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1. Wykaz uzytych skrétow

2,4-D — kwas 2,4-dichlorofenoksyoctowy

AGP - biatko arabinogalaktanowe (ang. arabinogalactan protein)

AIP — kwas 2-aminoindano-2-fosfonowy

B5 — pozywka wg Gamborg

BAP — benzyloaminopuryna

BBM - BABY BOOM

CCOMT — metylotransferaza caffeoyl-CoA (ang. Caffeoyl-CoA O-methyltransferase)
CLV3 - CLAVATA3

CPP — pozywka do protoplastow z ogonkow lisciowych marchwi (ang. carrot petiole
protoplast medium)

CPPU — N-(2-chloro- 4-pirydynylo) -N'-fenylo- mocznik

CWP — biatka $ciany komoérkowej (ang. cell wall proteins)

EK — embriogenny kalus

ENDO - endochitynaza

EP DC-8 — biatko embriogenne typu DC8 (ang. embryogenic protein DC8-like)
EXT — ekstensyny

FLA — biatko arabinogalaktanowe typu Fasciclin

FUS3 — FUSCA3

GalA — kwas galakturonowy

HG — homogalakturonan

KIN — Kinetyna

KM — pozywka wg Kao i Michayluk

LEA — biatko zwigzane z p6Zng embriogenezg (ang. late embryogenesis abundant protein)
LEC - LEAFY COTYLEDON

LMPA — agaroza o niskiej temperaturze topnienia (ang. low melting point agarose)
MK — morfogenny kalus

MS — pozywka wg Murashige i Skoog

NAA — kwas 1-naftylooctowy

NK — niemorfogenny kalus

OLEO - oleozyna

OLEO4 — oleozyna 4

PAL - liaza fenyloalaniny

PEKK — proembriogenne kompleksy komorkowe

PSK — fitosulfokina o

PUT — putrescyna

PVP — poliwinylopirolidon (ang. polyvinylpyrrolidone)

RGI — ramnogalakturonan | (ang. rhamnogalactunonan I)



RGII — ramnogalakturonan 1l (ang. rhamnogalactunonan I1)
SBP — biatko zawierajace biotyne (ang. seed biotin protein)
SSPs — biatka zapasowe nasion (ang. seed storage proteins)
TDZ — tidiazuron

TFs — czynniki transkrypcyjne (ang. transsription factors)
VIC — vicilina

WUS - WUSCHEL
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Praca doktorska zostata wykonana w ramach badan realizowanych w projekcie finansowanym
przez Narodowe Centrum Nauki pt.: Procesy reprogramowania komorek: analiza
epigenetyczna i proteomiczna losow komorek gryki zwyczajnej i tatarki

Nr grantu: 2020/37/B/NZ9/01499

Projekt w ramach konkursu OPUS 19, realizowany w latach 2021-2025

Kierownik projektu: dr hab. Alexander Betekhtin, prof. US

W trakcie realizacji pracy doktorskiej odbytam trzymiesigczny staz zagraniczny w ramach
programu Erasmus+ na Universit¢é Toulouse III Paul Sabatier w Tuluzie (Francja) w
Laboratorium Badawczym Nauk o Roslinach, pod kierownictwem dr Elisabeth Jamet. Podczas
stazu zdobylam teoretyczng wiedze oraz praktyczne umiejetnosci z zakresu biologii
molekularnej, przygotowania wektorow ekspresyjnych oraz ekstrakcji 1 separacji biatek

ro$linnych, jak rowniez rutynowo postugiwatam si¢ systemem klonowania Golden Gate.



4. Streszczenie

Niniejsza praca koncentruje si¢ na dwoch najczesciej uprawianych gatunkach gryki: gryce
zwyczajnej (Fagopyrum esculentum Moench) oraz gryce tatarce (F. tataricum (L.) Gaertn).
Rosliny te stanowig naturalne zrodto biologicznie aktywnych substancji, ze wzgledu na wysoka
zawarto$¢ zwigzkoéw fenolowych, flawonoidow oraz biatek. Jednak ich plonowanie odznacza
si¢ niska wydajnos$cia i niestabilnoscia, co ogranicza uprawe gryki w Polsce 1 Europie. W celu
zwigkszenia plonu oraz poprawy wybranych cech gryki istotne znaczenie maja kultury in vitro.
Kultura protoplastow stanowi uzyteczne narze¢dzie, ktére w potaczeniu w technikami inzynierii
genetycznej moze by¢é wykorzystane w programach hodowlanych w celu poszerzenia
zmienno$ci genetycznej.

Pierwszym etapem badan prezentowanej rozprawy doktorskiej byto przeprowadzenie
szeregu eksperymentéw majacych na celu opracowanie warunkow skutecznej Kkultury
protoplastow w/w gatunkéw gryki. W zwiagzku z czym zbadano wptyw: 1) materiatu
donorowego do izolacji protoplastow, 2) podloza do immobilizacji protoplastow,
3) fitosulfokiny, 4) auksyn i cytokinin oraz 5) absorbentéw i inhibitorow zwigzkow fenolowych
na aktywnos$¢ podzialowa w kulturze protoplastow. Wykazano miedzy innymi, ze kalus
charakteryzujacy si¢ wysokim potencjalem regeneracyjnym jest lepszym materiatem
donorowym w kulturach protoplastow W poréwnaniu do hipokotyli siewek. Podobnie,
immobilizacja protoplastow w agarozie korzystnie wptywa na ich rozw6j w porownaniu do
immobilizacji w alginianie. Ponadto udowodniono, Ze suplementacja bazowej pozywki w
fitosulfoking skutecznie przetamuje latencj¢ podziatowa w kulturach protoplastow gryki.
Natomiast zastosowanie odpowiedniego zestawu cytokinin do regeneracji kalusa otrzymanego
z kultury protoplastow pozwolilo na regeneracj¢ roslin w stosunkowo krotkim czasie tj. 2-5
miesiecy od momentu regeneracji.

Zaobserwowane roznice w dynamice rozwoju kultury protoplastow oraz sposobie
regeneracji staly si¢ podstawg drugiej cze$ci badan ukierunkowanej na przeprowadzenie
bardziej szczegotowych analiz. Analizie poddano trzy punkty czasowe kultury, podczas
ktorych obserwowano pierwsze podziaty komorkowe, formowanie kolonii komorkowych oraz
rozwdj minikalusa. Celem tych badan byto poznanie zmian jakie zachodza w 1) rozmieszczeniu
wybranych komponentéw $ciany komorkowej, 2) proteomie oraz 3) ekspresji wybranych
gendw 1 czynnikow transkrypcyjnych zwigzanych z somatyczng embriogenezg podczas

rozwoju kolonii komorkowych w kulturze protoplastow.



Analiza przestrzenno-czasowego rozmieszczenia sktadnikow $ciany komorkowej
ujawnita zmienng dystrybucj¢ tancuchéw bocznych pektyn (ramnogalakturonanu I) jak rowniez
ekstensyn, co $wiadczy o roznicowaniu si¢ kolonii komoérkowych. Analiza proteomiczna
wykazata wzrost akumulacji bialek zwigzanych z gromadzeniem substancji zapasowych jak
roOwniez biatek zwigzanych z somatyczng embriogenezg, co moze wskazywaé na
przygotowanie kultury do zdarzen somatycznej embriogenezy.

Uzyskane wyniki, moga pomoéc w zrozumieniu kluczowych proceséw zachodzacych
podczas rozwoju kultury protoplastow prowadzacych w efekcie koncowym do regeneracji
roslin. W szerszej perspektywie wyniki te mogg przyczyni¢ si¢ do rozwoju przyszitych

programéw hodowlanych gryki.
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5. Summary

This study focuses on two of the most commonly cultivated buckwheat species: common
buckwheat (Fagopyrum esculentum Moench) and Tartary buckwheat (F. tataricum (L.)
Gaertn). These plants are a natural source of biologically active compounds due to their high
phenolic compounds, flavonoids, and protein content. However, the yield of these plants is low
and unstable, which limits the cultivation of buckwheat in Poland and Europe. In vitro cultures
play a significant role in enhancing yield and improving selected traits of buckwheat. Protoplast
culture is a valuable tool that, combined with genetic engineering techniques, can be used in
breeding programs to expand genetic variability.

The first stage of the research presented in this doctoral dissertation involved conducting
experiments to develop conditions for an effective protoplast culture of these two buckwheat
species. Therefore, the influence of the following factors was examined (1) donor material for
protoplast isolation, (2) immobilization medium for protoplasts, (3) phytosulfokines, (4) auxins
and cytokinins, and (5) absorbents and inhibitors of phenolic compounds on cell division
activity in protoplast cultures. The study demonstrated that callus with high regenerative
potential is a more suitable donor material for protoplast cultures than seedling hypocotyls.
Similarly, immobilization of protoplasts in agarose positively influenced their development
compared to immobilization in alginate. Furthermore, it was shown that supplementation of the
basal medium with phytosulfokine effectively breaks cell division latency in buckwheat
protoplast cultures. Using an appropriate cytokinin combination for callus regeneration derived
from protoplast cultures enabled plant regeneration within a relatively short period, ranging
from 2 to 5 months.

Observed differences in the dynamics of protoplast culture development and
regeneration pathways are the basis for the second part of the study, which focused on more
detailed analyses. Three time points of culture development were examined: cell divisions, cell
colony formation, and minicallus development. These investigations aimed to understand the
changes occurring in (1) the spatial distribution of selected cell wall components, (2) proteome,
and (3) the expression of selected genes and transcription factors associated with somatic
embryogenesis during cell colony development in protoplast cultures.

The spatiotemporal analysis of cell wall component distribution revealed a variable
localization of pectin (rhamnogalacturonan 1) side chains and extensins, indicating

differentiation within the cell colonies. Proteomic analysis showed an increased accumulation
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of proteins involved in storage compound accumulation and proteins associated with somatic
embryogenesis, suggesting that the culture was preparing for somatic embryogenesis events.
The obtained results may contribute to a better understanding of key processes occurring
during the development of protoplast culture, ultimately leading to plant regeneration. From a
broader perspective, these findings may support the advancement of future buckwheat breeding

programs.
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6. Wstep
6.1. Gryka i jej znaczenie

Gryka jest rosling dwuli§cienng, nalezacg do rodzaju Fagopyrum (rodzina Polygonaceae), ktory
obejmuje 22 gatunki wystepujace gtdéwnie na wyzynach Eurazji (Zhang i inni, 2015; Jha i inni,
2024). Szeroko uprawiane sg tylko trzy gatunki, tj. gryka zwyczajna (Fagopyrum esculentum
Moench), gryka tatarka (Fagopyrum tataricum Gaertn) i Fagopyrum cymosum (Trevir.) Meisn.,
sposrod ktorych F. esculentum jest jedynym gatunkiem powszechnie uprawianym i
wykorzystywanym do spozycia w Polsce (Zarzecka, 2014). Ze wzgledy na sktad chemiczny
nasion oraz agrotechnike uprawy gryka zaliczana jest do pseudozboz (Hornyak i inni, 2023).
Wynika to przede wszystkim z wysokiej wartosci odzywczej gryki zwigzanej z duzg
zawartoscig biatka, flawonoidéow, a takze obecno$ciag witamin o wlasciwosciach
antyoksydacyjnych, czy brakiem glutenu w nasionach (Zarzecka, 2014; Sytar i inni, 2018). Co
wiecej, gryka obfituje w rézne zwigzki fenolowe, w szczegdlnosci rutyne, kwercetyne i C-
glikozyloflawony (orientyne, izoorientyng, witeksyng), ktore majg korzystne wiasciwosci
terapeutyczne i dietetyczne, sprzyjajace zdrowiu cztowieka (Joshi i inni, 2020). W poréwnaniu
do gryki zwyczajnej, gryka tatarka zawiera wigcej zwigzkow fenolowych, nie tylko w
poszczegolnych organach, ale takze na réznych etapach wzrostu roslin (Gupta i inni, 2011).
Z punktu widzenia wzrostu roslin, flawonoidy zmniejszajg stres $rodowiskowy, a wysokKi
poziom rutyny i rutynozydazy prowadzi do powstawania kwercetyny, ktora odpowiada za silng
gorycz nasion tym samym chronigc rosliny przed spozyciem ze strony zwierzat (Kreft i inni,
2022). Jednak w kulturach in vitro zwiazki fenolowe mogg wykazywaé toksyczne dziatanie,
ograniczajac podzialy komorkowe, hamujac wzrost tkanek, a takze prowadzi¢ do bragzowienia
eksplantatow oraz pozywki (Cvikrova i inni, 2003). Gtéwnym wyzwaniem w uprawie gryki
zwyczajnej jest niski oraz niestabilny plon, ktory wynika z samoniezgodnosci, krotkiego czasu
zycia pojedynczego kwiatu (okoto jednego dnia), aborcji kwiatow, zarodkéw oraz nasion.
Niejednorodno$¢ dojrzewania, pgkanie oraz kietkowanie nasion przed zbiorem, jak rowniez
wrazliwo$¢ na stresy biotyczne i abiotyczne to gtdéwne wady tych dwoch gatunkow uprawnych,

ktore obecnie stanowig wyzwanie w programach hodowli gryki (Jha i inni, 2024).
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6.1.1. Kalus gryki

Kultury in vitro moga by¢ pomocne w procesach ulepszania roslin, selekcji genotypow o
pozadanych cechach, propagacji materialu roslinnego oraz modyfikacjach genetycznych.
Dzigki zoptymalizowanym i powtarzalnym protokotom prowadzenia kultur in vitro jak rowniez
posiadaniu stabilnego pod wzgledem genetycznym i regeneracyjnym materiatu roslinnego
mozliwe jest sprostanie wyzej wymienionym celom, jak rowniez wspomnianym problemom
gryki. Wykazano, ze morfogenny kalus (MK) F. tataricum, charakteryzuje si¢ stabilnym
genomem jadrowym przez okres nawet dziesieciu lat prowadzenia kultury in vitro oraz
wysokim potencjatem regeneracyjnym (Betekhtin i inni, 2017). Kalus ten sktada si¢ z
proembriogennych kompleksow komoérkowych (PEKK, Rycina la, czerwone strzatki) i
,,miekkiego” kalusa (Rycina 1a, biale strzatki), ktory pojawia si¢ cyklicznie podczas rozwoju i
dezintegracji PEKK, petnigc funkcje ,,nianki”. Wedtug danych histologicznych ten typ kalusa
zawiera trzy warstwy: (1) warstwe komorek bogatych w zwigzki fenolowe, (2) warstwe
komorek merystematycznych oraz (3) warstwe komorek parenchymatycznych. Zachodzace
cykle endoreduplikacji w MK prawdopodobnie prowadza do powstawania niemorfogennego
kalusa (NK, Rycina 1b), ktory charakteryzuje si¢ kruchg Strukturg i jest niestabilny genetycznie
(Betekhtin i inni, 2017). Embriogenny kalus (EK) F. esculentum r6zni si¢ morfologia i strukturg
od kalusa F. tataricum (Rycina 1c), jest mleczno-biaty i globularny. Wykazano, ze w centralnej
czesci posiada komorki parenchymatyczne zawierajace ziarna skrobi, ktore pokryte sg kilkoma
warstwami komorek merystematycznych. Wedtug danych literaturowych kalus ten odznacza
si¢ najwyzsza zdolnoscig do morfogenezy (Gumerova i inni, 2003; Rumyantseva i inni, 2005).
Kalus obu gatunkow, ze wzgledu na wysoka zdolnos$¢ regeneracyjng, moze stanowic¢ znakomity
material wyj$ciowy W roznych systemach roslinnych kultur in vitro. M. in. moze byc¢
wykorzystany w kulturach protoplastow, ktore stanowig uzyteczne narzedzie zaréwno W

badaniach podstawowych jak i aplikacyjnych (Eeckhaut i inni, 2013; Jiang i inni, 2013).
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Rycina 1 Morfogenny (a) i niemorfogenny kalus (b) F. tataricum; embriogenny kalus
F. esculentum (c). Czerwone strzatki wskazuja proembriogenne kompleksy komorkowe
(PEKK), biate strzatki wskazujg migkki kalus. Podziatka: 1 mm. Fotografie Magdalena Zaranek

6.2. Protoplasty roslinne

Protoplasty to zywe komorki roslinne, ktorych $ciana komodrkowa zostata catkowicie lub
cze$ciowo usunigta za pomocg metod mechanicznych lub enzymatycznych, otoczone btong
komorkowa (Jiang i inni, 2013). Teoretycznie protoplasty sa totipotentne, co oznacza, ze majg
zdolno$¢ do odrdznicowania, odtworzenia $ciany komorkowej, ponownego wejécia w cykl
komorkowy, przejscia przez szereg podzialdéw mitotycznych, a nastepnie przeksztatcenia si¢ w
niezorganizowany tkankowo kalus, pojedynczy organ lub calg rosling (Eeckhaut i inni, 2013);
Rycina 2). Chociaz znane sa protokoty regeneracji roslin z protoplastow dla ponad kilkuset
gatunkow, skutecznos$¢ aplikacji systemow protoplastowych w odniesieniu do wielu roslin
uprawnych wcigz jest niska lub sporadyczna, zar6wno w zakresie regeneracji catych roslin, jak
i tworzenia kalusa (Davey i inni, 2005a; Davey i inni, 2005b). Do tej pory znanych byto
zaledwie kilka doniesien na temat kultur protoplastow w rodzaju Fagopyrum. W przypadku
F. esculentum udato si¢ otrzymac rosliny z Kultury protoplastoéw hipokotylowych, jednakze
charakteryzowaty si¢ one nieprawidtowa morfologia (Adachi i inni, 1989) lub odnotowywano
niski potencjat regeneracyjny kalusa uzyskanego po kulturze protoplastow (Gumerova, 2004).
W przypadku F. tataricum do chwili obecnej nie odnotowano doniesien zwigzanych z
otrzymaniem roslin poprzez kulture protoplastow. Publikacje stanowigce podstawe niniejszego
doktoratu jako pierwsze opisuja efektywna regeneracje¢ roslin gryki zwyczajnej oraz gryki
tatarki poprzez kultur¢ protoplastow. Ostanie badania przeprowadzone przez Sala-Cholewa i
inni (2024) dostarczajg informacji na temat odbudowy $ciany komoérkowej podczas pierwszych
72 godzin kultury protoplastow w/w gatunkow jak rowniez ich mieszancoéw. Przedstawione
wyniki wskazuja na roznice w czasoprzestrzennym rozmieszczeniu poszczegolnych epitopow

$ciany komorkowe;.
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Podziat Kolonia
Protoplast komorkowy komorkowa Kalus Regenerant

Rycina 2 Model rozwoju kultury protoplastow. Schemat wykonany za pomoca platformy

BioRender (https://app.biorender.com). Prawo do publikacji poswiadczone licencja.

