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"We totally missed the possible role of ... [DNA] repair 

although ... I later came to realize that DNA is so precious that 

probably many distinct repair mechanisms would exist."  

 (Crick, 1974) 
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Chapter 1. An Overview of the literature 
 

1.1. Potato and its wild relatives as a source of resistance genes 
 

The cultivated potato (Solanum tuberosum L.) is the third most important staple food crop in the 

world after rice and wheat in terms of human consumption (https://cipotato.org/).  

The cultivated potato has narrow genetic germplasm resulting initially from a limited population, 

which was brought to Europe and has suffered a high inbreeding depression due to the intensive 

breeding (Ghislain and Douches, 2020). 

The potato tubers present an important dietary source of starch, protein, antioxidants, and vitamins; 

simultaneously, they serve the plant as a storage organ and as a vegetative propagation system 

(Burlingame et al., 2009). Cultivated potato and its wild relatives belong to the genus Solanum, 

the largest genus with 1,500–2,000 species (Machida-Hirano, 2015). The wild tuber-bearing 

potatoes are called Solanaceae sect. Petota Dumort. (Solanum L. species) and the outgroup 

relatives which did not produce tubers, Solanum sect. Etuberosum (Bukasov and Kameraz) Child, 

are relatives of the cultivated potato (Hawkes, 1990; Spooner et al., 1993). 

In addition to these cultivated potato species, there are 199 wild potato species (Solanaceae sect. 

Petota Dumort) found sporadic in 16 countries from the southwestern United States to central 

Argentina and Chile (Hijmans and Spooner, 2001).  

Wild potatoes are promising sources of desirable agricultural traits for the breeding of cultivated 

potato. (Jansky et al., 2009; Pelletier et al., 2011) They possess good tolerance against abiotic 

stress like heat, among other resistance traits (e.g. S.berthaultii, S. chacoense, and S. stoloniferum) 

(Reynolds and Ewing, 1989; Guedes et al., 2019). In S. berthaultii Hawkes and in S. 

bulbocastanum Dun., resistance genes against Phytophthora infestans were found (Ewing et al., 

2000; Naess et al., 2000, 2001; van der Vossen et al., 2003). S. brevidens has a broad virus 

resistance (Valkonen et al., 1994; Rokka et al., 1998). 

S. chacoense present in his germplasm resistance to potato virus A and Y (PVA and PVY), late 

blight, Colorado potato beetle (CPB), tuber moth, potato leafroll virus (PRLV) (Brown and 

Thomas, 1994; Hawkes, 1994) and resistance to cold-induced sweetening (Leisner et al., 2018). 

The wild relatives of potato present a priority for conservation because they possess high genetic 

diversity useful for developing more productive, nutritious, and resistant crop varieties 

(Castañeda-Álvarez et al., 2016). The ability to cross the wild species with the cultivated species 
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is essential and is based on the endosperm balance number (EBN) and the ploidy (Jansky et al., 

2009). Moreover, to cross a wild potato with the cultivated one is very challenging because they 

possess unilateral incompatibility and self-incompatibility. Besides this, they possess different 

EBN and ploidy, reviewed in Spooner et al., 2014. Furthermore, somatic hybridization is used to 

overcome the incompatibility between wild and cultivated potatoes, often being the only way to 

introgress important resistance traits from the wild Solanum species into the cultivated potato 

germplasm (Xu et al., 1991; Chen, 2004; Chen et al., 2008; Thieme and Rakosy-Tican, 2017). 

Accelerate climate change has a significant impact on potato production, and much more 

insecticides and pesticides are required to control diseases and pests. Large scale application of 

chemical pesticides can lead to serious health and environmental problems (Alyokhin, 2008; 

Maharijaya and Vosman, 2015). Mild winters offer very favorable conditions for survival for CPB 

and as well for other pests. 
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Chapter 2. Goals and objectives of the thesis 
 

In order to introgress valuable traits from the wild relatives, an MMR deficiency was introduced 

in S. chacoense. The MMR-deficient S. chacoense was used in somatic fusions with the tetraploid 

cultivated potato (Rakosy-Tican et al., 2004; Rakosy-Tican et al., 2019). 

This work aimed to characterize the potato somatic hybrids between S. tuberosum and S. 

chacoense with a deficiency in the MMR system. Furthermore, to exhibit if MMR deficiency 

favour homeologous recombination in meiosis of the SHs in order to introgress resistance traits 

from S. chacoense.  

The next step was the generation of MMR-deficient potato plants using the new genome editing 

technique (CRISPR/Cas9) with Agrobacterium tumefaciens and the DNA-free delivery method 

with PEG in potato protoplasts, as a proof of concept. 

The objectives of this thesis were: 

1) The analysis of somatic hybrids for mutant phenotypes, MSI in transgenic and control 

(parent) plants, resistance to kanamycin as a marker of the transgenic construct integration 

and RTq-PCR for MSH2 and SPO11 genes in selected somatic hybrids and their parents. 

2) The characterization using GISH of homeologous recombination in meiosis, and pollen 

viability analysis in selected SHs. 

3) The determination of resistance to Colorado potato beetle of selected SHs with or without 

MMR deficiency. 

4) The generation of MMR-deficient potato plants using the new genome editing technique 

(CRISPR/Cas9) mediated by Agrobacterium tumefaciens transformation or the DNA-free 

delivery method in potato protoplasts using PEG. This work aimed to establish the method 

for genome editing in potatoes in order to use the know-how to edit further resistance genes 

and later to knock-out the transgene from the SHs using the DNA-free genome editing 

method. It is crucial to have transgene-free plants because of the regulatory perspective.  
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Chapter 3. Plant material used in this thesis 
 

To introgress the resistance genes from the wild relative of potato, S. chacoense, genetic 

transformation with A. tumefaciens, strain LBA4404 was done (Rakosy-Tican et al., 2004; 

Rakosy-Tican et al., 2019). The constructs used for genetic transformation, the AS (antisense) 

construct, and the DN (dominant-negative) construct are described in the following paper: 

(Rakosy-Tican et al., 2004, 2019).  

The antisense construct (AS) contains the 3’ 1 kb fragment from A. thaliana MSH2 cDNA in an 

antisense orientation (Figure 1- A), and inhibition of the MSH2 gene occurs through antisense 

strategy. The dominant-negative construct is an AtMSH2 coding sequence (Figure 1- B), which 

contains a point mutation at position 697 where a highly conserved Asp (aspartate) codon is 

changed in Gly (glycine) codon (Ispas, 2004) and inhibition of MSH2 gene occurs through 

competitive inhibition. The same mutation in the MSH2 gene, introduced in yeast at a homologous 

position confers a strong dominant-negative phenotype (Nicolaides et al., 1998; Studamire et al., 

1999). The transgenic status of the clones is described in: (Rakosy-Tican et al., 2004). 

 

Figure 1. Schematic representation of the plasmids transformed into S. chacoense, (A)T-DNA of 

the FRG-MSH2-AS plasmid, (B) T-DNA of the FRG-MSH2-DN plasmid (Rakosy-Tican et al., 

2004, 2019).  

 

Two potato cultivars, cv. Delikat (Nordring-Kartoffelzucht – und Vermerungs – GmbH Gross 

Lüsewitz, Germany) and cv. Desiree (ZPC, Leeuwarden, Netherlands) were used to generate 

somatic hybrids between S. tuberosum and the MSH2 transgenic S. chacoense (Rakosy-Tican et 

al., 2004, 2019). The hybridity of these SHs was analysed using SSR markers (data not shown 

here). In this thesis, the SHs without the transgenic construct is coded using numbers (i.e., SH 

1837/1) or the control with C followed by a number (i.e., DkC 5; DeC 7). The potato cultivars' 

names are shortened as Dk = cv. Delikat and De = cv. Desiree. The S. chacoense is shortened S. 
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chc or chc. The somatic hybrids, which were transformed with the dominant-negative mutant 

MSH2 gene, are labelled as DkDN 5, DkDN 11, DeDN 5, and DeDN 11, with the numbers 

followed by the number of each clone. When the antisense (AS) construct was used to produce 

stable transformed SHs, then the clone number follows DkAS 10 (Rakosy-Tican et al., 2019). 

The SHs with MMR deficiency was produced to increase homeologous recombination, therefore 

to increase the introgression of resistance genes toward CPB. MSH2 protein has an essential role 

in suppressing recombination between diverged sequences. 

For the genome editing approach, tetraploid S. tuberosum cv. Delikat was used.  

In bacteria (Rayssiguier et al., 1989; Zahrt and Maloy, 1997), yeast (Datta et al., 1996; Datta et al., 

1997; Negritto et al., 1997; Chen and Jinks-Robertson, 1999; Nicholson et al., 2000), mammalian 

cells (Wind et al., 1995; Elliott and Jasin, 2001) and plants (Trouiller et al., 2006; Lafleuriel et al., 

2007; Tam et al., 2011; van Marcke and Angenon, 2013), high recombination frequency was 

observed between homeologous sequences when the MSH2 gene was suppressed or knocked-out. 
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Chapter 4. Results and discussions 
 

4.1. New potato phenotypes co-induced by deficient MSH2 and somatic 
hybridization 
 

The majority of the work from chapter 4.1 is already published in:  

Rakosy-Tican, E.*, Lörincz-Besenyei, E.*, Molnár, I.*, Thieme, R.*, Hartung, F., Sprink, T., 

Antonova, O., Famelaer, I., Angenon, G. and Aurori, A.* (2019). New phenotypes of potato co-

induced by mismatch repair deficiency and somatic hybridization. Front Plant Sci 10, 3. doi: 

10.3389/fpls.2019.00003. *equal contribution,  

and in: 

Molnár, I., Besenyei, E., Thieme, R., Thieme, T., Aurori, A., Baricz, A., et al. (2017). Mismatch 

repair deficiency increases the transfer of antibiosis and antixenosis properties against Colorado 

potato beetle in somatic hybrids of Solanum tuberosum + S. chacoense. Pest management science 

73, 1428–1437. doi: 10.1002/ps.4473.  

