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2. Wykaz używanych skrótów 
 

2,4-D: Kwas 2,4-dichlorofenoksyoctowy 

5mC: 5-metylocytozyna 

BSA: Albumina surowicy bydlęcej 

CMT3: CHROMOMETYLAZA3 

DAPI: 4’,6-diamidyno-2-fenyloindol 

DME: DEMETER, glikozydaza 5-metylocytozyny  

DML2: DME-like 2, DME- like 2 glikozydaza 5-metylocytozyny 

DML3: DME-like 3, DME-like 3 glikozydaza 5-metylocytozyny 

DRMs: DOMAINS REARRANGED METHYLTRANSFERASEs 

EDTA: Kwas wersenowy 

EXTs: EKSTENSYNY 

H3K18ac: Acetylacja histonu H3 na lizynie 18 

H3K36me3: Trimetylacja histonu H3 na lizynie 36 

H3K4me2: Dimetylacja histonu H3 na lizynie 4 

H3K4me3: Trimetylacja histonu H3 na lizynie 4 

H4K12ac: Acetylacja histonu H4 na lizynie 12 

H4K16ac: Acetylacja histonu H4 na lizynie 16 

H4K5ac: Acetylacja histonu H4 na lizynie 5 

IAA: Kwas indolilo-3-octowy 

KIN: Kinetyna 

MET1: METYLOTRANSFERAZA DNA 1 

NAA: Kwas 1-naftylooctowy 

PBS:  Zbuforowany roztwór soli fizjologicznej 

PGs: POLIGALAKTURONAZY 

PME: METYLOESTERAZA PEKTYNOWA 

PMEI: INHIBITOR METYLOESTERAZY PEKTYNOWEJ 

PXs: PEROKSYDAZY 

ROS1: REPRESOR OF SILENCING 1, glikozydaza 5-metylocytozyny  

SDS: Laurylosiarczan sodu 

S-ELF3: S-LOCUS EARLY FLOWERING 3 

TBO: Błękit Toluidiny O
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3. Streszczenie  
 

Pierwszy etap pracy doktorskiej dotyczył badań nad procesami różnicowania komórek kalusa 

embriogennego (EK) F. esculentum oraz kalusa morfogennego (MK) i niemorfogennego (NK) 

F. tataricum w wybranych dniach kultury. EK i MK indukowano z niedojrzałych zarodków 

zygotycznych. EK F. esculentum charakteryzuje się budową typową dla embriogennej tkanki 

kalusowej. Składa się z mas embriogennych i komórek parenchymatycznych, zachowuje 

stabilność przez okres do dwóch lat hodowli, a jego morfologia charakteryzuje się gęstą, kulistą 

strukturą. MK F. tataricum charakteryzuje się zdolnością do morfogenezy lub embriogenezy 

somatycznej przez około 10 lat hodowli, wykazując wysoki poziom stabilności genomu. NK 

pojawia się na powierzchni MK po około dwóch latach hodowli w wyniku endoreplikacji. 

Charakteryzuje się aneuploidią, szybkim tempem wzrostu, wysokim poziomem stresu 

oksydacyjnego oraz całkowitą utratą zdolności do morfogenezy. 

Celem pracy w pierwszym etapie było określenie zmian w poziomie występowania 

wybranych markerów epigenetycznych dotyczących poziomu metylacji DNA oraz metylacji i 

acetylacji histonów podczas odróżnicowania i ponownego różnicowania komórek wyżej 

wymienionych typów kalusów w wybranych dniach pasażu. Wykazano między innymi, że: 

obniżony poziom H3K4me2 jest skorelowany z odróżnicowaniem komórek u EK F. 

esculentum i MK F. tataricum; natomiast obniżony poziom metylacji DNA jest 

najprawdopodobniej powiązany z nabyciem potencjału embriogennego i ponowną inicjacją 

proembriogennych kompleksów komórkowych w MK F. tataricum. Spośród wszystkich 

badanych modyfikacji acetylacja histonów, czyli modyfikacje H4K16ac i H4K5ac, wykazały 

największą zmienność w NK, co można odnieść do procesów endoreplikacji, 

charakterystycznych dla rozwoju tego typu kalusa.  

Dodatkowo, otrzymane wyniki pozwoliły na wybór jednej modyfikacji epigenetycznej 

(H3K4me3), którą użyto do badań immunoprecypitacji chromatyny. Celem badań była analiza 

i porównanie poziomu ekspresji i poziomu H3K4me3 w genach ściany komórkowej pomiędzy 

MK i NK F. tataricum. Analizy bioinformatyczne sekwencjonowania DNA tkanek poddanych 

immunoprecypitacji chromatyny wykazały, że genomowa zawartość H3K4me3 jest większa w 

NK. Natomiast w genach kodujących konkretne enzymy odpowiadające za reorganizację 

składników ściany komórkowej, tj, metyloesterazy pektynowe oraz peroksydazy, NK 

charakteryzował się obniżonym poziomem H3K4me3, co powiązano z brakiem zdolności do 

morfogenezy komórek tego typu kalusa. W MK w badanych genach ściany komórkowej 

8:1103792456
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poziom H3K4me3 wzrastał wraz z progresją pasażu, co może oznaczać wzmożoną aktywność 

enzymów zaangażowanych w przemiany składników ściany komórkowej podczas procesów 

odróżnicowania komórkowego i dezintegracji proembriogennych kompleksów komórkowych. 

Wysunięto wniosek, że modyfikacja H3K4me3 odgrywa kluczową rolę w aktywacji genów 

zaangażowanych w biosyntezę i reorganizację ściany komórkowej.  

W drugiej części projektu przeprowadzono analizy poziomu metylacji DNA podczas 

rozwoju kwiatów in vivo. Poziom metylacji badano w elementach (płatki, nektarniki, zalążnie, 

znamiona słupka) kwiatów zamkniętych i otwartych obcopylnego gatunku F. esculentum 

cechującego się heterostylią (kwiaty typu Pin i Thrum) i samopylnego gatunku F. tataricum. 

W porównaniu do kwiatów zamkniętych, w otwartych kwiatach zaobserwowano spadek 

metylacji DNA w znamionach słupka, płatkach i zalążniach (z wyjątkiem zalążni w typie 

Thrum). Stwierdzono również znaczące różnice w poziomach metylacji DNA miedzy 

morfotypami Pin i Thrum, jak i w kwiatach F. tataricum. Wykazano również, ze spadek 

metylacji DNA korelował z obniżoną ekspresją genów kodujących metylotransferazy DNA. W 

otwartych kwiatach Thrum ekspresja MET1 była ponad 45 razy niższa niż w zamkniętych, 

natomiast w zamkniętych i otwartych kwiatach Pin zmiana w poziomie ekspresji MET1 była 

nieistotna statystycznie. Obserwowano również obniżoną transkrypcję innych analizowanych 

genów (CMET3, DME1, DME3, ROS1) w otwartych kwiatach Pin. Ponadto, gen ROS1, 

kodujący demetylazę DNA, wykazywał obniżoną ekspresję w otwartych kwiatach  

F. esculentum i F. tataricum. Ponieważ niedostępne są dane literaturowe na temat zmian 

epigenetycznych podczas rozwoju kwiatów gatunków Fagopyrum można zakładać, że wyższy 

poziom metylacji DNA oraz poziom ekspresji genów kodujących metylotransferazy i 

demetylazy DNA w zamkniętych kwiatach obu gatunków Fagopyrum wskazuje, że metylacja 

jest zaangażowana w procesy towarzyszące ich rozwojowi. 

 

 

Słowa kluczowe: Fagopyrum, epigenetyka, heterostylia, H3K4me3, immunoprecypitacja 

chromatyny, kalus, kwiaty, metylacja DNA, odróżnicowanie, różnicowanie 
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4. Summary  
 

The first stage of the research focused on the study of differentiation processes in embryogenic 

callus cells (EC) of F. esculentum and morphogenic (MC) and non-morphogenic (NC) callus 

of F. tataricum at selected days of culture. EC and MC were induced from immature zygotic 

embryos. F. esculentum EC is characterized by a structure typical of embryogenic callus tissue. 

It consists of embryogenic masses and parenchymatous cells, maintaining regeneration stability 

for up to two years of cultivation, with a morphology characterized by a dense, spherical 

structure. F. tataricum MC is capable of organogenesis or somatic embryogenesis for 

approximately ten years of cultivation, showing a high level of genome stability. NC appears 

on the surface of MC after approximately two years of cultivation as a result of endoreplication. 

It is characterized by aneuploidy, rapid growth rate, a high level of oxidative stress, and a 

complete loss of morphogenetic capacity. 

The aim of the research in the first stages was to determine changes in the levels of 

selected epigenetic markers, including DNA methylation, histone methylation and acetylation, 

during dedifferentiation and re-differentiation of cells of the above-described calli on the 

selected days of culture. It was demonstrated, among others that a reduced level of H3K4me2 

correlates with cell dedifferentiation in F. esculentum EC and F. tataricum MC. In contrast, the 

reduced level of DNA methylation is most likely associated with the acquisition of embryogenic 

potential and the re-initiation of proembryogenic cell complexes in F. tataricum MC. Among 

all the studied modifications, histone acetylation, particularly H4K16ac and H4K5ac, showed 

the greatest variability in NC, which can be linked to the endoreduplication processes 

characteristic of the development of this type of callus. 

The obtained results allowed the selection of one epigenetic modification (H3K4me3) 

for chromatin immunoprecipitation studies. The aim of this research was to analyze and 

compare gene expression levels and H3K4me3 levels in cell wall-related genes between F. 

tataricum MC and NC. Bioinformatic analyses of DNA sequencing of tissues subjected to 

chromatin immunoprecipitation revealed that the genomic content of H3K4me3 is higher in 

NC. However, in genes encoding specific enzymes responsible for the reorganization of cell 

wall components, such as pectin methylesterases and peroxidases, NC exhibited a reduced level 

of H3K4me3, which was associated with the lack of morphogenetic ability of this type of callus. 

In MC, the level of H3K4me3 in the studied cell wall genes increased with the progression of 

culture, which may indicate increased activity of enzymes involved in the transformation of cell 

wall components during cellular dedifferentiation processes and disintegration of 

10:2296292469
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proembryogenic cell complexes. It was concluded that the H3K4me3 modification plays a key 

role in activating genes involved in cell wall biosynthesis and reorganization. 

In the second part of the research, analyses of DNA methylation levels during flower 

development in vivo were conducted. Methylation levels were examined in the elements (petals, 

nectaries, ovaries, stigma) of closed and open flowers of the cross-pollinated species F. 

esculentum, which is characterised by heterostyly (Pin and Thrum morph flowers) and the self-

pollinated species F. tataricum. Compared to closed flowers, open flowers showed a decrease 

in DNA methylation in the stigma, petals, and ovaries (except for the ovary in Thrum type). 

Significant differences in DNA methylation levels were also found between Pin and Thrum 

morphotypes, as well as in F. tataricum flowers. It was also demonstrated that the decrease in 

DNA methylation correlated with reduced expression of genes encoding DNA 

methyltransferases. In open Thrum flowers, MET1 expression was over 45 times lower than in 

closed flowers, while in closed and open Pin flowers, the change in MET1 expression level was 

not statistically significant. Reduced transcription of other analyzed genes (CMET3, DME1, 

DME3, ROS1) was observed in open Pin flowers. Additionally, the ROS1 gene encoding DNA 

demethylase showed reduced expression in open F. esculentum and  

F. tataricum flowers. Since there is no available literature data on epigenetic changes during 

flower development in Fagopyrum species, it can be assumed that a higher level of DNA 

methylation and the expression levels of genes encoding DNA methyltransferases and 

demethylases in closed flowers of both Fagopyrum species indicate that methylation is involved 

in the processes accompanying their development. 

 

 

Keywords: callus, chromatin immunoprecipitation, dedifferentiation, DNA methylation, 

epigenetics, flowers, gene expression, heterostyly, H3K4me3, redifferentiation. 
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5. Wstęp 
 

Rośliny charakteryzują się wysoką zdolnością do regeneracji, w szczególności podczas hodowli 

w warunkach in vitro. Zróżnicowane komórki, pełniące określone funkcje w obrębie 

organizmu, mogą zatrzymać realizowany program rozwojowy pod wpływem konkretnego 

bodźca, następnie ‘zresetować się’ i rozpocząć realizację innego programu. Może to skutkować 

odtwarzaniem całego organizmu (lub jego części) w warunkach naturalnych pod wpływem 

czynników środowiskowych, albo podczas hodowli in vitro pod wpływem działania 

fitohormonów tj. auksyn i cytokinin. Szeroko pojęty termin ‘regeneracja’ dotyczy tych 

przemian. Dodatkowo, podczas rozwoju organów roślinnych, w tym kwiatów dochodzi do 

zmian na poziomie epigenetycznym, co wpływa na zmiany poziomów ekspresji genów, a przez 

to na uruchamianie konkretnych programów rozwojowych. W przedstawionej pracy 

wymienione wyżej zmiany losu komórek są określone jako reprogramowanie. Proces ten w 

kulturach in vitro może zachodzić na drodze odróżnicowania lub trans-różnicowania (Grafi, 

2004). Oba procesy są powiązane z utratą cech charakterystycznych dla komórek poddanych 

indukcji, przy czym trans-różnicowanie wiąże się z nabyciem wyższego potencjału 

rozwojowego, czyli szerszego wachlarza potencjalnych dalszych dróg różnicowania w 

porównaniu do procesu odróżnicowania (Schemat 1) (Feher, 2019). Tworzenie kalusa można 

uznać za rodzaj trans-różnicowania, ponieważ w wielu kulturach in vitro obserwuje się 

występowanie grup komórek merystematycznych bądź embriogennych, z których powstają 

pędy (kaulogeneza), korzenie (ryzogeneza) lub zarodki somatyczne (embriogeneza 

somatyczna) co w odpowiednich warunkach hodowlanych prowadzi do otrzymania nowych 

roślin (Grafi, 2004, Sugimoto i inni, 2011, Sugimoto i inni, 2019).  

Dotychczasowa literatura wskazuje, że oprócz czynników transkrypcyjnych i 

fitohormonów, epigenetyka odgrywa kluczową rolę w inicjacji, utrzymaniu i różnicowaniu 

komórek roślinnych. Indukcja i rozwój kalusa wiążą się ze zmianami epigenetycznymi (Miguel 

i Marum, 2011, Us-Camas i inni, 2014, Bednarek i Orłowska, 2019). Choć wiele modyfikacji 

epigenetycznych zostało zidentyfikowanych jako markery zmian losu komórek roślinnych, 

tylko nieliczne badania pokazują jak docelowo wpływają one na strukturę chromatyny i 

regulację transkrypcji (Szymanowska i inni, 2019). 

12:8293378076



13 
 

Schemat 1: Schemat przedstawia drogi różnicowania, które może przejść komórka roślinna, 

oraz terminologię stosowaną do ich opisu. Różnicowanie wiąże się z obniżeniem potencjału 

rozwojowego komórki, natomiast odróżnicowanie z jej wzrostem. Odróżnicowanie może zajść 

w obrębie komórek tej samej linii rozwojowej, czyli komórek realizujących ten sam program 

rozwojowy i jest to równoznaczne z odwróceniem określonego wcześniej stanu zróżnicowania. 

Termin trans-różnicowanie natomiast jest używany do opisu zmian realizowanych przez 

komórki programu rozwojowego i są to zmiany niezależne od posiadanego potencjału 

rozwojowego, prowadzące do jego zwiększenia. W związku z różnorodnymi procesami 

zachodzącymi w obrębie kalusa, takimi jak trans-różnicowanie i intensywne podziały 

komórkowe, niektóre komórki mogą mieć zwiększony potencjał rozwojowy. Schemat i tekst 

zgodny z Feher (2019), zmodyfikowano. Schemat stworzony z użyciem platformy BioRender 

(https://app.biorender.com). Prawo do publikacji poświadczone licencją. 

13:8927204004
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Metylacja DNA jest jedną z najlepiej zbadanych modyfikacji epigenetycznych i związana 

jest z różnorodnymi mechanizmami molekularnymi, takimi jak inaktywacja chromatyny czy 

regulacja aktywności genów (Park i inni, 2008, Springer i Schmitz, 2017, Ghosh i inni, 2021). 

Metylacja DNA zaangażowana jest w regulację wielu procesów komórkowych, natomiast jej 

rola w procesach różnicowania oraz odróżnicowania komórek podczas embriogenezy 

somatycznej i pokrewnych procesach zależy od gatunku oraz stadium rozwoju (Teyssier i inni, 

2008). Obecność tej modyfikacji zazwyczaj związana jest z heterochromatyną i brakiem 

transkrypcji genów (Ghosh i inni, 2021). Natomiast inne badania wykazały, że metylacja DNA 

w regionach niepromotorowych, międzygenowych oraz w regionach aktywnych 

transkrypcyjnie (ang. gene body), ułatwia ekspresję genów i jest kluczowa dla zachowania 

słabo skondensowanej, aktywnej genetycznie chromatyny (Feng i inni, 2010, He i inni, 2011). 

W warunkach hodowli in vitro spadek poziomu metylacji DNA jest niezbędny do aktywacji 

podziałów komórkowych prowadzących do indukcji kalusa kukurydzy (Zea mays) (Stelpflug i 

inni, 2014, Han i inni, 2018). U brzoskwini (Prunus persica) spadek metylacji DNA miał 

pozytywny wpływ na procesy reprogramowania komórkowego i indukcji kalusa z komórek 

liścia (Zheng i inni, 2022). Z kolei, w kalusach soi (Glycine max) i kukurydzy zaobserwowano 

obniżenie poziomu metylacji DNA w wieloletnich kulturach, co sugeruje, że warunki hodowli 

in vitro skutkują utratą zdolności do utrzymania metylacji DNA na stałym poziomie (Han i inni, 

2018, Ji i inni, 2019). Wykazano, że poziom metylacji DNA ma wpływ na embriogenezę 

somatyczną wielu gatunków roślin, w tym Akka Sellowa (Acca sellowiana), kawa (Coffea 

canephora), orchidea (Doritaenopsis) i żeń-szeń syberyjski (Eleuterococcus senticosus) 

(Chakrabarty i inni, 2003, Park i inni, 2008, Fraga i inni, 2012, Nic-Can i inni, 2013). 

Przykładowo, badania nad kalusami Eleuterococcus senticosus wykazały znacznie niższe 

poziomy metylacji DNA w kalusach embriogennych w porównaniu do kalusów 

nieembriogennych (Chakrabarty i inni, 2003). Podobne wyniki uzyskano dla Agave furcroydes, 

gdzie metylacja na wysokim, ale stabilnym poziomie była obecna przez cały okres hodowli w 

kalusie nieembriogennym (Monja-Mio i inni, 2018). Z drugiej strony, niższy poziom metylacji 

DNA w kalusie marchwi (Daucus carota), indukowanego z hipokotyli, hamował tworzenie 

komórek embriogennych (Yamamoto i inni, 2005).  

Metylacja histonów jest niezbędnym czynnikiem w epigenetycznej regulacji ekspresji 

genów u roślin, gdyż mają na nią wpływ zarówno środowisko jak i sygnały rozwojowe, 

wywołane np. fitohormonami (tj. auksynami i cytokininami) (Yu i inni, 2009, Cheng i inni, 

2020, Hu i Du, 2022). Występowanie markerów związanych z aktywną genetycznie 

chromatyną takich jak trimetylacja histonu H3 na lizynie 4 (H3K4me3) i trimetylacja histonu 
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H3 na lizynie 36 (H3K36me3) jest charakterystyczne dla komórek kalusa (Nic-Can i inni, 2013, 

Zhang i inni, 2015, Lee i inni, 2017, Ma i inni, 2022). Natomiast markery odpowiedzialne za 

stan heterochromatyny, takie jak di- i trimetylacja histonu H3 na lizynie 9 (H3K9me2/3) i di- 

lub trimetylacja histonu H3 na lizynie 27 (H3K27me2/3), są wykrywane na niższym poziomie 

w komórkach tkanki kalusowej (Lee i Seo, 2018, Hemenway i Gehring, 2023). Najnowsze 

badania wykazały, że obniżony poziom dimetylacji histonu H3 na lizynie 4 (H3K4me2) 

umożliwia aktywację genów niezbędnych do nabycia potencjału embriogennego podczas 

hodowli kalusa Arabidopsis (Arabidopsis thaliana) (Ishihara i inni, 2019). Stwierdzono 

również, że podwyższony poziom H3K36me3 towarzyszy procesom przejścia od 

zróżnicowanych komórek somatycznych do odróżnicowanych komórek kalusa Arabidopsis 

(Zhang i inni, 2015, Lee i inni, 2017, Ma i inni, 2022).  

Acetylacja jest kolejnym istotnym czynnikiem regulującym transkrypcję genów 

związanych z nabywaniem potencjału embriogennego (np. LEAFY COTYLEDON 1; 2, FUSCA 

3 and MYB DOMAIN PROTEIN 118) (Moronczyk i inni, 2022). Transkrypcja genów z kolei, 

ma kluczowe znaczenie dla różnych zjawisk regeneracyjnych, w tym dla tworzenia kalusa, 

organogenezy i embriogenezy somatycznej (Birnbaum i Sanchez Alvarado, 2008, Us-Camas i 

inni, 2014). Acetylacja histonów jest powiązana z euchromatyną i aktywacją transkrypcji 

genów (Kouzarides, 2007). Wykazano, że podczas indukcji embriogenezy somatycznej 

wysokie poziomy acetylacji korelowały z ekspresją genów SOMATIC EMBRYOGENESIS 

RECEPTOR-LIKE KINASE, BABY BOOM, LEAFY COTYLEDON, FUSCA3, CUP SHAPED 

COTYLEDONS, i WUSCHEL u Peaonia ostii i Arabidopsis (Wickramasuriya i Dunwell, 2015, 

Ci i inni, 2022). Wykazano, że obniżony poziom acetylacji histonów, wynikający z 

nieprawidłowego działania acetylotransferaz histonowych (HATs), miał negatywny wpływ na 

procesy powstawania kalusa Arabidopsis (Kim i inni, 2018, Rymen i inni, 2019, Zhang i inni, 

2020). U Hevea brasiliensis zaobserwowano obniżoną ekspresję genów dla deacetylaz 

histonów (HDACs) we wczesnych stadiach różnicowania kalusa (Li i inni, 2017a). Badanie 

dotyczące kalusa Arabidopsis wykazało, że acetylacja histonów jest niezbędna do nabycia 

potencjału morfogennego i regeneracji korzeni de novo poprzez aktywację transkrypcji genów 

w komórkach merystemu korzenia: WUSCHEL‐RELATED HOMEOBOX 5 (WOX5), WOX15, 

SCARECROW, PLETHORA 1 i PLETHORA 2 (Kim i inni, 2018).  

Materiałem badawczym w przedstawionej pracy jest gryka - gatunek uprawny bogaty w 

związki fenolowe (głównie rutynę, kwercetynę i C-glikozyloflawony) oraz witaminy, które 

mają właściwości prozdrowotne dla człowieka (Ahmed i inni, 2013, Ge i Wang, 2020). 

Dodatkowo, gryka zawiera wysokiej jakości bezglutenowe białko i dostarcza konsumentom 
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szeroką gamę aminokwasów, błonnika pokarmowego oraz węglowodanów (Bonafacciaa i inni, 

2003, Gonçalves i inni, 2016, Huda i inni, 2021). Do tej pory zidentyfikowano 22 gatunki gryki, 

przy czym dwoma najczęściej uprawianymi są: obcopylna gryka zwyczajna (Fagopyrum 

esculentum) i samopylna gryka tatarka (Fagopyrum tataricum) (Jha i inni, 2024). F. esculentum 

i F. tataricum cechują się dużymi różnicami pod względem morfologii, hodowli, plonowania, 

jak i rozwoju tkanki kalusowej w warunkach kultur in vitro.  

W celu uniknięcia autoplagiatu w niniejszej rozprawie doktorskiej ryciny zawarte w 

publikacjach oznaczone zostały jako Figures, natomiast ryciny zawarte w tej pracy nazwano 

Rycinami 1 oraz 2, które zamieszczone są na końcu rozdziału Wstęp (strona 16).  

Kalusy: embriogenny (EK) F. esculentum (Ryc. 1a) i morfogenny (MK) F. tataricum 

(Ryc. 1b) indukowane były z niedojrzałych zarodków zygotycznych. EK F. esculentum 

charakteryzuje się budową typową dla embriogennej tkanki kalusowej. Składa się z mas 

embriogennych, pozostaje stabilny przez okres do dwóch lat hodowli, a jego morfologia 

charakteryzuje się gęstą, kulistą strukturą. EK jest zdolny do tworzenia embrioidów z masy 

komórek embriogennych, regeneruje się poprzez embriogenezę somatyczną, ale nie wytwarza 

NK (Rumyantseva i inni, 2005). NK w przypadku F. esculentum natomiast może pojawić się 

w trakcie indukcji kalusa z zarodków zygotycznych (Rumyantseva i inni, 2005). MK F. 

tataricum charakteryzuje się zdolnością do morfogenezy lub embriogenezy somatycznej przez 

około 10 lat prowadzenia kultury in vitro, wykazując niezwykły poziom stabilności genomu 

(Betekhtin i inni, 2017, Betekhtin i inni, 2019). MK składa się z proembriogennych 

kompleksów komórkowych (PEKK) (Ryc. 1b, czarne gwiazdki), struktur przypominających 

zarodki somatyczne zatrzymane w fazie preglobularnej, oraz z komórek ‘miękkiego’ kalusa 

(KMK) (Ryc. 1b, białe gwiazdki). Podczas pasażu MK przechodzi dwa cykle, które obejmują 

dezintegrację PEKK, proliferację i różnicowanie komórek, powstawanie KMK, co prowadzi do 

ponownego odtworzenia nowych PEKK. NK (Ryc. 1c) pojawia się na powierzchni MK po 

około dwóch latach hodowli w wyniku endoreplikacji. NK charakteryzuje się aneuploidią, 

szybkim tempem wzrostu, wysokim poziomem stresu oksydacyjnego oraz całkowitą utratą 

zdolności do morfogenezy (Sibgatullina i inni, 2012, Betekhtin i inni, 2017). Tkanki kalusowe 

obu gatunków, ze względu na zróżnicowanie potencjału rozwojowego, stanowią znakomity 

materiał do badań procesów reprogramowania komórek w kontekście zmian epigenetycznych. 

 Procesy reprogramowania komórek zachodzą nie tylko in vitro, ale również in vivo, na 

przykład podczas przejścia z fazy wegetatywnej do fazy generatywnej (Gehring, 2019). Dwa 

opisane powyżej gatunki Fagopyrum różnią się od siebie nie tylko typami kalusów, ale również 

typami kwiatów oraz sposobem ich zapylania. F. esculentum jest gatunkiem samo-niezgodnym, 
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zapylanym krzyżowo, co oznacza, że roślina nie wytworzy nasion, jeśli zostanie zapylona 

własnym pyłkiem. Jest to związane z heterostylią, czyli występowaniem dwóch morfologicznie 

odmiennych typów kwiatów (distylia) w obrębie tego samego gatunku, określanych jako Pin i 

Thrum (Ryc. 2. a-b) (Nagatomo T. i Adachi, 1985). Heterostylia u  

F. esculentum przejawia się w różnicach związanych z położeniem znamienia względem 

pylników w obu typach kwiatów, czyli długi słupek i krótsze pręciki w typie Pin (Ryc.2a), oraz 

krótszy słupek i dłuższe pręciki w typie Thrum (Ryc. 2b). Różnice w budowie kwiatów 

przekładają się na ich ograniczone zapylenie, niestabilny plon i w konsekwencji trudności w 

uprawie (Yasui i inni, 2012). Heterostylia F. esculentum jest kontrolowana przez klaster genów, 

tzw. supergen S (Cawoy i inni, 2006, Fawcett i inni, 2023). Niedawno wykazano, że gen S-

LOCUS EARLY FLOWERING 3 (S-ELF3), obecny w obrębie locus supergenu S, kontroluje 

długość słupka i niezgodność w szyjce słupka. Pojedyncza mutacja skutkująca inaktywacją S-

ELF3 doprowadziła do przełamania heterostylii poprzez regulację długości szyjki słupka i 

samozapylenia. U samozgodnych roślin występowały kwiaty o długich słupkach i pręcikach 

(tzn. długa homostylia) (Fawcett i inni, 2023). F. tataricum jest gatunkiem samopylnym, 

cechującym się homostylią, czyli występowaniem u wszystkich osobników kwiatów o 

zbliżonej długości słupków i nitek pręcików (Ryc. 2c), co eliminuje zależność od zapylaczy i 

skutkuje lepszym i stabilniejszym plonowaniem (Yasui i inni, 2016, Matsui i Yasui, 2020).  

Metylacja DNA wpływa na różne aspekty rozwoju i morfologii kwiatów (Fulnecek i inni, 

2011). Badania wykazały, że metylacja DNA odgrywa zasadniczą rolę w rozwoju kwiatów, 

przy czym niższy poziom metylacji DNA dominuje w kwiatach na wczesnym etapie rozwoju 

u Arabidopsis (Yang i inni, 2015). Dodatkowo, obniżony poziom metylacji DNA indukuje 

wczesne kwitnienie, co jest skorelowane ze zmianami w poziomach ekspresji genu MET1 

(Finnegan i inni, 1998, Yang i inni, 2015, Kumari i inni, 2022). Z kolei badania na pąkach i 

otwartych kwiatach Azalea japonica i Arabidopsis wykazały wzrost metylacji DNA podczas 

przejścia z fazy wegetatywnej do fazy kwitnienia (Ruiz-Garcia i inni, 2005, Meijón i inni, 

2010). Metylacja reguluje kluczowe geny związane z kwitnieniem, takie jak SOC1, AP1 i SPL 

oraz specyficzne geny czynników transkrypcyjnych, w tym geny WUS homeobox-containing 

(WOX) u jabłoni (Xing i inni, 2019). Podczas gdy liczne procesy związane z metylacją DNA w 

tkankach wegetatywnych roślin zostały szeroko zbadane, danych na temat metylacji DNA 

podczas rozwoju kwiatów, szczególnie kwiatów wykazujących różne cechy morfologiczne, jest 

niewiele. 
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Rycina 1: (a) kalus embriogenny F. esculentum; (b) kalus morfogenny F. tataricum, czarne 

gwiazdki - proembriogenne kompleksy komórkowe (PEKK), białe gwiazdki - komórki 

‘miękkiego’ kalusa (KMK); (c) kalus niemorfogenny F. tataricum; skala - 1 cm. Fotografie: 

Alicja Tomasiak.  

Rycina 2: Kwiaty Fagopyrum esculentum; (a) typ Pin; (b) typ Thrum; (c) kwiat F. tataricum; 

białe otwarte strzałki - znamiona, żółte strzałki - nektarniki, czerwone strzałki - pylniki, z - 

zalążnia, p – płatki, Skala - 0,3 cm. Fotografie - Alicja Tomasiak. 
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6. Cele i hipotezy badawcze 
 

Epigenetyka odgrywa znaczącą rolę w procesach rozwojowych komórek roślinnych. 

Mechanizmy epigenetyczne regulują procesy reprogramowania komórkowego in vitro i in vivo. 

Gryka jest bardzo dobrym modelem do badania tego typu procesów, ponieważ posiada kalusy 

o zróżnicowanej zdolności do embriogenezy, jak i kwiaty o różnych cechach morfologicznych.  