6.2.1. Kultura protoplastéw

Na uzyskanie wydajnego i powtarzalnego narzedzia opartego na kulturze protoplastow wptywa
wiele czynnikow, takich jak metoda izolacji protoplastow, wydajno$¢ i jakos¢ wyizolowanych
komorek, technika prowadzenia kultury oraz sktad pozywki (Rahmani i inni, 2016). Wiele
sktadowych wplywa na sam proces izolacji, wsréd ktorych mozna wyrdzni¢: materiat
donorowy do izolacji protoplastow, sktad mieszaniny enzymatycznej trawigcej S$ciang
komorkows, technike izolacji jak réwniez warunki prowadzenia wspomnianych etapow.
Wszystkie te czynniki istotniec wptywaja na wydajnos¢ izolacji, kondycje oraz zywotnosc¢
komorek. Jesli parametry izolacji dobrane sa poprawnie, to srednio z grama §wiezej masy
powinno sie uzyska¢ okoto 10°—10° protoplastow. Zwykle testowane sa rozne
odmiany/genotypy oraz rodzaje materialu donorowego, aby wybra¢ ten o najlepszej
odpowiedzi rozwojowej oraz najwigkszym potencjale regeneracyjnym (Davey i inni, 2005g;
Grzebelus i inni, 2012a; Kietkowska i Adamus, 2017; Kietkowska i Adamus, 2019; Reed i
Bargmann, 2021).

Stosowane sg rozne techniki prowadzenia kultury protoplastow od pozywek statych po
ptynne, co ma istotne znaczenie dla rozwoju komorek. Jednakze immobilizacja protoplastow w
zestalajacych si¢ (agar, agaroza) lub polimeryzujacych (alginian) podtozach, a nastgpnie
umieszczenie w ptynnym medium zapobiega agregacji oraz obumieraniu komorek, zmniejsza
produkcje polifenoli oraz zapewnia lepsza dyfuzje substancji odzywczych jak rowniez
szkodliwych metabolitow (Davey i inni, 2005a; Deryckere i inni, 2012). Wykazano
stymulujace dzialanie alginianu na podziaty mitotyczne w kulturach protoplastow Brassica
napus, Brassica oleracea, Beta vulgaris, Daucus carota czy Nicotiana tabacum (Dovzhenko i
inni, 1998; Grzebelus i inni, 2012a; Grzebelus i inni, 2012b; Kietkowska i Adamus, 2012;
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Mackowska i inni, 2014). Z kolei zastosowanie agarozy o niskiej temperaturze topnienia
(LMPA, ang. low melting point agarose) do immobilizacji protoplastow Cichorium, Ulmus
americana i Artemisia judaica okazato si¢ by¢ bardziej efektywne dla rozwoju kultury w
poréwnaniu z zastosowaniem ptynnej lub statej pozywki (Pan i inni, 2003; Deryckere i inni,
2012; Jones i inni, 2015).

Istotnym czynnikiem stymulujacym kulturg protoplastow jest pozywka, ktora dostarcza
niezbedne substancje do wzrostu i rozwoju komoérek. Dobranie odpowiednich sktadnikow
odzywczych, suplementoéw czy regulatorow wzrostu jest niezbedne w celu indukcji podziatow
mitotycznych, formowania kolonii komorkowych oraz ich dalszego réznicowania w ro$liny
(Davey i inni, 2005b). Auksyny i cytokininy maja szczegdlne znaczenie dla rozwoju i
réznicowania komorek, jednak kluczowym aspektem czesto decydujacym o powodzeniu
kultury, jest odpowiedni doboér ich rodzaju, stezenia oraz wzajemnej proporcji (Davey i inni,
2005b; Reed i Bargmann, 2021). Wigkszos¢ pozywek do kultury protoplastow bazuje na
sktadnikach pozywki Murashige i Skoog (1962; MS) lub Gamborg (1968; B5), cho¢ czesto
stosuje si¢ bogata W zwiazki mineralne i organiczne formut¢ Kao i Michayluk (1975; KM).
Przyktadowo, po zastosowaniu pozywki opartej na formule KM w poréwnaniu z MS w kulturze
protoplastow Beta vulgaris zaobserwowano wyzszg zywotnos$¢ protoplastow, a w kulturze
protoplastow Kalanchde odnotowano podziaty komorek (Grzebelus i inni, 2012b; Cui i inni,
2019).

Powszechnym podejsciem wspierajacym podziaty w Kulturze protoplastow, rozwdj
kolonii komorkowych (ang. cell colonies) oraz formowanie minikalusa jest dodatek
suplementow, takich jak peptydowe czynniki wzrostu, poliaminy czy substancje zdolne do
absorpcji lub hamowania syntezy zwigzkéw fenolowych. Doskonalym przyktadem
peptydowych czynnikow wzrostu jest fitosulfokina (PSK) — siarczanowany pentapeptyd, ktory
promuje podziaty komorkowe, wzrost i proliferacje komorek, ale takze stosowany jest w celu
indukcji somatycznej embriogenezy u gatunkow opornych do tworzenia zarodkow
somatycznych (Ochatt i inni, 2018; Hao i inni, 2023; Luo i inni, 2024). Jak wykazaty badania,
zastosowanie PSK umozliwito przetamanie latencji podziatowej w kulturze protoplastow Beta
vulgaris (Grzebelus i inni, 2012b), stymulowalo podziatly komoérkowe oraz zwigkszyto
zdolnos$ci regeneracyjne protoplastow B. oleracea var. capitata L. (Kietkowska i Adamus,
2017; Kietkowska i Adamus, 2019) oraz wybranych gatunkéw w rodzaju Daucus (Mackowska
i inni, 2014).

Inne zwiazki, takie jak poliaminy reguluja procesy ekspresji genow (replikacje,

transkrypcj¢ oraz translacje) (Davey i inni, 2005b), a takze petnig funkcje ochronne przed
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stresem oksydacyjnym w kulturach in vitro (Majewska-Sawka i inni, 1997; Mackowska i inni,
2014; Kietkowska i Adamus, 2021). W kulturze protoplastow Nicotiana tabacum odnotowano,
ze putrescyna (PUT) zapobiega programowanej $mierci protoplastow i tym samym pozytywnie
wplywa na zywotno$¢ komorek (Papadakis i Roubelakis-Angelakis, 2005). Wykazano
pozytywne oddziatywanie PUT na podzialty komorkowe oraz formowanie kolonii
komorkowych w kulturze protoplastow Alnus glutinosa i Alnus incana (Huhtinen i inni, 1982),
jak rowniez na aktywno$¢ mitotyczng komorek oraz regeneracj¢ pedéow w Kulturze
protoplastow B. oleracea (Kietkowska i Adamus, 2021).

W celu poprawy rozwoju kultury protoplastow stosowane sg rowniez absorbenty lub
inhibitory zwigzkow fenolowych. Powstajace produkty utleniania zwigzkéw fenolowych w
kulturach in vitro stanowig duze wyzwanie ze wzgledu na skutki uboczne jakie wywoluja:
hamuja wzrost tkanek, prowadza do brazowienia (obumierania) kultury, zmniejszaja tempo
regeneracji, jak rowniez przyczyniaja si¢ do gromadzenia czgsto szkodliwych substancji w
podtozu hodowlanym (Jones i Saxena, 2013). Dlatego tez, aby zmniejszy¢ zawarto$¢ zwigzkow
fenolowych stosuje si¢ absorbenty zwigzkéw fenolowych lub inhibitory liazy fenyloalaniny
(PAL, enzym szlaku syntezy zwigzkow fenolowych). Wykazano, ze zastosowanie absorbentu
poliwinylopirolidonu (PVP) w kulturze protoplastow Cyamopsis tetragonoloba i Vitis
zredukowato brgzowienie materiatu roslinnego (Saxena i Gill, 1986; Reustle i Natter, 1994). Z
kolei zastosowanie inhibitora PAL jakim jest kwas 2-aminoindano-2-fosfonowy (AIP) w
kulturze protoplastow Ulmus americana wptyngto pozytywnie na wydajno$¢ izolacji
protoplastow, odbudowg $ciany komorkowej, podzialy komoérek oraz zmniejszyto brazowienie

zawiesiny i kultury kalusa (Johnson i inni, 2003; Jones i inni, 2012).

6.2.2. Podatnos$¢ komorek roslinnych na przeprogramowanie

Dzigki temu, ze komorki roslinne charakteryzuja si¢ wysoka plastyczno$cia rozwojowa oraz
zdolnoscig do przeprogramowania, mozliwe jest odtworzenie tkanek, organow, a nawet catego
organizmu ros$linnego (Pasternak i inni, 2020). Przeprogramowanie jest procesem, w ktorym
zréznicowane komorki lub tkanki przerywaja swoja pierwotng droge rozwojowa, wchodza w
program odréznicowania, by nastepnie odzyska¢ zdolno$¢ do réznicowania i odbudowy
nowych tkanek (Sugimoto i inni, 2019). Podczas odroznicowania komorki zwigkszaja swoj
potencjatl rozwojowy, nabywajg kompetencji do zmiany wzorca rozwojowego, jak rowniez
odzyskujg zdolno$¢ do podziatdéw mitotycznych (Fehér, 2015). Proces odréznicowania wigze

si¢ z izolacja protoplastow, ktora zachodzi w wyniku zranienia tkanki, zaklocenia komunikacji
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miedzykomodrkowej oraz poddania komodrek dziataniu czynnikéw stresowych. Rowniez
formowanie kalusa jest efektem odroznicowania zr6znicowanych wczesniej komorek (Fehér,
2015). Odroznicowanie protoplastow przebiega poprzez indukcj¢ procesu przeprogramowania,
epigenetyczng przebudowe chromatyny oraz nabycie totipotencji rozwojowej. Uwaza si¢, ze
powrdt do cyklu komorkowego jak rowniez odzyskanie zdolnos$ci podziatowej jest
klasyfikowane jako jeden z etapéw odroznicowania komorek w tym protoplastow. Badania
pokazaty, ze przywrocenie cyklu komoérkowego zwigzane jest z modyfikacjg struktury i
fizjologii komorek, proceséw molekularnych, czy zmiany w architekturze wakuoli (Sheahan i
inni, 2007; Pasternak i inni, 2020). Odrdznicowanie jak rowniez regeneracja inicjowane sa
przez sygnaty srodowiskowe, takie jak uszkodzenie sciany komorkowe;j, stres osmotyczny czy
bodzce fizyczne, co prowadzi do przerwania komunikacji migdzykomorkowej (przez
uszkodzenie plazmodezm lub $mier¢ sgsiednich komorek) i skutkuje przeprogramowaniem.
Dodatkowo, endogenne i egzogenne hormony roslinne stosowane w kulturach in vitro,
wpltywaja na zmiany w fazach cyklu komoérkowego, jak réwniez na stan zréznicowania
komorek (Sugimoto i inni, 2019). W przypadku ro$lin jednolisciennych, niektore komorki
mogg ponownie wejs¢ w cykl komdrkowy, jednak ich zdolno$ci regeneracyjne sg nietrwate i
zwykle szybko zanikaja. U ro$lin jeno- jaki i dwulisciennych proces ten zalezy od takich
czynnikow jak genotyp, wiek komorki czy stan fizjologiczny (Pasternak i inni, 2020).

Zaobserwowano, ze podczas przeprogramowania dochodzi do reorganizacji
chromatyny, zmiany we wzorach ekspresji genow jak rowniez zmian w skladzie i architekturze
$ciany komorkowej (Potocka i inni, 2018). Jednakze mechanizmy bedace podstawg tych
procesow nie sg do konca rozpoznane i zrozumiate pomimo duzej liczby multidyscyplinarnych
badan (Fehér, 2015). Zrédta podaja, ze formowaniu embriogennego kalusa towarzysza takze
zmiany w sktadzie oraz architekturze $ciany komorkowej (Smertenko i Bozhkov, 2014; Elhiti
i Stasolla, 2022; Hesami i inni, 2023).

19



6.3. Sciana komoérkowa

Sciana komorkowa jest waznym jak réwniez dynamicznym kompartmentem komorek
roslinnych, uczestniczacym w procesach rozwojowych (podziatach komorek, réznicowaniu)
oraz w odpowiedzi na stresy biotyczne i abiotyczne. Gtownymi komponentami pierwotnej
$ciany komorkowej odpowiadajagcymi za wilasciwosci mechaniczne i warunkujacymi jej
strukture sg polisacharydy takie jak celuloza, pektyny i hemiceluloza. Z kolei biatka Sciany
komorkowej odpowiadajg za dynamike oraz re-aranzacj¢ polisacharydow (San Clemente i inni,
2022). Celuloza jest gtownym a zarazem najprostszym komponentem $ciany komorkowej
stanowigcym swego rodzaju rusztowanie do osadzania si¢ pozostalych komponentow. Pektyny
tworza silnie usieciowiong zelowg matryce (ang. gel-like matrix), w ktorej osadzone sg
pozostate polimery, a ich podstawowa jednostka jest kwas galakturonowy (GalA). Wsrod
pektyn wyroznia si¢: homogalakturonan (HG) oraz ramnogalakturonan: ramnogalakturonan |
(RG-1) oraz ramnogalakturonan Il (RG-I1). HG to liniowy homopolimer ztozony z GalA,
syntetyzowany w postaci zmetylowanej. Po demetylacji HG dochodzi do wiazania Ca®"
wskutek czego zmieniaja si¢ wlasciwosci fizyczne §ciany tj. nastgpuje usztywnienie §ciany,
zwigksza si¢ jej wytrzymatos$¢, jak rowniez dochodzi do zahamowania ekspansji komorek
(Palin i Geitmann, 2012; Haas i inni, 2021). RG-I jest polisacharydem, ktorego szkielet gtéwny
zbudowany jest z powtarzajgcego si¢ disacharydu GalA oraz ramnozy, do ktorych dotaczone
sg boczne tancuchy galaktanu, arabinianu lub arabinogalaktanu - ich zmienna dystrybucja
(obecnos¢ oraz przemiany) skorelowana jest z rozwojem oraz stanem zréznicowania komorek
(Srivastava i inni; Sala i inni, 2013; Potocka i inni, 2018). Arabiniany przewazaja w mtodych
komorkach na wczesnych etapach ich rozwoju po podziale, podczas gdy komorki rozwijajace
si¢ posiadajg wigcej galaktanow (Saffer, 2018). Wiaze si¢ to z wlasciwosciami arabinianow,
ktdre zapewniajg elastycznos$¢ $cian komorkowych podczas podziatdow oraz rozwoju komorek
(Jones i inni, 2003; Moore i inni, 2013), z kolei wystepowanie fancuchéw bocznych galaktanow
zwigzane jest ze wzmacnianiem $cian. Struktura RG-II bazuje na szkielecie HG do ktdrego
przytaczone sa rozgalezione tancuchy cukrowe. RG-II wystgpuje w Scianie jako dimer
kowalencyjnie potaczony z borem, ktéry warunkuje rozmiar poréw w $cianie komorkowej oraz
jej stabilnos¢ (Fleischer i inni, 1999). Hemiceluloza jest drugim po celulozie najliczniej
wystepujacym polisacharydem $ciany komoérkowej utrzymujagcym oraz regulujacym jej
strukturg poprzez taczenie ze sobg mikrofibryli celulozowych oraz regulowanie przestrzeni

pomiedzy nimi. Wérdd grupy hemiceluloz mozna wyr6zni¢ ksyloglukany, ksylany, mannany
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oraz kaloze. Ksyloglukany sg gtéwnymi komponentami pierwotnej Sciany komorkowej roslin
dwulisciennych, z kolei u roslin jednolisciennych wystepuja ksylany (Hoch, 2007).

Bialka $ciany komorkowej (CWP, ang. cell wall proteins), odgrywaja kluczows rolg w
jej funkcjonowaniu. Uczestniczg w procesach modyfikacji struktury Sciany, petnig funkcje w
przekazywaniu sygnatow miedzykomorkowych oraz znaczaco przyczyniajg si¢ do
wzmacniania integralno$ci mechanicznej calej struktury (Albenne i inni, 2013). Dominujacymi
CWP s3 bogate w hydroksyproling glikoproteiny takie jak ekstensyny (EXTs, ang. extensins)
oraz biatka arabinogalaktanowe (AGPs, ang. arabinogalactan proteins). EXT nalezg do biatek
strukturalnych, ktore odgrywajg istotng rol¢ w procesie formowania $ciany komorkowej, jak
réwniez zapewniaja strukturalng integralno$¢ oraz wzmacniajg jej strukture (Albenne i inni,
2014). Wspomniane wilasciwosci EXT zwigzane sg z kowalencyjnym sieciowaniem si¢
sgsiednich fancuchow EXT oraz wchodzeniem w interakcje z pektynami. Sieciowanie EXT jest
niezbedne w celu utrzymania architektury oraz integralnosci $ciany komorkowe;j jak rowniez
jej rozwoju (Mishler-Elmore i inni, 2021). Badania podaja, ze synteza EXT zachodzi na
wcezesnych etapach zaktadania $ciany komodrkowej, poniewaz uczestniczg one w pierwszych
podziatach komérkowych podczas embriogenezy bedac komponentami ptytki komorkowej
(Hall i Cannon, 2002; Cannon i inni, 2008). EXTs przypisuje si¢ rowniez rol¢ w modulowaniu
$ciany komorkowej w odpowiedzi na uszkodzenia mechaniczne, stres oraz infekcje patogenow
(Mishler-Elmore i inni, 2021). Z kolei biatkami sygnalizacyjnymi $ciany komoérkowej sa
wysoce glikozylowane AGPs zbudowane z polipeptydu bogatego w hydroksyproling, do
ktorego przytaczone sg diugie oraz silnie rozgatezione tancuchy cukrowe oraz w przypadku
cze$ci biatek AGPs, kotwica glikozylofosfatydyloinozytolu umiejscawiajgca biatko na
zewngetrzne] powierzchni btony komorkowej. AGPs s3 kowalencyjnie zwigzane ze $ciang
komorkowa, tworzg kompleksy z pektynami oraz ksylanami przez co stabilizuja $ciang, jak
rowniez odgrywaja role plastyfikatorow pektyn (ang. pectic plasticizers) rozluzniajac sie¢
pektyn w warunkach stresowych (Rumyantseva, 2005; Albenne i inni, 2014; Leszczuk i inni,
2023). AGPs petnig funkcje w réznych aspektach wzrostu i rozwoju komorek, reakcjach
stresowych, morfogenezie, somatycznej embriogenezie oraz wzroscie roslin (Leszczuk i inni,
2023). Do grupy biatek sygnalizacyjnych naleza rowniez bialka arabinogalaktanowe typu
Fasciclin (FLAs, ang. fasciclin-like arabinogalactan proteins), ktore oprocz regionow
glikozylowanych podobnych do AGP posiadajag domeny o potencjale do interakcji biatko-
biatko (domeny Fascyclinowe). Bialka te petnig funkcje strukturalne, sygnalizacyjne, reguluja
wlasciwosci $ciany komorkowej, utatwiaja adhezje komorek, co rozumie si¢ przez interakcje

komorka-komorka oraz komorka-macierz koméorkowa (Johnson i inni, 2003; Johnson i inni,
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2011). Zmiany w strukturze i sktadzie komponentéw Sciany komérkowej mogg by¢ markerem
zmian w kierunku réznicowania si¢ komorek podczas procesu somatycznej embriogenezy,
wzrostu rosliny oraz rozwoju. Oprocz tego Sciana komoérkowa moze regulowaé procesy
morfogenetyczne, jak roéwniez los komorek poprzez ustalanie i/lub utrzymywanie stanu

zroznicowania koméorkowego (Potocka i inni, 2018).