 

 

4.1.1. MMR deficiency induces mutator phenotype in somatic hybrids 
 

In MSH2 defective A. thaliana, mutation accumulation was observed during seed-to-seed 

propagation, which goes hand in hand with different phenotypic mutations. In these plants, near-

true albino leaves, early flowering, sterility, and dwarfism were described showing mutator 

phenotype (Hoffman et al., 2004). 

To assess the mutator phenotype caused by the MMR deficiency and the variations caused due to 

somatic hybridization, the size of the plants, leaves, and internodes were analysed. MSI is a pattern 

of MMR deficiency, only the SHs with phenotypic abnormalities and MSI were considered to have 

a mutator phenotype caused by MMR deficiency, the other mutants are caused by somatic 

hybridization and its complex genetic interactions (Harms, 1983). 

Phenotypic variations were observed in the SHs produced with the transgenic S. chacoense AS, 

DN, and potato cv. Delikat. Often, these SHs was showing large growth and dwarf phenotype 

(Figure 3). Moreover, abnormalities in leaf morphology, showing round shape, small leaves 

(Figure 2), and lack of flower development as compared to the wild type parents were observed. 
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Dwarf SHs could be caused by mutations in plant hormone biosynthesis pathway or hormone 

receptors (Koorneef et al., 1985; Vega et al., 2006).  

In one SH (DkDN 5.25) which contains the DN construct, plant shows disorganized grana with 

structural changes in the chloroplasts and thick inner cell wall around the stoma of the guard cells 

and these changes goes hand in hand with significant changes in leave structure having slightly 

greyish-green color and deformed leaves (Figure 2). Recently it was shown that the mitochondrial 

MSH1 protein associates also with the thylakoid membrane and a depletion cause variegation, 

curly and wrinkled leaf, abiotic stress tolerance, and deficient growth (Virdi et al., 2016). 

Nevertheless, the transcriptome of this somatic hybrid was analyzed in comparison with the wild 

type parent plants (cv. Delikat and S. chacoense), and the transcriptional profile of the Dk DN 5.25 

is significantly different from cv. Delikat, and S. chacoense. Giant phenotype could be observed 

in the case of the hybrids (DkDN 5.3, 5.6, 5.11; DkDN 11.24 and 11.34) along with dwarf 

genotypes (DkDN 5.4, 5.17 and DkAS 10.20) which are significantly different from the parent 

plants.  

Leaf size, measured at the midrib is significantly different from the parent plants in SHs with the 

MMR deficiency. Besides this, the internodes from the SHs with MMR deficiency shows different 

length. Dark purple and small tubers were observed as well in the mutator phenotypes. The 

analysed DN SHs show MSI in 82 % (9 genotypes from 11), and 45 % (5 genotypes from 11) 

shows mutator phenotype caused by MMR deficiency. However, the SHs generated with the AS 

mutation show MSI in 11 % (1 from 11 genotypes), and 11% shows the mutator phenotype. 

The dominant-negative mutation is very effective in the case of these potato hybrids. This was 

observed in the case of the tomato, where the dominant-negative AtMSH2-DN protein construct 

showed an increase in homeologous recombination (Tam et al., 2011). 

Some of the described somatic hybrids which have mutator phenotype do not develop flower, or 

the flowering occurred earlier as in parental plants. In MSH2 defective tomato, floral abnormalities 

were observed in the first and second generation, which resulted to an abnormal stamen 

morphology and fruits without seeds or seeds with low viability (Sarma et al., 2018). 
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Figure 2. Comparison of the phenotypes of the somatic hybrids with potato parent cv. Delikat, and S. 

chacoense. (A) Phenotypes of the plants grown in a greenhouse (61 days), from left to right: potato cv. 

Delikat, SHs with MMR deficiency (DkDN 5.3, 5.6, 5.11, and the mutator phenotype of DkDN 5.25) and 
the wild type S. chacoense. (B) Leaf morphology of the mutator phenotype DkAS 10.20, which shows 

dwarf phenotype and small leaf with round folioles in comparison with the parent plant cv. Delikat. (C) 

Conjoint leaf of the SH DeC 7 with a proficient MMR system. 

 

Figure 3. Average height (in cm) of the somatic hybrids of potato (cv. Delikat or cv. Desiree) + Solanum 

chacoense, with or without MMR deficiency, grown in a greenhouse for 61 days after transfer from in vitro. 
Box plots represent means, dots are outliers, the horizontal line in the box represents the median, and the 

vertical line in the box represents the SD. Pairwise t-test, p < 0.05. * Significantly different from S. 

chacoense, ** significantly different from potato cv. Delikat or cv. Desiree, * and ** significantly different 
from the wt parent plants. 
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4.1.2. Presence of the NPTII selection marker in the MMR deficient transgenic lines 
 

The construct, which was used to generate transgenic S. chacoense plants using the antisense or 

the dominant-negative AtMSH2 gene, contained as selection marker the neomycin 

phosphotransferase gene (NPTII gene). In the presence of this selection marker, the transgenic 

plants can grow normally and grow roots on medium containing antibiotics such as kanamycin. 

All of the SHs with a deficiency in the MMR system, which shows MSI, developed roots on this 

selection medium, except DkDN 11.10 and DkDN 11.26 ( 

Table 1). It is possible that after subsequent micropropagation, these two genotypes have loosed 

the transgene.  

Transgene inactivation was reported in plants (Broer, 1996). Nevertheless, heat treatment in 

transgenic Medicago sativa has driven to an almost complete (95%) loss of the phosphinothricin 

resistance (Walter et al., 1992). However, the loss of the transgene increased the possibility of 

these genotypes being introduced into breeding programmes and gaining consumer acceptance. 

 

4.1.3. Microsatellite analysis in potato somatic hybrids 
 

MMR deficiency is strongly correlated to the instability of the microsatellites (MSI). MMR 

deficient plants show MSI, such as deficiency in the MSH2 gene (Leonard et al., 2003; Hoffman 

et al., 2004; Depeiges et al., 2005; van Marcke and Angenon, 2013; Rakosy-Tican et al., 2019), 

PMS1 gene (Xu et al., 2012), PMS2 gene (Chao et al., 2005), MSH6 gene (Jiang et al., 2020). 

Microsatellite instability is a result of replication slippage or stalling, which occurs when the MMR 

system is deficient and is also hotspots of chromosomal double-strand breaks (DSBs) (Gadgil et 

al., 2017). 

Chromosome-specific SSR markers (96 in total, 12 with an unknown chromosome location) were 

used to analyse MSI in SHs and wild type parents. In the somatic hybrids, low polymorphism was 

observed, and only six SSR markers show MSI as follows: StI0001, StI0027, StI0046, StI0054, 

STM0024 whereas STG0001 shows MSI also in SHs backcrossed lines with proficient MMR 

system.  

Instability in microsatellite repeated motifs and transcript variations in different MMR genes was 

reported in hybrids between rice and wild rice (Dong et al., 2013). This indicates a strong 

relationship between MMR genes and genomic variation, which they cause. We have found 

microsatellite instability on chromosomes 4, 8, 11, and 12, as soon as the other microsatellites do 

not show MSI. 
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Figure 4. SSR instability in S. tuberosum + S. chacoense MMR deficient somatic hybrids in comparison 

with their parents or MMR proficient SH 1837/1 and De C8. Microsatellite marker StI0027 and STM0024. 
The specific bands that show the SSR instability (MSI) are indicated with a green arrow.  

 

These varied microsatellites included one di-nucleotide-repeat, four tri-nucleotide repeats, and one 

motif (STM0024) which has five tri-nucleotide repeats and 18 di-nucleotide repeats, accounting 

for 3% (1/33), 8% (4/50), and 1% (1/96), respectively. The instability appears not only in the 

increasing number of bands, but also the displacement of the main band position occurs in 

STM0024 and StI0027 (Figure 4). SHs with MMR deficiency: DkDN: 5.3, 5.4, 5.11, 5.17, 5.25, 

11.10, 11.24, 11.34, DeDN: 5.5, 11.29, and DkAS 10.20 present MSI with all six SSR markers, 

on the chromosomes 4, 8, 11, and 12. 

 

4.1.4. The relative transcript level of the MSH2 and SPO11 genes in somatic hybrids 
 

The somatic hybrids with a deficiency in the MMR systems were analysed for the accumulation 

of the MSH2 and SPO11 transcript in vegetative and generative tissue. As a control, the transgenic 

S. chacoense, HLDN 5, was used. In Figure 5, the relative expression of MSH2 gene in leaves (A) 

and floral buds (B), fluctuate between the samples compared to the MMR deficient S. chacoense 

HLDN 5, used as control. Nevertheless, one MMR deficient somatic hybrid, DkDN 5.3, shows 
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reduced MSH2 expression in leaves compared to the MMR deficient S. chacoense (p=0.001, 

Figure 5- A ). Both wild type (wt) parents, S. tuberosum, and S. chacoense (S. chc) of the somatic 

hybrids show a high expression of the MSH2 gene in leaves, in comparison with the MMR 

deficient S. chacoense (HLDN 5).  

This data indicates that the DN mutation induced in the MSH2 gene can reduce the transcript level 

of the MSH2 gene in somatic hybrids. Although the DkAS 10.20 SH shows an increase in the 

transcript level, this could be a result of the genetic instability, which is revealed by the mixoploidy 

(Rakosy-Tican et al., 2019). 

