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1. INTRODUCTION 

 

 

1.1. Solanum tuberosum and Phytophthora infestans 

 

Potato (Solanum tuberosum) is the third most important food crop in the world 

(Barrell et al., 2013) with worldwide production higher than 359 million tonnes per year, 

according to the Food and Agriculture Organization Corporate Statistical Database (2020) 

(FAO, 2021; Clasen et al., 2016), and a harvested area estimated at 19 million ha in 2017 

(FAO, 2021). China leads as the largest potato producer with 4.2 million ha in 2020, or 

21.7 % of the total production, followed by India, Ukraine, Russia, USA, and Germany in 

sixth place with an annual production of 11 million tonnes (FAO, 2021). Potato is an 

important tuber crop in Germany, exporting in 2020 a total of 5.42 million tonnes of 

potatoes as fresh goods or in the form of processed products (BMEL, 2021). 

Potato is a very important dietary source of carbohydrates, after crops like wheat, 

rice, and maize, containing a high nutritional value, source of vitamins and potassium 

(Fogelman et al., 2019). Potato is also one of the major crops used as source for starch 

production (Andersson et al., 2017), and for other processed products such as potato 

chips and french fries (Clasen et al., 2016).  In Germany, the production of starch from 

potatoes is the most important purpose in this field. Following the Federal Ministry of Food 

and Agriculture of Germany (BMEL, 2021), about 23 % of the harvested potato is used for 

starch production. 

The cultivated potato (Solanum tuberosum) traces its origin to South America. The 

landraces show huge differences in tuber colors and shapes, leaf, flower, and growth habit 

variations. The number of sets of chromosomes in these species ranges from diploid to 

pentaploid (Spooner et al., 2007), but most varieties of known potatoes are tetraploid and 

have heterogeneous progeny, as the example of S. tuberosum. Using potato tuber or stem 

propagation as the current practice, helps maintaining the genetic conformity (Diémé et 

al., 2013). 

Late blight, caused by the oomycete P. infestans, is until today a constant threat to 

the global potato and tomato production (Leesutthiphonchai et al., 2018), which leads to 
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a state annual cost that can reach US$ 10 billion, including about US$ 1.5 billion for 

chemical control (Haverkort et al., 2009).  

Despite improvements in education, hygiene, pest controls, and knowledge of 

pathogens and hosts, the management of late blight remains a continuous challenge 

(Leesutthiphonchai et al., 2018). 

The disease cycle of P. infestans involves sporangia spread by the wind or the rain 

to different host plants. The zoospores released from the sporangia have flagella, allowing 

further movement on water layers on leaves or soil. Upon landing on a suitable place, 

such as a host leaf surface, the zoospores encyst, germinating into a germ tube and 

forming an appressorium (Judelson and Blanco, 2005). Following ideal conditions, over 

the leaf surface, the pathogen starts the asymptomatic biotrophic phase, forming primary 

hyphae in the intercellular space and also feeding structures, such as haustoria  

(Fig. 1). Under favorable environmental conditions, the pathogen switches to the 

necrotrophic phase and promotes further colonization and necrosis of the host tissues. 

Under optimal conditions, sporulation is triggered a day later, when sporangiophores 

emerge from stomata cells, followed by sporangia formation and release of zoospores 

(Leesutthiphonchai et al., 2018) (Fig. 1). 
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Figure 1: Disease cycle of Phytophthora infestans on leaf surface. Sporangia are spread through the wind 

or rain to other host plants, the infection proceeds after germ tube and appressorium formation. Under 
ideal conditions, the sporangiophore emerges forming new sporangia. Figure adapted from 

Leesutthiphonchai et al. (2018). 

 

 

1.2. Breeding and genome editing for resistance in Solanum tuberosum 

 

Because of their strong adaptability, pathogens can cause great economic losses 

(Nowicki et al., 2012). P. infestans proliferation can be greatly favored by appropriate 

environmental conditions, such as lower temperatures and high humidity (Wu et al., 2020). 

Also, sexual reproduction in P. infestans contributes to a higher genetic diversity (Paro et 

al., 2012). Nowadays, chemical treatments such as systemic fungicides or insecticides 

are used against infestations. However, these measures are only effective within a limited 

range, since the increasing use of chemical agents and fungicides may promote a 
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selection pressure, resulting in P. infestans strains with increasing resistance to 

fungicides, as well as pollution of the environment, consequently affecting human health 

(Paro et al., 2012; Gisi et al., 2011; Gisi and Cohen, 1996). 

An attempted solution to this problem is to produce varieties of resistant plants. 

Plant breeders have long-sought sources of genetic resistance to late blight disease. 

However, due to tetraploidy and high heterozygosity of the cultivated S. tuberosum, 

traditional crossbreeding can greatly slow down the production of new varieties (Muthoni 

et al., 2015). Approximately 100,000 new genotypes are generated in the process of 

creating a new variety (Nicolia et al., 2015) and so traditional breeding methods require 

years to generate a resistant potato plant (Lindhout et al., 2011). This difficulty could be 

circumvented by clonal propagation, which is commonly used in potato, but this method 

produces plants with identical genotypes (Nadakuduti et al., 2019). However, identical 

genotypes in crop cultivation is disadvantage, since genetic diversity is an essential 

resource for crop breeding to better adapt agriculture to conditions, such as global climate 

change and consumer preferences (Hufford et al., 2019). This genetic diversity can also 

increase agricultural productivity, generating resistance against biotic and abiotic 

stresses, such as pathogen disease or salt stress (Lemmon et al., 2018). 

Resistance in Solanum spp. against pathogens may be attributed to the presence 

of multiple resistance genes, which are required to provide broader resistance (Enciso-

Maldonado et al., 2021). Sources of resistance have been reported in wild potatoes where 

a number of resistant genes were identified (Karki et al., 2021), including several species 

previously described as resistant to late blight, such as S. bulbocastanum, S. stoloniferum 

(Bachmann-Pfarbe et al., 2019) and S. demissum (Reddick, 1930). For example, several 

resistance genes were identified in the Mexican wild potato S. demissum. Some of these 

genes were transferred into the cultivated potato species by crossing and backcrossing 

(Machida-Hirano, 2015). However, new strains of P. infestans have overcome it (Bradeen 

and Kole, 2016), for example, there are now many variants of different lineage, each of 

the lineage have at least 19 different genotypes (Cooke and Lees, 2004). Despite being 

important sources of resistance genes, some wild potato, such as S. bulbocastanum, are 

diploid (2n = 2x = 24) and cannot be conventionally crossed with tetraploid cultivated 

potato species (Rakosy-Tican, 2020).  
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A possible alternative is genetic engineering, which provides an effective method 

of introducing crop improvements in potatoes. Some of these resistance genes were 

previously cloned into the cultivated potato species, such as the Resistance to  

Phytophthora infestans-bulbocastanum1 and 2 from S. bulbocastanum (SbRpi-blb1 and 

SbRpi-blb2; Gillund et al., 2013), which can recognize a wide range of isolates of  

P. infestans and have been proven effective in the field (BASF, 2011; Oh et al., 2009).  

Diverse techniques were successfully employed for site-directed mutagenesis in 

genome editing purposes for diploid plants, for example barley, rice, soybean, tomato, 

and maize, providing a precise and specific editing of DNA sequences in the genome 

(Nicolia et al., 2015). Among these techniques, the three mostly studied are Zinc-finger 

nuclease (ZFNs), Transcription activator-like effector nucleases (TALENs) and the 

recently described CRISPR/Cas. ZFNs consists of an artificial restriction enzyme – a 

fusion of a zinc finger protein with the cleavage domain of the FokI restriction enzyme 

(Urnov et al., 2010). Two zinc finger proteins recognize a specific sequence in the DNA, 

binding the strands, allowing the fused FokI endonuclease to create an active dimer that 

cleaves the DNA in the target loci (Zhang et al., 2019a). ZNFs have an excessive off-

targeting because of the restricted number of zinc fingers that may be constructed in a 

single ZFN (usually 2 to 6; Cornu et al.; 2008), which was changed later, introducing a 

spacer between the fusion of the domains, leading to an increase of the site specificity 

from 12 to 36 bp (Miller et al., 2007; Szczepek et al., 2007). Still, ZFNs design is time 

consuming and has a poor targeting density (Yildiz et al., 2021). According to Eck (2018), 

there are no reports of ZFNs genome editing in solanaceous, and no reports were found 

up to now. 

A simpler alternative is the Xanthomonas spp. effector strategy given by the 

transcription activator-like effectors (TALEs), which induces the expression of specific 

host genes (Boch et al., 2009). TALENs are a fusion of a DNA-binding domain, in this 

case from TALEs, and a non-specific cleavage domain of FokI endonucleases (Yildiz et 

al., 2021; Zhang et al., 2019a). The primary difference is that, unlike ZFNs, each TALE 

repeat recognizes single nucleotides rather than 3-base pair sites (Yildiz et al., 2021), in 

a modular and predictable mode (Scholze and Boch, 2010). However, TALEs are easier 

to design and to modify than zinc finger proteins, making TALENs encompass more 
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possibilities for genome editing than ZFNs (Zhang et al., 2019a). Sawai et al. (2014) 

pioneered the successful use of TALENs in a tetraploid cultivated potato by editing the 

Sterol Side-chain Reductase 2 (StSSR2) in all four alleles. Another important example is 

given by Nicolia et al. (2015), who used transient TALEN expression in protoplasts to 

perform site-directed mutagenesis in a tetraploid potato. These studies highlighted in the 

past that the site directed mutagenesis might be employed as a new potato breeding 

strategy as well as for functional investigation of critical genes to increase long-term potato 

production (Yildiz et al., 2021; Nicolia et al., 2015). 

The newest tool for genome-editing is the Clustered Regularly Interspaced Short 

Palindromic Repeats (CRISPR)/Cas9 system for targeted genome modifications, which 

has been shown to be the most powerful method due to its high gene-specificity, a user-

friendly and a cost-efficient technique of producing target-specific mutations (Nadakuduti 

et al., 2019). With a short single-guide RNA (sgRNA), a 20 bp sequence complementary 

to the target region, a promoter and a sgRNA scaffold, in combination with a Cas9 

nuclease (Jinek et al., 2012), it is possible to cleave the double-strand in a target region 

of choice. When the cell recognizes the damaged DNA, a repair mechanism is activated, 

either by the non-homologous end-joining (NHEJ) pathway or the precise homologous 

recombination pathway (Nadakuduti et al., 2019; Britt, 1999). NHEJ is susceptible to 

errors and often leads to inserts or deletions (indels), which may cause a knockout of gene 

function (Andersson et al., 2017). The first time that the CRISPR/Cas9 technique was 

successfully used in higher plants was in 2013 (Li et al., 2013; Nekrasov et al., 2013; Shan 

et al., 2013). However, up to now there are not many reports using CRISPR/Cas technique 

in tetraploid potato. For example, Butler et al. (2016) had used geminivirus replicons to 

increase the copy number of CRISPR/Cas9 in diploid and tetraploid potato and Zhou et 

al. (2017) showed by knock-outing using CRISPR/Cas9 that the StMYB44 is involved in 

the regulation of Phosphate1 (StPHO1) in potato. 

The major challenges are for polyploid crops, such as wheat  

(Triticum aestivum L.) and potato (Solanum tuberosum L.). The presence of multiple 

alleles of a certain gene as well as gene duplications result in a high number of possible 

targets in a single cell (Nicolia et al., 2015). Genetic modification, in which a genetic 

material is integrated or modified into/from the genome of the plant, has been a widely 
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used method in potato research for a long time (Barrell et al., 2013). However, since the 

European Commission has requested its Scientific Advice Mechanism to review the new 

breeding techniques in agricultural biotechnology, it has restricted commercialization of 

the developed genetically modified plants (Ruffell, 2018).  

 

1.3. Plant-pathogen interactions and the role of Pep13 

 

The interactions between pathogens and plants is one of the oldest species 

interactions and had changed evolution of plant defense. In response to pathogens and 

insect attacks, plants usually activate both constitutive and induced defenses. Both 

defenses respond to infection through different morphological, biochemical, and molecular 

mechanisms (Thordal‑Christensen, 2020). Jones and Dangl (2006) have proposed a 

model for plant-pathogen interaction, named zig-zag model. When a pathogen first comes 

in contact with its host, conserved Pathogen-Associated Molecular Patterns (PAMP) are 

recognized by pattern recognition receptors (PRRs), localized in the plant plasma 

membrane, triggering the pattern-triggered immunity (PTI). To avoid it, pathogens can, for 

example, manipulate immunity proteins, such as the PRRs, or immunity signaling 

components (Thordal‑Christensen, 2020). In this case, effector-triggered immunity (ETI) 

is activated, which uses nucleotide-binding domain leucine-rich repeat (NLR) receptors to 

detect secreted effectors of pathogens (Pruitt et al., 2021). Eliminating or developing new 

effectors, pathogens can overcome the ETI response, starting all over (Thordal‑

Christensen, 2020). PTI and ETI are directly involved in the transcriptional regulation of 

defense genes. In addition, ETI can also program cell death response, called the 

hypersensitive reaction (Hatsugai et al., 2017). 

PAMPs are characteristic of a certain microbial species. An example is the bacterial 

protein flagellin (flg22), which is very well characterized in Arabidopsis and also the 

translation elongation factor Tu (elf18), which are recognized by the plant receptor kinases 

FLS2 and EFR, respectively. Both use the Brassinosteroid-Insensitive 1-Associated 

Receptor Kinase 1 (BAK1) as a co-receptor (Monaghan and Zipfel, 2012; Robatzek and 

Saijo, 2008). 
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The PAMP known as Pep13 was demonstrated to elicit defense responses in 

parsley (Nürnberger et al., 1994). This peptide consists of 13 amino acids 

(VWNQPVRGFKVYE) and was identified as a component of an extracellular cell wall 

transglutaminase in Phytophthora sojae (Brunner et al., 2002; Nürnberger et al., 1994). 

Pep13 is highly conserved among the genus Phytophthora and does not exist in plants. 

The 13 amino acids motif is essential for the enzymatic activity of the transglutaminase 

and is also crucial for the elicitor activity in Petroselinum crispum and S. tuberosum (Halim 

et al., 2004; Brunner et al., 2002; Nürnberger et al., 1994; Parker, 1991). An exchange on 

the second amino acid from W to A (W2A - VANQPVRGFKVYE) leads to a reduction in 

elicitor and enzymatic activity in comparison to Pep13 (Nürnberger et al., 1994). 

 Halim et al. (2004) showed that infiltration of potato leaves with Pep13 causes 

accumulation of jasmonic (JA) and salicylic (SA) acid and the development of cell death. 

After Pep13 infiltration, transgenic potato plants with modified JA or SA showed a reduced 

defense response (Halim et al., 2009; Halim et al., 2004). The hypersensitive response 

observed in potato after Pep13 infiltration appears to be specific, especially because P. 

crispum, Solanum lycopersicum and Arabidopsis thaliana showed no signs of cell death 

after the same treatment (Halim et al., 2004; Brunner et al., 2002). In addition, infection 

with P. infestans in potato plants after treatment with Pep13 results in systemic resistance 

(Halim, 2006). 

A number of genes involved in plant defense has been described to be activated 

after Pep13 treatment, like St4CL, StPRP1, StTHT, StPRB1B, StPR1, StPR5 and StLOX1 

(Halim et al., 2004; Brunner et al., 2002). RNAseq (Ulrike Smolka – IPB/Halle, Germany, 

personal communication) and microarray (Altmann, 2009) data from our group have 

shown more than 3,200 and 1,200 genes, respectively, to be differentially expressed at 

least 3-fold in potato plants after Pep13 treatment, compared to the W2A control. Of these, 

more than 800 genes are overexpressed in both studies. 

 

1.4. The role of periderm and suberin in plant defense 

 

The periderm, as the first line of defense for plants, is an effective barrier in 

secondary shoot axes, roots, and tubers of potato plants. The periderm replaces the 
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epidermis as the outermost tissue during secondary growth. In the immature periderm, 

the phellogen is unstable and fragile, subsequently separating outwardly the suberized 

phellem and inwardly the underlying phelloderm. These tissues together form the 

periderm (Fig. 2A) (Campilho et al., 2020; Barel and Ginzberg, 2008; Lendzian, 2006; 

Lulai and Freeman, 2001; Reeve and Hautala, 1970). In potato tubers, the phellogen 

originates from the epidermal and subepidermal cells of the epidermis (Barel and 

Ginzberg, 2008; Reeve and Hautala, 1970). 

Lipophilic barriers, such as suberin, create a special tissue covering all aerial 

surfaces and underground root organs (Franke and Schreiber, 2007). Due to its barrier 

function in root, shoot and leaf endoderm, suberin separates the plant body from the 

environment, allowing plants to survive in terrestrial habitats (Schreiber et al., 2005). 

Suberized cell walls form physiologically vital plant-environment interfaces, preventing 

uncontrolled water loss, nutrient depletion (Franke and Schreiber, 2007; Franke et al., 

2005), and exchange of gases and solutes (Cohen et al., 2017). 

Other than constitutively, suberin is also formed in the tissues as a result of external 

stimuli, as a response to abiotic stresses, such as salt concentration (Ranathunge et al., 

2011; Krishnamurthy et al., 2009; Enstone et al., 2002), nutrient deficiency (Barberon et 

al., 2016), waterlogging (Kotula et al., 2017) and heavy metal toxicity (Degenhardt and 

Gimmler, 2000) or biotic stresses, such as wounding (Lulai and Corsini, 1998) and 

pathogen infection (Lanoue et al., 2010; Ranathunge et al., 2008; Thomas et al., 2007). 

For example, after being injured or infected by pathogens, a new periderm will form around 

the damaged or dead epidermal cells as a protective layer (Lulai and Neubauer, 2014; 

Buskila et al., 2011). Thus, during storage, an intact and suberized tuber periderm (Fig. 

2B) is the main barrier to prevent diseases, insect attack, dehydration and tuber rot (Lulai, 

2007; Schreiber et al., 2005; Lulai and Freeman, 2001). 
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Figure 2: Structure of the potato tuber periderm. (A) Longitudinal section of a potato tuber, showing the 

periderm (pe) and the parenchyma (pa). (B) Microscopic view of the potato periderm after SudanIII 
staining showing the suberized phellem (s) and the starch-containing storage parenchyma (pa). Bars 

correspond to 1 mm (the author). 

 

 

A recent study suggests a correlation between the enhanced suberin formation and 

resistance against pathogens (Campilho et al., 2020). Suberin is a heteropolymer 

composed of polyaliphatic linked with polyphenolic components (Vishwanath et al., 2015; 

Bernards, 2002). The polyaliphatic domain is mostly composed of long chain fatty acids, 

primary alcohols, and glycerol (Beisson et al., 2012; Franke et al., 2005), while the 

polyphenolic domain contains hydroxycinnamic acid derivatives, with ferulate being the 

major aromatic constituent of suberin in Arabidopsis, potato, and many other plants 

(Franke et al., 2005; Bernards and Razem, 2001; Bernards et al., 1995). 

  

1.5. Suberin biosynthesis and the putative biosynthetic genes in  

Solanum tuberosum  

 

Up to now, the genes encoding enzymes involved in suberin biosynthesis are:  

(I) β-ketoacyl-CoA synthases, e.g. KCS2/DAISY (Lee et al., 2009; Franke et al., 2008) 

and KCS20 (Lee et al., 2009); (II) fatty acid cytochrome P450 oxidase, e.g. CYP86A1 

(Höfer et al., 2008) and CYP86B1 (Compagnon et al., 2009; Molina et al., 2009); (III) fatty 

acyl-COA reductases, e.g. FARs (Vishwanath et al., 2013a; Domergue et al., 2010); (IV) 

glycerol 3-phosphate transferase 5, e.g. GPAT5 (Beisson et al., 2007; Li et al., 2007), 

along with those responsible for the inclusion of aromatic monomers, such as aliphatic 

suberin feruloyl transferase, e.g. ASFT (Gou et al., 2009; Molina et al., 2009). In the last 
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years, (V) ATP-binding-cassette-G-transporters, e.g., ABCG2, ABCG6, and ABCG20 

have shown to be necessary for the formation of suberin (Yadav et al., 2014). For potato 

plants, the genes described are, respectively, KCS6 (Serra et al., 2009a), CYP86A33 

(Serra et al., 2009b), FAR3 (Vulavala et al., 2017), GPAT3 (Vulavala et al., 2019), FHT 

(Serra et al., 2010) and ABCG1 (Landgraf et al., 2014). 

Most of the enzymes involved in the suberin formation from Arabidopsis and some 

from potato were identified by characterizing mutants with altered suberin composition 

(Vishwanath et al., 2015). In figure 3, a simplified model of suberin biosynthesis in 

Arabidopsis is shown (Vishwanath et al., 2015). 
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Figure 3: Model of suberin formation. Fatty acid elongation (FAE); Very long-chain fatty acids (VLCFAs); 

Fatty acyl reductases (FARs); Cytochrome P450 enzymes (CYPs); Glycerol-3-phosphate (G3P); Glycerol 
3-phosphate acyltransferases (GPATs); Long-chain acyl-CoA synthetases (LACSs); ATP-binding-cassette 

(ABC); Plasma membrane (PM); Polyester synthase(s) (PS); Alkyl hydroxycinnamates (AHCs); ASFT 
(Aliphatic Suberin Feruloyl Transferase); FACT (Fatty Alcohol:Caffeoyl-CoA Caffeoyl Transferase). 

(Vishwanath et al., 2015). 
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Biosynthesis of long chain fatty acids by a fatty acid elongase (FAE) complex 

occurs in the endoplasmic reticulum. The first condensation phase is catalyzed by a 

Ketoacyl-CoA synthase (KCS). The KCS was described to be the limiting factor for fatty 

acid extension (Serra et al., 2009a). 

