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Abstract 

A stable and reproducible in vitro regeneration system is necessary for genetic engineering, 
however, explant responses vary widely between and within species and are highly dependent 
on the culture conditions. Despite decades of research, plant regeneration is still challenging 
especially with some plant species referred to as recalcitrant. In this study, we investigated the 
regeneration and genetic transformation capacities of different lines of peanut (Arachis 
hypogaea) that is considered recalcitrant and Brown mustard (Brassica juncea) in order to 
enable editing of the allergens Ara h 1 and Bra J I in peanut and mustard, respectively, via 
CRISPR/Cas9. Moreover, we demonstrated that, several of the first edited mustard lines 
displayed reduced or total absence of the Bra J I protein. 

Firstly, the factors affecting the adventitious shoot regeneration of both plant species were 
investigated using four peanut lines and six mustard lines from two geographical regions 
(Europe and India). In both species, shoot regeneration was significantly influenced by the 
explant type and the genetic make-up of the different lines tested. In mustard, the 5 days old 
cotyledon explants of all lines showed better responses than hypocotyls regarding adventitious 
shoot regeneration whereas in peanut the leaflet explants of 5-day-old seedlings exhibited 
superiority. The combinations of different types of cytokinins and auxins were tested on the 
explants of both plant species.  

In all peanut lines, the leaflet explants responded best on medium with 22.19 µM 6-
benzylaminopurine (BAP) (+ 2.3 µM kinetin), which was reduced to 7.40 µM BAP after eight 
weeks, with regeneration rates of 10-89.1% and a mean shoot number per regenerating 
explant of 1-3.1 shoots. For mustard, the medium containing 8.88 µM BAP, 5.37 µM 1-
naphthaleneacetic acid (NAA), and 9.95 µM Silver nitrate (AgNO3) resulted in the highest shoot 
regeneration rates (58-72% and 65-90% for the European and Indian lines, respectively) as 
well as the highest shoot numbers per regenerating explant (2.2-2.7 and 2.3-3.0). Furthermore, 
the effect of different light qualities on shoot regeneration from leaflet explants of the peanut 
lines was investigated in order to promote shoot induction and elongation. A strong effect of 
the culture temperature on the regeneration efficiency was observed as different light 
treatments were connected with different culture temperatures. However, red and blue LEDs 
could substitute tubular fluorescent lamps without affecting shoot regeneration. 

In the second step, Agrobacterium-mediated transformation of both plant species was 
investigated. Transgenic plants carrying large deletions of 566 up to 790 bp as well as indels 
in the targeted regions especially, indels in all four Bra j I alleles were obtained with the mustard 
lines tested. Seed viability was investigated in several transgenic mustard lines through in vitro 
and ex vitro germination. A decrease in seed viability and seed formation was observed in 
some edited lines, which indicated that the mutation of the major allergen Bra J I in mustard 
affected seed development. Part of the seeds exhibited aberrant phenotypes that resulted in 
the rupture of the testa already in the siliques. In contrast, the regenerated shoots from the 
different transformation experiments with various peanut lines exhibited a lack of transgenicity. 

 

Key words: Agrobacterium tumefaciens, Arachis hypogaea, Brassica juncea, CRISPR/Cas, 
organogenesis.  

 

 

 



 
 

Zusammenfassung 

Ein stabiles und reproduzierbares In-vitro-Regenerationssystem ist für die genetische 
Transformation von Pflanzen erforderlich, aber die Reaktionen der Explantate variieren stark 
zwischen und innerhalb von Pflanzenarten und hängen stark von den Kulturbedingungen ab. 
Trotz jahrzehntelanger Forschung ist die Pflanzenregeneration immer noch eine 
Herausforderung, insbesondere bei einigen Pflanzenarten, die als schwierig zu regenerieren 
gelten. In dieser Arbeit wurden Fähigkeit zur Regeneration und genetischen Transformation 
von verschiedenen Linien von Erdnuss (Arachis hypogaea), die als schwierig zu regenerieren 
eingestuft wird, und Braunem Senf (Brassica juncea) untersucht, um die Allergene Ara h 1 und 
Bra J I in beiden Pflanzenarten jeweils über CRISPR/Cas9 zu editieren. Darüber hinaus wurde 
gezeigt, dass mehrere der ersten editierten Senflinien eine reduzierte oder völlig fehlende 
Abundanz des Bra J I-Proteins aufwiesen.  

Zunächst wurden Faktoren, die die Adventivsprossbildung beider Pflanzenarten beeinflussen, 
an von vier Erdnusslinien und sechs Senflinien aus zwei geografischen Regionen (Europa und 
Indien) untersucht. Bei beiden Pflanzenarten wurde die Sprossregeneration signifikant durch 
die Explantatarten und die Genotypen der verschiedenen getesteten Linien beeinflusst. Bei 
Senf zeigten die fünf Tage alte Kotyledonenexplantate aller Linien bessere Reaktionen im 
Hinblick auf die Adventivsprossbildung als Hypokotylexplantate, während bei Erdnuss 
Primärblattexplantate von fünf Tage alten Sämlinge gut geeignet waren. Kombinationen 
verschiedener Arten von Cytokininen und Auxinen wurden an den Explantaten beider 
Pflanzenarten getestet. 

Bei allen Erdnusslinien reagierten die Explantate am besten auf einem Medium mit 22,19 µM 
6-Benzylaminopurine (BAP) (+ 2,3 µM Kinetin), dessen Konzentration nach acht Wochen auf 
7,40 µM BAP reduziert wurde, mit der höchsten Regenerationsrate von 10-89,1 % und einer 
mittlere Sprosszahl pro regenerierendem Explantat von 1-3,1 Sprossen.  Für Senf zeigte das 
Medium mit 8,88 µM BAP; 5,37 µM 1-Naphthaleneacetic Acid (NAA) und 9,95 µM Silbernitrat 
(AgNO3) die höchsten Sprossregenerationsraten (58-72 % und 65-90 % bzw. für die 
europäische und die indischen Linien) sowie die höchsten Sprosszahlen (2,2-2,7 und 2,3-3,0). 
Weiterhin wurde der Effekt unterschiedlicher Lichtqualitäten auf die Sprossregeneration an 
Explantaten der Erdnusslinien untersucht, um die Sprossinduktion und -elongation zu fördern. 
Ein starker Einfluss der Kulturtemperatur auf die Regenerationseffizienz wurde beobachtet, da 
unterschiedliche Lichtbehandlungen mit unterschiedlichen Kulturtemperaturen verbunden 
waren. Rote und blaue LEDs könnten jedoch Leuchtstoffröhren ersetzen, ohne die 
Sprossregeneration zu beeinträchtigen.  

Im zweiten Schritt wurde die Agrobacterium-vermittelte Transformation beider Pflanzenarten 

untersucht. Transgene Pflanzen, die große Deletionen von 566 bis zu 790 bp trugen, sowie 

Indels in den Zielregionen, insbesondere Indels in allen vier Bra j I-Allelen, wurden für die 

getesteten Senflinien erhalten. Die Keimfähigkeit der Samen wurde in mehreren transgenen 

Senflinien anhand der In-vitro- und Ex-vitro-Keimung untersucht. Bei einigen editierten Linien 

wurde eine Abnahme der Keimfähigkeit und des Samenansatzes beobachtet, was darauf 

hindeutet, dass die Mutation des Hauptallergens Bra J I in Senf die Samenentwicklung 

beeinträchtigte. Ein Teil der Samen wies abweichende Phänotypen auf, die bereits in den 

Schoten zum Durchbruch der Testa führten. Im Gegensatz dazu waren die regenerierten 

Sprosse aus zahlreichen Transformationsversuchen mit verschiedenen nicht transgen. 

 

Schlüsselworte: Agrobacterium tumefaciens, Arachis hypogaea, Brassica juncea, 

CRISPR/Cas, Organogenese. 
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1 General introduction 

This thesis focused on the organogenesis and genetic transformation of two plant species with 

high allergenic potential namely peanut (Arachis hypogaea) and Brown mustard (Brassica 

juncea). The gene editing technique CRISPR/Cas9 was used to target the allergens Ara h1 

and Bra j I, which are seed storage proteins from peanut and mustard, respectively. 

1.1 Production and economic importance of peanut and mustard 

1.1.1 Production and economic importance of peanut 

Peanut or groundnut (Arachis hypogaea L. (Resslar, 1980)) is an essential crop and is 

cultivated in more than 100 countries under different agroecological environments (Variath and 

Janila, 2017). Due to polyploidy and sterility barriers, conventional peanut breeding is quite 

challenging (Wilson et al. 2019). In the year 2021, the global production area was 29.930.000 

ha (USDA, www.fas.usda.gov). Nearly 95% of the worldwide production is in developing 

countries with Asia counting for about 65%. Based on the peanut global output, the major 

producers are China (36%), India (14%), Nigeria (8%), USA (6%) and Sudan (5%). Over the 

past 30 years, peanut global production area has increased by about 50% whereas peanut 

production has more than doubled (increasing by 119%) and reached 50,353,000 metric tons 

in 2021. The production increment is mainly due to the intensification and mechanization of 

the production systems, the use of improved varieties, modern crop management practices, 

and improvement of the irrigation system (Variath and Janila, 2017).  However, the productivity 

levels in that period of time in most of the developing countries have not improved and this is 

attributed to numerous factors such as, the biotic and abiotic stresses, diverse edaphic 

characteristics and lack of adequate agricultural policy (Pratap et al., 2018). The complete 

peanut genome sequence is now available (Bertioli et al., 2019), which is a significant step in 

creating new varieties with specific traits like hypoallergenic, pest resistance, high nutritional 

value, high yield and tolerance to abiotic and biotic stressors. Meanwhile, the high-input 

production system practiced in the USA, China, Brazil, Argentine and Egypt has significantly 

improved peanut yields from 2 to 4 t/ha. Especially in China, the production area was increased 

by almost 2-fold, which represented by far the largest peanut producer in 2021 (USDA). 
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In the international market, peanut is commercially used for the production of oil, flour, butter, 

snack products and especially for confectionery types. The global peanut market reached a 

revenue of 3.8 billion dollars in 2021 and is expected to reach 5.3 billion dollars by 2027 

(IMARC, https://www.imarcgroup.com) which accounted for nearly 25% of the total edible nut’s 

revenue worldwide (Statista.com). In 2020, Argentina, India, USA, Brazil and Sudan produced 

about 71% share of the global exports whereas Europe, China, Canada and Australia 

accounted for about 62% share of the global import in international trade of peanut 

(www.worldstopexports.com).  

1.1.2 Production and economic importance of mustard 

Brassica juncea (L.) Czern, generally known as brown, Indian or oriental mustard, is an 

important edible oilseed crop worldwide (Rancé, 2003). It is widely cultivated, from Africa 

(northern and western regions) to central Asia (the southern and southeastern regions of the 

former Soviet Union), to Europe and North America in cool temperate regions and even at high 

altitudes in the subtropics (Dixon, 2007). During 2010 to 2020, the global production area of 

mustard has decreased by about 22% to 619,495 ha, whereas the global mustard production 

has decreased by 13% to 540,454 metric tons (FAO, www.fao.org). In the year 2016–17, Asia 

(38.31%), the European Union (6.96%), and North America (23.94%) accounted for nearly 

70% of the world's production, with Nepal accounting for 67.58% of production in Asia, Canada 

for 82.01% in North America, and France for 37.72% in European Union. B. juncea is mainly 

grown in Canada and France for condiment purposes and in Australia, New Zealand and India 

as oilseed crop (Prakash and Hinata 1980; Woods et al., 1991). The overall production of B. 

juncea is mainly affected by biotic and abiotic stresses, such as pathogen attacks, drought, 

high temperature, frost and salinity (Rai et al., 2022). Moreover, polyploidy, which is defined 

by interspecific or intergeneric hybridizations followed by chromosomal doubling and could 

produce significant genetic, genomic, and phenotypic novelty (Soltis et al., 2016, Kyriakidou et 

al., 2018).  

https://www.imarcgroup.com/
http://www.worldstopexports.com/
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In the international market, mustard seed demand is increasing which is probably due to its 

use in the food and beverage industry, cosmetic industry, pharmaceutical industry and other 

industries. The global mustard market reached a revenue of 1.81 billion dollars in 2021 and is 

expected to reach 2.38 billion by 2027 (www.marketdataforecast.com), which accounts for 

more than 4% of the global seeds market revenue worldwide (www.statista.com).  

1.2 Allergenic potential of peanut and mustard 

1.2.1 Allergenic potential of peanut 

Peanut allergy is considered as one of the most severe food allergies, affecting nearly 0.6% of 

the population worldwide (Chen et al., 2018; Palladino and Breiteneder, 2018). Symptoms are 

triggered after ingestion of the seeds containing the allergenic proteins and can be manifested 

as severe anaphylaxis (Yocum and Khan, 1994; Palladino and Breiteneder, 2018). Allergenic 

reactions against peanut are categorized into three groups according to the clinical symptoms, 

the mild reaction (abdominal pain, irritability, pruritus, urticaria and vomiting), the moderate 

reaction (breathing difficulty, facial oedema) and severe (collapse/faint, cyanosis and wheeze) 

(Clarke et al. 1998). Peanut-induced allergy is not a major concern in the Asian and African 

countries, whereas in the western world and especially in the USA it is considered as a major 

public health concern, affecting 0.8% of children and 0.6% of adults (Sampson, 2004; 

Bunyavanich et al., 2014; Du Toit et al., 2015; Nigam, 2015). The processing methods play a 

determinant role in the allergenicity of peanut allergens. In the western countries, roasted 

peanuts are mainly consumed while in Asian and African countries, peanuts are mainly boiled 

and fried. Comstock et al., (2016), reported that standard roasting of peanut actually increases 

the allergenicity of peanut allergens while frying and boiling decrease the allergenicity. Twelve 

peanut allergens and multiple isoforms were documented  by the Allergen Nomenclature Sub-

Committee of the International Union of Immunological Society and are categorized into  

different food allergen families namely, the Cupin superfamily (Ara h 1, 3), the Prolamin 

superfamily (Ara h 2, 6, 7, 9), the Profilin family (Ara h 5), the Bet v-1-related proteins (Ara h 

8), Oleasin (Ara h 10, 11) and Defensin (Ara h 12, 13) (Mueller et al., 2014). Among the 

different peanut allergens, Ara h 1, 2, 3 and 6 are recognized by the antibody IgE 

http://www.marketdataforecast.com/
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(Immunoglobulin E) in over 50% of the peanut-allergic patient and are therefore considered as 

the major peanut allergens (Koppelman et al., 2001, Mueller et al., 2014). Additionally, 

according to Lin et al. (2012), peanut-allergic people had noticeably stronger IgE binding to 

peanut epitopes than peanut-tolerant people, indicating a greater epitope diversity. The study 

used TileMap to identify 31 IgE-binding areas with numerous epitopes including Ara h 1 (14 

regions), Ara h 2 (4 regions), and Ara h 3 (13 regions). Three of the ten linear IgE-binding 

epitopes that have been identified are immunodominant and are found in exposed, structurally 

flexible areas of folded proteins (King et al., 2005). Recent research has identified these three 

IgE-binding epitopes as peptide biomarkers for the diagnosis of clinical peanut allergy and it 

has been discovered that they are mainly responsible for the cross-reactivity between Ara h 1 

and Ara h 2, Ara h 3, and Ara h 6 (Bublin and Breiteneder, 2014).  Clinical studied conducted 

on allergic patients reported that, the allergens Ara h 1, Ara h 2 and Ara h 6 are recognized by 

about 70-90% of the peanut allergic-patients (Burks et al., 1995; Clarke et al., 1998, Mueller 

et al., 2014). Most of the major peanut allergens are seed storage proteins (Pedrosa et al., 

2012), resistant to digestion (Koppelman et al., 2010) with a molecular mass between 7 to 65 

kDa (Boldt, 2005). The ingestion of manufactured food products containing traces of peanut 

between 100 to 1000 mg by a peanut allergenic individual is sufficient to trigger serious 

symptoms (Sicherer et al., 2003). Peanut allergy is a lifelong health concern without effective 

and successful treatment options but with only treatment to mitigate the allergic reactions. 

Therefore, peanut allergenic individuals must strictly avoid exposure to peanut (Burks et al. 

2015). Moreover, using biotechnology-based methods such as RNAi or CRISPR/Cas, might 

be useful to precisely target allergenic proteins in peanut and could lead to the production of 

low allergy containing peanut.  

1.2.2 Allergenic potential of mustard 

The international food allergen labelling regulations, especially in the European Union or 

Canada declared mustard as one of the priority food allergens (FARRP, https://farrp.unl.edu).  

The European Union with the Regulation N° 1169/2011 considered mustard as one of the 14 

major allergens and therefore it should be clearly indicated in the list of ingredients. This is the 

https://farrp.unl.edu/
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result of serious health issues that mustard allergy represents in many countries, as reported 

cases of allergic reaction are typically from the consumption of mustard sauce or other 

products containing mustard in extracts namely ketchup sauces, mayonnaise, dips (Monsalve 

et al. 2001).  

Mustard allergy is known as one of the most frequent spice allergies with severe systematic 

reactions, namely acute severe urticaria and angioneurotic oedema, facial and throat sweeling, 

chest tightness, gastric pain, rhinitis, bronchial asthma and anaphylactic shock (Panconesi et 

al. 1980; Menéndez-Arias et al., 1988 and 1990; Niinimäi et al., 1989; Dominguez et al., 1990; 

Vidal et al., 1991; Jorro et al., 1995). According to the estimated prevalence of the allergy in 

France, mustard allergy represents nearly 1% of food allergies in children and almost 7% of 

the total food allergies (Lietzow, 2021). The consumption of an equivalent of 125 mg of mustard 

is enough to elicit an allergenic reaction, with 40 mg of mustard seasoning containing 

approximately 0.8 mg of protein (Morisset et al. 2003; Figueroa et al. 2005).  

The allergen Bra j I, a 2S albumin seed storage protein belonging to the napin family is 

recognized by the IgE of sensitive individuals with a relatively strong response to allergy test. 

This protein with a molecular weight of nearly 16 kDa is considered as the major allergen in B. 

juncea and is made of two chains (37 and 92 amino acids) linked by disulphide bridges 

(Gonzalez de la Peña et al., 1991, L’Hocine et al., 2019). Furthermore, five iso-allergenic 

fractions (Bra j IA, IB, IC, ID and IE) of the allergen Bra j I were identified with Bra j IE reported 

to be the most prevalent. These fractions share an epitope containing the sole Tyr residue of 

the allergen and assumed to be the source of the allergy (Monsalve et al., 1993). Mustard 

allergenic proteins strongly resist to heat denaturation and are poorly digestible, therefore 

preventing the reduction of the allergenic potential during mustard processing (Lietzow, 2021). 

Till date, there is no effective preventive treatments for mustard allergy. Therefore, a mustard 

sensitive individual must strictly avoid exposure to mustard (Lietzow, 2021).     
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1.3 The joint project LACoP 

This thesis was part of the project LACoP standing for “Low allergen Containing Plants”, a 

research project initiated by Leibniz University of Hanover and funded by the Federal Ministry 

of Education and Research (BMBF). The aim of the LACoP project was to reduce or eliminate 

the allergenic epitopes in plant foods using CRISPR/Cas-based genome editing technology. It 

was a three-year project, that started in September 2017 and ended in January 2021. Seven 

project partners (including project coordination) (from all over Germany) were involved. The 

LACoP project was structured into seven work packages (WPs): (WP1-1) Heterologous 

expression of the allergens and their deletion variants; test development, (WP1-2) Targeted 

removal of allergenic components in Brassica juncea and Arachis hypogaea via genome 

editing, (WP2) Development of regeneration and transformation protocols for Brassica juncea 

and Arachis hypogaea, (WP3) Recombinant antibodies, (WP4) Confirmation of the hypo-

allergenicity of the modified peanut and mustard seeds using IgE testing with patient sera, 

(WP5) Development of an immunoassay for the in vitro diagnosis of allergen-specific IgE 

antibodies in blood samples and (WP6) Consumer communication - information and feedback, 

which were all linked to each other. 