Zostały wyznaczone następujące cele badawcze: 

1. Przegląd dostępnej literatury podsumowujący dotychczasowe badania na gatunkach 

Fagopyrum w kulturach in vitro (P1); 

 

2. Ocena globalnych zmian w modyfikacjach białek histonowych i metylacji DNA w 

kalusach F. esculentum i F. tataricum o zróżnicowanej zdolności do embriogenezy 

(P2); 

 

3. Zbadanie korelacji między poziomem modyfikacji epigenetycznych w genach 

kodujących białka i polisacharydy ściany komórkowej a procesami odróżnicowania i 

różnicowania w kalusach F. tataricum o różnym potencjale do regeneracji (P3); 

 

4. Ocena poziomu zmian metylacji DNA oraz ekspresji genów kodujących metylazy i 

demetylazy DNA w kwiatach na różnym etapie rozwoju (zamkniętych oraz otwartych) 

samopylnej gryki tatarki i obcopylnej gryki zwyczajnej (P4). 
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W pracy doktorskiej postawiono następujące hipotezy badawcze: 

 

1. Procesom cyklicznego rozwoju kalusa gryki zwyczajnej i gryki tatarki w warunkach 

kultur in vitro towarzyszą zmiany w poziomach modyfikacji epigenetycznych i są one 

związane z procesami odróżnicowania i ponownego różnicowania komórek;  

 

2. Występuje korelacja między zmianami epigenetycznymi a ekspresją genów kodujących 

białka i polisacharydy zaangażowane w przebudowę ściany komórkowej podczas 

procesów odróżnicowania i ponownego różnicowania komórek w kulturach in vitro 

kalusa gryki tatarki;  

 

3. Kwiaty (F. tataricum, Pin i Thrum F. esculentum) na różnym etapie rozwoju (zamknięte 

i otwarte) różnią się poziomem metylacji DNA oraz ekspresją genów kodujących 

metylazy i demetylazy DNA. 
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7. Materiały i metody 
 

W prowadzonych badaniach wykorzystano dwa gatunki gryki. Grykę zwyczajną  

(F. esculentum) genotyp Panda, który jest komercyjnie dostępną odmianą pozyskaną od 

Małopolskiej Hodowli Roślin (Polska), oraz grykę tatarkę (F. tataricum), genotyp k-17, której 

nasiona otrzymano od N.I. Instytutu Roślinnych Zasobów Genetycznych im. Wawiłowa, Sankt 

Petersburg, (Rosja). Nasiona wysiewane były do doniczek wypełnionych ziemią wymieszaną z 

wermikulitem w stosunku 3:1, a następnie hodowane w szklarni w stałych warunkach 

temperatury 25±1 °C, w warunkach fotoperiodu: 16 godz. światła i 8 godz. ciemności. Rośliny 

oświetlane były lampami emitującymi światło białe o strumieniu fotonów 90 μmol m-2 s-1. 

Kalus obu gatunków, tj. EK F. esculentum oraz MK F. tataricum indukowany był z 

niedojrzałych zarodków zygotycznych, natomiast NK F. tataricum pojawił się na powierzchni 

MK po około dwóch latach hodowli (Betekhtin i inni, 2017, Betekhtin i inni, 2019). Indukcja 

oraz hodowla kalusów w warunkach in vitro przeprowadzone były na pożywce RX o składzie 

mikro- i makroelementów oraz witamin według Gamborga zawierającej B5 z witaminami 

(Duchefa, Holandia, Gamborg i inni (1968)), 2 g L-1 N-Z aminy A (Sigma-Aldrich, USA), 2 

mg L-1 kwasu 2,4-dichlorofenoksyoctowego (2, 4-D, Sigma-Aldrich), 0,2 mg L-1 kinetyny 

(KIN, Sigma-Aldrich, USA), 0,5 mg L-1 kwasu indolilo-3-octowego (IAA, Sigma-Aldrich, 

USA), 0,5 mg L-1 kwasu 1-naftylooctowego (NAA, Sigma-Aldrich, USA), 25 g L-1 sacharozy 

(Chempur, Polska) i 7 g L-1 fitoagaru (Duchefa, Holandia). Kalusy hodowano na szalkach 

Petriego w ciemności, umieszczonych w inkubatorze o temperaturze 25°C ±1. EK F. 

esculentum oraz MK F. tataricum pasażowano na świeżą pożywkę co cztery tygodnie. NK F. 

tataricum pasażowano co dwa tygodnie. 

W zrealizowanych badaniach wykorzystano następujące techniki badawcze: 

• Utrwalanie tkanek z wykorzystaniem paraformaldehydu, przesycanie utrwalonych 

tkanek woskiem Steedmana (Steedman, 1957), krojenie preparatów z użyciem 

mikrotomu rotacyjnego (P2, P4) 

• Barwienia immunocytochemiczne z wykorzystaniem przeciwciał do modyfikacji 

epigenetycznych (5mC, H3K4me2, H3K4me3, H3K36me3, H3K18ac, H3K16ac, 

H4K12ac, H4K5ac) (P2, P3) oraz do epitopów białek i polisacharydów ściany 

komórkowej (LM5, LM6, LM19, LM20, JIM20) (P4) 

• Barwienie tkanki kalusowej oraz kwiatów do analiz histologicznych z zastosowaniem 

błękitu toluidyny O (P2, P4) 
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• Obserwacje mikroskopowe z wykorzystaniem:  

o Mikroskopu cyfrowego Keyence VHX-970F (Japonia) (P2, P3, P4) 

o Mikroskopu jasnego pola Olympus BX43F (Polska) (P2, P4) 

o Mikroskopu konfokalnego Olympus FV1000 (Polska) (P2, P4) 

o Mikroskopu epifluorescencyjnego Axio Imager Z2 Zeiss (Niemcy) (P4) 

• Reakcja immunoprecypitacji chromatyny (ChIP-qPCR), zawierająca następujące 

techniki molekularne: elektroforeza w żelu agarozowym, łańcuchowa reakcja 

polimerazy (ang. polymerase chain reaction, PCR), analiza ekspresji genów 

związanych ze ścianą komórkową metodą ilościowej reakcji łańcuchowej polimerazy 

w czasie rzeczywistym (ang. real time quantitative polymerase chain reaction, RT-

qPCR) (P3). 

Szczegółowe opisy wykorzystanych metod badań i eksperymentów, uzyskanych 

wyników wraz z ich dyskusją znajdują się w każdej publikacji wchodzącej w skład rozprawy 

doktorskiej, które oznaczone są numerami P2, P3 oraz P4. Publikacje zamieszczono kolejno 

pod każdym omówieniem wyników badań. Przygotowanie skryptu do programu R Studio 

pozwalającego na przeprowadzenie analiz statystycznych zastosowanych w pracach P2 oraz 

P4 wykonane zostało przez mgr Leę Sophie Berg w ramach współpracy z Uniwersytetem w 

Bernie (Szwajcaria). Metoda ChIP-qPCR zastosowana w pracy P3 została zoptymalizowana 

we współpracy z dr Jordi Moreno-Romero, Uniwersytet Autonomiczny w Barcelonie 

(Hiszpania).  
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8. Omówienie wyników przeprowadzonych badań

8.1 Omówienie badań przeprowadzonych in vitro 
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8.1.1 Przegląd dostępnej literatury podsumowujących dotychczasowe 

badania na gatunkach Fagopyrum w kulturach in vitro 

Publikacja P1: 

Tomasiak A., Zhou M., Betekhtin A. Buckwheat in tissue culture research: current status and 

future perspectives.  

International Journal of Molecular Sciences, 2022, 23(4):2298. 

https://doi.org/10.3390/ijms23042298 

IF2022: 5,6 

Punkty MNiSW: 140 

Publikacja opisuje badania i postępy w kulturach in vitro rodzaju Fagopyrum. Praca zawiera 

podrozdziały dotyczące indukcji kalusa, regeneracji roślin, kultur korzeni włośnikowatych, 

syntezy metabolitów wtórnych i otrzymywania roślin transgenicznych. Zamieszczono również 

oddzielny rozdział opisujący perspektywy w komercyjnym wykorzystania roślin z rodzaju 

Fagopyrum. 

Podrozdział na temat indukcji kalusa opisuje typ eksplantatów używanych do indukcji, 

wykorzystywane pożywki i regulatory wzrostu. Najczęściej używanym eksplantatem do 

indukcji kalusa F. esculentum i F. tataricum były hipokotyle, hodowane na pożywce MS o 

składzie mikro- i makroelementów oraz witamin według Murashige i Skoog (1962), z 

dodatkiem kwasu 2,4-dichlorofenoksyoctowego (2,4-D) w stężeniu nieprzekraczającym 4.0 

mg/L-1 (Rajbhandari i inni, 1995, Han i inni, 2011, Kwon i inni, 2013). Do regeneracji roślin F. 

esculentum używane były głównie hipokotyle oraz liście na pożywce MS (Murashige i Skoog, 

1962), z dodatkiem regulatorów wzrostu takich jak 2,4-D, 6-benzylaminopuryna (6-BA) oraz 

kinetyna (KIN) (Kumar, 2018, Fei i inni, 2019, Kumar i Saraswat, 2019). W przypadku F. 

tataricum do regeneracji roślin używano głównie hipokotyli, hodowanych na pożywce MS 

(Murashige i Skoog, 1962), a najczęściej wykorzystywanym regulatorem wzrostu był kwas 1-

naftylooctowy (NAA) oraz 6-BA (Lachmann i Adachi, 1990, Han i inni, 2011, Wang i inni, 

2016). W pracy opisano również regenerację F. cymosum, w przypadku którego użyto 

niedojrzałe kwiatostany (ang. immature inflorescence), pąki przybyszowe (ang. adventitious 

buds) oraz segmenty łodyg (ang. nodal segments) do regeneracji roślin na pożywce MS stosując 

głównie 6-BA (Takahata, 1988).  
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Kolejna część pracy opisuje kultury korzeni włośnikowatych, które zostały użyte do 

syntezy związków fenolowych. Podrozdział zawiera podsumowanie szlaków syntezy 

związków bioaktywnych takich jak m.in.: rutyna, kwercetyna, katechina, epikatechina, kwas 

kawowy oraz kwas chlorogenowy (Park i inni, 2012, Zhao i inni, 2014, Huang i inni, 2016, Li 

i inni, 2017b). Najczęściej używanym eksplantatem do indukcji korzeni włośnikowatych w 

przypadku F. esculentum były liście, hipokotyle i łodygi, natomiast w przypadku F. tataricum 

były to łodygi. Jako podłoże wykorzystywana była pożywka MS (Murashige i Skoog, 1962), a 

do transformacji użyto szczepów Agrobacterium rhizogenes ATCC 1584 oraz ATCC1000 (Lee 

i inni, 2007, Park i inni, 2012, Thwe i inni, 2013, Hou i inni, 2014, Huang i inni, 2016). Przy 

użyciu A. tumefaciens, uzyskano niewielki postęp odnośnie transformacji roślin z rodzaju 

Fagopyrum (Miljus-Djukić i inni, 1992, Kim i inni, 2001): nasiona otrzymane od 

zregenerowanych roślin w 75% wykazywały oporność na kanamycynę, co dowodzi integracji 

transgenu w genomie gryki.  

Ostatni rozdział skupia się na perspektywach wykorzystania gryki, opisując, jak można 

wykorzystać hodowlę in vitro do przezwyciężenia ograniczeń związanych z uprawą  

F. esculentum (np. heterostylia, aborcja kwiatów). Fuzja protoplastów i hybrydyzacja 

somatyczna gatunków Fagopyrum została dotychczas opisana tylko w jednej pracy badawczej. 

Nie wspomniano natomiast, czy w wyniku regeneracji uzyskano funkcjonalne rośliny 

(Lachmann i inni, 1994). Edycja genomu przy użyciu systemu CRISPR/Cas9 (zgrupowane, 

regularnie rozproszone, krótkie, powtarzające się sekwencje palindromiczne, ang. Clustered 

Regularly-Interspaced Short Palindromic Repeats) umożliwia precyzyjną modyfikacje 

genomu roślinnego. Nasza grupa, jako pierwsza na świecie, odniosła sukces w transformacji i 

modyfikacji genomu F. tataricum z wykorzystaniem systemu CRISPR/Cas9 na przykładzie 

inaktywacji genu kodującego desaturazę fitoenu. Uzyskane białe (albinotyczne) rośliny 

cechowały się obecnością indeli w obrębie sekwencji docelowej, wykazując skuteczną i 

precyzyjną modyfikację genomu gryki (Pinski i Betekhtin, 2023). 

Podsumowując, prezentowana praca zawiera szczegółowy przegląd aktualnych badań, 

optymalnych warunków do hodowli i regeneracji roślin gryki w warunkach kultur in vitro. 
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Abstract: Buckwheat is a member of a genus of 23 species, where the two most common species
are Fagopyrum esculentum (common buckwheat) and Fagopyrum tataricum (Tartary buckwheat). This
pseudocereal is a source of micro and macro nutrients, such as gluten-free proteins and amino acids,
fatty acids, bioactive compounds, dietary fibre, fagopyrins, vitamins and minerals. It is gaining
increasing attention due to its health-promoting properties. Buckwheat is widely susceptible to
in vitro conditions which are used to study plantlet regeneration, callus induction, organogenesis,
somatic embryogenesis, and the synthesis of phenolic compounds. This review summarises the
development of buckwheat in in vitro culture and describes protocols for the regeneration of plantlets
from various explants and differing concentrations of plant growth regulators. It also describes callus
induction protocols as well as the role of calli in plantlet regeneration. Protocols for establishing
hairy root cultures with the use of Agrobacterium rhizogens are useful in the synthesis of secondary
metabolites, as well as protocols used for transgenic plants. The review also focuses on the future
prospects of buckwheat in tissue culture and the challenges researchers are addressing.

Keywords: common buckwheat; in vitro callus induction; in vitro plantlet regeneration; Tartary
buckwheat; tissue culture

1. Introduction

Plant tissue culture is considered to be an indispensable tool for plant regeneration,
rapid multiplication, and propagation of material that is free of pathogens and disease,
which characterises a plant with a better response to abiotic and biotic stresses and in-
creased content of desired traits and characteristics [1]. It is, among others, used for research
on organogenesis, direct and indirect somatic embryogenesis, callogenesis, hairy root for-
mation, pathways of secondary metabolite production, genetic transformation, protoplast
fusion, somatic hybridisation, and haploid plant production [2]. Tissue culture allows for
the production of high throughput homogenous material in a short period [1,3]. Tissue
culture aseptic conditions can be adjusted to obtain the desired results. These include
medium pH, nutrient supply, hormone supply or lack thereof, optimal temperature and
photoperiod. Plant tissue culture is widely used in studies on nutritionally and medicinally
valuable plants [4,5]. In vitro culture revolves around the characteristics of cells called
totipotency. Totipotent cells are considered to have the ability to regenerate into a new
plant and express the full genome. However, it must be emphasised that the cell becomes
totipotent under two conditions: its initiation has to be as a single cell and it must proceed
autonomously as a single process [6,7]. Fehér [8] argued that, since plant regeneration
needs to be induced through the process of organogenesis or somatic embryogenesis (SE)
and callogenesis, cells regain totipotency, but have not always been totipotent. Fehér [8]
describes the SE process as one where a single embryogenic cell is able to regenerate into a
viable plantlet; therefore, this cell is totipotent. However, Fehér [8] also points out that if all
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plant cells were totipotent, each plant cell would be capable of producing somatic embryos.
Moreover, the same author highlights that somatic embryo formation does not always
require dedifferentiated or totipotent cells during, for example, callo- and organogenesis
where an embryo is initiated from procambial cells [8,9]. Regardless of the ambiguity sur-
rounding the term “totipotency”, the principle of regeneration stays the same. It involves
the adjustment of plant growth regulators (PGRs) and culture conditions to obtain the plant
material with certain characteristics. PGRs are essential in order to determine the develop-
mental pathway of cells in tissue culture. In vivo, plant calli form in response to wounding
or pathogen infection, which further prompts changes in the regulation of PGRs, mainly
auxin and cytokinin [10]. Fast-proliferating callus tissue is formed from the cambium
cells; however, if the wound is not adjoined to cambium, live cells surrounding it undergo
dedifferentiation, become meristematic and proliferate, resulting in callus formation [11].
A callus is a tissue with specific characteristics. It can form from one differentiated cell, and
it is classified on the basis of the regeneration capacity. Under certain conditions, callus
cells become pluripotent, which can lead to plantlet regeneration [6]. In vitro culture is
a stressful environment for the plant. Artificial callus induction is caused in response to
biotic and abiotic stresses and is affected by explants, media and PGRs [12]. Exogenous
application of these hormones results in the induction of various processes. Increased con-
centration of PGRs result in the induction of various processes, i.e., increased concentration
of auxin results in root formation, whereas a high concentration of cytokinin promotes the
regeneration of shoots [1]. The balance between auxin and cytokinin govern callus states of
dedifferentiation and differentiation. Adjusted concentrations of these hormones result in
the induction of calli from explants under in vitro conditions [3]. In vitro callus induction
provides an opportunity to extend the research of plant regeneration, cell totipotency,
micropropagation and transgenics. Calli can be induced from various plant parts; reports
describe induction from hypocotyls [13,14], young seedlings, cotyledon segments [15],
shoots [16], immature inflorescence [17], anthers [18], and protoplasts [19,20].

It has been reported that callus induction involves transcriptional or post-transcriptional
regulatory elements, which in turn result in global changes in the expression of genes and
translation of proteins [21]. Some varieties of callus give rise to clones with inheritable traits
different to those of parent plants. This is due to somaclonal variation, which is affected by
explant source, age of parent plant, genotype and protocol for tissue culture [22].

Buckwheat belongs to a genus of 23 species, with the two most commonly cultivated
species being Fagopyrum esculentum Moench (common buckwheat) and Fagopyrum tataricum
Gaertn. (Tartary buckwheat) [23,24]. Common buckwheat is endemic to northern China
and was subsequently introduced to Russia and Europe. The largest buckwheat producers
are Russia, China, France, Poland and Ukraine, but it is also cultivated in North and
South America [10,25,26]. It is a minor crop; however, the popularity of it is increasing
among consumers because of the presence of gluten-free proteins and amino acids such
as lysine, tryptophan, methionine, fatty acids, iminosugars, bioactive compounds such
as rutin, orientin, quercetin, vixetin, isoorientin, and dietary fibre, fagopyrins, resistant
starch, vitamin A, B-complex vitamins, zinc, sodium, copper, iron and other elements [11].
It has been proven that buckwheat has anti-oxidative, anti-tumour, anti-inflammatory, and
anti-fungal, cardio-protective, hepato-protective, neuroprotective, anti-hypertension and
anti-diabetic properties. Moreover, it can have cholesterol-lowering effects and improve
cognition activities [11,27]. Tartary buckwheat is indigenous to west China and is grown in
Bhutan, Nepal and northern part of India [28,29]. In Europe, Tartary buckwheat is cultivated
in Luxemburg, Belgium, Germany, Italy and Slovenia [29,30]. It characterises with resistance
to frost or drought, plant diseases, UV-B radiation damage and pests when compared with
common buckwheat [28]. Moreover, Tartary buckwheat is characterised by over 100-fold
higher content of rutin than common buckwheat [31]. It also contains resistance starch,
balanced amino acids, increased levels of phenolics and was shown to alleviate symptoms
of chronic diseases such as cardiovascular diseases, obesity, hypertension and can reduce
intolerance of insulin and glucose in humans [28,32].
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Buckwheat is widely susceptible to in vitro conditions which have been researched
since 1974 [13] and have since been used to study plantlet regeneration from various
explants, calli of different morphogenic capacity induction, organogenesis, somatic embryo-
genesis and synthesis of secondary metabolites such as phenolic compounds [33–35]. This
review describes the research and progress of in vitro buckwheat cultures. It summarises
reports on plant regeneration, callus induction, and protocols, as well as optimal physical,
nutritional and hormonal conditions for buckwheat plant tissue culture. Additionally, it
summarises the most recent studies on genetic transformation, hairy root cultures (HRCs),
the efficacy of the process and optimal conditions and future prospects for buckwheat
tissue culture.

2. Buckwheat Tissue Culture
2.1. Callus Induction

Plant tissue culture, also termed in vitro culture, is a widely used tool in agriculture
and horticulture with different applications. The main advantage of the in vitro propa-
gated material is the high yield of regenerants obtained in a short time. Regenerated plant
populations are genetically homogenous, essentially disease-free and can possess desired
traits such as low temperature, salinity and drought resistance [1]. Plant tissue culture is
also important in terms of the germplasm preservation and imposing strategies for genetic
interference and transformation as well as studying processes such as totipotency, differ-
entiation and dedifferentiation and organogenesis [1]. As described by Ikeuchi et al. [36],
the formation of a callus is a stage in plant regeneration and exhibits high and efficient
regeneration potential.

Buckwheat characterises with high regeneration potential from calli [21]. Several studies
have been conducted regarding the callus induction from various explants [13–15,18,20,35,37,38].
Table 1 summarises the optimal concentrations of hormones to induce calli from hypocotyls,
cotyledons and immature embryos. Yamane [13] was the first to report callus induc-
tion from cotyledons and hypocotyls of common buckwheat using 10.0 mg/L of 2,4-
dichlorophenoxyacetic acid (2,4-D). Takahata and Jumonji [14] conducted experiments with
different concentrations of 2,4-D and 6-Benzylaminopurine (6-BA) and noticed that callus
was induced with 6-BA, without the addition of 2,4-D. This is in contrast to work carried out
by Yamane [13]. Rajbhandari et al. [16] noted improved callus induction in stem explants
compared to leaf explants. Their experiments also showed that the supplementation of leaf
and stem explants with naphthalene acetic acid (NAA) and indole acetic acid (IAA) at the
concentrations of 0.5, 1.0 and 1.5 mg/L did not result in callus formation [16].

Table 1. Optimal conditions for the callus induction from different explants in F. esculentum and F. tataricum.

Species Explant Basal Medium PGRs References

F. esculentum

Hypocotyl and cotyledon White’s medium 5.0–10.0 mg/L 2,4-D [13]

Hypocotyl MS 2.0 mg/L 2,4-D + 0.1–2.0 mg/L 6-BA [14]

Hypocotyl B5 1.0–5.0 mg/L 2,4-D + 0.05–2.0 mg/L 6-BA [14]

Immature inflorescence B5 1.0 mg/L 2,4-D + 2.0 mg/L NAA [17]

Hypocotyl derived protoplast MS 2.0 mg/L NAA + 1.0mg/L 6-BA [19]

Leaf and stem MS 1.0 mg/L 2,4-D [16]

Hypocotyl and cotyledon MS 2.0 mg/L 2,4-D + 0.5 mg/L 6-BA [38]

Leaf MS 1.0 mg/L 2,4-D [39]

Cotyledon MS 2.0 mg/L 2,4-D + 0.2 mg/L KT [40]

Leaf MS 2.0 mg/L 2,4-D + 0.2 mg/L KT [41]

Hypocotyl MS 2.0 mg/L 2,4-D + 1.0 mg/L 6-BA [42]

Hypocotyl MS 1.0–2.0 mg/L 2,4-D + 1.5 mg/L 6-BA [43]

Anther B5 1.0 mg/LNAA + 2.0 mg/I 6-BA [18]

Anther MS 2.0 mg/L KT + 2.0 mg/L 6-BA [44]
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Table 1. Cont.

Species Explant Basal Medium PGRs References

F. tataricum

Immature embryos B5

2.0 mg/L thiamine + 1.0 mg/L pyrioxidine
+ 1.0 mg/L nicotinic acid + 2000 mg/L
casein hydrolysate + 2.0 mg/L 2,4-D +

0.5 mg/L IAA + 0.5 mg/L NAA +
0.2mg/L KT

[34]

Hypocotyl derived protoplast MS 1.0 mg/L NAA + 1.0 mg/L 6-BA [20]

Hypocotyl and cotyledon MS 2.0 mg/L 2,4-D + 1.0 mg/L KT [45]

Hypocotyl MS 4.0 mg/L 2,4-D + 1.0 mg/L 6-BA [46]

Hypocotyl MS 3.5 mg/L 2,4-D + 0.8 mg/L 6-BA [37]

Callus differentiation from hypocotyl-derived protoplasts was the most optimal with
1.0 mg/L 2,4-D and 0.1 mg/L 6-BA [19]. Adachi et al. [19] induced callus formation from
hypocotyl-derived protoplasts on MS medium with 1.0 mg/L NAA and 1.0 mg/L 6-BA.
Hao et al. [38] described the optimal conditions for callus induction from cotyledons and
hypocotyls; it was noticed that a high level of sucrose had an enhancing effect on callus
induction and further growth. On the other hand, Woo et al. [40] observed that the sucrose
content in the induction of calli had no effect on subsequent somatic embryo development.
Interestingly, Gumerova et al. [47], who used the same explants, have achieved optimal
callus induction with different concentrations of PGRs. This may depend on buckwheat
species specificity or the genotype.

In research on Tartary buckwheat, Rumyantseva et al. [34] used a different basal
medium with a number of different vitamins and PGRs, namely 2.0 mg/L thiamine,
1.0 mg/L pyridoxine, 1.0 mg/L nicotinic acid, 2000 mg/L casein hydrolysate, 2.0 mg/L
2,4-D, 0.5 mg/L IAA, 0.5 mg/L NAA, and 0.2 mg/L KT and noted that the callus induction
depends on explant species affiliation as well as the stage of immature embryo used during
the induction. Wang et al. [45] used MS medium supplemented with 2.0 mg/L 2,4-D and
1.0 mg/L KT and obtained 98.96% induction rate. It is important to highlight that in the liter-
ature on buckwheat callus, the terminology is slightly ambiguous. Rumyantseva et al. [34]
described four types of calli in common buckwheat: dense globular that proliferates slowly,
dense slowly proliferating, loose and rapidly multiplying, and heterogenous slowly pro-
liferating comprising loose globules, and one in Tartary buckwheat: heterogenous slowly
growing. The same authors did not observe the loose and dense types; however, it was
concluded that the characteristics of the callus during cultivation change, and that the
heterogenous callus has the ability to establish calli with loose morphology. The common
buckwheat dense-type callus and the heterogenous callus of Tartary buckwheat exhibited
the highest organogenic capacity and after the transfer to the regeneration medium it
prompted the emergence of stem apices. However, when globular calli (morphogenic) were
transferred to the embryonic medium, embryo-like structures were observed after several
days [34]. Woo et al. [41] describes somatic organogenesis from leaf explants calli which
gave rise to somatic embryos. Park et al. [39] used leaf and stem segments and observed
the emergence of proembryogenic/proembryonal complexes (PECCs) on explants and
subsequent somatic embryogenesis. This was also observed by Gumerova et al. [33], who
noted that the regeneration from PECCs can be achieved in three ways: via the formation
of vegetative buds, via the formation of somatic embryos on the PECCs’ surface and via the
whole PECC transformation in a sprouting embryo. The term embryogenic callus is also
used by Saraswat and Kumar [48], where it was induced from hypocotyls and cotyledons.
On the other hand, Valieva et al. [49] describes an embryogenic callus, which can form
embryoids, roots and buds, and a morphogenic callus, which can form vegetative buds
and roots. They also describe histogenic calli, capable of vascular differentiation, and non-
morphogenic callus (NC), which emerges on the surface of the morphogenic callus (MC)
after two to three years of culture [49]. It is important to stress that the embryogenic callus
is described as the one comprising PECCs and so called ‘soft’ callus by the authors [50].
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Research on Tartary buckwheat by Betekhtin et al. [21] describes MC as the one with the
ability to undergo somatic embryogenesis, organogenesis and subsequent plant regener-
ation. It comprises PECCs or pro-embryogenic masses (PEMs) and phenolic containing
cells (PCC) on their surface [21]. In the course of callus cyclical development, mature
PEMs collapse and new PEMs along with ‘soft’ callus cells (SCC) arise which are elongated
and have large vacuoles and starch grains in the cytoplasm [21,34,50,51]. PCCs cover the
surface of PEMs and parenchymatous cells localised in the central part of PEMs [21]. Calli
exhibiting no apparent regeneration are classified as compact, friable or non-morphogenic
calli [52]. The emergence of NC is correlated with metabolic changes of the cells. Calli lose
the capability of accumulating and synthesizing pigments such as anthocyanins during a
prolonged period of culture [13,21,49,51]. It emerges seldomly from separate foci (once per
30–40 passages) [53]. Tartary buckwheat calli with different morphogenic capacities allow
us to conduct comparative analyses of physiological, biochemical and cytological features
in long-term cultivated callus lines.

2.2. Buckwheat Plant Regeneration

Protocols for buckwheat regeneration from several explants such as hypocotyls [14,20,
42,46,47,54–56], immature inflorescence [17], nodal segments [57], immature embryos [34,58],
anthers [44,59], leaf petioles [60] and cotyledons [40,54,61,62] were developed. In Table 2,
the optimal conditions for the plantlet regeneration from different explants, F. esculentum, F.
tataricum and F. cymosum, are summarised.

The first description of common buckwheat plantlet regeneration from explants was
reported by Yamane [13]. It was reported that plant calli could regenerate plants even after
48 months of culture. Moreover, shoot and root formation was observed in calli transferred
to modified LS (Linsmaier and Skoog) medium (supplemented with 15% coconut milk
and 3.0 mg/L yeast extract) after 30 to 60 days [13]. Srejovic and Neskovic [15] classified
the stages of explants’ growth via organogenesis. Takahata and Jumonji [14] were able
to produce regenerants of common buckwheat on MS (Murashige and Skoog) medium
with up to 5.0 mg/L 2,4-D and up to 2.0 mg/L, and it was concluded that calli can be
induced only with 6-BA, without the addition of 2,4-D. Takahata [17] observed that direct
formation of shoots from inflorescence was promoted by supplementation of the media with
0.2 mg/L NAA and 1.0 mg/L of 6-BA. Rajbhandari et al. [16] reported improved plantlet
regeneration when MS medium was supplemented with 0.2 mg/L IAA and 2.0 mg/L
6-BA, and found dependency of regeneration on the genotype; however, somatic embryos
were not observed. Hao et al. [38] noticed that carbohydrates have a shoot-promoting
effect on the cutting site and act as osmotic stabilisers. A similar finding by Lachmann
and Adachi [20] reported that the addition of sucrose was important for SE induction in
buckwheat. On the contrary, Woo et al. [40] found that increased sucrose content did not
have any effect on the callus induction or SE. In terms of callus induction and proliferation,
Saraswat and Kumar [48] noticed that the hypocotyl explants responded better in media
supplemented with glucose, while cotyledon explants responded better to the medium
with sucrose as the carbohydrate source. Park et al. [39] were able to regenerate plants
from leaf-derived calli on MS medium devoid of hormones, but the regeneration rate
was low and failed to regenerate plantlets from stem-derived calli. Park and Park [62]
reported direct organogenesis of multiple shoots from cotyledon explants. Berbec and
Doroszewska [63] discovered that LS medium supplemented with TDZ (N-Phenyl-N′-1,2,3-
thiadiazol-5-ylurea) is suitable for regeneration only when combined with IAA. When
organogenesis was induced from leaf petioles, the optimal conditions were MS medium
supplemented with 1.0 mg/L 6-BA, 1.0 mg/L 2iP (6-(γ,γ-Dimethylallylamino) purine) and
1.0 mg/L 2,3,5- TIBA (2,3,5- triiodobenzoic acid). It is speculated that TIBA controls the
shoot initiation process by contracting endogenous auxins. This research has also revealed
a finding that the rate of seed abortion in regenerated plants is much lower compared
to the ones grown directly from seeds [60]. Another investigation was conducted with
the use of 7.0 mg/L of silver nitrate (AgNO3) and noted improvement in the frequency
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of shoot regeneration of over 30% [64]. Similar results were obtained by Saraswat and
Kumar [48] where the use of AgNO3 showed improvements in shoot and root growth. The
same authors tested the addition of KNO3 to the medium. It was concluded that KNO3
does not influence the maturation of somatic embryos, as is reported in SE in other species
such as cotton [65]. Saraswat and Kumar [48] speculated that low maturity of somatic
embryos supplemented with KNO3 is due to the buckwheat being a salt-sensitive crop.

Table 2. Optimal conditions for the plantlet regeneration from different explants F. esculentum,
F. tataricum and F. cymosum.