Arabidopsis contains 21 KCS genes (Joubes et al., 2008). Since saturated long 

chain fatty acids are found in several biosynthetic pathways (suberin, wax, and 

sphingolipid), these enzymes can act in different metabolic routes. For example, KCS 

enzymes, such as the ones encoded by AtKCS6 (also known by AtCER6, AtCUT1) (Millar 

et al., 1999) and AtKCS1 (Todd et al., 1999), were described to be involved in the 

biosynthesis of epidermal wax components in Arabidopsis. LeCER6, for instance, is 

involved in the synthesis of epidermal waxes in tomato fruits (Leide et al., 2007; Vogg et 

al., 2004). Todd et al. (1999) suggest that AtKCS1 is also involved in suberin synthesis in 

roots. 

In the potato tuber periderm, biosynthesis of long-chain suberin monomers and 

wax compounds in potato tuber periderm is dependent on StKCS6 (Serra et al., 2009a), 

which has high homology to LeCER6, AtCER6/CUT1/KCS6, AtCER60/KCS5 and 

GhCER6. Silencing of StKCS6 results in tubers with a significant decrease in aliphatic 

compounds with chain length of C28 and accumulation of C26 and lower. In vitro  

studies in yeast have shown that AtKCS5/AtCER60 produces C26,  

C28 and C30 fatty acids (Trenkamp et al., 2004), while GhCER6, from  

Gossypium hirsutum, homologous to AtCER6, can complement the ScElo3, from  

Saccharomyces cerevisiae, in elongation of fatty acids (Qin et al., 2007). 

Subsequently, the fatty acids are hydroxylated by cytochrome P450s enzymes 

(P450s), producing hydroxyacids, hydroperoxides, epoxides, aldehydes, ketones and 

,-diacids (Pinot and Beisson, 2010), which can be used as monomers for 

polymerization in cutin or suberin (Kolattukudy, 1981). Like CYP86 and CYP94 (Werck-

Reichhart and Feyereisen, 2000), recent studies have identified other P450s families 

acting on fatty acids, such as CYP74 (Stumpe and Feussner, 2006), CYP77 (Sauveplane 

et al., 2009), CYP703 (Morant et al., 2007), CYP704 (Li et al., 2010), CYP709 (Kandel et 

al., 2005). Soler et al. (2007) reported the involvement of P450s in fatty acid metabolism 

in protective biopolymers, such as cutin and suberin. 
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Knockout of AtCYP86A1 showed that the C16, C18 and C18:1 suberin monomers 

in the root were reduced, and the total aliphatic suberin content decreased by 60 %. 

CYP86A1 had been localized in the endoplasmic reticulum of root endodermal cells (Höfer 

et al., 2008). 

In accordance to Höfer et al. (2008), silencing of the StCYP86A33 gene in  

Solanum tuberosum showed a 60 % reduction of the aliphatic suberin load in the periderm, 

including C18:1 ω-hydroxyacid (reduction of about 70 %) and C18:1 α,ω-diacid (about  

90 %) monomers in comparison with wild-type, and increased permeability of the 

periderm, especially in old tubers (Serra et al., 2009b). 

Later, an aromatic component is added to the precursors of suberin. The aromatic 

domain of suberin in Arabidopsis, potato and many other plants are composed of 

hydroxycinnamates, such as ferulate, ρ-coumarate, and/or sinapate (Gou et al., 2009; 

Franke et al., 2005; Bernards et al., 1995). Graça and Pereira (2000) suggest ferulate 

esters as precursors of suberin. 

Gou et al. (2009) and Serra et al. (2010) have described the fatty  

ω-hydroxyacid/fatty alcohol hydroxycinnamoyl transferase (FHT) in Arabidopsis and 

potato tubers, respectively. These enzymes were classified as acyltransferases of the 

BAHD family and are described to be responsible for catalyzing the formation of aromatic 

esters in lipidic polymers (Wang et al., 2017), using hydroxycinnamoyl-CoA esters as acyl 

donors (Serra et al., 2010). 

 Serra et al. (2010) showed that potato tubers deficient in FHT have an alteration in 

the composition of the periderm, reduction of ferulate in suberin and waxes, besides 

increased water loss, rough scabbed skin, and impaired skin maturation in tubers. In the 

same work, they suggest that FHT, which accumulates in the phellogen cell layer (Boher 

et al., 2013), is a strong candidate for esterifying ferulic acid to suberin monomers. 

Similarly, At5g41040 (orthologue of StFHT in Arabidopsis) T-DNA mutations in the gene 

encoding FHT showed low content of ferulate in suberin and increased water permeability 

in the root and seed coat (Gou et al., 2009; Molina et al., 2009). Before suberin deposition, 

StFHT is already active in the phellogen cells in potato (Boher et al., 2013) and 

Arabidopsis (Naseer et al., 2012). Boher et al. (2013) also suggest that low levels of FHT 

may rapidly offer new ferulate esters if eventually the phellogen receives some stimuli for 
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phellem differentiation. The loss of phenolic suberin by knocking down or knocking out 

At5g41040 alters the permeability and sensitivity of seeds and roots to salt stress, 

highlighting that the suberin aromatics are important in the function of the polymer (Gou 

et al., 2009), because the aromatic units of suberin are covalently linked with the aliphatic 

domain through ester bonds (Gou et al., 2009; Pollard et al., 2008).  

According to the model from Vishwanath et al. (2015), activated fatty acids are also 

reduced by FARs to primary alcohols. Domergue et al. (2010) had described FAR1, FAR4 

and FAR5 to be involved in the primary alcohol formation in Arabidopsis. Editing each of 

these genes leads to a chain-length-specific reduction of primary alcohols (Domergue et 

al., 2010) in roots and seeds from Arabidopsis. In addition, the permeability was higher in 

seed coat in the triple mutant atfar1atfar3atfar5 (Vishwanath et al., 2013a). 

Yang et al. (2010) described that the ω-hydroxy fatty acids and  

α,ω-dicarboxylic acids are linked or esterified with glycerol and/or ferulic or coumaric acid. 

This esterification of ω-hydroxy fatty acids and α, ω-dicarboxylic acids with  

glycerol-3-phosphate to sn-2-monoacylglycerols is catalyzed by acyl-CoA-dependent 

glycerol-3-phosphate acyltransferases (GPATs). 

Current hypotheses regarding the transport of suberin monomers to the cell wall 

include transport through secretory pathways by lipophilic bodies (Vishwanath et al., 

2015) or, according to the models from Vishwanath et al. (2015) and Franke and Schreiber 

(2007), transport via ABC transporters (Landgraf et al., 2014, Bernards et al., 1999), 

where they are polymerized via GDSL lipases, to form a suberin macromolecule (Ursache 

et al., 2021).  

ATP binding cassette (ABC) transporters are capable of transporting different 

substrates across biological membranes (Shanmugarajah et al., 2019). For example,  

130 genes in Arabidopsis are divided into eight ABC subfamilies (Sanchez-Fernandez et 

al., 2001; Higgins, 2001). The largest one is the ABCG subfamily, which contains 28 half-

size (white-brown complex, WBC) and 15 full-size (pleiotropic drug resistance, PDR) 

transporters. The ABCG subfamily is characterized by their reverse domain organization, 

in which the nucleotide-binding domain (NBD) is fused with the transmembrane domain 

(TMD) at the N-terminus (Fig. 4). In addition, the WBC protein is active only after 

dimerization (Verrier et al., 2008).  
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Figure 4: Domain structures of ABC transporters. ABCG transporters have the reverse orientation of the 
nucleotide-binding domain (NBD) and transmembrane domain (TMD). Pleiotropic drug resistance (PDR) 
are full-length transporters; White-brown complex (WBC) are half-transporters. Figure adapted from Shoji 

et al. (2014). 

 

 

Based on the potato genome sequence (Diambra, 2011), from the 250 ABC 

transporters found about 130 belong to the subfamily G (Andolfo et al., 2015). From these, 

25 have their place in the PDR group, and 112 belong to the WBC. 

 

1.5.1. The ABC transporter StABCG1 

 

Landgraf et al. (2014) had identified the StABCG1 as the suberin precursor 

transporter from S. tuberosum, sharing high sequence identity with the suberin 

transporters from Arabidopsis, AtABCG1 and AtABCG16. 

StABCG1 contains two exons (744 and 1509 bp) and one intron (97 bp). The gene 

encodes an ABC (ATP-binding cassette) half-transporter (WBC) of subfamily G of  

750 amino acids with a P-loop-containing ATP hydrolase region on the first exon and  

six transmembrane domains on the second exon (Landgraf et al., 2014). 

StABCG1 was one of 800 expressed genes that were transcriptionally induced 

after treatment with Pep13. In addition to Pep13, StABCG1 is also induced in response 

wounding and infection with P. infestans (Landgraf, 2016). Landgraf et al. (2014) had 

identified that the expression of StABCG1 occurs mainly in the tuber periderm and in the 

roots, more exactly the protein is localized at the plasma membrane. 
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Downregulation of the StABCG1 shows a changed morphology of roots and tuber 

periderm with partially collapsed and disorganized cell layers (Fig. 5). In addition, the 

tubers of the StABCG1-RNAi plants show an substantial reduction in their weight after 

storage compared to tubers of control plants (WT and EV) (Landgraf, 2016). 

 

 
Figure 5: Microscopy of cross sections of tuber periderm of wild-type (Control) and StABCG1-RNAi.  

pl, phellem; pg, phellogen; pd, phelloderm. Bars = 80 mm. Figure adapted from Landgraf et al. (2014). 

 

 

Landgraf (2016) showed StABCG1-RNAi plants lack suberin after Pep13 infiltration 

or P. infestans infection in leaves compared to the control plants. The author also showed 

that these transformed plants show larger necrosis after Pep13 infiltration in comparison 

to the controls (WT and EV). 

Metabolomic analyses revealed that the suppression of StABCG1 expression 

induces a reduction of aliphatic components in suberin and accumulation of suberin 

precursors in the soluble semipolar extracts of the tuber periderms, such as  

ω-feruloyloxy fatty acids and ω-feruloyloxy fatty acid glycerol esters (Landgraf, 2016). 

Landgraf (2016) and Landgraf et al. (2014) suggest that a lack of aliphatic suberin, as well 

as ferulic acid, in the tuber periderm leads to a defective water barrier, highlighting the 

importance of StABCG1 in the suberin deposition. 
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1.5.2. Regulation of the suberin pathway and transcription factors 

 

The regulation of the suberin pathway started to be studied in the last years, in this 

time several regulators have been associated with suberin biosynthesis. For example, 

AtMYB41 (Kosma et al., 2014) or AtANAC046 (Mahmood et al., 2019) under control of 

the 35S promoter can activate the formation of aliphatic suberin by increasing the 

transcript levels of suberin-related genes. The knock-out of AtMYB107 or AtMYB9 in 

Arabidopsis had resulted in seeds with a significant reduction in suberin monomers and 

altered levels of other seed coat-associated metabolites (Lashbrooke et al., 2016). In 

addition, Shukla et al. (2021) had recently reported that in Arabidopsis the transcription 

factors AtMYB41, AtMYB53, AtMYB92 and AtMYB93, which are all constitutively 

expressed in the endodermis, are induced in response to ABA, and the quadruple mutant 

has a dramatic reduction in the endodermal suberin formation and decrease of suberin 

monomers in roots. Notably, after ABA treatment, these mutants were not able to produce 

suberin. Cohen et al. (2020) had described a new promising transcription factor called 

AtMYB39. In this study, besides the higher suberin deposition on Arabidopsis roots, and 

the overexpression of the suberin-related genes, such as AtASFT, AtGPAT5 and 

AtCYP86B1, by overexpressing AtMYB39, its transient expression in leaves of  

Nicotiana benthamiana led to a deposition of suberin-like lamellae. Thus, Cohen et al. 

(2020) showed that a transcription factor can induce suberin formation on leaves. 

Genes encoding Transcription factors (TFs), like the MYB genes, serve as key 

regulators for biological processes. They have a great role in modifying complex traits in 

organisms, such as responses to biotic and abiotic stresses, development, differentiation, 

and defense. Apart from Arabidopsis, a number of MYBs had been demonstrated to 

regulate the suberin biosynthesis in other species. The QsMYB1 from cork oak (Quercus 

suber) has been shown to control the expression of a number of suberin biosynthesis 

genes, including different members of the ABCG gene family, which were described to be 

involved in the transport of suberin monomers (Capote et al., 2018). Considerable suberin 

deposition was found in leaves of N. benthamiana after transient expression of MdMYB93 

from apple (Malus domestica), and expression of MdMYB93 also leads to upregulation of 

the suberin-related genes (KCS, CYP86, GPAT and LACS) (Legay et al., 2016). Recently, 



27 
 

Wahrenburg et al. (2021) had reported that transient expression of StMYB74 or 

StMYB102 of S. tuberosum in N. benthamiana leaves resulted in a higher amount of 

suberin, with subcellular deposition identical to that of naturally occurring suberin.  

 

1.6. Aim of this study 

 

The overall goal of this study was to elucidate the role of the biopolymer suberin in 

defense responses of potato. Several publications so far proposed a correlation between 

suberin production and plant defense, however, most studies contain correlative data, and 

very few showed actual functional data. A number of studies showing suberin-deficient 

plants was reported, but very few investigated their responses against pathogens and 

wounding. Therefore, a concise description on the defense responses on plants either 

containing or not suberin is of significant interest. 

To assess the importance of suberin, it was necessary to generate plants lacking 

suberin, as well as plants with enhanced suberin formation. One way to achieve this is to 

generate both loss- and gain-of-function mutants, by generating CRISPR/Cas9-edited 

potato plants with decreased suberin formation (loss-of-function) and plants with 

enhanced suberin formation (gain-of-function). 
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2. MATERIAL AND METHODS 

 

 

2.1. Solanum tuberosum 

 

Potato plants (Solanum tuberosum cv. Desirée) were propagated in vitro and in soil 

as described previously (Landgraf et al., 2014). For in vitro propagation, stem cuttings 

were cultured in 2MS medium (Table 1), and grown in a phytochamber under long day 

conditions (16 h of light (140 μmol·m-2·s-1) at 22 °C). Potato plants were transferred to 

steam-sterilized soil and grown for four weeks in a phytochamber with 16 h light  

(≈140 μmol·m-2·s-1) at 20 °C and 60 % relative humidity. Four-week-old plants were 

transferred to 10 L pots, filled with soil and grown for approximately 2 months in the 

greenhouse for tuber production. Tubers were harvested from 12-week-old plants and 

stored at room temperature before analysis. 

 

2.2. Nicotiana benthamiana 

 

Three-week-old tobacco plants (Nicotiana benthamiana) were used for transient 

expression. N. benthamiana plants were grown in a greenhouse under long day conditions 

(16 h of light at 20-22 °C). 

 

2.3. Phytophthora infestans, plant inoculation assays and biomass 

 

A GFP-expressing strain of Phytophthora infestans (CRA208m2) (Si-Ammour et 

al., 2003) was cultivated and propagated in plastic pots (8x9x10 cm – HxWxL) on oat bean 

medium (Table 1) at 18 °C in the dark. Zoospores were prepared from cultures grown for 

12 days. Plates were flooded with 10 mL of sterile water and incubated at 4 °C to release 

zoospores. The resulting suspension was filtrated with a nylon net filter (20 µm) in a falcon 

tube, zoospores were counted using a Luna Automated Cell counter (Logos Biosystems, 

Annandale, USA) and adjusted to 1x105 zoospores/mL. For leaf infection assays, droplets 

containing 10 µL were inoculated onto the abaxial side of potato leaves of 3-week-old 
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plants if not stated otherwise. Inoculated leaves were covered with plastic bags for  

24 hours to maintain moisture and induce germination. 

For P. infestans biomass, six inoculated sites on potato leaves (Ø 0.6 cm) and also 

60 µL of zoospore suspension, used for inoculation, were collected in a different 2 mL 

eppendorf tube and immediately frozen in liquid nitrogen. Following Eschen-Lippold et al. 

(2007), after addition of an external standard plasmid (NOX), DNA was extract using the 

DNeasy PlantMini Kit (QIAGEN, Hilden, Germany). The primers PIO8-3-3F and  

PIO8-3-3R (Supplementary table 1) as well as the Universal ProbeLibrary #73 

(04688961001, ROCHE, Basel, Switzerland) were used for amplification and detection of 

P. infestans DNA. A fragment from P. infestans genomic DNA was amplified using the 

primers O8-3 and O8-4 (Supplementary table 1; Judelson and Tooley, 2000) was 

amplified and cloned into pCR2.1, as described by Eschen-Lippold et al. (2007), and used 

as standard curves. PCR was carried out using the Taqman® Universal PCR Master Mix 

(Applied Biosystems, Waltham, USA). The amplification conditions were initial 

denaturation at 95 °C for 10 minutes, followed by 40 cycles at 95 °C for 15 seconds and 

60 °C for 1 minute. Relative amounts of P. infestans DNA in the samples were calculated 

using the Bio-Rad CFX Maestro (Bio-Rad, Hercules, USA) or ABI Prism 7000 Sequence 

Detection-Software, including the external standard and the data from the standard curve. 

The data was normalized by the amount of standard plasmid contained in the samples. 

The amplification and detection of the standard plasmid was performed similarly to the  

P. infestans, using the primers NOXF and NOXR (Supplementary table 1) and the 

Universal ProbeLibrary #4 (04685016001. ROCHE, Basel, Switzerland). 

For tuber inoculation, a disinfection with 1 % sodium hypochlorite for 20 min was 

performed, and then the tubers were washed 2 times in sterile water and let dry for  

10 minutes at room temperature. Both ends of each tuber were cut with a sterile scalpel 

and the inner part was collected with a cork borer (Ø 1.8 cm). The cylinder collected was 

then cut with a sterile scalpel into 0.5 cm disks and stored in 12-wells petri dishes. Before 

laying the tuber disks in the petri dish, each well was prepared with a filter paper disk with 

500 µL sterile water to maintain high humidity. Droplets containing 20 µL of  

P. infestans suspension (1x105 zoospores/mL) were inoculated onto each tuber disk 0, 3, 

7, and 14 days after wounding. Fluorescence of P. infestans was measured in 
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NightSHADE LB985 (Berthold, Bad Wildbad, Germany) (see section 2.12.6). This 

analysis was performed in two replicates. For each replicate at least 4 tuber disks from 

each line (WT, EV and five different StABCG1-CrisprCas lines) were used and 2 tuber 

disks for each line were used as control (no inoculation). 

 

2.4. Escherichia coli, vector cloning and selection of transformants 

 

Escherichia coli strain DH5α was served as recipient strain to carry the plasmids 

used for the assembly of the constructs used in this work. Lysogeny Broth (LB) medium 

containing 100 mg/L of specific antibiotics was used in solid (LA) and liquid form (LB) 

(Table 1). LA plates containing specific antibiotics were used to propagate colonies of 

transformed competent cells. LB with specific antibiotics was used for the propagation of 

overnight starter cultures. Bacteria were cultivated in a horizontal shaker at 200 rpm (for 

liquid cultures) at 36 °C for 16 hr. 

All transformations of E. coli used in this work were based on the recommendations 

for GoldenGate cloning (Marillonnet and Grützner, 2020). Fifteen microliters of the ligation 

mixture were pipetted into 50 μL of competent cells and incubated on ice for 15 min, 

followed by a heat shock at 42 °C for 60 s and immediately incubated on ice for  

2 minutes, followed by addition of 250 μL of SOC medium (Table 1). The culture was 

incubated in a shaker at 180 rpm and 37 °C for one hour. Fifty microliters of the culture 

were plated on LA plates (Table 1) containing a selection antibiotic and incubated at 37 

°C overnight. Single colonies were isolated in a new Petri dish containing LA medium with 

an appropriate antibiotic. 

To identify positive E. coli clones, plasmid extraction from single colonies was 

performed (Plasmid Midi Kit, QIAGEN, Hilden, Germany), 0.5-1 μg of DNA was cleaved 

using 1 U of restriction enzyme in a 10 μL reaction overnight. The fragment sizes were 

then separated in 1 % (w/v TAE) agarose gel and electrophoresis. The restriction enzymes 

used are listed in supplementary table 2. The selected plasmids were transferred to  

A. tumefaciens (see section 2.5), which were selected by colony PCR (see  

section 2.7). The respective clone was then used for stable plant transformation (see 

section 2.10). 
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2.5. Agrobacterium tumefaciens transformation 

 

The production and transformation of competent cells was carried out according to 

Höfgen and Willmitzer (1988). Agrobacterium tumefaciens competent cells (strains AGL0, 

AGL1 (Lazo et al., 1991) or GV3101 (Holsters, et al., 1980); 200 μL aliquots) were kindly 

provided by Ulrike Smolka (IPB/Halle, Germany). Stored cells were thawed on ice before 

transformation. Competent agrobacteria were mixed with 5 μg of the target plasmid. The 

cultures were incubated on ice for 5 minutes, in liquid nitrogen for  

5 minutes, and at 37 °C for 5 minutes, successively. One milliliter of YEB medium  

(Table 1) was added and the mixture was incubated at 180 rpm, 28 °C for 1-3 hours. One 

hundred microliters of the culture was plated onto Petri dishes containing YEB-medium 

mixed with the appropriate antibiotics and incubated at 28 °C for 2 days. Single colonies 

were isolated in a new Petri dish containing YEB-medium with the appropriate selection 

antibiotic. Agrobacteria carrying the final constructs were used for stable transformation 

and transient expression in plants. Liquid YEB medium (Table 1) containing 100 mg/L 

specific antibiotic was used for cultivation of transformed cells. The bacteria were 

cultivated in a horizontal shaker at 200 rpm at 28 °C for 2 days. 
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2.6. Media 

 

 

All media used on this work is described on the Table 1. 

 
Table 1: Media used on this work. 

