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Abstract 

The preservation of the polyfructan inulin, a valuable commercial product obtained 

from chicory during the harvest season is severely hampered by its degradation due to 

low temperatures in late autumn. The degradation process is primarily attributed to 

the activity of fructan exohydrolases (1-FEH1, 1-FEH2a, and 1-FEH2b). However, 

the upregulation mechanism of 1-FEH genes in response to cold has remained poorly 

understood. This thesis endeavors to explore the roles of different transcription 

factors responsible for regulating the expression of 1-FEH genes and seeks to 

uncover the underlying transcription regulatory network allowing 1-FEH genes to 

respond to environmental cues. Thus, the overall aim of this thesis is to shed light on 

the complex transcriptional regulation of 1-FEH genes and thereby to provide 

direction for future chicory breeding efforts. 

The primary objective of the initial part of this thesis was to investigate the variation 

in expression levels of the three isoforms of 1-FEHs in mature taproots and young 

seedlings subjected to a detailed time course of cold treatment. The qRT-PCR results 

indicate that 1-FEH1 exhibited a prolonged and consistent cold-induced up-regulation  

whereas 1-FEH2a and 1-FEH2b were rapidly but only transiently up-regulated within 

the initial 24 hours following exposure to low temperatures; interestingly, expression 

of 1-FEH genes was also affected by heat stress and water deficiency. A co-

expression analysis conducted in this study identified a set of cold-inducible 

transcription factors, namely CiNAC5, CiDREB1A/C/D, and CiDREB2A. Further 

investigations using the dual luciferase assay, promoter deletion analysis, 

electrophoretic mobility shift assay (EMSA) and yeast-two-hybrid revealed that i) 

CiNAC5 specifically activates the promoter region (-353 to ATG) of p1-FEH1; ii) 

CiDREB2A was identified as a key regulator of 1-FEH2b, which responds to a range 

of stress conditions by binding to the DRE cis-element located on the 1-FEH2b 

promoter; iii) CiDREB2B has been found to bind to CiMYB5 (yeast-two-hybrid), 

resulting in a synergistic upregulation of 1-FEH2b (dual luciferase assay ) and 

offering an explanation for the strong up-regulation of 1-FEH2b under heat stress; iv) 

the identification of a single nucleotide polymorphism (SNP) located on the DRE cis-

element within the promoter region of p1-FEH2a was observed, which resulted in the 

inability of the promoter to be recognized and activated by CiDREB1 and CiDREB2. 
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Furthermore, this thesis established a CRISPR RNP delivery system and a chicory 

protoplast regeneration method, which will facilitate future research on the individual 

functions of 1-FEH1 and 1-FEH2. By identifying the transcription factors involved in 

regulating 1-FEH genes, this thesis offers valuable insights into the mechanisms 

underlying the regulation of 1-FEHs and may have significant implications for the 

commercial production of inulin in chicory.  
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Zusammenfassung 

Inulin, ein wertvolles, aus Zichorien gewonnenes Produkt, unterliegt während der 

Erntesaison bei niedrigen Temperaturen einem starken Abbau. Dieser Abbauprozess 

wird in erster Linie auf die Aktivität von Fructan-Exohydrolasen (1-FEH1, 1-FEH2a 

und 1-FEH2b) zurückgeführt. Der Mechanismus der Hochregulierung von 1-FEHs 

als Reaktion auf Kälte ist jedoch noch unzureichend aufgeklärt. In dieser Arbeit 

sollen Transkriptionsfaktoren untersucht werden, die für die Regulation von 1-FEHs 

verantwortlich sind. Außerdem soll die Reaktion des zugrundeliegenden 

Transkriptionsregulationsnetzwerks von 1-FEHs auf Umweltreize verstanden werden. 

Ziel dieser Arbeit ist es, die Regulation von 1-FEHs aufzuklären und so auch Ansätze 

für die zukünftige Züchtung von Chicorée zu geben. 

Das Hauptziel des ersten Teils dieser Arbeit bestand darin, die Unterschiede der 

Expressionsniveaus der drei Isoformen von 1-FEHs in reifen Speicherwurzeln und 

jungen Sämlingen während Kältebehandlung zeitlich detailliert zu untersuchen. Die 

qRT-PCR-Ergebnisse zeigen, dass 1-FEH1 eine lang anhaltende und konsistente 

Reaktion auf Kälte zeigt, während 1-FEH2a und 1-FEH2b innerhalb der ersten 24 

Stunden nach der Kälte-Exposition schnell aber nur vorübergehend hochreguliert 

werden. Darüber hinaus wurde eine Reaktion der 1-FEHs auf Hitzestress und 

Wassermangel beobachtet. Die in dieser Studie durchgeführte Ko-Expressionsanalyse 

identifizierte eine Reihe von kälteinduzierbaren Transkriptionsfaktoren, nämlich 

CiNAC5, CiDREB1A/C/D und CiDREB2A. Weitere Untersuchungen unter 

Verwendung eines dualen Luziferase-Assays, einer Promotor-Deletionsanalyse, 

Electrophoretic Mobility Shift Assay (EMSA) und Hefe-Zwei-Hybrid-System 

ergaben, dass i) CiNAC5 spezifisch die Promotorregion (-353 bis ATG) von p1-

FEH1 aktiviert; ii) CiDREB2A als ein Schlüsselregulator von 1-FEH2b identifiziert 

wurde, der auf eine Reihe von Stressbedingungen reagiert, indem er an das DRE cis-

Element am 1-FEH2b-Promotor bindet; iii) wurde festgestellt, dass CiDREB2B mit 

CiMYB5 interagiert, was zu einer synergistischen Hochregulierung von 1-FEH2b als 

Reaktion auf Hitzestress führt; iv) wurde ein Einzelnukleotid-Polymorphismus (SNP) 

identifiziert, der sich auf dem DRE cis-Element innerhalb der Promotorregion von 

p1-FEH2a befindet, was dazu führte, dass der Promotor nicht erkannt und von 

CiDREB aktiviert werden konnte. 
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Darüber hinaus wurden im Rahmen dieser Arbeit ein CRISPR-RNP-

Übertragungssystem und eine Methode zur Regeneration von Chicorée-Pflanzen aus 

Protoplasten entwickelt, die die künftige Erforschung der individuellen Funktionen 

von 1-FEH1 und 1-FEH2 erleichtern werden. Durch die Identifizierung der 

Transkriptionsfaktoren, die an der Regulierung von 1-FEHs beteiligt sind, bietet diese 

Arbeit wertvolle Einblicke in die Mechanismen, die der Regulierung von 1-FEHs 

zugrunde liegen, und könnte einen erheblichen Beitrag für die kommerzielle 

Produktion von Inulin aus Chicorée haben. 
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1 Introduction 

1.1 Fructan 

1.1.1 Fructan structure and metabolism in plants 

Fructan is a type of oligosaccharide or polysaccharide in which fructosyl units are 

polymerized to one molecular sucrose by  (21) linkage or  (26) linkage 

(Yoshida 2021). Instead of using starch as long-term reserve carbohydrates, fructan is 

accumulated as principal stored forms of energy in 15% of higher plants (Hendry 

1993), such as in Asparagaceae, Asteraceae, Boraginaceae, Campanulaceae, 

Liliaceae, and Triticeae. Fructan is mainly synthesized in the vacuole by 

fructosyltransferase. Furthermore, fructan is found to be present in the apoplast, as 

well as in phloem and xylem tissues (Livingston III and Henson 1998; Silva et al. 

2015; Wang and Nobel 1998). According to the position between fructose and 

glucose and the type of linkage between fructosyl residues, fructan can be classified 

into the following groups (Fig. 1.1).  

Inulin is a linear fructan consisting of fructosyl units bound to the fructose portion of 

sucrose via a β (21) linkage. It is found in chicory roots (Cichorium intybus), 

Jerusalem artichoke tubers (Helianthus tuberosus) as well as globe artichoke 

inflorescence (Cynara cardunculus) (Redondo-Cuenca et al. 2021). The biosynthesis 

of inulin starts with the 1-SST (sucrose: sucrose 1-fructosyltransferase) which 

transfers fructose from one molecular of sucrose to another and generates 1-kestose 

and one glucose. The elongation of inulin is facilitated by 1-FFT (fructan: fructan 1-

fructosyltransferase) by transferring fructose from a fructan to another fructan, which 

modifies the degree of polymerization (DP) of inulin. Inulin degradation is caused by 

the activity of 1-FEH (fructan 1-exohydrolase) which removes a terminal fructose 

from a fructan and produces sucrose as a final product. Neo-inulin is similar to inulin 

and consists of fructose polymerization via β (21) linkage and additionally contains 

a fructose bound to the glucose in sucrose via β (26) linkage. This type of fructan is 

found in Aloe vera (Aloe barbadensis) (Salinas et al. 2016). Neo-inulin can be 

catalyzed by 6G-FFT (fructan: fructan 6G-fructosyltransferase) which transfers a 

fructose to the glucose portion of sucrose or 1-kestose.  
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Levan-type of fructan is generally referring to a fructan in which fructose 

polymerized by a β (26) linkage bound to the fructose in sucrose. The β (26) 

linkage fructose is extended by 6-SFT (sucrose: fructan 6-fructosyltransferase) in 

fructan. Linear levan can be identified in plants belonging to the Poaceae family, 

such as wheat (Triticum aestivum) and barley (Hordeum vulgare), as well as in 

temperate grasses such as orchardgrass (Dactylisglomerata) and perennial ryegrass 

(Lolium perenne) (Yoshida 2021). Many plants produce levan as main frame but at 

the same time with β (21) linked fructose as side chain, to accumulate complex 

branched fructan in the tissue. This branched type of levan that contains both β (21) 

and β (26) linkage is known as graminan, which can be found in tissues of winter 

wheat (Triticum aestivum) (Kawakami and Yoshida 2012).  

Agavin is a new class of neofructans which was first described in Agava tequilana 

(Mancilla-Margalli and Lopez 2006) and commonly found in Agave species (Pérez-

López and Simpson 2020). This type of fructan is so far the most complex forms of 

plant fructan that have been discovered, as it comprises three possible linkages of 

neo-type fructan.  

 

Figure 1.1 Fructan structure. Fructan is classified based on the type of linkage between fructosyl 

residues and sucrose. Inulin type fructan contains β (21) linkage of fructosyl units. Levan type 

fructan contains β (26) linkage of fructosyl units. Neo-type fructan consist of fructose bounds to the 

glucose in sucrose via β (26) linkage.  
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1.1.2 Fructan metabolism in response to abiotic stress 

Plants are well known to accumulate soluble sugar content to increase freezing 

tolerance when exposed to cold stress (Tarkowski and Van den Ende 2015). Many 

overwintering plants in northern regions accumulate fructan under cold conditions as 

a source of energy for winter survival and degrade fructan for germination and 

regeneration in spring (Yoshida 2021). In Perennial ryegrass, researchers found 

fructan composition changed and low-DP fructan induced during cold acclimatation, 

with the observation of fructan accumulation and depolymerization simultaneously 

(Abeynayake et al. 2015). Fructan contributes to freezing tolerance by inserting 

between polar headgroups and increasing the stability of biomembranens. Inulin-type 

of fructan might insert into lipid bilayers and make hydrogen bonds with the 

phosphate groups to prevent crystallization and damage of the membrane (Valluru et 

al. 2008). In addition to their cold tolerance contribution, fructan also play an 

important role in plant response to osmotic stress. By overexpressing fructan 

synthetase genes, tobacco (Nicotiana tabacum) exhibited enhanced PEG-simulated 

drought stress tolerance (Sun et al. 2020). In wheat (Triticum aestivum), a greater 

fructan content has been found in a higher drought-resistance cultivar, where fructan 

synthesis occurs during early stages of drought stress while degradation occurs later 

(Hou et al. 2018). Previous results suggested that fructan played a crucial role in 

wheat seedlings against drought stress, presumably through the increasement of 

reactive oxygen species (ROS) scavenging and the maintenance of lipid peroxidation 

status (Nemati et al. 2018; Peshev et al. 2013). Implementing exogenous nitric oxide 

on Lolium perenne induced fructan synthesis enzyme activity and increased fructan 

content, which possibly leaded to maintaining ROS homeostasis and mitigating 

oxidative stress under water stress condition (Rigui et al. 2019). As a part of the 

antioxidant system, fructan was converted into less harmful fructan radical in the 

process of scavenging aggressive •OH and •OOH radicals (Bolouri-Moghaddam et al. 

2010). The association between fructan and ROS is relevant to plant antipathogenic 

activity. Fructan prime ROS dynamic and strengthen Botrytis cinerea resistance in 

Arabidopsis and chicory (Versluys et al. 2022; Van Rensburg et al. 2020). In snow 

mold-resistant wheat cultivars, it has been observed a higher accumulation and slower 

metabolize fructan in comparison with snow mold-susceptible cultivars (Kawakami 

and Yoshida 2012). 
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1.1.3 Crosstalk between fructans and phytohormones 

Previous studies have shown that fructan metabolism varied at different stages of 

plant development and in response to various environments. Sequence analysis of 

fructan active enzymes promoters revealed the presence of several cis-elements which 

were considered to mediate auxin or abscisic acid (ABA) response (Michiels et al. 

2004; Zhang et al. 2015; Nagaraj et al. 2001). These results have provided a prospect 

of correlation between developmental signaling and fructan metabolism. This 

relationship of fructan and growth regulator was rather complex and likely related to 

the degree of polymerization, structure and position of fructan (Márquez-López et al. 

2022).  

Auxin is an important type of regulator for plant growth and development. Exogenous 

auxin increased fructan accumulation in callus of Symphytum officinale (Haafl et al. 

1991) and plant of Agave tequilana (Barreto et al. 2010). Moreover, increasing 

fructan synthesis enzyme activities were observed in Lolium perenne with the 

treatment of auxin (Gasperl et al. 2016). Recent research in chicory revealed that 

auxin increased fructan content at low concentration and promoted fructan 

degradation at high concentration (Mohammadi et al. 2021). On the other hand, ABA 

levels in the wheat stem were remarkably enhanced under drought condition and 

significantly relevant to FEH activities (Yang et al. 2004). Under water stress, ABA 

presumably enhanced fructan hydrolysis in wheat by strongly induced the gene 

expression and enzymatic activities of 1-FEH and 6-FEH (Xu et al. 2016; Zhang et al. 

2020). In perennial ryegrass (Lolium perenne), ABA content increased after 1-week 

cold acclimatation, while the DP of fructan decreased. Additionally, the freezing 

tolerant genotype presented high content of ABA with low rate of ethylene emission 

and low degree of fructan polymerization (Jurczyk et al. 2021). According to former 

discoveries, ethylene played a negative role in fructan biosynthesis. In young chicory 

seedling, treatment of 1-aminocyclopropane-1-carboxylic acid (ACC, ethylene 

precursor) repressed expression of 1-SST and 1-FFT but increased expression of 1-

FEH (Wei et al. 2016). A redistribution of fructan within the onion bulb was 

observed with the supplement of ethylene, which delayed sprout emergence and 

suppressed sprout growth (Ohanenye et al. 2019). 
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1.2 Chicory: A valuable source of inulin for commercial applications 

1.2.1 Cichorium intybus 

Chicory (Cichorium intybus L.) is a perennial plant belonging to the Asteraceae 

family, native to Eurasia and widely cultivated today throughout the world. (Cichota 

et al. 2020). This species is allogamous for reproduction due to the disorder of a 

sporophytic self-incompatibility system and the flower morphology is not conducive 

to self-fertilization in the absence of pollinator (Patella et al. 2019; Barcaccia et al. 

2016). Humans have selected chicory cultivars for centuries to produce medical or 

nutritional compounds, and most currently as livestock feed (Nwafor et al. 2017).  

According to their purpose and usage, chicory can be divided into four cultigroups: 

The ‘industrial’ or ‘root’ chicory, cultivated in northwestern Europe, India, South 

Africa and Chile. The utilization of its taproot is mainly for the extraction of inulin 

and the production of coffee substitute. The ‘Brussels’ or ‘witloof’ chicory, cultivated 

in the same European area, is used to produce etiolated buds or chicons by forcing. 

The ‘leaf’ chicory, mainly known as ‘Radicchio’ in northern Italy, is commonly used 

as fresh salads or cooked according to the regional tradition. The ‘forage’ chicory is 

initially found along roadsides and is considered as weed in many countries. Its use 

dates back to the mid-1970s to increase the supply of forage for livestock (Cadalen et 

al. 2010; Barcaccia, et al. 2016).  

1.2.2 Inulin function in plants and for humans 

The discovery of Inulin dated back to the early 1800s, when inulin was first found in 

the roots of elecampane (Inula helenium) (Shoaib et al. 2016). Inulin is a highly 

abundant storage fructan in many plants of the Asteraceae family such as chicory 

(Cichorium intybus), Jerusalem artichoke (Helianthus tuberosus), cardoon (Cynara 

cardunculus) and elecampane (Inula helenium) (Redondo-Cuenca et al. 2021). In 

chicory root, the inulin content could reach 42-76% of dry weight, which made 

chicory the main source for commercial inulin extraction in industry (Shoaib et al. 

2016). In plant, inulin not only serves as storage carbohydrate, but also play an 

important role in osmotic or freezing stress response. Attributed to the flexible 

structures, inulin can insert much deeper than levan into membranes and interact with 

C=O groups to stabilize membrane, preventing cell membrane damage from 

dehydration and crystallization (Valluru et al. 2008).  
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The unique property of inulin provides its multiple function in pharmaceutical and 

food industries. Inulin has been used in drug delivery as a versatile polymer and its 

membrane stabilization ability was used to stabilize therapeutic proteins (Afinjuomo 

et al. 2021). In addition, inulin is a suitable dietary fiber and offers prebiotic action in 

both human and animal, by enhancing the growth and functionality of 

Bifidobacterium bacteria, which further produce short-chain fatty acids in the colon 

(Tawfick et al. 2022). On the other hand, the low caloric value (1.5 kcal/g or 6.3 kJ/g) 

of inulin makes it an ideal supplement for food. Inulin dissolves in water to form a 

creamy and gelatinous structure that can replace fat in foods such as yogurt and ice 

cream, thereby reducing the fat content (Guven et al. 2005; Akalın et al. 2008).  

In manufacturing industry, inulin-rich plants are abundant bioresources to produce 

FDCA (2,5-furandi-carboxylic acid), which is utilized as a fundamental material for 

sustainable plastic production (Heo et al. 2021). Furthermore, inulin-rich feedstocks 

are exploited for the production of bio-renewable fuel such as bioethanol, acetone and 

butanol (Singh et al. 2022; Lee et al. 2022). Inulin is also used as ingredient in 

cosmetics due to its antimicrobial protective effect on skin and a great stability of the 

emulsions formed by the inulin surfactant (Tripodo and Mandracchia 2019; Niziol-

Lukaszewska et al. 2019). 

1.2.3 Inulin metabolism in chicory 

Inulin as the main commercial product from chicory root, its application and value 

depend on the degree of polymerization, which is affected by the field condition and 

chicory harvest time. According to the inulin mean polymer length (mDP), yield, 

gene expression and activity of inulin metabolism related enzymes, the cultivation of 

chicory in western Europe can be defined into three phases (Van Arkel et al. 2012).  

Phase I: During the early stages of taproot development, the biosynthesis of inulin in 

chicory was catalyzed by two fructosyltransferase 1-SST and 1-FFT. During growing 

season, the expression of 1-SST increased sharply at the same time of taproot 

thickening. Meanwhile, the high photosynthesis rate and the initiation of inulin 

metabolism resulted in high amounts of storage carbohydrates. The highest level of 

mDP was reached during this phase, which lasted until mid-September. Phase II: In 

this period, the temperature dropped below than 10 °C, which induced the gene 

expression of 1-FEH1. The yield of inulin continued increasing while the mDP 
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gradually decreased, which might be the result of the combination of residual 

polymerization of 1-SST and 1-FFT, and the hydrolysis of 1-FEH1. Phase III: As the 

temperature continued decreasing, the induction of 1-FEH leaded to mDP decrease. A 

high amount of fructose was observed between December and January, which was 

due to the activities of 1-FEHs degrading inulin by releasing the terminal fructose 

from the fructan chain.  

1.2.4 Chicory fructan 1-exohydrolases play different roles in inulin degradation 

Three isoforms of fructan 1-exohydrolases have been identified in chicory, which 

hydrolyzed the  (21) linkages in inulin rather than the  (26) linkages in levan 

(De Roover et al.1999a; Van den Ende et al. 2001). However, several research have 

revealed the protein properties and functional difference between 1-FEH1 and 1-

FEH2. Evolutionary analysis suggested that 1-FEH1 had been evolved from a cell-

wall invertase-like ancestor that later obtained a vacuolar targeting signal. 1-FEH1 is 

highly expressed in cold-induced roots, but only low expression was found in forced 

roots, which contrasts with 1-FEH2 that is highly expressed in forced roots. In 

addition, high concentration of sucrose showed more pronounced inhibition on 1-

FEH2a than 1-FEH1 (De Roover et al. 1999a), indicating that 1-FEH2 was 

predominantly responsible to break down fructan when sucrose concentration 

decreased in vascular during the time of forcing. A strong induction of 1-FEH2 was 

observed after defoliation treatment in young chicory, while 1-FEH1 was not 

responsible to defoliation. These results suggested that 1-FEH2 played an important 

role in chicory survival strategy and was induced when energy demands greatly 

increased (De Roover et al. 1999b; Van den Ende et al. 2001). The reason for the 

induction of 1-FEH1 in mature field-grown chicory roots during autumn is still 

unknown as there appears to be no significant energy demand at that time. More 

investigation is required to comprehend the mechanisms and reasons behind the 

evolution of fructan exohydrolases from cell-wall invertases, their specific locations 

within the plant, and the ways in which they are regulated during various 

developmental phases. 

