp. 2023, Samelak-Czajka i wsp. 2023). W przypadku walidacji
wynikow genotypowania wyselekcjonowalismy 45 PCG-CNV i 4 geny niezmienne, ktorych
liczbe kopii weryfikowalismy metoda MLPA az w 30% wszystkich analizowanych linii
(314 probek) (Zmienko i wsp. 2020: Figure 7, Supplemental Figure 13-15). Wszystkie
etapy weryfikacji wynikow pokazuja duzag wiarygodno$é stworzonego przez nas katalogu

region6w zmiennych dla Arabidopsis.
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3.2 Charakterystyka i1 analiza poréwnawcza poziomu

zmiennosci MGC w konteksScie ich funkcji

Dysponujac mapa regionéw zmiennych AthCNV 1 wynikami genotypowania,
postanowiliémy zbada¢ zmiennos¢ strukturalng metabolicznych klastrow genéw u
Arabidopsis, co opisaliémy w pracy pt. ,, Analysis of Arabidopsis non-reference accessions
reveals high diversity of metabolic gene clusters and discovers new candidate cluster
members” (Marszalek-Zenczak 1 wsp. 2023), rowniez wchodzacej w sktad mojej rozprawy
doktorskiej. Jak dotad, u tej rosliny modelowej znane sa cztery MGC: klaster biosyntezy
thalianolu, marneralu, tirucalladienolu i arabidiolu/baruolu, zwiazane odpowiednio z
synteza ww. wyspecjalizowanych triterpenéw. Triterpeny to zwiazki naturalne powstajace
w reakcji cyklizacji 2,3-oksydoskwalenu, katalizowanej przez cyklazy oksydoskwalenu
(ang. Ozidosqualene Cyclases, OSC). W genomie Arabidopsis zidentyfikowano dotychczas
13 genow OSC, z czego pie¢ (THAS1, MRN1, PEN3, PEN1, BARS1) znajduje sie w
obrebie MGC i koduje enzymy podstawowe.

Prace rozpoczetam od obszernego przegladu literatury w celu stworzenia szczegdtowe;j
charakterystyki tych czterech klastrow, ustalenia zakresu ich wielkosci oraz okreslenia
genéw je tworzacych (Marszalek-Zenczak i wsp. 2023: INTRODUCTION, Table S1). W
wyniku analizy wariantow AthCNV w obrebie poszczegolnych MGC zaobserwowatam duze
zroznicowanie pokrycia, od ~50% obszaru obejmujacego wylacznie regiony miedzygenowe
w klastrze marneralu, az po catkowite pokrycie klastra thalianolu (Marszalek-Zenczak
i wsp. 2023: Figure 1A, Table S2). Nastepnie, aby przyjrze¢ sie zmianom dla
wszystkich genoéw zlokalizowanych w badanych MGC na poziomie indywidualnych linii,
okredlitam liczbe ich kopii poprzez zestawienie danych z genotypowania oraz wynikoéw
eksperymentalnych. Te ostatnie obejmowaly zaréwno analizy MLPA, przeprowadzone
dla 13 genéw w 232 liniach i bazujace na opracowanym wczesniej protokole, jak i
analizy PCR technika emulsyjna (ang. Droplet Digital PCR, ddPCR), ktore wykonatam
dla 4 genow klastra thalianolu w 20 wybranych liniach. Ustalilam, ze 98.8% wynikow
eksperymentalnych byto zgodnych z przewidywaniami bioinformatycznymi, zas kilka
watpliwych przypadkow szczegdétowo przeanalizowalam i rozwiazalam indywidualnie
(Marszalek-Zenczak 1 wsp. 2023: Table S7, Figure S4). Ogolem, uzyskalam obszerny i
wiarygodny zestaw danych dla 1 152 probek (Rysunek 3.1). Dla 30% analizowanych linii
nie zaobserwowatam zmian w liczbie kopii w zadnym z genéw w obrebie MGC. CNV
zidentyfikowatam tacznie w 19 genach (w klastrze biosyntezy thalianolu - 4, marneralu -
1, tirucalladienolu — 3, arabidiolu/baruolu — 11) (Marszalek-Zenczak i wsp. 2023: Figure
1C, Table S6).
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AthCNV  MLPA

AthCNV 7 3 8 13

31 gendw w 1056 liniach

= 1152 linii

13 genéw w 232 liniach

. weR

4 geny w 20 liniach

- ddPCR
Rysunek 3.1: Integracja danych bioinformatycznych (AthCNV) i eksperymentalnych (MLPA
i ddPCR). Kwadraty z kolorowa ramka wskazuja liczbe genéw danego klastra, dla ktorych
posiadatam wyniki przy uzyciu poszczegbdlnego podejscia. Niebieski — klaster biosyntezy
thalianolu, Zielony — klaster biosyntezy marneralu, Rozowy — klaster biosyntezy tirucalladienolu,

Pomaranczowy — klaster biosyntezy arabidiolu/baruolu. Diagram Venna obrazuje czesé wspolna
linii w r6znych metodach

Klaster thalianolu jest najlepiej opisanym i poznanym MGC u Arabidopsis.
Poczatkowo uwazano, ze sktada sie on z czterech sasiadujacych ze soba genow
zlokalizowanych na chromosomie 5. Jednak badania prowadzone w ostatnich latach
wykazaly nie tylko istnienie genéw peryferyjnych, ale roéwniez doprowadzity do
identyfikacji piatego genu w klastrze centralnym (AT5G47950), zaangazowanego w
metabolizm thalianolu, oddzielonego dwoma niepowigzanymi z tym szlakiem genami
(RABA4C, AT5G47970) (Huang i wsp. 2019). Kolejne badania ujawnilty obecnosé¢ inwersji
obejmujacej AT5G47950 i wspomniane dwa geny w 17 z 22 analizowanych linii (77%) (Liu
i wsp. 2020). Efektem takiej inwersji (nieobecnej w genomie referencyjnym) jest uzyskanie
ciaglosci catego klastra biosyntezy thalianolu. W moich badaniach zaobserwowatam
pie¢ typow wariantéow CNV w obrebie tego MGC, wystepujacych tacznie w 54 liniach
(Marszalek-Zenczak 1 wsp. 2023: Figure 1B, Figure 2A). Cztery typy obejmowaly delecje
roznych gendéw klastra, a jeden duplikacje genu ATH5G47950. We wszystkich wzorcach
zmian zaobserwowalam zwigzek z pochodzeniem geograficznym danej linii. Obecnosé
duplikacji potwierdziliémy w ztozonej de novo sekwencji genomowej linii Mitterberg 2-185,
jednoczesnie wykrywajac w niej wspomniang inwersje. W zwiazku z tym postanowitam
uzy¢ program BreakDancer do detekcji inwersji i przeanalizowaé¢ wszystkie linie
Arabidopsis, dla ktorych dysponowali$my sparowanymi odczytami sekwencjonowania (997
probek). Zidentyfikowatam inwersje o dlugosci 12.8-15.4 kpz, zgodnie z oczekiwaniami
obejmujaca wszystkie trzy geny (AT5G47950, RABA4C, AT5G47970) az w 649 liniach,
czyli w ~65% wszystkich analizowanych probek (Marszalek-Zenczak 1 wsp. 2023: Table
S8, Figure 2B-E). Ta ciagla, i jak sie okazalo, dominujaca wersja klastra byla silnie
nadreprezentowana w grupach genetycznych Szwecji oraz Azji, podczas gdy referencyjna

wersja klastra stanowila wiekszosé linii reprezentujacych USA i Hiszpanie. Poréwnujac
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grupy o dwoch wersjach organizacji klastra zaobserwowatam, ze w wersji referencyjnej
(nieciaglej) zmiany liczby kopii genéw wystepowaly czesciej niz w wersji ciaglej
(odpowiednio 12.7% i 1.1%), za$ obecnos¢ duplikacji korelowala z obecnoscia inwers;ji.
Roznice te moga by¢ skutkiem pozytywnej selekcji w kierunku utrzymania ciagtego klastra
genow.

Kolejne dwa MGC: klaster biosyntezy marneralu i tirucalladienolu wykazywaly
niska zmienno$¢. W tym pierwszym zidentyfikowatam czesciowa delecje CYP705A12 w
jednej linii (Mir-0), co dodatkowo potwierdzilismy sekwencjonowaniem Sangera. Klaster
gendéw biosyntezy marneralu wydaje sie by¢ ustalony na poziomie gatunku, zgodnie z
potwierdzona, krytyczng rola enzymu syntazy marneralu w rozwoju roslin (Go i wsp.
2012). Z kolei dla drugiego klastra wykrytam obecnosé CNV w 15 liniach, pochodzacych
z kilku konkretnych lokalizacji geograficznych, a zatem mialty charakter incydentalny.

Klaster biosyntezy arabidiolu/baruolu jest najwickszym i najbardziej zréznicowanym
MGC pod wzgledem wykrytych CNV. Zmiane liczby kopii w co najmniej jednym
genie tego klastra zidentyfikowalam w okoto 75% linii. W obrebie klastra znajduja
sie dwa geny OSC kodujace enzymy podstawowe: PENI i BARS1 oraz liczne
geny CYP450. Pierwsza para genow, CYP705A1 i PENI, byla niezmienna pod
wzgledem liczby kopii. Wezesniejsze badania wykazaly, ze geny PEN1 i CYP705A1
sa zaangazowane w biosynteze i modyfikacje arabidiolu, za$ ich produkty biora udziat
w odpowiedzi na traktowanie kwasem jasmonowym i infekcje patogenem Pythium
irregulare powodujacym gnicie korzeni (Sohrabi i wsp. 2015). Z kolei gen BARSI,
bioracy udzial w biosyntezie baruolu, jak i otaczajace go CYP450 wykazywaly
bardzo wysoki poziom zmiennos$ci. Od samego poczatku analiza locus BARS1 byta
dla mnie problematyczna. Zaobserwowalam liczne rozbieznosci miedzy wynikami
eksperymentalnymi, a przewidywaniami bioinformatycznymi. Analizujac doglebnie
odczyty zmapowane w tym regionie zauwazytam, ze w wickszosci linii brakuje odczytow
mapujacych sie do najwiekszego intronu, gdzie dodatkowo adnotowany jest TE. Ponadto,
w danych NGS zaobserwowalismy mieszanke homo- i heterozygotycznych SNP (zwanych
dalej heteroSNP). Poniewaz genom Arabidopsis jest wysoce homozygotyczny, tak
duza kumulacja heteroSNP wydawala sie malo prawdopodobna. ZauwazyliSmy rowniez
zaleznos¢ miedzy liczba heteroSNP w locus BARSI i duplikacja CYP705A2, ktora
wykrytam w ponad 37% probek. WysnuliSmy hipoteze, ze odezyty te pochodza z innego,
homologicznego do BARSI locus, ktorego nie bylo w genomie referencyjnym, natomiast
bylo obecne w wielu innych liniach. Aby zweryfikowa¢ te hipoteze przeanalizowalisSmy
i porownaliSmy caly region klastra w zlozonych de novo sekwencjach genomowych
siedmiu linii Arabidopsis (Jiao i Schneeberger, 2020). W czterech liniach, poza BARS1
zidentyfikowaliémy dodatkowy gen, wykazujacy duze podobienstwo do syntazy baruolu 1,
ktory nazwaliSmy BARS2. Znalezliémy réwniez gen o wysokiej homologii do CYP705A2 i
nazwaliémy go CYP705A2a. Razem, te dwa nowo zidentyfikowane geny wchodzily w sktad
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duzej insercji w sekwencji genomowej, rozszerzajacej caly klaster o 21-27 kpz. Poréwnanie
sekwencji genow BARS1 i BARS2 na poziomie nukleotydéw i biatka, identyfikacja domen,
analiza filogenetyczna oraz modelowanie 3D potwierdzily, ze nowo odkryty gen jest
duplikatem BARS1. Tym samym BARS2 stanowi niereferencyjny gen kodujacy nowa,
dotychczas niescharakteryzowana OSC w genomie Arabidopsis (Marszalek-Zenczak 1 wsp.
2023: Figure 3).

W kolejnym kroku sprawdzitam w jakiej czesci probek wystepuje nowo wykryta
insercja. baczac dwie informacje: status duplikacji w genie CYP705A2 oraz liczbe
heteroSNP w locus BARSI, dla kazdej linii okreslitam najbardziej prawdopodobny
genotyp (Marszalek-Zenczak i wsp 2023: Table S11, Figure S10-S11). Wyréznitam cztery
grupy genotypoéw: PP-AA (obecna para referencyjna, brak insercji); PP-PP (obecna
para referencyjna i insercja); AA-PP (obecna wytacznie insercja); AA-AA (brak obu par
genow). Referencyjna grupa PP-AA byla najliczniejsza i obejmowala tacznie 628 linie.
Jednak w prawie jednej trzeciej badanej populacji (326 linii) zidentyfikowatam obie pary
genoéw. Dwie pozostate grupy posrednie sktadaly sie z linii lokalnego pochodzenia, i tak
grupa AA-PP reprezentowana byta gtownie przez probki z Azerbejdzanu, a grupa AA-AA
przez probki z polnocnej Szwecji. Linie posiadajace dodatkowa pare genow (AA-PP i
PP-PP) obecne byty we wszystkich grupach genetycznych, przy czym obie pary genéow
(PP-PP) byly nadreprezentowane w grupie Reliktow, Hiszpanii i Wtoch, jednak stanowity
mniejszo$¢ wsrod grupy ze Szwecji i Azji (Marszalek-Zenczak i wsp. 2023: Figure 4A-B).

Badania prowadzone przez Boutanaev i wsp. (2015) wykazaly, ze geny kodujace
syntazy terpenéw (ang. Terpenoid Synthases, TS; obejmujace takze analizowane przez
nas geny OSC) czesto wystepuja w poblizu CYP450, jako pary TS-CYP450 i stanowia
najczesciej pojawiajace sie pary w regionach MGC. Analizujac klastry u Arabidopsis
zaobserwowalam, ze wystepujace w obrebie klastrow pary TS-CYP450 miaty czesto
podobny status (czesto byly razem duplikowane lub usuwane). Zainspirowana ta
obserwacja postanowitam sprawdzi¢ czy istnieje podobna zaleznos¢ miedzy innymi parami
TS-CYP450 w genomie Arabidopsis. W tym celu, w oparciu o roézne zrodta literaturowe
oraz liczne bazy danych stworzylam obszerng liste wszystkich TS (48) i CYP450 (242)
w genomie Arabidopsis (Marszalek-Zenczak i wsp. 2023: Table S14,515). Zmienno$¢ w
>1% linii zaobserwowatam dla 13 TS oraz 33 CYP450 reprezentujacych tylko trzy klany:
CYP71, CYP85 i CYP72. Dodatkowo, analiza par TS-CYP, potozonych we wzajemnej
odlegtosci do 30 kpz wykazala, ze pary maja wieksza zmiennos¢ niz ich niesparowane

odpowiedniki, potwierdzajac moje przypuszczenia.
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3.3 CNV jako uzyteczne markery w badaniu struktury
populacji i historii demograficznej Arabidopsis

Wezesniejsze analizy genetyczne wykonane na danych SNP wskazywaly silne
ustrukturyzowanie populacji Arabidopsis, zas rozktad wydzielonych podgrup korelowat
z rozktadem geograficznym probek (Cao i wsp. 2011, 1001 Genomes Consortium 2016).
Korzystajac z danych z genotypowania postanowilismy sprawdzi¢ uzytecznos¢ CNV jako
markeréw w analizach populacyjnych. W tym celu opracowatam i wykonatam analize
gtownych sktadowych (ang. Principal Component Analysis, PCA) na dwoch zestawach
danych: 1 050 wybranych genach wykazujacych wyrazny polimorfizm liczby kopii oraz
na danych SNP (pobranych z Projektu 1001 Genomow). Rozklad grup genetycznych
uzyskany dla obu typu markeréw nie tylko pokazal, ze dane CNV dobrze odzwierciedlaja
rozktad geograficzny probek, ale rowniez ujawnil nowe zaleznosci miedzy grupami, m.in.
blisko$¢ miedzy grupa reliktoéw i pdéinocna Szwecja, niewidoczne wezesniej na danych SNP
(Zmienko i wsp. 2020: Figure 8).

W badaniach nad zmiennoscia klastra biosyntezy arabidiolu/baruolu postanowitam
wykorzysta¢ wykonane wczesniej analizy PCA na danych SNP, poszerzajac je
o zaktualizowane informacje na temat statusu par genéow CYP705A2-BARSI i
CYP705A2a-BARS2, w celu analizy gltéwnych podgrup (PP-AA i PP-PP) wydzielonych
w tym klastrze. Dodatkowo, aby uzyska¢ bardziej szczegélowy wglad w historie
tych loci na tle pozostatej zmiennosci genetycznej populacji Arabidopsis, wykonalam
analize dla szerokiego zakresu wartosci parametru nieréwnowagi sprzezen (ang. Linkage
Disequilibrium, LD) (Marszalek-Zenczak 1 wsp. 2023: Figure 4C, S17). Najwyrazniejszy
rozdzial podgrup dotyczacy obecnosci/braku duplikacji obserwowalam dla niskich
wartosci LD, gdzie udzial alleli ancestralnych w PCA byt najwyzszy. Sugeruje to zwiazek
pomiedzy istnieniem duplikacji, a ksztaltowaniem sie rozmieszczenia geograficznego
populacji Arabidopsis w przeszlosci. Szczegdélowa analiza naturalnego wystepowania
poszczegdlnych linii wykazata, ze linie z insercja CYP705A2a-BARS2 pochodza z
regionéw o nizszej szerokosci geograficznej niz linie nalezace do grupy referencyjne;j.
Co wiecej, roznice zaobserwowaliSmy takze w poszczegélnych panstwach, dla probek z
Niemiec, Hiszpanii i Wloch (Marszalek-Zenczak i wsp. 2023: Figure 4D, S18).
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3.4 Rola CNV w ksztaltowaniu zmiennosci fenotypowej

i adaptacji do warunkoéw srodowiska

Z uwagi na duza uzyteczno$é¢ markeréw CNV w analizach genetycznych postanowilismy
zastosowaé je takze w badaniach GWAS. W tym celu opracowatam i zaadaptowatam
metode analizy asocjacji CNV z wybranymi fenotypami. Jak wspomniatam we wstepie,
GWAS to potezne narzedzie, jednak stawia przez badaczami sporo wyzwarn. Wzorujac
sie na analizach SNP zastosowatam podejécie wykorzystujace zakodowanie zmian w
sposob dyskretny, przypisujac status: delecja/duplikacja/brak zmiany. Nalezy podkresli¢,
ze podejscie to nie pozwala na analize wieloallelicznych CNV z doktadnym uwzglednieniem
ich wartosci liczby kopii. Analizie poddatam 2519 PCG-CNV, wykazujacych zmiennosé
w co najmniej 1% badanej populacji. Do wykonania analizy GWAS zastosowalam
model EMMAX (ang. Efficient Mixed-Model Association eXpedited, EMMAX), ktory
uwzglednienia korekte na strukture populacji. Linie Arabidopsis sa wysoce wsobne i
jednorodne genetycznie, co w badaniach GWAS ma ogromne, korzystne znaczenie. Takie
dane maja bowiem znacznie nizszy szum niz heterozygotyczne probki, w zwiazku z czym
mozliwa jest skuteczna identyfikacja wariantow dysponujac nizsza liczbg probek.

Aby przetestowaé skutecznos¢ analiz, pobralam z bazy AraPheno dane dla 23 cech
fenotypowych (Atwell i wsp. 2010) zwiazanych ze stresem biotycznym. W 8 przypadkach
uzyskatam statystycznie istotna asocjacje, sposrod ktorych szczegodlnie interesujace jest
powiazanie delecji genéw RPS5 oraz RPM1 z obnizeniem odpornosci roslin w odpowiedzi
na infekcje szczepami Pseudomonas (Zmienko i wsp. 2020: Figure 11). Potwierdzato sie
to z wezedniejszymi wynikami badan pokazujacymi, ze RPS5 i RPM1 to tak zwane geny
odpornosci R, kodujace receptory zaangazowane w rozpoznawanie bakteryjnych biatek
wirulencji (odpowiednio avrPhB i avrB), produkowanych przez Pseudomonas. Zatem,
pomimo niskiej liczebnosci badanych grup (Srednio kilkadziesiat linii), udato nam sie
potwierdzi¢ duze mozliwosci wykorzystania danych CNV w analizach GWAS. Wydaje
sie, ze polaczenie wzajemnie uzupelniajacych sie informacji o wariantach SNP i CNV
pomoze w identyfikacji nowych zwiazkéw miedzy genotypem, a fenotypem.

W zwigzku z tym postanowitam poszukaé¢ zwigzku odkrytej zmienno$ci w obrebie
klastra biosyntezy arabidiolu/baruolu z cechami fenotypowymi. W tym celu wykonatam
analize GWAS na danych SNP zintegrowanych z analizowanym CNV, na wszystkich
fenotypach dostepnych wowczas w bazie AraPheno (516 cech). Ten szeroki screening
wyroznit grupe danych klimatycznych, jak réwniez danych zwigzanych z rozwojem
korzeni (Marszalek-Zenczak i wsp. 2023: Figure 5A-D, Table S12). Szczegdltowa analiza
poréwnawcza par PP-AA i PP-PP wykazata, ze linie z obiema parami genéw pochodzity
z lokalizacji geograficznej o cieplejszym i bardziej wilgotnym klimacie. Zaobserwowatam
rowniez wolniejsza dynamike wzrostu korzeni u linii z insercja CYP705A2a-BARS2.

Wezesniejsze badania wskazywaly, ze geny klastra biosyntezy arabidiolu/baruolu
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ulegaja najwyzszej ekspresji w korzeniach. Potwierdzitam to, analizujac ich ekspresje w
roznych tkankach linii Col-0. Nastepnie, korzystajac z bogatego zbioru danych RNAseq
dla lisci, stworzonego przez Kawakatsu i wsp. (2016) wykazatam, ze linie z dodatkowa
para gendw maja istotna statystycznie wyzsza ekspresje. W zwiazku z tym, korzystajac z
dostepnych sekwencji genomowych dla kilku linii, postanowilam na nowo przeanalizowaé
surowe dane RNAseq ze wspomnianej pracy, tym razem mapujac je bezposrednio
do odpowiednich transkryptoméw. W dwoch liniach z insercja potwierdzitam wyzsza
ekspresje genu BARS2 niz BARS1 w lisciach. Dodatkowo poréwnatam poziom ekspresji
intersujacych mnie genéw w korzeniach, lisciach i pedach linii Col-0 (PP-AA) i Cvi-0
(PP-PP). Zaobserwowatam, ze w korzeniach wystepowala ekspresja obu par genéw, przy
czym ekspresja referencyjnej pary w Col-0 byta wyzsza niz w linii Cvi-0. Z kolei w lisciach
nie wykrylam ekspresji dla CYP705A2-BARS1 w Col-0, aczkolwiek zaobserwowatam
ekspresje obu par genéw w Cvi-0 (Marszalek-Zenczak i wsp. 2023: Figure 5E-F oraz S21).
Moze to wskazywac, ze zduplikowane pary genéw ulegty subfunkcjonalizacji.

Jak wykazatam, klaster biosyntezy thalianolu istnieje w dwoch podstawowych
wersjach — nieciaglej (referencyjnej) i ciaglej, w ktorych rowniez zaobserwowalam
zwiazek miedzy typem klastra, a szerokoscig geograficzna. Z tego wzgledu postanowitam
sprawdzi¢ potencjalne interakcje miedzy wariantami w obu zmiennych MGC. Okazato
sie, ze zmienno$¢ strukturalna klastra biosyntezy arabidiolu/baruolu lepiej wyjasniata
geograficzne rozmieszczenie probek na projekeji PCA (Marszalek-Zenczak 1 wsp. 2023:
Figure S19). Co wiecej, obie wersje klastra biosynezy thalianolu nie ro6znity sie poziomem
ekspresji jego genéw w lisciach ani nie wykazywaly réznic w dynamice wzrostu korzeni
(Marszalek-Zenczak 1 wsp. 2023: Figure S20). Wskazuje to, ze wykryty zwiazek insercji
CYP705A2a-BARS2 7 ta cecha moze mie¢ charakter adaptacyjny, a nie jest wytacznie
wynikiem np. dryftu genetycznego. Podsumowujac, wyniki GWAS pozwolity na selekcje
cech by¢ moze zwiazanych z insercja w klastrze arabidiolu/baruolu, co w przysztosci

powinno zostaé szczegdtowo zbadane i potwierdzone eksperymentalnie.
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Rozdzial 4
Podsumowanie 1 perspektywy

Badania prowadzone w ramach mojej rozprawy doktorskiej wchodza w sklad trzech
omowionych wczesniej publikacji: Samelak-Czajka 1 wsp. (2017), Zmienko i wsp.
(2020) oraz Marszalek-Zenczak i wsp. (2023). Efektem badan prowadzonych w ramach
Samelak-Czajka 1 wsp. (2017) bylo stworzenie uniwersalnego protokotu MLPA, ktory
moze by¢ wykorzystany dla réznych roslin. W Zmienko i wsp. (2020) stworzyliSmy
katalog duzych indeli (o dlugosci 50-499 pz) oraz regionéw >500 pz wykazujacych
zmiane liczby kopii, nazwany AthCNV, w ponad 1000 naturalnych liniach Arabidopsis.
Waznym osiagnieciem tej pracy byto opracowanie autorskiego podejécia do integracji
danych uzyskanych z réznych metod detekcji CNV na podstawie krotkich odezytow
sekwencjonowania. Ustalenie $ciezki postepowania z podkresleniem kluczowych aspektow
jak rowniez staranny dobor kryteriow filtracji wynikow z poszczegbdlnych programow
pozwala na zaadaptowanie i modyfikacje podejscia w zaleznosci od problemu badawczego.
Wykorzystanie podejécia przez inne grupy badawcze wida¢ w np. publikacji Xu i wsp.
(2023). Okreslenie liczby kopii genéw dla analizowanych linii dato lepszy wglad w poziom
zmiennoSci dla tej rosliny modelowej oraz umozliwito wykorzystanie danych jako markeréw
do analiz populacyjnych, asocjacji z fenotypem czy do analizy ekspresji. Stworzony katalog
zmienno$ci AthCNV wraz z danymi z genotypowania uzupelniaja istniejaca luke w
charakterystyce zmiennosci wewnatrzgatunkowej dla Arabidopsis i sa dobrym punktem
wyjscia do dalszych badar nad zwiazkiem miedzy zmiennoscia genetyczna, a fenotypem
i adaptacja do zmiennych warunkow srodowiskowych. Z tego wzgledu, w badaniach
opisanych w publikacji Marszalek-Zenczak i wsp. (2023) wykorzystatam uzyskane
wezesniej dane do sprawdzenia zmiennosci strukturalnej metabolicznych klastrow genow
u Arabidopsis. Szczegdélowa charakterystyka czterech poznanych jak dotad MGC u
Arabidopsis ujawnila, ze wszystkie zlokalizowane sg w regionach wysoce zmiennych. Co
ciekawe, zaobserwowalidmy cale spektrum zmiennosci, poczawszy od prawie catkowicie
niezmiennego klastra marneralu, az po liczne i duze zmiany w klastrze arabidiolu/baruolu.
Klaster genéw marneralu wydaje sie by¢ ustalony na poziomie gatunku, zgodnie z

krytyczna rola enzymu syntazy marneralu w rozwoju rodlin. 7Z kolei klaster genéw
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thalianolu istnieje w dwoch gtownych wersjach: nieciaglej (referencyjnej, wystepujacej w
linii Col-0) i ciaglej. Obie wersje roznig sie zaréwno czestoscia jak 1 poziomem zmiennosci
liczby kopii poszczegdlnych genow klastra. Uzyskane przez nas wyniki wskazuja, ze
ciaggta wersja klastra moze by¢ w trakcie utrwalania, w przeciwienstwie do wersji
nieciagtej. Najwiekszy i najbardziej ztozony klaster arabidiolu/baruolu istnieje réwniez
w dwoch glownych wersjach, rézniacych sie obecnoscia/nieobecnoscia nowo odkrytej
pary genéw CYP705A2a-BARS2. BARS2 to nowy, niescharakteryzowany jak dotad
OSC, obecny w ponad jednej trzeciej analizowanych linii Arabidopsis. Nalezy podkresli¢,
ze pomimo to, ze detekcje CNV wykonaliSmy w oparciu o genom referencyjny, udato
nam sie zidentyfikowa¢ nowa syntaze, nieobecng w genomie referencyjnym. Kluczowym
aspektem byto wykorzystanie informacji o heterozygotycznych SNP, ktore dla organizmow
homozygotycznych mogg stuzy¢ jako czynniki wskazujace obecnosé duplikacji w sekwencji.
Warianty strukturalne moga przyczynia¢ sie do réznic zaré6wno w poziomie ekspresji
genow CYPT705A2-BARS1 jak i specyficznosci tkankowej. Obserwowane przez nas
roznice w dynamice wzrostu korzeni i odmiennych preferencjach klimatycznych, dla
linii z insercja i bez, wymagaja weryfikacji eksperymentalnej. Szczegoltowy wglad w
zmiennos¢ metabolicznych klastrow genéw przyczyni sie do lepszego zrozumienia tego
zjawiska, mechanizméw jego powstawania i regulacji w genomach roslinnych, co umozliwi
identyfikacje zaréwno nowych $ciezek jak i produkowanych w nich zwiazkow.

Ulepszenia technologiczne prowadza do uzyskania coraz dokladniejszych sekwencji
genomowych poszczegolnych osobnikow. Poznanie kompletnej sekwencji DNA ujawnia
nieznane wczesniej powigzania, szczegdlnie w najbardziej dynamicznych regionach
sekwencji, a przez to zapewnia pelniejsze zrozumienie organizacji i regulacji genomu.
Chociaz sekwencjonowanie krotkich odczytow jest nadal wykorzystywane do wykrywania
SV, przysztoé¢ stanowia dlugie odczyty. Klasyczny genom referencyjny zwykle
reprezentuje sekwencje DNA pojedynczego osobnika. Dlatego identyfikacja SV w
odniesieniu do sekwencji referencyjnej nie jest wystarczajaca do pelnego przedstawienia
caltej réznorodnosci genetycznej danego gatunku. Aby uzyskaé pelng informacje konieczne
jest skonstruowanie jego pangenomu. Po opublikowaniu wstepnej wersji pangenomu
cztowieka, Aimé Lumaka, genetyk na Uniwersytecie w Liége w Belgii i Uniwersytecie w
Kinszasie w Demokratycznej Republice Konga, napisat: ,/To co$, na co wszyscy czekalismy.
Obecnemu genomowi referencyjnemu brakuje nie tylko czedci informacji genomowych,
ale, co najwazniejsze, brakuje mu réznorodnosci” (Liverpool 2023). Glebsze zrozumienie
interakcji miedzy genotypem, a fenotypem daje lepszy wglad w to, jak dziata Swiat
natury, a tym samym otwiera nowe perspektywy do lepszego zrozumienia wplywu
czynnikow srodowiskowych na réznorodnosé organizmow, zwickszajac mozliwosci ochrony
roznorodnosci biologicznej jak i naszej planety. Pociaga to za soba réwniez korzystny i
praktyczny dla ludzkosci aspekt w postaci rozwoju wielu dziedzin nauki, w tym genetyki,

biologii ewolucyjnej i medycyny, a takze szukania nowych rozwigzan w m.in. w hodowli
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roslin i zwierzat, gdzie poznanie zmiennosci genetycznej pozwala na uzyskiwanie odmian o

lepszych wtasciwosciach, takich jak wyzsza wydajnosé czy wicksza odpornosé na choroby.
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Copy number variants (CNVs) are intraspecies duplications/deletions of large DNA
segments (>1 kb). A growing number of reports highlight the functional and evolutionary
impact of CNV in plants, increasing the need for appropriate tools that enable locus-
specific CNV genotyping on a population scale. Multiplex ligation-dependent probe
amplification (MLPA) is considered a gold standard in genotyping CNV in humans.
Consequently, numerous commercial MLPA assays for CNV-related human diseases
have been created. We routinely genotype complex multiallelic CNVs in human
and plant genomes using the modified MLPA procedure based on fully synthesized
oligonucleotide probes (90-200 nt), which greatly simplifies the design process and
allows for the development of custom assays. Here, we present a step-by-step protocol
for gene-specific MLPA probe design, multiplexed assay setup and data analysis in a
copy number genotyping experiment in plants. As a case study, we present the results
of a custom assay designed to genotype the copy number status of 12 protein coding
genes in a population of 80 Arabidopsis accessions. The genes were pre-selected
based on whole genome sequencing data and are localized in the genomic regions that
display different levels of population-scale variation (non-variable, biallelic, or multiallelic,
as well as CNVs overlapping whole genes or their fragments). The presented approach is
suitable for population-scale validation of the CNV regions inferred from whole genome
sequencing data analysis and for focused analysis of selected genes of interest. It
can also be very easily adopted for any plant species, following optimization of the
template amount and design of the appropriate control probes, according to the general
guidelines presented in this paper.

Keywords: structural variation, MLPA, 1001 Arabidopsis Genomes project, CNV genotyping, multiplexing

INTRODUCTION

The rise of high-throughput genomics techniques - DNA arrays and, more recently, whole-
genome sequencing (WGS) - has revealed the structural complexity and dynamics of
eukaryotic genomes. In particular, the ability to re-sequence and compare hundreds or
even thousands of genomes of individuals within one species has paved the way for the
investigation of the extent to which individual genomes differ from each other. One type
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of structural variation that is ubiquitous in the genomes of
humans, animals and plants is copy number variation (CNV).
This term refers to intraspecies duplications and deletions of large
DNA segments, usually >1 kb [although variants >50 bp have
been recently included in this spectrum (Alkan et al., 2011)].
The human genome is the most intensively studied eukaryotic
genome in terms of the distribution and functional significance
of CNVs and the mechanisms leading to the formation of
copy number rearrangements (Zarrei et al., 2015). However,
the number of species for which CNV regions have been
inferred on the genome-wide scale is growing rapidly. For plants,
this list includes maize, rice, sorghum, Arabidopsis (Arabidopsis
thaliana), soybean, wheat, and barley (Springer et al., 2009; Bel6
et al., 2010; Swanson-Wagner et al, 2010; Cao et al., 2011;
Saintenac et al., 2011; Zheng et al., 2011; McHale et al., 2012;
Mufoz-Amatriain et al.,, 2013; Duitama et al., 2015; Bai et al.,
2016). As in humans, CNV regions in plants are not uniformly
distributed across the chromosomes. Although they are more
common in the intergenic regions, they also co-localize with
hundreds of protein-coding genes (Swanson-Wagner et al., 2010;
Belo et al., 2010; McHale et al., 2012; Mufioz-Amatriain et al.,
2013). The ability to alter the gene structure and copy number
makes CNV an important factor that influences gene expression
(Zmieniko et al, 2014). By the gene dosage effect, CNVs can
also affect the interaction of the genes’ products within protein
and metabolic networks (Hanada et al., 2011; Conant et al.,
2014). Quite often, such variation accounts for adaptive traits or
- as shown for humans - can underlie disease (Stankiewicz and
Lupski, 2010; Zarrei et al., 2015). In plants, a growing number of
studies highlight the shaping role of CNVs in genome evolution,
phenotypic variation and - sometimes rapid - adaptation to
environmental challenges (Gaines et al., 2010; Cook et al., 2012;
Maron et al, 2013; Chang et al, 2015; Wang et al, 2015).
Therefore, it is anticipated that the number of genetic studies
focused on individual CNVs of interest will grow and that new
CNV-associated traits will be revealed.

In-depth analysis of individual CNVs in plants has rarely
been conducted (Gaines et al., 2010; Cook et al., 2012; Maron
et al., 2013). Likewise, in plants for which the CNV regions
were inferred from WGS data, the subsequent validation was
not conducted or was limited to the PCR-based detection of
CNV deletions (Swanson-Wagner et al., 2010; Cao et al., 2011;
Tan et al., 2012; Bai et al., 2016). Therefore, there is an urgent
need to widen the range of experimental studies of CNV in
plants to contribute to the creation of high-confidence CNV maps
and enhance association studies linking CNVs with phenotypic
traits in plant species. In this context, the lack of validated
experimental approaches for the analysis of individual CNVs in
plants is apparent, as opposed to the well-established methods
and standardized protocols available for the human genome.

The range of popular molecular methods used for DNA copy
number genotyping in humans is wide (Ceulemans et al., 2012;
Cantsilieris et al., 2013; Bharuthram et al., 2014). Among them,
multiplex ligation-dependent probe amplification (MLPA), first
introduced in 2002 (Schouten et al., 2002) and later developed
by the MRC Holland company, is considered a gold standard
in the diagnosis of numerous DNA copy number-related human

diseases (Homig-Hoélzel and Savola, 2012). MLPA is a simple
and robust method of relative quantification of DNA sequences
on a population scale. The standard multiplex assay utilizes up
to 50 probes targeting specific DNA regions (e.g., exons in a
gene of interest). Each probe is composed of two half-probes
(physically separate DNA fragments, one fully synthetic and
one clone-derived) that match the target sequence in directly
adjacent positions with their target-specific sequences (TSSs).
Successful hybridization of both half-probes to the genomic DNA
enables their ligation and linear amplification. The amplification
products are then analyzed by capillary electrophoresis. Relative
quantification of the signal peaks from fragments of unique size,
generated by individual probes in the assay, provides information
about the template DNA copy number. MLPA requires little
genomic DNA input (Schouten et al., 2002). Additionally, the
genomic sequence targeted by the probes is quite short (50-70
nt), which enables use of MLPA for the analysis of regions too
small to be detected by the FISH method. MLPA has been shown
to be superior to qPCR for gene copy number quantification
(Perne et al, 2009; Cantsilieris et al., 2014). Additionally, it
presents similar performance to droplet digital PCR in accurate
quantification of up to eight gene copies, making it suitable for
the analysis of multiallelic CNVs, i.e., those that exist in more
than two genotypes in a population (Zmienko et al., 2016).
According to PubMed, the seminal MLPA work (Schouten
et al., 2002) has been cited almost 450 times (~220 times
within 5 last years). Additionally, ~2,000 articles in PubMed
matched the search keyword “Multiplex Ligation-Dependent
Probe Amplification”. Among these papers, only 16 also matched
the search keyword “plant”. Those that actually described plant
applications of MLPA involved alternative applications of this
method: the detection of genetically modified organisms (GMO-
MLPA) (Rudi et al., 2003), single nucleotide polymorphism
(SNP) genotyping (Thumma et al.,, 2009), or gene expression
analysis (RT-MLPA) (Li et al,, 2009, 2011, 2013). However,
none of these papers presented a primary MLPA application
of copy number analysis. Several reasons might account for
the fact that the MLPA approach has not been adopted by
the plant community. One is much later recognition of the
intraspecies variation and CNV prevalence in the plant genomes
than in humans. Additionally, the commercial MLPA assays
are focused on biomedical studies and cover only humans.
Therefore, to assess plant genome variation with MLPA, it is
necessary to self-design synthetic probes. It should be noted that,
over the years, numerous modifications of the MLPA strategy
have been introduced that simplify the probe design procedure
(Marcinkowska et al., 2010; Ling et al., 2015, and references
therein). In the current work, we present the optimized protocol
for MLPA-based CNV analysis and provide guidelines for
designing and performing MLPA assays in plants. The protocol
is based on the MLPA adaptation developed previously by one of
us (PK) that involves fully synthetic oligonucleotide probes, 90
to 200 nt in length, and allows for simultaneous genotyping of
>30 different positions in the genomic DNA (Kozlowski et al.,
2007). The protocol combines MLPA probe design, synthesis,
experimental procedures, data preprocessing and analysis stages
into one comprehensive procedure. The lack of MLPA-based
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genotyping studies in plants highlights the need for such an
integrated resource. We also provided the probe design template,
developed specifically for the presented MLPA variant. It allows
for semi-automatic probe sequence setup, clarifies the idea of
probe set composition and shortens the design process by days.

High and low copy level duplications may have different
effects on the gene dosage and the phenotype, e.g., by triggering
differences in gene expression level or inducing the silencing
mechanisms in plants. Therefore, an important aspect of plant
CNV genotyping studies is to estimate the actual gene copy
numbers in the analyzed lines in order to analyze their influence
on the trait of interest (Cook et al., 2014). To illustrate the
performance of the MLPA method for precise DNA copy number
genotyping in plant populations, we present exemplar assays
for 12 genes with different levels of copy number diversity in
a population of 80 Arabidopsis ecotypes, including multiallelic
CNVs. We also describe the set of experimentally verified
normalization control probes and the results of genomic DNA
template amount optimization performed for this model species.

An advantage of the presented approach is that the assay -
after it has been standardized for the particular organism - is
always performed in the same conditions, regardless of the probe
set composition. It may be utilized for the detailed analysis of a
genomic region of interest using a set of MLPA probes scattered
along this region or for large-scale validation/genotyping studies
of WGS-based predicted CNVs, with 1-2 MLPA probes per
inferred CNV.

MATERIALS AND EQUIPMENT

Materials

(1) High-quality genomic DNA for each analyzed sample,
evaluated using a NanoDrop 2000 spectrophotometer
(Thermo Scientific) and with standard gel electrophoresis;
the working concentration is typically 0.4 to 50 ng/pl,
depending on the species (see the following sections).

For Arabidopsis: We successfully genotyped CNVs
using genomic DNA from 3-week-old rosette leaves
extracted with a DNeasy Plant Mini Kit (Qiagen).

(2) Self-designed synthetic oligonucleotides (MLPA half-probes;
see the following section for the probe design instructions)
purchased from Integrated DNA Technologies (or similar
provider) as 100 nmol oligo, purified by HPLC (for
oligonucleotides up to 100 nt in length) or PAGE (for
oligonucleotides over 100 nt in length); the right half-probes
should be additionally modified by 5 phosphorylation.

(3) Nuclease-free water (not DEPC-treated) (Ambion, cat. no.
AM9938)

(4) SALSA MLPA EK-1 reagent kit (MRC-Holland, cat. no. EK1-
FAM), which includes the following components:

SALSA MLPA Buffer
SALSA Ligase-65

Ligase Buffer A

Ligase Buffer B

SALSA PCR Primer MIX
SALSA Polymerase

(5) Consumables for capillary electrophoresis, depending on the
instrument type; here, for the ABI Prism 3130XL Genetic
Analyzer:

HiDi formamide (Thermo Fisher Scientific, cat. no.
4440753)

GeneScan 600 LIZ Size Standard (Thermo Fisher
Scientific, cat. no 4366589)

POP7 Polymer (Thermo Fisher Scientific, cat. no
4352759).

Equipment

(1) 0.2 ml PCR strips and suitable caps, e.g., 8-Strip PCR tubes
(Starlab, cat. no. 11402-3500) and 8-Strip caps (Starlab, cat.
no. 11400-0800).

(2) Standard and multichannel pipettes.

(3) Thermocycler with heated lid (e.g., Bio-Rad T100 Thermal
Cycler or equivalent).

(4) Vortex mixer (e.g., ELMI V-3 Sky Line or equivalent).

(5) Mini laboratory centrifuge with Eppendorf tube adapter and
PCR strip adapter (e.g., Labnet Spectrafuge or equivalent).

(6) Capillary electrophoresis instrument (AppliedBiosystems
ABI Prism 3130XL Genetic Analyzer or equivalent) or access
to a capillary electrophoresis service provider.

(7) Software tool for the extraction of the intensity data
after size-separation of MLPA reaction products (e.g.,
GeneMarker by SoftGenetics).

STEPWISE PROCEDURES

The general concept of the MLPA strategy is presented in
Figure 1. The entire procedure involves three main stages: (A)
designing the MLPA probes; (B) performing MLPA assay, which
involves half-probes hybridization to DNA template, subsequent
ligation and amplification; and (C) data collection and analysis,
including the estimation of the copy number genotypes.

Stage A: Design the MLPA Probes (Time:
Approximately 1 Week + Oligonucleotide
Synthesis and Transportation by an

External Provider)
The presented MLPA procedure based on fully synthetic
oligonucleotide probes allows for simultaneous copy number
analysis of ~30 individual regions in the genomic DNA. Of
these, at least 3 to 5 MLPA probes should target the confirmed
non-variable control regions, distant from the studied genomic
positions. These probes serve as normalization controls in the
subsequent analysis of the MLPA data to account for the possible
variation of the input DNA template amount and technical issues.
The typical targets of the MLPA assays are protein-coding genes,
as the changes in their copy number potentially affect the protein
level and may contribute to the phenotype. The number of probes
designed for each gene and their density in the covered genomic
region depend on the user’s requirements.

The procedure for individual MLPA probe design has
been graphically presented in Supplementary Figure S1 and is
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FIGURE 1 | Overview of the multiplex ligation-dependent probe
amplification (MLPA) method. MLPA is comprised of three main stages:
designing the probes, performing the multiplex MLPA assay and data
collection and analysis. The three stages are described in the detail in the main
text. TSS, target-specific sequence; 5'-phos: phosphorylation at the 5" end of
the oligonucleotide. Note that Arabidopsis, as a self-pollinating plant, typically
carries pairs of identical alleles. For simplicity, single alleles are depicted.

described in detail in the following sections. We used Arabidopsis
gene AT1G01040 encoding Dicer-like 1 protein as an example.

Select TSSs for the MLPA Probes

Step 1. Retrieve the genomic sequence of the gene of interest from
the appropriate database, including the exon-intron positions.
We recommend localizing the MLPA probes within the exon
sequences because they display lower variation than the non-
coding regions of genes.

For Arabidopsis: Use the gene locus identifier (e.g.,
ATIG01040) to localize that gene in the TAIR10 genomic
sequence, available through the Arabidopsis genome browser',
and display its splice variants, when applicable (Protein Coding

"https://gbrowse.arabidopsis.org/cgi-bin/gb2/gbrowse/arabidopsis/

Gene Models track). In Arabidopsis, protein coding genes have
five exons on average, each with mean length of ~240 bp
(Koralewski and Krutovsky, 2011). This length is sufficient for
selecting two adjacent TSSs (one for each half-probe). Use the
GBrowse navigation tools to zoom in to the selected exon and
export its DNA sequence as a FASTA file.

Step 2. Ensure your sequence does not include any repetitive
elements.

For Arabidopsis, rice, maize, wheat, and some other crops:
Submit the extracted sequence to the CENSOR software tool
(Kohany et al., 2006) that masks the repetitive elements in the
query sequence using the collection of repeats for selected animal
and plant species. Select a fragment of at least 100 nt that is not
interrupted by any masked regions.

Step 3. If possible, check the selected sequence for the presence
of SNPs and small indels.

For Arabidopsis: Use the 1001 Genomes Project VCF Subset
tool* to download the subset of VCF files that contain full-
genome VCF data for 1135 accessions (as of September 2016)
(1001 Genomes Consortium, 2016). Download SNP information
for the region and accessions of interest. Evaluate whether the
selected sequence is free of common polymorphisms.

Step 4. From the selected region, choose two directly adjacent
fragments of at least 21 nt (left and right TSS) and adjust their
length and position so that the melting temperature (Tm) of each
fragment will be as close as possible to 71°C (calculated with
the free RaW program available from MRC Holland® with the
following settings: method Go-Oli-Go, salt concentration 0.1 M,
oligo concentration 1 pm). Avoid long homopolymer tracts and
GC tracts of >4 bases.

Step 5. Join the adjacent left and right TSSs and use the
resulting sequence in a homology search against the genomic
sequence of the analyzed species to check for its specificity.

For Arabidopsis: Perform a BLAST search against A. thaliana
NCBI reference genome with the following parameters: blastn
algorithm, word size 7, match/mismatch scores 2;-3, gap costs 5;2,
no sequence masking and filtering, E-value threshold 0.001.

Step 6. Repeat steps 3 to 5 until the pair of adjacent TSSs that
satisfies all design criteria is found for a given gene.