6.4. Czynniki transkrypcyjne oraz bialka zwiazane z embriogeneza

Jak wspomniano powyzej rozwoj kalusa wigze si¢ z przeprogramowaniem, co moze skutkowaé
ztozonymi zmianami na poziomie ekspresji genéw oraz proteomu (Tan i inni, 2013). Sposrod
r6znych czynnikow kontrolujacych przeprogramowanie komorek roslinnych i uczestniczacych
w nabywaniu lub przywracaniu kompetencji embriogennych, analizie poddawane sg geny
kodujace czynniki transkrypcyjne (TFs, ang. transcription factors) nalezace do grupy gendéw
LEAFY COTYLEDON (LEC), ktora obejmuje geny: LEC1, LEC2 i FUS 3 (FUSCA3). Geny te
zwigzane sg z wieloma aspektami dotyczgcymi embriogenezy ro$lin, nabywania oraz ustalania
kompetencji embriogennych, jak rowniez zaangazowane s3 w roznicowanie oraz rozwoj
zarodkow somatycznych (Gaj i inni, 2005). Wspomniane geny reguluja metabolizm cukrow,
ekspresje genow kodujacych biatka zapasowe nasion (SSPs, ang. seed storage proteins),
synteze substancji zapasowych nasion (biatek i lipidéw), czy biosynteze kwasow ttuszczowych
(Gaj i inni, 2005; Kagaya i inni, 2005; Mu i inni, 2008; Nowak i Gaj, 2016). Geny z grupy LEC
regulowane sa przez gen BABY BOOM (BBM) bedacy czynnikiem transkrypcyjnym. BBM
uczestniczy w biosyntezie auksyn i zaangazowany jest w kontrol¢ podzialow komorkowych,
modyfikacje $ciany komorkowej, roznicowanie organdw roslinnych, jak rowniez nabywanie
kompetencji embriogennych (Gaj i inni, 2005; Kulinska-Lukaszek i inni, 2012; Horstman i inni,
2017).

Warto réwniez wspomnie¢, ze obecnos¢ substancji zapasowych moze by¢ wskaznikiem
potencjatu embriogennego kultury, a co za tym idzie okresla¢ zdolnosci regeneracyjne. Sahara
i inni (2023) wykazali zwigkszong regulacje biatek zapasowych podobnych do vicilin (ang.
vicillin-like proteins) w kalusie charakteryzujacym si¢ wysokim poziomem embriogennym
spekulujac jednoczesnie, ze niska ich ekspresja w kalusie o niskim potencjale embriogennym
moze wigzac si¢ z ograniczong zdolno$cig do procesow embriogennych (Sahara i inni, 2023).
Rowniez Gliwicka i inni (2012) wykazata wyzsza ekspresje genéow kodujacych oleozyne 4
(OLEOA4) - biatko otaczajace oleosom, w embriogennej kulturze Arabidopsis w porownaniu do

kultury nieembriogennej. Ponadto lipidy odgrywaja wazng role podczas somatycznej
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embriogenezy biorgc udzial w tworzeniu i rozwoju struktur embriogennych, a zmiany w
metabolizmie i sktadzie lipidéw moga wptywaé na wydajnos¢ embriogenezy, czynigc lipidy
waznymi regulatorami w tym procesie (Avjioglu i Knox, 1989; Dutta i inni, 1991).

Wiele biatek zostalo zaklasyfikowanych do grupy bialek zwigzanych z somatyczng
embriogenezg jak np. grupa bialek zwigzanych z pdzng embriogenezg (LEA, ang. late
embryogenesis abundant protein) oraz chitynazy (Gulzar i inni, 2020). Biatka LEA na ogot
akumulujg si¢ w odpowiedzi na stres biotyczny oraz abiotyczny, zapewniajac funkcje ochronne
(Amara Imen i inni, 2014). Stwierdzono, ze ekspresja biatka podobnego do DC-8 nalezacego
do grupy LEA zachodzi w zarodkach somatycznych oraz zygotycznych w przeciwienstwie do
zroznicowanych tkanek (Hatzopoulos i inni, 1990). Z kolei endochitynazy nalezace do grupy
chitynaz uwalniaja czasteczki sygnalne bedace induktorami somatycznej embriogenezy

(Hengel, 1998; Gulzar i inni, 2020).
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7. Uzasadnienie podjecia tematu badawczego

Gryka jest doskonatym naturalnym zrodlem zwiazkow biologicznie aktywnych, co wynika z
wysokiej zawartosci zwigzkow fenolowych o dziataniu antyoksydacyjnym (Joshi i inni, 2020).
Jednakze nie jest powszechnie uprawiana w Polsce 1 Europie gtownie ze wzgledu na niska
wydajnos¢ plonowania, przyzwyczajenia zywieniowe spoleczenstwa oraz ograniczong wiedze
na temat warto$ci odzywczych i korzystnych wiasciwosci (Zhou i inni, 2018). Jednym z
kluczowych problemoéw w uprawie gryki zwyczajnej jest niski i niestabilny plon, wynikajacy z
samoniezgodnosci, krotkiej zywotnosci pojedynczego kwiatu, a takze czesto wystepujace]
aborcji kwiatow, zarodkoéw i nasion. W przypadku gryki tatarki jednym z gtownych ograniczen
uprawy jest gorzki smak produktéw uzyskiwanych po przetworzeniu, spowodowany wysoka
zawarto$cig rutyny. Dodatkowe trudno$ci w uprawie obu gatunkéw to nierownomierne
dojrzewanie, pg¢kanie i przedwczesne kietkowanie nasion przed zbiorem, a takze duza
podatno$¢ na stresy biotyczne i abiotyczne. Czynniki te stanowig istotne wyzwanie w
programach hodowlanych gryki. Podejmowane proby krzyzowego zapylenia F. homotropicum
z F. tataricum oraz F. tataricum z F. esculentum, majace na celu transfer genow zwiekszajacych
mrozoodporno$¢ i plonowanie, zakonczyly si¢ niepowodzeniem. Przyczyng byly post-
zygotyczne bariery biologiczne, ktore skutecznie uniemozliwiaja krzyzowanie migdzy tymi
gatunkami (Shaikh i inni, 2001; Woo i inni, 2001).

Ze wzgledu na szerokie mozliwosci zastosowania kultur in vitro, a w szczegdlnosci
kultury protoplastow, nie tylko w badaniach podstawowych, ale réwniez w badaniach
aplikacyjnych uwzgledniajacych m.in. poszerzenie zmiennosci genetycznej roslin uprawnych,
istotnym moze by¢ opracowanie efektywnego systemu regeneracji roslin F. esculentum oraz
F.tataricum w kulturze protoplastow. Dzigki dynamicznemu rozwojowi inzynierii genetycznej
jak réwniez poznaniu genéw odpowiedzialnych za wymienione powyzej problemy spotykane
w uprawie gryki mozliwe jest wykorzystanie w przysztosci narzgdzi bazujacych na kulturze
protoplastow do generowania roslin o zmienionych cechach, jak rowniez regenerantow
wolnych od obcego materialu genetycznego poprzez zastosowanie kompleksow
rybonukleoproteinowych Cas9. Nieudane proby przeniesienia korzystnych cech pomiedzy
gatunkami Fagopyrum z wykorzystaniem konwencjonalnych metod hodowli (krzyzowania
generatywne), moga zostaC przezwyci¢zone poprzez fuzj¢ protoplastow prowadzaca do
wytworzenia migdzygatunkowych mieszancow, z ominigciem barier pre- i post-zygotycznych.
W zwiazku z powyzszym, brak skutecznego protokotu regeneracji protoplastow gryki stat sie

podstawg do podjecia badan, ktore sg przedmiotem niniejszej pracy doktorskiej.
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Kultury protoplastow sg rowniez dobrym modelem badawczym w celu poznania
mechanizméw rozwoju i roznicowania komorek. Jak do tej pory procesy i zmiany zachodzace
podczas rozwoju kultury protoplastow, ktoére prowadza do formowania kalusa o potencjale

regeneracyjnym sg stabo poznane.

8. Hipotezy i cele badawcze

Szerokie mozliwosci zastosowania kultury protoplastow wraz z technikami inzynierii
genetycznej, a takze che¢ zglebienia kluczowych elementéw kierujacych jej rozwojem, staty
si¢ motywacja do podjecia badan zaprezentowanych w niniejszej rozprawie doktorskiej.
Badania te koncentrowaly si¢ na: 1) doborze wlasciwego materiatu donorowego do kultury
protoplastow, 2) procesach zachodzacych od pierwszych podziatéw komorkowych do

formowania kolonii komorkowych oraz 3) powstawaniu minikalusa oraz regeneracji roslin.

Przed podjeciem badan przyjeto nastepujace hipotezy badawcze:

1. Morfogenny kalus F. tataricum oraz embriogenny kalus F. esculentum, ze wzglgdu na
stabilno$¢ genetyczng i1 wysoki potencjat regeneracyjny, sa wlasciwymi materiatami

donorowymi do kultur protoplastow.

2. Rodzaj zastosowanego podtoza do immobilizacji protoplastow wptywa na ich zdolnos$ci

rozwojowe.

3. Suplementacja pozywki do kultury protoplastow w fitosulfoking oraz wybrane auksyny i
cytokininy przetamuje latencje podziatowg w kulturze protoplastoéw Fagopyrum.

4. Zastosowanie absorbentow 1 inhibitorow zwigzkow fenolowych wptywa pozytywnie na

zdolnos$ci rozwojowe kultury protoplastow.

5. Woybrane cytokininy wptywaja na przebieg somatycznej embriogenezy w kulturach gryki

zwyczajnej.

6. Procesom rozwoju kolonii komdérkowych w kulturze protoplastoéw towarzysza zmiany

dystrybucji komponentéw $ciany komorkowej, catkowitego proteomu oraz czynnikow
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transkrypcyjnych, ktére moga wskazywac na réznicowanie si¢ komoérek oraz odzyskiwanie

kompetencji embriogennych.

Aby zweryfikowa¢ postawione hipotezy, wyznaczono nast¢pujace cele badawcze:

Opracowanie wydajnego i szybkiego systemu regeneracji roslin F. tataricum oraz

F. esculentum w kulturach protoplastow (P1, P2);

Zbadanie wptywu: 1) sposobu immobilizacji protoplastow, 2) fitosulfokiny , 3) rodzaju i
stezenia auksyn i cytokinin oraz 4) absorbentéw i inhibitorow zwigzkow fenolowych na

aktywno$¢ podziatowa w kulturach protoplastow F. tataricum oraz F. esculentum (P1, P2);

Dobor rodzaju oraz stezenia cytokinin promujgcych somatyczng embriogeneze w kulturach

gryki zwyczajnej a tym samym regeneracj¢ roslin po kulturze protoplastow (P1, P2);

Poznanie proceséw 1 zmian, jakie zachodza w dystrybucji komponentéw S$ciany
komorkowej, proteomie oraz ekspresji wybranych gendéw podczas rozwoju kolonii

komorkowych w kulturze protoplastow (P3).
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9. Materialy i metody
Material roslinny

W badaniach wykorzystano dwa gatunki gryki: komercyjnie dostepng odmiane gryki
zwyczajnej (F. esculentum) Panda, pozyskang z Matopolskiej Hodowli Roslin (Polska) oraz
gryke tatarke (F. tataricum), genotyp k-17, ktorej nasiona otrzymano od Instytutu Roslinnych
Zasobow Genetycznych im. N. . Wawilowa, Sankt Petersburg, Rosja.

Kalus EK i MK obu gatunkow indukowany byl z niedojrzatych zarodkow
zygotycznych, z kolei NK F. tataricum pojawit si¢ na powierzchni MK po okoto dwdch latach
hodowli, wowczas namnazany byt oddzielnie (Betekhtin i inni, 2017; Betekhtin i inni, 2019).
Dla pozyskania niedojrzatych zarodkéw zygotycznych, nasiona gryki wysiewano do doniczek
z ziemig i wernikulitem w stosunku 3:1, i uprawiano w szklarni (25+1°C; fotoperiod: 16/8 h
($wiatlo/ciemno$é); o$wietlenie emitujace $wiatto biate o intensywnosci: 90 pmol m?2 s1).
Nastepnie w odpowiednim momencie tj. gdy nasiona byly migkkie i jasnozielone izolowano z
nich niedojrzale zarodki zygotyczne.

Do indukcji oraz namnazania kalusa obu gatunkéw zastosowano pozywke RX
(Betekhtin i inni, 2017) zawierajaca: mikro- i makroelementy oraz witaminy wedlug Gamborga
(Gamborg i inni, 1968), 2 g L N-Z aming A (Sigma-Aldrich), 2 mg L* kwas 2,4-
dichlorofenoksyoctowy (2,4-D, Sigma-Aldrich), 0,2 mg L™* kinetyne (KIN, Sigma-Aldrich),
0,5 mg L kwas indolilo-3-octowy (Sigma-Aldrich), 0,5 mg L kwas 1-naftylooctowy (NAA,
Sigma-Aldrich), 25 g L sacharoze (Chempur) i 7 g L fitoagar (Duchefa). Kultury kalusa
prowadzono w szklanych szalkach Petriego w ciemnosci (26°C +1). Kalus gryki zwyczajnej
(EK) pasazowano na $wiezg pozywke co 2-3 tygodnie, z kolei kalus gryki tatarki (MK i NK)

co dwa tygodnie.
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Metody badawcze

Badania prowadzono w oparciu 0 nastepujace techniki:

izolacja i kultura protoplastow (P1, P2 i P3);

e kultura i namnazanie kalusa oraz regeneracja roslin - wg zoptymalizowanego protokotu
przedstawionego w publikacji P1 i P2;

e Utrwalanie materiatow roslinnych z wykorzystaniem paraformaldehydu, zatapianie w
zywicy London Resin (LR White, Polysciences Inc.), krojenie preparatow z uzyciem
ultramikrotomu (Leica Biosystems) (P1, P2, P3);

e barwienie materialow roslinnych do analiz histologicznych z zastosowaniem blekitu
toluidyny O (P1, P2, P3);

e barwienia immunocytochemiczne, z wykorzystaniem przeciwcial do wykrywania
epitopow S$ciany komorkowej (1) polisacharydow: pektyn (LM20, LM5, LMS6),
hemicelulozy (LM25) oraz (2) biatek: AGPs (JIM13, JIM16), EXT (JIM20) (P3);

e barwienie lipidow z wykorzystaniem Sudanu III oraz Sudanu Czarnego (P3);

e izolacja biatek catkowitych oraz analiza proteomiczna z wykorzystaniem techniki
chromatografii cieczowej ze spektrometrig mas (LC-MS/MS) (P3);

e ilo$ciowa reakcja tancuchowa polimerazy w czasie rzeczywistym (RT-qPCR) do analizy

ekspresji czynnikow transkrypcyjnych oraz genow kodujacych: (1) biatka zwigzane z

somatyczng embriogenezg, (2) biatka zapasowe nasion oraz (3) biatka Sciany

komorkowej (P3).

Obserwacje mikroskopowe prowadzono z wykorzystaniem:
=  mikroskopu odwroconego Axiovert S100 (Carl Zeiss,Niemcy) (P1, P2)
= mikroskopu jasnego pola Olympus BX43F (Olympus LS, Japonia) (P1, P2, P3)
= mikroskopu epifluorescencyjnego Axio Imager Z2 Zeiss (Carl Zeiss) (P3)
= mikroskopu cyfrowego Keyence VHX-970F (Japonia) (P1, P2, P3)

Szczegbdtowy opis zastosowanych metod badawczych i eksperymentow, uzyskanych wynikow
oraz obserwacji znajduje si¢ w publikacjach wchodzacych w sklad rozprawy doktorskiej
oznaczonych jako P1, P2, P3. Publikacje umieszczono kolejno po kazdym omoéwieniu badan.
W celu uniknigcia autoplagiatu w niniejszej pracy doktorskiej ryciny zawarte w publikacjach

oznaczone zostaty jako Figures lub Tables.
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10. Oméwienie wynikow prowadzonych badan
10.1. Publikacja 1 (P1)

Zaranek, M., Pérez-Pérez, R., Milewska-Hendel, A., Betekhtin A., Grzebelus. E.

