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4. Streszczenie  

Rodzaj Fagopyrum to grupa roślin dwuliściennych należąca do rodziny rdestowatych. Rodzaj 

obejmuje 22 gatunki, zarówno jednoroczne, jak i wieloletnie, które rosną głównie na wyżynach 

euroazjatyckich. Najważniejszymi uprawianymi gatunkami są gryka zwyczajna (F. esculentum, 

zwana również słodką gryką) i gryka tatarka (F. tataricum, zwana również gorzką gryką). Do 

głównych przyczyn ograniczonej powszechności uprawy gryki w Polsce i Europie należą niskie 

plony, różnice w nawykach żywieniowych oraz ograniczona świadomość producentów 

żywności i konsumentów dotycząca wartości odżywczej oraz innych korzystnych właściwości 

gryki. Biotechnologia oparta na protoplastach i systemy regeneracji roślin stanowią obiecujące 

podejście do przezwyciężenia tych ograniczeń, ułatwiając badanie przeprogramowania 

komórkowego, totipotencji i hybrydyzacji somatycznej w kontrolowanych warunkach. 

Niniejsza rozprawa doktorska koncentruje się na F. tataricum i F. esculentum jako systemach 

modelowych do badania rozwoju protoplastów, procesów morfogenezy oraz de novo 

rekonstrukcji ściany komórkowej komórek hybrydowych F. esculentum (+) F. tataricum, 

zajmując się krytycznymi lukami w tych procesach. Badania miały na celu optymalizację 

izolacji protoplastów i warunków hodowli poprzez ocenę materiału źródłowego, metod 

immobilizacji i dodatków do podłoży hodowlanych; zwiększenie regeneracji roślin poprzez 

morfogenezę za pośrednictwem cytokininy; scharakteryzowanie dynamiki rekonstrukcji ściany 

komórkowej de novo w komórkach rodzicielskich, a także w komórkach hybrydowych 

uzyskanych poprzez elektrofuzję protoplastów; oraz określenie roli regulatorów fenolowych   

w procesach rozwojowych. 

Wyniki badań, szczegółowo opisane w czterech publikacjach naukowych, podkreśliły, 

w jaki sposób warunki hodowli bezpośrednio wpływają na zachowanie i regenerację komórek. 

Wykazano, że kalus morfogennny F. tataricum i kalus embriogenny F. esculentum stanowią 

lepsze źródła protoplastów w porównaniu z hipokotylami siewek, zapewniając wyższą 

wydajność izolacji. Unieruchomienie wyizolowanych protoplastów w matrycy agarozowej        

o niskiej temperaturze topnienia, hodowanych w podłożu uzupełnionym o ɑ-fitosulfokinę, 

zwiększyło podział komórek, tworzenie kolonii i późniejszy rozwój mikrokalusów. Co 

najważniejsze, w fazie regeneracji typy i stężenia cytokinin były krytyczne dla osiągnięcia 

morfogenezy, przy czym thidiazuron przyspieszał somatyczną embriogenezę u F. esculentum, 

co prowadziło do regeneracji całej rośliny w ciągu dwóch miesięcy; podczas gdy połączenie 

benzyloaminopuryny i kinetyny promowało zarówno somatyczną embriogenezę, jak                       

i organogenezę u F. tataricum, co dawało zregenerowane rośliny w ciągu trzech miesięcy. 
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Nowy protokół elektrofuzji skutecznie umożliwił tworzenie komórek hybrydowych      

F. esculentum (+) F. tataricum, które zostały zebrane zgodnie ze zoptymalizowaną metodą 

sortowania, umożliwiając analizę porównawczą regeneracji ściany komórkowej. 

Immunolokalizacja składników ściany komórkowej wykazała, że de novo rekonstrukcja ściany 

komórkowej w komórkach hybrydowych i rodzicielskich następuje w ciągu 48 godzin. 

Zaobserwowano również specyficzną dla gatunku dynamikę białek arabinogalaktanowych, 

ekstensyny, ksyloglukanu i pektyn, przy czym komórki hybrydowe wykazywały wzorce 

podobne do rodzicielskich, z wyjątkiem opóźnionego odkładania metyloestryfikowanego 

homogalakturonanu u F. esculentum, co sugeruje potencjalną rozbieżność w metabolizmie 

pektyny podczas wczesnego etapu rekonstrukcji ściany komórkowej. 

Ostatnie badania wykazały że kontrolowanie zawartości fenoli i flawonoidów za 

pomocą inhibitorów amoniakoliazy L-fenyloalaniny (AIP, AOPP, OBHA) i adsorbentu (PVP) 

bezpośrednio wpływają na reakcje protoplastów oraz wzrost i regenerację kalusa F. tataricum. 

Niskie stężenia AIP i PVP sprzyjają tworzeniu kolonii komórkowych podczas hodowli 

protoplastów i regeneracji roślin diploidalnych, podczas gdy AOPP i OBHA dają zarówno 

rośliny diploidalne, jak i tetraploidalne. Z drugiej strony regeneracja roślin z proembriogennych 

kompleksów komórkowych o wyższych stężeniach AIP wykazała zmniejszony stres 

oksydacyjny, stosunek glutationu do utlenionego glutationu i zwiększoną ekspresję genów 

związanych z embriogenezą, podczas gdy PVP głównie adsorbował związki fenolowe, 

zmieniając dostępność składników odżywczych. 

Poza rozwijaniem wiedzy teoretycznej w zakresie biotechnologii roślin, rozprawa 

dostarcza przełomowych spostrzeżeń na temat technologii protoplastów, łącząc warunki 

hodowli z odpowiedziami komórkowymi i efektami regeneracji. Ustanawia również pierwszy 

powtarzalny protokół dla produkcji komórek hybrydowych Fagopyrum i opisuje molekularne 

i metaboliczne podstawy ograniczeń regeneracji zależnej od związków fenolowych. 
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5. Summary  

The genus Fagopyrum is a group of dicotyledonous plants belonging to the family 

Polygonaceae. The genus includes 22 species, both annual and perennial, which grow mainly 

in the Eurasian highlands. The most important cultivated species are common buckwheat         

(F. esculentum, also called sweet buckwheat) and Tartary buckwheat (F. tataricum, also called 

bitter buckwheat). The main reasons for the low prevalence of buckwheat cultivation in Poland 

and Europe are low yields, differences in dietary habits and low awareness of food producers 

and consumers about the nutritional value and other beneficial properties of buckwheat. 

Protoplast-based biotechnology and plant regeneration systems present a promising approach 

to overcome these limitations, facilitating the study of cellular reprogramming, totipotency, and 

somatic hybridisation under controlled conditions.  

This doctoral thesis focuses on F. tataricum and F. esculentum as model systems to 

investigate protoplast development, morphogenesis processes, and F. esculentum (+)                   

F. tataricum hybrid cells' de novo cell wall reconstruction, addressing critical gaps in these 

processes. The study aimed to optimise protoplast isolation and culture conditions by evaluating 

source material, immobilisation methods, and culture media additives; enhance plant 

regeneration via cytokinin-mediated morphogenesis; characterise de novo cell wall 

reconstruction dynamics in parental and hybrid cells obtained via protoplast electrofusion; and 

determine the role of phenolic regulators in developmental outcomes.  

The findings, detailed across four scientific publications, highlighted how culture 

conditions directly influence cellular behaviour and regeneration. F. tataricum morphogenic 

callus and F. esculentum embryogenic callus were demonstrated to be better sources of 

protoplasts compared with seedlings hypocotyls, yielding higher isolation efficiency. The 

immobilisation of the isolated protoplasts in a low-melting-point agarose matrix, cultivated in 

medium supplemented with ɑ-phytosulfokine, enhanced cell division, colony formation and the 

subsequent development of microcalli. Most notably, during the regeneration stage, cytokinin 

types and concentrations were critical to achieve morphogenesis, with thidiazuron accelerating 

somatic embryogenesis in F. esculentum, leading to whole plant regeneration within two 

months; while benzylaminopurine–kinetin combination promoted both somatic embryogenesis 

and organogenesis in F. tataricum, yielding regenerated plants within three months. 
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A novel electrofusion protocol successfully generated F. esculentum (+) F. tataricum 

hybrid cells, which were manually collected following an optimised sorting method, enabling 

a comparative analysis of cell wall regeneration. Immunolabelling of cell wall components 

revealed that de novo cell wall reconstruction in hybrid and parental cells occurs within 48 

hours. It also showed species-specific dynamics in arabinogalactan proteins, extensin, 

xyloglucan, and pectins, with hybrid cells exhibiting parental-like patterns but a delayed 

methylesterified homogalacturonan deposition in F. esculentum, suggesting potential 

divergence in pectin metabolism during early wall assembly. 

Finally, this study demonstrated that controlling phenolic and flavonoid contents using 

phenylalanine ammonia-lyase inhibitors (AIP, AOPP, OBHA) and adsorbent (PVP) directly 

impacts F. tataricum protoplast and callus responses during growth and regeneration. Low 

concentrations of AIP and PVP promote cell colony formation during protoplast culture and 

diploid plant regeneration, whereas AOPP and OBHA yield both diploid and tetraploid plants. 

On the other hand, plant regeneration from proembryogenic cell complexes with higher 

concentrations of AIP exhibited reduced oxidative stress, glutathione/oxidised glutathione ratio, 

and upregulated expression of embryogenesis-related genes, while PVP primarily adsorbed 

phenolics, altering nutrient availability. 

Beyond advancing theoretical knowledge in plant biotechnology, the thesis provides 

transformative insights into protoplast technology, linking culture conditions to cellular 

responses and regeneration products. It also establishes the first reproducible protocol for 

Fagopyrum hybrid cell production and delineates the molecular and metabolic basis of 

phenolic-mediated regeneration bottlenecks.
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6. Introduction 
 

6.1.  Genus Fagopyrum, importance and breeding challenges 

The genus Fagopyrum, commonly known as buckwheat, is a member of the Polygonaceae 

family that includes around 22 species (Jha et al., 2024), among which Fagopyrum esculentum 

(common buckwheat) and Fagopyrum tataricum (Tartary buckwheat) are the most widely 

cultivated. These species are valued for their agronomic potential, nutritional benefits, and 

health-promoting qualities. Buckwheat is a rich source of bioactive compounds, including 

flavonoids such as rutin, quercetin, and C-glycosylflavones, which have been shown to possess 

antioxidant, anti-inflammatory, and cardioprotective effects (Nalinkumar and Singh, 2020, 

Huda et al., 2021). Additionally, buckwheat is gluten-free and contains high-quality proteins 

with essential amino acids, making it a valuable crop for addressing global food security and 

nutritional challenges (Krkošková and Mrázová, 2005, Woo et al., 2010).  

Despite its potential, buckwheat cultivation faces several challenges, including low yields 

and reproductive barriers that limit genetic improvements (Taylor and Obendorf, 2001, Cawoy 

et al., 2009). F. esculentum has a broader distribution, especially in temperate and subtropical 

regions, due to its adaptability to poor-quality soils, low fertiliser requirements, and use as a 

cover crop and honey plant. It has a dioecious sexual system that produces two heterostylic 

floral morphs: short-styled flowers (Thrum) and long-styled flowers (Pin) (Image* 1 A, B). 

This dimorphism results in self-incompatibility, which promotes genetic diversity in 

populations and reduces the risks of inbreeding depression. However, since fertilisation occurs 

between the flower morphs, there is a high dependence on pollinators for its success (Cardoso 

et al., 2018). This phenomenon is genetically controlled by the S – Supergene Complex, also 

known as the S-locus (sterility), which directly influences floral morphology and self-

incompatibility (Lewis and Jones, 1992). The S-locus includes five genes, two controlling the 

female function of the flower (G – style length and IS – style incompatibility), also known as S-

ELF3, and three genes controlling the male function (P – pollen size, IP – pollen incompatibility 

and A – anther height) (Image 1) (Fawcett et al., 2023). Thrum flowers contain the S-locus, in 

contrast to Pin flowers, which lack the S-locus entirely (Image 1 A’, B’) (Yasui et al., 2012, 

Matsui and Yasui, 2020, Fawcett et al., 2023).  

On the other hand, F. tataricum characterises a higher resistance to environmental stresses 

and is frequently cultivated in mountainous and high-altitude regions, particularly in Asia and 

* To prevent any potential ambiguity or plagiarism concerns, pictures presented in the introduction of the thesis 

are labelled as "Image" while the ones showed on the scientific publications are called "Figure" 
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parts of Eastern Europe (Bonafaccia et al., 2003, Han et al., 2011). It is a self-compatible 

species with one flower type with stamens and styles of equal size (homostyly, Image 1 C). 

This species also contains the S-locus, but the genes related to female function (S-ELF3) are 

silenced due to a nonsense mutation (s-elf3-ψ) that has occurred naturally during the 

evolutionary process (Image 1 C’) (Fawcett et al., 2023). 

  

Image 1. Schematic representation of flower types in Fagopyrum and their respective set of genes of the S – 

locus. Heterostyly in F. esculentum flowers: (A) Thurm flower, style shorter than stamens and (A’) complete S – 

locus with female and male function-related genes. (B) Pin flower, style higher than stamens and (B’) complete 

absence of the S – locus. Fertilisation occurs between the pistil of Pin flowers and the stamens of Thrum flowers, 

and conversely (cross-pollination). (C) F. tataricum flower with homogeneous style and stamen, and (C’) S – 

locus with the s-elf3-ψ nonsense mutation in the S-ELF3 region. Fertilisation occurs between the pistil and 

stamens of the same flower (self-pollination). G: style length; IS: style incompatibility; IP: pollen incompatibility; 

P: pollen size; A: anther height. Adapted from (Fawcett et al., 2023). Image made by Reneé Pérez-Pérez with 

BioRender.com. 

