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Abstract 
Improving the quality of potato cultivars remains a costly and time-inefficient process because most 
potato cultivars are tetraploid. Diploid lines already exist and allow for easier and more precise 
genetic engineering via transformation and breeding. To this day, an efficient protocol for diploid 
potato transformation remains elusive. In this research, we aim to improve the diploid 
transformation protocol and use it to generate a new compact diploid Solanum tuberosum ERECTA 
(Ster)-knockout plant which is suitable for seed production in vertical farms, as ER-knockouts in both 
Arabidopsis thaliana and the closely related tomato show compact shoots. Given current difficulties 
in transforming- and in vitro growing of diploid True Potato Seed (TPS) plants, multiple TPS 
genotypes and tissues were grown in vitro, and additional sample preparation was added from a 
cucurbit transformation protocol for more efficient Agrobacterium-mediated transformation. Finally, 
a Ster-knockout-assembly was designed for genome editing via CRISPR/Cas-9. New features of this 
assembly are the more efficient intronized Cas-9 nuclease coding sequence and RUBY as a reporter 
gene. Using the unconventional starting material of nodes and petioles, growth of callus tissue was 
observed. However, most transformation- and in vitro growth experiments were disrupted by fungal 
infections. Therefore, it remains unclear whether additional  sample preparation techniques for A. 
tumefaciens infiltration are beneficial due to infections resulting in small sample sizes, which 
emphasizes the need for an effective sample sterilization method.  
 
Layman’s summary 
Potato is one of the most important crops worldwide for our food supply. Because the global food 
demand is expected to grow in the future, crops like potato need to grow more efficiently. 
Unfortunately the high genomic complexity of potato makes it harder to do research and breed 
better crops than in most other crops like tomato or rice. Due to this, most protocols for genetic 
alteration of diploid potato are less efficient. Unlike most other crops which are grown via seed, 
potato is propagated by tubers. To sell potatoes commercially, large quantities have to be generated 
first. This is a time-inefficient and costly process that uses a substantial part of the global potato yield 
each year. Growing potato via seed may revolutionize potato cultivation. Potato plants could be used 
for growing seeds in vertical farms (highly controlled plant growing facilities). In vertical farms, space 
is limited, so plants need to be as short as possible. In this research, we aim to create a shorter 
potato plant variety that is suitable for growing seeds in vertical farms while improving the protocol 
for genetic alteration. We monitored growth of potato plants in sterile conditions, experimented 
with methods to increase likelihood of genetic alteration and designed a genetic construct to 
genetically alter potato plants (to make them shorter). Our results show the need for a more efficient 
protocol and (possibly) generated a potato variety with a shorter shoot.  
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Introduction 
Innovating potato as a crop  
Potato (Solanum tuberosum) is one of the major food crops in the world, as it makes up an important 
part of global human nutrition (Stokstad, 2019). Where other crops such as rice and wheat see an 
increase in yield of 1% per year thanks to effective breeding, potato lags behind and is increasingly 
affected by pests and abiotic stresses (Khan et al., 2015, Bethke et al., 2014). This is due to the high 
heterozygosity and tetraploidity of the potato genome, which makes efficient breeding difficult. 
Having four copies of every chromosome means that more recombination takes place during 
breeding, increasing the chances of detrimental genes expressing in the next generation of potato 
plants. Therefore, the current widespread method of propagation in potato is clonally achieved via 
tubers, which yields no genetic variation over generations, has a low multiplication rate and a high 
carbon footprint (Zhang et al., 2021), as part of the harvest is used for propagation of new plants 
rather than commercial yield. In search of new varieties, large amounts of potato plants grown from 
tetraploid ’True Potato Seeds’ (TPS) are screened for favorable agricultural characteristics. This 
method requires extensive screening protocols, where thousands of potato seedlings are screened 
for acceptable characteristics (Eggers et al., 2021). As there are around 50 characteristics to a potato 
plant that influence commercial value of a potato variety (Eggers et al., 2021), it is near impossible to 
breed all of these traits into a single variety using this method. Therefore, innovations on potato 
breeding stay relevant. 
Using aimed genetic transformation methods could yield better potato plants in shorter timespans, 
which is becoming a necessity in order to fulfill the increasing food demands (van Dijk et al., 2021). 
Next to large phenotypic screening of potato, research groups have therefore also transformed 
tetraploid potato for nearly forty years in search for methods to create better potato varieties (Sree 
Ramulu et al., 1983). Transformation would offer a more accurate method of generating commercial 
varieties, as gene editing with the CRISPR/Cas-9 system allows for more precise modification of 
beneficial traits on a genetic level, which was performed for the first time in 2015 (Butler et al., 
2015). However, tetraploidity of the potato genome still poses problems, as effective transformation 
requires four successful transformation events instead of two (in diploid genomes). During 
subsequent breeding after transformation, the high allelic heterozygosity of the potato genome also 
increases the chances of deleterious alleles expressing after breeding (Zhang et al., 2021). In the past, 
different transformation methods have been tested in diploid potato like electroporation and 
Agrobacterium tumefaciens (A. tumefaciens, a bacterium that is often used to transform plants by 
inserting DNA in plant tissue)-mediated gene transfer (De Vries-Uijtewaal et al., (1989), Masson et 
al., (1989), Dönmez et al., (2019), Brown et al., (1991) and Nadolska-Orczyk et al., (2007), and Visser 
(1991)), but none of these used the CRISPR/Cas-9 genome editing system. However, successful 
application of CRISPR/Cas-9 diploid potato varieties already exists (Enciso Rodriguez et al., 2019, 
Zhang et al., 2021, Eggers et al., 2021), allowing for more precise breeding, fewer required genetic 
alterations, eventually propagation via seed and accumulative breeding.  
If potato can be genetically modified to invest less energy in non-edible parts without ultimately 
decreasing crop fitness, this could increase crop yield on a large scale, as has happened in crops like 
wheat (Pearce, 2021). Strategies to reach this are for instance creating less carbon sinks in stolons, or 
by growing crops with more compact shoots. In Arabidopsis thaliana (Arabidopsis), the Landsberg 
Erecta ecotype is well known for its shorter, more compact shoot architecture thanks to the lack of 
ERECTA (ER) function, which influences the length of many shoot organs (Torii et al., 1996). In tomato 
(Solanum lycopersicum), plants with shorter internodes and more compact inflorescences can be 
generated as shown by Villagarcia et al. (2012) and by Kwon et al. (2020), of which the latter used 
CRISPR/Cas-9 genome editing to knock out SlER. As potato is genetically closely related to tomato, 
this approach could show similar desired architectural changes in potato as well. Next to SlER, other 
gene mutations and/or GMO-phenotypes in Arabidopsis and other plants like tobacco yield shorter 
shoots, such as overexpression of ARABIDOPSIS THALIANA HOMEOBOX 1 (ATH1) (Proveniers et al., 
2007, Gomez-Mena and Sablowski, 2008, Proveniers, unpublished data). ATH1 is a TALE-domain 
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homeobox transcription factor that expresses during the vegetative phase of Arabidopsis 
development and is associated with rosette habit (Quaedvlieg et al., 1995, Proveniers et al., 2007). If 
knocking out ER or overexpressing ATH1 in potato would also lead to a compact plant phenotype, 
this could improve seed yield and introduce potato to agricultural settings where space is an even 
more limiting factor, like in vertical farms. The potato breeding company Solynta aims to generate 
compact potato plants for higher production of diploid, (largely) homozygous True Potato Seeds. For 
high seed production, vertical farm settings with compact potato plants that operate year-round 
would generate the highest yields, which is an incentive for creating compact potato plants in this 
research.  
 