Promotive effect of phytosulfokine - peptide growth factor - on protoplast cultures development
in Fagopyrum tataricum (L.) Gaertn. BMC Plant Biology, 2023, 23, 385
https://doi.org/10.1186/s12870-023-04402-9

Celem pierwszej publikacji bylo zidentyfikowanie czynnikow stymulujgcych rozwoj
protoplastow gryki tatarki oraz opracowanie systemu regeneracji roslin tego gatunku, opartego
na kulturze protoplastow. Aby wybra¢ material donorowy o najlepszej zdolnosci do rozwoju
oraz najwigkszym potencjale regeneracyjnym, protoplasty izolowano z NK (Figure 2a),
czterech linii MK (linia: MK1, MK2, MK4, NL2018, Figure 2b-e) oraz hipokotyli siewek
(Figure 2f). Linie MK roznity si¢ wiekiem i miaty 10-, 4- i 2- lata (odpowiednio MK1 i MK2;
NL2018; MK4). Dodatkowo, kalus linii NL2018 miat bardziej migkka strukture i drobniejsze
PEKK (Figure 2e). Protoplasty izolowano wg protokotu Grzebelus i inni (2012a), ktory zostat
zoptymalizowany pod katem gryki. Procedura izolacji protoplastow polegata na wstepnym
mechanicznym rozdrobnieniu materiatu, preplazmolizie oraz enzymatycznym trawieniu $ciany
komoérkowej. Kolejnym etapem byla izolacja wtasciwa protoplastoéw ze zmacerowanej tkanki
obejmujaca: filtrowanie przez filtry nylonowe, wirowanie w gradiencie gestosci otrzymanego
przesaczu oraz kolejne tury wirowania w celu oczyszczenia wyizolowanych protoplastow. W
poczatkowym etapie badan zoptymalizowano sklad mieszaniny maceracyjnej do izolacji
protoplastéw oceniajagc wydajnos¢ izolacji w przeliczeniu na gram S$wiezej masy oraz
zywotnos$¢ komodrek w dniu izolacji, jako miernik ich jakos$ci, a tym samym wskaZnik dobrania
optymalnej metody izolacji. Mieszanina maceracyjna zawierajaca celulaze (1%) i pektoliazg
(0,1%) pozwolita na izolacje protoplastow z kalusa. Srednia warto$é wydajnosci izolacji dla
NK wynosita 0,43 x 10¢ protoplastow, a w przypadku linii MK warto$¢ ta miescila si¢ w
zakresie od 2,30 do 3,93 x 10° protoplastow (Table 1). Warto zauwazy¢, ze najwiece]
protoplastow uzyskano z linii NL2018 (3,93 x 10°). Uwolnienie protoplastow z hipokotyli byto
mozliwe po zastosowaniu mieszaniny maceracyjnej sktadajacej si¢ z celulazy (1%),
macerozymy (0,6%) oraz driselazy (0,1; 0,15; 0,25%) otrzymujac, w zalezno$ci od stezenia
driselazy, od 0,39 do 0,71 x 10° wyizolowanych protoplastow (Table 2). Przy czym $rednia

warto$¢ izolacji protoplastow z hipokotyli byta pie¢ razy mniejsza w poréwnaniu do linii MK.
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Waznym czynnikiem warunkujagcym rozwoj protoplastow i obejmujgcym kolejno
odtworzenie $ciany komodrkowej, reinicjacje podziatow komorkowych, formowanie kolonii
komorkowych?! oraz kalusa jest jako$é uwolnionych protoplastow wyrazana poprzez okreslenie
zywotnosci komorek bezposrednio po ich izolacji. Parametr ten dla protoplastow kalusowych
wynosit: 55% dla NK, od 64 do 78% dla linii MK (Table 1). Zywotno$¢ protoplastow
hipokotylowych roznita si¢ w zalezno$ci od zastosowanego st¢zenia driselazy w mieszaninie
maceracyjnej. Najwigkszg wartoscig tego parametru (82%) odznaczaly si¢ komorki
wyizolowane po zastosowaniu 0,25% driselazy (Table 2).

W przeprowadzonych badaniach rodzaj podtoza (agaroza, alginian) do immobilizacji
protoplastow Fagopyrum, jak réwniez zestaw regulatorow wzrostu (auksyn i cytokinin)
zoptymalizowano bazujgc na symptomach rozwojowych protoplastow izolowanych z NK. W
10. dniu kultury protoplastow NK zliczano komorki wykazujace symptomy pre-mitotyczne
takie jak: powickszenie komorek, zmiana ksztaltu komorek ze sferycznego na owalny,
reorganizacja cytoplazmy. Obserwacje tych symptomow umozliwity wytypowanie agarozy
(LMPA) jako lepszego podtoza do immobilizacji protoplastow, dla ktérej odnotowano
dwukrotnie wiekszg liczbg komoérek o w/w symptomach w poréwnaniu do immobilizacji w
alginianie (Figure 4a). W kontekscie doboru rodzaju oraz stgzenia auksyny i cytokininy,
najwigksza liczbe komorek (16%) z pozytywnymi symptomami odnotowano dla pozywki
wzbogaconej w 0,2 mg L~ 1 KIN i 3,0 mg L~ ! 2,4-D, natomiast najmniejsza (6,7%) dla
pozywki zawierajacej 0,2 mg L~ *KIN i 2,0 mg L~ ! BAP (Figure 4b). W toku dalszych
optymalizacji, na podstawie doswiadczen przeprowadzonych dla kultury protoplastow MK1
wytypowano 2,0 mg L *NAA i 1,0 mg L~ !BAP jako wzorcowy zestaw hormondw
stanowigcy uzupehlnienie zmodyfikowanej pozywki CPP (ang. carrot petiole protoplast
medium) (Dirks i inni, 1996) opartej na formule KM. Pozywka ta stanowita pozywke bazowa
do prowadzenia kultury protoplastow Fagopyrum, a w/w wzorcowy zestaw hormondéw
doprowadzit do formowania minikalusa w kulturze protoplastow. Na etapie doboru linii
kalusowej, do dalszych badan wskazano jedynie linic NL2018, dla ktorej w w/w warunkach
kultury odnotowano podziaty komorkowe. Wzbogacenie pozywki bazowej do kultury
protoplastow w PSK umozliwilo przetamanie latencji podzialowej protoplastow linii NL2018

oraz hipokotylowych.

L' W publikacjach P1 oraz P2 dla kolonii komérkowych przyjeto termin agregaty komorkowe (ang. cell
aggregates). W publikacji P3, uwzgledniajac sugestie recenzentow, dla okreslenia struktur powstajgcych na skutek

podziatéw mitotycznych pojedynczej komorki, przyjeto termin kolonie komérkowe (ang. cell colonies).
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Pierwsze podziaty komorkowe obserwowano pigtego dnia kultury, natomiast formowanie
kolonii komoérkowych odnotowano 6smego dnia (Figure 3d). W celu zwigkszenia liczby
tworzacych si¢ kolonii komoérkowych testowano dodatkowe suplementy jak nalezaca do
poliamin putrescyn¢ (PUT) oraz syntetyczng cytokining typu mocznika N-(2-chloro- 4-
pirydynylo) -N’-fenylo- mocznik (CPPU). W celu absorpcji  zwigzkéw fenolowych i
toksycznych metabolitow zastosowano PVP, a dla zahamowania syntezy zwiazkow
fenolowych AIP. Wplyw testowanych zwigzkéw oceniono na podstawie wydajnosci kultury
(ang. platting efficiency) ocenianej 10. dnia kultury, zdefiniowanej jako liczba tworzacych sie
kolonii komorkowych w stosunku do wszystkich obserwowanych obiektow (tj. komorek
niepodzielonych oraz kolonii komérkowych). Wydajno$¢ kultury protoplastow MK w 10. dniu
jej prowadzenia wynosita od 14 do 18% (Figure 5) i zalezata od zastosowania PUT oraz CPPU.
Po suplementacji AIP warto$¢ ta miescita si¢ w przedziale od 12 do 21%, jednak obserwowane
roznice nie byly statystycznie istotne (Figure 5). W przypadku kultury protoplastow
hipokotylowych wydajnos¢ wahata si¢ od 25 do 41% (Figure 6). Dodatek AIP i PVP nie
wplynat na wydajno$¢ kultury. Zaobserwowano natomiast dwukrotnie wyzsza efektywno$é
kultury protoplastow hipokotylowych w porownaniu do kalusowych.

W o$miotygodniowej kulturze protoplastow na powierzchni kropel agarozowych (ang.
agarose beads) zaobserwowano minikalus, a intensywnos$¢ jego wystepowania zalezata od
materialu donorowego z ktorego pochodzity protoplasty. Intensywniejszy wzrost kalusa w
kroplach agarozowych obserwowano w kulturach protoplastéw hipokotylowych niz w
kulturach protoplastow kalusowych (MK, NK). Zaobserwowano réwniez, ze zastosowanie
PVP zredukowato unoszace si¢ na powierzchni ptynnej pozywki metabolity oraz bragzowienie
minikalusa.

Przeprowadzone analizy histologiczne ujawnily réznice w charakterze otrzymanego
minikalusa zaleznie od zastosowanego materialu donorowego do izolacji protoplastow.
Material pochodzacy =z protoplastow NK sktadat si¢ z cienkosciennych komorek
parenchymatycznych o zréznicowanych rozmiarach (Figure 7a), z duza wakuolg 1
nieregularnym jadrem zlokalizowanym przy $cianie komoérkowej (Figure 7a, wstawka). W
przypadku materiatu z kultury protoplastéw MK (linia NL2018) analiza histologiczna wskazata
na obecno$¢ niejednorodnego kalusa, w ktérym wyrézniono kilka typéw komorek (Figure 7b-
d): na powierzchni komorki zawierajgce zwigzki fenolowe (Figure 7b, czarna strzatka)
charakteryzujace si¢ duza, centralnie polozong wakuola w ktore; wystgpowatly zwigzki
fenolowe (Figure 7b, wstawka, czarne strzatki); kolejng warstwe komorek stanowity komorki

merystematyczne (Figure 7b, czerwona gwiazdka), cechujace si¢ obecnoscia kilku wakuol,
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gesta cytoplazma 1 okragglym jadrem z jednym badz dwoma jaderkami (Figure 7¢, czerwona
strzalka), z kolei centralng cze$¢ stanowily komorki parenchymatyczne (Figure 7b,czarna
gwiazdka). Odnotowano réwniez wystepowanie komodrek embriogennych o bardzo gestej
cytoplazmie, z licznymi drobnymi wakuolami i duzym, okragtym jadrem zawierajagcym jedno
jaderko (Figure 7d, czerwone strzatki). W materiale z kultury protoplastoéw hipokotylowych,
analiza histologiczna ujawnita obecnos¢ licznych komoérek parenchymatycznych (Figure 7e),
wypetionych wakuolg zajmujaca prawie catg objetos¢ komorki, jadro w tych komoérkach miato
nieregularny ksztalt, znajdowato si¢ przysciennie w poblizu blony komorkowej (Figure 7e,
wstawka), zawieratlo przewaznie od jednego do trzech jaderek (Figure 7e, wstawka).
Stwierdzono réwniez obecnos$¢ komodrek gromadzacych zwigzki fenolowe w wakuoli (Figure
Te, czarne strzatki).

Wyniki analizy histologicznej jak rowniez struktura kalusa uzyskanego po kulturze
protoplastow pozwolita wskaza¢, z ktorych materiatow mozliwe bedzie uzyskanie
regenerantow. Brak regeneracji odnotowano dla kalusa pochodzacego z protoplastow NK,
charakteryzujacego si¢ kruchg strukturg (Figure 3g), zbudowanego z komorek z
nieregularnymi, wielojaderkowymi jadrami, prawdopodobnie poliploidalnymi, co mogto by¢
przyczyng braku zdolnosci do regeneracji. Podobne cechy budowy morfologicznej i
histologicznej wykazywat material donorowy do izolacji protoplastow tj. NK (Betekhtin i inni,
2017). Podobnie, nie zregenerowano roslin z kultury protoplastow hipokotylowych - mogto by¢
to takze spowodowane zwickszeniem poliploidalnosci komoérek budujacych materiat poddany
regeneracji. Jak wskazywali Pasternak i inni (2020) zastosowanie hipokotyli jako materiatu
donorowego do izolacji protoplastow wigze si¢ ze wzrostem poziomu ploidalnosci komorek,
dodatkowo polisomatyczna natura gryki tatarki opisana przez Betekhtin i inni (2017) moze
ttumaczy¢ brak zdolnosci tej tkanki do regeneracji. W pelni wyksztatcone, o prawidlowe;j
budowie rosliny zregenerowano w kulturze protoplastow MK, gdzie stwierdzono obecno$¢
PEKK, skladajacych si¢ z komorek embriogennych oraz obszaréw zawierajagcych komorki
merystematyczne. Tkanka ta pod wzgledem morfologicznym oraz histologicznym byta
podobna do materiatu donorowego, ktory wedtug Betekhtin i inni (2017) jest doskonatym
przyktadem utrzymania stabilno$ci genetycznej oraz potencjalu regeneracyjnego w

dhugotrwatej hodowli.
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Promotive effect of phytosulfokine - peptide
growth factor - on protoplast cultures
development in Fagopyrum tataricum (L.)
Gaertn

Magdalena Zaranek' ®, Reneé Pérez-Pérez'®, Anna Milewska-Hendel'®, Alexander Betekhtin'"® and
Fwa Grzebelus®”

Abstract

Background Fagopyrum tataricum (Tartary buckwheat) is a valuable crop of great nutritional importance due to

its high level of bioactive compounds. Excellent opportunities to obtain plants with the high level or the desired
profile of valuable metabolites may be provided by in vitro cultures. Among known in vitro techniques, protoplast
technology is an exciting tool for genetic manipulation to improve crop traits. In that context, protoplast fusion may
be applied to generate hybrid cells between different species of Fagopyrum.To apply protoplast cultures to the
aforementioned approaches in this research, we established the protoplast-to-plant system in Tartary buckwheat.

Results In this work, cellulase and pectinase activity enabled protoplast isolation from non-morphogenic and
morphogenic callus (MC), reaching, on average, 2.3 x 10° protoplasts per g of fresh weight. However, to release
protoplasts from hypocotyls, the key step was the application of driselase in the enzyme mixture. We showed

that colony formation could be induced after protoplast embedding in agarose compared to the alginate matrix.
Protoplasts cultured in a medium based on Kao and Michayluk supplemented with phytosulfokine (PSK) rebuilt cell
walls, underwent repeated mitotic division, formed aggregates, which consequently led to callus formation. Plating
efficiency, expressing the number of cell aggregate formed, in 10-day-old protoplast cultures varied from 14% for
morphogenic callus to 30% for hypocotyls used as a protoplast source. However plant regeneration via somatic
embryogenesis and organogenesis occurred only during the cultivation of MC-derived protoplasts.

Conclusions This study demonstrated that the applied protoplast isolation approach facilitated the recovery of
viable protoplasts. Moreover, the embedding of protoplasts in an agarose matrix and supplementation of a culture
medium with PSK effectively stimulated cell division and further development of Tartary buckwheat protoplast
cultures along with the plant regeneration. Together, these results provide the first evidence of developing a
protoplast-to-plant system from the MC of Fagopyrum tataricum used as source material. These findings suggest that
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Tartary buckwheat's protoplast cultures have potential implications for the species’ somatic hybridization and genetic

improvement.

Keywords 2-aminoondane-2-phosphonic acid (AIP), Agarose, Driselase, Hypocotyl, Morphogenic callus, Non-
morphogenic callus, Phenolic compounds, Plating efficiency, Polyvinylpyrrolidone (PVP), Tartary buckwheat

Background
Fagopyrum tataricum (L.) Gaertn., known as Tartary
buckwheat, is one of the two most widely cultivated
buckwheat species belonging to the family Polygona-
ceae. This self-pollinating, annual and dicotyledonous
crop is grown in difficult climatic conditions, mainly in
the mountain regions of southwest China [1, 2]. It is an
excellent natural source of biologically active substances
containing many flavonoids and phenolic compounds,
especially rutin, quercetin and C-glycosylflavones, which
has been used primarily in herbal medicine and the phar-
maceutical industry [3, 4]. Flavonoid compounds improve
the elasticity of the veins and support the circulatory sys-
tem, while rutin is used in treating postoperative scars or
body burns due to X-rays radiation [5]. Moreover, buck-
wheat is a rich source of starch, high-quality proteins,
antioxidants, dietary fibre, vitamins and trace elements
[6, 7]. Likely to common buckwheat (Fagopyrum escu-
lentum L.) Tartary buckwheat is a plant with a health-
promoting effect on the human body [8, 9]. In addition,
it was shown that in plants, rutin enhances the defence
system against environmental stress factors like UV light,
low temperature, and desiccation [10]. Likewise, the high
concentration of rutin protects buckwheat plants against
insect pests [11] and has an effect on deterring animals
[12]. The relatively good fatty acid composition, high
dietary fibre content, and high vitamin B level make this
plant an excellent food material with potential medicinal
and pharmaceutical applications [13]. The nutraceutical
properties of Tartary and common buckwheat include
anti-oxidant, anti-ageing, anti-neoplastic properties, and
cardio-protective and hepato-protective properties [4].
So far, in vitro culture systems for callus induction,
plant regeneration, and the synthesis of phenolic com-
pounds have been studied for buckwheat [14]. Proto-
plast-based procedures are one of the new plant breeding
technologies that may be promising for buckwheat crop
improvement [15]. Nonetheless, the possibility of pro-
toplast regeneration into plants is fundamental in the
successful application of somatic hybridisation or pro-
toplast transformation [16] for transferring significant
agronomical traits (i.e. tolerance to biotic/abiotic stresses
and higher content of beneficial compounds) from wild
Fagopyrum species [17]. Additionally, the buckwheat
protoplast-based techniques may help obtain gene-edited
plants with improved agronomical features by applying
protoplast transfection. Nowadays, applying biotechnol-
ogy tools to Tartary buckwheat may attract scientists

due to it producing metabolites essential for preserving
human health, creating genetically transformed plants
and generating somatic hybrids [2, 16] as well in develop-
mental biology research to the subcellular localisation of
proteins and the assessment of gene activity [18].

Using protoplast cultures as a routine research tool
requires the examination of different cultivars, ecotypes,
and plant tissues to choose those with the best develop-
mental and regenerative response in protoplast cultures
[19-21]. The next crucial step is selecting an appropriate
protoplast culture technique among cultures in liquid,
semi-solid or solid medium with agar, agarose or alginate.
Additionally, protoplast development can be ensured by
applying additional supplements, such as peptide growth
factors, polyamines or inhibitors of phenolics com-
pounds. An excellent example of peptide growth factors
application is PSK - a sulphated pentapeptide that pro-
motes cell growth and proliferation [22], enhances the
growth of callus [23], roots [24], shoots [25], and buds
formation [26] and can improve somatic embryogenesis
[27, 28]. Other compounds, such as polyamines, impact
the maintenance of protoplast viability, increase mitotic
activity and shoot regeneration and decrease oxidative
stress [29]. The oxidation of phenolics in tissue culture
harms the growth of tissues in in vitro conditions and
leads to the browning of tissues and the growth medium.
As a result, it reduces tissue growth, decreases regenera-
tion rates and leads to cell culture necrosis [30]. There-
fore, to reduce tissue browning, some compounds can
be applied. Polyvinylpyrrolidone (PVP) is used to absorb
phenolics released during protoplast cultures [31-33]
or the propagation of woody plant species [34]. Another
is 2-aminoindane-2-phosphonic acid (AIP), a specific
competitive phenylalanine ammonia-lyase (PAL) inhibi-
tor [30, 35, 36]. It should be noted that the application of
AIP reduced flavonoid content and increased protoplast
isolation frequency, effected on cell wall reconstruc-
tion, cell division, and decreased browning of suspen-
sion and callus culture of the Ulmus americana L [30,
36]. An alternative approach is to use some antioxidants.
Ascorbic acid, citric acid and activated charcoal elimi-
nate phenolics and other substances secreted into the
culture medium by explants [32, 37-40]. The addition
of activated charcoal to the protoplast culture medium
improved colony and microcalli formation in chrysanthe-
mum-derived protoplast cultures [39] and overcame the
problem of cell browning during protoplast cultures of

34



Zaranek et al. BMC Plant Biology (2023) 23:385

Eustoma grandiflorum [38], Vitis vinifera L [41]. or Sola-
num tuberosum L [40].