 

In an attempt to overcome the reproductive barriers or the agronomic disadvantages that both 

species face, they have been cross-pollinated with each other, as well as with other wild species 

such as F. cymosum and F. urophyllum (heterostyly) or F. homotropicum (homostyly) using 

the traditional pollination methods (Yui et al., 2004, Fesenko et al., 2022). Only the crossing 
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of Pin flowers from F. esculentum and F. homotropicum has successfully eliminated the 

heterostyly trait and produced self-fertilised flowers (Fawcett et al., 2023). However, the early 

seed-shattering trait of F. homotropicum remains in the progeny and also represents a 

significant disadvantage from an agricultural and economic point of view. Crossing with other 

species has been unsuccessful due to strong pre-zygotic barriers, such as temporal, behavioural, 

mechanical, and gametic isolation, which prevent mating. Additionally, post-zygotic barriers, 

including hybrid unviability, sterility or breakdown, prevent hybrid offspring from surviving or 

reproducing, ultimately maintaining species distinctness and genetic integrity (Woo et al., 2001, 

Shaikh et al., 2002). 

 

6.2. Tissue culture and protoplast technology 

The disadvantages described above have stimulated interest in exploring alternative 

approaches to improve Fagopyrum production and resilience. Tissue culture-based methods 

like indirect somatic embryogenesis (embryos are formed from somatic cells through an 

intermediate callus phase) and organogenesis (organs development either directly from the 

explant or indirectly via callus formation) have been widely studied in Fagopyrum to facilitate 

the regeneration of whole plants from different explants such as hypocotyls, mesophyll, 

petioles, leaves and nodes (Tomasiak et al., 2022). Callus-based regeneration enables large-

scale propagation of genetically identical plants. It ensures the preservation of desirable traits 

by maintaining genetic stability and avoiding the variability associated with traditional seed 

propagation (Long et al., 2022). F. esculentum and F. tataricum develop calli with different 

morphological and histological characteristics. F. esculentum callus contains light colour 

(milky white, yellowish or white) embryogenic masses with a smooth and shiny surface and a 

white or light yellow mass of parenchymatous cells (Image 2 A). The embryogenic cells are 

weakly vacuolated and have dense cytoplasm and a centrally located nucleus (Image 2 B, B’), 

while the parenchymatous cells present a large vacuole and a peripherally positioned nucleus 

(Image 2 B, B’’). Depending on the age and culture conditions, some phenolic-containing cells 

may appear on the surface of F. esculentum calli (Rumyantseva et al., 2004, Rumyantseva et 

al., 2005). In contrast, morphogenic calli of F. tataricum show a more complex morphology 

consisting of spherical white proembryogenic masses called proembryogenic cell complexes 

(PECCs) located on the surface of a “soft” callus (Image 2 C). PECCs are formed by different 

cell types, including parenchymatous cells with amyloplasts containing large starch grains, 

constituting the central and most prominent part of the structure. Next, layers of meristematic 
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cells, which are the source of the embryogenically determined cells that will give rise to 

embryoids or new PECCs; and finally, on the surface, abundant phenolics-containing cells, with 

large vacuoles that accumulate considerable amounts of phenolic compounds (Image 2 D, D’). 

During the cyclical development of the morphogenic callus, mature PECCs disintegrate, thus 

giving rise to young PECCs and “soft” callus cells. The “soft” callus is mainly formed by 

elongated cells that are highly vacuolated (Image 2 E), and its function is mainly to nurse the 

growth of the PECCs, providing them with nutrients. It is brown due to the accumulation of 

phenolic compounds and becomes darker as the culture progresses. F. tataricum morphogenic 

calli exhibit remarkable nuclear genomic stability and cell proliferation and regeneration 

capacity for up to ten years of culture (Betekhtin et al., 2017, Zaranek et al., 2025).  

 

16:1563842905



 

Image 2. (A) F. esculentum embryogenic callus and (B) histological section stained with toluidine blue (TBO) 

showing embryogenic cell masses (blue arrowheads, inset B’) and parenchymatous cells (red asterisk, inset B’’). 

(C) F. tataricum morphogenic callus with PECCs (green arrowheads) and ‘soft callus’ (white asterisk). (D) 

Histological sections stained with TBO of a PECC with parenchymatous cells in the centre of the structure (red 

asterisk) followed by embryogenic cells (inset D’) and surficial phenolic-containing cells (orange arrowheads), 

and (E) soft callus formed by abundant enlarged parenchymatous cells.  

Protoplast technology has also been prominent in crop improvement, offering a unique 

opportunity to introduce novel traits in crops of agricultural interest, avoiding the traditional 

limitations of cross-pollination (Adachi et al., 1989, Lachmann and Adachi, 1990). This 

technique has been applied in Fagopyrum, with hypocotyls and mesophyll cells serving as the 

primary sources of protoplasts, leading to inconsistencies in callus formation and shoot 

regeneration (Adachi et al., 1989, Tomasiak et al., 2022). Early attempts at plant regeneration 

from protoplasts yielded limited success, with low plating efficiency and abnormal plant 

morphology being common issues (Holländer-Czytko and Amrhein, 1983, Gumerova et al., 

2003). Other studies, however, have demonstrated the potential of calli as an improved source 

of protoplasts due to their high regenerative capacity (Yamane, 1974, Takahata and Jumonji, 

1985). The success of protoplast cultures depends not only on the protoplast source but also on 

the composition of the culture media and growth factors such as ɑ-phytosulfokine (PSK) or 

putrescine which have been shown to enhance cell wall reconstruction, cell division, callus 

formation, and shoot regeneration in various species (Wang et al., 2015, Vogrinčič et al., 2024).  

One of the major problems affecting Fagopyrum protoplast culture, especially in the early 

stages of cell colony** formation and during shoot regeneration, is the production and release 

of phenolic compounds into the medium (Gumerova et al., 2015, Hou et al., 2015). It occurs as 

the cells’ natural defence response to their environment perturbations. Although in vitro culture 

aims to resemble ideal conditions as much as possible, it cannot completely imitate the natural 

environment from which the cultured cells come (Wijerathna-Yapa and Hiti-Bandaralage, 

2023). It is known that the production of phenolic compounds in tissue cultures can increase up 

to tenfold in different species compared to plants grown under natural conditions (Rao and 

Ravishankar, 2002, Cai et al., 2012). It can cause changes in gene expression, metabolic 

alterations and, in some cases, senescence or cell death (Smetanska, 2018). The most common 

strategy to avoid tissue damage by phenolic accumulation is frequent transfer of the explants to 

** Structures resulting from mitotic divisions of a single cell. In all scientific publications shown in this thesis, 

the term cell aggregate has been used instead. However, the terminology was corrected to cell colony in one of 

the latest publications of our team (Zaranek et al., 2025) by the suggestion of its reviewers.  
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a fresh medium (Permadi et al., 2024), but other approaches include adjusting growth 

conditions or supplementing the culture media with specific additives (Ngomuo et al., 2014, 

Safwar et al., 2015).  

Most of the researched additives can be divided into three categories:  

I) antioxidants, which are attributed to the capacity of the phenolics to inactivate free radicals 

(i.e., ascorbic acid, citric acid, and glutathione) (Ndakidemi et al., 2014, Permadi et al., 2024);  

II) adsorbents, usually polymers that bind phenolics due to different kinds of interactions like 

hydrogen bonding and π-π interactions, as well as hydrophobic interactions (i.e., activated 

charcoal, polyvinylpyrrolidone (PVP), polyvinylpolypyrrolidone) (Thomas, 2008, Chen et al., 

2022);  

III) inhibitors, which work by targeting and neutralising enzymes involved in the shikimate and 

phenylpropanoid pathways (i.e., aminooxyacetic acid (AOA) – pyridoxal phosphate-dependent 

enzymes and ɑ-aminooxy-β-phenylpropionic acid (AOPP), O-benzylhydroxylamine 

hydrochloride (OBHA), 2-aminoindane-2-phosphonic acid (AIP) – phenylalanine ammonia-

lyase (PAL) inhibitors) (Wanat et al., 2018, Jiang and Penner, 2022).  

Adsorbents and inhibitors are very popular among researchers (Amente and Chimdessa, 

2021, Permadi et al., 2024). They act through different mechanisms: inhibitors directly inhibit 

the phenolic synthesis pathway (phenylpropanoid pathway), especially its key enzyme PAL, 

increasing amino acid availability and reducing oxidative stress, while adsorbents target the 

phenolics already synthesised, decreasing oxidative stress but affecting nutrient availability. 

Despite the numerous studies on this topic (Urban and Hura, 2023, Permadi et al., 2024), 

controlling the oxidative stress in Fagopyrum protoplast and tissue culture, especially                   

F. tataricum, remains challenging. 

 

6.3. Cell wall reconstruction in protoplasts 

One of the first and most important stages of plant regeneration from protoplast cultures 

is undoubtedly de novo primary cell wall reconstruction. This is a critical step to ensure cell 

viability and normal development, as it gives way to the first cell divisions and defines the final 

cell shape (Yang et al., 2008, Tagawa et al., 2019). The primary cell wall is a dynamic structure 

composed mainly of cellulose microfibrils, matrix polysaccharides, polyphenolic compounds 

and structural proteins (Showalter, 1993). Cellulose is the major component of the wall, 
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comprised of hydrogen-bonded β-1,4-linked glucan chains that are synthesised at the plasma 

membrane by large cellulose synthase complexes. Its microfibrils wrap tightly around the cell 

and provide the major mechanical resistance to external stresses and internal osmotic pressures 

(Mutwil et al., 2008). It can be synthesised even within the first few hours after the 

establishment of a protoplast culture and serve as a scaffold for other cell wall polymer 

depositions such as hemicelluloses and pectins (Pedersen et al., 2023, Huh et al., 2025). 

Hemicellulosic polysaccharides are complex molecules that associate with cellulose 

microfibrils, providing a cross-linked matrix. Xyloglucan, which contain a β-1,4-glucan 

backbone, heavily substituted with α-(1→6)-xylosyl residues in a regular pattern, is the major 

hemicellulose in the primary cell wall of dicotyledonous (Lerouxel et al., 2006) and acts as a 

load-bearing structure and a spacer that prevents cellulose microfibrils from aggregating 

(Eckardt, 2008). On the other hand, pectins are complex heteropolymers comprised of three 

major domains, primarily homogalacturonan, rhamnogalacturonan I, and the substituted 

galacturonan, rhamnogalacturonan II. Due to its abundance in the middle lamellae, pectins were 

initially considered to function primarily in intercellular adhesion; however, as the cell wall 

regenerates, pectins are incorporated into the wall matrix, helping to structure and stabilise the 

new cell wall. They are also involved in a variety of cellular processes, including cell fate 

specification, morphogenesis, intercellular communication, and environmental sensing (Shin et 

al., 2021). Other important cell wall components are arabinogalactan proteins (AGPs), 

characterised by a protein backbone with attached carbohydrate chains, particularly arabinose 

and galactose, involved in diverse developmental processes such as plant reproduction, 

adventitious root development, somatic and zygotic embryogenesis, and cell division, 

expansion and death (Ma and Johnson, 2023). Furthermore, extensins, hydroxyproline-rich 

glycoproteins, are directly related to cell wall reinforcement due to their ability to form cross-

links within themselves (intra-molecular) and between different extensin molecules (inter-

molecular), through specific enzymatic reactions, such as those catalysed by peroxidases 

(Castilleux et al., 2021). 

 Previous studies have used, among others, immunocytochemical techniques to detect 

those specific cell wall components, which have allowed the analysis of the kinetics and 

timeline of their regeneration in various species. In Beta vulgaris L. tissues, regenerated from 

unfertilised ovules, immunolocalisation of pectin (recognised by JIM5, JIM7, LM5, LM6) and 

AGP (recognised by LM2, JIM13, JIM14) epitopes revealed their ubiquitous presence across 

different cell types. Pectin epitopes were consistently detected while specific AGP epitopes 
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(LM2, JIM13) were associated with morphogenetic processes, acting as developmental markers 

in callus, meristems, and somatic embryos, highlighting their selective roles in differentiation 

(Tomaszewska-Sowa, 2011). Similar analyses were performed by Wiśniewska and Majewska-

Sawka (2008), where immunocytochemical analysis was used to explore variations in cell wall 

composition between intact leaves and regenerating protoplasts in sugar beet (B. vulgaris) and 

tobacco (Nicotiana tabacum). It was demonstrated that B. vulgaris (leaves and protoplasts) 

abundantly express AGP epitopes recognised by LM2 and MAC207 antibodies containing 

glucuronic acid (GlcA). In the case of the N. tabacum cells, they lack MAC207-binding 

epitopes and show only trace amounts of LM2-reactive AGPs. Authors highlighted that the 

presence of GlcA-rich AGPs in B. vulgaris may relate to its recalcitrant regeneration behaviour, 

while their absence in N. tabacum correlates with its high regeneration efficiency. Authors 

concluded that the differential expression of AGP epitopes (LM2/MAC207) and galactose-rich 

pectins between B. vulgaris and N. tabacum correlates with their distinct regenerative 

capacities, highlighting the importance of cell wall biochemistry in plant tissue culture. Godel-

Jędrychowska et al. (2019), aiming to investigate the role of PSK during cell wall regeneration 

in Daucus spp. A spatio-temporal analysis of the distribution of pectin (recognised by LM19, 

LM20), AGP (recognised by JIM4, JIM8, JIM13), and extensin (recognised by JIM12) epitopes 

was performed. Results revealed that PSK accelerated de novo cell wall reconstruction, with 

LM20-pectin and JIM8/JIM13-AGPs appearing earliest after four days of culture. Moreover, 

methyl-esterified pectin’s distribution varied depending on culture conditions and species, 

while AGPs expression and localisation were time- and tissue-specific, and extensin levels 

peaked during the mid-culture stage, particularly in PSK-treated cultures. Likely, in Linum 

usitatissimum, a comparison between pectin dynamics in hypocotyl-derived protoplasts 

embedded in agarose and alginate was performed using the 2F4 antibody specific for a calcium-

induced supramolecular conformation of homopolygalacturonic acid. Immunolocalisation 

revealed that alginate stimulated higher methylesterified pectin secretion and subsequent de-

esterification (3–8 days of culture), promoting cell wall differentiation; whereas agarose 

supported minimal pectin deposition, highlighting the matrix’s role in regulating pectin 

metabolism (David et al., 1995). 

