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Modulation of the glycoalkaloid biosynthesis pathway in potato 
(Solanum tuberosum L.) and development of CRISPR/Cas9 
methodology for tomato (Solanum lycopersicum L.) 

Abstract 
Steroidal glycoalkaloids (SGAs) are toxic defence substances present in Solanum 
species, including the tomato and potato. Concerns about SGA toxicity have long 
been raised regarding table potato cultivars, and more recently regarding starch 
potato cultivars, where SGAs negatively affect the use of proteins and fibre from 
starch by-products. Aiming at reducing the SGA hazard in potato, the present 
investigation has characterized SGA metabolism in starch and table potato cultivars. 
Further, using CRISPR/Cas9 technology, a number of gene-edited potato mutants 
with reduced SGA levels were generated, targeting the transcription factor 
StGAME9, as well as six key genes acting in SGA biosynthesis. 

 Transcriptomic and metabolomic profiling revealed both differences and 
similarities regarding the regulation of SGA levels in starch compared to table potato 
cultivars. Starch potato cultivars exhibited higher basal SGA levels and dry matter 
content but lower protein levels compared to table potato cultivars. In all seven types 
of key gene mutants, a significant SGA reduction was observed in leaves, tubers at 
harvest, and in tubers subjected to two SGA-inducing conditions: wounding and 
light exposure. The regulatory role of StGAME9 in SGA biosynthesis was 
investigated, and key SGA-related genes regulated by StGAME9 were identified. 
The reduction of SGA levels in mutants was stronger when genes in the post-
cholesterol pathway of SGA biosynthesis were mutated, than for the pre-cholesterol 
ones. The results also showed that the mutation of each of these seven genes blocked 
both the basal and induced SGA synthesis. Notably, several mutants displayed close 
to SGA-free tubers and a relatively normal phenotype and tuber yield. A DNA-free 
genome editing method with a high mutation rate was established for the cultivated 
tomato, providing opportunities for extending the insights of SGA biosynthesis in 
potato to tomato.  

  The generation of SGA-free starch potato cultivars now offers an interesting 
opportunity for industrial applications, e.g. by transforming starch by-products into 
economically valuable compounds. 

Keywords: glycoalkaloids, Solanum tuberosum, CRISPR/Cas9, starch potato 
cultivars, metabolomics, transcriptomics, Solanum lycopersicum 
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Modulation of the glycoalkaloid biosynthesis pathway in potato 
(Solanum tuberosum L.) and development of CRISPR/Cas9 
methodology for tomato (Solanum lycopersicum L.) 

 Abstract 
De steroida glykoalkaloiderna (SGA) är giftiga försvarsämnen som finns i Solanum-
arter, inklusive tomat och potatis. SGA-toxicitet har länge varit en fråga när det 
gäller matpotatissorter, men på senare tid även gällande stärkelsepotatissorter, där 
SGA negativt påverkar användningen av proteiner och fibre från 
stärkelsebiprodukter. I syfte att minska SGA-risken i potatis har den föreliggande 
undersökningen karakteriserat SGA-metabolismen i stärkelse- och matpotatissorter. 
Vidare, med användning av CRISPR/Cas9-teknologi, genererades ett antal 
genredigerade potatismutanter med reducerade SGA-nivåer riktade mot 
transkriptionsfaktorn StGAME9, såväl som sex nyckelgener som verkar i SGA-
biosyntes. 

 Transkriptom och metabolom karaktärisering avslöjade både skillnader och 
likheter när det gäller regleringen av SGA-nivåer i stärkelse jämfört med 
matpotatissorter. Stärkelsepotatissorter uppvisade högre basala SGA-nivåer och 
torrsubstanshalt men lägre proteinnivåer jämfört med matpotatissorter. Alla sju typer 
av nyckelgenmutanter uppvisade en signifikant SGA-reduktion i observerades i 
blad, knölar vid skada och i knölar som utsatts för två SGA-inducerande 
förhållanden: skada- och ljusexponering. Den reglerande rollen för StGAME9 i 
SGA-biosyntes undersöktes och nyckel-SGA-relaterade gener reglerade av 
StGAME9 identifierades. Minskningen av SGA-nivåer i mutanter var starkare när 
gener i post-kolesterolvägen för SGA-biosyntes muterades än för pre-kolesterol. 
Resultaten visade också att mutation av var och en av dessa sju gener blockerade 
både den basala och inducerade SGA-syntesen. Noterbart uppvisade flera mutanter 
nära SGA-fria knölar och en relativt normal fenotyp och knölutbyte. En DNA-fri 
genomredigeringsmetod med hög mutationshastighet etablerades för odlad tomat, 
vilket ger möjligheter att utöka förståelsen om SGA-biosyntes från potatis till tomat. 