2MS 
(Murashige and Skoog, 1962) 

0.44 % MS-Salt (Duchefa, Haarlem, NL) 
58.4 mM Sucrose 
pH 5.0 
0.6 % (w/v) Plant agar 

3MS 
(Murashige and Skoog, 1962) 

87.65 mM Sucrose 
2.3 mM MES 
0.44 % (w/v) MS-Salt (Duchefa, Haarlem, NL) 
pH 5.8 
0.6 % (w/v) Plant agar 

75K (Shoot-inducing medium) 

0.1 % Vitamin solution (5 % (w/v) nicotinic acid,  
5 % (w/v) Pyridoxine-HCl, 10 % (v/v) Thiamine-HCl,  
20 % (w/v) Glycine) 
0.25 mg/mL Carbenicillin 
0.002 mg/mL Zeatin riboside 
0.02 μg/mL NAA (C12H10O2) 
0.02 μg/mL GA3 (Gibberellic acid) 
in GMS (see below) 

76K (Callus-inducing medium) 

0.1 % (v/v) Vitamin solution (5 % (w/v) nicotinic 
acid, 5 % (w/v) Pyridoxine-HCl, 10 % (v/v) 
Thiamine-HCl, 20 % (w/v) Glycine) 
0.1 mg/mL Carbenicillin 
0.1 μg/mL BAP (C12H11N5) 
5 μg/mL NAA (C12H10O2) 
in GMS (see below) 

GMS 

88.8 mM Glucose 
2.3 mM MES 
0.44 % (w/v) MS-Salt (Duchefa, Haarlem, NL) 
pH 5.8 
7.5 % (w/v) Plant agar 

Induction medium 

60.3 mM K2HPO4 
33 mM KH2PO4 
7.6 mM (NH4)2SO4 
1.7 mM Na3C6H5O7·2H2O 
1 mM MgSO4 
5.55 mM Glucose 
5.55 mM Fructose 
0.4 % (w/v) Glycerin 
10 mM MES 
pH 5,6 
Add before use 50 µg/ml Acetosyringone  

Infiltration medium 
10 mM MES pH 5,4 
10 mM MgCl2 

Add before use 150 µg/ml Acetosyringone 
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LA 

1 % (w/v) Bacto-tryptone 
0.5 % (w/v) Bacto-Yeast Extract 
85.6 mM NaCl 
1.5 % (w/v) Agar 

LB 
1 % (w/v) Bacto-tryptone 
0.5 % (w/v) Bacto-Yeast Extract 
85.6 mM NaCl 

Oat Bean Medium 

3.4 % (w/v) Bean flour 
1.7 % (w/v) Oat flour 
24.8 mM Sucrose 
49 mM Agarose 

SOC 

2 % (w/v) Bacto-tryptone 
20 mM Glucose 
0.5 % (w/v) Yeast extract 
10 mM NaCl 
2.5 mM KCl 
10 mM MgCl2 
10 mM MgSO4 

YEB 

0.5 % (w/v) Beef extract 
0.1 % (w/v) Yeast extract 
0.5 % (w/v) Peptone 
1.46 mM Sucrose 
2.0 mM MgSO4 
1.5 % (w/v) agar 

 

 

All solutions were autoclaved at 121 °C for 30 min before use, except vitamins, antibiotics, 

hormones and micronutrients solutions, which were sterile filtrated. 

 

2.7. PCR 

 

All PCRs performed in this work were conducted with 1 U of DreamTaq™-DNA-

Polymerase (Fermentas), 0.1 μM of the described primers (Supplementary table 1) 

approximately 50 ng of genomic DNA in a final volume of 20 μL. The amplification 

conditions were initial denaturation at 95 °C for 3 minutes, followed by 35 cycles of 

denaturation at 95 °C for 30 seconds, 30 seconds at the annealing temperature 

recommended by the manufactureres and extension at 72 °C for 1 min/kb, followed by a 

final extension at 72 °C for 10 minutes. PCR products were visualized after 1 % (w/v TAE) 

agarose gel electrophoresis with GelRed (Biotium, Fremont, USA) or Midori Green 

(NIPPON Genetics EUROPE, Düren, Germany) under UV-light. 
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For E. coli colony PCR, an adaptation of the same method was used Instead of the 

DNA, a single colony was used, and RNA-free-water was added. On the other hand, for 

A. tumefaciens colony PCR, a single colony was incubated in 10 μL of  

20 mM NaOH at 37 °C for 8 minutes. For a 20 μL PCR reaction, 1 μL of the suspension 

was used. 

 

2.8. Golden Gate cloning 

 

The Golden Gate Cloning method (Engler and Marillonnet, 2013; Werner et al., 

2012; Weber et al., 2011; Engler et al., 2009; Engler et al., 2008) was used for all 

constructs generated in this work. 

The primer sequences created for the amplification of the fragments for the golden 

gate assembly are listed in supplementary table 1. The assembly reactions were 

conducted with 20 U of T4-ligase (Promega), 10 U of the specific enzyme (BsaI or BbsI 

from BioLabs, Heidelberg, Germany), 20 fmol of each plasmid or DNA fragment in a final 

volume of 15 μL. The reactions were conducted with 20 cycles of 37 °C for 5 minutes and 

16 °C for 5 minutes, followed by denaturation at 50 °C for 5 minutes and 80 °C for 5 

minutes. All constructs were then cloned in E. coli and verified with at least 3 different 

restriction enzymes or sent for sequencing at Eurofins (Ebersberg, Germany) 

(Supplementary table 2). 

 

2.8.1. Construction of vectors pPVS3:GFP and pPVS3:GUS 

 

The StPVS3 promoter dicrebed by Yamamizo et al. (2016) is a pathogen-inducible 

promoter and it was chosen to control the activities of the studied genes in this work 

(StABCG1, StFHT, StCYP86A33 and StKCS6). However, Yamamizo et al. (2016) did not 

describe the variety of S. tuberosum used in their work. In the present work S. tuberosum 

cv. Desirée was used to conduct all experiments. Since S. tuberosum is tetraploid and 

has high heterozygosity, to confirm the functionality of pPVS3 of  

S. tuberosum cv. Desirée, the StPVS3 promoter (Yamamizo et al., 2016) was fused to the 

GUS and also GFP reporter genes and tested for P. infestans and wounding sites. The 
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2618 bp promoter StPVS3 was divided into two parts, named pAGR21 (1402 bp) and 

pAGR22 (1217 bp), due a BbsI site in the sequence. In order to remove the restriction 

site, a mutation from A to T was performed between the two fragments at position 1401. 

For the construct pAGR21, the primers 27 and 28 were used and for pAGR22, the primers 

29 and 30 (Supplementary table 1). Each fragment was cloned into vector pAGM1311, 

and subsequently cloned into pICH41295, forming the construct pAGR23. 

The full promoter was cloned in vectors carrying a GFP and GUS gene, 

pAGM38499 and pAGM38501, respectively, leading to the final constructs pAGR33 

(pPVS3:GFP) and pAGR34 (pPVS3:GUS), which were subsequently transferred to  

S. tuberosum via Agrobacterium tumefaciens-mediated transformation (ATMT). All plants 

generated in this study were named as EPXX, where XX is the number of the plasmid and 

EP referring to the initials of the author. Accordingly, the plants carrying the GFP and GUS 

cassette were named EP33 and EP34, respectively. 

 

2.8.2. Simultaneous overexpression of the putative suberin biosynthetic genes 

StABCG1, StFHT, StCYP86A33 and StKCS6 

 

In order to generate potato plants with enhanced expression of suberin biosynthetic 

genes, a first construct called pAGR45 was generated, harboring the four suberin-

associated genes StKCS6 (1738 bp), StCYP86A33 (1925 bp), StFHT (1735 bp – allele 

A2; 1607 bp – allele A3), and StABCG1 (2253 bp). Each gene was assembled under 

control of a minimal promoter containing the TAL effector (pICH71037) and different 

terminators, StKCS6 with 35S (pICH41414), StCYP86A33 with Nos (pICH41421), StFHT 

with Ocs (pICH41432) and StABCG1 with Mas (pICH77901). These independent 

constructs, with promoter, gene, and terminator were named pAGR38, pAGR39, pAGR40 

(A2 and A3) and pAGR41, respectively, and they were mounted into positions 2 

(pICH47742), 3 (pICH47751), 4 (pICH47761), and 5 (pICH47772) of the binary vector 

pAGM37443, respectively. Position 1 was occupied by the Kanamycin resistance 

construct pICH67131, position 6 (pICH47781) harbored the pAGR42 construct, containing 

the StPVS3 promoter (pAGR23 – see section 2.8.1) joined to the TAL effector 

(pICH73103) and G7 terminator (pICH72400), and position 7 (pICH47791) contained 
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linker EL6 (pICH41822), forming the final constructs pAGR45A2 and pAGR45A3 (for the 

different alleles of StFHT) (Fig. 6). An empty vector of this construct was called pAGR44 

and contained the linker EL5 (pICH41800) at position 6 instead of the TAL effector 

construct, and so not promoting the expression of the built-in suberin-related genes. A 

variation of the empty vector pAGR44 was generated and named pAGR51, by replacing 

each TAL effector binding site (pICH71037) for the promoter StPVS3 (pAGR23) in the 

independent constructs pAGR38, pAGR39, pAGR40 (A2 and A3) and pAGR41, which 

were then named pAGR47, pAGR48, pAGR49 (A2 and A3) and pAGR50, respectively, in 

order to promote independent and induced expression of each gene in the final construct. 

A final control vector pAGR46 contained only the Kanamycin resistance construct 

(pICH67131) in position 1, the TAL effector construct (pAGR42) in position 2 and linker 

EL2 (pICH41744) in position 3, in order to observe only the effect of the TAL effector 

expression in the plants. The constructs pAGR44, pAGR45 (A2 and A3), pAGR46 and 

pAGR51 were used to obtain the transformed plants EP44, EP45 (A2 and A3), EP46, and 

EP51, respectively. 

For the assembly, the genes StFHT, StCYP86A33 and StKCS6 were individually 

obtained from the genomic DNA of S. tuberosum, and StABCG1 from a cDNA previously 

generated in our group. Both alleles from StFHT (A2 and A3) were fully amplified with the 

primers 44/45, cloned into pICH41308 and forming the constructs pAGR30A2 and 

pAGR30A3, respectively, which contain a mutation from G to A at position 1708 and 1580, 

respectively. Similarly, the 2253 bp StABCG1 was fully obtained with the primers 46/47 

and cloned into pICH41308, forming construct pAGR35. The 1925 bp StCYP86A33 was 

amplified in two steps, generating the constructs pAGR24 (1660 bp, primers 31/32) and 

pAGR25 (267 bp, primers 33/34), and promoting a mutation from A to C at position 1661 

to avoid the original BsaI site. Each smaller fragment was cloned into the vector 

pAGM1311, and joined in pICH41295, forming the construct pAGR26. Similarly, the 1738 

bp StKCS6 was split into the constructs pAGR27 (1531 bp, primers 35/36) and pAGR28 

(208 bp, 37/38) in order to introduce a mutation from T to A at position 1531 to avoid the 

BsaI site. Each smaller fragment was cloned into the vector pAGM1311, and joined in 

pICH41295, forming the construct pAGR29. All primers can be found in supplementary 

table 1. 
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Figure 6: Recombinant plasmids used for transformation of Solanum tuberosum, assembled via Golden Gate cloning. Nos, nopaline synthase 

promoter/terminator; Kan, kanamycin resistance gene; pPVS3, putative vetispiradiene synthase 3 promoter; KCS6, CYP (CYP86A33), FHT and 
ABCG1 genes from S. tuberosum; 35S, CaMV 35S terminator; Ocs, octopine synthase terminator; mas, mannopine synthase terminator; TALE, 

Transcription activator-like effector; 0, TAL effector binding site; G7, Agrobacterium tumefaciens g7 terminator; EL2, EL5 and EL6, linkers; Golden 
Gate assembled for the constructs pAGR44, pAGR45, pAGR46 and pAGR51. 
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2.8.3. Overexpression of the putative suberin biosynthetic genes via AtMYB39 

transcription factor under control of 35S promoter 

 

A second approach to promote enhanced suberin formation in potato plants was 

via the overexpression of the transcription factor AtMYB39. The 1083 bp AtMYB29 gene 

(Cohen et al., 2020) was synthetized by ThermoFisher Scientific – GeneArt (Waltham, 

USA), the plasmid was named 20ABQQQP. Construct pAGR102 was assembled with 

AtMYB39 under control of 35S promoter (pICH51266) and the 35S terminator 

(pICH41414), forming construct pAGR90, which was mounted into position 2 (pICH47742) 

of the binary vector pAGM37443. Position 1 contained the Kanamycin resistance 

construct pICH67131 and position 3 (plCH47751) contained the linker EL2 (pICH41744)  

(Fig. 7). 

 

 
Figure 7: Recombinant plasmids used for transformation of Solanum tuberosum, assembled via Golden 

Gate cloning. Nos, nopaline synthase promoter/terminator; Kan, kanamycin resistance gene; 35S, CaMV 
35S promoter/terminator; EL2, Linker; Golden Gate assembled for the construct pAGR102. 

 

 

2.8.4. Use of CRISPR/Cas9 technology for editing the transporter StABCG1, 

involved in suberin deposition 

 

To analyze loss of function of the StABCG1 gene, CRISPR/Cas9 technology was 

applied to obtain StABCG1 knockout S. tuberosum plants. The allele found in  

S. tuberosum cv. Desirée contained 2350 bp, including two exons and one intron.  

Figure 8 shows a scheme of the structure of the StABCG1 gene. The encoded protein 
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contains two ATP binding sites and at the first amino acids of an ABC transporter-type 

domain, a characteristic sequence from ABC transporters. The exon2 codes for six 

transmembrane domains. The 20 bp gRNA chosen for the transformation is homologous 

to the sequence localized 414 bp downstream from the start codon, located in the exon1.  

The cassette used for leaf disk transformation in S. tuberosum was designed by 

Ulrike Smolka (IPB/Halle, Germany), it was named pAGM31061 and contained the 

CRISPR/Cas9 system (ncas9-NLS, kindly provided by Dr. Sylvestre Marillonnet, 

IPB/Halle, Germany) and a gRNA under control of the AtU6 promoter. The construct was 

transferred to plants through Agrobacterium tumefaciens-Mediated transformation (Ulrike 

Smolka and Maximilian Faber, IPB/Halle, Germany). One hundred sixty-five transformed 

plants were obtained, from these 5 (#132, #142, #143, #149 and #155) were selected by 

Ulrike Smolka and Maximilian Faber to be further analyzed. 

 

 
Figure 8: Structure of StABCG1 gene and respective protein. Gray bars represent the ABC transporter-

type domain; Red bar represents the homologous sequence of the designed gRNA; Green bars represent 
the ATP binding sites; Blue bars represent transmembrane domains. Predictions were based on UniProt 

(https://www.uniprot.org - M1C5V2), MyHits (https://myhits.sib.swiss) and Prosite 
(https://prosite.expasy.org). 

 

 

2.9. Transient expression in Solanum tuberosum and Nicotiana benthamiana 

 

Agrobacterium tumefaciens-mediated transient expression assays were based on 

Van den Ackerveken et al. (1996) and Marois et al. (2002). For transient expression in  
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S. tuberosum, three to four weeks-old WT plants were used. A suspension of 

Agrobacterium tumefaciens GV3101 carrying the target plasmid was grown in 5 mL YEB 

medium (Table 1), containing the corresponding antibiotics, at 28 °C and 200 rpm for 2 

days. The culture was centrifuged at 2,300 g for 10 minutes at room temperature, the 

supernatant was discarded and the pellet was resuspended in 5 mL of Induction Medium 

(Table 1) conteining acetosyringone (50 µg/mL) and the appropriate antibiotics. The cells 

were cultivated at 28 °C and 200 rpm for 4-5 hours, followed by a centrifugation step for 

10 minutes at 2,300 g, and the supernatant was discarded again. The pellet was 

resuspended in 5 mL of infiltration medium (Table 1) with acetosyringone (150 µg/mL) for 

measuring the OD600, which was diluted to 0.2, using infiltration medium with 

acetosyringone (150 µg/mL). The suspension was stored at room temperature for at least  

1 hour before infiltration into potato or tobacco leaves. 

 

2.10. Stable transformation of Solanum tuberosum 

 

All stable transformations used in this work were based on Feltkamp et al. (1995). 

Agrobacterium tumefaciens carrying the target plasmid was grown in 20 mL YEB medium 

(Table 1) with the corresponding antibiotic for 2 days at 160 rpm at 28 °C. The culture was 

centrifuged at 4000 x g for 10 min at 4 °C, carefully washed in 20 mL of  

10 mM MgCl2, centrifuged at 4000 x g for 10 min at 4 °C, and resuspended in  

10 mL of 3MS medium (Table 1). 

Sterile leaves of potato plants were cut, scratched with a scalpel, and placed 

abaxial surface upwards in Petri dishes on top of 10 mL 3MS medium containing 100 μL 

of the A. tumefaciens culture. The Petri dishes were incubated at 22 °C for 2 days in the 

dark. 

To induce callus formation, the leaves were transferred to solid 76K medium  

(Table 1; callus-inducing medium) and incubated in a phytochamber under long day 

conditions (16 h of light (140 μmol·m-2·s-1) at 22 °C) for 1 week under sterile conditions. 

The leaves were then transferred to solid shoot-inducing 75K medium (Table 1) 

every 2 weeks to induce sprouts growth and incubated in the phytochamber (see section 

2.1). Sprouted leaf calli were cut off and inserted in a sterile solid 3MS medium  
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(Table 1), mixed with the appropriate antibiotic, and incubated in a phytochamber (see 

section 2.1). 

To identify transformed plants, DNA was extracted from each line (DNeasy® Plant 

Mini Kits, QIAGEN, Hilden, Germany), and used for PCR (see section 2.7), aiming to 

amplify a part of the transgene. 

 

2.11. Wounded leaves and tubers and microscopy 

 

To check for suberin formation after wounding, leaves of S. tuberosum were 

stained with SudanIII (Smit et al., 2000). Leaves from 3-week-old WT, EV and transformed 

plants were wounded with a cork borer (Ø 0.6 cm). Samples were collected with a larger 

cork borer (Ø 1.3 cm) at the indicated time point, destained in four overnight steps at 

different concentrations of ethanol (50 %, 70 %, 100 % and 50 % - v/v). Tubers of controls 

(WT and EV) and transformed plants were manually cut into thin layers with a sterile 

scalpel. All samples were stained with SudanIII at 70 °C for 30 min, and at room 

temperature for 3 days, then analyzed microscopically with a Nikon AZ100 stereo 

microscope (Amstelveen, Netherlands) under bright light. 

For the AtMYB39 expressing potato plants, 20 wounded leaf samples of each line 

were used per experiment. Each sample was divided in four parts, leading a total of  

80 samples per line. Photos were taken and randomized using the Bulk Rename Utility 

software and rated by two different people according to the intensity of red in the wounded 

layer: no suberin formation; low suberin formation; intermediary suberin formation; high 

suberin formation. 

 

2.12. Analyses 

 

2.12.1. Genotype confirmation of the StABCG1-CrisprCas plants 

 

In order to verify editing of the alleles of the StABCG1-CrisprCas plants, the Guide-

it™ sgRNA In Vitro Transcription Kit (Takara Bio, Kusatsu, Japan) was used to synthesize 

a gRNA with the primer 67 (Supplementary table 1), according to the manufacturer’s 
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instructions. Genomic DNA was obtained from leaves and tubers from 2 plants of each of 

the 5 lines (#132, #142, #143, #149 and #155), WT and EV. An individual PCR from each 

sample was performed with Terra PCR Direct Polymerase (Takara Bio), using the primers 

39 and 40 (Supplementary table 1), according to the manufacturer’s instructions. An in 

vitro cut with Cas9 and the specific gRNA was performed using the Guide-it™ Genotype 

Confirmation Kit (Takara Bio), according to the manufacturer’s instructions. The fragment 

sizes were then checked in 1 % (w/v TAE) agarose gel and electrophoresis. 

 

2.12.2. Pep13 infiltration 

 

The PAMP Pep-13 (VWNQPVRGFKVYE) was infiltrated in the abaxial side of 

potato leaves of 3-week-old plants at the concentration of 100 µM. The same 

concentration of W2A (VANQPVRGFKVYE), a nearly inactive peptide, was used as a 

control. The third and fourth leaves were infiltrated 6 times with about 0.5 mL of the 

solution per infiltration site.  

 

2.12.3. RNAseq 

 

The third leaf of S. tuberosum was infiltrated with 100 µM Pep13 as described in 

section 2.12.2, and 100 µM W2A was used as control. Eight leaf disks (Ø 0.6 cm) were 

collected with a cork borer 4 hours and 12 hours after the treatment. RNA was extracted 

from each sample (RNeasy Mini Kit, QIAGEN, Hilden, Germany) and sent to Novogene 

(Sacramento, USA), which performed the RNAseq analyses. The data was converted to 

a table by Dr. Benedict Athmer (IPB/Halle, Germany). 

Three samples from periderm from freshly harvested tubers from the plant 

StABCG1-CrisprCas #142 and the WT were collected for RNA extraction. RNA was 

extracted from each sample (RNeasy Mini Kit, QIAGEN, Hilden, Germany) and sent to 

EUROFINS (Ebersberg, Germany), which performed the RNAseq analyses. The data was 

evaluated by Dr. Sarah Scharfenberg (IPB/Halle, Gernamy). 

All RNA extractions were performed by Ulrike Smolka (IPB/Halle, Germany). For 

each experiment, 3 biological replicates for each line/treatment were used. 
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2.12.4. Illumina sequencing 

 

Genomic DNA was obtained from leaves of the 5 lines of StABCG1-CrisprCas 

plants and WT. PCR was performed using primers 132 and 133 (Supplementary table 1). 

These primers contain a tail, which is homologous to the Novogene (Sacramento, USA) 

tagged-primers for Illumina sequencing. Later, a nested PCR was performed using the 

Novogene tagged-primers. The PCR products were purified using the QIAquick PCR 

Purification Kit (QIAGEN, Hilden, Germany), diluted to the same concentration and mixed 

in an Eppendorf 2 mL tube. The samples were sent to Novogene (Sacramento, USA) for 

Illumina sequencing. The results were analyzed in the online tool CRISPResso2 

(https://crispresso.pinellolab.partners.org), with help of Dr. Khabat Vahabi (IPB/Halle, 

Germany). 