Species Explant Basal Medium PGRs References

F. esculentum

Hypocotyl LS 1.0–10.0 mg/L 2,4-D + 2.0 mg/L NAA [13]

Cotyledon B5 0.1 mg/L 6-BA + 0.1 mg/L IAA [15]

Hypocotyl MS 0.1–0.2 mg/L NAA + 1.0–2.0 mg/L 6-BA [14]

Immature embryo B5 2.2 mg/L 6-BA + 0.17 mg/L IAA +
0.5 mg/L IBA [58]

Shoot apex MS 0.5 mg/L IAA + 2.0 mg/L 6-BA [66]

Immature inflorescence B5 0.2 mg/L NAA + 1.0 mg/L 6-BA [17]

Anther MS 1.0 mg/L 6-BA + 0.2 mg/L IAA [59]

Hypocotyl derived protoplast MS 0.1 mg/L NAA+ 0.5 mg/L 6-BA +
0.1 mg/L GA3

[19]

Leaf and stem MS 0.2 mg/L IAA + 2.0 mg/L 6-BA [16]

Anther MS 2.5 mg/L 6-BA + 0.5 mg/L IAA [44]

Cotyledon MS + B5 vits 0.5 mg/L IAA + 0.25 mg/L IBA [61]

Hypocotyl and cotyledon LS 0.05–0.1 mg/L TDZ + 0.5 mg/L IAA [63]

Leaf and stem MS Hormone free [39]

Cotyledon MS 2.0 mg/L 6-BA + 0.2 mg/L KT [40]

Nodal segment MS 1.0 mg/L KT [67]

Anther B5 1.0 mg/I NAA + 1.0–2.0 mg/L 6-BA [18]

Hypocotyl MS 2.0 mg/L 6-BA + 1.0 mg/L KT [43]

Hypocotyl B5 2.23 mg/L 6-BA + 0.17 mg/L IAA [33,47]

Leaf MS 0.2 mg/L KT + 2.0–3.0 mg/L 6-BA [41]

Cotyledon and hypocotyl MS + B5 vits 1.0 mg/L 6-BA [57]

Nodal segment and shoot apex MS + B5 vits 2.0 mg/L 6-BA + 0.2 mg/L IAA [57]

Cotyledon MS 4.0 mg/L 6-BA + 7.0 mg/L AgNO3 [68]

Leaf petiole MS 1.0 mg/L 6-BA + 1.0 mg/L 2iP +
1.0 mg/L TIBA [60]

Hypocotyl MS 1.0 mg/L KT + 1.0 mg/L 6-BA +
2.0 mg/L IAA [42]

Hypocotyl MS 1.0 mg/L NAA + 1.0 mg/L 6-BA [55]

Hypocotyl and cotyledon MS 0.2 mg/L 6-BA + 0.5 mg/L AgNO3 [48]

F. tataricum

Immature embryos MS 0.1 mg/L 6-BA + 0.1 mg/L IAA [34]

Hypocotyl derived protoplast MS 2.0 mg/L NAA + 1.0 mg/L 6-BA [20]

Hypocotyl MS 1.0 mg/L NAA + 0.5 mg/L 6-BA [55]

Hypocotyl and cotyledon MS 3.0 mg/L 6-BA + 1.0 mg/L TDZ [45]

F. cymosum

Immature inflorescence B5 1.0 mg/L NAA + 1.0 mg/L 6- BA [17]

Adventitious buds MS 2.0 mg/L 6-BA + 0.5 mg /L TDZ +
0.2 mg/L NAA [69]

Nodal segments MS 2.5 mg/L IBA [5]
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Reports on Tartary buckwheat regenerations were first described by Rumyantseva et al. [34]
who were able to demonstrate plant regeneration from calli cultured for a period of
18 months. It was noticed that the embryoids developed faster and spontaneous em-
bryogenesis occurred more frequently, compared to common buckwheat. Han et al. [46]
reported moderate frequency of Tartary buckwheat plantlet regeneration by supplementing
MS medium with 1.0 mg/L IAA, 1.0 mg/L KT, 2.0 mg/L 6-BA and 0.5 mg/L TDZ. How-
ever, the authors did not mention the percentage of regenerated plants. Wang et al. [45]
reported 56% plantlet regeneration level from callus on the MS medium supplemented with
2.0 mg/L 6-BA and 1.0 mg/L KT. These authors observed the level of shoot induction of
69% on MS basal medium with the addition of 3.0 mg/L 6-BA and 1.0 mg/L TDZ. Induction
of roots was obtained on half-strength ( 1

2 ) MS medium with 1.0 mg/L IBA, which resulted
in 75% of plantlets surviving after being transferred to soil with field conditions [45]. Ad-
vances in buckwheat regeneration protocols can be used as protocol for transformation
which in turn will create opportunities to examine metabolic and molecular regulation of
significant components such as gluten-free proteins, fatty acids, flavonoids and vitamins.
The literature in terms of callus induction in buckwheat focuses only on common and
Tartary buckwheat, while it is important to highlight that there are 23 buckwheat species.

2.3. Hairy Root Culture

A type of tissue culture which has received increasing attention in recent years is
the hairy root cultures (HRCs) [64,70–83]. These are derived from infecting the explants
with Agrobacterium rhizogenes and occurs via the transfer of the root-inducing (Ri) bacterial
plasmid, which in consequence prompts the induction of hairy root (HR) syndrome [84]
and results in the abundant growth of neoplastic roots that can be cultured under in vitro
conditions [77]. Neoplastic roots are singular due to their biosynthetic and genetic stability,
which improves the activity of growth regulators [78]. There are multiple advantages of
HRCs, which makes them a valuable system for research on secondary plant metabolites
such as flavonoids. Other advantages include high growth rates without the addition of
PGRs, and in certain cases, without incubation under light. HRCs are genetically stable
and respond well when the conditions of culture such as carbon source and concentration,
medium pH, white fluorescent light and temperature are adjusted for optimal secondary
metabolite secretion [85]. However, the most prominent feature of HRCs is the fact that
A. rhizogenes is able to manipulate the host in order to increase the chance of a successful
transformation. Thus, the Agrobacterium-mediated transformation of HRCs provides an
easy and fast way to introduce and express foreign genes in cells that are able to carry out
the synthesis of certain secondary metabolites [86]. It has been reported that A. rhizogenes
strain number 15,834 is one of the most widely used strains for hairy root induction as
well as their production of secondary metabolites [76,87–89]. As for the production of
secondary metabolites in callus cultures of Fagopyrum species, it was reported by Moumou
and Trotin [90] that the flavonoid content was relatively low in calli grown in darkness
compared to ones grown under the light. Nonetheless, secondary metabolite content
was significant, especially the content of two dimeric proanthocyanidins: B2 and B2-3′-
O-gallate and two catechins: epicatechin and epicatechin 3-O-gallate [90–92]. Therefore,
as a source of bioactive secondary metabolites such as flavonoids, transgenic technology
involving Fagopyrum species, especially through HRCs is important in the investigation of
their molecular and metabolic regulation and genetic engineering. In Table 3, the optimal
conditions for the production of bioactive compounds with A. rhizogenes from different
explants, F. esculentum and F. tataricum, are summarised.

The first reports on HRCs in common buckwheat date to 1990 when Neskovic et al. [93]
researched the inoculation of A. rhizogenes, which led to the development of hairy roots
on stems. Two strains were used, i.e., ATCC 15834 and ATCC 13332, to induce HRCs
and obtain the efficiency of HRCs formation at 75.8% and 24.1%, respectively, and overall
formation of HRCs from inoculated explants was 39.7%. It was concluded that this species
is very responsive to Agrobacterium which in the future could be used as a vector in genetic
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transformation [93]. Moumou and co-workers [91] discovered that selected cultures of calli
induced from common buckwheat hypocotyls produced significantly high quantities of
flavonoids, procyanidins and catechins in particular, which were not present in original
plants. Trotin et al. [94] established HRCs by infecting hypocotyl explants of common
buckwheat with A. rhizogenes strain ATCC 15834 and observed the synthesis of flavonoids:
catechin, epicatechin, epicatechin-3-O-gallate, procyanidin B2 and procyanidin BZ3’-O-
gallate. It was concluded that the HRCs exhibited the highest concentration of procyanidin
B2-3′-O-gallate, suggesting that HRCs characterise in the preferential synthesis of galloy-
lated derivatives of monomeric and dimeric classes as well as inverted content of catechin
and epicatechin when compared to calli, confirming that HRCs contain more flavonoids
than regular roots, in vitro normal roots and calli. Polyphenolics were also investigated in
HRCs induced by A. rhizogenes strain MAFF 03-01724, which induces similar secondary
metabolite production in roots compared to those in intact plants [95]. The effect of different
media on HRCs was investigated and led to the conclusion that the most suited is MS
medium; however, the most promising result was that the HRCs produced ten times more
rutin than the field-cultivated plants [95]. About a decade later, Lee et al. [96] used a differ-
ent strain of A. rhizogenes (R1000) and tested the production of rutin in common buckwheat
HRCs. It was found that the quantity of rutin produced by HRCs was notably higher when
compared with the control. It was also noticed that the addition of auxins (IAA) positively
affected rutin production and the most suitable medium for the highest yield of HRCs was
1
2 MS. Research led by Kim et al. [86] provided a protocol for common buckwheat HRCs
transformation via affecting stems with A. rhizogenes strain ATCC 15834 containing pB1121
binary vector. Rapidly growing clones were obtained, which produced 2.6 times more rutin
than the wild type roots [97]. This work provided the efficient and multifaceted system
for investigating the molecular regulation of phenolic compound biosynthesis as well as
evaluating the system’s potential for metabolically engineering and rutin production [97].
Park et al. [74] demonstrated that the expression of the transcription factor AtMYB12 re-
sulted in increased levels of rutin in common buckwheat transgenic HRCs. The family of
MYB transcription factor is commonly present within higher plants [74]. It is known to par-
ticipate in diverse biochemical and physiological processes, which include, among others,
response to abiotic stress, influencing secondary metabolism pathways and controlling cell
morphogenesis [98]. The accumulation of flavonols was observed as a result of the over
expression of AtMYB12, which was primarily identified in Arabidopsis thaliana [99,100]. As
a conclusion of Park et al. [75], it was noted that although AtMYB12 notably affected the
production of rutin in transgenic buckwheat HRCs, a more effectively engineered metabolic
pathway is required in order to allow the identification of transcription factors from the
Fagopyrum species [75]. Gabr et al. [70] measured the content of phenolic acids in HRCs
of common buckwheat obtained by infecting roots, stems and leaves with A. rhizogenes
strain A4 and observed three-fold higher content of chlorogenic acid than in the control in
all treated explants, with HRCs from roots containing most of the acid. HRCs from roots
also exhibited an increased content of p-anisic and caffeic acids. The same authors in 2019
investigated the content of rutin in HRCs of common buckwheat in explants from leaves,
stems and roots. It was reported that the rutin content was higher in control root compared
to HRCs from stem and leaves, which led to the conclusion that the suppression of rutin
accumulation in HRCs is a form of plant defence against stress. It was also concluded that
the production of rutin depends on the type of explant, and moreover that HRCs displayed
increased levels of histidine, valine, lysine and isoleucine and total content of flavonoids
and the antioxidant activity [71].
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Table 3. Optimal conditions for the production of bioactive compounds with A. rhizogenes from
different explants F. esculentum, F. tataricum.

Species Explant A. rhizogenes
Strain Basal Medium Bioactive Compounds References

F. esculentum

Stem ATCC 15834
ATCC 13332

1
2 B5 (half
strength)

- [93]

Hypocotyl ATCC 15834 B5 Catechin, epicatechin, epicatechin-3-O-gallate,
procyanidin B2 and procyanidin B2-3′-O-gallate [94]

Leaf MAFF 03-01724 MS
catechin, epicatechin, epicatechin 3-O-gallate

procyanidin B-1 and procyanidin B-2
3′-O-gallate

[95]

Leaf R1000 MS Rutin [96]

Stem ATCC 15834 MS Rutin [97]

Stem R1000 MS Rutin [75]

Leaf, stem and root A4 MS Rutin, chlorogenic acid, hyperoside, caffeic acid,
p-anisic acid [70]

Steam, leaf A4 MS Rutin, hesperidine, kaempferol-3-O-rutionoside [71]

F. tataricum

Stem R1000 MS
Rutin, quercetin, epicatechin, catechin hydrate,
gallic acid, ferulic acid, chlorogenic acid, and

caffeic acid
[86]

Stem R1000 MS Rutin, epicatechin, gallic acid, epigallocatechin,
caffeic acid, catechin hydrate, chlorogenic acid [74]

Stem R1000 1
2 SH

Rutin, epicatechin, gallic acid, epigallocatechin,
caffeic acid, catechin hydrate, chlorogenic acid [81]

Hypocotyl R1000 MS Rutin, quercetin, gallic acid, caffeic acid, ferulic
acid, 4-hydroxybenzoic acid [79,80]

Leaf Ri1601 MS Rutin and quercetin [99,100]

Hypocotyl R1000 1
2 MS

Cyanidin 3-O-glucoside, cyanidin
3-O-rutinoside [64]

Stem R1000 1
2 MS

Rutin, quercetin, chlorogenic acid,
4-hydroxybenzoic acid, caffeic acid, ferulic acid,
cyanidin 3-O-glucoside, cyanidin 3-O-rutinoside,

[72]

Tartary buckwheat has over 26-fold higher content of rutin than common buck-
wheat making it more suitable for researching HRCs and their production of bioactive
compounds [101]. Kim et al. [86] quantified rutin, quercetin, epicatechin, catechin hydrate,
gallic acid, ferulic acid, chlorogenic acid, and caffeic acid in HRCs of Tartary buckwheat ob-
tained from stems infected with an A. rhizogenes R1000 strain. The results showed that rutin
and epicatechin in HRCs were 10 times and 5 times higher, respectively, compared with
wild-type roots [86]. Park et al. [74] used the same Agrobacterium strain as Kim et al. [86]
to produce HRCs from Tartary buckwheat stems and observed two morphological phe-
notypes emerging in their cultures. Approximately 80% of the established HRCs had
well-developed primary roots and a few secondary roots, and are therefore termed as
a “thick phenotype”, and the remaining 20% displayed traits characteristic of those of
primary roots with a profusion of root hairs, which they named the “thin phenotype”.
The “thin phenotype” had a higher number of hairy roots as well as higher growth rate
than the “thick phenotype”. Park et al. [74] concluded that selecting the optimal morpho-
logical phenotype of HRCs is crucial for improved production of secondary metabolites
under in vitro conditions. Attempts to optimise the growth and enhance the synthesis
of phenolic compounds in HRCs with the basal medium and the addition of PGRs were
made with the use of R1000 strain in Tartary buckwheat stems [81]. It was established
that the optimal medium for HRC growth and phenolic compounds biosynthesis was
half-strength SH (Schenk and Hildebrandt) medium. As for the PGRs, the best results
were obtained with 0.5 mg/L indole-3-butyric acid (IBA), which resulted in 24% more
growth than in the control [81]. In contrast to these findings, Park et al. [64] showed that
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high concentration auxins, namely IBA, NAA and 2,4-D had no effect on HRC growth.
However, enhanced growth of HRCs with the application of low concentration of 2,4-D
followed by IAA was noted. Zhao et al. [82] reported that with the addition of yeast
polysaccharide elicitor (YPS) to HRCs, rutin and quercetin content increased two times
when compared with the control. Further experiments resulted in a three-fold increase
om flavonols, when YPS treatment phenylpropanoid pathway stimulation was combined
with the process of medium renewal. As YPSs are commercially available, this research
demonstrated an enhanced way for phenolic compound synthesis in HRCs [82]. Ethephon
is a PGR that releases ethylene which is subsequently absorbed by plants. It results in
enhanced flowering, fruit ripening and secondary metabolite production [102]. Li et al. [72]
tested the effect of ethephon on HRCs of Tartary buckwheat and noted enhancement in
anthocyanin biosynthesis when supplemented with a concentration of 0.5 mg/L. This led
them to conclude that the biosynthesis of anthocyanin plays a crucial part in the response
of buckwheat to ethephon-induced stress [72].

Research into gene transformation in Tartary buckwheat focused on transcription
factors (TFs) of the MYB family, which are common in plants [103]. Jasmonites (JAs)
are plant hormones known to induce the biosynthesis of different secondary metabolites.
Transcriptional repressors, jasmonate ZIM domain (JAZ) proteins interact with different TFs
that have various roles in regulating JA-responsive expression of genes [104]. For example,
genes which encode JAZ are the integral factor in the anthocyanin synthesis as a response
to a certain type of stress [103]. Another one of the types that takes part in JA-induced
biosynthesis of secondary metabolites is MYB type. R2R3-MYB TFs are known to play a
substantial part in regulating the biosynthesis of secondary metabolites [105]. To examine
the characteristics of MYB TFs and their derivatives in planta, Zhou et al. [83] investigated
rutin accumulation in HRCs of Tartary buckwheat. A previously unknown R2R3-MYB TF
FtMYB11 was isolated and classified as a subgroup 4 of R2R3-MYB TFs. It was also found
that the level of FtMYB11 expression was substantially induced by Jas, which led to the
conclusion that FtMYB11 is a JA-responsive TF and its activity might be regulated by JAZ
repressors. Analysis of rutin biosynthesis genes in HRCs qRT-PCR revealed that FtMYB11
repressed the expression of most of the key enzyme genes, which led to the conclusion that
FtMYB11 is a master regulator repressing rutin biosynthesis [106]. A subsequent study of
HRCs described a clade of JA-responsive MYB repressors (FtMYB13, FtMYB14, FtMYB15,
and FtMYB16) and their key involvement in repressing phenylpropanoid biosynthesis. A
study that focused on FtMYB16 interactions with Ftimportin-α1 (FtPinG0006805200) and
subsequent regulation of rutin biosynthesis concluded that FtMYB16 act as a repressor in
both root growth and rutin accumulation [107]. Moreover, Ftimportin-α1 directly regulates
the import of FtMYB16 to the nucleus and acts as a promoter of FtMYB16 transcriptional
activity on its target genes [108].

2.4. Transgenic Buckwheat Plants

Genetic plant transformation has become one of the highly promising tools in plant
breeding and research [73]. It has been previously engaged in defining plants’ genes
functions [109]. Although an efficient protocol for A. tumefaciens for common buckwheat
was developed by Neskovic et al. [93] who established HRCs with A. rhizogenes, limited
research regarding the subject followed in subsequent years. Miljus-Djukic et al. [110]
studied the efficiency of various strains of A. tumefaciens and their experiments showed
that the A281 strain exhibited stronger virulence than the other strains (Ach5 and A6). The
same authors genetically transformed buckwheat plants using A. tumefaciens A281 strain
as vectors. Incubated cotyledon fragments with A281 strain harbouring pGA472 were
carrying the neomycin phosphotransferase II (nptII) gene responsible for kanamycin resistance.
Regenerated seedlings exhibited the ratio of resistant to sensitive approximately three to
one [110]. To test the efficiency of different strains in planta of A. tumefaciens (LBA4404
and pBI121) apical meristems of young buckwheat seedlings were inoculated. The results
showed the transformation efficiency of 36% and 70% with strain LBA4404 and pBI121
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strain, respectively [109]. Transgenic plants of common buckwheat were also obtained
from infecting hypocotyl fragments with A. tumefaciens LBA4404 strain harbouring vector
pBI121 which contains genes of neomycin phosphotransferase II (npt II) and β-glucuronidase
(gus) [56]. Moreover, these authors tested cotyledon and hypocotyl explants and, contrarily
to Miljus-Djukic et al. [110], observed better efficiency of the latter for the production and
recovery of regenerants [56]. These reports allowed for the improvement of protocols in
buckwheat Agrobacterium-mediated genetic transformation.

HRCs have also been used in the attempts to improve gene transformation effi-
ciency with the use of A. tumefaciens [111]. It has been shown to influence the produc-
tion of certain phytohormones and subsequently enhanced proliferation and tumour
formation [112]. Transformation of common buckwheat via the establishment of in vitro
callus was achieved by using the A. tumefaciens LBA4404 strain, which contained pHZX1 bi-
nary vector. Transgenic plants that exhibited overexpression of AtNHX1 were regenerated.
AtNHX1 is a vacuolar Na+/H+ antiporter gene from Arabidopsis thaliana. Overexpression of
AtNHX1 showed improved salt tolerance in other species: tomato [113], Brassica napus [114],
rice [115], perennial ryegrass [116] and wheat [117]. In regenerated transgenic common
buckwheat, line growth was less inhibited by salt stress when compared to wild type,
which demonstrated that overexpressing Na+/H+ antiporter cDNA can have a positive
effect on improved salt tolerance [118]. Deciphering metabolic pathways will in future
provide molecular bases for metabolic engineering studies.

3. Future Perspectives

Buckwheat, due to its high content of micro- and macronutrients, as well as its health
benefits and potential, was established as functional food and pharmaceutical plant. How-
ever, as the population and the environment are exposed to constant and rapid changes,
combined with scientific progress, there are therefore several aspects of buckwheat research
that have to be addressed. As described in this review, in vitro callus induction and plantlet
regeneration of common and Tartary buckwheat is rather well researched. There are some
challenges plant breeders are faced with. The main problem with common buckwheat is
the short life of its single flower and a growing period which lasts from 70 to 90 days [119].
Indeterminate type of growth and flowering makes it difficult to determine harvesting
time. Susceptibility of buckwheat to biotic stresses such as ground frost, low water supply,
drought and photoperiod causes flowering and embryo abortions. F. homotropicum has been
cross-pollinated with common buckwheat and Tartary buckwheat in order to transfer genes
that have a greater resistance to frost and a higher seed yield. These attempts, however,
have been unsuccessful due to the barriers preventing cross-pollination between different
species [120]. Common buckwheat plants are dimorphic with two types of flowers—Pin
with pistils longer than stamens, and Thrum with pistils shorter than stamens—resulting
in self-incompatibility [19,119]. Fertilisation occurs between both flower types after cross-
pollination [121]. Tartary buckwheat is a homostylous species with flowers that contain
anthers and stigmas of the same height. Among the most important reasons for the low
yield are: self-incompatibility; insufficient fertilisation; embryo abortion; sensitivity to heat
and drought stress; and assimilation deficiency that occurs in aging plants [122].

Protoplast fusion and subsequent in vitro plant regeneration, which leads to somatic
hybridisation, offers opportunities for transferring entire genomes from one plant into
another regardless of the interspecific crossing barriers [123]. Somatic hybridisation has
been successfully used for a number of intra- and inter-specific, intergenic, inter-tribal and
even inter-familial combinations [124,125]. The literature data about the protoplast fusion
of the buckwheat species are limited. There was only one success with obtaining hybrid
calli of common buckwheat (+) Tartary buckwheat achieved by Lachmann et al. [126] using
polyethylene glycol (PEG)-mediated protoplast fusion. Although the authors highlighted
the hybrid nature of obtained calli, the possibility of plant regeneration was not shown.
Currently, the most promising and efficient technique is protoplast electrofusion by staining
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the protoplasts with different fluorescent colours, enabling the hybrid cells to be selected at
the beginning of the experiments.

Draft genome sequences for common and Tartary buckwheat will help in gaining
understanding of genetic mechanisms and regulation of specific traits, proteomic, tran-
scriptomic, metabolomics and epigenomic approaches. For example, Penin et al. [127]
characterised 1.5 Gb genome along with the reference assembly of common buckwheat.
This will lead to opportunities to determine functions that will help in the population
improvement programmes as well as to examine their mechanisms. These authors used the
draft genome in order to reference it with genotyping-by-sequencing (GBS) analysis and
discover the location of the 5.4 Mbp S-allelic region along with candidate genes responsible
for controlling buckwheat heteromorphic self-incompatibility [127].

Genome editing with the RNA-guided clustered regularly interspaced short palin-
dromic repeats-associated protein 9 (CRISPR/Cas9) technology is emerging as a valuable
tool in research on plant functional genomics [128]. It has the potential to revolutionise the
modification of traits and characteristics in plants by functional gain or loss via insertion
of single-guide RNA (sgRNA) into the plant genome [129]. CRISPR/Cas9 is far more
efficient, simpler and gives the possibility to edit multiple target genes concurrently, com-
pared with zinc finger nucleases (ZFNs) and transcription activator-like effector nucleases
(TALENs) [130]. Developing efficient protocol for buckwheat will help to generate plant
varieties with improved traits such as better resistance to biotic and abiotic stresses and im-
proved breeding timelines. CRISPR/Cas9 gene editing technology was successfully used in
Brachypodium [131], Arabidopsis thaliana, sorghum [132], rice [133], barley [134], wheat [135]
and corn [136], but not in Fagopyrum species. The CRISPR/Cas9 system can also be used in
targeting microRNAs (miRNA) in order to gain insight into miRNA regulatory pathways.
This has been performed in soybean [137] and in rice [138]. Agrobacterium-mediated genetic
transformation, particle bombardment and PEG-transformation and protoplast fusion al-
lowed us to obtain genome-modified lettuce [73], Arabidopsis, tobacco [139] and rice [140],
apple [141], petunia [142]; however, no regenerants were obtained. The approach to stan-
dardize factors affecting genetic transformation in buckwheat by particle bombardment or
via any of the direct-DNA delivery methods will help to excel the scarce research which
mainly focused on optimising the method protocols.

To summarise, understanding the morphological, physiological and molecular param-
eters that affect the development of buckwheat plants will be relevant for revealing the
complex mechanisms. This in turn will have an impact on successfully modulating yield
productivity and stability for future buckwheat breeding programmes.
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8.1.2 Ocena globalnych zmian w modyfikacjach białek histonowych i 

metylacji DNA w kalusach o zróżnicowanym potencjale embriogennym  
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Badania zostały przeprowadzone w celu oceny wpływu modyfikacji epigenetycznych na 

zmianę losu komórek w długoterminowych hodowlach linii kalusa Fagopyrum o 

zróżnicowanej zdolności do embriogenezy. Określenie poziomów metylacji DNA i histonów 

oraz acetylacji histonów podczas przejścia komórek ze stanu zróżnicowanego do 

odróżnicowanego miało na celu przybliżyć role modyfikacji epigenetycznych w nabywaniu 

potencjału embriogennego. Użyto EK F. esculentum oraz MK i NK F. tataricum w wybranych 

dniach pasażu, tj. w dniach zerowym, drugim, szóstym i jedenastym. Po przeniesieniu na świeże 

podłoże w przypadku F. tataricum inicjowana jest dezintegracja proembriogennych 

kompleksów komórkowych (PEKK), co powoduje powstawanie komórek ‘miękkiego’ kalusa 

(KMK). Jest to zauważalne w drugim dniu pasażu; około dnia szóstego następują procesy 

różnicowania komórek prowadzące do odtworzenia PEKK, które stają się widoczne około dnia 

jedenastego. Wtedy również rozpoczyna się drugi cykl dezintegracji PEKK. 

Morfologia (Figure 1) oraz histologia (Figure 2) poszczególnych typów kalusów w 

dynamice pasażu zawarta jest w publikacji P2. EK F. esculentum (Fig. 2a) zawiera komórki 

embriogenne (Fig. 2a, prostokąt, a1 groty strzałek, a2 strzałka, a3 strzałka), które mają gęstą 

cytoplazmę, centralnie położone jądro i bardzo niski stopień wakuolizacji (Fig. 2, a3, strzałka). 

Są one otoczone zwakuolizowanymi komórkami parenchymatycznymi posiadającymi 

przyściennie zlokalizowane jądro komórkowe (Fig. 2a, a1, a2 gwiazdki). W EK obecne są 

również komórki zawierające związki fenolowe, które akumulują je w swoich wakuolach (Fig. 
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2a, strzałka). EK zawiera także komórki, które wykazują podobieństwo fenotypowe do 

komórek epidermalnych (Fig. 2a, a2 otwarte strzałki).  

Kalus MK F. tataricum, charakteryzuje się odmienną strukturą. Powierzchnia PEKK jest 

pokryta komórkami zawierającymi związki fenolowe (Fig. 2b, prostokąt, strzałki na Fig. 2b1). 

W warstwie poniżej znajdują się słabo zwakuolizowane komórki merystematyczne (Fig. 2b1, 

podwójne strzałki), które posiadają gęstą cytoplazmę, okrągłe jądro i centralnie położone 

jąderko. Komórki parenchymatyczne stanowią centralną część PEKK (Fig. 2b1, otwarte 

strzałki). Natomiast NK F. tataricum (Fig. 2c) składa się wyłącznie z cienkościennych, 

zwakuolizowanych komórek z dużym, nieregularnym jądrem położonym przyściennie (Fig. 2c, 

strzałki), które często zawiera wiele jąderek (Fig. 2c, wstawka, otwarte strzałki).  

W publikacji analizowano globalne zmiany w poziomach modyfikacji epigenetycznych 

(metylacji DNA, metylacji i acetylacji histonów) podczas odróżnicowania i ponownego 

różnicowania komórek kalusów gatunków Fagopyrum o zróżnicowanej zdolności do 

embriogenezy. Metylacja DNA warunkuje powstawanie, zwartej i nieaktywnej genetycznie 

chromatyny, oraz reguluje ekspresję genów. Immunobarwienie oraz następnie analiza 

statystyczna poziomu metylacji DNA (Fig. 3a) pokazała, że w EK F. esculentum poziom tej 

modyfikacji w badanych dniach pasażu jest zróżnicowany. Modyfikacja 5mC była 

obserwowana na dość wysokim poziomie i wzrastała ona od drugiego dnia pasażu. Poziom 

trimetylacji histonu H3 na lizynie 36 (H3K36me3) (Fig. 3b) wahał się od wysokich wartości w 

dniu zerowym i szóstym do niskich w dniu drugim i jedenastym. Di- i trimetylacja histonu H3 

na lizynie 4 (H3K4me2 i H3K4me3) (Fig. 3c, d) wykazywały natomiast najniższe poziomy w 

dniu szóstym i jedenastym. Te modyfikacje związane są z nieskondensowanym stanem 

chromatyny i aktywną transkrypcją genów (Nic-Can i inni, 2013). Spadek H3K4me3 sugeruje, 

że dynamiczne różnicowanie komórek w EK F. esculentum zachodzi w późniejszych dniach 

pasażu. Zwiększenie acetylacji histonu H4 i acetylacji H3K18 jest związane z wejściem w fazę 

S cyklu komórkowego (Jasencakova i inni, 2003). Poziom acetylacji histonu H3 na lizynie 18 

(H3K18ac) (Fig. 4a) utrzymywał się na wysokim poziomie i spadał wraz z postępem pasażu, 

podobny wzorzec wykazywały poziomy acetylacji histonu H3 na lizynie 12 (H4K12ac) (Fig. 

4b), korelując z wynikami uzyskanymi dla metylacji H3K4me2. Poziomy acetylacji histonu H4 

na lizynie 16 (H4K16ac) (Fig. 4c) były najniższe w dniu zerowym i wzrastały wraz z kolejnymi 

badanymi dniami pasażu. Acetylacja histonu H4 na lizynie 5 (H4K5ac) (Fig. 4d) wykazywała 

odwrotny wzorzec, malejąc w trakcie pasażu, z wyjątkiem wzrostu w dniu jedenastym.  