This thesis was embedded in the project P2 which aimed to establish in vitro regeneration and 

genetic transformation protocols for Brassica juncea and Arachis hypogaea. Therefore, 

experiments to optimize the shoot regeneration of mustard were conducted (Assou et al., 

accepted, chapter 2), the results of which were used for the genetic transformation of mustard 

(Assou et al., 2021, chapter 3). Moreover, experiments on cytokinins and light quality on 

adventitious shoot regeneration of peanut were as well conducted (Assou et al., 2022, chapter 

4), which outcomes were applied to intense experiments aiming at genetic transformation of 

peanut. The establishment of in vitro regeneration and genetic transformation protocols of both 

plant species is necessary to remove the allergy inducing areas of the Ara h 1 and Bra J I using 

genome editing technology like CRISPR/Cas9.   
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1.4 In vitro regeneration and genetic transformation of peanut and mustard 

A successful In vitro regeneration system is based on the totipotency of the plant cells under 

specific culture conditions (Skrzypek et al., 2012). Several factors such as the genotype, the 

explant type, the age of explants, the culture condition, the plant growth regulators (PGRs) and 

the culture media greatly influence the success of in vitro plant regeneration processes (Pierik, 

1997). For model breeding techniques like CRISPR/Cas, it is essential to establish a stable 

and reproducible shoot regeneration system through the optimization of these different factors.  

1.4.1 In vitro regeneration and genetic transformation of peanut 

Extensive investigations were conducted in the recent years, leading to successful 

establishment of in vitro regeneration of peanut through organogenesis (Table 1) from 

numerous explants such as cotyledon, cotyledonary nodes, petioles, leaflets, epicotyl and 

hypocotyl. However most of the studies reported variable regeneration efficiency ranging 

between 7 to 80%.    

In most studies, the in vitro regeneration system of peanut is characterized by, the use of 

Murashige and Skoog (1962) medium, generally supplemented with B5 vitamins (Gamborg et 

al., 1968) Auxin and cytokinin, which are essential to induce morphogenesis with the cytokinins 

benzylaminopurine (BAP) and thidiazuron (TDZ) often used in high concentrations ranging 

from 6.66 µM to 110 µM  (Cheng et al., 1992; Kanyand et al., 1994; Pestana et al., 1999; 

Akasaka et al., 2000; Tiwari and Tuli 2012; Tiwari et al., 2015) whereas the most commonly 

used auxins were 2,4-D (2,4-dichlorophenoxy acetic acid) and NAA (naphthalene acetic acid) 

(Cheng et al., 1992; Tiwari et al., 2015). The commonly used light source were fluorescent 

tubes (FLs) with a photon flux density ranging of 12-130 µmol m-² s-1, a photoperiod of 16h 

and a temperature of 24-35°C.  
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Table 1. Overview of the literature on shoot organogenesis in several Arachis hypogaea 

genotypes, using different explant types.  

 
Variety 

 

 
Explants 

 

Age 

 

 
Plant growth 
regulators 

 
% of 

regeneration 

 
Reference 

Cv. Colorado 
Manfredi 

Leaflets 3-5 days old NAA (5.7 µM) and 
BA (3.96 µM) 

 

28.3 % Mroginski 
et al. (1981) 

Virginia type 
`Chiba-

Handachi‘ 
Spanish type 
`Java n°13‘ 

 
 

Cotyledonary 
node 

 
 

7 days 

 
 

BA (285 µM) 

 
 

40-80 % 

 
Daimon 
and Mii, 
(1991) 

 
New Mexican 

Valencia A 

 
Petiolule 

 
8-11 days 

old 

 
NAA (5.7 µM) and 

BA (39.6 µM) 
 

 
52% 

 
Cheng et 
al. (1992) 

Valencia 
Cv. 'New Mexico' 

 

Leaf, petiole, 
hypocotyl, 
Cotyledon 

 

 
8 days old 

 
TDZ (45.4 µM) 

 
20-70 % 

 
Kanyand et 
al. (1994) 

Valencia 
Cv. Tatu 

Leaflets, 
cotyledon 

2 or 10 days 
old 

BA (22 µM) and 
AgNO3 (5µM) 

40-56 % Pestana et 
al. (1999) 

Spanish 
 

Cv. `Chico` 

 
 

Leaflets 

 
 

6-8 days old 

 
 

TDZ (45.4 µM) 

 
 

13.2 % 

 
Akasaka et 
al. (2000) 

 

 
Spanish ‘JL-24’ 

 
Cotyledon 

 
1 day old 

 
2,4-D (10 µM) and 

BA (20 µM) 

 
80 % 

Sharma 
and 

Anjaiah, 
(2000) 

 

JL-24; TMV-2; 
TAG-24; 
Dh-3-30 

Leaflets 1 day old NAA (4.95 µM) 
and BA (13.32 µM) 

77-81 % Tiwari and 
Tuli, (2009) 

 
Virginia-type 

Cv. Luhua no. 14 

 
Epicotyl 

 
8 days old 

 
NAA (4.30 µM) 

and BA (44.39 µM) 
 

 
80.7 % 

 
Shan et al. 

(2009) 

 
Var. GG20 

 
Leaflets 

 
7 days old 

 
NAA (2.68 µM) 

and BA (13.32 µM) 

 
70 % 

Vadawale 
et al. (2011) 

Valencia 
Cv. 'New Mexico' 

 

 
Cotyledon 

 
1 day old 

 
2,4-D (13.57 µM) 
and BA (19.8 µM) 

 
60 % 

Matand et 
al. (2013) 

Runner type 
‘Florida-07’ and 
‘Georgia Green’ 

 
Cotyledon 

 
1 day old 

 
2,4-D (10 µM) and 

BA (20 µM) 

 
7-24 % 

Burns et al. 
(2012) 

 
New Mexican 

Valencia A 

 
Cotyledonary 

node 
 

 
3 weeks old 

 
BA (6.6 µM) 

 
90 % 

Hsieh et al. 
(2017) 

 

Molecular breeding techniques might be essential in creating new genetic diversity in peanut, 

and were considered to be very useful in developing cultivars with improved traits such as 

drought tolerance, resistance to rust, virus, insect and fungus, yield and grain quality (Ahmar 



Chapter 1: General introduction 

9 
 

et al., 2020).  In peanut, the biolistics/bombardment technique was used to achieve the first 

successful transformation (Ozias-Akins et al., 1993). Afterwards, several transformation 

protocols were developed based on biolistic methods targeting embryonic tissues (Chu et al., 

2013). In the study of Brar et al. (1994), a stable integration of the herbicide resistance bar 

gene into the embryonic axes of the peanut cultivars ‘Florunner’ and ‘Florigiant’ using particle 

bombardment with a transformation efficiency of 44% was reported. The same method was 

also used by Yang et al. (1998) and Higgins et al. (2004) to produce resistant transgenic peanut 

to hygromycin and, respectively to the viruses TSWV (Tomato Spotted Wilt Virus) using 

immature cotyledons of the peanut cultivars ‘Florunner’ and ‘Georgia Runner’ and PStV 

(Peanut Stripe Virus) using immature leaflets of the peanut cultivars ‘Gajah’ and ‘NC7’ with a 

transformation frequency of 60 to 63%. Moreover, Chu et al. (2008) used biolistic method to 

silence the allergen Ara h 1 in peanut cultivar ‘Georgia Green’ through the integration of the 

plasmid pPPCH-V-Arah1_si carrying hygromycin resistance gene and RNAi construct in 

immature leaflet.  

On the other hand, reports of Agrobacterium tumefaciens-mediated transformation have also 

been made, with success rates that are highly dependent on the genotype, culture conditions, 

cocultivation and selection protocols, and host-pathogen interactions (Holbrook et al. 2011). Li 

et al. (1997), reported the expression of the sense RNA of key viral genes of TSWV in 

transgenic peanut plants of cultivar ‘New Mexico Valencia A’, using the Agrobacterium strain 

EHA 105 harboring a plasmid with kanamycin resistance gene on immature leaflets with a 

transformation efficiency of 1.5% whereas Bag et al. (2007) produced transgenic peanut plants 

of cultivar ‘JL-24’ with sense and antisense coat protein genes of Tabacco streak virus (TSV) 

using the Agrobacterium strain LBA4404 carrying a plasmid with kanamycin resistance gene 

on de-embryonated cotyledons with a transformation frequency of 15%. Furthermore, 

Agrobacterium-mediated transformation of de-embryonated cotyledons and hypocotyl 

explants were described respectively by Tiwari et al. (2008) resulting in the production of the 

first transgenic peanut plants of cultivar ‘JL-24’ harboring the synthetic cry1EC gene for 

resistance against Spodoptera litura and the hygromycin resistance gene using the 
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Agrobacterium strain EHA 101 with a transformation efficiency of 4%. Moreover, transgenic 

peanut plants of variety ‘Georgia green’ with low Ara h 2 content and resistance to kanamycin 

were produced using the Agrobacterium strain EHA 105 with a transformation frequency of 

44% (Dodo et al. 2008). 

1.4.2 In vitro regeneration and genetic transformation of mustard 

As one of the most important Brassica species, several researchers worldwide have broadly 

investigated the in vitro regeneration potential of B. juncea. Numerous reports described the 

shoot organogenesis in several B. juncea genotypes, using different explant types mostly 

prepared from seedlings (Table 2). Nevertheless, due to the factors genotype and explant type, 

significant variation in shoot regeneration efficiencies (ranging from 0 to 94%) was observed 

in most of these studies.  

The commonly used media for the shoot regeneration system of B. juncea were based on the 

basic Murashige and Skoog (1962) medium, supplemented with B5 vitamins (Gamborg et al., 

1968) with different types of auxins (2,4-D (2,4-dichlorophenoxy acetic acid) or NAA 

(naphthalene acetic acid)) and cytokinins (benzylaminopurine (BAP), thidiazuron (TDZ) and 

Kinetin (Kn)). In order to improve the shoot morphogenesis in B. juncea, the ethylene receptor 

blocker silver nitrate (AgNO3) was as well used in most studied. The commonly used light 

source were fluorescent tubes (FLs) with a photon flux density ranging from 50-200 µmol m-² 

s-1, a photoperiod of 16h and a temperature of 24-28°C.   
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Table 2. Overview of the literature on shoot organogenesis in several B. juncea genotypes, 

using different explant types. 

 
Variety 

 

 
Explant   

 

 
Age 

 
Plant growth 
regulators 

 

% of 
regeneration 

 
Reference 

 
Var. Rai-5 

 
Cotyledon 

 
8 days old 

 
NAA (5.7 µM) and 

BA (3.96 µM) 

 
66 % 

 
George et al. 

(1980) 

 
CPI 96852 

(China) 
CPI 81793 

(India) 

 
 

Cotyledon 

 
 

8 days old 

 
 

NAA (5.7 µM) and 
BA (3.96 µM) 

 
 

12 % 
(China) 

55 % (India) 

 
 

Fazekas et al. 
(1986) 

 
Cv. RH 36 

 
Cotyledon 

 
6 days old 

IAA (5.7 µM) and 
BA (8.8 µM) 

 
66 % 

Narasimhulu 
and Chopra 

(1988) 

Cv. RLK-81-1 Cotyledon 5 days old BA (5 µM) 80 % Sharma et al. 
(1990) 

 
Var. tsatsai 

 
Cotyledon 

 
6 days old 

TDZ (4.54 µM) and 
NAA (5.37 µM) 

 

 
67.9 % 

Guo et al. 
(2005) 

Cv. BARI 
sarisha-10 

 
Cotyledon 

 
4 days old 

NAA (5.7 µM), BA 
(3.96 µM) and 

AgNO3 (11.77 µM) 
 

 
86.67 % 

Bhuiyan et al. 
(2009) 

 
BINA Sarisha -

4 

 
Cotyledon 

 
4 days old 

NAA (3.75 µM), BA 
(3.96 µM) and 
AgNO3 (11.77 µM) 
 

 
33.33 % 

Biswas et al. 
(2017) 

Indian mustard Cotyledon 4 days old NAA (0.57 µM), BA 
(3.96 µM)  

 

63 % Kashyap et al. 
(2019) 

 
Var. NRCDR-2 

Cotyledonary 
petiole 

5 days old NAA (0.57 µM), BA 
(3.96 µM) and 

AgNO3 (58.8 µM) 
 

 
93.34 % 

Thakur et al. 
(2013) 

Var. NRCHB-
10 

Cotyledonary 
petiole 

5 days old NAA (1.14 µM) and 
BA (7.92 µM) 

 

56.5 % Tiwari et al. 
(2019) 

 
Cv. RLM 198 

 
Hypocotyl 

 
5 days old 

NAA (5.7 µM), BA 
(3.96 µM) and 

AgNO3 (20 µM) 
 

 
72.6 % 

Pental et al. 
(1993) 

Var. Pusa 
Jaikisan 

Hypocotyl 10 days 
old 

NAA (3.75 µM) and 
BA (7.92 µM) 

 

33.3% Trivedi and 
Dubey, (2014) 

RSPR 03 and 
RSPR 01 

Hypocotyl 10 to 20 
days old 

2,4-D (0.9 µM) and 
BA (7.92 µM) 

 

60-70% Lone et al. 
(2017) 

Pusa bold Peduncle - NAA (5.7 µM), BA 
(3.96 µM) and 

AgNO3 (30 µM) 

81 % Eapen and 
George, 
(1997) 
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The tremendous progress in molecular biology provides different approaches for plant genetic 

engineering to develop transgenic B. juncea plants with improved breeding traits. In the last 

decades, several studies dealing with the introduction of various new traits in B. juncea were 

reported. With regard to the improvement of the nutritional aspect of B. juncea, Augustine et 

al. (2013) applied RNAi-based target suppression of BjMYB28 gene to develop low 

glucosinolate B. juncea lines resulting in the significant improvement of the seed meal quality 

whereas hairpin-RNA was used by Sinha et al. (2007) to silence the fatty acid elongase gene, 

which reduced the production of erucic acid in B. juncea. Moreover, Yusuf and Sarin (2007) 

through genetic engineering methods successfully overexpressed the γ -tocopherol methyl 

transferase (γ-TMT) gene to increase the vitamin E (α-tocopherol) level in the seeds of B. 

juncea. Das et al. (2006) and Kanrar et al. (2006) reported successful modification of the oil 

composition leading to the production of gamma-linolenic acid in B. juncea. Concerning biotic 

and abiotic stresses, Østergaard et al. (2006) developed transgenic B. juncea plants with pod 

shatter-resistance through the ectopic expression of the FRUITFULL gene, whereas salt 

tolerant and herbicide tolerant transgenic B. juncea were developed, respectively by Prasad 

et al. (2000) and Bisht et al. (2004). Furthermore, the development of insect resistant 

transgenic B. juncea (Dutta et al., 2005; Cao et al., 2008; Rani et al., 2017) and heavy metal 

tolerant transgenic B. juncea (Zhu et al., 1999; Pilon-Smits, 2005; Gasic and Korban, 2007; 

Bhuiyan et al., 2011) were as well reported.  

1.5 Objectives of the thesis 

This thesis aimed at identifying the major factors affecting the in vitro regeneration and genetic 

transformation for peanut and mustard in order to establish and improve protocols. These 

protocols are essential for the reduction or removal of the allergenic epitopes of the allergens  

Ara h 1 and Bra J I through genome editing using CRISPR/Cas9. This endeavor was split into 

two main goals: identifying the different factors involved in the establishment of an efficient In 

vitro regeneration system via adventitious shoot formation of peanut and mustard (Chapters 2 

and 4), which is a prerequisite for developing Agrobacterium tumefaciens-based gene transfer 

systems for mustard (Chapter 3).  
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First of all, we aimed at selecting in vitro lines of both plant with a high regeneration response. 

A total of nine B. juncea lines (6 European lines and 3 Indian lines) and four A. hypogaea lines 

were investigated. Based on the literature, factors such as the explant type, the age of 

explants, the plant growth regulators (PGRs) and the culture condition, were examined. Shoot 

regeneration efficiencies were calculated based on the mean number of explants regenerating 

adventitious shoots and the mean number of shoots per regenerating explant. The results of 

these experiments are summarized in chapters 2 and 4. 

Then, two responsive out of the nine B. juncea lines (1 European line and 1 Indian line) and 

the four A. hypogaea lines were selected for Agrobacterium tumefaciens-mediated 

transformation. Thereby, it was intended to use the gene editing technology CRISPR/Cas9 to 

remove the major allergens Ara h 1 and Bra J I, respectively, from A. hypogaea and B. juncea. 

From these experiments, only transgenic B. juncea plants showing partial or total removal of 

the allergen Bra j I from both selected lines were obtained. These results are described in the 

publication entitled “Removing the major allergen Bra j I from brown mustard (Brassica juncea) 

by CRISPR/Cas9” (Assou et al., 2021, chapter 3). 

The deletion of the allergen Bra J I, the most abundant seed storage protein in mustard, 

prompted us to investigate the embryonic development of seeds from these transgenic 

mustard plants (T1 and T2 generations) and compared them to the wild-type plants to detect 

any abnormalities in seed development caused by the mutation (genetic transformation). 

Therefore, ovules were taken at different time points after pollination and prepared for DIC 

microscopy to scrutinize any developmental abnormality. The results of this experiment are 

summarized in the general discussion. 
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Abstract 

Besides being an important oilseed crop, Brassica juncea is used as leafy vegetable, spice 

and biofumigation crop. To use novel breeding techniques such as genome editing, an 

efficient, reproducible regeneration protocol is beneficial. For B. juncea, adventitious shoot 

regeneration had been described previously, but mainly using lines of the Indian and Chinese 

gene pool. In this study, we aimed at establishing and improving an adventitious shoot 

regeneration protocol for current B. juncea cultivars and breeding lines from the European 

gene pool (‘Terraplus’, ‘Terratop’, ‘Terrafit’, ‘Energy’, SFB18/1 and SFB22/15) and compared 

their response to gene bank accessions originating from India. Cotyledon and hypocotyl 

explants of five days-old seedlings were cultured on Murashige and Skoog medium 

supplemented with different concentrations BAP, IBA and NAA with or without 9.95 μM AgNO3. 

When the cotyledon and hypocotyl explants were cultured on media supplemented only with 

BAP and IBA, the regeneration rate was below 50% and 5% respectively. The highest shoot 

regeneration rates of 58-72% and 65-90% for the European and Indian lines, respectively, as 

well as the highest shoot number of 2.7 and 3.0 per regenerating explant were obtained on a 

medium containing 8.88 µM BAP, 5.37 µM NAA and 9.95 μM AgNO3. Shoot regeneration rate 

was severely affected in all lines by ethylene production resulting from the addition of the 

ethylene precursor 1-aminocyclopropane-1-carboxylic acid to the medium. Also, AgNO3 

caused an increased ethylene production measured after ten days of culture, but it had a 

significant positive effect on shoot regeneration indicating a negative effect of ethylene on early 

events in organogenesis. 

 

Keywords: Brassicaceae, brown mustard, ethylene, organogenesis, plant growth regulators, 

silver nitrate (AgNO3).  
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1 Introduction 

The genus Brassica, belonging to the angiosperm family Brassicaceae and counting 37 

species, contains some of the most important oilseed crops worldwide, among them, Brassica 

juncea L. (Gomez-Campo, 1980, Sharma et al., 2012). B. juncea is an annual, self-pollinated 

plant and an amphidiploid (AABB, 2n=36), derived from the hybridization between two diploid 

progenitors Brassica rapa (AA genome, 2n = 20) and Brassica nigra (BB genome, 2n = 16) 

(Yang et al., 2016). The center of origin is supposed to be central Asia and wild forms of B. 

juncea were reported to occur in the Near East and in southern Iran (Rakow, 2004).  