 

2.12.5. GUS staining 

 

The activity of the previously described StPVS3 promoter (Yamamizo et al., 2016) 

was tested with the pPVS3:GUS construct (pAGR34) both by transient expression and 

stable transformation (EP34 plants) using GUS staining (Blume and Grierson, 1997; 

Jefferson et al, 1987). Detached leaves were submerged in a 5-bromo-4-chloro-3-indolyl-

ß-D-glucuronide (1 mM X-Gluc) solution, under vacuum for 1 hour and incubated at 38 °C 

overnight. Leaves were destained in different concentrations of ethanol as follow:  

10 minutes in 70 % ethanol solution (v/v), two times overnight in 100 % ethanol, and 10 

minutes in 50 % ethanol solution (v/v) at room temperature. 

 

2.12.6. NightShade (GFP detection) 

 

The activity of the previously described StPVS3 promoter (Yamamizo et al., 2016) 

was tested with the pPVS3:GFP construct (pAGR33) by transient expression and stable 

transformation (EP33) and analyzed in NightSHADE LB985 (Berthold, Bad Wildbad, 

Germany) under GFP filter (475 nm for excitation filter and 520 nm for emission filter). The 
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same conditions were used to measure P. infestans fluorescence inoculated on tuber 

disks (see section 2.11). 

 

2.12.7. RT-qPCR/Gene expression 

 

Eight treatment sites on potato leaves were collected (Ø 0.6 cm) and immediately 

frozen in liquid nitrogen. Three biological replicates were collected, each containing  

~100 mg fresh leaf weight. Uninfected and water treated leaves served as controls for  

P. infestans analyses, and W2A was used as control for Pep13 treatments. RNeasy Plant 

Mini Kit (QIAGEN, Hilden, Germany) was used for total RNA extraction – according to the 

manufacturer’s instructions. RNA samples were treated with RNase-free DNase Set 

(QIAGEN, Hilden, Germany) and the quality was tested with a Nanodrop (ThermoFisher 

Scientific, Waltham, USA).  

The isolated RNA was transcribed into cDNA using Oligo dT with the RevertAid H 

Minus First Strand cDNA Synthesis Kit (ThermoFisher Scientifics, Waltham, USA). 

Quantitative PCR was measured on a CFX96TM Real-Time System (Bio-Rad, Hercules, 

USA). Reactions were performed using the Roche Universal Probe Library, Probe #31 

and primers 55/56 for amplification of StKCS6; Probe #66 and primers 57/58 for 

StCYP86A33; Probe #133 and primers 59/60 for StFHT; Probe #35 and primers 61/62 for 

StABCG1; Probe #162 and primers EF1alphaF/EF1alphaR for the endogenous 

elongation factor StEF1α; Probe #145 and primers 126/127 for the AtMYB39. Relative 

transcript levels were calculated using the MxPro qPCR software (Stratagene). Reactions 

were also performed using EVAGreen Dye (Biotium, Fremont, USA) at the same 

conditions before, primers 136/137 for amplification of StFAR1; primers 134/135 for 

StFAR3; primers 138/139 for StKCS11; primers 140/141 for StGPAT4; primers 142/143 

for StPPO; primers 144/145 for StLAC14. Relative transcript levels were calculated using 

the Bio-Rad CFX Maestro (Bio-Rad, Hercules, USA). All primers can be found in 

supplementary table 1. 

For Roche Universal Probe Library and EVAGreen reaction, the amplification 

conditions were initial denaturation at 95 °C for 15 minutes, followed by 40 cycles with 

denaturation at 95 °C for 15 seconds, 20 seconds at 60 °C (manufacturer’s annealing 
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temperature) and extension at 72 °C for 20 seconds, followed by a final denaturation at 

95 °C for 1 minute, 30 seconds at 55 °C and 30 seconds at 95 °C. The fluorescence was 

measured at the end of each cycle and the dissociation curve at the end of the reaction. 

Expression of StEF1α was used as a reference.  

 

2.12.8. Untargeted metabolite profiling 

 

The 3rd and 4th leaves from 3 different plants of WT and five different  

StABCG1-CrisprCas (#132, #142, #143, #149 and #155) lines were wounded with a cork 

borer (Ø 6 mm). Ten days later, ten wounded areas were isolated per sample using a 

larger cork borer (Ø 1 cm). Two samples from each plant were pooled mixing fragments 

from the 3rd and 4th leaves. For control, non-wounded leaves from new plants were 

collected. Dr. Karin Gorzolka (IPB/Halle, Germany) performed a methanol extraction and 

the Liquid Chromatography-Mass Spectrometry measurements as described by Gorzolka 

et al. (2020). 

 

2.12.9. Assessment of tuber weight in StABCG1-CrisprCas plants  

 

Freshly harvested tubers from the greenhouse from WT, EV and five different 

StABCG1-CrisprCas (#132, #142, #143, #149 and #155) lines were individually weighed 

0, 7, 14, 21 and 35 days after harvesting. This analysis was performed in three replicates. 

At least 74 tubers from each line were weighed, totaling a number of 216 from the controls 

(WT and EV) and 462 tubers from the StABCG1-CrisprCas lines. 

In a separate experiment, tubers freshly harvested from the greenhouse of WT, EV 

and five different StABCG1-CrisprCas (#132, #142, #143, #149 and #155) lines were 

divided into two different-sized fractions with a sterile scalpel and stored at room 

temperature. The bigger and smaller fractions were individually weighed up to  

10 days after wounding. This analysis was performed in two replicates. Three tubers from 

each line were used for each replicate. 
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2.12.10. Resistance of StABCG1-CrisprCas tubers to wounds during storage 

 

Freshly harvested tubers from the greenhouse from WT, EV and five different 

StABCG1-CrisprCas (#132, #142, #143, #149 and #155) lines were wounded with a 

sterile potato peeler, stored in a non-sterile paper bag and analyzed for loss of weight up 

to 14 days after wounding.  This analysis was performed in two replicates. Two tubers 

from each line were used for each replicate. 

In a separated analysis, freshly harvested tubers from the greenhouse from WT 

and one StABCG1-CrisprCas (#142) line tubers were totally peeled with a sterile potato 

peeler, stored in a non-sterile paper box at room temperature and analyzed for 

phenotypes up to 7 days. This analysis was performed only once and can be considered 

preliminary. Two tubers from each line were used.  
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3. RESULTS 

 

 

To address the importance of suberin for pathogen responses, leaves and tubers 

from the cultivated potato were analyzed after wounding and P. infestans inoculation. In 

addition, leaves were also analyzed after Pep13 infiltration. Furthermore, plants with 

decreased suberin deposition and plants with enhanced suberin formation were 

generated and analyzed. 

 

3.1. Suberin is formed in S. tuberosum leaves under different treatments 

 

In an effort to know if suberin is formed in leaves, three different conditions were 

compared, and leaves were either infiltrated with Pep13 to induce necrosis (Fig. 9A), 

wounded with a cork borer (Fig. 9C) and inoculated with P. infestans (Fig. 9E). Pep13 

infiltration showed earlier necroses formation at 1 day after infiltration while the inoculation 

with P. infestans took 3 days to show the first symptoms. Photos were taken 7 days after 

each treatment, samples were collected and stained for suberin with SudanIII, showing a 

red layer in the lesions between the health tissue and the treatment, indicating the 

presence of suberin in all treatments (Fig. 9B, D and F). 
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Figure 9: Suberin is formed in potato leaves after Pep13 infiltration, wounding or P. infestans inoculation. 
Leaves of 3-week-old plants grown in a phytochamber from the cultivated potato were used for infiltration 

of 100 µM Pep13 (A/B), wounding with a 6 mm (Ø) cork borer (C/D) and inoculation of 10 µL of a  
1x105 zoospores/mL suspension (E/F). Seven days after each treatment, the treated area was isolated 
using a 1 cm (Ø) cork borer, stained with SudanIII and subjected to bright light microscopy (B: Pep13 

infiltration; D: wounding; F: P. infestans inoculation). Red asterisks indicate the healthy tissue.  
Bars = 0.5 mm. 

 

 

To check the time of suberin production, wounded leaves were analyzed daily for 

up to 7 days. Microscopy of SudanIII-stained lesions showed first visible suberin at 4 days 

after wounding, when red coloration was formed around the wounded site, whereas from 

the 5th day onwards a very strong and defined red layer was found in all samples (Fig. 

10). 
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Figure 10: Suberin is completely formed 5 days after wounding in leaves of S. tuberosum. Leaves of  

wild-type potato plants were wounded with a 6 mm (Ø) cork borer. The wounded area was isolated using 
a 1 cm (Ø) cork borer, stained for suberin with SudanIII and subjected to bright light microscopy up to  

7 days after wounding (daw). Bar = 1 mm. 

 

 

3.2. Suberin biosynthetic genes are induced after Pep13 infiltration in  

Solanum tuberosum leaves (RNAseq data) 

 

To identify genes possibly involved in suberin formation in potato plants, RNA from 

wild-type S. tuberosum leaves infiltrated with either the PAMP Pep13 or the nearly inactive 

peptide W2A was extracted at 4 and 12 hours after the treatment and submitted to RNA 

sequencing (RNAseq). Three biological replicates from each treatment were sent for 

RNAseq. RNAseq revealed at 4 and 12 h, respectively, a total of 641 and 3292 genes at 

least 3-fold differentially expressed after Pep13 infiltration in comparison to the W2A 

controls. 

Among these genes, 12 hours after treatment showed high read counts of 

transcript levels from the transporter StABCG1 (Fig. 11A), which is described to export 

suberin monomers (Landgraf et al., 2014), also from four genes possibly involved in the 

suberin pathway, including two fatty acyl-CoA reductases (StFAR1 and StFAR3), the 

glycerol-3-phosphate acyltransferase 4 (StGPAT4) and the 3-ketoacyl-CoA 11 (StKCS11) 

(Fig. 11B), as well as two phenol oxidases (StLAC14 and StPPO – Fig. 11C). 

In contrast, the ketoacyl-CoA synthase 6 (StKCS6), responsible for the elongation 

of fatty acids in the suberin pathway in tubers (Serra et al., 2009a), showed a lower 

number of reads 12 hours after the treatment (Fig. 11A). Unfortunately, the cytochrome 

P450 StCYP86A33 and the ω-hydroxyacid/fatty alcohol hydroxycinnamoyl transferase 
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StFHT, described to be essential for the aliphatic suberin formation and ferulate esters 

biosynthesis in tuber periderm, respectively, were not detected in the present RNAseq 

data. 

 

 
Figure 11: Genes putatively involved in suberin biosynthesis and phenol oxidases are activated by Pep13. 
RNA extracted from S. tuberosum leaves infiltrated with 100 μM Pep13 (black bar) or 100 μM of the nearly 

inactive peptide W2A (white bar) was isolated 4 and 12 hours after treatment and subjected to 
RNAsequencing. Data are derived from three independent experiments. Error bars represent SEM. 

Asterisks indicate statistically different values (t-test – Mann-Whitney - *, 0.01<p<0.05; **, 0.001<p<0.1). 
Numbers in italic indicates the Gene ID, which starts with PGSC0003DMG40. A) Genes described to be 

involved in the suberin pathway: StABCG1 and StKCS6. B) Genes induced after Pep13 infiltration: 
StFAR1, StFAR3, StGPAT4 and StKCS11. C) Phenol oxidases: StLAC14 and StPPO. 

 

 

3.3. Suberin-related genes are differentially expressed after Pep13 infiltration 

 

To corroborate the transcriptome data, the gene expression levels of the targets 

StABCG1, StFHT, StCYP86A33, StKCS6, StFAR1, StFAR3, StLAC14 and StPPO was 

evaluated by RT-qPCR. Three-week-old leaves of wild-type S. tuberosum plants were 

infiltrated with Pep13 and the transcript levels of these targets were evaluated daily up to 
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7 days and compared with a 12 hours post inoculation time point (0.5 dai), in two 

independent experiments. The nearly inactive analog W2A was used as a control for the 

infiltration.  

Infiltration of Pep13 generated an accumulation of StABCG1 transcript levels  

1 day after infiltration, 12 hours for StFHT and 2 days after infiltration for StCYP86A33, 

maintaining significantly high levels until the 7th day (Fig. 12A, B and C). On the other 

hand, StKCS6 had a statistically significant reduced level of transcripts, starting after  

12 hours, returning to normal levels after the 2nd day (Fig. 12D). StFAR1 and StFAR3 

transcript levels accumulated 12 hours after the treatment, increasing significantly after 

the 1st day, staying high until the 7th day (Fig. 12E and F). Both phenol oxidases showed 

an accumulation of transcript levels 12 hours after treatment, showing a significantly 

higher level of transcript up to the 4th and 2nd day, respectively for StLAC14 and StPPO 

(Fig. 12G and H). These data show that all genes analyzed were differentially expressed 

at early time points after Pep13 infiltration. 

 



52 
 

 
Figure 12: Pep13 infiltration induces expression of genes related to suberin. RNA was extracted from 

infiltrated leaves of 3-week-old wild-type S. tuberosum plants grown in a phytochamber, reverse 
transcribed and subjected to RT-qPCR. Gene expression of StABCG1 (A), StFHT (B), StKCS6 (C), 

StCYP86A33 (D), StFAR1 (E), StFAR3 (F), StLAC14 (G) and StPPO (H)  was determined up to 7 days 
after Pep13 or the nearly inactive analog W2A infiltration (dai). Expression of StEF1α was used as a 
reference. Data are derived from two independent experiments (n = 6). Error bars represent SEM. 

Asterisks indicate statistically different values in comparison to the 0.5 dai value (t-test - Mann-Whitney -  
*, 0.01<p<0.05; **, 0.001<p<0.1). 
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3.4. Suberin-related genes are differentially expressed after wounding 

 

The transcript levels of the genes identified in the RNAseq experiment from  

Pep13-treated leaves were also analyzed by RT-qPCR in wounded S. tuberosum leaves. 

The expression of StABCG1, StFHT, StCYP86A33, StKCS6, StFAR1, StFAR3, StKCS11, 

StGPAT4, StLAC14 and StPPO was determined daily for up to 7 days and compared with 

the 12 hours after wounding time point, unless stated otherwise. 

Transcript levels of StABCG1 and StFHT increased in response to wounding  

12 hours after the treatment, those of StCYP86A33 2 days after wounding (Fig. 13A, B 

and C). These genes maintained a statistically significant higher level of transcripts up to  

7 days after wounding. On the other hand, StKCS6 showed a reduction in the transcript 

levels after treatment, returning to normal levels 1 days after wounding  

(Fig. 13D). StFAR1 and StFAR3 had an accumulation of transcript levels 12 hours after 

treatment, maintaining high levels until the 7th day, while StKCS11 showed a slight 

accumulation 3 to 5 days after wounding (Fig. 13E, F and G), and StGPAT4 did not show 

any statistically significant difference in expression (Fig. 13H). For that reason, StKCS11 

and StGPAT4 were not included in further analyses. For both phenol oxidases (StLAC14 

and StPPO) 0 days after wounding (no treatment) was used as control. Both showed an 

accumulation of transcript levels 12 hours after treatment, staying high until the 6th and  

7th day, respectively for StLAC14 and StPPO (Fig. 13I and J). Variation in transcript levels 

of the genes analyzed, except for StKCS11 and StGPAT4, occurs very early after leaves 

are wounded. 
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Figure 13: Wounding leaves induces genes related to suberin. RNA was extracted from wounded  

leaves of 3-week-old wild-type S. tuberosum plants grown in a phytochamber, reverse transcribed and 
subjected to RT-qPCR. Gene expression of StABCG1 (A), StFHT (B), StKCS6 (C), StCYP86A33 (D), 
StFAR1 (E), StFAR3 (F), StKCS11 (G), StGPAT4 (H), StLAC14 (I) and StPPO (J) was analyzed up to  

7 days after wounding (d). Expression of StEF1α was used as a reference. Data are derived from at least 
two independent experiments (n = 11), the figures are representative for a third experiment. Error bars 

represent SEM. Asterisks indicate statistically different values in comparison to the 12 hours after 
wounding (h) values for StABCG1, StFHT, StKCS6, StCYP86A33, StFAR1, StFAR3, StKCS11 and 

StGPAT4 and 0 d (no treatment) values for StLAC14 and StPPO (t-test - Mann-Whitney - *, 0.01<p<0.05; 
**, 0.001<p<0.1; ***, p<0.001). 
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3.5. Suberin-related genes are differentially expressed after  

Phytophthora infestans inoculation 

 

The expression of the genes related to suberin formation was also evaluated after 

P. infestans infection. Transcript levels were measured for the targets StKCS6, 

StCYP86A33, StFHT, StABCG1, StFAR1, StFAR3, StLAC14 and StPPO daily for up to  

7 days after inoculation. The expression levels of these genes were compared to a mock 

inoculation at 0 h (no treatment). 

P. infestans infection induced a statistically significant accumulation of transcripts  

6 days after inoculation for StABCG1, after 5 days for StFHT and 7 days for StCYP86A33 

(Fig. 14A, B and C). StFHT maintained a higher level of transcripts up to 7 days after the 

treatment. On the other hand, StKCS6 showed a significantly reduced level of transcripts 

at the 1st day (Fig. 14D). Similar to the suberin-related genes, StFAR1 and StFAR3 had a 

statistically significant accumulation of transcripts after 6 days, decreasing thereafter  

(Fig. 14E and F). Both phenol oxidases showed an accumulation of transcripts at the 6th 

and 5th day, respectively for StLAC14 and StPPO, declining subsequently (Fig. 14G and 

H). In response to P. infestans, all genes studied showed a high expression between  

5 and 7 days after inoculation, except StKCS6. 
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Figure 14: P. infestans infection induces genes related to suberin. RNA was extracted from inoculated 
leaves (1x105 zoospores/mL) of 3-week-old wild-type S. tuberosum plants grown in a phytochamber, 

reverse transcribed and subjected to RT-qPCR. Gene expression of StABCG1 (A), StFHT (B), StKCS6 
(C), StCYP86A33 (D), StFAR1 (E), StFAR3 (F), StLAC14 (G) and StPPO (H) was determined up to 7 

days after P. infestans inoculation (dai). Expression of StEF1α was used as a reference. Data are derived 
from three independent experiments (n = 6). Error bars represent SEM. Asterisks indicate statistically 

different values in comparison to the 0 h (no treatment) value (ANOVA – Dunnett test - *, 0.01<p<0.05;  
**, 0.001<p<0.1; ***, p<0.001). 
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3.6. The suberin transporter StABCG1 was edited with CRISPR/Cas9 

 

 To generate loss of function in potato plants, transgenic plants expressing the Cas9 

and one sgRNA targeted at AtABCG1 were generated. In an effort to select the  

StABCG1-CrisprCas plants with edited alleles, a PCR product from the region around the 

selected gRNA (see section 2.8.4) was submitted to an in vitro cleavage with Cas9 and 

the specific gRNA was performed. The target sequence is located asymmetrically within 

the amplicon, leading to different sized fragments when cut. Wild-type alleles are 

recognized by the gRNA/Cas9 complex and cleaved, whereas, if indels are present in the 

allele at the target site, the complex is unable to cleave the site and the PCR product stays 

intact. 

This approach demonstrated that plants #132, #143 and #149 are chimeric for the 

StABCG1 alleles since different tissues of the same plant showed different results  

(Fig.15). The plant #142 is fully edited for all performed analyses and the plant #155 has 

at least one WT allele, but also at least one edited allele (Fig.15). As expected, WT and 

EV have all StABCG1 alleles as WT. All transformed plants showed leaves, roots and 

tubers similar to the WT when they were not treated. 
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Figure 15: StABCG1-CrisprCas plants have chimeric tissue for StABCG1. Screening of transformants by 

CRISPR/Cas9 system with analysis of the target site. The target region was amplified by PCR from 
genomic DNA extracted from leaves from wild-type (WT), empty vector (EV) and StABCG1-CrisprCas 

plants (#132, #142, #143, #149, #155). The PCR product was purified and cut in vitro with the Guide-it™ 
Genotype Confirmation Kit. (A) Expected fragment sizes after the in vitro CRISPR/Cas9 cut. (B) PCR 
products used for digestion were derived from different tubers of wild-type and StABCG1-CrisprCas 

plants. (C) and (D) PCR products used for digestion were derived from different leaves of wild-type, EV 
and StABCG1-CrisprCas plants. Digestion products were visualized on 1 % agarose gel electrophoresis 
with Midori Green under UV-light. Names in red denote fully edited samples. B denotes blank (no DNA 

used in the reaction), C denotes control (DNA and gRNA from the TAKARA Bio kit). 
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3.6.1. StABCG1 knockout mutants were identified by Illumina sequencing 

 

Given that the StABCG1-CrisprCas plants might have chimeric tissues, PCR 

products from the region around the gRNA of the plants #132, #142, #143, #149, #155 

and WT were sent for Illumina sequencing so that the alleles could be determined. A total 

of 1,004,589 reliable reads were obtained by Illumina sequencing of the StABCG1-

CrisprCas and WT plants. Considering possible mutations, errors of extraction, PCRs or 

readings, the sequence of 92.53 % of the reads from the WT plant was identical to the  

20 bp gRNA. On the other hand, the 5 transformed plants showed between 92.69 % and 

99.49 % reads with indels mutations. All the transformed plants can be considered fully 

edited, for the reason that all of them contain less than 1 % of WT alleles, with the 

exception of plant #155 (7.31 %). However, plants #142 and #149 showed a high number 

of reads from alleles containing an in-frame deletion, which leads to a missing valine and 

leucine, respectively, in the protein (Table 2 and Fig.16). 

 

Table 2: StABCG1-CrisprCas allele analysis. Total number of reads, wild-type alleles and percentage of 
alleles containing indels (insertion and deletion), which are in frame found in the five different StABCG1-
CrisprCas (#132, #142, #143, #149 and #155) and WT plants. The sequences were obtained by Next-

generation Illumina sequencing. 