Improving transformation efficiency in diploid potato  
Because of low efficiency of earlier diploid potato transformation experiments (a single homozygous 
transformant out of 149 recipient samples, Eggers et al., 2021), several steps in the transformation 
process could be improved for higher efficiency. A recently published article regarding diploid potato 
transformation still uses a (slightly altered) version of a protocol from over thirty years ago (Visser, 
1991; Eggers et al., 2021). Visser (1991) describes a protocol to transform potato with A. 
tumefaciens. Because transformation (with A. tumefaciens) requires sterile conditions, potato plants 
are grown in sterile pots with agar where plant material is immersed in diluted sodium hypochlorite 
solution beforehand for tissue sterilization. The ability of A. tumefaciens to insert DNA into the tissue 
determines a large part of transformation efficiency, meaning that this process should be as optimal 
as possible. Factors such as the efficiency of the CRISPR/Cas-9 construct, the Cas-9 nuclease and 
guide RNA’s are also important when generating transformed (potato) plants (Belhaj et al., 2015). 
Grützner et al. (2020) already showed that in a construct used to transform Arabidopsis, 
Catharanthus roseus and tobacco, the use of 13 introns in the coding sequence of the Cas-9 nuclease 
greatly increased editing efficiency in these different species, up to 70% (Grützner et al., 2020). 
Another common transformation feature is the use of Green Fluorescent Protein (GFP) as reporter 
gene in callus tissue (Murray et al., 2004). While GFP reports successful transformation, detection of 
the signal requires a fluorescence microscope. ‘RUBY’ is an open reading frame that can be used to 
report transformed tissues, with the benefit of turning all transformed tissues bright red, visible 
without fluorescence detection (He et al., 2020). Other factors also influence transformation- and 
regeneration efficiency, such as the infiltration of A. tumefaciens in the plant tissue and dealing with 
internal microbes carried by potato plants (Buchholz et al., 2019). Xin et al., (2022) describe a 
protocol for A. tumefaciens mediated transformation of cucurbit plants like cucumber and 
watermelon, with extra preparation of the plant samples. By scratching, sonicating and vacuum-
infiltration methods, transformation efficiency of internode tissues increased from 0% to 3,17% (Xin 
et al., 2022), thanks to the wounding of samples for better infiltration of A. tumefaciens. Therefore, 
the use of sample preparation, zCas9i and RUBY make good candidate techniques for improved 
efficiency of transforming diploid TPS-potato. 

Aims of the project 
The goal of this project is to generate a new diploid ERECTA (ER)-knockout potato plant that is 
suitable for seed production in vertical farms, like the more compact tomato plants shown by Kwon 
et al (2020). To reach this we aim to transform potato plants using A. tumefaciens combined with 
CRIPSPR-Cas9 genome editing. As earlier protocols have shown low efficiency in diploid potato 
transformation experiments (one homozygous out of 149 samples, Eggers et al., 2021), we aim to 
increase this efficiency. Therefore, our research question is: “How can we improve transformation 
efficiency in diploid TPS-grown potato?” We search for improvements in transformation efficiency 
using the protocol by Visser (1991, also used by Eggers et al., 2021), by experimenting with sample 
preparations (Xin et al., 2022) using an A. tumefaciens–strain containing an 35S::ATH1-GFP construct. 
This construct overexpresses AtATH1(-GFP), which enhances rosette habit and decreases shoot 
length (Proveniers et al., 2007). By investigating GFP-signal using fluorescence microscopy we 
confirm eventual transformation events in sample preparation experiments. For the StER knockout 
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construct, we design four guide-RNA sequences for CRISPR-Cas9 with Benchling, apply RUBY (He et 
al., 2020) as reporter gene (no fluorescence microscopy needed) and the intronized Cas-9 sequence 
(Grützner et al., 2021) to increase genome editing efficiency.   
 
Materials & methods 
Growth conditions 
All plant material were grown in long-day conditions (16 hours light, 8 hours dark) at a temperature 
of 22°C. Light intensity: 140 μmol·m-2·s-1, humidity: 70%. Plants in greenhouses at the Botanical 
gardens were grown with fluctuating light intensities, humidity and (sometimes very high) 
temperature. After 2 weeks, plants received a 1 ‰ mix of nutrients (20/20/20) 2 times each week. In 
vitro plants were grown from axillary buds and apical meristem cuttings on MS20 (1x Murashige and 
Skoog medium, 8 g/L agar and 20g/L sucrose). 
 
Plant material 
For transformation of potato plants, petiole-, node- and internode tissue was harvested from potato 
plants with a length of around 1 cm (unless indicated otherwise). Nodes were cut clearly around the 
axillary meristem zone to avoid later interference of the meristematic cells with callus tissue. A total 
of 49 TPS-grown lines of the breeding company Solynta (Research Panel 001-056) as well as one 
inbred plant line were received. For in vitro growth, both Shoot Apical Meristems and axillary 
meristems were used. 
 