Besides the use as oilseed crop, the four subspecies of B. juncea offer a rich diversity in 

morphology as well as quality characteristics and are used as leafy vegetable in Asia (ssp. 

integrifolia), oilseed and fodder (ssp. juncea), root-tuber vegetable (ssp. napiformis), and leafy 

vegetable (ssp. taisai) (Spect and Diederichsen, 2001). In North America and Europe, B. 

juncea is cultivated for the seed and for producing mustard as a condiment, while, in the Indian 

subcontinent it is grown for the seed oil, and in the Far East as a vegetable (Vaughan, 1977). 

Furthermore, it is a valuable component in biodiesel owing to its high content of erucic acid 

(Premi et al., 2013). In addition, glucosinolate-rich B. juncea highly contribute to biofumigation 

effects and can be used to mitigate the effects of soilborne pathogens and replant diseases 

(Mattner et al., 2008; Yim et al., 2016; Hanschen and Winkelmann, 2020).  

The seed of B. juncea is rich in fatty acids and represents an excellent reservoir for natural 

antioxidants and vitamin E (Kaur et al., 2019). Nevertheless, its high glucosinolate content and 

the fatty acid composition represent a health issue for consumption (Saikia et al., 2018; 

Yashpal et al., 2020). In the Indian B. juncea lines, 3-butenyl glucosinolate is the dominant 

glucosinolate, whereas, the Chinese B. juncea seed contains high concentrations of 2-propeny 

(allyl) glucosinolate (Rakow, 2004). Lines of both origins are also characterized by a high erucic 

acid content (40 to 45 % for the Indian and 30 to 35 % for the Chinese forms, respectively) 

(Rakow, 2004). In Canada, breeding addressed these health issues and resulted in improved 

oilseed B. juncea without erucic acid and a fatty acid composition very similar to that of B. 
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napus (canola). In addition, the seed meal has only minor concentration of allyl glucosinolate 

(<3 μmol g-1 seed) and a low total glucosinolate content (Rakow, 2004). 

A third health issue if it comes to human consumption, is the allergenic potential of mustard. 

In order to develop low-allergenic genotypes, Assou et al. (2021) used CRISPR/Cas9 to 

remove a seed storage protein, Bra J I from B. juncea. Although the above-mentioned breeding 

approaches represent significant progress toward the development of safer food crop, further 

breeding is needed to develop cultivars with high yields, tolerance to abiotic and biotic 

stressors and high nutritional value for being utilized as food and feed (Thakur et al., 2020). 

Therefore, breeding methods that specifically target genes underlying important traits are of 

importance. Since the genome sequence of B. juncea is available (Yang et al., 2016), future 

breeding will also benefit from the outstanding potential of genome editing which has already 

been employed in first studies Assou et al. (2021). 

To exploit the potential of biotechnology in B. juncea, an efficient and reproducible tissue 

culture system is crucial, which is a prerequisite for the majority of approaches aiming at 

genetic transformation and gene editing. For some species of the Brassicaceae, such as 

Arabidopsis thaliana (Clough and Bent 1998) and Brassica napus and B. carinata (Verma et 

al. 2008), the floral dip approach was successful and efficient and replaced the tissue culture-

based transformation methods. However, despite intense efforts to use floral dip for other plant 

species, the number of crops amenable to this simple protocol is still very limited.  

Adventitious shoots can be induced from different plant tissues and organogenesis is 

commonly used as regeneration system in Agrobacterium tumefaciens-mediated 

transformation. In B. juncea, adventitious shoots were regenerated from different explant types 

often prepared from seedlings, namely cotyledons (George and Rao, 1980; Fazekas et al., 

1986; Narasimhulu and Chopra, 1988; Sharma et al., 1990; Dutta et al., 2005; Guo et al., 2005; 

Das et al., 2006; Bhuiyan et al., 2009a; Rani et al., 2017; Kashyap and Tharannum, 2019; 

Naeem et al., 2020; Shyam et al., 2021), cotyledonary petioles (Thakur et al., 2013; Tiwari et 

al., 2019), hypocotyls (Pental et al., 1993; Pua and Chi, 1993; Guo et al., 2005; Nehnevajova 
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et al., 2007; Trivedi and Dubey, 2014; Lone et al., 2017; Goswami et al. 2018), leaves (Eapen 

and George, 1996; Dutta et al., 2008), peduncle segments (Eapen and George, 1997) and 

transverse thin cell layers (Bhuiyan et al., 2009b). Pronounced genotypic differences for both 

the percentage of regenerating explants and the number of shoots formed per explant, as well 

as a considerable variation in the shoot regeneration frequency of the different types of 

explants were observed in most of these studies. Interestingly, adventitious shoot regeneration 

of Indian B. juncea lines was described to be generally higher than of European/Chinese lines 

(Fazekas et al., 1986). The Indian lines of B. juncea used by Fazekas et al. (1986) had lower 

oil contents, higher erucic acid and glucosinolate contents and a brown testa, whereas the 

European and Chinese lines were characterized by a high oil content, a low glucosinolate 

content and a yellow testa. As introduced before, also the composition of the types of 

glucosinolates of both groups differ (Rakow, 2004).  

The gaseous plant hormone ethylene, which is produced by plant tissues grown in vitro and 

accumulates in the sealed containers, inhibits cell differentiation and also influences plant 

growth and development (Biddington, 1992; Pua and Chi, 1993). The ethylene biosynthesis is 

up-regulated after wounding which is inevitable during explant preparation and results in poor 

regeneration potential of a variety of plant species (Wang et al., 2002). Blocking the ethylene 

action, for example by inhibiting the perception by silver nitrate (AgNO3) has been reported to 

positively affect organogenesis in Indian lines of B. juncea (Pua and Chi, 1993; Bhuiyan et al., 

2009a).  

In this study, we report the establishment of an efficient plant regeneration system in Brassica 

juncea (L.) employing lines of different geographic origins with a focus on the presumably more 

recalcitrant European lines, through direct organogenesis using cotyledon explants. Therefore, 

several factors namely the line, plant growth regulators (PGRs), the explant type as well as the 

use of the ethylene action inhibitor AgNO3 in the regeneration medium were investigated. 

Finally, the negative effects of ethylene during early stages of adventitious shoot regeneration 

were demonstrated. 
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2 Materials and methods 

2.1 Plant materials 

Seeds of eight brown mustard (Brassica juncea L.) lines were used in the experiments. Six 

European cultivars and breeding lines (‘Terraplus’, ‘Terratop’, ‘Terrafit’, ‘Energy’, SFB18/1 and 

SFB22/15), were kindly provided by the breeder P.H. Petersen Saatzucht Lundsgaard GmbH, 

Grundhof, Germany. Two Indian lines of Brassica juncea (L.) Czern. with the accession 

numbers CR2649 and CR2664 were obtained from the gene bank of the IPK Gatersleben, 

Germany. 

The seeds were surface-disinfected by submerging in 1% NaOCl solution with about 0.1% 

Tween 20 followed by continuous agitation for 5 min, and washed three times with sterile 

deionized water under aseptic conditions. The treated seeds were then germinated for five 

days at 24°C in darkness in 150 mL glasses (ten seeds per vessel), each containing 25 mL 

germination medium. The germination medium was plant growth regulator-free, consisted of 

half-strength Murashige and Skoog MS (Murashige and Skoog, 1962) salts and full-strength 

MS vitamins with 3% (w/v) sucrose, 0.2% (w/v) glucose and was solidified with 0.4% (w/v) 

gelrite (Duchefa, Haarlem, The Netherlands) (pH adjusted before autoclaving: 5.5-5.6).  

2.2 Explant preparation and culture conditions 

Explants were gained from the five days old seedlings: the cotyledons were excised and 

vertically divided into two halves and 5 mm hypocotyl segments were prepared. Care was 

taken to remove the apical shoot meristems in order to ensure true organogenesis. 

The hypocotyl segments were placed horizontally on the surface of the medium, while the 

cotyledon explants were cultivated with their abaxial side in contact with the medium. Explants 

were incubated in Petri dishes (90*15 mm) at 24 ± 1°C with a 16 h photoperiod at a photon 

flux density (PPFD-PAR) of 35-40 µmol m-² s-1 provided by two tubular fluorescent lamps 

(Philips MASTER TL-D 58W/865) for four weeks. Five days after culture induction, cotyledon 

explants which had lost contact with the medium due to bending were correctly placed on the 

medium again. 
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2.3 Culture media for induction of adventitious shoots 

For induction of adventitious shoot formation full-strength MS medium with 3% (w/v) sucrose 

and 0.8% (w/v) Plant agar (Duchefa, Haarlem, The Netherlands) was used, supplemented with 

different combinations and concentrations of plant growth regulators, namely the cytokinin 6-

benzylaminopurine (BAP: 2.22 µM, 4.44 µM, 8.88 µM and 17.76 µM) and the auxins indole-3-

butyric acid (IBA: 0.49 µM and 4.92 µM) and naphthalene acetic acid (NAA: 5.37 µM) and the 

ethylene receptor blocker silver nitrate (AgNO3: 9.95 µM) (Table 1). 

Table 1. Plant growth regulator combinations tested for adventitious shoot regeneration from 
cotyledon and hypocotyl explants of the different lines of Brassica juncea. BAP: 6-
benzylaminopurine, NAA: 1-naphthalene acetic acid, IBA: indole-3-butyric acid, AgNO3: silver 
nitrate. SIM: shoot induction medium 

 Plant growth regulator concentration (μM) 

Medium BAP NAA IBA AgNO3 ACC Used in 
experiment 

SIM 1 2.22  0.49   1 

SIM 2 4.44     1 

SIM 3 8.88  0.49   1 

SIM 4 17.76  4.92   1,2 

SIM 5 8.88 5.37  9.95  2,3 

SIM 6 8.88  0.49 9.95  2 

Control 8.88 5.37    3 

ACC 8.88 5.37   500 3 

 

To investigate the effect of ethylene on adventitious shoot formation, five days old cotyledon 

explants were cultured on the optimum regeneration medium SIM 5 without AgNO3 

supplemented with the ethylene precursor ACC (1-aminocyclopropane-1-carboxylic acid at 

500 µM) and the ethylene action inhibitor AgNO3 at 9.95 µM. 
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For the media preparation, all constituents except AgNO3 and ACC were mixed and adjusted 

to a pH value of 5.8 before autoclaving for 20 min at 1 bar and 121°C. The AgNO3 and ACC 

were filter-sterilized (0.22 µm) and added to the medium after autoclaving.  

2.4 Experimental set up 

Experiment 1: Effects of plant growth regulators and lines 

To compare shoot regeneration of the eight brown mustard lines, different combinations of 

BAP and auxins at different concentrations were tested. In four repetitions of this experiment 

with three Petri dishes and five explants per Petri dish, a total of 60 hypocotyl and 60 cotyledon 

explants were cultured on the four media SIM 1, SIM 2, SIM 3 and SIM 4 (Table 1).  

Experiment 2: Testing lower BAP concentrations and silver nitrate 

To limit the risk of somaclonal variation, in this experiment the concentration of BAP was 

reduced. Additionally, the promoting effect of the ethylene action inhibitor (AgNO3) on the shoot 

regeneration that has been documented in literature was tested for the five most responsive 

brown mustard lines (three European and two Indian). Again, this experiment was carried out 

four times with three Petri dishes containing the most suitable explant type for shoot induction 

(five cotyledon explants each). Based on the report of Pua and Chi (1993), three different 

medium which were developed for Indian mustard were compared (SIM 4, a medium without 

AgNO3, and two media supplemented with AgNO3, SIM 5 and SIM 6. (Table 1)). 

Experiment 3: Effect of ethylene on adventitious regeneration 

For this experiment, three media (control: 8.88 µM BAP + 5.37 µM NAA, ACC: 8.88 µM BAP 

+ 5.37 µM NAA + 500 µM ACC and AgNO3 (SIM 5): 8.88 µM BAP + 5.37 µM NAA + 9.95 µM 

AgNO3) and a total of 59 cotyledon explants obtained from the four most responsive European 

brown mustard lines were used per variant. In order to measure ethylene concentrations in the 

headspace, three Petri dishes with eight cotyledon explants each (resulting in 24 cotyledon 

explants per medium variant and line) were prepared, and ethylene was measured after two 

and ten days as described below. In addition, for evaluating adventitious shoot regeneration, 

35 cotyledon explants per variant (seven Petri dishes with five cotyledon explants each) were 



Chapter 2: Optimization of in vitro adventitious shoot regeneration in Brassica juncea L. of 
different origins for application in genetic transformation and genome editing 

22 
 

prepared. Thus overall, 59 explants were observed per medium variant and line in this 

experiment which was performed once. 

2.5 Evaluation of adventitious shoot regeneration 

All cultures were monitored weekly for contaminations and contaminated Petri dishes or 

explants were discarded. The numbers of evaluated, non-contaminated explants and Petri 

dishes are given in Supplemental Tables 1, 2 and 3 for experiments 1, 2 and 3, respectively. 

After two and four weeks, explants were evaluated for adventitious shoot formation (yes/no) 

and adventitious shoot formation [%] was calculated per Petri dish (= replicate) by dividing the 

number of explants with adventitious shoots by the total number of explants in the Petri dish. 

Additionally, after four weeks, the number of regenerating shoots for every shoot forming 

explant was recorded. The mean number of adventitious shoots was based on the number of 

shoots forming explants (=replicate number). 

2.6 Ethylene measurement 

The Petri dishes, from which headspace samples were taken for the ethylene measurements 

were prepared as follows: in the lid of each Petri dish, a septum was prepared under aseptic 

conditions and covered with an adhesive tape on which the exact position of the hole was 

marked and sealed with silicon lined membrane cap to ensure it was airtight. After two and ten 

days, ethylene was measured. 

All collected headspace samples, and ethylene standards of 10 and 100 ppm were prepared 

in triplicate as well as ambient air controls. Standard blanks and samples taken directly from 

the Petri dishes (500 µL gas sample) through the self-prepared septum with a hypodermic 

syringe were analyzed in less than 24 h. The samples analysis was performed with a gas 

chromatography (8860 GC system, Agilent, USA) equipped with a Porapak Q (Agilent part no. 

G3591-81013) packed column and coupled to a flame ionization detector (FID). Helium was 

used as the carrier gas and the flow rate was maintained constant at 19.8 mL min-1. The 

injector, the oven and the detector were maintained at a temperature of 100°C, 60°C, and 

275°C, respectively. The total analysis time was seven min per sample. The ethylene 
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quantification was performed at the Institute of Horticultural Production Systems in the 

department of Fruit Science at Leibniz Universität of Hannover. 

2.7 Statistics 

Statistical analysis was conducted using the R program (R Core Team, 2021). Raw data was 

prepared for statistical analysis by using the packages tidyverse (Wickham et al., 2019) and 

dplyr (Wickham et al., 2021). Numbers of regenerating explants (I) and numbers of shoots per 

regenerating explant (II) were analyzed as count data in generalized linear models (glm). 

Deviance analysis was conducted under the assumption of a binomial distribution (I) or a quasi-

poisson distribution (II) of data, respectively. Within the glm, the factors line, medium and 

repetition were specified. For (I) all the factor´s interactions and for (II) only the interaction 

between factors line and medium were included in the model. Ethylene concentrations were 

analyzed as logarithmic transformed data (log(x)) within linear models separately for the 

timepoints of measurement (two and ten days). Factors line and medium and their interaction 

were set within the models. Quantile-quantile plots were created to check normal distribution 

of residuals. Analysis of variance (ANOVA) was conducted to check significance of the factors 

and/or their interaction. For count data as well for metric data pairwise comparisons after Tukey 

were conducted using the package emmeans (Lenth, 2022). The boxplot for ethylene 

concentrations was generated using the package ggplot2 (Wickham, 2016).  

3 Results 

Experiment 1: Optimization of plant growth regulators for adventitious shoot 

regeneration in different B. juncea lines. 

The first experiment aimed at identifying the explant type and plant growth regulator 

combination that are most suited for the adventitious shoot regeneration of the eight brown 

mustard lines of B. juncea. Therefore, different combinations of the plant growth regulators 

BAP and IBA were compared using hypocotyl and cotyledon explants of five-days old, dark-

grown seedlings (Table 1, Fig. S1). Three to four days after culture initiation, the explants had 

swollen, followed by callus formation after six to seven days, and within ten to fourteen days 
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the shoot bud initiation started. The adventitious shoot regeneration was markedly influenced 

by all three factors, the explant type, the line and the plant growth regulator combination. 

Considering the explant type, a clear differentiation was possible, because shoot regeneration 

was observed on cotyledon explants, while hypocotyl explants produced almost no shoots, but 

callus and roots (Supplemental Fig. S2). In the very rare cases and independent of the medium 

used, (28 hypocotyl explants formed shoots out of 691 hypocotyl explants in all line x medium 

combinations), where shoot formation was observed from hypocotyls, these single shoots 

developed very fast suggesting their origin to be the apical meristem of the seedling. In 

contrast, the cotyledon explants of all lines, increased in size, started to form callus after one 

week and subsequently shoot buds. Media containing 4.44 µM or 8.88 µM BAP resulted in root 

formation (recognized by pronounced root hairs) after 4 weeks (Supplemental Fig. S3). 

Adventitious shoots were observed about ten to fourteen days after culture initiation. It was 

important that the proximal side of the cotyledon explants was in good contact with culture 

medium. 

From the four plant growth regulator combinations tested, the combination used in medium 

SIM 4 (17.76 µM BAP and 4.92 µM IBA) resulted in the highest shoot regeneration frequencies 

for seven of the eight lines as indicated by the grey cells in Table 2, with maximal values of 

47.3% and 46.0%, respectively, for the European line ‘Terratop’ and the Indian line CR2664.  
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Table 2. Effect of plant growth regulators on adventitious shoot regeneration from cotyledon 
explants of eight lines of Brassica juncea (six European lines: ‘Terraplus’, ‘Terratop’, ‘Terrafit’, 
‘Energy’, SFB18/1 and SFB22/15 and two Indian lines: CR2649 and CR2664) (Experiment 1). 
MS salts and vitamins were used in all media and explants were cultivated for 4 weeks on the different 
media. SIM 1: 2.22 µM BAP + 0.49 µM IBA, SIM 2: 4.44 µM BAP + 0.49 µM IBA, SIM 3: 8.88 µM BAP 
+ 0.49 µM IBA, SIM 4: 17.76 µM BAP + 4.92 µM IBA. The replicate numbers are specified in 
Supplemental Table S1). 