Protoplast culture is the only approach that could be used to directly observe cell wall 

regeneration from its initiation to completion (Shea et al., 1989, Kuki et al., 2020). The timing 

of cell wall reconstruction and the deposition of its components vary significantly across species 

and cell types, reflecting their unique structural and functional adaptation (Tagawa et al., 2019). 
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For instance, dicots generally exhibit expedited cell wall reconstruction compared to monocots 

or woody plants (Kinnersley et al., 1978). For example, Nicotiana tabacum protoplasts initiate 

cellulose synthesis within 5–24 hours, forming a functional cell wall in two or three days 

(Nagata and Takebe, 1970). In contrast, Arabidopsis thaliana protoplast requires 24–48 hours 

for initial cell wall assembly and 5–7 days to complete it (Yokoyama et al., 2016, Kuki et al., 

2020, Huh et al., 2025). In cereals protoplasts like Oryza sativa, cell wall regeneration initiates 

within two hours post-isolation, appearing as multiple fluorescent spots simultaneously across 

the cell surface, and finishes around 48 hours (Tan et al., 2011). While Zea mays protoplasts 

show delayed kinetics, with cell wall regeneration observed after seven days of culture (Pilet et 

al., 1984).  

 

6.4. Somatic hybridisation as an alternative to the cross-pollination barriers 

Developing efficient protoplast-to-plant regeneration systems is critical for applications 

such as somatic hybridisation, gene editing, and the production of genetically modified plants 

with improved agronomic traits (Sakamoto et al., 2020). In Fagopyrum, somatic hybridisation 

between F. esculentum and F. tataricum protoplasts has been proposed as a means to overcome 

breeding barriers and introduce genes for stress tolerance and higher nutritional value 

(Lachmann and Adachi, 1990, Nešković et al., 1995). The most widely used mechanism for 

this purpose is polyethene glycol (PEG)-mediated protoplast fusion, which has been 

successfully applied in different plant species such as Glycine max, Helianthus annuus, Rubus 

spp., Jatropha curcas, Ricinus communis and Camellia oleifera (Kao and Saleem, 1986, Landi 

et al., 2001, Tudses et al., 2015, Kativat and Tantasawat, 2017, He et al., 2024). In Fagopyrum, 

there is only one report of this technique, from which putative hybrid protoplasts were obtained 

and developed into calli but failed to regenerate plants (Lachmann et al., 1994).  

Another technology that has gained interest is protoplast electrofusion (Image 3), which 

allows the creation of hybrid combinations of species that are sexually incompatible, thus 

facilitating the transfer of desirable genes among the related but sexually incompatible species 

without genetic transformation. This technology has also allowed not only intra-generic 

hybridisations, but the production of inter-generic hybrids as well (Varotto et al., 2001, Zaman 

and Parihar, 2023). During this process, low-intensity electrical pulses are applied to bring 

neighbouring protoplasts closer together and then high voltages to induce the formation of pores 

in the cell membranes, allowing the cytoplasmic contents of adjacent protoplasts to merge 

(Image 3 A-C) (Wen et al., 2020, Ranaware et al., 2023). As a result, hybrid cells that contain 
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genomes and cytoplasm contents from both parental species (heterokaryon) are obtained (Image 

3D). However, because it can have random effects, protoplasts from the same species may fuse 

and form hybrid cells with double or more copies of genetic material from the same parental 

material (homokaryon) (Image 3D). Unfused protoplasts and a high percentage of non-viable 

protoplasts can also emerge (Image 3D) (Al-Nema and Al-Mallah, 2020, Gieniec et al., 2020).  

In studies where a high percentage of viable hybrid protoplasts are required, such as de 

novo cell wall regeneration, it is essential to eliminate those undesired electrofusion products. 

To achieve this, protoplasts from both species are stained with contrasting coloured 

fluorophores such as rhodamine (red) or 3,3′-dihexyloxacarbocyanine iodide (DiOC6; green) 

during the isolation step (Image 3 B). Protoplasts that exhibit fluorescence for both fluorophores 

simultaneously can be manually sorted out using a single-cell micromanipulator (Mackowska 

et al., 2023, Zaman and Parihar, 2023). 

 

Image 3. Schematic representation of the protoplast electrofusion of two different species. After the protoplasts 

are isolated (A), each species is stained with contrasting fluorophores (DiOC6 – green fluorescence and 

Rhodamine – red fluorescence) (B) and mixed in an equal-concentration solution. The protoplast electrofusion 

is performed in two main steps: 1) the unspecific alignment of neighbouring cells (same species protoplasts can 

align together as well as protoplasts from different species) by applying a low-intensity alternating current (AC), 

where the cell membranes come close enough forming parallel rows of protoplasts (pearls chain); and 2) the 

fusion itself, where short and consecutive pulses of high voltage direct current (DC) are used to disturb the 

continuity of the cell membranes opening small holes in them, which will stabilise in a single membrane after 

applying a slight AC again (C). As a result of the electrofusion, hybrid protoplasts with double or more genomic 
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and cytoplasmic content from the same species (homokaryon) or both species (heterokaryon, yellow protoplast) 

can be obtained, as well as unfused and non-viable protoplasts (D). Image made by Reneé Pérez-Pérez with 

BioRender.com. 

Research on de novo cell wall reconstruction in plant hybrid cells remains scarce and 

lacks details, considering the synthesis timing of different cell wall components. Kästner et al. 

(2017) reported cell wall regeneration and cell division between 3 – 15 days of culture in hybrid 

cells derived from Hydrangea spp. mesophyll protoplasts, obtained via PEG-mediated fusion. 

This study did not examine the deposition timing of key cell wall components. To date, 

successful somatic hybridisation in Fagopyrum via protoplast electrofusion has not been 

reported; thus, there is an absence of detailed analysis on de novo cell wall reconstruction in 

hybrid cells and any related data on somatic hybrid regeneration. 

Despite the advances in in vitro culture of Fagopyrum spp., there are still several 

challenges in applying protoplast culture and somatic hybridisation in buckwheat. The 

recalcitrance of hybrid protoplasts to regeneration, the instability of callus cultures, and the 

limited understanding of the molecular mechanisms underlying cell wall reconstruction are key 

areas for future research (Wiśniewska and Majewska-Sawka, 2007). Developing standardised 

protocols for protoplast isolation, culture, and regeneration is essential for the widespread 

adoption of these techniques.  
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7. Objectives and hypotheses  
 

Protoplast culture and plant regeneration from calli systems are fundamental tools in modern 

plant biotechnology, offering unique insights into cellular reprogramming and developmental 

processes. These techniques allow the study of cell wall regeneration, totipotency, somatic 

embryogenesis and organogenesis processes under controlled in vitro conditions. Buckwheat 

species, such as F. esculentum and F. tataricum, serve as excellent models for these studies due 

to their versatile protoplast systems and diverse regenerative capacities. 

The following research objectives have been set in the doctoral thesis: 

1. Identify the key factors that enhance F. tataricum and F. esculentum protoplast 

development, including the source material, cell wall-digestion enzymes, immobilisation 

method, hormonal and growth regulator balance in the culture medium and the effects of 

phenolic inhibitors and adsorbents on cell division (P1, P2); 

2. Optimise cytokinin type and concentration in the regeneration medium to induce 

morphogenesis and regenerate whole plants from protoplast-derived microcalli of                   

F. tataricum and F. esculentum (P1, P2); 

3. Develop an effective protoplast electrofusion protocol to produce hybrid cells between             

F. esculentum and F. tataricum, including the establishment of a hybrid cells selection 

system (P3); 

4. Analyse differential cell wall reconstruction patterns from 0h to 72h in protoplasts of         

F. esculentum and F. tataricum and their hybrid cells Fe (+) Ft through immunostaining 

of the main cell wall epitopes: arabinogalactan proteins (JIM13, JIM16), extensin (JIM20), 

xyloglucan (LM25) and pectins (LM20, LM5, LM6), as well as cellulose using fluorescent 

brightener 28 (FB28) (P3);  

5. Evaluate the effect of direct PAL inhibitors (AOA, AOPP, OBHA, AIP) and phenolic 

adsorbent (PVP) on F. tataricum protoplasts plating efficiency and the following 

protoplast-derived plant regeneration (P4); 

6. Identify the key structural, genetic, and metabolic changes induced by AIP and PVP as 

medium additives during plant regeneration from morphogenic calli in F. tataricum (P4). 
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The following research hypotheses were formulated in the doctoral thesis: 

1. Protoplast development in F. esculentum and F. tataricum, including cell division, cell 

colony and callus formation, is significantly influenced by the protoplast source material, 

immobilisation method, hormonal and growth regulator balance, as well as phenolics 

adsorbent and inhibitors. 

2. Supplementing culture medium with cytokinins stimulates plant regeneration via 

protoplast cultures in F. esculentum and F. tataricum. 

3. Protoplast electrofusion is an efficient method to obtain hybrid cells between                            

F. esculentum and F. tataricum protoplasts.  

4. De novo cell wall reconstruction in F. esculentum and F. tataricum protoplasts, as well as 

their Fe (+) Ft hybrid cells, differ in time and deposition of key cell wall components, 

including arabinogalactan proteins, extensin, xyloglucan, pectins and cellulose. 

5. The use of different inhibitors of phenolic synthesis pathways or phenolic adsorbents 

during F. tataricum protoplast culture and subsequent plant regeneration counteracts 

negative effects of phenolics accumulation, such as low cell viability and cell division, 

oxidative browning of the microcalli and reduction of the regenerative potential. 

6. AIP and PVP modulate structural, genetic, and metabolic responses during the 

regeneration of F. tataricum morphogenic calli, reducing phenolic accumulation and 

promoting favourable gene expression patterns associated with morphogenesis. 
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8. Materials and methods 
 

Plant materials for protoplast isolation 

Two species of Fagopyrum were used in the research: F. esculentum, genotype Panda (seeds 

obtained from Małopolska Hodowla, Poland), and F. tataricum, genotype k-17 (seeds obtained 

from the N. I. Vavilov Institute of Plant Genetic Resources, Saint-Petersburg, Russia). Seeds 

were sown in pots filled with a mixture of soil and vermiculite (3:1 ratio) and then grown in a 

greenhouse under constant temperature conditions of 25 ± 1 °C and a photoperiod of 16 hours 

light and 8 hours dark. Plants were illuminated with white-light lamps with a photon flux of 90 

μmol m-2 s-1. The protoplasts were isolated from two sources: hypocotyls and calli induced from 

immature embryos. 

The aseptic hypocotyls were obtained in vitro from seeds of both species. Seeds were 

disinfected and then placed in Ø9 cm Petri dishes with Murashige and Skoog medium with 

vitamins (MS, Duchefa) supplemented with 30 g L-1 of sucrose (POCH) and 7 g L-1 of plant 

agar (Duchefa). The plates were incubated at 26 ± 1 °C in the dark for 10 days. 

Embryogenic and morphogenic calli lines were induced from immature zygotic embryos 

of F. esculentum and F. tataricum, respectively (Betekhtin et al., 2017, Betekhtin et al., 2019). 

Calli were maintained at 26 ± 1 °C on RX medium containing Gamborg’s B5 medium 

(Duchefa), 2 g L− 1 N-Z-amine A (Sigma), 2.0 mg L− 1 2,4-dichlorophenoxyacetic acid (2,4-D; 

Sigma), 0.5 mg L− 1 indole-3-aceticacid (IAA; Sigma), 0.5 mg L− 1 α-naphthaleneacetic acid 

(NAA; Sigma), 0.2 mg L− 1 kinetin (KIN; Sigma), 25 g L− 1 sucrose (POCH) and 7 g L− 1 phyto 

agar (Duchefa). The lines were subcultured every two weeks in the same medium. 

 

The following techniques were used in the research:  

▪ Isolation and culture of protoplasts from hypocotyls and calli of F. tataricum and                           

F. esculentum (P1, P2, P3 – F. esculentum and F. tataricum, P4 – F. tataricum). 

▪ Regeneration of plants from calli derived from protoplasts of F. tataricum and F. esculentum 

in media supplemented with different combinations of growth regulators and additives (P1, 

P2 – F. esculentum and F. tataricum, P4 – F. tataricum). 