Sterilization of plant material 
Bleaching solution was created using Chlorix (4,5% sodium hypochlorite), Milli-Q (MQ) and 0,1% 
Sodium dodecyl sulfate (SDS). Sodium hypochlorite concentrations of 0,09%, 1% and 2% were used. 
For sterilization, plant material was immersed in bleaching solution for five minutes (unless stated 
otherwise), after which 3 washes in MQ were performed by holding the material with sterile foreceps 
and flushing with a pipet. After washing plant material was placed on growth medium.  
 
Growth media 
Growth media used were as described by Visser (1991), with the alteration of all plates 
containingMS20 (1x Murashige and Skoog medium, 8 g/L agar and 20g/L sucrose). Furthermore, 
selection media also contained vancomycin (200 µg /mL) from the start of July on. In PACM medium 
(M100 medium) and M13 medium, we used 2,5mg/L BA instead of kinetin because of higher 
bioactivity. 
 
 

 
Figure 1: Schematic workflow of transformation- and regeneration media for potato 
transformation derived from Visser (1991). 
Callus induction medium (M400) also contains 200 µg /mL vancomycin when stated in experiments.  
 
Transformation protocols 
An A. tumefaciens-stock from the C58C1-strain was grown in LB medium with spectinomycin (20 µg 
/mL) and rifampicin (80 µg /mL). Two methods of diluting A. tumefaciens stocks were used for 
experiments: 1) when the stock solution has reached a high cellular optical density (OD) of OD600 > 
1, a new solution was diluted 2:5 directly from the stock with liquid LB (50ml with 75mL, Eggers et al., 
2021), which was used for incubation. 2) diluting A. tumefaciens stock with liquid LB to an OD600 of 
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+- 0,5, measured with the Spectronic Genesys 5. For sample preparations, scalpel-scratching and 
sonication were used to create more wound-surface on explants for A. tumefaciens to infiltrate 
during incubation. Scratching creates wounds at the surface of explants, while sonication uses high-
pitched sound to damage tissues everywhere. Sonication was performed using the Diagenode 
BioRuptor Standard (power setting and treatment duration differ per experiment). Metal probes for 
sonication that enter the sterile tubes with plant samples are washed in 70% ethanol and sterilized in 
fire beforehand. Vacuum infiltration was performed by immersing plant material in A. tumefaciens 
suspension in a plastic vacuum chamber (interior cleaned with 70% ethanol) with low air pressure. 
After pressure was low enough (about 50% atmosphere), the vacuum pump was detached and sterile 
air via the flow cabinet was slowly let back in. Immersed internodes were shortly blotted dry on 
sterile filter paper to drain off excess fluid and placed back on the MC plates in growth chambers. 
After 2 days of incubation, internodes were initially placed on M400 plates as described by Visser, 
which contain cefotaxime (200 µg /mL) to kill A. tumefaciens (from July on, M400 plates also 
contained 200 µg /mL vancomycin). After 3-5 days, internodes were placed on M400 medium 
containing both cefotaxime and kanamycin (50 µg /mL) to select for internodes that received 
kanamycin resistance from A. tumefaciens. Later on in the project, vancomycin (200 µg /mL) was also 
added to M400 and M13 plates. M400 plates were refreshed every week. After 3 weeks, formed calli 
were removed and placed on M13 shoot inducing medium by Visser (1991). 
 
Plasmids and oligonucleotides 
Table 1: Plasmids and oligonucleotide sequences used for CRISPR/Cas-9 molecular cloning of the ER 
knockout construct. 
For oligonucleotides, the 4-bp sequence in front of the period (.) is the overhang sequence. ‘’gRNA 1-
4’’ are guide RNA sequences used by the CRISPR-Cas9 system to locate different sequences in the 
genome: gRNA 1 and 2 guide the Cas-9 nuclease to StER exon 1 and -3 respectively, gRNA 3 and 4 to 
StER exon 27, the last exon. 

 

 
 
Cloning protocols 
Ordered oligonucleotides were diluted in MQ to a concentration of 10 μM and heated to 98°C  for 5 
minutes for hybridization, and then cooled down to room temperature. For cloning of the gRNA 
spacers into the dsRED-plasmids the Esp3I-restriction enzyme was used (for BsmBI sites). 
Components for the Level 1 digestion-ligation-reaction and cycling temperatures and durations are 
shown in Table 2. 
 
Table 2: Protocol for Level 1 Golden Gate cloning of oligonucleotide sequences into dsRED 
plasmids. 
Reaction was prepared on ice before starting temperature cycling. Restriction enzyme used for BsmbI 
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sites is Esp3I. To experiment with efficiency of the level 1 reaction, we also tested concentrations of 
500fmol hybridized oligonucleotides.  

  
 
After the Level 1 molecular cloning reaction, the dsRED plasmids were transformed into competent 
E. coli cells using heat shock. 5 µL of digestion/ligation reaction was added to competent E. coli cells 
and incubated for 15 minutes on ice. The heat shock was performed by putting the E. coli cells 30 
seconds in a heat block of 42°C and immediately back on ice for one minute. Liquid LB was added to 
the cells to a volume of 1mL after which they are placed in a 37°C incubator for one hour. After 
incubation, 100 µL of E. coli culture was plated on an LB carbenicillin (100 µg /mL) plate. The 
remaining E. coli culture was centrifuged for 10 minutes at 2000 rpm, resuspended and plated on 
another LB carb-plate. Plates were stored overnight in the 37°C incubator. The overnight formed 
bacterial colonies were either white or purple, depending on successful insertion of the fragment 
into the acceptor plasmid. White colonies were selected and used for further experiments. Non-
genomic plasmid DNA from E. coli cells were isolated using the E.Z.N.A. Plasmid DNA Mini Kit I 
(Omega-Biotek). After isolation, glycerol stocks of level 1 plasmids were created from E. coli. Stocks 
were stored at -80°C. Isolated DNA was used in the next molecular cloning step, the Level 2 
digestion-ligation reaction with the Bpil restriction enzyme. The Level 2 reaction was similarly 
performed as the described Level 1 reaction, except for differences in reaction components being a 
different acceptor pICSL4723 backbone vector and the Level 1 inserts containing the gRNA 
oligonucleotide sequences (Table 1). 
 