Design the Half-Probes
Step 7. Add the respective PCR primer annealing sequence to
each TSS and - optionally - the stuffer sequence, in the following
order (see Figure 1):

for the left half-probe:

5'-left primer annealing sequence - stuffer - left TSS -3/,
where the left primer annealing sequence is GGGTT
CCCTAAGGGTTGGA;

for the right half-probe:

5'-right TSS - stuffer - right primer annealing sequence - 3/,
where the right primer annealing sequence is TCTAGA
TTGGATCTTGCTGGCGC.

For the stuffer, use the fragment of enterobacteria phage
M13 sequence (NCBI/GenBank ID V00604, range: 3-119). This

Zhttp://tools.1001genomes.org
*http://www.mrc-holland.com/
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fragment has no significant blastn matches to any eukaryotic
genomic sequence deposited in the NCBI/RefSeq Representative
Genome Database (accessed July 4th, 2016). It has been
successfully applied as a stuffer in our previous MLPA assays
performed for Arabidopsis and human DNA (Marcinkowska-
Swojak et al., 2014; Klonowska et al., 2015; Zmienko et al.,
2016).

Note: The addition of the optional stuffer sequence allows the
user to adjust the length of the half-probes so that the resulting
PCR amplification fragments would be of unique size and differ
by 3 nt for probes in the 90-120 nt range and by 4 nt for probes
>120 nt long. The length of the two half-probes in the pair
should be the same or differ by 1 nt. For example, to obtain the
MLPA probe of length 120, the left and right half-probe sequences
should each be 60 nt long (and at least 21 nt of each half-probe
should constitute TSS).

To facilitate the process of MLPA probe design and combining
multiple MLPA probes in one experimental assay, we provided
a Microsoft Excel template (Supplementary Table S1). This
template includes the formulas that automatically adjust the
length of the stuffer sequence and add the required adapter
sequences to both the left and right half-probes. As a result,
the final sequence of the MLPA probe of the desired length is
returned. The user can choose the MLPA probe length. Typically,
when fewer than the maximal number of MLPA probes are
included in the assay, we recommend designing shorter probes to
minimize the oligonucleotide synthesis costs. Often, the MLPA
assays contain two or more probes targeting adjacent genomic
regions. We recommend randomization of these probe MLPA
lengths to minimize the influence of the possible biases or
artifacts. Likewise, we recommend distributing the control probe
lengths to cover the entire range of the MLPA probes in the
assay.

For Arabidopsis: We provide pre-designed sequences for five
control MLPA probes (ctrll-ctrl5) that target genes located on
chromosomes 1, 2, 4, and 5. The first gene is DCLI, coding
for a RNA helicase involved in microRNA processing. The
second gene encodes an oxidoreductase belonging to a zinc-
binding dehydrogenase family protein. The third non-variable
gene is APGIO, coding for a BBMII isomerase involved in
histidine biosynthesis. The fourth gene is PDF5, coding for a
prefoldin, involved in unfolded protein binding. The fifth gene
is PS2, coding for a pyrophosphate-specific phosphatase. The
lengths of the probes cover the entire range of the MLPA assay
(Supplementary Table S1). The regions were selected as not copy-
number variable in Arabidopsis based on WGS data and were
experimentally validated in 189 natural accessions (Zmienko
etal., 2016).

Order the Oligonucleotide Synthesis

The synthesis of the designed MLPA probes is typically
performed by an external service provider, such as Integrated
DNA Technologies (IDT).

Step 8. Order the synthesis of left and right half-probes,
each as separate oligonucleotides, at a 100-nmol scale. All right
half-probes must be additionally modified at their 5 ends
(5’ phosphorylation).

Caution: 5 phosphorylation of the right half-probes is
essential for a successful ligation step (described below). The
oligonucleotides designed for MLPA assays should be of
high purity; therefore, we recommend selecting a PAGE or
HPLC purification option, depending on the oligonucleotide
length and according to the oligonucleotide manufacturer’s
recommendations.

Step 9. Re-dissolve the lyophilized oligonucleotides upon
arrival in deionized water to a concentration of 20 WM.
Alternatively, the oligonucleotides can be re-dissolved in 10 mM
Tris-HCI, pH 8.2.

Step 10. Store the half-probe stocks at ~20°C.

Stage B. Perform MLPA Assay (Time:

2 Days)

Note: When performing the MLPA assay, keep all reagents, stock
solutions and working solutions on ice. Set up the reactions
in PCR tubes or strips (recommended) at room temperature,
unless indicated otherwise. Depending on the user’s experience,
we recommend running assays for 8-32 samples at once in 1-4
PCR strips.

Note: Whenever applicable, prepare the reagent master mixes
for all assayed samples with 10% volume surplus to minimize
sample-to-sample variation and save pipetting time. Distribute
the master mix to eight tubes of a new PCR strip and then transfer
the required amount to all PCR strips containing your samples
with a multichannel pipette.

Note: Perform all incubation steps in a thermocycler,
programmed as specified in Table 1.

Caution: Do not vortex the tubes containing Ligase-65 or Salsa
Polymerase enzymes. Likewise, do not vortex the master mixes
after adding any of these enzymes.

Prepare the MLPA Probe Set Mix

The correctly composed assay should include both half-probes
(left and right) for each region of interest. Each pair of half-
probes should generate a ligation product of unique length in the
assay. The concentration of the MLPA probes in the final reaction
mixture is very low (see below); therefore, it is convenient to
perform a two-step oligonucleotide dilution during the probe set
mix preparation as follows.

Step 1. Melt all half-probe stocks constituting one assay.

Step 2. Dilute each 20 M stock with water to a 0.2 pM
working solution (200 pl).

Step 3. Mix 2 pl of each half-probe working solution and fill
to 400 pl with water.

The resulting 1 nM MLPA Probe Set Mix will contain all the
desired pairs of half-probes in equal concentrations and is directly
applicable in the reaction setup.

Note: MLPA Probe Set Mix can be stored at —20°C until later
use.

Hybridize Half-Probes

For each genomic DNA sample, perform the MLPA assay in a
separate tube. We recommend running MLPA assays in multiples
of 8 in PCR strips with caps.
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TABLE 1 | Programmed thermocycler conditions for multiplex
ligation-dependent probe amplification (MLPA) assay.

Program Action

Denaturation (Step 5)

98°C, 5 min; Denature samples.
25°C, o0; Cool down samples before removing.
Pause Proceed to Step 6.
Hybridization (Steps 9-10)
95°C, 1 min; Hybridize half-probes to their genomic targets.
60°C, 16-20 h;
54°C, oo; Adjust the temperature for the next step.
Pause Proceed to Step 11.
Ligation (Step 14)
54°C, 15 min; Ligate adjacently hybridized half-probes.
98°C, 5 min; Inactivate the enzyme.
20°C, oo; Cool down samples before removing.
Pause Proceed to Step 15.
Amplification (Step 18)
35 cycles of: 95°C, 30's; Amplify the correctly ligated MLPA probes.
60°C, 30s;
72°C, 1 min;
72°C, 20 min; Perform final extension of PCR products.
4°C, oo; Cool down samples before removing.
End Proceed to Step 19.

Caution: Replace the strip caps with new ones at each opening
during the entire procedure to prevent cross-contamination.

Step 4. Aliquot 5 pl of genomic DNA (0.4 to 50 ng/ul) to
individual strip tubes to obtain a final template amount of 2-250
ng per assay, depending on the species.

Note: We recommend performing template optimization
assays for each species.

For Arabidopsis: We successfully performed MLPA assays
using 2, 5, 10, 15, 30, 60, and 100 ng genomic DNA per assay (see
the next section).

Step 5. Insert the samples into the thermocycler. Heat for
5 mins at 98°C then let the samples cool to 25°C.

Step 6. Remove the samples from the thermocycler and
centrifuge.

Step 7. Prepare master mix I. Briefly vortex and centrifuge
the SALSA MLPA buffer and MLPA Probe Set Mix. Prepare
the adequate amount of the master mix I by mixing 1.5 pl of
SALSA MLPA buffer and 1.5 pl of 1 nM MLPA Probe Set Mix
per sample, with 10% volume surplus. Vortex and centrifuge the
tube.

Step 8. Add 3 pl of the master mix I to each denatured DNA
sample and mix briefly by pipetting. Close the strips with the new
caps and centrifuge. The reaction volume in each tube should be
8l

Step 9. Put the samples back into the thermocycler and
incubate for 1 min at 95°C, then for 16 to 18 h at 60°C.

Step 10. Adjust the thermoblock temperature to 54°C before
proceeding to the next step.

Caution: Do NOT remove the samples from the thermocycler!

Ligate the Hybridized Half-Probes

Step 11. Prepare master mix II without enzyme. Briefly vortex
and centrifuge Ligase Buffer A and Ligase Buffer B. Mix 3 pl of
Ligase Buffer A, 3 pl of Ligase Buffer B, and 25 pl of nuclease-
free water per sample, with 10% volume surplus. Vortex and
centrifuge the tube.

Step 12. Centrifuge the tube containing SALSA Ligase-65
enzyme. Add 1 pl of the enzyme per sample with 10% volume
surplus to the master mix II. Mix briefly by pipetting. Centrifuge
the tube and store on ice until use. Proceed to the next step
without delay.

Step 13. Without removing the strips from the thermocycler,
add 32 pl of master mix II to each sample. Mix by pipetting and
close the strips with new caps. The reaction volume in each tube
should be 40 pl.

Step 14. Incubate the samples for 15 min at 54°C, followed by
heat inactivation of the ligase enzyme (5 min at 98°C). Cool the
thermoblock to 20°C and remove the samples.

Amplify the Ligated MLPA Probes

Step 15. Prepare master mix III. Briefly vortex and centrifuge the
SALSA PCR primer mix. Mix 2 pl of SALSA PCR primer mix
and 7.5 pl of nuclease-free water per sample, with 10% volume
surplus. Vortex and centrifuge the tube.

Step 16. Centrifuge the tube containing SALSA Polymerase
enzyme. Heat the tube in hands for approximately 10 s, then add
0.5 pl of the enzyme per sample with 10% volume surplus to
master mix ITI. Mix briefly by pipetting. Centrifuge the tube and
store on ice until use.

Step 17. Add 10 .l of master mix III to each sample and mix
by pipetting. Close the strips with new caps and replace in the
thermocycler. The final reaction volume in each tube should be
50 pl.

Step 18. Perform the PCR comprising 35 cycles of: 95°C for
30s; 60°C for 30 s and 72°C for 1 min, followed by a 20 min final
elongation at 72°C. Cool the thermoblock to 4°C.

Step 19. Store the samples at 4°C, protected from light, until
the product size-separation (1-3 days).

Stage C. Collect and Analyze the Data
(Time: 1 Day for the Data Collection,

Variable for the Analysis)

Size-Separate the PCR Products by Capillary
Electrophoresis

The product separation should be performed under denaturing
conditions on any standard capillary DNA analyzer. The
specific run parameters must be adjusted according to the
recommendations of the instrument manufacturer.

We typically use the services of the local Molecular Biology
Techniques facility (at the Department of Biology of Adam
Mickiewicz University, Poznan, Poland) and separate the samples
in ABI Prism 3130XL Genetic Analyzer (Applied Biosystems),
using the following procedure.

Step 1. Each MLPA reaction sample is diluted 20x with
nuclease-free water, mixed with 9 pl of HiDi formamide (Thermo
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Fisher Scientific) containing GeneScan 600 LIZ Size Standard
(Thermo Fisher Scientific) and denatured.

Step 2. Samples are injected at 1.2 kV voltage and separated
on ABI Prism 3130XL Genetic Analyzer (Applied Biosystems) at
15 kV, in POP7 separation matrix (Thermo Fisher Scientific).

Analyze the Electropherograms

Evaluate the data quality and extract the signal intensity from
the electropherograms. Numerous software tools are appropriate
for this purpose. Below, we describe the step-by-step analysis
performed with GeneMarker (SoftGenetics) (Supplementary
Figure S2).

Note: The GeneMarker functions used here are accessible in
the limited demo version of the software, freely downloadable
from the manufacturer’s web site. The details regarding use
of these functions are described in the software manual, also
available for download.

Step 3. Load the electropherogram data to GeneMarker.

Step 4. Analyze the raw data files with the MLPA analysis
type option and appropriate DNA standard selected (depending
on the capillary electrophoresis conditions). Select the size
call method and data normalization approach (Supplementary
Figure S2A).

Note: GeneMarker software provides two normalization
options (intra-sample “Internal Control Probe Normalization”
and inter-sample “Population Normalization”) that aim to
correct for the variation in signal intensity caused by the
differences in the lengths of the probes in the multiplex assay. We
typically use the intra-sample normalization against our control
probes, although at this step it is not critical, because the range of
the probe lengths in our assay (96-200 nt) is much smaller than
in the case of commercial MLPA assays (130-490 nt).

Caution: Use the same parameter settings for all samples.
When applying internal control probe normalization, use the
same set of control probes for analysis of all samples in the MLPA
assay.

Note: At the first analysis of a new MLPA assay, run the
analysis for a selection of samples using the “NONE” panel
selection. This will allow you to manually create the custom
MLPA panel later by indicating the peak positions in your pre-
processed samples (see Step 5). If the MLPA panel has already
been created, select that panel for the final analysis of all your
samples.

Step 5. Perform this step for the new MLPA assay only.
Manually create the probe panel with the Panel Editor
(Supplementary Figure S2B). Use the pre-processed set of
representative MLPA electropherograms (see Step 4) to locate
and insert the alleles at the expected positions. Label the alleles
with the MLPA probe names. If you want to use the “Internal
Control Probe Normalization” option during the analysis, mark
the control probes as 1. Repeat Step 4 to re-run all samples using
the newly created panel.

Note: In our assays, all peak sizes consistently appeared ~3 bp
shorter than the theoretical length of their attributed MLPA
probes. This is not an unexpected result because the migration
times of the peak maxima depend on many factors, including
the amount of the sample injected, the temperature and the dye

used. The capillary electrophoresis systems estimate the relative
allele size (using internal standard) and do not necessarily report
the true fragment size (McCord, 2003). Therefore, the observed
shift is specific to the system and MLPA assay conditions. As
long as the peaks are consistently observed at the same positions
in all samples under comparison, it does not influence the peak
discrimination and subsequent analysis of the MLPA data.

Step 6. Evaluate the quality of individual electropherograms
in accordance with the peak pattern of the size standard,
the electrophoresis baseline, signal sloping and overall signal
intensity. Samples that show abnormalities should be excluded
from the analysis.

Step 7. Configure the report layout and copy the results to
MS Excel or similar program for further analysis (Supplementary
Figure S2C).

Note: The processed data can be reported as the fluorescence
intensity (peak height) or the peak area values for each allele. The
choice of the output typically does not affect the downstream data
analysis and we obtained comparable results with both options.
We preferably use the fluorescence intensity data.

Estimate the DNA Copy Number
Step 8. Use the normalization controls to perform within-sample
normalization of all your sample data before comparison.

For Arabidopsis: Use at least 3 of the provided control probes
(ctrll-ctrl5) for normalization. Divide each intensity value by
the average intensity of the control probes, separately for each
sample.

Step 9. For each region analyzed, compare the normalized
intensity between the samples. Cluster the samples with the
similar intensities and infer the copy numbers from analysis
of histograms or two-dimensional plots (see next section).
Whenever possible, use the (set of) positive and negative control
samples with known copy number status to determine the
duplication/deletion intensity thresholds (see the next section for
exemplar results).

ANTICIPATED RESULTS

Exemplar MLPA Assay

Based on the available WGS data from 1001 Arabidopsis
Genomes Project (1001 Genomes Consortium, 2016) and our
own analysis of a subset of this data including 80 accessions,
originally described in (Cao et al., 2011), we selected 12 genes that
overlapped CNVs with various levels of structural complexity.
Genes AT1G47670 and ATI1G80830 do not present copy
number changes. Genes AT1G32300 and AT4G19520 are biallelic;
more specifically, they display presence-absence variation. The
remaining eight genes are multiallelic and present duplications
(AT4G27080, AT5G09590, and AT5G61700) or duplications and
deletions (AT1G27570, AT1G52950, AT3G21960, AT4G27080,
and AT5G54710). Additionally, gene AT5G09590 overlaps CNV
only partially, whereas AT1G52950, AT5G54710, and AT1G27570
are members of multigene families and are localized in the
regions of high structural diversity (manifested e.g., by the
presence of adjacent or overlapping CNVs, presence of nearby
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transposable element genes or the presence of clusters of highly
similar paralogs). To present the performance of the MLPA
approach we set up a multiplex assay Ath.test for these genes
(Table 2). We evaluated the genes’ copy number status in 80
Arabidopsis accessions, characterized in the first stage of 1001
Arabidopsis Genomes Project (Cao et al.,, 2011). All seeds were
obtained from The European Arabidopsis Stock Centre* and
grown as described previously (Zmienko et al., 2016).

Optimization of the Template Amount

The multiplex MLPA-based strategy presented in this paper
was originally developed for CNV genotyping of human DNA
(Kozlowski et al., 2007; Marcinkowska et al., 2010). To adjust it
for use with the Arabidopsis genome, we aimed to optimize the
amount of DNA template. For humans, the typical MLPA assays
include 50-250 ng genomic DNA per reaction. In our previous
study, we successfully performed MLPA-based copy number
analysis using 100 ng Arabidopsis genomic DNA (Zmienko
et al, 2016). However, because the Arabidopsis genome is ~20
times smaller than the human genome, we expected that the
template amount could be substantially reduced without affecting
the reaction performance. To evaluate the acceptable range of
DNA amount for this species, we used the Col-0 accession,
performed serial dilutions of the DNA template and performed
MLPA assays for each of the following DNA amounts: 100,
60, 30, 15, 10, 5, and 2 ng, in three replicates. We observed
that the intensity data showed little variance across all DNA
concentrations tested and the peaks showed very good resolution
and similar distribution, regardless of the template amount
(Figures 2A-C; Supplementary Data Sheet S1). The normalized
signal intensity data for various template amounts were highly

*http://arabidopsis.info/

correlated, with the results calculated for 2 ng DNA input
showing only slightly lowered correlation than the other amounts
(Figure 2D). From this comparison, we concluded that the whole
range of tested DNA amounts generates valid data. Below, we
used the smallest tested amount of DNA (2 ng) to perform the
exemplar Ath.test MLPA assay.

Gene Copy Number Analysis

We generated MLPA data, processed it in GeneMarker and
exported it to a Microsoft Excel worksheet (Supplementary
Data Sheet S1). Three samples were excluded at this stage due to
poor data quality. To enable sample-to-sample comparison, we
normalized the data within each sample using the mean signal
intensity of the control probes ctrll-ctrl5. The data were then
compared and the copy numbers were estimated relative to the
Col-0 accession that has the basic copy number of each gene
analyzed in this assay (2n = 2) and therefore served as the
reference sample. To reveal groups of accessions with distinct
gene copy numbers, the population data were displayed as dot
plots, histograms of the signal intensities or (for genes targeted by
two MLPA probes) as 2D plots. We set the duplication/deletion
thresholds at <0.7 and > 1.3 of the relative intensity, respectively,
for all genes in the assay. Subsequently, for each gene, the samples
passing the threshold values were clustered and the clusters were
manually assigned the copy numbers, as demonstrated previously
(Marcinkowska-Swojak et al., 2014; Zmienko et al., 2016).

Non-variable Regions

The probes mlpaA, mlpaBl, and mlpaB2 targeted two genes
predicted to have the same copy number in all accessions:
AT1G47670, coding for lysine histidine transporter-like 8
(mlpaA), and AT1G80830, coding for NRAMPI transporter
(mlpaBl and mlpaB2). For all accessions, the relative signals

TABLE 2 | The probe composition and gene targets of Ath.test assay.

Probe name Probe length Target genomic site Locus ID Predicted CNV status Source*
ctri 96 nt Chr1:255983..25645 AT1G01040 Non-variable; normalization control a
ctrl2 111 nt Chr4:11476533..11476582 AT4G21580 Non-variable; normalization control a
ctrl3 124 nt Chr2:15194440..15194490 AT2G36230 Non-variable; normalization control a
ctrl4 144 nt Chrb:7847361..7847414 AT5G23290 Non-variable; normalization control a
ctrls 172 nt Chr1:27465468..27465522 AT1G73010 Non-variable; normalization control a
mipaA 160 nt Chr1:17539289..17539343 AT1G47670 Non-variable b;c
mipaB1; mipaB2 90 nt 148 nt Chr1:30374276..30374321 Chr1:30373647..30373699 AT1G80830 Non-variable b; c
mipaC 93 nt Chr1:11651708..11651754 AT1G32300 Biallelic b
mipaD1; mipaD2 105 nt 114 nt Chr1:9575624..9575678 Chr1:9577003..9577055 AT1G27570 Multiallelic b; c
mipaE1; mipaE2 136 nt 196 nt Chr1:19726669..19726721 Chr1:19727385..19727439 AT1G52950 Multiallelic b; c
mipaF1; mipaF2 99 nt 120 nt Chr3:7737420..7737467 Chr3:7737872..7737929 AT3G21960 Multiallelic b;c
mlpaG1; mipaG2 128 nt 164 nt Chr4:10641616..10641668 Chr4:10644628..10644679 AT4G19520 Biallelic c
mipaH 180 nt Chr4:13592606..13592658 AT4G27080 Multiallelic b;c
mipal 117 nt Chr4:17705274..17705327 AT4G37685 Multiallelic b
mipad1; mipaJ2 108 nt 156 nt Chrb:2976409..2976464 Chr5:2978013..2978065 AT5G09590 Multiallelic; part of the gene c
mipaK1; mipak2 188 nt 102 nt Chr5:22228424..22228479 Chr5:22229438..22229488 AT5G54710 Multiallelic b;c
mipal 132 nt Chr5:24796111..24796161 AT5G61700 Multiallelic c

*The initial information about the gene CNV status comes from the following resources: a, Zmienko et al. (2016); b, Arabidopsis 1001 Genomes Project; c, our unpublished

analysis of the WGS data originally presented in Cao et al. (2011).
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presented as coefficients of determination (R2) of the MLPA probe intensity data.
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FIGURE 2 | Optimization of the DNA template amount for copy number variant (CNV) genotyping in Arabidopsis. The data were obtained from three
replicates of MLPA assay per each DNA amount tested: 2, 5, 10, 15, 30, 60, and 100 ng. (A) comparison of the peak heights and localization on the
electropherograms. (B,C) Variance of probe intensity measurements across tested DNA concentrations. Boxplots (B) present the distribution of coefficients of
variation (CV) calculated separately for each probe and each DNA amount; The linear plot (C) presents regression analysis (CV vs input amount). For visibility, mean
CV values (all probes, each in three replicates) per input amount are displayed on the plot; (D) pairwise correlation of results obtained for all template amounts tested,

from these three probes were at the same level as those in Col-0
(mean intensity 1.01, 1.03, and 0.93, respectively, see Figure 3A)
and showed very little variance (CV 0.060, 0.089, and 0.064,
respectively). Additional evaluation of the mlpaB1l and mlpaB2
probes on a 2D plot revealed that all samples were grouped in
one cluster (Figure 3B).

Biallelic CNVs

We analyzed two genes with presence-absence variation revealed
by the WGS data analysis: AT1G32300 (coding for D-arabinono-
1,4-lactone oxidase family protein) and AT4G19520 (coding for
TIR-NBS-LRR class disease resistance protein). We designed one
probe (mlpaC) for AT1G32300 exon 1 and two probes, mlpaGl
and mlpaG2, for AT4G19520 exons 3 and 5, respectively. For
AT1G32300, we observed a dominant population of samples
with mean signal intensity 1.08, indicative of two gene copies
per diploid genome. The remaining samples formed a distinct

group with mean signal intensity 0.09, indicative of the absence
of the analyzed gene in the respective accessions (Figure 4A).
In the case of AT4G19520, the combined data for the mlpaGl
and mlpaG2 probes revealed the presence of two compact
clusters (Figure 4B). One cluster included 29 accessions with
no difference in copy number relative to Col-0 (mlpaGl mean
intensity 1.03; mlpaG2 mean intensity 1.01). The other cluster
included 47 accessions with substantially reduced intensity
(mlpaGl mean intensity 0.14; mlpaG2 mean intensity 0.12),
indicative of the deletion.

Multiallelic CNVs: One MLPA Probe Per Gene

For three genes that overlap multiallelic CNVs we designed
1 MLPA probe per gene in Ath.test assay (Figure 5A). Gene
AT4G37685 codes for a hypothetical protein and is targeted by
the mlpal probe. Majority of accessions (39) harbor two copies
of this gene. Gene deletion was detected in eight accessions and
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duplication in 30 accessions. Of the latter, 22 accessions had four
copies, seven accessions had six copies, and one harbored a very
high-level duplication, most likely >12 copies.

Gene AT5G61700 codes for ATH16, a member of ABC
transporter subfamily A and is targeted by probe mlpaL. In most
analyzed accessions, the gene exists in two copies per diploid
genome. In eight accessions, however, duplications were detected:
four copies in three accessions, six copies in two accessions,
and >10 copies in three accessions. It is worth noting that, in
MLPA assays, the signal intensity is non-linearly related to the
DNA copy number (Zmienko et al., 2016). This is manifested
by reducing the distance between the clusters with different
duplication levels for high copy numbers. Consequently, a large
number of samples harboring high-level duplications is needed to
precisely distinguish the clusters of 8 and more copies from each
other.

Gene AT4G27080 codes for a protein disulfide isomerase
that is involved in cell redox homeostasis and is targeted
by the mlpaH probe. From the WGS data, we predicted
that majority of accessions harbor partial or full duplications
of this gene. Likewise, MLPA analysis revealed that only
nine accessions harbor two copies of AT4G27080 gene, while
duplications were detected in 68 accessions. Among them, we
clearly identified a group of 44 accessions with four copies,
but the remaining accessions were less distinctive and formed
two heterogeneous groups which we named “medium-level
duplications” (10 accessions) and “high-level duplications” (14
accessions). For 12 of these “high-level duplication” accessions,
the mlpaH peak intensity counts reached the upper detection
limits (see Notes section below for additional comments). We
concluded that designing two or more MLPA probes targeting
this genomic region and repeating the assay with adjusted
capillary electrophoresis parameters would be helpful in more
accurate distinction of the CNV genotypes or resolution of the
structural complexity of the investigated gene.

Multiallelic CNVs: Two MLPA Probes Per Gene
For 2 other genes that overlap multiallelic CNVs we designed
two MLPA probes per gene (Figure 5B). The AT5G54710 gene

codes for an ankyrin repeat family protein and is positioned
between two other ankyrin repeat family protein coding genes,
in the region that is highly copy number variable. We used two
specific probes (mlpaK1 and mlpaK2), located in the fourth and
third exons of AT5G54710, respectively, and confirmed that this
gene is multiallelic. The high linear correlation of the mlpaK1 and
mlpaK2 probe intensities allowed us distinguish several clusters
of accessions with distinct copy numbers: 0 copies (2 accessions),
2 copies (54 accessions), 4 copies (8 accessions), 6 copies (6
accessions), and 8 copies (1 accession). We did not assign the
integer copy numbers for 6 accessions which displayed uneven
duplication level based on the mlpaK1 and mlpaK2 probe signal.

The AT5G09590 gene, encoding mitochondrial heat shock
protein MTHSC70-2, is localized in the breakpoint of a
large CNV that encompasses loci AT5G09590 - AT5G09630.
Consequently, AT5G09590 is only partially duplicated in several
accessions. We designed two probes, localized outside of and
within the CNV region (mlpaJl, targeting fourth exon and
mlpa]2, targeting sixth exon, respectively). The results of the
MLPA assay clearly revealed that only the 3" part of AT5G09590
(targeted by probe mlpaJ2) is duplicated: 43 accessions harbored
four copies, two accessions harbored six copies, and one accession
harbored at least 10 copies. The region targeted by probe mlpa]J1
invariantly had two copies in all accessions.

Complex Multiallelic CNVs
Some genomic regions, e.g., these that harbor clustered multigene
families, may display high structural diversity in the populations.
A gene may be fully duplicated/deleted in some accessions while
in the other ones only part of this gene may display copy number
alteration. Additionally, the duplicated DNA copies within one
sample may differ from each other in length and sequence, which
may affect the affinity of the MLPA probe to some (but not all)
copies. Consequently, the copy number pattern revealed by the
MLPA analysis may be complex. Below we present some examples
of MLPA analysis in multiallelic CNV's with a complex structure
(Figure 5C).

The AT3G21960 gene is localized in the central part of a
~50 kb CNYV, that encompasses 21 genes, mainly members of
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FIGURE 4 | Multiplex ligation-dependent probe amplification assay
results for presence-absence CNVs. (A) relative intensity from probe
mipaC targeting the AT1G32300 gene, in individual accessions; (B) 2D plot of
relative signal from mlpaG1 and mlpaG2, both targeting the AT4G79520
gene. Clusters are colored according to the deduced CNV status.

the receptor-like protein kinase-related family and genes coding
for proteins with unknown domain DUF26. We assayed the
AT3G21960 gene with specific probes targeting exons 1 and 2
(probes mlpaF1 and mlpaF2, respectively). In 30 samples the
signals from these probes were highly correlated and formed 4
distinct groups of: 0 copies (1 accession), 2 copies (26 accessions),
4 copies (1 accession) and 6 copies (2 accessions). In 6 accessions,
however, only the mlpaF2 probe intensity was elevated (1.83-
6.54), while mlpaF1 intensity was about 1. On the contrary,
the remaining 41 accessions formed a compact cluster, with the
mlpaF1 intensity below 0.7 (the value that has been set as the
deletion threshold), and the mlpaF2 intensity about 1. A brief
evaluation of the AT3G21960 genomic sequence inferred from
WGS data’ (obtained with Pseudogenomes Download Tool)
provided evidence that this complex pattern is true, as 519 out

*http://1001genomes.org

of 1135 accessions with available genomic data had 80-100%
uncalled sites (Ns) in the exon 1 sequence, while only 3 accessions
had 80-100% uncalled sites in exon 2 sequence.

Complex multiallelic CNVs are often related to the activity
of mobile genetic elements, which may trigger partial or full
deletion/duplication of the nearby genes. Gene AT1G52950 codes
for a nucleic acid-binding OB fold-like protein and is localized
within one CNV region with a nearby transposable element
gene AT1G52960 (the two loci are separated by only 3.6 kb
distance). We assayed the copy number status of AT1G52950
using two probes, mlpaEl to target exon 6 and mlpaE2 target
exon 9. For 69 accessions, we detected compact clusters with
distinct copy numbers (0 to 6 copies) and a high correlation
between the two measurements (R?> = 0.9881). Interestingly, in
two cases, the intensity data suggested the existence of one copy
and three copies of the AT1G52950 gene per diploid genome in
the surveyed individuals. Arabidopsis is a highly self-pollinating
species for which most genomic loci are expected to exist in
a homozygous state, therefore assaying additional individuals
would be necessary to establish the representative gene copy
number for these two accessions in a population study. For
seven accessions, of which six originated from Southern Tyrol
region and 1 was a Spanish relict accession (1001 Genomes
Consortium, 2016), the copy number status indicated by probe
mlpaE1l was always higher than the copy number status indicated
by probe mlpaE2. This effect may have many reasons, e.g., partial
duplication or deletion of a gene of interest, sequence divergence
in some duplicated copies that affect the hybridization of one
MLPA probe, etc. Unambiguous interpretation of these data
would require additional region characterization by sequencing.
Nevertheless, the signals from both probes were also well
correlated (R?> = 0.9856). Finally, one accession displayed an
extremely high level of duplications at the mlpaEl target site
while no copy number changes were observed at the mlpaE2 site.

Effect of Non-specific Hybridization on MLPA Signal

To present the effect of compromised probe specificity on the
MLPA results, we assayed a gene AT1G27570, which encodes
the phosphatidylinositol 3- and 4-kinase family protein and is
localized within the large multiallelic CNV (over 20 kb). We
designed two probes, mlpaD1 and mlpaD2, targeting this gene,
of which only mlpaD2 was specific to AT1G27570. Probe mlpaD1
had an alternative target site (with only two mismatches in the
left TSS and one mismatch in the right TSS, distant from the
ligation site) in the nearby gene AT1G27590, not copy number
variable. As a result, the signal from the mlpaD1 probe was
elevated by the background signal from the alternative target
site. This background signal was stable (due to unchanged copy
number of ATI1G27590 gene in all accessions) therefore the high
correlation between the data for mlpaD1 and mlpaD2 probes
was preserved (Figure 6A). As a rule, we suggest re-designing
of the MLPA probes that produce non-specific signal. However,
if a set of the control samples that carry confirmed deletion of
the gene of interest can be defined, these samples may be used
for the data correction. In the present example, we calculated
the mean non-specific signal of probe mlpaD1 in the cluster
of 15 samples with gene deletions (marked in black color in
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FIGURE 5 | Multiplex ligation-dependent probe amplification results for multiallelic CNVs. (A) CNV genotyping with one MLPA probe per gene. Histograms
present the relative signal distribution from probe mipal (targeting the AT4G37685 gene), probe mipaL (targeting the AT6G67700 gene), and probe mipaH (targeting
the AT4G27080 gene). The histogram bin size is 0.2 in all plots; (B) CNV genotyping with two MLPA probes per gene. 2D plots present the relative signal from
probes mipaK1and mipaK2 (both targeting the AT5G54710 gene) and from probes mipaJ1 and mipaJ2 (both targeting the ATSG09590 gene). Clusters are colored
according to deduced CNV status. The coefficient of determination (R?) is calculated for accessions with assigned copy numbers. (C) Genotyping complex
multiallelic CNVs. 2D intensity plots present relative signal from probes mipaFiand mipaF2 (targeting exon 1 and exon 2 of the AT3G27960 gene, respectively) and
from probes mipaE1and mipaE2 (targeting exon 6 and exon 9 of the AT1G52950 gene, respectively). Clusters are colored according to deduced CNV status. The
coefficient of determination (R?) is calculated for subsets of accessions, as detailed in the main text.

Figure 6A). This value was then subtracted from the probe
mlpaD1 signal in each sample, before estimating the intensity
ratio relative to Col-0 accession. The correction improved the
relative intensity ratio observed for probe mlpaD1 (Figure 6B).
We note here, that the process of data correction had no effect on
the overall correlation between the signals from probes mlpaD1
and mlpaD2. This correlation was high (R* = 0.9386), therefore
allowing to distinguish the copy number clusters on 2D plots
pretty easily both before and after data correction.

NOTES

Below we included some notes on the limitations of the
procedure, common mistakes and possible artifacts related to the
presented application.

Probe Design

Oligonucleotide MLPA probes described in this procedure target
specific sequences in the genome, typically 45-75 bp. Regions
located outside of the probe’s recognition sequence may have
different copy number status. If partial gene duplication/deletion
or insertion of duplicated sequence is suspected, additional
probes, e.g., covering different exons of the gene should be
included in the assay.

Compromised ability of MLPA probe to recognize the target
sequence may be the source of false positive results. Sequence
changes (SNPs, indels, point mutations) in the target sequence
detected by a probe can negatively affect or completely prevent
probe binding. The critical positions in the TSS sequence are
these constituting the ligation site; the presence of a SNP at or
near the ligation site will disrupt the ligation step and result in
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Probes mipaD1 and mipaD2 target the AT1G27570 gene. Additionally, probe

rmination (R?) is calculated for all accessions. The deletion of AT1G27570 gene

no signal from the MLPA probe, falsely indicative of deletion of
the region in the affected sample (Kim et al., 2016). Note that the
MLPA technique can be also used for detecting small mutations
(Marcinkowska-Swojak et al., 2016), but these applications are
not covered in the present protocol.

The accuracy of the results is also strictly dependent on
the MLPA probe specificity. If alternative target site exists in
the genome (e.g., in a paralogue or a pseudogene), it will
generate non-specific signal (see Effect of Non-specific Probe
Hybridization on the MLPA Results Section). To this end, for
plants with incomplete genome information we strongly advise
designing >2 MLPA probes per gene, to minimize this risk.

In the case of newly designed MLPA probes we recommend
verifying their performance on a (set of) well characterized
reference samples. If no product is observed, make sure that the
common mistakes interfering with the experimental steps are
avoided (see below). If needed, re-design the MLPA probe.

Assay Design and Performing

Multiplex ligation-dependent probe amplification results may be
compromised by multiple factors that will affect the enzymatic
reactions and result in reduced peak signals. These factors
include but are not limited to: DNA integrity and contamination,
presence of PCR inhibitors in the samples, incomplete DNA
denaturation, sample evaporation, suboptimal amount of the
sample DNA used. In the Section “Stepwise Procedures” we
included useful tips regarding the sample preparation and assay
setup. Additional comments are given below.

If the DNA sample contamination is a suspected problem,
perform new DNA extraction. From our experience, we advise
using column-based methods, e.g., DNeasy Plant Mini Kit
(Qiagen) for DNA extraction (or purification of DNA extracted
with other methods) because they produce samples of high purity
and comparable amounts.

Use multichannel pipettes to reduce the pipetting time and
avoid sample evaporation.

Reduce sample-to-sample variability by simultaneous
performing multiple assays, using strips (preferable) or multiwell

PCR plates. Use the same MLPA Probe Set Mix preparation for
all samples under comparison.

Replacing the strip caps on each opening minimizes the risk of
sample cross-contamination.

Follow the capillary electrophoresis protocols (size standard,
sample preparation, injection time and voltage) suitable for the
instrument used. Decrease injection time if the peaks are out of
range. We recommend prior optimization of the DNA template
amount in the assay and capillary electrophoresis conditions on a
validated reference sample.

Abnormal pictures after capillary electrophoresis may indicate
capillary electrophoresis problems but they also may result from
the PCR step troubles. See the MLPA troubleshooting wizard by
MRC Holland® for common peak pattern problems and possible
solutions.

Data Analysis and Copy Number
Estimation

It is advisable to manually check the peaks identified by
GeneMarker before further data processing. In our assay, we
repeatedly observed that the software did not detect the peaks for
probe mlpaH in 12 samples and reported “0” intensity for this
probe (Supplementary Figure S3). In fact, high intensity peaks
from probe mlpaH with their tops flattened (cut) were present
in these samples, which indicated that the signal exceeded the
capillary electrophoresis system detection limits. We manually
corrected the peak localization and used the maximum reported
values for copy number calculation, but this likely resulted in
underestimation of the gene copy number in these samples in
our study (see Section “Multiallelic CNVs: One MLPA Probe Per
Gene”). To accurately quantify the probe signal, repeating the
electrophoresis with lower injection time would be necessary. The
results from high and low injection time electropherograms may
be then merged after internal control probe normalization step,
to preserve good resolution of the low intensity peaks.

Chttp://www.mlpa.com/elearning/tswizard/
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Multiplex ligation-dependent probe amplification is a relative
technique, therefore selecting well validated reference samples
with basic copy number of the region of interest (usually two
copies) is essential for accurate quantification. However, in case
of population scale CNV genotyping of numerous independent
genomic regions in a multiplex assay (similar to example
provided in this paper) such a reference sample may not exist
or remains unknown. Providing that sufficiently large number of
samples in the population are genotyped, the presented protocol
still allows for inferring the cluster copy numbers without a
reference sample, under the assumption that the neighboring
clusters of accessions/lines differ by two copies and that the
distances between these clusters are ~equal in the range of 0-
4 copies (see Zmienko et al., 2016 for further discussion on the
distances between the clusters in MLPA assays).

Validation of the Results

Regardless of the number of probes and samples used, we
recommend to verify the positive MLPA results with an
independent technique. We advise performing droplet digital
PCR (ddPCR) on selected samples, as this approach allows for
estimating gene copy numbers at the same or even higher range,
as the MLPA procedure described in this protocol (Zmienko
et al,, 2016). Additionally, ddPCR generates amplicons of ~60-
200 bp, therefore allows for genome assaying at similar resolution
as MLPA.

CONCLUSION

In this work, we described the protocol for the simple MLPA-
based CNV genotyping in plants, with particular emphasis
on the model plant Arabidopsis. We provided a description
of the probe design process, experimental setup, and data
analysis. We also discussed the results of the exemplar multiplex
assay and showed that the MLPA method is very robust
and is a rich source of information regarding the CNV in
the analyzed samples. The abundant genomic data obtained
for a growing number of species as a part of large-scale
sequencing projects, highlight CNV as the major contributor
to natural diversity at a genotype level (Zarrei et al., 2015;
1001 Genomes Consortium, 2016; Bai et al., 2016). Gene
duplication has been considered the major factor driving long-
term evolution and gene birth by sub- and neofunctionalization
of the duplicated copies (Conant et al,, 2014). Some regions
in the genome may be more prone to CNV than the others,
due to their specific structural features, that will locally induce
the mechanisms leading to CNV formation, e.g., non-allelic
recombination (Zmienko et al., 2016). The duplication / deletion
events may have also consequences on organism’s fitness and
contribute to the adaptation to environmental challenges, as well
as to coevolutionary interactions between host and pathogen
or a symbiont (reviewed in: Kondrashov, 2012, Zmienko
et al,, 2014). Remarkably, the protein coding genes displaying
CNVs are often related to environmental stress response and
pathogen resistance (Cook et al., 2012; Maron et al.,, 2013).
The creation of high-confidence CNV maps and assessing

the gene copy number in large populations will enhance the
studies on the evolution of genomes in the context of CNV
origin, fixation and the impact on the phenotype. These data
can be later combined with the results of the transcriptomic,
proteomic, metabolomics, protein interaction, phenotyping,
and other studies). We recently used the MLPA method to
genotype MSH2, AT3G18530, and AT3G18535 copy number
in a set of 189 natural accessions. Based on these results,
we were subsequently able to reveal the recurrent nature of
AT3G18530 and AT3G18535 duplications/deletions and to dissect
the structural features that promoted non-allelic homologous
recombination, leading to a widespread occurrence of the
AT3G18530 and AT3G18535 genes deletion in nature (Zmienko
etal., 2016).

This protocol will enable potential users to introduce the
MLPA technique in plant genetic and population biology
studies. The technique is multiplexable and very well suited for
verification of WGS-based analyses or for rapid characterization
of copy number status across a region of interest in large
populations. Notably, once designed, the individual MLPA
probes may be used in various combinations according to one’s
needs, providing that the lengths of the probes in one assay are
unique. We believe that the MLPA protocol presented in the
current work will contribute to accelerating the discovery of new
associations between CNV and important traits in plants.
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Copy number variations (CNVs) greatly contribute to intraspecies genetic polymorphism and phenotypic diversity. Recent
analyses of sequencing data for >1000 Arabidopsis (Arabidopsis thaliana) accessions focused on small variations and did not
include CNVs. Here, we performed genome-wide analysis and identified large indels (50 to 499 bp) and CNVs (500 bp and
larger) in these accessions. The CNVs fully overlap with 18.3% of protein-coding genes, with enrichment for evolutionarily
young genes and genes involved in stress and defense. By combining analysis of both genes and transposable elements (TEs)
affected by CNVs, we revealed that the variation statuses of genes and TEs are tightly linked and jointly contribute to the
unequal distribution of these elements in the genome. We also determined the gene copy numbers in a set of 1060 accessions
and experimentally validated the accuracy of our predictions by multiplex ligation-dependent probe amplification assays. We
then successfully used the CNVs as markers to analyze population structure and migration patterns. Finally, we examined the
impact of gene dosage variation triggered by a CNV spanning the SEC70 gene on SEC10 expression at both the transcript and
protein levels. The catalog of CNVs, CNV-overlapping genes, and their genotypes in a top model dicot will stimulate the

exploration of the genetic basis of phenotypic variation.

INTRODUCTION

The frequent occurrence of duplications and deletions in eukaryotic
genomes is among the most crucial factors that affect adap-
tation, evolution, and speciation (Kondrashov, 2012; Panchy
et al., 2016). There are numerous lines of evidence that at an in-
traspecies level, these DNA copy number changes contribute to
the phenotypic variation of humans, animals, and plants (McHale
et al., 2012; Handsaker et al., 2015; Xu et al., 2016). Accordingly,
efforts toward developing tools to detect copy number variations
(CNVs) and map polymorphic regions have recently intensified. A
good example of this trend is the latest advance in CNV discovery
in the human genome, which has been empowered by the con-
secutive release of data from three phases of the 1000 Genomes
Project. Remarkably, 60% of CNVs identified in phase 3 of this
project (Sudmant et al., 2015) were novel compared to those
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identified in previous reports by Mills et al. (2011) and the 1000
Genomes Project Consortium et al. (2012), reflecting the meth-
odological improvements and the importance of using large, di-
versified data sets.

The number of plant species for which CNV regions have been
identified at the genome-wide scale has grown rapidly within the
last decade (Swanson-Wagner et al., 2010; Chia et al., 2012;
Mufoz-Amatriain et al., 2013; Duitama et al., 2015; Hardigan et al.,
2016; Fuentes et al., 2019). However, for Arabidopsis (Arabidopsis
thaliana), an important model plant (Alonso-Blanco and Koornneef,
2000) with more than 1000 accessions whose genomes have
been sequenced with coverage between 5X and 118X (1001
Genomes Consortium et al., 2016), comprehensive genome-wide
CNV analysis is still required. Previous CNV analyses in Arabi-
dopsis have been limited to individual lines or small populations
and most often focused on characterizing presence-absence
variation only. One of the earliest studies of this type combined
the results of array-based hybridization and short read-based
whole-genome sequencing (WGS) to identify =100-bp deletions
inthe genomes of four Arabidopsis accessions: Eil-0, Lc-0, Sav-0,
and Tsu-1 (Santuari et al., 2010). These deletions overlapped with
987 to 1344 protein-coding genes (for simplicity, we refer to them
as genes hereafter), and many of them were shared by at least two
accessions. A larger study that focused on comparing the ge-
nomes of 17 accessions that were sequenced and assembled de
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IN A NUTSHELL

Background: The genomes of individuals of a single species are not identical. There are genomic differences of
various types (e.g., presence, absence, duplication, sequence alteration, or change in the location of a DNA fragment
in one genome compared to another) and sizes (they may involve any DNA fragment from 1 bp to the entire
chromosome). Variations in the number of copies of large DNA fragments (typically 500 bp or longer), named CNVs,
may directly affect the structure and number of the genes they overlap. This in turn may cause phenotypic variation
ranging from disease to increased adaptation of an individual with a specific CNV genotype.

Question: We wanted to identify CNVs in the Arabidopsis genome and evaluate how they affect the structure and
genomic distribution of genes and transposable elements. We also wanted to test whether CNVs may be useful for
genetic and functional studies.

Findings: We compared the genome sequencing data collected from 1,064 Arabidopsis accessions. We identified
numerous CNVs, which are typically shorter than 20 kbp but together cover over one-third of the Arabidopsis
genome. CNVs are concentrated in regions that are abundant in transposable elements and poor in protein-coding
genes. Nevertheless, over 18% of genes overlap with CNVs. These genes are enriched for functions related to biotic
stress responses. We determined the gene copy numbers in each accession and showed that these data are useful
for population analysis in Arabidopsis. We used the CNVs to analyze population structure and reveal the genetic
similarity of geographically distant accessions. We also demonstrated how variation in the number of specific genes

might lead to variation at the gene transcriptional level, protein level, or phenotypic level. Additionally, our
observations indicate that selective forces have opposite effects on shaping variation and the relative distribution

patterns of genes and transposable elements.

Next steps: The map of CNVs in the Arabidopsis genome will help researchers explore the impact of this type of
genetic polymorphism on various phenotypic traits. New gene variants that are not present in the reference genome

can now be identified and studied.

I - @

novo from WGS data revealed multiple polymorphic regions that
could not be mapped to the reference genome (Gan et al., 2011).
Based on the same WGS data, Bush et al. (2014) identified nu-
merous exon-overlapping regions in the Arabidopsis genome that
were absent from at least one accession. These regions over-
lapped with 411 genes. A wider study that, in addition to detecting
large deletions, also identified duplications and multiallelic CNVs
included WGS data from 80 accessions from Europe, Asia, and
North Africa (Cao et al., 2011). The identified CNVs covered 1.8%
of the reference genome and overlapped with nearly 500 genes.
Subsequent copy number genotyping of several genes performed
by our group using these 80 accessions indicated, however, that
the number of genes affected by CNVs may in fact be much higher
(Samelak-Czajka et al., 2017). Another study involved the de-
tection of regions of deletions and duplications among 180 ac-
cessions, but these accessions represented a narrow local
population from Sweden (Long et al., 2013). In these accessions,
more than 7700 regions with duplications of a fixed size (3 kb) were
identified. A read depth-based approach for CNV detection was
used by both Cao et al. (2011) and Long et al. (2013), without
further refinement of the CNV breakpoints.