1.2.5 The regulation of fructan active enzymes (FAZYs) 

It has been demonstrated in chicory taproot and wheat kernels that the enzyme 

activities of fructan active enzymes (FAZYs) are correlated to the gene expression 
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levels (Van Laere and Van den Ende 2002; Cimini et al. 2015), suggesting that FAZY 

are mainly regulated at the transcriptional level. Fructan synthesis genes are induced 

by sugar supplementation and nitrogen deprivation (Kusch, Greiner, et al. 2009; Xue 

et al. 2011), while fructan exohydrolases genes are induced by low temperature 

(Michiels et al. 2004) and defoliation (Ende et al. 2001). In chicory, the gene 

expression and the enzyme activity of 1-SST are corresponded to plant developmental 

stage (Van Arkel et al. 2012). Another research revealed that drought induced 1-SST 

gene expression as well as enzyme activity in roots and leaves of chicory seedlings 

(Van Laere et al. 2000). Additionally, oligofructans slightly decreased under ACC 

and cold treatment, correlating with reduced expression of 1-SST and 1-FFT (Wei et 

al. 2016). In previous research, several transcription factors have been identified to be 

regulators of FAZY. The transcription factor CiMYB17 was involved in the complex 

regulation of FAZY genes expression in chicory, particularly after the exposure of 

abiotic stress (Wei et al. 2017). In Triticum aestivum, TaMYB13-1 acted as a positive 

regulator of fructosyltransferase genes and regulated fructan biosynthesis by directly 

binding to the promoter of fructosyltransferase genes (Kooiker et al. 2013; Xue et al. 

2011).  

1.3 Potential plant transcription factors relevant for inulin metabolism 

1.3.1 AP2/ERF 

The AP2/ERF (APETALA2/ethylene-responsive element binding factors) 

transcription factors are a large group of factors that are mainly found in plants (Feng 

et al. 2020). Transcription factors from the AP2/ERF family contain either one or two 

AP2 domains, each consisting of 58 residues, which was function to bind DNA 

(Agarwal et al. 2017). These domains were first identified in the APETALA2 protein, 

a floral homeotic protein from Arabidopsis. The AP2/ERF super family is generally 

classified into four major subfamilies: DREB (Dehydration Responsive Element-

Binding protein), ERF (Ethylene-Responsive-Element-Binding Factor), AP2 

(APETALA2) and RAV (Related to ABI3/VP) (Mizoi et al. 2012). It has been 

reported that AP2/ERF transcription factors played a crucial role in regulating various 

aspects of plant development and stress response. In rice (Oryza sativa), the 

AP2/ERF transcription factor LATE FLOWERING SEMI-DWARF (LFS) 

suppressed the long-day-specific floral repressor gene and therefore induced 
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flowering under long photoperiodic conditions (Shim et al. 2022). Another research 

identified the DUO-B1 gene in wheat (Triticum aestivum), which encoded an 

AP2/ERF transcription factor that regulated spike structure in bread wheat (Wang et 

al. 2022). AP2/ERFs also participated in the process of fruits ripening by regulating 

cell wall-modifying genes to remodel cell wall structure and regulating chlorophyl 

degradation to de-green the fruit color (Zhai et al. 2022). An RNA sequencing study 

revealed that the expression of AP2-domain-containing regulators were significantly 

induced in the initial imbibition of seed germination in rice (He et al. 2020). In maize, 

an AP2/ERF transcription factor, ZmRAP2.7, was demonstrated to be involved in 

brace roots development (Li et al. 2019). Additionally, recent research identified an 

AP2-type transcription factor family protein NARROW AND DWARF LEAF1 

(NDL1), which mediated leaf development and maintenance of the shoot apical 

meristem (Kusnandar et al. 2022). Moreover, several members of the AP2/ERF 

transcription factor superfamily have been identified as playing a role in the response 

to various stress, including cold, heat, drought, and salinity (Xie et al. 2022; Park et al. 

2021; Yu et al. 2022). 

1.3.2 DREB 

Dehydration responsive element binding (DREB) factors comprise one of the 

subfamilies of AP2/ERF super family which contains a single AP2 domain. 

According to Nakano et al. (2006), DREB subfamily could be further divided into six 

subgroups named as A-1 to A-6. The study of DREBs has provided valuable insights 

into the molecular mechanisms of plant abiotic stress responses. In Arabidopsis, it has 

been demonstrated that the core sequence of DRE (A/GCCGAC) was essential for 

highly specific interactions with the DREB proteins (Sakuma et al. 2002). Previous 

genetic and molecular analyses have found that DREB1 proteins, also known as C-

repeat binding factors (CBF), were crucial factors involved in cold acclimation, by 

regulating cis-element on promoters of a subset of cold-regulated (COR) genes 

(Gilmour et al. 1998; Liu et al. 2019). The expression of DREB1 was closely linked 

to temperature fluctuations and regulated by calcium signals (Hiraki et al. 2019). The 

induction of DREB1 genes during cold stress was orchestrated by multiple factors, 

including CALMODULIN BINDINGTRANSCRIPTION ACTIVATOR3 (CAMTA3) 

and CAMTA5, which showed different cold-signaling pathways function in the 

responses to rapid and gradual decreases in temperature (Kidokoro et al. 2017a). Two 
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DREB1 genes, CiDREB1A and CiDREB1B were cloned from chicory and their 

expression were induced by low temperature in an ABA-independent stress signaling 

pathway (Liang et al. 2014).  

On the other hand, DREB2 acts as a master regulator of drought and salinity stress 

responses in many plant species. The overexpression of maize ZmDREB2A increased 

thermotolerance in transgenic plants and upregulated genes related to the heat shock 

and detoxification, suggesting that ZmDREB2A has a double function in response to 

both osmotic and heat stress (Qin et al. 2007). Expression of OsDREB2A 

transcription factor confers significant tolerance to osmotic, salt and dehydration 

stresses during simulated stress conditions with enhanced growth performance in rice 

(Oryza sativa) (Mallikarjuna et al. 2011). Subsequent analysis of the expression of 

other members of the DREB2 subgroup and homologous genes in other plant species 

demonstrated that a DREB2-type genes can also be induced by low temperatures 

(Mizoi et al. 2013). 

1.3.3 R2R3-MYB 

MYB transcription factors are characterized by the MYB domain which is a highly 

conserved DNA-binding domain. This domain typically consists of one to four 

imperfect amino acid sequence repeats (R) which is about 50 to 53 amino acids and 

encodes three -helices. The second and third helices form a helix–turn–helix (HTH) 

structure that interposes in the major groove of specific DNA sequence motif (Du et 

al. 2009). According to the number of adjacent repeats, MYB proteins can be divided 

into four classes: MYB-related, R2R3-MYB, R1R2R3-MYB, and 4R-MYB proteins 

(Jiang and Rao 2020). The N-terminal of R2R3-MYB protein contains the highly 

conserved MYB domain for DNA-binding, while located at the C-terminal is an 

activation or repression domain, which is highly variable and provided structurally 

and functionally differences (Dubos et al. 2010; Chen et al. 2019). Most MYB 

proteins are function as transcription factors, among which the R2R3-MYB were 

involved in multiple aspects of plant development and responses to abiotic and 

stresses (Wang et al. 2021). It has been reported in Arabidopsis that R2R3-MYB 

transcription factor AtMYB15 interacted with ICE1 and regulated the expression of 

CBF3 responding to low temperature (Agarwal et al. 2006). In rice, an 

overexpression of OsMYB2 has been shown to enhance the expression of stress-
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related genes, such as OsDREB2A, and improve the plant's tolerance towards salt, 

cold, and dehydration (Yang et al. 2012). Another R2R3-MYB transcription factor, 

AtMYB44, has been identified in Arabidopsis, demonstrating that overexpression of 

AtMYB44 leaded to the reduced expression of genes encoding protein phosphatases 

2C (PPC2) and thereby enhanced the tolerance of abiotic stresses, such as 

dehydration, low temperature, and salinity (Jung et al. 2008). 

Previous research revealed the association between MYB transcription factors and 

fructan metabolism. In Triticum aestivum, TaMYB13 bound to a 

(A/G/T)TT(A/T/C)GGT core sequence presenting in the promoters of wheat Ta1-SST 

and Ta6-SFT genes and contributed to the fructan accumulation (Kooiker et al. 2013; 

Xue et al. 2011). Wei et al. (2017a) used TaMYB13 as query and identified 

CiMYB17 in chicory. CiMYB17 activated the promoter of genes related to fructan 

synthesis and degradation, indicating that CiMYB17 was involved in the complex 

regulation of fructan metabolism. Moreover, CiMYB3 and CiMYB5 enhanced 

promoter activities of 1-FEHs by recognition the MYB-core motifs (C/TNGTTA/G) 

and regulated fructan degradation in response to abiotic stress and hormonal cues 

(Wei et al. 2017b). 

1.3.4 NAC 

Plant specific proteins NAC [No apical meristem (NAM), Arabidopsis transcription 

activation factor (ATAF), Cup-shaped cotyledon (CUC)] are a major transcription 

factor family function as regulators in stress tolerance and plant development 

(Puranik et al. 2012). In general, NAC proteins contain a highly conserved NAC-

domain located at the N-terminal for interaction with DNA and a diverse C-terminal 

for transcriptional activation, repression, and protein interaction. There is growing 

evidence that NAC transcription factors play an important role in the stress response 

of many species. Under low temperatures, the less growth of Arabidopsis drove a 

slow accumulation of a membrane-associated NAC transcription factor NTL8, which 

altered the VERNALIZATION INSENSITIVE 3 cold induction profile in the long-term 

process of vernalization (Zhao et al. 2020). In addition, three NAC proteins identified 

in Arabidopsis, ANAC019, ANAC055 and ANAC072, were upregulated by drought, 

high salinity and abscisic acid, and bound specifically to the CATGTG motif (Tran et 

al. 2004).  In pepper (Capsicum annuum L.), CaNAC064 was found as a regulator of 
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cold stress tolerance and interacted with low temperature-induced haplo-proteinase 

proteins (Hou et al. 2020). In rice, the NAC transcription factor, OsNAC6, activated 

genes encoding peroxidases and responded to various stresses such as cold, drought, 

high salinity, wounding, and blast disease (Nakashima et al. 2007). Overexpression of 

the gene TaNAC29 in wheat enhanced plant’s tolerance to salt stress as well as 

improved physiological traits such as greener leaves, reduced H2O2 accumulation, 

and strengthened cell membrane stability (Xu et al. 2015). 

In addition to stress response, NAC transcription factors are involved in the process 

of plant development. Overexpression of TaRNAC1, a predominantly root-expressed 

NAC transcription factor from wheat, significantly increased root length at the early 

growth stage, and increased 70% dry weight biomass of mature root (Chen et al. 

2018). In maize, two endosperm-specific NAC transcription factors, ZmNAC128 and 

ZmNAC130, were demonstrated to regulate the transcription of Bt2 (brittle2) and its 

protein level and affect the starch accumulation (Zhang et al. 2019). However, limited 

research has been conducted to demonstrate the association between NAC 

transcription factors and carbohydrate metabolism, warranting further investigation. 

1.3.5 WRKY 

WRKY transcription factors are one of the largest groups transcription regulators in 

plant, which function as repressors and activators. These transcription factors are 

characterized by a DNA binding domain in the N-terminal, which is 60 residues in 

length containing WRKY amino acid sequence, as well as a zinc-finger in the C-

terminal (Rushton et al. 2010). The conserved WRKY domain recognize a specific 

DNA sequence called the W-box (TTGACC/T), which is the minimal element 

required for many WRKY proteins to specifically bind to DNA (Ciolkowski et al. 

2008). Over the past decade, studies on WRKY have shown that it was common for 

WRKY transcription factor to regulate different aspects of plant. In Nicotiana 

tabacum, the expression of tWRKY3 and tWRKY4 rapidly increased not only after 

tobacco mosaic virus infection but also by salicylic acid induction, and further 

enhanced the resistance to the pathogen (Chen et al. 2000). However, another WRKY 

protein CaWRKY1 in Capsicum annuum, has been reported as a negative regulator, 

which turned off the systematic acquired resistance once the pathogen stress 

diminished (Oh et al. 2008).  SUSIBA2 (sugar signaling in barley) is a WRKY 
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protein found in barley, which has been reported to bind the W-box and the SURE 

(sugar response) cis-elements (Sun et al. 2003).  Expression of barley SUSIBA2 in 

rice increased the starch yield and reduced the methane emissions, providing a 

sustainable approach for increased starch content food production (Su et al. 2015). 

Later research revealed the mechanism of a dual-promoter gene encoding SUSIBA1 

and SUSIBA2 orchestrating the coordinated regulation of starch and fructan synthesis 

in barley (Jin et al. 2017).  

1.4 Biotechnology 

The utilization of plant genetic engineering is a pivotal component in enhancing crop 

productivity, improving quality, and strengthening resistance against abiotic and 

biotic stressors in agricultural production. To produce a chicory cultivar possessing 

elevated inulin content, one strategy involves the inactivation of 1-FEH genes to 

prevent inulin degradation. Serval genome editing methodologies have been 

developed, encompassing Zinc finger nucleases (ZFNs) and the utilization of DNA-

binding transcription activator-like (TAL) effectors derived from the plant bacterial 

pathogen Xanthomonas. Despite their significant impact and valuable contributions, 

both platforms possess distinctive drawbacks and necessitate considerable resources 

for customization to fulfill specific requirements, with their integration into plant 

systems remaining a challenging endeavor. In recent years, research focus has 

primarily shifted towards the CRISPR/Cas system as a genome editing tool. The 

implementation of CRISPR/Cas offers plant breeders the capability to precisely 

introduce targeted sequence variations, representing a transformative resource for the 

expedited improvement of agricultural crops. The present chapter aims to provide an 

overview of the development of CRISPR/Cas9 technology and its applications in 

plant systems. 

1.4.1 CRISPR/Cas9 

CRISPR/Cas (Clustered Regularly Interspaced Short Palindromic Repeats /CRISPR-

associated protein) is an adaptive immune system of bacteria against the infection of 

bacteriophage (Heler et al. 2014). The system allows the host to record the foreign 

genetic element by integrating a short DNA fragment from invader into the host 

chromosome, and thereby to prevent the second infection (Amitai and Sorek 2016). 

According to the current classification of CRIPSR-cas loci (Makarova et al. 2015), 
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CIRSPR system can be grouped by six distinct types, among which type II utilizes a 

single endonuclease, Cas9, containing HNH-like and RuvC domain for DNA 

recognition and cleavage (Shmakov et al. 2015). In most CRISPR system, a 

conserved DNA sequence known as a short protospacer adjacent motif (PAM) is 

require for DNA target selection and degradation (Leenay et al. 2016). The Cas9 

enzyme from Streptococcus pyogenes recognizes 5’-NGG-3’ PAM sequence and 

cleavages the 3’ end of the target DNA (Jinek et al. 2012). After the first invasion, 

foreign sequences are carried by CRISPR arrays and form the 5' end of mature 

CRISPR RNAs (crRNAs) after transcription (Brouns et al. 2008). A small noncoding 

tans-activating crRNA (tracrRNA) base pair with the crRNA and form dual-RNA 

structure (Deltcheva et al. 2011). During the second invasion, the dual-RNA generate 

hybridization with DNA of the same former invader, which guide the Cas9 nuclease 

to cleave the foreign DNA containing an adjacent PAM and a complementary 20-

nucleotide target sequence (Jinek et al. 2012). This silencing process can be utilized 

by researchers to modified specific site in genome by altering the guide RNA within 

the crRNA. To simplify the system, a single guide RNA (sgRNA) combining crRNA 

and tracrRNA retains the function of Cas9 to cleave the target site and generates a 

double-strand break (DSB) (Jinek et al. 2012). The DSB is subsequently repaired by 

either the error-prone nonhomologous end joining (NHEJ) mechanism, leading to 

small random indels at the cleavage site (Lieber 2010), or the homology-directed 

repair (HDR) pathway, resulting in precise sequence insertion at the DSB location via 

a homologous repair template (McVey et al. 2016; Ran et al. 2013). 

1.4.2 Application of CRISPR/Cas9 in agricultural plants 

Crops are important sources for human’s consumption. The world's growing 

population requires innovative breeding technologies to increase agricultural 

productivity and meet the growing demand for agricultural products. Traditional 

cross-breeding methods take 8-10 years to introduce desirable alleles, which is not 

only time consuming, but also limited by the reduced genetic variability (Chen et al. 

2019). CRISPR/Cas9 genome editing system as a potential breeding technology can 

precisely modified target sequence in the genome and shorten the time to achieve 

desirable varieties. Over the past decade, the usage of CRISPR/Cas9 has been 

reported in rice (Oryza sativa) and wheat (Triticum aestivum) (Shan et al. 2013). The 

application of CRISPR/Cas9 can improve crops’ traits in multiple aspects. One 
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common strategy is using CRISPR/Cas9 to knock out negative regulator that affected 

yields by introducing indels in the genes. For instance, loss-of-function mutation in 

grain weight–related genes Grain Weight 2 (GW2), Grain Weight 5 (GW5) and 

Thousand- Grain Weight 6 (TGW6), significantly increased grain weight in rice due 

to trait pyramiding (Xu et al. 2016). Additionally, CRISPR/Cas9 guided null mutation 

in GRAIN NUMBER 1a (Gn1a), DENSE AND ERECT PANICLE (DEP1), and Grain 

Size (GS3) improved yield-related traits (Li et al. 2016). Mutation of the Waxy1 gene 

in maize using CRISPR/Cas9 increased the amount of amylopectin in seed starch 

(Gao et al. 2020). Moreover, CRISPR/Cas9 can knock out disease-susceptibility 

genes to confer crops’ resistance to biotic stresses. CRISPR/Cas9-mediated knockout 

of MILDEW RESISTANT LOCUS O (Mlo) increased resistance to powdery mildew in 

bread wheat and tomato (Wang et al. 2014; Nekrasov et al. 2017). Another strategy of 

using of CRISPR/Cas9 is to knock in or replace specific genome sequence via HDR 

pathway to generate new allelic variant that do not exist naturally and facilitate the 

breeding process. Maize ARGOS8 is a negative regulator of ethylene responses. 

Using CRISPR/Cas9 to knock in GOS2 promoter to replace the native promoter of 

ARGOS8, increased the gene transcript level and improved maize grain yield under 

drought stress conditions (Shi et al. 2017). 

1.4.3 Deliver CRISPR/Cas9 reagent into plants 

The traditional approach for stable expression of CRISPR/Cas9 DNA is to use 

Agrobacterium-mediated transformation or particle bombardment to deliver a DNA 

cassette including Cas proteins, gRNA and marker gene for selection. This method 

allows the integration of CRISPR constructs into the genome of plants, which may 

lead to side effects and increase the off-target rate. In addition, the insertion sites of 

CRISPR constructs are usually unpredictable. Although it is possible to get rid of 

CRISPR constructs by genetic segregation and generate transgene-free mutant plants, 

this method is limited for asexually propagated crops. An alternative approach is 

transient expression of CRISPR/Cas9, in which the selection step for regenerated 

plants using harborside or antibiotic is eliminated. Without the selection pressure, the 

regenerated plants with modification have chance to grow without the foreign DNA 

construct in the genome. Similarly, transfecting CRISPR construct into protoplast to 

edit genomic DNA does not require integration of the CRISPR cassette into plant 

genome. Consequently, the genome modified protoplast can further be regenerated 
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into full plants, while the plasmid will be depredated during the regeneration process. 

This method has been successfully achieved in chicory with mutation frequency 4.5% 

in the protoplast (Bernard et al. 2019). However, vector containing the CRISPR/Cas9 

cassette can be inserted at a non-negligible frequency into the plant genome after 

transient transformation. In tobacco, Lin et al. (2018) reported that Cas9 DNA had 

been found in 17.2 % of mutant plants after using protoplast transient transfection. To 

avoid the disadvantage of plasmid-based CRISPR/Cas9 system and establish a DNA-

free genome editing method, there is a growing interest in using ribonucleoprotein 

(RNP) delivered into plant cells by protoplast transfection. The RNP complex and 

sgRNA can be pre-assembled in vitro with reaction buffer. Subsequently, RNP 

complex can be delivered into plant protoplast by polyethylene glycol (PEG)-

mediated cell transfection, particle bombardment, electroporation, or lipofection (Fig. 

1.2). Woo et al. (2015) were first utilized RNP for genome editing into plant 

protoplasts of Arabidopsis thaliana, tobacco, lettuce, and rice and achieved 

regenerated plants with 46% mutation frequency.  

 

Figure 1.2 CRISPR/Cas9 RNP-mediated genetic engineering in plants (Zhang et al. 2021). RNP 

can be dilivered into protoplast by particle bombardment, polyethylene glycol (PEG)-mediated 

transfection, lipofection, nanoparticles and cell-penetratingpeptides. Transformed cells and tissues are 

used for plant regeneration and edit detection. 
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2 Aims 

Although the fructan 1-exohydrolases have been identified in chicory and well-

studied with their cold induction during harvest season, the specific functions of these 

three isoforms, 1-FEH1, 1-FEH2a and 1-FEH2b, remained unclear. Additionally, 

limited information was available on the transcription factors that regulate their 

expression. The overall aim of this thesis is to investigate the differential regulation 

pathways of 1-FEH genes and to identify the transcriptional regulators involved in 

stress signaling of 1-FEH genes. Another goal of this thesis is to establish a robust 

and practical protoplast-based transfection system for genetic engineering of inulin 

yield and quality using biotechnological methods. The strategies and experimental 

procedures applied in this thesis include: 

(1) Promoter analysis is conducted on 1-FEH1, 1-FEH2a, and 1-FEH2b based on the 

identified cis-elements on their respective promoters and screen potential 

transcription factor families. 

(2) Putative transcription factors are identified in a chicory RNAseq database by 

querying with published sequences from other plant species. 

(3) Co-expression analysis is conducted through quantitative real-time PCR (qRT-

PCR) to investigate the relationship between putative transcription factors and genes 

related to fructan metabolism in response to various abiotic stresses. 