Analizy immunocytochemiczne ujawniły także dynamiczne zmiany epigenetyczne w 

kalusach F. tataricum o zróżnicowanym potencjale do embriogenezy. Najbardziej wyraźnym 
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wzorcem modyfikacji epigenetycznych w trakcie pasażu MK F. tataricum charakteryzowała 

się metylacja DNA (Fig. 3e). W dniu zerowym i jedenastym poziom 5mC był znacząco 

obniżony w porównaniu do dnia drugiego i szóstego. Może to wynikać z faktu, że PEKK w 

dniu zerowym mają najwyższy potencjał morfogenny, co może powodować hipometylację; 

natomiast po dezintegracji i utracie potencjału - zawartość 5mC wzrastała. Kolejna reinicjacja 

PEKK w dniu jedenastym skutkowała odzyskaniem potencjału morfogennego i spadkiem 

poziomu metylacji DNA. Poziom 5mC w NK (Fig. 3i) był na znacznie wyższym poziomie w 

porównaniu do MK i pozostawał na stabilnym poziomie w trakcie pasażu (z wyjątkiem dnia 

szóstego). Poziom H3K36me3 był stabilny przez wszystkie badane dni pasażu w MK i NK 

(Fig. 3f, j). H3K4me2 i H3K4me3 (Fig 3g, h) były obecne na niższych poziomach w dniach 

zerowym i drugim w MK. Obniżony poziom H3K4me2 wskazuje, że odróżnicowanie może 

być inicjowane w pierwszych dniach pasażu MK. W NK poziom H3K4me2 (Fig. 3k) był na 

stabilnym wysokim poziomie przez cały czas trwania pasażu, natomiast poziom H3K4me3 

(Fig. 3l) był zmniejszony w dniach zerowym i drugim, podobnie do MK. Poziomy H3K18ac w 

MK i NK były na wysokim poziomie (Fig. 4e, i). W NK najniższy poziom H3K18ac 

występował w dniu zerowym i jedenastym, wzrastając w dniach drugim i szóstym. H4K12ac 

jest markerem związanym z euchromatyną i aktywną transkrypcją; w MK i NK jej wzór jest 

przeciwstawny, mianowicie w MK poziom H4K12ac (Fig. 4f) był najwyższy w dniu zerowym 

i jedenastym, podczas gdy w NK (Fig. 4j) w wymienione dni poziom był najniższy. Może to 

wynikać z aktywnej ekspresji genów skorelowanych z reinicjacją PEKK. Podwyższone 

poziomy H4K12ac w NK w dniach drugim i szóstym, a także H4K5ac (Fig. 4k) w dniu 

zerowym i H4K16ac (Fig. 4l) w dniu szóstym mogą być skorelowane z endoreplikacją. Poziom 

H4K16ac w MK pozostawał na niższych poziomach w dniu zerowym i jedenastym oraz 

podwyższonych poziomach w dniach drugim i szóstym, co może być powiązane z 

intensywnymi podziałami komórkowymi i wzrostem aktywności mitotycznej. Wzór poziomu 

H4K5ac w MK (Fig. 4g) przedstawiał stopniowy wzrost od dnia zerowego do jedenastego, 

podczas gdy w NK zaobserwowano znaczną redukcję tej modyfikacji w dniu zerowym, drugim 

i jedenastym. Podwyższony poziom tej modyfikacji w dniu szóstym może oznaczać, że w tym 

dniu transkrypcja jest aktywowana i zachodzi w szybkim tempie. NK wykazywał stosunkowo 

stabilny, ale wysoki poziom metylacji DNA oraz acetylacji histonów H3K18 i H4K12 (Fig. 4i, 

j), prawdopodobnie ze względu na szybkie tempo wzrostu i stały stan stresu oksydacyjnego. 
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Abstract
Buckwheat characterises with high susceptibility to in vitro tissue culture conditions, which have been researched extensively 
to study a plethora of processes. F. tataricum morphogenic callus (MC) is characterised by its capacity for morphogenesis 
for up to ten years of culture, displaying an extraordinary level of genome stability, and comprises of proembryogenic cell 
complexes (PECC),which are the structures resembling somatic embryos arrested on the pre-globular stage. The non-mor-
phogenic callus (NC) that appears on the surface of MC after approximately two years of culture due to endoreduplication 
cycles, is characterised by aneuploidy, rapid growth rate and high level of oxidative stress. F. esculentum embryogenic cal-
lus (EC) has different morphological and histological features, remains stable for up to three years of culture, has a dense, 
globular structure, and is capable of forming embryoids from the masses of embryogenic cells, but does not produce a non-
embryogenic clone. In this work, immunocytochemical analyses revealed dynamic epigenetic changes in Fagopyrum calli. 
We demonstrated that; decreased level of H3K4me2 seems to be associated with pluripotency acquisition in F. esculentum 
EC and F. tataricum MC; DNA hypomethylation appears to be connected with the acquisition of the embryogenic potential 
and PECC reinitiation in F. tataricum MC. Moreover, we observed that H4K16ac and H4K5ac exhibited the highest vari-
ability during the course of passage in NC. Elevated levels of these modifications on day zero and day six for H4K16ac and 
H4K5ac, respectively, seem to be connected with endoreplication peaks, the processes which are characteristic of this callus.

Key message 
Epigenetic changes accompany the dedifferentiation and re-differentiation processes in long-term callus cultures of Fag-
opyrum with different capacity for morphogenesis.

Keywords  In vitro callus culture · DNA methylation · Epigenetic modifications · Fagopyrum · Histone acetylation · 
Morphogenic callus · Non-morphogenic callus · Embryogenic callus

Abbreviations
5mC	� 5-Methylcytosine
H3K18ac	� Acetylation of Histone H3 on lysine 18

H4K16ac	� Acetylation of Histone H4 on lysine 16
H4K12ac	� Acetylation of Histone H4 on lysine 12
H4K5ac	� Acetylation of Histone H4 on lysine 5
H3K4me2	� Dimethylation of Histone H3 on lysine 4
H3K4me3	� Trimethylation of Histone H3 on lysine 4
H3K36me3	� Trimethylation of Histone H3 on lysine 36
PTMs	� Post-Translational Modifications
SE	� Somatic embryogenesis
TBO	� Toluidine Blue O
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Introduction

The buckwheat genus comprises 23 species, and the 
two most cultivated are Fagopyrum esculentum Moench 
(common buckwheat) and Fagopyrum tataricum Gaertn. 
(Tartary buckwheat) (Tomasiak et al. 2022). Buckwheat 
is highly susceptible to in vitro conditions which have 
been researched extensively to study the induction of 
callus, plantlet regeneration from a variety of explants, 
organogenesis, somatic embryogenesis (SE) and synthesis 
of secondary metabolites (Fei et al. 2019; Rumyantseva 
et al. 2005; Rumyantseva et al. 2003; Srejovic and Nesko-
vic 1981; Takahata and Jumonji 1985; Yamane 1985). F. 
tataricum  in vitro tissue culture of the morphogenic callus 
(MC) characterised by low chromosome variability and the 
capacity for morphogenesis for up to ten years of culture 
displaying an extraordinary level of stability (Betekhtin 
et al. 2017; Rumyantseva et al. 2003). On the contrary, the 
non-morphogenic callus (NC) of F. tataricum appears on 
the surface of MC after approximately two years of culture 
due to endoreduplication cycles (Betekhtin et al. 2019, 
2017). NC is characterised by aneuploidy, rapid growth 
rate and high content of hydrogen peroxide, an indication 
that NC is in a constant state of oxidative stress (Betekhtin 
et al. 2017; Kamalova et al. 2009). F. esculentum embryo-
genic callus (EC) displays different morphological and 
histological features, remains stable for up to three years 
of culture, has a dense, globular structure, and is capable 
of forming embryoids (Rumyantseva et al. 2005) but does 
not produce a non-embryogenic clone.

Sessile organisms, such as plants, are subjected to the 
ever-changing environment and have developed a high 
level of phenotypic plasticity, which to a vast degree, is 
controlled by the post-translational modifications (PTMs) 
(Bennett et  al. 2021; Ghosh et  al. 2021; Miguel and 
Marum 2011). Under certain circumstances, differenti-
ated plant cells have the ability to return to a previous 
developmental state (dedifferentiate) and regain pluri- or 
totipotency, resulting in organogenesis and SE, processes 
largely involving PTMs (Birnbaum and Sanchez Alvarado 
2008; Simsek Geyik et al. 2022; Xu and Huang 2014). The 
process of dedifferentiation and re-entry into the cell cycle 
was found to be associated with the global reorganisation 
of chromatin and changes in gene expression (Avivi et al. 
2004; Williams et al. 2003; Zhao et al. 2001). In vitro tis-
sue culture is a good system for studying these processes 
since they can be easily induced, influenced and modified 
under controlled conditions. According to the available 
evidence, it is believed that in vitro conditions destabi-
lise the genetic and epigenetic programs of the plant tis-
sue and can result in alteration of chromosome and DNA 
sequence, transposon activation or repression, generation 

of somaclonal variants and recalcitrance (Ckurshumova 
and Berleth 2015; Neelakandan and Wang 2012).

DNA methylation, one of the most researched modifica-
tions, is associated with a variety of molecular mechanisms, 
including inactivation of the chromatin, gene regulation and 
plant cell differentiation, among others (Ghosh et al. 2021; 
Kaeppler et al. 2000; Park et al. 2008; Springer and Schmitz 
2017). Highly dynamic mechanisms of global and local 
DNA methylation changes were found to occur during cell 
dedifferentiation and re-differentiation processes in callus 
formation (Horstman et al. 2017; Li et al. 2017b). Recent 
studies conducted in peach (Prunus persica) demonstrated 
the beneficial influence of DNA hypomethylation during the 
transition from leaf to callus (Zheng et al. 2022), and sub-
sequently that genes involved in DNA and histone methyla-
tion are up regulated in five- year old callus when compared 
to newly formed callus (Gao et al. 2023) showing dynamic 
changes in these epigenetic marks during the callus culture. 
In Glycine max and Zea mays on the other hand, losses in 
DNA methylation were observed after many years of consec-
utive culture which led to the conclusion that tissue culture 
results in diminishing ability to maintain DNA methylation 
(Han et al. 2018; Ji et al. 2019). Studies on Eleuterococcus 
senticosus embryogenic and non-embryogenic calli demon-
strated significantly lower global DNA methylation rates in 
embryogenic calli (Chakrabarty et al. 2003). Similar results 
were obtained for Agave furcroydes, where hypermethyla-
tion on a high but stable level was present throughout the 
culture in non-embryogenic callus (Monja-Mio et al. 2018). 
DNA methylation has also been found to be engaged in SE 
(Chakrabarty et al. 2003; Fraga et al. 2012; Nic-Can et al. 
2013; Park et al. 2008). Results obtained for Daucus carota 
showed that DNA hypomethylation suppressed the forma-
tion of embryogenic cells (Yamamoto et al. 2005). DNA 
methylation contributes to a plethora of processes; however, 
its role in the cell differentiation/dedifferentiation switch and 
SE and related processes seem to be species-dependent.

Callus formation and its developmental processes were 
found to involve global changes in global epigenetic make-up 
(Bednarek and Orłowska 2019; Miguel and Marum 2011; Us-
Camas et al. 2014). Marks involved in open chromatin state 
such as acetylation on histone H3 and H4, as well as methyla-
tion H3K4me3 and H3K36me3 have a tendency to be enriched 
in the callus cells when compared to somatic cells, while 
marks responsible for heterochromatin such as H3K9me2/3 
and H3K27me2/3 are decreased in dedifferentiated cells 
(Hemenway and Gehring 2023; Lee and Seo 2018). Histone 
methylation is an indispensable player in the epigenetic regu-
lation of the gene expression orchestrated by environmental 
and developmental cues in plants (Cheng et al. 2020; Hu and 
Du 2022; Yu et al. 2009). Recent research demonstrated that 
reduced levels of H3K4me2 allow the activation of genes 
essential for the acquisition of regenerative competency 
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during the callus culture of Arabidopsis (Ishihara et al. 2019). 
Another study on Arabidopsis reported the reduced accumu-
lation of H3K4me3 during early stages of callus formation 
(Lee et al. 2019). Similarly, in Coffea canephora global levels 
of H3K4me were decreased at the beginning of SE induction 
(Nic-Can et al. 2013). Another modification associated with 
active transcription H3K36me3 was found to be accompany-
ing the transition processes from differentiated somatic cells to 
dedifferentiated pluripotent stem cells during the formation of 
callus in Arabidopsis, leading to the conclusion that this PTM 
promotes early stages of cellular dedifferentiation by creating 
an open chromatin structure and maintaining transcriptionally 
competent state (Lee et al.  2017; Ma et al. 2022; Zhang et al. 
2015). Histone acetylation is associated with relaxed euchro-
matin and transcriptional activation (Kouzarides 2007). It has 
been reported that reduced levels of histone acetylation due to 
the compromised function of histone acetyltransferases and 
deacetylases had a negative effect on morphogenic responses 
such as callus formation (Kim et al. 2018; Lee et al. 2016; 
Rymen et al. 2019; Zhang et al. 2020). Indirect evidence of 
the correlation between dynamic epigenetic changes during 
SE induction was also demonstrated in Hevea brasiliensis, 
Peaonia ostii and Arabidopsis, where patterns of expression of 
the histone acetyltransferases (HAT) and histone deacetylases 
(HDAC) genes fluctuated during the SE induction (Ci et al. 
2022; Li et al. 2017a; Wickramasuriya and Dunwell 2015). 
In Hevea brasiliensis, reduction in histone deacetylases was 
observed in the early stages of callus differentiation (Li et al. 
2020) Study on Arabidopsis demonstrated that histone acety-
lation is essential for in vitro acquisition of pluripotency by 
promoting transcriptional activation of several root-meristem 
gene loci (Kim et al. 2018). There is limited evidence available 
in literature decoding the exact function of the histone acety-
lation, however, the research implicates that acetylation is an 
essential factor for the appropriate regulation of transcription 
(Birnbaum and Roudier 2017; Us-Camas et al. 2014).

This study was conducted in order to decipher how the 
epigenetic modifications influence cell fate transition in 
long-term cultivated Fagopyrum callus lines with different 
capacity for morphogenesis. Depicting levels of DNA and 
histone methylation as well as histone acetylation during the 
transition from non-embryogenic to embryogenic state will 
help to comprehend what role the PTMs play in the acquisi-
tion of embryogenic potential, thereby expanding the limited 
evidence available on this topic.

Materials and methods

Plant material

The seeds of F. tataricum, sample k-17 were acquired from 
the collection of the N.I. Vavilov Institute of Plant Genetic 

Resources, Saint Petersburg, Russia (plants were grown in 
field conditions during the period from May to September). 
For F. esculentum commercially available seeds of the Panda 
cultivar (the Malopolska Plant Breeding, Poland) were used. 
EC of F. esculentum and F. tataricum MC were induced 
from immature zygotic embryos. NC of F. tataricum appears 
on the surface of MC after approximately two years of cul-
ture (Betekhtin et al. 2017). For the present study, EC’s age 
was approximately one year old and MC’s eight years old, 
and NC’s five years old. Calli were cultivated in the dark 
in an incubator at 25 °C ± 1 on an RX medium, according 
to Betekhtin et al. (2019). It composed of Gamborg B5 
including vitamins (Duchefa, Netherlands) (Gamborg et al. 
1968), 2 g L−1 N-Z amine A (Sigma-Aldrich, USA), 2 mg 
L−1 2,4-dichlorophenoxyacetic acid (2,4-D, Sigma-Aldrich), 
0.2 mg L−1 kinetin (KIN, Sigma-Aldrich, USA), 0.5 mg L−1 
3-indoleacetic acid (IAA, Sigma-Aldrich, USA), 0.5 mg L−1 
1-naphthaleneacetic acid (NAA, Sigma-Aldrich, USA), 
25 g L−1 sucrose (Chempur, Poland) and 7 g L−1 phyto agar 
(Duchefa, Netherlands). EC of F. esculentum, MC and NC 
of F. tataricum were subcultured every four and two weeks, 
respectively.

Histological and immunostaining procedures

Proembryogenic cell complexes (PECC) from F. tataricum 
MC were carefully selected in sterile conditions under the 
stereoscopic Nikon microscope (Japan) and transferred onto 
a fresh medium for each time point, i.e. day zero, two, six 
and eleven of the passage. For immunocytochemical analy-
sis NC of F. tataricum and EC of F. esculentum pieces of 
calli were put onto fresh medium for each time point. The 
same day, material from one petri dish of F. tataricum MC 
and NC and F. esculentum EC were fixed in 4% paraform-
aldehyde (Sigma-Aldrich, USA) in 1 × phosphate buffered 
saline (PBS), pH 7.3 and placed in the vacuum desiccator 
for three hours with subsequent incubation in 4 °C over-
night. The next day, the fixative was carefully replaced with 
1 × PBS and followed by dehydration in a graded ethanol 
series diluted in 1xPBS solution twice for 15 min in each 
concentration (10%, 30%, 50%, 70% and 90%) and 99,8% 
twice for 30 min each. The fixation process was repeated on 
day two, six and eleven.

The embedding procedure was performed according to 
Wolny et al. (2014). The de-embedding process involved 
placing the slides in 99,8% ethanol three times for 10 min, 
followed by rehydration in ethanol/ 1xPBS solutions: 90%, 
70%, 50%, 30% v/v and 1xPBS for 10 min each. The immu-
nostaining and histological processes then commenced. 
For the histology, slides were stained with 0.05% aqueous 
solution of Toluidine blue (TBO, Sigma-Aldrich, USA) 
for 5 min and mounted with distilled water. Observations 
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and photographs were performed with an Olympus BX43F 
microscope equipped with a Olympus XC50 digital camera.

The immunostaining method used in this experiment 
was previously described by Braszewska-Zalewska et al. 
(2010); Braszewska-Zalewska et al. (2012); Braszewska-
Zalewska et al. (2013). De-embedded slides were incubated 
with 5% bovine serum albumin (BSA, Sigma-Aldrich, USA) 
in 1xPBS for 1 h in the humid chamber at room tempera-
ture and subsequently, the primary antibody in 1% BSA in 
1xPBS (1:100) was applied and incubated at 4o C overnight. 
For 5mC primary antibody incubation was preceded with 
2N HCl (Sigma-Aldrich, USA) digestion for 45 min. Next, 
the slides were rinsed by three washes in 1xPBS and sec-
ondary antibody in 1% BSA in 1xPBS (1:100) was applied. 
Samples were incubated at 37 o C in the humid chamber in 
the dark for one hour. After the incubation, three washes in 
1xPBS were performed and nuclei were counterstained with 
4',6-diamidyno-2-fenyloindol (DAPI, 2.5 g/ml in Vectash-
ield antifade buffer, Vector Laboratories, USA). The nega-
tive control was performed for each of the used modification 
by conducting the immunostaining procedure omitting the 
addition of the primary antibody. The antibodies used in the 
immunocytochemical analysis are listed in Table 1.

Fluorescence intensity measurements and statistical 
analysis

Images were obtained using Olympus FV1000 confo-
cal system (Olympus, Poland) equipped with an Olympus 
IX81 inverted microscope. Fluorescence of DAPI (excita-
tion 405 nm, emission 425–475 nm) and Alexa488 (exci-
tation 488 nm, emission 500–600 nm) was acquired from 
60 × Plan Apo oil-immersion objective lens (NA 1.35), a 
50 mW 405 nm diode laser and a 100 mW multi-line argon 

ion laser (Melles Griot BV, the Netherlands). Axial series 
of two-dimensional fluorescence images of the optical sec-
tions through the nuclei (z-stacks) was collected with the 
use of two separate photomultipliers (R6357, Hamamatsu, 
Japan) set to work in the integration mode at 4 µs pixel 
dwell time and 12-bit signal digitization (4096 intensity 
levels). Alexa488 and DAPI fluorescence intensity levels 
were measured in the ImageJ version 1.53 s software (Wayne 
Rasband, National Institutes of Health, USA). Images were 
converted to eight-bits and segmented with the threshold 
value parameter.

The fluorescence intensity of Alexa488 and DAPI was 
calculated as mean values from the Integrated Density 
(IntDen) parameter per one nucleus, which depicted the 
sum of all of the pixels within the region of interest. Results 
are presented in relative units. 500 nuclei were analysed for 
each callus type, four time points, for seven histone modi-
fications, DNA methylation and two controls (unmodified 
histone H3 and H4). Numerical data is included in Sup-
plementary Materials Fig. S1. Fluorescence data analysis 
and plotting was done using R, a software environment for 
statistical computing and graphics in R Studio 2022.12.0 
Build 353 (Script included in Supplementary Materials Fig. 
S3), an integrated development environment for R (Team 
RC 2022; Team 2022b). An ANOVA’s test with the R Stats 
package (Team 2022a) followed by Tukey’s HSD test at the 
significance level p ≤ 0.05. Standard errors were also calcu-
lated via the stats package. The package agricolae (Statisti-
cal Procedures for Agricultural Research) was used to find 
significant differences between means (Mendiburu 2021). 
Subsequently, data was plotted with packages dedicated to 
data visualization; ggplot2 (Wickham 2022) and ggpubr 
(Kassambara 2022). Letters on the graphs indicate statisti-
cally significant differences between samples.

Table 1   List of antibodies used 
in the immunostaining

Antibody Catalogue number Company

Anti-5-methylcytosine ab73938 Abcam, UK
Anti-dimethyl-Histone H3 (Lysine 4) 04–790 Sigma-Aldrich, USA
Anti-trimethyl-Histone H3 (Lysine 4) 04–745 Sigma-Aldrich, USA
Anti-trimethyl-Histone H3 (Lysine 36) abe305 Sigma-Aldrich, USA
Anti-acetyl-Histone H3 (Lysine 18) ab1191 Abcam, UK
Anti-acetyl-Histone H4 (Lysine 16) ab109463 Abcam, UK
Anti-acetyl-Histone H4 (Lysine 12) 04–119 Sigma-Aldrich, USA
Anti-acetyl-Histone H4 (Lysine 5) 04–118 Sigma-Aldrich, USA
Unmodified H3 ab18521 Abcam, UK
Unmodified H4 ab10158 Abcam, UK
Goat Anti-Mouse IgG ab150113 Abcam, UK
Goat Anti-Rabbit IgG ab150077 Abcam, UK
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Results and discussion

In general, callus tissue is of remarkable properties, it con-
tains cells of increased developmental potency and can be 
formed through a variety of initial pathways which include 
the same gene regulatory network responsible for stress, 
hormonal and developmental cues (Feher 2019; Hemen-
way and Gehring 2023). These processes have also been 
linked with the chromatin accessibility indicating they are 
closely intertwined (Bednarek and Orłowska 2019; Birn-
baum and Roudier 2017). F. tataricum MC characterises 
with a stable regeneration potential, the ability to undergo 
SE and organogenesis while maintaining low chromosome 
number (2n = 16) throughout approximately ten years 
of culture (Betekhtin et al. 2017; Kamalova et al. 2009; 
Rumyantseva et al. 1989). MC’s PECCs have a distinctive 
structure typical for embryogenic cultures, of the somatic 
embryos arrested at the pre-globular stage due to the pres-
ence of auxin in the culture media as demonstrated previ-
ously by Rumyantseva et al. (2003), Souter and Lindsey 
(2000). PECCs are known to be able to regenerate through 
organogenesis as well as SE, which makes it a perfect sys-
tem for studying its response to hormonal cues, whereas 
an abnormal line, NC appears on the surface of MC due 
to endoreduplication cycles and is subdued to constant 
oxidative stress (Betekhtin et al. 2017), making it suitable 
for research on epigenetic mechanisms involved in stress 
response pathways. Since they originate from the same 
species, but are so extraordinary different in structure and 
responses to tissue culture conditions, comparative analy-
ses can be performed to decipher the role of epigenetic 
mechanisms behind their development. Since, the closely 
related species F. esculentum produces an EC typical for 
that type of callus, able to regenerate through the means 
of SE, and is not as genetically stable as F. tataricum MC 
callus, it was significant to research the levels of the same 
epigenetic modifications to shed some light on similarities 
in mechanisms regulating responses to stress, hormonal 
and developmental signals.

Morphology and histology of Fagopyrum esculentum 
EC, Fagopyrum tataricum MC, NC

Calli were examined on days zero, two, six and eleven 
of the passage (Fig. 1). Images of the morphology were 
acquired with the Keyence VHX-970F digital microscope 
(Japan) equipped with an ultra-small high-performance 
zoom lens VH-Z20R/Z20T and wide-area illumination 
adapter OP-87298. It provided real-time depth compo-
sition of images with the 3D scanning technique. The 
microscope produced images of extraordinary clarity 

and texture, due to a high resolution dynamic range. In 
this experiment, day zero is the beginning of a new pas-
sage; a time point at which callus is transferred onto fresh 
RX medium. Most F. esculentum callus induction was 
obtained from hypocotyls, (Adachi et al. 1989; Hao et al. 
1998; Jin et al. 2002; Kwon et al. 2013; Yamane 1985), 
however this could result in low embryogenic potential 
and elevated chromosome number. Callus induced from 
immature zygotic embryos characterised by the pres-
ence of meristemoids, was able to produce high amounts 
of somatic embryos suggesting that the genotype is an 
important factor for SE (Berbec and Doroszewska 1999; 
Nesković et al. 1987). EC of F. esculentum has a dense, 
globular structure, milky glittering surface and is com-
prised of embryogenic masses (Fig. 1 a–d). Upon transfer 
to the fresh medium, the secretion is triggered which is 
marked with red arrows (Fig. 1 a,b). EC of F. esculentum 
(Fig. 2a) contains embryogenic cells (Fig. 2a, rectangle, a1 
arrowheads, a2 arrow, a3 arrow), which are poorly vacu-
olised, have dense cytoplasm and centrally located nucleus 
(Fig. 2, a3, arrow). They are surrounded by highly vacu-
olated parenchymatous cells (Fig. 2a, a1, a2 asterisks). 
Nucleus has a near-cell wall position. Phenolic containing 
(PC) cells that accumulate phenolics in their vacuoles are 
present (Fig. 2a, arrow). EC of F. esculentum also contains 
cells exhibiting epidermal phenotype (Fig. 2a, a2 open 
head arrows) which can form embryoids (Rumyantseva 
et al. 2005).

Upon transfer on fresh medium, in MC of F. tataricum 
PECC, which has a dense structure and light colour (Fig. 1e) 
is triggered to disintegrate, release secretion (Fig. 1 e, red 
arrows) giving rise to ‘soft’ callus cells (SCCs). This is evi-
dent on day two and day six (Fig. 1 f, g) where the number of 
SCCs rises and they become prominent brownish, with loose 
structure and more secretion (Fig. 1f, red arrows). SCCs may 
act as support tissue, providing nutrients such as proteins 
and sugars as well as other conditioning factors, which are 
secreted into the medium during the disintegration of the 
PECCs. SCCs do not divide but are metabolically active 
which postpones death through senescence (Betekhtin et al. 
2017). New PECC blowout (white asterisks) supported by 
SCCs (black asterisks) is noticeable on day 11 (Fig. 1h). 
Previous study conducted on F. tataricum revealed two 
cycles of PECCs reinitiation during the course of the pas-
sage (Betekhtin et al. 2019, 2017; Rumyantseva et al. 2004). 
First one occurs approximately on the eleventh day, and the 
second one around day twenty-second, both supported by 
the spikes of the mitotic activity and release of the extra-
cellular polymers into the culture medium (Rumyantseva 
et al. 2004). In this study one cycle was studied, since the 
events of the PECCs disintegration and reinitiation undergo 
the exact same processes after day eleven. PECC’s surface 
(Fig. 2b) is covered by the PC cells (Fig. 2b, rectangle, b1 
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arrows). Below the PC cell layer, lay poorly vacuolised mer-
istematic cells (Fig. 2b1, double arrows) with dense cyto-
plasm. Round nuclei and centrally located nucleolus—the 
source of embryogenically determined cells, from which 
embryoids and new PECCs can form. Parenchymatous, 
storage cells (Fig. 2b1, open arrows) containing large starch 
grains in their plastids and wall-adjacent large nucleolus are 
located below and constitute the largest part of the PECC. 
F. tataricum NC (Fig. 1i-l) has unorganised, frail structure, 

is characterised by very fast growth rate and is devoid of the 
ability for morphogenesis (Betekhtin et al. 2017). F. tatari-
cum NC (Fig. 2c) comprises exclusively of highly vacuolated 
parenchymatous cells with irregularly shaped wall-adjacent 
nucleus (Fig. 2c, arrows) that frequently contains multiple 
nucleoli (Betekhtin et al. 2017; Rumyantseva et al. 2003) 
(Fig. 2c, inset, open arrows) PCs are components of the 
antioxidant defence system in tissue cultures and take part 
in the regulation of morphogenesis processes (Debeaujon 
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Fig. 1   Morphology of F. esculentum EC a-d; embryogenic complex of F. tataricum MC e–h; red arrows indicate the secretion, black asterisks 
indicate soft callus, white asterisks newly formed PECCs; NC of F. tataricum (i-l) on day zero, two, six and eleven; Scale bars: 0,5 mm
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et al. 2003; Sakar and Naik 2000). It has been previously 
demonstrated that MC accumulates much more phenolic 
compounds than the NC (Akulov et al. 2018). Moreover, NC 
cells poorly synthesize chlorophyll as a result of anomalies 
in the plastid development and lack the capacity to perform 
photosynthesis. Transformation of MC to the NC seems to 
be a result of the mutational or epigenetic changes in the 
DNA and subsequent silencing of genes involved in the PC 
biosynthesis (Akulov et al. 2018).

Epigenetic modifications in Fagopyrum esculentum 
EC

The analysis of the level of epigenetic modifications in F. 
esculentum EC were preceded with the measurement of the 
unmodified histones H3 and H4 as controls where no signifi-
cant differences were displayed across the examined days of 

the passage (Fig. S2 a,b). Levels of DNA methylation across 
the examined days of the passage displayed significant dif-
ferences (Fig. 3a). The content of 5mC decreased from day 
zero to day two which subsequently increased on day six 
and eleven. A similar result was obtained for Beta vulgaris, 
where hypomethylation was observed during callus forma-
tion (Zakrzewski et al. 2017). Similarly, in Oryza sativa cal-
lus, DNA hypermethylation was associated with dedifferen-
tiated state (Stroud et al. 2013). In Triticosecale global DNA 
demethylation took place during tissue culture regeneration 
(Machczyńska et al. 2014). H3K36me3 levels (Fig. 3b) fluc-
tuated from high on days zero and six to low on days two 
and eleven, whereas H3K4me (Fig. 3c, d) PTMs showed 
the lowest levels on day six and eleven. The deposition of 
H3K4me3 and H3K36me3 results in an open chromatin and 
transcriptional activation. H3K4me3 is typically enriched at 
the transcription start site and is associated with its initiation 

Fig. 2   a Histological section of the EC of F. esculentum; area in 
rectangle indicates embryogenic cells; open arrows- cells exhibit-
ing epidermal phenotype; asterisks—parenchymatous cells; outlined 
areas—embryogenic masses; arrow—PCs; scale bar 100  µm (a1) 
magnification, arrowheads—embryogenic masses; asterisk- paren-
chymatous cells; scale bar 20 µm (a2) magnification, arrow – embry-
ogenic cells, open arrows—cells exhibiting epidermal phenotype; 

asterisk- parenchymatous cells; scale bar 20  µm (a3) magnification, 
arrow—embryogenic cells; scale bar 10  µm b Histological sec-
tion of the proembryogenic complex of F. tataricum MC; scale bar 
50 µm (b1) magnification of area marked on b, arrows—PC, double 
arrows—meristematic cells; open arrows—parenchymatous cells with 
starch grains; scale bar 20 µm c Histological section of F. tataricum 
NC; arrow—nucleus; inset: open arrows – nucleoli; scale bar 10 µm
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whereas deposition of H3K36me3 is more widespread and 
associated with transcriptional elongation (Roudier et al. 
2011). H3K4me and H3K36me3 are linked to a variety of 
developmental processes and responses to environmental 
cues (Roudier et al. 2011). In Arabidopsis, a mechanism 

responsible for gene priming involving LYSINE-SPECIFIC 
DEMETHYLASE 1-LIKE 3 (LDL3) eliminates H3K4me2 
during the callus formation and pluripotency acquisition 
(Ishihara et al. 2019). H3K4me3 increase was observed in 
Oryza sativa callus and was found to be mainly involved in 

Fig. 3   The levels of fluorescence intensity in DNA methylation and histone H3 methylation; in F. esculentum EC a-d and F. tataricum MC e–h 
and NC (i-l) across the passage. Letters indicate statistically significant differences between samples, P ≤ 0.05, n = 500
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DNA replication (Zhao et al. 2020) hence suggesting that 
dynamic cell differentiation in F. esculentum EC takes place 
during the first days of the passage. H3K18ac was on an 
overall high level and decreased with the passage progres-
sion (Fig. 4a), a pattern displayed also by the levels of the 

acetylation of H4K12 (Fig. 4b) correlating with the results 
obtained for histone H3K4me2 methylation. H3K18ac is 
also mainly found in regions adjacent to the transcription 
start site and correlated with transcription enhancers. Like-
wise is H4K12ac which is located on active coding genome 

Fig. 4   The levels of fluorescence intensity in histone H3 and H4 acetylation in F. esculentum EC a-d F. tataricum MC e–h and NC (i-l) callus; 
letters indicate statistically significant differences between samples, P ≤ 0.05, n = 500
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regions where it creates binding sites for regulatory factors 
and promotes transcription (Ayyappan et al. 2015; Inacio 
et al. 2018). In Brassica napus high levels of H3Ac and 
H4Ac were detected in the vacuolated microspore, which 
is a totipotent cell capable of reprogramming and re-entry 
into the cell cycle upon induction (Rodriguez-Sanz et al. 
2014). H4K16ac (Fig. 4c) levels were the lowest on day zero 
and kept increasing with the passage progression. H4K5ac 
(Fig. 4d) presented a reverse pattern, decreasing across the 
passage, with the exception of an increase on day eleven. 
Both modifications are associated with active transcription 
suggesting that on day eleven gene transcription might occur 
in higher frequency and might be related with the acquisi-
tion of the embryogenic potential (Moronczyk et al. 2022). 
It has been previously reported that an increase in histone 
H4 acetylation was associated with the progression through 
the S-phase of the cell cycle (Desvoyes et al. 2014). In Vicia 
faba, Hordeum vulgare and Arabidopsis the intensity of his-
tone H4 acetylation at lysine 5 and 12 was correlated with 
the cell cycle and evident ‘deposition-related’ acetylation at 
eu- and heterochromatin during DNA replication and subse-
quent deacetylation at heterochromatin towards mitosis. On 
the contrary, significant acetylation of H4K16ac within the 
chromocenters of endopolyploidy nuclei suggested delayed 
deacetylation after the endoreduplication (Jasencakova et al. 
2001, 2000, 2003).