 Total reads WT alleles in frame indels 

WT 72,674 92.53 % 0.44 % 

#132 94,126 0.51 % 2.40 % 

#142 757,373 0.77 % 30.40 % 

#143 22,687 0.36 % 0.23 % 

#149 32,556 0.59 % 10.38 % 

#155 25,173 7.31 % 0.23 % 
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Figure 16: StABCG1-CrisprCas alleles. Main alleles found in the five different StABCG1-CrisprCas (#132, 
#142, #143, #149 and #155) and WT plants. Hyphen denotes deletions; Bold letters denotes insertions; 

The 20 bp gRNA is underlined in red; and the PAM sequence is underlined in blue. 

 

 

By Illumina sequencing, the plants #132 and #143 were identified as fully edited 

plants, since they have the lowest number of reads from WT alleles, and also a low 

number of in-frame indels. Nevertheless, each transformed plant revealed to have more 

than 92 % of the StABCG1 alleles edited and they might contain chimeric tissue. 

 

3.6.2. Pep13-infiltrated StABCG1-CrisprCas plants have defective suberin 

formation 

 

To understand whether the edited StABCG1-CrisprCas plants have affected 

suberin formation, the PAMP Pep13 was infiltrated in 3-week-old wild-type S. tuberosum 

plants. First, the expression of the StABCG1 was measured by RT-qPCR and showed a 
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significantly reduced expression of the StABCG1 gene 1 day after Pep13 infiltration in all 

transformed lines (Fig.17). 

 

 
Figure 17: Reduced expression of StABCG1 in StABCG1-CrisprCas plants after Pep13 infiltration. RNA 

was extracted from infiltrated leaves of 3-week-old wild-type S. tuberosum plants grown in a 
phytochamber, reverse transcribed and subjected to RT-qPCR. StABCG1 expression was analyzed for 

controls (C - WT and EV) and five different StABCG1-CrisprCas (#132, #142, #143, #149 and #155) 
plants 24 hours after infiltration of 100 µM Pep13 (red bars) and 100 µM of the nearly inactive analog W2A 

(white bars). StABCG1 expression was normalized to that of StEF1α. Data are derived from two 
independent experiments (n = 8). Error bars represent SEM. Statistical differences between the controls 

were calculated using Mann Whitney U test (***0.0001<p<0.001; ****p<0.0001). 

 

 

The formation of suberin in the same StABCG1-CrisprCas plants was then 

evaluated. The necrotic lesions induced by Pep13 were analyzed daily up to 10 days. 

SudanIII-stained lesions were visualized and it was possible to observe a red layer in  

100 % of the controls (WT and EV) 7 days after wounding, but none of the lesions from 

the transformed plants indicated suberin formation (Fig.18). 
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Figure 18: Loss of suberin in StABCG1-CrisprCas plants in response to Pep13 infiltration. Microscopy of 
suberin staining of lesions after Pep13 infiltration of wild-type (WT – top) and StABCG1-CrisprCas #142 

(bottom) plants. The phenotype is representative to the other StABCG1-CrisprCas lines. Leaves of  
3-week-old plants grown in a phytochamber from wild-type, empty vector and StABCG1-CrisprCas plants 

were infiltrated with 100 µM Pep13. Seven days later, the infiltrated area was isolated, stained with 
SudanIII and subjected to bright light microscopy. Bars = 1 mm. 

 

 

In addition to the lack of suberin, tissue browning around the lesions was observed 

in all 5 transformed plants at 6 days after infiltration, but not in the controls (WT and EV) 

(Fig.19). 

 

 
Figure 19: StABCG1-CrisprCas leaves develop tissue browning after Pep13-induced lesions. Phenotype 
of wild-type (WT), empty vector (EV) and five different StABCG1-CrisprCas (#132, #142, #143, #149 and 

#155) plants 10 days after Pep13 infiltration. Leaves of wild-type (WT), empty vector and StABCG1-
CrisprCas plants were infiltrated with 100 µM Pep13. Ten days later, the lesions were photographed. 
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The low level of StABCG1 transcripts on StABCG1-CrisprCas plants affects the 

suberin formation and the lesion formed after Pep13 infiltration, leading to a browning of 

the tissue around the lesion. 

 

3.6.3. Wounded leaves of StABCG1-CrisprCas plants have defective suberin 

formation 

 

Following the reduced levels of StABCG1 transcripts in response to Pep13 

infiltration on the StABCG1-CrisprCas plants, the expression of this gene in response to 

wounding was also investigated by RT-qPCR in wounded leaves from 3-week-old  

wild-type S. tuberosum plants. Figure 20 shows the comparison between expression 

levels of StABCG1 at 0 and 3 days after wounding (daw) and highlights that even plants 

not fully edited have reduced levels of these transcripts 3 days after wounding. 

 

 
Figure 20: Reduced expression of StABCG1 in StABCG1-CrisprCas plants after wounding. RNA was 

extracted from wounded leaves of 3-week-old wild-type S. tuberosum plants grown in a phytochamber, 
reverse transcribed and subjected to RT-qPCR. StABCG1 expression of controls (C - WT and EV) and 

five different StABCG1-CrisprCas (#132, #142, #143, #149 and #155) plants 0 and 3 days after wounding 
(daw). StABCG1 expression was normalized to StEF1α. Data are derived from two independent 
experiments (n = 8). Error bars represent SEM. Statistical differences between the controls were 

calculated using Mann Whitney U test (**, 0.001<p<0.1; ***0.0001<p<0.001; ****p<0.0001). 

 

 

To check whether the reduced levels of StABCG1 transcripts correlate with 

reduced suberin formation, wounded leaves were analyzed daily for up to 10 days. 

SudanIII-stained lesions showed a red layer in 100 % of the controls (WT and EV) at 5 
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days after wounding, indicating suberin formation. On the other hand, the majority of 

lesions from the transformed plants did not show the typical red layer, indicating a defect 

in suberin formation (Fig. 21). To quantify suberin formation, the wounded sites were 

divided into 4 fragments and assessed for the presence or absence of suberin with 

SudanIII. The quantification of suberin formation was performed 3, 4, 5, 6 and 7 days after 

wounding, from at least 46 wounding sites. Suberin started to form on the 4th day in about 

65 % of the WT samples, and less than 20 % of the EV and #149 samples. No suberin 

was observed in the samples of #132, #142, #143 and #155 plants. On the 5th day up to 

the 7th day, all samples from WT and EV showed suberin formation, while the transformed 

plants never showed more than 40 % of the samples with suberin (Fig. 22). Although these 

results were previously observed in all other wounding/staining experiments, the 

quantitative data presented here derived from one experiment, and should be 

substantiated with more repetitions. 

 

 
Figure 21: StABCG1-CrisprCas wounded leaves showed defective suberin formation. Leaves of wild-type 
(WT - upper panel) and StABCG1-CrisprCas #142 (bottom panel) plants were wounded with a 6 mm (Ø) 
cork borer. The wounded area was isolated using a 1 cm (Ø) cork borer, stained for suberin with SudanIII 

and subjected to bright light microscopy 3, 5 and 7 days after wounding. Pictures of plant #142 are 
representative for all five StABCG1-CrisprCas lines. Bar = 1 mm. 
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Figure 22: StABCG1-CrisprCas leaves showed defective suberin formation. Leaves of wild-type (WT), 
empty vector and five different StABCG1-CrisprCas plants (#132, #142, #143, #149 and #155) were 

wounded with a 6 mm (Ø) cork borer. The wounded area was isolated using a 1 cm (Ø) cork borer and 
samples were taken up to 7 days after wounding. Samples were stained with SudanIII and subjected to 

bright light microscopy. Staining was quantified in at least 46 wounded sites. Red bars denote the number 
of samples with suberin formation, and grey bars, number of samples with no suberin formation. Data are 

derived from 1 experiment. 

 

 

After Pep13 infiltration, in addition to the lack of suberin, tissue browning around 

the lesions was observed in all 5 transformed plants 6 days after wounding, but not in the 

controls (WT and EV). Photos were taken after 10 days (Fig. 23). 

Editing of StABCG1 leads to at least partial loss of gene function. The  

StABCG1-CrisprCas plants had reduced StABCG1 transcript levels, which correlates with 

reduced suberin formation and tissue browning around the lesions. 
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Figure 23: StABCG1-CrisprCas leaves tissue browning after wounding. Phenotype of wild-type (WT), 
empty vector (EV) and five different StABCG1-CrisprCas (#132, #142, #143, #149 and #155) plants  

10 days after wounding. Leaves of wild-type (WT), empty vector and StABCG1-CrisprCas plants were 
wounded with a 6 mm (Ø) cork borer. Ten days later, the wounded area was photographed. 

 

 

3.6.4. Wounded StABCG1-CrisprCas leaves show dramatic changes in 

metabolites profile 

 

To identify compounds differentially occurring in the wounded leaves from WT and 

StABCG1-CrisprCas, untargeted metabolite profiling was performed via ultra-high 

performance liquid chromatography coupled with electrospray ionization quadrupole time-

of-flight mass spectrometry by Dr. Karin Gorzolka. The untargeted metabolite profiling 

revealed a total of 220 features, which showed at least 20-fold higher abundance and  

289 features, which showed at least 20-fold lower abundance in comparison to the 

wounded WT leaves (total of 1150 analyzed features). Among these features, some 

hydroxycinnamic acid amides (HCAAs), which are described to have antimicrobial activity 

and serve as cell wall reinforcement compounds (Dobritzsch et al., 2016), were identified 

to have an enhanced abundance in the StABCG1-CrisprCas wounded leaves, like 

caffeoyl noradrenaline (CafNor), caffeoyl putrescine (CafPut), coumaroyl agmatine (CA), 

coumaroyl noradrenaline (CouNor), coumaroyl octopamine (CO), feruloyl agmatine (FA), 

feruloyl noradrenaline (FNor), feruloyl octopamine (FO) and feruloyl tyramine (Fig. 24). 

Although, coumaroyl tyramine (CT) did not show significant differences in peak area from 
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the wounded WT leaves in ANOVA (Fig. 24), Mann Whitney U test (t-test) with both 

samples showed statistical differences of **** (p<0.0001). 

In addition to the lack of suberin observed in the StABCG1-CrisprCas plants, a 

dramatic change of metabolites of the wounded tissue was found.  
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Figure 24: HCAAs accumulate preferentially in wounded StABCG1-CrisprCas. Leaves of wild-type and 

five different StABCG1-CrisprCas plants (#132, #142, #143, #149 and #155) were wounded with a 6 mm 
(Ø) cork borer. Ten days later, the wounded area was isolated using a 1 cm (Ø) cork borer. A methanol 

extraction from the samples was performed and subjected to UPLC-MS analysis. Caffeoyl noradrenaline 
(CafNor), caffeoyl putrescine (CafPut), coumaroyl agmatine (CA), coumaroyl octopamine (CO), coumaroyl 

noradrenalin (CouNor), coumaroyl tyramine (CT), feruloyl agmatine (FA), feruloyl noradrenaline (FNor), 
feruloyl octopamine (FO), and feruloyl tyramine (FT). Data from three independent experiments are shown 
from non-wounded (white/grey, -) and 10 days wounded tissue (blue/red, +). Statistical differences were 

calculated using one-way ANOVA. Different letters indicate significant differences (n = 9). 
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3.6.5. StABCG1-CrisprCas plants have defective suberin formation after 

Phytophthora infestans infection 

 

To analyze whether StABCG1 expression is also reduced after P. infestans 

infection, RT-qPCR was employed to measure the transcript levels of StABCG1 in infected 

wild-type S. tuberosum plants. A preliminary experiment suggested that the transformed 

plants had a reduced expression of the StABCG1 gene 3 days after P. infestans 

inoculation (Fig. 25) and reduced suberin formation 7 days after inoculation (Fig. 26). 

 

 
Figure 25: Reduced expression of StABCG1 in StABCG1-CrisprCas plants after P. infestans inoculation. 
RNA was extracted from inoculated leaves (1x105 zoospores/mL) of 3-week-old wild-type S. tuberosum 
plants grown in a phytochamber, reverse transcribed and subjected to RT-qPCR. StABCG1 expression 
was analyzed for wild-type (WT) and five different StABCG1-CrisprCas (#132, #142, #143, #149 and 

#155) plants 3 days after P. infestans (blue bars) and water (grey bars) inoculation. StABCG1 expression 
was normalized to that of StEF1α. Data are derived from one experiment (n = 6). Error bars represent 

SEM. Statistical differences between the WT were calculated using t-test – Mann-Whitney  
(*, 0.01<p<0.05; **, 0.001<p<0.1). 
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Figure 26: Defective suberin formation in StABCG1-CrisprCas plants in response to P. infestans. 

Microscopy of suberin staining with SudanIII of lesions 7 days after P. infestans inoculation of wild-type 
(WT – left panel) and StABCG1-CrisprCas #142 (right panel) plants. Phenotype is representative for the 
other StABCG1-CrisprCas lines. Leaves of WT, empty vector and StABCG1-CrisprCas were inoculated 

with a 1x105 zoospores/mL suspension. Seven days later, the infection area was isolated. Samples were 
stained with SudanIII and subjected to bright light microscopy. Bar = 1 cm. 

 

 

With the purpose of investigating the resistance or susceptibility of the  

StABCG1-CrisprCas plants against P. infestans, inoculations were performed in the 

abaxial side of leaves from wild-type and transformed S. tuberosum plants. Biomass of 

the oomycete was evaluated 2 days after inoculation by qPCR (Fig. 27) and 3 days after 

inoculation by qPCR (Fig. 28) and by fluorescence (Fig. 29). Due to the high variability, 

these analyses were repeated several times and using different methods (qPCR and 

fluorescence) and all experiments that were performed are shown. In addition, Ulrike 

Smolka (IPB/Halle, Germany) performed four more repetitions including two StABCG1-

CrisprCas lines (#132 and #143; Supplementary figure 1). It is possible to observe that 

the infection 2 days after inoculation (Fig. 27) and once at 3 days after inoculation (Fig. 

28D) was very weak since the inoculum showed a significantly higher amount of  

P. infestans DNA in comparison to the WT. Similarly, no infection was found once in the 

analysis performed by Ulrike Smolka, since no significant difference was found between 

the WT and the inoculum (Supplementary figure 1A). The plant #142 was the only one to 

show a significantly higher amount of P. infestans DNA 2 days after inoculation in 

comparison to the WT. For figures 28D and 29, most of the StABCG1-CrisprCas showed 

a higher amount of P. infestans DNA in comparison to the controls. In the repetitions 
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performed by Ulrike Smolka, a significantly higher amounts of P. infestans biomass was 

found in the plant #143 once (Supplementary figure 1B) and a significantly lower  

P. infestans biomass was found in the plant #132 (Supplementary figure 1D). In all other 

repetitions there was no significant difference between the StABCG1-CrisprCas plants 

and the WT (Supplementary figure 1). 

 

 
Figure 27: P. infestans biomass 2 days after inoculation (dai). P. infestans DNA was determined by qPCR 

in leaf disks 2 days after inoculation of wild-type (WT), empty vector (EV) and five different StABCG1-
CrisprCas (#132, #142, #143, #149 and #155) plants. DNA was isolated from inoculated leaves  

(1x105 zoospores/mL) of 3-week-old plants grown in a phytochamber. Error bars represent SEM. Data are 
derived from one experiment (n = 2). Statistical differences between growth on WT and other plants were 

determined by t-test – Mann-Whitney (*, 0.01<p<0.05; **, 0.001<p<0.1; n.s., not significant). 
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Figure 28: P. infestans biomass 3 days after inoculation (dai). P. infestans DNA was determined by qPCR 

in leaf disks 3 days after inoculation of wild-type (WT), empty vector (EV) and five different StABCG1-
CrisprCas (#132, #142, #143, #149 and #155) plants. A, B, C and D represent independent experiments. 

DNA was isolated from inoculated leaves (1x105 zoospores/mL) of 3-week-old plants grown in a 
phytochamber. Error bars represent SEM. For each graph, data are derived from one independent 

experiment (n is described for each graph in the figure). Statistical differences between growth on WT and 
other plants were determined by t-test – Mann-Whitney (*, 0.01<p<0.05; **, 0.001<p<0.1; ***, p<0.001; 

n.s., not significant). 

 

 

 
Figure 29: P. infestans growth 3 days after inoculation (dai). P. infestans fluorescence was determined 
GFP expression on NightShade in leaves 3 days after inoculation of wild-type (WT), empty vector (EV) 
and five different StABCG1-CrisprCas (#132, #142, #143, #149 and #155) plants. Error bars represent 

SEM. Data are derived from two independent experiments (n = 12). Statistical differences between growth 
on WT and other plants were determined by t-test – Mann-Whitney (*, 0.01<p<0.05; n.s., not significant). 
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The reduction of StABCG1 transcription levels is very minor, maybe due to the fact 

that the highest expression of StABCG1 happened 6 days after P. infestans inoculation 

(Fig. 14), but it still correlates with the suberin formation after P. infestans infection. 

However, due to the inconsistency of the results and because the gene expression was 

verified just once, it is not possible to conclude if the StABCG1-CrisprCas plants are 

resistant or susceptible to P. infestans. 

 

3.6.6. Tubers from StABCG1-CrisprCas plants have defective suberin formation 

 

In an attempt to verify that editing of the StABCG1 gene affects not just leaves but 

also other tissues from the transformed plants, tubers of StABCG1-CrisprCas plants were 

harvested and analyzed. To check if suberin is formed in the StABCG1-CrisprCas plants, 

tubers of StABCG1-CrisprCas and controls (WT and EV) plants were harvested from the 

greenhouse. Tuber disks were stored at room temperature, and stained for suberin with 

SudanIII 7 days after wounding. All controls showed a red layer around the wounding site, 

while the transformed tubers had a defect in the suberin formation, since the red layer 

was not present in all samples (Fig. 30). 

 

 
Figure 30: Defective suberin in StABCG1-CrisprCas tubers. Tubers of Wild-type (WT – left panel) and 

StABCG1-CrisprCas #142 (right panel) plants were harvested from greenhouse-grown, stored at room 
temperature, wounded with a sterile scalpel, stained for suberin with SudanIII 7 days after wounding and 
submitted to microscopy. Picture of plant #142 is representative for the other StABCG1-CrisprCas lines. 

Bar = 0.5 mm. 
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To analyze if the defective suberin formation in StABCG1-CrisprCas tubers 

correlates to weight loss, tubers were harvested and analyzed. The StABCG1-CrisprCas 

tubers had a 3.6 % higher weight loss in comparison to the tubers used as controls (WT 

and EV) 7 days after harvesting. This difference reached 7.9 % at 35 days after harvesting 

(Fig. 31). 

 

 
Figure 31: Weight loss from StABCG1-CrisprCas tubers. Tubers of StABCG1-CrisprCas (blue bar) and 

controls (WT and EV - black bar) plants were harvested from greenhouse, stored at room temperature and 
weighed at the indicated time points (Controls, n = 216, StABCG1-CrisprCas, n = 462). Three 

independent experiments were performed with at least four independent plants for each line (WT, EV, 
StABCG1-CrisprCas: #132, #142, #143, #149 and #155). Error bars represent SEM. Statistical differences 

between the controls were calculated using t-test Mann-Whitney (***, p<0.001). 

 

 

 With the purpose of determining loss of water through wounded lesions, 

greenhouse-grown tubers of StABCG1-CrisprCas and controls (WT and EV) plants were 

harvested, cut into two different-sized fractions with a sterile scalpel and stored at room 

temperature. The bigger and smaller fractions were weighed up to 10 days after wounding. 

Both fractions of the transformed tubers together showed a significant difference in weight 

loss from the 1st day onwards after wounding in comparison to the controls (Fig. 32). The 

fractions together of the transformed tubers lost 2.14 % more weight over the controls  

1 day after wounding, reaching a difference of 7.37 % on the 10th day after wounding. 
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Figure 32: Weight loss of wounded tubers of StABCG1-CrisprCas. Tubers of StABCG1-CrisprCas (blue 

bar) and controls (WT and EV - black bar) plants were harvested from greenhouse, stored at room 
temperature, divided into two different-sized fractions with a sterile scalpel and weighed at the indicated 

time points (Controls, n = 18, StABCG1-CrisprCas, n = 47), two independent experiments were performed 
with at least six independent plants for each line (WT, EV, StABCG1-CrisprCas: #132, #142, #143, #149 

and #155). Error bars represent SEM. Statistical differences between the controls were calculated using t-
test Mann-Whitney (*, 0.01<p<0.05; **, 0.001<p<0.1; ***, p<0.001). 

 

 

 In order to understand how suberin is involved in water loss and plant defense, 

tubers from WT and StABCG1-CrisprCas plants were wounded with a peeler and 

analyzed up to 14 days. In contrast to the controls, the transformed tubers produced a 

darker tissue 2 days after wounding. They also dried and shriveled 14 days after 

wounding, while the WT tubers were still intact, apart from the wounding (Fig. 33A). 

Transformed peeled tubers stored in a non-sterile box started rotting and molding 3 days 

after peeling, and after 7 days, they were completely covered by mycelium of undefined 

fungi, while the wild-type peeled tubers were still dry and did not show and macroscopic 

contamination (Fig. 33B). The white formation around the WT tubers shown in Fig. 33B is 

dried starch. 
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Figure 33: StABCG1-CrisprCas tubers dried and shriveled after wounding. Tubers of StABCG1-CrisprCas 

#142 and Wild-type (WT) plants were harvested from greenhouse-grown plants and stored at room 
temperature for further analysis. Picture shown are representative for the other StABCG1-CrisprCas lines. 
(A) Tubers were wounded with a sterile potato peeler, stored at a non-sterile paper bag and analyzed for 
up to 14 days after wounding; (B) Tubers were totally peeled with a sterile potato peeler, stored in a non-

sterile paper box at room temperature and analyzed up to 7 days. 

 

 

The significant difference in water loss and the change of color of the wounded 

tissue on the transformed tubers suggests that the suberin barrier acts as a water barrier. 

Due to water loss, the transformed tubers formed a microenvironment, which has high 

humidity and is appropriate for undefined growth of microorganisms. 