(4) Dual luciferase assay (DLA) is performed in chicory mesophyll protoplasts to 

investigate the transcription factor activation on 1-FEH promoter regions. 

(5) Electrophoretic mobility shift assay (EMSA) is employed to identify the specific 

binding sites of the transcription factors on the promoter region of interest. 

(6) Yeast-two-hybrid and luciferase complementation assay (LCA) are used to study 

the interaction between transcription factors. 

(7) An approach is developed to introduce site-specific mutations in target genes of 

chicory via CRISPR ribonucleoprotein (RNP) delivery and protoplast regeneration. 
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3 Results 

3.1 Identification of CiDREB and CiNAC transcription factors in Cichorium 

intybus 

3.1.1  Bioinformatic analysis of promoter sequence predicts possible binding 

sites for CiDREBs and CiNACs 

To address the question whether abiotic stress responding transcription factors 

CiDREB and CiNAC are involved in the regulation of 1-FEH genes expression, I 

scanned the promoter sequence to approximately 1kb upstream from the start codon 

of 1-FEH1, 1-FEH2a and 1-FEH2b in JASPAR database (jaspar.genereg.net). Based 

on the conserved binding sites of AtDREB or AtNAC from Arabidopsis thaliana, I 

screened the promoter of 1-FEH for the presence of cis-elements containing the core 

motifs of DRE (Dehydration Response Element) or NACBS (NAC Binding Site).  

Compared to p1-FEH2a and p1-FEH2b, p1-FEH1 contains two times more putative 

NACBS, with one NACBS rather close to the TATA box (Fig. 3.1).  

 

 

 

 

Table  1   Prediction of DRE on promoter sequence of 1-FEHs 

Promoter Putative DRE element and position 

p1-FEH1 (1195 bp) 
ATGTCGTT (-811), ATGTCGGACG (-717), 

ATGTGGAC (-353), TGTGGGTG (-188) 

p1-FEH2a (1147 bp) 
ATGCCGTCAT (-487), TGGCCAACTT (-192), 

AATTCGGTAG (-136) 

p1-FEH2b (1740 bp) 
TGTCGGTC (-781), TGGCCAACTT (-186), 

AAGTCGGTAG (-138) 
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Figure 3.1 Promoter analysis of 1-FEH1, 1-FEH2a and 1-FEH2b. Putative NAC binding sites are indicated in pink/purple boxes on the promoter region. Putative DRE 

elements are indicated in green boxes. TATA boxes are highlighted with red boxes. Figure was generated by SnapGene. 
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Figure 3.2 Schematic comparison of genomic sequences between 1-FEH2a and 1-FEH2b. Homologous regions are annotated in yellow. 1-FEH2a specific region is 

indicated in green. 1-FEH2b specific sequence is located in the promoter region, which is indicated in orange. 
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Previous promoter deletion analysis of p1-FEH2a demonstrated that the -172 to -278 

region was critical for 1-FEH2a cold induced expression, presumably due to the 

presence of potential cold-responsive ABRE (GACACGTA) and/or CRT/DRE 

elements (TGGCCAACTT). Further deletion down to -172 decreased the promoter 

activity in plants under cold treatment (Michiels et al. 2004). There are more DRE 

elements found on p1-FEH2a and p1-FEH2b, which are listed on table 1. 

Interestingly, both p1-FEH2a and p1-FEH2b display a DRE element upstream near 

the TATA box, but with one base pair different on the core motif.  

Notably, 1-FEH2a and 1-FEH2b share highly conserved sequence of promoter, 

except that p1-FEH2b contains a long insertion located on -1716 to -246 upstream 

from ATG. Although 1-FEH2a and 1-FEH2b coding sequences show 96.05% 

similarity, 1-FEH2a contains an insertion around 1kb between exon 1 and exon 3, 

which contains a distinct exon 2 coding three additional amino acids compared to 1-

FEH2b (Fig. 3.2).    

3.1.2 Identification and cloning of CiDREB isoforms in chicory 

In previous research, Liang et al. (2013) used homologous regions of reported CBF/ 

DREB1 genes from other plants as queries, and identified two genes coding 

CiDREB1A and CiDREB1B in chicory. However, primers used to clone CiDREB1B 

coding sequence resulted in amplification of four close isoforms named CiDREB1C-

F (Wei, Dissertation, 2017). By using LsDREB2A from Lactuca sativa as query 

sequence and tBLASTn searching in chicory database, Wei (2017) identified two 

additional CiDREB2 genes and designated them as CiDREB2A and CiDREB2B.  

Alignment of CiDREB1 and CiDREB2 protein sequences revealed a conserved AP2 

domain containing 57 amino acids (Fig. 3.3A). To predict the potential function and 

to clarify the phylogenetic relationship of identified CiDREB candidates, I used 

MEGA7 to conduct the evolutionary analyses of CiDREB among AtDREB from 

Arabidopsis thaliana. Classified in subgroup 1 family, CiDREB1A/1C/1D showed 

similarity to DWARF AND DELAYED FLOWERING (AtDDF1, AT1G12610.1; 

AtDDF2, AT1G63030.1) which showed increased tolerance to high levels of salt by 

overexpression in Arabidopsis (Magome et al. 2004). This subgroup 1 family is 

considered as involved in cold response, including cold inducible transcription factors 

CBF1 (AT4G25490.1), CBF2 (AT4G25470.1), and CBF3 (AT4G25480.1). 
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CiDERB2A and CiDREB2B were classified in subgroup 2 family (Fig. 3.3B), which 

included AtDREB2A and AtDREB2B that were involved in response to drought 

(Mizoi et al. 2012).  

 

 

Figure 3.3 Protein sequence analysis of CiDREB. (A) Comparison of the predicted amino acid 

sequences of CiDREB identified in chicory. Multiple amino acid sequence alignments were performed 

by MEGA7. The AP2 DNA-binding domain was anaylized by NCBI conserved domain search 
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(https://www.ncbi.nlm.nih.gov) and indicated by a black line. Asterisks, colons and full stops indicate 

positions that have an identical, conserved and weakly conserved residue, respectively. (B) Molecular 

Phylogenetic analysis of CiDREB transcription factors among AtDREB from Arabidopsis thaliana by 

Maximum Likelihood method. Evolutionary analyses were conducted in MEGA7. 

The open reading frames of CiDREB1A/1C/1D and CiDREB2A/2B contain a 

conserved NLS (Nuclear Localization Signal) peptide. To determine their subcellular 

localization, I generated pART-based construct CaMV35S:CiDREB2B:EGFP which 

was subsequently transfected into chicory root protoplasts. As control, 

CaMV35S:EGFP were transfected independently. Fusion protein CiDREB2B:EGFP 

signals were found in the nucleus (Fig. 3.4) as confirmed by DAPI staining (4', 6-

diamino-2-phenylindole, dihydrochloride), while EGFP signal without transcriptional 

fuses to the transcription factors was distributed in the whole cell. All the observation 

concluded that CiDREB2B located in the nucleus where most transcription factors 

function. 

 

Figure 3.4 Subcellular localization of CiDREB2B in chicory root protoplasts. GFP signal indicates 

the transient transformation of CaMV35S:CiDREB2B:GFP, which is co-localized with DAPI staining 

(bule). Free GFP is expressed in the whole cell.  

3.1.3 Identification and cloning of CiNAC isoforms in chicory 

In search for putative CiNAC transcription factors in chicory, I used the conserved 

NAC domain of Arabidopsis as a query to nBLASTt in the chicory RNA database. 

Eight CiNACs were successfully cloned and were named as CiNAC1-8 after the 

order in which they were found. Alignment of CiNAC protein sequences showed that 

they contained bipartite conserved NAC domain (Fig. 3.5).  In the evolutionary 
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analyses of CiNAC among AtNAC from Arabidopsis thaliana, I found that CiNAC5 

is close to AtANAC017 (AT1G3190.1, Fig. 3.6) that has been reported as a 

transcription factor related to mitochondrial respiratory capacity and retrograde 

signaling trigger by reductive stress (Fuchs et al. 2022).  

 

Figure 3.5 Comparison of the deduced amino acid sequences of CiNAC1-8 identified in chicory. 

Multiple amino acid sequence alignments were performed by MEGA7. The NAC domain was 

analyzed by NCBI conserved domain search (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) 

and indicated by a black line. Asterisks, colons and full stops indicate positions that have an identical, 

conserved and weakly conserved residue, respectively. 
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Figure 3.6 Molecular Phylogenetic analysis of CiNAC transcription factors among AtNAC from 

Arabidopsis thaliana by Maximum Likelihood method. Evolutionary analyses were conducted in 

MEGA7. CiNAC identified in chicory are highlight in orange. 
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3.2 Transcription factors (TF) co-expressed with 1-FEH target genes in response 

to low temperature: Search for TF candidates involved in the regulation of 1-

FEH expression 

3.2.1  1-FEH2a and 1-FEH2b show strong but transient induction in tissue slices 

of mature taproot under cold treatment 

To address the expression profile of 1-FEHs and transcription candidates in mature 

plants, three-month-old chicory were used in this thesis. Chicory taproot slice tissue 

were incubated in water and treated with room temperature (25 °C) or cold condition 

(4°C±1). Compared to room temperature control, 1-FEH2a and 1-FEH2b had strong 

induction after 24 hours under cold treatment, while the expression level of 1-FEH1 

slightly fluctuated within the three-day-experiment (Fig. 3.7).  

Like AtCBF genes from the DREB subgroup 1 family, CiDREB1A/1C/1D were cold 

inducible, with the transcript levels increasing after 3 hours at low temperature 

followed by a decrease after 6 hours (Fig. 3.8), which indicated an early cold 

response in advance of the cold induction of 1-FEH2a and 1-FEH2b.  

The expression of CiDREB2A exhibited a moderate induction following 24 hours of 

cold treatment, while CiDREB2B expression remained undetected at both room 

temperature and under cold conditions (Fig. 3.8). Among several CiNAC 

transcription factor candidates, I observed that CiNAC5 and CiNAC8 was upregulated 

in response to cold treatment (Fig. 3.8 and Fig. S1). The induction of CiNAC5 due to 

cold stress was observed after 3 hours and peaked after 24 hours, after which its 

expression returned to the control level after 72 hours of cold treatment. Likewise, 

CiNAC8 induced under low temperature in the first 24 hour, followed by a decrease 

in expression level after 72 hours (Fig. S1). However, the transcript levels of CiNAC8 

in the first hour were unexpectedly higher in room temperature than under cold 

treatment, which probably was due to effect of wounding during tissue slice 

preparation. CiNAC6 slightly increased along cold treatment and decreased at room 

temperature, while no cold induction was observed for CiNAC1 (Fig. S1). 
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Figure 3.7 Impact of cold treatment (4°C±1) on the transcript levels of FAZYs (1-FEH1, 1-

FEH2a, 1-FEH2b, 1-SST and 1-FFT) in taproot tissue slices of 3-month-old chicory. Taproot 

tissues were incubated in distilled water and transferred to a cold room (4°C±1), while controls were 

kept at room temperature (RT, 25°C). Transcript levels were determined by qRT-PCR and normalized 

against the expression of two reference genes, Actin and RPL19. Relative gene expression was 

calculated using the delta Ct method. The error bars represent standard deviation (n=3). The one-way 

ANOVA test was used to determine significance (p<0.05). 
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Figure 3.8 The impact of cold treatment (4°C±1) on the transcript levels of transcription factors 

(CiDREB1A, CiDREB1C, CiDREB1D, CiDREB2A, CiDREB2B and CiNAC5) in taproot tissue 

slices of 3-month-old chicory. Taproot tissues were incubated in distilled water and transferred to a 

cold room (4°C±1), while controls were kept at room temperature (RT, 25°C). Transcript levels were 

determined by qRT-PCR and normalized against the expression of two reference genes, Actin and 

RPL19. Relative gene expression was calculated using the delta Ct method. The error bars represent 

standard deviation (n=3). The one-way ANOVA test was used to determine significance (p<0.05). 
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3.2.2 In roots of 4-week-old chicory seedlings, 1-FEH genes show different 

expression patterns under low temperature 

To address the gene expression profile in developing chicory, I used 4-week-old 

seedlings to determine the transcript levels of 1-FEH isoforms and related 

transcription factor candidates. At this stage, chicory started taproot development and 

inulin accumulation. Additionally, it is interesting to gain insight into the effects of 

circadian rhythms on 1-FEH expression, since plants face dynamic environments 

during growth, especially changes in diurnal temperature. Under cold treatment, 

taproot samples were harvested every four hours within two days with 12 hours light 

and 12 hours darkness (Fig. 3.9A). In young seedling taproot, the cold induction of 1-

FEH2b was observed at the first hour and dramatically increased within the first 24 

hours with subsequent decline (Fig. 3.9B), which corresponded to the expression 

pattern in the mature chicory (Fig. 3.7). Likewise, the cold induction of 1-FEH2a was 

only maintained for 24 hours. In contrast, the cold induction for 1-FEH1 started after 

8 hours and slowly increased along cold treatment, which showed a gradual and 

constant expression pattern comparing to 1-FEH2b (Fig. 3.9B). However, there was 

no marked diurnal difference on gene expression of 1-FEH1, 1-FEH2a or 1-FEH2b.  

As sucrose produced by photosynthesis is the substrate for 1-SST and the initial 

molecule for fructan synthesis, I investigated the expression of fructan synthesis 

genes under low temperature and diurnal variation. Interestingly, the expression of 1-

FFT moderately increased under cold treatment, which indicated a dual function of 1-

FFT in fructan composition and degradation, whereas there was no significant cold 

induction or diurnal fluctuation for 1-SST (Fig. 3.9).  

To analyze the expression of identified transcription factor candidates in a detailed 

time course, I measured their transcript levels in young chicory seedlings treated 

under low temperature. Cold induction of CiDREB1A appeared earlier in seedlings in 

the first hour than in mature taproot after 3 hours (Fig. 3.8 and Fig. 3.10). In both 

young seedling and mature taproot with cold treatments, the expression of 

CiDREB1A reached a peak early and then dropped to the level as room temperature 

control (Fig. 3.10). Several CiNAC transcription factor candidates were determined 

its expression levels under cold treatment, among which CiNAC8 showed a 

comparable expression pattern as CiDREB1A (Fig. 3.10 and Fig. S2). The diurnal 
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rhythm did not show an impact on the expression of 1-FEH, but transcription factors 

CiDREB1D, CiDREB2A and CiNAC5 were upregulated under low temperature 

during the daytime, and the cold induction declined during the night (Fig. 3.10).  

 

 

Figure 3.9 Impact of cold treatment (4°C±1) on the transcript levels of FAZYs (1-FEH1, 1-

FEH2a, 1-FEH2b, 1-SST and 1-FFT) in taproots of 4-week-old chicory seedling. (A) Taproot 

samples were harvested every 4 hours after treatment. Diurnal changes with 12-hour light and 12-hour 

darkness conditions were indicated in yellow and gray, respectively. Seedlings were transferred to the 

cold room (CR, 4°C±1), while control plants were kept in the greenhouse (GH, 25°C±2). (B) 

Transcript levels were determined by qRT-PCR and normalized against the expression of two 

reference genes, Actin and RPL19. Relative gene expression was calculated with the delta Ct method. 

The error bars represent standard deviation (n = 3-4). 

(A) (B) 
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Figure 3.10 Impact of cold treatment (4°C±1) on the transcript levels of transcription factors 

(CiDREB1A, CiDREB1D, CiDREB2A, CiDREB2B, CiNAC5 and CiNAC8) in taproots of 4-week-

old chicory seedling. Seedlings were transferred to the cold room (CR, 4°C±1), while control plants 

were kept in the greenhouse (GH, 25°C±2). Transcript levels were determined by qRT-PCR and 

normalized against the expression of two reference genes, Actin and RPL19. Relative gene expression 

was calculated with the delta Ct method. The error bars represent standard deviation (n = 3-4). 

3.3 In vivo promoter activation assay to confirm TF functionality for promoter 

of target genes  

3.3.1 Establishing a homologous transient expression system using chicory 

protoplasts 

In order to conduct in vivo transactivation assays in homologous plant material, I 

established a transient gene expression system using chicory mesophyll and root 
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protoplasts. In the process of protoplast isolation, I found that 4-week-old chicory 

seedlings were the optimal donor to generate protoplasts. At this stage, seedlings 

contain soft and well-expanded leaves that can be easily digested by cellulase, and the 

roots are grown to sizes suitable for horizontal slicing, which increases the contact 

surface with the enzyme solution (Fig. 3.11). Although it has been reported that 

gentle agitation would increase the yield of protoplast, I found that prolonging the 

incubation time and keeping digestion without shaking generated more intact cells. 

For both, mesophyll and root protoplast, a high yield was achieved by using this 

method. In this study, protoplasts were transfected with plasmid via PEG4000 and the 

transfection efficiency was visualized by GFP. The concentration of PEG is crucial 

for the transfection efficiency, while the type of polymerization (PEG4000, PEG6000 

or PEG8000) does not show differences (Fig. 3.12).  

 

 

 

Figure 3.11 Isolation of mesophyll and root protoplasts in chicory. Leaves and roots were 

harvested from 4-week-old seedlings and incubated overnight in enzyme solution. Transient expression 

and transfection efficiency were tested via transfecting CaMV35S:EGFP into protoplasts 
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Figure 3.12 Comparison between 

PEG4000 and PEG6000 

transfection method in chicory 

root protoplast. GFP signal 

showed the transient transformation 

of CaMV35S:EGFP. 

 

 

 

3.3.2 CiNAC5 strongly activates the promoter of 1-FEH1 

To address the question whether CiNACs have an impact on the promoters of 1-FEH, 

I performed dual luciferase assay in the well-established protoplast system. 

Approximate 1kb promoter sequences were cloned into the reporter construct and co-

transfected with transcription factors driven by a strong promoter CaMV35S (Fig. 

3.13A). In this analysis, a threshold of 2-fold-induction was set to exclude random 

impacts. As shown in the result, CiNAC5 activated p1-FEH1 significantly by 8- to 9-

fold, while CiNAC8 showed moderate induction on the promoter of p1-FFT (Fig. 

3.13B). Despite the presence of NACBS, CiNAC5 or CiNAC8 do not show strong 

activation on 1-FEH2a and 1-FEH2b promoter activity. 
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Figure 3.13 CiNAC5 and CiNAC8 activate the promoters of 1-FEH1 and 1-FFT, respectively. (A) 

In the reporter construct, the 5’UTR/promoter regions of 1-FEH1 (1195 bp), 1-FEH2a (1149 bp), 1-

FEH2b (1740 bp), 1-SST (1083 bp) and 1-FFT (948 bp) are individually fused upstream of a firefly 

luciferase gene. Transient expression was performed in chicory mesophyll protoplasts via PEG-method. 

Each FAZY promoter linked to a firefly luciferase reporter gene was co-transfected into cells with the 

effector construct (pART7-CiNAC5 or pART7-CiNAC8), or with empty pART7 vector as control. The 

Renilla luciferase was fused in reporter as a control for normalization in each transfection. (B) Fold 

induction of FAZY (1-FEH1, 1-FEH2a, 1-FEH2b, 1-SST and 1-FFT) promoter activities in the 

presence of CiNAC5 or CiNAC8 relative to the empty vector control. Basal promoter activity is 

expressed as relative LUC activity (Firefly/Renilla). Bars indicate means ± SD of three technical 

replicates. Student’s t-test was used to determine the significance: * P0.05, ** P0.01. The results 

were confirmed in two independent experiments. 

3.3.3 Promoter deletion analysis of 1-FEH1 

In order to identify the functional NACBS on p1-FEH1 for CiNAC5, I performed 

promoter deletion analysis to narrow down the range of the NACBS location. Three 

length of p1-FEH1 fragments were cloned into the reporter constructs, which 

contained different amount of NACBS (Fig. 3.14A). The results show that the 

deletion of promoter does not dampen the promoter activity, indicating that region 

from −353 to ATG contains elements that can be activated by CiNAC5 (Fig. 3.14B). 

In this region, four putative NACBSs were mutated or deleted for further analysis. 

Single mutation on the core motif of NACBS (CGTC, located -167 upstream ATG; 

TACG, located -279 upstream ATG) and their double mutation maintains the same 

activation of p1-FEH1 driven by CiNAC5 (Fig. 3.14C). Likewise, deletion of the 

complete NACBS at site -200 upstream ATG does not show impact on promoter 

activity. However, a relatively large fragment deletion on site -140 upstream ATG 
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decreased the CiNAC5 activation on p1-FEH to half level compared to the wild type 

of promoter (Fig. 3.14D).  

 

Figure 3.14 Promoters deletion analysis of 1-FEH1. (A) Schematic of reporter constructs containing 

different parts of p1-FEH1. Nany blue bars indicate the location of putative NACBS on promoter of 1-

FEH1. Two fragments of p1-FEH1 (595bp and 353 bp) were individually fused upstream of a firefly 

luciferase gene. Mutation (M) and deletion (Del) of specific NACBS on p1-FEH1 are indicated in grey 

boxes. Transient expression was performed in chicory mesophyll protoplasts via PEG-method. Each 

promoter linked to a firefly luciferase reporter gene was co-transfected into cells with the effector 

construct pART7-CiNAC5 or with empty pART7 vector as control. The Renilla luciferase was fused in 

reporter as a control for normalization in each transfection.  (B) Promoter activity of deletion on p1-

FEH1 in present of CiNAC5. (C) Promoter activity of p1-FEH1 with NACBS mutation or (D) deletion 

in presence of CiNAC5. Basal promoter activity is expressed as relative LUC activity (Firefly/Renilla). 

The error bars indicate means ± SD of three technical replicates. Student’s t-test was used to determine 

the significance: * P0.05, ** P0.01. The results were confirmed in two independent experiments. 