In general, in the floral buds, the expression level of the MSH2 gene shows a decrease in 

comparison to the expression from the leaves. This data corresponds to the data described for 

tomato, where the highest expression of the MSH2 was observed in the leaves followed by a 

slightly lower expression in the floral buds (Tam et al., 2009).  

In the floral buds, DkDN 5.11 MMR deficient line is downregulated (p = 0.008). Besides this, the 

genotype DkDN 5.25 shows a near significant downregulation of the MSH2 gene (0.52) compared 

to the transgenic S. chacoense (p = 0.07, Figure 5-B). The wild type of parental lines, cv. Delikat 

and S. chacoense are slightly downregulated in floral buds while in the leaves are up-regulated. 

Moreover, S. chacoense is significantly up-regulated in leaves (p = 0.0001), in the floral buds is 

near significantly under-regulated (p = 0.01) in comparison with the MMR deficient S. chacoense. 

Besides this, the tetraploid potato, cv. Delikat is significantly downregulated in floral buds with 

relative expression of 0.28 (p = 0.001, Figure 5-B). 

After the silencing of the MSH2 gene in N. tabacum and N. plumbaginifolia, the MSH2 transcript 

level was assessed using RTqPCR. Here as well, a high variation in the transcript level in leaves 

was observed, and no one genotype reached zero expression. Moreover, the reduction of MSH2 

transcript level with 20-30% was enough to induce mutator phenotypes such as chimeric albino 

plants and herbicide tolerance (van Marcke and Angenon, 2013).  

This could be the effect of the dominant-negative mutation of the MSH2 gene in SHs; however, 

the somatic hybrids are not completely deficient in the MSH2 gene because the tetraploid potato 

parent, cv. Delikat is a wild type plant. Nevertheless, this semi deficiency is enough to induce 

mutations in the genome of the SHs and to increase homeologous recombination between 

homeologous sequences and subsequent the formation of the double-strand breaks (DSBs), which 

are a requirement for meiotic recombination.  
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Figure 5. Quantitative real-time RTqPCR analysis of the MSH2 gene in potato somatic hybrids with and 

without MMR deficiency in comparison with HLDN 5 - high leptine producer Solanum chacoense with a 

deficiency in the MSH2 gene (MMR deficient) and the wild type potatoes S. chacoense and S. tuberosum 
cv Delikat. (A) RTqPCR in leaves, (B) RTqPCR in floral buds; Bars represent the standard error of the 

mean of the replicates (± SEM). * Significantly different from HLDN 5 (p < 0.05).  
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The relative expression of both SPO11 genes (SPO11-1 and SPO11-2) was analysed because they 

are essential for DSB formation in plants but how they act together in DSB formation is still 

unclear (Grelon et al., 2001; Hartung et al., 2007; Sprink and Hartung, 2014). No one from the 

SHs with a mutator phenotype shows a downregulation in SPO11 expression. 

Moreover, our data show that the MSH2 protein is required in the repair of the DSBs because 

neither the MSH2 nor the SPO11 genes are under-expressed in the floral buds in the case of the 

SHs with MMR deficiency. An exception of this is the DkDN 5.11 hybrid, where the MSH2 

transcript is downregulated while the SPO11 gene is slightly up-regulated in comparison with the 

control, but this increase is not statistically relevant.  

Our data suggest a co-regulation of the MSH2 and SPO11 genes in floral buds, which confirms the 

hypothesis that MSH2 plays an essential role in meiotic recombination. Several studies indicate 

the function of MSH2 in meiosis (Meyer et al., 2001; Lloyd et al., 2007; Tam et al., 2011; Manhart 

and Alani, 2016; Sarma et al., 2018). 

A co-regulation between SPO11 and MSH2 was already described in S. cerevisiae (Meyer et al., 

2001). Moreover, a regulatory cis-element except a base pair is identical to the 5` flanking region 

sequence of SPO11, deletion of this element causes the loss of meiotic induction of MSH2 (Meyer 

et al., 2001). In mice ovary cell lines, it was observed that the MSH2 protein plays a role in NHEJ 

type DSB repair, impeding the joining of the mismatched DNA termini (Smith et al., 2005). 

Besides this, another reported study supports the role of the MMR proteins in DSBs repair in 

mouse fibroblasts, where MLH1 inhibits the repairing of DSBs, which contains 

noncomplementary base pairs (Bannister et al., 2004). 

 

4.1.5. Genomic in situ hybridization of potato somatic hybrids in meiosis  
 

Genomic in situ hybridization (GISH) is a modification of fluorescent in situ hybridization (FISH), 

which allows distinguishing genomes from different species in a cell and allows the identification 

of parental chromosomes. Solanum chacoense Bitt. is a very close relative of cultivated potato, S. 

tuberosum. Both are species classified in section Petota, 4th clade (Spooner et al., 2018). 

S. tuberosum (2n=4x=48) has an AAAA genome, while S. chacoense (2n=2x=24) has an AA 

genome. Therefore, their genome is very homolog, and a genome differentiation using standard 

GISH conditions is not possible. Genomes, which have 80-85% homology, can be differentiated 

using standard conditions. On the other hand, for the genomes, which share 90-95% homology, 

the conditions for GISH must be improved (Silva and Souza, 2013). Such improvement consists 
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of an increase of the blocking DNA and the avoidance to use formamide (Parokonny et al., 1997; 

Jang and Weiss-Schneeweiss, 2015). Such optimizations were pivotal to differentiate between the 

genome of S. tuberosum and S. chacoense in SHs with MMR deficiency. This study aimed to 

evidence the homeologous recombination or introgression of S. chacoense in SHs with MMR 

deficiency in early meiosis stages.  

It is well known that MMR proteins suppress recombination between two divergent sequences 

since the meiotic recombination in plants is based on DNA homology (Bozza and Pawlowski, 

2008).  

For GISH analysis, we have chosen the SH DkDN 5.4 with MMR deficiency, which shows MSI, 

mutator phenotype, and strong resistance to CPB (Figure 4,  

Table 1). 

DkDN 5.4 possesses strong toxicity and deterrent effect toward CPB, such as the parent plant S. 

chacoense, this evidence the introgression of this trait into the gene pool of this new hybrid. 

Chromosome specific SSR analysis shows the inheritance of some chromosome-specific alleles 

from S. chacoense and potato (Figure 4).  

Using GISH analyses in male meiocytes, it was possible to identify in SH DkDN 5.4, in the early 

meiosis (Figure 6), chromosome regions from S. chacoense, which forms chiasma with 

chromosomes from S. tuberosum. In male meiosis of this SH, many meiotic aberrations were 

observed, such as the formation of univalents in diakinesis and aberrant chromosome number. 

Consistent with this, the anthers of this SH contained shrunken pollen at the end of the meiosis.  

 

Figure 6. Male meiotic chromosomes in DKDN 5.4 SH; (a) diakinesis, (b) anaphase I; red - S. 

chacoense; green - S. tuberosum; bars 10 μm. 
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Similar observations were made in the diploid tomato, MSH2 silenced lines where the majority of 

meiocytes showed tetraploid meiocytes and abnormal tetraploid meiocytes. Just a few meiocytes 

showed normal diploid meiosis. Besides this, fertility was affected, and the MSH2 silenced line 

showed reduced pollen viability, which has affected seed production as well (Sarma et al., 2018).  

Moreover, the analysed SHs with MMR deficiency show reduced pollen viability, which was 

significantly lower (p < 0.05) compared to wild type plants. Sterility is a common trait caused by 

a deficient MMR system as it was observed in other MSH2 deficient plants (Hoffman et al., 2004; 

Sarma et al., 2018).  

Our results are similar to these findings. Therefore, the observed aberrant meiosis and very low 

pollen viability are most probably co-induced by somatic hybridization and low MSH2 protein 

activity. MSH2 increases significantly homeologous recombination. The aberrant meiosis is a 

cause of deficient heterodimer formation with MSH7.  

From the best of our knowledge, until now, it was not reported discrimination between two tuber-

bearing A- genomes, except SHs between S. bulbocastanum (diploid, 1EBN) and S. tuberosum 

(Iovene et al., 2007; Rakosy-Tican et al., 2020).  

Overcoming hybridization barriers and introgressing resistance genes from wild relatives are at 

very high importance for potato breeding. Therefore, tracking the introgression of parental 

chromosomes in the new genotype is very important.  

 

4.1.6. MMR deficiency increases the antibiosis and antixenosis towards CPB in MMR 
deficient SHs 
 

S. chacoense is a rich reservoir of resistance genes, including resistance to Colorado potato beetle 

(CPB) (Sinden et al., 1986; Brown and Thomas, 1994; Hawkes, 1994). 

The resistance to CPB is given by the ability of this wild plant to produce steroidal glycoalkaloids 

(SGA), which are known as leptines (Sinden et al., 1986; Brown and Thomas, 1994; Hawkes, 

1994). 

Leptines have anticholinesterase-type activity; therefore, one nanomole concentration is enough 

to have a deterrent and toxic effect for CPB (Sinden et al., 1980; Sinden et al., 1986; Ronning et 

al., 1999; Rangarajan et al., 2000; Yencho et al., 2000; Dinkins and Peterson, 2008). Leptines are 
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synthesized only in leaf tissue, absent in tubers, and do not affect tuber quality; this trait is essential 

for the market and consumption (Veilleux and Miller, 1998). 

To prove the resistance of these hybrids toward CPB, an antibiosis and antixenosis assay were 

done. It was found that the SHs with MMR deficiency show good resistance to CPB, and therefore, 

the introgression of this trait was successful ( 

Table 1, Supplement). 