Epigenetic modifications in F. tataricum NC and MC

Unmodified histone H3 and H4 levels in F. tataricum NC 
and MC were measured and showed no substantial differ-
ences across the examined days of the passage (Fig. S2 c-f). 
Immunocytochemical analyses revealed dynamic epige-
netic changes in F. tataricum calli with different morpho-
genic potential. Differences in calli structure on the cellular 
level development might be a contributor to such immense 
changes in epigenetic modifications. NC is characterised by 
aneuploidy (Betekhtin et al. 2017; Kamalova et al. 2009). 
Increased cell ploidy has been related to an extended depth 
of the nuclear lobes as well as the nucleus area. The occur-
rence of high-level polyploid cells seemingly justifies the 
presence of lobed nuclei in the NC cells (Betekhtin et al. 
2017). NC exhibited relatively stable but high level of DNA 
methylation (Fig. 3i), and histone H3K18, H4K12 acetyla-
tion (Fig. 4i, j) probably due to the rapid growth rate and 
high content of hydrogen peroxide, malonic dialdehyde, 
low catalyse activity and high superoxide dismutase activ-
ity indicating that NC is in a constant state of oxidative stress 
(Kamalova et al. 2009). Additionally, NC has a high level of 
DNA damage across the passage, which is a normal physi-
ological state for the NC and its cells appear to be adapted 
to it (Betekhtin et al. 2017). This can be correlated with the 
high levels of DNA methylation (Fig. 3i) and significantly 

reduced and unstable levels of the acetylation of H4K16 and 
H4K5 (Fig. 4k, l) during the course of the passage.

The most noticeable and prominent pattern of the epi-
genetic modifications across the course of the passage in F. 
tataricum MC was DNA methylation (Fig. 3e). On day zero 
and eleven the levels of 5mC were significantly decreased 
when compared to day two and six. This might be due to the 
fact that PECCs on day zero have the highest morphogenic 
capacity, and upon disintegration and the loss of the capac-
ity the 5mC content rises. Subsequent reinitiating of PECCs 
on day eleven results in regaining the morphogenic capacity 
and a decrease in the DNA methylation level. The levels 
of 5mC in NC (Fig. 3i), on the other hand were on a much 
higher level when compared to MC, however except for day 
six stayed on a stable level across the course of the passage. 
Betekhtin et al. (2019) examined the expression of DNA 
methyltransferases in F. tataricum calli and demonstrated 
significantly higher expression of MET1 and MET2 in the 
NC, while demethylases (DME1, DME2, DME3) expres-
sion was on the higher level in MC. Similar results were 
obtained for Siberian ginseng where significantly lower 
global DNA methylation rates in embryogenic calli were 
present in contrast to non-embryogenic calli (Chakrabarty 
et al. 2003). Additionally, in Agave furcroydes, hypermeth-
ylation on high but stable level was present throughout the 
culture in non-embryogenic callus and in the embryogenic 
clone the hypomethylation was observed in the beginning 
and towards the end of the passage (Monja-Mio et al. 2018), 
which correlates with the results obtained for MC of F. 
tataricum. H3K36me3 (Fig. 3f, j) was on the stable level 
with no vast fluctuations throughout the days of the passage 
in MC and in NC. H3K4me marks (Fig. 3g, h) were present 
in decreased levels on days zero and two in MC, similarly 
to Coffea canephora global levels of H3K4me which were 
decreased at the beginning of SE induction (Nic-Can et al. 
2013). As mentioned earlier, elimination of H3K4me2 was 
observed in Arabidopsis during the pluripotency acquisition 
(Ishihara et al. 2019), therefore the differentiation/dediffer-
entiation switch might be initiated during the first days of 
the culture in MC. In NC, the level of H3K4me2 (Fig. 3k) 
was on the stable high level throughout the culture, whereas 
in H3K4me3 (Fig. 3l) it was decreased on days zero and 
two, comparable to MC. H3K18ac levels in MC and NC 
(Fig. 4e, i) were on an overall high level. However, an inter-
esting pattern was prevalent in NC, where the lowest level 
presented on day zero and eleven, elevating on day two and 
six. H4K12ac is the mark associated with euchromatin and 
active transcription and in MC and NC (Fig. 4f, j) the pattern 
is opposing, namely in MC the H4K12ac level was the high-
est on day zero and eleven, whereas in NC those days levels 
were the lowest. This might be due to active gene expression 
correlated with PECCs reinitiating in the MC. An increase in 
the acetylation of histone H4 and acetylation of H3K18 has 
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been associated with the progression through the S-phase of 
the cell cycle (Jasencakova et al. 2001, 2003). Therefore, the 
elevated levels of H4K12ac (Fig. 4j) in NC on days two and 
six as well as H4K5ac (Fig. 4l) on day zero and H4K16ac 
(Fig. 4k) on day six might be a result of the endoreplica-
tion (Betekhtin et al. 2017). The levels of H4K16ac in MC 
(Fig. 4g) presented a pattern of lower levels on day zero and 
eleven and elevated levels on day two and six, which seem 
to correlate with intense cell division and an increase in the 
mitotic activity (Rumyantseva et al. 2003). H4K5ac in MC 
(Fig. 4h) presented a gradual increase from day zero to day 
eleven, while in NC the significant reduction of this modi-
fication was observed on day zero two and eleven. Elevated 
level of this modification on day six may suggest that upon 
this day the transcription is activated and rapid transcription 
takes place. Betekhtin et al. (2019) examined the expres-
sion of genes connected with ethylene biosynthesis, a factor 
with a significant role in the senescence processes, 1-AMI-
NOCYCLOPROPANE-1-CARBOXYLIC SYNTHASE (ACS2 
and ACS6), 1-AMINOCYCLOPROPANE-1-CARBOXYLIC 
ACID OXIDASE(ACO1) and ETHYLENE RESPONSE FAC-
TOR (ERF), in MC and NC. Their research showed that, 
ACS2 and ACS6 expression was higher in the NC, which led 
to the conclusion that such vast differences in the expres-
sion of these genes can result in the ethylene overproduc-
tion and the induction of fast senescence processes in the 
NC. Additionally, an increased expression of the ERF1 in 
NC in comparison to MC seem to be related to the high 
levels of oxidative stress present throughout the culture. It 
was demonstrated, that ERF1 is upregulated in the response 
to abiotic stress triggers such as salt and cold treatments or 
water deficit (Lestari et al. 2018; Makhloufi et al. 2014).

Conclusions

This study investigated the influence of the epigenetic modi-
fications on the cell fate transition in long-term cultivated 
in vitro Fagopyrum callus lines with different capacity for 
morphogenesis. It was exhibited that; decreased level of 
H3K4me2 seems to be connected with pluripotency acqui-
sition in F. esculentum EC and F. tataricum MC; DNA hypo-
methylation appears to be correlated with the acquisition of 
the embryogenic potential and PECC reinitiation in F. tatari-
cum MC; out of all examined PTMs, H4K16ac and H4K5ac 
revealed the highest variability during the course of passage 
in NC. Elevated levels of these modifications on day zero 
and day six for H4K16ac and H4K5ac respectively, seem 
to be correlated with endoreplication peaks, the processes 
which are distinctive for this callus. To sum up, while F. 
esculentum EC displays the characteristics typical to irreg-
ular, disorganised callus tissue, F. tataricum MC behaves 
in a completely different way. The cyclical development, 

disintegration and reinitiation of PECCs allowed to examine 
epigenetic changes and associate them with these processes. 
Comprehending how the chromatin reprogramming under-
lies the changes in the cell fate can provide a way for future 
manipulation towards the crop improvement, since once 
established during the callus formation, those modifications 
can be inherited through the epigenetic allele’s transmission 
and become strategies for the crop manipulation in the future 
(Hemenway and Gehring 2023; Lee and Seo 2018). In the 
future study, annotation of the genes involved in the process 
of dedifferentiation/re-differentiation switch, their expres-
sion and their epigenetic status in connection of the PTMs 
should be considered.
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8.1.3 Zbadanie korelacji między poziomem modyfikacji epigenetycznych w 

genach kodujących białka i polisacharydy ściany komórkowej, a procesami 

odróżnicowania i różnicowania w kalusach F. tataricum o różnej zdolności 

do regeneracji 
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W przedstawionej pracy przeprowadzono analizę sekwencjonowania ChIP (ChIP-seq, z ang. 

chromatin immunoprecipitation-sequencing), która pozwoliła na stworzenie profilu 

trimetylacji histonu H3 na lizynie 4 (H3K4me3) w genomie F. tataricum i na porównanie 

genomowej zawartości tej modyfikacji pomiędzy MK i NK. Modyfikacja H3K4me3 jest 

związana z euchromatyną i ekspresją genów, wyselekcjonowana została na podstawie 

przeprowadzonych wcześniej analiz immunocytochemicznych (wyłoniły one różnice w 

globalnej zawartości tego markera pomiędzy dniem drugim i szóstym pasażu). Warto 

podkreślić, że na drugi dzień pasażu następuje dezintegracja PEKK, natomiast około dnia 

szóstego inicjowane są procesy związane z powstawaniem nowych PEKK. Wykorzystano 

również metodę immunoprecypitacji chromatyny tkanki nieutrwalonej (natywnej) (ChIP-

qPCR, z ang. ChIP- quantitative polymerase chain reaction) do analizy zmian w poziomie 

H3K4me3 w genach kodujących białka i polisacharydy ściany komórkowej 

(METYLOESTERAZA PEKTYNOWA (PME), INHIBITOR METYLOESTERAZY 

PEKTYNOWEJ (PMEI), PEROKSYDAZA (PX), EKSTENSYNY (EXT1, EXT2) i 

POLIGALAKTURONAZY (PG1, PG2) w MK oraz NK. Badania zostały uzupełnione analizą 

immunohistochemiczną pozwalającą na lokalizację epitopów białek oraz polisacharydów 

ściany komórkowej. 

Analizy ChIP-seq zostały wykonane przez firmę Diagenode s. a. (Belgia). Tkanki MK i 

NK utrwalono w paraformaldehydzie zgodnie z instrukcjami firmy, w której następnie 
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przeprowadzono reakcję immunoprecypitacji tkanki usieciowanej (z ang. crosslinked 

chromatin immunoprecipitation, X-ChIP). Kolejno, tkanki po immunoprecypitacji poddano 

sekwencjonowaniu i użyto do przeprowadzenia analiz bioinformatycznych w celu porównania 

globalnego poziomu H3K4me3 w MK i NK. Odczyty sekwencjonowania zostały zmapowane 

na genom F. tataricum, co pozwoliło na uzyskanie tzw. ‘tagów’. Dystrybucja sygnału 

H3K4me3 w genomie F. tataricum wykazała, że 25,06% zmapowanych tagów występuje w 

regionie sekwencji kodujących, 46,54% jest zlokalizowanych w regionach międzygenowych, 

12,10% występuje w regionie intronów, 10,03% w miejscach startu transkrypcji (z ang. 

transcription start site; TSS), a 6,27% w regionach końca transkrypcji (z ang. transcription 

termination site; TTS). Obecność H3K4me3 jest wyraźnie zaznaczona w TSS, natomiast brak 

jej w elementach powtarzalnych, takich jak transpozony. Analiza statystyczna porównująca 

interakcje białko histonowe - DNA (z ang. differential binding analysis) w intensywności 

zmapowanych tagów H3K4me3 między MK i NK wyłoniła 7372 lokalizacje, w których poziom 

H3K4me3 był statystycznie różny, czyli taki którego wysokość istotnie różni się od sygnału w 

rozkładzie tła. Spośród tych lokalizacji, 4289 wykazywało różnicę minimum 1,5 razy w 

intensywności sygnału H3K4me3 pomiędzy MK i NK. Rozkład genomowy tych 4289 

regionów wykazał, że większość z nich związana jest z eksonami i regionami 

międzygenowymi. Regiony promotorowe i TSS stanowią tylko 10,03% tych regionów. Na 

podstawie rozkładu intensywności tagów H3K4me3 w TSS założono, że różnicowo 

wzbogacone regiony sklasyfikowane jako promotor (TSS) i pierwszy ekson odgrywają 

najważniejszą rolę w regulacji ekspresji genów. Z tego powodu przeanalizowano geny, których 

TSS był w bliskiej odległości (mniej niż 1 kb) od różnicowo wzbogaconych regionów. 

Uzyskano 1709 genów, spośród których w 1057 genach H3K4me3 była wyższa w MK, a w 

652 genach wyższy poziom tej modyfikacji przeważał w NK. Wśród tych genów, skupiono się 

na tych związanych ze ścianą komórkową.  

Do analiz ChIP-qPCR oraz RT-qPCR wyselekcjonowano następuje geny: PMEI, PME, 

PX, EXT1 i EXT2 oraz PG1 i PG2. Celem badań była analiza poziomu ekspresji genów i 

poziomu H3K4me3 w dwóch punktach czasowych hodowli, tj. w dniu drugim i szóstym. Z 

genów, które były wzbogacone w H3K4me3 w NK w dniu jedenastym, zbadano PMEI, PME i 

PX. PMEI wykazał znaczny poziom tego markera w NK już w dniu drugim. Pomimo, że 

H3K4me3 była związana z wyższą aktywnością transkrypcyjną, wykazano statystycznie niższe 

poziomy ekspresji w NK zarówno w dniu drugim, jak i szóstym. Gen PME nie był wzbogacony 

w H3K4me3 w NK oraz MK w dniu drugim oraz szóstym, co sugeruje. Poziomy ekspresji PME 

były poniżej granic wykrywalności w RT-qPCR, co korelowało z niskim poziomem H3K4me3. 
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W przypadku PX poziomy H3K4me3 były istotnie wyższe tylko w NK w dniu szóstym. W tym 

przypadku, poziom ekspresji PX w NK w dniu szóstym wzrósł znacząco, osiągając poziom 39,4 

razy wyższy niż w NK w dniu drugim, co korelowało z wyższym poziomem H3K4me3. Z 

genów, które wykazały wyższe poziomy H3K4me3 w MK niż w NK, analizowano EXT1, 

EXT2, PG1 i PG2. Dla EXT1 i EXT2 nie zaobserwowano istotnych różnic w poziomach 

H3K4me3 w dniu drugim, natomiast znaczący wzrost zaobserwowano w dniu szóstym. Dla 

EXT1, ekspresja genu pozostała stabilna w obu punktach czasowych i w obu typach kalusa, 

podczas gdy EXT2 wykazał wyższą ekspresję w NK w porównaniu do MK w dniu drugim, ale 

niższą ekspresję w NK w dniu szóstym (spadek o 41,7 razy w porównaniu do MK w dniu 

drugim). Podobnie jak w przypadku PMEI, ekspresja EXT2 nie korelowała z poziomami 

H3K4me3. Poziom H3K4me3 w PG1 i PG2 w badanych dniach nie wykazał statystycznie 

istotnych różnic. Ekspresja PG1 była istotnie wyższa w MK niż w NK w obu punktach 

czasowych hodowli. Podobnie jak w przypadku PG1, w PG2 ekspresja w MK była wyższa niż 

w NK, ale miało to miejsce tylko w dniu drugim. Nagromadzenie H3K4me3 obserwowane w 

PG1 i PG2 w MK, mimo że nie było statystycznie istotne, wskazuje na potencjalną rolę tej 

modyfikacji w utrzymaniu wyższej ekspresji genów.  

Badania immunohistochemiczne ściany komórkowej w MK i NK F. tataricum 

przeprowadzono z wykorzystaniem wybranych przeciwciał skierowanych przeciwko epitopom 

pektyn (LM5, LM6, LM19 i LM20) oraz ekstensyn (JIM20). Podobnie jak w przypadku analizy 

ChIP-qPCR oraz RT-qPCR, do badań wykorzystano kalus z drugiego i szóstego dnia pasażu. 

Wyniki pokazały zróżnicowanie występowania badanych epitopów zarówno między MK i NK, 

jak i między dniami pasażu. Epitop rozpoznawany przez przeciwciało LM5 był obecny w MK 

i NK jedynie w ścianie komórkowej, niezależnie od badanego dnia. Epitop rozpoznawany przez 

przeciwciało LM6 nie występował w NK, natomiast w MK był obserwowany od szóstego dnia 

pasażu i występował punktowo w kompartymentach cytoplazmatycznych. W przypadku 

epitopu rozpoznawanego przez przeciwciało LM19 nie zaobserwowano różnic w jego 

występowaniu między MK i NK. LM19 był obserwowany w obu badanych dniach pasażu i był 

zlokalizowany w ścianie komórkowej, kompartymentach cytoplazmatycznych, oraz na 

powierzchni komórek kalusa. Przeciwciało LM20 było wykryte zarówno w MK i NK bez 

względu na badany dzień. Epitop ten był zlokalizowany w ścianie komórkowej oraz na 

powierzchni komórek peryferycznych w obu kalusach, natomiast w NK dodatkowo był 

wykrywany w kompartymentach cytoplazmatycznych. Epitop JIM20 był obserwowany jedynie 

w MK w szóstym dniu pasażu w kompartymentach cytoplazmatycznych. 
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Podsumowując, przeprowadzone badania dostarczyły nowych informacji na temat 

epigenetycznej regulacji rozwoju kalusa F. tataricum. Podkreślono kluczową rolę modyfikacji 

H3K4me3 podczas aktywacji genów zaangażowanych w biosyntezę i modyfikację składników 

ściany komórkowej, niezbędnych dla morfogenezy i regeneracji tkanek roślinnych. Trzeba 

podkreślić, ze jest to pierwsza praca wykorzystująca technikę ChIP-qPCR na tkankach gatunku 

Fagopyrum. 
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Supplementary Figure 1 Morfologia kalusa F. tataricum. (A) kalus morfogenny (MK); miękki 

kalus (czarne gwiazdki), nowo powstałe kompleksy proembriogenne (białe gwiazdki); (B) 

kalus niemorfogenny (NK). Skala: 0,5 cm 

 

Supplementary Figure 2 Graficzne przedstawienie schematu eksperymentu 

immunoprecypitacji chromatyny natywnej  

 

Supplementary Figure 3 Wzbogacenie markera H3K4me3 w regionach kontroli negatywnej. 

(A) graficzne przedstawienie poziomu H3K4me3 w regionach kontroli negatywnej: PME 

upstream (Figure 4) oraz S-ELF3. Wzbogacenie powtórzeń biologicznych przedstawione w tej 

samej skali dla każdego genu. Regiony starterów dla ChIP-qPCR zaznaczone poniżej na 

czerwono. (B) Wyniki ChIP-qPCR dla wzbogacenia regionów negatywnych w okolicy genu S-

ELF3 markerem H3K4me3. Wykresy pudełkowe przedstawiają rozkład znormalizowanych 

wyników z-score H3K4me3%Input dla MK i NK w różnych punktach czasowych (dzień drugi 

i dzień szósty).   

 

Supplementary Figure 4 Immunolokalizacja LM5 w MK i NK F. tataricum w dynamice 

pasażu, tj. dzień drugi i dzień szósty. FB – fluorescent brightener. Skala: 10 μm. 

 

Supplementary Figure 5 Immunolokalizacja LM6 w MK i NK F. tataricum w dynamice 

pasażu, tj. dzień drugi i dzień szósty. białe strzałki – sygnał w wewnętrznych przedziałach 

komórkowych. FB – fluorescent brightener. Skala: 10 μm. 

 

Supplementary Figure 6 Immunolokalizacja LM19 w MK i NK F. tataricum w dynamice 

pasażu, tj. dzień drugi i dzień szósty; sygnał na powierzchni kalusa: d2 i d2’ – wstawka; d3 i 

d3’ – wstawka. FB – fluorescent brightener. Skala: 10 μm. 
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Supplementary Figure 7 Immunolokalizacja LM20 w MK i NK F. tataricum w dynamice 

pasażu, tj. dzień drugi i dzień szósty; sygnał na powierzchni kalusa: d2 i d2’ – wstawka; d3 i 

d3’ – wstawka. FB – fluorescent brightener. Skala: 10 μm. 

 

Supplementary Figure 8 Immunolokalizacja JIM20 w MK i NK F. tataricum w dynamice 

pasażu, tj. dzień drugi i dzień szósty. FB – fluorescent brightener. Skala: 10 μm  

 

Supplementary Figure 9 Licencja publikacji BioRender.com dla Supplementary Figure 1; 

Graficznego przedstawienia schematu eksperymentu immunoprecypitacji chromatyny 

natywnej. 

 

69:2885863327



H3K4me3 changes occur in
cell wall genes during the
development of Fagopyrum
tataricum morphogenic and
non-morphogenic calli
Alicja Tomasiak1, Artur Piński 1, Anna Milewska-Hendel1,
Ignasi Andreu Godall2, Natalia Borowska-Żuchowska1,
Joanna Morończyk1, Jordi Moreno-Romero3*

and Alexander Betekhtin1*

1Institute of Biology, Biotechnology and Environmental Protection, Faculty of Natural Sciences,
University of Silesia in Katowice, Katowice, Poland, 2Centre for Research in Agricultural Genomics
(CRAG), CSIC-IRTA-UAB-UB, Barcelona, Spain, 3Departament de Bioquímica i Biologia Molecular,
Universitat Autònoma de Barcelona, Cerdanyola del Vallès, Barcelona, Spain

Epigenetic changes accompany the dynamic changes in the cell wall composition

during the development of callus cells. H3K4me3 is responsible for active gene

expression and reaction to environmental cues. Chromatin immunoprecipitation

(ChIP) is a powerful technique for studying the interplay between epigenetic

modifications and the DNA regions of interest. In combination with sequencing,

it can provide the genome-wide enrichment of the specific epigenetic mark,

providing vital information on its involvement in the plethora of cellular processes.

Here, we describe the genome-wide distribution of H3K4me3 inmorphogenic and

non-morphogenic callus of Fagopyrum tataricum. Levels of H3K4me3were higher

around the transcription start site, in agreement with the role of this mark in

transcriptional activation. The global levels of methylation were higher in the non-

morphogenic callus, which indicated increased gene activation compared to the

morphogenic callus. We also employed ChIP to analyse the changes in the

enrichment of this epigenetic mark on the cell wall-related genes in both calli

types during the course of the passage. Enrichment of H3K4me3 on cell wall genes

was specific for callus type, suggesting that the role of this mark in cell-wall

remodelling is complex and involved inmany processes related to dedifferentiation

and redifferentiation. This intricacy of the cell wall composition was supported by

the immunohistochemical analysis of the cell wall epitopes’ distribution of pectins

and extensins. Together, these data give a novel insight into the involvement of

H3K4me3 in the regeneration processes in F. tataricum in vitro callus tissue culture.

KEYWORDS

callus, cell wall, ChIP-sequencing, Fagopyrum tataricum, histone modification,
morphogenic, native chromatin immunoprecipitation, non-morphogenic
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1 Introduction

Plant tissue culture demonstrates remarkable capacity for

cellular dedifferentiation and subsequent regeneration (Lee and

Seo, 2018). Callus is a highly proliferative cell mass that is often

considered dedifferentiated. Its growth and development under in

vitro conditions depend on the activity of meristematic cells, which

are capable of undergoing dedifferentiation and redifferentiation

under specific conditions (Feher, 2019; Long et al., 2022). Callus

tissue undergoes genomic reprogramming during its development,

transitioning to a state allowing for the embryogenic cell formation

and pluripotency (Ikeuchi et al., 2013). Consequently, the callus can

exhibit the ability for direct organogenesis and embryogenesis. For

those reasons, callus tissue grown in vitro offers a valuable model for

exploring plant meristematic differentiation due to its sustained cell

division, expansion and growth capacity (Feher, 2019). Cell fate

transitions are governed by alterations of epigenetic patterns

(Birnbaum and Roudier, 2017; Lee and Seo, 2018; Feher, 2019).

Among other mechanisms, histone post-translational modifications

are pivotal in governing gene transcription throughout the phases of

cell growth and development, as well as in orchestrating the cell’s

reaction to both external and internal stimuli (Desvoyes et al., 2014;

Birnbaum and Roudier, 2017; Bednarek and Orłowska, 2019). The

trimethylation of histone H3 at lysine 4 (H3K4me3) mark in plants

regulates gene expression and transcriptional memory, influences

numerous developmental processes as well as stress responses

(Foroozani et al., 2021). Multiple Arabidopsis mutants exhibit a

locus-specific absence of H3K4me3, which manifests diverse

developmental irregularities. These observations indicated that

H3K4me3 likely plays crucial roles in upholding the typical

expression of numerous genes (Guo et al., 2010). Accordingly, it

has been shown an enrichment of H3K4me3 on multiple genes

during the Arabidopsis leaf-to-callus transition (Hong et al., 2024).

Previous research conducted by our group revealed that the levels of

H3K4me3 mark in the morphogenic callus of F. tataricum

increased with the acquisition of the regeneration potential

(Tomasiak et al., 2023).

Among different changes, cellular reprogramming processes

involve reorganising the cell wall components and specific gene

expression (El-Tantawy et al., 2013; Su and Higashiyama, 2018).

The primary cell wall is a highly dynamic structure and plays a crucial

role in the life cycle of a plant (Sala et al., 2019; Leszczuk et al., 2023).

It provides mechanical support to cells, participates in their growth

and differentiation, and controls morphogenesis and the whole

plant’s architecture (Jamet et al., 2006; Corral-Martinez et al.,

2016). The primary cell wall is structurally heterogeneous. The

main components are pectins and glycoproteins such as

hydroxyproline-rich glycoproteins (HRGPs) that include

arabinogalactan proteins (AGPs) and extensins (Keller, 1993). By

influencing the physical properties of the cell wall, they contribute to

processes such as cell adhesion, expansion, intercellular

communication and regulatory functions (Smertenko and Bozhkov,

2014). Extensins are one of the most crucial wall glycoproteins, which

significantly impact growth processes and are essential for primary

cell wall structure and plant development. They form networks that

influence the extensibility of the cell wall, and their increased content

in the cell wall causes the termination of cell growth (Sala et al., 2019).

Our previous research demonstrated the presence of extensins on the

surface of morphogenic and non-morphogenic calli of F. tataricum,

suggesting that they are crucial for cell proliferation, differentiation,

cell extension (Betekhtin et al., 2019). Diverse groups of enzymes are

also involved in the cell wall reorganisation and metabolism. Pectin

methyl esterase inhibitors (PMEIs) are proteins that inhibit pectin

methylesterase (PME) enzymes. By inhibiting their activity, PMEI

maintains pectin in a more methylated state, affecting the rigidity and

porosity of the cell wall (Wormit and Usadel, 2018). Moreover, PMEs

may affect the pH and consequently activate other cell wall degrading

enzymes, thereby facilitating cell expansion, growth, and separation

(Betekhtin et al., 2018). Overexpression of PMEI led to the

development of callus-like structures without the addition of

exogenous auxin, indicating that this cluster participates in cell

reprogramming during callus formation (Xu et al., 2018).

Polygalacturonases play a vital role in pectin degradation, essential

for cell wall loosening and remodelling during growth and

development (Shin et al., 2021). Studies on poplar established that

overexpression of genes associated with cell wall degradation and

loosening was upregulated during callus formation, which led to

reduced pectin content. Researchers concluded that cell wall

degradation and biosynthesis were required for cell fate transition

(Cao et al., 2021; Zhang et al., 2024). Peroxidases take part in the

formation and cross-linking of lignin and other components of the

cell wall, providing structural support and rigidity. They regulate cell

elongation, differentiation, and development (Nicolas et al., 2003). A

study on Linum usitatissimum showed that fluctuations in peroxidase

levels accompany shoot formation in callus. An increase in

peroxidase activity was noticed during the induction of shoots

callus, indicating a role for peroxidases in differentiation processes

(McDougall et al., 1992). Altogether, substantial evidence was

demonstrated that the dynamic changes in the cell wall

composition occur during dedifferentiation and redifferentiation.

In this work, we aimed to link the changes of histone

modifications in callus with cell wall related genes. To address

that, we used chromatin immunoprecipitation (ChIP), a powerful

technique to study the interactions of nuclear proteins with DNA

(Gade and Kalvakolanu, 2012). The interplay of proteins and DNA

is fundamental to numerous cellular processes, including DNA

replication, repair, genomic stability maintenance, mitotic

chromosome segregation, and gene expression regulation (Collas,

2010). ChIP-sequencing (ChIP-seq) is employed to identify the

presence of chromatin-related proteins (e.g. histone modifications,

transcription factors) along the genome (Nakato and Sakata, 2021).

Here, we used the ChIP-seq for two types of F. tataricum calli,

morphogenic (MC) and non-morphogenic (NC) to assess the

enrichment of H3K4me3 genome-wide, as well as study specific

loci of the genes coding for the cell wall proteins, to follow the

dynamics of this histone mark in both calli during the transition

from non-embryogenic to an embryogenic state. We also performed

the immunohistochemical staining to compare the chemistry of cell

wall components between calli developmental stages. Contrasting

the epigenetic profiles of callus with different capacity for

morphogenesis unveils shifts in chromatin state and the impact of

diverse epigenetic changes on growth and development. This
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comparison enables the identification of pivotal cell wall genes

associated with plant growth and development, offering fresh

perspectives on how these processes are regulated.

2 Materials and methods

2.1 Plant material

The seeds of F. tataricum, sample k-17 were acquired from the

collection of the N.I. Vavilov Institute of Plant Genetic Resources,

Saint Petersburg, Russia. F. tataricum MC was induced from

immature zygotic embryos (Supplementary Figure S1A). NC of F.

tataricum appears on the surface of MC after approximately two

years of culture (Supplementary Figure S1B) (Betekhtin et al., 2017).

Calli were cultivated in the dark in an incubator at 25°C ± 1 on an RX

medium. It composed of Gamborg B5, including vitamins (Duchefa,

Netherlands) (Gamborg et al., 1968), 2 g L−1 N-Z amine A (Sigma-

Aldrich, USA), 2 mg L−1 2,4-dichlorophenoxyacetic acid (2,4-D,

Sigma-Aldrich, USA), 0.2 mg L−1 kinetin (KIN, Sigma-Aldrich,

USA), 0.5 mg L−1 3-indoleacetic acid (IAA, Sigma-Aldrich, USA),

0.5 mg L−1 1-naphthaleneacetic acid (NAA, Sigma-Aldrich, USA),

25 g L−1 sucrose (Chempur, Poland) and 7 g L−1 phyto agar (Duchefa,

Netherlands). MC and NC were subcultured every four and two

weeks, respectively.