3.3.4 Screening of R2R3-MYB transcription factors that active the promoter of 

1-FEH 

In previous study (Wei, dissertation 2017), multiple R2R3-MYB transcription factors 

were identified in chicory that were believed to play a role in the regulation of inulin 
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metabolism. To investigate their function on the promoter of 1-FEH, I performed 

dual luciferase assay to screen the CiMYB transcription factors. Interestingly, the 

impacts of CiMYB transcription factors on the promoter of 1-FEH1 were lower than 

2-fold threshold. In contrast, CiMYB1/2/3/4/5/17/29/34 showed significant induction 

on p1-FEH2a and 1-FEH2b with 2- to 15-fold (Fig. 3.15). CiMYB5 showed most 

remarkable activation on both p1-FEH2a and 1-FEH2b, with induction of 15-fold 

and 10-fold, respectively. 

 

Figure 3.15 CiMYB5 activates the promoters of 1-FEH2a and 1-FEH2b. In the reporter construct, 

the 5’UTR/promoter regions of 1-FEH1 (1195 bp), 1-FEH2a (1149 bp), 1-FEH2b (1740 bp) are fused 
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upstream of a firefly luciferase gene. Transient expression was performed in chicory mesophyll 

protoplast via PEG-method. The promoter linked to a firefly luciferase reporter gene was co-

transfected into cells with the effector construct (pART7-CiMYB), or with empty pART7 vector as 

control. The Renilla luciferase was fused in reporter as a control for normalization in each transfection. 

Fold induction of 1-FEH promoter activities in the presence of CiMYB relative to the empty vector 

control. Basal promoter activity is expressed as relative LUC activity (Firefly/Renilla). The error bars 

indicate means ± SD of three technical replicates. One way ANOVA test was used to determine the 

significances: p  0.05. The results were confirmed in two independent experiments. 

3.3.5 CiDREB1 and CiDREB2 only activate the promoter of 1-FEH2b 

As shown in the Fig. 3.16, CiDREB1A/1C activate the promoter of 1-FEH2b by 2-

fold induction, and CiDREB2A/2B shows stronger activation on p1-FEH2b with 6- 

to 8- fold induction. Interestingly, p1-FEH2a is not activated by either CiDREB1 or 

CiDREB2, despite that it shares a high sequence similarity with p1-FEH2b. Although 

several putative DRE cis-elements present on p1-FEH1, neither CiDREB1 nor 

CiDREB2 show an effect on the promoter of 1-FEH1.  

 

Figure 3.16 Effects of CiDREB1 and CiDREB2 on the promoters of 1-FEH1, 1-FEH2a and 1-

FEH2b. In the reporter construct, the 5’UTR/promoter region of 1-FEH2b (1740 bp) are fused 

upstream of a firefly luciferase gene. Transient expression was performed in chicory mesophyll 

protoplasts via PEG-method. The promoter linked to a firefly luciferase reporter gene was co-

transfected into cells with the effector construct (pART7-CiDRERB), or with empty pART7 vector as 

control. The Renilla luciferase was fused in the reporter construct as a control for normalization in 

each transfection. Fold induction of 1-FEH2b promoter activities in the presence of CiDREB relative 

to the empty vector control. Basal promoter activity is expressed as relative LUC activity 

(Firefly/Renilla). The error bars indicate means ± SD of three technical replicates. One way ANOVA 

test was used to determine the significances: p  0.05. The results were confirmed in two independent 

experiments. 
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3.3.6 Mutation of DRE in the promoter of 1-FEH2b abolishes the activation by 

CiDREB1 and CiDREB2 

To investigate the difference in CiDREB activation on the promoter of 1-FEH2a and 

1-FEH2b, I compared the promoter sequence and found a putative DRE cis-element 

on p1-FEH2a (AATTCGGTAG, located -136 upstream ATG) containing one base 

pair variance on the core-motif compared to p1-FEH2b (AAGTCGGTAG, located -

138 upstream ATG). To explore whether this element is crucial for the function of 

CiDREB on p1-FEH2b, I generated a DRE mutation (AAtTCtGTAG at site -138) on 

the promoter of 1-FEH2b, and subjected the corresponding reporter to dual luciferase 

assay with CiDREB. As expected, deletion or mutation of DRE on p1-FEH2b 

abrogate the activation by CiDREB2A and CiDREB2B (Fig. 3.17 and Fig. 3.18). 

Interestingly, mutation of DRE also interrupts the activation of p1-FEH2b by 

CiMYB5 which was reported to function as an activator on the p1-FEH2a and p1-

FEH2b (Wei, dissertation 2017).  

 

Figure 3.17 Impact of DRE mutation on p1-FEH2b promoter activity driven by CiDREB and 

CiMYB. In the reporter construct, the 5’UTR/promoter regions of 1-FEH2b (1740 bp) were fused 

upstream of a firefly luciferase gene. DRE_Mut represents DRE mutation (AAtTCtGTAG at site -138) 

on p1-FEH2b. Transient expression was performed in chicory mesophyll protoplasts via PEG-method. 

The promoter linked to a firefly luciferase reporter gene was co-transfected into cells with the effector 

construct (pART7-CiDRERB or pART7-CiMYB), or with empty pART7 vector as control. The Renilla 

luciferase was fused in the reporter construct as a control for normalization in each transfection. Fold 

induction of 1-FEH2b promoter activities in the presence of CiDREB relative to the empty vector 

control. Basal promoter activity is expressed as relative LUC activity (Firefly/Renilla). The error bars 
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indicate means ± SD of three technical replicates. One way ANOVA test was used to determine the 

significances: p  0.05. The results were confirmed in two independent experiments. 

 

Figure 3.18 Impact of DRE deletion on p1-FEH2b activity driven by CiDREB1 and CiDREB2. In 

the reporter construct, partial promoter regions of 1-FEH2b (-363 to -46) were fused upstream of a 

firefly luciferase gene. DRE_Del represents DRE deletion (at site -138) on p1-FEH2b. Transient 

expression was performed in chicory mesophyll protoplast via PEG-method. The promoter linked to a 

firefly luciferase reporter gene was co-transfected into cells with the effector construct (pART7-

CiDRERB), or with empty pART7 vector as control. The Renilla luciferase was fused in reporter as a 

control for normalization in each transfection. Fold induction of 1-FEH2b promoter activities in the 

presence of CiDREB relative to the empty vector control. Basal promoter activity is expressed as 

relative LUC activity (Firefly/Renilla). The error bars indicate means ± SD of three technical replicates. 

3.3.7 CiMYB5 and CiDREB2B synergistically co-activate p1-FEH2b 

DRE mutation on p1-FEH2b subsides the activation of CiMYB5, implying a 

connection between CiMYB and CiDREB. To explore this relationship, I conducted 

both two transcription factors into the dual luciferase assay. As shown in the Fig. 

3.19B, CiDREB2B and CiMYB5 have 8- to 9- fold induction on p1-FEH2b when 

they are transfected individually. Co-transfection with CiDREB2B and CiMYB5 

shows a rather high activation on p1-FEH2b by 36-fold change, indicating that two 

transcription factors have synergistic function. Similar result had been found between 

CiDREB2B and CiMYB3, which show relative high activation on p1-FEH2b by 20-

fold.  

Interestingly, CiDREB2A and CiDREB2B do not activate p1-FEH2a, and therefore 

no synergistic activation between CiDREB2 and CiMYB is observed on p1-FEH2a 

(Fig. 3.19A). Although CiMYB5 activation reduced on p1-FEH2b due to the DRE 

mutation, its activation on p1-FEH2a maintains at a comparable level as on p1-

FEH2b, despite that the one base variance on the DRE core-motif.  
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Figure 3.19 Effect of CiDREB2 and CiMYB on the promoters of 1-FEH2a and 1-FEH2b. In the 

reporter construct, the 5’UTR/promoter regions of 1-FEH2a (A) or 1-FEH2b (B) are fused upstream of 

a firefly luciferase gene. Transient expression was performed in chicory mesophyll protoplasts via 

PEG-method. The promoter linked to a firefly luciferase reporter gene was co-transfected into cells 

with the one or two effector constructs (pART7-CiDRERB and pART7-CiMYB), or with empty pART7 

vector as control. The Renilla luciferase was fused in reporter as a control for normalization in each 

transfection. Fold induction of promoter activities in the presence of CiDREB and/or CiMYB relative 

to the empty vector control. Basal promoter activity is expressed as relative LUC activity 

(Firefly/Renilla). The error bars indicate means ± SD of three technical replicates. One way ANOVA 

test was used to determine the significances: p  0.05. The results were confirmed in two independent 

experiments. 
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3.3.8 CiMYB5 activates the promoter of CiDREB2B 

Many transcription factors show the capability of self-regulation to enhance the signal 

when they are initially upregulated. To obtain the knowledge of the transcription 

factors identified in this study, I cloned the corresponding promoter sequence into the 

report construct and transfected with other transcription factors. Interestingly, 

CiMYB5 does not only show synergistic function with CiDREB2B, but also activate 

its promoter by around 3-fold induction. Both CiDREB2A and CiDREB2B do not 

have impact on its own promoter (Fig. 3.20). 

 

Figure 3.20 Promoter activity of CiDREB2A, CiDREB2B and CiNAC5. In the reporter construct, 

the 5’UTR/promoter regions of CiDREB2A (1352 bp), CiDREB2B (1391 bp) or CiNAC5 (980 bp) are 

fused upstream of a firefly luciferase gene, respectively. Transient expression was performed in 

chicory mesophyll protoplasts via PEG-method. The promoter linked to a firefly luciferase reporter 

gene was co-transfected into cells with the one or two effector constructs (pART7-TF), or with empty 

pART7 vector as control. The Renilla luciferase was fused in reporter as a control for normalization in 

each transfection. Fold induction of promoter activities in the presence of TF relative to the empty 

vector control. Basal promoter activity is expressed as relative LUC activity (Firefly/Renilla). The 

error bars indicate means ± SD of three technical replicates. One way ANOVA test was used to 

determine the significances: p  0.05. The results were confirmed in two independent experiments. 

3.4 Investigation of protein-DNA interaction between CiDREB and p1-FEH 

3.4.1 CiDREB is expressed as insoluble protein in a prokaryotic system 

Previous study in Arabidopsis thaliana showed that AtDREB bind to the cis-element 

DRE on the promoter of rd29A (Narusaka et al. 2003). In order to express and purify 

CiDREB proteins and determine its DNA binding capacity, I cloned the coding 

sequence of the transcription factors into expression vector pETG10A and used IPTG 

(Isopropyl β- d-1-thiogalactopyranoside) to induce protein expression in E.coli BL21 

strain (Fig. 3.21). Five CiDREB proteins were successfully expressed after induction 
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and were abundantly present in inclusion bodies. To obtain a functional and soluble 

protein, purified inclusion bodies were solubilized with solubilization buffer 

containing 2M Urea and refolded with buffer containing 10% sucrose. I used the 

promoter fragment of rd29A as probe and performed electrophoretic mobility shift 

assays (EMSA) to determine the functionality of refolded CiDREB1C. Results show 

that the refolding buffer produced relatively low amounts but effective protein (Fig. 

3.21B) and band shift indicates that CiDREB1C binds to a probe from the promoter 

of rd29A (Fig. 3.22A). Therefore, this method was used for solubilization of inclusion 

body to generate function transcription factor. 

Figure 3.21 Expression analysis of 

recombinant CiDREB1C protein in 

E. coli. (A) Coding sequence of 

CiDREB1C was cloned into 

expression construct pETG-10A fused 

target protein with 6His-tag at the N-

terminal.  

(B) E.coli BL21were used for protein 

expression. Samples were harvested 

and analyzed by SDS-PAGE. UN: Un-

induced; IN: Induced; PE: Pellet; SU: 

Supernatant; R: Re-folded protein; M: 

Marker.  

 

3.4.2 CiDREB1C and CiDREB1D specifically bind to p1-FEH2b but not p1-

FEH2a  

CiDREB1C has the capability to bind the promoter of rd29A as shown in Fig. 22A. 

Taking the results of the dual luciferase assay into account, it is interesting to know 

whether the one base pair variance of DRE on p1-FEH2a and p1-FEH2b have 

different effect on protein-DNA binding and thus on promoter activity. To perform 

EMSA, 40bp promoter fragment containing the putative DRE of 1-FEH was used as 

probe and labeled with CY5 at the 5’-end. I designed a DRE-null probe named as 

Dummy and used here to determine the protein specificity. As shown in Fig. 3.22B, 

CiDREB1C bound to the p1-FEH2b and showed a significant band shift. The 

interaction between CiDREB1C and p1-FEH2b vanished with the addition of 
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unlabeled p1-FEH2b or rd29A as competitors. Notably, unlabeled probes containing 

mutated DRE (p1-FEH2a and Dummy) did not compete with transcription factor 

binding and thus did not affect the interaction between CiDREB1C and p1-FEH2b. I 

observed band shift between CiDREB1C and p1-FEH1 (Fig. 3.22C) although no 

activation found on the promoter of 1-FEH by CiDRE1C. Similar results were also 

found in the case of CiDREB1D that binds to p1-FEH1 and p1-FEH2b (Fig. 3.23), 

while neither CiDREB1C nor CiDREB1D bound to p1-FEH2a due to the point 

mutation on the DRE core-motif.   

CiDREB1A bound to rd29A, suggesting that the DRE cis-element is conserved and 

specific for the DREB protein family. Although the activation of p1-FEH2b by 

CiDREB1A was higher than that of CiDREB1C and CiDREB1D in the dual 

luciferase assay, unexpectedly, p1-FEH2b was bound weaker to CiDERB1A than to 

CiDREB1C or CiDREB1D, appearing as a smear on the gel picture (Fig. 3.24).  

 

Figure 3.22 Electrophoretic mobility shift assays of CiDREB1C protein and promoter fragment 

of 1-FEH.  Full-length protein of CiDREB1C fussed with 6His-tag at N-terminal were used for 

detecting the interaction. Black arrow heads indicate the band of DNA-protein complex. 40-mer 

promoter fragments were labeled with CY5 at the 5’-end. 0.2 pmol labeled probes were used for 

visualizing the DNA fragment. 50- or 100-times unlabeled probes were used as competitors. (A) 

Binding capacity of CiDREB1C to rd29A. Protein were added in gradient concentration in 50 ng, 100 

ng, 250 ng, 500 ng, 1000 ng, 1500 ng, 2000 ng. (B) 500 ng CiDREB1C protein were incubated with 

probes of p1-FEH2b with/without different competitors. Dum: Dummy; 2a: fragment of p1-FEH2a. (C) 

1500 ng CiDREB1C protein were incubated with probes of p1-FEH1, p1-FEH2a or p1-FEH2b. 
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Figure 3.23 Electrophoretic mobility shift assays of CiDREB1A protein and promoter fragment 

of 1-FEH.  Full-length protein of CiDREB1A fussed with 6His-tag at N-terminal was used for 

detecting the interaction. Black arrow heads indicate the band of DNA-protein complex. 40-mer 

promoter fragments were labeled with CY5 at the 5’-end. 0.2 pmol labeled probes were used for 

visualizing the DNA fragment. 100 times unlabeled probes were used as competitors. (A) Binding 

capacity of CiDREB1A to rd29A. Proteins were added in gradient concentration of 50 ng, 150 ng, 300 

ng, 600 ng, 1200 ng, 1800 ng, 2400 ng, respectively. (B) 1800 ng CiDREB1A proteins were incubated 

with probes of p1-FEH with/without competitors.  

 

Figure 3.24 Electrophoretic mobility shift assays of CiDREB1A protein and promoter fragment 

of 1-FEH.  Full-length protein of CiDREB1A fussed with 6His-tag at N-terminal was used for 

detecting the interaction. Black arrow heads indicate the band of DNA-protein complex. 40-mer 

promoter fragments were labeled with CY5 at the 5’-end. 0.2 pmol labeled probes were used for 

visualizing the DNA fragment. 100 times unlabeled probes were used as competitors. (A) Binding 

capacity of CiDREB1A to rd29A. Proteins were added in gradient concentration of 50 ng, 150 ng, 300 

ng, 600 ng, 1200 ng, 1800 ng, 2400 ng, respectively. (B) 1800 ng CiDREB1A proteins were incubated 

with probes of p1-FEH with/without competitors.  

(A) (B) 
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3.4.3 CiDREB2 specifically bind to p1-FEH2b but not p1-FEH2a 

In dual luciferase assays, CiDREB2A and CiDREB2B induce high promoter 

activation of p1-FEH2b, demonstrating their binding capability to bind the promoter. 

As expected, CiDREB2B specifically bound to p1-FEH2b by recognizing the DRE 

element, while failing to bind to p1-FEH2a due to the mutation in the DRE core-

motif. The intensity of CiDREB2B-induced band shift of p1-FEH2b decreased with 

the addition of unlabeled competitors. Furthermore, CiDREB2A resulted in reduced 

binding of p1-FEH2b and rd29A, which may be due to inefficient protein production 

(Fig. 3.25).   

 

Figure 3.25 Electrophoretic mobility shift assays of CiDREB2A/CiDREB2B protein and 

promoter fragment of 1-FEH.  Full-length protein of CiDREB2A/CiDREB2B with 6His-tag at N-

terminal was used for detecting the interaction. Black arrow heads indicate the band of DNA-protein 

complex. 40-mer promoter fragments were labeled with CY5 at the 5’-end. 0.2 pmol labeled probes 

were used for visualizing the DNA fragment. 50- or 100-times unlabeled probes were used as 

competitors.  

3.5 Protein-protein interaction between CiDREB2B and CiMYB3/5 

Promoter analysis reveals that one MYB core motif (TAACTA) located -148 bp 

upstream from ATG of p1-FEH2b, which is 4 bp from DRE. Considering the 

synergistic function of CiDREB2B and CiMYB5 on p1-FEH2b, I performed yeast-

two-hybrid to investigate whether these two transcription factors interact with each 

other. CiMYB3 and CiMYB5 were fused with Gal4 activating domain and 

CiDREB2B was fused with Gal4 binding domain. Construct were transformed into 

competent AH109 yeast cells, which is unable to grow on media that lack essential 

amino acids of histidine and adenine. As a result of two-hybrid interactions, colonies 

are able to grow on drop out media and express Mel1 that turn blue in the presence of 

the chromagenic substrate X-α-Gal (5-Bromo-4-chloro-3-indolyl-α-D-

galactopyranoside). GADT7-T with GBKT7-53 and with GBKT7-Lam were used as 
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positive and negative control in this experiment, respectively. As shown in Fig. 3.26, 

CiDREB2B showed protein-protein interaction with CiMYB3 and CiMYB5. 

However, CiDREB2A was not observed to interact with CiMYB3 or CiMYB5 (Fig. 

3.26). Preliminary result of luciferase complementation assay (LCA) was 

corresponding to the yeast-two-hybrid results, in which a strong chemiluminescence 

signal were detected between fusion protein CiMYB5:Nluc and Cluc:CiDREB2B 

(Fig. 3.27), indicating a protein-protein interaction.  

 

Figure 3.26 Protein-protein interaction between CiDREB and CiMYB in Y2H assays. Bait protein 

is expressed as a fusion with the Gal4 DNA-BD and prey protein with Gal4 AD in yeast strain AH109. 

SD/–Leu/–Trp dropout supplement is used to select for the bait and prey plasmids. SD/–Ade/–His/–

Leu/–Trp dropout supplement is used to select for the bait and prey plasmids, and to determine the 

activation of the Gal-responsive HIS3 and ADE2 genes. X-α-gal was used to detect Gal-responsive α-

galactosidase activity. pGBKT7-53 encoding the Gal4 DNA-BD fused with murine p53 and pGADT7-

T encoding the Gal4 AD fused with SV40 large T-antigen were used as positive control. A negative 

control was performed using pGBKT7-Lam (Gal4 BD fused with lamin) and pGADT7-T.  
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Figure 3.27 Protein-protein 

interaction detected by a CCD 

imaging system. (A) Schematic for 

LUC complementation resulting 

from NLuc (N-terminal of 

luciferase) and CLuc (C-termial of 

luciferase) fusion proteins. (B) N. 

benthamiana leaf co-infiltrated with 

Agrobacterium containing CLuc:DREB2A or Cluc:DREB2B and CiMYB5:NLuc. The luminescence 

images were captured using a ImageQuant™ LAS 4000 imaging system. The black circles show the 

range of luminescence. 

3.6 Water deficiency and heat stress affect the expression of genes related to 

fructan metabolism 

3.6.1 Heat stress (45 °C) increased 1-FEH expression and repressed 1-SST and 1-

FFT expression 

Previous results have revealed a detailed mechanism of CiDREB2B that interact with 

CiMYB3/5 and co-activate the promoter of 1-FEH2b. However, during the cold 

treatment of young seedling or mature taproot of chicory, CiDREB2B does not 

respond to low temperature. In Arabidopsis thaliana, DREB subgroup 2 is considered 

to respond to drought and heat stress, so I performed a heat treatment to investigate 

whether CiDREB2B responds to high temperature and consequently affect the 

expression of 1-FEH. Interestingly, three isoforms of 1-FEH were induced under 

45 °C. 1-FEH2a and 1-FEH2b showed the heat induction at 5 hours after treatment 

and increase to high transcript level after 24 hours. For 1-FEH1 only a moderate up-

regulation after 24 hour could be observed. In contrast, the expression of fructose 

biosynthesis genes 1-SST and 1-FFT were repressed over time under heat stress (Fig. 

3.28).  

Interestingly, CiDREB2A was upregulated by high temperature first observed after 5 

hours, indicating that CiDREB2A responds to dynamic temperature change in both 

directions. The expression levels of CiDREB2B, CiMYB3 and CiMYB5 increased 

slightly after 5 hours and stronger induction showed after 24 hours, suggesting that 

the co-activation of CiDREB2B and CiMYB5 on p1-FEH2b is involved in the heat 

responding pathway. 
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Figure 3.28 Impact of heat treatment (45°C±1) on transcript levels of FAZYs and transcription 

factors in taproots of 6-week-old chicory seedlings. Seedlings were transferred to incubator under 

45°C±1 and taproot samples were collected at time points 0, 1, 5 and 24 hours after treatment. 