▪ Histological analysis of calli derived from F. tataricum and F. esculentum protoplasts 

included fixation, dehydration and embedding of the material in LR-White resin, sectioning 

using EM UC6 ultramicrotome (Leica Biosystems, Germany) and subsequent TBO staining 

(P1 – F. tataricum, P2 – F. esculentum). 
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▪ Symmetric electrofusion of protoplasts derived from calli of F. tataricum and F. esculentum 

to obtain hybrid cells Fe (+) Ft using the Super Electro Cell Fusion Generator 21 

(NEPAGEN, Japan) (P3). 

▪ Selection of hybrid cells Fe (+) Ft using a stripper tip MXL3-75 (ORIGIO Inc, USA) and a 

micromanipulator TransferMan® 4r (Eppendorf, Germany) (P3). 

▪ Immunostaining of hybrid cells Fe (+) Ft and parental protoplasts using a set of seven 

primary antibodies targeting cell wall epitopes and a secondary antibody conjugated with 

Alexa Fluor 488 (P3) 

▪ Determination of relative DNA content in plants derived from F. tataricum protoplasts using 

a flow cytometer (CyFlow Space, Sysmex) equipped with 365 nm UV LED as the light 

source (P4). 

▪ Analysis of total phenolic and total flavonoid contents in morphogenic calli of F. tataricum 

during the regeneration process using the Folin–Ciocâlteu and aluminium chloride 

colourimetric methods, respectively (P4). 

▪ Identification of the phenolic compounds profile using a high-performance liquid 

chromatography (HPLC) (P4). 

▪ Untargeted metabolomic analysis of plants regenerated from morphogenic calli of                    

F. tataricum by flow infusion electrospray high-resolution mass spectrometry (FIE-HRMS) 

using a Q Exactive Plus Hybrid Quadrupole Orbitrap Mass Analyser with an Acella UHPLC 

system (Thermo Fisher Scientific) (P4). 

▪ Expression analysis of genes related to somatic embryogenesis in morphogenic calli of            

F. tataricum during the regeneration process using RT-qPCR (P4). 

 

Detailed descriptions of the materials and methods used in this research, the results obtained, 

and their discussion can be found in the publications in the doctoral thesis marked with the 

numbers P1, P2, P3 and P4. 
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9. Description of the research results 

9.1. Optimisation of F. tataricum protoplast isolation and protoplast-derived 

plant regeneration. 

 

Publication P1: Promotive effect of phytosulfokine - peptide growth factor - on protoplast 

cultures development in Fagopyrum tataricum (L.) Gaertn.  

 

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

 

BMC Plant Biology 2023, 385 (23), 743–757 

 

https://doi.org/10.1186/s12870-023-04402-9 

 

IF2023: 4.3 

 

Ministry of Science and Higher Education points: 140 

 

This research presents a comprehensive approach to protoplast culture and plant regeneration 

in F. tataricum, highlighting significant advances in protoplast efficiency and viability and their 

development and regenerative capacity. 

Protoplasts were isolated from hypocotyls and four morphogenic callus (MC) lines (MC1, 

MC2, MC4 and NL2018) from F. tataricum (Figure 2), demonstrating notable differences in 

the yield and viability. MC showed a higher protoplast release capacity than hypocotyls during 

the isolation. Line NL2018 stood out for its high protoplast yield (3.93 ± 0.09 × 106) and 78% 

viability, outperforming other lines, such as MC1, which showed a lower yield (2.30 ± 0.38 × 

106) (Table1). The optimisation of the protoplast isolation process included different 

concentrations of driselase (0.1 – 0.25 %), a mixture of cell wall-degrading enzymes with 

cellulase, endo-1,3-β-glucanase and xylanase activities (Grison et al., 2024). Although no 

significant differences were observed in the yield of hypocotyl-derived protoplasts by varying 

the concentration of driselase, this yield was five times lower compared to protoplasts derived 

from MC (Table 2), suggesting that the explant is a critical factor in the efficiency of the 

process. 

Regarding the development of protoplast cultures, immobilisation in low-melting-point 

agarose was observed to be more effective than in alginate, promoting an increase in protoplast 

size and enhancing cell wall reconstruction (Figure 4A, C). The hormonal composition of the 

culture medium also influenced the development of protoplasts. The combination of 1 mg ml-1 
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6-benzylaminopurine (BAP) and 2 mg ml-1 NAA showed a beneficial effect on the protoplast 

mitotic activity (Figure 4B, C), especially in the NL2018 line, where cell division and cell 

colony formation were observed in 5- and 8-day-old cultures, respectively (Figure 3D). 

The application of PSK also positively impacted the mitotic activity of cells derived from 

MC and hypocotyl protoplasts (Figures 5 and 6). The plating efficiency, measured as the 

percentage of formed cell colonies in the 10th day of culture, varied between 14% to 18% for 

protoplasts derived from MC in basal medium (BM: Kao and Michayluk macro/micro-

elements, Kao and Michayluk organic acids, 5.50 M myo-inositol, 3.70 M thiamine, 6 M 

pyridoxine, 8 M nicotinic acid, 0.40 M glucose, 4.60 M N-Z-amine A, 4.40 M BAP, 1 M NAA) 

supplemented with 100 nM PSK. Contrastingly, when 10 μM AIP was added alongside PSK, 

plating efficiency varied between 12% and 21% , and the differences between treatments were 

not statistically significant (Figure 5). Furthermore, plating efficiency in protoplasts derived 

from hypocotyls followed a similar trend, with no significant differences observed between 

media containing PSK alone and PSK combined with either 0.025% PVP, 0.05% PVP, or 10 

μM AIP, maintaining a range of 25% to 41% (Figure 6). This efficiency was approximately 

33% higher than that observed in MC-derived cultures (Figures 5 and 6). However, in the callus 

multiplication medium (CM: MS medium with vitamins, 2 g L-1 N-Z-Amine A, 2 mg L-1 2,4-

D, 0.2 mg L-1 KIN, 30 g L-1 sucrose, 3 g L-1 phytagel), both concentrations of PVP considerably 

reduce the browning of the calli compared with the medium without PVP. The histological 

observations revealed that calli derived from MC protoplasts presented a heterogeneous 

structure with PECCs and meristematic cells (Figure 7B-D). In contrast, calli derived from 

hypocotyls showed a mass of parenchymal cells with large vacuoles and peripheral nuclei, 

suggesting a lower regenerative capacity than MC (Figure 7E).  

Following one month of culture on regeneration medium supplemented with 2 mg ml-1 

BAP, 1 mg ml-1 KIN and 0.025% PVP, calli derived from MC protoplasts developed somatic 

embryos (Figure 3J) and shoots (Figure 3K). Finally, after three months, whole plants without 

morphological abnormalities regenerated (Figure 3L), confirming the viability of the 

protoplast-to-plant system in F. tataricum using MC as starting material. 

Besides providing an efficient protocol for protoplast cultivation and plant regeneration, 

this study sets the basis for future applications in somatic hybridisation and genetic 

improvement of F. tataricum.  
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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 × 106 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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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 

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
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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 

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 

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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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 ± 0.09 × 106) 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 ± 0.09 × 106), 
while the lowest was for the MC1 line (2.30 ± 0.38 × 106).

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, 0.51 × 106 cells per g of tis-
sue (Table 2). The mean number of released protoplasts 
varied from 0.39 × 106 after applying 0.25% driselase to 
0.71 × 106 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 

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: (a) non-morphogenic (NC) and morphogenic (MC) callus: (b) MC1, (c) MC2, (d) MC4, (e) NL2018. Arrows show proembryogenic cell 
complexes (PECCs) of MC. Scale bars: 1 mm (a-e), 1 cm (f)
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symptoms was observed in culture variant medium III 
(supplemented with 0.2 mg L− 1 kinetin (KIN) and 3.0 mg 
L− 1 2,4-dichlorophenoxy acetic acid (2,4-D)), while the 
lowest (6.7%) was observed in medium IV (supplemented 
with 0.2 mg L− 1 KIN and 2.0 mg L− 1 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 MC1 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 

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); (l) plant of 
Tartary buckwheat regenerated from MC-derived protoplast cultures (after two month of regeneration). Scale bars: 50 μm (a-f), 1 mm (g-k), 1.5 cm (l)
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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 

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%).

Table 1  Isolation efficiency and viability of Fagopyrum tataricum 
callus-derived protoplasts
Protoplast source Callus Protoplast yield 

(× 106/g FW)
Protoplast vi-
ability (%)

line n Mean ± SE n Mean ± SE
Non-morphogenic 
callus

NC 3 0.43 ± 0.09c 2 54.50 ± 5.50a

Morphogenic callus MC1 3 2.30 ± 0.38a 3 66.67 ± 7.67a

MC2 2 2.44 ± 0.46ab 2 68.75 ± 2.75a

MC4 2 2.40 ± 0.50ab 2 64.00 ± 8.00a

NL2018 3 3.93 ± 0.09b 2 77.93 ± 4.56a

Mean/Total 13 2.28 ± 0.36 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 

(× 106/g FW)
Protoplast viabil-
ity (%)

concentration (%) n Mean ± SE n Mean ± SE
0.10 2 0.71 ± 0.06a 2 72.00 ± 0ab

0.15 2 0.43 ± 0.18a 2 63.50 ± 0.50a

0.25 2 0.39 ± 0.01a 2 81.50 ± 3.50b

Mean/Total 6 0.51 ± 0.08 6 72.33 ± 3.41

Fig. 4  Frequency of pre-mitotic symptoms in 10-day-old protoplast cultures originating from non-morphogenic callus of Fagopyrum tataricum. Effect 
of (a) embedding matrix, (b) plant growth regulators (PGRs) and (c) both treatments on culture development. BAP = 6-benzylaminopurine; 2,4-D = 2,4 
dichlorophenoxy acetic acid; KIN = kinetin; NAA = α-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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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 

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− 1 BAP (6-benzylamino-
purine) + 2.0 mg L− 1NAA (α-naphthalene acetic acid); 100 PSK = 100 nM phytosulfokine; CPPU 0.5 = 0.5 mg L− 1 N-(2-chloro-4-pyridyl)-N’-phenylurea; PUT 
8.0 = 8 mg L− 1 putrescine; 10 AIP = 10 µM 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

 

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 BM for protoplast cultures = 1.0 mg L− 1 BAP (6-benzylaminopurine) + 2.0 mg L− 1NAA (α-naphthalene 
acetic acid); AIP = 10 µM 2-aminoindane-2-phosphonic acid; 100 PSK = 100 nM phytosulfokine; CPPU 0.5 = 0.5 mg L− 1 N-(2-chloro-4-pyridyl)-N’-phenylurea; 
PUT 8.0 = 8 mg L− 1 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
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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 

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 

Fig. 7  Histological sections of protoplast-derived callus originating from: (a) 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 μm (b inset, c, d, e inset), 50 μm (a, a inset, e), 100 μm (b)
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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. 3l).

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 2 × 106 protoplasts per g of callus 
and around 0.5 × 106 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 

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] 

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. 
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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]. 

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 F. tataricum and maintained 
in the dark at 26 ± 1oC 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− 1 N-Z-amine A (Sigma-Aldrich, 
USA), 2.0  mg L− 1 2,4-dichlorophenoxyacetic acid (min. 
98%) (2,4-D; Sigma-Aldrich), 0.5 mg L− 1 indole-3-acetic 
acid (IAA; Sigma-Aldrich), 0.5  mg L− 1 α-naphthalene 
acetic acid (NAA; Sigma-Aldrich), 0.2  mg L− 1 kinetin 
(KIN; Sigma-Aldrich), 25 g L− 1 sucrose (POCH, Poland) 
and 7 g L− 1 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− 1 
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 (Ø9 cm) were placed on solid 
Murashige and Skoog [83] medium with vitamins (MS; 
Duchefa) supplemented with 30  g L− 1 sucrose and 7  g 
L− 1 plant agar (Duchefa) and maintained at 26 ± 1oC 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 (Ø9 cm) with 
preplasmolysis solution consisting of 0.6  M mannitol 
(Sigma-Aldrich) and 5 mM CaCl2 (Sigma-Aldrich), cut 
into small pieces and then incubated for 1 h in the dark 
at 26 ± 1oC. Release of protoplasts took place overnight 
(16 h) at 26 ± 1oC, 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 MgCl2 × 6H2O (POCH), and 0.6  M 
mannitol, pH 5.6, filter-sterilised (0.22 µm; 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 MgCl2 × 6H2O and 0.6 M mannitol, pH 5.6, 
filter-sterilised (0.22 µm). The released protoplasts were 
separated from undigested tissue by filtration through a 
100 µm 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 

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− 1 glucose (POCH) and 250 mg L− 1 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 × 105 or 5 × 105 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 µl-aliquots of the protoplast/agarose mixture 
were dropped into a Petri dish (Ø 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− 1 and NAA 2.0 mg L− 1 and herein-
after referred to as basal medium (BM) for protoplast 
cultures. BM was additionally supplemented in different 
combinations with 100 nM phytosulfokine-α (PSK; Pep-
taNova GmbH, Germany), 8.0 mg L− 1 Putrescine (PUT; 
Sigma-Aldrich), 0.5  mg L− 1  N-(2-chloro-4-pyridyl)-N’-
phenylurea (CPPU; Sigma-Aldrich), 0.025% or 0.05% 
polyvinylpyrrolidone (PVP, MW 40,000; Sigma-Aldrich) 
and 10 µM 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− 1 ticarcillin disodium 
(Duchefa) or 200  mg L− 1 cefotaxime disodium (Duch-
efa) in callus- or hypocotyl-derived protoplast cultures, 
respectively. Protoplast cultures were incubated at 
26 ± 1oC 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 4oC. 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 μm 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− 1  N-Z-amine A, 2.0  mg L− 1 2,4-D, 
0.2 mg L− 1 KIN, 100 nM PSK, 30 g L− 1 sucrose and 3 g 
L− 1 phytagel (Sigma-Aldrich). The cultures were main-
tained at 26 ± 1oC 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− 1 BAP, 1.0 mg L− 1 KIN, 0.0025% 
PVP, 30 g L− 1 sucrose, 3 g L− 1 phytagel and cultured in a 
growth room at 28 ± 2oC with a 16/8 h (light/dark) pho-
toperiod, under light intensity of 55 µmol m− 2  s− 1, 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− 1 sucrose and 3  g L− 1 phytagel and main-
tained in a growth room at 25 ± 2oC with a 16/8 h (light/
dark) photoperiod, under a light intensity of 55 µmol 
m− 2 s− 1.