  Genereringen av SGA-fria stärkelsepotatissorter erbjuder nu en intressant 
möjlighet för industriella tillämpningar, t.ex. genom att omvandla 
stärkelsebiprodukter till ekonomiskt värdefulla produkter. 

Keywords: glykoalkaloider, Solanum tuberosum, CRISPR/Cas9, 
stärkelsepotatissorter, metabolomics, transcriptomics, Solanum lycopersicum  
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1.1 Solanum species 

1.1.1 The potato 

Importance of the potato 
The cultivated potato (Solanum tuberosum L.) is a dicotyledonous plant 
belonging to the Solanum, the largest genus of the Solanaceae family 
(Friedman et al. 1997). Other examples of important food crop plants in the 
Solanum species are the tomato (Solanum lycopersicum L.) and eggplant 
(Solanum melongena L.). Potato is the fourth most important food crop in 
the world after maize (Zea mays L.), wheat (Triticum aestivum), and rice 
(Oryza sativa). Potato is native to the Andean region of South America, 
where is has been cultivated for thousands of years by indigenous 
populations. Potato was first introduced to the Canary Islands during the 
Spanish conquest of the Americas in the 16th century, after which it was 
spread throughout Europe (Bradshaw and Ramsay 2009). Potato was first 
introduced to Sweden as a medical curiosity in the botanical garden in 
Uppsala in 1658, it took a long time and a great deal of effort until it was 
cultivated as a staple food and was widespread in Sweden during the 18th 
century (Eriksson et al. 2016).   

 
Potato is not only a staple food but also a versatile raw material for various 
industrial applications such as starch-related products, biofuel products, 
animal feed and bioplastic products. It is cultivated in more than 100 
countries and the production and consumption increases every year due to 
high demand. According to FAOSTAT data, the world production of potato 

1. Introduction 
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in the year 2021 was 376 million tonnes, with China being the leading potato-
producing country, followed by India and Ukraine (FAOSTAT 2023).   

Potato nutrients 
Potato tubers are storage organs, rich in various essential nutrients, including 
carbohydrates, vitamins, minerals, dietary fibre, proteins and micronutrients. 
Starch, constituting the predominant carbohydrate in potato tubers, exhibits 
a low lipid content, typically ranging from 10-30% of fresh weight (Camire 
et al. 2009). Raw potato starch manifests a crystalline structure, imparting 
resistance to digestion in the small intestine. The process of cooking and 
subsequent cooling serves to enhance the retrogradation of starch, thereby 
augmenting its resistance to digestion (McGill et al. 2013). Potato tubers 
contain ca. 2% protein per unit of fresh weight (FW), marked by a high lysine 
content compared to the cereal proteins  (Storey 2007; Waglay et al. 2014). 
Potato proteins have the potential to substitute other plant- and animal-based 
proteins in food production, duo to their properties of low allergenicity and 
high nutritional value (Koppelman et al. 2002; McGill et al. 2013; Waglay 
et al. 2014; Hussain et al. 2021).  

Potato cultivars 
Currently, there are over 4000 cultivated potato varieties for commercial use 
across the world. The abundance of potato varieties with various traits and 
their production globally reflects the adaptability and versatility of the 
potato, which allows for customized trait improvement for different regions 
and market demands (Bradshaw and Ramsay 2009). In Sweden, the first 
market potato cultivars can be traced back to 1910, such as “Bintje” and 
“King Edward”, which are still actively cultivated for food production. 
Potato cultivars can be classified into two categories based on their intended 
applications: table cultivars and starch cultivars. Table cultivars are selected 
for culinary purposes, these include the King Edward, Rocket, and Bintje.  
Starch cultivars are suitable for industrial processing into starch-based 
products due to their high starch content or quality, e.g. Kuras, Saprodi, and 
Avarna. 