Transcript levels were determined by qRT-PCR and normalized against the expression of two 

reference genes Actin and RPL19. Relative gene expression was calculated with delta Ct method. The 

error bars represent standard deviation (n = 3). One way ANOVA test was used to determine the 

significances: p  0.05. 

3.6.2 Moderate heat treatment (37 °C) increased 1-FEH expression and 

repressed 1-SST and 1-FFT expression 

To further understand the effect of high temperature on genes related to fructan 

metabolism, I treated 6-week-old chicory seedlings at 37 °C for up to 72 hours. 

Corresponding to the 45 °C heat treatment, expression of 1-FEH2a increased under 

37 °C treatment and reached a peak after 48 hours (Fig. 3.29). Comparably, the heat 

induction of 1-FEH2b was less pronounced, with the strongest induction after 6 hours 

and the transcript levels subsiding over time. Interestingly, 1-FEH1 exhibited a 

constant long-term expression pattern over time under 37°C treatment, which was 

similar to that of cold treatment. The expression 1-SST and 1-FFT were repressed 
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under 37 °C (Fig. 3.29), which was consistent with the observation in extreme heat 

treatment at 45 °C (Fig. 3.28). 

CiDREB2A transcript level increased under 37 °C with peaking after 24 hours and 

gradually decreased afterwards, while CiDREB2B showed highest heat induction 

after 48 hours and maintained relatively high expression level subsequently. 

Expression of CiMYB3 and CiMYB5 increased after 6 hours and preserved along the 

heat treatment (Fig. 3.29). Notably, although CiNAC5 has been determined as the 

activator of p1-FEH1, its expression was repressed in the heat treatment (SFig. 3), 

which is contrary to the expression of 1-FEH1. 

 

Figure 3.29 Impact of heat treatment (37°C±1) on transcript levels of FAZYs and transcription 

factors in taproots of 6-week-old chicory seedlings. Seedlings were transferred to incubator under 

37°C±1 and taproot samples were collected at time points 0, 6, 24, 48 and 72 hour after treatment. 

Transcript levels were determined by qRT-PCR and normalized against the expression of two 

reference genes Actin and RPL19. Relative gene expression was calculated with delta Ct method. The 

error bars represent standard deviation (n = 3). One way ANOVA test was used to determine the 

significances: p  0.05. 
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3.6.3 Water deficiency strongly increase 1-FEH1 transcript level 

It has been found that fructan metabolism is related to stabilizing the cell membrane, 

which is affected by multiple abiotic stresses, such as drought. To understand whether 

water deficiency has an impact on the FAZY genes expression, a well-established 

hydroponic system was used to culture chicory. Seeds were germinated in a water-

soaked sponge and transferred to Hoagland solution (Epstein and Bloom 2005) when 

the first true leaves expanded. 6 weeks after germination, Hoagland solution was 

drained out to simulate the water deficiency condition. Compared to PEG treatment 

or traditional soil-based drought treatment, the hydroponic drainage method avoids 

toxic side effect by chemicals and obtained instant water loss. Unlike cold treatment 

in which 1-FEH1 was upregulated slowly and moderately, water loss dramatically 

induced the expression of 1-FEH1 and further increased its level till 48 hours after 

treatment (Fig. 3.29). By comparison, water deficiency show less impact on 1-FEH2a 

and 1-FEH2b by inducing their expression until 24 hours and the transcript level were 

subsided afterwards. Transcription factors CiDREB2A showed an early induction by 

water loss after 6 hours, with its expression level gradually decreasing over time. 

While the expression of CiMYB5 appeared later time point after 24 hours. Although 

CiNAC5 activates the promoter of 1-FEH1, unexpectedly, water loss shows no 

impact on the expression of CiNAC5 (SFig. 3) despite the strong induction on 1-

FEH1. Similarly, transcript level of CiDREB2B is not affected by water deficiency 

(Fig. 3.30). 

 

Figure 3.30 Impact of water deficiency on transcript level of 1-FEHs, CiDREB2 and CiMYB5. 6-

week-old hydroponic seedlings were drained out solution and harvested at indicated time. Transcript 
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levels were determined by qRT-PCR and normalized against the expression of two reference genes 

Actin and RPL19. Relative gene expression was calculated with delta Ct method. The error bars 

represent standard deviation (n = 3-4). One way ANOVA test was used to determine the significances: 

p < 0.05. 

3.7 CRISPR ribonucleoprotein-mediated genetic engineering in chicory: 

Protoplast regeneration and RNP assemble 

Numerous lines of evidence have demonstrated distinct regulatory pathways 

governing the expression of 1-FEH1, 1-FEH2a, and 1-FEH2b in response 

to environmental cues, suggesting that each isoform plays distinct roles in chicory. 

A potential approach for confirming the precise roles of these genes in 

inulin metabolism is to knockout the specific gene. The present chapter outlines a 

viable and effective methodology that employed CRISPR/Cas9 and protoplast 

regeneration technology to create accurate and targeted gene mutations in 

chicory via RNP delivery. 

3.7.1 Different industrial chicory genotypes show variable capability of 

protoplast regeneration 

To successfully obtain plants from protoplasts, the regeneration capacity of a 

single cell is crucial. It has been reported that the rate of protoplast regeneration is 

highly relevant to species and genotypes (Qi et al. 2021). In order to find the 

optimum genotypes of chicory for efficient protoplast regeneration, I tested 

the chicory commercial variety Zoom F1 and 5 components of the synthetic 

variety SELENITE  S15C80090, S18C80026, S16C80007, S21C80004 and 

S15C80086. All varieties in this study yield high amount of protoplast, however cell 

division were only observed in Zoom, S16C80007, S15C80086 and 

S18C80026. S15C80086 and S18C80026 had high cell division rate, while less 

callus produced from microcalli. Interestingly, comparing to Zoom, S15C80086 

and S18C80026 showed more asymmetric cell division in 5 days after protoplast 

isolation (Fig. 3.31). 

Zoom showed relatively high rates of cell division and microcalli production, but 

significantly lower rates of callus growth from microcalli compared to other varieties. 

S16C80007 showed the most promising regeneration rate, which obtained the highest 

number of callus and regenerated plants after two months (Table 2, Fig. 3.32). 
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Figure 3.31 Comparison of protoplast division in different genotypes. Protoplast were culture in 

MC1 for 5 days after isolation. Scale bars = 100 µm  

 

Table 2 Protoplast regeneration among genotypes 

Genotypes Protoplast Isolation Cell divisiona Microcallib Callusc Plants 

Zoom + 39.13% 44.90% 2.13% NA 

S16C80007 + 25.98% 45.45% 62.77% + 

S21C80004 + NA NA NA NA 

S15C80086 + 38.30% + 26.60% + 

S18C80026 + 44.72% + 22.98% + 

S15C80090 + NA NA NA NA 

Data collected from two independent experiments. 
a Percentage of dividing protoplast in 5 days after embedding. 
b Percentage of microcalli produced from protoplast in 14 days after embedding.  
c Percentage of callus grown from microcalli transferred to MC3 solid medium. 
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Figure 3.32 Chicory S16C80007 protoplast regeneration phases: (A) Mitotic division 5 days after 

protoplast embedding. (B) Microcalli after the 14 days. (C) Microcalli development after the 20 days. 

(D) White arrowheads: Microcalli under stereomicroscope. (E) Callus and shoot development. (F) 

Young regenerated plants.  

3.7.2 Target design and in vitro cleavage of dsDNA with RNP complex  

In order to devise specific single guide RNAs (sgRNAs) for the targeting of 1-FEH1 

and 1-FEH2, I adopted an approach whereby candidate sequences were initially 

generated using CRISPOR (Concordet and Haeussler 2018). Subsequently, to address 

the issue of off-target effects, the selected sequences were subjected to further 

refinement via the utilization of Cas-OFFinder (Bae, Park, and Kim 2014), which 

enabled the exclusion of sequences with high levels of off-target activity (Table S1). 

The candidate target, FEH1_195forw, was chosen for 1-FEH1 as it exhibited no 

alignment to other regions of the genome with a mismatch of less than three base 

pairs. Given the high level of similarity observed in the gene sequence of 1-FEH2a 

and 1-FEH2b, FEH2ab_514rev was selected as the target for both genes, owing to its 

minimal off-target rate. To determine the efficiency of a Cas9 ribonucleoprotein 

(RNP) complex on target site of DNA, selected sgRNAs were assembled in vitro with 

Cas9 protein and tested its ability to cleave double-strand DNA (dsDNA). Fragment 

(785 bp) of 1-FEH1 exon 3 were amplified by PCR and after column clean up, 

incubated with RNP containing specific sgRNA target to 1-FEH1. Compared to 

control, the DNA were cleaved into two fragments (260 bp and 525 bp) in presence 
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of RNP (Fig. 3.33), indicating that the RNP complex was specific and effective to the 

target. 

Figure 3.33 In vitro cleavage of 1-FEH1 exon 

3 fragment by RNP. Exon 3 of 1-FEH1 were 

amplified by PCR and incubated with RNP. 

Control: Cas9 protein without sgRNA; RNP: 

assemble Cas9 protein and sgRNA complex.  

 

 

3.7.3 RNP delivery and in vivo mutation detection 

In order to assess the transfection efficiency of RNP complexes, GFP-tagged Cas9 

proteins were employed and introduced into mesophyll protoplasts of chicory 

S16C80007 via PEG-method. Following a 24-hour incubation period, approximately 

two-thirds of the transfected cells were found to exhibit detectable GFP signal, as 

illustrated in the accompanying Fig. 3.34. The transfected cells were then harvested 

for genomic DNA extraction, and the region encompassing the target site was 

amplified and cloned into the pJET vector. The vectors were further transferred into 

E.coli to facilitate determination of the frequency of mutations by sanger sequencing.  

 

Figure 3.34 RNP transfection with GFP signal. Cas9 proteins were fused with GFP. RNP complexes 

were transfected into chicory mesophyll protoplast. White arrowheads indicate the GFP signal of RNP 

complexed in the cell. BF: bride field. 
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In the case of 1-FEH1, a total of 23 E. coli colonies that contain pJET vector were 

subjected to sequencing analysis, which revealed that four of these clones displayed 

mutations at the targeted site (Fig. 3.35). One of the identified mutants exhibited a 

substitution of AC with TT on two base pairs located upstream of the protospacer 

adjacent motif (PAM) sequence, resulting in a single amino acid substitution from 

proline to serine at position 123. The remaining three mutants demonstrated a four 

base pair deletion within the target sequence, leading to the introduction of a 

premature stop codon via frameshift, and indicating overall mutation frequency of 

17.39% and frameshift frequency of 13.04%. In the context of 1-FEH2a, it was 

observed that mutations were present in five of the 22 clones examined. Notably, 

three of these mutants exhibited deletions spanning 6, 10, and 11 base pairs, 

respectively, whereas the remaining two mutants manifested insertions of A or T 

nucleotides (Fig. 3.35). It was further noted that four of the mutants resulted in 

frameshifts and premature stop codons, thereby giving rise to a mutation frequency of 

22.72%. Among the total cloned identified, 18.18% were characterized by frameshifts. 

For 1-FEH2b, four of the 27 clones were observed to contain two types of mutations 

resulting in frameshifts and early stop codons, with a mutation frequency of 14.81%. 

 

Figure 3.35 Results of sequence analysis conducted on mutations that occurred in the target 

region of the RNP. Transfection of the RNP complex with FEH1_195forw sgRNA and 

FEH2ab_514rev sgRNA was performed separately. sgRNA target sites are shown with underline; the 

PAM sequences (NGG) are denoted in yellow; instances of miss-match or insertion are highlighted in 

red; deletion events are marked in blue; and instances of stop codons are emphasized with red lettering.
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4 Discussion 

The extraction of inulin from the chicory taproot yields an essential commercial 

fructan product. The understanding of the regulatory mechanisms underlying fructan 

exohydrolases, which predominantly mediate inulin degradation, offers valuable 

insight into future directions for both breeding and genetic engineering of chicory. 

The initial part of this thesis elucidated the distinct expression patterns of 1-FEH1, 1-

FEH2a, and 1-FEH2b in young chicory seedlings and mature taproots, in response to 

cold stimulation. In addition to low temperature, the three isoforms of 1-FEH are also 

responsive to heat stress and water deficiency, thereby indicating their 

multifunctional roles in chicory's response to abiotic stresses, as well as the potential 

crosstalk between these stress pathways. Stress-related transcription factors were 

identified and found to be involved in different regulatory pathways of 1-FEH. 

CiNAC5 is a specific regulator of 1-FEH1 under cold conditions, whereas 

CiDREB2A is responsive to multiple stresses and specifically regulates 1-FEH2b. 

The differential regulation of 1-FEH2a and 1-FEH2b by CiDREB is attributed to a 

mutation in the DRE cis-element located on the promoter of 1-FEH2a. Moreover, it 

was found that CiDREB2B interacts with CiMYB5, leading to a synergistic 

upregulation of 1-FEH2b to be expected in response to heat stress (Fig. 4.1). The 

comprehension of the regulatory networks that control fructan metabolism pathways 

provides a fundamental knowledge for the genetic modification of transcriptional 

regulator expression levels via conventional and transgenic methods, with the aim of 

enhancing fructan accumulation or conferring abiotic stress tolerance.  

Figure 4.1 The transcriptional network of 1-FEHs. The solid line with arrows represents the 

positive relationships verified in this thesis. The dashed line indicates that the cold induction of 

CiMYB5 previously identified (Wei et al. 2017) but not confirmed in this thesis. 
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The other part of the thesis outlines a methodology to establish a reliable transient 

transfection protoplast system for the introduction of site-specific mutations on the 

genome via CRISPR ribonucleoprotein (RNP) and regeneration of plants from 

protoplasts. The approach resulted in a relatively high transfection efficiency and a 

favorable mutation rate in the transfected cells. This method represents a novel 

avenue for future genetic engineering of chicory and for elucidating the precise 

functions of genes. 

4.1 Different expression patterns of 1-FEH1, 1-FEH2a and 1-FEH2b response to 

various abiotic stresses 

4.1.1 Under low temperature, 1-FEH1 was upregulated and showed long lasting 

activation, whereas 1-FEH2a and 1-FEH2b showed strong and transient cold 

induction 

It has been well studied over the past decades that the inulin degradation in chicory 

was mainly due to enzyme activities of fructan 1-exohydrolases (1-FEH) during 

harvest season (Van Arkel et al. 2012). Earlier investigations on chicory hairy root 

demonstrated that the 1-FEH1 and 1-FEH2 expression responded differently to low 

temperature and phytohormones (Kusch et al. 2009; Wei et al. 2016). However, the 

detailed mechanism behind the gene expression and regulation of three isoforms 

remained unclear. In addition, due to the high similarity in coding sequence between 

1-FEH2a and 1-FEH2b, researchers were not able to distinguish these two genes 

when they investigated 1-FEH2 transcript levels. In this study, I designed specific 

qRT-PCR primers for 1-FEH2a and 1-FEH2b, respectively. These primers ensure the 

specific amplification of 1-FEH2a and 1-FEH2b, providing a deep insight to the 

expression patterns of these two genes. In chicory mature taproot, 1-FEH2a and 1-

FEH2b showed a rapid and strong cold induction after 24 hours followed by a decline. 

In contrast, 1-FEH1 did not display any cold induction in mature taproot sliced tissue; 

instead, its expression fluctuated in response to cold treatment or when maintained at 

room temperature. It has been shown in a previous study, that 1-FEH1 exhibited an 

immediate reaction upon treatment with the wounding-related phytohormone 

Jasmonic acid (JA) (Wei, dissertation 2017). The fluctuation of 1-FEH1 expression 

during the taproot slice experiment could be attributed to its heightened sensitivity to 

wounding, which in turn affects its response to cold regulation. 
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On the other hand, 1-FEH1 displayed a gradual yet consistent increase of expression 

in young seedlings subjected to cold treatment, in contrast to the rapid and 

pronounced cold induction observed in 1-FEH2a and 1-FEH2b. This observation is 

corresponding to previous results, in which 1-FEH2 was more instant cold responsive 

than 1-FEH1 (Kusch et al. 2009). Regarding the two 1-FEH2 genes, their expression 

levels declined after 24 hours, with 1-FEH2a exhibiting a reduction in expression 

several hours earlier than 1-FEH2b. It is the first observation of difference on 

transcript levels between 1-FEH2a and 1-FEH2b. In a former study, it is suggested 

that loss of function of 1-FEH2b has more impact on post-harvest inulin degradation 

than copy number variation of its close paralog 1-FEH2a in Cichorium intybus 

(Dauchot et al. 2015). It is intriguing to comprehend the mechanism underlying the 

precise regulation of inulin degradation by 1-FEH2a and 1-FEH2b, which will be 

discussed in detail in the chapter 4.3. 

4.1.2 Heat stress and water deficiency induced the expression of 1-FEH  

Major abiotic stresses such as drought and high temperatures have significantly 

reduced crop productivity and eroded global food security, exacerbated by the effects 

of climate change and the increased frequency and severity of these stressors 

(Lamaoui et al. 2018). A previous study noted that chicory exhibited an atypical 

bolting pattern during a hot and dry summer, possibly due to the stress of high 

temperatures and drought (Dielen et al. 2005). Exposure of chicory to heat resulted in 

a reduction in inulin degree of polymerization (DP) and constrained the growth of its 

roots (Mathieu et al. 2018). This thesis provides insight into the expression pattern of 

FAZY genes and their potential roles in the chicory response to high temperatures. 

During both extreme heat shock (45 °C) and moderate heat (37 °C) treatment, the 

genes 1-FEH1, 1-FEH2a, and 1-FEH2b were upregulated, while the fructan synthesis 

genes 1-SST and 1-FFT were repressed over time (Fig. 3.28 and Fig. 3.29). This 

result corresponds to the inulin degradation and fructose release observed during heat 

treatment, which led to bolting and flowering of non-vernalized chicory (Mathieu et 

al. 2020). The findings indicate that during high temperatures, upregulation of 1-FEH 

expression contributes to inulin hydrolysis, which provides material and energy for 

the flowering process independently of vernalization. On the other hand, heat stress-

induced redox imbalance and decreased photosynthetic efficiency (Zahra et al. 2023) 
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may accounting for the downregulation of 1-SST, which relies on sucrose as a 

substrate to initiate fructan biosynthesis.  

High temperature is often accompanied by subsequent drought stress, which further 

exacerbates the negative impact on plants. Plants tend to accumulate more water-

soluble carbohydrates (WSC) in their roots under abiotic stress prior to anthesis, 

using osmotic adjustment mechanisms to survive. In wheat, during the grain-filling 

stage, while root fructan is being degraded, the high levels of sucrose, fructose, and 

glucose present in drought-affected plants may function as osmoregulators (Zhang et 

al. 2016). Previous research revealed that under drought stress conditions, growth 

restriction resulted in an increase in the concentration of glucose, fructose, and 

sucrose in the roots and leaves of young chicory plants (Van Laere et al. 2000). This 

thesis revealed that during dehydration treatment, the expression of 1-FEH increased 

(Fig. 3.30), which could explain to the observation of increasing fructose in young 

chicory from previous research. It is noteworthy that in both cold and heat treatments, 

the expression levels of 1-FEH2 were considerably higher than those of 1-FEH1. 

However, in the case of drought treatment, 1-FEH1 expression was constant and 

pronounced for 48 hours, whereas 1-FEH2a and 1-FEH2b expression increased 

slightly after 24 hours and then decreased. This observation indicated that 1-FEH1 

and 1-FEH2 might have distinct functions in response to various abiotic stresses. 

Similar expression patterns of 1-FEH1 (long-term) and 1-FEH2 (short-term) were 

also found after cold (Fig. 3.9) and heat treatments (Fig. 3.29) in chicory seedlings, 

indicating that 1-FEH1 may play a dominant role in long-term stimulations such as 

seasonal changes during the chicory growth phase, while 1-FEH2 exhibits transient 

responses to momentary environmental cues such as diurnal changes. Overall, this 

study provides a new perspective on the expression patterns of 1-FEH, which is not 

only induced by low temperature, but also impacted by heat stress and water deficit. 

4.2 Cold inducible CiNAC5 is a transcription factor that activates the expression 

of 1-FEH1 

4.2.1 CiNAC5 recognizes the promoter region (-353 to ATG) of 1-FEH1 and acts 

as a specific regulator 

The plant-specific transcription factor family NAC [NAM (no apical meristem, 

Petunia), ATAF1–2 (Arabidopsis thaliana activating factor), and CUC2 (cup-shaped 
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cotyledon)] has been extensively studied, revealing their involvement in various plant 

response pathways such as cold, salinity, drought, and wounding (Puranik et al. 2012). 

While the association between NAC transcription factors and fructan metabolism has 

not been previously documented, the promoter analysis indicated the presence of 

several putative NAC binding sites (NACBS) on the promoter of 1-FEH, suggesting 

that NAC may be involved in regulating 1-FEH. Among the eight CiNAC 

transcription factors identified in chicory, CiNAC5 appeared to be the most 

promising candidate for regulating 1-FEH according to the co-expression analysis. In 

chicory mature taproot tissue, CiNAC5 had a strong cold induction after 24 hours (Fig. 

3.8), whereas the cold-induced expression of CiNAC5 in young chicory seedlings was 

regulated in a circadian manner (Fig. 3.10). The early induction of CiNAC5 under 

cold treatment occurred prior to the expression of 1-FEH, indicating that the 

transcription factor might function as an upstream regulator of 1-FEH. The specific 

activation of the 1-FEH1 promoter by CiNAC5 was demonstrated through the dual 

luciferase assay, with no effect observed on the promoters of other FAZY genes (Fig. 