2.2 Cross-linked chromatin
immunoprecipitation and
bioinformatic analysis

2.2.1 Tissue preparation
MC and NC were harvested on eleventh day of cultivation and

fixed according to the Diagenode s. a. (Belgium) company

guidelines. Briefly, the tissues were rinsed in ddH2O, dried with

paper towels, and placed in a crosslinking bag, which was then put

in a 50 ml falcon tube with the crosslinking buffer (1 x phosphate

buffered saline (PBS), 1% paraformaldehyde, ddH2O). Crosslinking

took place in a vacuum desiccator (~ - 950 Millibars) for 15

minutes. 2,5 ml of the solution was replaced by 2,5ml of 1.25 M

glycine in ddH2O, and placed in the vacuum for additional five

minutes. Crosslinking solution was removed, and samples were

washed three times in ddH2O. Tissues were removed from the bags,

dried with paper towels and placed into new 50 ml falcon tubes.

Tubes were snap-frozen and stored in -80°C till further processing.

Chromatin immunoprecipitation was conducted by Diagenode

ChIP-seq Profiling service (Diagenode Cat# G02010000)

according to the company’s guidelines using the antibody directed

against H3K4me3 (Diagenode, Belgium, cat. No. C15410003).

2.2.2 Alignment and peak calling
Data Analysis was performed by Diagenode Bioinformatics

service (Diagenode Cat# G02010107). Sequencing was performed

in paired-end 50 bp on an Illumina Novaseq, running Novaseq

Control Software 1.7.0. Quality control of sequencing reads was

assessed using FastQC v0.11.9 (Andrews, 2010). Trimming of the

adaptors was done with cutadapt v3.5 (Krueger, 2024). Trimmed

reads were aligned to the reference genome (Fagopyrum_tataricum)

obtained from https://www.mbkbase.org/Pinku1/ (Zhang et al.,

2017) using BWA software v.0.7.5a (Li and Durbin, 2009). PCR

duplicates and multimapping reads were removed using samtools

v1.15 (Li et al., 2009). Alignment statistics are collected in the

Supplementary Table S1. Alignment coordinates were converted to

BED format using BEDTools v.2.17 (Quinlan and Hall, 2010) and

BED files were visualized by using the Integrated Genomic Viewer

v2.17.4 (Robinson et al., 2011). Peak calling that corresponds to

H3K4me3 enriched regions was performed using epic2 v0.0.52

(Stovner and Saetrom, 2019) with optimized peak calling

parameters for histone modifications (undisclosed). General peak

calling statistics are compiled in the Supplementary Table S2. The

BED files were processed with deeptools2 v3.5.4 (Ramirez et al.,

2016) to generate BigWig files of several bin size (10bp for

Figures 1A, B, 50kb for Figure 1C). ThenkaryoploteR v.1.30.0

(Gel and Serra, 2017) was used to plot the density of H3K4me3

along genes and TE and across the chromosomes.

2.2.3 Differential enrichment analysis
The differential enrichment quantitative analysis was performed

with the R/Bioconductor package DiffBind (Stark and Brown, 2011;

Ross-Innes et al., 2012). Difference in read concentration between

MC and NC H3K4me3 peaks was estimated by comparing read

densities computed over consensus peaks (peaks present in both

replicates) (Figures 2A, B). The list of differentially enriched peaks

between the two comparative groups is included in the

Supplementary Table S3. Identified peaks were represented by

Volcano plots in order to visualise which data points are

differentially enriched (Figure 2C). Gene ontology analysis was

performed by annotation of the genes with InterProScan 5.69-101.0

(Jones et al., 2014) and GO Enrichment implemented in Galaxy

Australia version 21.09 (Figures 3A, B; Community, 2024).

2.3 Native chromatin immunoprecipitation

Chromatin immunoprecipitation experiments were carried out

in four biological replicates, MC and NC samples were

independently harvested on days two and six. A graphical

depiction of the experiment was created with BioRender.com and

is included in Supplementary Figure S2 (the confirmation of

publication and licensing rights is included as the Supplementary

Figure S9). The protocol employed in our experiment was according

to Trejo-Arellano et al. (2017) with minor modifications. For this

procedure one gram of callus tissue was ground with liquid nitrogen

using a pestle and mortar. Trejo-Arellano et al. (2017) used 400 mg

of the tissue; however, in our case, using over two times more of the

starting material was necessary due to the high vacuolisation of

callus cells. The ground powder was suspended in 10 ml Honda

buffer (0.5% Triton X-100, 0,4 M Sucrose, 25mM 2-amino-2-

(hydroxymethyl)-1,3-propanediol (Tris) pH 7.4, 10 mM MgCl2,

2,5% Ficoll 400, 5% Dextran T40, 10 Mm b-mercaptoethanol,
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ddH2O) and placed on a rotator for 15-minute incubation in 4°C.

Subsequently, the mixture was filtered twice through the miracloth,

the first time with one layer and the second with two layers. Next,

the tubes were centrifuged at 1500 g, 4°C for 5 minutes and the

supernatant was discarded. The pellet was resuspended in 2 ml

MNase buffer [50 mM Tris pH 8, 10 M NaCl, 5 mM CaCl2 and

protease inhibitors (Aprotinin, Antipain Pepstatin A, Leupeptin,

Sigma-Aldrich, USA)] and centrifuged again at 1500 g, 4°C for 5

minutes. Trejo-Arellano et al. (2017) protocol used the protease

inhibitor cocktail (Roche - cOmplete™ Protease Inhibitor Tablets,

Sigma-Aldrich, USA), however in our experiment employment of

protease inhibitors prepared freshly before each experiment

ensured their efficacy. The supernatant was discarded, and pellet

was resuspended in 100 µl MNase buffer. Samples were placed on

the thermoblock set at 14000 rpm, 25°C for 5 minutes, and MNase

(1 µl/50 µl) was added. Trejo-Arellano et al. (2017) protocol

employs digestion at 37°C for 7 minutes, however for F.

tataricum calli the best digestion effects were observed at lower

temperature and shorter time. Digestion was quenched by adding

10 mM EDTA; samples were incubated on ice for 10 minutes, then

centrifuged for 5 minutes at 2000g at 4°C. The supernatant was

transferred to a fresh tube, and the pellet was resuspended in 100 µl

S2 buffer (50 mM Tris pH 8, 100 mM EDTA and protease

inhibitors), incubated for 30 minutes on ice and centrifuged

5 minutes at 2000 g at 4°C. Supernatants were combined, and the

pellet discarded. To check the digestion efficiency, 40 µl of the

aliquot was purified with a column DNA extraction kit and run on

1% agarose gel. DNA concentration of each sample was checked in

the BioSpectrometer fluorescence (Eppendorf, Germany). The

DNA concentration was adjusted to 15 µg/per sample, diluted in

FIGURE 1

Genome-wide H3K4me3 distribution. (A) Chromosomal distribution of H3K4me3 in MC and NC, including genes and transposons (TEs) number
along the chromosomes. (B) Metagene plot and heatmap of the distribution of H3K4me3 along genes, including -2.0 kb upstream the transcription
start site (TSS) and +2.0 kb from the transcription termination site (TTS). (C) Metagene plot and heatmap of the distribution of H3K4me3 along TEs,
including -2.0 kb upstream the TE body and +2.0 kb from the end of the TE. (D) Levels of H3K4me3 at the first 10% of the gene in MC and NC.
Asterisk denote Mann–Whitney U test significant difference.
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ChIP incubation buffer (1 M Tris pH 8, 0,5 M EDTA pH 8, 0,1%

Triton X-100, 1 M NaCl and protease inhibitors) to obtain 350 µl of

the solution sufficient for the immunoprecipitation (IP) by IgG and

anti-H3K4me3 (150 µl per IP sample and 50 µl for the input

sample). Input was removed and stored at 4°C till further

processing. Samples were divided into separate Eppendorf tubes

150 µl each, and antibodies were added: 2 µl of rabbit IgG (Sigma-

Aldrich, USA) and 1 µl of anti-trimethylation of histone H3 at

lysine 4 (anti-H3K4me3, Sigma-Aldrich, USA). Tubes were

incubated with gentle rotation overnight at 4°C. The next day, 8

ml/100 ml Protein-A Dynabeads (InvitroGen, USA) were washed

with ChIP incubation buffer (with fresh proteinase inhibitors) on

the Magnarack (InvitroGen, USA) five times. Subsequently, 12 ml of
Dynabeads per sample were added, and the incubation continued

for 90 minutes at 4°C. During incubation wash buffers were

prepared: wash buffer 1 (25 mM Tris pH 8, 10 mM EDTA pH 8,

0,1% Triton X-100, 50 mMNaCl), wash buffer 2 (25 mM Tris pH 8,

10 mM EDTA pH 8, 0,1% Triton X-100, 100 mM NaCl) and wash

buffer 3 (25 mM Tris pH 8, 10 mM EDTA pH 8, 0,1% Triton X-100,

150 mMNaCl). In the Trejo-Arellano et al. (2017) protocol protease

inhibitor cocktail was used also in the above buffers, however we

found adding protease inhibitors at this step was unnecessary. After

the incubation, the beads were washed twice in each wash buffer.

Finally, one wash was performed with TE buffer (10 mM Tris pH 8,

1 mM EDTA pH 8). The beads were resuspended in 200 µl of freshly

prepared ChIP elution buffer (1% SDS, 0.1M Na-HCO3) and

incubated on a thermoblock at 65°C for 15 minutes with

agitation. The supernatant was transferred to a fresh tube, and

the beads were resuspended in 200 µl of ChIP elution buffer, and the

incubation step was repeated. Supernatants were combined, beads

were discarded. DNA purification of the input and ChIPed samples

was performed by using phenol: chloroform. In the Trejo-Arellano

et al. (2017) protocol, DNA elution and purification were done with

IPure kit (Diagenode, Belgium), however for F. tataricum calli

phenol:chloroform proved to be a more efficient method in terms

of final quantity of recovered DNA.

2.4 Primer design, ChIP-quantitative PCR

Primers for ChIP were designed for selected regions on F.

tataricum genome. The genomic sequence of F. tataricum cv.

Pinku1 was downloaded from http://www.mbkbase.org/Pinku1/

(online access 4 February 2024) and loaded into Geneious 11.1.2

software (http://www.geneious.com (Kearse et al., 2012). Gene-

specific primers for positive and negative H3K4me3 regions were

FIGURE 2

H3K4me3 differential enrichment of MC versus NC on day eleven of cultivation. (A) Pearson correlation on peaks detection of the MC and NC
replicates. (B) Pearson correlation on peak enrichment of the MC and NC replicates. (C) Volcano plot of the differentially-enriched regions between
MC and NC. The plot represents those 7372 differentially methylated regions, 4289 statistically significant regions with a two-fold change higher
than one. 1963 regions displayed higher intensity in the NC (blue), whereas 2326 regions in the MC (orange). Regions in grey represent the peaks
that are not passing the thresholds. The X-axis represents the log-fold differential enrichment. Vertical lines represent the threshold of the log2
change. The Y-axis represents the significance at 0,01. In this plot, each point represents a genomic region identified as a binding site (peak). The
plot also gives information on whether there is a global increase or reduction of binding affinity in the first or second group of the comparison by
evaluating the significant data points in the positive or negative Log Fold Change. (D) genomic distribution of the differentially enriched 4289 regions
(considering a log2 fold change 1 and an adjusted p-value < 0.01 per annotation genomic features).
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designed using the program’s ‘design primers’ function. Primers

used are listed in the Supplementary Table S4.

Input and ChIPed DNA samples quantification was performed

by quantitative PCR (qPCR) using the 480 LightCycler® 480 SYBR

Green I Master in a LightCycler® 480 Real-Time PCR System

(Roche, Germany) in two technical replicates. Quantitative cycles

were obtained and % input was calculated. To represent the ChIP

data, results obtained from four independent biological replicates

were calculated as z-scores of the % input (Figures 4A, B) z-scores

were used to minimize intraexperimental technical variability that

was not possible to be avoided because the ChIP workload did not

allow the simultaneous execution of all the immunoprecipitation

reactions. Ct values are available in Supplementary Table S5.

2.5 Reverse transcription quantitative PCR

Total RNA was isolated from MC and NC on days two and six

of callus culture. Total RNA was extracted using the FastPure Plant

Total RNA Isolation Kit (Polysaccharides and Polyphenolics-rich)

from Vazyme Biotech (Red Maple Hi-tech Industry Park, PRC).

The RNA concentrations were quantified with a Nano-Drop ND-

1000 spectrophotometer (NanoDrop Technologies, USA). To

remove any residual DNA, the RNA samples were treated with an

RNase-free DNase Set (Qiagen, Germany). Reverse transcription

(RT) was carried out using oligo-dT primers and the Maxima H

Minus First Strand cDNA Synthesis Kit (Thermo Fisher Scientific,

USA). The resulting cDNA was diluted four-fold with water, and 2

µl of this diluted cDNA was used in the qPCR reactions. The qPCR

was performed in a 10 µl reaction volume using the LightCycler®

480 SYBR Green I Master mix (Roche, Switzerland). The same

primers were used for ChIP-qPCR and RT-qPCR with exception of

PX, which is annotated in the Supplementary Table S4. Constitutive

genes SAND and ACTIN were used as previously (Sala-Cholewa

et al., 2024). qPCR was conducted on a LightCycler 480 system

(Roche, Switzerland) under the following cycling conditions: an

initial denaturation at 95°C for 5 minutes, followed by 40 cycles of

95°C for 10 seconds, a primer-specific annealing temperature for 20

seconds, and 72°C for 10 seconds. For melt curve analysis,

denaturation was performed at 95°C for 5 seconds, followed by

65°C for 1 minute, and a gradual increase to 98°C (0.1°C/s) for

fluorescence measurement. Ct values were determined using

LinRegPCR software (version 11, Academic Medical Centre, The

Netherlands). The plant tissues for the RT-qPCR analysis were

prepared in three biological replicates, with each biological replicate

having two technical replicates. Relative expression levels were

calculated using the 2–DDCT method, where DDCT is defined as

DCT
reference condition − DCT

compared condition. The one-way ANOVA

(p < 0.05) followed by Tukey’s honestly-significant-difference test

(Tukey HSD-test) (p < 0.05) were used to calculate any significant

differences between the experimental combinations (Figure 4C). Ct

values are included in the Supplementary Table S6.

2.6 Immunohistochemical analysis

The MC and NC were fixed overnight at 4°C in a solution

containing 4% paraformaldehyde and 1% glutaraldehyde in PBS (pH

7.3). Following fixation, the samples underwent three 15-minute

washes in PBS and were then subjected to a dehydration process

using increasing concentrations of ethanol (10%, 30%, 50%, 70%,

90%, 100%, each twice) before gradual embedding in London Resin

(LR White resin, USA). Subsequently, the embedded samples were

sliced into 1.5 µm thick cross-sections using an EM UC6

FIGURE 3

H3K4me3 in cell-wall related genes. (A) List of genes that presents a significantly enriched region (defined in Figure 1) in proximity of their TSS. Fold
change (log2) is represented and names of the genes showed in (B) are indicated. The details of these genes can be found in the Supplementary
Table S9. (B) Visual representation of the H3K4me3 enrichment on selected genes. Coverage of the replicas are represented in the same scale for
each gene. Defined peaks are indicated below the coverage. Regions amplified by qPCR (Figure 2) are indicated as red square on the bottom.
The Integrative Genomics Viewer was used for representation.

Tomasiak et al. 10.3389/fpls.2024.1465514

Frontiers in Plant Science frontiersin.org06

75:6164169151



ultramicrotome (Leica Biosystems, Germany), and placed on glass

slides coated with poly-L-lysine. For immunocytochemical analyses,

the sections were treated with a blocking buffer (2% foetal calf serum

and 2% bovine serum albumin in PBS) for 30 minutes at room

temperature (RT). Next, the sections were incubated overnight at 4°C

with primary monoclonal antibodies (Plant Probes, UK) diluted 1:20

in a blocking buffer. The antibodies used are listed in Supplementary

Table S7. After three washes in the blocking buffer, the sections were

incubated with a secondary antibody, AlexaFluor 488 goat anti-rat

IgG (Jackson ImmunoResearch Laboratories, UK), diluted 1:100 in

the blocking buffer for two hours at RT. Following another wash in

the blocking buffer and rinsing three times in PBS, the sections were

stained with calcofluor white (Sigma-Aldrich, USA) in PBS to

visualise cell walls. After rinsing in PBS and distilled water, the

dried sections were mounted on slides using Fluoromount (Sigma-

Aldrich, USA).

As a negative control, the primary antibody was omitted, and

the blocking buffer was applied along with all other procedure steps.

Observations were performed, and the images were taken with an

AxioImager Z2 epifluorescence microscope equipped with an

AxioCam Mrm monochromatic camera (Zeiss, Germany)

equipped with narrow-band filters for AlexaFluor 488 and DAPI.

FIGURE 4

H3K4me3 enrichment in cell wall related genes at day two and six of the passage. ChIP-qPCR of H3K4me3 in MC and NC at day two (A) and day six
(B) on selected genes. Box plots show the distribution of normalised z-scores of H3K4me3%Input of experiments performed simultaneously. One-way
ANOVA followed by Tukey test was applied, and significance are marked by letters. (C) Relative expression level of PMEI, PX, EXT1, EXT2, PG1, PG2. The
expression level of genes in MC and NC was normalized with the constitutive genes ACTIN and SAND and calibrated to expression on day two in MC.
Different letters indicate a significant difference between the tissues and days according to Tukey’s HSD test (p < 0.05; n = 3; means ± SE are given).
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3 Results

3.1 Morphology of F. tataricum
morphogenic and non-morphogenic calli

A detailed description of the callus tissuemorphology used in this

research is available in our previous publications (Betekhtin et al.,

2017, 2019; Tomasiak et al., 2023). The morphology of MC and NC is

included in Supplementary Figure S1. Morphogenic callus (MC)

comprises of proembryogenic cell complexes (PECCs) and soft

callus cells (SCCs) (Supplementary Figure S1A, white and black

asterisks, respectively). NC comprises solely of highly vacuolated,

parenchymatous cells (Supplementary Figure S1B). Transfer to a

fresh medium, which contains high auxin concentration, triggers

PECCs disintegration, accompanied by the release of secretion,

leading to the formation of new PECCs in the SCCs (between the

6th and 11th days of cultivation) (Rumyantseva et al., 2003; Betekhtin

et al., 2017). Because the changes present during MC’s development

are major, day two was selected as a point where PECCs disintegrate,

whereas day six was a point where subsequent new PECCs

reinitiation processes begin. On day eleven of the culture, MC

exhibits high content of embryogenic cells, whereas NC’s

parenchymatous cells characterise with high accumulation of the

oxidative stress. Moreover, as demonstrated by our previous research,

day two and day six exhibited the biggest changes in the global levels

of H3K4me3 in MC and NC during the passage (Tomasiak

et al., 2023).

3.2 H3K4me3 levels in MC and NC calli

Calli of F. tataricum with varying morphogenic capacities

exhibited global epigenetic changes as demonstrated by fluctuations

in DNA methylation and histone modifications (Tomasiak et al.,

2023). To have a more precise picture of these changes, this work

focused on the analysis of the genomic H3K4me3 mark distribution

in MC and NC by performing a ChIP-seq in both callus types on day

eleven of cultivation. The distribution of H3K4me3 along the F.

tataricum chromosomes (Ft1-Ft8) (Figure 1) shows that the mark in

both MC and NC is distributed along the chromosomes, with a

pattern that follows gene distribution, and contrary to the

transposable elements (TEs), indicating that H3K4me3 is

distributed in the transcriptional active chromatin (where genes are

located) and reduced in the silent chromatin (where enrichment of

TEs occurs). In fact, when the H3K4me3 levels in both NC and MC

are plotted on genes, the mark appears to be highly enriched, with

clear higher levels of the mark at the transcriptional start site (TSS)

(Figure 1B). On the contrary, H3K4me3 is absent in repetitive

elements such as TEs (Figure 1C), as expected with a mark related

to genes. As can be noted from the metagene plot (Figure 1B), the

levels of H3K4me3 in the TSS are higher in NC than in MC.

Accordingly, when we compared the coverage of H3K4me3 in the

first 10% of the gene body, a significant increase of the mark was

found in the NC, likewise the global content of the mark which is

higher in NC than MC (Figure 1D) as previously reported by

immunocytochemical analysis (Tomasiak et al., 2023).

Further analysis was conducted and H3K4me3 peaks were

defined. Based on the detected peaks, the Pearson correlation

between the samples analysed indicates that MC replicates and NC

replicates form clusters together, both when peak location

(Figure 2A) or the intensity of the peaks located at the same place

(Figure 2B) were compared. The proper separation of the clustering

demonstrates that MC and NC comparison presents a significant

statistical difference in the peak intensity. By a differential analysis,

7372 regions were detected to be statistically different (adjusted p-

value (q-value or FDR) < 0.01) (Figure 2C; Supplementary Table S3).

Of those regions, 4289 not only statistically significant but also

presented a log2-fold change higher than one. This cutoff signifies

that the difference between the peak intensities is higher than the fold

change of two. 1963 regions displayed higher intensity in the NC

(blue), whereas 2326 regions in the MC (orange) (Figure 2C). The

genomic distribution of these 4289 differential enriched regions

(Figure 2D) shows that the majority of the regions were associated

with exons and intergenic regions, with a lower amount of regions

associated with introns and transcriptional termination site (TTS).

Surprisingly, the promoter and TSS represent only 10.03% of those

regions. However, from the regions classified as exon, 61% of them

located in the first exon. Based on the distribution of the mark

peaking at the TSS, we expect that the differentially enriched regions

classified as promoter-TSS and first exon have the most important

role in regulation of the gene expression. For that reason, we analysed

the genes whose TSS was in close proximity (less than 1kb) to the

differentially enriched regions. We obtained 1709 genes; in 1057

genes H3K4me3 was higher in MC and in 652 genes higher

methylation prevailed in NC. A gene ontology analysis of these

genes gave only significant enrichment on the list of genes with

higher levels of the mark in MC (Supplementary Table S8). Many

categories were photosynthesis-related activities (such as the

photosynthesis itself, heme binding, oxidoreductase activity, iron

ion binding), and some to metabolic pathways (glycogen (starch)

synthase activity, UDP-glycosyltransferase activity) and the

membrane (as cellular component category).

3.3 Comparison of H3K4me3 levels on cell
wall related genes during the MC and
NC growth

As cell wall phenolic composition in NC has been reported to be

lower than in MC (Akulov et al., 2018), we explored among the

genes that had in proximity of the TSS a differentially enriched

region (log2 FC < 1 and an adjusted p-value < 0.01), those related to

cell wall (Figure 3A). We found that 16 genes presented differential

methylation, 6 of them with enrichment towards NC and 10

towards MC, (Supplementary Table S9). Among the cell wall

related genes enriched in NC, we found two genes related to

xyloglucan catabolism, two related to pectin (PECTIN

METHYLESTERASE INHIBITOR , PMEI and PECTIN

METHYLESTERASE, PME), and a peroxidase (PEROXIDASE,

PX). Polygalacturonase was also found, and two other

POLYGALACTURONASES (named as PG1 and PG2) were found

as enriched in MC. Pectin-related genes were also found among the
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H3K4me3-enriched in MC, but some other gene categories were

specific, such the wall-associated receptor kinases and EXTENSINS

(named as EXT1 and EXT2).

Seven genes of these cell wall proteins were selected to explore

their H3K4me3 levels by N-ChIP-qPCR (Figures 4A, B) and relative

expression by RT-qPCR (Figure 4C) at two earlier time points of the

culture: day two, when PECCs disintegrate, and day six, when new

PECCs are formed. From the genes that were enriched in H3K4me3

in NC at day eleven (Figure 3A), PMEI, PME and PX were studied.

PMEI showed significant enrichment of this mark in NC as early as

day two. Despite the H3K4me3 levels on day six showed a certain

enrichment compared to an H3K4me3-negative region upstream of

the gene (Figures 4A, B; Supplementary Figure S3 for primer location

and two other negative regions tested), this difference was not

statistically significant compared to the basal levels (IgG signal).

Although the H3K4me3 mark has been associated with higher

transcriptional activity, expression results showed statistically lower

levels of expression in NC on both, day two and day six, despite

higher methylation. The PME gene was not enriched in H3K4me3 in

either NC or MC on day two or day six, suggesting that NC

methylation may occur after these time points, as this mark was

present on day eleven. According to this low methylation, expression

levels of PME were below the limits of detection by RT-qPCR

(Supplementary Table S6). For PX, H3K4me3 were significantly

higher only in NC on day six. In this case, the relative expression

of PX positively correlated with methylation, as expression in NC on

day six increased significantly, reaching a level 39.4 times higher than

in MC on day two. From the genes that showed higher levels of

H3K4me3 in MC than in NC on day eleven (Figure 3A), EXT1,

EXT2, PG1 and PG2 were analysed. For EXT1 and EXT2, no

significant differences in H3K4me3 were observed on day two. A

significant increase was only observed in these genes in MC on day

six when compared to basal levels (IgG). Therefore, as with PME,

levels of methylation on day eleven may have been stablished by day

six. For EXT1, relative gene expression remained stable across the two

time points and in the different callus type, while EXT2 showed

higher expression in NC compared to MC on day two, but lower

expression in NC on day six (with a decrease being 41.7 times lower

than in MC at day two). As with PMEI, expression on EXT2 did not

correlate with H3K4me3 levels. The enrichment of H3K4me3 in PG1

and PG2 across the examined days did not show statistically

significant differences. The expression of PG1 was significantly

higher in MC than in NC on both culture time points (with

expression levels below the technical limits on day six in NC).

Similarly to PG1, in PG2, relative expression in MC was higher

than in NC, but this occurred only on day two. The accumulation of

H3K4me3 observed in PG1 and PG2 within MC, even though it was

not statistically significant, points to a potential role for this

modification in sustaining higher expression.

Altogether, the dynamic regulation of H3K4me3 methylation

across different time points and callus types indicates a complex

relationship between epigenetic modifications and gene expression in

cell wall-related genes. While some genes, such as PMEI and PX, show

a certain correlation between increased H3K4me3 levels and higher

expression, others, like PME and EXT2, do not follow this pattern,

suggesting that additional regulatory mechanisms may be involved.

3.4 Immunodetection of pectic and
extensin epitopes

The specific cell wall epitope distribution was analysed on day two

and six of the passage, corresponding to the days whenH3K4me3 ChIP

was conducted. Five different antibodies were applied using an

immunocytochemical approach. Four were against different pectic

epitopes (LM5, LM6, LM19 and LM20) and one against the extensin

(JIM20). Results are summarised in Table 1, and the images from the

immunolocalisation are included in Supplementary Figures S4–S8.

Separating the fluorescence signals in the cell wall and the plasma

membrane has proven difficult when using light microscopy.

Therefore, those two compartments are described together.

Four antibodies were employed to analyse the pectin epitopes:

LM5, LM6, LM19, and LM20. LM5 signal was present inMC and NC

on each examined day in the cell wall but absent in the cell internal

compartments and on the surface (Supplementary Figure S4). LM6,

on the other hand, in MC was not present at the beginning of the

passage, it appeared only on day six solely in a dotted manner in the

inner cell compartments (Supplementary Figures S5A, B, b2 white

arrows). In NC, this epitope was absent regardless of the day of the

passage (Supplementary Figures S5C, D). LM19 was present both in

MC and NC on all examined days, and all examined compartments

and the callus surface (Supplementary Figure S6A, B, white arrows;

d2 and d2’ inset; d3 and d3’ inset). LM20 was present in the MC

across the passage in the cell wall and on the callus surface. In NC,

LM20 was present not only in the cell wall and on the surface

(Supplementary Figure S7; c2 and c2’ inset; c3 and c3’ inset) but also

in the internal cell compartments (Supplementary Figure S7 d2, d3).

The immunocytochemical analysis included one antibody against the

extensins (JIM20); however, neither in MC nor NC was the reaction

positive (Supplementary Figure S8).

4 Discussion

This research aimed to analyse and compare the enrichment of

histone H3 at lysine K4 trimethylation (H3K4me3) in the genes

coding for the cell wall proteins in F. tataricum MC and NC. To

achieve this objective, the ChIP protocol was optimised to be

applicable for F. tataricum callus tissue. To this date, a verified

ChIP method has not been reported for Fagopyrum species, possibly

due to its high content of phenolic compounds, which may affect

immunoprecipitation efficiency. In plants, X-ChIP has been used, in

some cases to address the role of histone marks in regulating the

expression of genes related to cell wall biosynthesis. Experiments

conducted on Zea mays demonstrated increased H3K9ac of two

cell 5wall genes under the salt stress, suggesting that histone

modifications may be important mitigating the harmful effects of

excessive salinity on plants (Li et al., 2024). Native ChIP has not

been commonly used in plant research (Ricardi et al., 2010; Huang

et al., 2020). However, a few papers describe this method’s use for

studying plant pathogenic fungi (Cosseau et al., 2009; Soyer et al.,

2014, 2015). The N-ChIP method beats traditional methods in

profiling histones and histone modifications due to its superior

antibody specificity, higher pull-down efficiency, reduced
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background noise, and minimised bias towards open chromatin

(O'Neill and Turner, 2003; Kasinathan et al., 2014), and it has been

necessary in this work to be able to analyse F. tataricum callus

material at early time points of the passage (day two and day six).

In this research, F. tataricum MC and NC samples underwent

ChIP-seq to assess the global enrichment of H3K4me3. As a result, we

were able to notice H3K4me3 distribution clearly differs between MC

and NC (Figures 1, 2D), indicating that the enrichment of H3K4me3

could affect transcription potential of many different genes between

those two tissue types. This link of H3K4me3 and transcriptionally

active regions in F. tataricum is supported by the mark presence on

genes and the strong enrichment around the TSS (Figure 1A).

Available literature coincided with these results. A ChIP-seq analysis

of rice callus demonstrated that H3K4me3 peaks are predominantly

associated with gene regions, particularly near TSS, indicating its role in

active transcription (Zhao et al., 2020). Research on Eucalyptus grandis

showed that the vast majority of H3K4me3 peaks were gene-associated,

particularly near exons and introns. It was also shown that H3K4me3

was present at several highly expressed genes involved in the secondary

cell wall (Hussey et al., 2015).

Research demonstrated that the transcriptome analysis in the

passage dynamics of soybean revealed active regulation of genes

involved in cell wall modification. Those genes’ expression proved to

be essential for callus induction and proliferation. Researchers

concluded that cell wall related genes, such as those responsible for

cell wall degradation and synthesis, are differentially expressed during

various stages of callus formation, indicating an intricate regulatory

mechanism that includes H3K4me3 (Park et al., 2023). H3K4me3 has

an indispensable role in maintaining the plasticity and dynamic nature

of callus tissues, enabling the reprogramming of somatic cells into a

pluripotent state capable of regeneration (Foroozani et al., 2021).

In this work, ChIP-seq H3K4me3 analysis on day eleven of

cultivation acted as a reference point for further analysis. This led to

selecting the genes coding for PECTIN METHYLESTERASE

INHIBITOR (PMEI), PECTIN METHYLESTERASE (PME),

PEROXIDASE (PX) , two different regions coding for

EXTENSINS (EXT1, EXT2), and two regions coding for

POLYGALACTURONASES (PG1, PG2). PMEI and PME presented

lower levels of H3K4me3 in MC on day eleven. PME did not show

changes of methylation before day eleven, and its expression was

undetectable. For PMEI, levels of H3K4me3 on day two were already

elevated in NC. Despite this methylation pattern, expression in NCwas

lower than in MC. This suggests an increase in the activity of this

enzyme during the MC’s PECC disintegration. In Arabidopsis, the

expression of PMEI genes has been linked to enhanced shoot

regeneration from callus tissues. The maintenance of a higher degree

of pectin methylestrification by PMEIs supports the structural changes

required for the formation of new shoots from callus cells (Cao et al.,

2021). Additionally, by regulating the activity of PMEs, PMEIs regulate

the level of pectin methylesterification, which is crucial for maintaining

cell wall plasticity. It is essential for the callus’ cells to undergo the

modifications which are subsequently required for differentiation and

development into specialised tissues with morphogenic potential

(Zhang et al., 2024). Our immunohistochemical research revealed

differences in the distribution pattern of low (LM19) and high

methyl-esterified homogalacturonan (HG; LM20) that are strongly

connected with PME activity. LM19 was present in all examined

compartments and on the callus surface in MC and NC across the

passage. LM20, on the other hand, was only absent in the internal cell

compartments in MC. It has been shown that a reduction in wall

stiffness was associated with increased pectin demethylesterification

modulated by PME (Wormit and Usadel, 2018). The occurrence of

both forms of HG in callus cells has been previously observed for other

species in both monocots (Betekhtin et al., 2016, 2018) and dicots

(Kuczak and Kurczynska, 2020; Popielarska-Konieczna et al., 2020).