The data from this chapter is published in:  

Molnár, I., Besenyei, E., Thieme, R., Thieme, T., Aurori, A., Baricz, A., et al. (2017). Mismatch 

repair deficiency increases the transfer of antibiosis and antixenosis properties against Colorado 

potato beetle in somatic hybrids of Solanum tuberosum + S. chacoense. Pest management science 

73, 1428–1437. doi: 10.1002/ps.4473.  

 

 

4.2. Inducing mutations in the potato MSH2 gene with CRISPR/Cas9 
 

4.2.1. In vitro cleavage assay 
 

We designed several sgRNAs for the MSH2 gene using the CCTop-CRISPR/Cas9 target online 

predictor to predict the possible off-target effects (Stemmer et al., 2015; Labuhn et al., 2018). The 

sgRNAs with lower possible off-target effects were used to assess the cleavage of each sgRNAs 

using an in vitro cleavage assay. All sgRNAs used in this study were designed for the protospacer 

to correspond to 20 nt target site in the MSH2 gene and to create DSBs at 3 bp upstream of the 

protospacer adjacent (PAM) motif. To target the MSH2 gene, which is located on chromosome six 

on potato, we have chosen six sgRNAs for the in vitro cleavage assay (Figure 7). The sgRNA2 is 

located on exon 3, sgRNA5 and sgRNAs10 are located on exon 4, and sgRNA22 is located on 

exon 5 (Figure 7).  

The last two designed sgRNAs, sgRNA32, and sgRNA38 are located on exons 12 and 13, 

respectively (Figure 7).  
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Figure 7. Schematic representation of the MSH2 gene from potato, gray lines are the exon sequences, and 

black lines are the introns. The dots represent the localization of sgRNAs used in the experiments. 

 

All tested sgRNAs were able to cleave the target PCR product of the MSH2 gene from potato and 

show different cleavage efficiency in vitro. The sgRNA2 and sgRNA38 show the highest 

efficiency and were therefore chosen in subsequent experiments for the transfection of protoplasts 

and Agrobacterium tumefaciens mediated transformation in potato (Figure 8).  

 

 

Figure 8. In vitro testing of the sgRNAs after 1 h and 4 h incubation time with Cas9 and different sgRNAs. 

 

 

4.2.2. DNA-free genome editing in potato protoplasts 
 

Genetic engineering is an efficient way to introduce important agronomical traits for potato 

improvement. Inducing mutations in the target genes using in vitro synthesized sgRNAs, 

preassembled with the Cas9 endonuclease, which together forms the ribonucleoprotein complex 

(RNPs), is beneficial because the stable integration of foreign DNA in the genome is avoided. This 

is very important because of the legislative regulation perspective. Some countries tend to a 
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process-based regulatory system such as Europe, Australia, New Zeland, and India (Friedrichs et 

al., 2019).  

For plant breeding, DNA-free genome editing is a very recent method which still needs 

optimization to increase the efficiency and specificity. Therefore, DNA-free genome editing 

requires the optimization of regeneration of recalcitrant crops. Using CRISPR/Cas9 

ribonucleoproteins (RNPs), we have targeted the potato MSH2 gene. This gene plays an essential 

role in DNA recombination and repair. To achieve this goal, we have isolated potato mesophyll 

protoplasts and made transfections using RNPs. For isolation and regeneration, we have used an 

already established protocol (Thieme et al., 2008).  

 

 

Figure 9. Schematic representation of the direct delivery of RNPs (Cas9 and sgRNA) to potato protoplasts 

to produce transgene-free edited crop plants. (A) Freshly isolated protoplasts are transfected with RNPs 
using PEG. (B) Freshly transformed potato protoplasts are transferred to the regeneration medium. (C) 

Protoplasts two weeks after transfection, the cell wall is restored. (D) Protoplasts four weeks after 

transfection (E) Protoplasts 4 months after isolation (F) Shoot regeneration 5 months after protoplast 
isolation. 

 

However, the regeneration of potato protoplasts after PEG transfection with RNPs was not 

successful, although the regeneration of potato protoplasts without using RNPs worked very well 

(Figure 9; E-F). DNA-free genome editing in potato with RNPs via PEG transfection was reported 

as successful by other research groups by using another isolation and regeneration method 

involving the embedding of protoplasts in alginate, after the PEG transfection (Andersson et al., 

2017; González et al., 2020). After the transfection of potato protoplast, using sgRNA2 and 
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sgRNA38, the DNA from the protoplasts was isolated, and the target regions were sequenced. 

Different mutations 3 nucleotides upstream the PAM sequence were observed.  

In conclusion, the PEG transfection method was successful, but the plant regeneration require 

optimization to obtain regenerated mutants. Nevertheless, using a liquid medium for protoplast 

regeneration is a more convenient method because, in every step, other interventions could be 

performed without disturbing them, which would not be the case if they would be embedded in 

alginate.  

4.2.3. Agrobacterium-mediated transformation in potato  
 

In this study, we have used the Agrobacterium-mediated transformation, using the pDECas9 T-

DNA binary vector (Fauser et al., 2014) to deliver the Cas9 endonuclease and the sgRNA. Once 

inside the plant cell, the components of the T-DNA binary vector are expressed, and the T-DNA 

integrates into the plant genome resulting in stably transformed potato lines.  

Using Agrobacterium tumefaciens GV3101-pMP90RK strain and the pDECas9 binary vector with 

the sgRNA targeting the exon 3 and 13 from the MSH2 gene, we were able to obtain five stable 

transgenic lines with the sgRNA2. By using the sgRNA38, no plant regeneration occured, the callis 

do not regenerate shoots, and however, they developed normally in the first stages. 

For the transformation experiment, we used potato internodes in which plant regeneration was 

successfully achieved.  

The five regenerated transgenic potato lines targeting the exon 3 (DksgRNA2), were sequenced to 

reveal if mutations occur in the target sequence. In two, potato lines modifications in the target 

sequence were observed; in the other three lines, no mutation was detected in the targeted region. 

In the exon 3 a three-nucleotide deletion was observed three nucleotides upstream the PAM motif, 

which changes the open reading frame (ORF) of the MSH2 gene (Figure 10). In the second line, a 

substitution was observed as well as in the exon 13 using the sgRNA38 (Figure 10). It was not 

possible to regenerate plants after the co-culture with A. tumefaciens, which contained the 

transgene for sgRNA38 to knock-out the exon 13. The obtained callus has died before shoots 

appear. However, from a rescued callus, DNA was isolated and sequenced in the target region, and 

a substitution was found. This substitution changes the frameshift of the MSH2 protein in a strong 

conserved C-terminal region (Figure 7), which is an ATP/ADP binding domain.  
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Figure 10. Mutations in the regenerated genotypes obtained after A. tumefaciens transformation, 

determined by DNA sequencing in the exon 3 (DksgRNA2) and 13 (DksgRNA38) of the MSH2 gene.  

This ATP/ADP binding domain is required for mismatch correction and the mismatch binding 

(Bowers et al., 1999; Dufner et al., 2000). Moreover, a mutation in the ATP/ADP binding domain 

in mice was associated with tumor proliferation (Lin et al., 2004). The MutS-DNA complex 

formation occurs in an ATP dependent manner (Iyer et al., 2006). It is possible that in plants, losing 

the ATP binding domain of this protein is not compatible with life. This could explain the 

impossibility to regenerate plants with a mutation in this domain. 

During the regeneration, mutant phenotypes were observed, which correlate with mutations in the 

exon 3 (DksgRNA2). They consist of deformed and albino shoots (Figure 11). From the mutant 

phenotypes, it was not possible to regenerate viable plants. 

 

 

Figure 11. Agrobacterium-mediated CRISPR/Cas9 genome editing in potato, targeting the MSH2 MMR 

gene in exon 3 (A) callus induction in potato, (B) callus regeneration, (C, D, E) potato mutator phenotypes 

obtained during the regeneration. 

 

The suppression of the MSH2 gene leads to an increased mutation frequency in the genome, 

consisting of the appearance of small insertions and deletions (indels) and single-nucleotide variant 

mutations. This could explain the occurrence of potato mutant phenotype during the regeneration 

process (Belfield et al., 2018). The chimeric albino phenotype was observed in genome-edited 

potato plants, where the apical meristem was completely white without true leaves (Figure 11; C-

D), and white leaves were observed (Figure 11- E). This data corresponds with the observations 
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made in N. tabacum and N. plumbaginifolia where the MSH2 gene was silenced. In this case, large 

white sectors on the first pair of leaves were observed, which appears more rarely in the cotyledons 

(van Marcke and Angenon, 2013).  

Moreover, in the moss Physcomitrella patens, which has a mutation in the MSH2 gene, pleiotropic 

growth, and developmental defects were observed, such as undeveloped buds, shoots without 

leaves, sterile phenotype and decreased cell division (Trouiller et al., 2006). 

The A. tumefaciens mediated genome editing is the most convenient and routinely used technique 

for genome editing in many species. However, in potato is challenging because of the stable 

integration of the transgenes and clonally propagation. For transgene elimination, selfing is 

applied, but many potato cultivars are self-incompatible. The development of a routine DNA-free 

genome editing technique is crucial for potato. In this study, we could show that genome editing 

using A. tumefaciens and the DNA-free genome editing are both reliable methods for potato 

transformation. However, the DNA-free genome editing presents an advantage over the 

Agrobacterium-mediated transformation, but further optimizations of plant regeneration are 

needed. 
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Chapter 5. General conclusions 
 

We have demonstrated the transcriptional levels of the MSH2 gene from the SHs in vegetative and 

generative tissues. The transcription level in SHs with MMR deficiency was much lower than the 

wild type plants, which can account for the MMR deficiency. Furthermore, an exception was found 

in the SHs generated with the antisense construct (DkAS 10.20), which shows a high transcript 

level in the leaves. The high transcription level could be the result of the genetic instability of this 

plant, which is mixoploid. 