 

                    
 
 

 
Line 

 

 
Shoot regeneration (%) 

 

 
Mean number of shoots per regenerating explant 

 
SIM 1 

 
SIM 2 

 
SIM 3 

 
SIM 4 

 
SIM 1 

 
SIM 2 

 
SIM 3 

 
SIM 4 

 
‘Terraplus’ 

 
13±10  

A ab* 

 
27±21 

   A a 

 
18±20 

A ab 

 
30±21 

A a 

 
1.4±0.5 

A ab 

 
1.7±0.3 

A a 

 
1.3±0.3 

A a 

 
1.6±0.2 

A ab 

 
‘Terratop’ 

 
31±14 

A b 

 
45±27 

A a 

 
25±18 

A b 

 
47±31 

A a 

 
1.4±0.2 

A ab 

 
1.4±0.1 

A a 

 
1.3±0.4 

A a 

 
2.0±0.4 

B ab 

 
‘Terrafit’ 

 
20±9 

A ab 

 
31±26 

A a 

 
20±21 

A ab 

 
35±27 

A a 

 
1.4±0.1 

AB ab 

 
1.1±0.2 

A a 

 
1.3±0.2 

AB a 

 
1.8±0.4 

B ab 

 
‘Energy’ 

 
42±23 

B b 

 
22±20 

AB a 

 
20±28 

A a 

 
42±17 

B a 

 
1.5±0.2 

A ab 

 
1.3±0.2 

A a 

 
1.4±0.4 

A a 

 
1.6±0.3 

A ab 

 
SFB18/1 

 
14±15 

A a 

 
21±15 

B a 

 
16±15 

AB ab 

 
30±23 

B a 

 
1.0±0 

A a 

 
1.5±0.3 

AB a 

 
1.1±0.2 

A a 

 
2.1±0.7 

B b 

 
SFB22/15 

 
22±11 

A ab 

 
24±17 

A a 

 
36±36 

A b 

 
35±18 

A a 

 
1.4±0.3 

A ab 

 
1.3±0.2 

A a 

 
1.4±0.1 

A a 

 
1.4±0.2 

A a 

 
CR2649 

 
38±17 

A b 

 
35±23 

A a 

 
27±16 

A b 

 
40±16 

A a 

 
1.9±0.5 

B b 

 
1.6±0.2 

AB a 

 
1.3±0.3 

A a 

 
1.5±0.2 

AB ab 

 
CR2664 

 
30±14 

A b 

 
38±30 

A a 

 
40±27 

A b 

 
46±19 

A a 

 
1.9±0.3 

A b 

 
1.6±0.1 

A a 

 
1.7±0.2 

A a 

 
1.8±0.1 

A ab 

  
Deviance analysis 
 

 
Deviance analysis 

Factor                                     P             
           

Factor                                       p 

Repetition                               0.0667 
 

Repetition                                 0.1976 

Medium                                  0.0002 *** 
 

Medium                                     9.0 e-05*** 

Line                                        4.2 e-05*** 
 

Line                                            0.0426 * 

Repetition x Medium              0.8843 
 

Medium x Line                            0.0065 ** 

Repetition x Line                    0.6134 
 

 

Medium x Line                        0.4893 
 

 

Repetition x Medium x  
Line                                         0.002774 ** 
 

 

*Capital letters indicate comparisons among media within one line, whereas small letters indicate comparisons among lines within 
one medium. Values sharing the same letter did not differ significantly (Tukey-test P<0.05). The maximal values for each medium 
are indicated by bold letters, the maximal values for each line are highlighted by grey cells. 
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Regeneration rates of 40-45% were reached, but only for single lines on medium SIM 1 (2.22 

µM BAP and 0.49 µM IBA), SIM 2 (4.44 µM BAP and 0.49 µM IBA) and SIM 3 (8.88 µM BAP 

+ 0.49 µM IBA), whereas in other lines significantly less explants formed shoots. Due to high 

standard deviations, the different reactions of the lines were often not significant within one 

medium. Overall, the highest shoot regeneration rates were observed for lines ‘Terratop’ and 

CR2664. 

Regarding the mean number of shoots per regenerating explant, again the medium SIM 4 

presented the highest shoot numbers per regenerating explant of 2.1 and 2 shoots for the 

European lines SFB18/1 and ‘Terratop’, respectively, while on medium SIM 1, the highest 

number of 1.9 shoots was observed for both Indian lines CR2649 and CR2664. 

Experiment 2: Testing lower BAP concentrations and silver nitrate 

Since the overall shoot regeneration rate in experiment 1 of less than 50% and the number of 

shoots obtained per explant were rather low, further optimization was pursued in experiment 2 

in which the concentration of BAP was significantly reduced in order to preserve the identity of 

the regenerated shoots. Moreover, based on the publication of Pua and Chi, (1993) the effect 

of AgNO3 on the adventitious shoot regeneration was as well tested. Thus, three media: SIM 

4 (best medium from experiment 1), SIM 5 and SIM 6 (both containing AgNO3) (Table 1) were 

tested using cotyledon explants of five brown mustard lines (three European lines: ‘Terratop’, 

‘Energy’ and SFB22/15 and two Indian lines: CR2649 and CR2664) (Table 3).  
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Table 3. Effects of different plant growth regulator combinations and silver nitrate (AgNO3) on 
adventitious shoot regeneration from cotyledon explants of five lines of Brassica juncea (three 
European lines: ‘Terratop’, ‘Energy’ and SFB22/15 and two Indian lines: CR2649 and CR2664) 
(Experiment 2). MS salts and vitamins were used in all media and explants were cultivated for 4 weeks 
on the different media. SIM 4: 17.76 µM BAP + 4.92 µM IBA, SIM 5: 8.88 µM BAP + 5.37 µM NAA+ 9.95 
µM AgNO3, SIM 6: 8.8 µM BAP + 0.49 µM IBA+ 9.95 µM AgNO3. The replicate numbers are specified 
in Supplemental Table S2. 

 Shoot regeneration (%) Mean number of shoots per regenerating 
explant 

 
Line 

 
SIM 4 

 
SIM 5 

 
SIM 6 

 
SIM 4 

 
SIM 5 

 
SIM 6 

 
‘Terratop’ 

 
38±17 

A ab* 

 
72±18 

B a 

 
65±23 

B ab 

 
2.4±0.1 

B b 

 
2.5±0.6 

B ab 

 
1.7±0.1 

A a 
 

‘Energy’ 
 

29±14 

A a 

 
58±25 

B a 

 
40±23 

AB a 

 
2.0±0.4 

AB ab 

 
2.2±0.1 

B a 

 
1.7±0.2 

A ab 
 

SFB22/15 
 

37±25 

A a 

 
70±22 

B a 

 
40±25 

A ab 

 
1.8±0.4 

A ab 

 
2.7±0.3 

B ab 

 
2.0±0.3 

A abc 
 

CR2649 
 

49±23 

A ab 

 
65±27 

A a 

 
65±18 

A ab 

 
1.8±0.3 

A a 

 
2.3±0.4 

B a 

 
2.1±0.2 

B c 
 

CR2664 
 

65±17 

A b 

 
90±10 

A a 

 
65±20 

A b 

 
1.8±0.1 

A ab 

 
3.0±0.2 

B b 

 
2.2±0.2 

A bc 
  

Deviance analysis 
 

 
Deviance analysis 

Factor                         p 
 

Factor                         p 

Repetition                   0.578 
 

Repetition                   0.4068 

Medium                      1.282 e-10 *** 
 

Medium                       3.165 e-12 *** 

Line                            1.34 e-8 *** 
 

Line                             0.00635 ** 

Repetition x   
Medium                       0.5811 
 

Medium x Line             7.82 e-05 *** 

Medium x Line            0.0162 * 
 

 

Repetition x         
Medium x Line             0.8372 
 

  

*Capital letters indicate comparisons among media within one line, whereas small letters indicate comparisons among lines within 
one medium. Values sharing the same letter did not differ significantly (Tukey-test P<0.05). The maximal values for each medium 
are indicated by bold letters, the maximal values for each line are highlighted by grey cells. 
 

The frequency of shoot regeneration and the number of shoots per regenerating explant were 

significantly enhanced when explants were cultured on the media SIM 5 and SIM 6 (Table 3, 

Figure 1). Medium SIM 5 resulted in the highest regeneration rates for all lines with the 

maximum of 90% of explants forming shoots in line CR2664. Not only the percentage of 
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regenerating explants, but also the number of shoots formed per explant were improved for all 

lines. On the superior medium SIM 5; 2.2 to 3 shoots per shoot forming explant were recorded.  

 ‘Terratop’ ‘Terraplus’ ‘Energy’ CR2664 

 
 
 

SIM 2 

 

 

 

 

 

 

 

 

 
 
 

 
SIM 3 

 

 

 

 

 

 

 

 

 
 
 
 

SIM 4 

 

 

 

 

 

 

 

 

 

Figure 1. Effect of plant growth regulators on adventitious shoot regeneration from cotyledon 
explants of four lines of Brassica juncea (three European lines: ‘Terratop’, ‘Terraplus’, ‘Energy’ 
and an Indian line CR2664). MS salts and vitamins were used in all media and explants were 
cultivated for 4 weeks on the different media SIM 2: 4.44 µM BAP + 0.49 µM IBA, SIM 3: 8.88 µM BAP 
+ 0.49 µM IBA and SIM 4: 17.76 µM BAP + 0.49µM IBA). Bar = 1 cm 
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Experiment 3: Effect of ethylene on adventitious regeneration 

The ethylene concentration in the headspace above the explants and the effect of ethylene on 

shoot regeneration were further investigated by the application of ACC, an immediate ethylene 

precursor and AgNO3. Ethylene production of the cotyledon explants of all lines was relatively 

low in the first two days after culture induction (Fig. 2).  
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Figure 2. Ethylene production after 2 and 10 days of culture by the cotyledon explants of four 
European lines of Brassica juncea (lines: ‘Terratop’, ‘Terraplus’, ‘Energy’ and SFB22/15) in 
response to the ethylene precursor ACC and the ethylene action inhibitor AgNO3. Control: 8.88 
µM BAP + 5.35 µM NAA, ACC: 8.88 µM BAP + 5.35 µM NAA + 500 µM ACC and AgNO3(SIM 5): 8.88 
µM BAP + 5.37 µM NAA + 9.95 µM AgNO3. For each treatment, 3 Petri dish replicates containing each 
8 explants were used and ethylene was measured after 2 and 10 days. Capital letters indicate 
comparisons among media within one line, whereas small letters indicate comparisons among lines 
within one medium. Values sharing the same letter did not differ significantly (Tukey-test P<0.05). 
 
 
Nevertheless, compared to the control, on the medium with ACC, slightly elevated ethylene 

concentrations of 0.60 nL L-1 and 0.40 nL L-1 were measured for ‘Terraplus’ and ‘Energy’, 

respectively. No significant differences in ethylene concentrations were recorded between the 

control and the AgNO3 (SIM 5) containing medium. An increase in ethylene production was 

observed 10 days after the culture initiation. Again, the highest ethylene production was found 

in the medium variant ACC and the lines ‘Terraplus’ and ‘Energy’ with 6.81 nL L-1 and 3.60 nL 

L-1. At this timepoint, also explants cultivated on AgNO3 (SIM 5) produced ethylene in 

considerable amounts, especially those of SFB22/15 and ‘Energy’ with 1.99 nL L-1 and 1.98 

nL L-1, respectively. The lowest ethylene production was observed for explants on control 

medium. When comparing the lines, ‘Terratop’ stood out due to a low ethylene production, 

even on ACC medium. 

Regarding the effect of ethylene on shoot regeneration, fourteen days after culture induction, 

most of the cotyledon explants of all four lines cultured on the medium variants ACC 

progressively turned yellow and the explant growth and adventitious shoot formation were 

clearly higher on AgNO3 containing medium (Supplemental Figure S4). The ACC containing 

medium led to the highest ethylene production and at the same time the lowest shoot 

regeneration rates between 1% and 9.8% (Table 4). The control variants showed shoot 

regeneration in 10.8% to 55.8%, whereas on medium with AgNO3 significantly higher 

regeneration rates ranging from 49.2% to 77.3% were observed. Among the lines, ‘Terratop’ 

and ‘Terraplus’ were superior in both, shoot regeneration rate and number of shoots formed 

(Table 4).  
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Table 4. Effect of ACC and AgNO3 on adventitious regeneration from cotyledon explants of 
four European lines of Brassica juncea (‘Terratop’, ‘Terraplus’, ‘Energy’ and SFB22/15) 
(Experiment 3). MS salts and vitamins were used in all media variants and explants were 
cultivated for 4 weeks on the different media. Control: 8.88 µM BAP + 5.37µM NAA, ACC: 8.88 µM 
BAP + 5.37µM NAA + 500 µM ACC, AgNO3 (SIM 5): 8.88 µM BAP + 5.37µM NAA + 9.95 µM AgNO3.The 
replicate numbers are specified in Supplemental Table S3. 
 

                         
 
 
 

Line 

Shoot regeneration (%) Mean number of shoots per regenerating 
explant 

 

 
Control 

 
ACC 

 
AgNO3 

 
Control 

 
ACC 

 
AgNO3 

 
‘Terratop’ 

 
56±22 

B b* 

 
5±9 

A a 

 
77±10 

C b 

 
1.4±0.5 

A a 

 
1.7±0.6 

AB a 

 
2.0±0.8 

B b 

 
‘Terraplus’ 

 
11±15 

B a 

 
1±4 

A a 

 
76±30 

C b 

 
1.4±0.4 

A a 

 
1.0±0 

A a 

 
2.0±0.7 

A ab 

 
‘Energy’ 

 
16±19 

A a 

 
10±14 

A a 

 
67±26 

B ab 

 
1.2±0.4 

A a 

 
1.2±0.4 

A a 

 
1.7±0.6 

A ab 

 
SFB22/15 

 
23±17 

B a 

 
7±10 

A a 

 
49±22 

C a 

 
1.2±0.6 

A a 

 
1.3±0.5 

A a 

 
1.6±0.6 

A a 

  
Deviance analysis     
                     

 
Deviance analysis 

Factor                                      p 
 

Factor                                p 

Medium                                   2.2 e-16 *** 
 

Medium                             2.218 e-07 *** 

Line                                         9.95 e-05 *** 
 

Line                                   0.005268 ** 

Medium x Line                        0.000303 *** 
 

Medium x Line                   0.9654 

*Capital letters indicate comparisons among variants within one line, whereas small letters indicate comparisons among lines 
within one variant. Values sharing the same letter did not differ significantly (Tukey-test P<0.05). The maximal values for each 
variant are indicated by bold letters, the maximal values for each line are highlighted by grey cells. 
 
 

While ACC resulted in chlorotic explants with only small amounts of callus and some 

adventitious roots, shoot regeneration and also shoot growth of all four European lines was 

greatly improved by the addition of AgNO3 (Figure 3). 
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 ‘Terratop’ ‘Terraplus’ ‘Energy’ SFB22/15 

 
 
 

Control 

 

 

 

 

 

 

 

 

 
 
 

 
ACC 

 

 

 

 

 

 

 

 

 
 
 

AgNO3 

 
 

 

 

 

 

 

 

 

 

                                                                                                                                                     
Figure 3. Effect of the ethylene precursor ACC and the ethylene action blocker AgNO3 on 
adventitious regeneration from cotyledon explants of four European lines of Brassica juncea 
(‘Terratop’, ‘Terraplus’, ‘Energy’ and SFB22/15). MS salts and vitamins were used in all media 

variants and explants were cultivated for 4 weeks on the different media. Control: 8.88 µM BAP + 5.37µM 
NAA, ACC: 8.88 µM BAP + 5.37µM NAA + 500 µM ACC, AgNO3 (SIM 5): 8.88 µM BAP + 5.37µM NAA 
+ 9.95 µM AgNO3. Bar = 1 cm. 

 

 

4 Discussion 

4.1 Effects of plant growth regulators, explant type and line 

In this study, the conditions for efficient adventitious shoot regeneration in different European 

B. juncea lines were studied. We focused on six European lines (‘Terraplus’, ‘Terratop’, 

‘Terrafit’, ‘Energy’, SFB18/1 and SFB22/15) obtained from a German breeder and mainly used 

as catch crop and two Indian lines (CR2649 and CR2664) from a gene bank. The first 

experiment showed firstly, that less than 5% of the hypocotyl explants formed shoots, which 
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may have originated from remaining apical meristem and therefore, were not considered to be 

true adventitious shoots. Also, George and Rao (1980) reported cotyledons to be more suitable 

explants for shoot regeneration of the Indian line B. juncea var. Rai-5 with a regeneration rate 

of 66% for cotyledon explants against 0% for hypocotyl explants cultured on medium 

supplemented with 4.44 µM BAP and 5.37 µM NAA. Since different explant types in Brassica 

responded differently to particular combinations of auxin and cytokinin (Lazzeri et al., 1986), 

for hypocotyls other plant growth regulator combinations could be tested in the future. Likewise, 

the adventitious shoot regeneration from hypocotyl explants could be markedly improved by 

replacing agar with 0.4% agarose (Pua, 1994). Nevertheless, due to their clearly better 

response, cotyledons were used in all our subsequent experiments and their response will be 

discussed in the following. 

The second outcome of the first experiment was that the regeneration rates of European and 

Indian lines were quite similar ranging between 30-47% for the European lines and 40-46% for 

the Indian lines for the best medium SIM 4 containing high concentrations of BAP (17.76 µM) 

and the IBA (4.92 µM) (Table 2). However, none of the tested combinations of BAP and IBA 

could induce a frequency of more than 50% shoot regeneration, and also, the number of shoots 

produced per explant was low. Fazekas et al. (1986) observed for cotyledon explants of 8 

Indian and 13 European lines cultured on medium containing 4.44 µM BAP and 5.37 µM NAA 

regeneration rates of 20% to 50% for the Indian lines against 0% to 12% for the European lines 

with an average of 2 shoots per regenerating explant. 

Besides a different requirement of exogenous plant growth regulators among lines, the 

variability and poor regeneration might be attributed to the presence of factors of the B. 

campestris genome (Narasimhulu and Chopra, 1988), because this parental species and 

donor of the A genome has a low regeneration ability. One factor contributing to poor in vitro 

regeneration responses of Brassica can be ethylene (Pua and Chi, 1993), and thus, we tested 

a medium (SIM 5) containing the ethylene receptor inhibitor AgNO3 for a selection of B. juncea 

lines in experiment 2. 
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4.2 Improved shoot regeneration in both Indian and European lines, on a medium 

containing silver nitrate 

The use of medium SIM 5 containing AgNO3 significantly enhanced the shoot regeneration of 

both, European and Indian lines of B. juncea (Table 3, Table 4). This significant improvement 

in the regeneration frequency of the different lines compared to the best medium of experiment 

1 did not only result from the use of AgNO3, but may also be partly due to the different 

combination of auxin and cytokinin. For all six lines tested, the combination of 8.88 µM BAP 

and 5.37 µM NAA and 9.95 µM AgNO3, in the medium SIM 5 resulted the highest regeneration 

frequencies (Table 3). This growth regulator combination was also recommended in previous 

studies involving other lines of B. juncea (Barfield and Pua, 1991; Pua and Chi, 1993; Pua et 

al., 1999; Bhuiyan et al., 2009a). 

The complementary action of AgNO3 and the plant growth regulator combination (BAP and 

NAA) used in SIM 5 was not only observed for the frequency of shoot regeneration which 

increased to 58-90%, but also for the number of regenerants per explant (2.2-3 shoots per 

regenerating explant on medium SIM 5, Table 3). Several reports attributed an improvement 

of the shoot regeneration frequency to the promotive effect of the ethylene physiological action 

inhibitor AgNO3 on shoot regeneration of variety of Brassica species. For instance, the 

recalcitrant parental species B. campestris (shoot regeneration frequency increased from 6.1% 

to 83.6% as well as the number of regenerants per explant from 3.2 to 11.4 shoots using 60 

µM AgNO3 (Palmer, 1992), but also B. oleracea (20 µM AgNO3 enhanced the shoot 

regeneration frequency from 30% to 90% (Pua et al., 1993). 

The positive effect of AgNO3, is due to the silver ion (Ag+) which blocks plant ethylene 

responses (Beyer, 1976) by binding to ethylene receptors of the subfamily I, mainly ETR1, and 

inhibiting their action (Binder, 2020). The fact that the application of the receptor inhibitor 

AgNO3 had a positive effect on shoot regeneration suggested that ethylene itself might have a 

negative effect on this process. To further investigate whether ethylene has an effect on 
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adventitious shoot formation in B. juncea, we carried out experiment 3, in which we applied the 

ethylene precursor ACC. 

4.3 Ethylene inhibited shoot regeneration 

Feeding the precursor ACC, indeed resulted in increased ethylene production by the cotyledon 

explants already after two days of culture, but more pronounced after ten days (Figure 2). This 

was the case for three of four European lines tested (‘Terraplus’, ‘Energy’ and SFB22/15), but 

not for ‘Terratop’. Pua and Chi (1993) measured the ethylene production of leaf explants of the 

Indian lines of B. juncea, fourteen days after culture induction ranging from (0.19 to 0.67 µL L-

1 h-1) resulting in poor regeneration frequencies (20%-30%). Since the Petri dishes used in our 

study were only sealed with Parafilm and therefore not tight enough to allow accurate 

determination of ethylene production rates as done in the study of Pua and Chi (1993), the 

ethylene levels cannot be compared to their data. The setup was only meant to compare 

among lines and treatments. Besides the strikingly different reaction of ‘Terratop’ the second 

important insight was gained from the comparison of the control variant and the AgNO3 variant. 