Potato breeding 
With the increased cultivation of potatoes used for both food and industrial 
applications, more effort has been put into potato breeding. The focus on 
potato breeding encompasses several key aspects, such as plant resistance to 
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disease and pests, yield and productivity of tubers, quality and nutritional 
values, stress tolerance and environmental sustainability (Bradshaw 2007; 
Eriksson et al. 2016). Most cultivated potatoes are auto-tetraploid (2n = 4x 
= 48) with high heterozygosity, which is a significant barrier to potato 
improvement. Conventional potato breeding involves several steps, 
including selecting parental lines with desirable traits followed by sexual 
crosses and evaluating the performance of the hybrid offsprings with 
multiple selection cycles, which is time and labour consuming (Bradshaw 
and Bonierbale 2010). Modern potato breeding combines traditional 
methods with advanced technologies, such as marker-assisted selection to 
expedite the breeding process. The complete genome sequence of potato was 
elucidated by the Potato Genome Sequencing Consortium, which facilitates 
the advanced genomic study and breeding efforts of potatoes (2011). The 
development of genome editing technologies, such as TALEN- and 
CRIPSR-based methods, has a great potential for potato breeding, with 
several reports highlighting successfully improved traits such as increased 
resistance, reduced glycoalkaloid content, and improved tuber and starch 
quality (Sawai et al. 2014; Butler et al. 2016; Clasen et al. 2015; Andersson 
et al. 2017; Kieu et al. 2021). 

1.1.2  The tomato 

Importance of the tomato 
The tomato (Solanum lycopersicum L.) is an important vegetable crop, which 
is extensively cultivated in diverse regions across the world. Tomato 
originates from Peru, South America and was first domesticated in Mexico 
due to the abundance of cultivated and wild tomato relatives in the region 
(Jenkins 1948). Tomato is regarded as protective food, considering the 
antioxidants it contains, such as lycopene, vitamin C, vitamin E, phenolics, 
and flavonoids (George et al. 2004). The production of tomato has increased 
over the decades, with Asia emerging as the dominated region, accounting 
for 63% of the global tomato yield (FAOSTAT 2023). It is one of the most 
popular vegetables suitable for cultivation throughout the tropics and 
subtropics, from private gardens, greenhouses, to open fields. Additionally, 
tomato have served as a model organism for genetic and molecular research 
due to its simple diploid genetics (2n = 2x = 24) and short life cycle, 
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contributing to advancements in plant biology and crop improvement (Ito et 
al. 2015).  

Tomato breeding 
Tomato is self-pollinating and can be easily hybridized within the species or 
crossed with wild relatives, such as Solanum pennellii, Solanum 
pimpinellifolium, and Solanum peruvlanum. Tomato breeding has been 
based around various standard methods, including hybridization followed by 
pedigree selection and introgression by backcrossing for desired traits. 
Breeding targets for tomatoes depend on market demands and consumer 
preferences, such as yield and quality of tomato fruits, resistance to biotic 
and abiotic stress, and resistance to diseases and pests. Like the potato, the 
availability of the tomato’s genomic sequence (Tomato Genome Consortium 
2012) facilitates the development of modern tomato breeding methods, 
including maker-assisted selection and genome editing technology (Foolad 
& Panthee R 2012; Brooks et al. 2014).  

“Determinate” and “indeterminate”   
Due to the different growth habits, tomatoes can be classified into two 
categories: “determinate” and “indeterminate” cultivars (Pnueli et al. 1998; 
Vicente et al. 2015). The “determinate” cultivars exhibit a compact growth 
habit, forming small bushes, and are characterized by synchronous fruit 
ripening; while “indeterminate” cultivars display a vining growth, 
continuing to produce the fruits throughout the growing season. It has been 
reported that the mutations in either or both of the flowering repressor gene 
SELF PRUNING (SP) and its paralog, SELF PRUNING 5G (SP5G), can 
convert “indeterminate” cultivars into “determinate” cultivars (Carmel-
Goren et al. 2003; Soyk et al. 2017; Kwon et al. 2020). 