Recently, WGS data from a global collection of 1135 Arabi-
dopsis accessions were released by the 1001 Genomes Con-
sortium et al. (2016), and a catalog of single-nucleotide
polymorphisms (SNPs) as well as insertions and deletions
shorter than 50 bp (short indels) was created based on these data.
Here, we extended the spectrum of characterized genetic varia-
tions in these accessions by calling and analyzing large indels and
CNVs. We determined the distribution and genomic content of
CNV regions and performed population-scale copy number
analysis of genes overlapping with CNVs. We investigated the
variation in and relative distributions of genes and transposable

elements (TEs). We then successfully used gene copy number
estimates as markers to reconstruct the genetic structure of the
Arabidopsis population. We also demonstrated that natural
changes in gene dosage may lead to variations in transcript and
protein levels. The CNV map and copy number genotyping data
generated in this study provide abackground for further studies on
the genetic bases of phenotypic variation in Arabidopsis.

RESULTS

Identification of CNVs and Large Indels

We selected 1064 high-quality WGS data sets from the 1135 data
sets available in the 1001 Genomes Project collection and per-
formed an integrated CNV analysis (Figure 1A). To this end, we set
up a pipeline that combined the three main types of read sig-
natures that can be used for CNV identification (Alkan et al., 2011).
We used three read depth-based tools, namely, CNVnator
(Abyzov et al., 2011), Control-FREEC (Boeva et al., 2011), and the
Genome STRIiP-CNV module (Handsaker et al., 2015); two dis-
cordant read pair-based tools, namely, BreakDancer (Chen et al.,
2009) and VariationHunter (Hormozdiari et al., 2009); the split
read-based tool Pindel (Ye et al., 2009); and a hybrid approach
implemented in the Genome STRiP-SV module (Handsaker et al.,
2015). Methods relying on read depth signatures are the most
sensitive in detecting large size variations (Figure 1B) and are more
successful when analyzing regions with segmental duplications
(Yoon et al., 2009; Teo et al., 2012). However, their accuracy in
estimating CNV breakpoints is low (Figure 1C) and depends on the
window size used during the calling step. Tools based on dis-
cordant read pair mappings are more precise in setting CNV
breakpoints but are unable to detect large variants (Supplemental

€20z AINr €1 uo Jesn Ny feuzoluebioolg nwayd ImAISU Ad 67951 L9/26. L19/Z€/2101MEY|199]d/woo"dno-oluspesey/:sdjy wolj pepeojumod



Copy Number Variations in Arabidopsis Genome 1799

A
Data preprocessing Variant calling Within-tool &
inter-tool merge
1135 Quality control CNVnator (A)
accessions 71 RO Control-FREEC (B) BreakDancer
G STRIP-CNV (C 5
(FASTQ) Low quality enome ST © 2
= VariationHunt
= HYB  Genome STRIP-SV (D) & anationriunter
1,064 i
5 iants 50-499 bp;
Calculating bin size Mapping & BreakDancer (E) 3 V:(;"l;nRso. >2 accs
& insert size | duplicate removal RP VariationHunter (F) 2 g :
. }
Analysis Ready Reads SR Pindel (G)
Breakpoints
. refinement
Within-tool merge Breakpoints refinement A union of
CNVnator —> A union of variants in a population variants Ina
population
Control-FREEC + HYB borders; OR + HYB borders; OR
+ SR borders; OR + SR borders: OR
variants 2500 bp; + RP borders; OR +RP borders'
50% RO; + RD borders
22 accs.
Selection of confident variants l
Inter-tool merge 34,368 > 2 tools 19.003 70437
RD + HYB — nonredundant — 2 '
AthCNVs large indels
CNVs
80% RO
B C
14 _ 2 500 bp 2000 4
2 M s0-499bp E
c 1000 4
g B <50bp g
> 2
= o
5 2 o + e ——
5 = .
g g 000
o c -1 1
i 3
F=
04 00 -I

A B C D E F G

Figure 1. Genome-Wide Structural Variant Discovery in an Arabidopsis Population.

(A) Variantidentification pipeline. The analysis involved three main stages: data preprocessing, variant calling, and merging and filtering. Variants were called
with seven different tools, based on read depth (RD), read pair (RP), split read (SR), or hybrid (HYB) approach, in individual samples (blue labels) or in the entire
population (red labels). The last stage depended on variant length. RO, reciprocally overlapping each other.

(B) Fraction of variants of different size ranges identified by individual callers.

(C) Comparison of the boundaries set by the callers for variants =500 bp reciprocally overlapping each other by 80%. Pindel-derived coordinates served as
areference since this tool reports variants at single-nucleotide resolution. Boxplots show median (inner line) and inner quartiles (box). Whiskers extend to the
highest and lowest values no greater than 1.5 times the inner quartile range. nt, nucleotides.

Figure 1) or to identify highly duplicated regions. Pindel, which is
based on split reads, reports variants at a single-nucleotide
resolution but is more sensitive to short indels than to CNVs;
additionally, it generates a very large number of predictions with
a high false-positive rate (Li et al., 2013). To handle these con-
straints, we separately processed CNVs (defined here as un-
balanced variations at least 0.5 kb in length) and large indels
(variants 50 to 499 bp in length).

For CNVs, we selected variants that were detected by at least
oneread depth-based or hybrid approach (Supplemental Tables 1
and 2). In the next step, whenever possible, we further refined the
CNV borders with the additional support of the remaining callers to
improve the accuracy of CNV breakpoint predictions. Finally, we
included only variants supported by at least two of the seven
callers that were used in the list of high-confidence regions that
are copy number variable in the Arabidopsis genome, hereafter
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referred to as the AthCNV data set. This data set consists of 19,003
CNVs that vary in length from 500 to 984,676 bp, 92.1% of which
are shorter than 20 kb. These variants are listed in Supplemental
Data Set 1, along with 15,365 low-confidence CNVs, which were
supported by only one caller and were not further investigated.

We identified large indels by combining 50- to 499-bp-long
variants from the read pair-based callers only, followed by re-
dundancy removal, and set boundaries with the support from
hybrid- and split read-based callers. As a result, we obtained
70,137 variants (Supplemental Data Set 2). Of these, 4149 ex-
ceeded the upper size limit defined in our pipeline as a result of
merging and breakpoint refinement. We did not remove them from
the final large indel data set since they were identified using
adifferent approach from AthCNVs. Overall, large indels had 56%
overlap with AthCNVs.

We then compared the genomic distribution of the newly
identified variants with that of the previously identified short indels
(1001 Genomes Consortium et al., 2016). All types of variants
(short indels, large indels, and AthCNVs) were most abundant in
the pericentromeric regions and less abundant in the chromo-
some arms (Figure 2). However, shortindels had moderate overlap
with AthCNVs (46%) and very little overlap with large indels (8%).
Thus, our results substantially complement the existing catalog of
known structural variations present in the Arabidopsis genome.

Inthe subsequent analysis, we focused on CNVs since this class
of variants—due to their size—may directly influence the copy
number and dosages of entire functional loci, including genes.

CNVs e
Large indels dss,
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Genes \
TEs
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Figure 2. Genomic Distribution of CNVs, Large Indels, and Short Variants
in the Arabidopsis Genome.

Histograms are scaled for equal height. Tracks present: CEN, pericen-
tromeric regions; CNVs, confident CNVs discovered in this study; Genes,
protein coding genes; Large indels, variants 50 to 499 bp discovered in this
study; SNPs, SNPs and short indels from 1001 Genomes Project; TEs,
annotated TEs.

Since our data analysis pipeline involved two CNV merging steps
(between samples and between tools) that preceded the break-
point refinement step, we attempted to verify the sensitivity and
accuracy of our approach at three levels: species, geo-
graphically related accessions, and individual genomes
(Figure 3A and 3B). For species-level verification, we used
CNVs previously identified in a population of 80 accessions that
represented a similar geographic range and were not included
in our data set (Cao et al., 2011). Of the 1059 CNVs identified in
that study, 87% overlapped with AthCNV regions and 81%
were positioned entirely within them. This result was in line with
our expectations, since the previously identified CNVs were
much shorter.

For verification at the level of geographically related accessions,
we evaluated the overlap of the AthCNV data set with the dupli-
cations and deletions previously detected in 180 Swedish
accessions (Long et al., 2013), 174 of which were also included in
our analysis. After merging directly adjacent regions with dupli-
cations and removing private variants (since they were also filtered
out by our CNV discovery pipeline; see Methods), we obtained 235
deletions and 1487 duplications =0.5 kb in length in the Swedish
samples. We observed that 76% of deletion regions overlapped
with the AthCNVs, and 51% were positioned entirely within them.
Likewise, 68% of duplication regions overlapped with AthCNVs,
and 50% were located entirely within them.

Finally, we investigated how well the AthCNV data set fit the
variants identified in eight genomes representing individual
accessions. One genome (KBS-Mac-74 accession) has been
assembled to the contig level from Nanopore ultralong reads
(Michael et al., 2018). We used the Assemblytics tool (Nattestad
and Schatz, 2016) to identify CNVs in this genome (Supplemental
Data Set 3). The seven remaining genomes (An-1, C24, Cvi-0, Eri-
1, Kyoto, Ler, and Sha accessions) were assembled into five
chromosome-level scaffolds from PacBio ultralong reads, and
structural variants were identified with the SyRI tool (Jiao and
Schneeberger, 2020). Note that both SyRI and Assemblytics rely
on the same genome aligner, MUMmer. We selected CNVs =0.5
kb in length (the reference genome coordinates were considered
in the size evaluation) and compared them with our data set.

In each accession, the majority of CNVs (91 to 99%) were
shorter than 20 kb, similar to the AthCNVs. From 88 to 94% of the
CNVs in each accession overlapped with the AthCNVs by at least
1 bp. As many as 63 to 77% deletions, but only 22 to 25%
duplications overlapped with individual AthCNVs by at least 70%
and therefore had similar lengths and breakpoint locations
(Supplemental Figure 2). We also observed that the AthCNVs for
which the breakpoints best fit the breakpoints of variants found in
individual genomes, that is, the localization of one of their borders
(left or right) differed by no more than +10 bp (Figure 3C), were
mostly refined using the split reads and hybrid approach (91 to
94%) or the discordant read pair approach (7 to 9%). These
observations validate the approach we used to assess CNV
borders (the highest priority was given to the information provided
by the callers based on discordant read pairs and split reads) and
explained the lower accuracy of assessing duplication break-
points. Taking the above-mentioned information into account, the
AthCNV map reliably represents variants present in individual
accessions.
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Figure 3. Overlap of the AthCNV Data Set with Variants Identified in Small Populations and Individual Genomes.

(A) Fractions of CNVs identified previously in a small, worldwide population of 80 accessions (Cao data set) and a narrow population of Swedish accessions
(Long data set) that overlap with AthCNVs.

(B) Fractions of CNVs detected in the genomes of individual accessions assembled de novo from long reads that overlap with AthCNVs.

(C) Relative distances between the breakpoints in the AthCNVs and the breakpoints in CNVs in eight accessions (each used as a reference for AthCNV
distance calculation). Boxplots depict data for pairs of variants with =70% reciprocal overlap. Boxplots show median (inner line) and inner quartiles (box).

Whiskers extend to the highest and lowest values no greater than 1.5 times the inner quartile range.

We also performed literature mining and found 106 genes for
which complete or partial duplications/deletions have been
reported and—as an obligatory criterion—experimentally con-
firmed in Arabidopsis (Supplemental Data Set 4; Grant et al., 1995;
Stahl et al., 1999; Xiao et al., 2001; Kroymann et al., 2003; Werner
et al., 2005; Balasubramanian et al., 2006; Clark et al., 2007; Staal
et al., 2008; Vlad et al., 2010; Smith et al., 2011; Bloomer et al.,
2012; Cole and Diener, 2013; Karasov et al., 2014; Vukasinovi¢
et al., 2014; Pucker et al., 2016; Zmienko et al., 2016; Samelak-
Czajka et al., 2017; Michael et al., 2018). We found that 100 genes
overlapped with AthCNVs (Supplemental Figure 3). Four addi-
tional genes overlapped with low-confidence variants, which were
also detected by our CNV discovery pipeline. Thus, our data are
highly consistent with the existing experimental evidence on the
distribution of CNVs in the Arabidopsis genome.

Genomic Content in CNV Regions

We observed uneven genome coverage by CNVs (Table 1). From
84 to 99% of the centromeric regions were covered by CNVs, with

multiple CNVs of various lengths overlapping with each other
(Supplemental Figure 4). In Arabidopsis, the centromeres are rich
in 178- to 180-bp repeats and TEs (Minoru, 2013). Additionally, in
the noncentromeric parts of the genome, the distribution of CNVs
was positively correlated with the distribution of TEs and nega-
tively correlated with the distribution of the genes. Nevertheless,
avery large number of genes (7712) overlapped with CNV regions.
We hereafter refer to genes and TEs covered by AthCNVs by at
least 1 bp as CNV-genes and CNV-TEs, respectively, to distin-
guish them from NONVAR-genes and NONVAR-TEs, which did
not overlap with any CNVs. We then investigated more deeply the
fraction of CNV-genes that were covered by CNVs for =90% of
their length (Figure 4A). These genes were highly represented by
orphangenes, thatis, genes with no detectable homologuesin any
other species (497 of the 1170 orphan genes present in the
Arabidopsis genome) and species-specific gene families (49 of the
55 families found only in this species; Figure 4B; Supplemental
Table 3). They were also significantly overrepresented in genes
encoding proteins of an unclassified type (binomial test with
Bonferroni-corrected P-value < 0.01; Figure 4C). Similarly, we
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Table 1. Arabidopsis Genome Coverage by the Identified CNVs

Mean Coverage (%) of the Average No. of Variants in

Region Type No. of Variants Given Region Type? Overlapping Segments®
Genome 19,003 35.7 3.8
Centromeres 6,584 93.5 7.2
Outside centromeres 12,419 28.0 2.4
Overlapping protein-coding genes 6,326 18.5 1.7
Overlapping pseudogenes 943 59.6 2.6
Overlapping TEs 8,548 94.0 3.7

@Calculated from the following formula: coverage in individual region of a given type = number of bases overlapped by any CNV/number of all bases in

this region X 100%; average value is reported in the table.

PCalculated as the number of CNVs overlapping each region in 1-bp windows. Average number is reported in the table. To remove the bias resulting
from different overall coverage of various region types, only the positions with nonzero overlap were counted, for example, for a 1000-bp pseudogene
overlapped by several CNVs in a total of 46% of its length; the number of overlapping variants was counted for 460 1-bp intervals covered by any CNV

and averaged.

observed significant overrepresentation in CNV-genes that are
unclassified based on the Molecular Function, Biological Process,
and Cellular Component Gene Ontology (GO) terms. In addition,
terms related to plant interactions with other organisms, defense,
and stress responses were overrepresented in each category.
There were no significantly depleted GO terms, but genes en-
coding nucleic acid binding proteins, transporters, transferases,
and protein kinases were significantly underrepresented in the
CNV-genes data set.

A recent comparative study of seven Arabidopsis genomes
assembled de novo fromlong reads revealed multiple regions with
strongly decreased collinearity and multiple haplotypes (Jiao and
Schneeberger, 2020). These regions were referred to as hotspots
of rearrangements and were enriched in TEs and depleted in
genes, similar to the CNVs identified in our study. Additionally,
similar to our CNV-genes, the genes within the hotspots of re-
arrangements were enriched for functions related to biotic stress
response. In addition, they displayed high CNV and high mutation
frequency among the seven accessions. We therefore expected
them to be identified as population-level CNVs in our study. In-
deed, we found that 98.6 % of rearrangement hotspots overlapped
with AthCNVs (73.6% were entirely within CNV regions). Of the
eight regions without overlap, two were near AthCNVs (less than
250 bp), and four formed a large cluster with numerous adjacent
hotspots of rearrangements, which extended for over 212 kb and
was flanked by multiple CNVs on both sides. Many hotspots of
rearrangements shared a common pattern of almost exclusively
forward tandem gene duplications and large indels (Jiao and
Schneeberger, 2020), which prompted us to investigate whether
AthCNVs were also enriched in tandem duplications. According to
the Plaza 4.0 database (Van Bel et al., 2018), 25.3% of genesin the
Arabidopsis genome are located in regions of segmental dupli-
cations, while 12.8% arose through tandem duplication events
(additionally, 8.3% are located in regions with both segmental and
tandem duplications). These proportions were reversed among
CNV-genes, with 12.4% of these genes localized in regions of
segmental duplications and 24.1% in regions of tandem dupli-
cations (additionally, 10.7% underwent both segmental and
tandem duplications; Figure 4D). Altogether, these observations
indicate that the regions of tandem duplications are sites that

accumulate rearrangements and, consequently, show high
structural diversity.

In the next step, we analyzed CNV-TEs, which constituted
67.5% of all TEs. These TEs were slightly depleted in RC/Helitron
TEs and enriched in long terminal repeat/Gypsy TEs (Figure 4E);
however, the composition of CNV-TE superfamilies did not
change much comparedto all TEs (Supplemental Table 4). We also
investigated how many CNV-TEs were proximal to genes, that is,
overlapped with genes or were located within 2-kb regions
flanking the genes. Only 36.2% of CNV-TEs were proximal to
genes, and they were slightly enriched in RC/Helitron TEs but
severely depleted in long terminal repeat/Gypsy TEs compared to
both all CNV-TEs and the entire genome. They were also mod-
erately enriched in DNA/MuUDR elements. In contrast to CNV-TEs,
genes with TEs in their proximity constituted the majority (64.4%)
of the CNV-gene data set.

Interplay between the Copy Number Polymorphism of
Genes and TEs

To investigate the relationship between the copy number poly-
morphism of genes and TEs, we compared the genomic dis-
tributions of CNV-genes and CNV-TEs. Both CNV-genes and
CNV-TEs were, on average, located closer to the chromosome
centromeres than were their NONVAR counterparts, and this
tendency was much stronger for TEs than for genes (Figure 5A).
However, the average distance between CNV-genes and the
nearest TEs was smaller than the average distance between
NONVAR-genes and the nearest TEs. The reverse was observed
for CNV-TEs, which were, on average, farther from the nearest
gene than were NONVAR-TEs (Supplemental Figure 5). Our ob-
servations indicated that some selective forces have opposite
effects on shaping the relative distribution patterns of CNV-genes
and CNV-TEs. The cut-insert and copy-insert mechanisms un-
derlying TE mobility may affect adjacent genes, usually in a neg-
ative manner, for example, by interrupting gene coding or
regulatory sequences, by gene rearrangement and duplication, or
by altering their DNA methylation status (Quadrana et al., 2016;
Bourqueetal., 2018). Gene proximity may therefore be considered
anegative force acting against nearby TE transposition, especially
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Figure 4. Genomic Content in Regions Overlapped by AthCNVs.

(A) Fractions of annotated Arabidopsis genes with various degrees of overlap with AthCNV variants.

(B) Enrichment of CNV-genes that are overlapped by AthCNVs by at least 90% in the fractions of species-specific and clade-specific genes compared to that
of all annotated Arabidopsis genes.

(C) Over-and underrepresented protein types and GO terms among the CNV-genes, in the Biological Process (BP), Cellular Component (CC), and Molecular
Function (MF) categories. All terms are either significantly enriched or depleted (binomial test with Bonferroni-corrected P-value < 0.01). The GO terms
shown in the chart are killing of cells of other organism (GO:0031640), modification of morphology or physiology of other organism (GO:0035821), ex-
tracellular region (GO:0005576), and ADP binding (GO:0043531). nucl., nucleic.

(D) Locations of CNV-genes in regions of tandem and block duplications in the genome compared to those of all genes.

(E) Superfamily composition of Arabidopsis TEs and its comparison with all CNV-TEs and gene-proximal CNV-TEs (located within =2-kb distance). Top-four
most abundant superfamilies are presented. Class | TEs are depicted in orange; class Il TEs are in different shades of green. All families are listed in
Supplemental Table 4. LTR, long terminal repeat. RC, rolling cycle.

in the case of genes involved in crucial metabolic processes. On To extend our observations to all genes, we analyzed the dis-
the other hand, TE proximity may contribute to increased copy tances and compared the CNV statuses of genes and their
number polymorphism of nearby genes by inducing DNA breaks proximal TEs. We found strong enrichment in pairs where proximal
and genomic instability. TEs and genes had the same variation statuses (Figure 5B),
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Figure 5. Links between Genes and TE Variation and Localization.

Distance fram gene

(A) Distance to centromeres of genes and TEs grouped by variation status (determined based on their overlap with AthCNVs). The groups were significantly
different (Wilcoxon rank sum test with continuity correction, P < 0.0001). Genetic elements localized in the pericentromeric regions were not included. dist.,

distance.

(B) Relative distances between genes and their proximal TEs, grouped by variation status. For each gene, a proximal TE was defined as each TE overlapping
with this gene (distance = 0) or overlapping region located within 2 kb upstream from the gene’s 5" untranslated region (distance < 0) or overlapping region
located within 2 kb downstream from 3’ untranslated region (distance > 0). N, number of pairs with a given variation status. dist., distance.

(C) Number of unique CNV-genes and NONVAR-genes with proximal CNV-TEs and NONVAR-TEs and their overlap.

(D) Gene distances to centromeres presented for gene-TE pairs differing by variation status. dist., distance.

(E) Number of proximal TEs within and around genes. Colors in (B) to (E) are identical for the same groups. Boxplots in (A), (B), and (D) show median (inner
line) and inner quartiles (box). Whiskers extend to the highest and lowest values no greater than 1.5 times the inner quartile range.

regardless of whether they were both polymorphic (40% pairs) or
invariable (42% pairs). Furthermore, 3911 of 4968 unique CNV-
genes (79%) had only CNV-TEs in their proximity and 5895 of 8033
unigue NONVAR-genes (73%) had only proximal NONVAR-TEs
(Figure 5C). Additionally, the gene-TE pairs with the same variation
statuses were located closer to each other than pairs with the
opposite statuses. Combining the information about the genomic
distribution and relative distances of genes and TEs clearly re-
vealed that the localization of polymorphic gene-TE pairs was
biased toward centromeres, while the localization of invariable
gene-TE pairs was biased toward chromosome ends (Wilcoxon
rank sum test with continuity correction for the difference between
CNV-CNV and NONVAR-NONVAR groups, P-value < 0.0001;

Figure 5D). Moreover, CNV-genes with proximal CNV-TEs were
enriched in extracellular proteins and proteins involved in cell
disruption, defense responses, and nucleic acid catabolism
(Supplemental Data Set 5). At the same time, NONVAR-genes with
proximal NONVAR-TEs were enriched in nuclear proteins and
proteins involved in nucleic acid metabolism, regulation of fer-
tilization, and transcription factor activity. There was no difference
in the chromosomal distribution of pairs displaying opposite
variation statuses, and no or few GO terms were enriched in these
two groups.

Interestingly, the combined variation status of gene-TE pairs
was also apparently related to the position of TEs relative to nearby
genes (Figure 5E). All TEs localized in proximity to genes were 1.2
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to 1.4 times more often inserted in their upstream flanking regions
compared to downstream flanking regions. CNV-TEs very rarely
overlapped with NONVAR-genes (3.8% cases) compared to CNV-
genes (19.4%) or NONVAR-TEs, which overlapped with both
NONVAR-genes and CNV-genes at similar frequencies (20.2 and
17.4%, respectively). The four groups had similar TE family
compositions, which indicated that these differences were not
caused by insertion bias of any specific TEs. Altogether, our
observations confirmed the presence of selective constraints
reciprocally imposed on genes and TEs, which is an important
factor contributing to their present variation and genomic distri-
bution patterns.

Copy Number Genotyping and Experimental Evaluation
of CNV-Genes

After we identified the genomic regions showing copy number
polymorphism in Arabidopsis, we used the Genome STRiP
SVGenotyper module (Handsaker et al., 2015) to evaluate the copy
number statuses of CNV-genes in individual accessions based on
read depth estimates. Based on our earlier observations, we
decided to directly evaluate the copy numbers of the genes
covered by AthCNVs (using the gene coordinates as the input)
instead of the AthCNVs themselves. Our motivation was to sim-
plify the subsequent application of the copy number genotyping
data in functional analyses. AthCNVs overlapping with each other
may have been formed by different molecular mechanisms and
may be present in different accessions (Zmienko et al., 2016);
however, at the population scale, they collectively contributed to
the copy number diversity of the CNV-genes that they covered
(Supplemental Figure 6). Accordingly, we observed that the direct
genotyping of CNV-genes provided the most accurate information
about their copy number statuses in individual accessions. We
ultimately genotyped 7324 CNV-genes as well as—for compari-
son purposes — 5060 genes overlapped by low-confidence CNVs
and 14,661 NONVAR-genes in 1060 accessions. These data can
be accessed through the web interface at http://athcnv.ibch.
poznan.pl in the form of user-generated plots.

Genome STRIP SVGenotyper is capable of assigning integer
copy numbers to genotyped regions. We found, however, that it
frequently assigned the copy number classes to intervals of only
one copy; because Arabidopsis is a predominately selfing spe-
cies, the expected differences between copy number alleles were
multiples of two (Supplemental Figure 7). The integer copy number
assignment by Genome STRIP SVGenotyper was also disturbed
by the presence of CNV-genes that did not form clear, discrete
copy number classes or for which the reported copy number was
very high (up to many thousands of copies) in most accessions,
including Arabidopsis ecotype Columbia (Col-0), which was ex-
pected to have the reference diploid copy number (two copies) for
each gene. Such problems were commonly encountered when
genotyping complex CNVs and CNVs that were mapped to
segmental duplications (Conrad et al., 2010; Campbell etal.,2011;
Handsaker et al., 2015). For these reasons, we reported un-
rounded rather than integer copy number outputs. Additionally,
we filtered the genotyping data by excluding genes with extreme
copy numbersin Col-0 separately for each of the three datasets. In
this step, we removed 451 genes from the analysis.

Copy Number Variations in Arabidopsis Genome 1805

The global distributions of the copy number estimates obtained
for CNV-genes significantly differed from those obtained for
NONVAR-genes, which were more uniform (interquartile range for
NONVAR-genes was 0.23 versus 0.30 for CNV-genes) and much
more concentrated around the reference diploid copy number
value (kurtosis = 13 for NONVAR-genes versus 120 for CNV-
genes). Moreover, CNV-genes had significantly higher copy
number variance, larger copy number ranges, and more extreme
maximum and minimum copy number values than did NONVAR-
genes (Figure 6). Genes covered by low-confidence CNVs had
intermediate values, but overall, they were more similar to
NONVAR-genes than to CNV-genes.

For 1777 (25.3%) CNV-genes, we observed an unexpectedly
small level of variation: for these genes, the copy number differ-
ence between any two accessions in the population was <2. One
reason for the low level of variation in these CNV-genes was their
partial overlap with AthCNVs. In these cases, the reads that
mapped to the invariable gene segments contributed to read
depth estimates, reducing the observed differences between the
accessions with distinct copy number statuses (Supplemental
Figure 8). Therefore, for all subsequent analyses, we selected only
the 5517 CNV-genes that had =50% overlap with AthCNVs. This
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Figure 6. Differences between CNV-Genes, NONVAR-Genes, and Genes
Covered by Low-Confidence CNVs in Terms of the Read Depth-Based
Copy Number Genotypes.

The genotyping datafor 7031 CNV-genes (red), 4482 low-confidence CNV-
genes (orange), and 14,877 NONVAR-genes (blue) were compared for four
attributes: the coefficient of the CNV (CV; top left), the copy numberrangein
a population represented by 1060 accessions (top right), and the minimum
(min.) and maximum (max.) copy number values (bottom left and bottom
right, respectively). For each attribute tested, CNV-genes significantly
differed from the other groups (Kruskal-Wallis test, P < 0.0001, Dunn-
Bonferroni post hoc method P-value < 0.0001). Boxplots show median
(inner line) and inner quartiles (box). Whiskers extend to the highest and
lowest values no greater than 1.5 times the inner quartile range.
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reduced the percentage of CNV-genes with low variation to
17.7%. To further investigate the possible reasons for their low
variation, we assigned each CNV-gene to its longest overlapping
AthCNV and found that all CNV-genes with little variation in copy
number were contained in only 332 AthCNVs. Moreover, 228
of these AthCNVs also encompassed CNV-genes with high
CNV (Supplemental Figure 9). This result suggested that some
AthCNVs included small nonvariable subregions, presumably not
identified during the segmentation step. We further observed that
the presence of this mosaicism was related to AthCNV size—
CNV-genes with little variation in copy number were covered by
very long AthCNVs, with a median size of 183.4 kb. For com-
parison, the median size of AthCNVs covering CNV-genes with
high CNV was 19.9 kb.

We further verified the accuracy of our read depth-based copy
number estimates by performing multiplex ligation-dependent
probe amplification (MLPA) assays using 314 accessions
(i-e., 30% of the genomes genotyped with Genome STRIP). The
experiment involved CNV-genes located in 45 nonoverlapping
AthCNVs (Supplemental Figure 10) and four NONVAR-genes.
While read depth-based genotyping provided copy number es-
timates for entire CNV-genes, by disregarding factors such as
incomplete overlap with AthCNVs, the fine-scale MLPA approach
focused on small (<75-nucleotide) target regions within the as-
sayed genes, which made it more precise but also more sensitive
to the presence of local sequence variations such as SNPs and
indels. After taking these factors into account, we were able to
explain most of the discordant results observed in our experiment
by the presence of sequence variation in MLPA probe binding sites
in the assayed accessions (Supplemental Figures 11 and 12).
Overall, the MLPA-based genotyping results were in agreement
with the read depth-based estimates for all assayed genes
(Supplemental Figures 13 to 15). For numerous multiallelic CNV-
genes, the clusters of samples with the same copy number could
be clearly distinguished by plotting the read depth-based data
against the MLPA data (Figure 7).

Interestingly, the MLPA analysis provided another, although
unexpected, piece of evidence supporting the accuracy of our
read depth-based genotyping results. Initially, we included 346
accessions in the MLPA assays. However, 32 of them were re-
cently reported as potentially mislabeled in public seed re-
positories (from which we acquired our seed collection) based on
resequencing and SNP analyses, which failed to assign these
stocks to the expected strains (Pisupati et al., 2017). In agreement
with these findings, we observed a very strong negative effect of
these 32 samples on the correlation between the read depth—
based and MLPA results (Supplemental Figure 16; Supplemental
Table 5). Consequently, we removed them from the MLPA
analysis.

Arabidopsis Population Structure Revealed by CNV Markers

The analysis of SNP markers in the 1001 Genomes Project
accessions revealed that 95% of Arabidopsis accessions belong
to one genetic group composed of several subgroups of
accessions sharing a similar geographic origin (Platt et al., 2010;
1001 Genomes Consortium et al., 2016). The remaining 5% of
accessions (referred to as relicts) form a few groups that are

genetically distant from each other and from the nonrelicts (Lee
et al., 2017). We aimed to infer Arabidopsis population structure
from CNV markers and verify its consistency with the structure
derived from SNP markers. We selected 1050 AthCNVs of various
types (deletions, duplications, and multiallelic CNVs) distributed
across the genome and used the copy numbers of the repre-
sentative CNV-genes (one gene per AthCNV) as input for principal
component analysis (PCA). We then compared our results to
population structure derived from 1001 Genomes Project SNP
markers. The first two principal components (PCs) revealed that
the population is highly structured and that the accession
groupings reflect their geographical distribution (Figure 8A), which
is consistent with the SNP-based groupings (Cao et al., 2011;
Horton et al., 2012). SNPs better distinguished the genetic sub-
groups than did the CNVs, which was an expected result, as the
subgroups were defined based on SNP variation, and SNPs
substantially outnumbered CNV markers (1001 Genomes Con-
sortium et al., 2016). However, the CNV-based analysis better
reflected the global distribution of the accessions (the directions of
the accessions’ separation were consistent with geographical
directions, north to south for PC1 and east to west for PC2, after
removing clearly unique U.S. accessions; Figure 8B).

Interestingly, CNV-based PCA revealed some similarities be-
tween the accessions that were not captured by SNP-based
grouping. The third and fourth PCs distinguished the groups
from the edges of the natural species range and highlighted the
genetic similarity of the northern Sweden accessions to the relict
genomes from southern Europe (Figure 8C). Remarkably, this
observation is in agreement with the recently proposed two-wave
expansion model of Arabidopsis across Eurasia, derived from the
analysis of the extent of relict introgression in the nonrelict ge-
nomes (Lee et al., 2017). According to this model, the populations
from different glacial refugia (relicts) expanded from the south of
Europe northward at the end of the last ice age. Subsequently, the
ancestors of today’s nonrelicts expanded along the east-west
axis, probably from the Balkans or the Black Sea area, and re-
placed the local accessions, except in the north and south of the
species range, where large introgressions from the relict genomes
(locally adapted) might have helped the nonrelicts colonize the
habitats with more severe climatic conditions.

We then compared the extent of CNV-gene copy number
changes between 1059 accessions (Col-0 was excluded from this
analysis). Tothis end, we treated all copy number genotypes =1 as
losses, all copy number genotypes >3 as gains, and all the re-
maining genotypes as unchanged. These thresholds were justified
because the median copy number value for all accessions and all
CNV-genes analyzed was 1.98. On average, copy number losses
were more frequent in all subgroups (the mean gain-to-loss ratio
was 0.5), and their amount differed among the subgroups to
agreater extent than did that of copy number gains (Figure 9A). The
subgroups least affected by CNVs were Germany (8.2%) and
Central Europe (8.6%), while the relicts (11.2%) and northern
Sweden (10.0%) subgroups were most affected. This order was in
good agreement with the general similarity of the subgroups to the
reference genome (the Col-0 accession was assigned to the
Germany group) but also confirmed the general rule that the choice
of areference genomeis acrucial step that determines the range of
variation that may be identified by a mapping-based approach.
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In individual accessions, 3.9 to 26.9% of CNV-genes were
affected by copy number changes (Figure 9B), and this broad
range was mostly caused by the differences in the number of gains
(ranging from 88 to 1068) and, to a lesser extent, by the losses
(ranging from 114 to 660). The top five accessions in terms of total
copy number changes were also the top five in terms of the number
of gains and had again-to-loss ratio ranging from0.93t02.77. Two
of the accessions were from Sweden (UlI2-5 and Sanna-2), while
the remaining accessions were U.S. accessions (KBS-Mac-74,
KBS-Mac-68, and BRR57).

r=0.958 R2=0.917

AT1G09995

6 o

.-®

. 2 4
Accessions MLPA signal
AT2G31082 r=0.865 R2=0.747
[ ]
()
. 0 2 4 6
Accessions MLPA signal
AT4G19520 r=0.986 R2=0.973
8
64, © 6 ®
3 4 O .
o Prd
2 2
0© .7
0 0 Bs
. 0 2 4
Accessions MLPA signal

Copy Number Variations in Arabidopsis Genome 1807

Gene Dosage, Gene Expression, and Missing Duplications in
the Reference Genome: SEC10 Example

Duplication of AT5G 12370, encoding the SEC10 protein involved
in exocytotic vesicle fusion, was recently discovered in the Col-
0 accession (Vukasinovi¢ et al., 2014). The SEC10 duplication is
absent from TAIR10 version of the Arabidopsis reference genome
(the reference sequence is a chimera of both copies). To determine
whether other gene duplications occur in Col-0, we manually
searched the genotyping results for the CNV-genes excluded by

r=0.979 R?2=0.959

AT1G27570

N

. 0 2 4 6 8 10 12
Accessions

MLPA signal
AT4G08990 r=0.889 R2=0.790
8 1 8
° L
6
4
2
oL 0o g
. 0 2 4 6
Accessions MLPA signal
AT5G61700 r=0.955 R2=0.912

4 6
MLPA signal

Accessions

Figure 7. Experimental Validation of Read Depth-Based Copy Number Genotyping Results.

For each CNV-gene, two scatterplots are presented: read depth—based copy numbers (CN) for 1060 accessions (left) and the correlation of the genotype
data with the MLPA results for 314 accessions (right). The same set of accessions was used in all MLPA experiments, which are labeled in red in the plots on
the left. The MLPA results were scaled for each CNV-gene using Col-0 signal as areference value (CN = 2). R, Pearson correlation coefficient; R?, coefficient

of determination of linear regression.
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Figure 8. Arabidopsis Population Structure Based on the Analysis of CNV Genotypes.

PCA was performed on 1060 accessions and on genotyping data from 1050 CNV-PCGs (left). For comparison, another PCA was performed on the same set
of accessions and 117,232 SNPs from the 1001 Genomes Project (right).

(A) PC1 and PC2 components; all accessions were included. U.S. accessions assigned to the Germany subgroup were distinguished from the other
samples.

(B) PC1 and PC2 components; U.S. accessions from the Germany subgroup were excluded from the analysis.

(C) PC3 and PC4 components; all accessions were included. The accessions in PCA plots are colored based on their 1001 Genomes Project grouping.
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Figure 9. Losses and Gains in Gene Copy Number in Arabidopsis Subgroups.

(A) Average number of gene copy number gains and losses in the subgroups.

(B) Total number of gene copy number changes in individual accessions.

our interquartile range-based filter. As a result, we identified eight
candidates that were possibly duplicated in Col-0, including
SEC10 (Supplemental Figure 17). Our genotyping results in-
dicated that the SEC70 duplication was prevalent in the Arabi-
dopsis population, as four, six, and eight copies were detected in
the diploid genomes of 1039 accessions, 14 accessions, and 1
accession, respectively, while two copies were detected in only 6
accessions (0.56%; Figure 10A). We also evaluated SEC70 ex-
pression in 601 accessions using available RNA sequencing
(RNA-seq) data (Kawakatsu et al., 2016) and observed that the
transcript levels increased in samples with elevated SEC70 copy
numbers (Figure 10B). To determine whether these differences
were also reflected at the protein level, we analyzed the SEC10
protein content in 12 accessions representing genotypes with
two, four, or six copies of SEC70. Indeed, the mean protein level
was significantly higher in accessions with four SEC710 gene
copies than in those with two copies (Figure 10C; Supplemental
Figure 18). It was also elevated in two of three accessions with six
copies compared to samples with no SEC70 duplication.

Genome-Wide Association Study of CNVs

Several studies have provided evidence that CNVs account
for a substantial amount of phenotypic variation. In particular,
presence-absence polymorphism of resistance genes that are
involved in race-specific recognition of pathogen avirulence de-
terminants (McHale et al., 2006) contributes to plant resistance

phenotypes. In Arabidopsis, CNVs affect numerous loci related to
biotic responses, including RPM1, RPS5, RLM1, RLM3, RPP1,
RPP5, and RPP7 (Grant et al., 1998; Henk et al., 1999; Yi and
Richards, 2009; Roux and Bergelson, 2016). A previous genome-
wide association study revealed strong SNP associations for four
hypersensitive response phenotypes to Pseudomonas elicitor
proteins: AvrPphB, AvrB, AvrRBpom1, and AvrRpt2 (Atwell et al.,
2010). Single candidate loci encoding known resistance genes
could be associated with these SNPs: RPS5 for AvrPphB, RPM1
for AvrB and AvrRpom1, and RPS2 for AvrRpt2. According to our
results, RPS2is not a CNV-gene; therefore, the association for this
gene likely resulted from small-scale variation. We wanted to find
out, however, whether the remaining two genes, for which the
impact of gene deletion on pathogen resistance has been con-
firmed previously (Grant et al., 1998; Stahl et al., 1999, Karasov
et al., 2014), could be directly distinguished in an association
analysis using our genotyping data. To test this possibility, we
selected 23 defense-related phenotypes from the Atwell et al.
(2010) study, including the four hypersensitive response pheno-
types mentioned above (Supplemental Data Set 6). This medium-
sized data set consisted of 76 to 175 accessions per phenotype,
51 to 117 of which were shared with our study. Using CNV-gene
statuses (gain, loss, or no change) as genetic markers, we filtered
the CNV-genes using a 1% minor allele frequency threshold,
which left only 2519 CNV-genes. We then evaluated their asso-
ciation with each phenotype using a linear mixed model correcting
for population structure (efficient mixed-model association

€20z AINr €1 uo Jesn Ny feuzoluebioolg nwayd ImAISU Ad 67951 L9/26. L19/Z€/2101MEY|199]d/woo"dno-oluspesey/:sdjy wolj pepeojumod



1810 The Plant Cell

A
r=0.399
8- L]
6 6
= o
&) e
4 ‘g‘%\
, % p * 2 e
0
0f . 0 2 4 6 8
Accessions MLPA signal
B C
n=1 n=592 n=8 n=3
T 6000 s 1800
@
c c
S 5000 i 1600
E
o <1200
gmoo £
2 & 900/ =
$ 3000 =
P 2 600 .
8 3
N
= 2000 < £ 300]  m—
E = .
2 1000 ) ) o °
2 6 2 6

4 4
CN group CN group

Figure 10. Prevalence of the Duplication of the SEC70 Gene and Its Effects on Transcript and Protein Levels.

(A) SEC10 gene copy number in the Arabidopsis population. (Left) Read depth-based copy number (CN) genotypes plotted for 1060 accessions. (Right)
Verification of the genotyping data with MLPA assays for 314 accessions. The MLPA signal was scaled to that of the Col-0 accession (marked in black, CN =
4). R, Pearson correlation coefficient.

(B) Distribution of RNA-seq normalized transcript levels among accessions grouped by the copy number class. White boxplots show median (inner line) and
inner quartiles (box). Whiskers extend to the highest and lowest values no greater than 1.5 times the inner quartile range, and dots represent the
measurements in individual accessions. Asterisks indicate significant differences based on Welch’s t test (***, P < 0.01). Significance was not calculated for
the copy number (CN) = 2 group, which included only one sample.

(C) SEC10 protein levels in 3-week-old plants grouped by copy number class. Horizontal lines represent the mean protein level in each group, and the dots
represent the measurements in individual accessions. Asterisks indicate significant differences based on Student’s t test (**, P < 0.05). The data were
averaged from the measurements of four SEC10 peptide fragments identified by mass spectrometry. The quantification results for individual peptides are
presented in Supplemental Figure 18. In each plot, the accessions are colored according to the copy number (CN) classes manually assigned based on the
genotyping data: CN = 2 (purple), CN = 4 (blue), CN = 6 (orange), and CN = 8 (red). The accession with the lowest unrounded copy number assigned to the
CN = 4 group is KBS-Mac-74 (marked by a black arrow in the left plot); for this accession, the presence of a tandem duplication was confirmed by a BLAST
search of the SEC70 nucleotide sequence against a nanopore-based genomic assembly, confirming the correct group assignment.

expedited). For eight phenotypes, we obtained significant asso-
ciations with one to eight CNV-genes (Supplemental Figure 19).
Among these, the strongest were single-gene associations
with three phenotypes of interest: avrPphB (RPS5 gene, -log,
P-value = 16.27),avrB (Rom1 gene, -log,, P-value = 6.81), and
avrRom1 (Rpm1 gene,-log,, P-value = 6.07). Theseresults are
in perfect agreement with previous results (Figure 11). This
serves as a proof of concept that CNVs can serve as powerful
and informative markers for traits where copy number poly-
morphism is a causative agent of the observed phenotypic
variation.

DISCUSSION

Analysis using SNP patterns combined with transcriptomic,
proteomic, and phenotypic data has led to the efficient discovery
of gene function. However, within the last decade, it has become
increasingly clear that variation in gene dosage may also lead to
phenotypic diversity within a species. Therefore, copy number
genotypes must also be considered when attempting to uncover
the genetic basis of many traits (Stankiewicz and Lupski, 2010;
Zmienko et al., 2014). To date, unlike our knowledge about SNPs,
our inadequate understanding of CNV locations and frequencies
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Figure 11. Association of Gene Copy Number Losses in Arabidopsis with Defense Phenotypes.

(A) AvrPphB phenotype.
(B) AvrB phenotype.

(C) AvrRpm1 phenotype. Left panels show Bonferroni-corrected P-values from association analysis; right panels show copy number allele distribution for

significantly associated CNV-genes.

in the Arabidopsis 1001 Genomes collection has limited our ability
to identify links between genotype and phenotype in this model
dicot. Here, we performed an integrative study involving detailed
characterization of CNVs in the Arabidopsis genome and their
impact on gene dosages. Our map, based on the WGS data for
1064 accessions, substantially extends the list of identified re-
gions with structural variation in this plant obtained from previous
studies (Cao et al., 2011; Long et al., 2013). We also performed
extensive experimental verification of the genotyping results: we
assayed 45 CNV-genes, all in the same set of 314 randomly se-
lected accessions, which guaranteed that the results were not
biased toward presenting only a subset of data with the strongest
correlations for each CNV. We obtained high concordance be-
tween the read depth-based copy numbers and the MLPA signals
not only for deletions but also for rare duplications and multiallelic
CNV-genes, which is worth noting since experimental verification
of duplications has been performed occasionally in large-scale

CNV discovery studies in plants (Springer et al., 2009; Swanson-
Wagner et al., 2010; Saintenac et al., 2011; Zheng et al., 2011;
McHale et al., 2012; Mufioz-Amatriain et al., 2013; Yu et al., 2013).

Similar to studies involving other plant species (Chiaetal.,2012;
Mufoz-Amatriain et al., 2013; Hardigan et al., 2016), we reported
high but uneven genome coverage by CNVs in Arabidopsis. We
hypothesize that the distribution of CNVs in the genome results
from structural and functional constraints on their formation and
preservation. The structural constraints may be reflected by the
increased representation of tandem duplicates among the CNV-
genes identified in our study, which is consistent with the previous
finding that CNV regions are hotspots of both past and present
large-scale variations (Schuster-Bockler et al., 2010; Jiao and
Schneeberger, 2020). The functional constraints might cause
highly conserved genes and genes encoding proteins involved in
numerous interactions within the cell to be underrepresented in
CNV regions due to the usually negative effect of changes in their
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dosages (Krylov et al., 2003; Platt et al., 2010). In line with this
observation, the CNV-genes detected in our study were enriched
for less conserved genes, that is, Arabidopsis-specific genes and
genes of unknown function. The changes in gene dosage may also
provide immediate benefits, for example, a rapid increase in the
amount of the enzyme providing drug or herbicide resistance.
Indeed, there are several examples highlighting the dynamics of
CNV-based adaptation (Harms et al., 1992; Jones et al., 1994;
Caretto et al., 1995; Gaines et al., 2010; Kondrashov, 2012).
Drawing from nature, processes that induce local changes in DNA
copy might therefore be adopted to breed plants with desired
traits. However, deeper knowledge about the mechanisms of CNV
formation as well as the function of yet-uncharacterized genes is
needed to achieve this goal.

AthCNV regions were highly enriched in class | and class Il TEs
and, similar to the TEs, were unequally distributed across the
genome. Indeed, TEs are overrepresented in regions with struc-
tural variation (Huang et al.,2008; Caoetal.,2011; Ganetal.,2011;
Niu et al., 2019). There is no bias in the localization of newly in-
serted TEs; however, the deletion of TEs is an ongoing, active,
selective process that is largely responsible for the TE distribution
pattern in the Arabidopsis genome (Quadrana et al., 2016). A
comparison of the genomes of three Arabidopsis accessions, Col-
0, Bur-0, and C24, revealed multiple polymorphic TEs for which
large deletions were the most common type of variation (93%;
Wang et al., 2013). TEs proximal to genes were less variable than
distal TEs, suggesting that nearby genes have a negative effect on
TE divergence, probably due to stronger selective constraints in
these regions. By contrast, TE proximity was positively correlated
with the level of small-scale mutations (SNPs and 1-to 3-bpindels)
in the genes, pointing to a link between TEs and gene sequence
variation. Our observations are in agreement with previous results,
and they demonstrate that the variation statuses of genes and TEs
are tightly linked and jointly contribute to the unequal distribution
of these elements in the genome.