In the buds of the SHs, it has been shown that the DSB initiator SPO11 proteins are co-regulated 

with MSH2, indicating the role of MSH2 in meiosis.  

Nevertheless, we have proved that this half-deficiency is sufficient to induce mutations in the 

genome of the SHs and to increase homeologous recombination between homeologous sequences, 

and subsequently, the formation of the DSBs, which are a prerequisite for meiotic recombination. 

The recombination between the S. chacoense and S. tuberosum was shown in early meiosis for the 

DkDN 5.4 SH, where a Y-type chromosome appears, indicating the chiasmata formation between 

heterologous chromosomes. Altered meiosis and low pollen viability were also observed. All of 

these emerge as patterns of MMR deficiency, and these data correspond with those reported in the 

literature.  

Testing the SHs seven years after they were produced for the transgene integration, revealed that 

13 out of the 22 tested SHs had lost the transgene (NPTII). This is a very useful feature because 

these plants could be used as pre-breeding material. For example, the DkDN 11.10 hybrid 

possesses resistance to CPB, but it no longer has the transgene.  

The main objective in creating these SHs was to introduce resistance to CPB from S. chacoense. 

It was shown that the SHs with MMR deficiency are more resistant to CPB than proficient MMR 
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SHs and some of their progenies (Molnár et al., 2017). In addition, one SH (DkDN 5.4) exhibited 

strong resistance to CPB, similar to S. chacoense.  

Phenotypic analysis of the SHs with MMR deficiency revealed a high frequency of various mutant 

phenotypes: dwarf plants, small conjoint leaves, early flowering, no flower formation, and low 

pollen viability, which cannot be explained by their hybrid nature alone. The deficient MMR 

system causes these phenotypes, and our data correspond with the data shown in other MMR-

deficient plants. EMS mutagenesis is highly useful and extensively applied in breeding, but it only 

causes transitions from G:C to A:T (Colbert et al., 2001; Greene et al., 2003; Till et al., 2003), 

while MMR deficiency affects the encoded genetic regions (Belfield et al., 2018). Therefore, 

MMR deficiency is more beneficial for breeding as EMS, but the acceptance of transgenic plants 

is shallow.  

With a DNA-free genome editing method, these limitations could be overcome, at least in those 

countries that do not follow a process-based genome editing regulation. 

Here we have shown an efficient method for DNA-free genome editing, as well as stable 

transformation with CRISPR/Cas9. Using A. tumefaciens for delivery of the CRISPR/Cas9 system, 

we were able to partially inactivate the MSH2 gene, obtaining potato plants with the mutator 

phenotype  

We were able to show deletions 3 nt upstream the PAM region in the MSH2 gene with DNA-free 

genome editing method and with Agrobacterium-mediated genome editing. After the delivery of 

the CRISPR/Cas9 system by A. tumefaciens, the regenerated shoots showed the albino phenotype 

and shoots without true leaves. In the DksgRNA2.1 line, which showed no phenotypic alterations 

(Fehler! Verweisquelle konnte nicht gefunden werden., supplementary materials), the relative 

gene expression was analysed and showed a reduction in the MSH2 level compared to the wild 

type plant. 

Further optimizations are needed in order to increase the efficiency of transformed plants and plant 

regeneration from potato protoplasts.  

DNA-free genome editing offers an excellent perspective for increasing resistance in potato to 

biotic and abiotic stress associated with monogenic traits. Considering the polygenic traits, we 

foresee the usefulness of inducing MMR deficiency for acquiring a necessary genetic variability 

in targeted plants, by increasing the rate of mutations and homeologous recombination. 

The results from this thesis show that manipulating the MMR system is a promising tool for plant 

breeding as well as genome editing to increase potato resistance to different diseases.  
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Overall, it was possible to show patterns of the MMR deficiency in both SHs and genome edited 

plants, and it was possible to identify SHs with resistance to CPB and to show the recombination 

between homeologous chromosomes. 

 

 

 

 

 

Acknowledgments 
 

 

First, I would like to thank Prof. Dr. Elena Rakosy for including me in her research group. I would 

like to express my sincere gratitude for the continuous support for my Ph.D. study and related 

research, for her patience and motivation. She’s guidance helped me doing and writing this thesis.  

Besides this, I am very grateful to Dr. Frank Hartung for allowing me to spend my scholarship 

period work in his laboratory. I would like to thank Dr. Thorben Sprink for the excellent 

mentorship accorded during my long time scholarship and my research activity.  

I am very thankful to Dr. Björn Krenz, who is my leader. Thanks for the constructive discussions 

and motivation.  

Thanks to Katrin Schulze and Astrid Bruchmüller for many laboratory tips and tricks. I would like 

to say thanks to the AG Bioinformatics from the Julius-Kühn Institute for helping me with 

transcriptome analysis. 

Many thanks go to all my colleagues from Julius-Kühn Institute, Babes-Bolyai University, DSMZ- 

German Collection of Microorganisms and Cell Cultures GmbH (Plant Viruses research group). 

Besides this, I would like to thanks our collaborators: Dr. Ramona Thieme, Dr. Gabriella Linc, 

and Dr. Thomas Thieme. 

Thanks to my mentors, from whom I received excellent training and education in a stimulating 

scientific environment. I especially appreciate the constructive discussions and support in 

accomplishing my work. Special thanks go to my uncle Dr. Nagy Toth-Ferenc, who has shown me 

the way to research and motivated me all the time.  



 

28 
 

In the end, but not at least, I owe special thanks to my parents and my husband for all the support 

and motivation, which they give me. Many thanks go to my friends Karin and Jürgen Ruprecht, 

thanks to being my foster parents for encouragement and motivation.  

 

 

 

 

 

 

 

REFERENCES 
 

 

Alyokhin, A. (2008). Colorado potato beetle management on potatoes: current challenges and 

future prospects. Fruit, Vegetable Cereal Sci Biotechnol, 10–19. 

Andersson, M., Turesson, H., Nicolia, A., Fält, A.-S., Samuelsson, M., and Hofvander, P. (2017). 

Efficient targeted multiallelic mutagenesis in tetraploid potato (Solanum tuberosum) by transient 

CRISPR-Cas9 expression in protoplasts. Plant Cell Rep 36, 117–128. doi: 10.1007/s00299-016-

2062-3 

Bannister, L. A., Waldman, B. C., and Waldman, A. S. (2004). Modulation of error-prone double-

strand break repair in mammalian chromosomes by DNA mismatch repair protein Mlh1. DNA 

Repair (Amst ) 3, 465–474. doi: 10.1016/j.dnarep.2004.01.001 

Belfield, E. J., Ding, Z. J., Jamieson, F. J. C., Visscher, A. M., Zheng, S. J., Mithani, A., et al. 

(2018). DNA mismatch repair preferentially protects genes from mutation. Genome Res 28, 66–

74. doi: 10.1101/gr.219303.116 

Bowers, J., Sokolsky, T., Quach, T., and Alani, E. (1999). A mutation in the MSH6 subunit of the 

Saccharomyces cerevisiae MSH2-MSH6 complex disrupts mismatch recognition. J Biol Chem 

274, 16115–16125. doi: 10.1074/jbc.274.23.16115 

Bozza, C. G., and Pawlowski, W. P. (2008). The cytogenetics of homologous chromosome pairing 

in meiosis in plants. Cytogenet Genome Res 120, 313–319. doi: 10.1159/000121080 

Broer, I. (1996). Stress inactivation of foreign genes in transgenic plants. Field Crops Research 

45, 19–25. doi: 10.1016/0378-4290(95)00055-0 

Brown, C. R., and Thomas, P. E. (1994). Resistance to potato leafroll virus derived from Solanum 

chacoense: characterization and inheritance. Euphytica 74, 51–57. doi: 10.1007/BF00033767 

Burlingame, B., Mouillé, B., and Charrondière, R. (2009). Nutrients, bioactive non-nutrients and 

anti-nutrients in potatoes. Journal of Food Composition and Analysis 22, 494–502. doi: 

10.1016/j.jfca.2009.09.001 



 

29 
 

Castañeda-Álvarez, N. P., Khoury, C. K., Achicanoy, H. A., Bernau, V., Dempewolf, H., 

Eastwood, R. J., et al. (2016). Global conservation priorities for crop wild relatives. Nat Plants 

2, 16022. doi: 10.1038/nplants.2016.22 

Chao, Q., Sullivan, C. D., Getz, J. M., Gleason, K. B., Sass, P. M., Nicolaides, N. C., et al. (2005). 

Rapid generation of plant traits via regulation of DNA mismatch repair. Plant Biotechnol J 3, 

399–407. doi: 10.1111/j.1467-7652.2005.00133.x 

Chen, Q. (2004). Interspecific crossability and cytogenetic analysis of sexual progenies of 

Mexican wild diploid 1EBN species Solanum pinnatisectum and S. cardiophyllum. American 

Journal of Potato Research 81, 159–169. doi: 10.1007/BF02853614 

Chen, Q., Li, H. Y., Shi, Y. Z., Beasley, D., Bizimungu, B., and Goettel, M. S. (2008). 

Development of an effective protoplast fusion system for production of new potatoes with 

disease and insect resistance using Mexican wild potato species as gene pools. Can. J. Plant Sci. 

88, 611–619. doi: 10.4141/CJPS07045 

Chen, W., and Jinks-Robertson, S. (1999). The role of the mismatch repair machinery in regulating 

mitotic and meiotic recombination between diverged sequences in yeast. Genetics 151, 1299–

1313. 

Colbert, T., Till, B. J., Tompa, R., Reynolds, S., Steine, M. N., Yeung, A. T., et al. (2001). High-

throughput screening for induced point mutations. Plant Physiol 126, 480–484. doi: 

10.1104/pp.126.2.480 

Crick, F. (1974). The double helix: a personal view. Nature 248, 766–769. 