1.2 Glycoalkaloids 

1.2.1 Glycoalkaloids - secondary metabolites 

Secondary metabolites in Solanaceae plants  
The production of biologically active metabolites is pervasive throughout the 
plant kingdom, serving critical roles in various aspects of plant life cycles. 
Primary metabolites are essential compounds involved in the plant’s basic 
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life processes, while secondary metabolites are crucial for plant adaptation 
to the environment (Bourgaud et al. 2001). Alkaloids, one of the most 
important classes of secondary metabolites, are nitrogen-containing 
compounds and are found in 20% plant species, some examples from the 
Solanaceae family are steroidal alkaloids, tropane alkaloids, pyridine 
alkaloids and piperidine alkaloids (Cordell et al. 2001; Matsuura & Fett-Neto 
2015; Chowański et al. 2016). Steroidal alkaloids (SAs) and their 
glycosylated forms, known as steroidal glycoalkaloids (SGAs), are present 
in over 350 plant species, with significant accumulations observed in the 
Solanaceae and Liliaceae families (Roddick 1996； Friedman et al. 1997). 
The investigation of the biological activities and biosynthesis of Solanaceae 
glycoalkaloids has garnered increasing attention, driven by their important 
role in plant defence as well as their high value in pharmaceutical 
applications. 

Toxicity of glycoalkaloids 
Glycoalkaloids, particularly those found in the Solanaceae family, are natural 
toxins that can cause adverse effects on human health. Acute toxicity may 
lead to symptoms such as vomiting, gastrointestinal disturbances, abdominal 
pain, or even more severe neurological symptoms, such as headaches, 
dizziness and confusion. Studies have estimated that a toxic dose of potato 
glycoalkaloids can be from 1mg/kg body weight (BW), with a potentially 
lethal dose being 3-6 mg/kg BW (Morris & Lee 1984; Friedman et al. 1997). 
For reasons of food safety, an upper limit of 200 SGA/kg (FW) in raw, 
unpeeled potato tubers is widely recommended. Some countries, such as The 
Netherlands and Denmark, have established stricter guidelines of a 
maximum of 100 mg TGA/kg (FW) glycoalkaloids, specifically for new 
potato cultivars (Schrenk et al. 2020). Concerns about glycoalkaloid toxicity 
in tomato fruits are comparatively lesser than for potato tubers, since the 
major glycoalkaloid in tomatoes, α-tomatine, is less toxic and has a much 
lower concentration in ripe fruits (ca. 5 mg/kg FW), as it is largely converted 
into a non-toxic glycoalkaloid (esculeoside A) during fruit ripening 
(Friedman 2002).  

Role in plant resistance 
The diverse and chemical properties of glycoalkaloids contribute to the plant 
defense systems, protecting against herbivores, pathogens, insects, fungi and 
bacteria, ensuring the survival and adaption of plants in various natural 
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environments. The biological activity of glycoalkaloids is based on their 
membrane-destabilizing properties against various organisms (Roddick et al. 
1990; Keukens et al. 1995). The foliar total glycoalkaloids (TGA) level in 
potatoes is highly associated with resistance against pests, such as the 
Colorado potato beetle (Leptinotarsa decemlineata) and the potato 
leafhopper (Empoasca fabae) (Sinden et al. 1980; Tingey 1984; Sanford et 
al. 1992; Friedman et al. 1997). It has also been shown that α-chaconine can 
inhibit the growth of several fungi and nematodes (Fewell & Roddick 1993; 
Li et al. 2022). 

Structure of glycoalkaloids  
To date, more than 100 structurally different SGAs have been identified 
within the Solanum species, including both wild and cultivated potatoes, 
tomatoes, eggplants, and other nightshades (Milner et al. 2011; Zhao et al. 
2021). The structure of glycoalkaloids consists of a cholesterol-derived 
hydrophobic C27 nitrogen-containing skeleton (aglycone), and a sugar 
moiety attached to the side chain (Friedman et al. 1997). The constitution of 
the sugar moieties attached to the side chain of glycoalkaloids plays a pivotal 
role in delineating their biological activities, even when sharing an identical 
aglycone, and vice versa. 