Cotyledon explants cultivated on AgNO3 containing medium produced higher amounts of 

ethylene after 10 days of culture than untreated control explants. This observation is in 

accordance with previous reports on the inhibition of the ethylene receptor triggering cells to 

produce ethylene (Theologis, 1992). 

Shoot regeneration was severely affected in all lines by the ethylene produced by the cotyledon 

explants cultured on ACC-containing medium. Furthermore, chlorosis, necrosis, strong root 

hair formation and a reduced expansion of the cotyledon explants was recorded (Figure 3). 

Similar results were reported by Jha et al. (2007) when evaluating the ethylene effect on the 

plant regeneration of six genotypes of barley. Interestingly, the regeneration rate was 

significantly reduced in most lines (< 30%), only ‘Terratop’ seemed to be less sensitive to 

ethylene with a regeneration rate of 56% and for this line lowest ethylene concentrations were 

observed after 10 days. Ethylene production and action is highly regulated, and might affect 
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organogenesis in concentrations as little as 0.01 µL L-1 (Reid 1995). Thus, the concentrations 

measured in our experiment are physiologically relevant. 

Also, in experiment 3, the promotive effect of the ethylene action inhibitor AgNO3 on the 

organogenesis of B. juncea was seen. Although ethylene was produced in higher amounts by 

the cotyledon explants cultured on the medium with AgNO3 (3 to 12-fold increase compared to 

the control), the regeneration rate was significantly enhanced (21% to 65%) in all B. juncea 

lines pointing to a negative effect of ethylene especially in the early stages of organogenesis. 

The improvement of the in vitro shoot regeneration efficiency by the use of the ethylene 

inhibitor AgNO3 to prevent the ethylene action on the cotyledon explants of B. juncea in this 

study is in line with previous reports (Barfield and Pua, 1991; Pua and Chi, 1993; Pua et al., 

1999; Bhuiyan et al., 2009a). 

But the use of AgNO3 can also lead to growth inhibition in plants. Pua and Chi (1993) found an 

inhibitory effect of AgNO3 on B. juncea, if applied four weeks after the culture induction, with 

61% decrease in plant fresh weight and 75% in plant height, resulting in fewer and shorter 

leaves and roots. Thus, it should be tested in future experiment, for how long the explants 

should best be cultured on AgNO3 containing medium. 

Although silver nitrate is a commonly used source of Ag+ to influence the regeneration potential 

in a variety of plants, silver thiosulfate was also applied successfully to improve shoot 

regeneration in Brassica species (Eapen and George, 1996; Eapen and George, 1997). 

Moreover, the ethylene biosynthesis inhibitor aminoethoxyvinylglycine (AVG) may be another 

option, since it does not lead to an overproduction of ethylene that was observed for AgNO3 

(Pua and Chi, 1993).  
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5 Conclusion 

The identification of the appropriate conditions for efficient adventitious shoot regeneration of 

European B. juncea lines is useful for establishing a genetic transformation system to develop 

improved B. juncea lines using genome editing techniques. The combination of 8.88 µM BAP 

and 5.37 µM NAA and 9.95 µM AgNO3 gave the highest adventitious regeneration rates. The 

use of silver nitrate has a stimulatory effect on the shoot organogenesis of B. juncea. 

Furthermore, one major factor limiting shoot regeneration of B. juncea was the ethylene 

production which significantly affects the early events during shoot organogenesis responses 

of the cultured tissues. Since ethylene is involved in the regulation of several developmental 

processes, future studies should identify time windows in which ethylene action blocking by 

AgNO3 is most effective. 
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5 General discussion 

In this chapter, the significance of the findings of this thesis is discussed. Firstly, the relevance 

of the plant species' genetic make-up for adventitious shoot regeneration will be considered in 

chapter 5.1. We found that, different growth and developmental processes can be triggered 

when plants are exposed to different light qualities and highlight this in chapter 5.2. The 

complexity of the interaction between Agrobacterium and host cells is discussed in chapter 

5.3, focusing on difficult-to-transform plant species. Chapter 5.4. focuses on the effect of the 

mutation in the mustard seed storage protein encoding gene Bra j I, on seed development. 

Finally, this general discussion is finalized with an outlook in chapter 5.5.  

5.1 The importance of the genetic make-up of the plant species for adventitious shoot 

regeneration 

The traditional method of de novo shoot induction entails tissue culture on callus induction 

media, followed by shoot induction on shoot induction media. This process is time consuming 

and shoots regenerated from callus have higher risk for somaclonal variations and loss of 

regeneration ability. Direct shoot regeneration, on the other hand, does not require the callus 

induction phase and exhibits higher regeneration potential with the production of true-to-type 

regenerants, which are essential for improving genetic traits in plants through genetic 

transformation and mass production of plantlets in breeding programs (Jung et al., 2021).  

In this thesis, direct shoot organogenesis protocols for both plant species, peanut and mustard 

were established from explants derived from 5-days old seedlings. Taken all different lines of 

both species into consideration, significant variations were noticed regarding the shoot 

regeneration abilities of the different lines of each plant species. This conclusion is based on 

various experiments that examined factors such as lines, explant types and plant growth 

regulators in the different lines of each plant species.  

The adventitious shoot regeneration rates varied quite strongly between the different peanut 

lines tested with the most regenerative peanut line being ‘Jimmy’s Pride’ that exhibited the 

most vigorous seedlings with well-developed primary leaflets and well elongated hypocotyl. 
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This differences in seedling vigor might result from the seed quality or the extensive genetic 

variability in the different peanut lines which could be attributed to the ability to mobilize and 

use reserve food supply from the cotyledon as well as the capacity to synthesize higher 

biomass during the seedling stage (Nautiyal, 2009). Moreover, it has been reported that 

different genotypes of peanuts may have distinct needs for plant growth regulators, resulting 

in notable differences in shoot regeneration (Verma et al., 2009). Lardon and Geelen (2020) 

referred to this as natural regenerative variability which may be caused by epigenetic, 

transcriptional or post-transcriptional regulation favored by key survival genes to enable fine 

tuning. 

High cytokinin levels in the tissue culture medium activate a phosphorelay which is largely 

made of Arabidopsis histidine kinases (AHK2-4), phosphotransfer proteins (AHP1-5) and 

response regulators (RRs). This phosphorelay causes coordinated expression of shoot apical 

meristem (SAM) genes like WUSCHEL (WUS), SHOOT MERISTEMLESS (STM), 

ENHANCED SHOOT REGENERATION (ESR) 1 & 2, and LIGHT-SENSITIVE HYPOCOTYLS 

(LSH) 3 & 4 (Gordon et al., 2007; Schaller et al., 2015). WUS is a key gene crucial for shoot 

apical meristem maintenance and shoot morphogenesis and it was demonstrated that type-A 

and type -B response regulators play a fundamental role in cytokinin signaling and were the 

main positive regulators of the WUSCHEL expression (Yadav et al., 2011). Lardon and Geelen 

(2020) used genome-wide association studies (GWAS) to identify a SNP that resulted in an 

additional response regulator (ARR) binding motif in the promoter of the beneficial A. thaliana 

Landsberg erecta (Ler) allele. This SNP was found in a strong regenerative Arabidopsis line 

Lp2-2, which had three times higher shoot apical meristem gene WUSCHEL mRNA level on 

shoot induction medium than the poorly regenerative Col-0.   

Adventitious shoot regeneration of mustard was explant- and line-specific.  The results showed 

that, the regeneration rates varied significantly between hypocotyl and cotyledon explants in 

all lines. This strong variation in the shoot regeneration ability might be associated to the 

meristematic cells which activity could be significantly higher in the cotyledon explants than 
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the hypocotyl explants. This implies that, damaged tissue must be repaired through cellular 

regeneration, which was supposed to happen by the dedifferentiation of already mature cells, 

cell division to create calluses, and differentiation to create the cellular components of the new 

tissue (Reid and Ross, 2011). Similar observation was made by Ghimire et al. (2010) in a study 

investigating the direct shoot regeneration system for Drymaria cordata by comparing explant 

responses to different concentration of plant growth regulators. The study demonstrated that 

different explants from the same plant material act differently, suggesting that the genetic 

control of plant regeneration varies depending on the source of the original tissue. According 

to Kareem et al. (2015) cytokinin regulates the three PLETHORA (PLT) genes PLT3, PLT5, 

and PLT7 that control de novo shoot regeneration in Arabidopsis which are upregulated 

independently of the shoot regeneration system. As this stem cell regulators along with 

WUSCHEL-RELATED HOMEOBOX5 (WOX5), SCARECROW (SCR) are necessary to form 

shoot primordia by conferring the regeneration competency necessary for shoot initiation 

(Kareem et al., 2015; Kim et al., 2018). The hypocotyl explants of the mustard lines used in 

this study were less appropriate for adventitious shoot regeneration. Furthermore, histological 

analysis by microtome sectioning might be required to examine the meristematic cells activity 

along the cut edges of the hypocotyl explants. Additionally, the qPCR analysis of the 

expression patterns of the stem cell genes could also reveal the response level of the different 

genes during the culture period.   

Since different explant types responded differently to particular combinations of auxin and 

cytokinin in Brassica species, the observed differential response of cotyledons and hypocotyls 

could also be the result of different levels of endogenous PGRs within the explants (Nguyen 

et al., 2021). Moreover, this could also be explained by epigenetic modification in the DNA that 

can be caused by external agents namely phytohormone application or stressful factors such 

as wounding, the secretion of ethylene or reactive oxygen species (ROS) at the early stage of 

shoot regeneration (Bidabadi and Jain, 2020). Therefore, the better response of the cotyledon 

explants to adventitious shoot regeneration may be a combination of genetic factors and 

adequate application of plant growth regulators. 
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5.2 Light quality promoting adventitious shoot regeneration  

In plants, phytochromes function as a specific control mechanism for a number of physiological 

processes (Demotes-Mainard et al., 2016). The use of the different light qualities to improve 

the adventitious regeneration of different peanut lines in this study, shed more light on the 

effects of light quality on shoot regeneration. In this thesis, different light emitting diodes (LEDs) 

were used to apply specific wavelengths to the culture environment of various peanut lines. 

The study revealed that blue and red lights could be used to optimize adventitious shoot 

regeneration of peanut leaflets, and both LED lights showed similar adventitious shoot 

regeneration frequencies to that of conventional fluorescent lamps. However, the optimal 

culture temperature for peanut tissue culture, which is between 28 and 35°C, was not able to 

be reached in the lighting module due to the use of various LEDs at the same PFD350-800nm, 

which caused a variance in temperature (Chapter 4). This temperature variation in the lighting 

module strongly affeceted the regeneration frequencies of the leaflet explants in all peanut 

lines.  

It is known that phytochromes (phy) and cryptochromes (cry) are essential for 

photomorphogenesis as they are involved in several plant hormonal pathways. There is now 

substantial evidence that plants respond to light signals in a highly specific manner. The 

photoreceptor phyB functions as a light-reversible molecular glue by promoting the 

degradation of target proteins via the improvement of E3 ubiquitin ligase binding which is 

mediated by the Skp, Cullin, F-box containing complex (SCF complex) (Shi et al., 2016). This 

mechanism is involved in the signal transduction of several plant hormones namely ethylene 

through the binding of the transcription factor EIN3 (Ethylene Insensitive 3) to its E3 ligases 

EBF1/EBF2, resulting in EIN3 degradation (Shi et al., 2016); auxin through the binding of TIR1 

F-box protein and its substrate Aux/IAA proteins which cause the repressors AUX/IAA to be 

ubiquitinated (Tan et al., 2007); jasmonic acid, through the binding of JAZ proteins to the F-

box protein COI1, resulting in the poly-ubiquitylation and further degradation of JAZ (Sheard 

et al., 2010); and gibberellic acid, through the binding of DELLA proteins and its F box protein 

leading to the ubiquitination of DELLA (Murase et al., 2008).  
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Throughout the light spectrum, plants absorb varying amounts of light energy. Even though 

the intensity (in terms of µmol m-2 s.1) of each light source was controlled, blue light's higher 

energy and shorter wavelength may have different effects on plants than red light's lower 

energy and longer wavelength (Kwon et al., 2015). According to Wei et al. (2020), red LEDs 

significantly upregulated the expression of key genes namely WOX5, LBD16, LBD18, and 

PLT3 involved in the formation of shoot primordia, the promotion of the callus pluripotency and 

the development of roots. Red light promotes leaf expansion, hypocotyl elongation and root 

development, whereas blue light inhibits hypocotyl elongation and stimulates biomass 

production (Johkan et al. 2010; Park and Kim, 2010). When combined, red and blue light 

promote plant growth, namely early stem elongation and leaf growth (Folta, 2004; Johkan et 

al. 2012). The beneficial effect of combined red and blue LEDs may emerge from the 

synergetic interactions between cryptochromes and phytochromes, which in turn promote or 

repress stem elongation in various ways in various species. Consequently, further investigation 

of the effect of the combined red and blue lights at the optimal regeneration temperature might 

be necessary to improve the shoot regeneration system of peanut leaflet explants.  

On the other hand, high shoot regeneration rate was as well attained when peanut leaflet 

explants were cultured under the combination of red plus far red lights. It was suggested that 

in Arabidopsis leaves, the low red to far red (R/FR) ratio light modulates the activity of the 

phytochrome B by regulating the expression of the PIF7 (phytochrome interacting factor 7) and 

therefore promoting the interaction of PIF7 and phytochrome B leading to the expression of 

flavin monooxygenase (YUC), a rate-limiting enzyme in the auxin synthesis pathway (Yang et 

al., 2020). According to Demotes-Mainard et al. (2016), plant developmental processes namely 

bud outgrowth, stem elongation and leaf growth are promoted by low R/FR ratio light. 

Additionally, under low R/FR ratio light, Yang et al. (2020) reported stem elongation and 

increase of biomass production and leaf area of soybean plantlets whereas Kurepin et al. 

(2007) also observed maximum stem elongation and reduction in ethylene levels in sunflower 

plantlets under low R/FR ratio light. In this study, high R/FR (9/1) ratio light was used therefore, 

further investigation might be necessary to also evaluate the impact of the low R/FR ratio light. 
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Moreover, the use of a specific wavelength at different adventitious shoot regeneration phases 

of the peanut leaflet explants could as well be examined. 

5.3 The complexity of the interaction between Agrobacterium and host cells makes the 

genetic transformation challenging 

The genetic transformation experiments conducted in this study were quite challenging 

considering the low transformation efficiency obtained with the mustard lines as well as the 

lack of transgenicity exhibited by the regenerated peanut shoots. Agrobacterium-mediated 

genetic transformation involves several steps starting with the detection and sensing a 

wounded host cells by a virulent Agrobacterium and ends with the integration and the 

expression of the T-DNA in the transformed cell’s genome. This process is influenced by a 

number of factors namely the bacterial strains, plasmids, the explant wounding, the tissue 

culture environment, the media for explant culture, the duration of co-cultivation, the selective 

marker, and the competency of target plant tissue for infection and regeneration (Karami et al., 

2009).  

From the different transformation experiments conducted with more than 7000 explants 

including embryo axis; de-embryonated cotyledons and leaflets, obtained from 5 days old 

seedlings of the peanut lines ‘Jimmy’s Pride’, ‘Dakha’ and Florunner PI565448 (G12) (Table 

3), no transgenic shoots were obtained. For the genetic transformation, Agrobacterium 

tumefaciens strain LBA4404 harboring the binary vectors PLC27 (carrying a green 

fluorescence protein and hygromycin resistance) and pEGFP (carrying an enhanced green 

fluorescence protein and kanamycin resistance) as well as three CRISPR/Cas9 binary 

constructs PLC68 (carrying eight sgRNAs and hygromycin resistance), PLC71 (carrying eight 

sgRNAs and kanamycin resistance) and PLC8888 (carrying four sgRNAs and kanamycin 

resistance) were provided by Prof. Jens Boch and Dingbo Zhang from the institute of Plant 

Genetics at Leibniz University Hannover, Germany. The three CRISPR/Cas9 binary constructs 

target the conserved region of the two Ara h 1 homoelogs in the genome of peanut (Ara h 1A 
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and Ara h 1B) to introduce deletions or insertions at the cleavage sites that can lead to frame-

shift mutation of Ara h 1A and Ara h 1B.  

Table 3. Overview of the transformation experiments carried out on peanut lines used in 
chapter 4 (‘Jimmy’s Pride’, ‘Dhaka’ and PI565448 (G12)) with GFP (PLC 27 and pEGFP) and 
CRISPR/Cas9 constructs (PLC 68, PLC 71 and PLC 8888), including selection agent, explant 
type and the number of explants used, DEC: De-Embryonated Cotyledon. 

 
Experiment 

n° 

 
Line 

 
Plasmid 

 
Explant type and number 

 
Selection 

T1 Jimmy’s Pride 
 

PLC27 Embryo: 100 DEC: 200 Leaflets: 800 Hygromycin 

 
T2 

 
Jimmy’s Pride 

PLC68 
 

Embryo: 50 DEC: 100 Leaflets: 400 Hygromycin 

PLC71 
 

Embryo: 50 DEC: 100 Leaflets: 400 Hygromycin 

 
T3 

 
Jimmy’s Pride 

PLC68 
 

Embryo: 50 DEC: 100 Leaflets: 400 Hygromycin 

PLC71 
 

Embryo: 50 DEC: 100 Leaflets: 400 Hygromycin 

 
 

T4 

 
 

Jimmy’s Pride 

PLC27 
 

Embryo: 30 DEC: 60 Leaflets: 240 Hygromycin 

PLC68 
 

Embryo: 30 DEC: 60 Leaflets: 240 Hygromycin 

PLC71 
 

Embryo: 50 DEC: 100 Leaflets: 400 Hygromycin 

T5 Jimmy’s Pride PLC68 
 

Embryo: 50 DEC: 100 Leaflets: 400 Hygromycin 

PLC8888 
 

Embryo: 50 DEC: 100 Leaflets: 400 Hygromycin 

 
T6 

 
G12: PI565448 

PLC71 
 

Embryo: 50 DEC: 100 Leaflets: 400 Hygromycin 

PLC8888 
 

Embryo: 50 DEC: 100 Leaflets: 400 Hygromycin 

 
 

T7 

 
 

Dakha 

pEGFP 
 

Leaflets: 100 Kanamycin 

PLC68 
 

Leaflets: 100 Hygromycin 

PLC8888 
 

Leaflets: 100 Hygromycin 

 
 

T8 

 
 

Dakha 

pEGFP 
 

Leaflets: 100 Kanamycin 

PLC71 
 

Leaflets: 100 Kanamycin 

PLC8888 
 

Leaflets: 100 Kanamycin 

 
T9 

 
Dakha 

PLC71 
 

Leaflets: 100 Kanamycin 

PLC8888 
 

Leaflets: 100 Kanamycin 

T10  
Dakha 

PLC71 
 

Leaflets: 100 Kanamycin 

PLC8888 
 

Leaflets: 100 Kanamycin 

 

In the different transformation experiments conducted, shoots could be regenerated from all 

treated explants in all lines, the transgenicity of which could not be confirmed through PCR. 
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The lack of transgenicity might result from several factors including the efficiency of the 

interaction of Agrobacterium with cells of the target tissue, the competency of target plant 

tissue for infection, the regeneration capacity of the transformed cells of the target tissue and 

the selection time of the transformed cells (Karami et al., 2009; Chen et al., 2015). There has 

been limited advancement in improving legumes using transgenic methods because of their 

recalcitrant nature to in vitro regeneration, which is particularly pronounced in the case of 

peanuts. According to Chen et al. (2015), only a few genotypes of peanut are amenable to 

regeneration following Agrobacterium-mediated transformation which represents a significant 

limitation to the use of modern breeding techniques. However, several studies have reported 

successful Agrobacterium-mediated transformation of peanut using GUS reporter gene 

(Cheng et al., 1996 and Li et al., 1997); viral genes (Bag et al., 2007 and Tiwari et al., 2008) 

and RNAi technology (Dodo et al., 2008).  