 

3.6.7. Tubers of StABCG1-CrisprCas plants showed acquired resistance after 

Phytophthora infestans inoculation 

 

Given that unidentified fungi were able to grow in wounded tubers, due to the water 

loss, P. infestans was used to determine resistance or susceptibility in tubers. P. infestans 

constitutively expressing GFP was inoculated onto wounded tubers at 0, 3, 7 and 14 days 
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after wounding. The fluorescence was determined 4 and 7 days after inoculation for each 

treatment. The quantification of P. infestans growth by fluorescence indicates a reduced 

growth of the oomycete on the ABCG1-CrisprCas #142 tubers 0 days after  

wounding/7 days after inoculation in comparison to the WT tuber at the same conditions 

and time point (Fig. 34). It is also possible to observe a wound-induced resistance in both 

lines on the 3rd day after wounding. 

 

 
Figure 34: StABCG1-CrisprCas tuber are resistant against P. infestans 7 days after inoculation after 

wounding. Tubers of StABCG1-CrisprCas #142 and Wild-type (WT) plants were harvested from 
greenhouse-grown and stored at room temperature cut in cylinders with a sterile cork borer and a scalpel, 
let in a 12-wells petri dish with wet paper-filter. P. infestans constitutively expressing GFP was inoculated 

(1x105 zoospores/mL) and fluorescence was determined on NightShade in tubers 0, 3, 7 and 14 days 
after wounding (daw), 4 and 7 days after inoculation (dai). Error bars represent SEM. Data are derived 

from two independent experiments (WT, n = 7; StABCG1-CrisprCas, n = 11). Statistical differences were 
calculated using one-way ANOVA. Different letters indicate significant differences. 

 

 

Wild-type and transformed tubers had an acquired resistance after wounding from 

0 days after wounding/7 days after inoculation onwards, but StABCG1-CrisprCas tubers 

did not allow growth (Fig. 24). 

 

3.7. Activation of suberin biosynthetic genes 

 

In a second part of this work, different approaches were used to obtain plants with 

enhanced suberin formation. First, we targeted the activation of the suberin biosynthetic 
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genes described by Serra et al. (2010; 2009a; 2009b) and Landgraf et al. (2014). And 

later, the transcription factor AtMYB39 was transferred to potato plants. 

 

3.7.1. Expression of the betalain pathway via TALE triggers necrosis in  

Solanum tuberosum 

 

To see if the TAL-effector can be expressed in potato the system of Grützner et al. 

(2021) was chosen. They described that betalain can generate red spots when its 

biosynthetic genes are expressed in N. benthamiana (Fig. 35), therefore it can be used 

as reporter genes to check the effect of TALE in different plants. The constructs containing 

the betalain biosynthesis genes under control of TALE and three different promoters were 

kindly provided by Dr. Marillonnet (IPB/Halle, Germany), pAGM50344, pAGM26035, 

pAGM24071 (Fig. 36). 

 

 
Figure 35: Transient expression of betalain under control of TALE constructs. Betalain biosynthesis genes 

under control of Act2 promoter (pAGM50344), min promoter (pAGM26035) and 35S promoter 
(pAGM24071) were infiltrated in N. benthamiana leaves. The pictures were taken 5 days after infiltration. 

Figure provided by Dr. Marillonnet. 
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Figure 36: Recombinant plasmids carrying betalain biosynthesis genes under control of TALE provided by 

Dr. Marillonnet. Nos, nopaline synthase promoter/terminator; Kan, kanamycin resistance gene; dum, 
dummy position (empty); Blue circles, TAL effector binding site; BvDODA1, 3,4-dihydroxyphenylalanine 

4,5-dioxygenase 1 from Beta vulgaris; U1 3’NTR, 3’ untranslated sequences from TMV U1 viral genome; 
Ocs, octopine synthase terminator; CYP76AD1, cytochrome P450 76AD1 from B. vulgaris; mas, 

mannopine synthase terminator; 5GT, glucosyltransferase from Dorotheanthus bellidiformis; 35S, CaMV 
35S promoter (green) and terminator (white); Act2, actin 2 promoter from Arabidopsis thaliana; TALE, 

Transcription activator-like effector; G7, Agrobacterium tumefaciens g7 terminator; EL6, linkers; LB and 
RB, left and right T-DNA borders; GFP, green fluorescent protein reporter gene; min pro, minimal 

promoter; BAR opt, BASTA resistance gene. Golden Gate assembled for the constructs pAGM50344, 
pAGM26035 and pAGM24071. 

 

 

In order to check if TALE can be used as an overexpression regulator for the 

suberin pathway genes, pAGM50344, pAGM26035 and pAGM24071 constructs were 

used for transient expression in S. tuberosum. 

After infiltration of A. tumefaciens containing the constructs separately, a red 

coloration formed on the leaves infiltrated containing pAGM50344 and pAGM24071. In 

addition, cell death occurred in all infiltrated leaves (Fig. 37). Infiltrated leaves showed a 

red coloration, suggesting that the TALE could be used as a regulator for the suberin 

pathway, but also can trigger cell death.  
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Figure 37: TALE triggers cell death in S. tuberosum cv. Desirée. Agrobacterium containing the constructs 
pAGM50344, pAGM26035 and pAGM24071, containing the betalain synthesis genes under control TALE 
on three different promoters, were infiltrated in leaves of 3-week-old wild-type S. tuberosum plants grown 

in a phytochamber. Two days later infiltrated leaves showed cell death and red coloration. 

 

 

3.7.2. TAL-effector hinders stable transformation in Solanum tuberosum 

 

To avoid cell death, an inducible promoter was used to limit the expression of the 

TALE. Yamamizo et al. (2016) showed that the expression of the PVS3 promoter occurs 

after pathogen infection and not under other conditions, like wounding. Unfortunately, 

Yamamizo et al. (2016) did not describe the variety of S. tuberosum used in their work. 

Two different constructs based on Yamamizo et al. (2016) were designed to verify if the 

promoter is active in S. tuberosum cv. Desirée. Potato plants were transformed with GFP 

or GUS genes under control of the PVS3 promoter. Pep13/W2A and P. infestans 

treatments were used in leaves of the transformed plants containing GFP or GUS under 

control of PVS3 promoter. GFP-fluorescence or GUS staining was performed 24 hours 

after the treatment. The promoter PVS3 was activated by both constructs EP33 

(pPVS3:GFP) and EP34 (pPVS3:GUS) 24 hours after P. infestans inoculation (Fig.  38A) 
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as well as 24 hours after Pep13 infiltration (Fig.  38B). In contrast, the control W2A 

infiltration did not activate the PVS3 promoter in any of the transformants (Fig. 38).  

 

 
Figure 38: PVS3 promoter is activated after P. infestans and Pep13 treatments. Leaves of 3-week-old 

EP33 (pPVS3:GFP - A and B, left panels) and EP34 (pPVS3:GUS - A and B, right panels) plants grown in 
a phytochamber were inoculated with P. infestans (1x105 zoospores/mL) (A) and infiltrated with Pep13  

(1 µM and 100 µM) and the nearly inactive analog W2A (10 µM and 100 µM) infiltration (B). GFP 
expression was determined on NightShade in leaves of EP33 plants 24 hours after treatment. EP34 
leaves were destained with ethanol and stained for GUS with X-Gluc and analyzed 24 hours after 

treatment. Pictures are representative for the other lines. 
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The construct pAGR45 – containing StABCG1, StFHT, StCYP86A33 and StKCS6 

under the control of TALE, which in turn is driven by the PVS3 promoter – and two empty 

vectors (controls pAGR44 – containing all genes, except of TALE and PVS3 promoter – 

and pAGR46 – containing just the TALE and PVS3 promoter) were used for stable 

transformation in S. tuberosum, generating the plants EP45, EP44 and EP46, 

respectively. The constructs used for the plants EP44 and EP45 were designed separately 

with two different StFHT alleles (A2 and A3). 

Eight lines of EP44A2 and 4 EP44A3 were obtained. After three approaches to 

transform with pAGR45 and pAGR46 constructs, just 1 line of EP45A2 was obtained. The 

low rate of transformation with the EP45 construct and no lines obtained with the EP46 

construct put forward the hypothesis that the PVS3 promoter has a residual activity, which 

is enough to trigger the TALE, which leads to cell death on S. tuberosum cv. Desirée and 

cannot be used as a regulator for the suberin biosynthesis genes in potato plants. 

To solve this problem, a construct containing StABCG1, StFHT, StCYP86A33 and 

StKCS6 under control of PVS3 promoter was designed (pAGR51). Two different alleles 

of StFHT were used to design the construct, A2 and A3. Plants were generated by  

A. tumefaciens mediated transformation. 

Conversely, the EP51A2 and EP51A3 plants did not show any overexpression of 

the analyzed genes 24 hours after Pep13 infiltration (Fig. 39A), nor after P. infestans 

inoculation (Fig. 39B), in comparison to the controls. 

For that reason, no further analyses were performed with these plants. 

 



83 
 

 
Figure 39: EP51 plants did not overexpress genes involved in the suberin pathway. StABCG1, StFHT, 

StCYP86A33 and StKCS6 expression of controls (WT and EV) and EP51 plants (genes involved in 
suberin pathway under control of pPVS3, a pathogen inducible promoter - A2E, A2W, A2F2, A2J2, A3B, 
A3D, A3F and A3G) 24 hours after (A) Pep13/W2A (100 µM) and (B) P. infestans (1x105 zoospores/mL) 

or water inoculation. RNA was isolated from treated leaves of 3-week-old plants grown in a phytochamber 
and subjected to RT-qPCR. Gene expression was normalized to that of StEF1α. Data are derived from 

one experiment (Pep13/W2A: Controls n = 2 and EP51A2 and EP51A3 n = 4; P. infestans/Water: Controls 
n = 8 and EP51A2 and EP51A3 n = 16). Error bars represent SEM. Statistical differences between the 

controls were calculated using t-test - Mann-Whitney (*, 0.01<p<0.05; n.s., not significant values). 
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3.7.3. Expression of the transcription factor AtMYB39 induces enhanced suberin 

formation in Solanum tuberosum 

 

In a second approach, a construct was designed containing the transcription factor 

AtMYB39 (Cohen et al., 2020) under control of the 35S promoter. This was named 

pAGR91 and used to generate potato plants via A. tumefaciens mediated transformation 

(EP91). As described before, AtMYB39 was reported to induce suberin formation on 

leaves of N. benthamiana by transient expression. 

To assess the gene expression levels of the target AtMYB39, RT-qPCR was 

employed to measure the transcript levels of AtMYB39 in WT, EV and transgenic (EP91.1, 

EP91.7, EP91.10 and EP91.17) S. tuberosum plants. In addition, to analyze whether the 

expression of AtMYB39 induces the expression of the studied genes, the transcript levels 

of StABCG1, StFHT, StCYP86A33 and StKCS6 were also measured by RT-qPCR. 

Samples were collected from three-week-old leaves of the controls and transgenic plants 

and the transcript levels of these targets were evaluated and compared with the controls, 

in two independent experiments. For technical reasons, the plant EP91.7 was included 

just in one experiment, yet it was included in the statistics.  

The AtMYB39 transcript levels found were statistically higher than the controls for 

all EP91 plants analyzed (Fig. 40A). The plant EP91.1 showed more differences in 

comparison to the controls, for example, it had significantly higher levels of transcript for 

StABCG1 (Fig. 40B) and StFHT (Fig. 40C), and lower levels of transcript for StKCS6  

(Fig. 40E). In addition, the plant EP91.10 also had higher levels of transcript of StFHT 

(Fig. 40C). However, no differences were found in transcript levels of StABCG1, StFHT 

and StKCS6 for the plants EP91.7 and EP91.17 in comparison to the controls. Also 

transcript levels of StCYP86A33 was equivalent for all plants analyzed (Fig. 40D). 

 



85 
 

 
Figure 40: Gene expression of potato plants expressing AtMYB39. AtMYB39, StABCG1, StFHT, 

StCYP86A33 and StKCS6 expression of leaves from controls (WT and EV) and EP91 plants (AtMYB39 
under control of 35S) – EP91.1, EP91.7, EP91.10 and EP91.17. RNA was isolated from leaves of 3-week-
old plants grown in a phytochamber and subjected to RT-qPCR. Gene expression was normalized to that 
of StEF1α. Data are derived from two experiment – The plant EP91.7 was included in just one experiment 

(Controls n = 24; EP91.1, EP91.10, EP91.17 n = 12 and EP91.7 n = 4). Error bars represent SEM. 
Statistical differences between the controls were calculated using t-test - Mann-Whitney (*, 0.01<p<0.05; 

**, 0.001<p<0.1; ***, p<0.001; n.s., not significant values). 

 

 

To check if the level of AtMYB39 transcripts correlates with enhanced suberin 

formation, leaves from 3-week-old wild-type WT and EP91 plants grown in a 

phytochamber were wounded and analyzed after 3 days. After suberin staining by 

SudanIII, the samples were subjected to bright light microscopy and photographed.  The 
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pictures were randomized and rated by at least two different people according to the 

amount of suberin presenting in the lesion (Fig. 41), in two independent experiments. Both 

experiment are showed in the figure 41. However, for technical reasons the plant EP91.7 

was not included on the experiment 1 (Fig. 41A). All the plants analyzed had a higher rate 

of suberin formation in comparison to the controls in both experiments (Fig. 41), with the 

exception of plant EP91.7, which is included just in the second experiment. For this 

analysis, it is also important to highlight that the same phenotype was observed in other 

analyses, but not rated. In addition, statistics was not performed because the rating is 

separated in categories. 

Thus, despite small or no changes in gene expression, suberin formation was 

enhanced in all 4 transformants expressing the AtMYB39, which was shown to induce 

some suberin related genes. 

 

 
Figure 41: Rating of plants expressing AtMYB39. Leaves of controls (WT and EV) and three different 

EP91 plants (EP91.1, EP91.7, EP91.10 and EP91.17) were wounded with a 6 mm (Ø) cork borer. The 
wounded area was isolated using a 1 cm (Ø) cork borer 3 days after wounding. Samples were stained 

with SudanIII and subjected to bright light microscopy. Suberin staining was rated in 80 pictures of  
20 wounded samples for each experiment. Bars denote number of samples with the respective level of 
suberin formation (Dark red, high suberin formation; light red, intermediary suberin formation; grey, low 

suberin formation; and black no suberin formation). Due to technical reasons the EP91.7 plant was 
evaluated only in one experiment. 
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4. DISCUSSION 

 

 

In this work, suberin biosynthesis and its role in plant defense were studied in 

leaves and tubers of S. tuberosum. The genes previously described to be involved in the 

suberin pathway (StABCG1, StFHT, StCYP86A33 and StKCS6) (Landgraf et al., 2014; 

Serra et al., 2010; Serra et al., 2009a; Serra et al., 2009b) have no constitutive or very low 

expression in leaves of S. tuberosum, low expression in roots and a high expression in 

tuber periderm (Haggitt, 2016; Landgraf et al., 2014; Boher et al., 2013; Serra et al., 

2009a). The expression of these target genes was analyzed after different treatments. 

Also, plants with reduced suberin formation and plants with enhanced suberin formation 

were analyzed to understand the role the biopolymer in the defense. 

 

4.1. Transcriptomic data revealed putative suberin biosynthesis genes 

 

Proper development of the periderm is essential for tuber quality and storage, 

which has important economic implications for the potato commerce worldwide. Suberin 

accumulation is considered important for periderm formation, and may also act as part of 

the pathogen defense mechanism (Campilho et al., 2020, Barel and Ginzberg, 2008).  

Consequently, understanding the biosynthesis of suberin is critical to better understand 

this protective layer in plant defense and also possibly improving tuber storage life. The 

first enzymes involved in the suberin metabolic pathway in plants have only been recently 

discovered, but there are still many others to be studied (Nomberg et al., 2022). 

Suberization of cell walls can be formed after different stresses. For example, wounding 

and pathogen infection can activate the genes related to the pathway, leading to suberin 

formation on the periderm (Campilho et al., 2020; Schreiber et al., 2005; Lulai and Corsini, 

1998).  

In this work a series of genetic transformations was performed to investigate the 

role of suberin in plant defense, either by inducing the simultaneous expression of 

important genes of the suberin biosynthetic pathway via a suberin-related transcription 

factor, or by editing the suberin transporter. Mutants were thoroughly investigated for their 
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response to artificial- and pathogen-induced symptoms. By employing different 

techniques, we analyzed the effect of the AtMYB39 and StABCG1 on suberin production 

and side effects of the absence of suberin, respectively, as well as the quality and 

conservation of tubers. 

The suberin transporter StABCG1 has a high expression in roots and tuber 

periderm, as well as in leaves after wounding (Landgraf et al., 2014). In leaves of  

S. tuberosum c.v. Desirée, a significantly higher expression of the StABCG1 gene was 

found very early after wounding (12 hours after the treatment – Fig. 13A), 1 day after 

Pep13 infiltration (Fig. 12A) and 5 days after P. infestans inoculation (Fig. 14A). These 

data are in agreement with Landgraf et al. (2014), who reported high amounts of StABCG1 

transcripts in leaves after wounding, showing an increase between 8 and 12 hours after 

wounding. In addition, our data show even higher expression on later days. In contrast, 

Landgraf et al. (2014) reported a higher expression of StABCG1 gene 12 hours after 

Pep13 infiltration in leaves. Yet, it is possible to observe an increase of transcript levels 

from 1 up to 7 days after infiltration on our analysis. Up to now, between the genes related 

to suberin biosynthesis, data after Pep13 infiltration were available only for StABCG1, 

nevertheless, transcript levels of all genes studied were analyzed and compared to 

different approaches. Landgraf (2016) described an accumulation of StABCG1 transcript 

levels 4 days after P. infestans inoculation, while our data show this accumulation after 6 

days. However, this could be explained by the highly variable interaction between  

S. tuberosum and P. infestans. Minor changes may affect the interaction and the infection 

processes. For example, small alterations in humidity or temperature have direct influence 

on the oomycete germination (Minogue and Fry, 1981; Glendinning and Macdonald, 

1963). This effect was also observed in the StABCG1-CrisprCas inoculation (Fig. 28, 29 

and supplementary figure 1). 

Gou et al. (2009) reported a very low constitutive expression of the FHT 

homologous gene (AtASFT1) in Arabidopsis stems, however, its expression is about  

20-fold higher 1 day after wounding in stems (Vishwanath, 2013b). When kiwifruits 

(Actinidia chinensis) are wounded, an increase of transcript levels of FHT can be found 

until 6 days after wounding (Welimii et al., 2020). These facts suggest that the expression 

of FHT can be highly induced in plants after wounding. StFHT had similar expression as 
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StABCG1 after wounding (Fig. 13A and B), but showed a significantly higher expression 

12 hours after Pep13 infiltration (Fig. 12B) and 5 days after P. infestans (Fig. 14B). Boher 

et al. (2013) reported high amounts of StFHT protein between 1 and 3 days after wounding 

in leaves, and this might correlate with the increased transcript levels of StFHT found in 

our data, assuming that the protein accumulation depends on higher transcript 

abundance. Despite being different in patho-systems, potato plants after inoculation of  

P. infestans (Kelley et al., 2010) and tomato plants inoculated with the pathogenic bacteria  

Ralstonia solanacearum (Swanson et al., 2004) show symptoms between 3 and 4 days 

after inoculation. StFHT expression after P. infestans inoculation is consistent with 

Kashyap et al. (2021), who described an accumulation of transcript levels of the 

homologous SlFHT (tomato) between 4 and 9 days after inoculation of R. solanacearum. 

Consistently, StFHT had a significantly higher expression starting 12 hours after Pep13 

infiltration in leaves, but still lower in comparison to the expression after wounding  

(Fig. 42). 

 

 
Figure 42: Induced expression of StFHT after wounding, Pep13 infiltration and P. infestans inoculation. 
Data derived from figures 12, 13 and 14. Gene expression of StFHT was analyzed up to 7 days after 

wounding (blue), after Pep13 infiltration (red) and after P. infestans inoculation (green). 

 

 

Findings regarding StCYP86A33 revealed very low constitutive expression in roots 

and none in stems, leaves, tubers parenchyma and flowers (Bjelica et al., 2016; Haggitt, 

2016; Serra et al., 2009b). On the other hand, very high levels of transcripts can be found 

in tuber periderm between 2 and 14 days after wounding (Wahrenburg et al., 2021; 
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Woolfson et al., 2018; Lulai and Neubauer, 2014; Serra et al., 2009b). In contrast, the 

Arabidopsis homologous gene (AtCYP86A1) has constitutively high transcript levels only 

in roots, yet, stems can accumulate transcripts 1 day after wounding (Vishwanath, 2013b; 

Höfer et al., 2008; Duan and Schuler, 2005). So far, no data were published about 

StCYP86A33 in wounded potato leaves. However, Wei et al. (2020) reported high levels 

of transcripts in shoots and leaves of AchnCYP86A1 in kiwifruit, which is homologous to 

StCYP86A33. The same study showed an accumulation of transcript levels until 6 days 

after wounding. Our data show higher expression of StCYP86A33 at later time points in 

comparison to the other genes involved in the suberin pathway, like StABCG1 and StFHT, 

after each treatment (wounding – Fig. 13; Pep13 infiltration – Fig. 12; and P. infestans 

inoculation – Fig. 14).  

In contrast to the other genes studied, StKCS6 had a significant decrease of 

transcript levels 12 hours after wounding (Fig. 13D) and Pep13 infiltration (Fig. 12D), and 

1 day after P. infestans inoculation (Fig. 14D). Serra et al. (2009a) reported very low 

constitutive expression of StKCS6 in stems, roots and leaves and no expression in the 

tuber parenchyma. However, StKCS6 is highly expressed in tuber periderm, like 

StCYP86A33. In contrast, the homologous HaKCS2 gene in sunflower has a highly 

constitutive expression in stems, roots, and leaves (González-Mellado et al., 2019). Our 

analysis showed that StKCS6 transcript levels are reduced 12 hours after wounding, 

returning to normal levels 1 day after wounding. However, we analyzed until 7 days, and 

as demonstrated in the literature, this gene could have an accumulation of transcript levels 

in leaves at much later time points. For example, Fogelman et al. (2014) showed an strong 

expression of StKCS6 10 days after wounding in tubers and Holbein et al. (2019) also 

reported, although there are differences in the approaches, very high expression of the 

homologous AtKCS2 gene in Arabidopsis 10 days after inoculation of the parasitic 

nematode Heterodera schachtii in roots. 