 
The typical aglycones of Solanum glycoalkaloids identified so far are 
solanidane and spirosolane types, also referred to as alkamines (Friedman et 
al. 1997;  Milner et al. 2011). For example, the major glycoalkaloids in the 
potato, α-chaconine and α-solanine, are of the solanidane type (solanidine 
aglycone), whereas the major glycoalkaloid in the tomato, α-tomatine, has 
the spirosolane aglycone (tomatidine aglycone). Another important part of 
the glycoalkaloid structure, glycoside residues, are attached at the 3-OH 
position on the A ring of the aglycone, usually in the form of tri- or 
tetrasaccharide with different combinations of various sugar molecules 
(Friedman et al. 1997). For example, both α-solanine and α-chaconine have 
a trisaccharide side chain, (solatriose and chacotriose, respectively), while α-
tomatine possess a tetrasaccharide (lycotetraose) (Friedman et al. 1997; 
Milner et al. 2011; Iijima et al. 2013; Sonawane et al. 2020; Zhao et al. 
2021).  
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1.2.2 SGAs in the potato 

SGAs in potato plants 
In cultivated potatoes, the predominant SGAs, α-chaconine and α-solanine, 
comprise up to 95% of TGA, with a ratio of α-chaconine/α-solanine varying 
from 2:1 to 1:1. Wild potato species exhibit a broader SGA composition, 
including minor SGAs, such as solamarine, solamargine, solasonine, 
demissine and leptine (Friedman & Dao 1992; Shakya & Navarre 2008; 
Kozukue et al. 2008; Koleva et al. 2012). SGAs are found in the entire potato 
plant, with the highest levels in flowers and berries, followed by sprouts and 
leaves (Friedman et al. 1997). The SGA levels in the tuber flesh are generally 
low, and SGAs are mainly formed in the areas of high metabolic activity, 
such as the peels and the eyes of tubers  (Maga & Fitzpatrick 1980).  

Factors influencing SGA levels in potato tubers 
Genetic determinants play a fundamental role in setting the baseline levels 
of SGAs, as different species and cultivars exhibit distinct SGA profiles  
(Sinden et al. 1984; Friedman et al. 1997). However, the level of SGAs in 
potato tubers can be significantly increased upon various abiotic stresses 
during growth and storage, such as drought, heat, wounding and light 
exposure (Sinden et al. 1984; Friedman et al. 1997; Friedman & McDonald 
1999; Knuthsen et al. 2009). SGAs are resistant to degradation during 
standard cooking processes, such as boiling, baking and frying. Therefore, it 
is important to ensure that the SGA level in tubers used as food is within 
safety limits (Bushway & Ponnampalam 1981).  

SGAs in by-products of industrial potato starch production 
During potato starch production, substantial by-products, notably potato fruit 
juice (PFJ), are generated, necessitating either disposal or transformation into 
value-added side stream products. PFJ is enriched with economically 
valuable compounds, such as proteins (ca. 2%) (Schoenbeck et al. 2013). 
However, the presence of SGAs poses a significant challenge, due to their 
concentration in PFJ, complicating the extraction of proteins while 
preserving their functional properties. Several techniques, including acidic 
precipitation and thermal coagulation, have been explored to extract proteins 
from PFJ (Zwijnenberg et al. 2002; Cheng et al. 2010; Miedzianka et al. 
2012; Schoenbeck et al. 2013; Waglay et al. 2014). The functional integrity 
of proteins isolated via thermal treatment may be compromised, limiting 
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their application as animal feed (Schoenbeck et al. 2013; Hussain et al. 
2021). 

1.2.3 SGAs in other Solanum species 
The major SGA in the tomato, tomatine, is a mixture of α-tomatine and 
dehydrotomatine in a 10:1 ratio, distributed throughout various parts of 
tomato plants (Friedman et al. 1994; Friedman 2002). High SGA 
concentration in tomato plants is often observed in immature parts of the 
plant, such as green fruits (Friedman 2002). Other SGAs identified in tomato 
include tomatoside A, esculeoside A and B, and dehydrotomatoside. In 
eggplants, the predominant SGAs are α-solamargine and α-solasonine, 
which are also synthesized in over 100 other plant species (Milner et al. 
2011; Friedman 2015). The cultivated eggplant generally exhibits lower 
levels of TGA (< 20 mg/kg FW) compared to other Solanum plants, with the 
highest concentration usually found in the peels, especially the mesocarp 
with seeds (Sánchez-Mata et al. 2010; Milner et al. 2011). Similar to tomato 
SGAs, eggplant SGAs are relatively non-toxic; however, their 
embryotoxicity and teratogenic properties necessitate careful monitoring of 
SGA levels in eggplant (Milner et al. 2011).  