Early studies indicated that the genomes of individual Arabi-
dopsis accessions contain segments not present in the reference
genome. The total length of the new sequences in these genomes
ranges from 1.3 to 3.3 Mbp (Ossowski et al., 2008; Gan et al.,
2011). A recent analysis of the de novo assemblies of seven
accessions showed that duplications are the most prevalent type
of large CNV (Jiao and Schneeberger, 2020). Because of the
limitations of short read—based sequencing (Alkan etal., 2011), we
did not use de novo assembly-based approaches for CNV dis-
covery; therefore, our study focused exclusively on regions that
were present in the reference genome. Consequently, we de-
tected copy number losses more frequently than copy number
gains in most accessions. Nevertheless, by applying population-
scale genotyping, we were also able to identify regions missing
from the reference genome in our analysis represented by the Col-
0 accession, including the recently described duplication of the
SEC10 gene (Vukasinovi¢ et al., 2014). Homozygous mutant lines
with T-DNA insertions in only one SEC70 gene had no obvious
mutant phenotype; by contrast, introducing mutations in SEC6 or
SECS8, which also encode components of the multiprotein exocyst
complex, led to defects in pollen-specific transmission. SEC10
and its duplicate, which share 99% sequence identity, are thought
to be functional and complementary (Vukasinovi¢ et al., 2014).

Here, we showed that the natural duplication of the SEC70 gene is
correlated with the increased transcription and production of
SEC10 protein. Thus, our results strongly support the opinion of
Vukasinovic¢ et al. (2014) on the role of SEC10 duplication in the
Arabidopsis Col-0 accession. This example also highlights the
importance of carefully considering the genetic background in
functional and comparative studies. Therefore, we believe that the
AthCNV map and the patterns of gene CNV resulting from our
study will provide a valuable resource to the Arabidopsis com-
munity. They may, for example, guide the selection of the most
appropriate sets of accessions for downstream analyses when
investigating individual regions in the genome, regardless of
whether the presence or lack of variation between these ac-
cessions is the main point of interest. As we demonstrated for
hypersensitive response phenotypes in Arabidopsis, the copy
number data may also complement SNP markers in genome-wide
association studies (Fuentes et al., 2019), or to some extent
supplement the small number of appropriate plant mutants in
comparative functional analyses.

Because of their repetitive nature and the abundance of TE
elements, CNV hotspots may accumulate duplications, deletions,
and other rearrangements. These rearrangements may be trig-
gered by various mechanisms (Gu et al., 2008; Gabur et al., 2019;
Krasileva, 2019). Except for nonallelic homologous recombination
events, which lead to recurrent copy number changes with nearly
identical breakpoints, the CNV breakpoints in a given region may
vary among individuals/accessions. The increasing availability
and improvement of the accuracy of long-read DNA sequencing
may facilitate more detailed characterizations of such com-
plex CNVs (Michael et al., 2018; Jiao and Schneeberger, 2020).
However, the use of population genetics based on chromosome-
level sequence assemblies for large numbers of individuals is still
a future goal. We observed high consistency between AthCNVs
placed at our map, whichis amap of merged CNVs and is therefore
representative of the entire population rather than individuals, and
the variants detected in individual accessions. Thus, we believe
that the AthCNV map showing common CNVs in the Arabidopsis
genome, combined with the CNV-gene genotyping data, will serve
as a useful reference for future studies on variation in Arabidopsis
at multiple levels.

METHODS

Data Preprocessing for CNV Discovery and Analysis

The raw reads for 1001 Genomes Project whole-genome shotgun se-
quence data were downloaded from the National Center for Biotechnology
Information Sequence Read Archive repository (PRINA273563; https://
www.ncbi.nlm.nih.gov/bioproject/PRINA273563). Processed RNA-seq
data (normalized counts) for 728 accessions were downloaded from the
Gene Expression Omnibus repository (PRINA319904; https://www.ncbi.
nim.nih.gov/bioproject/?term=PRJNA319904). The CNV and large indels
discovery pipeline was set up based on freely available published tools.

Data Filtering and Quality Analysis

FastQC v.0.11.5 (https://www.bioinformatics.babraham.ac.uk/projects/
fastqc) and Trimmomatic v.0.36 (Bolger et al., 2014) were used for read
quality analysis and preprocessing. Briefly, the lllumina/Nextera adapter
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sequences were removed, and the leading and trailing sequences with low
base quality (<15) were trimmed. Reads with <30 bases and an average
quality score <20 were removed. Finally, reads with a local drop in base
quality (average quality <15 measured with a four-base sliding window)
were removed. For 45 accessions, fewer than 50% reads or 5,000,000
reads remained following the quality-based filtering, and these accessions
were excluded from further analysis (Supplemental Data Set 7). The se-
quencing data for most rejected accessions were generated during the
early stage of the 1001 Genomes Project (Cao et al., 2011), and we decided
to remove all data generated at that stage (26 additional accessions) due to
their overall lower quality and variable read lengths. The final data set for
1064 accessions was further processed with mapping and CNV detection
tools following program-specific parameter optimization, as described
below. For 23 accessions, we were unable to extract information about
read pairs from the downloaded files; therefore, they were analyzed with
read depth-based methods only.

Read Mapping and Marking Duplicates

The genomic reads were mapped to the TAIR10 reference genome as-
sembly using BWA-MEM v.07.15 (Li and Durbin, 2010) and mrsFAST
v.3.3.0 (Hach et al., 2014) with default parameters. For mrsFAST mapping,
all reads within one sample were first trimmed to obtain a uniform length,
and the final read length was calculated separately for each sample based
on the largest value that allowed at least 80% of the reads to be kept after
trimming. Picard Tools v.2.7.1 (http://broadinstitute.github.io/picard/) and
SAMTools v.1.3.1 (Li et al., 2009) were used for data sorting and duplicate
removal, respectively. For Genome STRiP analysis, the duplicates were
marked, but not removed, to ensure that no unpaired reads remained after
the duplicate removal step, since Genome STRIP requires the availability of
only paired reads in the input data.

Calculating the Window Size for Read Depth-Based Methods

The number and lengths of the CNV calls when read depth-based methods
are used depend on the window/bin size selected for the data-partitioning
step. The bin size is a function of coverage, read length, and data quality. To
account for all these variables, a bin size evaluation step was performed
before the CNV calling step. For CNVnator, the suggested optimal bin size
was that for which the ratio of the average read depth signal to its so was ~4
to 5. We calculated statistics for a wide range of bin sizes (100 to 1500
bases, with 100-base increments) for all samples (Supplemental Data Set
8). The selection of a very small bin size (100 bases) to ensure the highest
sensitivity and resolution was justified for multiple samples, but not for
all. Because large discrepancies in the CNV lengths and number
between the samples might interfere with the subsequent merging
process, we narrowed the acceptable bin size range to 400 to 800
bases. The final bin size was then selected for each sample within this
range by determining the smallest value for which the ratio of the
average read depth to its sp would be at least 4. For 174 samples, the
ratio did not reach the threshold, and they were analyzed with
a maximal bin size (800 bases). For Control-FREEC, to evaluate the
optimal window size, the coefficient of variation for the read depth
data was calculated for a wide range of window sizes, as suggestedin
a previous report (Boeva et al., 2011). For the final analysis, an
overlapping sliding window of 800 bases with a step size of 400 bases
was chosen. When this window size was used, the coefficient of
variation was below 0.1 for 1025 of 1064 samples (the suggested
threshold was 0.05 to 0.1; Supplemental Table 6). We noticed that the
optimal window size was similar to the CNVnator bin size parameter,
therefore enabling the subsequent comparison and merging of the
outputs of the two programs.

Copy Number Variations in Arabidopsis Genome 1813

Calculating the Insert Size Distributions for the Methods Relying on
Paired-End Reads

BreakDancer, VariationHunter, and Pindel require insert size range
thresholds as input parameters. The insert size distribution in each se-
quencing library was therefore evaluated with Picard Tools. At this step, 44
accessions were removed from analyses with these callers due to the
bimodal distribution of the insert sizes (Supplemental Figure 20; Chen et al.,
2009). The upper and lower threshold cutoffs were then calculated for the
remaining libraries using two alternative approaches based on either the
mean insert size = 4 sb or the median insert size = 5 median absolute
deviation, and the maximum result of the two approaches was chosen.

CNV and Large Indels Discovery Pipeline

Variants were called by three read depth—based callers (CNVnator, Control-
FREEC, and Genome STRiP-CNV pipeline), two discordant read pair—
based tools (BreakDancer and VariationHunter), a split read-based tool
(Pindel), and a combination of the above-mentioned approaches (the
Genome STRIP-SV pipeline). CNV calling was performed with each tool as
specified below. Subsequently, acommon filter based on size (50 to 499 bp
for large indels and at least 0.5 kb for CNVs) and genomic location was
applied to the outputs of each caller. Specifically, variants overlapping with
assembly gaps larger than 50 bp (with 50-bp borders) or regions close to
the chromosome ends (<1 kb) were discarded. Additional filters specific for
each CNV calling algorithm are described below.

CNVnator

BWA-MEM alignments were used to call duplications and deletions with
CNVnator v.0.33 (Abyzov et al., 2011) based on read mapping density,
separately for each accession, with nonoverlapping windows. The read
depth signals were corrected for GC bias with a script implemented in the
tool. The raw duplication and deletion calls were filtered based on variant
size and genomic location. Additionally, to select the calls with the highest
confidence, we applied a qO filter (QO describes the fraction of reads with
a mapping quality of 0 in the called CNV; a high q0 indicates mapping
uncertainty due to a lack of uniqueness in the region). Calls witha q0 = 0.5
were removed. Finally, the read depth threshold was applied to remove
uncertain calls (i.e., deletion calls with a normalized read depth >0.5 and
duplication calls with a normalized read depth <1.5).

Control-FREEC

Aligned BWA-MEM BAM files for each sample were used to detect regions
with gains and losses with Control-FREEC v.9.3 (Boeva et al., 2011) using
sliding windows. The average GC content of the Arabidopsis genome
varies from 32% in the noncoding regions to 44% in the coding regions;
therefore, we set the parameters for GC normalization as follows: minE-
xpectedGC = 0.3 and maxExpectedGC = 0.45. The telocentromeric
parameter was set to 0 because it was included in our common filter. The
breakPointThreshold value for the segmentation of normalized profiles was
set to 0.6 (default is 0.8) to increase sensitivity and obtain more segments
(and thus more predicted CNVs). The normalized read depth thresholds for
CNV detection were =0.25 for loss and =1.75 for gain.

BreakDancer

The BreakDancerMax program from the BreakDancer package v.1.3.6
(Chen et al., 2009) was used to detect CNVs in each of 997 samples with
paired-end data. Calls were made separately for each sample and each
chromosome. The raw results that were indicative of CNVs (deletions or
insertions) were filtered by a method-specific filter based on the number of
supporting read pairs and the confidence score value. Calls with five or
more supporting read pairs and confidence scores >30 were retained. For
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calls supported by less than five read pairs, the confidence score threshold
was raised to 90.

VariationHunter

DIVET files with mrsFAST read alignments were used as the input data (for
each sample separately) for VariationHunter v.0.04 (Hormozdiari et al.,
2009). The analysis consisted of two main steps: the first step involved the
clustering of discordant paired-end read mappings. This was performed
with the default parameter values, which resulted in read pairs with more
than 500 alternative mapping positions being discarded (-x 500) and low-
quality ambiguous mapping alternatives being removed with a pruning
parameter (-p 0.001). The required genome.satellite.bed and ge-
nome.gap.bed files were prepared with in-house scripts from the Re-
peatMasker v.4.0.7 output. The second step of VariationHunter analysis
was the selection of variants from the created clusters. This was performed
with a mismatch score (-ms 0.1) to increase the penalty for reads that were
not mapping perfectly; additionally, a heuristic algorithm (-wh) was used
with the conflict resolution version (-cr) instead of the greedy algorithm,
since this algorithm preferred calls that had reads with decreased multiple
mapping, and for reads that had multiple mapping, the mapping with
alower edit distance was preferred. A high number of calls were produced
as an initial output (-t 10,000) that were subsequently pruned based on the
supporting reads information. Additionally, only regions with an average
edit distance (AvgEditDits) = 3 were retained. Eventually, all insertion calls
were removed after applying the common filter (Supplemental Table 1)
because they were shorter than the lower size threshold.

Pindel

Pindel v.0.2.5b8 (Ye et al., 2009) was used for CNV detection (deletions,
insertions, and tandem duplications) in individual samples from BWA-MEM
alignments of paired-end reads with the following parameters. The max-
imum size of the structural variations and the window size were set to the
default values (-x 5 -w 10), the balance cutoff was set to 0 (-B 0), and the
median of the insert size was calculated for each sample (see above). All
insertion calls were shorter than 500 bp, and they were eventually removed
with the common filter (Supplemental Table 1).

Genome STRIP

BWA-MEM alignments of all 1064 samples were used as input for
Genome STRIP v.2.00.1774 (Handsaker et al., 2015). The software required
the precomputing of reference metadata based on the ArabidopsisTAIR10
genome sequence, as described in the software documentation (http://
software.broadinstitute.org/software/genomestrip/node_ReferenceMetadata.
html). All required information was generated according to this docu-
mentation except for the Icmask.fasta file (low-complexity mask), where
the regions marked as Low complexity, Satellites, and Simple repeat
were obtained from RepeatMasker results. Additionally, the TAIR10 ref-
erence sequence contained ambiguous nucleotides, which were not
permitted by the CNVDiscoveryPipeline script. Therefore, the positions
with nucleotides otherthan A, C, G, T, or N were changed to N and masked
in the genome alignability mask (svmask file) by our own scripts. CNV
discovery in Genome STRiP was performed with two separate modes, both
of which were preceded by summary metadata computations (SVPre-
process script). This step was run with the default values. Large deletions
were then identified in the entire population using the SVDiscovery script
with the minimum (-minimumSize) and maximum (-maximumSize) event
sizes set to 500 and 1,000,000, respectively. The SVDiscovery pipeline
scanned the genome for polymorphic sites with large deletions only. The
method was initially seeded with aberrantly spaced read pairs and used the
read depth as secondary support for the variant sites. All types of CNVs
(biallelic duplications, biallelic deletions, and multiallelic variants) were

detected separately with the CNVDiscoveryPipeline script in the entire
population with the following parameters: -tilingWindowSize 1000, -ti-
lingWindowOverlap 500, -maximumReferenceGapLength 1000, -boun-
daryPrecision 100, and -minimumRefinedLength 500. The CNVDiscovery
Pipeline script implemented a pipeline for discovering CNVs by seeding
based ontheread depth of the coverage. CNVs that passed through all read
signature filters were retained. The outputs of both pipelines were treated
as separate data sets.

Variant Merging and Breakpoint Refinement for CNV Discovery

The CNVs were merged, and the breakpoints were refined as follows. (1)
Within-tool merge. Variants =0.5 kb detected in individual samples by
CNVnator and Control-FREEC were merged separately for each caller and
for each CNV type (gains and losses) with 50% reciprocal overlap as
acriterion. CNVs detected in fewer than two accessions were subsequently
discarded. This step eliminated the initial data redundancy and enabled the
subsequent comparison of population-based and sample-based CNV
calls. (2) Inter-tool merge. A union of all CNVs detected with read depth and
hybrid approaches was created by combining the merged-CNVnator,
merged-Control-FREEC, Genome STRiP-CNV pipeline, and Genome
STRiP-SV pipeline outputs. To remove redundancy, the variants were
merged using reciprocal overlap =80% as a criterion, which resulted in
34,366 CNVs. (3) CNV breakpoint refinement. The breakpoints of the
merged variants were refined by prioritizing the information obtained from
the most accurate methods. Individual variants from BreakDancer, Var-
iationHunter, and Pindel that reciprocally overlapped the merged CNVs by
at least 80% were used in this step (Supplemental Table 2). If any variants
called by the hybrid method (which combines information from the spilit
reads and discordant read pairs at the population level) supported the
merge, the maximal coordinates of these variants were used. For the re-
maining CNVs, if the split read-based variants supported the merge, the
maximal coordinates of these variants were used. For any CNVs remaining
after this step, if any discordant read pair-based variants supported the
merge, the maximal coordinates of these variants were used. Finally, for the
CNVs that still remained, the averaged boundaries of the variants predicted
by read depth-based methods were set. (4) CNV selection. We selected
19,003 high-confidence CNVs (supported by two or more different callers)
for the final AthCNV data set (Supplemental Table 1). Unless otherwise
indicated, these CNVs were analyzed further.

Variant Merging and Breakpoint Refinement for Large Indel
Discovery

Large indels were merged, and the breakpoints were refined as follows. (1)
Within-tool merge. Variants 50 bp to 499 bp detected in individual samples
by BreakDancer and VariationHunter were merged separately for each
caller with 80% reciprocal overlap as a criterion. Variants detected in fewer
than two accessions were subsequently discarded. This step eliminated
the initial data redundancy. (2) Inter-tool merge and breakpoints re-
finement. Variants overlapping each other by at least 80% were merged
and their breakpoints were set by prioritizing the information obtained from
the most accurate methods, in the same manner as for CNVs. As aresult,
we obtained 70,137 variants.

Detection of CNVs in the KBS-Mac-74 Genome Assembly

The KBS-Mac-74 genomic assembly based on Oxford Nanopore long
reads was downloaded from the European Nucleotide Archive Genome
Assembly Database (PRJEB21270; https://www.ebi.ac.uk/ena/data/view/
PRJEB21270). We aligned this assembly to the reference genome (TAIR10)
with the nucmer aligner in the MUMmer package (Margais et al., 2018),
followed by variant detection with Assemblytics (Nattestad and Schatz,
2016). For comparison with the AthCNV data set, 1551 KBS-Mac-74
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variants that were at least 500 bp long were selected and paired with the
best matching AthCNVs.

CNV Genotyping with Genome STRiP SVGenotyper

The genome STRiP SVGenotyper module was used to genotype genes in
each accession. Prior to genotyping, the nonunique segments in the
reference genome were identified by creating subsequence strings with
40-bp sliding windows and a 1-bp step and aligning them with the reference
genome; the nonunique segments were masked. This approach was
shown to be successful for distinguishing between highly similar paralogs
and resulted in more accurate genotyping (Handsaker et al., 2015). All
variants in the input vcf files were marked with a SVTYPE tag specifying
ageneral copy number variant (“CNV”). The genotyping failed for 4 of 1064
accessions, and these data were removed. We ultimately obtained the
genotyping data for 26,845 genes. A comparison of the unrounded copy
numbers and integer copy number genotypes with the results of the MLPA
assays for a subset of CNV-genes indicated that the copy number gen-
otypes were frequently not correctly assigned by the SVGenotyper.
Therefore, we did not use the genotype confidence filter integrated into the
software. Instead, a custom filter based on the unrounded copy number
distribution in the Col-0 accession was used to mark and remove outliers,
defined as genes falling below (lower quartile minus 3* sp) value or above
(upper quartile plus 3* sp) the value of the copy number range distribution in
this accession. The threshold values were calculated separately for CNV-
genes, genes overlapped by low-confidence CNVs, and NONVAR-genes.
This step resulted in 7031 CNV-genes (5517 of them had at least 50%
overlap with the CNVs), 4482 genes overlapped by low-confidence CNVs
(2874 overlapped by at least 50%), and 14,877 genes not overlapped by
any CNVs in the genotyping data.

Annotation and Analysis of CNV-Genes

The centromere positions were defined as described previously (Clark
et al., 2007). The genes and noncoding elements in the CNV regions were
located using Araport 11 annotations (Cheng et al., 2017). GO analysis was
performed with Panther Tools (Panther database v.13.1; Mi et al., 2013).
The classification of the gene duplication types (tandem versus block) and
gene family specificity analysis were conducted based on information
retrieved from the Plaza v.4.0 database (Van Bel et al., 2018). For PCA,
1050 CNV-genes were manually selected based on the distribution of the
copy number genotypes (at least two visibly distinguishable copy number
classes) and the genomic location (one CNV-gene represented one
AthCNV variant; selected AthCNVs were located throughout the entire
genome: 390inchromosome 1[Chr1],153in Chr2,203in Chr3,129in Chr4,
and 175 in Chrb5). The analyses were performed with the R-3.5.0 package
prcomp(). Graphical representations of CNVs and genes in the genome
were prepared with IGV v.2.3.90 (Robinson et al., 2011), circos-0.69.6
(Krzywinski et al., 2009), and TAIR Chromosome Map Tool (https://www.
arabidopsis.org/jsp/ChromosomeMap/tool.jsp).

SNP Analysis

SNP data (1001genomes_snp-short-indel_only_ACGTN_v3.1.vcompared
withsnpeff file) were downloaded from the 1001 Genomes Project server.
PLINK v.1.90b3w program (https://www.cog-genomics.org/plink2) was
used for data preprocessing. Only SNP data for 1060 accessions for which
we also had CNV genotyping data were used. Variants with missing call
rates exceeding value 0.5 as well as variants with minor allele frequency
below 3% were filtered out. The LD parameter for linkage disequilibrium-
based filtration was set as follows: —indep-pairwise 200’kb’ 25 0.3. The
resulting 117,232 SNPs were used for PCA analysis with EIGENSOFT v.7.2.
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1 (Price etal., 2006). The ggbiplot and ggplot2 packages were used for data
visualization in the R version 3.6.1 environment.

Genome-Wide Association Study of CNV Data

Defense-related phenotypes (Atwell et al., 2010) were downloaded from
the Arapheno database (Togninalli et al., 2019). For the genome-wide
association study, we treated all copy number genotypes =1 as losses,
all copy number genotypes >3 as gains, and all the remaining genotypes as
unchanged. After filtering the CNV-gene data set with a 1% minor allele
frequency threshold, 2519 CNV-genes remained in the analysis. Input files
were preprocessed with PLINK v.1.90b3w. The IBS kinship matrix was
calculated using SNPs for 1060 accessions. Association analysis was
performed for each phenotype using a mixed model correcting for pop-
ulation structure using Efficient Mixed-Model Association eXpedited,
version emmax-beta-07Mar2010 (Kang et al.,, 2010). To declare the
threshold for significant association, we used Bonferroni correction. Re-
sults were further processed using the ggman package in R.

Experimental Procedures

Plant Materials and Growth Conditions

Arabidopsis seeds were obtained from The Nottingham Arabidopsis Stock
Centre. The seeds were surface-sterilized, vernalized for 3 d, and grown on
Jiffy pellets in ARASYSTEM containers (BETATECH) in a growth chamber
(Percival Scientific). A light intensity of 175 pmol m~2 s~ with proportional
blue, red, and far red light was provided by a combination of fluorescent
lamps (Philips) and GroLEDs red/far red LED Strips (CLF PlantClimatics).
Plants were grown for 3 weeks under a 16-h light (22°C)/8-h dark (18°C)
cycle, at 70% RH, with nourishment from Murashige and Skoog medium,
0.5X (Serva). A list of accessions used in the experiments is available in
Supplemental Data Set 7.

DNA Extraction and MLPA Assays

DNA was extracted from leaves with a DNeasy Plant Mini Kit (Qiagen). The
MLPA assays were performed as described previously (Samelak-Czajka
etal., 2017) using 5 ng of DNA template with the SALSA MLPA reagent kit
FAM (MRC-Holland). The MLPA products were separated by capillary
electrophoresis in an ABI Prism 3130XL analyzer at the Molecular Biology
Techniques Facility in the Department of Biology at Adam Mickiewicz
University, Poznan, Poland. The results were analyzed with GeneMarker
v.2.4.2 (SoftGenetics). Whenever possible, to minimize the risk of in-
corporating SNPs and indels that might affect the probe hybridization step
for some accessions, the MLPA probes were designed within regions of
minimal sequence variation, as verified by examining vcf files for 1135
accessions obtained from the 1001 Genomes Project website (1001
Genomes Consortium et al., 2016). The genomic target sequence coor-
dinates for the MLPA probes are provided in Supplemental Table 7.

Protein Extraction and Quantification

Proteins were extracted using the phenol method (Hurkman and Tanaka,
1986). The protein pellet was solubilized in 100 mM ammonium bi-
carbonate for 2 h with three cycles of sonication using asonic bath every 0.5
h. The protein concentration was determined using a bicinchoninic acid
assay (Pierce). For quantification, 10 pg of total protein was reduced, al-
kylated, and digested with trypsin (Luczak et al., 2016). Each sample was
prepared for digestion in duplicate. For each run, 1.5 g of protein digest
was subjected to nano-liquid chromatography-tandem mass spectrom-
etry analysis using a Dionex UltiMate 3000 chromatograph and a Q-Ex-
active Orbitrap mass spectrometer (Thermo Fisher Scientific) as described
previously (Luczak et al., 2016). After each liquid chromatography-tandem
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mass spectrometry run, the raw files were analyzed by MaxQuant (Cox and
Mann, 2008). Quantitative analysis of the experimental groups was based
on the label-free quantification intensities. The statistical analyses were
performed using Perseus v.1.6.1.3.

Accession Numbers

A detailed list of the accessions and individual data sets used for CNV
discovery is provided in Supplemental Data Set 7. The genomic coor-
dinates of CNVs identified in the current study are listed in Supplemental
Table 2. The genotyping results for the genes can be accessed through the
web interface at http://athcnv.ibch.poznan.pl as user-generated scatter-
plots that present the copy number values and their distribution across the
different genetic groups.

Supplemental Data

Supplemental Figure 1. Comparison of the variants generated by the
callers prior to data merging.

Supplemental Figure 2. Fractions of large duplications and deletions
detected in the genomes of individual accessions assembled de novo
from long reads that overlap with AthCNVs.

Supplemental Figure 3. Chromosome map of 100 genes with
evidence for duplication/deletion in A. thaliana that overlap with
AthCNVs.

Supplemental Figure 4. Differences in the number of CNVs over-
lapping with various genetic elements in the A. thaliana genome.

Supplemental Figure 5. Relative distances between genes and TEs
and their relationship with CNV status.

Supplemental Figure 6. The accuracy of gene copy number esti-
mates in a complex CNV region calculated for CNV-gene intervals
versus AthCNV intervals.

Supplemental Figure 7. Differences between automatic and manual
assignment of CNV-gene integer copy numbers from sequencing
data.

Supplemental Figure 8. Read depth-based copy number estimates
for CNV-genes partially overlapping with CNV regions.

Supplemental Figure 9. Example of a long CNV with a non-uniform
pattern of variation of CNV-genes overlapped by this variant.

Supplemental Figure 10. Chromosome map of CNV-genes subjected
to experimental verification with MLPA.

Supplemental Figure 11. Intermediate copy number values reported
by Genome STRIP for a gene partially covered by CNV.

Supplemental Figure 12. The influence of small-scale sequence
variations on oligonucleotide MLPA probe signal and concordance
with read depth-based data.

Supplemental Figure 13. Experimental validation of copy number
genotypes for NONVAR-genes.

Supplemental Figure 14. Experimental validation of copy number
genotypes for CNV-genes with rare duplications (<1%).

Supplemental Figure 15. Experimental validation of copy number
genotypes for CNV-genes with common (=1%) copy number
polymorphism.

Supplemental Figure 16. The effect of stock misidentification on the
correlation of sequencing-based (source data from the 1001 Genomes
Project) and in-house experimental genotyping results.

Supplemental Figure 17. Histograms of gene copy number distribu-
tion for CNV-genes that are likely duplicated in the Col-0 accession.

Supplemental Figure 18. Results of mass spectrometry-based
identification of SEC10 peptides.

Supplemental Figure 19. Results from GWAS of defense-related
phenotypes and CNV-gene data.

Supplemental Figure 20. Insert size distributions in paired-end libraries.

Supplemental Table 1. Variants >0.5 kb in size considered to be copy
number changes discovered by each caller in the A. thaliana population.

Supplemental Table 2. CNVs resulting from the inter-tool merging of
variants (80% RO) and their support by individual callers.

Supplemental Table 3. Gene family specificity of CNV-genes.

Supplemental Table 4. Superfamily composition of A. thaliana TEs
and its comparison with CNV-TEs and CNV-TEs located within +/— 2
kb distance from the genes.

Supplemental Table 5. Effect of excluding suspicious stocks on the
correlation of read depth-based and MLPA-based genotyping results.

Supplemental Table 6. Coefficients of variation (CVs) of read depth
values in Control-FREEC analysis.

Supplemental Table 7. List of genomic regions targeted by MLPA
probes.

Supplemental Data Set 1. CNVs detected in the A. thaliana genome.

Supplemental Data Set 2. Large indels detected in the A. thaliana
genome.

Supplemental Data Set 3. CNVs at least 0.5 kb long identified in the
KBS-Mac-74 genome assembly.

Supplemental Data Set 4. Genes with previous experimental evi-
dence of CNV among A. thaliana ecotypes and their overlap with
AthCNV variants.

Supplemental Data Set 5. Gene Ontology terms enrichment and
protein domain enrichment among groups of genes with proximal TEs
depending on their variation status.

Supplemental Data Set 6. List of defense-related phenotypes and
identified associations with CNV-genes from GWAS.

Supplemental Data Set 7. List of samples and sequencing data used
in this study.

Supplemental Data Set 8. Read depth statistics and bin size
selection for CNVnator.
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Supplemental Figure 1. Comparison of the variants generated by the callers prior to data merging (Supports Figure 1).
A, The total number of raw calls identified in all samples per caller; B, Variant type and length distribution of the raw calls.
Boxplots show median (inner line) and inner quartiles (box). Whiskers extend to the highest and lowest values no greater
than 1.5 times the inner quartile range.
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Supplemental Figure 2. Fractions of large duplications and deletions detected in the genomes of individual accessions
assembled de novo from long reads that overlap with AthCNVs (Supports Figure 3).
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Supplemental Figure 3. Chromosome map of 100 genes with the evidence for duplication/deletion in A. thaliana that
overlap with AthCNVs (Supports Figure 3).
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Supplemental Figure 4. Differences in the number of CNVs overlapping with various genetic elements in the A. thaliana
genome (Supports Figure 2). IGV screenshots of 600-kbp long regions of (A) centromere (Chr3:12,100,000-12,700,000)
and (B) chromosome arm (Chr2:14,100,000-14,70,0000) are presented. AthCNV — CNVs identified in this study; TE —
transposable elements; genes — Araport11-annotated protein coding genes.
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Supplemental Figure 5. Relative distances between genes and TEs and their relationship with CNV status (Supports
Figure 5). Only genes and TEs located outside the centromeres were counted. Boxplots show median (inner line) and
inner quartiles (box). Whiskers extend to the highest and lowest values no greater than 1.5 times the inner quartile range.
For both comparisons, groups were significantly different - Wilcoxon rank sum test with continuity correction, p<0.0001.
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Supplemental Figure 6.
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Supplemental Figure 6. The accuracy of gene copy number estimates in a complex CNV region calculated for CNV-
gene intervals versus AthCNV intervals (Supports Figure 6). A, The genomic region that encompasses 3 CNV-genes:
MSH2 (AT3G18524), AT3G18530 and AT3G 18535, is covered by overlapping CNVs: CNV_7984, CNV_7985 and
CNV_7986. B, Copy number genotypes of MSH2 (marked A), AT3G 18530 (marked B) and AT3G18535 (marked C) in
100 accessions, assigned based on MLPA analysis. C, Correlation of read depth-based copy number estimates in
CNV_7984 interval with MLPA-based data for MSH2 and AT3G18535. Variants CNV_7985 and CNV_7986 are
embedded within CNV_7984 and influence the copy number estimates for AT3G 718530 and AT3G 18535, therefore the
genotyping results based on CNV_7984 are skewed in accessions with del-2 and dupl-2 genotypes. D, Correlation of read
depth-based copy number estimates calculated directly for MSH2 and AT3G 18535 genomic intervals, with MLPA-based
data for these CNV-genes. Orange blocks in (A) mark the regions of 99% similarity, involved in non-allelic homologous
recombination. The colors on plots (C-D) correspond to the genotypes depicted in (B). For each gene, the MLPA signals
from all accessions were scaled to get the value of 2 in Col-0 accession, that is representative of the reference genotype.
CN- copy number. r— Pearson correlation coefficient; R — coefficient of determination of linear regression line.
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Supplemental Figure 7. Differences between automatic and manual assignment of CNV-gene integer copy numbers
from sequencing data (Supports Figure 6). Unrounded CN estimates for MSH2 and AT3G 18535 in 100 accessions
obtained with Genome STRiP SVGenotyper (y axis) are plotted against MLPA signal (scaled to the value of 2 in Col-0
accession). Diamonds are colored according to integer copy numbers assigned by Genome STRIiP’s clustering script.
Dotted loops are colored according to integer copy numbers manually assigned from the intersection of read depth and
MLPA data, with the assumption of allele homozygosity, since A. thaliana is mostly self-pollinating.



Supplemental Data. Zmienko et al. (2020) Plant Cell 10.1105/tpc.19.00640

A 3

AT1G13350

Accessions

. e ——————
CNV_192

AT1G13350

AT1G56120

Accessions

Accessions

Accessions

CNV_3072
AT1656120

CNV_7616
CNV_7617
AT2G42720

Supplemental Figure 8.




Supplemental Data. Zmienko et al. (2020) Plant Cell 10.1105/tpc.19.00640
On previous page:

Supplemental Figure 8. Read depth-based copy number estimates for CNV-genes partially overlapping with CNV
regions (Supports Figure 6). A, Locus AT1G 13350, partially overlapping with CNV_192 (61%). B, Locus AT1G56120,
partially overlapping with CNV_3072 (53%). C, Locus AT2G42720, partially overlapping with CNV_7616 and CNV_7617
(64% total). D, Loci AT2G45700 and AT2G45710, both overlapped by CNV_7668 (60% and 100% overlap, respectively).
For each CNV-gene two panels are presented: left — read depth-based copy number estimates in 1,060 accessions, right
- the IGV screenshots indicating the positions of CNV-genes and AthCNVs and the short read coverage tracks for
selected accessions. The colors for these accessions are identical with the colors in the left panels.
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Supplemental Figure 9. Example of a long CNV with a non-uniform pattern of variation of CNV-genes overlapped by this variant (Supports Figure 6). A, An IGV
screenshot of a 161-kbp subgenomic region on chromosome 1 covered by CNV_1210 (wide red bar) and numerous shorter CNVs (narrow red bars). This CNV
overlaps 9 CNV-genes (black) and multiple TEs (orange). The non-unique segments in the reference genome are marked in olive (mask); these regions were not
used for copy number genotyping. B, The CNV-gene genotypes in 1,060 accessions inferred from WGS data. CNV-genes with the copy number difference value
between any two accessions < 2 are marked by orange frames, the remaining CNV-genes are marked by green frames.
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Supplemental Figure 10. Chromosome map of CNV-genes subjected to experimental verification with MLPA (Supports
Figure 7). The results of validation are presented in Supplemental Figures 13-15, except for results for CNV-genes
marked with orange asterisks, which are shown separately, in Supplemental Figures 11-12. Genes marked with green
rectangles are also displayed in Figure 7 in the Main Text.
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Supplemental Figure 11. Intermediate copy number values reported by Genome STRIP for a gene partially covered by
CNV (Supports Figure 7). A, AT3G05410 locus is partially (80%) covered by 3 CNVs that also overlap with the
transposable element AT3TE06550. Two probes were used for MLPA-based genotyping of this CNV-gene, localized
outside (probe A) and within CNV region (probe B). B, Non-discrete distribution of copy numbers (CN) among 1,060
accessions is observed in read depth-based genotyping experiment; C. MLPA results stay in agreement with the genomic
localization of CNV variants. The results for probe B are positively correlated with read depth-based measurements.
Increased CN values in read depth data can be attributed to incomplete overlap by AthCNVs. The results for 314
accessions used for MLPA analysis are colored orange on each plot. The MLPA signals were scaled to the value of 2 in
Col-0 accession, that is representative of the reference genotype. r— Pearson correlation coefficient; R? — coefficient of
determination of linear regression line.
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Supplemental Figure 12. The influence of small-scale sequence variations on oligonucleotide MLPA probe signal and
concordance with read depth-based data (Supports Figure 7). A,C,E,G, The two-dimensional plots of read depth-based
copy numbers (CN) versus MLPA assay-derived signals for AT6G56570, AT3G57810, AT2G02300 and AT5G37240 loci,
respectively, in 314 accessions. The MLPA signal was scaled to the value of 2 in Col-0 accession, that is representative of
the reference genotype. The accessions are marked with colors indicating their copy number group and concordance of
read depth-based and MLPA results: orange - unchanged copy number relatively to Col-0, pink — concordant deletion,
purple — concordant duplication, blue - discordant results. B,D,F,H, The sequence variations in MLPA probes affecting
their hybridization explain the presence of discordant data. SNP information was obtained from .vcf files downloaded from
the 1001 Genomes Project server.

For AT5G56570 (A,B) no signal from MLPA assay was detected in 198 samples, while the gene was indicated present in
unchanged or increased copy number state by read depth analysis. The discrepancy between read depth and MLPA
analysis was correlated with the presence of a SNP (C->G) in the sequence targeted by MLPA probe. The SNP
compromised the left half-probe affinity at the ligation site, critical for MLPA performance. Colors in the table in (B) match
the colors in the scatterplot in (A).

For AT3G57810 (C,D) no signal from MLPA assay was detected in 2 samples, while the gene was indicated presentin
unchanged copy number state by read depth analysis. The discrepancy between read depth and MLPA analysis was
correlated with the presence of a SNP (G->C) in the sequence targeted by MLPA probe. The SNP compromised the right
half-probe affinity at the ligation site, critical for MLPA performance. Colors in the table in (D) match the colors in the
scatterplot in (C).

For AT2G02300 (E,F) decreased signal from MLPA assay was detected in 6 samples, while the gene was indicated
present in unchanged copy number state by read depth analysis. The discrepancy between read depth and MLPA
analysis was fully correlated with the presence of 3 SNPs in these accessions, that collectively affected the affinity of left
half-probe to the target sequence. Colors in the table in (F) match the colors in the scatterplot in (E).

For AT5G37240 (G,H) no signal from MLPA assay was detected in 28 samples, while the gene was indicated present by
read depth analysis. Close inspection of mapping reads revealed the presence of a gap overlapping the sequence
targeted by MLPA probe in all accessions with discordant results. On IGV screenshot: black — AT5G37240 locus, green —
the region targeted by the MLPA probe, red — CNVs overlapping the AT5G37240 gene; the colors of reads of individual
accessions in (H) match the colors in scatterplot in (G).
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Supplemental Figure 13. Experimental validation of copy number genotypes for NONVAR-genes (Supports Figure 7).
For each gene, two plots are presented. The left scatterplot presents the read depth-based copy number (CN) data for
1,060 accessions. The right scatterplot compares read depth data with the results of MLPA assays. For each gene, the
MLPA signals from all accessions were scaled to the value of 2 in Col-0 accession, that is representative of the reference
genotype. The same set of 314 accessions was used in all validation experiments (blue).
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Supplemental Figure 14. Experimental validation of copy number genotypes for CNV-genes with rare duplications (<1%)
(Supports Figure 7). For each gene, two plots are presented. The left scatterplot presents read depth-based copy number
(CN) data for 1,060 accessions. The right scatterplot compares read depth data with the results of MLPA assays. The
same set of 314 accessions was used in all validation experiments; these accessions are colored red in the left plots,
while in the right plots they are colored according to the genetic group. MLPA signals were scaled to the value of 2 in Col-
0 accession. The legend shows the number of accessions with read depth-based/MLPA-based data, respectively.
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Supplemental Figure 15. Experimental validation of copy number genotypes for CNV-genes with common (=1%) copy
number polymorphism (Supports Figure 7). For each gene, two plots are presented. The left scatterplot presents read
depth-based copy number (CN) data for 1,060 accessions. The right scatterplot presents the correlation of read depth
data with MLPA assays. The same set of 314 accessions was used in all validation experiments; these accessions are
colored red in the left plots, while in the right plots they are colored according to the genetic group. MLPA signals were
scaled to the value of 2 in Col-0 accession. The legend shows the number of accessions with read depth-based/MLPA-
based data, respectively, in each genetic group. r- Pearson correlation coefficient. R? - coefficient of determination of
linear regression line.
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Supplemental Figure 16. The effect of stock misidentification on the correlation of sequencing-based (source data from
the 1001 Genomes Project) and in-house experimental genotyping results (Supports Figure 7). Out of 1,135 A. thaliana
stocks distributed by ABRC/NASC as 1001 Genomes Collection, 74 have been reported as ,suspicious”, following their
resequencing and analysis with SNPmatch tool. Among 346 samples initially used for MLPA experiment, 32 belonged to
the ,suspicious” list. A, The correlation of MLPA data and read depth-based copy number estimates for 346 accessions.
Accessions marked in red were previously reported as ,suspicious”. B, Removal of all ,suspicious” samples improved the
correlation between both genotyping methods. CN — copy number estimate, derived from sequencing data. MLPA signal
was scaled to the value of 2 in Col-0 accession, that is representative of the reference genotype. r — Pearson correlation
coefficient; R? — coefficient of determination of linear regression line.
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Supplemental Figure 17. Histograms of gene copy number distribution for CNV-genes that are likely duplicated in the
Col-0 accession (Supports Figure 10). Arrows point to bins including Col-0 accession.

24



Supplemental Data. Zmienko et al. (2020) Plant Cell 10.1105/tpc.19.00640

A

>SEC10_ARATH
MTEGIRARGPRSSSVNSVFLILDIEDFRGDESFDALFGNLVNDLLPSFLDEEADSGDGHGNIAGVDGLTNGHLRGQSAFLSSAPFFFEVDGLLSLER
DACKE LVDLREQVDGRLNT LEKEVSTQDSKHRETLTEIEKGVDGLFESFARLDGRI SSVGQTAAK IGDHLOQSADAQRETASQT IDLIEYLMEFNGSP
GDLMELSATFSDDSRVAERAS TAQKL.RSFAEEDIGROGASAAAGNAT PGRGLEVAVANLODYCNE LENRLLSRFDAASQRRDLSTMSECAKI LSQFN
RGTSAMOHYVATRPMFIDVEVMN SDI RLVLGDHGS QP SPSNVARGLSALFREI TDTVREEAAT ITAVFFTPNEVMAI LVORVLEQRVTGILDEILAK
PSLMSPPPVQEGGLLLY LRMLAVAYERTQELARDLRAVGCGDLDVEDLTESLE SSHEDEY PEHERASLEQLY QAFMEELRAESQQVSESSGT IGRSK
GASISSSLOQISVIVVTDEVEWNEEAITRCTLFSSQPATLAANVEAI FTCLLDQVSVY ITEGLERARDSLSEARALRERFVLGRRVAAARASARERR
ARAGESSFKSFMVAVORCGSSVAIVOOY FANSTSRLLLPVDGAHAASCEEMSTATLSKARARAYKGLOOC IETVMARVIRLLSSEQKSTDYRSTDDGT
ASDHRPTNACIRVVAYLSRVLESAFTALEGLNRQAFLTELGNRLEELLLTHWQRKFT FNPSGGLELERDLNEYVGEVESFGAPSVDEKFELLGI TANV
FIVAPDSLPTLFEGSPSIRRDAQRFIQLREDYRSAKLATELSSLWESLS

B peptide1: KEVSTQDSK peptide2: IGDHLQSADAQR
el
i
7000 150
6000
= =120 ®
S & ®
E o E
= 4000 e = 0
w o [}
c @ = e
7] @ )
E 3000 = “
@ = o 60
5 : & 3 ™
Qanoj  ® 3 -
o o
< < 30 ®
1000 S .
® @
0 L 0
2 4 = 2 4 6
CN group CN group
peptide3: VAEAASIAQK peptided: SFMVAVQR
700 300 e T
600 ¢ o
250
= = +
2 500 2 i @
E E 200 L
%‘400 %‘ &
&= - £ 150
2 i) ==
E a0 — =
2 2 <]
5 S 100
3 = @
O 200 [=]
2 ,‘ . 2
< <<
100 ™ ] 50
o I 0
2 & 2 6

4 4
CN group CN group

Supplemental Figure 18. Results of mass spectrometry-based identification of SEC10 peptides (Supports Figure 10). A,
SEC10 peptides identified by mass spectrometry analysis. B, quantification results of each peptide in individual
accessions (dots) and averaged in groups with distinct copy numbers (horizontal lines). Groups are colored according to
copy number classes manually assigned from read depth-based genotyping data: CN=2 (purple), CN=4 (blue) and CN=6
(orange). Asterisks indicate significant Student’s t-test results for the indicated groups (*p<0.1, **p<0.05, ***p<0.01).
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Supplemental Figure 19. (Continued on the next page)
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Supplemental Figure 19. Results from GWAS of defense-related phenotypes and CNV-gene data. (Supports Figure 11).
Phenotypes for which significant associations were found are presented. Left — QQ=plots of P-value distributions. Right —
Manhattan plots of Bonferroni-corrected P-values from EMMAX. Manhattan plots for AvrPphB, avrB, avrRpm1
phenotypes are also presented in Figure 11 in the main text.
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A unimodal (911 libraries) B intermediate (109 libraries) C bimodal (44 libraries)
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Supplemental Figure 20. Insert size distributions in paired-end libraries (Supports Figure 1). Exemplar plots for libraries
with A, unimodal; B, intermediate and C, bimodal distribution. Libraries with clear bimodal distribution (C) were excluded
from the analysis with BreakDancer, VariationHunter and Pindel tools, which required insert size ranges as an input.

Boxplots show median (inner line) and inner quartiles (box).

28



Supplemental Data. Zmienko et al. (2020) Plant Cell 10.1105/tpc.19.00640

Supplemental Table 1. Variants >0.5 kb in size considered to be copy number changes discovered by each caller in the A. thaliana population.

CNVnator Control-FREEC BreakDancer Variation Pindel Genome Genome-
Hunter STRiP- CNV# STRiP-SV

Discovery mode read depth read depth read pair read pair split read read depth hybrid
No. of accessions 1,064 1,064 997 997 997 1,064 1,064
Callset generation per sample per sample per sample per sample per sample population population
Detected variants: total/merged total/merged total/merged® total/merged® total/merged®
duplications-gains-mCNVs 63,868/1,992 179,080/3,564 - - - 8,671 -
deletions-losses 532,384/12,089 164,397/2,554 911,205/14,766 927,173/21,378 1,302,725/14,237 1,674 14,985
insertions - - 7,312/1,235 0/0 0/0 - -
tandem duplications - - - - 705,691/8,579 - -

# GenomeStrip’s CNV pipeline classifies the identified variants into three types, of which bi-allelic duplications and mCNVs (regions with either multiple copy-number gain
alleles or regions with both gains and losses detected among samples) are reported as duplications-gains-mCNVs in this comparison table while bi-allelic deletions only are
reported as deletions-losses

$ For BreakDancer, VariationHunter and Pindel the between-samples merging of total raw calls detected by individual tool was performed only for this comparison purposes,
while individual variants were used in the final breakpoint refinement.
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Supplemental Table 2. CNVs resulting from the inter-tool merging of variants (80% RO) and their support by individual
callers

CNVnator 13,751 63.6% 100.0% 16.4% 5.1% 23.0% 41.0% 45.1% 28.1%
ControlFreec 5,728 67.7% 39.4% 100.0% 2.0% 15.0% 28.5% 39.2% 29.7%
GenomeStrip-CNV 9,664 19.1% 7.3% 1.2% 100.0% 5.3% 9.2% 8.9% 11.7%
GenomeStrip-SV 12,005 94.3% 26.4% 7.1% 4.3% 100.0% 77.5% 78.5% 40.2%
MERGED 34,368 19,003
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Supplemental Table 3. Gene family specificity of CNV-genes

Gene Families Genes

Alls CNV-genes Alls gg‘n\és
orphan genes: 1170 497
gene families:*
A. thaliana 55 49 (89.1%) 123 93
Camelinae (3 species) 378 185 (48.9%) +473 +238
Brassicales (8 species) 1347 448 (33.3%) +1784 +513
Rosids (33 species) 1438 479 (33.3%) +230 +93
Spermatophyta (50 species) 2488 733 (29.5%) +2701 +559
Viridiplantae (55 species) 8662 2313 (26.7%) +20964 +3265

#For each clade indicated in the Table, gene families present in at least one species within this clad, but absent from outer
species, were counted. Counts were made based on Plaza v.4.0 database

$All protein coding genes encoded in the nuclear genome, based on the most recent (Araport 11) annotation of A. thaliana
genome
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Supplemental Table 4 . Superfamily composition of A. thaliana TEs and its comparison with CNV-TEs and CNV-TEs
located within +/- 2kb distance from the genes

CNV-TEs
Superfamily total TEs CNV-TEs | proximal
to genes
RC/Helitron
DNA/MuDR 17.35% 17.33% 19.68%
LTR/Gypsy 13.41% 18.69% 7.00%
DNA 5.86% 5.56% 3.40%
LTR/Copia 5.71% 6.26% 6.33%
LINE/L1 4.38% 4.62% 4.93%
DNA/HAT 3.32% 3.31% 4.33%
DNA/En-Spm 3.02% 3.71% 2.19%
DNA/Harbinger 1.22% 1.40% 1.76%
DNA/Pogo 1.10% 0.92% 1.28%
RathE1_cons 0.68%
DNA/Mariner
SINE
Unassigned
RathE3_cons
DNA/Tc1
LINE?
RathE2_cons

32



Supplemental Data. Zmienko et al. (2020) Plant Cell 10.1105/tpc.19.00640

Supplemental Table 5. Effect of excluding suspicious stocks on the correlation of read depth-based and MLPA-based
genotyping results.