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 (×100). 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 
(×100). Plating efficiency was evaluated in 10-day-old 

cultures and expressed as the number of cell aggregates 
per total number of observed undivided cells and cell 
colonies (×100). Observations were performed using an 
Axiovert S100 inverted microscope (Carl Zeiss, Ger-
many) equipped with a filter set appropriate for FDA 
detecting (λEx = 485 nm, λEm = 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.
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9.2. Optimisation of F. esculentum protoplast isolation and protoplast-
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This research focused on the isolation, cultivation and regeneration of protoplasts from two 

embryogenic callus (EC)*** lines (L1 and NL2) and hypocotyls of F. esculentum (Figures 1A, 

B and 2A, respectively).  

Several enzyme combinations were tested for cell wall digestion, with variations in 

concentration and composition, including cellulase R10, cellulase RS, pectolyase Y-23, 

macerozyme R10, and driselase (Table 1). The yield of EC-derived protoplasts ranged from 

0.83 to 1.54 × 106 cells per gram of tissue, with NL2 showing the highest efficiency when using 

E2 enzyme solution (0.15% driselase, 1.5% cellulase R10 and 0.1% pectolyase Y-23) (Table 

3). In the case of hypocotyls, the addition of driselase to the enzyme solution was crucial to 

obtain an acceptable number of protoplasts, with an average yield of 0.44 × 106 cells per gram 

of fresh weight (Table 4), which still represents less than twice the EC-derived protoplasts 

efficiency. The viability, assessed by fluorescein diacetate staining, ranged from 73% to 81% 

in EC-derived protoplasts (Table 3) and from 75% to 80% in hypocotyl-derived protoplasts 

when driselase was used during maceration (Table 4). Although different concentrations of 

driselase were tested, no significant differences in the viability of hypocotyl-derived protoplasts 

were observed (Table 4). Adding 100 nM PSK to BM during protoplast culture enhanced cell 

division, which was observed between the third and seventh day of culture in protoplasts 

derived from all tested sources (Figure 3). Plating efficiency ranged between 21% and 35% for 

***While the P2 publication originally designated the F. esculentum callus as morphogenic callus (MC), 

further analysis of its developmental pathway revealed somatic embryogenesis as the primary regeneration 

mechanism, leading to the more accurate classification as embryogenic callus (EC). 
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the L1 line, while for the NL2 line and hypocotyls, it was around 21% (Table 5). Although 

0.025% and 0.05% PVP was applied to BM to adsorb toxic and phenolic metabolites, no 

apparent impact on culture development was observed (Figure 3).  

At 30 days of protoplast culture, microcalli from NL2 protoplasts were already 

overgrowing on the agarose beads and embryogenic masses were observed (Figure 1F). 

Abundant somatic embryos grew in the first week on MS4 regeneration medium supplemented 

with 1 mg L-1 thidiazuron (TDZ) and 3 mg L-1 BAP (Table 2, Figure 1G), followed by green 

structures and shoots after 15 days (Figure 1H). Finally, complete plants with strong root 

systems were obtained within two months (Figure 1I). On the other hand, microcalli derived 

from the L1 line completely covered the agarose beads after 60 days of culture. However, 

following three months on MS3 regeneration medium supplemented with 2 mg L-1 BAP and 1 

mg L-1 KIN (Table 2), yellow and brown calli and, sporadically, shoot-like structures were 

observed. Finally, in the fourth month, shoots appeared and developed into whole plants. 

Similarly, the overgrowth of microcalli derived from hypocotyl protoplast on agarose beads 

was observed after 60 days of culture, occasionally showing somatic embryos (Figure 2F). A 

scarce plant regeneration occurred through somatic embryogenesis and organogenesis (Figure 

2G) after three months on MS3 regeneration medium (Figure 3H). The regeneration timing 

achieved in this research (two to five months) considerably differs from previous studies in         

F. esculentum, where the plant regeneration from microcalli derived from hypocotyl protoplasts 

took between nine and eighteen months (Table 5). 

The histological analysis of the microcalli supported these results, revealing that L1 and 

hypocotyl-derived callus shared similar characteristics, consisting primarily of parenchymatous 

cells with a big vacuole and irregular, peripherally located nuclei, along with sparse phenolic 

cells on their surfaces and small regions of meristematic-like cells (Figure 4A, C). In contrast, 

NL2-derived microcalli were predominantly composed of meristematic cells, characterised by 

dense cytoplasm, small vacuoles, and a central round-shaped nucleus with one or two nucleoli 

(Figure 4B). While all calli occasionally contained meristematic or meristematic-like cell 

clusters, NL2 uniquely maintained this organisation throughout, suggesting higher regenerative 

potential.  

In summary, this study demonstrates the viability of the protoplast-to-plant system in           

F. esculentum, highlighting the importance of selecting an appropriate enzymatic solution 

depending on the protoplast source and the PSK supplementation. The research provides an 
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efficient and fast protocol for protoplast culture and development into whole plants, opening 

new possibilities for genetic improvement and somatic hybridisation in this species. 

 

Supplementary material available online 

Supplementary Table_1 https://static-content.springer.com/esm/art%3A10.1007%2Fs11240-
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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 1 × 106 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 

previously reported via organogenesis or somatic embryo-
genesis using different variants of plant growth regulators 
(PGRs) (Kwon et al. 2013; Nešković 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 Holländer-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−1 N-Z-
amine A, 2 mg L−1 2,4-dichlorophenoxyacetic acid (2,4-D), 
0.2 mg L−1 kinetin (KIN), 0.5 mg L−1 3-indoleacetic acid 
(Sigma-Aldrich, USA), 0.5 mg L−1 1-naphthaleneacetic acid 
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(NAA), 25 g L−1 sucrose and 7 g L−1 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−1 cefotaxime disodium (Duchefa) 
and one drop of Tween 20 for 30 min; between each step, the 
seeds were dipped in 70% ethanol for 30–45 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 (Ø9 cm) with 

a MS medium supplemented with vitamins (Murashige and 
Skoog 1962), 200 mg L−1 cefotaxime disodium, 30 g L−1 
sucrose and 7 g L−1 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 (Ø9 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 
protoplast isolation from 
morphogenic callus and 
hypocotyls of Fagopyrum 
esculentum 

a MES 2-(N-Morpholino) ethanesulfonic acid hydrate

Solution Composition Concentration g L−1

PSII/F
(pH 5.6)

Mannitol (Duchefa, Netherland) 0.60 M 109.30
CaCl2 (Sigma-Aldrich, USA) 5 mM 0.55

PSII
(pH 5.6)

Mannitol 0.50 M 91.20

Enzyme solution E1
(pH 5.6)

Mannitol 0.60 M 109.40
MESa Buffer (Sigma-Aldrich) 20 mM 3.90
MgCl2 × 6H2O (Sigma-Aldrich) 5 mM 1.00
Cellulase Onozuka R10 (Duchefa) 1% 10.00
Pectolyase Y-23 (Duchefa) 0.10% 1.00

Enzyme solution E2
(pH 5.6)

Mannitol 0.60 M 109.40
MES Buffer 20 mM 3.90
MgCl2 × 6H2O 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
(pH 5.6)

Mannitol 0.60 M 109.40
MES Buffer 20 mM 3.90
MgCl2 × 6H2O 5 mM 1.00
Driselase 0.25% 2.52
Cellulase Onozuka R10 1% 10.00
Macerozyme R10 (Duchefa) 0.60% 6.00

Suc/MES
(pH 5.8)

Sucrose 0.50 M 171.20
MES buffer 1 mM 0.20

Suc-2/MES
(pH 5.8)

Sucrose 0.60 M 205.40
MES buffer 1 mM 0.20

W5
(pH 5.8)

NaCl (Sigma-Aldrich) 154 mM 9.00
CaCl2 × 2H2O (Sigma-Aldrich) 125 mM 18.36
KCl (Sigma-Aldrich) 5 mM 0.37
Glucose (Sigma-Aldrich) 5 mM 0.90
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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 μm; 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−1 6-benzylaminopurine (BAP) and 
2.0 mg L−1 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 × 105 or 
5 × 105 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 

a KM (Kao and Michayluk 1975)
b acc. to Kao and Michayluk (1975): sodium pyruvate 20 mg L−1, citric acid 40 mg L−1, malic acid 40 mg L−1, fumaric acid 40 mg L−1

c MS (Murashige and Skoog 1962)

Solution Composition Concentration Weight L−1

Liquid basal medium (BM) for protoplast 
cultures

(pH 5.6)

KMa macro-, micro-elements (Duchefa) – 3.60 g
KM organic acidsb – see below
Myo-inositol (Duchefa) 5.50 M 0.10 g
Thiamine (Sigma-Aldrich) 3.70 M 10.00 mg
Pyridoxine (Sigma-Aldrich) 6 M 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 0.25 g
BAP (Sigma-Aldrich) 4.40 M 1.00 mg
NAA (Sigma-Aldrich) 1 M 2.00 mg

Callus multiplication medium (CM)
(pH 5.8)

MSc including vitamins (Duchefa) – 4.40 g
N-Z-amine A 3 mM 2.00 g
2,4-D (Sigma-Aldrich) 9 M 2.00 mg
KIN (Sigma-Aldrich) 9 M 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)
(pH 5.8)

MS basal salt mixture (Duchefa) – 4.30 g
Sucrose 87 mM 30.00 g
BAP 1.30 M 3.00 mg
TDZ (Sigma-Aldrich) 4.50 M 1.00 mg
Phytagel – 3.00 g

Regeneration medium (RM_MS4)
(pH 5.8)

MS basal salt mixture – 4.30 g
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
(pH 5.8)

MS including vitamins – 4.40 g
Sucrose 87 mM 30.00 g
Phytagel – 3.00 g
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beads per Petri dish (Ø6 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−1 chloropyridin phenylurea (CPPU; 
Sigma-Aldrich), 8 mg L−1 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−1 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 µmol m−2 s−1; 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 × 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 µmol m−2 s−1; 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 µmol m−2 s−1).

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 μm 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 (λEx = 485 nm, 
λEm = 515 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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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 × 106 (Table 3). 
The most efficient protoplast isolation was achieved for the 
NL2 line in the presence of E2 enzyme solution (1.54 × 106). 
The use of E1 enzyme solution reduced the number of 
released protoplasts by approximately half. The callus age 

(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 × 106 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 

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; c 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 

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 µm (c), 50 µm (d–f), 0.5 mm (g), 1 mm (h), 
1.5 cm (i)
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Fig. 2   Plant regeneration from hypocotyl-derived protoplasts of Fag-
opyrum esculentum. a 10-day-old etiolated hypocotyls used for pro-
toplast isolation; b freshly hypocotyl-derived protoplasts; c 2-cell 
aggregate after the first mitotic division of the protoplast-derived cell; 
multicellular aggregate in d 10- and e 20-day-old protoplast cultures; 
f protoplast-derived microcalli with the somatic embryo (black arrow) 

in two-month-old protoplast cultures; g shoot formation (red arrow) 
from the protoplast-derived callus after two weeks on the regenera-
tion medium; h flowering protoplast-derived plant acclimatized to ex 
vitro conditions. Scale bars: 2 cm (a), 100 µm (b), 50 µm (c–e), 1 mm 
(f–g), 1 cm (h)

Table 3   Isolation efficiency 
and viability of protoplasts 
originating from morphogenic 
callus of Fagopyrum esculentum 

FW fresh weight, n number of independent protoplast isolations, SE standard error
E1: 1% Cellulase Onozuka R10 + 0.1% Pectolyase Y-23
E2: 1.5% Cellulase Onozuka R10 + 0.1% Pectolyase Y-23 + 0.15% Driselase
Means followed by the same letters within a column were not significantly different at P ≤ 0.05

Morphogenic 
callus line

Subculture 
intervals (days)

Age of donor 
material (days)

Enzyme 
solution

Protoplast yield 
(× 106/g FW)

Protoplast viability 
(%)

n Mean ± SE n Mean ± SE

L1 21 10–12 E1 3 0.84 ± 0.04a 3 81.00 ± 6.81a

NL2 14 8 E1 3 0.83 ± 0.25a 3 73.90 ± 6.61a

NL2 14 12 E2 3 1.54 ± 0.37b 3 73.67 ± 3.28a

Mean/total 9 1.07 ± 0.18 9 76.19 ± 5.57
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from 73 to 81% (Table 3). Higher protoplast viability was 
recorded for the L1 line (81%) compared to NL2 line (74%). 
However, significant differences in protoplast viability were 
not observed after applying different enzyme mixtures and 
the callus lines used. The viability of hypocotyl-derived pro-
toplasts reached an average of 75% (Table 4). The higher 
protoplast viability (80%) was noted after using 0.1% drise-
lase in the enzyme solution. The higher concentration of 
driselase (0.15%) resulted in lower viability of hypocotyl-
derived protoplasts (69%). Nevertheless, the observed dif-
ferences were not statistically significant.