3.13), which provided an explanation for the different regulatory pathways of 1-

FEH1 and 1-FEH2. Promoter deletion analysis of 1-FEH1 showed that the activation 

site of CiNAC5 located on the promoter region between -353 to ATG. However, the 

activation of CiNAC5 on p1-FEH1 was not abolished even after mutation or deletion 

of putative NACBS in this region (Fig. 3.14). One potential explanation for the 

unsuccess of NACBS mutation or deletion to prevent CiNAC5-induced activation is 

that CiNAC5 may have multiple binding sites on the 1-FEH1 promoter, rendering 

single or double mutations of NACBS insufficient. Additionally, it is possible that 

CiNAC5 has unidentified binding sites that have not yet been identified on the 

promoter of 1-FEH1. In this study, attempts to express CiNAC5 protein in 

prokaryotic system were unsuccessful, which limited the understanding of how 

CiNAC5 interacts with p1-FEH1. Therefore, it is crucial to develop a method to 

obtain CiNAC5 protein. Further analysis, such as yeast-one-hybrid assay or ChIP-Seq 

would provide insight into the CiNAC5 recognition site. 

It is noteworthy that the expression pattern of CiNAC5 during heat stress and water 

deficiency treatments of chicory seedlings revealed a decrease over time (Fig. S3), 

contradicting the expected induction of 1-FEH1 under such conditions. These 
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findings suggest that CiNAC5 is primarily responsive to low temperature stress and 

may not have a significant impact on the response to heat and drought stress. 

On the other hand, CiNAC8 showed a transient upregulation during the initial stage of 

cold treatment in young chicory seedlings. A 3-fold increase of activation on the 

promoter of 1-FFT by CiNAC8 was demonstrated in the dual luciferase assay, which 

could explain the modest cold-induced expression of 1-FFT in chicory seedlings (Fig. 

3.9). This finding was consistent with a previous study (del Viso et al. 2009), which 

suggested that fructosyltransferase was involved in the fine-tuning of fructan 

accumulation that occurs during cold conditions and influence the degree of 

polymerization of fructan. 

4.2.2 CiNAC5 as a homolog of ANAC013, ANAC016 and ANAC017 in 

Arabidopsis thaliana 

The molecular phylogenetic analysis showed that CiNAC5 is evolutionarily related to 

ANAC013/16/17 in Arabidopsis thaliana (Fig. 3.6), which belong to a group of 

endoplasmic reticulum (ER)-bound NAC transcription factors that have been 

identified as primary regulators of the nuclear response to mitochondrial dysfunction 

(De Clercq et al. 2013; Ng et al. 2013). Among them, ANAC016 and ANAC017 have 

been identified as important regulators in various plant physiological processes and 

play crucial roles in submergence tolerance (Bui et al. 2020). Overexpression of 

ANAC017 has been shown to cause growth retardation, altered leaf development 

with decreased cell size and viability, and early leaf senescence (Meng et al. 2019). 

These findings suggest potential avenues for future research on CiNAC5, including 

investigating its response to flooding stress and its role in the development of chicory 

plants. Additionally, Broda et al. (2021) reported that during late senescence, 

ANAC017 directly controlled the transcription of ANAC016 in a feed-forward loop. 

In the present study, dual luciferase assay revealed that CiNAC5 activated its own 

promoter by approximately 2-fold, thereby generating a positive feedback loop for 

self-regulation in response to environmental stimuli (Fig. 3.20). 

Various NAC proteins have been shown to bind to the DNA containing NAC binding 

site (NACBS) CGTG/A or its reverse complement T/CACG (Olsen et al. 2005). A 

previous study showed that the mitochondrial dysfunction motif (MDM) cis-element 

contained the imperfect inverted-repeat structure CTTGN5CAA/CG, which could be 
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bound by ANAC013, ANAC016 and ANAC017 (De Clercq et al. 2013). This 

discovery suggested the possibility that the promoter region of 1-FEH1 might contain 

an unidentified and imperfect recognition site for CiNAC5, which could explain the 

lack of effect on CiNAC5 activation due to the mutation on the putative NACBS (Fig. 

3.14 M1/M2). The results of a yeast-two-hybrid screening utilizing OsNAC5 as a bait 

revealed its interaction with other OsNAC proteins including itself, indicating that 

rice NAC transcription factors function as homodimers and heterodimers (Jeong et al. 

2009). The detailed mechanism underlying CiNAC5 regulation of 1-FEH, including 

potential cooperativity with other transcription factors and the precise recognition site, 

remains to be further investigated. 

4.3 CiDREB1 and CiDREB2 specifically regulates 1-FEH2b response to various 

stresses via binding to its promoter 

4.3.1 Distinct responses of CiDREB1 and CiDREB2 to heat, cold, and drought 

stresses 

Traditional genetic and molecular investigations have characterized C-repeat/DREB 

binding factors (CBFs/DREBs) as essential transcription factors involved in the 

process of cold acclimation (Shi, Ding and Yang 2018). Several genes are activated 

by both dehydration and cold temperature, and their transcript levels decrease upon 

stress relief, which implies the existence of common biochemical pathways that 

regulate these processes (Shinozaki and Yamaguchi-Shinozaki 2000). In Arabidopsis, 

such genes include rd (responsive to dehydration) and cor (cold-regulated). The DRE 

cis-element (TACCGACAT) plays an indispensable role in regulating the induction 

of rd29A in response to dehydration and cold via the ABA-independent pathway 

(Narusaka et al. 2003). It was initially believed that two distinct subgroups of DREB 

family, namely DREB1/CBF and DREB2, recognized DRE cis-element and acted as 

trans-acting factors in two distinct signal transduction pathways in response to cold 

and drought conditions, respectively (Liu et al. 1998). Subsequent research has 

indicated that the functional distinction between DREB1 and DREB2 members is less 

apparent than originally supposed. The transcription factors of DREB1 type are 

activated by major abiotic stresses, including not only cold but also high temperatures, 

drought, and high salinity. However, the expression patterns of orthologous genes 

differ considerably across different species, indicating variations in the regulatory 
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mechanisms (Agarwal et al. 2017). In this study, it was found that CiDREB1A/C/D 

were upregulated in response to low temperature in chicory (Fig 3.8). Among these 

genes, CiDREB1D exhibited cold-inducible expression that was regulated by 

circadian signal, while CiDREB1A showed rapid and robust upregulation at the onset 

of cold treatment. This observation is consistent with a previous finding in 

Arabidopsis, which demonstrated that cold stress can be categorized into two 

different signals and differently induce the expression of AtDREB1 genes (Kidokoro 

et al. 2017). AtDREB1B expression in response to cold stress is primarily regulated by 

CALMODULIN BINDING TRANSCRIPTION ACTIVATOR3 (CAMTA3) and 

CAMTA5, while AtDREB1A expression is under the regulation of clock factors, 

including CIRCADIAN CLOCK ASSOCIATED1 and LATE ELONGATED 

HYPOCOTYL, which act as transcriptional activators specifically during the day 

(Kidokoro et al. 2017). 

On the other hand, DREB2 was initially thought to be activated by heat and 

dehydration. However, further examination of the expression of other members 

within this subgroup in Arabidopsis, as well as similar genes in other plant species, 

has shown that numerous DREB2 genes are also responsive to cold stress (Lee et al. 

2010). The present study shows that CiDREB2A exhibits responsiveness to a variety 

of stresses, including low and high temperature as well as dehydration. Additionally, 

the cold-induced expression of CiDREB2A was found to be regulated by circadian 

rhythm. On the contrary, CiDREB2B appears to be specifically induced by heat stress, 

as its expression was scarcely detectable under control, cold or drought conditions. 

The findings offer evidence of crosstalk between cold and heat stress, and intricate 

regulatory mechanisms involving DREB in response to abiotic stresses.  

4.3.2 Effect of SNP on DRE cis-element in the promoter of 1-FEH2a and 1-

FEH2b on their respective regulation pathways 

Based on the results presented in this study, it is proposed that CiDREB1 and 

CiDREB2 play significant roles in the regulation of the 1-FEH2b gene under low 

temperature. This notion is supported by the following observations: (1) The co-

expression analysis conducted during cold treatment revealed that CiDREB1A/C/D 

and CiDREB2A were induced by cold stress, preceding the induction of 1-FEH2b 

(Fig 3.8–3.10); (2) The dual luciferase assay demonstrated that the activation of the 1-
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FEH2b promoter by CiDREB1A/C/D and CiDREB2A resulted in a 2- to 6-fold 

induction rate. Notably, this effect appeared to be highly specific, as no significant 

activation of either the promoters of 1-FEH1 or 1-FEH2a was observed (Fig 3.16); (3) 

The electrophoretic mobility shift assay (EMSA) results illustrated the binding of 

CiDREB1 or CiDREB2 to the promoter of 1-FEH2b through the DRE cis-element 

(Fig. 3.22–3.25); (4) Further analysis revealed that a point mutation in the DRE 

sequence within the p1-FEH2b resulted in disruption of the protein-DNA interaction 

and the loss of CiDREB-mediated activation of the promoter of 1-FEH2b (Fig. 3.17–

3.18).  

In a previous study, Sakuma et al. (2002) employed the EMSA method utilizing 

single-base substituted DRE sequences as substrates to demonstrate that the core 

sequence of DRE is the 6-bp A/GCCGAC sequence in Arabidopsis. Additionally, 

they found that the 4th C, 5th G, and 7th C of DRE (TACCGACAT) were crucial for 

highly specific interactions with the DREB proteins. An analysis of the promoter 

region demonstrated that a single nucleotide polymorphism (SNP) located in the core 

sequence of the DRE cis-element between 1-FEH2a (TTCG) and 1-FEH2b (GTCG) 

was the primary factor responsible for the differential promoter activity observed on 

p1-FEH2a and p1-FEH2b driven by CiDREBs. Notably, a single base mutation in the 

DRE cis-element of p1-FEH2a disrupted the DNA-protein interaction, indicating the 

importance of this sequence for promoter activation by CiDREBs.  

4.3.3 CiDREB2B is co-induced with CiMYB3 and CiMYB5 under heat stress, 

which might be involved in the activation of 1-FEH2b expression 

Transcriptional regulation relies on intricate networks of protein-protein interactions. 

These interactions between transcription factors (TFs) are crucial for coordinating 

both positive and negative regulation of stress responses, enabling efficient 

expression of diverse downstream genes. The results of the yeast-two-hybrid and dual 

luciferase assay via co-transfection with two transcription factors demonstrated that 

CiDREB2B interacted with CiMYB3 and CiMYB5 to significantly activate the 

promoter of 1-FEH2b (Fig. 3.19; Fig. 3.26). The dual luciferase assay employed a 

single transcription factor transfection strategy for the overexpression of CiMYB5 in 

chicory leaf protoplasts, which in turn, facilitated the involvement of endogenous 

CiDREB2B in assisting CiMYB5 to execute its complete function. This cooperative 
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activity resulted in the activation of p1-FEH2b with an induction of approximately 

10-fold (Fig. 3.19B). However, the impact of CiMYB5 on p1-FEH2b was confined to 

the quantity of endogenous CiDREB2B, as its expression was infrequent in the 

absence of stimulation. Evidently, the activation of p1-FEH2b through CiMYB5 

necessitates the presence of CiDREB2B, given that the mutation or deletion of the 

DRE cis-element resulted in the impairment of p1-FEH2b activation by CiMYB5. 

Simultaneous transfection of CiDREB2B and CiMYB5 surmounted the quantity 

restrictions imposed on both transcription factors, ultimately resulting in notable 

activation of p1-FEH2b, featuring over 35-fold induction (Fig. 3.19B). Interestingly, 

CiDREB2A exhibited no interaction with either CiMYB3 or CiMYB5, resulting in 

solely a superimposed effect without any synergistic activation on p1-FEH2b. 

Despite prior research demonstrating the upregulation of CiMYB3 and CiMYB5 under 

cold conditions (Wei et al. 2017a), the current investigation produced inconsistent 

results within chicory young seedling or mature taproot. Through examination of 

CiDREB2B, which correlates with CiMYB5 and specifically responds to heat stress, it 

was determined that these transcription factors might play a role in the regulation of 

1-FEH2b under a high-temperature response pathway. 

CiDREB2B had been validated to bind on the promoter of 1-FEH2b via DRE. 

Promoter analysis illustrated the presence of a MYB-core motif located 6 bp from the 

DRE cis-element. However, the relationship between CiMYB5 and p1-FEH2b 

remains unclear, as protein expression of CiMYB5 in prokaryotic systems was not 

successful. According to the possible relationship between CiDREB2B/CiMYB5 and 

p1-FEH2b, three hypothetical interaction models between these transcription factors 

could be proposed (Fig. 4.2). (1) Both CiDREB2B and CiMYB5 directly bind to the 

promoter of 1-FEH2b to activate the promoter. The interaction between CiDREB2B 

and CiMYB5 reinforces the DNA-protein binding and enhance transcription of 1-

FEH2b; (2) CiMYB5 does not bind to the promoter of 1-FEH2b, instead, CiDREB2B 

recruits CiMYB5 and initiate the transcription of 1-FEH2b; (3) The CiDREB2B and 

CiMYB5 complex involves a third transcription factor. In the absence of CiDREB2B, 

the formation of the TF complex is interrupted, leading to impaired activation on p1-

FEH2b. Further investigation is required to elucidate the precise mechanism by 

CiMYB5 interacts with CiDREB2B and p1-FEH2b. 
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Figure 4.2 Schematic of the hypothetical relationship between CiMYB5 and CiDREB2B in regulating 

the promoter of 1-FEH2b. Transcription factors were presented in circles; cis-elements were presented 

in boxes. 

4.3.4 Neither CiDREBs nor CiMYBs show significant activation on p1-FEH1  

A previous study has identified a master transcription factor, CiMYB17, which is 

capable of activating both fructosyltransferase and fructan exohydrolase genes to 

orchestrate fructan synthesis and degradation (Wei et al. 2017). According to the 

study, the 1-FEH1 promoter contains five copies of DTTHGGT element that can be 

bound by CiMYB17. Furthermore, the study found that CiMYB17 was able to 

activate the 1-FEH1 promoter by 6-fold in a dual luciferase assay conducted in 

grapevine suspension cells. In contrast to previous studies, the effect of CiMYB17 on 

p1-FEH1 was found to be rather restricted in chicory protoplasts (Fig. 3.15). The 

results showed that all 14 CiMYB proteins tested in the dual luciferase assay have 

limited activation on p1-FEH1, in contrast to the notable activation observed for 

CiMYB on p1-FEH2. Since chicory protoplasts offer a homologous system that 

ensures consistent and reproducible dual luciferase assays, it might be assert that 

CiMYB17 does not serve as an activator of 1-FEH1. It is probable that the prior 

observation of marked induction of p1-FEH1 by CiMYB17 is an incidental effect of 

utilizing a heterologous system which yields considerable error bars in the results. 

The CiDREB protein has been observed to interact with the promoter of 1-FEH1; 

however, this interaction alone does not necessarily imply that CiDREB functions as 

a regulator for 1-FEH1. Notably, there has been no observation of a discernible 

impact of CiDREB on p1-FEH1. Given the specific regulation of 1-FEH1 by 

CiNAC5, the findings of this investigation suggest that the regulation of 1-FEH1, 1-

FEH2a, and 1-FEH2b occur via distinct and separate pathways. 

4.4 Utilizing transgenic approaches for attaining high-yield and high-quality 

inulin in chicory 

The improvement of both inulin yield and quality in chicory represents a primary 

objective for farmers and breeders. Reduction in fructan synthesis, coupled with 
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increase of fructan exohydrolase activity, are the principal factors responsible for the 

degradation of inulin polymerization (DP). Alterations to the fructan metabolism 

pathway present a prospective avenue for the optimization of inulin production in the 

field. Genetic engineering approaches can be categorized into two distinct directions: 

(a) the engineering of enzymes that are directly implicated in fructan metabolism, and 

(b) the manipulation of stress signaling and the regulation of genes responsible for 

fructan metabolism. For the former approach, a previous study achieved to developed 

to overexpress sucrose:sucrose 1-fructosyltransferase (1-SST) under the control of 

the CaMV35S promoter in chicory plants cv. Melci (Maroufi et al. 2018). Analysis of 

the findings revealed a comparatively high degree of expression of 1-SST in the 

transgenic chicory plants relative to those of the wild-type plants. Nonetheless, the 

impact on the degree of DP was observed to be restricted. The fructan metabolism is 

an intricacies process involving different isoforms of fructan exohydrolases and 

fructan:fructan 1-fructosyltransferase, which exert an influence on the length of inulin. 

Mere augmentation of 1-SST may prove inadequate in attaining the desired outcome 

of generating chicory plants that yield a substantial amount of inulin, in the presence 

of continuous inulin degradation that is impervious to inhibition. Another research 

pointed out that nucleotidic polymorphisms of FEH genes in chicory are statistically 

associated with enhanced resistance to post- harvest inulin depolymerization 

(Dauchot et al. 2014). Directing attention towards 1-FEH genes and introducing 

mutations therein may exert a more substantial influence on the accumulation of 

inulin by hindering its degradation. This thesis presents a feasible method of inducing 

targeted mutations to 1-FEH genes in chicory through RNP delivery, which obviates 

the need for the introduction of exogenous DNA. The on-target mutation frequency 

ranges from 17.39% to 22.72%. Despite progress made thus far, further analysis of 

transgenic plants exhibiting bi-allelic mutations is necessary, including additional 

genotyping of the mutant plants and the determination of the loss-functions of 1-

FEH1 and 1-FEH2.  

It is noteworthy that the consequences of a complete knockout of 1-FEH remain 

ambiguous, given its potential involvement in various stress-response processes in 

chicory, including those related to pathogen infections (Versluys et al. 2018). This 

thesis offers insight into the transcriptional regulators of 1-FEH, furnishing 

information to potentially interrupt the regulatory pathway of 1-FEH expression 
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under certain stress conditions. For instance, modifying the DRE cis-element on the 

promoter region of 1-FEH2b to disrupt its regulation by CiDREB in response to both 

cold and heat stress, which is more practical for field production, as it mitigates the 

potential for serious side effects resulting from a complete gene knockout. 

Furthermore, mutation in CiNAC5 has the potential to disrupt the expression of 1-

FEH1 in response to low temperatures during the harvest season, as CiNAC5 exhibits 

specificity in its response to cold stress and serves as a specific regulator of 1-FEH1. 

The present thesis offers a potential avenue for genetic engineering in future chicory 

breeding, but it is essential to conduct further research and implement transgenic 

experiments to advance this line of inquiry. 
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5 Materials and Methods 

5.1 Plant material 

5.1.1 Chicory young seedlings 

Cichorium intybus L. var. Zoom seedlings were grown on vermiculite under long-day 

conditions in the greenhouse. At the start of the treatment, four-week-old chicory 

seedlings were grown under 12 hours of light alternating with 12 hours of darkness. 

Cold water was poured onto the vermiculite for the cold treatment, and the seedlings 

were placed in a cold room (6 °C) with the same light conditions. The taproots were 

harvested at time points of 0, 1, 4, 8, 12, 16, 20, 24, 28, 32, 36, 40, and 48 hours after 

the cold treatment started. Each biological replicate contained a pool of 2-3 individual 

seedling roots. The taproot tissue was frozen in liquid nitrogen immediately after 

harvesting, ground into powder using a Mixer Mill MM 400 (Retsch), and stored at -

80 °C for further experiments. 

5.1.2 Chicory mature root culture 

Cichorium intybus L. var. Zoom was grown in the field in the University of 

Heidelberg botanic garden in 2017. Three-month-old chicory was harvested from the 

field in November before flowering. A one-centimeter-thick cross-section of the root 

was taken at a position 5 cm below the hypocotyl. Root tissue was cut from the 

peripheral part of the root section in a 1 cm diameter using a cork borer and incubated 

in distilled water under cold room conditions for cold treatment, or at room 

temperature as a control. The root tissue was harvested at time points of 0, 1, 3, 6, 24, 

and 72 hours after the cold treatment started. Each biological replicate represented 

root tissue harvested from one independent chicory plant. The taproot tissue was 

frozen in liquid nitrogen immediately after harvesting, ground into powder using a 

Mixer Mill MM 400 (Retsch), and stored at -80 °C for further experiments. 

5.1.3 Chicory hydroponic culture 

Cichorium intybus L. var. Zoom seeds were sown on water-soaked sponge and 

incubated under darkness for three days to promote germination. After the seeds 

germinated, the sprouts were cultured with ½ Hoagland solution and placed in a 

climate chamber under long-day conditions (25 °C, 16 h day/8 h night) until the first 
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true leaves expanded. The seedlings were then transferred into plastic beakers and 

cultured with Hoagland solution for four weeks. The Hoagland solution was drained 

to induce water deficiency treatment. The seedling roots were harvested at time points 

of 0, 6, 24, and 48 hours after treatment. Each biological replicate represented an 

independent chicory plant. The taproot tissue was frozen in liquid nitrogen 

immediately after harvesting, ground into powder using a Mixer Mill MM 400 

(Retsch), and stored at -80 °C for further experiments. 

5.1.4 Heat treatment of chicory seedling 

Cichorium intybus L. var. Zoom seedlings were grown in mixed nutrient soil under 

long day conditions in the greenhouse. For the heat treatment, four-week-old 

seedlings were placed in an incubator at 45 °C with alternating 16 hours of light and 8 

hours of darkness. Root tissue was harvested 1 hour after the start of the incubation. 

After the soil temperature reached 45 °C, root tissue was harvested at 1 and 24 hours. 

For moderate heat treatment, seedlings were placed under 37 °C and harvested at 0, 6, 

24, 48, and 72 hours after treatment. The humidity in the incubator was maintained at 

70-80%. Each biological replicate represented an independent chicory plant. Taproot 

tissue was frozen in liquid nitrogen immediately after harvesting, ground into powder 

using a Mixer Mill MM 400 (Retsch), and stored at -80 °C for further experiments. 