Bacterial glycerol stocks 
Glycerol stocks of E.coli DH5α bacteria were made by adding 600 µL bacterial culture in LB (with 
appropriate antibiotics) to 400uL 60% sterile glycerol solution, creating 25% glycerol stocks. Stocks 
are stored in -80°C. 
 
Plasmid gel analysis 
For gel analysis of DNA samples, 1% agarose gel with 25 µL ethidium bromide per liter Tris-borate-
EDTA (TBE) buffer was used (2,5 µL in a normal 100mL gel, 1,5 µL in a 60mL (small) gel). Samples 
were prepared by incubating one hour in 37°C. DNA from the pICH47781 RED POS6 stock was chosen 
because of its relatively high and convenient concentration (200 ng/µL). In every 30 µL DNA sample 6 
µL of loading dye was added. The ladder used is 1kb Plus Ladder (Thermo Scientific). The gel was 
immersed in TBE buffer and run at 120V. 
 
Assembling plasmids 
Benchling [Biology Software], (2022) was used to create the genetic assembly with guide RNA’s used 
for this work (assembly wizard), as well as creating alignment with sequencing samples from gRNA’s. 
Retrieved from https://benchling.com. 
 
Results 
In vitro growth of diploid potato 
A total of 49 genotypically different TPS-grown hybrid potato plants were available from Solynta, 
called “Research Panel”- plants (RP), and a single inbred line. With these different plants, the aim was 
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to monitor differences in in vitro growth- and transformation efficiencies. The RP048 plant did not 
germinate and a few genotypes did not survive transplanting. At the moment the thrips pest was 
discovered, some genotypes were not yet inside sterile agar pots and had to be discarded. The 
genotypes that were discarded and the ones that died shortly after transplanting could not be taken 
into account for the in vitro growth experiment. Surface-sterilization of Shoot Apical Meristems 
(SAM) or axillary meristems was performed using both a 2%- and 1% sodium-hypochlorite solution 
with 0,1% SDS for five minutes, as described by Visser (1991). After sterilization SAMs were placed in 
the sterile agar MS20 pots. Visser describes that SAMs should be transplanted to new pots after 
every four weeks of growth. We monitored survival of the different RP-genotypes during in vitro 
growing, with the aim to yield as many sterile growing genotypes as possible (Figure 1). The number 
of surviving genotypes is higher for the 1% sodium-hypochlorite solution, and stabilizes at four 
genotypes during further observation of in vitro growth. Often, in vitro growing plants had to be 
transplanted more frequently than once in every four weeks (as described by Visser, 1991) to evade 
(endogenous) infection. Over time, infections emerged numerous times to all genotypes, with the 
most common being fungal infections (Figure 1B). When pots had small infections, meristems or 
plants that seem clearly out of reach of the contamination were transplanted to new sterile pots. 
However, many genotypes were lost due to contaminations directly surrounding the meristems, with 
no chance of successful (sterile) transplantation and no back-up material due to the thrips pest. 
SAM’s of plants that were tall enough to be out of reach of the fungal infections were transplanted to 
new pots. The detailed course of the survival of the RP-plants can be found in Supplementary Table 
1.  
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Figure 1: In vitro growth of different TPS-grown-potato genotypes.  
A: timeline of sterile genotypes (or infected pots with a chance of surviving) after 2%- or 1% bleach 
treatment of potato SAM’s in vitro.  
B: fungal infection in MS20 pot (RP007), 14 days after bleaching.  
C: SAMs (RP021) treated with 2% bleach solution. Plant material is killed by bleach, while fungal 
infections still emerged after 15 days.  
D: Bacterial infections emerging 23 days after bleaching from in vitro potato plant roots (RP001) in 
MS20 pot (arrow); less harmful than fungal infections for the survival of plants. 
 
Out of 49 total genotypes, 27 different genotypes were transplanted into MS20 agar. The 6 different 
genotypes that were sterilized with the 2% bleach solution as described by Visser (1991) all died 
(Figure 1A, Figure 1C, Supplementary table 1). Although the 2% bleach treatment killed all plant 
material, in some cases fungal spores were still found (Figure 1C). This shows ineffectiveness of the 
bleaching treatment regarding fungal infection. Subsequent transplanting therefore lowered the 
bleach percentage to 1% sodium-hypochlorite, which was less harmful to plant material. Sometimes, 
yellow-colored bacteria emerged from newly formed plant roots inside sterile pots after weeks of 
seemingly sterile growth, suggesting infection of medium through TPS endogenous microbes (Figure 
1D). In the end, the sterile appearing genotypes that survived longer than three weeks after 1% 
bleach treatment were RP001, RP002, RP005 and RP011 (4 out of 21, Supplementary figure 1).  
Plant material from these genotypes was used for transformation experiments.  
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Skipping in vitro growth: adult TPS plant material remained sterile at very low bleach concentrations 
Next to issues regarding in vitro growth, Eggers et al. have reported low transformation efficiency in 
potato. Tactics to improve the speed up until transformation and skipping the in vitro growth 
procedure were therefore researched. To speed up transformation procedures it was tested whether 
adult material from soil-grown potato plants could also be used for transformation with A. 
tumefaciens. In this way, the aim is to completely skip the extensive in vitro growing procedure. 
Internode- and node material from RP001 and RP035-plants, which were adult plants growing for 16-
20 weeks, was chosen because the phenotypic characteristics (e.g. shoot- or stolon length) of these 
genotypes were average in comparison to the rest of lines (Schermer, unpublished data). This is for 
better phenotypic comparison between eventual transformants and other lines in follow up 
experiments . However, in the pilot experiment a 0,09% sodium-hypochlorite concentration was 
used and (inter)node ends were not cut off. Regardless, RP001 internodes on MS20-plates remained 
sterile for at least two weeks after different durations of bleaching treatments: 5-, 10-, 15- and 20 
minutes (Figure 2).  
 

 
Figure 2: Bleach experimenting with RP001 internodes 
Close-up of MS20 plate with internodes after 5 minutes of bleaching. 
 
Visser (1991) describes that internodes must be of 1 cm in length. We confirmed this by comparing 
survival rates of (inter)nodes of +-0,5 cm to (inter)nodes of +-1 cm after bleaching with 1% sodium-
hypochlorite solution (Supplementary Figures 2A and 3).  
 