Coefficient of determination of linear regression (R?)
Gene 314 accessions
346 accessions (suspicious stocks change
excluded)

AT5G05050 0.746 0.962 +0.216
AT5G61700 0.708 0.912 +0.204
AT1G31910 0.739 0.94 +0.201
AT1G27570 0.783 0.959 +0.176
AT4G19520 0.802 0.973 +0.171
AT5G14800 0.801 0.964 +0.163
AT1G23935 0.848 0.973 +0.125
AT3G24540 0.717 0.842 +0.125
AT1G59660 0.816 0.939 +0.123
AT4G18310 0.678 0.796 +0.118
AT3G60970 0.781 0.898 +0.117
AT4G11240 0.735 0.851 +0.116
AT2G31082 0.632 0.748 +0.115
AT1G02250 0.591 0.695 +0.105
AT4G15360 0.275 0.373 +0.098
AT2G19960 0.784 0.874 +0.090
AT4G27080 0.855 0.944 +0.089
AT1G52950 0.858 0.945 +0.087
AT3G05530 0.646 0.726 +0.080
AT5G54710 0.724 0.804 +0.080
AT2G25450 0.529 0.601 +0.072
AT2G05642 0.86 0.93 +0.069
AT4G08593 0.537 0.604 +0.067
AT3G44250 0.546 0.607 +0.061
AT4G12020 0.674 0.727 +0.053
AT1G09995 0.868 0.917 +0.049
AT4G08990 0.741 0.79 +0.049
AT1G10380 0.723 0.766 +0.044
AT4G37685 0.756 0.798 +0.042
AT3G06440 0.681 0.713 +0.032
AT2G38950 0.605 0.629 +0.024
AT3G21970 0.825 0.831 +0.006
AT5G07280 0.566 0.521 -0.045
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Supplemental Table 6. Coefficients of variation (CVs) of read depth values in Control-FREEC analysis.

CcV No. of samples
<0.05 106
0.05-0.1 919
>0.1 39

CVs were calculated for a sliding window of 800 nt with 400 nt step.
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Supplemental Table 7. List of genomic regions targeted by MLPA probes

Target region (Araport 11

Locus Overlapping variants from AthCNV datset coordinates) Length
AT1G02250 | CNV_16 Chr1:439093-439144 52
AT1G09995 | CNV_117; CNV_118 Chr1:3262555-3262623 69
AT1G10380 | CNV_130 Chr1:3401635-3401692 58
AT1G23935 | CNV_447; CNV_448; CNV_450; CNV_451; CNV_452; CNV_453 Chr1:8463614-8463665 52
AT1G27570 | CNV_557; CNV_558; CNV_559; CNv_560 Chr1:9577003-9577055 53
AT1G31910 | CNV_742; CNV_746; CNV_747; CNV_748; CNV_749; CNV_750; CNV_751 Chr1:11460205-11460259 55
AT1G52950 | CNV_2975; CNV_2976 Chr1:19726669-19726721 53
AT1G59660 | CNV_3235; CNV_3236; CNV_3237 Chr1:21926568-21926627 60
AT1G60930 | CNV_3322 Chr1:22435705-22435763 59
AT1G80840 | CNV_3994 Chr1:30385066-30385114 49
AT2G02300 | CNV_4066; CNV_4067 Chr2:606776-606839 64
AT2G05642 | CNV_4473; CNV_4476; CNV_4486; CNV_4488; CNV_4489 Chr2:2099659-2099717 59
AT2G19110 Chr2:8281024-8281080 57
AT2G19960 | CNV_7024; CNV_7025 Chr2:8622418-8622487 70
AT2G25450 | CNV_7275; CNV_7276 Chr2:10830834-10830899 66
AT2G31082 | CNV_7421 Chr2:13241594-13241648 55
AT2G34380 | CNV_7484 Chr2:14512989-14513046 58
AT2G36230 Chr2:15194440-15194490 51
AT2G38950 | CNV_7546; CNV_7548 Chr2:16262634-16262693 60
AT2G39020 | CNV_7551 Chr2:16295593-16295646 54
AT3G05350 | CNV_7758 Chr3:1529078-1529139 62
AT3G05410 | CNV_7759; CNV_7760; CNV_7761 Chr3:1555222-1555272 51
AT3G05410 Chr3:1559701-1559756 56
AT3G05530 | CNV_7764; CNV_7766 Chr3:1604428-1604483 56
AT3G06440 | CNV_7775; CNV_7778; CNV_7781; CNV_7782; Chr3:1975155-1975212 58
AT3G18524 | CNV_7984; CNV_7985 Chr3:6371322-6371371 50
AT3G18535 | CNV_7984; CNV_7985; CNV_7986 Chr3:6375946-6376000 55
AT3G21970 | CNV_8073; CNV_8080; CNV_8083; CNV_8084; CNV_8085; CNV_8086 Chr3:7743031-7743081 51
AT3G24540 | CNV_8192; CNV_8193 Chr3:8953616-8953677 62
AT3G44250 | CNV_11089; CNV_11164; CNV_11171; CNV_11178; CNV_11180; CNV_11181 Chr3:15948801-15948854 54
AT3G57810 | CNV_11902 Chr3:21416393-21416438 46
AT3G607190 | CNV_11970 Chr3:22246645-22246697 53
AT3G60970 | CNV_11979; CNV_11986; CNV_11987; CNV_11992; CNV_11993; CNV_11994 Chr3:22558207-22558263 57
AT4G08593 | CNV_13992 Chr4:5470316-5470386 71
AT4G08990 | CNV_14088; CNV_14098; CNV_14090; CNV_14091 Chr4:5766958-5767009 52
AT4G11240 | CNV_14348; CNV_14349 Chr4:6848068-6848130 63
AT4G12020 | CNV_14403; CNV_14404; CNV_14405; CNV_14406; CNV_14407; CNV_14408 Chr4:7205074-7205137 64
AT4G14410 Chr4:8300694-8300752 59
AT4G15360 | CNV_14660; CNV_14661 Chr4:8771306-8771369 64
AT4G18310 | CNV_14836 Chr4:10122445-10122498 54
AT4G19140 | CNV_14861 Chr4:10470991-10471053 63
AT4G19520 | CNV_14878; CNV_14883; CNV_14884; CNV_14885 Chr4:10641616-10641668 53
AT4G27080 | CNV_15127; CNV_15128; CNV_15133; CNV_15134 Chr4:13592606-13592658 53
AT4G37685 | CNV_15294 Chr4:17705274-17705327 54
AT5G05050 | CNV_15397; CNV_15405 Chr5:1491828-1491900 73

35




Supplemental Data. Zmienko et al. (2020) Plant Cell 10.1105/tpc.19.00640

AT5G07280 | CNV_15435 Chr5:2285229-2285273 45
AT5G14800 | CNV_15511 Chr5:4786508-4786556 49
AT5G37240 | CNV_17860; CNV_17861; CNV_17862; CNV_17863; CNV_17864; CNV_17865 Chr5:14737918-14737982 65
AT5G54710 | CNV_18769; CNV_18772; CNV_18773; CNV_18774; CNV_18775 Chr5:22228424-22228479 56
AT5G54770 - Chr5:22246711-22246760 50
AT5G56570 | CNV_18833 Chr5:22902935-22902991 57
AT5G61700 | CNV_18925; CNV_18927 Chr5:24796111-24796161 51
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Analysis of Arabidopsis non-
reference accessions reveals high
diversity of metabolic gene
clusters and discovers new
candidate cluster members

Malgorzata Marszalek-Zenczak®, Anastasiia Satyr’,
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Computing Science, Faculty of Computing and Telecommunications, Poznan University of Technology,
Poznan, Poland, *Department of Biology, National University of Kyiv-Mohyla Academy, Kyiv, Ukraine

Metabolic gene clusters (MGCs) are groups of genes involved in a common
biosynthetic pathway. They are frequently formed in dynamic chromosomal
regions, which may lead to intraspecies variation and cause phenotypic diversity.
We examined copy number variations (CNVs) in four Arabidopsis thaliana MGCs in
over one thousand accessions with experimental and bioinformatic approaches.
Tirucalladienol and marneral gene clusters showed little variation, and the latter
was fixed in the population. Thalianol and especially arabidiol/baruol gene clusters
displayed substantial diversity. The compact version of the thalianol gene cluster
was predominant and more conserved than the noncontiguous version. In the
arabidiol/baruol cluster, we found a large genomic insertion containing divergent
duplicates of the CYP705A2 and BARS1 genes. The BARSI paralog, which we
named BARS2, encoded a novel oxidosqualene synthase. The expression of the
entire arabidiol/baruol gene cluster was altered in the accessions with the
duplication. Moreover, they presented different root growth dynamics and were
associated with warmer climates compared to the reference-like accessions. In
the entire genome, paired genes encoding terpene synthases and cytochrome
P450 oxidases were more variable than their nonpaired counterparts. Our study
highlights the role of dynamically evolving MGCs in plant adaptation and
phenotypic diversity.

KEYWORDS

copy number variation, biosynthetic gene cluster, secondary metabolism, oxidosqualene
cyclase, triterpenes, cytochrome P450
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Introduction

Plants are able to produce a variety of low molecular weight
organic compounds, which enhance their ability to compete and
survive in nature. Secondary metabolites are not essential for plant
growth and development. However, they are often multifunctional
and may act both as plant growth regulators and be engaged in
primary metabolism or plant protection (Isah, 2019; Erb and
Kliebenstein, 2020). The ability to produce particular types of
compounds is usually restricted to individual species or genera.
Therefore, these compounds are enormously diverse and have a
wide range of biological activities. In plants, genes involved in a
common metabolic pathway are typically dispersed across the
genome. In contrast, functionally related genes that encode the
enzymes involved in specialized metabolite biosynthesis in bacteria
and fungi are frequently coexpressed and organized in so-called
operons (Boycheva et al, 2014; Niitzmann et al., 2018). Similar
gene organization units called biosynthetic gene clusters or
metabolic gene clusters (MGCs) have recently been found in
numerous plant species. MGCs have typically been defined as a
group of three or more genes that i) encode a minimum of three
different types of biosynthetic enzymes, ii) are involved in the
consecutive steps of a specific metabolic pathway and iii) are
localized in adjacent positions in the genome or are interspersed by
a limited number of intervening (i.e., not functionally related) genes
(Ntitzmann and Osbourn, 2014; Kautsar et al., 2017). A typical MGC
contains a “signature” enzyme gene involved in the major (usually
first) step of a biosynthetic pathway. In this step, the metabolite
scaffold is generated that determines the class of the pathway products
(e.g., terpenes or alkaloids). This scaffold is further modified by
“tailoring” enzymes encoded by other clustered genes, e.g.,
cytochrome P450 oxidases (CYPs), acyltransferases or alcohol
dehydrogenases. The contribution of other enzymes encoded by
peripheral genes (i.e., located outside the MGC), and the
connection network between different metabolite biosynthesis
pathways may result in additional diversification of the biosynthetic
products (Huang et al., 2019). Currently, there are over 30 known
MGC:s in plants from various phylogenetic clades, and new MGCs are
being discovered. Their sizes range from 35 kb to several hundred kb.
However, clusters of functionally related nonhomologous genes are
still considered unusual in plant genomes.

In Arabidopsis thaliana (hereafter Arabidopsis), four MGCs have
been discovered thus far (Supplemental Table S1). They are involved
in the metabolism of specialized triterpenes: thalianol, marneral,
tirucalladienol, arabidiol and baruol. Triterpenes constitute a large
and diverse group of natural compounds derived from 2,3-
oxidosqualene cyclization in a reaction catalyzed by oxidosqualene
cyclases (OSCs) (Thimmappa et al., 2014). Out of 13 OSC genes
known in the Arabidopsis genome, five (THASI, MRNI, PEN3, PENI,
BARSI) are located within MGCs and encode the “signature”
enzymes of the MGCs (Field and Osbourn, 2008; Field et al., 2011;
Boutanaev et al,, 2015). The thalianol gene cluster contains five
members involved in thalianol production and in its conversion to
another triterpene, thalianin (Fazio et al., 2004; Field and Osbourn,
2008; Huang et al,, 2019). In the reference genome, this MGC is ~45
kb in size. The thalianol synthase gene THASI as well as CYP708A2,
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CYP705A5 and AT5G47980 (BAHD acyltransferase) genes are tightly
clustered together, with only one noncoding transcribed locus
(AT5G07035) between them. The fifth member, acyltransferase
AT5G47950, is separated from the rest of the cluster by RABA4C
and AT5G47970 intervening genes. The marneral gene cluster is ~35
kb in size and is the most compact plant MGC described to date. It is
made up of three members: the marneral synthase gene MRNI, the
marneral oxidase gene CYP7IA16 and the gene CYP705A12, whose
function is unknown (Xiong et al., 2006; Field et al., 2011; Go et al.,
2012). Additionally, there are three noncoding transcribed loci
(AT5G00580, AT5G06325 and AT5G06335) located between
CYP701A16 and MRNI. The tirucalladienol gene cluster is ~47 kb
in size and includes five members: tirucalla-7,24-dien-3-ol synthase
gene PEN3, an uncharacterized acyltransferase gene SCPLI, which
was identified based on its coexpression with PEN3, CYP716AI,
which is involved in the hydroxylation of tirucalla-7,24-dien-3f-ol,
as well as AT5G36130 and CYP716A2 (Morlacchi et al., 2009;
Boutanaev et al., 2015; Wisecaver et al, 2017). The contiguity of
this MGC is interrupted by four intervening genes (CCB3,
AT5G36125, HCF109 and AT5G36160) and the noncoding locus
AT5G05325. The arabidiol/baruol gene cluster is most complex and
has an estimated size of 83 kb. It encompasses two closely located
OSCs, PENI and BARSI, sharing 91% similarity at the amino acid
level. BARSI encodes a multifunctional cyclase that produces baruol
as its main product (Lodeiro et al., 2007). PENI encodes arabidiol
synthase and is adjacent to CYP705A1, which is involved in arabidiol
degradation upon jasmonic acid treatment (Xiang et al., 2006; Castillo
et al,, 2013; Sohrabi et al., 2015). The role of the remaining genes in
the arabidiol/baruol gene cluster (CYP702A2, CYP702A3, CYP705A2,
CYP705A3, CYP705A4, CYP702A5, CYP702A6 as well as
acyltransferases AT4G15390 and BIAI) has not been determined;
however, they displayed coexpression with either PENI or BARSI
(Wada et al., 2012; Wisecaver et al., 2017). There are few intervening
loci in the arabidiol/baruol gene cluster, including a protein-coding
gene CSLB06, two pseudogenes CYP702A4P and CYP702A7P and one
novel transcribed region AT4G06325.

Plant MGCs are thought to have arisen by duplication and
subsequent neo- or subfunctionalization of genes involved in
primary metabolism, which might have been followed by the
recruitment of additional genes to the newly forming biosynthetic
pathway (Niitzmann and Osbourn, 2014). MGCs are frequently
located within dynamic chromosomal regions, e.g., subtelomeric
regions, centromeric regions or regions rich in transposable
elements (TEs), where the possibility of bringing together the
beneficial sets of genes by structural rearrangements may be higher
than in the rest of the genome, thus promoting MGC formation (Field
etal, 2011). However, the same factors may also contribute to further
genetic modifications and alteration of the plant metabolic profile,
thus making such MGCs “evolutionary hotspots”. To verify this
scenario, we evaluated the intraspecific diversity of Arabidopsis
MGCs and examined whether this diversity is associated with trait
variation. Here, we present a detailed picture of MGC copy number
variations (CNVs), describe the discovery of novel, nonreference
genes in the arabidiol/baruol gene cluster and reveal the links
between the variation in MGC structure and plant adaptation to
different natural environments.
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Results

MGCs differ in levels of copy
number polymorphism

We started our analysis by aligning each MGC with the common
CNVs in the Arabidopsis genome, which were identified previously
(Zmienko et al., 2020). As expected, each MGC had a substantial
overlap with the variable regions: 100% for the thalianol gene cluster,
79.6% for the tirucalladienol gene cluster, 53.1% for the arabidiol/
baruol gene cluster, and 52.8% for the marneral gene cluster
(Figure 1A). However, the potential impact of CNVs on the
clustered genes differed among the MGCs (Supplemental Figure S1;
Supplemental Table S2). In the thalianol gene cluster, most CNVs
were grouped in the region spanning AT5G47980, CYP705A5,
CYP708A2 and THASI, while AT5G47950 was covered only by the
largest variant CNV_18592 (241 kb in size), which encompassed the
entire cluster. In the arabidiol/baruol gene cluster, the CNVs (0.6 kb
to 21 kb in size) were grouped into three distinct regions separated by
invariable segments. The first variable region overlapped with
CYP702A2 and CYP702A3. The second variable region overlapped
with CYP705A2, CYP705A3 and BARSI. The CNVs in the third

10.3389/fpls.2023.1104303

variable region were mostly intergenic and overlapped with only two
genes, CYP702A5 and CYP702A6. CYP705A1, PENI, CYP705A4,
AT4G15390 and BIAI were not covered by any common CNV. In
the tirucalladienol gene cluster, the CNVs accumulated in the 5’ part
of the cluster, and none of them overlapped with SCPLI. Notably,
upstream of the tirucalladienol gene cluster, a region genetically
divergent from the surrounding genomic segments, called a hotspot
of rearrangements, was previously described (Jiao and Schneeberger,
2020). Smaller hotspots of rearrangements were also found between
CYP716A1 and AT5G36130 in the same MGC as well as in one
variable segment of the arabidiol/baruol gene cluster. It was
demonstrated that the hotspots of rearrangements are highly
variable in the Arabidopsis population, which was in agreement
with the observed increased CNV rate in these genomic regions.
The CNV arrangement in the marneral gene cluster was strikingly
different from that in any other MGC in that all variants were
intergenic and did not overlap with the marneral cluster genes.

For each MGC, there were CNV's that overlapped only part of the
cluster. This indicated that in some accessions, gene deletions/
duplications might have altered MGC composition and
consequently affected the entire biosynthetic pathway. To evaluate
this possibility, we retrieved copy number data for 31 genes (clustered
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and intervening genes in all MGCs), each from 1,056 accessions (RD
dataset; Supplemental Table S3), and supplemented them with
multiplex ligation-dependent amplification assays for 232 accessions
(MLPA dataset; Supplemental Table S4) and droplet digital PCR-
based genotyping assays for 20 accessions (ddPCR dataset;
Supplemental Table S5). We defined the thresholds for detecting
duplications and deletions for each data type. Next, we assigned the
copy number status of each gene in each accession (“REF”, “LOSS” or
“GAIN”) by combining all three datasets (Supplemental Table S6).
Out of the genotypes assigned with two or three approaches, 98.8%
were fully concordant, and most of the remaining discrepancies could
be resolved manually (Supplemental Figures S2-S4; Supplemental
Table S7). The combined genotyping data for 1,152 accessions were
further used to assess and compare MGC variation at the gene level.

Only 28.6% of the assayed accessions had no gene gains or losses
in any MGC (Figure 1B). This included 65% of accessions from the
German genetic group and 39% of accessions from the Central
Europe group. In contrast, the vast majority (at least 90%) of
accessions from groups known to be genetically distant from the
reference genome (North Sweden, Spain, Italy-Balkan-Caucasus, and
Relict groups) displayed gene CNV in at least one MGC. We note that
the real number of invariable accessions could be even lower since for
96 accessions, some MGC genes were not genotyped. Altogether, 19
genes were affected: four in the thalianol cluster, one in the marneral
cluster, three in the tirucalladienol cluster and 11 in the arabidiol/
baruol cluster (Figure 1C). The latter was also most variable in terms
of the number of accessions carrying CNVs and the diversity of CNV
patterns. For two genes, we detected only copy gains, and for 11, we
detected only losses, while six genes were multiallelic (with both gains
and losses). As expected, these genes resided in the previously defined
variable regions. Remarkably, we did not observe complete loss or

10.3389/fpls.2023.1104303

gain of the entire MGC in any accession. In the next step, we
inspected in more detail the level of diversity of each MGC.

The compact version of the thalianol
gene cluster is predominant and more
conserved than the reference-like
noncontiguous version

A survey with a combination of RD, MLPA and ddPCR
approaches revealed 54 accessions with copy number changes in
the thalianol gene cluster, which followed five distinct patterns, and
AT5G47950 was the only invariant gene in all accessions (Figure 2A).
The most common (variant A) was the deletion of a region
encompassing AT5G47980 and CYP705A5, combined with the
deletion of THASI. We detected this variant in 37 accessions from
six countries: Sweden (13), Italy (8), Germany (6), Spain (5), Bulgaria
(3) and Portugal (2). We also confirmed the existence of two
previously reported rare variants (Liu et al., 2020a). One of them
(variant B) was a large deletion spanning AT5G47980, CYP705A5 and
CYP708A2. We found this variant in two accessions from Germany
(Bch-1, Sp-0), in one from Italy (Etna-2) and in one from Spain (IP-
Mon-5). The other one (variant C) was a deletion of a single gene,
CYP708A2, which we found in five accessions, mainly Relicts,
originating from Spain (Can-0, Ped-0, IP-Her-12 and Nac-0) and
Portugal (IP-Mos-1). We also found a new type of deletion (variant
D) in two Spanish Relicts (IP-Rel-0 and Con-0) and one non-Relict
(IP-All-0). The deletion spanned CYP705A5, CYP708A2 and THASI
(Supplemental Figure S5). The last variant (variant E) was a
duplication of the acyltransferase gene AT5G47980, which was
found in four accessions from Italy (Mitterberg-1-179, Mitterberg-
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Structural variation of thalianol gene cluster. (A) Five types of CNVs that change the number of thalianol cluster genes. The position of intervening genes
is ignored and they are not shown. Gene orientation is disregarded. (B) Two versions of thalianol gene cluster organization. Clustered genes are in black;
interfering genes are in white. (C) The frequency of the two thalianol gene cluster versions (discontiguous and compact) among the genetic groups.
(D) Rate of copy number polymorphism within discontiguous and compact clusters. (E) Frequency of variants presented in (A) among the accessions
with different cluster organizations. The number of presented accessions in panels is 1,152 for (A) — genotyping, 997 for (B, C) — inversion detection and

992 for (D, E) — the intersection of the above.
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1-180, Mitterberg-1-183, Mitterberg-2-185) and one from Greece
(Olympia-2). The presence of a tandem duplication ~3 kb in size in
Mitterberg-2-185 was confirmed by sequence analysis of its de novo
genomic assembly (Supplemental Figure S6). The duplication
spanned the entire AT5G47980 and its flanks (0.5 kb upstream and
0.7 kb downstream) and differed from its copy only by two
mismatches and a 1-bp gap. The predicted protein products of both
gene copies were identical and shorter than the reference
acyltransferase (404 aa versus 443 aa), but they possessed complete
transferase domains (pfam02458).

In the Mitterberg-2-185 assembly, we also detected a
chromosomal inversion (with respect to the reference genome
orientation) spanning AT5G47950 and two intervening genes,
RABA4C and AT5G47970. This resulted in a more compact cluster
organization compared to the reference (Figure 2B). Similar
inversions were previously detected in 17 other accessions (out of
22 analyzed), which indicated that the compact version of the
thalianol gene cluster might be predominant in Arabidopsis (Liu
et al,, 2020a). To verify this possibility, we set up a bioinformatic
pipeline for detecting genomic inversions based on paired-end
genomic read analysis in 997 accessions. We correctly detected
inversions in 12 out of 15 previously analyzed accessions, which
indicated the good sensitivity of our method. Altogether, we found
inversions, 12.8 kb to 15.4 kb in size, spanning the AT5G47950,
RBAA4C and AT5G47970 genes in 649 accessions (65%), which fully
confirmed our predictions (Supplemental Table S8). The compact
version of the thalianol gene cluster was dominant in the South and
North Sweden genetic groups as well as in the Asia group (83.6% to
88.9%), while the discontiguous version was mainly observed among
the U.S.A. accessions and was also slightly more abundant in the
Spain genetic group (Figure 2C). There was a similar frequency of
discontiguous and compact versions among the Relicts (12 and 10
accessions, respectively). Interestingly, the CNV frequency
substantially differed between the accessions with different cluster
organization (Figures 2D, E). The compact cluster was more
conserved; copy number changes (variants B and E) affected only
1.1% of the accessions in this group. The remaining variants,
including deletions spanning the THASI signature gene, were found
exclusively among the accessions with the reference-like cluster type.
Altogether, 12.7% of accessions with discontiguous clusters were
affected by CNVs.

Marneral and tirucalladienol gene clusters
display little structural variation

Analysis of RD and MLPA data confirmed exceptionally low
variability of marneral cluster genes. One private variant, which we
detected in Mir-0 and confirmed by Sanger sequencing, was 1.2 kb in
size and spanned the first exon of the CYP705A12 gene, which
resulted in the truncation of its predicted protein product
(Supplemental Figure S7). Apart from that, we did not detect any
common gene duplications or deletions within this MGC. Likewise,
we observed low variation in the tirucalladienol gene cluster. In 15
accessions (1.4%), deletions or duplications occurred in the region
spanning the AT5G36130, CYP716A2 and PEN3 genes and affected
one, two or all of them. Differences between the countries indicated
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that these structural variants were of local origin (Supplemental
Figure 8). Sequence analysis of de novo genomic assemblies for Ty-
1 and Dolna-1-40 confirmed the predicted deletion patterns in these
accessions. It should be noted that, according to a recent study,
AT5G36130 and CYP716A2 gene models are misannotated, and they
jointly encode a single protein of the CYP716A subfamily with
cytochrome oxidase activity (Yasumoto et al., 2016) (Supplemental
Figure S9). Therefore, a full-length gene was absent from all 15
accessions with CNVs in the tirucalladienol gene cluster (Figure 1C).

Intraspecies variation in the arabidiol/baruol
gene cluster reveals a novel OSC gene

The arabidiol/baruol gene cluster was the most heterogeneous of
all the MGCs. Consistent with the segmental CNV coverage, there
were apparent differences in the variation frequency between the
genes. At the cluster’s 5 end, CYP702A2 was duplicated in 50
accessions, and CYP702A3 was deleted in 564 accessions, including
approximately 70% of all analyzed accessions from Sweden and Spain.
In contrast, genes located at the 3’ end of the cluster showed little
variation. There were CYP702A5 deletions in 35 accessions,
CYP705A4 deletions in two accessions, and BIAI deletion in one
accession, while CYP702A6 and AT4G15390 were invariable in
copy number.

The two OSCs, PENI and BARS], were located in segments with
opposite variation levels. PENT and the neighboring gene CYP705A1,
both implicated in the arabidiol biosynthesis pathway, were stable in
copy number, except for three accessions with full or partial gene
deletions: the Qui-0 and IP-Deh-1 accessions from Spain and the
Kyoto accession from Japan. In the latter, we confirmed partial
deletion of both genes by analysis of its de novo genomic assembly
(Jiao and Schneeberger, 2020). In contrast, BARSI, CYP705A2 and
CYP705A3 were all deleted in several accessions originating from
Sweden. We also observed smaller deletions or duplications in this
genomic segment, of which the most remarkable was the duplication
of CYP705A2, detected in 433 (37.6%) accessions. Since the genotypic
data for CYP705A2 and BARSI were noisy and indicated more
variation than could be revealed by our standard genotyping, we
manually inspected short read genomic data that mapped in this
region (examples are presented in Supplemental Figure S10). In most
accessions, BARSI lacked the largest intron, where the ATREPI1 TE
(RC/Helitron superfamily) is annotated, which might explain the
lower RD values for BARSI compared to other genes (see
Supplemental Figure S3). Surprisingly, we also observed a mix of
reads mapping to CYP705A2 and BARSI loci with and without
mismatches in a large number of accessions. Thus, we called SNPs
in the coding sequences of both genes to obtain more information on
their diversity. Numerous heterozygous SNPs were called in both
genes in the above accessions. Because Arabidopsis is a self-
pollinating species and therefore highly homozygous, we
hypothesized that the reads with mismatches originated from
duplicated loci, which showed similarity to CYP705A2 and BARSI
and mapped to the reference gene models, resulting in heterozygous
SNP calls. In support of this hypothesis, we detected heterozygous
SNPs at the CYP705A2 locus in 90.6% of accessions with this gene’s
duplication but only in 10.7% of accessions without changes in its
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copy number (Wilcoxon rank sum test with continuity correction, p
value <2.2x107'%; Supplemental Figure S11A). Additionally,
heterozygous SNPs at the BARSI locus were present in the same
accessions (Pearson’s correlation coefficient r = 0.86; Supplemental
Figure S11B), although we found only one duplication of BARSI with
our genotyping methods. We concluded that the sequence differences
between BARSI and its duplicate prevented its detection by RD or
MLPA assays. We also observed low but nonzero read coverage and
homozygous SNPs at both loci in some accessions with intermediate
RD values for CYP705A2 (RDyean = 1.5) and BARSI (RDyean, = 0.6)
and with the clear loss of CYP705A3 (RDypean = 0). In agreement with
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the gene duplication scenario, this could be explained by the presence
of CYP705A2 and BARSI duplicates but absence of the entire region
spanning the reference genes CYP705A2, CYP705A3 and BARSI.

To identify the cryptic BARSI duplication, we analyzed genomic
assemblies of seven accessions: An-1, Cvi-0, Kyoto, Ler-0, C24, Eri-1
and Sha (Jiao and Schneeberger, 2020), four of which were also
genotyped in our study (Figure 3A). We reannotated the entire
arabidiol/baruol cluster region in each accession and compared it
with the reference (Supplemental Table S9). In six accessions, BARSI
lacked the largest intron, as indicated earlier by short read data
(Supplemental Figure S12). In the Cvi-0, Eri-1 and Ler-0 accessions,

CYPT05A2a
C

NP_001329547.1

1%5 2?0 375 WU G%ﬁ 7356

1 | cyclase C

ATCVI-4G38110
1 '|f' & ZE s 0 525
Hﬂmmm_& %ﬁ Ebfli; c i
ATERI-4G39270

125
ATLER-4G41030

378 500 628 765

SQHo)

A7

135 250
I5QH lase C

N

catalytic

aspartate
f

BARSZ2 is a BARSI duplicate absent from the reference genome and encodes oxidosqualene synthase. (A) Organization of arabidiol/baruol gene cluster in
Col-0 and seven nonreference accessions. The genomic insertion including CYP705A2a and BARS2 genes is marked with a triangle above the reference
cluster. (B) Phylogeny of amino acid sequences of clade Il OSCs residing in clusters. BARS1 ortholog from A.lyrata (LOC9306317) is included. The
maximum likelihood tree was generated using the MEGAL1 package with Jones-Taylor (JTT) substitution matrix and uniform rates among sites. Values
along branches are frequencies obtained from 1000 bootstrap replications. (C) Conserved protein domains encoded in BARS1 (Col-0) and BARS2 (Cvi-0,
Eri-1, Ler-0) genes. SQHop_cyclase_N - squalene-hopene cyclase N-terminal domain (Pfam 13249). SQHop_cyclase_C - squalene-hopene cyclase C-
terminal domain (pfam13243) (D) 3D models of baruol synthase proteins encoded by BARSI and BARS2, predicted by ColabFold software, superposed
with the crystal structure of human oxidosqualene cyclase in a complex with lanosterol (LAN). The enlargement box highlights the positions of the
catalytic aspartate residue in the predicted models. Colors mark superposed models: green (Col-0 BARS1 isoform NP_193272.1), red (Col-0 BARS1
isoform NP_001329547.1), purple (Cvi-0 BARS1 ATCVI-4G38020), grey (Cvi-0 BARS2 ATCVI-4G38110) and yellow (human OSC PDB ID: 1W6K)
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we identified a nonreference gene encoding a protein with ~91%
identity to baruol synthase 1 (Supplemental Figure S13). In C24, it
was also present but interrupted by ATCOPIA52 retrotransposon
insertion, resulting in two shorter ORFs. Based on phylogenetic
analysis, we concluded that the identified gene was indeed a BARSI
duplicate, and we named it BARS2 (Figure 3B). The differences in the
exons of the BARSI and BARS2 sequences matched the heterozygous
SNP positions very well (Supplemental Figure S14). Their introns
were much more divergent, which likely affected RD genotyping.
Likewise, the probe targeting the BARSI locus was located in a highly
divergent region, which prevented us from detecting this duplication
with MLPA.

The proteins encoded by BARS2 in Cvi-0, Eri-1 and Ler-0
possessed both N-terminal and C-terminal squalene-hopene cyclase
domains, typical for OSCs (Figure 3C). We performed three-
dimensional (3D) modeling of two reference (Col-0) isoforms of
baruol synthase 1 (the product of BARSI) and its counterpart from
Relict Cvi-0 as well as putative baruol synthase 2 (the product of
BARS2) from Cvi-0 using ColabFold software. Next, we superposed
these models with the experimental crystal structure of human OSC,
available in a complex with its reaction product lanosterol (Thoma
et al.,, 2004; Jumper et al, 2021) (Supplemental Information). All
structures were highly similar, and we were able to identify potential
substrate-binding cavities in the plant enzymes (Figure 3D;
Supplemental Table S10). Notably, the catalytic aspartate residue
D455 present in the human cyclase had its counterparts in the
plant OSCs: D493 in the reference isoform NP_193272.1 and D490
in the remaining proteins (Supplemental Data 1-5). Together, our
data indicated that BARS2 encoded a novel, thus far uncharacterized
OSC. As expected, we also found CYP705A2 duplication in the C24,
Cvi-0, Eri-1 and Ler-0 assemblies, and we named it CYP705A2a. It
had 84% identity with CYP705A2 at the nucleotide level and 88%
similarity at the protein level (Supplemental Figure S15). CYP705A2a
and BARS2 were adjacent to each other and located on the minus
strand of the large genomic sequence insertion between CYP702A6
and BIA genes (Figure 3A), next to an ~5 kb long interspersed nuclear
element 1 (LINE-1) retrotransposon and some shorter, undefined
ORFs. The presence of the insertion increased the size of the entire
arabidiol/baruol gene cluster by 21-27 kb.

Structural diversity of the arabidiol/baruol
gene cluster is associated with the climatic
gradient and root growth variation

In the next step, we used the results from the SNP analysis to
evaluate the presence/absence variation of both reference (CYP705A2
+ BARSI) and nonreference (CYP705A2a + BARS2) gene pairs in the
Arabidopsis population (Supplemental Table S11). The group with
only the reference gene pair present was the largest (PP-AA; 628
accessions). Nearly one-third of the population had both gene pairs
(PP-PP; 326 accessions). We also separated two smaller groups with
the local range of occurrence. The first one, with only the
nonreference gene pair, was found in Azerbaijan, Spain, Bulgaria,
Russia, Serbia and the U.S.A. (AA-PP; 14 accessions). The last group,
where we did not detect any of these genes, was mostly observed at the
Bothnian Bay coast collection site in North Sweden (AA-AA; 15
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accessions). For 73 accessions, the data were inconclusive. The
accuracy of group assignments was validated by sequence analysis
of de novo genomic assemblies for An-1, Kyoto, Mitterberg-2-185 and
Kn-0 (PP-AA group) as well as Cvi-0, Ler-0, Dolna-1-40 and Ty-1
(PP-PP group). Additionally, the results of PCR amplification with
gene-specific primers and genomic DNA template for a subset of 36
accessions from all four groups confirmed the differences between
them (Supplemental Figure S16). We could not detect BARS2-specific
products in many samples from the AA-PP group; however, we did
detect the band for CYP705A2a. We suppose that the BARS2
sequence might further diverge in this minor group.

The accessions with the nonreference gene pair (AA-PP; PP-PP)
dominated among Relicts (81%) and among the Spain (60%) and
Italy/Balkan/Caucasus (89.6%) genetic groups but constituted the
minority at the northern and eastern margins of the species range
(North Sweden 18.6%, South Sweden 16%, Asia 9.4%; Figure 4B).
They were also mostly absent among U.S.A. accessions. The
widespread presence of CYP705A2a and BARS2 genes in Relicts
suggested that the duplication event preceded the recent massive
species migration, which took place in the postglacial period and
shaped the current Arabidopsis population structure (Lee et al., 2017).
We next visualized the four groups in principal component analysis
(PCA) plots generated with genome-wide biallelic SNPs (1001
Genomes Consortium, 2016; Zmienko et al.,, 2020). At a low
linkage disequilibrium parameter, where the contribution of the
ancestral alleles to PCA was highest, there was a clear convergence
of the PC1 and PC2 components with the presence/absence of gene
duplication (Figure 4C; Supplemental Figure S17). This suggested that
the presence/absence of the genomic insertion containing
CYP705A2a and BARS2 genes had some impact on the current
geographic distribution of the Arabidopsis accessions. We then
evaluated the accessions’ latitudes of origin and found that
accessions with the nonreference gene pair originated from
significantly lower latitudes compared to the remaining accessions
(one-way rank-based analysis of variance, ANOVA, p value<0.001,
followed by Dunn’s test with BH correction, p value<0.001)
(Figure 4D). This difference was noticeable even within individual
countries and was significant for Germany, Spain and Italy
(Supplemental Figure S18). We observed the reverse trend in
Russia, where PP-AA accessions were in great excess (88%), and in
France; however, we also noticed that PP-AA accessions
outnumbered PP-PP accessions in the Pyrenees, Alps and Tian
Shan mountain ranges (Supplemental Information). This result
suggested that there was an association between arabidiol/baruol
gene cluster variation and environmental conditions; therefore, we
decided to investigate this in the next step. Since climate is a
substantial selection factor, we also checked for phenotypic
variability between the most abundant PP-AA and PP-PP groups.
To this end, we performed two-group comparisons of 516 phenotypic
and climatic variables retrieved from the Arapheno database (Seren
et al,, 2017; Togninalli et al, 2020) and focused on those that
significantly differed between both groups (Wilcoxon rank sum test
with continuity correction, p value <0.05) (Supplemental Table S12).
Notably, we observed differences in 88 climatic variables (Exposito-
Alonso et al., 2019), especially maximal and minimal temperature
conditions, precipitation and evapotranspiration (Figure 5A). Apart
from the climate data, 40 diverse phenotypes varied significantly
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Population-scale diversity of CYP705A2 and BARS1 duplication status. (A) The sizes of four groups differing by the presence (PP)/absence (AA) of
CYP705A2-BARS1 and CYP705A2-BARS2 gene pairs. (B) Group distribution among the genetic groups. U.S. accessions from the German group were
separated from the remaining accessions. (C) Principal component analysis (PCA) plots, generated at linkage disequilibrium LD = 0.3. The first two
components are presented. Accessions are colored according to their genetic group (left) or CYP-BARS status (right). U.S. accessions were not included
in the analysis, in order to better visualize the remaining groups. PCA plots with other LD parameters are in Supplemental Figure S17. (D) Latitudes of
accessions' sites of origin, grouped by CYP-BARS status. One-way rank-based analysis of variance ANOVA, p value<0.001, followed by Dunn'’s test with
BH correction, **p value<0.05 (PP-PP vs AA-PP); ***p value < 0.001 (all the other pairwise comparisons).

between both groups. Although some of these differences, e.g.,
flowering-related phenotypes, might be influenced by another
genetic factor, independent from the arabidiol/baruol gene cluster
structure (Li et al,, 2010), we paid special attention to root growth-
related phenotypes, since all Arabidopsis MGCs are considered to
have root-specific expression (Huang et al., 2019). We observed
significant differences between the PP-AA and PP-PP groups in
root growth dynamics, which was analyzed during the first week
after germination by Bouain et al. (2018). More specifically, the roots
of PP-PP accessions elongated slower than those of PP-AA accessions
(Figure 5B). Additionally, PP-PP accessions showed a significantly
lower rate of root organogenesis from explants under one of three
growth conditions tested in another study (Lardon et al., 2020)
(Figure 5C). We next applied a linear mixed model in a genome-
wide association study on the same 516 phenotypes to independently
evaluate the significance of our observations after correction for the
population structure and multiple testing. We used a genome-wide
matrix of over 250 thousand biallelic SNPs supplemented with SNP-
like encoded information about the gene duplication status (only PP-
AA and PP-PP groups were analyzed). Although the association of
CYP705A2a and BARS2 presence/absence variation was not
statistically significant for any variable we tested, we again obtained
the lowest p values for the climatic data and root organogenesis
phenotypes (Figure 5D, Supplemental Table S12). We then checked
for the genetic interactions between the thalianol and arabidiol/baruol
clusters to exclude the possibility that they affected our results, since
the distribution of discontiguous and compact versions of the
thalianol gene cluster was also strongly associated with latitude
(Supplemental Figure S19). However, structural variation of the
arabidiol/baruol gene cluster better explained the geographical
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distribution of the accessions. Moreover, variation in thalianol gene
cluster organization did not affect the expression of the thalianol
biosynthesis genes and had little impact on root growth phenotypic
variation (Supplemental Figure 520).

In the reference accession Col-0, all genes in the arabidiol/baruol
cluster were expressed at low levels and were active almost exclusively
in roots (Supplemental Figure S21). In search of the possible links
between arabidiol/baruol gene cluster structure and phenotypic
variation, we investigated CYP705A2, BARSI, CYP705A2a and
BARS?2 expression profiles in Col-0 and Cvi-0. We used RNA-Seq
data from roots, shoots and leaves, which we retrieved from the
studies where these accessions were grown in parallel under standard
conditions (Kawakatsu et al., 2016; van Veen et al,, 2016). We mapped
the data to the respective (Col-0 or Cvi-0) annotated genome and
compared the gene expression profiles (Figure 5E; Supplemental
Table S13). In both accessions, the arabidiol/baruol gene cluster was
silenced in shoots, except for the low activity of acyltransferase gene
AT4G15390, detected in Cvi-0. Additionally, in both accessions, the
clusters were active in roots, and the expression of AT4G15390 was
much stronger than that of the remaining genes. In Cvi-0, genes
located in the genomic insertion (CYP705A2a, BARS2 and ATCVI-
4G38100, the latter encoding a protein with partial similarity to
acyltransferase) were also expressed, although at a lower level,
compared to the rest of the cluster. Surprisingly, in leaves of Cvi-0,
but not Col-0, we also detected transcriptional activity within the
arabidiol/baruol gene cluster. Most clustered genes were expressed at
lower levels than in Cvi-0 roots, and the transcripts of CYP705A2,
CYP705A3 and BARSI were barely detectable. However, ATCVI-
4G38100, CYP705A2a and BARS2 had similar expression in leaves
and roots. Taking these observations into account, it should not be
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Phenotypic variation of PP-AA and PP-PP groups. (A-C) Two-group comparisons of climatic (A), root growth dynamics (B) and root organogenesis (C)
data between PP-AA (green) and PP-PP (orange) accessions. Stars denote the significance of Wilcoxon rank sum test with continuity correction,
*p.value<0.1, **p.value<0.05, ***p.value<0.001. (D) Results of a genome-wide association study for PP-AA/PP-PP allelic variation. Study with climatic
data is in the grey box (E) Tissue specificity of arabidiol/baruol gene cluster expression in Col-0 and Cvi-0. (F) Population-level differences in gene
expression in leaves among the PP-AA, PP-PP and AA-PP groups. Expression levels are shown as log,(TPM+1). Stars denote the significance of one-way
rank-based analysis of variance ANOVA, p.value<0.001, followed by Dunn's test with BH correction, **p.value<0.05, ***p.value<0.001. Source data are
available in the Arapheno database (plots A-C), Supplemental Table S12 (plot D) and Supplemental Table S13 (plots E-F).

excluded that the metabolic products of arabidiol/baruol gene cluster
activity in the roots and leaves of the Cvi-0 accession are not identical.

Since the PP-PP group represented a substantial fraction of the
Arabidopsis population, we wanted to check whether the gene
expression profile, which we observed in leaves of Cvi-0, was
ubiquitous among the accessions from this group. To this end, we
analyzed RNA-Seq data for 552 accessions mapped against the
reference genome (Kawakatsu et al., 2016), and we compared the
BARSI expression level between the AA-PP, PP-PP and PP-AA
groups. It was significantly higher in accessions with the
CYP705A2a + BARS2 gene pair than in the PP-AA group (one-way
rank-based analysis of variance, ANOVA, p value<0.001, followed by
Dunn’s test with BH correction, p value <0.05) (Figure 5F), in
agreement with our predictions that BARS2 was expressed in the
leaves of these accessions and that reads from BARS2 transcripts
mapped to the BARSI locus, elevating its measured expression level.
We also remapped the raw RNA-Seq reads from the Ty-1 and Cdm-1
accessions (PP-PP group), as well as from the Kn-0 and Sha (PP-AA
group) accessions to their respective genomic assemblies and
separately measured the expression levels of BARSI and BARS2. As
expected, BARS2 was expressed in the leaves of PP-PP accessions,
while BARSI was not (Supplemental Figure S21).
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Paired terpenoid synthase and cytochrome
P450 genes are more variable than
nonpaired genes

In many plant genomes, genes encoding terpenoid synthases (TSs,
including the OSCs analyzed in our study) are positioned in the
vicinity of CYPs more often than expected by chance. Therefore, they
frequently exist as TS-CYP pairs (Boutanaev et al., 2015). TS-CYP
pairs located in MGCs had similar (either high or low) copy number
diversity and were frequently duplicated or deleted together. We
wanted to check whether this observation could be extended to other
TS-CYP pairs in the Arabidopsis genome. Therefore, we created a
comprehensive list of 48 TSs and 242 CYPs based on trusted sources
(Paquette et al., 2000; Bak et al., 2011; Nelson and Werck-Reichhart,
2011; Boutanaev et al,, 2015). We then retrieved information about
each gene’s copy number diversity among 1,056 accessions
(Supplemental Tables S14-S15). For 13 TSs, including THASI and
BARSI, we observed gains or losses in at least 1% of accessions. Only
33 CYPs showed such variability, and they represented three clans:
CYP71 (26 variable genes out of 151), CYP85 (6 variable genes out of
29) and CYP72 (1 variable gene out of 19). The remaining clans
showed very low variability. Next, for each TS, we selected all CYPs
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within +/- 30-kb distance, which produced 38 pairs between 18 TSs
and 27 CYPs, including pairs in thalianol, marneral, tirucalladienol
and arabidiol/baruol gene clusters, as well as other putative secondary
metabolism clusters, listed in the plantiSMASH resource (Kautsar
et al,, 2017). Subsequent group comparisons revealed that TSs and
CYPs occurring in pairs were more variable than their nonpaired
counterparts (Wilcoxon rank sum test with continuity correction, p
value<0.01 for TSs, p value<0.001 for CYPs).