This may indicate that the presence of high and low methylesterified

HG, and therefore the effects of PME and PMEI, play an important role

in developmental processes in callus cells. Aside from differences in the

occurrence of HG epitopes, our observations showed the presence of

LM5 epitope in the cell wall compartments in MC and NC, whereas

TABLE 1 Summary of the immunocytochemical detection of selected epitopes in morphogenic and non-morphogenic callus (positive (+) or negative
(-) reaction).

Morphogenic callus (MC) Non-morphogenic callus (NC)

Cell wall
compartments

Internal cell
compartments

Callus
surface

Cell wall
compartments

Internal cell
compartments

Callus
surface

Pectins LM5 Day 2 + - - + - -

Day 6 + - - + - -

LM6 Day 2 - - - - - -

Day 6 - + - - - -

LM19 Day 2 + + + + + +

Day 6 + + + + + +

LM20 Day 2 + - + + + +

Day 6 + - + + + +

Extensin JIM20 Day 2 - - - - - -

Day 6 - - - - - -
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LM6 was present on days six of the passage in MC but completely

absent in NC. Antibodies LM5 and LM6 recognise carbohydrate

residues within the galactan and arabinan side chains of

rhamnogalacturonan I (RG-I), respectively (McCartney et al., 2000).

These two forms of RG-I side chains show variable occurrence in cell

walls andmay bemodified depending on both biotic and abiotic factors

(Jaskowiak et al., 2019). Moreover, walls rich in galactan are strong and

stiff, while those with arabinan predominance are flexible (Schols and

Voragen, 1996). Previous immunocytochemical studies of in vitro

cultures showed the presence of the LM5 epitope, especially in non-

embryogenic cells, as well as a poor amount of LM6 epitope (Xu et al.,

2011; Pilarska et al., 2013; Potocka et al., 2018), which is in accordance

with the presented results.

Peroxidases facilitate the cross-linking cell wall polysaccharides

and glycoproteins, increasing the cell wall’s mechanical strength.

This process is vital for stabilising callus cells and promoting their

differentiation into specialised tissues. They are involved in the

biosynthesis and polymerisation of lignin, especially during callus

differentiation, which is crucial for the structural development of

new tissues. PX enrichment in H3K4me3 is on an overall low level

across the passage in MC with the course of the passage, in

correlation with lower gene expression when the new PECCs

arise. In peony callus, two peroxidase genes were found to be

significantly down-regulated in callus with a high differentiation

rate relative to callus with a low differentiation rate (Zhu et al.,

2022). In NC, on the other hand, the high levels of H3K4me3 and

increased relative expression of PX (~40 times) on the sixth day of

the passagemay be involved in the rapid proliferation of this tissue.

Polygalacturonases (PGs), along with other cell wall-modifying

enzymes, are part of a complex network that regulates the expression

of genes involved in cell wall biosynthesis and modification. This

network ensures that the cell wall remains dynamic and responsive to

the needs of the differentiating cells. In F. tataricum, PG1 and PG2 are

enriched in H3K4me3 inMC but not in NC on day eleven, suggesting

active expression of those genes during cellular redifferentiation.

Accordingly, gene expression of PG1 and PG2 on day two and six

is higher in MC, also in agreement with a certain accumulation of

H3K4me3 observed within MC, even though it is not statistically

significant. Studies have shown that manipulating PG expression can

influence the efficiency of callus formation and subsequent

regeneration. For example, overexpression of PG genes can lead to

enhanced callus proliferation and improved shoot regeneration from

callus tissues (Zhang et al., 2024).

Obtained results suggest that the acquisition of embryogenic

potential requires a complex and fine-tuned coordination between

multiple processes and involves multiple components in the cell

wall. Using two types of F. tataricum callus with different capacity

for morphogenesis allowed us to conduct a comparative analysis of

the H3K4me3 influence on gene expression coding for cell wall

genes during the course of callus development.

5 Conclusions

The research aimed to analyse and compare the enrichment of

H3K4me3 in genes coding for cell wall proteins in F. tataricum MC

and NC. The study also optimised the N-ChIP protocol for F.

tataricum callus tissue, a challenging task due to the species’ high

phenolic content, which can hinder immunoprecipitation efficiency.

ChIP-seq data revealed that H3K4me3 enrichment differs

significantly between MC and NC. Further analysis revealed a

higher enrichment of H3K4me3 near the TSS, indicating the

importance of H3K4me3 on transcriptionally active regions.

Additional ChIP-qPCR analysis showed that genes coding for

PME, PMEI, PX, EXTs and PGs settled their enrichment to some

extent in MC or NC already at day six or even day two of the passage,

suggesting these genes became actively transcribed during callus

differentiation and morphogenesis, and that these processes are

highly dynamic. The increase in the relative expression of PX on

day six in NC suggests that this gene is involved in the rapid

proliferation of cells in NC.

In summary, this study provides novel insights into the epigenetic

regulation of callus development in F. tataricum, highlighting the

crucial role of H3K4me3 in activating genes involved in cell wall

biosynthesis and modification, which are essential for the

morphogenesis and regeneration of plant tissues. Our study offers

new insights into the epigenetic mechanisms driving the cell wall

composition during callus development in F. tataricum, offering

valuable information in acquiring embryogenic potential.
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SUPPLEMENTARY FIGURE 1

Morphology of the F. tataricum calli. (A) morphogenic callus (MC); soft callus
(black asterisks) and newly formed proembryogenic cell complexes (white

asterisks); (B) non-morphogenic callus. Scale bar: 0.5 cm.

SUPPLEMENTARY FIGURE 2

Graphical depiction of N-ChIP protocol.

SUPPLEMENTARY FIGURE 3

H3K4me3 enrichment in negative control regions. (A) Visual representation of

the H3K4me3 enrichment on negative control selected regions: PME upstream
(Figure 4) and S-ELF3. Coverage of the replicas are represented in the same

scale for each gene. Regions amplified by qPCR are indicated as red square on
the bottom. (B) ChIP-qPCR of H3K4me3 levels of the negative regions around

the S-ELF3 gene. Box plots show the distribution of normalised z-scores of

H3K4me3%Input for MC and NC across the time points (day two and day six).

SUPPLEMENTARY FIGURE 4

Immunocalisation of LM5 in F. tataricumMC and NC in passage dynamics, i.e.,
day two and day six. FB fluorescent brightener. Scale bar: 10 mm.

SUPPLEMENTARY FIGURE 5

Immunocalisation of LM6 in F. tataricumMC and NC in passage dynamics, i.e.,

day two and day six; white arrows- signal in the inner cell compartments. FB
fluorescent brightener. Scale bar: 10 mm.

SUPPLEMENTARY FIGURE 6

Immunocalisation of LM19 in F. tataricum MC and NC in passage dynamics,

i.e., day two and day six; signal on the callus surface:d2 and d2’ inset; d3 and

d3’ inset. FB fluorescent brightener. Scale bar: 10 mm.

SUPPLEMENTARY FIGURE 7

Immunocalisation of LM20 in F. tataricum MC and NC in passage dynamics,
i.e., day two and day six; signal on the callus surface: d2 and d2’ inset; d3 and

d3’ inset. FB fluorescent brightener. Scale bar: 10 mm.

SUPPLEMENTARY FIGURE 8

Immunocalisation of JIM20 in F. tataricum MC and NC in passage dynamics,

i.e., day two and day six. FB fluorescent brightener. Scale bar: 10 mm.

SUPPLEMENTARY FIGURE 9

BioRender.com publication licence for Supplementary Figure 1; graphical

depiction of N-ChIP protocol.
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8.2.1 Ocena poziomu zmian metylacji DNA oraz genów kodujących metylazy 

i demetylazy DNA w kwiatach zamkniętych oraz otwartych samopylnej 

gryki tatarki i obcopylnej gryki zwyczajnej 

 

Publikacja P4: 

 

Sala-Cholewa K.*, Tomasiak A.*, Nowak K., Piński A., Betekhtin A. DNA methylation 

analysis of floral parts revealed dynamic changes during the development of homostylous 

Fagopyrum tataricum and heterostylous F. esculentum flowers.  

 

BMC Plant Biology, 2024, 24, 448  

 

https://doi.org/10.1186/s12870-024-05162-w 

 

* równorzędny pierwszy autor 

 

IF2024: 4,3 

 

Punkty MNiSW: 100 

 

Celem badania było porównanie profili metylacji DNA pomiędzy elementami kwiatów (płatki, 

nektarniki, zalążnie, znamiona słupka) F. tataricum oraz kwiatami typu Pin i Thrum F. 

esculentum. Porównano poziomy metylacji DNA w gatunku obcopylnym F. esculentum, 

charakteryzującym się heterostylią, z gatunkiem samopylnym F. tataricum. Kwiaty  

F. esculentum charakteryzują się dwoma morfotypami: kwiaty typu Pin posiadają długi słupek 

i krótsze pręciki (Ryc. 2a), natomiast kwiaty typu Thrum posiadają krótki słupek i dłuższe 

pręciki (Ryc. 2b). Otwarte kwiaty F. tataricum charakteryzowały się słupkiem i pręcikami o 

podobnej długości (Ryc. 2c).  

Badania wykazały różnice w poziomie metylacji DNA. Płatki F. esculentum Thrum 

charakteryzowały się najwyższym początkowym poziomem metylacji DNA i najbardziej 

znaczącym spadkiem. UF. tataricum, natomiast najniższa wartość metylacji DNA 

obserwowana była w zamkniętych kwiatach. Kolejny analizowany element, znamię, to element 

słupka, kluczowy dla początkowych etapów zapylania. W tej części kwiatu zaobserwowano 

najwyższe wartości metylacji DNA w zamkniętych kwiatach oraz największą redukcję tego 

markera w otwartych kwiatach obu gatunków. Najwyższy poziom metylacji DNA w 

zamkniętych kwiatach oraz jej spadek (około pięciokrotny) zaobserwowano w typie Pin F. 

esculentum. Typ Thrum charakteryzował się natomiast niższym poziomem metylacji DNA i 

jednocześnie mniejszym spadkiem wartości metylacji DNA w porównaniu do Pin. Znamiona 

85:4712911792



39 
 

F. tataricum wykazywały najniższy wyjściowy poziom metylacji DNA na etapie zamkniętych 

kwiatów i około dwukrotny spadek w otwartych kwiatach, podobnie jak w typie Thrum F. 

esculentum. Poziom metylacji DNA w zalążniach był najwyższy w zamkniętych kwiatach F. 

tataricum, następnie u F. esculentum w typie Pin, a najniższy w typie Thrum. Podczas rozwoju 

kwiatów zaobserwowano niewielki spadek poziomu metylacji DNA w zalążni zarówno w typie 

Pin F. esculentum, jak i u F. tataricum, w przeciwieństwie do zalążni morfotypu Thrum, w 

których wartości poziomu metylacji DNA wzrastały w otwartych kwiatach. W przeciwieństwie 

do innych elementów kwiatu (z wyjątkiem zalążni kwiatu typu Thrum), nektarniki otwartych 

kwiatów miały wyższe wartości metylacji DNA w porównaniu do wartości z zamkniętych 

kwiatów we wszystkich trzech typach (Pin, Thrum, F. tataricum). Jednakże, wzrost poziomu 

metylacji DNA był nieznaczny w przypadku typu Pin czy Thrum. Podsumowując, F. 

esculentum Pin i Thrum różnią się znacznie poziomem metylacji DNA w analizowanych 

elementach kwiatu. W zalążni, znamieniu i płatkach otwartych kwiatów typ Thrum wykazywał 

wyższe wartości poziomu metylacji DNA niż typ Pin. Wyniki uzyskane w przypadku gryki 

tatarki wykazują pewne podobieństwa do morfotypu Pin lub Thrum, w zależności od 

analizowanej części i stadium rozwojowego kwiatów.  

Przeanalizowano również poziom ekspresji genów związanych z metylacją (MET1, 

MET2, CMET3) i demetylacją DNA (DME1, DME3, ROS1) w zamkniętych i otwartych 

kwiatach Pin i Thrum F. esculentum oraz kwiatach F. tataricum. Ekspresja wszystkich genów 

była wyższa (od 2,5 do ponad 9 razy wyższa) w zamkniętych kwiatach F. esculentum niż w 

kwiatach F. tataricum. Ponadto, wykryto różnice w ekspresji genów między kwiatami typu Pin 

i Thrum, zarówno zamkniętymi, jak i otwartymi. Ekspresja MET2, DME1 i ROS1 była niższa 

w kwiatach typu Pin w porównaniu do kwiatów typu Thrum. Pozostałe trzy analizowane geny 

(MET1, CMET3, DME3) charakteryzowały się wyższymi poziomami transkrypcji w kwiatach 

typu Thrum niż w typie Pin. Wyniki wykazały obniżenie ekspresji wszystkich genów w 

kwiatach typu Thrum. Najbardziej intensywny spadek ekspresji zaobserwowano dla MET1, 

który był ponad 45 razy niższy w otwartych niż w zamkniętych kwiatach typu Thrum. W 

przeciwieństwie do kwiatów typu Thrum, ekspresja MET1 w otwartych kwiatach typu Pin nie 

różniła się statystycznie w porównaniu z kwiatami zamkniętymi. Obniżony poziom transkrypcji 

pozostałych analizowanych genów zaobserwowano w otwartych kwiatach typu Pin. 

Największy spadek był charakterystyczny dla genu DME3 (14 razy niższy w otwartych niż w 

zamkniętych kwiatach typu Pin). Niższy poziom transkrypcji prawie wszystkich 

analizowanych genów zaobserwowano w otwartych kwiatach F. tataricum. Zasadniczo, 

podczas rozwoju kwiatów ekspresja genów kodujących metylazy i demetylazy DNA malała.  

86:2706105572



40 
 

Przedstawiona praca ukazuje różne wzory metylacji DNA w wybranych elementach 

kwiatów typu Pin i Thrum u F. esculentum, oraz F. tataricum. Pozwoliło to na określenie 

potencjalnej roli tej modyfikacji epigenetycznej podczas rozwoju kwiatów gatunków 

Fagopyrum. Zrozumienie znaczenia metylacji DNA jest kluczowe dla rozwikłania 

molekularnych mechanizmów leżących u podstaw rozwoju i adaptacji kwiatów do zmian 

środowiskowych. Porównanie globalnej metylacji DNA i ekspresji genów w obu typach 

kwiatów F. esculentum, a także z blisko spokrewnionym samopylnym gatunkiem  

F. tataricum, wskazało na różnice między nimi, co może być zarówno przyczyną bądź skutkiem 

samo-niezgodności. Zwiększenie wiedzy o mechanizmach molekularnych heterostylii będzie 

pomocne w stworzeniu odmian samopylnych. 
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Publikacja P4: DNA methylation analysis of floral parts revealed dynamic changes during the 

development of homostylous Fagopyrum tataricum and heterostylous F. esculentum flowers.  
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Abstract
Background  Proper flower development is essential for plant reproduction, a crucial aspect of the plant life cycle. 
This process involves precisely coordinating transcription factors, enzymes, and epigenetic modifications. DNA 
methylation, a ubiquitous and heritable epigenetic mechanism, is pivotal in regulating gene expression and shaping 
chromatin structure. Fagopyrum esculentum demonstrates anti-hypertensive, anti-diabetic, anti-inflammatory, cardio-
protective, hepato-protective, and neuroprotective properties. However, the heteromorphic heterostyly observed in 
F. esculentum poses a significant challenge in breeding efforts. F. tataricum has better resistance to high altitudes and
harsh weather conditions such as drought, frost, UV-B radiation damage, and pests. Moreover, F. tataricum contains
significantly higher levels of rutin and other phenolics, more flavonoids, and a balanced amino acid profile compared
to common buckwheat, being recognised as functional food, rendering it an excellent candidate for functional food
applications.

Results  This study aimed to compare the DNA methylation profiles between the Pin and Thrum flower components 
of F. esculentum, with those of self-fertile species of F. tataricum, to understand the potential role of this epigenetic 
mechanism in Fagopyrum floral development. Notably, F. tataricum flowers are smaller than those of F. esculentum 
(Pin and Thrum morphs). The decline in DNA methylation levels in the developed open flower components, such as 
petals, stigmas and ovules, was consistent across both species, except for the ovule in the Thrum morph. Conversely, 
Pin and Tartary ovules exhibited a minor decrease in DNA methylation levels. The highest DNA methylation level was 
observed in Pin stigma from closed flowers, and the most significant decrease was in Pin stigma from open flowers. 

DNA methylation analysis of floral parts 
revealed dynamic changes during the 
development of homostylous Fagopyrum 
tataricum and heterostylous F. esculentum 
flowers
Katarzyna Sala-Cholewa1*†, Alicja Tomasiak1†, Katarzyna Nowak1, Artur Piński1 and Alexander Betekhtin1*
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Background
Buckwheat constitutes a small genus of 22 members [1]. 
Two of the most widely cultivated species of this genus 
are Fagopyrum esculentum Moench (common buck-
wheat) and Fagopyrum tataricum (Tartary buckwheat) 
[2, 3]. Common buckwheat is commonly cultivated in 
Russia, China, France, Poland, and the American regions 
[4, 5]. In terms of overall yield, buckwheat is a minor 
crop. However, its popularity among consumers steadily 
increases due to its remarkable properties. Common 
buckwheat is rich in beneficial phenolic compounds 
like rutin, quercetin and C-glycosyl flavones (orientin, 
isoorientin and vitexin). Additionally, it is gluten-free 
and provides amino acids, dietary fibre, resistant starch, 
and vitamins [6–8]. It was demonstrated that F. escul-
entum exhibits anti-hypertension, anti-diabetic, anti-
inflammatory, cardio-protective, hepato-protective, and 
neuroprotective properties [7, 8]. Tartary buckwheat 
exhibits higher than common buckwheat resistance to 
high altitudes, harsh weather conditions such as drought, 
frost, UV-B radiation damage, and pests [9]. Additionally, 
compared to common buckwheat, F. tataricum contains 
more rutin and other phenolics and flavonoids, with well-
balanced amino acids, making it a functional pseudocer-
eal [10]. One significant advantage of Tartary buckwheat 
lies in the differences in flower structure and pollination 
methods, which directly impact yield. F. esculentum is 
an obligatory cross-pollinating, heterostylous species, 
while F. tataricum is self-pollinating, homostylous spe-
cies eliminating reliance on external pollinators [11, 12]. 
F. esculentum has two floral morphs: Pin and Thrum, 
which differ in stamen and style length ratio, amount and 
size of the produced pollen grain, exine sculpturing, and 
nectar production [13, 14]. The distyly of F. esculentum is 
controlled by a cluster of genes, i.e. supergene S [13, 15]. 
Recently, the S-LOCUS EARLY FLOWERING 3 gene (S-
ELF3), present within the S supergene locus, was shown 
to control style length and style incompatibility. The inac-
tivation of S-ELF3 has led to the breakage of heterostyly 
and successful pollination [15]. While in the incompat-
ible intra-morph pollination, the pollen tube growth 
within the style is inhibited [13, 16, 17].

Proper flower development ensures reproduction, 
one of the most vital parts of the plant’s life cycle. This 

process relies on fine-tuned machinery of transcrip-
tion factors, enzymes and epigenetic modifications to 
function correctly. DNA methylation, a universal and 
heritable epigenetic mechanism, regulates gene expres-
sion and the chromatin structure [16, 18]. The extent of 
DNA methylation significantly shapes the plant genome’s 
structure and function. Various molecular mechanisms 
are impacted by DNA methylation, highlighting its piv-
otal role in regulating cellular processes within plants 
[16, 19–22]. DNA methylation takes place at CG, CHG 
and CHH sites (H = A, T or C); methylation at these 
three sites is achieved by DNA METHYLTRANSFERASE 
1 (MET1), the plant-specific CHROMOMETHYLASE 
3 (CMT3), and DOMAINS REARRANGED METHYL-
TRANSFERASEs (DRMs), respectively [23, 24]. Each type 
is crucial for development and the ability to respond to 
environmental stresses [16, 25]. An opposite phenom-
enon, demethylation, is dependent on four bifunctional 
5-methylcytosine glycosylases: REPRESSOR OF SILENC-
ING 1 (ROS1), DEMETER (DME), DME-LIKE 2 (DML2), 
and DML3, which are involved in the removal of meth-
ylated bases and cleavage of the DNA backbone at aba-
sic sites [26]. ROS1 counteracts the DNA methylation 
pathway to prevent plant gene silencing [27]. Research 
demonstrated that DNA methylation plays an essential 
role in flower development, with demethylation domi-
nating during early flower development [28]. It was also 
reported that decreased levels of DNA methylation 
induced early flowering and that demethylation activi-
ties are correlated with changes in the expression levels 
of DNA methylation genes [28–30]. On the other hand, 
experiments on Azalea japonica and Arabidopsis dem-
onstrated an increase in global DNA methylation during 
the transition from the vegetative to the flowering stage 
[31, 32]. DNA methylation was determined to influence 
various aspects of flower development and morphol-
ogy [33]. It affects floret closing in barley, and the devel-
opment of bisexual flowers in Populus cathayana and 
Fraxinus mandshurica [34–36]. DNA methylation is also 
involved in forming double flowers and dichromatic pet-
als [37, 38]. Moreover, it plays a crucial role in the expres-
sion of genes related to anthocyanin pigmentation in 
flower tissue [9, 39, 40]. Existing evidence suggests that 
methylation alterations accompany the flowering process 

In opposition, the nectaries of open flowers exhibited higher levels of DNA methylation than those of closed flowers. 
The decrease in DNA methylation might correspond with the downregulation of genes encoding methyltransferases.

Conclusions  Reduced overall DNA methylation and the expression of genes associated with these epigenetic 
markers in fully opened flowers of both species may indicate that demethylation is necessary to activate the 
expression of genes involved in floral development.

Keywords  DNA methylation, Epigenetics, Fagopyrum esculentum, Fagopyrum tataricum, Flowers, Gene expression, 
Heterostyly
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in plants. Methylation regulates key flowering-related 
genes such as SOC1, AP1, and SPL and specific transcrip-
tion factor genes, including WUS homeobox-containing 
(WOX) genes in apple [41].

While numerous processes related to DNA methylation 
in plant vegetative tissues have been extensively studied, 
there remains a scarcity of information regarding DNA 
methylation during flower development, particularly in 
flowers exhibiting distinct morphologies. Thus, this study 
aimed to compare the DNA methylation status of Pin and 
Thrum flower components of F. esculentum that partici-
pate in pollination and embryo production with self-suf-
ficient species of F. tataricum.

Methods
Plant material
F. tataricum seeds, sample k-17, were obtained from the 
N. I. Vavilov Institute of Plant Genetic Resources, Saint 
Petersburg, Russia. K-17 sample is a widely cultivated 
landrace of F. tataricum. Seeds are available upon request 
from the authors. F. esculentum seeds of the Panda cul-
tivar are commercially available and were supplied from 
the Malopolska Plant Breeding, Poland. Both plant spe-
cies were grown in pots with soil mixed with vermicu-
lite (3:1, w/v) in a greenhouse at 20 ± 1 °C, under a 16/8 h 
light/dark photoperiod, provided by lamps emitting 
white light at the intensity of 90 µmol m − 2  s − 1. After 
approximately three to four weeks, the flowers started to 
appear and were gradually collected, photographed with 
the use of Keyence VHX-970 F digital microscope (Japan) 
equipped with an ultra-small high-performance zoom 
lens VH-Z20R/Z20T and wide-area illumination adapter 
OP-87,298 and designated for further procedures.

For analysis, the closed flowers from both species were 
fixed in the intact state. Open flowers were dissected into 
parts that involved excised petals, stigmas and remains 
that contained ovaries and nectaries.

Histological and immunostaining procedures
Closed and open flower components from F. tataricum, 
as well as closed and open Pin and Thrum flower com-
ponents from F. esculentum were fixed in 4% paraformal-
dehyde (Sigma-Aldrich, USA) in 1x phosphate-buffered 
saline (PBS), pH 7.3 and placed in the vacuum desicca-
tor for three hours (with 30  min intervals), after which 
the incubation at 4  °C overnight has followed. After 
approximately 24  h, the fixative was replaced with 1 × 
PBS (twice for 15 min) and followed by dehydration in a 
graded ethanol series diluted in 1xPBS solution in each 

concentration (10%, 30%, 50%, 70% and 90%) and 99,8% 
twice for 30 min each. Subsequently, the embedding pro-
cedure was performed according to Wolny et al., 2014 
[42]. 5 μm thick sections were prepared using a HYRAX 
M40 rotary microtome (Zeiss, Oberkochen, Germany) 
and placed on polysine-coated microscope slides (Epre-
dia, Netherlands). Next, the de-embedding procedure 
comprised of placing the slides in 99,8% ethanol three 
times for 10 min, followed by the rehydration in ethanol/ 
1xPBS solutions: 90%, 50%v/v and, finally in 1xPBS for 
10 min each. Such prepared slides were used for both, the 
immunostaining and histological analysis. For the histo-
logical analysis, slides were stained with 0.05% aqueous 
solution of Toluidine blue O (TBO, Sigma-Aldrich, USA) 
for approximately 10 min, rinsed and mounted with 50% 
glycerol/ distilled water solution (v/v). Observations and 
photographs of histological sections were performed 
with an Olympus BX43F microscope equipped with an 
Olympus XC50 digital camera.

The immunostaining method was previously estab-
lished by Braszewska-Zalewska et al., 2013 [43]. After 
the wax de-embedding described above, samples under-
went the 2  N HCl (Sigma-Aldrich, USA) digestion for 
45 min to denature DNA. Following, the slides were 
incubated with 5% bovine serum albumin (BSA, Sigma-
Aldrich, USA) in 1xPBS for 1 h in the humid chamber at 
room temperature. Next, the primary antibody diluted 
in 1% BSA in 1xPBS (1:100) was applied, and slides were 
incubated at 4o C overnight (Table 1). After the incuba-
tion, the slides were washed three times in 1xPBS. Sub-
sequently, a secondary antibody diluted in 1% BSA in 
1xPBS (1:100) was applied, and samples were incubated 
at 37 o C in the humid chamber in the dark for 1 h. After 
the incubation, the slides were again washed three times 
in 1xPBS and nuclei were counterstained with 4’,6-diami-
dyno-2-fenyloindol (DAPI, 2.5 g/ml in Vectashield).

Graphical depiction of the experimental design is avail-
able in Additional Files, File 1.

Fluorescence intensity measurements and statistical 
analysis
Images were captured with the Olympus FV1000 confo-
cal system (Olympus, Poland) equipped with an Olym-
pus IX81 inverted microscope. Fluorescence of Alexa488 
(excitation 488 nm, emission 500–600 nm) was acquired 
from a 60x Plan Apo oil-immersion objective lens (NA 
1.35), a 50 mW 405 nm diode laser and a 100 mW multi-
line argon ion laser (Melles Griot BV, the Netherlands). 
The confocal laser scanning microscope offers a signifi-
cant advantage in obtaining high-resolution images of 
optical sections through fluorescently labelled nuclei 
(z-stacks) [44, 45]. The pixel-by-pixel image generation 
produces exceptional quality images [45], enabling visu-
alization of fluorescence distribution corresponding to 

Table 1  List of antibodies used in the immunostaining
Antibody Catalogue number Company
Anti-5-methylcytosine ab73938 Abcam, UK
Goat anti-mouse IgG ab150113 Abcam, UK
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DNA methylation within the three-dimensional chro-
matin architecture of a nucleus. The nucleus area was 
used to standardise the fluorescence intensity, prevent-
ing any artificial positive correlation between intensity 
and nucleus size. Consequently, the fluorescence inten-
sity-to-nucleus area ratio indicated the level of DNA 
methylation [46]. An axial series of two-dimensional 
fluorescence images of the optical sections through the 
nuclei (z-stacks) was collected with the use of two sep-
arate photomultipliers (R6357, Hamamatsu Photon-
ics, Hamamatsu, Japan) set to work in the integration 
mode at 4  µs pixel dwell time and 12-bit signal digiti-
sation (4096 intensity levels). The fluorescence inten-
sity levels of Alexa488 fluorochrome were subsequently 
measured in the ImageJ version 1.53s software (Wayne 
Rasband, National Institutes of Health, USA). ImageJ is 
a Java-based image processing program developed at 
the National Institutes of Health and the Laboratory for 
Optical and Computational Instrumentation (LOCI, 
University of Wisconsin) [47–50]. It performs various 
complex tasks such as editing, processing, and analys-
ing 8-bit colour and grayscale images. ImageJ calculates 
area and pixel value statistics of selections and intensity-
thresholded objects defined by the user and offers stan-
dard image processing [51–53]. Images were converted 
to eight bits and segmented with the threshold value 
parameter. Alexa488 fluorescence intensity was calcu-
lated as the mean values from the Integrated Density 
parameter per one nucleus, which depicted the sum of all 
pixels within the region of interest. Results are presented 
in relative units. Raw data obtained from the images were 
further analysed using statistical analysis software. This 
study utilised R Studio, an integrated development envi-
ronment for R, a statistical programming language [54]. 
R is widely recognized as a statistical language, dominat-
ing other programming languages in developing statisti-
cal tools. It offers various packages suitable for scientific 
data analysis, including agricolae (Statistical Procedures 
for Agricultural Research), which can be used to deter-
mine significant differences between means [55], as well 
as other packages dedicated to data visualisation [56]. R 
facilitates the reproducible process of summarizing data 
after statistical analysis and visualizing it in graph form 
[57]. 500 nuclei were analysed from petals; 1000 nuclei 
from the nectary; 1500 nuclei from the ovary, and 1000 
nuclei from the stigma in open and closed F. tatari-
cum flowers and F. esculentum Pin open and closed and 
Thrum open and closed flower type. Numerical data is 
included in Additional File 2. Fluorescence data analysis 
and plotting was performed in R, a software environ-
ment for statistical computing and graphics in R Studio 
2022.12.0 Build 353 (Script included in Additional File 
3), an integrated development environment for R [58, 
59]. One-way ANOVA test with the R Stats package [59] 

was followed by Tukey’s HSD test at the significance 
level p ≤ 0.05. Standard errors were likewise calculated 
with the stats package. The package agricolae (Statistical 
Procedures for Agricultural Research) calculated signifi-
cant differences between means [55]. Subsequently, data 
was plotted with packages dedicated to visualising data: 
ggplot2 [60] and ggpubr [56]. Letters on the graphs indi-
cate statistically significant differences between samples. 
Full immunostaining procedure and the fluorescence 
intensity analysis is described for Fagopyrum species [61, 
62].