Testing sample preparation methods to increase transformation efficiency  
Methods such as surface scratching and sonication create more wound surface on plant tissues to be 
infiltrated by A. tumefaciens, which enhances the ability of A. tumefaciens to transform tissues of 
cucurbit plants (Xin et al., 2022). Vacuum infiltration also helps A. tumefaciens to infiltrate plant 
tissues better (Xin et al., 2022). Since a higher percentage of successful transformation events in 
cucurbit plants were previously achieved, this raises the question whether these methods could also 
improve transformation efficiency in the sturdy TPS-potato shoot material. After pre-incubation, we 
applied microbrush-scratching, sonication and vacuum infiltration as performed by Xin et al. to the 
samples. The application of transformation-improving methods was thus tested on sterile (inter)node 
material. 
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Figure 3: Applying sample preparation methods by Xin et al. (2022) on nodes and internodes. 
A: Different treatments performed on node tissues of an adult RP035 plant, 5 days after harvest.  
B: Different treatments performed on internode tissues of an adult RP035 plant, 5 days after harvest. 
Treatments included: surface scratching of plant material with a scalpel, vacuum infiltration (VI) or 
immersion, and/or sonication at medium power (M) for five seconds, the same for both nodes- and 
internodes. Samples that are clearly green (or growing buds or calli) are defined as ‘living’, samples 
that are brown, bleached or infected seen as ‘dead’. 
 
The optimal combination of treatments for the cucurbit plants melon and cucumber was reported to 
be the use of scratching, 10 seconds of sonication at 100W and vacuum infiltration (Xin et al., 2022). 
Here, 5 seconds of sonication at medium power are chosen instead of 10 seconds because of the 
higher expected sturdiness of cucurbit plants. A series of different sample preparations were used on 
node- and internode tissues of the RP035 TPS-grown potato plant (Figure 3). Unfortunately, due to 
fungal infections the nodes treated with 10 minutes of immersion died while the uninfected scratch 
+10 minutes immersion did not, as well as scratching and immersion treatments combined (Figure 
3A). 
 
Incubation of plant samples and A. tumefaciens resulted in infections 
After sample preparation, the next step in transformation is to expose the plant material to A. 
tumefaciens for transfer of genetic material. Because the aim of this project is to generate potato 
plants with shorter shoots and our StER construct was not yet ready for use, we used the C58C1- A. 
tumefaciens-35S::ATH1-GFP-line with kanamycin resistance to perform transformation experiments 
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(Rutjens et al., 2009). This construct encodes for overexpression of AtATH1-GFP and has already 
effectively created mutant phenotypic lines in Arabidopsis thaliana by transformation (Proveniers, 
unpublished data). Upon successful transformation, GFP-signal is visible in calli when using 
fluorescence microscopy. From transformed calli, new transgenic shoots can be generated which 
contain the inserted DNA. We used both nodes and internodes for transformation and regeneration 
experiments with the 35S::ATH1-GFP line. After incubation, samples were transferred to M400 plates 
containing cefotaxime to kill A. tumefaciens. 
 

 
Figure 4: Infections on M13 and M400 plates, possibly A. tumefaciens. 
A and B are the same experiment, C, D, E and F are another experiment. Pictures from A, C and E are 
taken from above, B D and F are from below for a better view. 
A: Callus formation on RP001 nodes after 19 days (M400 plate with kanamycin).  
B: Picture from calli from (A) two days after transplantation to M13 shoot inducing medium, probably 
with A. tumefaciens infections, OD600 = above 1,0.  
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C and D: M400 plates with dividing line with nodes and internodes immersed in A. tumefaciens 
cultures with different OD600’s: 0,5 inside the square area; 0,9 outside the square area. Picture from 
D was taken four days after treatment.  
E: M400 plate with nodes and internodes, treated with A. tumefaciens immersion (OD600 = well 
above 1,0).  
F: Infections on plate in E four days after transfer. 
 
Although a control experiment shows that cefotaxime kills A. tumefaciens even with high optical 
densities (Supplementary Figure 4), calli were still killed due to an infection (Figure 4A and 4B). There 
was a probability that this infection was caused by overproliferation of A. tumefaciens given its 
phenotypical similarity to A. tumefaciens colonies observed earlier (Figure 4B, -D and -F, 
Supplementary Figure 4). To make sure no A. tumefaciens infections would persist after incubation, 
vancomycin as additionally added as an extra antibiotic to M400- and M13 plates. Next to that, we 
also used an A. tumefaciens optical density (OD600) that was lower than the 2:5 stock dilution 
(OD600 above 1,0) to decrease chances of overproliferation.  
 
RP005 nodes and petioles show growth of callus tissues after application of sample preparation 
The protocol of Visser describes that internodes should be used for transformation and regeneration 
procedures, because of vascular tissues inside internodes that allow for better infiltration of A. 
tumefaciens (Visser, 1991). However, vascular tissues are found in many tissues in (potato) plants, 
meaning that more (shoot) tissues could be used for transformation- and callus regeneration 
experiments. Calli grow on cut-sites of plant samples, meaning that petiole- and node tissue can also 
be used, if the cut-site is clearly devoid of axillary meristem tissue to avoid chimeric tissue growth, as 
seen in Figure 4A. Another transformation experiment was performed with the in vitro growing 
RP005- and RP001 plants. Effects of vacuum infiltration and high power-sonication for 15- and 30 
seconds were tested to explore the upper limits of effectiveness of sonication. Calli formed on node- 
and petiole tissues (Figure 5A and B). Within 38 days after the first formed callus, more calli appeared 
on both nodes and petioles. Unfortunately, internodes that survived sonication treatments died from 
infections (data not shown). Duration of sonication influences the browning of the tissue material as 
internodes (that did not die from infections yet) that were subjected to 30 seconds of sonication are 
darker brown than in samples subjected to 15 seconds of sonication (data not shown). The difference 
in color is only small because both pictures are taken of M400 selection plates with kanamycin, which 
browns and kills non-transformed plant tissue. 
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Figure 5: Callus formation on RP005 nodes and petioles, and effects of sonication on internodes. 
A: Number of nodes and petioles that survived for 22 and 38 days after harvest. After 22 days, both 
nodes and petioles had started to form calli. After 38 days, 4 out of 12 node samples had formed 
callus tissue and all living petioles (2).  
B: Close-up image of node with callus on right end (modified image brightness with Paint 3D).  
C: Internode browning after 15 seconds of sonication.  
D: internode browning after 30 seconds of sonication.  
 