Plant genetic transformation begins with the induction of Agrobacterium vir region by particular 

host signals, often small phenolic and specific monosaccharide molecules (Tzfira et al., 2004). 

The Agrobacterium strain LBA4404 used in this study is considered as one of the most 

effective strains for the genetic transformation of legumes (Chen et al., 2015). According to 

Suzuki et al. (2001), the effectiveness of LBA4404 might be attributed to the super binary 

vector pTOK233, which contains virB, virC and virG genes generated from the ‘supervirulent’ 

Ti-plasmid; pTiBo542. Consequently, the bacteria and their virulence are at least not likely the 

cause of the lack of transgenicity in this study. Moreover, in this study, a successful 

Agrobacterium-mediated transformation protocol of different lines of B. juncea was established 

using the strain LBA4404.  

However, in A. tumefaciens-mediated transformation, the plant is involved in a number of 

processes, including the bacterium attachment to the plant surface, the transfer of the T-DNA 

and virulence proteins through the plant cell wall and plasma membrane to cytoplasm, the 

transport of the T-strand/protein complexes through the cytoplasm and the nuclear targeting 

of these complexes, the integration of the T-DNA into the host genome and the subsequent 
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expression of the T-DNA encoded genes (Zhu et al., 2003). Among all steps involved in the 

genetic transformation process, T-DNA integration is likely the one that depends the most on 

host cellular functions. According to Tzfira et al. (2004), the host DNA repair machinery is the 

only mechanism involved in T-DNA integration, which transforms the T-strand molecule into 

double-strand molecule T-DNA intermediates, to identify these molecules as damaged DNA 

fragments, and insert them into the host genome.  

According to Mysore et al. (2000), the Arabidopsis gene HTA1 is believed to be involved in T-

DNA integration step of Agrobacterium-mediated transformation since its overexpression in 

wild-type Arabidopsis plants markedly increased their susceptibility to Agrobacterium infection. 

Similar to this, the overexpression of the VIP1 gene, a plant protein required for T-DNA nuclear 

import, greatly improved the susceptibility of tobacco plants to Agrobacterium-mediated 

genetic transformation (Tzfira et al., 2004). Agrobacterium infection could also be improved by 

the overexpression of the VirB2-interacting protein (BTI), a plant protein that has been found 

to interact with the Agrobacterium T-pilus protein VirB (Hwang et al., 2004).  

Moreover, upon Agrobacterium infection, the plant defense machinery is activated through 

regulating protein activity, enhancing reactive oxygen species (ROS) accumulation and 

phytohormone synthesis, namely salicylic acid and jasmonic acid (Bigeard et al. 2015). This 

triggers the expression of many genes resulting in secretion of H ions, phenolics and 

carbohydrates, to heal the cell damage at the wound site (Lacroix and Citovsky, 2013), after 

which callose is deposited at the cell wall to strengthen the composition of the wall and stop 

pathogen entry into the plant (Janda et al. 2019). In this work, Silwet L-77 was used as a 

surfactant that reduces tension and thereby allows exogenous microorganism to enter plant 

through natural openings or wounds (Liu et al., 2008). Furthermore, according to Tiwari et al. 

(2022), in response to pathogen attack, maize seedlings secrete chemicals such as DIMBOA 

(2,4-dihydroxy7-methoxy-2H-1,4-benzixazin-3(4H)-one) and MDIBOA (2-hydroxy-4,7-

dimethoxybenzoxazin-3-one), which inhibited Agrobacterium growth and prevented virulence 

induction. 
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On the other hand, the regeneration capacity of the transformed cells is determined by the 

ability of the transgenic cells to undergo dedifferentiation and acquire the pluripotent stem cells 

(PSCs). It is suggested that the cell cycle stage at the time of transformation is essential to 

acquire pluripotency as the dividing cells are the most effective targets for transgene nuclear 

integration and the frequency of the S and G2 stages of the cell cycle has been strongly 

correlated with the regeneration of transgenic shoots (Delporte et al., 2012; Sabbadini et al., 

2019). In addition, the tissue-culture media components and culture conditions have a 

significant impact on the frequency of callus induction and subsequent regeneration into 

transgenic plants. Lowe et al. (2003) found that overexpression of the Arabidopsis regulators 

LEAFY COTYLEDON 1 (LEC1) and LEC2 resulted in the improvement of the transformation 

efficiency in maize and wheat whereas Lowe et al. (2016) reported similar results when 

overexpressing of the combined BABYBOOM (BBM) and WUSCHEL (WUS) in maize, rice and 

sorghum. Based on the different factors involved in the interaction between Agrobacterium 

tumefaciens and the host cells, it is suggested that, the lack of transgenicity in the 

Agrobacterium-mediated transformation of peanut observed in this work might result from the 

failure of the bacteria to infect the targeted plant tissue or the transformed peanut cells could 

be incompetent for regeneration. Moreover, since the selection of the transgenic shoots in this 

work started two weeks after the end of co-culture, it could be that the transformed cells were 

overgrown by the non-transformed cells as with mustard, the selection started immediately 

after the end of the co-culture.  

5.4 Bra j I mutation as causal agent of abnormal seed development  

The Bra j I mutation obtained in some transgenic mustard lines might have affected seed 

development, as evidenced by the anomalies in seed shape, low seed weight and poor seed 

germination rates found in some lines expressing the mutation (Chapter 2). Based on the 

significant differences in these traits observed between some transgenic lines expressing the 

mutation and the wild types, the analysis of the early embryogenesis through the ovule growth 

was required. Therefore, young floral buds from two transgenic lines (22 and 32, chapter 2) 

that were found to have frame shift mutations in all four Bra j I alleles as well as the wild type 
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were selected, carefully emasculated and controlled pollinated with pollen from different 

flowers of the same plant. The dynamic observation was conducted at six time points i.e., 3, 

7, 10, 15, 17 and 20 days after flowering (DAF). To preserve the genetic identity of the samples 

of the different lines, the selected samples were protected with isolation bags. At each stage, 

twenty flowers/pods were collected from each plant and ovaries were isolated and prepared 

for differential interference contrast (DIC) microscopy. The detailed procedure for DIC 

microscopy was described by Braun and Winkelmann, (2016).  

The examination of the ovule development revealed that in the majority of the selected samples 

from both transgenic lines, no embryos could be found. Furthermore, a significant number of 

ovules from both transgenic lines turned brown already at 7 DAP and were completely brown 

at 15 DAP. This might be the result of unfertilized ovules or ovules that were aborted before 

the zygotic embryo development was activated.  

After pollination, ethylene level rises in ovules are thought to play a key role in the regulation 

of early ovule development (Wang et al., 2021). In transgenic tobacco plants, De Martinis and 

Mariani, (1999) found that suppressing the gene expression of the ethylene-forming enzyme 

1-aminocyclopropane-1-carboxylic acid (ACC) prevented ovules from completing 

megasporogenesis and producing embryo sacs. Therefore, pollen tubes entering the ovary 

failed to grow toward the immature ovule. Moreover, it has been demonstrated that genes 

essential for the development of the female gametophyte and the ovule, including 

AINTEGUMENTA (ANT), encode putative transcription factors that are members of the same 

family as the ethylene-responsive element binding proteins (EREBPs) (De Martinis and 

Mariani, 1999). On the other hand, the overaccumulation of ethylene-insensitive 3 (EIN3) 

which regulates the majority of downstream target genes and most ethylene responses (Chang 

et al., (2013) in the synergid cells might prevent pollen tube attraction and could be crucial in 

the connection between ethylene overaccumulation and ovule abortion (Wang et al., 2021). 

According to Wang et al. (2021), ethylene signaling increases the transcription of the gene for 

ethylene-insensitive 3-like (EIL1), and EIL1 then promotes the expression of the gene 

SENESCENCE-ASSOCIATED CYSTEINE PROTEINASE 1 (Cysp1), which is involved in the 
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senescence of unfertilized ovules. As a result, it is also possible that the Bra J I mutant lines 

may experience changes in the gene expression levels which could be related to the regulation 

of some genes that lead to ovule abortion. The Cysp1 gene was as well identified in Brassica 

napus, which is an integument-specific cysteine proteinase of the ovule and linked to 

programmed cell death (PCD) of the inner integument (Wan et al., 2002). 

Due to time constraints and the presence of yellowish flowers/pods with brown ovules, 

particularly in line 22, it was not possible to thoroughly examine the ovules at different stages 

of embryogenesis, so only exemplary impressions were documented (Figure 1).  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Embryonic development of the Brassica juncea line CR2664. DAP: day after 
pollination, WT: wild type, 32-1: plant from the first inbreeding generation of the transgenic line 32.  
 
 
Nevertheless, in comparison to the wild type, overall, no abnormalities from normal 

embryogenesis were found in the early stages that were investigated. Brown ovules as well as 

ovules with or without embryo at different developmental stages might be used in histological 

analysis by microtome sectioning to examine how the Bra J I mutation affected the 

embryogenesis of the transgenic lines. Additionally, it may be important to compare the protein 
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homeostasis between the Bra J I mutants and the wild type through proteomic analysis in order 

to determine how the Bra J protein interacts with other proteins and understand the implications 

of the Bra J I mutation in seed development. A gene expression analysis of the major genes 

involved in the biosynthesis of the sesquiterpenoid hormone abscisic acid (ABA) including 

ABA-DEFICIENTS4 (ABA4) and NEOXANTHIN-DEFICIENT1 (NXD1), in mustard seeds may 

also be necessary because ABA is crucial for seed development (Sano and Marion-Poll, 2021).  
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5.5 Outlook  

Future studies could focus on characterizing the expression level of the genes involved in the 

positive regulation of shoot regeneration namely WUSCHEL-RELATED HOMEOBOX5 

(WOX5), SCARECROW (SCR) and the three PLETHORA (PLT) genes PLT3, PLT5, and PLT7 

in the various explants of both plant species on the shoot induction medium in order to identify 

the genetic factors favoring the shoot regeneration abilities of the superior lines of both plant 

species. In parallel, more investigation should be conducted to identify the distinct needs for 

plant growth regulators in all lines and their optimal application to be associated with the 

physiological stages of the plants namely the shoot induction and elongation.  

The culture temperature of the home-made light module should be adjusted to the optimal 

culture temperature of shoot regeneration in peanut, which could reveal the adequate light 

regime necessary for shoot regeneration. In addition, the ethylene production of the peanut 

explants at the early stage of shoot induction could also be determined for subsequent 

improvement of shoot regeneration efficiency using silver nitrate, a well-known ethylene 

inhibitor.  

To find out whether the activation of the peanut defense system restricts Agrobacterium 

development and prevents the induction of virulence, further research on the metabolites 

secretion from the peanut explants after wounding is necessary. Based on the recalcitrant 

nature of peanut to plant regeneration and genetic transformation, the supplementation of 

antioxidants such as L-Cysteine, glutathione, DL- α- tocopherol and selenite to the co-culture 

media could decrease the oxidation stress generated from the cut surface of the peanut 

explants and thereby minimize the effects of leached phenolics. Moreover, more investigation 

should be conducted to establish a pre-culture period of the peanut explants prior to 

Agrobacterium infection and to determine the optimum Agrobacterium optical density for an 

effective genetic transformation of peanut. Since we observed abnormalities on the seeds 

shape, seed weight, seed production and low seed regeneration with some edited lines of 
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mustard, further investigation of the embryogenesis is necessary to elucidate the effect of 

mutation on the seed development. 
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6 Conclusion 

In this thesis, the influence of the genetic make-up on the shoot regeneration as well as the 

Agrobacterium-mediated genetic transformation of different lines of B. juncea and A. hypogaea 

was revealed. Adventitious regeneration systems for different lines of B. juncea and A. 

hypogaea were successfully established which represents a milestone for applying modern 

breeding techniques such as CRSIPR/Cas9 in both plant species. Moreover, an optimized 

regeneration protocol was developed for the European lines of mustard, that were thought to 

be very recalcitrant to in vitro regeneration. For the first time, the allergen Bra J I, the most 

predominant seed storage protein in both European and Indian lines of mustard was 

successfully engineered using the gene editing method CRISPR/Cas9 and transgenic plants 

were obtained carrying deletions and frameshift mutations. On the other hand, the interaction 

between light quality and the plant photoreceptors of the different peanut lines showed the 

importance of specific wavelengths in shoot morphogenesis. In contrast to mustard, the main 

challenge experienced with the genetic transformation of peanut was the lack of transgenicity 

in the regenerated shoots of all peanut lines tested. This underlines the complexity of the 

interaction between the Agrobacterium and the host cells of different plant species, which 

needs further investigations in order to understand and overcome the lack of transgenicity.  
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Supplemental materials for chapter 2 
 
Supplemental Table S1. Number of explants per line and medium used to investigate the 

effect of plant growth regulators on adventitious shoot regeneration from cotyledon explants of 

eight lines of Brassica juncea (six European lines: ‘Terraplus’, ‘Terratop’, ‘Terrafit’, ‘Energy’, 

SFB18/1 and SFB22/15 and two Indian lines: CR2649 and CR2664) (Experiment 1). MS salts 

and vitamins were used in all media and explants were cultivated for 4 weeks on the different media. 

SIM 1: 2.22 µM BAP + 0.49 µM IBA, SIM 2: 4.44 µM BAP + 0.49 µM IBA, SIM 3: 8.88 µM BAP + 0.49 

µM IBA, SIM 4: 17.76 µM BAP + 4.92 µM IBA.  

 

 Number of cotyledon explant evaluated 
for the shoot regeneration [%] 

numbers in brackets refer to the number 
of replicates (Petri dishes) 

Number of explants with shoots 

Line 
 

SIM 1 
 

SIM 2 
 

SIM 3 
 

SIM 4 
 

  SIM 1 
 

SIM 2 
 

SIM 3 
 

SIM 4 

‘Terraplus’ 40 (8) 60 (12) 50 (10) 50 (10) 5 16 9 15 

‘Terratop’ 55 (11) 55 (11) 55 (11) 55 (11) 17 25 14 26 

‘Terrafit’ 50 (10) 55 (11) 49 (10) 60 (12) 10 17 8 21 

‘Energy’ 45 (9) 50 (10) 45 (9) 55 (11) 19   11 9 23 

SFB18/1 47 (10) 48 (10) 55 (11) 60 (12) 7 10 9 18 

SFB22/15 50 (10) 55 (11) 50 (10) 55 (11) 11   13 16 19 

CR2649 40 (8) 60 (12) 55 (11) 50 (10) 15 21 15 20 

CR2664 50 (10) 55 (11) 55 (11) 50 (10) 15 21 22 23 
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Supplemental Table S2. Number of explants per line and medium used to investigate the 

effect of silver nitrate (AgNO3) and BAP on adventitious shoot regeneration from the cotyledon 

explants of five lines of Brassica juncea (three European lines: ‘Terratop‘, ‘Energy‘ and 

SFB22/15 and two Indian lines: CR2649 and CR2664) (Experiment 2). MS salts and vitamins 

were used in all media and explants were cultivated for 4 weeks on the different media. SIM 4: 17.76 

µM BAP + 4.92 µM IBA, SIM 5: 8.88 µM BAP + 5.37 µM NAA+ 9.95 µM AgNO3, SIM 6: 8.88 µM BAP + 

0.49 µM IBA+ 9.95 µM AgNO3 

 

 
 
Line 

Number of cotyledon explant evaluated 
for the shoot regeneration [%] 

numbers in brackets refer to the number 
of replicates (Petri dishes) 

Number of explants with shoots 

SIM 4 SIM 5 SIM 6 SIM 4 SIM 5 SIM 6 

 
‘Terratop’ 

 
55 (11) 

 
60 (12) 

 
55 (11) 

 
21 

 
43 

 
36 

 
‘Energy’ 

 
55 (11) 

 
60 (12) 

 
60 (12) 

 
16 

 
35 

 
24 

 
SFB22/15 

 
60 (12) 

 
50 (10) 

 
55 (11) 

 
22 

 
35 

 
22 

 
CR2649 

 
55 (11) 

 
60 (12) 

 
55 (11) 

 
27 

 
39 

 
36 

 
CR2664 

 
55 (11) 

 
60 (12) 

 
60 (12) 

 
36 

 
54 

 
39 
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Supplemental Table S3. Number of explants per line and variant used to investigate the effect 

of ACC and AgNO3 on adventitious regeneration from cotyledon explants of four European 

lines of Brassica juncea (‘Terratop‘, ‘Terraplus‘, ‘Energy‘ and SFB22/15) (Experiment 3). MS 

salts and vitamins were used in all media variants and explants were cultivated for 4 weeks on the 

different media. Control: 8.88 µM BAP + 5.37µM NAA, ACC: 8.88 µM BAP + 5.37µM NAA + 500 µM 

ACC, AgNO3(SIM 5): 8.88 µM BAP + 5.37µM NAA + 9.95 µM AgNO3 

 

 Number of cotyledon explant 
evaluated for the shoot regeneration 
[%] numbers in brackets refer to the 
number of replicates (Petri dishes) 

Number of explants with shoots 

Line Control ACC AgNO3 Control ACC AgNO3 

 
‘Terratop’ 

 

 
59 (10) 

 
59 (10) 

 
59 (10) 

 
32 

 
3 

 
45 

 
‘Terraplus’ 

 
59 (10) 

 
59 (10) 

 
57 (10) 

 
8 

 
1 

 
44 

 
‘Energy’ 

 
58 (10) 

 
59 (10) 

 
59 (10) 

 
9 

 
6 

 
40 

 
SFB22/15 

 
58 (10) 

 
58 (10)  

 
54 (9) 

 
14 

 
4 

 
14 
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 5-days old seedlings Cotyledon explants Hypocotyl explants 
 

 
 

 
 

 
 

Supplemental Figure S1. Explant preparation from 5-days old seedlings of the European 

mustard line ‘Terratop’. Bars= 1 cm 
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 ‘Terratop’ ‘Terraplus’ ‘Energy’ CR2664 
 
 
 

SIM 2 

 

 

 

 

 

 

 

 
 
 
 

 
SIM 3 

 

 

 

 

 

 

 

 
 
 
 
 

SIM 4 

 

 

 

 

 

 

 

 
 

Supplemental Figure S2. Effect of plant growth regulators on adventitious shoot regeneration 

from hypocotyl explants of four lines of Brassica juncea (three European lines: ‘Terratop’, 

‘Terraplus’, ‘Energy ‘and an Indian line CR2664). MS salts and vitamins were used in all media and 

explants were cultivated for 4 weeks on the different media SIM 2: 44.4 µM BAP + 0.49 µM IBA, SIM 3: 

8.88 µM BAP + 0.49 µM IBA and SIM 4: 17.76 µM BAP + 0.49µM IBA). Bar = 1 cm 
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Supplemental Figure S3. Effect of plant growth regulators on adventitious shoot regeneration 

from cotyledon explants of four lines of Brassica juncea (three European lines: ‘Terratop’, 

‘Terraplus’, ‘Energy’, and an Indian line CR2664). MS salts and vitamins were used in all media 

and explants were cultivated for 2 weeks on the different media SIM 2: 44.4 µM BAP + 0.49 µM IBA, 

SIM 3: 8.88 µM BAP + 0.49 µM IBA and SIM 4: 17.76 µM BAP + 0.49µM IBA). Bar = 1 cm 
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 ‘Terratop’ ‘Terraplus’ ‘Energy’ SFB22/15 
 
 
 

Control 

 

 

 

 

 

 

 

 

 
 