Datta, A., Adjiri, A., New, L., Crouse, G. F., and Jinks Robertson, S. (1996). Mitotic crossovers 

between diverged sequences are regulated by mismatch repair proteins in Saccaromyces 

cerevisiae. Mol Cell Biol 16, 1085–1093. doi: 10.1128/mcb.16.3.1085 

Datta, A., Hendrix, M., Lipsitch, M., and Jinks-Robertson, S. (1997). Dual roles for DNA sequence 

identity and the mismatch repair system in the regulation of mitotic crossing-over in yeast. Proc 

Natl Acad Sci USA 94, 9757–9762. doi: 10.1073/pnas.94.18.9757 

Depeiges, A., Farget, S., Degroote, F., and Picard, G. (2005). A new transgene assay to study 

microsatellite instability in wild-type and mismatch-repair defective plant progenies. Plant 

Science 168, 939–947. doi: 10.1016/j.plantsci.2004.11.006 

Dinkins, C. L. P., and Peterson, R. K. D. (2008). A human dietary risk assessment associated with 

glycoalkaloid responses of potato to Colorado potato beetle defoliation. Food and Chemical 

Toxicology 46, 2837–2840. doi: 10.1016/j.fct.2008.05.022 

Dong, Z., Wang, H., Dong, Y., Wang, Y., Liu, W., Miao, G., et al. (2013). Extensive microsatellite 

variation in rice induced by introgression from wild rice (Zizania latifolia Griseb.). PLoS ONE 

8, e62317. doi: 10.1371/journal.pone.0062317 

Dufner, P., Marra, G., Räschle, M., and Jiricny, J. (2000). Mismatch recognition and DNA-

dependent stimulation of the ATPase activity of hMutSalpha is abolished by a single mutation 

in the hMSH6 subunit. J Biol Chem 275, 36550–36555. doi: 10.1074/jbc.M005987200 

Elliott, B., and Jasin, M. (2001). Repair of double-strand breaks by homologous recombination in 

mismatch repair-defective mammalian cells. Mol Cell Biol 21, 2671–2682. doi: 

10.1128/MCB.21.8.2671-2682.2001 

Ewing, E. E., Šimko, I., Smart, C. D., Bonierbale, M. W., Mizubuti, E. S.G., May, G. D., et al. 

(2000).Genetic mapping from field tests of qualitative and quantitative resistance to 

Phytophtora infestans in a population derived from Solanum tuberosum and Solanum 

berthaultii. Mol Breeding 6, 25–36. doi: 10.1023/A:1009648408198 



 

30 
 

Fauser, F., Schiml, S., and Puchta, H. (2014). Both CRISPR/Cas-based nucleases and nickases can 

be used efficiently for genome engineering in Arabidopsis thaliana. The Plant journal : for cell 

and molecular biology 79, 348–359. doi: 10.1111/tpj.12554 

Friedrichs, S., Takasu, Y., Kearns, P., Dagallier, B., Oshima, R., Schofield, J., et al. (2019). An 

overview of regulatory approaches to genome editing in agriculture. Biotechnology Research 

and Innovation 3, 208–220. doi: 10.1016/j.biori.2019.07.001 

Gadgil, R., Barthelemy, J., Lewis, T., and Leffak, M. (2017). Replication stalling and DNA 

microsatellite instability. Biophys Chem 225, 38–48. doi: 10.1016/j.bpc.2016.11.007 

Ghislain, M., and Douches, D. S. (2020). "The Genes and Genomes of the Potato," in The potato 

crop: Its agricultural, nutritional and social contribution to humankind, eds. H. A. Campos, and 

O. Ortiz (Cham, Switzerland: Springer), 139–162. 

González, M. N., Massa, G. A., Andersson, M., Turesson, H., Olsson, N., Fält, A.-S., et al. (2020). 

Reduced Enzymatic Browning in Potato Tubers by Specific Editing of a Polyphenol Oxidase 

Gene via Ribonucleoprotein Complexes Delivery of the CRISPR/Cas9 System. Front. Plant 

Sci. 10, 117. doi: 10.3389/fpls.2019.01649 

Greene, E. A., Codomo, C. A., Taylor, N. E., Henikoff, J. G., Till, B. J., Reynolds, S. H., et al. 

(2003). Spectrum of Chemically Induced Mutations From a Large-Scale Reverse-Genetic 

Screen in Arabidopsis, 731–740. 

Grelon, M., Vezon, D., Gendrot, G., and Pelletier, G. (2001). AtSPO11-1 is necessary for efficient 

meiotic recombination in plants. EMBO J 20, 589–600. doi: 10.1093/emboj/20.3.589 

Guedes, M. L., Haynes, K. G., Vinyard, B. T., and Pinto, C. A. B. P. (2019). Heat Tolerance in 

Diploid Wild Potato Species In Vitro. Am. J. Pot Res 96, 294–302. doi: 10.1007/s12230-019-

09716-9 

Harms, C. T. (1983). Somatic Incompatibility in the Development of Higher Plant Somatic 

Hybrids. The Quarterly Review of Biology 58, 325–353. doi: 10.1086/413384 

Hartung, F., Wurz-Wildersinn, R., Fuchs, J., Schubert, I., Suer, S., and Puchta, H. (2007). The 

catalytically active tyrosine residues of both SPO11-1 and SPO11-2 are required for meiotic 

double-strand break induction in Arabidopsis. Plant Cell 19, 3090–3099. doi: 

10.1105/tpc.107.054817 

Hawkes, J. G. (1990). The potato: Evolution, biodiversity and genetic resources. London: 

Belhaven. 

Hawkes, J. G. (1994). Origins of cultivated potatoes and species relationships. In: Bradshaw, J. E. 

and Mackay, G. R. (eds)Potato Genetics, pp. 3-42, CAB International, Wallingford. 

Hijmans, R. J., and Spooner, D. M. (2001). Geographic distribution of wild potato species. Am. J. 

Bot. 88, 2101–2112. doi: 10.2307/3558435 

Hoffman, P. D., Leonard, J. M., Lindberg, G. E., Bollmann, S. R., and Hays, J. B. (2004). Rapid 

accumulation of mutations during seed-to-seed propagation of mismatch-repair-defective 

Arabidopsis. Genes Dev 18, 2676–2685. doi: 10.1101/gad.1217204 

https://cipotato.org/, accessed 20.08.2018. 

Iovene, M., Savarese, S., Cardi, T., Frusciante, L., Scotti, N., Simon, P. W., et al. (2007). Nuclear 

and cytoplasmic genome composition of Solanum bulbocastanum (+) S. tuberosum somatic 

hybrids. Genome 50, 443–450. doi: 10.1139/G07-024 

Ispas, G. (2004). Role of the mismatch repair protein MSH2 in maintenance of genome stability in 

plants, Ph.D. thesis, Vrije Universiteit Brussel, Brussels. 

Iyer, R. R., Pluciennik, A., Burdett, V., and Modrich, P. L. (2006). DNA mismatch repair: 

functions and mechanisms. Chem Rev 106, 302–323. doi: 10.1021/cr0404794 



 

31 
 

Jang, T.-S., and Weiss-Schneeweiss, H. (2015). Formamide-Free Genomic in situ Hybridization 

Allows Unambiguous Discrimination of Highly Similar Parental Genomes in Diploid Hybrids 

and Allopolyploids. Cytogenet Genome Res 146, 325–331. doi: 10.1159/000441210 

Jansky, S. H., Simon, R., and Spooner, D. M. (2009). A test of taxonomic predictivity: resistance 

to the Colorado potato beetle in wild relatives of cultivated potato. J Econ Entomol 102, 422–

431. doi: 10.1603/029.102.0155 

Jiang, M., Wu, X., Song, Y., Shen, H., and Cui, H. (2020). Effects of OsMSH6 Mutations on 

Microsatellite Stability and Homeologous Recombination in Rice. Front Plant Sci 11, 220. doi: 

10.3389/fpls.2020.00220 

Koorneef, M., Elgersma, A., Hanhart, C. J., Loenen-Martinet, E. P., Rijn, L., and Zeevaart, J. A. 

D. (1985). A gibberellin insensitive mutant of Arabidopsis thaliana. Physiol Plant 65, 33–39. 

doi: 10.1111/j.1399-3054.1985.tb02355.x 

Labuhn, M., Adams, F. F., Ng, M., Knoess, S., Schambach, A., Charpentier, E. M., et al. (2018). 

Refined sgRNA efficacy prediction improves large- and small-scale CRISPR-Cas9 applications. 

Nucleic Acids Res 46, 1375–1385. doi: 10.1093/nar/gkx1268 

Lafleuriel, J., Degroote, F., Depeiges, A., and Picard, G. (2007). Impact of the loss of AtMSH2 on 

double-strand break-induced recombination between highly diverged homeologous sequences 

in Arabidopsis thaliana germinal tissues. Plant Mol Biol 63, 833–846. doi: 10.1007/s11103-

006-9128-5 

Leisner, C. P., Hamilton, J. P., Crisovan, E., Manrique-Carpintero, N. C., Marand, A. P., Newton, 

L., et al. (2018). Genome sequence of M6, a diploid inbred clone of the high-glycoalkaloid-

producing tuber-bearing potato species Solanum chacoense, reveals residual heterozygosity. 