The literature data concerning protoplast cultures of
the buckwheat species are limited. So far, only one suc-
cessful plant regeneration from hypocotyl-derived proto-
plasts of common buckwheat has been published [42]. In
the case of Tartary buckwheat, Lachman and Adachi [43]
reported callus formation in hypocotyl-derived proto-
plast cultures. Therefore, the main objective of this study
was to (1) identify some factors promoting protoplast
development and (2) develop a protoplast-based system
for plant regeneration in Tartary buckwheat.

Results
Comprehensive protoplast cultures and plant regenera-
tion were carried out as presented in Fig. 1.

Morphology of callus used as protoplast source
Protoplasts were isolated from one line of the non-
morphogenic callus (NC, Fig. 2a) and four lines of the

Protoplast
isolation
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morphogenic callus (MC1, MC2, MC4, NL2018, Fig. 2b-
e) of Fagopyrum tataricum. The 7-year-old NC line was
characterised by a fragile structure and rapid growth and
was formed exclusively from parenchymatous-type cells,
which emerged on the surface of the MC1 line after sev-
eral years of culture. On the other hand, the MC lines
were varied in age; they were 10-, 4- and 2-year-old for
MC1 and MC2; NL2018; MC4, respectively. They con-
sisted of proembryogenic cell complexes (PECCs) and a
‘soft’ callus that appears during the cyclical disintegra-
tion of PECCs. PECCs are white structures (nodules) on
the callus surface that appear one week after transfer to
fresh medium. Therefore, the protoplasts were isolated
from a 1-2-week-old callus, counting from the previ-
ous passage. The three lines of MC were different in the
size of PECCs. The MC1, MC2 and MC4 lines had simi-
lar PECCs (Fig. 2b-d, red arrows), in contrast to the line
NL2018, characterised by very small PECCs (Fig. 2e, red
arrow). Probably the softer structure of the line NL2018
effect the protoplast quality. The cells of NL2018 were

e preplasmolysis and tissue digestion
e protoplast isolation

e protoplast embedding

* examination of protoplast viability

* microscopic observations of:
- first cell division in 5-day-old cultures
-aggregates formation in 10-day-old cultures

* macroscopic observation of microcalli formation in
3-weeks-old cultures

Protoplast
cultures

Callus

e transfer agarose beads owergrown by microcalli to CM
medium (subculture to fresh medium every 3-4 weeks)

multiplication

Plant
regeneration

e transfer PECC to RM medium
e transfer SE or shoots to rooting medium

Fig. 1 Flow chart illustrating a step-by-step approach for plant regeneration via protoplast cultures of Fagopyrum tataricum. Details are described in the
method section. CM callus multiplication medium; PECC pro-embryogenic cell complexes; RM regeneration medium; SE somatic embryos
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Fig. 2 Donor callus (a-e) and 10-day-old hypocotyls (f) of Fagopyrum tataricum used as source material for protoplast isolation. Morphology of 2-week-
old callus lines: (@) non-morphogenic (NC) and morphogenic (MC) callus: (b) MCT, (c) MC2, (d) MC4, (e) NL2018. Arrows show proembryogenic cell
complexes (PECCs) of MC. Scale bars: 1 mm (a-e), 1 cm (f)

not destroyed during protoplast cultures compared to the
rest of the morphogenic lines.

Yield and viability of released protoplasts

Spherical protoplasts (Fig. 3a-c) were successfully iso-
lated from NC, MC and hypocotyls (Fig. 2), and used
as source material. The mean yield of NC protoplasts
(0.43£0.09x10° was six to nine times lower compared
to MC protoplasts (Table 1). The highest protoplast yield
from MC was noted for line NL2018 (3.93+0.09x10°),
while the lowest was for the MC1 line (2.30+0.38 x10°).

Different concentrations of driselase (a mix of several
cell wall-degrading enzymes) to the enzyme mixture were
applied to release protoplasts from the hypocotyl tissue
and improve protoplast yield. The efficiency of protoplast
yield reached, on average, 0.51x10° cells per g of tis-
sue (Table 2). The mean number of released protoplasts
varied from 0.39x10° after applying 0.25% driselase to
0.71x10° for 0.1% of driselase. However, differences
observed in protoplast yield after applying different con-
centrations of driselase were insignificant. The average
yield of hypocotyl-derived protoplasts was five-fold lower
than from MC sources (P<0.01).

Callus and hypocotyl-derived protoplasts, just after
embedding in agarose beads, showed different viability
as determined by fluorescein diacetate (FDA) staining
(Tables 1 and 2). The viability of callus-derived proto-
plasts varied from 55% for NC to 78% for line NL2018;
however, the observed differences were not signifi-
cant (Table 1). Hypocotyl-derived protoplasts showed a

different level of protoplast viability, depending on the
driselase concentration during the maceration stage.
The highest viability of hypocotyl protoplasts (81%) was
obtained when digestion was performed using 0.25%
driselase in the enzyme mixture.

FW fresh weight; n number of independent protoplast
isolations. Means followed by the same letters within a
column were not significantly different at P<0.05.

FW fresh weight; n number of independent protoplast
isolations. Means followed by the same letters within a
column were not significantly different at P<0.05.

Development of protoplast cultures

In preliminary experiments performed on NC proto-
plasts, (1) type of protoplast embedding matrix and (2)
plant growth regulators (PGRs) composition in culture
medium were examined. In 10-day-old cultures, positive
symptom characteristics for the pre-mitotic period were
observed, including: (1) cells enlargement in size, (2)
change of the cell shape from spherical to oval, which was
the morphological evidence of cell wall reconstruction
and (3) reorganisation of the cytoplasm and cell organ-
elles. Out of two applied embedding systems, immobili-
sation of protoplasts in SeaPlaque agarose better affected
cell development. On average, twice as many pre-mitotic
symptoms were observed in comparison to the algi-
nate embedding system (Fig. 4a). Auxins and cytoki-
nins used in various concentrations in culture medium
also influenced the occurrence of pre-mitotic symptoms
(Fig. 4b). The highest number (16%) of cells with positive
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Fig. 3 Plant regeneration in protoplast cultures of Fagopyrum tataricum. Freshly isolated protoplasts from (a) non-morphogenic callus (NC), (b) morpho-
genic callus (MC) and (c) hypocotyls; multicellular aggregate in 8- (d), 10- (e), 20- (f) day-old protoplast cultures originating from MC; callus obtained from
NC- (g), MC- (h) and hypocotyl- (i) derived protoplast cultures four months after protoplast isolation; subsequent stages of plant regeneration via somatic
embryogenesis (j) and organogenesis (k) with - arrow indicating somatic embryo and shoot, respectively (after one month of regeneration); (I) plant of
Tartary buckwheat regenerated from MC-derived protoplast cultures (after two month of regeneration). Scale bars: 50 um (a-f), 1 mm (g-k), 1.5 cm (1)

symptoms was observed in culture variant medium III
(supplemented with 0.2 mg L™! kinetin (KIN) and 3.0 mg
L~! 2,4-dichlorophenoxy acetic acid (2,4-D)), while the
lowest (6.7%) was observed in medium IV (supplemented
with 0.2 mg L™ KIN and 2.0 mg L™ 6-benzylaminopu-
rine (BAP)), independent of the protoplast embedding
system (Fig. 4c). In culture media variants I, II, V and
VI the frequency of pre-mitotic symptoms was similar

and reached, on average, 13% (Fig. 4b). Based on these
results, in further experiments, protoplasts were embed-
ded in agarose.

The MCI line was used as a protoplast source in the
preliminary experiments with morphogenic callus. Pro-
toplasts embedded in agarose beads were cultured in the
same six culture variants media as applied to NC-derived
protoplasts (Fig. 4b). In 10-day-old cultures, mainly
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Table 1 Isolation efficiency and viability of Fagopyrum tataricum
callus-derived protoplasts

Protoplast source Callus  Protoplast yield Protoplast vi-
(x 108/g FW) ability (%)
line n Mean+*SE n Mean+SE
Non-morphogenic NC 3 043+009° 2 5450+550°
callus
Morphogenic callus MC1 3 230+0.38° 3 6667+767°
MC2 2 244+046® 2 6875+275°
MC4 2 240+050® 2 64.00+800°
NL2018 3 3.93+0.09° 2 7793+456°
Mean/Total 13 2284036 11 67.36+3.23

Table 2 Effect of driselase concentration on yield and viability of
protoplasts originating from Fagopyrum tataricum hypocotyls

Driselase Protoplast yield Protoplast viabil-
(x 10%/g FW) ity (%)
concentration (%) n Mean +SE n Mean +SE
0.10 2 0714006 2 72.00+0%
0.15 2 043+0.18° 2 63.50+0.50°
0.25 2 0.39+0.01° 2 81.50+350°
Mean/Total 6 0.51+0.08 6 7233+341

negative symptoms such as plasmolysis, broken cells or
cells without developmental features were observed.
However, in 2-month-old cultures in medium variant
VI the microcalli was formed. Based on that observa-
tion, the medium variant VI was applied to the following
protoplast cultures and named as basal medium (BM)
for protoplast cultures. Among tested MC lines, only the
NL2018 line revealed the ability to undergo cell divisions
in protoplast cultures. Supplementation of the BM with
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PSK showed a beneficial effect on the mitotic activity of
MC- and hypocotyls protoplast-derived cells (Figs. 5 and
6). Although first mitotic divisions were occasionally
observed in the 5-day-old protoplast cultures of MC and
hypocotyls, multicellular aggregates were already formed
in 8-day-old cultures (Fig. 3d). As determined under the
microscope, cells rich with dense cytoplasm in the aggre-
gates were tightly packed, suggesting their embryogenic
competence (Fig. 3e, f).

In 10-day-old protoplast cultures, the plating efficiency
demonstrated by the number of cell aggregates formed
was determined. For MC-derived protoplast cultures,
this parameter ranged from 14-18% (Fig. 5) in control
medium variants and from 12-21% for variants supple-
mented with AIP (Fig. 5). Nevertheless, differences in
protoplast efficiency after the application of AIP were
statistically insignificant. In culture two variant media
(C and E) supplemented with PSK, putrescine (PUT)
and N-(2-chloro-4-pyridyl)-N’-phenyl urea (CPPU), the
highest number of cell aggregates (from 16 to 21%) was
observed (Fig. 5).

In 10-day-old hypocotyl protoplast cultures, the num-
ber of cell aggregates varied, depending on the culture
medium variant, from 25 to 41%, however, observed dif-
ferences were statistically insignificant (Fig. 6). AIP and
PVP applied additionally to the culture media to reduce
the accumulation of phenolics and thus avoid culture
browning did not influence the positive development of
the culture. About twice the higher level of plating effi-
ciency (33%) was observed in hypocotyl protoplast cul-
tures compared to the MC protoplast cultures (15%).

Treatment Pre-mitotic symptoms (%)
n Mean * SE

Embedding matrix a)

SeaPlaque agarose 3 17.45+1.55°

alginate 3 7.81+ 0.96°

PGRs composition (mgL?) b)

I. KINO.2+2,4-D1.0 3 13.47 +1.9920

Il. KINO.2 +2,4-D2.0 3 12.34 £2.37%

. KIN 0.2 +2,4-D 3.0 3 16.15 +2.91b

IV.KIN 0.2 + BAP 2.0 3 6.71 +£2.832

V. BAP1.0+2,4-D 2.0 3 14.76 + 3.61%°

VI. BAP 1.0 + NAA 2.0 3 12.36 +3.48%0

Data represent means from three independent experiments.

For each treatment means followed by the same letters were not

significantly different at P < 0.05

c)
Embedding matrix M SeaPlaque agarose M alginate

—\? 50 4 PGRs composition (mg L1)
- I.LKINO.2+2,4-D1.0

£ I.LKINO.2 +2,4-D 2.0

,g. 40 - I.KINO.2 +2,4-D3.0

£ IV.KINO.2 + BAP 2.0

@ V.BAP 1.0+ 2,4-D 2.0

-‘2‘ 30 VI. BAP 1.0+ NAA 2.0

2

E

S 20

P

°

g

S 10 -

3

o

o

'S

0 4
| 1l 1l v Vv \

Culture medium variant

Fig. 4 Frequency of pre-mitotic symptoms in 10-day-old protoplast cultures originating from non-morphogenic callus of Fagopyrum tataricum. Effect
of (@) embedding matrix, (b) plant growth regulators (PGRs) and (c) both treatments on culture development. BAP=6-benzylaminopurine; 24-D=24
dichlorophenoxy acetic acid; KIN=kinetin; NAA = a-naphthalene acetic acid; n=number of independent protoplast isolations; SE=standard error. In chart

bars represent means of three independent experiments + SE
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50 Culture mediumvariant M control m10AIP
A. basal medium (BM)
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Culture medium variant

Fig. 5 Effect of plant growth regulators (PGRs) and AIP on plating efficiency in 10-day-old protoplast cultures originating from morphogenic callus (line
NL2018) of Fagopyrum tataricum. PGRs composition in BMfor protoplast cultures = 1.0 mg L~ BAP (6-benzylaminopurine) + 2.0 mg L~ 'NAA (a-naphthalene
acetic acid); AIP=10 pM 2-aminoindane-2-phosphonic acid; 700 PSK= 100 nM phytosulfokine; CPPU 0.5=0.5 mg L~ N-(2-chloro-4-pyridyl)-N-phenylurea;
PUT8.0=8 mg L™ " putrescine. Bars represent means from two independent experiments +SE (standard error). Means marked with the same letters were

not significantly different at P<0.05

Culture medium variant  mcontrol ®m10 AIP = 0.025PVP m0.05 PVP
A. basal medium (BM)
C.BM + 100 PSK + PUT 8.0
50 - D. BM + 100 PSK + CPPU 0.5
E.BM + 100 PSK + PUT 8.0 + CPPU 0.5 b
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Fig. 6 Effect of plant growth regulators (PGRs) and compounds inhibiting (AIP) or absorbing (PVP) phenolics on plating efficiency in 10-day-old proto-
plast cultures originating from hypocotyls of Fagopyrum tataricum. PGRs composition in BM for protoplast cultures=1.0 mg L™ BAP (6-benzylamino-
purine)+2.0 mg L™ 'NAA (a-naphthalene acetic acid); 700 PSK=100 nM phytosulfokine; CPPU 0.5=0.5 mg L™ N-(2-chloro-4-pyridyl)-N"-phenylurea; PUT
80=8 mg L~ putrescine; 10 AIP=10 uM 2-aminoindane-2-phosphonic acid; 0.025, 0.05 PVP=0.025% or 0.05% polyvinylpyrrolidone, respectively. Bars
represent means from two to five independent experiments + SE (standard error). Means marked with the same letters were not significantly different at

P<0.05

Independently on the protoplast source, multicellular
aggregates continued to grow and become macroscopi-
cally visible after approximately three weeks of the cul-
ture. In the eighth week of culture, microcalli overgrew
the agarose beads with different intensity, depending on
the protoplast source. Medium development of microcalli
was noted for NC- and MC-derived protoplast cultures.
In the case of hypocotyl-derived protoplast cultures, the
agarose beads were overgrown completely by microcalli.
For NC-derived protoplast cultures the microcalli were
observed for all medium variants except variant IV. For

MC- and hypocotyl-derived protoplast cultures, micro-
calli developed regardless of the culture medium vari-
ant. Additionally, it was observed that the application of
PVP to the culture reduced both the amount of floating
metabolites in the protoplast medium and the browning
of microcalli.

Histological observations of protoplast-derived callus

Histological observations revealed that callus developed
from NC-derived protoplasts was composed of thin-
walled parenchymatous cells, some of which were loosely
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arranged (Fig. 7a). These cells varied in sizes, with a large
vacuole and an irregular nucleus on the periphery of
the cell protoplast (Fig. 7a inset). In the case of micro-
calli from morphogenic callus-derived protoplasts (line
NL2018), histological analysis showed heterogenous cal-
lus with PECCs present, and thus several types of cells
can be distinguished (Fig. 7b-d). The calli’s surface noted
some phenolic-containing cells (PCC) that had a large
central vacuole in which phenolic compounds were accu-
mulated (Fig. 7b and b inset, black arrows). Subsurficial
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tissue was composed of meristematic cells (Fig. 7b, red
asterisk; Fig. 7c) that were characterised by the presence
of several vacuoles, dense cytoplasm and round-shape
nucleus with visible one or two nucleoli (Fig. 7c, red
open arrow). The parenchymatous cells were present in
the centre of PECCs (Fig. 7b, black asterisk). Histologi-
cal observations confirmed the presence of embryogenic
cells characterised by very dense cytoplasm, numerous
small vacuoles and a large, round nucleus with one big
nucleoli (Fig. 7d, red double arrows). Microcalli obtained

7
5

Fig. 7 Histological sections of protoplast-derived callus originating from: (@) non-morphogenic callus (NC), (b-d) morphogenic callus (MC; line NL2018)
and (e) hypocotyls of Fagopyrum tataricum. Protoplast cultures from NC consisted of parenchymatous cells (a) with large vacuole and the nucleus in the
periphery of the cell (a inset). Callus developed from MC-derived protoplasts (b-d) had morphogenic potential and the PECCs were observed (b). This
callus consisted of phenolic-containing cells (b inset), meristematic cells (c) and embryogenic cells (d). Callus from hypocotyl-derived protoplast cultures
was made of parenchymatous cells (e) and contained some cells with phenolic compounds (e inset) and some cells with nucleus with two or three nucle-
oli (e inset). Black open arrows show nucleus in the periphery of parenchymatous cells; black asterisk indicates parenchymatous cells of PECCs; red asterisk
indicates meristematic cells of PECCs; black arrows indicate phenolic compounds; red open arrow shows nucleus with two nucleoli in meristematic cell;
red double arrows indicate nucleus with large nucleoli in embryogenic cells; black double arrow shows nucleus with three nucleoli in parenchymatous
cells. Scale bars: 10 um (b inset, ¢, d, e inset), 50 um (a, a inset, e), 100 um (b)

40:1372719469 40



Zaranek et al. BMC Plant Biology (2023) 23:385

from hypocotyl-derived protoplasts consisted of a mass
of loosely arranged thin-walled parenchymatous cells
(Fig. 7e). The vacuoles occupied almost the entire volume
of the cells. As a result, the nucleus was located peripher-
ally in the vicinity of the cell membrane (Fig. 7e inset).
The nucleus was irregular in shape, and one to three
nucleoli were observed (Fig. 7e inset, black open arrow).
In some cells, the presence of phenolic compounds in the
vacuole was detected (greenish colour after Toluidine
Blue O staining; Fig. 7e and e inset, black arrows).