 

 
ACC 

 

 

 

 

 

 

 

 

 
 
 
 

AgNO3 

 

 

 

 

 

 

 

 
 

Supplemental Figure S4. Effect of the ethylene precursor ACC and the ethylene action 

blocker AgNO3 on adventitious regeneration from cotyledon explants of four European lines of 

Brassica juncea (‘Terratop’, ‘Terraplus’, ‘Energy’ and SFB22/15). MS salts and vitamins were 

used in all media variants and explants were cultivated for 2 weeks on the different media. Control: 8.88 

µM BAP + 5.37µM NAA, ACC: 8.88 µM BAP + 5.37µM NAA + 500 µM ACC, AgNO3(SIM 5): 8.88 µM 

BAP + 5.37µM NAA + 9.95 µM AgNO3. 
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Supplemental materials for chapter 3 
 

Supplemental information: Antibody selection in microtiter plate 

The antibody selection was performed as described previously with modifications (Russo et 

al., 2018). In brief antibodies were selected using the naïve libraries HAL9 and HAL10 (Kügler 

et al., 2015) on a biotinylated peptide (Monsalve et al., 1993) (Peps4LS GmbH, Heidelberg, 

Germany) in microtiter plates (Corning, New York, USA). The peptide was ordered with two 

different linkers to prevent the enrichment of binders against the linker. For the panning 

procedure, 200ng/µL of Streptavidin diluted in PBS (137 mM NaCl; 1.76 mM KH2PO4 x 2 H2O) 

was immobilized on a Costar Highbinding 96 well plate (Corning, New York, USA). Next, the 

wells were blocked with 350 µL 2 % BSA (2 % (w/v) bovine serum albumin in PBS; 0.05 % 

Tween20) for 1 hour at room temperature and then washed 3 times with PBST (PBS; 0.05 % 

Tween20). 1 µg of the peptide was diluted in PBS and coated in the wells at 4°C overnight and 

then washed 3 times with PBST. Before adding the libraries to the coated wells, the libraries 

(5x1010 phage particles) were preincubated with 2% BSA on blocked wells for 1 hour at room 

temperature. Additionally, 5µg of streptavidin was added as competition to reduce the amount 

of streptavidin binders. The libraries were transferred to the coated wells, incubated for 2 hours 

at room temperature and washed 10 times. Bound phage was eluted with trypsin (10 µg/mL) 

at 37°C. The eluted phage was transferred to a 96 deep well plate (Greiner Bio-One, 

Frickenhausen, Germany) and incubated with 150 µL E. coli TG1 (OD600 = 0.5) firstly for 30 

min at 37°C, then 30 min at 37°C and 650 rpm to infect the phage particles. 1 mL 2 x YT-GA 

(1.6% (w/v) Tryptone; 1% (w/v) Yeast extract; 0.5% (w/v) NaCl (pH 7.0), 100 mM D-Glucose, 

100 µg/mL ampicillin) was added and incubated for 1 h at 37°C and 650 rpm, followed by 

addition of 1x1010 cfu M13KO7 helper phage. Subsequently, the infected bacteria were 

incubated for 30 min at 37°C followed by 30 min at 37°C and 650 rpm before centrifugation for 

10 min at 3220 x g. The supernatant was discarded and the pellet resuspended in fresh 2 x 

YT-AK (1.6% (w/v) Tryptone; 1% (w/v) Yeast extract; 0.5% (w/v) NaCl (pH 7.0), 100 µg/mL 

ampicillin, 50 µg/mL kanamycin). The phage antibodies were amplified overnight at 30°C and 
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650 rpm and used for the next panning round. In total three panning rounds were performed. 

In each round, the stringency of the washing procedures was increased (20 x in panning round 

2 and 30 x in panning round 3) and each round was alternated between the peptides with 

different linkers. After the third panning round, the titer was determined and the titer plate was 

used to select monoclonal antibody clones for the screening ELISA. 

Production of soluble antibodies in MTPs and screening ELISA 

Soluble antibody fragments (scFv) were produced in 96-well MTPs with polypropylene (U96 

PP, Greiner Bio-One). Briefly, 150 μL 2 x YT-GA was inoculated with the bacteria bearing scFv 

expressing phagemids. MTPs were incubated overnight at 37°C and 850 rpm in a MTP shaker 

(Thermoshaker PST-60HL-4, Lab4You, Berlin, Germany). A volume of 180 μL 2 x YT-GA in a 

PP-MTP well was inoculated with 10 μL of the overnight culture and grown at 37°C and 850 

rpm until bacteria reached an OD600 of 0.5. Bacteria were harvested by centrifugation for 10 

min at 3,220 x g and the supernatant was discarded. To induce expression of the antibody 

genes, the pellets were resuspended in 180 μL 2 x YT supplemented with 100 μg/mL ampicillin 

and 50 μM isopropyl-beta D thiogalacto pyranoside (IPTG) and incubated at 30°C and 850 

rpm overnight. Bacteria were pelleted by centrifugation for 10 min at 3,220 x g and 4°C. The 

scFv-containing supernatant was transferred to a new PP-MTP and stored at 4°C before 

ELISA analysis. 

For the ELISA, 200 ng/µL of Streptavidin was coated on 96 well microtiter plates Costar 

Highbinding 96 well plate (Corning, New York, USA) in PBS (pH 7.4) for 1 hour at room 

temperature. After coating wells are blocked with 2% BSA in PBST for 1 hour at room 

temperature, followed by three washing steps with PBST. 100ng/µL of peptide were incubated 

overnight at 4°C. Supernatants containing monoclonal scFv were mixed with 2% BSA in PBST 

(1:2) and incubated in the antigen coated plates for 1.5 hours at room temperature followed by 

three PBST washing cycles. Bound scFv were detected using murine mAb 9E10 which 

recognizes the C-terminal c-myc tag (1:50 diluted in 2% BSA in PBST) and a goat anti-mouse 
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serum conjugated with horseradish peroxidase (HRP) (A0168, Sigma) (1:42,000 dilution in 2% 

BSA in PBST). Bound antibodies were visualized with tetramethylbenzidine (TMB) substrate 

(20 parts TMB solution A (30 mM Potassium citrate; 1% (w/v) Citric acid (pH 4.1)) and 1 part 

TMB solution B (10 mM TMB; 10% (v/v) Acetone; 90% (v/v) Ethanol; 80 mM H2O2 (30%)) were 

mixed). After stopping the reaction by addition of 1 N H2SO4, absorbance at 450 nm with a 

620 nm reference was measured in an ELISA plate reader (Epoch, BioTek, Bad Friedrichshall, 

Germany). Monoclonal binders were sequenced and analyzed using VBASE2 

(www.vbase2.org) (Mollova et al., 2010). 

scFv-Fc cloning, expression and purification 

The cloning, expression and purification was performed as previously (Jäger et al., 2013) 

described. In brief the unique scFv sequences isolated by antibody-phage display in MTPs 

were subcloned into pCSE2.6-hIgG1-Fc-XP using NcoI/NotI (New England Biolabs, Frankfurt, 

Germany) for mammalian production as scFv-Fc, an IgG-like antibody format. EXPI293F 

(Thermo Fisher Scientific) cells were transfected. For production, the transfected EXPI293F 

cells were cultured in chemically defined medium F17 (Thermo Fisher Scientific) supplemented 

with 0.1% pluronic F68 (PAN-Biotech, Aidenbach, Germany) and 7.5 mM L-glutamine (Merck). 

A subsequent protein A purification was performed as described previously. 

Antibody titration ELISA 

The titration ELISA was performed similar to the indirect antigen ELISA (see above). A dilution 

series was made in blocking solution starting with 1 µg antibody. Afterwards, 100 µL of each 

dilution was added per well and incubated for 1 hour at room temperature. The plate was 

washed 3 times with PBST. Goat α-human IgG (Fc-specific, A0170, Sigma) conjugated to 

horse radish peroxidase (HRP, 1:70,000) was used as the secondary detection antibody and 

was incubated for 1 hour at room temperature. Unbound antibodies were removed by 

additional washing steps. Bound antibodies were visualized with TMB substrate (20 parts TMB 

http://www.vbase2.org/
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solution A and 1 part TMB solution B). After stopping the reaction by adding 100 µL 1N H2SO4, 

absorbance at 450 nm with a 620 nm reference was measured in an ELISA plate reader. 
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Supplemental Table S1. Transformation efficiencies for two Brassica juncea lines (Terratop 

and CR2664) in different experiments using the three vectors pEGFP, pBraj1256 and 

pBraj3477.  

Experiment 
No. 

Vector Line 
No. of 

explants† 

No. of T0 
lines 

obtained 

Transformation 
efficiency (%) ‡ 

Transgenic 
lines (T0) § 

1 pEGFP 

Terratop 100 0 0 - 

CR2664 100 5 5 - 

2 pEGFP 

Terratop 100 1 1 - 

CR2664 100 4 4 - 

3 pEGFP 

Terratop 100 1 1 - 

CR2664 100 2 2 - 

4 
pBraj1256 

 
pBraj3477 

CR2664 
 

CR2664 

300 
 

300 

10 
 
9 

3.5 
 
3 

1;2;3;4;5;6;7;8
; 

17;18 
 

9;10;11;12;13; 
14;15;19;20 

5 
pBraj1256 Terratop 100 0 0 0 

pBraj3477 Terratop 100 2 2 16;21 

6 
pBraj1256 CR2664 100 6 6 

24;25;27; 
28;29;30 

pBraj3477 CR2664 100 3 3 22;23;26 

7 
pBraj1256 Terratop 100 1 1 31 

pBraj3477 Terratop 100 0 0 0 

8 
pBraj1256 CR2664 100 3 3 35;36;37 

pBraj3477 CR2664 100 3 3 32;33;34 

9 

pBraj1256 Terratop 200 7 3.5 
47;48;49;50; 

51; 52;53 

pBraj3477 Terratop 200 13 6.5 

38,39;40;41; 
42;43;44;45;4

6; 
54;55;56;57 

†: See these data in condensed form in Table 1. 

‡: Percentage of independent transgenic shoots per 100 explants. Transgenicity was analyzed by three different 

PCR reactions targeting the T-DNA. 

§: Designation of T0 lines. 
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Supplemental Table S2. Genetic characterization of T0 plants regarding transgene presence, seed weight and germination of seeds of the 

Brassica juncea lines Terratop and CR2664.  

Plant 
number 

Plasmid Line 

Transgenic 

assay† 

 

Genotype‡ 
Seed 

number 

obtained 

from free 

pollination 

Weight of  

100 seeds 

[g] § 

In vitro 

germination [%] 

(n = 10) 

Ex vitro 

germination [%] 

(n = 20) 

Bra j IA 

allele 1 / allele 2 

Bra j IB 

allele 1 / allele 2 

21 pBraj3477 Terratop + n.a. 
- 566 bp / 

n.a. 
n.a. n.a. n.a. n.a. 

24 pBraj1256 CR2664 + 

+ 1 bp (sg1) /  

- 1 bp (sg1) 

+ 2 bp (sg1) /  

- 2 bp (sg1) 
115 0.310 50 0 

28 pBraj1256 CR2664 + 

+ 1 bp (sg1), + 1 bp 

(sg6) / 

- 35 bp (sg1) 

- 58 bp (sg1, sg2) / 

 - 7 bp (sg1) 
886 0.347* 70 5 

29 pBraj1256 CR2664 
+ 

+ 1 bp (sg1) /  

- 1 bp (sg1) 

+ 2 bp (sg1) /  

- 2 bp, 1SNP (sg2) 
260 0.279 0 0 

35 pBraj1256 CR2664 + 

+ 1 bp (sg1), - 1 bp 

(sg5) / 

+ 1 bp (sg1), - 1 bp 

(sg5) 

- 32 bp (sg1, sg2), - 

83 bp (sg5, sg6) / - 

48 bp, 1 SNP (sg1, 

sg2) 

91 0.324 100 70 

36 pBraj1256 CR2664 
+ 

+1 bp (sg1) / 

 - 3 bp (sg1) 

- 4 bp (sg1) / 

wild type 
110 0.097 30 60 



Appendix 

118 
 

39 pBraj3477 Terratop + 
wild type / 

wild type 

wild type / 

wild type 
n.a. n.a. n.a. n.a. 

40 pBraj3477 Terratop 
+ 

wild type / 

wild type 

wild type / 

wild type 
n.a. n.a. n.a. n.a. 

41 pBraj3477 Terratop 
+ 

wild type / 

wild type 

wild type / 

wild type 
n.a. n.a. n.a. n.a. 

42 pBraj3477 Terratop 
+ 

+ 1 bp (sg 4) /  

wild type 

- 1 bp (sg7) / 

- 1 bp (sg7) 
n.a. n.a. n.a. n.a. 

43 pBraj3477 Terratop 
+ 

wild type / 

wild type 

wild type / 

wild type 
n.a. n.a. n.a. n.a. 

45 pBraj3477 Terratop 
+ 

wild type / 

wild type 

wild type / 

wild type 
n.a. n.a. n.a. n.a. 

46 pBraj3477 Terratop 
+ 

wild type / 

wild type 

wild type / 

wild type 
n.a. n.a. n.a. n.a. 

47 pBraj1256 Terratop + 
- 4 bp (sg5) / 

wild type  

- 790 bp / 

-32 bp (sg1, sg2) 
n.a. n.a. n.a. n.a. 

50 pBraj1256 Terratop + 
-1 bp (sg 1) / 

 -3 bp (sg1) 

+ 14 bp (sg 1) /  

wild type  
n.a. n.a. n.a. n.a. 

51 pBraj1256 Terratop 
+ indels not clear indels not clear n.a. n.a. n.a. n.a. 
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(sg1, sg5) (sg1) 

52 pBraj1256 Terratop 
+ 

indels not clear 

(sg1, sg5)  

indels not clear 

(sg1) 
n.a. n.a. n.a. n.a. 

53 pBraj1256 Terratop 
+ 

- 1 bp (sg1) / 

- 3 bp (sg1)  

wild type / 

wild type 
n.a. n.a. n.a. n.a. 

54 pBraj3477 Terratop 
+ 

wild type / 

wild type 

wild type / 

wild type 
n.a. n.a. n.a. n.a. 

55 pBraj3477 Terratop 
+ 

+ 1 bp (sg7) / 

- 109 bp (sg4, sg7)  

- 629 bp (sg 7)/ 

wild type 
n.a. n.a. n.a. n.a. 

56 pBraj3477 Terratop + 
wild type / 

wild type 

wild type / 

wild type 
n.a. n.a. n.a. n.a. 

57 pBraj3477 Terratop + 
wild type / 

wild type 

+ 1 bp (sg7) / 

+ 1 bp (sg7) 
n.a. n.a. n.a. n.a. 

†: PCR with three T-DNA-specific primer pairs. “+“ fragment detected, “- “ no fragment detected. 

‡: The sequencing chromatograms were decoded by ICE Analysis (https://ice.synthego.com/#/). 

§: for lines with less than 300 seeds no statistical analysis was done. For the remaining lines the 100 seed weight of 3-4 subsamples was compared against the wild type by 

Dunnett’s test, * = p < 0.05; ns = not significant 

n.a.: not analyzed.  

 

 

https://ice.synthego.com/#/
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Supplemental Table S3. Genetic characterization of T1 plants regarding transgene presence, seed weight and germination of seeds of the 

Brassica juncea lines Terratop and CR2664.  

 

Plant 
number 

Plasmid Line 
Transgenic 

assay† 

Genotype‡ Seed number 

obtained from 

free 

pollination 

Weight of  

100 seeds 

[g] § 

In vitro 

germination 

[%] 

(n = 10) 

Ex vitro 

germination 

[%] 

(n = 20) Bra j IA 

allele 1 / allele 2 

Bra j IB 

allele 1 / allele 2 

1-1 pBraj1256 CR2664 + 
- 1 bp (sg1) / 

- 1 bp (sg1) 

+ 1 bp (sg1) / 

+ 1 bp (sg1) 
n.a. n.a. n.a. n.a. 

1-2 pBraj1256 CR2664 - 
- 1 bp (sg1) / 

- 1 bp (sg1) 

+ 1 bp (sg1) / 

+ 1 bp (sg1) 
n.a. n.a. n.a. n.a. 

23-1 pBraj3477 CR2664 + 
+ 1 bp (sg 7) / 

+ 1 bp (sg 7) 

wild type / 

wild type 
n.a. n.a. n.a. n.a. 

23-2 pBraj3477 CR2664 + 
- 14 bp (sg 7) / 

+ 1 bp (sg 7) 

wild type / 

wild type 
n.a. n.a. n.a. n.a. 

23-3 pBraj3477 CR2664 + 
- 14 bp (sg 7) / 

- 14 bp (sg 7) 

wild type / 

wild type 
n.a. n.a. n.a. n.a. 

23-4 pBraj3477 CR2664 + 
+ 1 bp (sg 7) / 

+ 1 bp (sg 7) 

wild type / 

wild type 
n.a. n.a. n.a. n.a. 

23-5 pBraj3477 CR2664 + 
- 14 bp (sg 7) / 

+ 1 bp (sg 7) 

wild type / 

wild type 
n.a. n.a. n.a. n.a. 

23-6 pBraj3477 CR2664 + 
+ 1 bp (sg 7) / 

+ 1 bp (sg 7) 

wild type / 

wild type 
n.a. n.a. n.a. n.a. 

23-7 pBraj3477 CR2664 + 
- 14 bp (sg 7) / 

- 14 bp (sg 7) 

+ 1 bp (sg 7) / 

wild type 
n.a. n.a. n.a. n.a. 

23-8 pBraj3477 CR2664 + 
- 14 bp (sg 7) / 

- 14 bp (sg 7) 

wild type / 

wild type 
n.a. n.a. n.a. n.a. 
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23-9 pBraj3477 CR2664 + 
- 14 bp (sg 7) / 

+ 1 bp (sg 7) 

wild type / 

wild type 
n.a. n.a. n.a. n.a. 

23-10 pBraj3477 CR2664 + 
- 14 bp (sg 7) / 

+ 1 bp (sg 7) 

wild type / 

wild type 
n.a. n.a. n.a. n.a. 

23-11 pBraj3477 CR2664 + 
+ 1 bp (sg 7) / 

+ 1 bp (sg 7) 

wild type / 

wild type 
n.a. n.a. n.a. n.a. 

23-12 pBraj3477 CR2664 + 
+ 1 bp (sg 7) / 

+ 1 bp (sg 7) 

wild type / 

wild type 

 

n.a. n.a. n.a. n.a. 

23-13 pBraj3477 CR2664 + 
+ 1 bp (sg 7) / 

+ 1 bp (sg 7) 

wild type / 

wild type 

 

n.a. n.a. n.a. n.a. 

23-14 pBraj3477 CR2664 + 
+ 1 bp (sg 7) / 

+ 1 bp (sg 7) 

wild type / 

wild type 

 

n.a. n.a. n.a. n.a. 

23-15 pBraj3477 CR2664 + 
- 14 bp (sg 7) / 

+ 1 bp (sg 7) 

wild type / 

wild type 

 

n.a. n.a. n.a. n.a. 

23-16 pBraj3477 CR2664 + 
- 14 bp (sg 7) / 

- 14 bp (sg 7) 

wild type / 

wild type 

 

n.a. n.a. n.a. n.a. 

23-17 pBraj3477 CR2664 + 
- 14 bp (sg 7) / 

- 14 bp (sg 7) 

wild type / 

wild type 

 

n.a. n.a. n.a. n.a. 

31-9 pBrj1256 Terratop + n.a. n.a. 1256 0.330*** 100 90 

31-12 pBrj1256 Terratop + n.a. n.a. 648 0.326*** 30 75 

35-2 pBrj1256 CR2664 + n.a. n.a. 0 n.a. n.a. n.a. 