Tissues that formed callus still portrayed browning in the rest of the (inter)node/petiole (Figure 5B). 
However, the callus tissue is still green (Supplementary figure 5A), meaning that it is probably still 
alive. This could indicate that it received kanamycin resistance from A. tumefaciens, meaning that 
transformation occurred.  
 
Assembling the StER construct with Golden Gate cloning for higher genome editing efficiency and 
RUBY reporter gene 
The transformation experiments thus far only focused on improving the ability of A. tumefaciens to 
infiltrate and infect plant tissues. However, for successful genetic transformation, incorporation of 
the inserted DNA into the plant genome is also necessary. As Eggers et al. (2021) described, their 
transformed diploid potato plants only incorporated the DNA 6 times per 149 transformants with 
only a single successful homozygous mutation event. To improve genome editing-efficiency we 
aimed to assemble a genetic construct with Golden Gate cloning encoding for the CRISPR/Cas-9-
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mediated knockout of ER that is easy to use (Figure 6). This method uses the CRISPR-associated-
protein 9 (zCas9i) that uses four guide RNA (gRNA) sequences that target for regions in the potato 
genome where the zCas9i cleaves. The first two gRNA sequences are used to guide the zCas9i 
nuclease to sites in the first and third exon, and the third and fourth gRNA’s are designed for sites in 
the 27th exon of ER (Table 1). In this way, the nuclease cleaves around the start and end of the coding 
ER sequence, which enhances chances of an ER-gene knockout. To make the process of 
transformation easier and faster, we use the ‘RUBY’ open reading frame as reporter genes (He et al., 
2020). RUBY is an artificial DNA open reading frame that encodes for all necessary enzymes to 
convert the amino acid tyrosine into betalain, a natural plant product that appears bright red (Strack 
et al., 2003). Tyrosine is present in all cells, which gives RUBY high applicability and reliability as 
reporter over most anthocyanins, which differ more and require more enzymes (Misyura et al., 2013, 
Li et al., 2016). Together with the PcUbi (Parsley Ubiquitin, Kishi-Kaboshi et al., 2019) promoter, 
RUBY offers a potentially easier and faster method to detect transformation events. Upon 
transformation, the red color will already be visible in calli with RUBY instead of in regenerated shoot 
tissues when using GFP (He et al., 2020). Whereas GFP or GUS-staining as reporter genes require 
fluorescence detection methods or expensive chemicals, RUBY does not and is non-invasive. 
 
 
 

 
Figure 6: Genetic assembly with CRISPR/Cas-9, gRNA’s and RUBY for diploid potato transformation.  
StER knockout level 2 assembly (to be) used to knock out ER expression in diploid potato. The 
plasmid contains kanamycin resistance (NPTII with NOS promoter), the RUBY open reading frame, 
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the intronized Cas-9 coding sequence (both with the PcUbi promoter) as described by Grützner et al. 
(2021) and four guide RNA sequences.  
 
The intronized Cas-9-coding sequence also uses the PcUbi promoter. NPTII with nopaline synthase 
(NOS)-promoter is for kanamycin selection. Taken together, this genetic assembly is designed to 
knock-out expression of native ER in potato in combination with a fast reporter system. 
To assemble this construct, Esp3I was used as restriction enzyme (for BsmBI sites) for the first 
molecular cloning reaction, where diluted hybridized oligonucleotide gRNA spacers are cloned in 
their respective level 1 plasmid. After cloning and heat shock treatments with E. coli, transformed 
bacteria were plated on selective medium (LB agar with carbenicillin (100µg/mL), Figure 7A). When 
the digestion reaction with the Esp3I enzyme had taken place correctly, colonies should be white. If 
not, colonies are purple because in the case that the level 1 molecular cloning reaction failed to 
incorporate the desired gRNA spacer, the dsRED cassette is still present (causing the colony to appear 
red). 
 

 
Figure 7: E. coli growth on LB selection plates 
A: LB carbenicillin (100 µg /mL) plate with one white and multiple purple colonies. 1:200 means an 
oligonucleotide concentration of 50fmol.  
B: White colony from left picture inoculated on another LB carbenicillin plate as backup. 
 
The E. coli cells took up the dsRED plasmids because colonies were able to grow on carbenicillin 
medium (Figure 7A, control experiment: Supplementary figure 7). However, the percentage of white 
colonies among purple ones was very low (data not shown). The few white colonies were plated to 
new LB carbenicillin plates for confirmation via sequencing and storage. Due to several replicate 
experiments resulting in no white colonies, the efficiency of the restriction enzyme Esp3I used in the 
reactions was tested using Gel analysis. ThermoFisher Scientific recommends the use of Buffer Tango 
and Dithiothreitol (DTT) for molecular cloning reactions with Esp3I, thus effects of DTT were also 
tested (Figure 8B). Combinations of the used Esp3I-stock (Figure 8A) and new Esp3I-stock (Figure 8B) 
and BpiI-restriction enzymes were tested (Bpil as control reaction for the Esp3I enzyme reaction), as 
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well as Tango- or G-buffers and addition of DTT. DNA samples from the dsRED-plasmid stocks were 
used.  
 

Figure 8: Gel analysis to compare activity of Esp3I- and Bpil aliquots. 
A: Fragment of Gel analysis. Restriction enzyme Esp3I (initial aliquot). Stock samples were used for 
digestion by Esp3I. Plasmid vector used is: ‘gRNA3’: dsRED 47781. 
B: Gel analysis with Esp3I restriction enzyme. Abbreviations: ‘G’ = buffer G added, ‘T’ = buffer Tango 
added, ‘DTT’ = dithiothreitol added. 
 