5.1.5 Chicory mesophyll protoplast preparation 

The second pair of true leaves from 3-4-week-old chicory was chosen and cut into 1 

mm leaf strips. The leaf strips were then transferred into the enzyme solution (20 mM 

MES, 1.5% cellulase R10, 0.4% macerozyme R10, 0.4 M mannitol, 20 mM KCl, 10 

mM CaCl2, 0.1% BSA, pH 5.7) and allowed to be completely submerged. The 

digestion was continued, without shaking, in the dark for at least 8 hours at room 

temperature. The enzyme solution containing protoplasts was diluted with an equal 

volume of W5 solution (2 mM MES, 154 mM NaCl, 125 mM CaCl2, 5 mM KCl, pH 

5.7) and filtered with a 100-μm nylon mesh. The flow-through was centrifuged at 150 

xg for 2 min to collect the protoplasts in a 50-ml falcon tube. The protoplast pellet 

was re-suspended with W5 solution by gentle swirling and kept at room temperature, 

allowing the protoplast to settle at the bottom by gravity for 30 min. The W5 solution 

was then removed as much as possible without touching the protoplast pellet. The 
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protoplasts were re-suspended at 2 × 105 cell/ml in MMG solution (4 mM MES, 0.4 

M mannitol, 15 mM MgCl2, pH 5.7), and ready for further experiments. 

5.1.6 Protoplast transfection with plasmid 

10 μg of plasmids (with a 6:4 ratio of effector to reporter) were mixed with 100 μl of 

protoplasts in a 2-ml microfuge tube. Add 110 μl of PEG solution (50% PEG4000, 

0.2 M mannitol, 100 mM CaCl2), and mix completely by gently tapping the tube. The 

transfection mixture was incubated at room temperature for up to 15 min and then 

stopped by diluting with 440 μl of W5 solution and mixing well by inverting the tube. 

The mixture was then centrifuged at 100 xg for 2 min and the supernatant was 

removed. The protoplasts were re-suspended in 500 μl of WI solution (4 mM MES, 

0.5 M mannitol, 20 mM KCl, pH 5.7) in each well of a 12-well tissue culture plate. 

The protoplasts were then incubated at room temperature for 20 h, re-suspended, and 

harvested by centrifugation at 100 xg for 2 min. The protoplasts pellet was mixed 

with 50 μl of 2× lysis buffer and vigorously vortexed. After 5 min of incubation on 

ice, the mixture was centrifuged at 1,000 xg for 2 min. LUC activity was measured 

with a luminometer using 20 μl of the lysate and 50 μl of LUC mix (Promega). 

5.1.7 Ribonuclease (RNP) deliver in protoplast 

10 μg Cas9 protein and 100 pmol sgRNA were mix in room temperature for 10 min 

before transfection. 20 μl RNP complex was gently mixed in 200 μl protoplast. Add 

220 μl of PEG solution (50% PEG4000, 0.2 M mannitol, 100 mM CaCl2), and mix 

completely by gently tapping the tube. The transfection mixture was incubated at 

room temperature for up to 15 min and then stopped by diluting with 440 μl of W5 

solution and mixing well by inverting the tube. The mixture was then centrifuged at 

100 xg for 2 min and the supernatant was removed. The protoplasts were re-

suspended in 1 ml of WI solution (4 mM MES, 0.5 M mannitol, 20 mM KCl, pH 5.7) 

in each well of a 6-well tissue culture plate.  

5.1.8 Protoplast regeneration 

The method for chicory protoplast regeneration, as described in (Ref.), was modified 

as follows: the transfected chicory protoplasts were mixed with an equal volume of 

MC2 medium containing 5 g/L low melting agarose. Then, 50 μl of the mixture was 

dropped into a 6-well plate, left to solidify, and 1 ml of MC1 medium was added. The 

plate was incubated in a climate chamber under long-day conditions (25°C, 16 h 
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day/8 h night). After 5 days, the liquid medium was exchanged with MC2, and the 

medium was refreshed every week until microcolonies were generated. The 

microcolonies were then placed on solid MC3 media and cultured to small plants. 

5.1.9 Transient transformation of tobacco leaves 

Nicotiana benthamiana plants were cultivated on standardized ED-73 soil in the 

greenhouse under continuous light at 22-25 °C for four weeks. A single colony of A. 

tumefaciens containing the desired construct was inoculated in 4 mL LB medium 

with appropriate antibiotic and incubated overnight in a rotary shaker at 180 rpm at 

28 °C. The OD600 of the cell culture was measured using a spectrophotometer. When 

the OD600 reached 1.0, the cells were harvested by centrifugation for 5 min at 4,000 

rpm at room temperature. The supernatants were discarded, and bacterial cells were 

washed twice by re-suspending the pellets in induction medium (1/2 MS medium, 

150 μM acetosyringone) and adjusting the final concentration to OD600=0.8 with 

induction medium. The bacterial suspensions were incubated for at least 2 h at 28 °C 

without shaking. For the luciferase complementation assay (LCA), the bacterial 

suspension was pre-mixed with pNluc, pCluc, and P19 at a ratio of 1.5:1.5:1 before 

infiltration. A 1-mL needleless syringe was used to infiltrate the bacterial suspension 

into the fully expanded young leaves of N. benthamiana. The syringe tip was inserted 

into the part of the abaxial side of the leaves without major veins. After infiltration, 

the plants were kept in the greenhouse for 48 h with plastic cover to maintain 

relatively high humidity before measuring. For LCA, 1 mM D-Luciferin (Sigma) was 

sprayed on the leaves and kept in the dark for 5 min. Luminescence images were 

captured using ImageQuant LAS 4000 and further analyzed with Fiji imageJ. 

5.2 Microbiological techniques 

5.2.1 Bacterial and yeast strains 

Specie Strain Usage 

E. coli 

DH5α 
General restriction enzyme-based or 

gateway cloning purposes 

DB3.1 
To propagate Gateway or GreenGate 

vector 

 BL21 (DE3) Protein expression 

A. tumefaciens GV3101 Luciferase complement assay 

S. cerevisiae 
AH109 Yeast two-hybrid 

Y1HGold Yeast one-hybrid 
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5.2.2 Media and antibodies for bacterial and yeast cultures 

Escherichia coli and Agrobacterium tumefaciens bacteria were grown in low salt LB 

(Luria-Bertani) medium (0.5% yeast extract, 1% peptone, 8.5 mM NaCl, pH 7.0; agar 

plates were supplemented with 2% bacto agar). For recovery after transformation, E. 

coli or A. tumefaciens bacteria were incubated in SOC medium (0.5% yeast extract, 2% 

peptone, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4, 10 mM glucose, 

pH 7.0). To prepare competent E. coli and A. tumefaciens, SOB medium (2% 

tryptone, 0.5% yeast extract, 8.5 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, pH 7.0) 

was used. 

Saccharomyces cerevisiae was grown in YPDA (1% yeast extract, 2% peptone, 20% 

(w/v) glucose, 0.005% L-adenine hemisulfate salt, pH 6.5; agar plates were 

supplemented with 2% bacto agar). For selecting Y1H and Y2H, SD media with 

amino acid dropout mixes were purchased from Takara. 

5.2.3 Preparation of competent E. coli and A. tumefaciens cells 

The E. coli or A. tumefaciens bacteria were inoculated from a single colony in LB 

medium and grown overnight in a rotary shaker at 180 rpm at 37°C or 28°C. The 

overnight pre-culture was then inoculated into 250 ml of SOB medium and the 

culture was continued with shaking until the OD600 reached 0.6. The culture was then 

chilled at 4°C for 20 minutes and the cells were harvested by centrifugation in a pre-

chilled rotor at 4°C at 2500 xg. The supernatant was removed and the cells were re-

suspended in 100 ml of Inoue buffer (86 mM MnCl2, 20 mM CaCl2, 250 mM, 10 mM 

PIPES, pH 6.7) and centrifuged as above. The supernatant was again removed and the 

cells were re-suspended in 20 ml of Inoue buffer and 1.5 ml of DMSO was added, 

and the mixture was swirled. The cells were then incubated on ice for 10 minutes and 

50 µl of competent cells were aliquoted into sterile tubes and frozen in liquid nitrogen. 

The competent cells were stored at -80°C. 

5.2.4 Transformation of E. coli and A. tumefaciens competent cells 

For E. coli transformation, 50 µl of competent cells were thawed on ice and 100 ng of 

plasmid DNA was mixed with them by pipetting. The mixture was placed on ice for 

30 min followed by heat-shocking at 42 °C with a water bath for 60 s. The cell was 

placed back on ice for 5 min and 950 µl of SOC medium was added. The cell was 

recovered by culturing it in a rotary shaker at 180 rpm at 37 °C for 1 h. Transformed 
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cells were plated on LB agar media with the appropriate antibiotic and incubated at 

37 °C overnight. 

For A. tumefaciens transformation, 50 µl of competent cells were thawed on ice for 

10 min and mixed with 1 µg of plasmid DNA, then mixed by pipetting. The cells 

were incubated on ice for 10 min followed by snap-freezing into liquid nitrogen for 5 

min. The cells were heat-shocked at a 37 °C water bath for 5 min and 950 µl of SOC 

medium was added before culturing the cells in a rotary shaker at 180 rpm at 28 °C 

for 2 h. Transformed cells were plated on LB agar media with the appropriate 

antibiotic and incubated at 28 °C for 2 days. 

5.2.5 Yeast-two-hybrid (Y2H) 

Inoculation of one colony of AH109 (less than 4 weeks old) into 3 ml of YPDA 

medium was cultured in a sterile 15 ml culture tube and incubated at 30°C overnight 

for 12 hours. The overnight culture was diluted to 1:10 in 10 ml of YPDA medium in 

a 50-ml Falcon tube. It was then incubated with shaking until the OD600 reached 

0.15–0.3 (around 2 h). The cells were then centrifuged at 700 xg for 5 min at room 

temperature, and the supernatant was discarded. The pellet was re-suspended in 20 ml 

of fresh YPDA and incubated at 30°C until the OD600 reached 0.4–0.5 (around 3–5 h). 

The cells were then centrifuged at 700 xg for 5 min at room temperature, and the 

supernatant was discarded. Each pellet was re-suspended in 12 ml of sterile, 

deionized H2O. The cells were then centrifuged at 700 xg for 5 minutes at room 

temperature, and the supernatant was discarded. Each pellet was then re-suspended in 

600 μl of 1.1×TE/LiAc (1.1 mM EDTA, 11 mM Tris-Cl, 110 mM LiAC). The cell 

suspensions were transferred to 1.5 ml microcentrifuge tubes and centrifuged at high 

speed for 15 seconds. The supernatant was discarded, and each pellet was re-

suspended in 240 μl of 1.1×TE/LiAc. The cells were ready to be transformed with 

plasmid DNA. The competent cells could be stored on ice for a few hours without 

significant loss in efficiency. Co-transformation of 300 ng pGADT7 and 300 ng 

pGBKT7 constructs with 5 µl denatured Deoxyribonucleic acid (D7656, Sigma) was 

performed into 50 µl competent cells. The mixture was then added with 500 µl 

PEG/LiAC solution [1mM EDTA, 10 mM Tris-Cl, 40% (w/v) PEG335, 100 mM 

LiAC] and incubated at 30 °C with gentle tapping. 20 µl DMSO was added and 

mixed well. The tube was then placed in a 42 °C water bath for 15 min. The yeast 
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cells were then centrifuged at high speed for 15 s to pellet, and the supernatant was 

removed. The pellet was re-suspended in 1 ml of 2×YPDA medium, centrifuged 

again to pellet the yeast cells, and the supernatant was discarded. The cell was re-

suspended in 0.9% (w/v) NaCl solution. The selection of cells on SD/-Leu/-Trp plate 

was done at 30°C for 3–5 days. Inoculation of colonies on SD/-Leu/-Trp/-His/-Ade 

plate was done for 3-5 days. Positive colonies were then indicating the protein 

interaction. 4 mM X-α-Gal (16555, Merck) was dropped on the colonies, and positive 

colonies turned blue. 

5.2.6 Preparation of glycerol stocks 

Overnight cultures, which had been inoculated with a single bacterial or yeast colony, 

were mixed with 30% glycerol to obtain a final glycerol concentration of 15%. The 

cultures were then shock frozen in liquid nitrogen and subsequently stored at -80°C. 

5.3 DNA and RNA techniques 

5.3.1 Isolation of genomic DNA, RNA or plasmid DNA 

Genomic DNA and RNA were isolated from plant tissue, and plasmid DNA was 

isolated from E. coli using kits according to the manufacturer’s instructions. 

Usage Kit 

Plant Genomic DNA isolation 
innuPREP Plant DNA Kit (Analytik 

Jena) 

Plasmid DNA for cloning 
GeneJET Plasmid Miniprep Kit (Thermo 

Scientific) 

Plasmid DNA for protoplast 

transformation 

PureLink™ HiPure Plasmid-Midiprep-

Kit (Thermo Scientific) 

PCR products purification and Gel 

extraction 

GeneJET PCR Purification kit (Thermo 

Scientific) 

Plant RNA extraction 
GeneMATRIX Universal RNA 

Purification Kit (EURX) 
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5.3.2 Determination of nucleic acid concentrations 

To measure the concentration of DNA or RNA, a NanoDrop2000 Spectrophotometer 

(Thermo Scientific™) was used following the manufacturer’s instructions. The purity 

of DNA and RNA was assessed by determining the ratio of absorbance at 260 nm and 

280 nm. The generally accepted pure DNA has a ratio of 1.8, while pure RNA has a 

ratio of 2.0. 

5.3.3 Polymerase chain reaction (PCR) 

The DNA fragments were amplified through PCR by utilizing Phusion polymerase 

(Thermo Scientific™) or OneTaq polymerase (NEB) in accordance with the 

manufacturer's guidelines. 

5.3.4 Site-directed mutagenesis 

The plasmid DNA containing the desired sequence was used as a template for PCR 

using Phusion polymerase (Thermo Scientific™) according to the manufacturer’s 

instructions to amplify DNA fragments. Site mutations were introduced by 

incorporating the desired nucleotide changes in the center of the forward primer on 

the 3´ ends of the mutations. The reverse primer was designed so that the 5´ ends of 

the two primers annealed back-to-back. After amplification, the linearized DNA was 

phosphorylated with T4 Polynucleotide Kinase (Thermo Scientific™) according to 

the manufacturer’s instructions. Subsequently, the linear DNA was self-circulated 

with T4 DNA Ligase (Thermo Scientific™). 

5.3.5 Reverse transcription 

Use 1 μg of total RNA for cDNA synthesis with AMV Reverse Transcriptase 

(Roboklon) according to the manufacturer’s instructions. 

5.3.6 Quantitative real time PCR (qRT-PCR) 

The transcript levels of the genes of interest were determined through qPCR using a 

Rotorgene Q device (Qiagen) and a 2x qPCRBIO SyGreen Mix Lo-ROX. A 12 μl 

reaction mixture was prepared by adding 2 μl of cDNA, 0.5 μl of forward primer (10 

μM), 0.5 μl of reverse primer (10 μM), 6 μl of 2x qPCRBIO SyGreen Mix, and 3 μl 

of ddH2O. The cycling conditions were as follows: an initial denaturation at 95 °C for 

2 min, followed by 40 cycles of denaturation at 95 °C for 5 s and annealing and 

extension at 62 °C for 20 s. This was followed by a melt cycle with 1 °C increments 
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for 5 s each from 63 °C to 95 °C. The gene expression was calculated relative to the 

transcript levels of two reference genes (Actin and RPL19). Standard curves for 

primer efficiency determination were prepared using 1:4, 1:16, 1:64, and 1:256 

dilutions of cDNA samples. 

5.3.7 DNA gel electrophoresis 

The DNA samples were mixed with 5× DNA loading buffer [50% (w/v) glycerol, 5x 

TAE buffer, 1% (w/v) Orange-G] prior to gel loading. GeneRuler 1 kb DNA ladder 

(Thermo Scientific™) was used as the molecular weight marker. The DNA samples 

were separated on 1% agarose gels in 1x TAE buffer (40 mM Tris-base, 20 mM 

sodium acetate, 1 mM EDTA, pH 7.2) by applying a constant voltage of U=90 V. The 

DNA fragments were stained by incubation in a 0.0001% (w/v) ethidium bromide 

solution and imaged under UV-light using INTAS science imaging instruments 

(Göttingen, Germany) 

5.3.8 DNA sequencing 

The sequencing reactions of the plasmids were performed by Eurofins Genomics 

(München, Germany) following the instructions for sample preparation. 

5.3.9 Gateway cloning 

Gateway compatible attB-PCR products were amplified using gene-specific primers 

with attB overhangs. Entry clones were generated by conducting the BP reaction with 

75 ng pDONR221 vector and an equal amount of purified PCR products with 1 μl BP 

ClonaseII enzyme mix in a 5 μl reaction for 1 h at 25 °C. BP reactions were 

optionally stopped by incubation with 0.5 μl Proteinase K for 10 min at 37 °C. For 

LR reactions, 75 ng entry clone and 75 ng destination vector were incubated for 1 h at 

25 °C with 1 μl LR ClonaseII Enzyme mix in a total volume of 5 μl. LR reactions 

were stopped by incubation with 0.5 μl Proteinase K for 10 min at 37 °C.  

5.3.10 GreenGate cloning 

GreenGate cloning was performed with modifications according to the protocol 

described by Lampropoulos et al. (2013). The procedure involves using six different 

entry vectors containing individual elements to insert into a pGreen-IIS based 

destination vector. The six modules include a plant promoter, an N-terminal tag, a 

coding sequence, a C-terminal tag, a plant terminator, and a plant resistance cassette. 



Materials and Methods 

78 

 

Each module contains a restriction site of Eco31I and specific overhangs to ensure the 

orderly assembly and correct orientation. Digestion and ligation were performed in 

one reaction in a PCR-tube with the following components: 1.5 µl of each of the six 

entry modules (A-F), 1 µl of destination vector pGGZ003, 2 µl of FastDigest buffer, 

1.5 µl of 10 mM ATP, 1 µl of T4 DNA ligase (Thermo Scientific™), and 1 µl of 

Eco31I (FastDigest). The reaction mix was placed into a PCR thermocycler with the 

following cycles: 35 cycles of 37 °C for 2 min and 16 °C for 2 min, 50 °C for 5 min, 

80 °C for 5 min. Finally, 5 µl of the reaction mix was transformed into ccdB-sensitive 

chemically competent E. coli cells DH5α. 

5.4 Protein techniques 

5.4.1 Recombined protein expression 

The construct of the recombined protein was transformed into E. coli BL21 

competent cells, and positive colonies were selected by colony PCR. A positive 

colony was inoculated into 10 ml of LB medium with the appropriate antibiotic and 

allowed to grow overnight in a shaker at 37 °C and 180 rpm. Subsequently, a 10 ml 

primary culture was inoculated into 1 l of LB medium with the appropriate antibiotic, 

and cell culture was continued under the same conditions until the OD600 reached 0.6-

0.8. IPTG (Isopropyl β-D-1-thiogalactopyranoside) was added to the cell culture at a 

final concentration of 1 mM to induce protein expression, and the cells were allowed 

to grow for an additional 3 h in an orbital shaker. The culture was then transferred to 

Oakridge tubes and centrifuged at 10,000 xg for 20 min at 4 °C. The supernatant was 

discarded, and the pellet was stored at -20 °C for further use. To determine the 

solubility of the protein, 1 ml of the cell culture after IPTG induction was collected 

and centrifuged at 7,000 xg for 3 min at room temperature. The supernatant was 

discarded, and the pellet was re-suspended in 50 μl of sonication buffer (300 mM 

NaCl, 50 mM NaPi, pH 8). The cells were sonicated with ultrasonic baths for 10 min 

or until the solution became clear. After sonication, the cells were centrifuged at 

13,000 xg for 2 min at 4 °C, and the supernatant containing soluble proteins was 

transferred to a new tube. The insoluble proteins remained in the pellet, which was re-

suspended in 30 μl of Lipsick buffer [10mM Tris, 1 mM EDTA, 7 M Urea, 50 mM 

NaCl, 20% (w/v) glycerol] by vortexing. The protein sample can be further analyzed 

by SDS-PAGE. 
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5.4.2 Protein Solubilization 

The cell containing the target protein was collected and the pellet was suspended in 

40 mL of lysis buffer (50 mM Tris-HCl, 5 mM EDTA, 1 mM PMSF, pH 8.5) in a 50 

ml beaker. The mixture was vortexed until no pellet was visible. The cell suspension 

was sonicated with a sonotrode for 10 min with short pulses of 1 s followed by a gap 

of 1 s. Low temperature was maintained during sonication using an ice bath. The cell 

suspension was then centrifuged at 20,000 xg for 20 min at 4 °C. The supernatant was 

discarded and the pellet was re-suspended in 40 ml of wash buffer A (50 mM Tris-

HCl, 5 mM EDTA, 1 mM PMSF, pH 8.5) by vortexing. Sonication and centrifugation 

were repeated as mentioned above. The resulting pellet was washed by suspending it 

in 25 mL of wash buffer B (50 mM Tris-HCl, pH 8.5). The suspension was then 

centrifuged at 20,000 xg for 20 minutes at 4 °C and the wash step with wash buffer B 

was repeated. The final pellet (purified inclusion body) was re-suspended in 2 mL of 

ddH2O and used for solubilization and refolding. Buffer C (50 mM Tris-HCl, 5 mM 

EDTA, 1 mM PMSF, 2 M urea, pH 12) was added into the inclusion body and mixed 

well by vortexing. The mixture was allowed to incubate at room temperature for at 

least 1 hour with 3-6 times vortexing during the incubation. The solubilized protein 

sample was centrifuged at 20,000 xg for 30 minutes at 4 °C. Protein refolding was 

done by slowly dripping 1 ml of solubilized protein into 9 ml of cool refolding buffer 

[50 mM Tris-HCl, 1 mM EDTA, 10% (w/v) sucrose, 1 mM PMSF, pH 7.5]. Once all 

the solubilized protein was added, the refolding process was kept on ice overnight. 

The refolded protein sample was centrifuged at 20,000 xg for 30 minutes at 4 °C to 

remove protein aggregates. The protein's solvent and concentration can be replaced 

and adjusted by an Amicon® Ultra-15 Centrifugal Filter according to the 

manufacturer's instructions. 