35-6 pBrj1256 CR2664 + n.a. n.a. 23 0.124 n.a. n.a. 
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35-9 pBrj1256 CR2664 + n.a. n.a. 2031 0.151*** 100 95 

35-11 pBrj1256 CR2664 + n.a. n.a. 742 0.196*** 100 100 

35-13 pBrj1256 CR2664 + n.a. n.a. 2085 0.253ns 100 95 

 
†: PCR with three T-DNA-specific primer pairs. “+“ fragment detected, “- “ no fragment detected. 

‡: The sequencing chromatograms were decoded by ICE Analysis (https://ice.synthego.com/#/). 

§: for lines with less than 300 seeds no statistical analysis was done. For the remaining lines the 100 seed weight of 3-4 subsamples was compared against the wild type by 

Dunnett’s test, *** = p < 0.0001; ns = not significant 

n.a.: not analyzed. 

 

 

 

 

 

 

 

 

 

 

 

 

https://ice.synthego.com/#/
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Supplemental Table S4. Controlled pollinated flowers of T0 plants of Brassica juncea lines 

Terratop and CR2664 with the number of seeds and seed weight. 

Plant 
number 

Plasmid Line 

Number of 
controlled 
pollinated 

flowers 

No of siliques 
formed (%) 

Seed 
number 
obtained 

from 
controlled 
pollination 

Seed 
number per 

silique 
Weight of 

100 
seeds 

K2 - Terratop 20 18 (90%) 306 17.0 0.233 

K17 - CR2664 20 18 (90%) 254 14.1 0.275 

1 pBraj1256 CR2664 20 18 (90%) 188 10.4 0.333 

22 pBra3477 CR2664 16 14 (70%) 45 3.2 0.346 

23 pBra3477 CR2664 20 18 (90%) 84 4.7 0.213 

24 pBraj1256 CR2664 10 7 (70%) 16 2.3 0.281 

25 pBra1256 CR2664 18 11 (61 %) 26 2.4 0.112 

26 pBra3477 CR2664 15 15 (100%) 115 7.7 0.112 

27 pBraj1256 CR2664 15 10 (67%) 40 4.0 0.07 

28 pBraj1256 CR2664 20 20 (100 %) 166 8.3 0.318 

29 pBraj1256 CR2664 10 10 (100 %) 83 8.3 0.342 

30 pBraj1256 CR2664 20 9 (45%) 56 6.2 0.165 

31 pBraj1256 Terratop 20 17 (85%) 104 6.1 0.200 

32 pBra3477 CR2664 20 15 (75%) 44 2.9 0.238 

33 pBra3477 CR2664 16 16 (100%) 172 10.8 0.216 

34 pBra3477 CR2664 20 19 (95%) 64 3.4 0.292 

35 pBraj1256 CR2664 10 7 (70%) 12 1.7 0.216 

36 pBraj1256 CR2664 11 9 (82%) 53 5.9 0.213 

37 pBraj1256 CR2664 20 16 (80%) 63 3.9 0.227 
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Supplemental Table S5. MoClo compatible vectors used in this study. 

Name MoClo level Application  

pDI1 level 0 accepter  sgRNA expression cassette accepter in position 1 
Generated in this 

work 

pDI2 level 0 accepter sgRNA expression cassette accepter in position 2  
Generated in this 

work 

pDI3 level 0 accepter sgRNA expression cassette accepter in position 3 
Generated in this 

work 

pDI4E level 0 accepter sgRNA expression cassette accepter in position 4  
Generated in this 

work 

pDI1-sg1 level 0 AtU6-26::sg1 expression cassette in position 1 
Generated in this 

work 

pDI1-sg3 level 0 AtU6-26::sg3 expression cassette in position 1 
Generated in this 

work 

pDI2-sg2 level 0 AtU6-26::sg2 expression cassette in position 2 
Generated in this 

work 

pDI2-sg4 level 0 AtU6-26::sg4 expression cassette in position 2 
Generated in this 

work 

pDI3-sg5 level 0 AtU6-26::sg5 expression cassette in position 3 
Generated in this 

work 

pDI3-sg7A level 0 AtU6-26::sg7A expression cassette in position 3 
Generated in this 

work 

pDI4E-sg6 level 0 AtU6-26::sg6 expression cassette in position 4 
Generated in this 

work 

pDI4E-sg7B level 0 AtU6-26::sg7B expression cassette in position 4 
Generated in this 

work 

pICH47732 level 1 accepter MoClo level 1 accepter in position 1 Weber et al., 2011 

pICH47742 level 1 accepter MoClo level 1 accepter in position 2 Weber et al., 2011 

pICH47752 level 1 accepter MoClo level 1 accepter in position 3 Weber et al., 2011 

pMC181 level 1 2x35S::nptII expression cassette in position 1 Weber et al., 2011 

pMC170 level 1 2x35S::HPT expression cassette in position 1 
Generated in this 

work 

pEGFP1 level 1 2x35S::EGFP expression cassette in position 1 
Generated in this 

work 

pMC63 level 1 2x35S::SpCas9 expression cassette in position 2 
Generated in this 

work 

psg1256_P3 level 1 
four sgRNA (sg1, sg2, sg5, sg6) expression cassettes in 

position 3 

Generated in this 

work 

psg3477_P3 level 1 
four sgRNA (sg3, sg4, sg7A, sg7B) expression cassettes in 

position 3 

Generated in this 

work 

pICH50881 End-linker 2 end-linker 2 for level M cloning Weber et al., 2011 

pICH50892 End-linker 3 end-linker 3 for level M cloning Weber et al., 2011 

pAGM8031 level M accepter Final constract accepter Weber et al., 2011 

pEGFP level M  Final constract  
Generated in this 

work 

pBraj1256 level M  Final constract  
Generated in this 

work 

pBraj3477 level M  Final constract  
Generated in this 

work 
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Supplemental Table S6. sgRNA sequences. Eight sgRNAs were designed by CRISPR-P 

(http://cbi.hzau.edu.cn/ CRISPR2/). On-score: predicted on-target efficiency score of sgRNA. PAMs are 

in bold. sgRNAs editing efficiency of both mustard lines were calculated from Table 2 and Table S2. 

 

Name Sequence (5'-3') GC (%) On-score 

Editing efficiency (%) 

CR2664 Terratop 
sg1 GGTTTGAGTAAAGAGTGAAGCGG 40 0.1933 80(8/10) 100(6/6) 

sg2 TTGTTTGTATTGATGAGTTTTGG 25 0.2178 40(4/10) 16.7(1/6) 

sg3 CACAAGCAAGCAATGCAGTCTGG 50 0.0372 0(0/6) 8.3(1/12) 

sg4 CTTGCTTGTGGAGCCATTGCTGG 55 0.1477 33.3(2/6) 25(3/12) 

sg5 GGTTTTATCTAGGATGTTTGAGG 35 0.1864 20(2/10) 50(3/6) 

sg6 TAATATGTAAGGTTTTATCTAGG 20 0.1933 30(3/10) 0(0/6) 

sg7A TGCCTCCATCTATCGGACGGTGG 60 0.1933 100(6/6) 8.3(1/12) 

sg7B TGCCTCCATCTACCGGACGGTGG 65 0.1933 100(6/6) 25(3/12) 

 

 

Supplemental Table S7. Oligonucleotides used in this study. 

 

Name Sequence (5'-3') Application 

BraJI-sg1-F ATTGGTTTGAGTAAAGAGTGAAG 
Construction of sgRNA (sg1) 

BraJI-sg1-R AAACCTTCACTCTTTACTCAAAC 

BraJI-sg2-F ATTGTTGTTTGTATTGATGAGTTT 
Construction of sgRNA (sg2) 

BraJI-sg2-R AAACAAACTCATCAATACAAACAA 

BraJI-sg3-F ATTGCACAAGCAAGCAATGCAGTC 
Construction of sgRNA (sg3) 

BraJI-sg3-R AAACGACTGCATTGCTTGCTTGTG 

BraJI-sg4-F ATTGCTTGCTTGTGGAGCCATTGC 
Construction of sgRNA (sg4) 

BraJI-sg4-R AAACGCAATGGCTCCACAAGCAAG 

BraJI-sg5-F ATTGGTTTTATCTAGGATGTTTG 
Construction of sgRNA (sg5) 

BraJI-sg5-R AAACCAAACATCCTAGATAAAAC 

BraJI-sg6-F ATTGTAATATGTAAGGTTTTATCT 
Construction of sgRNA (sg6) 

BraJI-sg6-R AAACAGATAAAACCTTACATATTA 

BraJI-sg7A-F ATTGTGCCTCCATCTATCGGACGG 
Construction of sgRNA (sg7A) 

BraJI-sg7A-R AAACCCGTCCGATAGATGGAGGCA 

BraJI-sg7B-F ATTGTGCCTCCATCTACCGGACGG 
Construction of sgRNA (sg7B) 

BraJI-sg7B-R AAACCCGTCCGGTAGATGGAGGCA 

BrajA-F GAAACAAAGGGACAATGACG 
Amplification of Bra j IA site 

BrajA-R AAACCGTTCGGCTCCTATC 

BrajB-F CACCAGTTGTTTCTCCACG 
Amplification of Bra j IB site  

BrajB-R TTAGACTCCTATCCACTTCGC 

hyg-F ATGAAAAAGCCTGAACTCACCGC 
Detection of Hygromycin 

hyg-R CTATTCCTTTGCCCTCGGACG 

F1 GAACTCGTCAAAGTAATGGG 
Detection of Cas9 

R1 CGCCCAAGTTGGTCAGAGTA 

F2 CGATATCGGCACAAACAGCG 
Detection of Cas9 

R2 GTAAAATTCCTCCTGGCTTG 

NptII-F ATGGTTGAACAAGATGGATT 
Amplification of Kanamycin 

NptII-R TCAGAAGAACTCGTCAAGAA 

BrajI-sg1-OT1-F GACAGCGTTTGGTGGTAGGT Amplification of sg1 off-

target site 1 (sg1-OT1) BrajI-sg1-OT1-R CGGACTAAGAGCGTGTGACC 

BrajI-sg1-OT2-F GCTGCCTCTTCAAACTCTGGA Amplification of sg1 off-

target site 2 (sg1-OT2) BrajI-sg1-OT2-R TGAACTCTTTGGTGGGCGTT 

BrajI-sg1-OT3-F AAGAGGTGGCTCCACTGAGA Amplification of sg1 off-

target site 3 (sg1-OT3) BrajI-sg1-OT3-R TATCGGACGAAAGTCGAGATCC 

BrajI-sg2-OT1-F AGCCTCAGTCTTCGGAGTCT Amplification of sg2 off-

target site 1 (sg2-OT1) BrajI-sg2-OT1-R GACGAACGACTAACTTGCGC 

BrajI-sg2-OT2-F TGCAGATGCGGATGACTGTT Amplification of sg2 off-

target site 2 (sg2-OT2) BrajI-sg2-OT2-R CACACTCTTCGCCGTGGTAT 

BrajI-sg2-OT3-F ACGATGGTACCCACTACCCA 
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BrajI-sg2-OT3-R GCCAGGTATGAGGACTCGTG Amplification of sg2 off-

target site 3 (sg2-OT3) 

BrajI-sg3-OT1-F CCTCCAAGTCCCGTTTCGAA Amplification of sg3 off-

target site 1 (sg3-OT1) BrajI-sg3-OT1-R CTGTGCTTCGCCATCAATCG 

BrajI-sg3-OT2-F TCCCTGCATTTGTTGTCCCT Amplification of sg3 off-

target site 2 (sg3-OT2) BrajI-sg3-OT2-R TTTACACGTGATCGCCATGC 

BrajI-sg3-OT3-F TGCAGATGCGGATGACTGTT Amplification of sg3 off-

target site 3 (sg3-OT3) BrajI-sg3-OT3-R CACACTCTTCGCCGTGGTAT 

BrajI-sg4-OT1-F ATGCTAACTCGCGGGATGTT Amplification of sg4 off-

target site 1 (sg4-OT1) BrajI-sg4-OT1-R CATGATGGCGTGACATGAGC 

BrajI-sg4-OT2-F GGCATGGTCTTCTGGAAGGG Amplification of sg4 off-

target site 2 (sg4-OT2) BrajI-sg4-OT2-R ACCAACACTCCACACTTCCC 

BrajI-sg4-OT3-F CAGGAAGGACCAAGAGCGTT Amplification of sg4 off-

target site 3 (sg4-OT3) BrajI-sg4-OT3-R TCAGTTTGGTTCGGCAGGTC 

BrajI-sg5-OT1-F TCTTCCTTCTCACCAACGCC Amplification of sg5 off-

target site 1 (sg5-OT1) BrajI-sg5-OT1-R TCACGTAGATTCGCCCATGG 

BrajI-sg5-OT2-F GCAACTGCCCTTAGTCCACA Amplification of sg5 off-

target site 2 (sg5-OT2) BrajI-sg5-OT2-R TCTTGGAGTGATGTCGCAGG 

BrajI-sg5-OT3-F TCGTTGCAGGTGAAGTTCCT Amplification of sg5 off-

target site 3 (sg5-OT3) BrajI-sg5-OT3-R CGAGGAACACACACCTGAGA 

BrajI-sg6-OT1-F AGGTGATAGCTGACCTTGCG Amplification of sg6 off-

target site 1 (sg6-OT1) BrajI-sg6-OT1-R AAGACGAGCAGTTACCACCG 

BrajI-sg6-OT2-F TTCCATGCGTCTGCTTCCTT Amplification of sg6 off-

target site 2 (sg6-OT2) BrajI-sg6-OT2-R ACCATTGACGCAGCGGATAT 

BrajI-sg6-OT3-F CGAGATCCAAGCACAGTGGT Amplification of sg6 off-

target site 3 (sg6-OT3) BrajI-sg6-OT3-R AGAGTACATGCAACGCCCAT 

BrajI-sg7A-OT1-F TTCTTGTTGCAGGGAGCCAT Amplification of sg7A off-

target site 1 (sg7A-OT1) BrajI-sg7A-OT1-R ATCACCAAGATGCCGTTCGT 

BrajI-sg7A-OT2-F TGCATGTGGTTTTCGGTTTCT Amplification of sg7A off-

target site 2 (sg7A-OT2) BrajI-sg7A-OT2-R TACTCGGCTCCTCCACTGTT 

BrajI-sg7A-OT3-F CCATGGTGGGTCTTTCGGAT Amplification of sg7A off-

target site 3 (sg7A-OT3), and 

sg7B off-target site 2 (sg7B-

OT2) 

BrajI-sg7A-OT3-R TGCCAGACACATGAAGCTGT 

BrajI-sg7B-OT1-F AGGCTGCCACTGAATGTACA Amplification of sg7B off-

target site 1 (sg7B-OT1) BrajI-sg7B-OT1-R ACTTCGACTTCACCTACGCG 

BrajI-sg7B-OT3-F GTTGCGTTCAAACTCAGCCG Amplification of sg7B off-

target site 3 (sg7B-OT3) BrajI-sg7B-OT3-R TGCGGGTAAAGGTTCATTGGA 
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Supplemental Figure S1. Sequence alignment of Bra j I homoeologs in B. juncea varieties 

Terratop and CR2664. Target genomic regions were amplified by PCR using homoeolog-specific 

primers, subcloned and sequenced. sgRNAs-targeting sites are indicated by red lines, PAMs are 

indicated by blue lines, start codon (ATG) and stop codon (TAG) are indicated by black lines. The genes 

contain no introns. 
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Supplemental Figure S2. Outcomes of the PCR test for transgenicity of all obtained mustard 

lines. 57 T0 plants and 37 T1 plants were analyzed by three different PCR reactions targeting the T-

DNA, target fragments are indicated by red arrows. WT: wild type CR2664, +: plasmid control, H20: 

water control.   
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Supplemental Figure S3. PCR amplification of both Bra j I homoeologs from genomic DNA 

of the T0 lines. Homoeolog-specific primers were used to amplify Bra j IA and Bra j IB independently 

from the genome of edited mustard plants. Large deletions indicated by short fragment sizes (red 

arrows) were found in lines T0-1, T0-21, T0-47, and T0-55.  
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Supplemental Figure S4. Analysis of deletions in Bra j IB in mutated T0 lines. (a) Lines carrying 

large deletions. PCR fragments from T0 lines (T0-1, T0-21, T0-47, T0-55, see Figure S3) that were 

shorter than the expected size were subcloned and analyzed by Sanger sequencing and aligned to wild 

type sequences. x2: two clones were sequenced, x4: four clones were sequenced. sgRNA targeting 

sites are indicated by scissors, PAMs are underlined. WT: wild type. (b) Mutation analysis in two selected 

T0 lines with Bra j IA and Bra j IB both mutated. PCR products from T0 lines (T0-22, T0-32) were 

sequenced and chromatograms were shown below the wild type sequences. ICE decoded results were 

shown under the chromatograms. 
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Supplemental Figure S5. Analysis of the Bra j I homoeologs of T1 offsprings to screen for 

inheritance of the deletion from the T0-1 line. Genomic DNA of 35 T1 offsprings from the T0-1 

mustard line which carried a heterozygous deletion of 695 bp at the Bra j IB locus was used for PCR 

amplification with homoeolog-specific primers to amplify Bra j IA and Bra j IB independently. No small 

fragment indicating a deletion was found. WT: wild type CR2664. 
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Supplemental Figure S6. Amino acid sequences alignment of Bra j I homoeologs in B. 

juncea varieties Terratop and CR2664. Bra j I specific antibodies (KRO58-A3 and STE2-G2) 

binding peptides are indicated by red lines.  
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Supplemental Figure S7. Titration-ELISA for EC50 determination on Bra j I-peptide. 
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Supplemental Figure S8. Off-target detection. Two T1 lines were selected for off-target mutation 

assay. The potential off-target sites (OT) were listed in the tables, mismatched sequences were 

highlighted in red, PAMs were highlighted in green. Sanger sequencing chromatograms from off-target 

sites (OT) were aligned to the wild type (WT) sequences. Off-score: predicted off-target efficiency 

score by CRISPR-P. sgRNA binding sites were indicated by red arrows upon the wild type sequences. 
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Supplemental materials for chapter 4 
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Supplemental Figure S1. Effect of different spectral qualities of light under controlled 

temperature on adventitious shoot regeneration from primary leaf explants of the line of the 

Arachis hypogaea line Jimmy’s pride (Experiment 3). MS salts and vitamins were used in the media 

and explants were cultivated for 16 weeks on SIM1: 22.19 µM BAP + 2.3 µM Kin, TFL: tubular 

fluorescent lamp. Bar = 1 cm  
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 Jimmy’s Pride Dhaka 
 
 
 

SIM1 
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Supplemental Figure S2. Effect of cytokinins on adventitious shoot regeneration from primary 

leaf explants of two lines of Arachis hypogaea (Jimmy’s pride and Dhaka). MS salts and vitamins 

were used in all media and explants were cultivated for 8 weeks on the different media SIM1: 22.19 µM 

BAP + 2.3 µM Kin, SIM2: 22.19 µM MT + 2.3 µM Kin, SIM3: 22.19 µM TDZ + 2.3 µM Kin and SIM4: 

22.19 µM Zea + 2.3 µM Kin). Bar = 1 cm 
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Supplemental Figure S3. Effect of cytokinins on adventitious shoot regeneration from primary 

leaf explants of two lines of Arachis hypogaea (Jimmy’s pride and Dhaka). MS salts and vitamins 

were used in all media and explants were cultivated for 12 weeks on the different media SIM1: 22.19 

µM BAP + 2.3 µM Kin, SIM2: 22.19 µM MT + 2.3 µM Kin, SIM3: 22.19 µM TDZ + 2.3 µM Kin and SIM4: 

22.19 µM Zea + 2.3 µM Kin). Bar = 1 cm 
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Supplemental Figure S4. Overview of the relative light intensity distribution and the 

wavelengths of the different light variants used in the experiment 2 (A) and experiment 3 (B).  
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Supplemental Figure S5. Overview of the growth chamber with the specific equipment.  
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