StABCG1, StFHT and StCYP86A33 have a similar pattern of expression after 

wounding, Pep13 infiltration and P. infestans inoculation, indicating a co-regulation of 

these genes after the lesion is formed in leaves of S. tuberosum. The expression pattern 

of the genes studied suggest that there is a correlation of the gene expression and the 

cell death/lesion after each treatment in most of the genes. This is clearly visible for StFHT 
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expression (Fig. 42). For example, StABCG1, StFHT, StKCS6, StFAR1, StFAR3, 

StLAC14 and StPPO had a very rapid response in transcript levels after wounding, which 

causes an instantaneous lesion on the leaf surface. On the other hand, leaves infiltrated 

with Pep13 had a slightly slower increase of transcript levels, as observed by Pep13 

causing a hypersensitive response 24 hours after infiltration. In a laboratory-controlled 

experimental setup, P. infestans starts its necrotrophic phase 3 days after inoculation 

(Kelley et al., 2010). In this plant-pathogen interaction, cell death occurs later in 

comparison to the other treatments, triggering a significantly higher expression on these 

suberin-related genes much later (Fig. 14). 

As the main focus of this study was the suberin production in leaves, gene 

expression for all genes was analyzed in leaves after different treatments. Given that 

these genes were already described in tubers of S. tuberosum (Landgraf et al., 2014; 

Serra et al., 2010; Serra et al., 2009a; Serra et al., 2009b), it is possible that the genes 

controlling suberin formation in tubers might be different from the ones in leaves. 

Furthermore, there are more genes involved in the suberin pathway, which are yet to be 

described in potato. In addition, the StKCS6 is downregulated after each treatment 

performed in leaves, but it is still involved in the suberin pathway in tubers. Or yet, 

StGPAT5 and StGPAT6 were suggested to be involved in the metabolism of acyl chains 

and glycerol for the suberin biosynthesis (Woolfson et al., 2018). 

As previously described, FAR genes encode Fatty acyl-CoA Reductases and they 

are responsible for the reduction of acyl chains to primary alcohols (Domergue et al., 

2010). Analyzing the amino acid sequence of StFAR1 and StFAR3, it was possible to find 

the respective homologous genes AtFAR4 (54 % identity) and AtG7/AtCER3/FAR3 (63 % 

identity) in Arabidopsis. Domergue et al. (2010) reported that AtFAR4 is constitutively 

expressed in roots, but not in leaves, and it is also wounding-induced in stems. 

Furthermore, StFAR1 is also upregulated, similarly to the genes involved in suberin 

biosynthesis in potato (StABCG1, StFHT and StCYP86A33) after the treatments analyzed 

(Fig. 12, 13 and 14), suggesting a role in suberin formation. Nonetheless, functional 

analyses must be performed, such as gene knockout and assessment for suberin 

formation. On the other hand, although StFAR3 was also upregulated after each treatment 

(Fig. 12, 13 and 14), the expression of its homologous gene in Arabidopsis might be 
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considered dubious, since Domergue et al. (2010) and Rowland et al. (2006) reported 

different patterns of expression in the same tissues. In addition, Kamigaki et al. (2009) 

described that the RNAi-plants targeting the Peroxisome Biogenesis Factor 10 (AtPEX10) 

reduced cuticular wax accumulation and these plants also present low AtFAR3 transcript 

levels. Rowland et al. (2006) also showed that AtFAR3 plays a role in cuticular wax 

biosynthesis. Supporting this data, Kosma et al. (2014) reported that the overexpression 

of the transcription factor AtMYB41 leads to the accumulation of suberin biosynthesis 

gene transcripts, resulting in a 22-fold increase in suberin-type in relation to cutin-type 

aliphatic monomers in leaves. AtFAR4 is 1762-fold change higher in AtMYB41 

overexpressing plants in comparison to the wild-type, while AtFAR3 had a  

0.1-fold change higher (Kosma et al., 2014), implying that AtFAR4 and its homologous 

StFAR1 are more likely to be involved in suberin biosynthesis and FAR3 in cutin 

biosynthesis in Arabidopsis and potato. 

In contrast to the other genes, StKCS6 is not induced after any of the treatments 

analyzed in leaves. In addition, it has a constitutive expression in leaves, what might be 

sufficient for its enzymatic activity in the suberin pathway. A second hypothesis is that 

there is another KCS gene is responsible for the elongation of fatty acids in potato leaves. 

Moreover, StKCS11 and StGPAT4 transcript levels were significantly high in the RNAseq 

data of Pep13-infiltrated leaves (Fig. 11). This results that were not consistent with RT-

qPCR data of wounded leaves (Fig. 13), and so these genes were not analyzed after 

Pep13 infiltration and P. infestans inoculation. 

 

4.2. Use of CrisprCas9 technology in Solanum tuberosum 

 

In the last decade, the use of CRISPR/Cas9 technology was a big step in targeted 

genome editing in eukaryotes. CRISPR/Cas9 allows deletions/insertions into selected 

genes, by breaking both DNA strands, which triggers repair mechanisms, resulting in the 

knockout or modification of the gene of interest (Makarova et al., 2018). 

Generally, many crops are polyploid. For example, wheat can be tetraploid or 

hexaploid, depending on the variety, rice is tetraploid, sugarcane is octoploid, and the 

cultivated potato is a tetraploid crop. The use of the CRISPR/Cas9 technology does not 
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require changes for polyploid plants (Makarova et al., 2018). A key problem regarding 

editing polyploid plants is the need to prove that all alleles have been successfully edited, 

since multiple allele mutations occur less frequently in comparison to that in single alleles, 

while other plants used for research are less heterozygous or sometimes homozygote. 

Still, Wang et al. (2014) reported the successful use of CRISPR/Cas technology for editing 

of all three genomes of hexaploid bread wheat, with a mutation frequency of  

5.6 %. On the other hand, very few works have reported gene editing by CRISPR/Cas9 

in potato plants. Usually, they have a low efficiency as they mostly employ generation of 

protoplasts and subsequently regeneration of plant shoots. Andersson et al. (2018), for 

example, used PEG-mediated protoplast transformation of potato plants. All four alleles 

of the Granule-bound Starch Synthase gene (StGBSSI) were edited with an efficiency of 

2-3 %. More recently, the same group reported that, by changing the Cas9 promoter, it 

was possible to obtain an improvement with 35 % full allelic gene editing (Johansen et al., 

2019). The use of protoplasts to transform potato plants seems to be very convenient, but 

it was previously described to cause more aneuploidy or structural chromosomal changes 

in S. tuberosum than Agrobacterium tumefaciens-mediated transformation (ATMT) (Fossi 

et al., 2016). Kieu et al. (2021), for instance, reported the use of ATMT to insert the 

CRISPR/Cas9 machinery in potato plants, targeting 7 different susceptibility genes, 

including StDND1 (Defense, no death), StbHLH7 (Basic helix-loop-helix protein) and 

StDMR6-1 (Downy mildew resistance 6-1), which leads to P. infestans resistance. They 

had different efficiency for 4-alleles mutations for each gene, ranging from 0 % to 18 %. 

However, they did not check single nucleotide indels, suggesting that the efficiency might 

be even higher. In addition, the 0 % efficiency is regarding the StHDS (1-hydroxy-2-

methyl-2-(E)-butenyl-4-diphosphate Synthase), which its knockout results in a seedling-

lethal phenotype in Arabidopsis and N. benthamiana (Zhang et al., 2019b). Furthermore, 

Butler et al. (2015) reported a transformation of tetraploid potato plants via ATMT, using 

a geminivirus-based DNA replicon to increase the copy number of CRISPR/Cas9, 

reaching an efficiency of 32 %. A recent report had compared the efficiency of both 

methods, ATMT and PEG-mediated protoplast transformation, targeting genes encoding 

Starch-Branching Enzymes (StSBR1 and StSBE2) in tetraploid potato (Tuncel et al., 

2019). Although, in their work, 3 different constructs were used, and the number of 
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approaches were different for each method, through ATMT, 12 % of the calli generated 

plants with mutations in at least one of the targeted genes, and through PEG-treated 

protoplasts, 1.5 %. In the protoplast approach, 7 out of 10 plants did not present the Cas9 

integrated in the genome, in such a way that the editing of the SBE genes were induced 

by transient expression of the sgRNA/Cas9 complex. The low rate of transgenic plants 

might be due to the absence of selection pressure, since the cassette was not present in 

the genome. Even if this genotype is still not commercially allowed in Europe, this 

represents a big step in genetic engineering, since the absence of the Cas9 reduces one 

breeding step to remove the cassette from the genome and it also avoids the disruption 

of other genes, since the integration in the genome is random. 

 

4.3. StABCG1-CrisprCas plants have defective suberin formation 

 

In order to prevent or reduce suberin formation, CRISPR/Cas9 technology was 

used to knockout the StABCG1 gene via ATMT. PCR products derived from the region 

around the gRNA cut with Cas9/gRNA complex (Fig. 15) and the Illumina sequencing 

(Table 2 and Fig. 16) revealed that the plants obtained had possibly chimeric tissue. 

According to the sequencing results, four of the five plants analyzed had a very low  

(< 1 %) number of reads corresponding to WT alleles (Table 2), which can be considered 

as insignificant due to possible mutations, errors of DNA extraction, PCRs and/or 

readings. In addition, the number of reads containing in frame indels found in the plants 

#132 and #143 was less than 2.5 %, identifying both plants as fully knocked out plants 

(Table 2). It has not been determined whether all alleles of the StABCG1 gene contribute 

equally to protein activity in potato plants. Still, all five StABCG1-CrisprCas plants had 

similar phenotypes. Only few readings of the Illumina sequencing had just a single amino 

acid missing (mainly in plant #142 and #149 – Fig. 16). Most of the mutations found in the 

StABCG1-CrisprCas plants results in a frame shift. 

The use of CRISPR/Cas9 technology for editing a gene, does not necessarily 

reduce its respective transcript levels. For example, Jia et al. (2016) reported no changes 

in transcript levels of CBF1 (C-repeat binding factor 1) in Arabidopsis cbf1,3-1 

CRISPR/Cas9 double mutant, even though the CBF1 allele presented an 11 bp deletion, 
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leading to a frame shift with earlier stop codon in the predicted amino acid sequence. On 

the other hand, Zhang et al. (2019b) described a dramatic reduction of transcript levels in 

maize after use of CRISPR/Cas9 technology. Here, all StABCG1-CrisprCas plants had a 

significantly reduced expression of StABCG1 after Pep13 infiltration and after wounding 

(Fig.  17 and 20). The frameshift leads to an earlier stop codon formation, which is located 

downstream of the homologous sequences of the primers used for RT-qPCR in the alleles 

with most reads. This suggests either a reduction of transcript levels due to the out-of-

target primers or that the transcripts formed might lead to a nonsense-mediated mRNA 

decay. 

The StABCG1-CrisprCas plants also had a defective suberin formation in leaves 

(Fig.  18 and 21) and in tubers (Fig. 30), supporting the hypothesis that StABCG1 

transporter is necessary to export the suberin monomers, as described by Landgraf et al. 

(2014). Nonetheless, a small number of wounded samples in leaves and tubers of the 

StABCG1-CrisprCas plants were able to produce suberin, indicating a possible gene 

redundancy. In the literature, a surprising number of ABC genes are described. For 

instance, Banasiak and Jasinski (2021) had reported around 130 ABC transporters in 

Arabidopsis, 43 of which belong to family G. No other plant in this review contained more 

ABC genes than potato, which contains 250 ABC transporters, wherein 130 have its place 

in the family G. Recently, the homologous gene AtABCG1 of Arabidopsis was reported to 

be involved in the transport of suberin precursors (Shanmugarajah et al., 2019) in roots 

and in vitro. Nevertheless, a variety of ABC transporters are identified to have the same 

role in roots, suggesting functional redundancy (Xin and Herburger, 2021). In Arabidopsis, 

for example, AtABCG1 is described to be involved in suberin formation in roots and 

AtABCG2, AtABCG6 and AtABCG20, in roots, coats and seeds (Nomberg et al., 2022). 

Ydav et al. (2014) reported that the triple-mutant atabcg2atabcg6atabcg20 displayed 

defective suberin formation and higher permeability in roots. This redundancy appears to 

be normal for ABC transporters. For example, three different reports showed that a 

defective pollen wall was found in Arabidopsis when both AtABCG1 and AtABCG16 were 

knocked out together, the same does not happen in single mutants (Liu et al., 2020; Yim 

et al., 2016; Yadav et al., 2014). Also, in N. benthamiana, NbABCG2 is described to be 

functionally redundant to NbABCG1, which are related to pre- and postinvasion defense 
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against P. infestans (Shibata et al., 2016).  These facts suggest, that even with the 

completely knocked out StABCG1, there may still be other genes with similar functions in 

S. tuberosum. 

 

4.3.1. Browning in the StABCG1-CrisprCas plants 

 

Leaves from StABCG1-CrisprCas had developed a brown ring around the lesion 

after Pep13 infiltration and after wounding (Fig.  19 and 23). Also, the transformed tubers 

turned brown faster than the WT after wounding (Fig. 33A). Wounding and mechanical 

damage, for example, were already described to induce overproduction of reactive oxygen 

species (ROS - Chen et al., 2017; Zhang et al., 2018), suggesting that the tissue browning 

might be derived from enzymatic and/or non-enzymatic reactions. Upon tissue disruption, 

substrates encounter proteins (enzymatic tissue-browning), such as polyphenol oxidases 

(peroxidases – PRXs; polyphenol oxidases – PPOs; Laccases – LAC) or reactive oxygen 

species (non-enzymatic tissue browning). Browning tissue indicates oxidation of phenolic 

compounds to quinones, causing a dark tissue formation, as described in fruits and 

vegetables (González et al., 2020; Jukant, 2017; Llorente et al., 2011). Quinones are 

effective oxidizing agents, tending to react with different compounds, such as proteins, 

nucleic acids and lipids (Zhu et al., 2020; Loomis, 1974). The lack of suberin observed in 

the StABCG1-CrisprCas plants implies that the gas barrier is absent, promoting the 

entrance of oxygen, which leads to induce ROS and consequently tissue browning. 

In this work, the general term polyphenol oxidases is abbreviated as PPOs to cover 

the specific terms PPOs and LAC. PPOs can be found in different plant tissues and are 

involved in different pathways (Jukant, 2017), as well as in plant defense responses 

(González et al., 2020). In the literature, there are several examples of the usage from 

genetic engineering to reduce enzymatic browning in plants. Just in potato, different 

studies had shown that the downregulation (Llorente et al., 2011; Coetzer et al., 2001; 

Bachem et al., 1994) or knockout (González et al., 2020) of PPOs leads to reduction of 

the enzymatic browning. Also, silencing of StPPO has been reported to enhance 

resistance against bruise (Rommens et al., 2006; Bachem et al.; 1994). 
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The brown tissue formed after wounding in the StABCG1-CrisprCas plants was 

analyzed by untargeted metabolite profiling via ultra-high performance liquid 

chromatography coupled with electrospray ionization quadrupole time-of-flight mass 

spectrometry, with help of Dr. Karin Gorzolka (IPB, Halle, Germany). This brown tissue 

revealed a variety of hydroxycinnamic acid amides (HCAAs) in a larger quantity in 

comparison to the controls (Fig. 24). Some of these compounds, such as ferulic acid and 

occasionally caffeic acid, can be found covalently-linked to suberin, as well as in the non-

polymeric suberin waxes, being an important part of the suberin structure (Graça, 2010). 

In addition, at least for feruloyl derivatives compounds, for example, it is possible to 

correlate that the more oxidized amines found in the HCAA, the greater the amount found 

in wounded leaves of the StABCG1-CrisprCas plants (Fig. 43). Although this fact is just a 

correlation, and it is not true for all HCAAs, it indicates that there might be more oxygen 

coming in the lesions in the absence of suberin.  

 

 
Figure 43: Feruloyl derivatives HCAAs accumulate in wounded StABCG1-CrisprCas. Data derived from 

figure 24. Ten-days-old wounded area from leaves of wild-type and StABCG1-CrisprCas plants was 
isolated and subjected to UPLC-MS analysis. Data from three independent experiments are shown from 
non-wounded (white/grey, -) and 10 days wounded tissue (blue/red, +). Chemical formulas correspond to 

the respective amine compound from the graph above. 

 

HCAAs are described to have antimicrobial activity and also to contain pathogen 

infection by the formation of polymers reinforcing the secondary cell walls (Yogendra et 

al., 2015a; Yogendra et al., 2015b; Gunnaiah et al., 2012). For instance, in Arabidopsis 

plants, the expression of the agmatine coumaroyl transferase from wheat (TaACT) 

accumulates HCAAs, such as coumaroylagmatine and coumaroylputrescine, leading to 
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Fusarium head blight resistance (Kage et al., 2017). In Solanum species, overexpressing 

Tyramine N-hydroxycinnamoyl transferase in tomato plants lead to an accumulation of 

HCAAs, which leads to enhanced tolerance against Pseudomonas syringae (Campos et 

al., 2014). More specifically, Dobritzsch et al. (2016) reported that S. tuberosum plants 

expressing the ρ-coumaroyl-CoA:agmatine N4-ρ-coumaroyl transferase gene AtACT and 

the gene AtDTX18, encoding a MATE transporter, were able to secrete high levels of 

coumaroylagmatine and putrescine conjugates. The same study also correlated the high 

amounts of the compound with reduced biomass of P. infestans on these plants, 

suggesting an antimicrobial activity for coumaroylagmatine. 

In the absence of suberin, wounded StABCG1-CrisprCas tubers are also possibly 

exporting different compounds, which might prevent growth of pathogens, as already seen 

in wounded leaves. Unfortunately, we were not able to perform metabolomics in tubers as 

it has been done in leaves. However, the accumulation of HCAAs in leaves from 

StABCG1-CrisprCas plants put forward the hypothesis that the same is happening in the 

transformed tubers. For example, Landgraf et al. (2014) reported accumulation of some 

HCAAs in StABCG1-RNAi tuber periderm, like caffeoyl- and feruloylputrescine. Ginzberg 

(2008) suggests that accumulation of HCAA is happening very early after wounding in the 

periderm of tubers and these compounds act as a primary phenolic barrier against 

pathogen attack, due to their antimicrobial activity, and cell wall reinforcement. Together 

with the suberin polyaromatic domain, formed later, they will serve as a permanent barrier. 

Very few reports have described suberin formation though temporal changes across 

wound-healing in tubers of S. tuberosum, which still need to be well-studied in timescales. 

However, an old report has described that the deposition of the suberin phenolic domain 

slowly starts to form 1 day after wounding in tubers, and it extends to radial walls of the 

lesion after 4 days, and it is completely formed after the 5th day (Lulai and Corsini, 1998). 

The same report described that suberin aliphatic domain starts slowly 1 day after 

wounding and it extends to radial walls of the lesion after 6 days (Lulai and Corsini, 1998). 

In our analyses, it was possible to observe an acquired resistance 7 days after P. infestans 

inoculation (Fig. 34), when the oomycete was inoculated directly into the StABCG1-

CrisprCas tubers after the wounding. Considering that at this time point, suberin is not 

formed, the oomycete is able to grow on the wild-type tubers 0 days after wounding. 
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Possibly due to different compounds formed after wounding in the StABCG1-CrisprCas 

tubers, growth of P. infestans was significantly reduced in comparison to the controls at 0 

day after wounding/7 days after inoculation. As described by Lulai and Corsini (1998), at 

3 days after wounding, suberin phenolic deposition can be found in the first layer of cells 

around the lesion and the suberin aliphatic domain is still not totally developed. For this 

reason, the beginning of suberin formation on the lesion could be holding the oomycete 

to grow in the wild-type tubers 3 days after wounding onwards, since no significant 

different of P. infestans fluorescence was found at 3, 7 or 14 days after wounding (Fig. 

34). Yet, further analyses are needed to understand what is exactly inducing the 

resistance in StABCG1-CrisprCas tubers after wounding. 

 

4.4. AtMYB39 expressing potato plants had enhanced suberin formation 

 

In order to enhanced suberin formation in S. tuberosum, different constructs were 

tested. Although the betalain constructs, which contain the betalain biosynthesis genes 

under control of TALE, had generated a red coloration in potato leaves, it also triggered 

necrosis in potato plants (Fig. 37). In addition, insufficient number of plants could be 

generated with the EP45 constructs, which contain the putative suberin biosynthetic 

genes under control of TALE and the pathogen inducible promoter pPVS3, indicating that 

cell death triggered by the TALE inhibit plant growth. For example, similar cell death has 

been described in tomato plants after transient expression of TALE (Schornack et al., 

2005). To bypass these difficulties, a cassette containing each putative gene involved in 

the suberin pathway under control of the 35S promoter was used. However, none of the 

target genes had an overexpression in the transgenic plants in comparison to the controls 

(Fig. 39), despite the fact that the promoters and terminators chosen being already proven 

to work in potato plants. 

As cited before, a number of transcription factors was described to induce suberin 

formation in Arabidopsis (Shukla et al., 2021; Cohen et al., 2020; Mahmood et al., 2019; 

Lashbrooke et al., 2016; Kosma et al., 2014). For instance, Cohen et al. (2020) had 

described that overexpression of the AtMYB39 in Arabidopsis activated the suberin-
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related genes and enhanced suberin deposition in Arabidopsis roots. In addition, it leads 

to formation of a suberin-like lamellae in N. benthamiana leaves after transient expression.  

To achieve enhanced suberin formation in S. tuberosum leaves, a construct 

containing the AtMYB39 under control of the 35S promoter was designed and used to 

generated transgenic potato plants. Indeed, the expression of AtMYB39 in S. tuberosum 

changed the expression of some suberin-related genes. Unfortunately, this observation is 

not true for all lines (Fig. 40). Despite all EP91 plants showing identical edition patterns 

and response to wounding, the plant EP91.1, for example, showed a significant differential 

expression for StABCG1, StFHT and StKCS6. However, the transcript levels of the 

transgenic lines EP91.7 and EP91.17 were equivalent to the controls for all genes studied 

(Fig. 40). Although Cohen et al. (2020) had reported significant overexpression of 

CYP86A1, homologous to StCYP86A33, in AtMYB39 expressing N. benthamiana leaves, 

all EP91 lines had an equivalent expression of this gene in comparison to the controls 

(Fig. 40). In addition, the homologous gene KCS2 was also overexpressed after 

AtMYB39, while StKCS6 transcript levels were significantly reduced in the EP91.1 plant. 