RNA isolation and real-time qPCR
Total RNA was isolated from the closed and open flowers 
and Thrum and Pin types of F. esculentum and F. tatari-
cum. Total RNA was isolated using a FastPure Plant Total 
RNA Isolation Kit (Polysaccharides and polyphenolics-
rich) (Vazyme Biotech, Red Maple Hi-tech Industry Park, 
Nanjing, PRC). RNA concentrations were measured 
using a Nano-Drop ND-1000 (NanoDrop Technologies, 
Wilmington, DE, USA). The DNA was removed from 
the RNA samples by digesting them with an RNase-free 
DNase Set (Qiagen, Hilden, Germany). The oligo-dT 
primers and a Maxima H Minus First Strand cDNA Syn-
thesis Kit (Thermo Fisher Scientific, Waltham, MA, USA) 
were used to produce the cDNA. The obtained cDNA 
was diluted four-fold with water and used at a volume 
of 2 µl in a qPCR reaction. Analyses were performed in 
a 10  µl volume using a LightCycler® 480 SYBR Green I 
Master (Roche, Basel, Switzerland). The primers were 
designed based on Fagopyrum esculentum “Pintian4” and 
Fagopyrum tataricum “Pinku1” references genomes with 
Primer3Plus (Additional File 4) [63]. The control genes 
(SAND, ACTIN) had a constant expression level in all 
tissue samples. Analyses were performed using a Light-
Cycler 480 (Roche, Basel, Switzerland) under the follow-
ing reaction conditions: initial denaturation of 5  min at 
95 °C, followed by 10 s at 95 °C, 20 s at a temperature spe-
cific for the primers, 10 s at 72 °C, repeated in 40 cycles. 
Denaturation for the melt curve analysis was conducted 
for 5 s at 95  °C, followed by 1 min at 65  °C and heating 
to 98  °C (0.1  °C/s for the fluorescence measurement). 
The Ct values were calculated using LinRegPCR software 
(version 11, Academic Medical Centre, Amsterdam, The 
Netherlands). The plant tissues for the Real-Time qPCR 
analysis were produced in three biological repetitions, 
and two technical replicates of each repetition were ana-
lysed. The relative expression level was calculated using 
2–∆∆CT, where ∆∆CT represents ∆CT

reference condition − 
∆CT

compared condition.

Statistical analysis
The Student t-test and one-way ANOVA (p < 0.05) fol-
lowed by Tukey’s honestly-significant-difference test 
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(Tukey HSD-test) (p < 0.05) were used to calculate any 
significant differences between the experimental com-
binations. The graphs show the average values with the 
standard error (SE) in Fig. 4 and the standard deviation 
(SD) in Fig. 5.

Graphics
Photographs were cropped, adjusted (brightness, con-
trast) and arranged into figures in the Corel Draw 2020 
program. A graphical depiction of the experimental 
design (Additional File 1) was prepared with BioRender 
(available online at: https://app.biorender.com/). Publica-
tion licences are included as Additional File 5.

Results
Anatomy and histology of the flowers
F. tataricum flowers, closed and open, were smaller than
those of F. esculentum (Pin, Thrum) (Fig. 1). Closed flow-
ers were coiled in petals of a greenish colour (Fig. 1a–c).
In open flowers, the differences between two morphs
were disclosed: Pin flowers featured a long style and
shorter filaments (Fig. 1d), while Thrum had a short style
and longer filaments (Fig. 1e). Open flowers of F. tatari-
cum had green petals, with style and filaments of similar
length (Fig. 1f ).

In anthers of closed flowers, the developmental stage 
of pollen was advanced, with microspores enwrapped 
in egzine sheath, tapetum cells were already undergo-
ing programmed cell death (Additional File 6a-c). The 
anthers of open flowers were fully developed and open, 
with mature pollen and no tapetum cell remains (Addi-
tional File 6d-f ). Thus, the anthers were not considered 
in DNA methylation analysis due to the lack of reference 
(closed vs. open).

Petals of closed flowers were rich in polyphenols, 
which were detected in the epidermis and mesophyll 
cells (Fig.  2a–c). Although phenolic compounds were 
abundantly present in papillae and subpapillae cells of 
the stigma, the nuclei were visible (Fig.  2d–f). Within 
ovaries, the ovules comprised a double-layered integu-
ment with tightly adhered nucellus parenchyma cells and 
embryo sac (Fig. 2g–l). The nectaries were composed of 
the epidermis, nectary parenchyma, and secretory tri-
chomes in which polyphenolic compounds, were mainly 
detected (Fig.  2m–o). Similarly to closed flowers, pet-
als of open flowers contained large amounts of phenolic 
compounds, and the same for stigma papillae and sub-
papillae cells, where nuclei were “masked” with abun-
dant polyphenol presence (Fig. 3a-f ). Part of the nucellus 
parenchyma cells degenerated, leaving space within the 

Fig. 1  Morphology of analysed flowers. F. esculentum (a, d) Pin, (b, e) Thrum, and (c, f ) F. tataricum. (a – c) closed flowers were tightly coiled in petals. (d 
– f) In open flowers, the anatomy is easily visible. Arrows – stigmas, double arrows – nectaries, open arrows – anthers, o – ovaries, p – petals. Scale bars: 
(a–f ) = 300 μm
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Fig. 2  Histology of closed flower components (F. esculentum Pin, Thrum; F. tataricum). Schematic diagrams represent analysed flower components: I pet-
als, II stigma, III ovary with ovule, IV nectary, marked in pink on the diagram. (a - c) petals, abundant polyphenols occurrence in epidermis (arrowheads) 
and mesophyll cells (arrows). (d - f) stigmas, papillae and subpapillae cells rich in polyphenols (arrowheads) but with visible nuclei (arrows). (g - l) ovaries 
and ovules, polyphenols present in basal part of ovule and in outer integument cells (arrowheads), arrows – nucellus parenchyma cells, embryo sacs (as-
terisks); double arrow stands for the extent of cells that were taken into account in the measurement of Alexa488 fluorescence intensity. (m - o) nectaries, 
epidermis rich in polyphenols (arrowheads), secretory trichomes (arrows), np nectary parenchyma. Scale bars: a, d, e, j, k = 10 μm; b, f, g, h, l, m – o = 20 μm; 
c, i = 50 μm
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Fig. 3  Histology of open flower components (F. esculentum Pin, Thrum; F. tataricum). Schematic diagrams represent analysed flower components: I petals, 
II stigma, III ovary with ovule, IV nectary, marked in pink on the diagram. (a – c) petals, abundant occurrence of polyphenols in the epidermis (arrowheads) 
and mesophyll cells (arrows). (d – f) stigmas, papillae and subpapillae cells containing polyphenols (arrowheads) and hardly visible nuclei (arrows). (g – i) 
ovaries and ovules, high polyphenolic content in the basal part of the ovule and in outer integument cells (arrowheads), arrows – nucellus parenchyma 
cells, embryo sacs (asterisks); double arrow stands for the extent of cells that were taken into account in the measurement of Alexa488 fluorescence 
intensity. (j – l) nectaries, epidermis rich in polyphenols (arrowheads), secretory trichomes (arrows), np nectary parenchyma. Scale bars: b = 10 μm; a, d – f, 
i, j = 20 μm; c, k, l = 50 μm; g, h = 100 μm
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ovule (Fig.  3g–i). The histology of nectaries remained 
unchanged compared to closed flowers (Fig. 3j–l).

DNA methylation analysis
The highest DNA methylation level in petals from closed 
flowers was in the Thrum morph; the Pin morph exhib-
ited slightly lower values, whereas the F. tataricum open 
flowers presented the lowest level of this modification. In 
open flowers, the methylation values decreased in each of 
the analysed floral parts, but the decrease was the most 
prominent in Thrum petals (Fig. 4a). Summarising, the F. 
esculentum Thrum morph petals were characterised by 
the highest starting DNA methylation level and the most 
eminent decrease; F. tataricum, exhibited the lowest 
DNA methylation value in closed flowers and the lowest 
decrease during petal development.

Stigma is a pistil component crucial for the first polli-
nation stages. In this floral part, we observed the highest 
values of the DNA methylation levels in closed flowers 
among analysed specimens and each flower part and the 
most considerable reduction in the open flower stage. 
The highest output DNA methylation level in closed 
flowers, as well as the decrease (approximately five-fold 
drop), was noticed in Pin morph (Fig. 4b). Thrum morph 
was characterised by a lower DNA methylation level con-
currently with the lower decrease of the methylation val-
ues in comparison to Pin morph (approximately two-fold 
drop; Fig. 4b). F. tataricum stigmas exhibited the lowest 
starting DNA methylation level among each variant at 
the closed flower stage, and around two-fold drop in an 
open flower, which is similar to value decrease observed 
in Thrum morph (Fig. 4b).

Among the analysed ovules, the DNA methylation level 
was highest in closed flowers of F. tataricum, then in the 
Pin morph and the lowest in the Thrum morph (Fig. 4c). 
During flower development, a slight reduction of DNA 
methylation level was observed for both Pin and Tar-
tary (Fig. 4c) on the contrary to Thrum morph ovules, in 
which the values of methylation level increased in open 
flowers (Fig. 4c).

The highest DNA methylation level in nectaries from 
closed flowers was observed in Tartary buckwheat, lower 
in Pin, and the lowest in the Thrum morph (Fig.  4d). 
In contrast to other flower parts (except for the Thrum 
morph ovule), the nectaries from open flowers had 
higher values of DNA methylation (compared to values of 
closed flowers) in all three specimens (Fig. 4d). However, 
the increase in DNA methylation level was minor, not 
as prominent as in Pin or Thrum morph. In the opened 
flowers stage, the F. esculentum Pin morph exhibited the 
highest DNA methylation level, following Tartary, and 
the lowest values were noted in the Thrum morph.

In conclusion, F. esculentum Pin and Thrum morphs 
differ significantly in DNA methylation levels in the 

analysed parts of the flower. In the ovule, stigma, and 
petals of open flowers, the Thrum morph exhibited 
higher values than the Pin. Results from Tartary buck-
wheat show some similarities to either Pin or Thrum, 
depending on the analysed part and stadium of the flower 
development.

The graphs show global DNA methylation analysis, but 
within parts such as ovules and nectaries, the DNA meth-
ylation level was not uniform in all nuclei. For example, in 
ovules, the nuclei from the embryo sac showed very low 
or no DNA methylation in contrast to other ovule nuclei 
(Additional File 7).

Gene expression analysis
We analysed the expression level of genes related to DNA 
methylation (MET1, MET2, CMET3) and demethyl-
ation (DME1, DME3, ROS1) in closed and open Pin and 
Thrum flowers of F. esculentum and flowers of F. tatari-
cum. The results showed the down-regulation of all genes 
in Thrum flowers (Fig.  5a). The most intense decrease 
in expression was observed for MET1, which was over 
45 times lower in the open than in closed Thrum flow-
ers. In contrast to Thrum flowers, the expression of 
MET1 in open Pin flowers was the same as in closed ones 
(Fig. 5b). The decreased transcript level of the rest of the 
analysed genes was observed in open Pin flowers. The 
highest reduction was characteristic for the DME3 gene 
(14 times lower in open than in closed Pin flowers). The 
decreased transcript level of almost all analysed genes 
was observed in open flowers of F. tataricum (Fig. 5c). In 
general, during the development of flowers, the expres-
sion of genes encoding DNA methylases and demethyl-
ases was decreased.

In addition, we analysed the expression of the genes 
between flower types and species (Fig.  5d). The expres-
sion of all genes is higher (from 2.5 to over 9 times higher) 
in closed flowers of F. esculentum than in F. tataricum. 
Moreover, we observed the difference in expression of 
genes between Pin and Thrum flowers, both closed and 
open. MET2, DME1, and ROS1 expression were lower 
in Pin than in Thrum flowers. The other three analysed 
genes (MET1, CMET3, DME3) are characterised by 
higher transcript levels in Thrum than in Pin flowers.

Discussion
The objective of this study was to compare the DNA 
methylation status between the Pin and Thrum flower 
components of F. esculentum, with that of self-pollinating 
species like F. tataricum in order to shed light on how 
this epigenetic mark may have a role in the floral devel-
opment of the Fagopyrum species. F. tataricum flowers 
are smaller than those of F. esculentum (Pin, Thrum). In 
F. esculentum open flowers, Pin flowers feature a long 
style and shorter anther stamens, while Thrum has a 
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Fig. 4  Fluorescence intensity measurements of DNA methylation levels. (a) petal; n = 500, (b) stigma, n = 1000, (c) ovule, n = 1500, and (d) nectary, n = 1000 
parts of the closed and the open flowers of F. esculentum and F. tataricum. Bars represent standard error; results presented in relative units, letters indicate 
statistically significant differences between the groups
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Fig. 5  Expression level of MET1, MET2, CMET3, DME1, DME3, and ROS1 in closed and open flowers, (a, d) Thrum and (b, d) Pin of F. esculentum and (c, d) 
F. tataricum. The expression level of genes in open flowers was calibrated to expression in closed flowers of the same type and species (a, b, c). * - values 
significantly different from closed flowers of the same type and species (a, b,c) (p < 0.05; n = 3; means ± SD are given). The expression level of genes in all 
types and species was calibrated to expression in closed flowers of the F. tataricum (d). Different letters indicate a significant difference between flower 
type and species according to Tukey’s HSD test (p < 0.05; n = 3; means ± SD are given)
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short style and longer anther stamens. Open flowers of F. 
tataricum were characterised by green petals, style, and 
anthers of similar length. The heteromorphic heterostyly 
of F. esculentum is a significant limitation in breeding [15, 
64]. Around a few thousand phenolic structures in the 
plant kingdom were reported – ranging from single, aro-
matic-ringed compounds to complex structures [65]. In 
F. esculentum, a total of 60 different phenolic substances 
were identified, with the highest number found in the 
flower part of the plant [66]. In tea, another species rich 
in this type of secondary metabolites, the accumulation 
of phenolics in leaves was developmentally regulated dur-
ing bud or first leaf expansion [67]. Moreover, in tobacco, 
the subsequent stages of flower development were cor-
related with tissue contents of polyphenols and activities 
of L-phenylalanine ammonia-lyase, polyphenoloxidase 
and peroxidase [68]. Also, a large amount of polyphenols 
was accumulated in tobacco pistil [68]– both reports are 
consistent with our observations. Although the occur-
rence of phenolic compounds was not the main objective 
of our study, it cannot be excluded that DNA methylation 
changes also affect polyphenolic accumulation, as was 
reported for Salvia sp [69].

DNA methylation, one of the most researched epi-
genetic modifications, has been linked with regulating 
chromatin structure and gene expression [16, 25]. It is 
involved in various developmental processes in flow-
ers, including developing the floral organs, regulat-
ing the flowering time, and floral patterning [19]. DNA 
methylation impacts floral development by modulating 
the expression of flowering genes via epigenetic altera-
tions. Promoter methylation typically correlates with 
the suppression of gene expression, while the effects of 
gene body methylation remain ambiguous, with stud-
ies reporting both positive and negative associations [20, 
70, 71]. A conducted study reported that DNA methyla-
tion in non-promoter, intergenic regions and gene bodies 
facilitates gene expression. Non-promoter DNA methyla-
tion appears crucial for preserving the active chromatin 
states of genes [26, 72, 73]. It has been previously dem-
onstrated that this epigenetic mark is essential in flower 
development and that its enrichment fluctuates in vari-
ous developmental stages [28, 35, 41]. Here, we demon-
strated the differences in the level of DNA methylation 
in flowers at various developmental stages in two buck-
wheat species, F. tataricum with homostylous flower type 
and F. esculentum with heterostylous flowers. Only the 
nectaries from open flowers had higher values of DNA 
methylation in comparison to results from closed flowers. 
DNA methylation values decreased in petals, stigmas and 
ovules (except for Thrum morph) of each analysed vari-
ant in open, developed flowers. In studies conducted on 
lotus (Nelumbo nucifera), the stamen petaloid exhibited 
a global decrease in DNA methylation levels [74]. Studies 

comparing DNA methylation patterns in ovules of the 
female-sterile rice and the wild-type, displayed a slightly 
lower whole-genome methylation level [75]. Research on 
hazel ovaries reported the reduction in DNA methyla-
tion levels of the ovule after pollination, indicating that 
the epigenetic mark is a crucial player in post-pollination 
stages [76]. It is known that stigma and pollen molecular 
cross-talk are crucial for successful pollination [77, 78]. 
During flower maturation, the papillae and sub-papil-
lae cells of the stigma undergo histo- and biochemical 
changes to prepare for pollen reception, which involves 
cell loosening or exudate synthesis [79]. In our research, 
we observed a significant decrease in DNA methylation 
levels between stigmas of closed and open F. esculentum 
and F. tataricum flower; however, the divergence between 
DNA methylation levels in Pin and Thrum was the most 
prominent. This trait may point to differences between 
homo- and distylous species.

Studies conducted on Lilium longiflorum cv. Gelria 
focused on the analysis of the DNA methylation in pol-
len and reported that the vegetative nucleus in mature 
pollen grains was heavily methylated and that dramatic 
nonreplicative demethylation occurred during the pol-
len tube’s development. In conclusion, it was established 
that DNA hypomethylation ensures the survival of pol-
len grains without external sources of nutrients until they 
reach the stigma [80]. Since open flowers in Fagopyrum 
already have produced pollen grains, this might have 
contributed to the global reduction in DNA methylation 
levels. The reduction in DNA methylation is correlated 
with the down-regulation of genes coding DNA methyl-
transferases. In the Thrum open flower, the expression of 
MET1 was over 45 times lower in the open than in closed 
Thrum flowers.

In contrast to Thrum flowers, the expression of MET1 
in open Pin flowers was the same as in closed ones. It 
seems that in Pin open flowers, the decrease in DNA 
methylation level might be related to the down-reg-
ulation of genes other than MET1 methyltransferase, 
such as MET2 or CMET3. The differential expression 
of methyltransferases is observed between various tis-
sues [81]; for example, in rice, the transcript of MET1b 
accumulates more abundantly than those of MET1a 
in many different tissues [82]. In our research, the 
decreased transcript level of the rest of the analysed 
genes was observed in open Pin flowers. ROS1 encodes 
a nuclear protein containing an endonuclease III domain, 
exhibiting bifunctional DNA glycosylase/lyase activ-
ity specifically targeting methylated DNA while leaving 
unmethylated DNA unaffected [27]. It might explain why 
the levels of ROS1 expression are reduced in open Fago-
pyrum flowers, which exhibit reduced DNA methylation 
levels. Lower transcript accumulation of genes engaged 
in DNA demethylation was observed in open flowers of 
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all analysed flower types and species. The DNA meth-
ylation level of analysed tissue is an interplay between 
DNA methylation and active demethylation. Methyla-
tion strongly affects flowering-related genes’ expression 
and mobility of transposons [83]. Effective demethylation 
occurs on the maternal central cell before fertilisation, 
and in the endosperm, maternal alleles are less methyl-
ated than paternal ones [84]. Among others, imprinted 
genes such as FLOWERING WAGENINGEN (FWA), 
MEDEA (MEA), and FERTILIZATION-INDEPENDENT 
SEED 2 (FIS2) are methylated and silenced in the sper-
matic cell, so after fertilisation, only maternal alleles are 
expressed in the endosperm [85]. Thus, the methylation 
and demethylation of specific DNA sequences are essen-
tial in regulating genes for the proper development of 
flowers and embryos.

Acquisition of the flowering abilities and subsequent 
development is precisely governed by the synchronised 
and specific expression patterns of microRNAs associ-
ated with flowering in plants [86, 87]. MicroRNAs repre-
sent a new category of intrinsic molecules that modulate 
gene expression, particularly during the pathways of 
flower development in plants [83, 88, 89]. Research has 
shown that the relative expression levels of several poten-
tial miRNAs remain notably consistent while governing 
the flowering time phenotype in a spatial and temporal 
context [90].

Conclusions
The current study illustrates the distinct DNA meth-
ylation patterns observed between the Pin and Thrum 
flower components of F. esculentum, as compared to 
self-pollinating species like F. tataricum, offering insights 
into the potential role of this epigenetic modification in 
the floral development of Fagopyrum species. Decreased 
overall DNA methylation and expression of genes con-
nected with that epigenetic mark in open, developed 
flowers of both species might suggest that the demeth-
ylation is required to activate the expression of genes 
involved in floral development. Understanding the role of 
DNA methylation in flowers is crucial for unravelling the 
molecular mechanisms underlying floral development, 
adaptation to environmental changes, and the regulation 
of floral traits. It provides insights into how epigenetic 
modifications contribute to the diversity and complex-
ity of flower morphology and function. Comparing the 
global methylation of DNA and expression of genes in 
both morphs of F. esculentum, as well as with a closely 
related, homostylous species, F. tataricum can lead to 
deciphering and understanding the differences between 
them and influence the self-incompatibility phenom-
enon to create self-compatible varieties. Our analyses 
offer insights into the potential roles of DNA methyla-
tion in gene expression and serve as valuable resources 

for further exploration of the genetic pathways governing 
flower development.
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9. Podsumowanie i wnioski  
 

Do realizacji pierwszego etapu pracy doktorskiej użyto kalusów o zróżnicowanej zdolności do 

embriogenezy; kalus embriogenny Fagopyrum esculentum, kalus morfogenny oraz kalus 

niemorfogenny Fagopyrum tataricum. Natomiast w drugim etapie pracy doktorskiej skupiono 

się na badaniach kwiatów dwóch gatunków Fagopyrum. Kwiaty F. esculentum, cechują się 

heterostylią (dwa morfotypy: Pin i Thrum).  

Te różnice stanowiły podstawy do przeprowadzenia analiz porównawczych w celu 

zrozumienia wpływu modyfikacji epigenetycznych na procesy odróżnicowania i ponownego 

różnicowania komórkowego w kulturach in vitro, jak i podczas rozwoju generatywnego roślin 

gryki. Zastosowane metody umożliwiły uzyskanie innowacyjnych i unikalnych wyników 

zarówno pod względem zdobytych informacji, jak i wykorzystanych technik. Hipotezy 

postawione w rozprawie doktorskiej zostały potwierdzone. Zaobserwowano zmiany w 

poziomach modyfikacji epigenetycznych podczas procesów odróżnicowania i różnicowania 

komórek w kalusach gryki zwyczajnej i gryki tatarki w warunkach kultur in vitro. 

Zidentyfikowano korelację między zmianami epigenetycznymi a ekspresją genów kodujących 

białka i polisacharydy zaangażowane w przebudowę ściany komórkowej podczas procesów 

odróżnicowania i różnicowania w kulturach in vitro kalusa gryki tatarki. Ponadto, opisano 

zmiany w poziomach metylacji DNA oraz poziomie ekspresji genów kodujących metylazy i 

demetylazy na różnych etapach rozwoju (zamknięte i otwarte) kwiatów (F. tataricum, Pin i 

Thrum F. esculentum).  

Wnioski z przeprowadzonych w ramach pracy doktorskiej badań podzielono na 

podstawie warunków hodowli:  

 

Doświadczenia in vitro  

1. Stwierdzono różnice w poziomie modyfikacji epigenetycznych w długoterminowych 

kulturach kalusów gatunków Fagopyrum o zróżnicowanej zdolności do embriogenezy (P2): 

 

•  Obniżony poziom modyfikacji związanych z aktywną transkrypcyjnie euchromatyną, 

di- i trimetylacji histonu H3 na lizynie 4 (H3K4me2, H3K4me3) jest związany z 

odróżnicowaniem komórek w kalusie embriogennym F. esculentum i w kalusie 

morfogennym F. tataricum; 
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•  Obniżony poziom metylacji DNA w kalusie morfogennym F. tataricum jest 

skorelowany z dynamicznym różnicowaniem komórek i reinicjacją proembriogennych 

kompleksów komórkowych; 

•  Fluktuacje w poziomach acetylacji histonu H4 (H4K5ac, H4K16ac) mogą być 

spowodowane intensywnymi podziałami komórkowymi i endoreplikacją w kalusie 

niemorfogennym F. tataricum; 

 

2. Wykazano szczegółowe różnice w poziomie trimetylacji histonu H3 na lizynie 4 

(H3K4me3) pomiędzy kalusami morfogennym i niemorfogennym w F. tataricum (P3): 

 

•  W kalusie morfogennym F. tataricum w badanych genach białek oraz polisacharydów 

ściany komórkowej (PMEI, PME, PX, EXT1 i PG2) poziom H3K4me3 wzrastał wraz z 

progresją pasażu, co oznacza ich wzmożoną aktywność podczas procesów 

odróżnicowania komórkowego i dezintegracji proembriogennych kompleksów 

komórkowych; 

•  Analiza sekwencjonowania ChIP wykazała wyższy poziom H3K4me3 w kalusie 

niemorfogennym F. tataricum. Natomiast kolejna analiza ChIP-qPCR przeprowadzona 

dla konkretnych genów (PG1 oraz EXT1) wykazała niższy poziom tego markera, co 

najprawdopodobniej związane jest z brakiem zdolności komórek kalusa 

niemorfogennego do morfogenezy. 

 

Doświadczenia in vivo 

3. Zaobserwowano różnice w metylacji DNA oraz poziomie ekspresji genów kodujących 

metylazy i demetylazy DNA w kwiatach F. esculentum (Pin i Thrum) oraz F. tataricum podczas 

ich rozwoju (P4): 

•  Zwiększony w stosunku do kwiatów otwartych poziom metylacji DNA oraz poziom 

ekspresji genów kodujących metylotransferazy i demetylazy DNA w zamkniętych 

kwiatach obu gatunków Fagopyrum wskazuje, że metylacja jest zaangażowana w procesy 

towarzyszące ich rozwojowi. 
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Uzupełnienie 

Metodyka zastosowana w badaniach wykorzystanych w pracy doktorskiej została 

opublikowana jako dwa rozdziały monografii wydawnictwa Springer z serii „Methods in 

Molecular Biology. Buckwheat: Methods in Molecular Biology”. 

Tomasiak A, Sala K, Braszewska A. Immunostaining for epigenetic modifications in 

Fagopyrum calli. w: Buckwheat Methods in Molecular Biology Edytorzy: Betekhtin A, Pinski, 

A., vol. 2791. Humana, Nowy Jork: Springer 2024: 15–22. 

Punkty MNiSW: 20 

Rozdział zawiera szczegółowy protokół opisujący reakcje immunobarwienia, wykorzystywane 

powszechnie do identyfikacji poszczególnych epitopów w obrębie DNA, białek lub 

polisacharydów. Reakcja składa się z dwóch etapów: w pierwszym aplikowane jest 

nieoznakowane przeciwciało pierwszorzędowe, które wykrywa antygen, następnie nanoszone 

jest przeciwciało drugorzędowe, znakowane odpowiednim znacznikiem fluorescencyjnym 

umożliwiającym wizualizację poszukiwanego kompleksu. Do analizy użyto kalusy: EK 

F. esculentum oraz MK i NK F. tataricum. Opisano proces utrwalania tkanek oraz procedurę

zatapiania w wosku Steedmana (Steedman, 1957). Rozdział zawiera również opis procesu 

przygotowania skrawków na mikrotomie rotacyjnym oraz opisuje etap odwoskowania i 

uwodnienia preparatów w celu przeprowadzenia reakcji immunohistochemicznej. Do analiz 

wykorzystano specyficzne przeciwciała pierwszorzędowe skierowane przeciwko 

zmodyfikowanym białkom histonowym - H3: dimetylacja histonu 3 na lizynie 4 (H3K4me2) 

trimetylacja histonu H3 na lizynie 4 (H3K4me3), trimetylacja histonu H3 na lizynie 36 

(H3K4me36), acetylacja histonu 3 na lizynie 18 (H3K18ac); oraz H4: acetylacja histonu H4 na 

lizynie 12 (H4K12ac), acetylacja histonu H4 na lizynie 16 (H4K16ac), acetylacja histonu H4 

na lizynie 5 (H4K5ac). Jako kontrole pozytywne użyto przeciwciał skierowanych przeciwko 

niezmodyfikowanym histonom H3 i H4. Oznaczenie metylacji DNA, poza aplikacją 

odpowiedniego przeciwciała, wymaga wcześniejszej denaturacji DNA kwasem solnym (HCl). 

Przeciwciało drugorzędowe zastosowane w przedstawionym protokole to poliklonalne IgG 

znakowane fluorochromem Alexa488. 

Protokół pozwala na dokładne odtworzenie eksperymentu. Zawiera również użyteczne 

wskazówki (sekcja Notes) pozwalające na uniknięcie błędów podczas przeprowadzania reakcji 

oraz wszelkie niezbędne informacje dotyczące metody immunobarwienia cytochemicznego.
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Tomasiak A, Berg LS, Sala K, Braszewska A. Quantitative analysis of epigenetic 

modifications in Fagopyrum nuclei with confocal microscope, ImageJ, and R Studio. w: 

Buckwheat Methods in Molecular Biology Edytorzy: Betekhtin A, Pinski, A., vol. 2791. 

Humana, Nowy Jork: Springer; 2024: 23–33. 

Punkty MNiSW: 20 

Rozdział zawiera dokładny opis procedury, która pozwala na pozyskanie obrazu przy użyciu 

mikroskopii konfokalnej, jak i jego analizę przy użyciu profesjonalnych programów takich jak 

ImageJ oraz językiem programowania R. Protokół rozpoczyna się od dokładnego opisu 

ustawień mikroskopu konfokalnego Olympus FV1000 (Olympus, Polska). Kolejno protokół 

skupia się na analizie obrazu przy użyciu programu ImageJ wersja 1.53s (Wayne Rasband, 

National Institutes of Health, USA). Program ten jest cenionym narzędziem do analizy 

obrazów, wykorzystywanym w wielu dziedzinach nauki. Intensywność fluorescencji 

drugorzędowego przeciwciała Alexa488 została zmierzona jako średnia wartość z gęstości 

zintegrowanej (IntDen) z parametrem wartości progowej na jedno jądro, która przedstawia 

sumę wszystkich pikseli w obrębie wybranego obszaru. Protokół zawiera zrzuty ekranu wraz z 

opisem funkcji aby użytkownik mógł łatwo odtworzyć ścieżkę procedury. Dane liczbowe 

uzyskane z analizowanych obrazów poddano kolejno analizom statystycznym. W tym celu 

zastosowano R Studio 2022.12.0 Build 353. Jest to otwartoźródłowe, zintegrowane środowisko 

programistyczne dla języka R, który umożliwia łatwo odtwarzalny proces analizy statystycznej 

oraz wizualizacji danych. R jest głównie znany jako język statystyki, dlatego dominuje nad 

innymi językami programowania w tworzeniu narzędzi statystycznych. Zawiera różnorodne 

pakiety odpowiednie do naukowej analizy danych, takie jak agricolae (Procedury Statystyczne 

do Badań Rolniczych), który może być używany do znajdowania istotnych różnic między 

średnimi, oraz inne pakiety dedykowane wizualizacji danych. Umożliwia łatwe i powtarzalne 

uzyskiwanie podsumowania danych po analizie statystycznej i wizualizację ich w formie 

wykresów. Rozdział zawiera skrypt, który może być skopiowany i użyty do takiej analizy. W 

protokole zastosowano jednoczynnikową analizę wariancji (ANOVA), aby określić istotnie 

statystycznie różnice między porównywanymi grupami. Następnie zastosowano także test post-

hoc Tukey’a, który miał na celu porównanie średnich w grupach. 

Opisany protokół zawiera szczegółowy opis pomiaru fluorescencji z obrazów 

pozyskanych przy użyciu mikroskopii konfokalnej. Zawiera informacje na temat użytych 

programów, ich konfiguracji i ustawień odpowiednich do tego typu eksperymentów. Protokół 

można zastosować do różnorodnych badań pomiaru fluorescencji oraz, po zmodyfikowaniu 

dostępnego skryptu, analiz statystycznych. 
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Wyniki otrzymane w rozprawie doktorskiej zaprezentowano na trzech konferencjach 

naukowych: 

1. 15 Międzynarodowe Sympozjum Gryki pt: „Buckwheat for health” zorganizowane

przez Instytut Uprawy Nawożenia i Gleboznawstwa – Państwowy Instytut Badawczy w 

Puławach. Konferencja odbyła się w dniach 2-8 lipca 2023.  

Tytuł wystąpienia: ‘Complex epigenetic analysis of the cell fate in long term cultivated 

Fagopyrum calli with different morphogenic capacity’. Prezentacja ustna. 

2. 1st European Network for Protoplast regeneration and Microspore embryogenesis

research zorganizowane przez Uniwersytet Gandawski w Gandawie. Konferencja odbyła się 9-

10 września 2024.  

Tytuł wystąpienia: ‘Cellular reprogramming processes in buckwheat from the epigenetic point 

of view’. Prezentacja ustna. 

3. XVI Ogólnopolska Konferencja Kultur In Vitro i Biotechnologii Roślin, zorganizowana

przez Uniwersytet Rolniczy w Krakowie. Konferencja odbyła się w dniach 23-25 września 

2024. 

Tytuł wystąpienia: ‘Gryka w kulturach in vitro: stan obecny i perspektywy’. Prezentacja ustna. 
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