Using the dsRED plasmids, a fragment of just under 6000bp is expected to be visible without active 
restriction enzyme. With active restriction enzymes, Esp3I splits the vector into two fragments of 
around 1200- and 4600 bp, whereas Bpil yields two fragments of around 1500- and 4300bp. Band 
size and intensity of the Esp3I enzyme in the first Gel analysis shows lower enzymatic activity than in 
the second blot (Figure 8B), because almost no bands are visible with a size of around 1200kb in 
Figure 8A (right three lanes, BsmbI). Also, more plasmid is digested when Buffer Tango is added than 
with Buffer G (Figure 8B), as is seen when looking at the dimmer bands in the lanes with Buffer Tango 
around 5000Bp, just above the brightest bands. Addition of 20mM DDT shows no clear effect in this 
gel analysis. 
To verify if the reaction had taken place correctly, samples from every guide RNA were sent in triplo 
to Macrogen for sequencing to increase chances of finding the right alignments. For this sequencing 
the primer sequence used was GAACCCTGTGGTTGGCATGCACATAC (0229F). Alignments of 
sequencing results and the designed plasmids were created in order to check if the samples were 
cloned correctly (Supplementary figure 8). Samples 1-2 (for gRNA 1), 2-3 (for gRNA 2) and all three 
samples for gRNA 4 show no mismatches regarding the cloning of the gRNA sequences, with sample 
2-3 showing some mismatches in the gRNA sequence (Supplementary figure 8B). For dsRED 
pICH47781 (for guide RNA 3) we did not obtain successfully cloned plasmids and thus no alignment 
results could be made.  
 
Conclusion and discussion 
To improve the current process of potato cultivation, several obstacles have yet to be overcome. 
Diploid inbred potato lines are promising in terms of breeding. Transforming diploid potato to 
generate lines that are suitable for high seed production would help alleviate the costs and footprint 
of current propagation methods and revolutionize the potato industry. However, transformation 
procedures for diploid TPS-grown potato are prone to low efficiencies, as is shown in this research. In 
this work we aimed to create a more compact potato line using an optimized protocol for 
transformation and in vitro growth. This work emphasizes the need for an effective sterilization 
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protocol, as infections interfered frequently with in vitro growth- and transformation experiments. 
Effects of sample preparations were hard to attribute to treatments due to these infections, but we 
nonetheless grew calli on potato shoot tissues with a chance of transformation with 35S::ATH1-GFP. 
To further optimize transformation efficiency we aimed to create our StER-assembly using Golden 
Gate cloning with increased CRISPR/Cas-9 genome editing efficiency in combination with the RUBY 
reporter gene(s) but ran into problems with low efficiency of molecular cloning reactions.  
We showed that bleaching is lethal in too high dosage (2% sodium hypochlorite, Visser (1991)) and 
ineffective in killing all fungal spores, as some of them may possibly be endophytic fungi out of reach 
of the bleaching treatment (Zhang et al., 2022, Götz et al., 2006). The bleaching has a chance of 
effectively surface-sterilizing plant material, depending on the species of fungi living on the tissue 
(Visconti et al., 2021). However, it must not reach everywhere inside it if the material is to survive. 
Internodes of 0,5 cm died from 1% bleaching treatment because the chlorine compounds reached 
inside all of the tissue, while inner parts of 1 cm internodes probably remained intact because they 
retained their green color. Bleaching experiments did not point out clearly whether fungal spores are 
endogenous or not to potato shoots, because short internode samples where all of the sample 
material was bleached still got infected later on. The seemingly sterile bleaching experiment with 
0,09% bleach could be attributed to the species of fungi (Visconti et al., 2021) or the fact that we did 
not treat it with A. tumefaciens, since we never managed to keep material sterile that long again with 
such low a bleach concentration. Our most important finding about bleaching protocols is that a 
more effective sterilization method for diploid TPS potato is needed. Infections interfered many 
times with our in vitro- and transformation experiments, what made obtaining reliable results of 
sonication- or vacuum infiltration hard.  
Despite problems with sterilization of plant material, a few genotypes have shown to be able to grow 
over longer periods of time (over 3 weeks) in vitro. However, there is no indication that this can be 
attributed to the genotypes of these plants, and transplantations were sometimes needed to keep 
plants sterile when fungal infections arose from other plants in the same in vitro-pot. The yellow 
bacterial colonies growing from newly emerged roots in in vitro growing plants are also an indication 
for endophytic microbes. According to Sturz (1995), healthy potato plant tissue carries internal 
bacterial cultures. Whether the observed yellow bacterial colonies were harmful for plant health 
could be investigated with disease assays or genetic experiments like qPCR with genetic material 
from the bacteria for identification. If bacterial cultures in potato interfere with A. tumefaciens 
experiments, low antibiotic dosage in in vitro growth medium may be of use, since A. tumefaciens is 
grown with antibiotic resistance (rifampicin and spectinomycin). An assay with isolated bacteria 
growing on medium with antibiotics may point out effective strategies for in vitro growing with 
antibiotics. 
Cefotaxime, vancomycin and kanamycin are bactericides (kanamycin also represses plant growth, 
Duan et al., 2009), which means that fungi may survive in their presence. Alternatives like fungicide 
or biocide can offer possible solutions to fungus-related problems with diploid potato. Although 
harmful to plants, fungi- or biocides may still be more effective in fighting fungal infections than 
bleaching. Another way to grow sterile TPS-plants is to germinate seeds in vitro using GA, although 
other propagation techniques such as microtuber growth are favored over TPS germination because 
of unreliable TPS-germination rates and probably high in vitro humidity (Pallais, 1987, Buckseth et al., 
2022, Marcel Proveniers, personal communication, 2022). For this research TPS was germinated in 
soil. However, experiments with TPS germinating in vitro and for instance chlorine gas sterilization 
like in Arabidopsis may offer a way out of bleaching protocols (Lindsey et al., 2017). 
Control experiments with A. tumefaciens survival showed that cefotaxime was effective, although A. 
tumefaciens apparently had better survival chances in the presence of plant material when 
incubating on cefotaxime plates, as is seen in Figures 4C-F. Another possibility is that the A. 
tumefaciens optical density so high that the 2:5 dilution described by Eggers (2021) resulted in too 
high concentrations for effective transformation. Therefore, we used vancomycin as extra antibiotic 
to kill A. tumefaciens. However, we have no results that indicate whether vancomycin was effective 
in killing A. tumefaciens or not in the presence of plant material, which would require genetic 
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analysis of isolated bacterial DNA.  
The protocol of Visser described that internodes should be used for transformation and 
regeneration. However, our results suggested that nodes and petioles can be used for 
transformation- and subsequent regeneration processes as well. Visser (1991) evaded the use of 
nodal tissue because the axillary meristem may cause regenerating shoots to be chimeric. Our results 
suggest that nodes and petioles may be effective as well in forming callus and surviving regeneration 
procedures (Figure 5A), as calli formed over time on petioles and nodes. However, confirmation of 
transformation by observation of GFP signal is yet to be performed. This also applies to petiole 
tissues in this experiment (Supplementary figure 5B). We applied sample preparation as by Xin et al. 
on these samples, which shows that calli can still grow after these (relatively) harsh treatments. 
Longer sonication treatment (30 seconds high power) turned plant samples darker brown than 
shorter treatments (15 seconds high power), showing that sonication decreases sample survival (Xin 
et al., 2022). Due to infections and therefore reduced sample sizes we did not find a significant 
increase in survival- or callus formation rates between the different tissues and treatments 
(Scratching, sonication and vacuum infiltration, Figure 3).  
Also, the protocol of Visser prescribes that kanamycin be used as plant selection agent. Our results 
showed that non-transformed plant tissues turned brown and died on kanamycin medium, but not 
the RP001 nodes from Figure 4A. Possible causes for this could have been improper preparation of 
the medium, kanamycin only killing plant samples that are more vulnerable because of earlier harsh 
treatments, or differences between the RP-genotypes in kanamycin resistance. If the combination of 
sample preparations by Xin et al. and selection on kanamycin was too harsh for plant material, more 
incubation time prior to selection with kanamycin may help plant samples survive better. However, 
none of the samples in Figure 4A showed browning like the nodes and petioles in Figure 5C-D 
(medium with kanamycin), so the medium in Figure 4A may have lacked an effective kanamycin dose. 
This suggests that in this experiment selection for transformed tissues may not have taken place. It is 
unclear whether the infections in Figure 4B were A. tumefaciens or not because the plate in Figure 
4A remained sterile for at least three weeks after immersion treatment.  
In the Golden Gate cloning steps for the creation of the StER knockout we encountered numerous 
obstacles. Gel analysis showed the initially used restriction enzyme Esp3I aliquot to be less active 
than another Esp3l aliquot. Although these were different gels and experiments, we can compare 
both gels to the ladder, which is the same for both gels. Figure 8B shows that the Esp3I enzyme 
digested the dsRED plasmids, and E.coli colonies grew on LB carbenicillin plates, indicating a 
successful heat shock (Figure 7A and Supplementary figure 7). Considering these parts of the 
experiment were successful, the most probable explanations for the low number of white E. coli 
colonies involve the creation of recombinant DNA since the reaction mixture and heating steps were 
performed according to the Golden Gate protocol (Table 2, Materials and Methods). Examples are 
DNA methylation by E. coli or incorrect DNA ligase activity. If DNA methylation inhibits the level 1 
cloning reaction, addition of demethylation enzymes such as methylguanine methyltransferase 
(MGMT) to the reaction mix may increase the occurrence of correct level 1 cloning reactions and 
thus white E. coli colonies. To investigate effectivity of T4 DNA ligase, a gel analysis can be performed 
with plasmid samples digested by a restriction enzyme. After digestion, T4 DNA ligase can be used for 
ligation. Enzymatic activity can be tested by comparing positions of DNA (plasmid) fragments equal in 
mass, since ligated circular DNA travels slower through agarose than non-ligated linear DNA 
fragments.  
To conclude, this work emphasized the need for a new sterilization protocol for research in TPS-
diploid potato. We showed that we were able to grow calli on node- and petiole samples treated 
with methods described by Xin et al. (2022) within a month. Still, more research is needed to confirm 
findings of this work; experiments had mostly small sample sizes and were often disturbed by 
infections. 
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Waar het bij ons op lijkt is dat deze weefsels potentieel (sample size bij Figuur 3 lijkt prima? Browning fenotyperen?) vitaler zijn, en dat de meristemen niet in de buurt lijken te komen van het vormende callus aan beide uiteindes (visueel zichtbaar).