Development of protoplast cultures

Protoplasts from all source materials revealed the ability to 
undergo cell division after PSK was applied to the BM. The 
first division occurred between the third and seventh day of 
the culture (Fig. 2c), then the next ones took place resulting 
in the formation of multicellular aggregates (Fig. 1d, 2d–e) 
in around 10-day-old protoplast cultures. The plating effi-
ciency of the MC L1 line depended on the culture medium 
variant used and was from 23 to 35% (Fig. 3a). However, no 
significant differences were observed. PVP was also applied 
to the culture media to absorb toxic metabolites and phenolic 
compounds and to support the development of the cells, but 
a clear positive effect of PVP on the development of proto-
plast cultures was not recorded.

In preliminary experiments with the NL2 line, the E1 
enzyme solution was used to release the cells, which resulted 
in low efficiency (about 9%) of cell aggregate formation in 
culture medium variants I, II, IV, V, and VI as shown in 
Fig. 3. Based on these results, the E2 enzyme solution was 
applied in the following experiments. The plating efficiency 
in protoplast cultures originating from callus digestion in E2 
solution was from 21 to 25% (Fig. 3b), but the differences 
were statistically not significant. For the hypocotyl-derived 

protoplast cultures, the efficiency of cell aggregate forma-
tion was around 21% (Fig. 3c) in all culture medium variants 
used. A lower level of plating efficiency characterised the 
NL2 line and hypocotyl protoplast cultures compared to the 
L1 line (P ≤ 0.01).

The continued growth of aggregates (Fig.  1e–f, 2e) 
resulted in the formation of microcalli for all protoplast 

Table 4   Effect of driselase concentration on yield and viability of 
protoplasts originating from hypocotyls of Fagopyrum esculentum 

FW fresh weight, n number of independent protoplast isolations, SE 
standard error
Complete composition of enzymes in E3 enzyme solution used for 
hypocotyl digestion: 1% Cellulase Onozuka R10 + 0.6% Macerozyme 
R10 + 0.1–0.15% Driselase
Means followed by the same letters within a column were not signifi-
cantly different at P ≤ 0.05

Driselase concen-
tration (%)

Protoplast yield (× 106/g 
FW)

Protoplast viability 
(%)

n Mean ± SE n Mean ± SE

0.10 3 0.46 ± 0.02a 3 80.67 ± 4.84a

0.15 3 0.43 ± 0.01a 3 69.33 ± 2.85a

Mean/total 6 0.44 ± 0.01 3 75.00 ± 3.57

Fig. 3   Effect of different medium variants on plating efficiency 
in Fagopyrum esculentum 10-day-old protoplast cultures. Plant 
growth regulator composition in BM = BAP 1.0  mg  L−1 + NAA 
2.0  mg  L−1; BAP = 6-Benzylaminopurine; NAA = naphthylacetic 
acid; 100 PSK = 100  nM phytosulfokine; CPPU 0.25, CPPU 0.5, 
CPPU 0.75 = 0.25, 0.5 or 0.75  mg  L−1 N-(2-chloro-4-pyridyl)-N’-
phenylurea, respectively; PUT 8.0 = 8 mg L−1 putrescine; 0.025, 0.05 
PVP = 0.025% or 0.05% polyvinylpyrrolidone, respectively. Bars 
represent the means from three independent experiments ± standard 
error. Means marked with the same letters were not significantly dif-
ferent at P ≤ 0.05 
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donor sources used. After 30 days of culture, microcalli 
originating from the NL2-derived protoplast cultures had 
overgrown the agarose beads and pro-embryogenic masses 
were observed. For the L1- and hypocotyl-derived proto-
plast cultures, agarose beads were overgrown by microcalli 
in 60-day-old cultures; moreover, somatic embryos were 
occasionally observed in the hypocotyl protoplast cultures 
(Fig. 2f).

Histological observations of callus‑derived 
protoplast cultures

Histological observations revealed that the microcalli origi-
nating from the protoplasts of the L1 line were composed 
of parenchymatous cells with a big vacuole and an irregu-
larly shaped nucleus with one or two nucleoli (Fig. 4a, 
inset 1). It should be noted that few phenol-containing cells 
were detected on the surface of the callus (Fig. 4a, inset 
2). Microcalli originating from protoplasts of the NL2 line 
were mainly composed of meristematic cells characterised 
by dense cytoplasm, small vacuoles and a round-shaped 
nucleus with one or two nucleoli (Fig. 4b, inset 1). Moreo-
ver, few phenolic-containing cells were observed on the sur-
face of the microcalli (Fig. 4b, inset 2). Microcalli obtained 
from hypocotyl-derived protoplasts also contained phenolic-
containing cells on the surface of the calli (Fig. 4c, inset 1). 
These microcalli were composed chiefly of parenchymatous 
cells with an irregularly shaped nucleus located near the cell 
wall (Fig. 4c, inset 2) and small regions of meristematic-like 
cells with two or three nucleoli and small vacuoles (Fig. 4c, 
inset 3).

Plant regeneration

Microcalli originating from all protoplast sources prolif-
erated successfully on the CM medium. The L1 line was 
cultured on CM medium leading to the formation of dense 
globular calli that were transferred to the RM. After three 
months, yellow and brown calli were noted, and, sporadi-
cally, green or transparent-green shoot-like structures. After 
four months of regeneration, shoots started appearing, and 
plants developed. For the NL2 line, abundant growth of 
somatic embryos was observed in the first week of culture on 
the RM (Fig. 1g). After 15 days, green structures and some 
shoots (Fig. 1h) developed. To develop strong root system 
plants from all callus protoplast sources were kept in a root-
ing medium for 4 to 5 weeks and then successfully trans-
ferred to soil (Fig. 1i). The tissue derived from hypocotyl 
protoplast cultures doubled in mass after one month of cul-
tivation on the CM medium. Plant regeneration occurred via 
somatic embryogenesis (Fig. 2f) or organogenesis (Fig. 2g). 
Scarce plant regeneration was noted after three months of 
regeneration (around nine plants from all the experiments 
undertaken) (Fig. 2h).

Discussion

Single cells like protoplasts may be applied in many fields, 
such as genetic manipulation, genome editing, the charac-
terisation of plant genes, and somatic hybridisation (Grosser 
et al. 2010). Significantly, the last method may help over-
come incompatibility and hybridisation barriers and develop 

Fig. 4   Histological sections of protoplast-derived callus originating 
from morphogenic callus lines L1 (a), NL2 (b) and hypocotyls (c). a 
Calli originating from L1-derived protoplasts was composed chiefly 
of parenchymatous cells (black asterisk) with a big vacuole and an 
irregularly shaped nucleus with one or two nucleoli (red asterisk) 
with a nucleus with two or three nucleoli (inset 1); it also has a layer 
of phenolic-containing cells on the surface (insert 2). b Calli derived 
from protoplast cultures of the NL2 line presented abundant meris-
tematic cells (red asterisk) with a nucleus with two nucleoli (inset 1) 

and some phenolic-containing cells (inset 2). c Calli derived from the 
protoplasts of hypocotyls were characterised by the abundance of par-
enchymatous cells (black asterisk) with a large vacuole, a peripherally 
positioned nucleus (inset 2) and small regions of meristematic-like 
cells (red asterisk) with a nucleus with two or three nucleoli (inset 3). 
Black arrows indicate nuclei with two or three nucleoli; double black 
arrows indicate peripheral nuclei in parenchymatous cells. Scale bars: 
10 μm (insets), 100 μm (a, b, c)
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plant hybrids (Eeckhaut et al. 2013). As mentioned in the 
introduction, only a few attempts have been reported on the 
isolation and culture of protoplasts from common buck-
wheat (Adachi et al. 1989; Gumerova 2004; Rumyanzeva 
and Lozovaya 1988).

The establishment of a protoplast-to-plant system is 
affected by many factors, such as the protoplast isolation 
procedure, yield and quality of protoplasts, culture system, 
and medium composition (Rahmani et al. 2016). Several 
factors determine the satisfactory release of protoplasts from 
the source tissue. Protoplast source tissue, pre-treatment of 
the tissue before enzymatic maceration, composition of the 
enzyme solution, tissue digestion conditions, and the pro-
toplast isolation method significantly affected the yield and 
viability of protoplasts. In the presented investigation, two 
lines of MC and hypocotyls of common buckwheat were 
used as the source material for protoplast isolation. The 
mean yield was around 1 × 106 or 0.44 × 106 protoplasts per 
g of FW released from the MC and hypocotyls, respectively. 
Adachi et al. (1989) mentioned releasing 5 × 106 protoplasts 
per 30 hypocotyls. Also, other materials such as the cal-
lus (Gumerova 2004; Rumyanzeva and Lozovaya 1988), 
mesophyll tissue (Lachmann 1994) and sperm cells (Woo 
et al. 1999) of common buckwheat were used for protoplast 
isolation. It has been noted that the authors did not mention 
the protoplast yield. We presumed that the differences in 
protoplast yield in our study might result from the differ-
ent source tissue applied, the growth conditions, and the 
consequent differences in cell wall composition. Macera-
tion of plant tissue and digestion of cell walls is connected 
with pectinase and cellulase activity (Noguchi et al. 1978) 
which characterise, for example, driselase (Kawai et al. 
1979). Moreover, driselase had a better enzymolysis effect 
on the cell wall containing xylan, laminarin and cellulose 
(Ning et al. 2022). In our research, driselase was applied to 
improve cell wall digestion and increase tissue maceration. 
For the L1 line, the application of driselase was not neces-
sary because of the lack of undigested tissue. However, for 
the NL2 line the beneficial effect of driselase application 
on the digestion activity and amount of released protoplasts 
was noted. Additionally, from the amount of enzyme mixture 
used to release protoplasts from hypocotyl tissue, driselase 
application resulted in a satisfactory number of obtained pro-
toplasts. Similarly, in our previous work, protoplast isolation 
from the hypocotyls of Tartary buckwheat was possible after 
driselase treatment (personal communication). According to 
Kawai et al. (1979), driselase partially injures the cell wall of 
Irpex lacteus cotyledons and allows other enzymes to digest 
the source material. The application of driselase increases 
the protoplast yield of Brassica oleracea (Robertson and 
Earle 1986), Spathiphyllum wallisii, Anthurium scherzeri-
anum (Duquenne et al. 2007) and Kalanchoe blossfeldiana 
(Castelblanque et al. 2009).

The establishment of an appropriate protoplast regenera-
tion protocol is based on optimisation of the different culture 
conditions, such as the protoplast plating density, the type 
of cell culture system (e.g., embedding the cells in differ-
ent gel matrixes) and the composition of the culture media 
(Davey et al. 2005b; Fehér and Dudits 1994). The overall 
protoplast density is crucial for cell wall regeneration and 
daughter cell formation (Davey et al. 2005b). According to 
Davey et al. (2005b), the typical range of protoplast density 
in the culture varied from 5 × 104 to 1 × 106 protoplasts per 
ml. The cell density applied for common buckwheat was 
from 104 to 105 or 5 × 104 cells per ml (Adachi et al. 1989; 
Rumyanzeva and Lozovaya 1988). In our study, a higher cul-
ture density (2.5 × 105 and 4 × 105 per ml) was applied than 
was optimal for protoplast development. In Petunia hybrida 
protoplast cultures (Kang et al. 2020), a plating density of 
10 × 104 protoplasts per ml, in contrast to 5 × 104, resulted 
in a higher frequency of division and the number of calli 
formed. Similar sightings were recorded by Adedeji et al. 
(2020) in Chrysanthemum cv. ‘White ND’ protoplast cul-
tures. Furthermore, cultured protoplasts released growth fac-
tors that can stimulate the mitotic divisions of neighbouring 
cells (Davey et al. 2005b). Nevertheless, too high a cell den-
sity may result in the accumulation of phenolic compounds 
in the culture media leading to development of the culture 
stopping (Adedeji et al. 2020; Kang et al. 2020).