Plant J 94, 562–570. doi: 10.1111/tpj.13857 

Leonard, J. M., Bollmann, S. R., and Hays, J. B. (2003). Reduction of stability of arabidopsis 

genomic and transgenic DNA-repeat sequences (microsatellites) by inactivation of AtMSH2 

mismatch-repair function. Plant Physiol 133, 328–338. doi: 10.1104/pp.103.023952 

Lin, D. P., Wang, Y., Scherer, S. J., Clark, A. B., Yang, K., Avdievich, E., et al. (2004). An Msh2 

point mutation uncouples DNA mismatch repair and apoptosis. Cancer Res 64, 517–522. doi: 

10.1158/0008-5472.can-03-2957 

Lloyd, A. H., Milligan, A. S., Langridge, P., and Able, J. A. (2007). TaMSH7: a cereal mismatch 

repair gene that affects fertility in transgenic barley (Hordeum vulgare L.). BMC Plant Biol 7, 

67. doi: 10.1186/1471-2229-7-67 

Machida-Hirano, R. (2015). Diversity of potato genetic resources. Breeding science 65, 26–40. 

doi: 10.1270/jsbbs.65.26 

Maharijaya, A., and Vosman, B. (2015). Managing the Colorado potato beetle; the need for 

resistance breeding. Euphytica 204, 487–501. doi: 10.1007/s10681-015-1467-3 

Manhart, C. M., and Alani, E. (2016). Roles for mismatch repair family proteins in promoting 

meiotic crossing over. DNA Repair (Amst ) 38, 84–93. doi: 10.1016/j.dnarep.2015.11.024 

Meyer, C., Scheller, J., and Kramer, W. (2001). Transcription of mutS- and mutL-homologous 

genes during meiosis in Saccharomyces cerevisiae and identification of a regulatory cis-element 

for meiotic induction of MSH2. Mol Genet Genomics 265, 826–836. doi: 

10.1007/s004380100477 

Molnár, I., Besenyei, E., Thieme, R., Thieme, T., Aurori, A., Baricz, A., et al. (2017). Mismatch 

repair deficiency increases the transfer of antibiosis and antixenosis properties against Colorado 

potato beetle in somatic hybrids of Solanum tuberosum + S. chacoense. Pest Manag Sci 73, 

1428–1437. doi: 10.1002/ps.4473 



 

32 
 

Naess, S. K., Bradeen, J. M., Wielgus, S. M., Haberlach, G. T., McGrath, J. M., and Helgeson, J. 

P. (2000). Resistance to late blight in Solanum bulbocastanum is mapped to chromosome 8. 

Theor Appl Genet 101, 697–704. doi: 10.1007/s001220051533 

Naess, S. K., Bradeen, J. M., Wielgus, S. M., Haberlach, G. T., McGrath, J. M., and Helgeson, J. 

P. (2001). Analysis of the introgression of Solanum bulbocastanum DNA into potato breeding 

lines. Mol Genet Genomics 265, 694–704. doi: 10.1007/s004380100465 

Negritto, M. T., Wu, X., Kuo, T., Chu, S., and Bailis, A. M. (1997). Influence of DNA sequence 

identity on efficiency of targeted gene replacement. Mol Cell Biol 17, 278–286. doi: 

10.1128/mcb.17.1.278 

Nicholson, A., Hendrix, M., Jinks-Robertson, S., and Crouse, G. F. (2000). Regulation of mitotic 

homeologous recombination in yeast. Functions of mismatch repair and nucleotide excision 

repair genes. Genetics 154, 133–146. 

Nicolaides, N. C., Littman, S. J., Modrich, P., Kinzler, K. W., and Vogelstein, B. (1998). A 

naturally occurring hPMS2 mutation can confer a dominant negative mutator phenotype. Mol 

Cell Biol 18, 1635–1641. doi: 10.1128/MCB.18.3.1635 

Parokonny, A. S., Marshall, J. A., Bennett, M. D., Cocking, E. C., Davey, M. R., and Power, J. B. 

(1997). Homoeologous pairing and recombination in backcross derivatives of tomato somatic 

hybrids [Lycopersicon esculentum (+) L. peruvianum]. Theor Appl Genet 94, 713–723. doi: 

10.1007/s001220050470 

Pelletier, Y., Horrgan, F. G., and Pompon, J. (2011). Potato Resistance to Insects. The Americas 

Journal of Plant Science and Biotechnology, 37–52. 

Rakosy-Tican, E., Lörincz-Besenyei, E., Molnár, I., Thieme, R., Hartung, F., Sprink, T., et al. 

(2019). New Phenotypes of Potato Co-induced by Mismatch Repair Deficiency and Somatic 

Hybridization. Front Plant Sci 10, 3. doi: 10.3389/fpls.2019.00003 

Rakosy-Tican, E., Thieme, R., König, J., Nachtigall, M., Hammann, T., Denes, T.-E., et al. (2020). 

Introgression of Two Broad-Spectrum Late Blight Resistance Genes, Rpi-Blb1 and Rpi-Blb3, 

From Solanum bulbocastanum Dun Plus Race-Specific R Genes Into Potato Pre-breeding Lines. 

Front Plant Sci 11, 699. doi: 10.3389/fpls.2020.00699 

Rakosy-Tican, L., Aurori, A., Aurori, M. C., Ispas, G., and Famelaer, I. (2004). Transformation of 

wild solanum species resistant to late blight by using reporter gene gfp and msh2 genes. PLANT 

BREEDING AND SEED SCIENCE, 119–127. 

Rangarajan, A., Miller, A. R., and Veilleux, R. E. (2000). Leptine Glycoalkaloids Reduce Feeding 

by Colorado Potato Beetle in Diploid Solanum sp. Hybrids. J. AMER. SOC. HORT. SCI. 2000, 

689–693. 

Rayssiguier, C., Thaler, D. S., and Radman, M. (1989). The barrier to recombination between 

Escherichia coli and Salmonella typhimurium is disrupted in mismatch-repair mutants. Nature 

342, 396–401. doi: 10.1038/342396a0 

Reynolds, M. P., and Ewing, E. E. (1989). Heat tolerance in tuber bearing Solanum species: A 

protocol for screening. American Potato Journal 66, 63–74. doi: 10.1007/BF02854425 

Rokka, V.-M., Lapitan, N. L. V., Knudson, D. L., and Pehu, E. (1998). Fluorescence in situ 

hybridization of potato somatohaploids and their somatic hybrid donors using two Solanum 

brevidens specific sequences. AFSci 7, 31–38. doi: 10.23986/afsci.72853 

Ronning, C. M., Stommel, J. R., Kowalski, S. P., Sanford, L. L., Kobayashi, R. S., and Pineada, 

O. (1999). Identification of molecular markers associated with leptine production in a population 

of Solanum chacoense Bitter. Theor Appl Genet 98, 39–46. doi: 10.1007/s001220051037 



 

33 
 

Sarma, S., Pandey, A. K., Sharma, K., Ravi, M., Sreelakshmi, Y., and Sharma, R. (2018). MutS-

Homolog2 silencing generates tetraploid meiocytes in tomato (Solanum lycopersicum ). Plant 

Direct 2, e00017. doi: 10.1002/pld3.17 

Silva, G. S., and Souza, M. M. (2013). Genomic in situ hybridization in plants. Genet Mol Res 12, 

2953–2965. doi: 10.4238/2013.August.12.11 

Sinden, S. L., Sanford, L. L., Cantelo, W. W., and Deahl, K. L. (1986). Leptine Glycoalkaloids 

and Resistance to the Colorado Potato Beetle (Coleoptera: Chrysomelidae) in Solanum 

chacoense. Environmental Entomology 15, 1057–1062. doi: 10.1093/ee/15.5.1057 

Sinden, S. L., Sanford, L. L., and Osman, S. F. (1980). Glycoalkaloids and resistance to the 

Colorado potato beetle in Solanum chacoense Bitter. American Journal of Potato Research 57, 

331–343. doi: 10.1007/BF02854028 

Smith, J. A., Waldman, B. C., and Waldman, A. S. (2005). A role for DNA mismatch repair protein 

Msh2 in error-prone double-strand-break repair in mammalian chromosomes. Genetics 170, 

355–363. doi: 10.1534/genetics.104.039362 

Spooner, D. M., Ruess, H., Arbizu, C. I., Rodríguez, F., and Solís-Lemus, C. (2018). Greatly 

reduced phylogenetic structure in the cultivated potato clade (Solanum section Petota pro parte). 

Am J Bot 105, 60–70. doi: 10.1002/ajb2.1008 

Spooner, D. M., T., R. C., and J., L. E. L. (1993). Synonymy within Wild Potatoes (Solanum sect. 

Petota: Solanaceae): The Case of Solanum andreanum. Systematic Botany 18, 209. doi: 

10.2307/2419398 

Sprink, T., and Hartung, F. (2014). The splicing fate of plant SPO11 genes. Front Plant Sci 5, 214. 

doi: 10.3389/fpls.2014.00214 

Stemmer, M., Thumberger, T., Del Sol Keyer, M., Wittbrodt, J., and Mateo, J. L. (2015). CCTop: 

An Intuitive, Flexible and Reliable CRISPR/Cas9 Target Prediction Tool. PLoS ONE 10, 

e0124633. doi: 10.1371/journal.pone.0124633 

Studamire, B., Price, G., Sugawara, N., Haber, J. E., and Alani, E. (1999). Separation-of-function 

mutations in Saccharomyces cerevisiae MSH2 that confer mismatch repair defects but do not 

affect nonhomologous-tail removal during recombination. Mol Cell Biol 19, 7558–7567. doi: 

10.1128/MCB.19.11.7558 

Tam, S. M., Hays, J. B., and Chetelat, R. T. (2011). Effects of suppressing the DNA mismatch 

repair system on homeologous recombination in tomato. Theor Appl Genet 123, 1445–1458. 

doi: 10.1007/s00122-011-1679-4 

Tam, S. M., Samipak, S., Britt, A., and Chetelat, R. T. (2009). Characterization and comparative 

sequence analysis of the DNA mismatch repair MSH2 and MSH7 genes from tomato. Genetica 

137, 341–354. doi: 10.1007/s10709-009-9398-3 

Thieme, R., and Rakosy-Tican, E. (2017). "Somatic Cell Genetics and Its Application in Potato 

Breeding," in The Potato Genome, eds. S. Kumar Chakrabarti, C. Xie, and J. Kumar Tiwari 

(Cham: Springer International Publishing), 217–268. 