Schermer, T.A. (Tom)
Discussie

Schermer, T.A. (Tom)
Na hoe lang zijn de foto’s genomen? Als er namelijk geen callus formatie zichtbaar is, zou de verwachting gebaseerd op latere experimenten en de fenotypes van die (inter)nodes zijn dat het materiaal doodgaat? Maar ook bij C & E zie ik dat niet (of het zijn foto’s van verschillende experimenten).

Schermer, T.A. (Tom)
Dit kan bijvoorbeeld ook komen doordat RP001 gewoon beter bestand is tegen kanamycine dan de andere lijnen, een genetische component dus. Met een “either – or” statement moet je oppassen.

Schermer, T.A. (Tom)
En dus, wat stel je voor om dit in een vervolgexperiment te omzeilen?

Schermer, T.A. (Tom)
Bron?

Schermer, T.A. (Tom)
Stijl.

Schermer, T.A. (Tom)
Maar in Figuur 4B zien we nogal veel (waarschijnlijk) Agro infectie. Transformatie zal daarom potentieel wel plaats kunnen hebben gevonden, maar de selectie vanwege mogelijk de afwezige kanamycine in M400 platen of door de grootte van het weefsel kunnen voor een gebrek aan browning hebben gezorgd.

Schermer, T.A. (Tom)
Alinea afgesloten met een argument voor de efficiëntie van het Esp3l voor twee gels, niet afsluitend.

Schermer, T.A. (Tom)
Zoek op de term Golden Gate troubleshooting. Stel vervolgens vervolgexperiment(en) voor om de oorzaak te achterhalen.

Schermer, T.A. (Tom)
Op de gel is echter duidelijk te zien dat er een groot verschil in activiteit tussen de enzymen zit (ook al helaas niet op dezelfde gel naast elkaar, je kan het argument van de ladder gebruiken hier).

Schermer, T.A. (Tom)
Alinea afgesloten met een argument voor de efficiëntie van het Esp3l voor twee gels, niet afsluitend.

Schermer, T.A. (Tom)
Goede bondige samenvatting!

Schermer, T.A. (Tom)
Start en slotzin prima, maar de vindingen betreffende verhoogde transformatie via sample prep (scratching, sonication & vacuum infiltration) nergens anders genoemd.

Schermer, T.A. (Tom)
Bespreek dit eerder in de discussie! Figuur 3 en Figuur 5C&D neem ik aan?  
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