The protoplast embedding technique is the second fac-
tor that may significantly affect protoplast culture develop-
ment. Embedding protoplasts in a semi-solid medium, such 
as agarose, enables the avoidance of cell agglutination that 
causes the accumulation of toxic substances, such as poly-
phenols, that may inhibit cell growth (Davey et al. 2005a; 
Deryckere et al. 2012). The gel matrix may affect membrane 
stabilisation by inhibiting lipid peroxidation and reducing 
metabolites and the diffusion of molecules essential for 
cell wall synthesis and protoplast division (Eeckhaut et al. 
2013; Fehér and Dudits 1994). Furthermore, Deryckere et al. 
(2012) mentioned that the exchange of nutrients and gases 
may be more accessible due to the decreased concentration 
of the LMPA. The culture of Tartary buckwheat protoplasts 
in agarose beads in comparison to alginate layers had a posi-
tive impact on their development (personal communication). 
Following these results, an agarose embedding matrix was 
applied in the present study. LMPA beads were noted as a 
standard method for developing a protoplast-to-plant sys-
tem in Cichorium. The authors noted that a solid or liquid 
medium was not optimal for protoplast cultures of the Cicho-
rium genotypes used as the protoplasts burst and died. For 
the first time, this technique enables plant regeneration from 
protoplasts of Cichorium endivia genotypes (Deryckere et al. 
2012). Also, Ulmus americana protoplasts did not survive in 
liquid or alginate bead culture systems compared to LMPA 
beads (Jones et al. 2015).
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The optimal protoplast culture media may depend on 
the species, genotype, and source tissue used (Davey et al. 
2005b). The appropriate nutrients, supplements, and PGRs 
are essential in protoplast cultures. Auxins and cytokinins 
are necessary for protoplast development (Davey et  al. 
2005b; Reed and Bargmann 2021). Most media are based 
on MS or B5 (Gamborg et al. 1968) compounds (Davey et al. 
2005b); however, the type of PGRs and ratio may vary. In 
our study, the medium for protoplast cultures based on a Kao 
and Michaluk composition was applied and supplemented 
with NAA and BAP. For the development of protoplasts 
originating from the callus of common buckwheat, Gam-
borg’s B5 mineral salts were added (Rumyanzeva and Lozo-
vaya 1988). The authors reported the first mitotic divisions 
of protoplast-derived cells on days 6–7 of culture but further 
development of the culture was not observed. Adachi et al. 
(1989) applied MS salts to hypocotyl-derived protoplast cul-
tures of common buckwheat and tested ten different compo-
sitions of PGRs and detected cell divisions after four days. 
In our investigation, a rich mineral-organic KM medium was 
applied, and the first cell divisions occurred after five days 
only after additional supplementation with PSK. We sug-
gest the time differences for the first cell divisions might 
be due to the genotype used, tissue age, and composition 
of the culture medium. Applying mineral- and organic-rich 
media based on the KM formula even affected maintenance 
of the higher viability rate of Beta vulgaris protoplasts in 
contrast to the MS salt-based media (Grzebelus et al. 2012b). 
For Kalanchöe, the protoplast divisions were noted only for 
the KM medium; for the MS medium, the authors did not 
observe cell division (Cui et al. 2019).

A widespread way to enhance the mitotic divisions in pro-
toplast cultures involves supplementing the culture medium 
with surfactants, polyamines, or artificial gases. This study 
shows the stimulating effect of the peptidyl growth factors, 
that is, PSK, on protoplast plating efficiency. For the first 
time, the positive effect of PSK was reported on Asparagus 
officinalis cell proliferation (Matsubayashi and Sakagami 
1996). This sulphated peptide has been found to be effective 
for promoting cell division in suspension cultures of Oryza 
sativa (Matsubayashi et al. 1997) and protoplast cultures 
of Beta vulgaris (Grzebelus et al. 2012b), Daucus species 
(Mackowska et al. 2014), Brassica oleracea (Kiełkowska 
and Adamus 2017, 2019) and Fagopyrum tataricum (per-
sonal communication). Moreover, Grzebelus et al. (2012b) 
noted that PSK is able to reverse the recalcitrant behaviour of 
mesophyll protoplasts originating from Beta vulgaris. Apart 
from PSK, the polyamine PUT was tested. Polyamines regu-
late DNA replication, transcription, and translation, affecting 
cell division and differentiation (Davey et al. 2005b). They 
protect cells from the oxidative stresses generated during 
protoplast isolation and culture (Kiełkowska and Adamus 
2021; Mackowska et  al. 2014). However, in this study, 

applying PUT was not found to have a significant effect on 
protoplast plating efficiency. Papadakis and Roubelakis-
Angelakis (2005) noted PUT improves cell viability and 
plating efficiency and prevents the programmed cell death 
of protoplasts by decreasing the accumulation of superoxide. 
Huhtinen et al. (1982) demonstrated that the protoplast cul-
tures of Alnus glutinosa and A. incana supported cell divi-
sion and cell colony formation after the application of orni-
thine and PUT. Also, Kiełkowska and Adamus (2021) noted 
the increase in mitotic activity and shoot regeneration in 
protoplast cultures of Brassica oleracea. Similar to PUT, the 
application of CPPU, a urea-type synthetic cytokinin, did not 
increase the number of cell aggregates formed. It was noted 
that CPPU stimulates cell expansion and division during 
the development of the fruits of Cucumis sativus (Li et al. 
2017) and Actinidia arguta (Kim et al. 2006). Moreover, the 
application of CPPU affects direct and secondary somatic 
embryogenesis (Bogdanovic et al. 2021; Murthy and Sax-
ena 1994; Zhang et al. 2005). As phenolic compounds may 
negatively affect protoplast development, PVP was applied. 
However, no effect of PVP on the plating efficiency was 
observed in the present studies. Similar results were noted by 
Saxena and Gill (1986) and Reustle and Natter (1994). They 
did not see the apparent effect of PVP on guar and grapevine 
protoplast plating efficiency. To summarise, our data indi-
cate that PSK is a powerful additional supplement enabling 
the development of common buckwheat protoplasts.

This study achieved the regeneration of common buck-
wheat from protoplasts isolated from different donor 
materials (MC and hypocotyls). Adachi et al. (1989) first 
attempted to isolate protoplasts from the hypocotyls of 
common buckwheat and reported abnormal regenerated 
plants after 18 months of callus culture. Likewise, Gumer-
ova (2004) used the same protoplast source material and 
noted poor plant regeneration after nine months of culture. 
In both studies, regeneration was successful, but the yield 
was low, and the callus obtained from the protoplasts had 
a low regenerative ability. Compared with those research 
results, the procedures applied in this study resulted in faster 
plant regeneration since it took only three to five months. 
Like Adachi et al. (1989) and Gumerova (2004), we per-
formed the protoplast-derived callus multiplication step on 
a medium supplemented with auxin and cytokinin. Such a 
combination has also been well studied for callus induction 
in other species, such as Lycopersicon esculentum, Nigella 
damascena and Salvia moorcroftiana (Bano et al. 2022; 
Chaudhry et al. 2007; Klimek-Chodacka et al. 2020). We 
followed the same scheme and used a medium supplemented 
with 2,4-D and KIN. It should be noted that, in our case, the 
callus multiplication medium (CM_MS1) was additionally 
supplemented with PSK. Undoubtedly, this medium stimu-
lated callus growth for plant materials originating from all 
the protoplast sources tested. Although, in the case of the 
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callus originating from hypocotyl- and L1-derived proto-
plasts, the histological sections revealed the abundance 
of parenchymatous cells and lack of or small presence of 
meristematic-like cells (Fig. 4b), which explains the long 
lasting and poor regeneration rate compared to the NL2 line.

Besides the characteristics of the source material, the 
culture medium’s composition directly affects tissue regen-
eration (Adedeji et al. 2020). We used two variants of the 
MS regeneration medium: RM_MS3 and RM_MS4, which 
differed in cytokinin composition. The substitution of KIN 
for TDZ drastically changed the panorama of the experi-
ment, showing an abundant growth of somatic embryos and 
rapid development of shoots (Fig. 1g). It is typical to use 
different combinations of PGRs during common buckwheat 
regeneration, especially cytokinins such as BAP + KIN (Woo 
et al. 2000), or auxins such as 2,4-D + NAA and IAA + IBA 
(Kumar and Saraswat 2018). Moreover, auxins, especially 
2,4-D, promote the induction of common buckwheat somatic 
embryogenesis (Gumerova et al. 2001; Gumerova et al. 
2003). However, Yang et al. (2012) state that using pheny-
lurea derivatives, especially TDZ, in the RM, stimulates the 
development of embryogenic cells and, therefore, somatic 
embryogenesis. This indicates that TDZ may have an auxin 
effect. Besides, it has been shown that the use of TDZ in 
in vitro cultures of common buckwheat is more effective for 
shoot regeneration than traditional purine-type cytokinins 
(Guo et al. 1992). Berbec and Doroszewska (1999) noted 
similar results when testing different combinations of growth 
regulators during regeneration of two common buckwheat 
diploid (Kora and Hruszowska) and tetraploid cultivars 
(Emka). According to these authors, the frequency of shoot 
regeneration was higher after applying IAA + TDZ, even 

after using TDZ as the only phytohormone in the medium. 
In our study, the histological sections of the protoplast-
derived callus originating from the NL2 line revealed a 
high presence of meristematic cells, which could be directly 
influenced by the composition of the culture medium and 
could explain the short time needed for induction of somatic 
embryos and regeneration.

To sum up, compared with earlier works related to the 
regeneration of plants from common buckwheat via pro-
toplast cultures, the protoplast yield and the time to the 
first division of protoplast-derived cells do not differ much 
(Table 5). The plating efficiency was considerably higher 
than in previous research, especially for protoplasts isolated 
from the L1 line. However, our tremendous success was the 
time to achieve plant regeneration. Complete regenerated 
plants were obtained in a maximum of five months, four 
times faster than Adachi et al. (1989) reported.

Conclusions

The potential of the protoplast-to-plant system for the regen-
eration of common buckwheat plants using MC-derived 
from immature embryos as the protoplast source has been 
confirmed. The use of PSK during protoplast culture and 
hormonal supplementation (TDZ + KIN and BAP + KIN) 
during plant regeneration played a critical role. It was also 
verified that TDZ is efficient for stimulating somatic embry-
ogenesis. This study showed a rapid and potential technique 
for common buckwheat propagation using in vitro cultures. 
It is also the basis for future research related to buckwheat 

Table 5   Comparison of protoplast culture development and protoplast-to-plant regeneration in Fagopyrum esculentum 

FW fresh weight
a Number of days after protoplast isolation
b In present research estimated in 10-day-old protoplast cultures
c Time after transfer to regeneration medium
d Morphogenic callus lines derived from immature zygotic embryo
– No information included in the publication

Protoplast source Protoplast yield (no. pro-
toplasts per g of FW)

First 
division 
(days)a

Plating efficiencyb Plant regenerationc References

cotyledon-derived callus – 6–7 – – Rumyanzeva and 
Lozovaya (1988)

hypocotyls 5 × 106 per 30 hypocotyls 4 1% (estimated after 4 weeks) 1.5 year Adachi et al. (1989)
hypocotyls 8 × 105 5 – 9 months Gumerova (2004)
callus 5.8—6.9 × 105 – – –
hypocotyls 0.44 × 106 5 21% 3 months This research
embryo-derived callus L1d 0.84 × 106 6 29% 5 months
embryo-derived callus NL2d 0.83—1.54 × 106 4 23% 2 months
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crop improvement through genetic engineering or somatic 
hybridisation.
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A spatio-temporal analysis of cell wall regeneration in protoplasts derived from MC and EC of 

F. tataricum and F. esculentum, respectively, and their hybrid cells Ft (+) Fe (heterokaryon) 

was carried out. Hybrid cells were obtained via protoplast electrofusion, selected manually 

using a micromanipulator and cultivated into agarose beads with BM supplemented with 100 

nM PSK (Figure 1, Supplementary Table 1). A set of primary antibodies targeting the main cell 

wall components was used: AGPs (JIM13, JIM16), extensin (JIM20), xyloglucan (LM25) and 

pectins (LM5, LM6, LM20) (Table 1). In addition, FB28 was used for cellulose staining to 

assess the timing of cellulose reconstruction, which serves as the structural framework of the 

cell wall.  

The protoplasts were analysed at different time points of the culture: 0 hour, 4 hours, 12 

hours, 24 hours, 48 hours and 72 hours (Figure 2). Overall, comparing the regeneration pattern 

of the different cell wall components in Ft (+) Fe and parental protoplasts did not show major 

differences; however, differences were observed among the evaluated time points (Figures 3 – 

9). 

AGP epitopes, recognised by the JIM13 antibody, were present in all types of analysed 

protoplasts and were detected at each time interval. This epitope was initially located in 

intracellular compartments and, at later stages, in the cell membrane and cell wall. In addition, 

it was observed that the JIM13 signal, from 12 hours to 72 hours, correlated with the 

arrangement of cellulose microfibrils visualised with FB28 (Figure 3 and Supplementary videos 

1 – 6). Similarly, the JIM16 antibody, directed against the AGP, was detected at all stages of 
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cell wall development in each cell type (Figure 4 and Supplementary videos 7 – 12). In                   

F. tataricum, the JIM20, which detects extensin epitopes, was observed in several cells at the 

early stages of cell wall regeneration (0 hours and 4 h), localised in intracellular compartments. 

At 12 hours and 24 hours, an increase in the number of cells with extensin epitope was observed, 

followed by a decrease at 48 hours and 72 hours. In F. esculentum, the JIM20 signal was less 

frequent in the early stages but distinctly increased at 12 hours, followed by a significant 

decrease at 24 hours. In Ft (+) Fe, extensin was present in most cells at 12 hours and 24 hours 

but only in a few cells at 0 hours and 72 hours (Figure 5, Supplementary Table 3 and 

Supplementary videos 13 – 18). Xyloglucan, recognised by the LM25 antibody, was absent in 

a minority of protoplasts at 0 hours but was detected in most cells from 12 hours onwards, 

regardless of their type (Supplementary Table 3). The fluorescence signal was observed in the 

cell wall matrix as continuous strands that matched the arrangement of cellulose microfibrils 

(Figure 6 and Supplementary videos 19 – 24). In the case of pectins, the epitope recognised by 

the LM20 antibody (methyl-esterified homogalacturonan) was predominantly detected in Ft (+) 

Fe at 0 hours, with a punctual signal in the cytoplasmic compartments. In Ft, the LM20 epitope 

was abundantly present in the intracellular compartments between 12 hours and 48 hours, while 

in F. esculentum and Ft (+) Fe, its presence decreased significantly after 24 hours (Figure 7, 

Supplementary Table 3 and Supplementary Videos 25 – 30). On the other hand, the LM5 

epitope (galactan side chain of rhamnogalacturonan I) was detected in the intracellular 

compartments of F. tataricum until 12 hours and in the cell wall matrix after 24 hours, while in 

F. esculentum and Ft (+) Fe, it was located in the cell wall matrix at 12 hours and 4 hours, 

respectively (Figure 8 and Supplementary videos 31 – 36). Finally, the LM6 epitope (arabinan 

side chain of rhamnogalacturonan I) was abundantly detected in the intracellular compartments 

of F. tataricum until 24 hours and in the cell wall matrix at 48 hours and 72 hours. In                      

F. esculentum and Ft (+) Fe, this epitope appeared in the cell wall matrix from 4 hours, 

coinciding with cellulose deposition (Figure 9 and Supplementary videos 37 – 42).  