1.3 The biosynthesis of SGAs  
Solanum plants, including the potato, tomato, and eggplant, share a common 
SGA biosynthesis pathway. This pathway starts with the formation of 
cycloartenol from acetyl CoA, followed by cholesterol biosynthesis, 
ultimately resulting in the diverse structural forms of SGAs (Friedman et al. 
1997; Cárdenas et al. 2015; Sonawane et al. 2020; Zhao et al. 2021). The 
intricate process involves a large number of genes across multiple steps, with 
cholesterol as the primary precursor for SGA (Ohyama et al. 2013; Petersson 
et al. 2013). Despite multiple steps and many key enzymes having been 
identified in recent years, the complete pathway has not yet been elucidated. 
The biosynthesis of SGAs can be broadly divided into two parts: pre-
cholesterol pathway and post-cholesterol pathway. This PhD project is 
primarily focused on the study of SGA biosynthesis in potato plants, and a 
model detailing the SGA biosynthesis pathway in potato plants is illustrated 
in Fig 1.  
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Figure 1. Pathway models of sterol and SGA biosynthesis in the potato. L denotes 
duplicated '-like' genes, encoding proteins with a special role in cholesterol synthesis.  
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1.3.1 Pre-cholesterol pathway: from acetyl-CoA to cholesterol 
The pre-cholesterol pathway is initiated by the mevalonate (MVA) pathway 
from acetyl-CoA, catalysed by 3-hydroxy-3-methylglutaryl coenzyme A 
reductase (HMGR) (Stermer et al. 1994; Krits et al. 2007; Ginzberg et al. 
2012). Further downstream, the early enzymes such as squalene synthase 
(SQS), squalene epoxidase (SQE), cycloartenol synthase (CAS), lanosterol 
synthase (LAS), not only participate in cholesterol biosynthesis, but also 
contribute to the synthesis of phytosterols and terpenoids at crucial branching 
points (Ginzberg et al. 2009; Sonawane et al. 2016). The sterol side chain 
reductase2 (SSR2, also denoted as DWF1-L) is a key enzyme responsible for 
converting cycloartenol to cycloartanol, controlling the metabolic flux 
towards cholesterol and C-24 alkyl phytosterols at this branch point (Sawai 
et al. 2014). A separation between cholesterol synthesis for either 
housekeeping or for the production of SGAs is mediated through the 
duplication of a small set of differentially regulated sterol-biosynthetic genes 
(Sonawane et al. 2016). This results in two parallel routes to cholesterol, with 
examples of duplicated genes such as DWF1-L and DWF1, STEROL 
METHYL-OXIDASE1-LIKE (SMO1-L) and SMO1, ∆7-C5 STEROL 
DESATURASE-LIKE (DWF7-L) and DWF7, and ∆7 STEROL 
REDUCTASE-LIKE (DWF5-L) and DWF5 (Sawai et al. 2014; Sonawane et 
al. 2016; Nahar et al. 2017). Each of these genes is implicated in either SGA 
(the former) or sterol (the latter) biosynthesis. 