Plant regeneration from protoplast-derived tissue

Two-month-old protoplast-derived callus doubled its
mass within the next two months on callus multipli-
cation medium additionally enriched with PSK. Fri-
able NC (Fig. 3g), soft callus with PECCs (Fig. 3h), and
non-embryogenic callus (Fig. 3i) were observed in the
cultures originating from NC, MC and hypocotyl pro-
toplasts, respectively. After one month on the regenera-
tion medium, the calli originating from MC protoplasts
formed somatic embryos (Fig. 3j) and shoots (Fig. 3k).
Finally, after about three months, plants without mor-
phological abnormalities were produced (Fig. 31).

Discussion

Plant protoplasts can dedifferentiate, re-enter the cell
cycle, undergo repeated mitotic divisions, and develop
into fertile plants [44, 45]. The protoplast technique has
great potential for studying developmental biology [46],
responses to stress conditions [25], in vitro selection or
the production of useful secondary metabolites [47].
Especially the protoplast fusion and subsequent in vitro
plant regeneration, as a tool of somatic hybridisation,
offer opportunities for transferring entire genomes from
one plant into another regardless of the interspecific
crossing barriers [44].

Several source materials with different genotypes, culti-
vars, ages, and growth conditions of the source tissue are
used by researchers for protoplast isolation [15]. In this
research, protoplasts were isolated from callus (NC and
MC) and hypocotyls to select material characterised by
high regeneration capacity in protoplast cultures. In our
study, a satisfactory number of protoplasts was achieved,
reaching more than 2x10° protoplasts per g of callus
and around 0.5x10° protoplasts per g of hypocotyls tis-
sue. Similarly to our observations, a reduced number of
hypocotyl-derived protoplasts in contrast to other source
materials (e.g. leaves) was observed in studies on Brassica
oleracea (48] and Daucus carota [21].

In order to improve the production of protoplasts from
hypocotyl tissue, we applied driselase in the enzyme mix-
ture. According to Thibault and Rouau [49], driselase is
especially active towards carboxymethyl cellulose and
hemicelluloses (xylan and laminarin). Those authors

Page 9 of 15

revealed that the application of driselase resulted in
almost completely degraded polysaccharides (rhamnose,
arabinose, galactose and glucuronic acid) in fibres from
sugar beet pulp [49]. According to Lachmann and Ada-
chi [43], it was possible to release protoplasts from 7-day-
old hypocotyls of Tartary buckwheat without driselase.
It seems that the genotype and the hypocotyl age might
significantly influence the efficiency of protoplast iso-
lation. Nevertheless, we noted satisfactory protoplast
yield from the hypocotyls after the application of drise-
lase. The activity of driselase may suggest that hypocotyl
cell walls contain hemicelluloses such as laminarin and
xylan, and therefore applying enzyme solution without
driselase was unsuccessful. There is no literature data to
confirm this suggestion, and this hypothesis will need
further biochemical verification. Several authors have
demonstrated that the addition of the driselase to the
enzymatic mixture increased the protoplast yield isolated
from Kalanchoe blossfeldiana [50], Spathiphyllum walli-
sii, Anthurium scherzerianum [51] and Brassica oleracea
[52].

Different protoplast culture systems can be used,
however, the immobilisation of protoplasts in a semi-
solid medium ensures the physical separation of cells,
decreases the production of polyphenols and prevents
necrosis in the protoplast cultures [45, 53]. Interestingly,
alginate is a common use alternative to agar or agarose.
For Daucus carota [21, 54, Brassica oleracea [48] and
Beta vulgaris [55], an increase in division frequency after
protoplasts immobilisation in alginate was shown. In
Tartary buckwheat, we did not observe such a positive
effect of the alginate matrix on callus- and hypocotyl-
derived protoplast cultures. However, the results of our
study strongly demonstrated that the immobilisation of
Tartary buckwheat protoplasts in agarose beads posi-
tively impacts their development. According to Brodelius
and Nilsson [56], the production of secondary products
from precursors and carbon sources was lower by the
immobilised cells in agarose than for those embedded
in alginate. Thus, we presume that immobilising Tar-
tary buckwheat protoplasts in agarose might reduce the
harmful secondary metabolites produced during pro-
toplast cultures. Additionally, the applied SeaPlaque
agarose is characterised by the reduction of helix struc-
ture and enables rapid delivery of gases and substances
(hormones, signalling molecules, metabolites) to the
embedded cells [57, 58]. Moreover, Shoichet et al. [59]
demonstrated that the gel strength of cell-containing
agarose, in contrast to alginate, is lower, which is con-
nected with a reduction of cross-links between polymer
chains of agarose. In the context of protoplast cultures,
it makes it possible to increase in the space allowing the
diffusion of the substances that were mentioned above.
After applying the low melting point bead technique,
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similar results were achieved in Ulmus americana proto-
plast cultures [60]. Also Pan et al. [61] reported that aga-
rose was essential for cell division and colony formation
for Artemisia judaica while alginate better affected the
development of Echinops spinosissimus protoplasts.

Protoplast culture media, especially PGRs, are neces-
sary for persistent mitotic divisions of protoplast-derived
cells, aggregates formation, and their differentiation into
plants [53]. According to Lachmann and Adachi [43],
hypocotyl-derived protoplasts of Tartary buckwheat ini-
tiated cell division after three to five days after initiation
of the culture. They formed cell aggregates in the medium
enriched with BAP and naphthaleneacetic acid (NAA).
In another research on common buckwheat protoplasts,
Adachi et al. [42], after the application of different combi-
nations of hormones, demonstrated the best response of
protoplast development in a medium enriched with BAP
and NAA. Our study demonstrated that only after apply-
ing PSK to BM medium supplemented with BAP and
NAA, the first cell divisions took place in five-day-old
cultures and the following development of protoplast cul-
tures was observed. Thus, it seems that these hormones
can be universal and used for both Tartary and common
buckwheat.

A common way to support protoplast division and
microcalli formation involves the application of addi-
tional supplements, such as peptide growth factors, poly-
amines, and compounds which can absorb or inhibit the
production of phenolics. Our results demonstrated that
supplementing the culture medium with PSK stimu-
lated protoplast division and aggregates formation of
hypocotyl- and MC-protoplast-derived cells. It should
be noted that in PSK-free culture variant media, cell
divisions were not observed. Also, applying PSK to cal-
lus multiplication medium enhanced the formation of
embryogenic tissue. Similar stimulation of protoplast
culture development as a result of PSK application was
observed in Beta vulgaris [55], Oryza sativa [22], Bras-
sica oleracea [19, 20], and Daucus ssp. [54]. Protoplast
isolation is a stress-inducing procedure that can gener-
ate active oxygen species [44, 62]. Therefore, applying
exogenous polyamines such as PUT seems to overcome
this problem. Additionally, polyamines impact main-
taining protoplast viability, increase mitotic activity and
shoot regeneration [29]. Nevertheless, the application of
PUT had no significant effect on the plating efficiency
(number of cell aggregates formed) in MC- and hypo-
cotyl-derived protoplast cultures of Tartary buckwheat.
Comparable to our results, also in protoplast cultures of
Nigella damascena, the application of PUT did not sig-
nificantly affect plating efficiency [63]. We also imple-
mented urea-type synthetic cytokinin (CPPU) that,
according to the literature, participates in cell division
and expansion [64]; induction of embryogenic callus [65]
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and shoot formation [66]. The supplementation of PSK-
rich BM medium with PUT or CPPU or a combination
of both enhanced the development of protoplast cultures
and somatic embryos formation but did not increase the
plating efficiency. This indicates that protoplast cultures
of Tartary buckwheat are able to develop (i.e. to undergo
the way from first mitotic to microcallus formation) only
in the presence of PSK.

A common problem in protoplast and tissue cultures is
oxidative browning of the culture media and tissue [30].
As mentioned in the background, phenolic compounds
can block developmental processes in in vitro cultures.
For our study, applying AIP (reversible inhibitor of PAL)
in the MC- and hypocotyl-derived protoplast cultures
did not prevent tissue browning or influence plating
efficiency. In contrast to our results, Ulmus americana-
derived protoplasts isolated from callus cultured in the
presence of AIP were characterised by a higher rate of
cell divisions and developed cell walls faster [36]. How-
ever, later studies showed, that AIP had no impact on
the growth and development of protoplast-derived callus
and shoots [60]. Another common compound applied to
decrease tissue browning is PVP, which absorbs, among
other compounds, phenolics [67]. Our study recorded
visible reduction of tissue browning in protoplast-derived
microcallus originating from hypocotyls. Nevertheless,
the reduction of tissue browning was not associated with
an increase in plating efficiency. Similarly to our observa-
tion in Cyamopsis tetragonoloba [31] and Vitis [32], the
application of PVP did not prevent the browning of the
culture media but reduced it to a low level.

So far, immature embryos, hypocotyls, and cotyledons
of Tartary buckwheat were successfully applied to plant
regeneration [9, 14]. According to Wang et al. [68], hypo-
cotyl explants were better source material than cotyle-
dons for Tartary buckwheat regeneration. Similarly, the
regeneration of plants via somatic embryogenesis from
hypocotyl explants was achieved by Han et al. [2]. In
contrast to the presented examples, we did not observe
plant regeneration in protoplast cultures originating
from hypocotyls. Similarly to our results, Lachmann
and Adachi [43] only reported about callus formation in
hypocotyl-derived protoplast cultures. According to Pas-
ternak et al. [69], the disadvantage of hypocotyls appli-
cation as a source for protoplast isolation and cultures
is rapidly increasing in cell ploidy level. For example, in
Cucumis sativus, polysomaty was present in the hypocot-
yls and roots at the early stages of tissue differentiation.
Moreover, the polysomatic nature of Tartary buckwheat
plants [70] may explain the supposed polyploidisa-
tion of the tissue originating from hypocotyl protoplast
cultures and lack of regeneration ability. Additionally,
our histological observations revealed the presence of
irregularity in shape nuclei and more than one nucleoli.

42



Zaranek et al. BMC Plant Biology (2023) 23:385

In non-morphogenic calli of Beta vulgaris, nuclei with
irregular shapes and many nucleoli were observed, indi-
cating polyploidy and aneuploidy [71]. A correlation
between cell polyploidisation and instability of nuclei size
and DNA content was found in the callus of Allium fis-
tulosum [72]. Morphological characteristics of microcalli
originating from hypocotyl protoplast cultures appar-
ently explain this tissue’s loss of regeneration capacity.

Due to the totipotency of plant cells, i.e. the possibil-
ity of their reprogramming from a differentiated state of
a cell to a dedifferentiated state, plants are characterised
by a high ability to regenerate, including when they are
cultured in vitro [73]. Cellular reprogramming is associ-
ated with changes in transcriptome, which plays a sig-
nificant role in the regulation of plant differentiation and
plant development [74]. According to these views, we
speculated that applying protoplast culture technology
may result in the dedifferentiation of the NC cells of Tar-
tary buckwheat, loss of their characteristic features, and
reprogramming into embryogenically determined cells.
The results demonstrate that the level of dedifferentiation
of donor tissue during the removal of the cell wall and cell
division is significant in protoplast regeneration. Yang et
al. [75] hypothesised that non-embryogenic callus cells
might have the ability to differentiate into embryogenic
cells. Contrarily, Fehér [76] mentioned that protoplasts
often retain the characteristic features of progenitor cells,
which should be lost in the presence of hormones. Stud-
ies by Faraco et al. [77] showed that protoplasts retain
their tissue- and cell-specific features during transient
expression assay. These authors showed gene expression
in protoplasts originating from the epiderma of petal and
in the intact flower. Additionally, Sheen [78] pointed out
that despite cell wall removal, protoplasts retain physi-
ological responses and cellular activities as intact plants.
Therefore, we may suppose that applied conditions and
PGRs in protoplast cultures media were insufficient to
complete cell dedifferentiation to embryogenically deter-
mined cells. As it was demonstrated by Betekhtin et al.
[70], NC is composed mainly of parenchymatous cells,
with inhibited capacity for morphogenesis. In our study,
calli originating from NC-derived protoplast cultures
consist of the same types and structures of the cells, char-
acterised by friable structure, rapid growth, and lack of
ability for regeneration. The irregular shaped nuclei of
the protoplast-derived calli may indicate an increased
amount of nuclear DNA. Similar observations were
demonstrated for Daucus carota [79] and Rosa hybrida
[89]. The authors noted a lack of regeneration after using
as protoplast source non-embryogenic callus or non-
embryogenic cell suspension cultures.

The cells of calli originating from MC-derived pro-
toplast cultures were characterised by the abundance
of embryogenic cells as described by Verdeil et al. [80].
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The same features point out the ability to regenerate and
strongly confirm the morphogenic character of the pro-
toplast-derived tissue. According to Betekhtin et al. [70]
MC is an excellent example of maintaining the regenera-
tion potential due to genetic and cytogenetic stability in
long-term cultivation. Transferring the calli originating
from MC-derived protoplast cultures to a regeneration
medium with BAP and KIN (supplemented with PVP)
stimulates somatic embryogenesis and organogenesis
with the following conversion into plants. In similar con-
ditions, plant regeneration via somatic embryogenesis
was demonstrated by Wang et al. [68] from hypocotyl
explants. In summary, we suppose that the success of
regeneration might depend on the genotype used in the
study. The genotype-dependence in the development
of protoplast cultures and their ability to regenerate
was noted for Brassica oleracea [19, 25, 29, 48], Daucus
carota [21, 54], Beta vulgaris [55] and Musa ssp. [81].

Conclusions

The present study demonstrated a successful approach
for callus regeneration from hypocotyl- and, for the
first time, plant regeneration from morphogenic callus-
derived protoplasts of Tartary buckwheat. We dem-
onstrated high cell colony and microcalli formation
efficiency could be induced after protoplast embedding
in agarose matrix and supplementing a culture medium
with PSK. The presented protoplast-to-plant system
enables using protoplasts as a model material for genetic
engineering, i.e. genetic transformation of buckwheat to
improve this agronomically important crop. This pro-
tocol can be helpful for precise genome editing using
Cas9 ribonucleoprotein complexes. In addition, practical
applications implemented for protoplast isolation, cul-
ture, and regeneration can be used in somatic hybridiza-
tion between different Fagopyrum species.

Methods

Plant materials

As a protoplasts source, one line of the NC (Fig. 2a), four
lines of the MC (MC1, MC2, MC4, NL2018; Fig. 2b-
e) and etiolated hypocotyls of in vitro grown seedlings
were used (Fig. 2f). The callus lines were obtained from
the immature embryo of E tataricurn and maintained
in the dark at 26+1°C on RX medium as described by
Betekhtin et al. [70]. RX medium contained the mineral
salts according to Gamborg’s medium [82] (B5; Duchefa,
The Netherlands), 2 g L™! N-Z-amine A (Sigma-Aldrich,
USA), 2.0 mg L™! 2,4-dichlorophenoxyacetic acid (min.
98%) (2,4-D; Sigma-Aldrich), 0.5 mg L™! indole-3-acetic
acid (IAA; Sigma-Aldrich), 0.5 mg L™! a-naphthalene
acetic acid (NAA; Sigma-Aldrich), 0.2 mg L™! kinetin
(KIN; Sigma-Aldrich), 25 g L™! sucrose (POCH, Poland)
and 7 g L™! phyto agar (Duchefa) [70]. The NC and MC
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callus lines were subcultured every two weeks. Aseptic
hypocotyls were produced in vitro from seeds (obtained
from the collection of the N. I. Vavilov Institute of Plant
Genetic Resources, Saint Petersburg, Russia) surface
sterilised using a two-step procedure. First, seeds were
dipped in 70% (v/v) ethanol for 30 s, then transferred to
0.1% (v/v) solution of fungicide Gwarant (Arysta, France)
with one drop of Tween 20 (Duchefa) and placed on a
gyratory shaker (160 rpm) and finally immersed in a 20%
(w/v) solution of chloramin T (sodium N-chlorotoluene-
4-sulphonamide; Chempur, Poland) with 800 mg L™!
cefotaxime disodium (Duchefa) and one drop of Tween
20 (30 min each step). After each step, the seeds were
dipped in 70% ethanol for 30 s. Then the seeds were
washed three times in sterile distilled water for 5 min
each and left in the sterile distilled water overnight. On
the next day, the washes in sterile water were repeated,
the seeds were air-dried on a sterile filter paper and about
eight seeds per Petri dish (@9 cm) were placed on solid
Murashige and Skoog [83] medium with vitamins (MS;
Duchefa) supplemented with 30 g L™! sucrose and 7 g
L~! plant agar (Duchefa) and maintained at 26+1°C in
the dark for 10 days for seeds germination.