In summary, this study provides a replicable protocol for obtaining and selecting hybrid 

protoplasts of Fagopyrum using electrofusion and a detailed view of the dynamics of cell wall 

regeneration, highlighting the differences in the composition and distribution of its components. 

These findings contribute to a better understanding of the molecular mechanisms involved in 

cell wall regeneration, the first step for protoplast development. Moreover, due to the lack of 

significant differences in cell wall regeneration between the hybrid cells and the parental 
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protoplasts, it can be concluded that cell wall reconstruction in the hybrids proceeds correctly 

and follows normal physiological processes. 
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Fb28	 �fluorescent brightener 28
Fe	� Fagopyrum esculentum
Ft  	� Fagopyrum tataricum 
Ft+Fe	� F. tataricum and F. esculentum hybrid
HG 	 �homogalacturonan 
HRGP	 �hydroxyproline rich proteins
RG-I	 �rhamnogalacturonan I
Rhd	 �rhodamine B
RT	 �room temperature

Introduction

Buckwheat (Fagopyrum spp.) is described as a neglected 
and underutilised species of cultivated plants; however, it 
is an attractive crop; it is a good source of, among others, 
flavonoids, gluten-free proteins, amino acids, dietary fibre, 
vitamins, minerals (Huda et al. 2021; Li et al. 2019). Of 
the 23 species of Fagopyrum, only two are F. esculentum 
and F. tataricum are cultivated (Tomasiak et al. 2022). F. 
tataricum is characterised by over 100-fold higher rutin 

Abbreviations
AC	 �alternating current 
AGPs	 �arabinogalactan proteins
BB	 �blocking buffer
DC	 �direct current
dH2O	 �distilled water
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Abstract
The cell wall rebuilding is one of the first stage of protoplast development that enables further mitotic divisions and dif-
ferentiation. Therefore, this work focuses on the comparison of the cell wall regeneration in the parental protoplasts of 
Fagopyrum tataricum, F. esculentum and the F. tataricum (+) F. esculentum hybrids, which are promising materials in 
terms of future breeding and research programmes. It is worth emphasizing that the preparation of buckwheat hybrids 
using electrofusion was described for the first time. The results indicate that cell wall rebuilding exhibited a common 
mechanism for parent protoplasts and the heterokaryon as all analysed cell wall components recognising arabinogalactan 
proteins (JIM13, JIM16), extensin (JIM20), xyloglucan (LM25) and pectins (LM20, LM5, LM6) were detected during the 
process of wall regeneration. However, there were certainly differences in the spatio-temporal appearance or disappearance 
of individual epitopes during the 72 h of the cell culture, which have been discussed in the paper.

Key message
The hybrid protoplasts similarly restore their wall to F. tataricum and F. esculentum protoplasts despite some qualitative 
and quantitative differences in epitope distribution.

Keywords  Buckwheat · Cell wall · Heterokaryon · Hybrid · Immunocytochemistry · Protoplasts
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content than F. esculentum (Fabjan et al. 2003; Zhang et al. 
2021). However, low grain content and strong bitter taste 
limit its use as food. F. esculentum is more widely distrib-
uted than F. tataricum; however the seed yield of this spe-
cies is often relatively low and unstable (Sytar et al. 2016). 
One of the most crucial reasons for the low yield is self-
incompatibility, as F. esculentum plants are dimorphic with 
two types of flowers: Thrum (pistils shorter than stamens) 
and Pin (pistils longer than stamens) (Cawoy et al. 2009). 
F. tataricum produces only homostylous flowers capable of 
self-fertilization.

A somatic hybridization technique has been proposed to 
overcome breeding barriers in buckwheat (Nešković et al. 
1987). Among the different cell fusion methods for develop-
ing somatic hybrids in plants, PEG-mediated fusion has been 
the most popular and used so far. Lachmann et al. (1994) 
obtained the hybrid calli of F. esculentum (+) F. tataricum 
without further plant regeneration. The other method is pro-
toplast electrofusion, which acquired a preferential position 
due to its rapidity, efficiency and low cytotoxicity (Rems et 
al. 2013). Since the first description of the electrofusion pro-
cess by (Senda et al. 1979), it has been successfully applied 
to different species of agricultural importance (Mackowska 
et al. 2023; Sedlak et al. 2022).

In Fagopyrum spp., plant regeneration from protoplasts 
has been described for F. esculentum from hypocotyl- (Ada-
chi et al. 1989) and callus-derived protoplasts (Zaranek et al. 
2023b) while for F. tataricum from hypocotyl- (Lachmann 
and Adachi 1990) and callus-derived protoplasts (Zaranek 
et al. 2023a). However, to obtain plant regenerants from 
protoplast cultures, one of the first and crucial stages is cell 
wall re-synthesis and deposition, which enables the first cell 
divisions. The cell wall is a dynamic and highly controlled 
structure mainly composed of cellulose microfibrils, matrix 
polysaccharides, polyphenolic compounds, and structural 
proteins in variable amounts (Showalter 1993). Due to its 
compounds’ structural and enzymatic rearrangements, the 
cell walls play an important role in regulating the morpho-
genetic processes and maintaining the cellular differentia-
tion status of cells (Knox et al. 1991; Potocka et al. 2018). 
Cellulose, hemicellulose and pectins, arabinogalactan pro-
teins (AGPs) and extensins (EXTs) all participate (to differ-
ent degrees) in cell expansion or adhesion and as regulatory 
molecules they are key determinants of the physical proper-
ties of the cell wall (Willats et al. 2001).

Cell wall regeneration from protoplasts has been stud-
ied in several species using various techniques (Kuki et al. 
2020; Parmentier et al. 1995; Wiśniewska and Majewska-
Sawka 2007). However, due to the complexity of the cell 
wall structure, the most informative method is immunocy-
tochemical detection of specific cell wall antigens (Godel-
Jędrychowska et al. 2019; Majewska-Sawka and Münster 

2003). To date, there is no data about cell wall reconstruc-
tion from protoplasts in any of the Fagopyrum species, 
as well as in their hybrids or the hybrid protoplasts at all, 
independently of the species. Thus, our goal was to check 
whether there are differences between those two species and 
their hybrids (Ft + Fe) during wall regeneration that could 
point out the potential recalcitrance of hybrid protoplasts. 
Since xyloglucan, pectins, extensins, and AGPs are essen-
tial components of dicotyledonous walls, the specific anti-
bodies that recognise their epitopes were chosen to follow 
the process of cell wall rebuilding: LM20, LM5 and LM6 
recognising pectic epitopes; JIM13 and JIM16 recognising 
AGPs epitopes; JIM20 recognised extension epitope and 
LM25 recognising xyloglucan epitope. It should be empha-
sized that this is the first study that illustrates and compares 
the regeneration of the wall of Fagopyrum parental proto-
plasts and their hybrids. Moreover, this is the first record of 
obtaining hybrids in buckwheat by electrofusion.

Materials and methods

Protoplast isolation

Embryogenic calli of F. esculentum and morphogenic calli 
of F. tataricum were used as sources of protoplasts. The cal-
lus lines were obtained from immature embryos of both spe-
cies and maintained in the dark on RX medium (Table S1) 
at 26 ± 1 °C as Betekhtin et al. (2017) described. The sub-
cultures were carried out every two weeks under the same 
conditions.

The isolation was performed following the protocol of 
Zaranek et al. (2023b) with minor modifications. Two grams 
of 10-day-old callus of F. tataricum and 1 g of 12-day-old 
callus of F. esculentum were incubated for 1 h in 10 ml of 
PSII/F plasmolysis solution (Table S1) in the dark at room 
temperature (RT). Then, the solution was removed, and 
10 ml of E1 and E2 enzyme solutions (Table S1) were added 
to F. tataricum and F. esculentum, respectively. The mate-
rial was incubated for 16  h with gentle shaking (50  rpm, 
RT). The suspensions were filtered through a 100 μm pore 
mesh and centrifuged for 5 min (1000 rpm, RT). The pellet 
was resuspended in 8 ml of Suc/MES solution (Table S1). 
Next, 2 ml of W5 solution (Table S1) was carefully overlaid 
to create a gradient and centrifuged for 10 min (1200 rpm, 
RT). The ring of viable protoplasts between the two phases 
of the gradient was collected, resuspended in W5 solution 
up to 10 ml and centrifuged for 5 min (1000 rpm, RT). The 
pellet was resuspended in 1.5 ml of mannitol solution (Table 
S1), and the protoplast concentration was adjusted to 8 × 105 
cells ml− 1. The isolation was performed twice for both spe-
cies, and one set was kept as control and as nurse culture.
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Electrofusion

The electrofusion methodology was adapted from the pro-
tocol proposed by Mackowska et al. (2023). One ml of 
the F. esculentum and F. tataricum protoplast suspensions 
were added to the tubes with Rhodamine B (Rhd) and 

3,3’-dihexyloxacarbocyanine iodide (DiOC6), respectively 
and incubated for 10 min in the dark at RT. The preparation 
of dyes is listed in the Supplementary Information: Table S2.
The following washing steps took place on ice. The stained 
protoplasts were centrifuged for 5 min (1000  rpm, 4  °C), 
and the pellet was resuspended in 10 ml of ice-cold man-
nitol solution. These steps were repeated two times more. 
The pellets were resuspended in 0.9 ml of ice-cold mannitol. 
The protoplast concentration was adjusted again to 8 × 105 
cells ml− 1, adding ice-cold mannitol solution if needed. For 
parental protoplasts analysis, 1 ml of the protoplast solution 
of each species was stained with 100 µl of calcofluor white 
(Table S2) and kept in the dark for 10 min.

Respectively, 0.4 ml of protoplasts stained with Rhd and 
0.4 ml stained with DiOC6 were carefully mixed to com-
bine F. tataricum (+) F. esculentum (Fe + Ft, heterokaryon), 
as shown in Fig. 1. The electrofusion was performed in the 
Super Electro Cell Fusion Generator 21 (NEPAGEN, Japan) 
using parameters optimised by our team, standardised for 
Fagopyrum protoplasts. The 0.8 ml CUY497P2 electrode 
was used with 5 V of alternating current (AC) for 40 s and 
12 V of direct current (DC) for 50 µs. The fused protoplasts 
were transferred into a sterile tube covered with foil and 
kept on ice.

Selection of protoplasts

These steps were performed entirely in the dark. After elec-
trofusion, 0.25 ml of the protoplast suspension was resus-
pended in 4.5 ml of ice-cold mannitol and carefully mixed. 
In a sterile Ibidi µ-Dish 35 mm, low, 0.3 ml of this suspension 
was placed and allowed to settle for 5 min in the inverted 
microscope. The protoplasts that simultaneously showed 
fluorescence for Rhd and DiOC6 were collected using a 
stripper tip MXL3-75 (ORIGIO Inc, USA) and microma-
nipulator TransferMan® 4r (Eppendorf, Germany). About 
200 hybrid cells were collected and kept on ice until the next 
steps were performed. The selection process was applied 
for the parental protoplasts, F. tataricum and F. esculentum. 
Approximately 200 protoplasts that did not show fluores-
cence for calcofluor white were collected.

Culture of selected protoplasts

The parental and hybrid protoplasts selected into Eppendorf 
tubes were resuspended in 9 µl of LMPA (Table S1), and 
about 10 µl beads were made on polystyrene Petri dishes 
(Ø6 cm × 1.2 cm) at the rate of five beads per dish (Fig. 2). 
Non-stained Fe and Ft protoplasts were used as nurse cul-
ture during parental and Fe (+) Ft hybrid cells culture. For 
this, equal volumes of LMPA and the protoplast solution 
with a concentration of 8 × 105 cells ml− 1 were mixed and 

Fig. 1  General scheme of the protoplast electrofusion and selection 
technique. Once the protoplasts are isolated, they are stained with two 
contrasting fluorochrome solutions (Rhd– red; DiOC6– green) and 
fused using periodic electrical pulses. Electrofusion is a random pro-
cess, so the hybrid protoplasts (yellow) must be selected, one by one, 
under the microscope. In the case of the parental protoplasts, calco-
fluor staining allows the subsequent selection of those from which the 
cell wall was completely removed (no calcofluor signal– grey). The 
culture of the hybrid and parental protoplasts must be developed after 
embedding them in agarose beads, and they must be accompanied by 
a nurse culture that contributes to their development. AC– alternat-
ing current; DC– direct current; DiOC6–3,3’-dihexyloxacarbocyanine 
iodide; Rhd– rhodamine B. This figure was created with BioRender.
com. BioRender certificate confirming the publication rights is avail-
able upon request from the authors.
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