Discussion

According to our current understanding of the MGC formation
phenomenon, nonrandom gene clustering in eukaryotes is linked
with highly dynamic chromosomal regions. Numerous studies have
highlighted that structural variations are the main genetic drivers of
metabolic profile diversity and MGC evolution in plants (Fan et al.,
2020; Li et al., 2020; Liu et al., 2020a; Liu et al., 2020b; Zhan et al.,
2020; Katz et al., 2021). These studies suggested that plant MGCs are
dynamically evolving and that the genetic mechanisms that originally
led to their formation may be captured at the intraspecies genetic
variation level. Similar conclusions were drawn from a previous study
of the filamentous fungus Aspergillus fumigatus, in which secondary
metabolic pathway genes were commonly organized into clusters
(Lind et al., 2017). During evolution, new biochemical pathways are
tuned and tested by many rounds of natural selection. The analysis of
intraspecies MGC variants, which are more recent than the variants
found in interspecies comparisons, may provide important insight
into the formation of clustered gene architectures and plant metabolic
diversity in a small evolutionary time frame. Accordingly, in our study
we established that the mechanisms driving gene duplications and
deletions contributed to the formation of Arabidopsis MGC in their
present form and that they are still involved in shaping their
structures. The dynamics of these mechanisms is e.g. marked by the
observed extensive variation of the thalianol gene cluster and the
arabidiol/baruol gene cluster.

The four MGCs in Arabidopsis are implicated in the biosynthesis
of structurally diverse triterpenes and are dated after the o whole-
genome duplication event, which occurred in the Brassicaceae lineage
~23-43 Mya (Field et al,, 2011). These MGCs are assembled around
the gene(s) encoding clade IT OSCs. It has been shown that in various
Brassicaceae genomes, clade II OSCs are often colocalized with genes
from the CYP705, CYP708 and CYP702 clans and with genes from
the acyltransferase IIla subfamily (Liu et al., 2020b). Bioinformatic
studies have also revealed that TSs and CYPs are paired in plant
genomes more frequently than expected (Boutanaev et al, 2015). We
found that in Arabidopsis, the physical proximity of CYPs and TSs
was associated with increased CNV rates for these genes compared to
the nonpaired ones. This might suggest that the occurrence of such a
specific gene mix, combined with the structural instability of its
genomic neighborhood, boosted the potential to produce novel
metabolic pathways. The four Arabidopsis MGCs had different
levels of variation (Figure 1), which generally reflected the
phylogeny of clade II OSCs contained in these clusters (Figure 3C).
Of them, MRN1 is most divergent in amino acid sequence. It is also
mono-functional, i.e., catalyzes the formation of one specific product
- marneral (Xiong et al.,, 2006). Functional studies have indicated a

Frontiers in Plant Science

10

10.3389/fpls.2023.1104303

critical role of marneral synthase in Arabidopsis development (Go
et al, 2012). Consistent with these findings, MRNI was the only
clustered OSC gene, which was not affected by deletions or
duplications, in any accession. Additionally, the neighboring CYPs
were stable in copy number. Our results indicate that the marneral
gene cluster is fixed in the Arabidopsis genome.

The arabidiol/baruol gene cluster was the most variable MGC. It
comprises few gene subfamilies but is significantly expanded
compared to the sister species A. lyrata, which is suggestive of
recent duplications. For example, PENI and BARSI have only one
ortholog in A. lyrata, LOC9306317. Accordingly, we observed an
exceptionally high rate of intraspecific gene gains and losses within
this MGC. The segmentation of the arabidiol/baruol gene cluster into
variable and invariable gene blocks may result from the ongoing
process of selection-driven fixation of the arabidiol subcluster. The
products of PENI and CYP705A1 are involved in the response to
jasmonic acid treatment and infection with the root-rot pathogen
Pythium irregulare (Sohrabi et al., 2015). Moreover, arabidiol may be
further converted to arabidin in the pathway involving acyltransferase
encoded by AT5G47950, which is located in the thalianol gene cluster
(Huang et al., 2019) and which was also invariable in copy number in
the present study. The fixation of genes involved in arabidin
biosynthesis may indicate the biological significance of this
pathway. CRISPR mutants with a disrupted AT5G47950 gene has
been shown to have significantly shorter roots than wild-type plants,
and arabidin did not accumulate in these roots (Bai et al., 2021).
Interestingly, A. Iyrata is able to convert apo-arabidiol (the product of
arabidiol degradation) into downstream compounds, despite the lack
of arabidiol synthase (Sohrabi et al., 2017). This indicates that there
may be modularity of the biosynthetic pathways in plants. This
modularity might facilitate the assembly of a biosynthesis network
and lead to an increase in the repertoire of secondary metabolites
produced by the plant. Understanding the complexity of this network
may be supported by in-depth analysis of MGC intraspecies variation.

The initial diversity of 2,3-oxidosqualene cyclization products
generated by the plant is determined by OSC diversity. Here, we
report the discovery of the BARS2 gene, which was found in
numerous accessions but was absent from Col-0; hence, it was
absent from the reference genome (Figure 3A). Our data indicated
that BARS2 encodes a functional clade II OSC (Figures 3C, D).
Notably, baruol synthase 1 encoded by its closest paralog, BARSI,
has the lowest product specificity among plant OSCs (Lodeiro et al.,
2007; Ghosh, 2016). Why some OSCs are highly multifunctional is
not well understood. It has been suggested that they are undergoing
evolution toward increased product specificity. It has been
demonstrated that only two amino acid changes in cycloartenol
synthase lead to its conversion into an accurate lanosterol synthase
(Lodeiro et al., 2005). Biochemical characterization of baruol synthase
2 and its comparison with baruol synthase 1 may help reveal the role
of particular amino acids in acquiring specificity for given products.

According to our data, the BARS2 and CYP705A2a gene pair may
be present in nearly one-third of the Arabidopsis population
(Figure 4A), and their presence/absence variation is associated with
the climatic gradient and root growth dynamics (Figures 5A-D). In
Col-0, MGCs are embedded in local hotspots of three-dimensional
chromatin interactions. Their activation in roots and repression in
leaves is combined with the distinct chromatin condensation states
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and nuclear repositioning of MGC regions between these tissues
(Niitzmann et al., 2020). Loss of the histone mark H3K27me3 in the
clf/swn mutant resulted in the loss of interactive domains associated
with the thalianol, marneral and arabidiol/baruol cluster regions,
indicating that different transcriptional states of these MGCs are
strictly regulated by the switches in their conformation. Curiously, in
accessions with CYP705A2a and BARS2, we observed some
transcriptional activity of arabidiol/baruol cluster genes in leaves
(Figures 5E, F). The presence of an ~25-kb insertion in the
arabidiol/baruol gene cluster may alter its structure and affect the
epigenetic regulation of its activity. Thus, variation at the epigenetic
and transcriptional level might lead to phenotypic differences, which
could in turn contribute to local adaptation and eventually affect the
global distribution of Arabidopsis accessions. However, additional
studies are needed to assess whether the association between BARS2
and CYP705A2a presence/absence variation and the global
distribution of Arabidopsis accessions may be linked to the
expression of these two genes or to the differences in transcriptional
activity of the entire cluster (Wegel et al., 2009; Yu et al., 2016; Roule
et al., 2022).

The thalianol gene cluster was the second most variable MGC in
our analysis. The first evidence for its structural diversity comes from
the study of Liu et al. (2020a), who found large deletions affecting
thalianol biosynthesis genes in ~2% of the studied accessions. Since
our approach was specifically focused on CNV analysis and was
duplication-aware, we were able to detect over two times more CNV's
in a similar population (4.7%), with 49 accessions carrying gene
deletions and five accessions with gene duplications (Figure 2A).
Apart from the identification of two new variants — one large deletion
and a duplication - we validated earlier assumptions that the
nonreference compact version of the thalianol gene cluster is
predominant in Arabidopsis (Figure 2B). Moreover, it is also better
conserved than the discontiguous version (Figures 2D, E). It remains
to be investigated whether tighter clustering of the thalianol gene
cluster may be advantageous in certain environmental conditions or
whether it is just less prone to structural variation due to
physical constraints.

Triterpenes are high-molecular-weight nonvolatile compounds
that are likely to act locally. However, they may be further processed
and generate various breakdown products, both volatile and
nonvolatile, which may be biologically active (Sohrabi et al., 2015;
Sohrabi et al., 2017). Compounds of plant origin may also be
metabolized by plant-associated microbiota. A recent study
demonstrated that various combinations of thalianin, thalianyl fatty
acid esters and arabidin attracted or repelled various microbial
communities present in the soil and participated in the plant’s
active selection of root microbiota (Huang et al, 2019). In fact, a
small but significant effect of Arabidopsis genotype on the root
microbiome has been demonstrated previously (Bulgarelli et al,
2012; Lundberg et al., 2012). In a recent study by Karasov et al.
(2022), bacterial communities that colonized the leaves of 267 local
Arabidopsis populations, assessed at various localizations in Europe,
formed two distinct groups strongly associated with the latititude.
Specifically, a significant latitudinal cline was observed for the strains
of the Sphingomonas genus, which is commonly associated with
Arabidopsis (Bodenhausen et al., 2013). Various Sphingomonas

species possess a range of biodegradative and biosynthetic
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capabilities (Mohn et al., 1999; Asaf et al., 2020). Sphingomonas is
implicated in promoting Arabidopsis growth, increasing drought
resistance and protecting plants against the leaf-pathogenic
Pseudomonas syringae (Innerebner et al., 2011; Luo et al, 2019).
Notably, in the study by Karasov et al. (2022), the host plant genotype
alone could explain 52% to 68% of the observed variance in the
phyllosphere microbiota. Moreover, the microbiome type was
strongly associated with the dryness index of the local environment
based on recent precipitation and temperature data. We propose that
the genetic diversity of terpenoid metabolism pathways in
Arabidopsis may be interdependent on the diversity of soil bacterial
communities present in various environments, and this relationship
might play a role in Arabidopsis adaptation to climate-driven
selective pressures. Further exploration of MGC diversity may help
us understand these biotic interactions.

Currently, the bioinformatic identification of new MGC
candidates is mainly based on the combination of physical gene
grouping and coexpression analyses. The accuracy and sensitivity of
such approaches strongly depend on the abundance of data from
various tissues, time points, and environmental conditions
(Wisecaver et al,, 2017). We suggest that the analysis of intraspecies
genetic and transcriptomic variation may provide a valuable addition
to MGC studies. The genome of one individual may not be
representative enough to reveal the entire complexity of a given
pathway, not to mention the metabolic diversity of the entire
species (Kawakatsu et al., 2016; Shirai et al., 2017; Zmienko et al.,
20205 Katz et al., 2021). With the rapid increase in the number of
near-to-complete assemblies of individuals’ genomes facilitated by the
development of third-generation sequencing technologies, we are
now entering the era of intense exploration of the impressive
plasticity of plant metabolic pathways.

Materials and methods
Plant material and DNA samples

Arabidopsis seeds were obtained from The Nottingham Arabidopsis
Stock Centre. The seeds were surface-sterilized, vernalized for 3 days, and
grown on Jiffy pellets in ARASYSTEM containers (BETATECH) in a
growth chamber (Percival Scientific). A light intensity of 175 mmol m™s°
' with proportional blue, red, and the far red light was provided by a
combination of fluorescent lamps (Philips) and GroLEDs red/far red
LED Strips (CLF PlantClimatics). Plants were grown for 3 weeks under a
16-h light (22°C)/8-h dark (18°C) cycle, at 70% RH, nourished with half-
strength Murashige & Skoog medium (Serva). Genomic DNA for MLPA
and ddPCR assays was extracted from 100 mg leaves with a DNeasy Plant
Mini Kit (Qiagen), according to manufacturer’s protocol, which included
RNase A treatment step.

RD assays

To determine the boundaries of each MGC, the relevant literature
and gene coexpression datasets were surveyed (Fazio et al, 2004;
Xiong et al., 2006; Xiang et al., 2006; Lodeiro et al., 2007; Field and
Osbourn, 2008; Morlacchi et al., 2009; Field et al., 2011; Go et al.,
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2012; Thimmappa et al., 2014; Sohrabi et al., 2015; Yasumoto et al.,
2016; Wisecaver et al,, 2017). TAIR10 genome version and Araport 11
annotations (Cheng et al,, 2017) were used as a reference in all
analyses. Short read sequencing data from Arabidopsis 1001
Genomes Project (1001 Genomes Consortium, 2016) were
downloaded from National Center for Biotechnology Information
Sequence Read Archive repository (PRJNA273563), processed and
mapped to the reference genome as described in (Zmienko et al,
2020). The gene copy number estimates based on read-depth analysis
of short reads (RD dataset) were generated previously and are
available at http://athcnv.ibch.poznan.pl. Accessions BRR57 (ID
504), KBS-Mac-68 (ID 1739), KBS-Mac-74 (ID 1741) and Ull2-5
(ID 6974), which we previously identified as harboring unusually high
level of duplications, were removed from the analysis.

MLPA assays

MLPA probes were designed according to a procedure designed
previously and presented in detail in (Samelak-Czajka et al., 2017).
Probe genomic target coordinates are listed in Supplemental Table
S16. The MLPA assays were performed using 5 ng of DNA template
with the SALSA MLPA reagent kit FAM (MRC-Holland). The MLPA
products were separated by capillary electrophoresis in an ABI Prism
3130XL analyzer at the Molecular Biology Techniques Facility in the
Department of Biology at Adam Mickiewicz University, Poznan,
Poland. Raw electropherograms were quality-checked and
quantified with GeneMarker v.2.4.2 (SoftGenetics), with peak
intensity and internal control probe normalization options enabled.
Data were further processed in Excel (Microsoft). To allow easy
comparison of RD and MLPA values, the MLPA results were
normalized to a median of all samples’ intensities and then
multiplied by 2, separately for each gene/MLPA probe.

ddPCR assays

Genomic DNA samples were digested with Xbal (Promega).
DNA template (2.5 ng) was mixed with 1x EvaGreen ddPCR
Supermix (Bio-Rad), 200 nM gene-specific primers (Supplemental
Table S17) and 70 pl of Droplet Generation Oil (Bio-Rad), then
partitioned into approximately 18,000 droplets in a QX200 Droplet
Generator (Bio-Rad), and amplified in a C1000 Touch Thermal
Cycler (Bio-Rad), with the following cycling conditions: 1x (95°C
for 5 min), 40x (95°C for 30 s, 57°C for 30 s, 72°C for 45 s), 1x (4°C
for 5 min, 90°C for 5 min), with 2°C/s ramp rate. Immediately
following end-point amplification, the fluorescence intensity of the
individual droplets was measured using the QX200 Droplet Reader
(Bio-Rad). Positive and negative droplet populations were
automatically detected by QuantaSoft droplet reader software (Bio-
Rad). For each accession and each gene, the template CNs [copies/pl
PCR] were calculated using Poisson statistics, background-corrected
based on the no-template control sample and normalized against the
data for previously verified non-variable control gene DCLI.
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PCR assays

Genomic DNA samples (5 ng) were used as templates in 20 pl
reactions performed with PrimeSTAR GXL DNA Polymerase
(TaKaRa), according to the manufacturer’s instructions, in a three-
step PCR. Amplicons (10 ul) were analyzed on 1% agarose with 1kb
Gene Ruler DNA ladder (Fermentas). Primer sequences are listed in
Supplemental Table S17. Primer pairs for BARSI-BARS2 and
CYP705A2-CYP705A2a were designed in corresponding genomic
regions, that assured primer divergence between the paralogs.
However, primers designed for CYP705A2 produced unspecific
bands of ~5kb in many samples. Therefore, this gene was excluded
from the analysis.

Genotype assignments

For MLPA dataset, genotypes were assigned to each gene and
each accession based on normalized MLPA values of <1 for LOSS
genotype and >3 for GAIN genotype. The remaining cases were
assigned REF genotype. For RD dataset, the respective RD thresholds
were <1 for LOSS genotype and >3.4 for GAIN genotype, except for
BARSI, for which both thresholds were lowered by 0.2. The remaining
cases were assigned REF genotype. For ddPCR, genes with normalized
CN=0 were assigned LOSS genotype and genes with normalized
CN=2 were assigned REF genotype. The RD, MLPA and ddPCR
datasets were then combined using the following procedure. For genes
and accessions covered by multiple datasets, the final genotype was
assigned based on all data. Discordant genotype assignments (21 out
of 1,784 covered by multiple datasets) were manually investigated and
19 of them were resolved (Supplemental Figure S4; Supplemental
Table S7). Out of the remaining 32,000, which were assayed with one
method only, the genotype was manually corrected in 13 cases with
values very close to the arbitrary threshold, based on population data
distribution. Final genotype assignments for each gene and each
accession are listed in Supplemental Table S6.

Sanger sequencing

The genomic DNA of Mir-0 accession (ID 8337) was used as a
template (2 ng) for amplification using PrimeSTAR® GXL DNA
Polymerase (TaKaRa), in a 40-pl PCR reaction with 0.3 uM primers
OP009 and OPO010, according to general manufacturer instructions.
The amplified product, of ~8 kb in length, was purified with DNA
Clean & Concentrator (ZYMO Research) and checked by gel
M 2000
Spectrophotometer. The purified product (110 ng) was mixed with

electrophoresis and analysis on NanoDropT

1 ul of sequencing primer Mar02_R and sequenced on ABI Prism
3130XL analyzer at the Molecular Biology Techniques Facility in the
Department of Biology at Adam Mickiewicz University, Poznan,
Poland. Sequencing files were analyzed with Chromas Lite v. 2.6.6.
(Technelysium) software.
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De novo genomic assemblies generation,
annotation and analysis

Mitterberg-2-185 and Dolna-1-40 genomic sequences were
extracted, sequenced on 1 MinION flowcell (Oxford Nanopore
Technologies) each and assembled de novo with Canu. Genomic
sequences of interest (corresponding to thalianol gene cluster for
Mitterberg-2-185 and tirucalladienol gene cluster for Dolna-1-40)
were then retrieved with megablast (blast-2.10.0+ package) using
TAIRIO reference genomic sequence as a query. The remaining de
novo assemblies were retrieved from the following public databases.
The PacBio-based genomic assemblies, gene annotations and
orthogroups for An-1, C24, Cvi-0, Eri-1, Kyoto, Ler-0 and Sha
accessions, as well as the reference genome coordinates of the
hotspots of rearrangements, were downloaded from Arabidopsis
1001 Genomes Project Data Center (MPIPZJia02020) or retrieved
from the corresponding paper (Jiao and Schneeberger, 2020).
Assembled genomic sequences of Ty-1 (PRJEB37258), Cdm-0
(PRJEB40125) and Kn-0 (PRJEB37260) accessions were retrieved
from NCBI/Assembly database (Sayers et al, 2022). Gene
prediction was performed with Augustus v.3.3.3 (Stanke and
Morgenstern, 2005) with the following settings: “Species
Arabidopsis thaliana”, “both strands”, “few alternative transcripts”

» o«

or “none alternative transcripts”, “predict only complete genes”.
These parameters were first optimized by gene prediction in the
corresponding TAIR 10 genomic sequence and comparison with
Araport 11 annotation. For previously annotated assemblies, we
added information about the newly predicted genes to existing
annotations. The protein sequences of de novo predicted genes and
the information about their best blast hit in the reference genome are
available in Supplemental Information. The search for conserved
domain organization was performed with the online NCBI search tool
against Pfam v.33.1 databases. Protein sequence alignment was done
with Multalin or EMBL online tools (Corpet, 1988; Madeira et al.,
2019). TEs were annotated with RepeatMasker software version 4.1.2
(http://www.repeatmasker.org), using homology-based method with
TAIR10-transposable-elements reference library.

Identification of chromosomal inversions

The BreakDancerMax program from the BreakDancer package
v.1.3.6 (Chen et al., 2009) was used to detect inversions in each of 997
samples with paired-end data and unimodal insert size distribution.
Variants were called separately for each accession and each
chromosome. Only calls with lengths within the range 0.5 kbp - 50
kbp and with the Confidence Score >35 were retained. Since
BreakDancerMax output included numerous overlapping calls for
individual accessions, we first minimized its redundancy. From the
overlapping regions, we kept one variant with i) the highest
Confidence Score, and ii) the highest number of supporting reads.
If two or more overlapping variants had the same score and the
number of supporting reads number, maximized coordinates of these
variants were used. This step was carried out in two iterations,
considering the 50% reciprocal overlap of the variants. Then, the
inversions that overlapped with the thalianol gene cluster were
selected from each genome-wide dataset.
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SNP calling at CYP705A2 and BARS1 genes

Variants (SNPs and short indels) were called with DeepVariant
v.1.3.0 in WGS mode and merged with GLnexus (Yun et al., 2021).
Analysis was performed for CYP705A2 and BARSI genomic loci. The
results were further filtered to include only biallelic variants, that were
located in the exons of each gene (for BARSI, exon intersections from
two transcript models were used). The number of heterozygous
positions was then calculated for each accession and each gene. The
same procedure was repeated by taking into account only biallelic
variants with at least 1% frequency, which resulted in nearly identical
results. Both types of analysis led to the selection of the same set of
accessions with duplication at both loci.

Genome-wide SNP analysis

Variants for 983 accessions with known CYP705A2 + BARSI and
CYP705A2a + BARS2 pair status were downloaded from the 1001
Genomes Project Data Center (1001genomes_snp-short-
indel_only_ACGTN_v3.l.vcf.snpeff file) (1001 Genomes
Consortium, 2016). Data preprocessing was performed using
PLINK v.1.90b3w (https://www.cog-genomics.org/plink/1.9/; Chang
et al,, 2015). Variants with missing call rates exceeding value 0.5 and
variants with minor allele frequency below 3% were filtered out. The
LD parameter for linkage disequilibrium-based filtration was set as
follows: indep-pairwise 200’kb” 25 0.3. For PCA analysis with
EIGENSOFT v.7.2.1 (Price et al., 2006; Patterson et al., 2006) at
least 130,000 SNPs were used. PCA for a wide LD range between 0.3 -
0.9 was then calculated in a similar manner. U.S.A accessions which
only recently separated geographically from the rest of the population
(Lee et al, 2017) were excluded, to ensure better visibility of the
remaining accessions. The ggplot2 package was used for data
visualization in R v4.0.4 (https://www.r-project.org; Wickham, 2016).

Genome-wide association study and
phenotype analysis

The entire set of 516 phenotypes from 26 studies was downloaded
from the Arapheno database on 26 April 2022 (Seren et al., 2017;
Togninalli et al, 2020). The above genome-wide SNP dataset, to
which we added a biallelic variant representing PP-AA or PP-PP
group assignment, was used. The IBS kinship matrix was calculated
on 954 accessions. Association analysis was performed for each
phenotype using a mixed model correcting for population structure
using Efficient Mixed-Model Association eXpedited, version emmax-
beta-07Mar2010 (Kang et al., 2008). Input file generation and analysis
of the results were performed with PLINK v.1.90b3w and R v4.0.4.

Analysis of RNA-Seq data

Processed RNA-seq data from leaves for 728 accessions (552 in
common with our study) mapped to the reference transcriptome
(Kawakatsu et al., 2016) were downloaded from NCBI/SRA
(PRJNA319904), normalized and used to compare BARSI expression
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levels between PP-AA, PP-PP and AA-PP groups. Additionally, raw
RNA-Seq reads from leaves were downloaded from the same source for
accessions-specific mapping and analysis of Cdm-0, Col-0, Cvi-0, Kn-0,
Ty-1 and Sha accessions. Raw RNA-Seq reads from roots and shoots of
Col-0 and Cvi-0 accessions were retrieved from BioProject PRJEB14092
(van Veen et al,, 2016). SRA Toolkit v2.8.2. (https://github.com/ncbi/sra-
tools) and FastQC v0.11.4 (https://www.bioinformatics.babraham.ac.uk/
projects/fastqc/) were used for downloading the raw reads and for the
quality analysis. For Cdm-0, Kn-0 and Ty-1 genomes.gtf files were
generated based on Augustus results, that included the annotations for
the genes of interest (provided as Supplemental Information). Raw reads
were mapped to the respective genomes using the STAR aligner version
2.7.8a (Dobin et al., 2013). STAR indices were generated with parameters:
“~runThreadN 24 -sjdbOverhang 99 —genomeSAindexNbases 12”. The
following parameters were used for the mapping step: “~runThreadN 24
—quantMode GeneCounts —outFilterMultimapNmax 1 —outSAMtype
BAM SortedByCoordinate —outSAMunmapped Within”. Bioinfokit
v1.0.8 https://zenodo.org/record/3964972#.Yyw6oRzP1hE) was used to
convert.gff3 to.gtf files. Transcripts per million (TPM) values and
fragments per kilobase exon per million reads (FPKM) with total exon
length for each gene were computed in R v4.0.4.

Analysis of TS-CYP pairs

A list of Arabidopsis CYP genes was created by collecting
information from previous studies and acknowledged website resources
(Arabidopsis Cytochromes P450; Paquette et al, 2000; Ehlting et al,
2008; Nelson, 2009; Bak et al., 2011; Nelson and Werck-Reichhart, 2011;
Boutanaev et al, 2015) (http://www.p450.kvl.dk/p450.shtml). Genes
marked in Araport 11 as pseudogenes were excluded from the further
analysis. Genes were assigned to clans and families according to the
information from the above resources. A list of TS genes was created
based on a previous study (Boutanaev et al., 2015) and restricted to genes
with valid Araport 11 locus. Genotypes were assigned based on criteria
defined for RD dataset: (CN =< 1 as losses, CN >=3.4 as gains, the
remaining genotypes were classified as unchanged). Genes from
thalianol, tirucalladienol, arabidiol/baruol and marneral gene clusters
were already genotyped. Gene coordinates were downloaded from
Araport 11. All CYP genes positioned at a distance +/- 30 kb from TS
gene borders were classified as paired with a given TS gene. Information
about predicted secondary metabolism clusters was retrieved from
plantiSMASH resource (Kautsar et al., 2017).

Prediction and analysis of BARS1 and BARS2
3D protein structures

The three-dimensional structures of the reference baruol synthase
1 proteins NP_193272.1, NP_001329547.1, as well as Cvi-0 proteins
encoded by ATCVI-4G38020 (BARSI) and ATCVI-4G38110 (BARS2),
were predicted from their amino acid sequences using the AlphaFold2
code through the ColabFold software (Jumper et al., 2021; Mirdita
etal,, 2022). The modeling studies were performed for a single amino
acid chain. A crystal structure of human OSC in a complex with
lanosterol (ID 1W6K) was retrieved from the Protein Data Bank
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(Thoma et al, 2004; Berman et al., 2007). The SSM algorithm
implemented in COOT was used for superpositions of protein
models (Krissinel and Henrick, 2004; Emsley et al., 2010)
(Supplemental Information).
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Figure S1. IGV screens of genomic regions covering Arabidopsis MGCs. A) Thalianol
gene cluster; B) Marneral gene cluster; C) Tirucalladienol gene cluster; D) Arabidiol/baruol gene
cluster. Dark blue — protein-coding genes. Araport 11 genomic loci are denoted. Light blue —
noncoding genes. Red — CNVs extracted from AthCNV atlas (http://athcnv.ibch.poznan.pl/).



6 RD 6 MLPA
F-
- = i
.| dah
o
g2 e D s
Q,
[} wede BBEY ease WED 01 BBE o WB % 6> BO®
AT5G47980 AT5G47990 AT5G48000 AT5G48010
6 6 6 6
°
4 L 2 4 44+ ! i 4
8 8 g i
2 ‘.- 2 , 24+ ‘ : 244 .
o °
| op
01 0 ? : - 018 t $ 040
0 2 4 6 o 2 4 6 o 2 4 6 0 2 4 6
MLPA signal MLPA signal MLPA signal MLPA signal
B
64 RD AT5G42580 - E060
44
Z
o
2-
0-
6-
@
<
g,
32
0 ° °
E060 E061 E120 Er21 E070 [324)
c
6 RD

'
0 0 od QPOB/® o O
ATSG36110 AT5G36170 AT5G36180
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Figure S6. Duplication of acyltransferase gene in Mitterberg-2-185. A) Thalianol gene
in Col-0 (upper) and Mitterberg-2-185 de novo assembly (lower).
Corresponding genes have the same colors. The region of inversion is marked in grey. B)
Sequence alignment of reference AT5G47980 protein with predicted proteins from Mitterberg-2-

cluster organization

185. C) Conserved domain prediction. Transferase — transferase domain (pfam02458).
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Figure S7. Partial deletion of CYP705A12 in Mir-0. A) WGS-based and Sanger
sequencing-based data concordantly indicate there is a 1,202-bp deletion in CYP705A12 gene
sequence in Mir-0. The reference CYP705A12 model is presented in blue. B) Predicted truncated
protein in Mir-0. Multiple protein alignment made with Multalin. C) Full (reference) and partial (Mir-
0) cytochrome P450 superfamily domain present in the respective proteins. D) TMHMM server
prediction probabilities for CYP705A12 (left) and its truncated homolog in Mir-0 (right).
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Figure S8. Differences between the countries in read coverage and mapping indicate that
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Figure S9. Alternative CYP716A2 gene models. A) According to Araport 11 annotation, there
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tool predicted the same gene models and additionally an alternative joint model. The joint gene
encodes a protein identical to the one predicted by Yatsumoto et al. (2016), for which full-length
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which lacks C-part of p450 superfamily domain (cl12078).
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Figure S10. Variation in WGS data coverage and mapping in the region spanning
CYP705A2, CYP705A3 and BARS1 genes. The presence (P) / absence (A) of CYP705A2
BARS1 and their duplicates was inferred based on a combination of RD genotyping results and
the SNP analysis at CYP705A2 and BARS1 loci (see Supplemental Table S11 and Methods for
details).
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Figure $S11. CYP705A2 duplication detected by RD assay correlates with the occurrence of
heterozygous SNPs at CYP705A2 and BARS1 loci. A) Number of heterozygous SNPs found in
CYP705A2 coding sequence in accessions with GAIN and REF genotypes. Boxplots show median
(inner line) and inner quartiles (box). Whiskers extend to the highest and lowest values no greater
than 1.5 times the inner quartile range. Asterisks indicate statistical significance (Wilcoxon rank
sum test with continuity correction, ***p.value <0.001). B) Correlation of heterozygous SNP
frequency between CYP705A2 and BARS1. Colors indicate accessions with varying CYP705A2
copy numbers. r — Pearson’s correlation coefficient.
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Figure S12. Multiple sequence alignment of BARS 7 genomic sequences reveals a common
lack of the largest intron. Sequence order from the top: Col-0; An-1; C24; Eri-1; Ler-0; Kyoto;
Sha; Cvi-0; BARS1_mRNA (to indicate exon-intron organization) and consensus.
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encoded by BARS2 genes in Cvi-0, Eri-1 and Ler-0. Multiple sequence alignment generated

Figure $13. Comparison of baruol synthase 1
with Multalin with default parameters.
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Figure S14. Heterozygous SNPs in Cvi-0 co-localize with sequence differences between
BARS1and its duplicate. A) Read coverage at BARS1 locus for Cvi-0 (reads mapped to the
reference genome). B) Multiple sequence alignment of the BARS17 fragment (region
chr4:8774060-8774546, marked by the black box in A) with BARS1 and its duplicate (denoted as
BARS?2) from Cvi-0. IGV screenshots presenting Cvi-0 read coverage and the SNP positions are
overlaid. The purple block indicates the position of the CO80 MLPA probe.
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Figure S15. Sequence comparison of CYP705A2 and its duplicate CYP705A2a. A) Multiple
protein alignment of the proteins encoded by CYP705A2 in Col-0, Cvi-0, C24, Eri-1 and Ler-0
(NP_193270.1, ATCVI-4G38000, ATC24-4G43310, ATERI-4G39190, ATLER-4G40960,
respectively) and proteins encoded by CYP705A2 in Cvi-0, Eri-1, Ler-0 and C24 (g1_Cvi, g2_Eri,
g2 _Ler, ATC24-4G43410, respectively). B) Conserved protein domains in CYP705A2 and
CYP705A2a sequences found by searching the Pfam database.
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Figure S16. PCR verification of group assignments based on the presence/absence of
BARS1, CYP705A2a and BARS2 genes. Sample identities are provided in Supplemental Table
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Figure S17. Spread of PP-AA and PP-PP variants of arabidiol/baruol gene cluster in
Arabidopsis population. Principal component analysis (PCA) plots were generated with varying
LD parameter. U.S.A. accessions were excluded from the analysis to better visualize other groups.
Plots are colored according to main genetic groups (left) or CYP705A2-BARS 1 duplication status
(right). Plots generated at LD=0.3 are also presented in Fig. 4 in the main text.
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Figure S18. Latitudes of origin among accessions with and without CYP705A2a-BARS2
genes divided by country. A) Frequency of four groups in individual countries. B) Boxplots
presenting collection site latitudes of accessions from PP-AA and PP-PP groups. Only countries
with =5 accessions within each group are presented. Median values are presented below the
boxplots. Boxplots show median and inner quartiles. Whiskers extend to the highest and lowest
values no greater than 1.5 times the inner quartile range. Asterisks indicate statistical significance
(Wilcoxon rank sum test with continuity correction, *p.value<0.05, ***p.value <0.001).
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Figure S$19. Variability of the arabidiol/baruol gene cluster organization better explains
latitudinal distribution of Arabidopsis accessions compared to variability of the thalianol
gene cluster. A) Differences in latitudinal distribution of accessions with the compact and
discontiguous versions of the thalianol gene cluster. B) PCA on >200k SNPs and LD = 0.3 (left)
and latitudes of origin (right) of accessions divided by both thalianol and arabidiol/baruol cluster

type.
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Figure S20. Structural variation of the thalianol gene cluster has little impact on gene
expression and root growth phenotypic variation. A) Expression of the thalianol cluster
genes in leaves in accessions with discontiguous and compact versions. B, C) Root growth
phenotypes presented in the main text in Fig. 5B and 5C, respectively, divided by both thalianol
and arabidiol/baruol cluster type (left), along with two-way ANOVA plot (right).
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Figure S21. Differences in expression of arabidiol/baruol gene cluster among the
accessions. A) Tissue-specific expression in Col-0 accession (PP-AA group). B) Expression of
CYP705A2, BARS1, CYP705A2a and BARSZ2 genes in accessions from PP-AA and PP-PP
groups. For each accession, RNA-Seq data were mapped to the respective genomic assemblies.

Where necessary, the region of interest was annotated with Augustus and the gene models were
used for FPKM calculations.



Supplemental information

Prediction and analysis of BARS1 and BARS2 3D protein structures

A theoretical 3D model of a plant baruol synthase 1 isoform (NP_193272.1) obtained by the AlphaFold2
algorithm is available (Uniprot ID: 023390). However, an experimental 3D model of any plant OSC is
elusive. Thus, we attempted to obtain 3D models of the reference (Col-0) baruol synthase 1 protein
(isoforms NP_193272.1, NP_001329547.1) as well as BARS proteins from Cvi-0 encoded by gene
duplicates ATCVI-4G38020 (BARS1) and ATCVI-4G38110 (BARS2). A comparison of NP_193272.1
models generated with ColabFold software (this study) with that from the UniProt database indicated a very
high agreement of their geometrical parameters. Both models superposed with rmsd of ~0.42 A for 754 Ca
atoms, out of overall 759 Ca atoms. Also, the prediction quality for all models we generated with ColabFold
was characterized by high pLDDT measures. For the first best predictions, these measures were equal to
91.8 (NP_193272.1), 94.3 (ATCVI-4G38020) and 94.9 (NP_001329547.1 and ATCVI-4G38110). These
results indicated that our predictions could be treated with confidence. Therefore, we used 3D protein

models obtained with the ColabFold software for further comparative analyses.

Amino acid sequences of Col-0 and Cvi-0 homologs were very similar. Not surprisingly, their structural
models superimposed each other very well, with rmsd values from 0.26 A to 0.42 A for the Ca atoms
(Supplemental Table S10). On the other hand, a simple structural comparison of these plant enzymes did
not provide any information about their active site. Therefore, we surveyed the Protein Data Bank in search
of any OSC experimental structure determined in a complex with its ligand. Using an amino acid sequence
of the Col-0 baruol synthase 1 enzyme NP_193272.1, we identified a crystal structure of human OSC (~35%
sequence identity) in a complex with lanosterol (ID 1W6K). Superposition of our 3D models of BARS
homologs with human OSC revealed their structural similarity, with rmsd values around 1.2 A for Ca atoms.
Moreower, the presence of lanosterol molecule in the active site of the human enzyme allowed us to identify
potential substrate-binding cavities in plant homologs (Supplemental data 1-5). It is of note that the catalytic
aspartate residue D455 present in human cyclase had its counterparts in plant BARS homologs (D493 in
Col_BARS1 NP_193272.1, D490 in NP_001329547.1 as well as in ATCVI-4G38020 and ATCVI-4G38110).

Protein sequences of genes predicted with Augustus in de novo genomic assemblies
Ecotype Mir-0

Marneral gene cluster

>gl Mir0 96 aa; Best reference protein match NP 199072.1 AT5G42580 499 aa
MFKPERFLVSSISGDEEKIREQAVKYVTFGGGRRTCPAVKLAHIFMETAIGAMVQCFDWR

IKGEKVYMEEAVSGLSLKMAHPLKCTPVVREDPFESF

Ecotype Mitterberg-2-185



Thalianol gene cluster

>gl Mitterberg 749 aa; Best reference protein match NP _199605.1 AT5G47940 749
aa
MGASNHDNDENSTTNWKLVDGTLIDAISFESSFTANPESDDGIISAAVDHVTKSPLLLLP
PVPNGEPCEITITFAQEHELRQIYIRSSARVYEVYYTKKRRHDKEYLCTVRCGVAIRDEE
VLOIPLTESADSKPVKDLIERKVTDNGNGRTSEDDWVEVKASDDSLLNNEKQDFYEATAE
INDAEPCTSITVRLLSLODKRCALVDEVYVFADPVDPSESEKEEATGTGNSSSSSLMAME
MPALLQLSRGKDVRKERDIQVSDKSNSTDPVAIGNTDQIGVSSPVLVDTVAKQVDAATRV
SGEESKPSISCNNVETIMDQLVKKVSMIETILIRFEDOQMLKPINSIDARLQLVEKKLEQL
GNKSFESDLGFRKKIPNQDSLRSDTDKTPDTDESDGLTKNTDVVPDSSSIDNSEDCAVVL
PKNRLDNILSKSVELESENSSISGNEMISAEPEISNEEVGHSFEEKPKYSLSINDALASA
LAGLLSSHSITDGKYSQALVITAPEFSSEDDVEIEQKPGTSAHPDDSQVAAEESENRYSS
SLESSTSSQKEPGITPDDSHGTMYGVFKKLDDSFGGDEEAETVVSVSDNALDEEMVTSST
KADCYTERKNLSYKPTEPDSLIHELESSNVTTAKCKGEPSMDDVLKSVLGFQPTTSSVDEF
LTPVLDVKEFNLENKDSDSKYFFEVLFTGESKTYLDCKNDVEFDDNLVSVEDEEELKGPPTD
TLSSVEMNHYATNEMPIHWNGEISEASLTI

>g2 Mitterberg 387 aa; Best reference protein match NP _001078731.1 AT5G47970
387 aa

MTVSEAYSPPLEFSIAPMMGWTDNHYRTLARLITKHAWLYTEMLAAETIVYQEDNLDSFLA
FSPDQHPIVLQIGGRNLENLAKATRLANAYAYDEINEFNCGCPSPKVSGRGCFGALLMLDP
KEFVGEAMSVIAANTNAAVTVKCRIGVDDHDSYNELCDFIHIVSSLSPTKHFITIHSRKALL
SGLSPSDNRRIPPLKYEFFFALLRDFPYLKEFTINGGINSVVEADAALRSGAHGVMLGRAV
YYNPWHILGHVDTVIYGSPSSGITRRQVLEKYKVYGESVLGKYGKGRPNLRDIVRPLINL
FHSESGNGQWKRRTDAALLHCTTLQSFLDEVLPAIPDYVLDSSAVKEATGREDLFADVQR
LLPPPYEKESLKALERMPTRPVILDEE

>g3 Mitterberg 223 aa; Best reference protein match NP 199607.1 AT5G47960 223
aa

MSKFQSNFNQKIDYVFKVVLIGDSAVGKSQLLARFSRNEFSIESKATIGVEFQTRTLEID
RKTIKAQIWDTAGQERYRAVTSAYYRGAVGAMLVYDITKRQSFDHVARWLEELRGHADKN
IVIMLIGNKTDLGTLRAVPTEDAKEFAQRENLFFMETSALDSNNVEPSFLTVLTEIYRIV
SKKNLVANEEGESGGDSSLLOGTKIVVAGEETESKGKGCCGTS

>g4 Mitterberg 426 aa; Best reference protein match NP _199606.1 AT5G47950 426
aa

MDTMKVETIGKEIIKPSATTPNDLPTLQLSIMDILMPPVYAVAFLEFYTKDDLISQEQTSH
TLKTSLSEILTKFHPLAGRVNGVTIKSTDEGAVEVEARVDNCDLSGFLRSPDTESLKQLL
PVDDEPAPTWPLLVVKATYFQCGGMAIGLCISHRLADAASLSIFLQAWAATARGESDSVA
SPEFCSTKLYPAANEAIKIPGEVVKRTSVTKREFVFVASKIEELRKKVASDVVPRPTRVQS
VISLIWKCAVTASTDKIREKALFQPANLRTKIPSLLSENQIGNFLENSLTLDGKAGVDIV
ETVKELQKRAEELSGLVQHEEGSSMTIGSRLFGEIINSKFNFELHDMHSVTSWCKIPLYD
ACFGWGSPVWVAGSVSPDLENVTVLIDSKDGQGIEAWVTLHODNMLLFEQSTELLAFASP

NPSVLI

>g5 Mitterberg 404 aa; Best reference protein match NP 199609.1 AT5G47980 443
aa

MIFFYNLADLAEKSPDIVSTRLRSSLSQALSRFYPLAGKKEGVSISCNDEGAVFTEARTN
LLLSDFLRNIDINSLKILIPTLAPGESLDSRPLLSVQATFFGSGSGVAVEICVSHCICDA
ASVSTFFRGWAATARGDSNDELSTPQFAEVAIHPPADISIHGSPFNALSEVREKCVTNREFE
VFESDKITKLKIVAASKSVPSPTRVEAVMSLIWRCARNASHANLIVPRATMMTQSMDLRL
RIPTNVLSPDAIGNLQGVFFLKRGPGSEIEISEVVAEFRKEKEEFNEMIKENVNGGHTNT
TLGOKIMSGIANYMSELKPNIDTYTMSSWCRKAFYEVDFGWGRPAWVGLGHQODIQDGVMY
VLLVDAKDGEGVEAWVGIPEQDMAAFVCDQELLSYASLNPPVLI



>g6 Mitterberg 404 aa; Best reference protein match NP 199609.1 AT5G47980 443
aa

MIFFYNLADLAEKSPDIVSTRLRSSLSQALSRFYPLAGKKEGVSISCNDEGAVFTEARTN
LLLSDFLRNIDINSLKILIPTLAPGESLDSRPLLSVQATFFGSGSGVAVEICVSHCICDA
ASVSTFFRGWAATARGDSNDELSTPQFAEVAIHPPADISIHGSPFNALSEVREKCVTNREF
VFESDKITKLKIVAASKSVPSPTRVEAVMSLIWRCARNASHANLIVPRATMMTQSMDLRL
RIPTNVLSPDAIGNLQGVFFLKRGPGSEIEISEVVAEFRKEKEEFNEMIKENVNGGHTNT
TLGOQKIMSGIANYMSELKPNIDTYTMSSWCRKAFYEVDFGWGRPAWVGLGHQDIQDGVMY
VLLVDAKDGEGVEAWVGIPEQDMAAFVCDQELLSYASLNPPVLI

>g7 Mitterberg 511 aa; Best reference protein match NP 199610.1 AT5G47990 511
aa
MASMITVDFENCFIFLLLCLFSRLSYDLFFRKTKDLRAGCALPPSPPSLPIIGHLHLILF
VPIHQSFKNISSKYGPLLHLREFFNFPIVLVSSASTAYEIFKAQDVNVSSRPPPPIEESLI
LGSSSFINTPYGDYSKFMKKFMVQOKLLGPOALQRSRNIRADELERFYKTLLDKAMKKQTV
EIRNEAMKLTNNTICKMIMGRSCSEENGEAETVRGLVTESIFLTKKHFLGAMFHKPLKKL
GISLFAKELMNVSNRFDELLEKILVEHEEKLQEHHQTSDMLDMLLEAYGDENAEYKITRD
QIKSLEVDLEFSAGTEASANTIQWTMAEIIKNPKICERLREEIDSVVGKTRLVQETDLPNL
PYLOAIVKEGLRLHPPGPVVRTFKETCEIKGFYIPEKTRLEVNVYAIMRDPDFWEDPEEF
KPERFLASSRLGEEDEKREDMLKYIPFGSGRRACPGSHLAYTVVGSVIGMMVQHFDWIIK
GEKINMKEGGTMTLTMAHPLKCTPVPRNLNT

>g8 Mitterberg 471 aa; Best reference protein match NP 001032030.1 AT5G48000
477 aa

MSEFVWSAAVWVIAVAAVVISKWLYRWSNPKCNGKLPPGSMGLPIIGETCDFFEPHGLYET
SPFVKKRMLKYGPLFRTNIFGSNTVVLTEPDIIFEVFRQENKSEFVESYPEAFVKPFGKEN
VFLKHGNIHKHVKQISLOQHLGSEALKKKMIGEIDRVTYEHLRSKANQGSFDAKEAVESVI
MAHLTPKIISNLKPETQATLVDNIMALGSEWFQSPLKLTTLISIYKVFIARRDALQVIKD
VFTRRKASREMCGDFLDTMVEEGEKEDVIFNEESAINLIFAILVVAKESTSSVTSLAIKF
LAENHKALAELKREHAAILONRNGKGAGVSWEEYRHOMTFTNMKGCERCRNQRQVSLKHG
STRSYTIPAGWIVAVIPPAVHFNDAIYENPLEFNPWRWEGKELRSGSKTFMVFGGGVRQC
VGAEFARLQISIFIHHLVTTYDFSLAQESEFIRAPLPYFPKGLPIKISQSL

>g9 Mitterberg 764 aa; Best reference protein match NP _001078733.1 AT5G48010
766 aa
MWRLRTGPKAGEDTHLEFTTNNYAGRQIWEFDANAGSPQEIAEVEDARHKFSDNTSREKTT
ADLLWRMQFLREKKFEQKIPRVIIEDARKIKYEDAKKALKRGLLYFTALQADDGHWPAEN
SGPNFYTPPFLICLYITGHLEKIFTPEHVKELLRHIYNMONEDGGWGLHVESHSVMFCTV
INYVCLRIVGEEVGHDDQRNGCAKAHKWIMDHGGATYTPLIGKALLSVLGVYDWSGCNPTI
PPEFWLLPSSFPVNGGTLWIYLRDTFMGLSYLYGKKFVATPTPLILQLREELYPEPYAKT
NWTQTRNRCGKEDLYYPRSFLODLEFWKSVHMFSESILDRWPLNKLIRQRALQSTMALIHY
HDESTRYITGGCLPKAFHMLACWIEDPKSDYFKKHLARVREYIWIGEDGLKIQSEFGSQLW
DTALSLHALLDGIDDHDVDDEIKTTLVKGYDYLKKSQITENPRGDHFKMFRHKTKGGWTF
SDODQGWPVSDCTAESLECCLFFESMPSELIEKKMDVEKLYDAVDYLLYLQSDNGGIAAW
QPVEGKAWLEWLSPVEFLEDTIVEYVECTGSAIAALTQFNKQFPGYKNVEVKRFITKAAK
YIEDMQTVDGSWYGNWGVCFIYGTFFAVRGLVAAGKTYSNCEAIRKAVRFLLDTONTEGG
WGESFLSCPSKKYTPLKGNSTNVVQTAQALMVLIMGDOMERDPLPVHRAAQVLINSQLDN
GDFPQOEIMGTFMRTVMLHFPTYRNTFSLWALTHYTHALRRLLP