1.3.2 Post-cholesterol pathway: from cholesterol to specific SGAs 
Cholesterol subsequently undergoes a series of SGA-specific reactions, 
including hydroxylation, oxidation, transamination and glycosylation, 
leading to the formation of various SGAs (Sonawane et al. 2020). A cluster 
of GLYCOALKALOID METABOLISM (GAME) genes were reported, being 
involved in the post-cholesterol pathway which converts cholesterol into 
aglycones (Itkin et al. 2013). Several cytochrome P450 monooxygenases 
(CYPs), such as CYP72A186/GAME7 and CYP72A188/PGA2/GAME6 in 
the tomato and potato, respectively, hydroxylate cholesterol at the C-22 
position, followed by re-hydroxylation at the C-26 position by 
CYP72A208/PGA1/GAME8 (Itkin et al. 2013; Umemoto et al. 2016). The 
first 2-oxoglutarate-dependent dioxygenase (2-ODD) identified in SGA 
biosynthesis, 16α-hydroxylase (16DOX/GAME11), is responsible for 
hydroxylation at the C-16 position (Nakayasu et al. 2017). CYP88B1, also 
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denoted as GAME4/PGA3, plays a key role in a later oxidation step before 
nitrogen incorporation, contributing to the synthesis of nitrogenous SGAs 
and non-nitrogenous steroidal saponins (STSs) at the branching point (Itkin 
et al. 2013; Paudel et al. 2017). Further along in the pathway, a nitrogen atom 
is introduced into the cholesterol backbone at the C-26 position catalysed by 
an aminotransferase, gamma amino butyric acid (GABA) transaminase 
(TAM/GAME12/PGA4) (Itkin et al. 2013; Sonawane et al. 2020; Nakayasu 
et al. 2021). Several UDP-glycosyltransferases (UGTs), encoding 
STEROIDAL ALKALOID GLYCOSYLTRANSFERASE 1 (SGT1), SGT2 and 
SGT3 in potato, and GAME1, GAME17, GAME18, and GAME2 in tomato, 
are involved in several glycosylation reactions, adding various sugar 
moieties to the aglycone and contributing to the formation of distinct SGAs 
(Moehs et al. 1997; McCue et al. 2005, 2006, 2007). Another DOX enzyme, 
encoding DIOXYGENASE FOR POTATO SOLANIDANE SYNTHESIS 
(DPS), catalyzes the ring arrangement from spirosolanes to solanidanes, 
contributing to the structural diversity of SGAs in Solanaceae species 
(Akiyama et al. 2021). 

1.3.3 Regulatory genes involved in the SGA biosynthesis pathway 
The APETALA 2/Ethylene-Responsive Element Binding Factor (AP2/ERF) 
family constitutes a group of transcription factors, playing key roles in 
regulating the biosynthesis of specialized metabolites in plants (Sakuma et 
al. 2002; Feng et al. 2020). GAME9, also known as Jasmonate-Responsive 
Ethylene Response Factor 4 (JRE4), belongs to the JRE subset family of 
ERFs. It has been identified as a transcriptional regulator for a series of 
metabolic genes involved in cholesterol and SGA biosynthesis in both 
tomato and potato (Cárdenas et al. 2016; Thagun et al. 2016; Nakayasu et al. 
2018b). GAME9 functions by recognizing and binding to GCC box-like 
elements in the promoters of its target genes, either directly or in conjunction 
with MYC2 as an interacting factor (Cárdenas et al. 2016; Thagun et al. 
2016). Recently, two tomato jasmonate-related clade IIIe bHLH 
transcription factors, MYC1 and MYC2, have been found to play a similar 
role in regulating constitutive SGA biosynthesis by controlling the basal 
expression of SGA-related genes (Panda et al. 2022; Swinnen et al. 2022). 
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1.3.4 Previous studies in SGA biosynthesis targeting key genes in 
Solanum species 

Previous studies have highlighted the efficacy of silencing key genes in both 
pre- and post-cholesterol pathways of SGA biosynthesis, leading to a 
significant reduction in SGA content in the potato and tomato. These targeted 
key genes include DWF1-L, three CYP genes (CYP72A208, CYP72A188, 
and CYP88B1), 16-DOX, TAM isoform 2, and DPS (Itkin. et al. 2013; Sawai 
et al. 2014; Umemoto et al. 2016; Nahar et al. 2017; Paudel et al. 2017; 
Nakayasu et al. 2017, 2021; Akiyama et al. 2021). Moreover, the silencing 
of GAME9 resulted in suppressed SGA levels by altering the expression of 
key metabolic genes in the SGA biosynthesis pathway (Cárdenas et al. 2016; 
Thagun et al. 2016; Nakayasu et al. 2018b). Recent advancements in modern 
breeding technologies, such as TALEN and CRIPSR/Cas9, expedite the 
generation of SGA-reduced or even SGA-free Solanum plants by targeting 
all alleles of key SGA metabolic genes, including DWF1-L, 16DOX, and 
CYP88B1 (Akiyama et al. 2017; Nakayasu et al. 2018a; Yasumoto et al. 
2019, 2020; Zheng et al. 2021). However, there has been no investigation 
into the comparative SGA reduction in mutants targeting different key genes 
in the pre- or post-cholesterol pathway of SGA biosynthesis. 