Thieme, R., Rakosy-Tican, E., Gavrilenko, T., Antonova, O., Schubert, J., Nachtigall, M., et al. 

(2008). Novel somatic hybrids (Solanum tuberosum L.+ Solanum tarnii) and their fertile BC1 

progenies express extreme resistance to potato virus Y and late blight. Theor Appl Genet 116, 

691–700. doi: 10.1007/s00122-007-0702-2 

Till, B. J., Reynolds, S. H., Greene, E. A., Codomo, C. A., Enns, L. C., Johnson, J. E., et al. (2003). 

Large-scale discovery of induced point mutations with high-throughput TILLING. Genome Res 

13, 524–530. doi: 10.1101/gr.977903 



 

34 
 

Trouiller, B., Schaefer, D. G., Charlot, F., and Nogué, F. (2006). MSH2 is essential for the 

preservation of genome integrity and prevents homeologous recombination in the moss 

Physcomitrella patens. Nucleic Acids Res 34, 232–242. doi: 10.1093/nar/gkj423 

Valkonen, J. P. T., Xu, Y.-S., Pulli, S., Pehu, E., and Rokka, V.-M. (1994). Transfer of resistance 

to potato leafroll virus, potato virus Y and potato virus X from Solarium brevidens to S. 

tuberosum through symmetric and designed asymmetric somatic hybridisation. Annals of 

Applied Biology 124, 351–362. doi: 10.1111/j.1744-7348.1994.tb04139.x 

van der Vossen, E., Sikkema, A., Hekkert, B. t. L., Gros, J., Stevens, P., Muskens, M., et al. (2003). 

An ancient R gene from the wild potato species Solanum bulbocastanum confers broad-

spectrum resistance to Phytophthora infestans in cultivated potato and tomato. The Plant 

Journal 36, 867–882. doi: 10.1046/j.1365-313X.2003.01934.x 

van Marcke, I., and Angenon, G. (2013). Genomic stability in Nicotiana plants upon silencing of 

the mismatch repair gene MSH2. Plant Biotechnol Rep 7, 467–480. doi: 10.1007/s11816-013-

0285-0 

Vega, E. S., Bamberg, B. J., and Palta, P. J. (2006). Gibberellin-Deficient Dwarfs in Potato Vary 

in Exogenous GA 3 Response When the gal Allele Is in Different Genetic Backgrounds, 357–

363. 

Veilleux, R. E., and Miller, A. R. (1998). Hybrid Breakdown in the F1 between Solanum 

chacoense and S. phureja and Gene Transfer for Leptine Biosynthesis. jashs 123, 854–858. doi: 

10.21273/JASHS.123.5.854 

Virdi, K. S., Wamboldt, Y., Kundariya, H., Laurie, J. D., Keren, I., Kumar, K. R. S., et al. (2016). 

MSH1 Is a Plant Organellar DNA Binding and Thylakoid Protein under Precise Spatial 

Regulation to Alter Development. Mol Plant 9, 245–260. doi: 10.1016/j.molp.2015.10.011 

Walter, C., Broer, I., Hillemann, D., and Pühler, A. (1992). High frequency, heat treatment-

induced inactivation of the phosphinothricin resistance gene in transgenic single cell suspension 

cultures of Medicago sativa. Mol Gen Genet 235, 189–196. doi: 10.1007/BF00279360 

Wind, N. de, Dekker, M., Berns, A., Radman, M., and te Riele, H. (1995). Inactivation of the 

mouse Msh2 gene results in mismatch repair deficiency, methylation tolerance, 

hyperrecombination, and predisposition to cancer. Cell 82, 321–330. doi: 10.1016/0092-

8674(95)90319-4 

Xu, J., Li, M., Chen, L., Wu, G., and Li, H. (2012). Rapid generation of rice mutants via the 

dominant negative suppression of the mismatch repair protein OsPMS1. Theor Appl Genet 125, 

975–986. doi: 10.1007/s00122-012-1888-5 

Xu, Y. S., Pehu, E., Malone, R., and Jones, M. G. (1991). Plant regeneration from protoplasts of 

Solanum species with potential agricultural value (S. hjertingii, S. polyadenium, S. 

capsicibaccatum). Plant Cell Rep 9, 520–522. doi: 10.1007/BF00232110 

Yencho, G. C., Kowalski, S. P., Kennedy, G. G., and Sanford, L. L. (2000). Segregation of leptine 

glycoalkaloids and resistance to Colorado potato beetle (Leptinotarsa decemlineata (Say)) in F2 

Solanum tuberosum (4x) ×S. chacoense (4x) potato progenies. Am. J. Pot Res 77, 167–178. doi: 

10.1007/BF02853941 

Zahrt, T. C., and Maloy, S. (1997). Barriers to recombination between closely related bacteria: 

MutS and RecBCD inhibit recombination between Salmonella typhimurium and Salmonella 

typhi. Proceedings of the National Academy of Sciences of the United States of America 94, 

9786–9791. 

 

 

 



 

35 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary materials 
 

Table 1. Summary of ploidy, presence of the NPTII transgene, antibiosis, antixenosis and MSI in 

the somatic hybrids and their parents. 

Somatic hybrids or parents Clone Ploidy Presence of 

the NPTII 

gene 

MSI Antibiosis Antixenosis 

S. tuberosum cv Desiree Parent 4x - - - - 

S. tuberosum cv Delikat Parent 4x - - - - 

S. chacoense HL  Parent 2x - - ++ ++ 

S. chacoense HL AS 10  Transgenic line 4x ND - ND ND 

S. chacoense HL DN 5 Transgenic line  2x ND - ND ND 

S. chacoense HL DN 11 Transgenic line 2x ND ND ND ND 

cv Delikat + S. chacoense HL AS 10 DKAS 10.5 4 x - - - - 

DKAS 10.8 4x - - ND ND 

DKAS 10.11 4x mixo - - - - 

DKAS 10.13 4x ND - + + 

DKAS 10.20 4x-6x mixo + + - - 

DKAS 10.35 5x - - + - 

DKAS 10.40 4x - - + + 

DKAS 10.43 4x - ND + + 
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DKAS 10.47 4x - - + + 

DKAS 10.51 4x ND - - - 

DKAS 10.61 4x - ND + + 

cv Delikat + S. chacoense HL DN 5 DKDN 5.3 6x + + - - 

DKDN 5.4 Nd + + ++ ++ 

DKDN 5.6 4x - - - - 

DKDN 5.7 4x-6x mixo - ND ++ ++ 

DKDN 5.11 6x + + + + 

DKDN 5.17 6x + + - - 

DKDN 5.25 6x-8x mixo + + ND ND 

cv Delikat + S. chacoense HL DN 11 DKDN 11.10 4x-6x mixo - + + - 

DKDN 11.24 6x + + - - 

DKDN 11.26 7x - + ND ND 

DKDN 11.34 5x + + + + 

cv Desiree + S. chacoense HL DN 5 DeDN 5.5 4x + + + + 

cv Desiree + S. chacoense HL DN 11 

  

DeDN 11.5 4x ND - ND ND 

DeDN 11.24 6x ND ND ND ND 

DeDN 11.29 Nd ND + ++ + 

cv Desiree + S. chacoense HL DeC8 5x-6x mixo - - ND ND 

Notes: AS-antisense and DN- dominant-negative MSH2 gene. ND – not determined, + = yes, - = 

no. 
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Table 2. Type of mutation showing mutant phenotype, flowering, pollen viability and MSI in the 

somatic hybrids between potato + MMR deficient Solanum chacoense, showing mutant phenotype 

in the greenhouse (Rakosy-Tican et al., 2019). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Notes: AS-antisense and DN- dominant-negative MSH2 gene. ND – not determined, + = yes, - = 

no. 

 

 

 

 

 

 

 

 

Somatic hybrid Mutant phenotype Flowers Pollen 

viability 

% 

SSR instability 

(MSI) 

DkDN 5.3 Very small leaves, tall plants, produce stolons as 

S. chacoense 

+ 12 + 

DkDN 5.4 Dark purple tubers of variable size, produce 

stolons as S. chacoense, curled leaves 

+ 19 + 

DkDN 5.6 Gigantism, large leaves + 22 - 

DkDN 5.7 Stunted growth, deformed leaves, early 

flowering 

+ ND ND 

DkDN 5.11 Large leaves, early flowering + ND + 

DkDN 5.17 Dwarf, bushy with small leaves, deformed small 

tubers 

- ND + 

DkDN 5.25 Deformed leaves, grey-green color, mutant 

chloroplasts 

+ ND + 

DkDN 11.10 Early dehiscent flower, curled leaves + ND + 

DkDN 11.26 Deformed large leaves + 2.4 + 

DkDN 11.34 Gigantic growth,large deep green leaves, early 

flowering 

+ 43 + 

DkAS 10.5 Dwarf plants + ND - 

DkAS 10.8 Deformed, pale green leaves - ND - 

DkAS 10.20 Dwarf, bushy, round shape small leaflets - ND + 

DkAS 10.40 Gigantic leaves + 49 - 

DeC 7  Dwarf, large, conjoined leaflets 
- ND 

ND 

DeDN 5.5 Stunted growth, large leaves + ND + 

DeDN 11.5 Tall plants with large leaves + 21 - 
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