5.4.3 SDS-polyacrylamid gel electrophoresis (SDS-PAGE) 

The protein samples were mixed with 4× ROTI®Load 1 (Roth) and boiled for 5 min 

at 95°C before being loaded onto SDS-polyacrylamide gels. The molecular weight 

markers used were PageRuler Prestained Protein Ladder (Thermo Scientific™). The 

protein samples were separated in running buffer [25 mM Tris-base, 200 mM glycine, 

0.1% (w/v) SDS, pH 8.6] by discontinuous SDS-PAGE applying a constant voltage 

of U = 100 V in stacking gels and U = 180 V in resolving gels. The stacking gels 

were composed of 3 ml water, 1.25 ml stacking gel buffer [0.5 M Tris-base pH 6.9, 
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0.4% (w/v) SDS], 0.75 ml acrylamide-mix (30% acrylamide/ bisacrylamide mix, 

37.5:1, SERVA), 60 μl 10% APS, and 8 μl TEMED. The resolving gels were 

composed of 3.5 ml water, 2.5 ml resolving gel buffer [1.5 M tris-base pH 8.8, 0.4%  

(w/v) SDS], 4.4 ml acrylamide-mix (30% acrylamide/ bisacrylamide mix, 37.5:1, 

SERVA), 45 μl 10% APS, and 10 μl TEMED. 

5.4.4 Coomassie staining 

To visualize proteins in SDS polyacrylamide gels, the gels were incubated for 30 min 

at room temperature in Coomassie staining solution [0.2% (w/v) Coomassie Blue 

G250, 45% (w/v) methanol, 10% (w/v) glacial acetic acid] and then de-stained for 15 

min in de-staining solution [10% (w/v) acetic acid]. Excess dye was removed and the 

gels were completely de-stained by incubating them overnight in deionized water. 

5.5 Protein-DNA interaction techniques 

5.5.1 Dual luciferase assay (DLA) 

To generate effectors, the full length of transcription factors was cloned into the 

pART vector via Gateway cloning. The transcription factors were expressed under the 

CaMV35S promoter. To generate reporters, the promoter sequence of genes was 

cloned into the pRlucFluc vector, followed by the firefly luciferase coding sequence. 

As a normalization control, pRlucFluc contained the CaMV35S driven Renilla 

luciferase coding sequence in an opposite reading orientation to firefly luciferase. 

Transient promoter assays were carried out in chicory mesophyll protoplasts by co-

transformation of effector and reporter plasmids in ratio 6:4. All transfection 

experiments were independently repeated two to three times. Luciferase activities 

were measured by the Dual-Luciferase® Reporter Assay System (Promega) and 

detected by a microplate reader (BMG LABTECH). Mean values of firefly and 

Renilla luciferase ratios were reported as relative luciferase activity with error bars 

indicating standard deviation (SD). 

5.5.2 Electrophoretic mobility shift assay (EMSA) 

Labeled oligonucleotides were modified at the 5’- end with Cyanine 5 (CY5) and 

were ordered from Eurofins. The oligonucleotides were dissolved in annealing buffer 

(10 mM Tris, 50 mM NaCl, 1 mM EDTA, pH 7.5) and equimolar concentrations of 

the oligonucleotides were mixed in a PCR tube. The thermocycler was used with the 



Materials and Methods 

 

81 

 

following thermal profile: 95°C for 2 min; cool down to 25°C over 45 min; cool to 

4°C. The annealed probe (0.2 pmol) was used to bind with 500 ng protein in binding 

buffer [25 mM HEPES, 50 mM KCl, 0.5 mM EDTA, 0.5 mM DTT, 5% (w/v) 

glycerol, 1 mg/mL BSA] in a 10 μl total volume for 30 min on ice. The reaction was 

stopped by adding 2 μl of 6× loading buffer [10 mM Tris-HCl, 0.15% (w/v) orange G, 

60% (w/v) glycerol, 60 mM EDTA]. Samples were applied to a 6% (w/v) non-

denaturing polyacrylamide gel in 0.5× TBE buffer. Electrophoresis was performed at 

120V for 35 min on ice, and the gel shift was recorded using ImageQuant LAS 4000. 

For competitor assays, non-labeled oligonucleotides were pre-incubated with the 

protein prior to adding the CY5-labeled probes. 

5.6 Vectors 

 

5.7 Primer list 

Oligonucleotides were ordered at Eurofins MWG Operon (Ebersberg, Germany), 

dissolved to a concentration of 100 μM and stored at -20°C. 

5.7.1 Primers used for qRT-PCR 

Gene Description Sequence (5’-3’) 

RPL19 RPL19_for CTGCCAGCGTCCTCAAGTG 

RPL19_for CATTGGGATCAAGCCAAACCT 

Actin Actin_for CCAAATCCAGCTCATCAGTCG 

Actin_rev TCTTTCGGCTCCGATGGTGAT 

Vector Resistance Application 

pJET1.2 Ampicillin Blunt end cloning of PCR products 

pDONR221 Kanamycin Gateway entry vector 

pART7 Ampicillin Gateway destination vector, in planta protein expression 

pRlucFluc Ampicillin Gateway destination vector, promoter driven firefly luciferase 

expression;  CaMV35S promoter driven Renilla luciferase expression 

pETG10A Ampicillin His-tag; Protein expression vector in prokaryotic system 

pAbAi Ampicillin Yeast reporter vector, used in Y1H to identify DNA-binding proteins 

pGBKT7 Kanamycin Yeast expression vector (Tryptophan marker) fused to a GAL4 BD 

pGADT7 Ampicillin Yeast expression vector ( Leucine marker ) fused to a GAL4 AD 

pNluc Kanamycin pCAMBIA1300 for LCA, N-terminal fragment of luciferase 

pCluc Kanamycin pCAMBIA1300 for LCA, C-terminal fragment of luciferase 
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1-FEH2a qFEH2a_1_for GGGTTCCTGAAACTGATTCTCAAGC 

qFEH2a_1_rev CCGCCTGAGAAGCAGCAATC 

1-FEH2b qFEH2b_1_for GGTTCCTGAAACTGATGCTCCAGA 

qFEH2b_1_rev CATCCGCCTGTGAAGCAGTAATG 

1-FEH1 qFEH1_for GGCTTCACAGGCTGATGTAGAA 

qFEH1_rev GCCGAACTTCCCACTGATAGAA 

1-SST 1-SST_F CCAACAACCATCAGGGAGGAG 

1-SST_R AGCAACGGAGCTGTGAACGT 

1-FFT 1-FFT_F CGGCTACGCAGTTGGACATAG 

1-FFT_R CTCGTGGTGCAACCGTATTCA 

CiDREB1A qDREB1A_F GGTTGAGTCCTCTTCCTCTTCT 

qDREB1A_R CGGCTTCAAGAACTCCAAACTAT 

CiDREB1C qDREB1C_2_for GGAGTTGCCGGAAATTCAGTT 

qDREB1C_rev CATCCGTGTAGTTGTCAAACCCC 

CiDREB1D qDREB1D_F CGGAGGATGAGATTGAGACTGTG 

qDREB1D_R CATCCACATAGTTGACATACCCTAC 

CiDREB2A qDREB2A_F AACCCAGATGATGCTACTTATGAG 

qDREB2A_R CGGCTTCAAGAACTCCAAACTAT 

CiDREB2B qDREB2B_F TCCAGATTCACAAACGGTCA 

qDREB2B_R TTAAACCAGGTGCGTTAGGG 

CiMYB3 MYB3_F GCTGCCTGAAATGCCACAAC 

MYB3_R AATCCCATCATATCAAACCCTCCT 

CiMYB5 MYB5_F GGACACGATGCGGTATCTTTGG 

MYB5_R TGGTGGTGGAGGAGGAGGAA 

CiNAC1 qCiNAC1_F CGAAAGAGAAGTTCAAAGTGAAGC 

qCiNAC1_R GAAGTCGTTGTAGTATTGGCTTTGA 

CiNAC2 qCiNAC2_F GACACGTCGGAATCGGGTCCT 

qCiNAC2_R ATCTGGAAGGGCTTTGGTGTGTA 

CiNAC3 qCiNAC3_F ACCACCGCCAACACCACAA 

qCiNAC3_R TATGTTCGACTGAAAGTAACTCGG 

CiNAC4 qCiNAC4_F CAGGACCCGATTACCAACAACAAT 

qCiNAC4_R CGTGTGCATGAAGCTCTGTGAA 

CiNAC5 qCiNAC5_F CGTCATGTTCATAAGCGACTTGC 

qCiNAC5_R AACTGATACTGTCCAGCCACTCAT 

CiNAC6 qCiNAC6_F CAAAGGCAAACGCAAAGGCAAA 

qCiNAC6_R TCTCTTCGTGTTCATCCGTCTCA 

CiNAC7 qCiNAC7_F TCATGGCTGGTATTCCAAGAACTG 

qCiNAC7_R CTGCTCTCTTCACCTTCATCTGC 

CiNAC8 qCiNAC8_F ACCGACGAAGAGCTGGTAAA 

qCiNAC8_R TGGACTCAATCACCGACAAA 



Materials and Methods 

 

83 

 

5.7.2 Primers used for promoter amplification 

Promoter Description Sequence (5’-3’) 

p1-FEH1 -1195_F CCGGTAGATTACGTTATTATGAAC 

-595_F TTCATGCATCCGTCCAAA 

-353_F TGGACAAACACCGAACCTCA 

R ATTGTTCAGTGTCGATCT 

p1-FEH2a F CCGCAGACCTCTATCCATATATTAGTTC 

R ATGATGAGTGTGTGTGTTTGGGGA 

p1-FEH2b F TAACAGAATGGACCCAATTATTCG 

R TGAGGAGAATGGGTGTTATGGA 

pDREB2A F CATGTTATGCAGCGAGCTTT 

R GCGCCGCAAATCAATATCTA 

pDREB2B F CTGTCCGTCTCCTCCATACGv 

R ATGCAGCAAATCAAAAGCTACTT 

pNAC5 F GAATGTCCCCACCAAACAAC 

R ATTCAGGGATGGGGGAGTTA 

5.7.3 Primer used for generating mutation 

Name Back to back Sequence (5’-3’) 

pFEH1_DEL1 F AATCATTGTGGGTGAGACTA 

R CATCTTATATTGGAAAAAGGAAAC 

pFEH1_DEL2 F TATTCACTATAAATACTAGCCATG 

R AAACGAATTTTGATTACTCCC 

pFEH1_M1 F GAGGGAGTAATCAAAATTCG 

R gcatGATGGACTAGTCTCACCC 

pFEH1_M2 F CCTTATTTTTTATGCTTATGAGTG 

R gcatCCAAGTTTAGCAATTAGCATA  

pFEH2b_DRE Del_F GATACTATTTGTCTCAAAGTCTA 

Mut_F AAtTCtGTAGATACTATTTGT 

R ATGTTAGTTATTGCCCCTTG 

 

5.7.4 Primers used for sequencing 

Vector Description Sequence (5’-3’) 

pDONR201 M13uni-21 TGTAAAACGACGGCCAGT 

M13rev-29 CAGGAAACAGCTATGACC 
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pART7 35S_F CTATCCTTCGCAAGACCCTT 

OCS_R GGCGGTAAGGGAGCTA 

pGADT7 Gal4AD TACCACTACAATGGATG 

pGBDT7 Gal4BD TCATCGGAAGAGAGTAG 

pAbAi pAbAi_F CATCTCGAAAAAGGGTTTGCCATTA 

pAbAi_R CATCTCGAAAAAGGGTTTGCCATTA 

pRLUC_Fluc LUC_R GGATAGAATGGCGCCGG 

5.7.5 Oligonucleotides used for EMSA 

Name Sequence (5’-3’) 

rd29A (+) ATGGAATAAATATCATACCGACATCAGTTTGAAAGAAAAG 

rd29A (-) CTTTTCTTTCAAACTGATGTCGGTATGATATTTATTCCAT 

pFEH1 (+) TTCATTGGCCTTAATGTCGGACGAAATTATATATCTTTTA 

pFEH1 (-) TAAAAGATATATAATTTCGTCCGACATTAAGGCCAATGAA 

pFEH1-2 (+) GATGAAACGCAATCATTGTGGGTGAGACTAGTCCATCCGT 

pFEH1-2 (-) ACGGATGGACTAGTCTCACCCACAATGATTGCGTTTCATC 

pFEH2a (+) CAATAACTAACATAATTCGGTAGATACTATTTGTCTCAAA 

pFEH2a (-) TTTGAGACAAATAGTATCTACCGAATTATGTTAGTTATTG 

pFEH2b (+) CAATAACTAACATAAGTCGGTAGATACTATTTGTCTCAAA 

pFEH2b (-) TTTGAGACAAATAGTATCTACCGACTTATGTTAGTTATTG 

DRE_Mutant (+) CAATAACTAACATGCACTAACTAATACTATTTGTCTCAAA 

DRE_Mutant (-) TTTGAGACAAATAGTATTAGTTAGTGCATGTTAGTTATTG 

5.7.6 Primer used for CRISPR/Cas9 

Name Sequence (5’-3’) 

U-F CTCCGTTTTACCTGTGGAATCG 

gR-R CGGAGGAAAATTCCATCCAC 

Pps-R TTCAGAGGTCTCTACCGACTAGTCACGCGTATGGAATCGGCAGCAAA 

Pgs-L AGCGTGGGTCTCGCTCGACGCGTATCCATCCACTCCAAGC 

SP-L1 GCGGTGTCATCTATGTTACTAG 

SP-R TGCAATAACTTCGTATAGGCT 

Cas9-f CTGACGCTAACCTCGACAAG 

Cas9-r CCGATCTAGTAACATAGATGACACC 
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6 Supplementary Materials 

 

 

Figure S1 Impact of cold treatment (4°C±1) on transcript levels of transcription factors 

(CiNAC1, CiNAC6 and CiNAC8) in taproots of 3-month-old chicory. Taproot tissue were 

incubated in distilled water and transferred to cold room (4°C±1), while control were kept room 

temperature (RT, 25 °C). Transcript levels were determined by qPCR and normalized against the 

expression of two reference genes Actin and RPL19. Relative gene expression were calculated with 

delta Ct method. The error bars represent standard deviation (n = 3). 
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Figure S2 Impact of cold treatment (4°C±1) on transcript levels of transcription factors 

(CiNAC1-4 and CiNAC6-7) in taproots of 4-week-old chicory seedling. Seedlings were transferred 

to cold room (CR, 4°C±1). Taproot samples were harvested every 4 hour after treatment. Transcript 

levels were determined by qPCR and normalized against the expression of two reference genes Actin 

and RPL19. Relative gene expression were calculated with delta Ct method. The error bars represent 

standard deviation (n = 3-4). 

 

Figure S3 Transcript levels of CiNAC5 under heat treatment (37°C) and water deficiency 

treatment in taproots of 4-week-old chicory seedling. Soil grown seedlings were transferred to 37°C 

incubator for indicated time. For water deficiency, hydroponic seedlings were drained out solution and 

harvested at indicated time. Transcript levels were determined by qPCR and normalized against the 

expression of two reference genes Actin and RPL19. Relative gene expression were calculated with 

delta Ct method. The error bars represent standard deviation (n = 3-4). 
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Table S1 Off-target search of sgRNA 

     On Miss match 

sgRNA Target Name target 1 bp 2 bp 3 bp 4 bp 5 bp Sum 

GGATCGTGGCTGAACCTGAC FEH1_167rev 1 0 1 3 26 452 482 

GACATCAATGGCTGCCTGTC FEH1_173forw 1 0 1 2 32 285 320 

CCGTGGCCCGGGTAGGATCG FEH1_181rev 1 0 0 0 144 652 796 

AGAATTATGGGCCGTGGCCC FEH1_192rev 1 0 0 2 23 313 338 

GTTCAGCCACGATCCTACCC FEH1_195forw 1 0 0 0 10 170 180 

CCACGATCCTACCCGGGCCA FEH1_201forw 1 0 0 0 134 445 579 

CAATAGTCAGGTTCAGAACC FEH1_256forw 1 0 0 2 44 718 764 

AGCTTTAATGTCATCGACGG FEH1_328rev 1 0 0 6 47 505 558 

CCAGCTTTAATGTCATCGAC FEH1_330rev 1 0 0 0 31 625 656 

ACAATTCCGTGATCCATCAA FEH1_373forw 1 0 0 6 85 695 786 

TCCGTGATCCATCAACGGCT FEH1_378forw 1 0 0 5 12 212 229 

ATCAACGGCTTGGATGGGTC FEH1_388forw 1 1 4 205 144 701 1055 

ACGGCTTGGATGGGTCCGGA FEH1_392forw 1 0 1 1 34 439 475 

TGCCCCAGAGTGGACCGTAA FEH1_47rev 1 0 0 0 10 106 116 

TTGCCCCAGAGTGGACCGTA FEH1_48rev 1 0 0 2 9 119 130 

ACAACCCTTACGGTCCACTC FEH1_63forw 1 0 0 2 11 320 333 

AACCCTTACGGTCCACTCTG FEH1_65forw 1 0 0 1 19 306 326 

TCTGAATGATGTGATAATGC FEH2a_107forw 1 0 1 12 108 1365 1486 

TAATGAAAGCAGGATTTGAA FEH2a_630forw 2 0 0 18 240 2624 2882 

TCATCATTCTGGAAACTGGT FEH2a_64forw 1 0 1 4 84 1238 1327 

CATCATTCTGGAAACTGGTC FEH2a_65forw 1 0 3 4 53 584 644 

CCGGAAGTACGTTGGATTTG FEH2a_726forw 2 0 0 0 35 576 611 

CAGAAGGGTTTTGTGGGCGT FEH2a_802forw 1 1 0 3 99 642 745 

CCGACCCGTTCCTTCGTGAA FEH2ab_300forw 2 0 1 0 17 212 230 

GCCAGGCGGTGCTCGGGTCA FEH2ab_362rev 2 0 0 0 3 93 96 

GGCCGAGCCAGGCGGTGCTC FEH2ab_368rev 1 1 0 1 18 219 239 

GGGCCGAGCCAGGCGGTGCT FEH2ab_369rev 1 1 0 2 11 164 178 

GCCGTCGGGGCCGAGCCAGG FEH2ab_376rev 1 1 0 1 22 155 179 

TACGCCGTCGGGGCCGAGCC FEH2ab_379rev 1 1 0 0 2 41 44 

TCCGTGACCCGAGCACCGCC FEH2ab_381forw 2 0 0 0 9 136 145 

GACCCGAGCACCGCCTGGCT FEH2ab_386forw 1 1 0 0 10 320 331 

AGACCGTGACAACAACGGTA FEH2ab_442forw 2 0 0 5 27 384 416 

CGGGCACTCCCAAGTTCCGG FEH2ab_514rev 2 0 0 0 24 102 126 

GGCGGATGCCACCGGAACTT FEH2ab_526forw 1 0 1 0 12 174 187 

ACGGCACAGGGTAAAAGTCC FEH2ab_533rev 1 0 1 0 10 125 136 

AACGGCACAGGGTAAAAGTC FEH2ab_534rev 1 0 1 2 18 286 307 

CACCGGAACTTGGGAGTGCC FEH2ab_535forw 2 0 0 1 16 125 142 

GTGAGACATGTAATGAAAGC FEH2ab_620forw 3 0 0 6 108 913 1027 

CCACGCCGTATCATACGACT FEH2b_106forw 2 0 0 0 9 129 138 



List of Abbreviations 

88 

 

7 List of Abbreviations 

1-FEH  fructan 1-exohydrolase 

1-FFT  fructan: fructan 1-fructosyltransferase 

1-SST  sucrose: sucrose 1-fructosyltransferase 

6-SFT  sucrose: fructan 6-fructosyltransferase 

6G-FFT  fructan: fructan 6G-fructosyltransferase 

ABA abscisic acid  

ACC 1-aminocyclopropane-1-carboxylic acid  

AP2 APETALA2 

CAMTA CALMODULIN BINDINGTRANSCRIPTION ACTIVATOR3 

Cas CRISPR-associated protein 

CBF C-repeat binding factors  

ChIP chromatin immunoprecipitation 

COR cold-regulated  

CRISPR Clustered Regularly Interspaced Short Palindromic Repeats 

crRNA CRISPR RNA 

CRT C-repeat 

DAPI  4', 6-diamino-2-phenylindole, dihydrochloride 

DLA Dual luciferase assay  

DP degree of polymerization  

DRE  Dehydration Response Element 

DREB  Dehydration Responsive Element-Binding protein 

DSB double-strand break  

dsDNA double-strand DNA  

EGFP Enhanced green fluorescent protein 

EMSA Electrophoretic mobility shift assay  

ERF ethylene-responsive element binding factors 

FAZY fructan active enzyme  

FDCA  2,5-furandi-carboxylic acid 

HDR homology-directed repair 

IPTG  Isopropyl β- d-1-thiogalactopyranoside 

LCA luciferase complementation assay  
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LFS LATE FLOWERING SEMI-DWARF 

mDP mean degree of polymerization  

NAC No apical meristem (NAM), Arabidopsis transcription activation factor 

(ATAF), Cup-shaped cotyledon (CUC) 

NACBS  NAC Binding Site 

NHEJ nonhomologous end joining  

PAM protospacer adjacent motif  

PEG polyethylene glycol  

PPC2 protein phosphatases 2C 

qRT-PCR quantitative real-time PCR  

RAV  Related to ABI3/VP 

RNP ribonucleoprotein  

ROS reactive oxygen species  

Seq sequencing 

sgRNA single guide RNA  

SUSIBA sugar signaling in barley 

TAL transcription activator-like 

TF  transcription factor 

tracrRNA tans-activating crRNA  

WSC water-soluble carbohydrates 

X-α-Gal 5-Bromo-4-chloro-3-indolyl-α-D-galactopyranoside 

ZFN Zinc finger nucleases 
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