>gl0 Mitterberg 355 aa; Best reference protein match NP 568689.1; AT5G48020
355 aa

MELPVVDLSRYLDFSGDELGSDLLESCRQVSRILKETGALIVKDPRCCAQDNDREIDMME
NYFEKPDDFKRLOQOQRPNLHYQVGATPEGVEVPRSLVDEEMQEKFKTMPNEYKPHIPKGPD
HKWRYMWRVGPRPSNTRFKELNSEPVIPEGFPEWEEVMDSWGFKMISAVEVVAEMAAIGE
GLPKDAFTSLMKQGPHLLAPTGSDLNCYNEEGTIFAGYHYDLNFLTIHGRSRFPGLYIWL
RNGEKVAVKVPVGCLLIQAGKQIEWLTAGECIAGMHEVVVTSKTKDAITLAKEQNRSLWR
VSSTLFAHIASDAELKPLGHFAESSLASKYPAIPAGEYVEQELSVINLKGNKGES



Ecotype Dolna-1-40

Tirucalladienol gene cluster

>gl Dolna 318 aa; Best reference protein match NP 198463.1 AT5G36140 318 aa
MYLTIIFLFISSIIFPLLFFLGKHLSNFRYPNLPPGKIGFPLIGETLSFLSAGRQGHPEK
FVTDRVRHFSSGIFKTHLFGSPFAVVTGASGNKFLFTNENKLVISWWPDSVNKIFPSSTQ
TSSKEEAIKTRMLLMPSMKPEALRRYVGVMDEIAQKHFETEWANQDQLIVFPLTKKETES
IACRLFLSMDDLERVRKLEEPFTTVMTGVEFSIPIDLPGTREFNRAIKASRLLSKEVSTIIR
QRKEELKAGKVSVEQDILSHMLMNIGETKDEDLADKITALLIGGHDTTSIVCTFVVNYLA
EFPHIYQRVLEGMQIPLL

Ecotype Cvi-0
Arabidiol/baruol gene cluster

>gl Cvi 513 aa; Best reference protein match NP 193270.1 AT4G15350 509 aa;
Augustus predicted gene (chr4:8591612-8593232 complement)
MAAMIFILLCLFTFLCYSLFYKKPKDSRANCDRPPSPPSLPIIGHLHLILSNLAHKSFQR
LSSKYGPLLHLRIFHIPIVLVSSASVAYDIFRAQDVNVSFRSTSTFEECLEFFGTSGEFFQA
PYGDYWKFMRKLMVTKLLGPQALERSRNIRVEEIDRLYKNLLNKAMKKESVEIGEEASKL
SNNVICTMIMGRSCSEDNGEAERMRSLVSEAMALTKKFFLANIFHKPLKMLGISLFEKEI
MSVSHKFDELLEKILVEHEEKMEEHHQGTDMMDVLLEAYRDENATYKITRNQIKSLIVEL
LIAGTDTSATTTQWIMAELINHPKVFERVREEIDLVVGRSRLIQETDLPNLAYLQAVVKE
ALRLHPPGPLVPRTLQESCEIKGYYIPEKTIVIVNSYAVMRDPYVWEDPEEFKPERFLDI
SSSVQEEEISDKILKFIPFASGRRGCPGTNLAYINVETAIGVMVQCEFDWIIKGKEVNMSE
AAGTMVLTLAEPLMCTPVARTLNPLPASLRAYS

Ecotype Eri-1
Arabidiol/baruol gene cluster

>gl Eri 763 aa; Best reference protein match NP 001329547.1 AT4G15370 756 aa;
Augustus predicted gene (chr4:8744883-8749727 complement)
MWRLRIGAKAKDNTHLEFTTNNYVGRQIWEFDANAGSPEELAEVEEARRNFSNNRSRFKAS
ADLLWRMQFLREKKFEQKIPRVIVEDAEKITYEDAKTALRRGILYFTALQADDGHWPAEN
AGSIFFNAPFVICLYITGHLEKIFTHEHRVELLRYMYNHONEDGGWGLHVESPSNMFCSV
INYICLRILGVEAGHDDKGSACARARKWILDHGGATYSPLIGKAWLSVLGVYDWSGCKPI
PPEFWFLPSFFPVNGGTLWIYLRDIFMGLSYLYGKNEFVATSTPLILQLREEIYPDPYTNI
SWRQARNRCAKEDLYYPQSFLODLEFWKGVHVEFSENILNRWPEFNNLIRQRALRTTMELVHY
HDEATRYITGGSVPKVFHMLACWVEDPESDYFKKHLARVPDFIWIGEDGLKIQSFGSQVW
DTALSLHVFIDGFDDDVDEEIRSTLLKGYDYLEKSQVTENPPGDYMKMFRHMAKGGWTE'S
DODQGWPVSDCTAESLECCLFFESMSSEFIGKKMDVEKLYDAVDFLLYLQSDNGGITAWQ
PADGKTWLEWLSPVEFIEDAVVEHEYVECTGSAIVALAQFNKQFPGYKKEEVERFITKGV
KYIEDLOMVDGSWYGNWGVCFIYGTFFAVRGLVAAGKCYNNCEAIRRAVRFILDTONTEG
GWGESYLSCPRKKYIPLIGNKTNVVNTGQALMVLIMGNQMKRDPLPVHRAAKVLINSQMD
NGDFPQQEIMGVFKMNVMLHFPTYRNMFTLWALTHYTKALRGL

>g2 Eri 513 aa; Best reference protein match NP 193270.1 AT4G15350 509 aa;
Augustus predicted gene (chr4:8792845-8794465 complement)
MAAMIFILLCLFTFLCYSLEFYKKPKDSRANCDRPPSPPSLPIIGHLHLILSNLAHKSFQR
LSSKYGPLLHLRIFHIPIVLVSSASVAYDIFRAQDVNVSFRSTSTFEECLFFGTSGEFFQA
PYGDYWKFMRKLMVTKLLGPQALERSRNIRVEEIDRLYKNLLNKAMKKESVEIGEEASKL
SNNVICTMIMGRSCSEDNGEAERMRSLVSEAMALTKKFFLANIFHKPLKMLGISLFEKET
MSVSHKFDELLEKILVEHEEKMEEHHQGTDMMDVLLEAYRDENATYKITRNQIKSLIVEL



LIAGTDTSATTTOQWIMAELINHPKVFERVREEIDLVVGRSRLIQETDLPNLAYLQAVVKE
ALRLHPPGPLVPRTLQESCEIKGYYIPEKTIVIVNSYAVMRDPYVWEDPEEFKPERFLDI
SSSVQEEEISDKILKFIPFASGRRGCPGTNLAYINVETAIGVMVQCFDWIIKGKEVNMSE
AAGTMVLTLAEPLMCTPVARTLNPLPASLRAYS

Ecotype Ler-0
Arabidiol/baruol gene cluster

>gl Ler 763 aa; Best reference protein match NP 001329547.1 AT4G15370 756 aa;
Augustus predicted gene (chr4:9215522-9220364 complement)
MWRLRIGAKAKDNTHLFTTNNYVGRQIWEFDANAGSPEELAEVEEARRNEFSNNRSRFKAS
ADLLWRMQFLREKKFEQKIPRVIVEDAEKITYEDAKTALRRGILYFTALQADDGHWPAEN
AGSIFFNAPFVICLYITGHLEKIFTHEHRVELLRYMYNHQONEDGGWGLHVESPSNMFCSV
INYICLRILGVEAGHDDKGSACARARKWILDHGGATYSPLIGKAWLSVLGVYDWSGCKPI
PPEFWFLPSFFPVNGGTLWIYLRDIFMGLSYLYGKNEFVATSTPLILOQLREEIYPDPYTNI
SWRQARNRCAKEDLYYPQSFLODLFWKGVHVFSENILNRWPEFNNLIRQRALRTTMELVHY
HDEATRYITGGSVPKVFHMLACWVEDPESDYFKKHLARVPDFIWIGEDGLKIQSFGSQVW
DTALSLHVFIDGFDDDVDEEIRSTLLKGYDYLEKSQVTENPPGDYMKMFRHMAKGGWTE'S
DODQGWPVSDCTAESLECCLFFESMSSEFIGKKMDVEKLYDAVDFLLYLOSDNGGITAWQ
PADGKTWLEWLSPVEFIEDAVVEHEYVECTGSAIVALAQFNKQFPGYKKEEVERFITKGV
KYIEDLOMVDGSWYGNWGVCEFIYGTFFAVRGLVAAGKCYNNCEAIRRAVREILDTONTEG
GWGESYLSCPRKKYIPLIGNKTNVVNTGQALMVLIMGNQMKRDPLPVHRAAKVLINSQMD
NGDFPQQEIMGVFKMNVMLHFPTYRNMFTLWALTHYTKALRGL

>g2 Ler 513 aa; Best reference protein match NP 193270.1 AT4G15350 509 aa;
Augustus predicted gene (chr4:9263484-9265104 complement)
MAAMIFILLCLFTFLCYSLFYKKPKDSRANCDRPPSPPSLPITIGHLHLILSNLAHKSFQR
LSSKYGPLLHLRIFHIPIVLVSSASVAYDIFRAQDVNVSFRSTSTFEECLFFGTSGEFFQA
PYGDYWKFMRKLMVTKLLGPQALERSRNIRVEEIDRLYKNLLNKAMKKESVEIGEEASKL
SNNVICTMIMGRSCSEDNGEAERMRSLVSEAMALTKKFFLANIFHKPLKMLGISLFEKET
MSVSHKFDELLEKILVEHEEKMEEHHQGTDMMDVLLEAYRDENATYKITRNQIKSLIVEL
LIAGTDTSATTTQWIMAELINHPKVFERVREEIDLVVGRSRLIQETDLPNLAYLQAVVKE
ALRLHPPGPLVPRTLQESCEIKGYYIPEKTIVIVNSYAVMRDPYVWEDPEEFKPERFLDI
SSSVQEEEISDKILKFIPFASGRRGCPGTNLAYINVETAIGVMVQCFDWIIKGKEVNMSE
AAGTMVLTLAEPLMCTPVARTLNPLPASLRAYS

Ecotype C24
Arabidiol/baruol gene cluster

>gl C24 78 aa; Best reference protein match NP _001329547.1 AT4G15370 756 aa;
Augustus predicted gene (chr4:9580438-9581743 complement)

MWKLIIGSKAGDDIHLEFSTNNYVGRQIWEFDAKAGSPEELAEVEEARQNFTDNRSHEFKAS
ADLLWRMQFLREKKFEQKIPRVIIEDAEKITYEDAKTALKRGLLYFTALQADDGHWPAEN
AGSIFFNAPFVICMYITGHLERIFTPEHVRELLRYLYNHQONEDGGWGLHIESPSNMECTV
INYICLRILGVEAGYDDEGSACARARKWILDHGGATYSPLIGKAWLSVLGVYDWSGCKPI
PPEFWLLPSFLPVNGGLKLEGL

Distribution of accessions with varying CYP705A2-BARS1 copy number status

Map available at:
https://www.google.com/maps/d/edit?mid=1ZaAMX-E DYIbBtKbKdBsS06HMjvc&usp=sharing
Last accessed: September 21, 2022.




Annotations used for evaluation of gene expression in individual accessions

Cdm-0
LR881469.1 MAN gene 10564284 10571454 . - gene_id
"g1_Cdm"; gene_name ""; gene_source "MAN";
LR881469.1 MAN transcript 10564284 10571454 . - gene_id
"g1_Cdm"; transcript_id "g1_Cdm.1"; gene_source "MAN";
LR881469.1 MAN exon 10564284 10564400 . - . gene_id
"g1_Cdm"; transcript_id "g1_Cdm.1"; exon_number "1"; gene_name ""; gene_source "MAN";
LR881469.1 MAN CDS 10564284 10564400 . - 0 gene_id
"g1_Cdm"; transcript_id "g1_Cdm.1"; cds_number "1"; gene_name ""; gene_source "MAN";
LR881469.1 MAN start_codon 10571452 10571454 . - 0
gene_id "g1_Cdm"; transcript_id "g1_Cdm.1"; gene_name ""; gene_source "MAN";
LR881469.1 MAN exon 10564603 10565089 . - . gene_id
"g1_Cdm"; transcript_id "g1_Cdm.1"; exon_number "2"; gene_name ""; gene_source "MAN";
LR881469.1 MAN CDS 10564603 10565089 . - 1 gene_id
"g1_Cdm"; transcript_id "g1_Cdm.1"; cds_number "2"; gene_name ""; gene_source "MAN";
LR881469.1 MAN exon 10565181 10565227 . - . gene_id
"g1_Cdm"; transcript_id "g1_Cdm.1"; exon_number "3"; gene_name ""; gene_source "MAN";
LR881469.1 MAN CDS 10565181 10565227 . - 0 gene_id
"g1_Cdm"; transcript_id "g1_Cdm.1"; cds_number "3"; gene_name ""; gene_source "MAN";
LR881469.1 MAN exon 10565313 10565369 . - . gene_id
"g1_Cdm"; transcript_id "g1_Cdm.1"; exon_number "4"; gene_name ""; gene_source "MAN";
LR881469.1 MAN CDS 10565313 10565369 . - 0 gene_id
"g1_Cdm"; transcript_id "g1_Cdm.1"; cds_number "4"; gene_name ""; gene_source "MAN";
LR881469.1 MAN exon 10567717 10567815 . - . gene_id
"g1_Cdm"; transcript_id "g1_Cdm.1"; exon_number "5"; gene_name ""; gene_source "MAN";
LR881469.1 MAN CDS 10567717 10567815 . - 0 gene_id
"g1_Cdm"; transcript_id "g1_Cdm.1"; cds_number "5"; gene_name ""; gene_source "MAN";
LR881469.1 MAN exon 10567896 10568147 . - . gene_id
"g1_Cdm"; transcript_id "g1_Cdm.1"; exon_number "6"; gene_name ""; gene_source "MAN";
LR881469.1 MAN CDS 10567896 10568147 . - 0 gene_id
"g1_Cdm"; transcript_id "g1_Cdm.1"; cds_number "6"; gene_name ""; gene_source "MAN";
LR881469.1 MAN exon 10568297 10568410 . - . gene_id
"g1_Cdm"; transcript_id "g1_Cdm.1"; exon_number "7"; gene_name ""; gene_source "MAN";
LR881469.1 MAN CDS 10568297 10568410 . - 0 gene_id
"g1_Cdm"; transcript_id "g1_Cdm.1"; cds_number "7"; gene_name ""; gene_source "MAN";
LR881469.1 MAN exon 10568488 10568630 . - . gene_id
"g1_Cdm"; transcript_id "g1_Cdm.1"; exon_number "8"; gene_name ""; gene_source "MAN";
LR881469.1 MAN CDS 10568488 10568630 . - 2 gene_id
"g1_Cdm"; transcript_id "g1_Cdm.1"; cds_number "8"; gene_name ""; gene_source "MAN";
LR881469.1 MAN exon 10569276 10569449 . - . gene_id
"g1_Cdm"; transcript_id "g1_Cdm.1"; exon_number "9"; gene_name ""; gene_source "MAN";
LR881469.1 MAN CDS 10569276 10569449 . - 2 gene_id
"g1_Cdm"; transcript_id "g1_Cdm.1"; cds_number "9"; gene_name ""; gene_source "MAN";
LR881469.1 MAN exon 10570301 10570385 . - . gene_id
"g1_Cdm"; transcript_id "g1_Cdm.1"; exon_number "10"; gene_name ""; gene_source "MAN";
LR881469.1 MAN CDS 10570301 10570385 . - 0 gene_id
"g1_Cdm"; transcript_id "g1_Cdm.1"; cds_number "10"; gene_name ""; gene_source "MAN";
LR881469.1 MAN exon 10570464 10570667 . - . gene_id
"g1_Cdm"; transcript_id "g1_Cdm.1"; exon_number "11"; gene_name ""; gene_source "MAN";
LR881469.1 MAN CDS 10570464 10570667 . - 0 gene_id

"g1_Cdm"; transcript_id "g1_Cdm.1";

cds_number "11"; gene_name ""; gene_source "MAN";



LR881469.1 MAN exon 10570761 10570850 . - . gene_id
"g1_Cdm"; transcript_id "g1_Cdm.1"; exon_number "12"; gene_name ""; gene_source "MAN";

LR881469.1 MAN CDS 10570761 10570850 . - 0 gene_id
"g1_Cdm"; transcript_id "g1_Cdm.1"; cds_number "12"; gene_name ""; gene_source "MAN";
LR881469.1 MAN exon 10570951 10571136 . - . gene_id
"g1_Cdm"; transcript_id "g1_Cdm.1"; exon_number "13"; gene_name ""; gene_source "MAN";
LR881469.1 MAN CDS 10570951 10571136 . - 0 gene_id
"g1_Cdm"; transcript_id "g1_Cdm.1"; cds_number "13"; gene_name ""; gene_source "MAN";
LR881469.1 MAN exon 10571251 10571454 . - . gene_id
"g1_Cdm"; transcript_id "g1_Cdm.1"; exon_number "14"; gene_name ""; gene_source "MAN";
LR881469.1 MAN CDS 10571251 10571454 . - 0 gene_id
"g1_Cdm"; transcript_id "g1_Cdm.1"; cds_number "14"; gene_name ""; gene_source "MAN";
LR881469.1 MAN stop_codon 10564284 10564286 . - 0
gene_id "g1_Cdm"; transcript_id "g1_Cdm.1"; gene_name ""; gene_source "MAN";
LR881469.1 MAN gene 10573610 10575227 . + . gene_id
"g2_Cdm"; gene_name ""; gene_source "MAN";
LR881469.1 MAN transcript 10573610 10575227 . + . gene_id
"g2_Cdm"; transcript_id "g2_Cdm.1"; gene_source "MAN";
LR881469.1 MAN exon 10573610 10574509 . + . gene_id
"g2_Cdm"; transcript_id "g2_Cdm.1"; exon_number "1"; gene_name ""; gene_source "MAN";
LR881469.1 MAN CDS 10573610 10574509 . + 0 gene_id
"g2_Cdm"; transcript_id "g2_Cdm.1"; cds_number "1"; gene_name ""; gene_source "MAN";
LR881469.1 MAN start_codon 10573610 10573612 . + 0
gene_id "g2_Cdm"; transcript_id "g2_Cdm.1"; gene_name ""; gene_source "MAN";
LR881469.1 MAN exon 10574598 10575227 . + . gene_id
"g2_Cdm"; transcript_id "g2_Cdm.1"; exon_number "2"; gene_name ""; gene_source "MAN";
LR881469.1 MAN CDS 10574598 10575227 . + 0 gene_id
"g2_Cdm"; transcript_id "g2_Cdm.1"; cds_number "2"; gene_name ""; gene_source "MAN";
LR881469.1 MAN stop_codon 10575225 10575227 . + 0
gene_id "g2_Cdm"; transcript_id "g2_Cdm.1"; gene_name ""; gene_source "MAN";
LR881469.1 MAN gene 10583720 10588582 . - . gene_id
"g3_Cdm"; gene_name ""; gene_source "MAN";
LR881469.1 MAN transcript 10583720 10588582 . - . gene_id
"g3_Cdm"; transcript_id "g3_Cdm.1"; gene_source "MAN";
LR881469.1 MAN exon 10583720 10583830 . - . gene_id
"g3_Cdm"; transcript_id "g3_Cdm.1"; exon_number "1"; gene_name ""; gene_source "MAN";
LR881469.1 MAN CDS 10583720 10583830 . - 0 gene_id
"g3_Cdm"; transcript_id "g3_Cdm.1"; cds_number "1"; gene_name ""; gene_source "MAN";
LR881469.1 MAN start_codon 10588580 10588582 . - 0
gene_id "g3_Cdm"; transcript_id "g3_Cdm.1"; gene_name ""; gene_source "MAN";
LR881469.1 MAN exon 10583994 10584480 . - . gene_id
"g3_Cdm"; transcript_id "g3_Cdm.1"; exon_number "2"; gene_name ""; gene_source "MAN";
LR881469.1 MAN CDS 10583994 10584480 . - 1 gene_id
"g3_Cdm"; transcript_id "g3_Cdm.1"; cds_number "2"; gene_name ""; gene_source "MAN";
LR881469.1 MAN exon 10584581 10584627 . - . gene_id
"g3_Cdm"; transcript_id "g3_Cdm.1"; exon_number "3"; gene_name ""; gene_source "MAN";
LR881469.1 MAN CDS 10584581 10584627 . - 0 gene_id
"g3_Cdm"; transcript_id "g3_Cdm.1"; cds_number "3"; gene_name ""; gene_source "MAN";
LR881469.1 MAN exon 10584702 10584758 . - . gene_id
"g3_Cdm"; transcript_id "g3_Cdm.1"; exon_number "4"; gene_name ""; gene_source "MAN";
LR881469.1 MAN CDS 10584702 10584758 . - 0 gene_id
"g3_Cdm"; transcript_id "g3_Cdm.1"; cds_number "4"; gene_name ""; gene_source "MAN";
LR881469.1 MAN exon 10585566 10585664 . - . gene_id
"g3_Cdm"; transcript_id "g3_Cdm.1"; exon_number "5"; gene_name ""; gene_source "MAN";
LR881469.1 MAN CDS 10585566 10585664 . - 0 gene_id

"g3_Cdm"; transcript_id "g3_Cdm.1"; cds_number "5"; gene_name ""; gene_source "MAN";



LR881469.1 MAN exon 10585760 10586011 .
"g3_Cdm"; transcript_id "g3_Cdm.1"; exon_number "6"; gene_name
LR881469.1 MAN CDS 10585760 10586011 .
"g3_Cdm"; transcript_id "g3_Cdm.1"; cds_number "6"; gene_name
LR881469.1 MAN exon 10586133 10586246 .
"g3_Cdm"; transcript_id "g3_Cdm.1"; exon_number "7"; gene_name
LR881469.1 MAN CDS 10586133 10586246 .
"g3_Cdm"; transcript_id "g3_Cdm.1"; cds_number "7"; gene_name
LR881469.1 MAN exon 10586345 10586469 .
"g3_Cdm"; transcript_id "g3_Cdm.1"; exon_number "8"; gene_name
LR881469.1 MAN CDS 10586345 10586469 .
"g3_Cdm"; transcript_id "g3_Cdm.1"; cds_number "8"; gene_name
LR881469.1 MAN exon 10587041 10587125 .
"g3_Cdm"; transcript_id "g3_Cdm.1"; exon_number "9"; gene_name
LR881469.1 MAN CDS 10587041 10587125 .
"g3_Cdm"; transcript_id "g3_Cdm.1"; cds_number "9"; gene_name
LR881469.1 MAN exon 10587336 10587536 .
"g3_Cdm"; transcript_id "g3_Cdm.1"; exon_number "10"; gene_name
LR881469.1 MAN CDS 10587336 10587536 .
"g3_Cdm"; transcript_id "g3_Cdm.1"; cds_number "10"; gene_name
LR881469.1 MAN exon 10587871 10587960 .
"g3_Cdm"; transcript_id "g3_Cdm.1"; exon_number "11"; gene_name
LR881469.1 MAN CDS 10587871 10587960 .
"g3_Cdm"; transcript_id "g3_Cdm.1"; cds_number "11"; gene_name
LR881469.1 MAN exon 10588095 10588280 .
"g3_Cdm"; transcript_id "g3_Cdm.1"; exon_number "12"; gene_name
LR881469.1 MAN CDS 10588095 10588280 .
"g3_Cdm"; transcript_id "g3_Cdm.1"; cds_number "12"; gene_name
LR881469.1 MAN exon 10588379 10588582 .
"g3_Cdm"; transcript_id "g3_Cdm.1"; exon_number "13"; gene_name
LR881469.1 MAN CDS 10588379 10588582 .
"g3_Cdm"; transcript_id "g3_Cdm.1"; cds_number "13"; gene_name
LR881469.1 MAN stop_codon 10583720 10583722 .
gene_id "g3_Cdm"; transcript_id "g3_Cdm.1"; gene_name
LR881469.1 MAN gene 10630272 10631892 .

"g4_Cdm"; gene_name ""; gene_source "MAN";

LR881469.1 MAN transcript 10630272 10631892 .

"g4_Cdm"; transcript_id "g4_Cdm.1"; gene_source "MAN";

LR881469.1 MAN exon 10630272 10630919 .
"g4_Cdm"; transcript_id "g4_Cdm.1"; exon_number "1"; gene_name
LR881469.1 MAN CDS 10630272 10630919 .
"g4_Cdm"; transcript_id "g4_Cdm.1"; cds_number "1"; gene_name
LR881469.1 MAN start_codon 10631890 10631892 .
gene_id "g4_Cdm"; transcript_id "g4_Cdm.1"; gene_name
LR881469.1 MAN exon 10630999 10631892 .
"g4_Cdm"; transcript_id "g4_Cdm.1"; exon_number "2"; gene_name
LR881469.1 MAN CDS 10630999 10631892 .
"g4_Cdm"; transcript_id "g4_Cdm.1"; cds_number "2"; gene_name
LR881469.1 MAN stop_codon 10630272 10630274 .
gene_id "g4_Cdm"; transcript_id "g4_Cdm.1"; gene_name
LR881469.1 MAN gene 10634775 10638900 .

"g5_Cdm"; gene_name ""; gene_source "MAN";

LR881469.1 MAN transcript 10634775 10638900 .

"g5_Cdm"; transcript_id "g5_Cdm.1"; gene_source "MAN";

LR881469.1 MAN exon 10634775 10634891 .
"g5_Cdm"; transcript_id "g5_Cdm.1"; exon_number "1"; gene_name

gene_sourcé "MAN";
gene_source "MAN";

gene_sourc;a "MAN";
gene_source "MAN";

gene_sourcé "MAN";
gene_source "MAN";

gene_sourcé "MAN";
gene_source "MAN";

gene_sour;:e "MAN"
gene_source "MAN";
gene_sour;:e "MAN"
gene_source "MAN";
gene_sour;:e "MAN"
gene_source "MAN";
gene_sour;:e "MAN"
gene_source "MAN";

gene_source "MAN";

gene_sourcé "MAN";
gene_source "MAN";
gene_source "MAN";
gene_sourcé "MAN";
gene_source "MAN";

gene_source "MAN";

ene_source "MAN";

gene_id
gene_id
gene_id
gene_id
gene_id
gene_id
gene_id
gene_id
gene_id
,gene_id
gene_id
;gene_id
gene_id
,gene_id
gene_id
’gene_id
0

gene_id
gene_id
gene_id
gene_id
0
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gene_id
0
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LR881469.1 MAN CDS 10634775 10634891 . - 0 gene_id
"g5_Cdm"; transcript_id "g5_Cdm.1"; cds_number "1"; gene_name ""; gene_source "MAN";

LR881469.1 MAN start_codon 10638898 10638900 . - 0
gene_id "g5_Cdm"; transcript_id "g5_Cdm.1"; gene_name ""; gene_source "MAN";
LR881469.1 MAN exon 10635022 10635508 . - . gene_id
"g5_Cdm"; transcript_id "g5_Cdm.1"; exon_number "2"; gene_name ""; gene_source "MAN";
LR881469.1 MAN CDS 10635022 10635508 . - 1 gene_id
"g5_Cdm"; transcript_id "g5_Cdm.1"; cds_number "2"; gene_name ""; gene_source "MAN";
LR881469.1 MAN exon 10635605 10635651 . - . gene_id
"g5_Cdm"; transcript_id "g5_Cdm.1"; exon_number "3"; gene_name ""; gene_source "MAN";
LR881469.1 MAN CDS 10635605 10635651 . - 0 gene_id
"g5_Cdm"; transcript_id "g5_Cdm.1"; cds_number "3"; gene_name ""; gene_source "MAN";
LR881469.1 MAN exon 10635727 10635783 . - . gene_id
"g5_Cdm"; transcript_id "g5_Cdm.1"; exon_number "4"; gene_name ""; gene_source "MAN";
LR881469.1 MAN CDS 10635727 10635783 . - 0 gene_id
"g5_Cdm"; transcript_id "g5_Cdm.1"; cds_number "4"; gene_name ""; gene_source "MAN";
LR881469.1 MAN exon 10636211 10636309 . - . gene_id
"g5_Cdm"; transcript_id "g5_Cdm.1"; exon_number "5"; gene_name ""; gene_source "MAN";
LR881469.1 MAN CDS 10636211 10636309 . - 0 gene_id
"g5_Cdm"; transcript_id "g5_Cdm.1"; cds_number "5"; gene_name ""; gene_source "MAN";
LR881469.1 MAN exon 10636397 10636648 . - . gene_id
"g5_Cdm"; transcript_id "g5_Cdm.1"; exon_number "6"; gene_name ""; gene_source "MAN";
LR881469.1 MAN CDS 10636397 10636648 . - 0 gene_id
"g5_Cdm"; transcript_id "g5_Cdm.1"; cds_number "6"; gene_name ""; gene_source "MAN";
LR881469.1 MAN exon 10636725 10636838 . - . gene_id
"g5_Cdm"; transcript_id "g5_Cdm.1"; exon_number "7"; gene_name ""; gene_source "MAN";
LR881469.1 MAN CDS 10636725 10636838 . - 0 gene_id
"g5_Cdm"; transcript_id "g5_Cdm.1"; cds_number "7"; gene_name ""; gene_source "MAN";
LR881469.1 MAN exon 10636946 10637137 . - . gene_id
"g5_Cdm"; transcript_id "g5_Cdm.1"; exon_number "8"; gene_name ""; gene_source "MAN";
LR881469.1 MAN CDS 10636946 10637137 . - 0 gene_id
"g5_Cdm"; transcript_id "g5_Cdm.1"; cds_number "8"; gene_name ""; gene_source "MAN";
LR881469.1 MAN exon 10637355 10637521 . - . gene_id
"g5_Cdm"; transcript_id "g5_Cdm.1"; exon_number "9"; gene_name ""; gene_source "MAN";
LR881469.1 MAN CDS 10637355 10637521 . - 2 gene_id
"g5_Cdm"; transcript_id "g5_Cdm.1"; cds_number "9"; gene_name ""; gene_source "MAN";
LR881469.1 MAN exon 10637618 10637702 . - . gene_id
"g5_Cdm"; transcript_id "g5_Cdm.1"; exon_number "10"; gene_name ""; gene_source "MAN";
LR881469.1 MAN CDS 10637618 10637702 . - 0 gene_id
"g5_Cdm"; transcript_id "g5_Cdm.1"; cds_number "10"; gene_name ""; gene_source "MAN";
LR881469.1 MAN exon 10637929 10638129 . - . gene_id
"g5_Cdm"; transcript_id "g5_Cdm.1"; exon_number "11"; gene_name ""; gene_source "MAN";
LR881469.1 MAN CDS 10637929 10638129 . - 0 gene_id
"g5_Cdm"; transcript_id "g5_Cdm.1"; cds_number "11"; gene_name ""; gene_source "MAN";
LR881469.1 MAN exon 10638216 10638305 . - . gene_id
"g5_Cdm"; transcript_id "g5_Cdm.1"; exon_number "12"; gene_name ""; gene_source "MAN";
LR881469.1 MAN CDS 10638216 10638305 . - 0 gene_id
"g5_Cdm"; transcript_id "g5_Cdm.1"; cds_number "12"; gene_name ""; gene_source "MAN";
LR881469.1 MAN exon 10638407 10638592 . - . gene_id
"g5_Cdm"; transcript_id "g5_Cdm.1"; exon_number "13"; gene_name ""; gene_source "MAN";
LR881469.1 MAN CDS 10638407 10638592 . - 0 gene_id
"g5_Cdm"; transcript_id "g5_Cdm.1"; cds_number "13"; gene_name ""; gene_source "MAN";
LR881469.1 MAN exon 10638697 10638900 . - . gene_id
"g5_Cdm"; transcript_id "g5_Cdm.1"; exon_number "14"; gene_name ""; gene_source "MAN";
LR881469.1 MAN CDS 10638697 10638900 . - 0 gene_id

"g5_Cdm"; transcript_id "g5_Cdm.1"; cds_number "14"; gene_name ""; gene_source "MAN";



LR881469.1 MAN stop_codon 10634775 10634777 . -
gene_id "g5_Cdm"; transcript_id "g5_Cdm.1"; gene_name ""; gene_source "MAN";

Ty-1

LR797800.1 MAN gene 9989227 9995059 . -
"g1_Ty1"; gene_name ""; gene_source "MAN";
LR797800.1 MAN transcript 9989227 9995059 . -
"g1_Ty1"; transcript_id "g1_Ty1.1"; gene_source "MAN";
LR797800.1 MAN exon 9989227 9989343 . - .
"g1_Ty1"; transcript_id "g1_Ty1.1"; exon_number "1"; gene_name ""; gene_source "MAN";
LR797800.1 MAN CDS 9989227 9989343 . - 0
"g1_Ty1"; transcript_id "g1_Ty1.1"; cds_number "1"; gene_name ""; gene_source "MAN";
LR797800.1 MAN start_codon 9995057 9995059 . -
gene_id "g1_Ty1"; transcript_id "g1_Ty1.1"; gene_name ""; gene_source "MAN";
LR797800.1 MAN exon 9989546 9990032 . - .
"g1_Ty1"; transcript_id "g1_Ty1.1"; exon_number "2"; gene_name ""; gene_source "MAN",
LR797800.1 MAN CDS 9989546 9990032 . - 1
"g1_Ty1"; transcript_id "g1_Ty1.1"; cds_number "2"; gene_name ""; gene_source "MAN";
LR797800.1 MAN exon 9990131 9990177 . - .
"g1_Ty1"; transcript_id "g1_Ty1.1"; exon_number "3"; gene_name ""; gene_source "MAN",
LR797800.1 MAN CDS 9990131 9990177 . - 0
"g1_Ty1"; transcript_id "g1_Ty1.1"; cds_number "3"; gene_name ""; gene_source "MAN";
LR797800.1 MAN exon 9990263 9990319 . - .
"g1_Ty1"; transcript_id "g1_Ty1.1"; exon_number "4"; gene_name ""; gene_source "MAN";
LR797800.1 MAN CDS 9990263 9990319 . - 0
"g1_Ty1"; transcript_id "g1_Ty1.1"; cds_number "4"; gene_name ""; gene_source "MAN";
LR797800.1 MAN exon 9991370 9991468 . - .
"g1_Ty1"; transcript_id "g1_Ty1.1"; exon_number "5"; gene_name ""; gene_source "MAN";
LR797800.1 MAN CDS 9991370 9991468 . - 0
"g1_Ty1"; transcript_id "g1_Ty1.1"; cds_number "5"; gene_name ""; gene_source "MAN";
LR797800.1 MAN exon 9991550 9991801 . - .
"g1_Ty1"; transcript_id "g1_Ty1.1"; exon_number "6"; gene_name ""; gene_source "MAN";
LR797800.1 MAN CDS 9991550 9991801 . - 0
"g1_Ty1"; transcript_id "g1_Ty1.1"; cds_number "6"; gene_name ""; gene_source "MAN",
LR797800.1 MAN exon 9991951 9992064 . - .
"g1_Ty1"; transcript_id "g1_Ty1.1"; exon_number "7"; gene_name ""; gene_source "MAN";
LR797800.1 MAN CDS 9991951 9992064 . - 0
"g1_Ty1"; transcript_id "g1_Ty1.1"; cds_number "7"; gene_name ""; gene_source "MAN";
LR797800.1 MAN exon 9992133 9992275 . - .
"g1_Ty1"; transcript_id "g1_Ty1.1"; exon_number "8"; gene_name ""; gene_source "MAN";
LR797800.1 MAN CDS 9992133 9992275 . - 2
"g1_Ty1"; transcript_id "g1_Ty1.1"; cds_number "8"; gene_name ""; gene_source "MAN";
LR797800.1 MAN exon 9992933 9993106 . - .
"g1_Ty1"; transcript_id "g1_Ty1.1"; exon_number "9"; gene_name ""; gene_source "MAN";
LR797800.1 MAN CDS 9992933 9993106 . - 2
"g1_Ty1"; transcript_id "g1_Ty1.1"; cds_number "9"; gene_name ""; gene_source "MAN";
LR797800.1 MAN exon 9993909 9993993 . - .
"g1_Ty1"; transcript_id "g1_Ty1.1"; exon_number "10"; gene_name ""; gene_source "MAN";
LR797800.1 MAN CDS 9993909 9993993 . - 0
"g1_Ty1"; transcript_id "g1_Ty1.1"; cds_number "10"; gene_name ""; gene_source "MAN";
LR797800.1 MAN exon 9994072 9994275 . - .
"g1_Ty1"; transcript_id "g1_Ty1.1"; exon_number "11"; gene_name ""; gene_source "MAN";
LR797800.1 MAN CDS 9994072 9994275 . - 0

"g1_Ty1"; transcript_id "g1_Ty1.1"; cds_number "11"; gene_name ""; gene_source "MAN";
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gene_id
gene_id
gene_id
gene_id
0

gene_id
gene_id
gene_id
gene_id
gene_id
gene_id
gene_id
gene_id
gene_id
gene_id
gene_id
gene_id
gene_id
gene_id
gene_id
gene_id
gene_id
gene_id
gene_id

gene_id



LR797800.1 MAN exon 9994365 9994454 . - .
"g1_Ty1"; transcript_id "g1_Ty1.1"; exon_number "12"; gene_name ""; gene_source "MAN";

LR797800.1 MAN CDS 9994365 9994454 . - 0
"g1_Ty1"; transcript_id "g1_Ty1.1"; cds_number "12"; gene_name ""; gene_source "MAN";
LR797800.1 MAN exon 9994556 9994741 . - .
"g1_Ty1"; transcript_id "g1_Ty1.1"; exon_number "13"; gene_name ""; gene_source "MAN";
LR797800.1 MAN CDS 9994556 9994741 . - 0
"g1_Ty1"; transcript_id "g1_Ty1.1"; cds_number "13"; gene_name ""; gene_source "MAN";
LR797800.1 MAN exon 9994856 9995059 . - .
"g1_Ty1"; transcript_id "g1_Ty1.1"; exon_number "14"; gene_name ""; gene_source "MAN";
LR797800.1 MAN CDS 9994856 9995059 . - 0
"g1_Ty1"; transcript_id "g1_Ty1.1"; cds_number "14"; gene_name ""; gene_source "MAN";
LR797800.1 MAN stop_codon 9989227 9989229 . -
gene_id "g1_Ty1"; transcript_id "g1_Ty1.1"; gene_name ""; gene_source "MAN";
LR797800.1 MAN gene 9997423 9999033 . + .
"g2_Ty1"; gene_name ""; gene_source "MAN";
LR797800.1 MAN transcript 9997423 9999033 . +
"g2_Ty1"; transcript_id "g2_Ty1.1"; gene_source "MAN";
LR797800.1 MAN exon 9997423 9998322 . + .
"g2_Ty1"; transcript_id "g2_Ty1.1"; exon_number "1"; gene_name ""; gene_source "MAN";
LR797800.1 MAN CDS 9997423 9998322 . + 0
"g2_Ty1"; transcript_id "g2_Ty1.1"; cds_number "1"; gene_name ""; gene_source "MAN";
LR797800.1 MAN start_codon 9997423 9997425 . +
gene_id "g2_Ty1"; transcript_id "g2_Ty1.1"; gene_name ""; gene_source "MAN";
LR797800.1 MAN exon 9998404 9999033 . + .
"g2_Ty1"; transcript_id "g2_Ty1.1"; exon_number "2"; gene_name ""; gene_source "MAN";
LR797800.1 MAN CDS 9998404 9999033 . + 0
"g2_Ty1"; transcript_id "g2_Ty1.1"; cds_number "2"; gene_name ""; gene_source "MAN";
LR797800.1 MAN stop_codon 9999031 9999033 . +
gene_id "g2_Ty1"; transcript_id "g2_Ty1.1"; gene_name ""; gene_source "MAN",
LR797800.1 MAN gene 10008336 10014219 . - .
"g3_Ty1"; gene_name ""; gene_source "MAN";
LR797800.1 MAN transcript 10008336 10014219 . -
"g3_Ty1"; transcript_id "g3_Ty1.1"; gene_source "MAN";
LR797800.1 MAN exon 10008336 10008446 . - .
"g3_Ty1"; transcript_id "g3_Ty1.1"; exon_number "1"; gene_name ""; gene_source "MAN",
LR797800.1 MAN CDS 10008336 10008446 . - 0
"g3_Ty1"; transcript_id "g3_Ty1.1"; cds_number "1"; gene_name ""; gene_source "MAN";
LR797800.1 MAN start_codon 10014217 10014219 . -
gene_id "g3_Ty1"; transcript_id "g3_Ty1.1"; gene_name ""; gene_source "MAN";
LR797800.1 MAN exon 10008610 10009096 . - .
"g3_Ty1"; transcript_id "g3_Ty1.1"; exon_number "2"; gene_name ""; gene_source "MAN";
LR797800.1 MAN CDS 10008610 10009096 . - 1
"g3_Ty1"; transcript_id "g3_Ty1.1"; cds_number "2"; gene_name ""; gene_source "MAN";
LR797800.1 MAN exon 10009197 10009243 . - .
"g3_Ty1"; transcript_id "g3_Ty1.1"; exon_number "3"; gene_name ""; gene_source "MAN";
LR797800.1 MAN CDS 10009197 10009243 . - 0
"g3_Ty1"; transcript_id "g3_Ty1.1"; cds_number "3"; gene_name ""; gene_source "MAN";
LR797800.1 MAN exon 10009318 10009374 . - .
"g3_Ty1"; transcript_id "g3_Ty1.1"; exon_number "4"; gene_name ""; gene_source "MAN";
LR797800.1 MAN CDS 10009318 10009374 . - 0
"g3_Ty1"; transcript_id "g3_Ty1.1"; cds_number "4"; gene_name ""; gene_source "MAN";
LR797800.1 MAN exon 10010182 10010280 . - .
"g3_Ty1"; transcript_id "g3_Ty1.1"; exon_number "5"; gene_name ""; gene_source "MAN";
LR797800.1 MAN CDS 10010182 10010280 . - 0

g3_Ty1"; transcript_id "g3_Ty1.1"; cds_number "5"; gene_name ""; gene_source "MAN";
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gene_id
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LR797800.1 MAN

exon 10010376 10010627 . -

"g3_Ty1"; transcript_id "g3_Ty1.1"; exon_number "6"; gene_name ""; gene_source ."MAN";

LR797800.1 MAN

"g3_Ty1"; transcript_id "g3_Ty1.1"; cds_number "6"; gene_name

LR797800.1 MAN

CDS 10010376 10010627 . - 0

; gene_source "MAN";
exon 10010749 10010862 . -

"g3_Ty1"; transcript_id "g3_Ty1.1"; exon_number "7"; gene_name ""; gene_source ."MAN";

LR797800.1 MAN

CDS 10010749 10010862 . - 0

"g3_Ty1"; transcript_id "g3_Ty1.1"; cds_number "7"; gene_name ""; gene_source "MAN";

LR797800.1 MAN

"g3_Ty1"; transcript_id "g3_Ty1.1"; exon_number "8"; gene_name

LR797800.1 MAN

exon 10010961 10011152 . -

; gene_source "MAN";
CDS 10010961 10011152 . - 0

"g3_Ty1"; transcript_id "g3_Ty1.1"; cds_number "8"; gene_name ""; gene_source "MAN";

LR797800.1 MAN

exon 10012414 10012580 . -

"g3_Ty1"; transcript_id "g3_Ty1.1"; exon_number "9"; gene_name ""; gene_source ."MAN";

LR797800.1 MAN

CDS 10012414 10012580 . - 2

"g3_Ty1"; transcript_id "g3_Ty1.1"; cds_number "9"; gene_name ""; gene_source "MAN";

LR797800.1 MAN

exon 10012690 10012774 . -

"g3_Ty1"; transcript_id "g3_Ty1.1"; exon_number "10"; gene_name ""; gene_source "MAN";

LR797800.1 MAN

CDS 10012690 10012774 . - 0

"g3_Ty1"; transcript_id "g3_Ty1.1"; cds_number "10"; gene_name ""; gene_source "MAN";

LR797800.1 MAN

exon 10013000 10013200 . -

"g3_Ty1"; transcript_id "g3_Ty1.1"; exon_number "11"; gene_name ""; gene_source "MAN";

LR797800.1 MAN

CDS 10013000 10013200 . - 0

"g3_Ty1"; transcript_id "g3_Ty1.1"; cds_number "11"; gene_name ""; gene_source "MAN";

LR797800.1 MAN

exon 10013537 10013626 . -

"g3_Ty1"; transcript_id "g3_Ty1.1"; exon_number "12"; gene_name ""; gene_source "MAN";

LR797800.1 MAN

CDS 10013537 10013626 . - 0

"g3_Ty1"; transcript_id "g3_Ty1.1"; cds_number "12"; gene_name ""; gene_source "MAN";

LR797800.1 MAN

exon 10013732 10013917 . -

"g3_Ty1"; transcript_id "g3_Ty1.1"; exon_number "13"; gene_name ""; gene_source "MAN";

LR797800.1 MAN

CDS 10013732 10013917 . - 0

"g3_Ty1"; transcript_id "g3_Ty1.1"; cds_number "13"; gene_name ""; gene_source "MAN";

LR797800.1 MAN

exon 10014016 10014219 . -

"g3_Ty1"; transcript_id "g3_Ty1.1"; exon_number "14"; gene_name ""; gene_source "MAN";

LR797800.1 MAN

CDS 10014016 10014219 . - 0

"g3_Ty1"; transcript_id "g3_Ty1.1"; cds_number "14"; gene_name ""; gene_source "MAN";

LR797800.1 MAN

stop_codon 10008336 10008338 . -

gene_id "g3_Ty1"; transcript_id "g3_Ty1.1"; gene_name ""; gene_source "MAN";

LR797800.1 MAN

gene 10055797 10057417 . -

"g4_Ty1"; gene_name ""; gene_source "MAN";

LR797800.1 MAN

transcript 10055797 10057417 . -

"g4_Ty1"; transcript_id "g4_Ty1.1"; gene_source "MAN";

LR797800.1 MAN

exon 10055797 10056444 . -

"g4_Ty1"; transcript_id "g4_Ty1.1"; exon_number "1"; gene_name ""; gene_source "MAN",

LR797800.1 MAN

CDS 10055797 10056444 . - 0

"g4_Ty1"; transcript_id "g4_Ty1.1"; cds_number "1"; gene_name ""; gene_source "MAN";

LR797800.1 MAN

start_codon 10057415 10057417 . -

gene_id "g4_Ty1"; transcript_id "g4_Ty1.1"; gene_name ""; gene_source "MAN";

LR797800.1 MAN

exon 10056524 10057417 . -

"g4_Ty1"; transcript_id "g4_Ty1.1"; exon_number "2"; gene_name ""; gene_source "MAN";

LR797800.1 MAN

CDS 10056524 10057417 . - 0

"g4_Ty1"; transcript_id "g4_Ty1.1"; cds_number "2"; gene_name ""; gene_source "MAN";

LR797800.1 MAN

stop_codon 10055797 10055799 . -

gene_id "g4_Ty1"; transcript_id "g4_Ty1.1"; gene_name ""; gene_source "MAN";

LR797800.1 MAN
"g5_Ty1"; gene_name ""; g

gene 10060334 10064607 . -

ene_source "MAN";
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LR797800.1

MAN

transcript 10060334 10064607 . -

"g5 Ty1"; transcript_id "g5_Ty1.1"; gene_source "MAN";

LR797800.1

MAN

10060334 10060450 . -

exon

"g5_Ty1"; transcript_id "g5_Ty1.1"; exon_number "1"; gene_name ""; gene_source "MAN";

LR797800.1

"g5_Ty1"; transcript_id "g5_Ty1.1";

LR797800.1

gene_id "g5_Ty1"; transcript_id "g5_Ty1.1"; gene_name

LR797800.1

"g5_Ty1"; transcript_id "g5_Ty1.1"; exon_number "2"; gene_name

LR797800.1

"g5_Ty1"; transcript_id "g5_Ty1.1"; cds_number "2"; gene_name

LR797800.1

MAN

MAN

MAN

MAN

MAN

CDS 10060334 10060450 . - 0
cds_number "1"; gene_name ""; gene_source "MAN";
10064605 10064607 . -

""- gene_source "MAN";
10060581 10061067 . - .