This fact correlates with the previously mentioned hypotheses (see section 4.1), that 

StKCS6 has a constitutive expression in leaves and that is enough for its enzymatic 

activity in the suberin pathway or it is not involved in the suberin formation in potato leaves. 

Even though not all plants had shown a significant change on transcript levels of the 

studied genes, all plants analyzed were able to produce more suberin 3 days after 

wounding in comparison to the controls (Fig. 41).  

As Cohen et al. (2020) had described, AtMYB39 not only activates the genes 

involved in suberin formation, but also those needed in the assembly and deposition of 

the suberin components at their pertinent subcellular sites. For a better analysis, the 

expression of other genes should be evaluated in S. tuberosum. However, not many 

genes are described to be related to the suberin formation in potato. In addition, the 

enhanced suberin formation in the AtMYB39 expressing plants indicates that the 

transcription factor in fact regulates the suberin biosynthesis also in S. tuberosum. 

To correlate the suberin role in the plant defense, it is still necessary to analyze the 

P. infestans biomass on these plants. However, due to technical reasons and time issues, 



101 
 

this analysis could not be performed. Yet, these plants can be used in future studies as a 

resource to identify the target genes of AtMYB39 in potato. 
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5. SUMMARY 

 

 

Potato (Solanum tuberosum) is one of the most important food crop worldwide with 

a production of 359 million tonnes per year. Germany is responsible for an annual 

production of 11 million tonnes, behind China, India, Ukraine, Russia and USA. One of 

the main causes of potato yield loss is late blight, a disease caused by the oomycete 

Phytophthora infestans. Due to reduced potato production and increased use of 

fungicides, late blight causes approximately US$ 10 billion in losses worldwide each year, 

making late blight economically the most important foliar disease.  

Plants have different ways to protect themselves in response to pathogens and 

insect attacks. For example, they can produce metabolites, signaling molecules or induce 

formation of physical barriers, such as cutin and suberin. Suberin is a heteropolymer 

composed of polyaliphatic linked with polyphenolic components. The polyaliphatic domain 

is mostly composed of a mixture of long chain fatty acids, primary alcohols, and glycerol, 

while the polyphenolic domain contains hydroxycinnamic acid derivatives, with ferulate 

being the major aromatic constituent of suberin in Arabidopsis, potato, and many other 

plants. This lipophilic barrier is presumed to contribute to successful defense against 

pathogens, such as P. infestans, and to be important for wound healing.  

To date, several publications have proposed a correlation between suberin 

formation and plant defense, nevertheless very few show actual functional data. A number 

of studies have shown plants lacking suberin, but few have investigated their interactions 

with pathogens and wounding. Therefore, a concise description of the defense responses 

of plants either containing suberin or not is of significant interest. 

To this end, potato plants were generated with reduced or enhanced suberin formation. 

Loss-of-function was obtained by gene editing using CRISPR/Cas9 targeting of the 

suberin transporter gene StABCG1. Gain of function was obtained by expressing the 

transcription factor AtMYB39 from Arabidopsis in potato plants. 

StABCG1 edited plants were analyzed to investigate suberin formation in leaves 

after infiltration of the Phytophthora-specific pathogen-associated molecular pattern 

Pep13, and in leaves and tubers after wounding and inoculation of P. infestans. These 
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analyses revealed the importance of suberin deposition in lesions occurring in  

S. tuberosum. While editing StABCG1 had no consistent effect on P. infestans infection, 

wounding of leaves and tubers resulted in extensive tissue browning, correlating with a 

profound difference in the metabolite pattern. These plants revealed an accumulation of 

hydroxycinnamic acid amides, which are described to have an antimicrobial activity and 

also to contain pathogen infections, by reinforcing the secondary cell walls. These results 

suggest that the loss of suberin formation around disrupted cells prevents wound healing 

and allows oxygen diffusion into the cells, providing evidence that suberin deposition acts 

as a gas barrier.  

The expression of the Arabidopsis transcription factor MYB39 in potato plants 

resulted in enhanced suberin formation around wound sites in leaves, suggesting that 

AtMYB39 induces expression of potato genes involved in suberin formation. However, not 

all genes identified as important for suberin formation in potato tubers were activated in 

AtMYB39 expressing plants, suggesting that yet unidentified genes are required for 

suberin biosynthesis in leaves. The AtMYB39 expressing plants are thus available for 

further studies to identify leaf-specific suberin biosynthesis genes. 

This work presents functional evidence that suberin plays a pivotal role in wound 

healing of both leaves and tubers of potato. 
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6. ZUSAMMENFASSUNG 

 

 

Die Kartoffel (Solanum tuberosum) ist, mit einer Produktion von 359 Millionen 

Tonnen pro Jahr, eine der wichtigsten Nahrungsmittelpflanzen weltweit. Deutschland liegt 

mit einer Jahresproduktion von 11 Millionen Tonnen hinter China, Indien, der Ukraine, 

Russland und den USA. Eine der Hauptursachen für Ertragseinbußen bei Kartoffeln ist 

die Kraut- und Knollenfäule. Sie ist auch bekannt als Kartoffelmehltau und wirddurch den 

Oomyceten Phytophthora infestans verursacht. Aufgrund der verringerten 

Kartoffelproduktion und des verstärkten Einsatzes von Fungiziden verursacht die Kraut- 

und Knollenfäule jedes Jahr weltweit Verluste in Höhe von etwa  

10 Milliarden US-Dollar und ist damit die wirtschaftlich wichtigste Blattkrankheit.  

Pflanzen haben verschiedene Möglichkeiten, sich gegen Krankheitserreger und 

Insektenbefall zu schützen. Sie können beispielsweise Stoffwechselprodukte und 

Signalmoleküle produzieren oder die Bildung physikalischer Barrieren wie Cutin und 

Suberin veranlassen. Suberin ist ein Heteropolymer, das aus polyaliphatischen 

Bestandteilen in Verbindung mit polyphenolischen Komponenten besteht. Die 

polyaliphatische Domäne besteht hauptsächlich aus einer Mischung langkettiger 

Fettsäuren, primärer Alkohole und Glycerin, während die polyphenolische Domäne 

Hydroxyzimtsäurederivate enthält, wobei in Arabidopsis, Kartoffeln und vielen anderen 

Pflanzen Ferulasäule der wichtigste aromatische Bestandteil des Suberins ist. Es wird 

angenommen, dass diese lipophile Barriere zur erfolgreichen Abwehr von 

Krankheitserregern wie P. infestans beiträgt und wichtig für die Wundheilung ist. 

Bisher wurde in mehreren Veröffentlichungen ein Zusammenhang zwischen der 

Bildung von Suberin und der pflanzlichen Verteidigung angenommen, doch nur sehr 

wenige zeigen tatsächliche funktionelle Daten. Eine Reihe von Studien haben Pflanzen 

mit fehlendem Suberin gezeigt, aber nur wenige haben ihre Wechselwirkungen mit 

Krankheitserregern und Verwundungen untersucht. Daher ist eine präzise Beschreibung 

der Abwehrreaktionen von Pflanzen, die entweder Suberin aufweisen oder nicht, von 

großem Interesse. 
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Zu diesem Zweck wurden Kartoffelpflanzen mit reduzierter oder erhöhter 

Suberinbildung erzeugt. Dieser Funktionsverlust wurde durch Gen-Editierung mittels 

CRISPR/Cas9-Targeting des Suberin-Transporter-Gens StABCG1 erreicht. Ein 

Funktionsgewinn wurde durch die Expression des Transkriptionsfaktors AtMYB39 aus 

Arabidopsis in Kartoffelpflanzen erreicht. 

Um die Suberinbildung in Blättern nach Infiltration des Phytophthora-spezifischen 

pathogen-assoziierten molekularen Musters Pep13 zu untersuchen, wurden StABCG1-

editierte Pflanzen analysiert. Außerdem wurde die Suberinbildung in Blättern und Knollen 

nach Verwundung und Inokulation von P. infestans analysiert. Diese Analysen zeigten die 

Bedeutung der Suberinablagerung bei Läsionen in S. tuberosum. Während die Editierung 

von StABCG1 keine einheitliche Auswirkung auf die Infektion mit P. infestans hatte, führte 

die Verwundung von Blättern und Knollen zu einer ausgedehnten Bräunung des 

Gewebes, was mit einem tiefgreifenden Unterschied im Metabolitenmuster korrelierte. 

Diese Pflanzen wiesen eine Anhäufung von Hydroxyzimtsäureamiden auf, denen eine 

antimikrobielle Wirkung und eine Hemmung von Pathogeninfektionen durch Verstärkung 

der sekundären Zellwände beschrieben wurde. Daraus lässt sich schließen, dass der 

Verlust der Suberinbildung rund um die zerstörten Zellen die Wundheilung verhindert und 

die Sauerstoffdiffusion in die Zellen ermöglicht, was darauf hindeutet, dass die 

Suberinablagerungen als Gasbarriere wirken. 

Die Expression des Arabidopsis-Transkriptionsfaktors MYB39 in Kartoffelpflanzen 

führte zu einer verstärkten Suberinbildung rund um Wundstellen in den Blättern, was 

darauf schließen lässt, dass AtMYB39 die Expression von Kartoffelgenen induziert, die 

an der Suberinbildung beteiligt sind. Allerdings wurden nicht alle Gene, die als wichtig für 

die Suberinbildung in Kartoffelknollen identifiziert wurden, in AtMYB39-exprimierenden 

Pflanzen aktiviert, was darauf schließen lässt, dass noch weitere nicht-identifizierte Gene 

für die Biosynthese von Suberin in Blättern notwendig sind. Die AtMYB39-exprimierenden 

Pflanzen stehen somit für weitere Studien zur Identifizierung blattspezifischer Gene für 

die Suberinbiosynthese zur Verfügung. 

Diese Arbeit liefert funktionelle Beweise dafür, dass Suberin eine zentrale Rolle in 

der Wundheilung sowohl von Blättern als auch von Knollen der Kartoffel spielt. 
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8. APPENDICES 

 

 

8.1. Supplementary figures 

 

 
Supplementary figure 1: P. infestans biomass 3 days after inoculation (dai) performed by Ulrike Smolka 
(IPB/Halle). P. infestans DNA was determined by qPCR in leaf disks 3 days after inoculation of wild-type 

(WT), empty vector (EV) and two different StABCG1-CrisprCas (#132 and #143) plants. DNA was isolated 
from inoculated leaves (1x105 zoospores/mL) of 3-week-old plants grown in a phytochamber. Error bars 
represent SEM. For each graph, data are derived from one independent experiment (n = 8 for UE, EV, 
#132 and #143 and n = 2 for inoculum). Statistical differences between growth on WT and other plants 

were determined by t-test – Mann-Whitney (*, 0.01<p<0.05; **, 0.001<p<0.1; n.s., not significant).



120 
 

8.2. Primers Table 

 

Supplementary table 1: List of primers and sequence use in this work. 

Number Name Sequence Use for Section 

27 pvs3p1 
tt ggtctc a acat 
GGAGTATAGCACTCTATTCATGTTGTAATTTGGC 

Golden Gate 
cloning 

2.8.1 

28 pvs3p2 
tt ggtctc a acaa 
CATCAACTTGAAAAAATATAGCATTACATAAAATCTTAGTATG 

Golden Gate 
cloning 

2.8.1 

29 pvs3p3 tt ggtctc a acat GATGACGGAAACAATAGCATTGGATCAAG 
Golden Gate 

cloning 
2.8.1 

30 pvs3p4 tt ggtctc a acaa CATTTCTTCGGAAACGGGTCTAATTAGC 
Golden Gate 

cloning 
2.8.1 

31 CYP1_GG tt ggtctc a acat aATGGATCCTATACTAGTTTATTCTGG 
Golden Gate 

cloning 
2.8.2 

32 CYP2_GG tt ggtctc a acaa CgCCACCGGTCGAGAGCCATC 
Golden Gate 

cloning 
2.8.2 

33 CYP3_GG tt ggtctc a acat GGcGACCGGTTCGAACCGCCAAAAG 
Golden Gate 

cloning 
2.8.2 

34 CYP4_GG tt ggtctc a acaa AAGCTCATGCAGACATAGCAATCTTTGGAG 
Golden Gate 

cloning 
2.8.2 

35 KCS1_GG tt ggtctc a acat aATGCCAGAACCAGTCCCAAATTTC 
Golden Gate 

cloning 
2.8.2 

36 KCS2_GG tt ggtctc a acaa AtGACGATGATGTGTTACCTGTTC 
Golden Gate 

cloning 
2.8.2 

37 KCS3_GG tt ggtctc a acat TCaTCACTATGGTATGAGATGAGTTAC 
Golden Gate 

cloning 
2.8.2 

38 KCS4_GG tt ggtctc a acaa AAGCTTACAGCTTCACAATCTC 
Golden Gate 

cloning 
2.8.2 

39 ABC_F GTACAACAAGCCATGGAGATGTCAC 
Genotype 

confirmation 
2.12.1 

40 ABC_R GTTCATAGGTGACCCACTATAAAC 
Genotype 

confirmation 
2.12.1 

44 FHT1_GG tt gaagac a aa ATGGAGAGTGGTAAACACAATGTTG 
Golden Gate 

cloning 
2.8.2 
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45 FHT2_GG 
tt gaagac a a aagc 
TTAGATCTCCATAAGTTCTTCAAATGTTTTC 

Golden Gate 
cloning 

2.8.2 

46 ABC1_GG 
tt gaagac a aa 
ATGTCAAGGATAGTGGCGGAAAATATGTTACAAG 

Golden Gate 
cloning 

2.8.2 

47 ABC2_GG 
tt gaagac a a aagc 
TCACCTTCTCTTGTTCTTACTTCCAAGCAAC 

Golden Gate 
cloning 

2.8.2 

55 KCSqF AAGCGTTCGAACATTTTTGC qPCR 2.12.7 

56 KCSqR CTTCTGAAGCTCATCAATAACAGC qPCR 2.12.7 

57 CYPqF TTGGCTTACCTCCAAATGAAA qPCR 2.12.7 

58 CYPqR CGGTAATAGCCGGTAACGAA qPCR 2.12.7 

59 FHTqF TTGACAATTAGCCAGGAAATGA qPCR 2.12.7 

60 FHTqR TGCTTCTGCCTCAACAAAAA qPCR 2.12.7 

61 ABCqF GGTCGCGATCCTAGCCTATT qPCR 2.12.7 

62 ABCqR ATCCTATCGCGATTGATGAAG qPCR 2.12.7 

67 
ABCG1_sg

RNA 
cctctaatacgactcactata GGCGAGATAGTCGCCGTCCT 
gtttaagagctatgc 

gRNA - Genotype 
confirmation 

2.12.1 

126 
AtMYB39-
qPCR-F 

GGCAAATTTTCCGATGGAG qPCR 2.12.7 

127 
AtMYB39-
qPCR-R 

ATGACCCGCAATTTTCGAC qPCR 2.12.7 

132 
ABCG1-P5-

F 
tcgtcggcagcgtcagatgtgtataagagacag 
TCATCTCACTCTCTTCCTTTTGT 

Illumina 
sequencing 

2.12.4 

133 
ABCG1-P7-

R 
gtctcgtgggctcggagatgtgtataagagacag  
TAAACTCTCCTTCGCGATCC  

Illumina 
sequencing 

2.12.4 

134 FAR3_F TCCTAAACTTTGCCAAGAAGTG qPCR 2.12.7 

135 FAR3_R TTTTCCAACATCAACCCTTCC qPCR 2.12.7 

136 FAR1_F ATGTCCTCAACTTTGCTAAGAG qPCR 2.12.7 

137 FAR1_R ACTCCTTCACCTTCTCCAC  qPCR 2.12.7 

138 KCS11_F GGCGATGCTCTAAAGACAAAC qPCR 2.12.7 

139 KCS11_R AAGAAAAGGAACTGCTCAGAC qPCR 2.12.7 

140 GPAT4_F AAGTTCCGCCAAGAGAACG qPCR 2.12.7 

141 GPAT4_R CCACACATACATCCAATCTACC qPCR 2.12.7 
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142 PPO_F AAGCGTTCGAACATTTTTGC qPCR 2.12.7 

143 PPO_R AGCACCATCACAATAAGCAC qPCR 2.12.7 

144 LAC14_F TGCACTTATTATACGTCCTGC qPCR 2.12.7 

145 LAC14_R TCACTTTTCCACCACTCCC qPCR 2.12.7 

- EF1alphaF ACTGCCCAGGTCATCATCATC qPCR 2.12.7 

- EF1alphaR GCACTGGAGCATATCCGTTT qPCR 2.12.7 

 PIO8-3-3F CGTACGGCCAATGTAGTTCC Biomass 2.3 

 PIO8-3-3R TTTGCACAGTATCACGCAAGT Biomass 2.3 

 NOXF TCAATGCATAGGTATGAAGGAATC Biomass 2.3 

 NOXR TCTCTTCCTAGCTAGAGCATCAAAT Biomass 2.3 

Capital letters denote sequence homologous to the respective gene; 
Lowercase letters denote tails or sequences non-homologous to the respective gene (see the respective section). 
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8.3. Plasmids and constructs table 
 

Supplementary table 2: List of plasmids and constructs used in this work. 

Plasmid Construct description Verification 

20ABQQQP AtMYB39 
ThermoFisher Scientific – 
GeneArt 

pAGR21 pAGM1311:frag. 1 from StPVS3promoter sequenced 

pAGR22 pAGM1311:frag. 2 from StPVS3promoter sequenced 

pAGR23 pICH41295:StPVS3promoter sequenced 

pAGR24  pAGR1311:frag. 1 from StCYP86A33 sequenced 

pAGR25  pAGM1311:frag. 2 from StCYP86A33 sequenced 

pAGR26 pICH41308:StCYP86A33 BsaI; Eco47I; SspI 

pAGR27 pAGM1311:frag. 1 from StKCS6 sequenced 

pAGR28  pAGM1311:frag. 2 from StKCS6 sequenced 

pAGR29 pICH41308:StKCS6 BsaI; PagI; SspI 

pAGR30A2  pICH41308:StFHTA2 sequenced 

pAGR30A3 pICH41308:StFHTA3 sequenced 

pAGR33 pAGM38499:StPVS3promoter (GFP) EcoRI; HindIII; KspI  

pAGR34 pAGM38501:StPVS3promoter (GUS) EcoRI; KspI; SspI 

pAGR35 pICH41308:StABCG1 sequenced 

pAGR38  pICH47742:pICH71037:StKCS6:pICH41414 Alw44I; BbsI; BglII 

pAGR39 pICH47751:pICH71037:StCYP86A33:pICH41421 BbsI; Eco47I; SspI 

pAGR40A2  pICH47761:pICH71037:StFHTA2:pICH41432 BbsI; Eco47I; EcoRI 

pAGR40A3  pICH47761:pICH71037:StFHTA3:pICH41432 EcoRI; BsmI; BpiI; HindIII 

pAGR41 pICH47772:pICH71037:StABCG1:pICH77901 Alw44I; BpiI; Eco47I 

pAGR42 pICH47781:StPVS3promoter:pICH73103:pICH72400 Alw44I; HindIII; SspI 

pAGR43 pICH47742:StPVS3promoter:pICH73103:pICH72400 Alw44I; HindIII; SspI 

pAGR44A2 pAGM37443:pICH67131:StKCS6:StCYP86A33:StFHTA2:StABCG1:pICH41800 Alw44I; BglII; Bsp147I 
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pAGR44A3 pAGM37443:pICH67131:StKCS6:StCYP86A33:StFHTA3:StABCG1:pICH41800 Alw44I; BglII; Bsp147I 

pAGR45A2 
pAGM37443:K:StKCS6:StCYP86A33:StFHTA2:StABCG1:StPVS3promoter: 
pICH41822 

Alw44I; BglII; Bsp147I 

pAGR45A3 
pAGM37443:pICH67131:StKCS6:StCYP86A33:StFHTA3:StABCG1: 
StPVS3promoter:pICH41822 

Alw44I; BglII; Bsp147I 

pAGR46 pAGM37443:pICH67131:StPVS3promoter:pICH41744 Alw44I; BglII; Bsp147I 

pAGR47  StPVS3promoter:StKCS6:pICH41414 Alw44I; BpiI; EcoRI; HindIII 

pAGR48 StPVS3promoter:StCYP86A33:pICH41414 Alw44I; BbsI; BglI 

pAGR49A2  StPVS3promoter:StFHTA2:pICH41414 Alw44I; Mva1269I; SspI 

pAGR49A3  StPVS3promoter:StFHTA3:pICH41414 Alw44I; Mva1269I; BbsI 

pAGR50 StPVS3promoter:StABCG1:pICH41414 Alw44I; BbsI; SspI 

pAGR51A2 
pAGM37443:pICH67131:pPVS3:StKCS6:pPVS3:StCYP86A33:pPVS3:StFHTA2: 
pPVS3:StABCG1:pICH41800 

Alw44I; EcoRI; HindIII 

pAGR51A3 
pAGM37443:pICH67131:pPVS3:StKCS6:pPVS3:StCYP86A33:pPVS3:StFHTA3: 
pPVS3:StABCG1:pICH41800 

Alw44I; EcoRI; HindIII 

pAGR90 pICH47742:pICH51266:35S:AtMYB39:35S:pICH41414 BpiI; Eco88I; XhoI 

pAGR91  pAGM37443:pICH67131:35S:AtMYB39:35S:pICH41744 EcoRI; SspI; XhoI 

St: Solanum tuberosum genes; At: Arabidopsis thaliana genes; Bold letters denote binary plasmids used for stable transformation in  
S. tuberosum.  
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