Protoplast isolation and culture

Protoplasts were isolated from 1-2-week-old callus and
hypocotyls excised from 10-day-old seedlings, using the
protocol of Grzebelus et al. [21] with some modifica-
tions. For protoplast isolation from callus 1 g of plant
material was placed in a glass Petri dish (@9 cm) with
preplasmolysis solution consisting of 0.6 M mannitol
(Sigma-Aldrich) and 5 mM CacCl, (Sigma-Aldrich), cut
into small pieces and then incubated for 1 h in the dark
at 261+1°C. Release of protoplasts took place overnight
(16 h) at 26+ 1°C, with gently shaking (30—40 rpm) in the
enzyme mixture consisting of 1% (w/v) cellulase Onozuka
R-10 (Duchefa), 0.1% pectolyase Y-23 (Duchefa), 20 mM
2-(N-Morpholino) ethanesulfonic acid (MES, Sigma-
Aldrich), 5 mM MgCl,x6H,0 (POCH), and 0.6 M
mannitol, pH 5.6, filter-sterilised (0.22 pm; Millipore,
Billerica, MA, USA). In the case of hypocotyls 1 g of tis-
sue was cut into 1 cm pieces in length and then cut lon-
gitudinally in preplasmolysis solution (0.5 M mannitol).
The tissue was macerated in the enzyme mixture contain-
ing of 1% cellulase Onozuka R10, 0.6% macerozyme R10
(Duchefa), 0.1-0.25% driselase® (Sigma-Aldrich), 20 mM
MES, 5 mM MgCl, x6H,0 and 0.6 M mannitol, pH 5.6,
filter-sterilised (0.22 pum). The released protoplasts were
separated from undigested tissue by filtration through a
100 pm nylon sieve (Millipore) and then centrifuged at
100 g for 5 min. Pellets were re-suspended in 0.5 M or
0.6 M sucrose with 1 mM MES for callus and hypocot-
yls, respectively, overlaid with W5 solution [84] and cen-
trifuged at 145 g for 10 min. Protoplasts localised in the
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interphase between sucrose/MES and W5 solution were
collected into a new tube and washed twice by centrifu-
gation at 100 g for 5 min in W5 solution and then once
in the culture medium. All protoplast culture media were
based on the CPP medium according to Dirks et al. [85]
and consisted of macro-, micro-elements and organic
acids according to Kao and Mychayluk [86] (KM; Duch-
efa), vitamins according to B5 medium [82] (Duchefa),
74 g L' glucose (POCH) and 250 mg L™! casein enzy-
matic hydrolysate (Sigma-Aldrich), pH=5.6, filter steril-
ised. After purification the protoplasts were suspended
in 1 ml of the culture medium and their yield was deter-
mined using a Fuchs-Rosenthal haemocytometer (Heinz
Herenz, Germany). The working density before cell
embedding was adjusted to 8 x10° or 5x10° cells per ml
for callus- and hypocotyl-derived protoplasts, respec-
tively. For protoplast embedding the filter-sterilised
solution of 1.2% (w/v) SeaPlaque agarose (Duchefa) or
filter-sterilised solution of 2.8% (w/v) alginic acid sodium
salt (Sigma-Aldrich) were applied according to the pro-
tocol of Grzebelus et al. [55] and Grzebelus et al. [54],
respectively. In the case of agarose embedding three to
four 50 pl-aliquots of the protoplast/agarose mixture
were dropped into a Petri dish (@ 6 cm) and after solid-
ification of the agarose beads (app. 15 min) 4 ml of the
culture medium was added. For NC-derived protoplast
cultures, the culture medium was supplemented with
six different combinations of auxins and cytokinins, as
shown in Fig. 4a. For MC- and hypocotyl-derived pro-
toplast cultures the culture medium was supplemented
with BAP 1.0 mg L™! and NAA 2.0 mg L™! and herein-
after referred to as basal medium (BM) for protoplast
cultures. BM was additionally supplemented in different
combinations with 100 nM phytosulfokine-a (PSK; Pep-
taNova GmbH, Germany), 8.0 mg L™! Putrescine (PUT;
Sigma-Aldrich), 0.5 mg L™! N-(2-chloro-4-pyridyl)-N’-
phenylurea (CPPU; Sigma-Aldrich), 0.025% or 0.05%
polyvinylpyrrolidone (PVP, MW 40,000; Sigma-Aldrich)
and 10 uM 2-aminoondane-2-phosphonic acid (AIP;
Chemat, Poland) as shown in Figs. 5 and 6. To prevent
endogenous bacterial contaminations, all protoplast cul-
ture media contained 300 mg L™! ticarcillin disodium
(Duchefa) or 200 mg L™! cefotaxime disodium (Duch-
efa) in callus- or hypocotyl-derived protoplast cultures,
respectively. Protoplast cultures were incubated at
26+1°C in the dark. After 10 days of culture, the medium
with all supplements was replaced by a fresh one.

Histological analysis of protoplast-derived callus

Histological analyses were performed according to
Betekhtin et al. [70] with minor modifications. Samples of
microcalli obtained from two-month-old protoplast cul-
tures were fixed in 4% paraformaldehyde (PFA, POCH)
and 1% glutaraldehyde (GA, POCH) in 0.1 M phosphate
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buffered saline (PBS, pH 7.2) overnight at 4°C. Subse-
quently, the samples were rinsed in PBS, dehydrated in
increasing ethanol concentrations, and then embedded in
LR White resin (Polysciences, PA). Samples were cut into
1.5 pm thick sections using a Leica EM UC6 ultramicro-
tome (Leica Biosystems, Germany), placed on glass slides
coated with poly-L-lysine (Gerhard Menzel, Germany),
stained with 0.05% Toluidine Blue O (Sigma-Aldrich) and
mounted under a coverslip in Euparal medium (Sigma-
Aldrich). The stained sections were examined under an
Olympus BX43F microscope (Olympus LS, Tokyo, Japan)
equipped with the Olympus XC50 digital camera.

Plant regeneration from protoplast-derived tissue

After about two months of protoplast culture, proto-
plast-derived callus in agarose beads were transferred
to a callus multiplication medium (CM) consisting of
macro-, micro-elements and vitamins according to MS
medium [83], 2 g L™! N-Z-amine A, 2.0 mg L™! 2,4-D,
0.2 mg L™! KIN, 100 nM PSK, 30 g L™ sucrose and 3 g
L~! phytagel (Sigma-Aldrich). The cultures were main-
tained at 26+1°C in the dark and subcultured every three
to four weeks. For plant regeneration, callus clumps or
PECCs were transferred onto the regeneration medium
(RM) containing macro- and micro-elements as in MS
medium [83], 2.0 mg L™! BAP, 1.0 mg L™* KIN, 0.0025%
PVP, 30 g L™ ! sucrose, 3 g L™! phytagel and cultured in a
growth room at 28+2°C with a 16/8 h (light/dark) pho-
toperiod, under light intensity of 55 umol m~2 s™', and
subcultured every three weeks. During three subcultures
callus clumps and PECCs converted into bipolar and
cotyledonary embryos, respectively. Small rooting shoots
were transferred to a medium without PGRs containing
macro-, micro-elements and vitamins according to MS
[83], 30 g L™! sucrose and 3 g L™! phytagel and main-
tained in a growth room at 25+2°C with a 16/8 h (light/
dark) photoperiod, under a light intensity of 55 pmol

m2s7 L

Numerical data collection and statistical analysis

The yield of protoplast isolation, protoplast viability and
plating efficiency were determined. The protoplast yield
was expressed as the number of protoplasts per gram of
fresh weight of source material. Protoplast viability was
assessed by staining the cells just after embedding in
agarose beads with fluorescein diacetate (FDA; Sigma-
Aldrich) according to Grzebelus et al. [21]. the viability
of protoplasts was determined as a number of proto-
plasts with apple-green fluorescence per total number of
observed cells (x100). Pre-mitotic symptoms in 10-day-
old cultures of NC-derived protoplasts were expressed
as the number of cells enlargement in size and with reor-
ganized cytoplasm per total number of observed cells
(x100). Plating efficiency was evaluated in 10-day-old
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cultures and expressed as the number of cell aggregates
per total number of observed undivided cells and cell
colonies (x100). Observations were performed using an
Axiovert S100 inverted microscope (Carl Zeiss, Ger-
many) equipped with a filter set appropriate for FDA
detecting (Ap, =485 nm, Ap,,=515 nm).

At least two to five independent protoplast isola-
tion experiments with a single treatment represented
by three-four Petri dishes were carried out as biological
repetitions. Microscopic observations were carried out
on 100-200 cells per Petri dish. Means and the standard
error of the means were calculated. Data were subjected
to one-way analysis of variance (ANOVA) using Statistica
13 (TIBCO Software Inc., USA). Tukey’s posthoc test was
used to determine significant differences between the
means.

Abbreviations
24-D 2,4-dichlorophenoxyacetic acid

AlP 2-aminoondane-2-phosphonic acid
B5 Gamborg medium

BAP 6-benzylaminopurine

BM basal medium

(@Y callus multiplication medium

CPPU N-(2-chloro-4-pyridyl)-N'-phenylurea
FDA Fluorescein diacetate

GA glutaraldehyde

KIN kinetin

KM Kao and Michayluk medium

MC morphogenic callus

MS Murashige and Skoog medium
NAA a-naphthalene acetic acid

NC non-morphogenic callus

PAL phenylalanine ammonia-lyase

PBS phosphate buffered saline

PCC phenolic-containing cells

PECCs  proembryogenic cell complexes
PEMs pro-embryogenic masses

PFA paraformaldehyde

PGRs plant growth regulators

PSK phytosulfokine-a

PUT putrescine
PVP polyvinylpyrrolidone
RM regeneration medium
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* rownorzedny pierwszy autor

Materiaty uzupetiajace dostgpne online:

Supplementary file 1 Tabela 1 Testowane roztwory enzymatyczne uzyte do izolacji
protoplastow z hipokotyli Fagopyrum esculentum

W niniejszej pracy przedstawiono wydajny i szybki system regeneracji in vitro gryki
zwyczajnej, oparty na zastosowaniu kultury protoplastow. Dla wybrania materiatu donorowego
o najlepszej odpowiedzi rozwojowej oraz o najwickszym potencjale regeneracyjnym
protoplasty izolowano z dwaéch linii MK? F. esculentum (L1, NL2; Figure 1a, b) oraz hipokotyli
siewek (Figure 2a). Srednia wydajnos¢ izolacji protoplastow z MK wynosita od 0,8 do 1,5 x
10¢ protoplastow, w zaleznosci od sktadu zastosowanej mieszaniny maceracyjnej (Table 3).
Roztwor enzymatyczny zawierajacy celulaze (1,5%), pektoliaze (0,1%) oraz driselaze (0,15%)
umozliwil uzyskanie dwukrotnie wiekszej liczby protoplastow w poréwnaniu z roztworem
zawierajacym jedynie celulaze (1%) i pektoliaze (0,1%) (Table 3). Efekt ten mozna przypisac
szerokiemu zakresowi aktywnosci enzymatycznej driselazy, ktory obejmuje rozktad ksylanow,
laminaryn oraz celulozy (Ning i inni, 2022). Podobnie, w przypadku izolacji protoplastow z
hipokotyli, uzycie mieszaniny maceracyjnej z dodatkiem driselazy pozwolito na osiggniecie
wystarczajacej do zalozenia kultury liczby protoplastow tj. okoto 0,4 % 10°¢ protoplastow z
grama $wiezej masy (Table 4).

W przeprowadzonych badaniach zywotno$¢ protoplastow byla wysoka 1 wynosita
srednio od 74 do 81% dla protoplastow kalusowych i od 69 do 81% dla protoplastow
hipokotylowych (Table 3, 4).

2\W publikacji P2 dla kalusa F. esculentum przyjeto okre$lenie morfogenny kalus (MC, ang. morphogenic callus).
W publikacji P3, dzieki lepszemu poznaniu procesu regeneracji kalusa poprzez somatyczng embriogeneze, jak
rowniez tozsamo$¢ komorek go tworzacych, doprecyzowano nazewnictwo, wprowadzajac termin embriogenny
kalus (EK).
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Na podstawie wynikow do$wiadczen z kulturami protoplastow gryki tatarki, protoplasty gryki
zwyczajnej immobilizowane byly w agarozie (LMPA), zastosowano bazowa pozywke do
kultury protoplastow (zmodyfikowang pozywke CPP uzupelniong o regulatory wzrostu NAA i
BAP). Rozwoj protoplastow odnotowano tylko w przypadku suplementacji w/w pozywki w
PSK (Figure 3). Wydajnos¢ kultury protoplastow kalusowych, w zalezno$ci od linii kalusa,
wynosita od 21 do 35% (Figure 3a, b), z kolei kultura protoplastow hipokotylowych
charakteryzowata si¢ wydajnoscia na poziomie okoto 21% (Figure 3c). Zastosowanie
dodatkowych suplementow tj. CPPU i PUT dato wigksze ale statystycznie nieistotne wartosci
wydajnosci kultury. Nie odnotowano réwniez stymulujacego efektu PVP na rozwo6j kultury.
Kolonie komorkowe (Figure le-f, 2¢) kontynuowaty wzrost, prowadzgc do formowania
minikalusa. Po 30 dniach krople agarozowe w kulturze protoplastow MK (linia NL2) przerosty
minikalusem, obserwowano takze powstawanie masy proembriogennej. Natomiast w kulturze
protoplastow MK linii L1 oraz hipokotylowych proces formowania minikalusa wydtuzyt si¢ do
60 dni. Nastepnie minikalus namnazany byt na pozywce proliferacyjnej. Po trzech miesigcach
od przeniesienia namnozonego kalusa z kultury protoplastow MK (linia L1) na pozywke
regeneracyjng obserwowano formowanie struktur pedo-podobnych (ang. shoot-like structures),
a po (w sumie) czterech miesigcach odnotowano w petni wyksztatcone rosliny (Figure 2h). Z
kolei w przypadku kultury protoplastoéw linii NL2, formowanie zarodkéw somatycznych
odnotowano juz W pierwszym tygodniu regeneracji kalusa (Figure 1g), w 15. dniu regeneracji
wyksztatcanie si¢ struktur pedo-podobnych (Figure 1h), a po 2 miesigcach otrzymano
zregenerowane ro$liny (Figure 1i, Table 5). Kultura protoplastéw hipokotylowych
regenerowata poprzez somatyczng embriogeneze (Figure 2f) oraz organogenez¢ (Figure 2Q),
pojedyncze w pelni zregenerowane rosliny zaobserwowano po trzech miesigcach od momentu
wylozenia kalusa na pozywke regeneracyjng (Figure 2h, Table 5). Warto zaznaczy¢, ze
zastosowanie tidiazuronu (TDZ) w pozywce regeneracyjnej efektywnie stymulowato
somatyczna embriogenez¢ w materiale otrzymanym z kultury protoplastéw MK (linia NL2).
Przeprowadzone badania uzupelnione zostaly o analiz¢ histologiczng minikalusa
uzyskanego po kulturze protoplastow w celu poznania charakteru oraz potencjatu
regeneracyjnego otrzymanego materiatu. Analizy wykazaty, ze materiat z kultury protoplastow
kalusowych (linia L1) zawieral komoérki parenchymatyczne (Figure 4a, czarna gwiazdka) z
duza wakuolg 1 nieregularnie uksztalttowanym jadrem z jednym lub dwoma jaderkami (Figure
4a, wstawka 1,), na powierzchni masy zidentyfikowano komorki zawierajace zwiazki fenolowe
(Figure 4a, wstawka 2). Materiat z kultury protoplastéw linii NL2 charakteryzowat sig¢

obecnoscig komorek merystematycznych (Figure 4b, czerwona gwiazdka) z gesta cytoplazma,
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matymi wakuolami i okraggtym jagdrem z jednym lub dwoma jaderkami (Figure 4b, wstawka 1),
a na powierzchni masy zaobserwowano pojedyncze komorki zawierajace zwigzki fenolowe
(Figure 4b, wstawka 2). Kalus otrzymany z kultury protoplastéw hipokotylowych réwniez
zawieral na powierzchni komoérki bogate w zwigzki fenolowe (Figure 4c, wstawka 1), podczas
gdy wewnetrzne warstwy tworzyly w duzej mierze komoérki parenchymatyczne (Figure 4c,
czarna gwiazdka) z nieregularnie uksztaltowanym jadrem zlokalizowanym w poblizu Sciany
komorkowej (Figure 4c, wstawka 2). Zaobserwowano takze mate obszary komorek podobnych
do komorek merystematycznych (Figure 4c, czerwona gwiazdka) z dwoma lub trzema

jaderkami i matymi wakuolami (Figure 4c, wstawka 3).
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Abstract

In the present study, a high yield of isolated protoplasts from the agronomically important crop Fagopyrum esculentum
was obtained by applying a mixture of cellulase, pectolyase, and driselase. We demonstrated that the yield of morphogenic
callus-derived protoplasts was 1x 10° protoplasts per g of fresh tissue. For hypocotyls used as the protoplast source, the
number of released cells was twice lower. The protoplasts, embedded in an agarose matrix and cultured in a modified Kao
and Michayluk media supplemented with phytosulfokine, re-enter the cell cycle and start to develop, forming microcalli. The
plating efficiency was about 20% in the case of hypocotyl- and morphogenic callus-derived protoplasts. For plant regenera-
tion, the medium was supplemented with different combinations of cytokinin. Somatic embryogenesis and organogenesis
occur during the cultivation of the protoplast-derived tissues, depending on the applied protoplast source. For the first time,
an effective protoplast-to-plant system for F. esculentum has been developed.

Key message
Morphogenic callus- and hypocotyl-derived protoplasts of buckwheat after embedding in agarose beads and culture in phy-
tosulfokine enriched medium regenerated into plants.

Keywords Buckwheat - Growth regulators - Organogenesis - Plating efficiency - Somatic embryogenesis
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Introduction

The genus buckwheat (Fagopyrum) is a promising func-
tional food source that contains various phenolic com-
pounds, especially rutin, quercetin and C-glycosylflavones
(orientin, isoorientin, vitexin), which have a positive
therapeutic or dietary effect for promoting human health
(Zhang et al. 2015). To date, 23 buckwheat species have
been identified (Tomasiak et al. 2022). One of the most
important species is Fagopyrum esculentum Moench.
(common buckwheat), a multipurpose crop with a high
nutritional value, mainly high-quality proteins with essen-
tial amino acids (Woo et al. 2010). Common buckwheat is
also considered a nectariferous and pharmaceutical plant
(Kwon et al. 2013). As it has the ability to do well on
unproductive soils and does not require extensive fertilisa-
tion, common buckwheat is an attractive economic crop
and low-cost supplement to cereal grains (Kumar and Sar-
aswat 2018). The biggest problem with common buck-
wheat is the short life of its single flower (1 day) (Cawoy
et al. 2009) and very short growing period (70-90 days).
Moreover, the sensitive to ground frost, high tempera-
tures and drought may cause strong flower and embryo
abortions. So far, buckwheat F. homotropicum has been
cross-pollinated with F. tataricum (Tartary buckwheat)
or F. tataricum with F. esculentum in order to transfer
genes with a greater resistance to frost and a higher seed
yield. Because of the strong barriers that prevent cross-
pollination between different species, these studies have
been unsuccessful (Shaikh et al. 2001; Woo et al. 2001).
Common buckwheat forms dimorphic plants with flowers
whose pistils and stamens have different lengths (pin and
thrum types), which results in self-incompatibility (Adachi
1990; Cawoy et al. 2009). Therefore, fertilisation occurs
between both of these flower types after cross-pollination
(Cawoy et al. 2006; Taylor and Obendorf 2001). Among
the most important reasons for the low yield of common
buckwheat are: (1) self-incompatibility; (2) insufficient
fertilisation; (3) embryo abortion; (4) sensitivity to heat
and drought stress; and (5) deficiency of the assimilates
that occur in ageing plants (Slawinska and Obendorf 2001;
Taylor and Obendorf 2001).