""- gene_source "MAN";
10060581 10061067 . - 1

"". gene_source "MAN",

10061164 10061210 . -

start_codon
exon
CDS

exon

"g5_Ty1"; transcript_id "g5_Ty1.1"; exon_number "3"; gene_name ""; gene_source ."MAN";

LR797800.1

"g5_Ty1"; transcript_id "g5_Ty1.1";

LR797800.1

MAN

MAN

CDS 10061164 10061210 . - 0
cds_number "3"; gene_name ""; gene_source "MAN";

exon 10061286 10061342 . -

"g5_Ty1"; transcript_id "g5_Ty1.1"; exon_number "4"; gene_name ""; gene_source "MAN",

LR797800.1

"g5_Ty1"; transcript_id "g5_Ty1.1";

LR797800.1

MAN

MAN

CDS 10061286 10061342 . - 0
cds_number "4"; gene_name ""; gene_source "MAN";

exon 10061770 10061868 . -

"g5 Ty1"; transcript_id "g5_Ty1.1"; exon_number "5"; gene_name ""; gene_source "MAN";

LR797800.1

"g5_Ty1"; transcript_id "g5_Ty1.1"; cds_number "5"; gene_name

LR797800.1

"g5_Ty1"; transcript_id "g5_Ty1.1"; exon_number "6"; gene_name "";

LR797800.1

"g5_Ty1"; transcript_id "g5_Ty1.1"; cds_number "6"; gene_name

LR797800.1

"g5_Ty1"; transcript_id "g5_Ty1.1"; exon_number "7"; gene_name

LR797800.1

"g5_Ty1"; transcript_id "g5_Ty1.1"; cds_number "7"; gene_name

LR797800.1

"g5_Ty1"; transcript_id "g5_Ty1.1"; exon_number "8"; gene_name

LR797800.1

"g5_Ty1"; transcript_id "g5_Ty1.1"; cds_number "8"; gene_name

LR797800.1

"g5_Ty1"; transcript_id "g5_Ty1.1"; exon_number "9"; gene_name

LR797800.1

"g5_Ty1"; transcript_id "g5_Ty1.1"; cds_number "9"; gene_name

LR797800.1

"g5_Ty1"; transcript_id "g5_Ty1.1"; exon_number "10"; gene_name

LR797800.1

MAN

MAN

MAN

MAN

MAN

MAN

MAN

MAN

MAN

MAN

MAN

CDS 10061770 10061868 . - 0
"". gene_source "MAN",
10061956 10062207 . - .

"". gene_source "MAN";
10061956 10062207 . - 0
"". gene_source "MAN";
10062527 10062718 . - .
"". gene_source "MAN",
10062527 10062718 . - 0
"". gene_source "MAN",
10062935 10063101 . - .
"". gene_source "MAN";
10062935 10063101 . - 2
"". gene_source "MAN",
10063198 10063282 . - .
"". gene_source "MAN",
10063198 10063282 . - 0
""- gene_source "MAN",
10063636 10063836 . - .
"". gene_source "MAN",
10063636 10063836 . - 0

exon

CDS

exon

CDS

exon

CDS

exon

CDS

exon

CDS

"g5_Ty1"; transcript_id "g5_Ty1.1"; cds_number "10"; gene_name ""; gene_source "MAN";

LR797800.1

MAN

10063923 10064012 . -

exon

"g5_Ty1"; transcript_id "g5_Ty1.1"; exon_number "11"; gene_name ""; gene_source "MAN";

LR797800.1

MAN

CDS 10063923 10064012 . - 0

"g5_Ty1"; transcript_id "g5_Ty1.1"; cds_number "11"; gene_name ""; gene_source "MAN";

LR797800.1

"g5_Ty1"; transcript_id "g5_Ty1.1"; exon_number "12"; gene_name

LR797800.1

MAN

MAN

10064114 10064299 . - .
"". gene_source "MAN",
10064114 10064299 . - 0

exon

CDS

"g5_Ty1"; transcript_id "g5_Ty1.1"; cds_number "12"; gene_name ""; gene_source "MAN";

LR797800.1

"g5_Ty1"; transcript_id "g5_Ty1.1"; exon_number "13"; gene_name

LR797800.1

MAN

MAN

g5_Ty1"; transcript_id "g5_Ty1.1"; cds_number "13"; gene_name

10064404 10064607 . - .
""- gene_source "MAN",
10064404 10064607 . - 0

; gene_source "MAN";

exon

CDS
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gene_id
gene_id
0
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gene_id
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LR797800.1 MAN stop_codon 10060334 10060336 . -
gene_id "g5_Ty1"; transcript_id "g5_Ty1.1"; gene_name ""; gene_source "MAN";

Kn-0

LR797810.1 MAN gene 9446623 9452539 . -
"g1_KnQ"; gene_name ""; gene_source "MAN";
LR797810.1 MAN transcript 9446623 9452539 . -
"g1_KnQ"; transcript_id "g1_Kn0.1"; gene_source "MAN";
LR797810.1 MAN exon 9446623 9446739 . - .
"g1_Kn0"; transcript_id "g1_Kn0.1"; exon_number "1"; gene_name ""; gene_source "MAN";
LR797810.1 MAN CDS 9446623 9446739 . - 0
"g1_Kn0"; transcript_id "g1_Kn0.1"; cds_number "1"; gene_name ""; gene_source "MAN";
LR797810.1 MAN start_codon 9452537 9452539 . -
gene_id "g1_KnQ"; transcript_id "g1_Kn0.1"; gene_name ""; gene_source "MAN";
LR797810.1 MAN exon 9446942 9447428 . - .
"g1_KnQ"; transcript_id "g1_Kn0.1"; exon_number "2"; gene_name ""; gene_source "MAN";
LR797810.1 MAN CDS 9446942 9447428 . - 1
"g1_Kn0Q"; transcript_id "g1_Kn0.1"; cds_number "2"; gene_name ""; gene_source "MAN";
LR797810.1 MAN exon 9447525 9447571 . - .
"g1_KnQ"; transcript_id "g1_Kn0.1"; exon_number "3"; gene_name ""; gene_source "MAN";
LR797810.1 MAN CDS 9447525 9447571 . - 0
"g1_Kn0Q"; transcript_id "g1_Kn0.1"; cds_number "3"; gene_name ""; gene_source "MAN";
LR797810.1 MAN exon 9447657 9447713 . - .
"g1_KnO0"; transcript_id "g1_Kn0.1"; exon_number "4"; gene_name ""; gene_source "MAN";
LR797810.1 MAN CDS 9447657 9447713 . - 0
"g1_KnQ"; transcript_id "g1_Kn0.1"; cds_number "4"; gene_name ""; gene_source "MAN";
LR797810.1 MAN exon 9448851 9448949 . - .
"g1_KnQ"; transcript_id "g1_Kn0.1"; exon_number "5"; gene_name ""; gene_source "MAN";
LR797810.1 MAN CDS 9448851 9448949 . - 0
"g1_KnQ"; transcript_id "g1_Kn0.1"; cds_number "5"; gene_name ""; gene_source "MAN";
LR797810.1 MAN exon 9449030 9449281 . - .
"g1_KnQ"; transcript_id "g1_Kn0.1"; exon_number "6"; gene_name ""; gene_source "MAN";
LR797810.1 MAN CDS 9449030 9449281 . - 0
"g1_KnQ"; transcript_id "g1_Kn0.1"; cds_number "6"; gene_name ""; gene_source "MAN";
LR797810.1 MAN exon 9449431 9449544 . - .
"g1_KnQ"; transcript_id "g1_Kn0.1"; exon_number "7"; gene_name ""; gene_source "MAN";
LR797810.1 MAN CDS 9449431 9449544 . - 0
"g1_KnQ"; transcript_id "g1_Kn0.1"; cds_number "7"; gene_name ""; gene_source "MAN";
LR797810.1 MAN exon 9449613 9449755 . - .
"g1_KnQ"; transcript_id "g1_Kn0.1"; exon_number "8"; gene_name ""; gene_source "MAN";
LR797810.1 MAN CDS 9449613 9449755 . - 2
"g1_KnQ"; transcript_id "g1_Kn0.1"; cds_number "8"; gene_name ""; gene_source "MAN",
LR797810.1 MAN exon 9450413 9450586 . - .
"g1_KnQ"; transcript_id "g1_Kn0.1"; exon_number "9"; gene_name ""; gene_source "MAN";
LR797810.1 MAN CDS 9450413 9450586 . - 2
"g1_KnQ"; transcript_id "g1_Kn0.1"; cds_number "9"; gene_name ""; gene_source "MAN",
LR797810.1 MAN exon 9451389 9451473 . - .
"g1_KnQ"; transcript_id "g1_Kn0.1"; exon_number "10"; gene_name ""; gene_source "MAN";
LR797810.1 MAN CDS 9451389 9451473 . - 0
"g1_KnQ"; transcript_id "g1_Kn0.1"; cds_number "10"; gene_name ""; gene_source "MAN";
LR797810.1 MAN exon 9451552 9451755 . - .
"g1_KnQ"; transcript_id "g1_Kn0.1"; exon_number "11"; gene_name ""; gene_source "MAN",
LR797810.1 MAN CDS 9451552 9451755 . - 0
"g1_KnQ"; transcript_id "g1_Kn0.1"; cds_number "11"; gene_name ""; gene_source "MAN";

gene_id
gene_id
gene_id
gene_id
0

gene_id
gene_id
gene_id
gene_id
gene_id
gene_id
gene_id
gene_id
gene_id
gene_id
gene_id
gene_id
gene_id
gene_id
gene_id
gene_id
gene_id
gene_id
gene_id

gene_id



LR797810.1 MAN exon 9451845 9451934 . - .
"g1_KnQ"; transcript_id "g1_Kn0.1"; exon_number "12"; gene_name ""; gene_source "MAN";

LR797810.1 MAN CDS 9451845 9451934 . - 0
"g1_KnQ"; transcript_id "g1_Kn0.1"; cds_number "12"; gene_name ""; gene_source "MAN";
LR797810.1 MAN exon 9452036 9452221 . - .
"g1_KnO0"; transcript_id "g1_Kn0.1"; exon_number "13"; gene_name ""; gene_source "MAN";
LR797810.1 MAN CDS 9452036 9452221 . - 0
"g1_KnQ"; transcript_id "g1_Kn0.1"; cds_number "13"; gene_name ""; gene_source "MAN";
LR797810.1 MAN exon 9452336 9452539 . - .
"g1_KnQ"; transcript_id "g1_Kn0.1"; exon_number "14"; gene_name ""; gene_source "MAN";
LR797810.1 MAN CDS 9452336 9452539 . - 0
"g1_Kn0"; transcript_id "g1_Kn0.1"; cds_number "14"; gene_name ""; gene_source "MAN";
LR797810.1 MAN stop_codon 9446623 9446625 . -
gene_id "g1_Kn0"; transcript_id "g1_Kn0.1"; gene_name ""; gene_source "MAN";
LR797810.1 MAN gene 9454903 9456513 . +
"g2_KnQ"; gene_name ""; gene_source "MAN";
LR797810.1 MAN transcript 9454903 9456513 . +
"g2_Kn0Q"; transcript_id "g2_Kn0.1"; gene_source "MAN";
LR797810.1 MAN exon 9454903 9455802 . + .
"g2_Kn0"; transcript_id "g2_Kn0.1"; exon_number "1"; gene_name ""; gene_source "MAN";
LR797810.1 MAN CDS 9454903 9455802 . + 0
"g2_KnQ"; transcript_id "g2_Kn0.1"; cds_number "1"; gene_name ""; gene_source "MAN";
LR797810.1 MAN start_codon 9454903 9454905 . +
gene_id "g2_Kn0"; transcript_id "g2_Kn0.1"; gene_name ""; gene_source "MAN";
LR797810.1 MAN exon 9455884 9456513 . + .
"g2_Kn0Q"; transcript_id "g2_Kn0.1"; exon_number "2"; gene_name ""; gene_source "MAN";
LR797810.1 MAN CDS 9455884 9456513 . + 0
"g2_Kn0"; transcript_id "g2_Kn0.1"; cds_number "2"; gene_name ""; gene_source "MAN";
LR797810.1 MAN stop_codon 9456511 9456513 . +
gene_id "g2_Kn0"; transcript_id "g2_Kn0.1"; gene_name ""; gene_source "MAN";
LR797810.1 MAN gene 9465744 9471645 . - .
"g3_Kn0"; gene_name ""; gene_source "MAN";
LR797810.1 MAN transcript 9465744 9471645 . -
"g3_Kn0"; transcript_id "g3_Kn0.1"; gene_source "MAN";
LR797810.1 MAN exon 9465744 9465854 . - .
"g3_Kn0"; transcript_id "g3_Kn0.1"; exon_number "1"; gene_name ""; gene_source "MAN";
LR797810.1 MAN CDS 9465744 9465854 . - 0
"g3_Kn0"; transcript_id "g3_Kn0.1"; cds_number "1"; gene_name ""; gene_source "MAN";
LR797810.1 MAN start_codon 9471643 9471645 . -
gene_id "g3_Kn0"; transcript_id "g3_Kn0.1"; gene_name ""; gene_source "MAN";
LR797810.1 MAN exon 9466018 9466504 . - .
"g3_Kn0"; transcript_id "g3_Kn0.1"; exon_number "2"; gene_name ""; gene_source "MAN";
LR797810.1 MAN CDS 9466018 9466504 . - 1
"g3_Kn0"; transcript_id "g3_Kn0.1"; cds_number "2"; gene_name ""; gene_source "MAN",
LR797810.1 MAN exon 9466604 9466650 . - .
"g3_Kn0"; transcript_id "g3_Kn0.1"; exon_number "3"; gene_name ""; gene_source "MAN";
LR797810.1 MAN CDS 9466604 9466650 . - 0
"g3_Kn0"; transcript_id "g3_Kn0.1"; cds_number "3"; gene_name ""; gene_source "MAN";
LR797810.1 MAN exon 9466725 9466781 . - .
"g3_Kn0"; transcript_id "g3_Kn0.1"; exon_number "4"; gene_name ""; gene_source "MAN";
LR797810.1 MAN CDS 9466725 9466781 . - 0
"g3_Kn0"; transcript_id "g3_Kn0.1"; cds_number "4"; gene_name ""; gene_source "MAN";
LR797810.1 MAN exon 9467606 9467704 . - .
"g3_Kn0"; transcript_id "g3_Kn0.1"; exon_number "5"; gene_name ""; gene_source "MAN";
LR797810.1 MAN CDS 9467606 9467704 . - 0

g3_Kn0"; transcript_id "g3_Kn0.1"; cds_number "5"; gene_name ""; gene_source "MAN";
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gene_id
gene_id
gene_id
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LR797810.1

MAN

exon 9467800 9468051 . -

"g3_KnQ"; transcript_id "g3_Kn0.1"; exon_number "6"; gene_name ""; gene_source."MAN";

LR797810.1

MAN

CDS 9467800 9468051 . - 0

"g3_KnQ"; transcript_id "g3_Kn0.1"; cds_number "6"; gene_name ""; gene_source "MAN";

LR797810.1

MAN

exon 9468173 9468286 . -

"g3_Kn0"; transcript_id "g3_Kn0.1"; exon_number "7"; gene_name ""; gene_source."MAN";

LR797810.1

MAN

CDS 9468173 9468286 . - 0

"g3_KnQ"; transcript_id "g3_Kn0.1"; cds_number "7"; gene_name ""; gene_source "MAN";

LR797810.1

"g3_KnQ"; transcript_id "g3_Kn0.1"; exon_number "8"; gene_name

LR797810.1

MAN

MAN

exon 9468385 9468576 . - .
""- gene_source "MAN";
CDS 9468385 9468576 . - 0

"g3_Kn0"; transcript_id "g3_Kn0.1"; cds_number "8"; gene_name ""; gene_source "MAN";

LR797810.1

MAN

exon 9469838 9470004 . -

"g3_Kn0"; transcript_id "g3_Kn0.1"; exon_number "9"; gene_name ""; gene_source."MAN";

LR797810.1

MAN

CDS 9469838 9470004 . - 2

"g3_KnQ"; transcript_id "g3_Kn0.1"; cds_number "9"; gene_name ""; gene_source "MAN";

LR797810.1

MAN

exon 9470112 9470196 . -

"g3_Kn0"; transcript_id "g3_Kn0.1"; exon_number "10"; gene_name ""; gene_source "MAN",

LR797810.1

MAN

CDS 9470112 9470196 . - 0

"g3_Kn0"; transcript_id "g3_Kn0.1"; cds_number "10"; gene_name ""; gene_source "MAN";

LR797810.1

MAN

exon 9470426 9470626 . -

"g3_KnQ"; transcript_id "g3_Kn0.1"; exon_number "11"; gene_name ""; gene_source "MAN";

LR797810.1

MAN

CDS 9470426 9470626 . - 0

"g3_Kn0"; transcript_id "g3_Kn0.1"; cds_number "11"; gene_name ""; gene_source "MAN";

LR797810.1

MAN

exon 9470963 9471052 . -

"g3_Kn0"; transcript_id "g3_Kn0.1"; exon_number "12"; gene_name ""; gene_source "MAN";

LR797810.1

MAN

CDS 9470963 9471052 . - 0

"g3_Kn0"; transcript_id "g3_Kn0.1"; cds_number "12"; gene_name ""; gene_source "MAN";

LR797810.1

MAN

exon 9471158 9471343 . -

"g3_Kn0"; transcript_id "g3_Kn0.1"; exon_number "13"; gene_name ""; gene_source "MAN",

LR797810.1

MAN

CDS 9471158 09471343 . - 0

"g3_Kn0"; transcript_id "g3_Kn0.1"; cds_number "13"; gene_name ""; gene_source "MAN";

LR797810.1

MAN

exon 0471442 9471645 . -

"g3_Kn0"; transcript_id "g3_Kn0.1"; exon_number "14"; gene_name ""; gene_source "MAN";

LR797810.1

MAN

CDS 9471442 9471645 . - 0

"g3_Kn0"; transcript_id "g3_Kn0.1"; cds_number "14"; gene_name ""; gene_source "MAN",

LR797810.1

MAN

stop_codon 9465744 9465746 . -

gene_id "g3_Kn0"; transcript_id "g3_Kn0.1"; gene_name ""; gene_source "MAN";
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Publikacja 1

OSWIADCZENIA WSPOLAUTOROW

Samelak-Czajka A, Marszalek-Zenczak M, Marcinkowska-Swojak M,
Kozlowski P, Figlerowicz M and Zmienko A (2017)
MLPA-Based Analysis of Copy Number Variation in Plant

Populations.
Front. Plant Sci.8:222. doi: 10.3389/fpls.2017.00222
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Poznan, 03.02.2018

Anna Samelak-Czajka

Instytut Chemii Bioorganicznej Polskiej Akademii Nauk
w Poznaniu

Instytut Informatyki, Wydziat Informatyki

Politechnika Poznariska

Tytut publikacji: MLPA-based analysis of copy number variations in plant populations

Autorzy: Anna Samelak-Czajka, Maltgorzata Marszalek-Zenczak, Maigorzata Marcinkowska-Swojak,
Piotr Kozlowski, Marek Figlerowicz, Agnieszka Zmienko

Rok opublikowania: 2017

Czasopismo: Frontiers in Plant Science (Front Plant Sci. 2017; 8: 222. doi: 10.3389/fpls.2017.00222)

OSWIADCZENIE

Oéwiadczam, ze mdj wkiad w powstanie powyzszej pracy polegat na opracowaniu i przetestowaniu
procedury MLPA do badania zmiennosci liczby kopii u Arabidopsis thaliana, zaprojektowaniu
specyficznych sond MLPA, przygotowaniu materiatu do badart (hodowla roslin, ekstrakcja DNA),
przeprowadzeniu eksperymentéw MLPA, analizie uzyskanych wynikéw, udziale w tworzeniu tresci
protokotu i rysunkéw do manuskryptu oraz korekcie tekstu. |
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Poznan, 03.02.2018

Malgorzata Marszalek-Zenczak

Instytut Chemii Bioorganicznej Polskiej Akademii Nauk
w Poznaniu

Tytul publikacji: MLPA-based Analysis of Copy Number Variations in Plant Populations
Autorzy: Anna  Samelak-Czajka, Malgorzata Marszalek-Zenczak, Malgorzata
Marcinkowska-Swojak, Piotr Koztowski, Marek Figlerowicz, Agnieszka Zmienko

Rok opublikowania: 2017

Czasopismo: Frontiers in Plant Science

OSWIADCZENIE
Os$wiadczam, ze méj wklad w powstanie powyzszej pracy polegal na wykonaniu i analizie

eksperymentu optymalizacji ilo$ci matrycy do metody MLPA oraz na przeczytaniu i
zaakceptowaniu tresci manuskryptu.

KaTepmate Narsaarel - Zancaay



INSTYTUT CHEMII BIOORGANICZNEJ

POLSKA AKADEMIA NAUK
ul. Noskowskiego 12/ 14, 61-704 Poznar, Polska
tel.: +48-61 852 85 03, sekretariat 852 89 19

fax: +48-61 8520532 e-mail: office@ibch.poznan.pl

Poznan, 03.02.2018

Malgorzata Marcinkowska-Swojak

Instytut Chemii Bioorganicznej Polskiej Akademii Nauk
w Poznaniu

Tytul publikacji: MLPA-based Analysis of Copy Number Variations in Plant Populations
Autorzy: Anna Samelak-Czajka, Malgorzata Marszalek-Zenczak, = Malgorzata
Marcinkowska-Swojak, Piotr Koztowski, Marek Figlerowicz, Agnieszka Zmienko

Rok opublikowania: 2017

Czasopismo: Frontiers in Plant Science

OSWIADCZENIE

Oswiadczam, ze méj wkiad w powstanie powyzszej pracy polegal na konsultacji sposobu
przeprowadzenia reakcji MLPA oraz na przeczytaniu i zaakceptowaniu tre$ci manuskryptu.
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INSTYTUT CHEMII BIOORGANICZNEJ

POLSKA AKADEMIA NAUK
ul. Noskowskiego 12/ 14, 61-704 Poznan, Polska
tel.: +48-61 852 85 03, sekretariat 852 89 19
fax: +48-61 8520532 e-mail: office@ibch.poznan.pl
Poznan, 03.02.2018
Piotr Kozlowski

Instytut Chemii Bioorganicznej Polskiej Akademii Nauk
w Poznaniu

Tytul publikacji: MLPA-based Analysis of Copy Number Variations in Plant Populations
Autorzy: Anna Samelak-Czajka, Malgorzata Marszalek-Zenczak, Malgorzata
Marcinkowska-Swojak, Piotr Kozlowski, Marek Figlerowicz, Agnieszka Zmienko

Rok opublikowania: 2017

Czasopismo: Frontiers in Plant Science
OSWIADCZENIE

Oswiadczam, ze m6j wklad w powstanie powyzszej pracy polegal na: konsultacji wynikow

genotypowania oraz tresci manuskryptu.
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N
Instytut Chemii Bioorganicznej
Polskiej Akademii Nauk

Poznan, 8.02.2018

Prof. dr hab. Marek Figlerowicz
Instytut Chemii Bioorganicznej
Polskiej Akademii Nauk

UL Noskowskiego 12/14
61-704 Poznah
marekf@ibch.poznan.pl

OSWIADCZENIE

Oswiadczam, ze w przypadku wymienionej ponizej publikacji uczestniczylem w tworzeniu

ogodlnej koncepcji badar, dyskusji otrzymanych wynikéw oraz edycji manuskryptu.

Tytul publikacji: MLPA-based Analysis of Copy Number Variations in Plant Populations
Autorzy: Anna  Samelak-Czajka, Malgorzata Marszalek-Zenczak, Malgorzata
Marcinkowska-Swojak, Piotr Koztowski, Marek Figlerowicz, A_gnieszka Zmienko

Rok opublikowania: 2017

Czasopismo: Frontiers in Plant Science

N B ul. Noskowskiego 12/14, 61-704 Poznan
KNO.' tel.: centrala 61 852 85 03 sekretariat 61 852 89 19

faks: 61 852 05 32 e-mail: ibch@ibch.poznan.pl
Ok Wikdacy REGON 000849327 NIP 777-00-02-062
T http://www.ibch.poznan.pl




INSTYTUT CHEMII BIOORGANICZNEJ

POLSKA AKADEMIA NAUK
ul. Noskowskiego 12/ 14, 61-704 Poznan, Polska
tel.: +48-61 852 85 03, sekretariat 852 89 19
fax: +48-61 8520532 e-mail: office@ibch.poznan.pl
Poznan, 03.02.2018
Agnieszka Zmienko

Instytut Chemii Bioorganicznej Polskiej Akademii Nauk
w Poznaniu

Tytul publikacji: MLPA-based Analysis of Copy Number Variations in Plant Populations
Autorzy: Anna Samelak-Czajka, Malgorzata Marszatek-Zenczak,  Malgorzata
Marcinkowska-Swojak, Piotr Koztowski, Marek Figlerowicz, Agnieszka Zmienko

Rok opublikowania: 2017

Czasopismo: Frontiers in Plant Science

OSWIADCZENIE
O$wiadczam, ze méj wkiad w powstanie powyzszej pracy polegat na: okresleniu koncepcji i
ksztaltu pracy, opracowaniu i interpretacji wynikéw (wspdlnie z ASCz), napisaniu

manuskryptu, przygotowaniu rysunkéw oraz suplementow, a takze opiece naukowej nad
czlonkami zespotu badawczego (ASCz i MMZ).
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Publikacja 2

OSWIADCZENIA WSPOLAUTOROW

Zmienko A, Marszalek-Zenczak M, Wojciechowski P, Samelak-Czajka A,
Luczak M, Kozlowski P, Karlowski WM, Figlerowicz M.
AthCNV: A Map of DNA Copy Number Variations in the

Arabidopsis Genome.
Plant Cell. 2020 Jun;32(6):1797-1819. doi: 10.1105/tpc.19.00640.
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Poznan, 05.07.2023 r.
dr hab. Agnieszka Zmieiiko, prof. ICHB PAN
Instytut Chemii Bioorganicznej PAN
ul. Noskowskiego 12/14
61-704 Poznan

Politechnika Poznanska

Wydziat Informatyki i Telekomunikacji, Instytut Informatyki
ul. Piotrowo 3

60-965 Poznan

Tytul publikacji: AthCNV: A Map of DNA Copy Number Variations in the Arabidopsis

Genome

Autorzy: Agnieszka Zmienko*, Malgorzata Marszalek-Zenczak, Pawel Wojciechowski,
Anna Samelak-Czajka, Magdalena Luczak, Piotr Kozlowski, Wojciech M. Karlowski, Marek
Figlerowicz*

*wspotautorzy korespondencyjni
Rok opublikowania: 2020

Czasopismo: The Plant Cell; https://doi.org/10.1105/tpc.19.00640

OSWIADCZENIE

Oswiadczam, ze mdj wkiad w powstanie powyzszej pracy polegat na:

— udziale w okresleniu koncepcji pracy;

— planowaniu i wykonaniu (wspdlnie z innymi wspélautorami) bioinformatycznej
cze¢sci analiz, koordynowaniu ich i weryfikacji wynikéw;

— zaprojektowaniu, wykonaniu i analizie wynikow eksperymentéw MLPA;

— analizie i krytycznej interpretacji pozostatych wynikéw;



koncepcji, zaprojektowaniu ukladu i opracowaniu danych wejsciowych dla
stworzenia strony do wizualizacji zmiennosci gendw;

zaprojektowaniu i opracowaniu rysunkéw, tabel oraz suplementéw, przy udziale
pozostalych wspétautoréw;

napisaniu manuskryptu, przy udziale pozostatych wspétautorow;

redagowaniu  ostatecznej wersji manuskryptu, wspélnie z pozostatymi

wspotautorami.

gL)gm'es;Lia Q,Mft’;nl:Lo

dr hab. Agnieszka Zmienko, prof. ICHB PAN



Poznan, 04.07.2023 r.
mgr inz. Malgorzata Marszalek-Zenczak
Instytut Chemii Bioorganicznej PAN
ul. Noskowskiego 12/14
61-704 Poznan

Tytul publikacji: AthCNV: A Map of DNA Copy Number Variations in the Arabidopsis

Genome

Autorzy: Agnieszka Zmienko*, Malgorzata Marszalek-Zenczak, Pawel Wojciechowski,
Anna Samelak-Czajka, Magdalena Luczak, Piotr Kozlowski, Wojciech M. Karlowski, Marek
Figlerowicz*

*wspdtautorzy korespondencyjni
Rok opublikowania: 2020

Czasopismo: The Plant Cell; https://doi.org/10.1105/tpc.19.00640

OSWIADCZENIE

Oswiadczam, ze mdj wkiad w powstanie powyzszej pracy polegat na:

1. Udziale w planowaniu analiz bioinformatycznych

2. Wykonaniu wigkszosci analiz bioinformatycznych, w tym:
- optymalizacji parametréw programéw oraz identyfikacji i analizie CNV czterema
programami: CNVnator, Control-FREEC, BreakDancer, Pindel;
- opracowaniu indywidualnych kryteriéw filtracji wygenerowanych CNV dla
wszystkich metod i programow uzytych w projekcie;
- opracowaniu autorskiego podejscia integracji danych z réznych programéw w celu
stworzenia katalogu AthCNV:;

- analizie statystycznej wszystkich wynikow;



- przygotowaniu i wykonaniu analiz PCA w oparciu o dane SNP pobrane z bazy 1001
Genomes Project oraz dane CNV (dane wilasne);

- testach i optymalizacji protokotu analizy GWAS, przygotowaniu danych
wejsciowych, wykonaniu analiz;

3. Udziale w analizie i interpretacji wynikow

4. Udgziale w pisaniu manuskryptu, w szczegélnoéci sekcji Methods oraz opisu wynikow

analiz bioinformatycznych

5. Wspéltworzeniu rycin i suplementow.

Hodpoode Marnar@-- Zovcead

mgr inz. Malgorzata Marszalek-Zenczak



Poznan, 10.07.2023 r.

dr inz. Pawel Wojciechowski

Politechnika Poznarnska

Wydzial Informatyki i Telekomunikacji, Instytut Informatyki
ul. Piotrowo 3

60-965 Poznan

Instytut Chemii Bioorganicznej PAN
ul. Noskowskiego 12/14
61-704 Poznan

Tytul publikacji: AthCNV: A Map of DNA Copy Number Variations in the Arabidopsis
Genome

Autorzy: Agnieszka Zmienko*, Malgorzata Marszalek-Zenczak, Pawel Wojciechowski,
Anna Samelak-Czajka, Magdalena Luczak, Piotr Kozlowski, Wojciech M. Karlowski, Marek
Figlerowicz*

*wspotautorzy korespondencyjni

Rok opublikowania: 2020
Czasopismo: The Plant Cell; https://doi.org/10.1105/tpc.19.00640

OSWIADCZENIE

Oswiadczam, ze mdj wktad w powstanie powyzszej pracy polegat na:

- technicznym wsparciu obrébki danych sekwencyjnych;

- wygenerowaniu wstepnej listy zmian strukturalnych i wynikéw genotypowania z uzyciem
programow VariationHunter, Genome STRiP-CNV oraz Genome STRiP-SV i Genome
STRiP SVGenotyper;

- stworzeniu przegladarki internetowej do wizualizacji wynikéw genotypowania;

- przeczytaniu i zaakceptowaniu ostatecznej wersji manuskryptu.

P L-su) c.co£_>v~/\)

dr inz. Pawel Wojciechowski



Poznan, 04.07.2023 r.
dr Anna Samelak-Czajka '
Instytut Chemii Bioorganicznej PAN
ul. Noskowskiego 12/14
61-704 Poznan

Tytul publikacji: AthCNV: A Map of DNA Copy Number Variations in the Arabidopsis

Genome

Autorzy: Agnieszka Zmienko*, Malgorzata Marszalek-Zenczak, Pawel Wojciechowski,
Anna Samelak-Czajka, Magdalena Luczak, Piotr Kozlowski, Wojciech M. Karlowski, Marek
Figlerowicz*

*wspotautorzy korespondencyjni
Rok opublikowania: 2020

Czasopismo: The Plant Cell; https://doi.org/10.1105/tpc.19.00640

OSWIADCZENIE

Oswiadczam, ze mo6j wkiad w powstanie powyzszej pracy polegat na:

- hodowli roslin i izolacji DNA;

- przeczytaniu i zaakceptowaniu ostatecznej wersji manuskryptu.

dr Anna Samelak-Czajka
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Poznan, 04.07.2023 r.
dr hab. Magdalena Luczak, prof. ICHB PAN
Instytut Chemii Bioorganicznej PAN
ul. Noskowskiego 12/14
61-704 Poznan

Tytul publikacji: AthCNV: A Map of DNA Copy Number Variations in the Arabidopsis

Genome

Autorzy: Agnieszka Zmienko*, Malgorzata Marszalek-Zenczak, Pawel Wojciechowski,
Anna Samelak-Czajka, Magdalena Luczak, Piotr Kozlowski, Wojciech M. Karlowski,
Marek Figlerowicz*

*wspolautorzy korespondencyjni
Rok opublikowania: 2020

Czasopismo: The Plant Cell; https://doi.org/10.1105/tpc.19.00640

OSWIADCZENIE

Oswiadczam, ze m6j wkiad w powstanie powyzszej pracy polegal na:

- wykonaniu analiz proteomicznych oraz opracowaniu uzyskanych wynikow;

- przeczytaniu i zaakceptowaniu ostatecznej wersji manuskryptu.

Hapdalena Zovek

dr hab. Magdalena Luczak, prof. ICHB PAN



Poznan, 05.07.2023 .
prof. dr hab. Piotr Kozlowski

Instytut Chemii Bioorganicznej PAN

ul. Noskowskiego 12/14

61-704 Poznan

Tytul publikacji: AthCNV: A Map of DNA Copy Number Variations in the Arabidopsis

Genome

Autorzy: Agnieszka Zmienko*, Malgorzata Marszalek-Zenczak, Pawel Wojciechowski,
Anna Samelak-Czajka, Magdalena Luczak, Piotr Kozlowski, Wojciech M. Karlowski, Marek
Figlerowicz*

*wspolautorzy korespondencyjni
Rok opublikowania: 2020

Czasopismo: The Plant Cell; https://doi.org/10.1105/tpc.19.00640

OSWIADCZENIE

Oswiadczam, ze mdj wklad w powstanie powyzszej pracy polegal na:

- analizie i krytycznej interpretacji wynikow genotypowania;

- edycji ostatecznej wersji manuskryptu.

“Foh b o 0.

prof. dr hab. Piotr Koziowski



Poznan, 05.07.2023 r.
prof. dr hab. Marek Figlerowicz
Instytut Chemii Bioorganicznej PAN
ul. Noskowskiego 12/14
61-704 Poznan

Tytul publikacji: AthCNV: A Map of DNA Copy Number Variations in the Arabidopsis

Genome

Autorzy: Agnieszka Zmienko*, Malgorzata Marszalek-Zenczak, Pawel Wojciechowski,
Anna Samelak-Czajka, Magdalena Luczak, Piotr Kozlowski, Wojciech M. Karlowski, Marek
Figlerowicz*

*wspotautorzy korespondencyjni
Rok opublikowania: 2020

Czasopismo: The Plant Cell; https://doi.org/10.1105/tpc.19.00640

OSWIADCZENIE

Oswiadczam, ze mdj wkiad w powstanie powyzszej pracy polegat na:

- udziale w okresleniu koncepcji pracy;

- pozyskaniu czg¢sciowego finansowania badan;
- krytycznej analizie zebranych danych;

- opiece merytorycznej nad projektem;

- wspdtredagowaniu ostatecznej wersji manuskryptu.

Ve

prof. dr hab. Marek Rjglerowicz
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OSWIADCZENIA WSPOLAUTOROW

Marszalek-Zenczak M, Satyr A, Wojciechowski P, Zenczak M,
Sobieszczanska P, Brzezinski K, Iefimenko T, Figlerowicz M, Zmienko A.
Analysis of Arabidopsis non-reference accessions reveals high
diversity of metabolic gene clusters and discovers new candidate

cluster members.
Front Plant Sci. 2023 Jan 26;14:1104303. doi: 10.3389/fpls.2023.1104303.

214



Poznan, 07.04.2023 r.
mgr inz, Malgorzata Marszalek-Zeinczak
Instytut Chemii Bioorganicznej PAN
ul. Noskowskiego 12/14
61-704 Poznan

Tytul publikacji: Analysis of Arabidopsis non-reference accessions reveals high diversity

of metabolic gene clusters and discovers new candidate cluster members

Autorzy: Malgorzata Marszalek-Zenczak, Anastasiia Satyr, Pawel Wojciechowski, Michal
Zenczak, Paula Sobieszczanska, Krzysztof Brzezinski, Tetiana Iefimenko, Marek
Figlerowicz, Agnieszka Zmienko*

*autor korespondencyjny
Rok opublikowania: 2023

Czasopismo: Frontiers in Plant Science; https://doi.org/10.3389/fpls.2023.1 104303

OSWIADCZENIE

Oswiadczam, ze méj wkiad w powstanie powyzszej pracy polegat na:

1. Zaplanowaniu i wykonaniu analiz, w tym:

- okresleniu liczby kopii genéw wchodzacych w sklad badanych MGC poprzez
integracj¢ danych genotypowania z danymi eksperymentalnymi dla >1000
ekotypow;

- identyfikacji inwersji chromosomowych w regionie klastra thalianolu (wybor
metody, przygotowanie danych do analizy oraz jej wykonanie, dobor kryteriow
filtracji uzyskanych wynikéw, opracowanie i analiza koficowych wynikéw);

- obrébce danych SNP pobranych z bazy danych projektu 100! Genomes, danych
fenotypowych pobranych z bazy Arapheno oraz danych RNA-Seq pobranych z

- bazy NCBI/SRA i ich przygotowaniu do dalszych analiz;



- wykonaniu analizy PCA oraz interpretacji uzyskanych wynikéw;

- wykonaniu analizy GWAS oraz interpretacji uzyskanych wynikéw;

- wykonaniu analizy ekspresji genéw oraz interpretacji uzyskanych wynikéw;

- zebraniu i opracowaniu informacji dotyczacych genéw oksydaz cytochromowych z
dostgpnych Zrédet oraz analizie zmiennosci genéw par TS-CYP;

- wykonaniu analiz ddPCR;

- wykonaniu wszystkich analiz statystycznych;

- udzialu w analizie i krytycznej interpretacji pozostalych wynikéw;

Zaprojektowaniu rycin i suplementéw wspdlnie z promotor dr hab. Agnieszka

Zmiefiko oraz wykonaniu wiekszosci z nich;

Wspolredagowaniu pierwszej i ostatecznej wersji manuskryptu.

Hajéowcdlﬂ— M (ol - Zofcral ~

mgr inz. Malgorzata Marszalek-Zenczak



Poznan, 04.07.2023 r.
mgr inZ. Anastasiia Satyr
Instytut Chemii Bioorganicznej PAN
ul. Noskowskiego 12/14
61-704 Poznan

Tytul publikacji: Analysis of Arabidopsis non-reference accessions reveals high

diversity of metabolic gene clusters and discovers new candidate cluster members

Autorzy: Malgorzata Marszalek-Zenczak, Anastasiia Satyr, Pawel ‘Wojciechowski,
Michal Zenczak, Paula Sobieszczanska, Krzysztof Brzezinski, Tetiana Iefimenko, Marek
Figlerowicz, Agnieszka Zmienko*

*autor korespondencyjny
Rok opublikowania: 2023

Czasopismo: Frontiers in Plant Science; https://doi.org/10.3389/fpls.2023.1104303

OSWIADCZENIE

Oswiadczam, ze m6j wklad w powstanie powyzszej pracy polegal na:

- wykonaniu nanoporowego sekwencjonowania DNA oraz zasemblowaniu de novo
sekwencji genomowych dla linii Mitterberg-2-185 oraz Dolna-1-40;

- przeczytaniu 1 zaakceptowaniu ostatecznej wersji manuskryptu.

mgr inz. Anastasiia Satyr

Sozkostia C"“@“"



Poznan, 10.07.2023 r.

dr inz. Pawel Wojciechowski

Politechnika Poznanska

Wydzial Informatyki i Telekomunikacji, Instytut Informatyki
ul. Piotrowo 3

60-965 Poznan

Instytut Chemii Bioorganicznej PAN
ul. Noskowskiego 12/14
61-704 Poznan

Tytul publikacji: Analysis of Arabidopsis non-reference accessions reveals high diversity
of metabolic gene clusters and discovers new candidate cluster members

Autorzy: Malgorzata Marszalek-Zenczak, Anastasiia Satyr, Pawel Wojciechowski, Michal
Zenczak, Paula Sobieszczanska, Krzysztof Brzezinski, Tetiana Iefimenko, Marek
Figlerowicz, Agnieszka Zmienko*

*autor korespondencyjny

Rok opublikowania: 2023
Czasopismo: Frontiers in Plant Science; https://doi.org/10.3389/fpls.2023.1104303

OSWIADCZENIE

Oswiadczam, ze mdj wkiad w powstanie powyzszej pracy polegat na:

- udziale w asemblowaniu de novo sekwencji genomowych dla linii Mitterberg-2-185 oraz

Dolna-1-40;

- detekcji SNP i krotkich indeli w obrebie genéw CYP70542 i BARS1 w liniach A. thaliana
z projektu 1001 Genoméw Arabidopsis;

- przeczytaniu i zaakceptowaniu ostatecznej wersji manuskryptu.

" - i
Voo < cecho~\

dr inz. Pawel Wojciechowski



Poznan, 04.07.2023 r.
mgr inz. Michal Zenczak
Instytut Chemii Bioorganicznej PAN
ul. Noskowskiego 12/14
61-704 Poznan

Tytut publikacji: Analysis of Arabidopsis non-reference accessions reveals high diversity

of metabolic gene clusters and discovers new candidate cluster members

Autorzy: Malgorzata Marszalek-Zenczak, Anastasiia Satyr, Pawel Wojciechowski, Michal
Zenczak, Paula Sobieszczanska, Krzysztof Brzezinski, Tetiana Iefimenko, Marek
Figlerowicz, Agnieszka Zmienko*

*autor korespondencyjny
Rok opublikowania: 2023

Czasopismo: Frontiers in Plant Science; https://doi.org/10.3389/fpls.2023.1104303

OSWIADCZENIE

Oswiadczam, ze mdj wkiad w powstanie powyzszej pracy polegat na:

- wsparciu technicznemu na etapie obrdobki danych;
- udziale w interpretacji wynikdw GWAS;

- przeczytaniu i zaakceptowaniu ostatecznej wersji manuskryptu.

D QE

mgr inz. Michatl Zenczak



Poznan, 04.07.2023 r.
mgr Paula Sobieszczanska
Instytut Chemii Bioorganicznej PAN
ul. Noskowskiego 12/14
61-704 Poznani

Tytul publikacji: Analysis of Arabidopsis non-reference accessions reveals high diversity

of metabolic gene clusters and discovers new candidate cluster members

Autorzy: Malgorzata Marszalek-Zenczak, Anastasiia Satyr, Pawel Wojciechowski, Michal
Zenczak, Paula Sobieszczanska, Krzysztof Brzezinski, Tetiana Iefimenko, Marek
Figlerowicz, Agnieszka Zmienko*

*autor korespondencyjny
Rok opublikowania: 2023

Czasopismo: Frontiers in Plant Science; https:/doi.org/10.3389/fpls.2023.1104303

OSWIADCZENIE

Oswiadczam, ze méj wkiad w powstanie powyzszej pracy polegal na:

- wykonaniu eksperymentéw MLPA;
- przeczytaniu i zaakceptowaniu ostatecznej wersji manuskryptu.

Sobremuauita.

mgr Paula Sobieszczanska



Poznan, 04.07.2023 r.
dr hab. Krzysztof Brzezinski, prof. ICHB PAN
Instytut Chemii Bioorganicznej PAN
ul. Noskowskiego 12/14
61-704 Poznan

Tytul publikacji: Analysis of Arabidopsis non-reference accessions reveals high diversity

of metabolic gene clusters and discovers new candidate cluster members

Autorzy: Malgorzata Marszalek-Zenczak, Anastasiia Satyr, Pawel Wojciechowski, Michal
Zenczak, Paula Sobieszczanska, Krzysztof Brzezinski, Tetiana Iefimenko, Marek
Figlerowicz, Agnieszka Zmienko*

*autor korespondencyjny
Rok opublikowania: 2023

Czasopismo: Frontiers in Plant Science; https://doi.org/10.3389/fpls.2023.1104303

OSWIADCZENIE

Oswiadczam, ze méj wkiad w powstanie powyzszej pracy polegat na:

- wykonaniu analizy filogenetycznej genéw OSC:;

- wygenerowaniu i analizie modeli 3D przewidywanych bialek kodowanych przez geny
BARS1 i BARS2;
- wspotredagowaniu opisu ww. analiz oraz przeczytaniu i zaakceptowaniu ostatecznej

wersji manuskryptu.

TR

dr hab. Krzysztof Brzezinski, prof. ICHB PAN



Poznan, 05.07.2023 r.
prof. dr hab. Marek Figlerowicz

Instytut Chemii Bioorganicznej PAN
ul. Noskowskiego 12/14
61-704 Poznan

Tytul publikacji: Analysis of Arabidopsis non-reference accessions reveals high diversity

of metabolic gene clusters and discovers new candidate cluster members

Autorzy: Malgorzata Marszalek-Zenczak, Anastasiia Satyr, Pawel Wojciechowski, Michal
Zenczak, Paula Sobieszczanska, Krzysztof Brzezinski, Tetiana Iefimenko, Marek
Figlerowicz, Agnieszka Zmienko*

*autor korespondencyjny
Rok opublikowania: 2023

Czasopismo: Frontiers in Plant Science; https://doi.org/10.3389/fpls.2023.1104303.

OSWIADCZENIE

Oswiadczam, ze moj wkiad w powstanie powyzszej pracy polegat na:

- pozyskaniu czg¢sciowego finansowania badan;
- krytycznej analizie zebranych danych;

- wspétredagowaniu ostatecznej wersji manuskryptu.

prof. dr hab. Mar:&glerowicz



Poznan, 04.07.2023 r.
dr hab. Agnieszka Zmienko, prof. ICHB PAN

Instytut Chemii Bioorganicznej PAN
ul. Noskowskiego 12/14
61-704 Poznan

Tytul publikacji: Analysis of Arabidopsis non-reference accessions reveals high
diversity of metabolic gene clusters and discovers new candidate cluster members

Autorzy: Malgorzata Marszalek-Zenczak, Anastasiia Satyr, Pawel Wojciechowski,
Michal Zenczak, Paula Sobieszczanska, Krzysztof Brzezinski, Tetiana Iefimenko, Marek
Figlerowicz, Agnieszka Zmienko*

*autor korespondencyjny

Rok opublikowania: 2023
Czasopismo: Frontiers in Plant Science; https://doi.org/10.3389/fpls.2023.1104303

OSWIADCZENIE

Oswiadczam, ze m6j wkiad w powstanie powyzszej pracy polegat na:

- okresleniu koncepcji pracy;

- pozyskaniu czgsciowego finansowania badan;

- udziale w planowaniu eksperymentéw i analiz;

- krytycznej analizie uzyskanych danych;

- udziale w projektowaniu niektorych rycin i suplementéw;

- wspotredagowaniu pierwszej i ostatecznej wersji manuskryptu;

- koordynowaniu pracy zespotu.

'Hgm&fﬂbéa QM'%LLO

dr hab. Agnieszka Zmienko, prof. ICHB
PAN