Plant biotechnology techniques, specifically tissue and
cell cultures, represent a solution to overcome the repro-
ductive barriers for this species. In previous studies related
to Tartary and common buckwheat regeneration, the most
widely used explants have been cotyledon and hypocotyl
segments from seedlings (Adachi et al. 1989; Hou et al.
2015; Kwon et al. 2013; Lachmann 1990). Explants from
mature plants, such as petioles, leaves and nodes, have
also been used (Slawinska 2009; Woo et al. 2004). The
successful regeneration of common buckwheat has been
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previously reported via organogenesis or somatic embryo-
genesis using different variants of plant growth regulators
(PGRs) (Kwon et al. 2013; Neskovi¢ et al. 1987). The
application of protoplast cultures guarantees the unicel-
lular origin of the somatic embryos; thus, the recovery
of genotypes with novel traits would be favoured. The
processes of protoplast isolation from common buck-
wheat plants have been improving for decades since the
first attempt by Holldnder-Czytko and Amrhein (1983).
Adachi et al. (1989) reported for the first time about plant
regeneration from hypocotyl-derived protoplasts of com-
mon buckwheat. However, they obtained low plating
efficiency (approx. 1%) and abnormal morphology of the
regenerated plants. Likewise, Gumerova (2004) achieved
plant regeneration from hypocotyl-derived protoplast
cultures, but the regenerative capacity of the protoplast-
derived callus was low. On the other hand, Lachmann
(1990) managed to obtain higher plating efficiency from
hypocotyl-derived protoplasts of Tartary buckwheat, but
plant regeneration was not induced. As it was mentioned
by Woo et al. (1999), it is possible to isolate protoplasts
form sperm cells of common buckwheat what can be use-
ful in the case of protoplast fusion. Also hypocotyl-derived
protoplasts were applied by Sakamoto et al. (2020) as a
valuable tool for analysis of gene function.

As described above, hypocotyls have been commonly
used as a source of protoplasts. However, common buck-
wheat’s morphogenic callus (MC), due to its high regen-
erative potential, may be a desirable source of protoplasts
(Takahata and Jumonji 1985; Yamane 1974). However,
using the MC as a source of protoplasts has been little stud-
ied (Gumerova 2004). Therefore, in this work, we proposed
an efficient protoplast-to-plant regeneration system of com-
mon buckwheat via callus formation starting with hypocot-
yls and the MC as the protoplast source.

Materials and methods
Plant materials for protoplast isolation

For MC induction and the development of etiolated hypoco-
tyls, commercially available seeds of the Panda cultivar (the
Malopolska Plant Breeding, Poland) were used. The callus
lines (L1 and NL2) were obtained from immature zygotic
embryos in the dark at 26 + 1 °C on a RX medium as previ-
ously described (Betekhtin et al. 2019, 2017; Rumyantseva
et al. 2005) and maintained with regular subcultures every
2-3 weeks on fresh RX medium composed of Gamborg B5
including vitamins (Gamborg et al. 1968), 2 g L™! N-Z-
amine A, 2 mg L 2,4-dichlorophenoxyacetic acid (2,4-D),
0.2 mg L~ kinetin (KIN), 0.5 mg L~! 3-indoleacetic acid
(Sigma-Aldrich, USA), 0.5 mg L~! 1-naphthaleneacetic acid
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(NAA), 25 g L' sucrose and 7 g L™! phyto agar (Duchefa,
Netherland).

For hypocotyl development, the seeds were kept in dis-
tilled water overnight, and the seed coat was then removed.
The surface sterilisation of the seeds was carried out in a
three-step protocol: (1) the seeds were soaked in 70% eth-
anol for 30 s and then shaken (160 rpm for 30 min) in a
0.2% (v/v) solution of Scorpion 325 SC fungicide (Sygenta,
Switzerland) with a drop of Tween 20 (Duchefa); (2) the
seeds were immersed in a 20% (w/v) solution of chlora-
min T (sodium N-chlorotoluene-4-sulphonamide; Chempur,
Poland) with 3000 mg L~! cefotaxime disodium (Duchefa)
and one drop of Tween 20 for 30 min; between each step, the
seeds were dipped in 70% ethanol for 3045 s; (3) the seeds
were washed three times with sterile distilled water for 5 min
each time and soaked overnight in sterile distilled water. The
next day, the second and third steps were repeated. After two
days of sterilisation, the seeds were air-dried on sterile filter
paper and placed in polystyrene Petri dishes (9 cm) with

a MS medium supplemented with vitamins (Murashige and
Skoog 1962), 200 mg L~! cefotaxime disodium, 30 g L™!
sucrose and 7 g L™! plant agar (Duchefa). The Petri dishes
were sealed with parafilm and incubated in the dark at
26 + 1 °C for ten days.

Protoplast isolation and culture

The protoplasts were isolated from two types of source
materials including around 12-day-old MC and 10-day-old
hypocotyls. First, a pre-plasmolysis step was performed.
One gram of 8-day-old MC L1 line or 2 g of 12-day-old
NL2 line were incubated with PSII/F solution (Table 1) in
a glass Petri dish (@9 cm). For the hypocotyls, 1 g of plant
material was cut into 1 cm long pieces, and these were cut
longitudinally in PSII solution (Table 1). In both cases, the
pre-plasmolysis step took place in the dark at room tem-
perature (RT) for 1 h. After this, the solution was removed,
and enzymatic maceration was carried out by adding the

Table 1 Solutions used for

; . Solution Composition Concentration gL}
protoplast isolation from
morphogenic callus and PSII/F Mannitol (Duchefa, Netherland) 0.60 M 109.30
:Zf:;%lri()f Fagopyrum (pH 5.6) CaCl, (Sigma-Aldrich, USA) 5 mM 0.55
PSII Mannitol 0.50 M 91.20
(pH 5.6)
Enzyme solution E1 Mannitol 0.60 M 109.40
(pH 5.6) MES? Buffer (Sigma-Aldrich) 20 mM 3.90
MgCl, x 6H,0 (Sigma-Aldrich) 5 mM 1.00
Cellulase Onozuka R10 (Duchefa) 1% 10.00
Pectolyase Y-23 (Duchefa) 0.10% 1.00
Enzyme solution E2 Mannitol 0.60 M 109.40
(pH 5.6) MES Buffer 20 mM 3.90
MgCl, x 6H,0 5 mM 1.00
Driselase (Sigma-Aldrich) 0.15% 1.50
Cellulase Onozuka R10 1.50% 15.00
Pectolyase Y-23 0.10% 1.00
Enzyme solution E3 Mannitol 0.60 M 109.40
(PH5.6) MES Buffer 20 mM 3.90
MgCl, x 6H,0 5 mM 1.00
Driselase 0.25% 2.52
Cellulase Onozuka R10 1% 10.00
Macerozyme R10 (Duchefa) 0.60% 6.00
Suc/MES Sucrose 0.50 M 171.20
(PH5.8) MES buffer 1 mM 0.20
Suc-2/MES Sucrose 0.60 M 205.40
(PH5.8) MES buffer 1 mM 0.20
W5 NaCl (Sigma-Aldrich) 154 mM 9.00
(PH 5.8) CaCl, x 2H,0 (Sigma-Aldrich) 125 mM 18.36
KCl (Sigma-Aldrich) 5 mM 0.37
Glucose (Sigma-Aldrich) 5 mM 0.90
4MES 2-(N-Morpholino) ethanesulfonic acid hydrate
@ Springer
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enzyme solution E1, E2 or E3 (Table 1) for the L1, NL2
and hypocotyls, respectively. This step was performed over-
night for 16 h with gentle shaking (50 rpm at RT) in the
dark. The quality of the released protoplasts was checked
using an inverted microscope (Axiovert S100; Carl Zeiss,
Germany). The suspension was filtered using nylon filters
(mesh size 100 pm; Millipore, USA) and then centrifuged
for 5 min (1000 rpm at RT). The pellet was re-suspended
in a Suc/MES solution (Table 1) for the callus or a Suc-2/
MES solution (Table 1) for the hypocotyls, then W5 solu-
tion (Table 1) was carefully overlaid and it was centrifuged
for 10 min (1200 rpm at RT). The ring of viable protoplasts,
formed at the interphase of these two solutions, was col-
lected in a new centrifuge tube. The collected protoplasts

were dissolved in W5 solution and centrifuged for 5 min
(1000 rpm at RT). Next, the supernatant was removed, and
the culture medium added. The culture medium was based
on CPP medium according to Dirks et al. (1996) and sup-
plemented with 1.0 mg L™! 6-benzylaminopurine (BAP) and
2.0 mg L' NAA, and then called the basal medium (BM;
Table 2). The density of the protoplasts was determined
using a Fuchs-Rosenthal haemocytometer (Heinz Herenz,
Germany) and then adjusted with the BM to 8 x 10° or
5% 10’ cells per ml for the MC lines and hypocotyls, respec-
tively. The protoplasts were embedded in a filter-sterilised
solution of 1.2% (w/v) low melting point agarose (LMPA;
Duchefa), according to Grzebelus et al. (2012b). The mix-
ture of protoplasts and agarose was dropped at a rate of four

Table 2 Media used for protoplast cultures, callus proliferation, and plant regeneration of Fagopyrum esculentum

Solution Composition Concentration Weight L™!
Liquid basal medium (BM) for protoplast KM? macro-, micro-elements (Duchefa) - 3.60 g
cultures KM organic acids® - see below
(pH 5.6) Myo-inositol (Duchefa) 5.50 M 0.10 ¢
Thiamine (Sigma-Aldrich) 3.70 M 10.00 mg
Pyridoxine (Sigma-Aldrich) 6M 1.00 mg
Nicotinic acid (Sigma-Aldrich) 8§M 1.00 mg
Glucose (Sigma-Aldrich) 0.40 M 74.00 g
N-Z-amine A (Sigma-Aldrich) 4.60 M 025¢g
BAP (Sigma-Aldrich) 440 M 1.00 mg
NAA (Sigma-Aldrich) 1M 2.00 mg
Callus multiplication medium (CM) MS¢ including vitamins (Duchefa) - 440 ¢
(pH 5.8) N-Z-amine A 3mM 2.00¢g
2,4-D (Sigma-Aldrich) IM 2.00 mg
KIN (Sigma-Aldrich) IM 0.20 mg
PSK (PeptaNova GmbH, Germany) 100 nM -
Sucrose (POCH, Poland) 87 mM 30.00 g
Phytagel (Sigma-Aldrich) - 3.00¢g
Regeneration medium (RM_MS3) MS basal salt mixture (Duchefa) - 430¢g
(pH 5.8) Sucrose 87 mM 30.00 g
BAP 1.30M 3.00 mg
TDZ (Sigma-Aldrich) 450 M 1.00 mg
Phytagel - 3.00¢g
Regeneration medium (RM_MS4) MS basal salt mixture - 430¢g
(pH 5.8) Sucrose 87 mM 30.00 g
BAP 8.8 M 2.00 mg
KIN 4.6 M 1.00 mg
PVP (MW 40,000; Sigma-Aldrich) 0.0025% 0.025 g
Phytagel - 3.00¢g
Rooting Medium MS including vitamins - 440 ¢
(pH 5.8) Sucrose 87 mM 30.00 g
Phytagel - 300g

KM (Kao and Michayluk 1975)

bacc. to Kao and Michayluk (1975): sodium pyruvate 20 mg L™, citric acid 40 mg L™!, malic acid 40 mg L™}, fumaric acid 40 mg L™!

°MS (Murashige and Skoog 1962)
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beads per Petri dish (@6 cm). After solidification of the aga-
rose beads, the BM was added to each dish and the medium
was additionally supplemented with 100 nM phytosulfokine
(PSK), 0.25-0.75 mg L! chloropyridin phenylurea (CPPU;
Sigma-Aldrich), 8 mg L~! putrescine (PUT; Sigma-Aldrich)
or 0.025-0.05% polyvinylpyrrolidone (PVP, MW 40,000)
in different combinations. To prevent bacterial contamina-
tion, the culture media of hypocotyl-derived protoplasts were
supplemented with 200 mg L™" cefotaxime disodium. The
protoplast cultures were incubated at 26 + 1 °C in the dark
for 60 days. The medium, with all supplements, was renewed
on the 10th day of culture.

Plant regeneration

After two months of protoplast culture, agarose beads
overgrown with the protoplast-derived callus was trans-
ferred to a callus multiplication medium (CM; Table 2).
The cultures were incubated at 26 + 1 °C in the dark and
subcultured every three weeks on the same CM. Next, the
callus was transferred to the regeneration medium (RM;
Table 2) and maintained in a climate room at 28+ 1 °C
with a 16/8 h (light/dark) photoperiod (a light intensity of
55 umol m~2 s~!; fluorescent lamps Sylvania Gro-lux T8,
USA). The RM_MS3 regeneration medium was used for
the protoplast-derived callus originating from the NL2
line, while the regeneration of the protoplast-derived cal-
lus originating from the L1 line and hypocotyls was car-
ried out on the RM_MS4 medium (Table 2). Initially, the
NL2 line was also tested on RM_MS4 medium; however,
there was no evidence of regeneration after several months
of subculture. The NL2 callus-derived somatic embryos
were separated, transferred to the RM_MS3 medium and
subcultured every two weeks in the same medium until
shoots were obtained. The callus originating from the L1
line and hypocotyls were subcultured every three weeks on
RM_MS4 medium. For rooting, shoots were transferred to
sterile vessels (150 mm L x 90 mm W) with rooting medium
(Table 2) and maintained in a climate room at 25+ 1 °C
with a 16/8 h (light/dark) photoperiod (a light intensity of
55 umol m~2 s~!; fluorescent lamps Sylvania Gro-lux T8,
USA). When the roots had grown large enough, the plants
were transferred to a moss-coconut fiber substrate (Ceres
International Ltd., Pyzdry, Poland) and placed in greenhouse
conditions at 25+ 1 °C, 16/8 h (light/dark) photoperiod
(light intensity 90 umol m~2 s™!).

Histological analysis

The fixation was carried out following the methodology
proposed by Betekhtin et al. (2019). The calli derived from
protoplasts were fixed in a mixture of 4% paraformaldehyde
and 1% glutaraldehyde in phosphate-buffered saline (PBS)

overnight at 4 + 1 °C. The samples were washed with PBS,
followed by a dehydration process in increasing ethanol con-
centrations. Next, the samples were embedded in LR White
resin (London Resin, St. Louis, USA) and left to polymerise
for 24-48 h at 58 + 1 °C. The samples were then cut into
1.5 pm thick sections using an EM UC6 ultramicrotome
(Leica Biosystems, Wetzlar, Germany) and placed on glass
slides coated with poly-L-lysine. The slides were stained
with 0.05% Toluidine Blue O (Sigma-Aldrich) for 5 min and
washed twice with distilled water. The stained sections were
examined under an Olympus BX43F microscope equipped
with the Olympus XC50 digital camera.

Data collection and statistical analysis

The protoplast yield was presented as the protoplast num-
ber per gram of fresh weight (FW) in 1 ml of suspension.
The viability of the protoplasts was assessed, immediately
after embedding the cells in an agarose matrix, by staining
with fluorescein diacetate (FDA; Sigma-Aldrich), according
to Grzebelus et al. (2012a). The viability was expressed as
a percentage of protoplasts with apple-green fluorescence
out of the total observed cells. Plating efficiency was deter-
mined in 10-day-old cultures and expressed as a percentage
of cell aggregates per total number of observed undivided
cells and cell colonies. Microscopic observations were per-
formed under an inverted Axiovert S100 microscope with
a filter set appropriate for FDA visualisation (Ag, =485 nm,
Agm=1515 nm). Image acquisition was performed under an
inverted Lecia DMi8 microscope (Leica Microsystems,
Germany) equipped with a Leica DFC 7000 T camera con-
jugated with LAS X Extended Depth of Field and Decon-
volution Modules.

At least three independent protoplast isolation experi-
ments with a single treatment represented by three to four
Petri dishes were carried out as repetitions. Microscopic
observations were carried out on 100 cells per Petri dish.
The mean values and standard errors were calculated. The
overall effect of treatments was determined using analysis
of variance (ANOVA) in Statistica ver. 13 (TIBCO Soft-
ware Inc., USA) at P <0.05. Tukey’s honestly significant
difference test was used to determine significant differences
between the means.

Results

Plant materials

For protoplast isolation, two lines of the MC (L1, NL2;
Fig. 1a, b) and etiolated hypocotyls (Fig. 2a) were used. The

calli lines differed in age (L1, two-years-old; NL2, one-year-
old). A dense globular milky-white structure characterises
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Fig.1 Plant regeneration from morphogenic callus (MC)-derived
protoplasts in Fagopyrum esculentum. Lines of MC used for proto-
plast isolation: a L1 and b NL2; ¢ freshly MC-derived protoplasts;
multicellular aggregate in d 6-, e 20- and f 30-day-old protoplast
cultures; subsequent stages of plant regeneration from NL2 line-
derived protoplast cultures on the regeneration medium: g formation

this type of calli due to the accumulation of starch grains (in
the cytoplasm of storage cells). The surface of the calli is
covered by an epidermal-like layer under which the meris-
tematic cells and parenchymatous cells are located.

Protoplast isolation efficiency and viability

After overnight incubation in the enzyme solution, spheri-
cal protoplasts from both MC lines and hypocotyls were
successfully released (Fig. 1c, 2b). The mean yield of MC-
derived protoplasts varied from 0.83 to 1.54 x 10° (Table 3).
The most efficient protoplast isolation was achieved for the
NL2 line in the presence of E2 enzyme solution (1.54 x 10°).
The use of E1 enzyme solution reduced the number of
released protoplasts by approximately half. The callus age
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of somatic embryos (examples shown by arrows) in 6-day-old cul-
tures and h somatic embryos converted into plants (examples shown
by arrows) in 15-day-old cultures; i three-month-old protoplast-
derived-flowering plant acclimatised to ex vitro conditions. Scale
bars: 0.5 mm (a-b), 100 pm (c), 50 um (d-f), 0.5 mm (g), 1 mm (h),
1.5 cm (i)

(between 8 and 12 days) had no effect on the protoplast iso-
lation efficiency.

Although different enzyme solutions differing in enzyme
activity and composition were used (Supplementary Table 1)
in the preliminary experiments on protoplast isolation from
hypocotyl tissue, the number of released cells was very low.
Only after applying driselase to the enzyme solution was an
adequate number of protoplasts was recorded. Two concen-
trations of driselase for tissue digestion were tested, how-
ever, different numbers of released cells were not observed
(Table 4). The average yield of hypocotyl-derived proto-
plasts was 0.44 x 10° per g FW. Nevertheless, the efficiency
of protoplast isolation from hypocotyls was more than twice-
fold lower than from MC sources (P =0.013).

The quality of released MC-derived protoplasts assessed
by FDA staining just after embedding in agarose varied
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