1.4 Sterols 

1.4.1 Sterols in plants 
Sterols, vital isoprenoid-derived molecules for eukaryotic life, are either 
synthesized de novo or acquired from the environment. While cholesterol 
predominates in vertebrates, plants contain a mixture of various sterols, 
typically featuring lower  cholesterol levels than mammals, such as 1-2% 
found in Arabidopsis (Benveniste 2004). However, certain plant species, like 
Solanaceous plants (e.g. potato and tobacco), exhibit higher levels of 
cholesterol, constituting 15-20 % of total sterols (Arnqvist et al. 2003). Plant 
sterols, also called phytosterols (C-24 alkylsterols), serve as essential 
structural elements in the membrane, regulating fluidity and permeability 
(Hartmann 1998; Schaller 2003). They exist in various forms, such as free 
sterols, sterol esters (coupled with fatty acids), sterol glycosides, and 
acylsterol glycosides, contributing to the sterols diversity and performing a 
wide range of functions in plants (Valitova et al. 2016). Beyond their 
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structural role in the membrane, phytosterols act as precursors to 
brassinosteroids, which are a group of steroidal growth hormones involved 
in plant growth and development (Clause & Sasse 1998; Benveniste 2004). 
Additionally, phytosterols are also substrates for the synthesis of a wide 
range of secondary metabolites, including SGAs, cardenolides, withanolids, 
pregnane derivatives, and saponins (Hartmann 1998; Piironen et al. 2000).  
 
Phytosterols can be categorized into three groups based on the number of 
methyl substituents at the C-4 position: 4-desmethyl sterols, 4α-monomethyl 
sterols, and 4,4-dimethyl sterols (Moreau et al. 2018). Among these, 
campesterol, stigmasterol and sitosterol, which fall into the  4-desmethyl 
sterols, are the most common phytosterols (Hartmann & Benveniste 1987; 
Moreau et al. 2018). The other two groups constitute minor components in 
most plants. Structurally akin to cholesterol, phytosterols differ in the side 
chain (Hartmann 1998; Piironen et al. 2000). For instance, sitosterol and 
campesterol deviate from the cholesterol structure by an ethyl and a methyl 
group, respectively. Stigmasterol, in comparison to sitosterol, features an 
additional double bond at the C-22 position of the side chain.  

1.4.2 Phytosterol biosynthesis in Solanum species 
The phytosterol biosynthesis pathway intersects with cholesterol 
biosynthesis, as indicated in Fig 1, involving specific genes related to SGA 
or sterol, as well as shared genes in both pathways (Nahar et al. 2017; 
Sonawane et al. 2020). The formation of phytosterols shares the same 
mevalonate/isoprenoid pathway as cholesterol biosynthesis, leading to the 
production of the sterol precursor, cycloartenol (Hartmann & Benveniste 
1987; Piironen et al. 2000; Valitova et al. 2016; Sonawane et al. 2020). Then 
cycloartenol is catalyzed by Sterol C-24 methyltransferases (SMTs), 
diverting the biosynthesis towards phytosterols (Sonawane et al. 2020). Two 
distinct types of SMTs, SMT1 and STM2, participate in the synthesis of 24-
methl and 24-ethyl sterols, respectively. SMT1 initiates the primary 
methylation of cycloartenol to 24-methylene cycloartanol (Bouvier-Navé et 
al. 1998; Arnqvist et al. 2003). SMT2 contributes to the second methylation 
step at the branching point, transforming 24-methylene lophenol into 24-
ethylidene lophenol, leading to the formation of 24-ethylsterols, such as β-
sitosterol and stigmasterol (Bouvier-Navé et al. 1998). DWF1 operates in 
reactions downstream of both SMT1 and SMT2, catalysing the formation of 
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campesterol and sitosterol, respectively, which are further desaturated by 
CYP710A to yield the final products, brassicasterol and stigmasterol, 
respectively (Nomura et al. 1998; Morikawa et al. 2006, 2009; Arnqvist et 
al. 2008; Nahar et al. 2017). 

1.5 DNA-free genome editing method by CRISPR/Cas9  
Advancements in traditional plant breeding have historically been time- and 
labour-intensive. However, plant biology and breeding have the potential of 
being advanced with the rapid development of genome editing and other new 
genomic techniques (NGTs). Among these, CRISPR/Cas9 based technology 
has emerged as a prominent method, utilizing the improvement of various 
traits in a wide range of plant species. The widespread CRISPR/Cas9 
application is attributed to its versatility and high editing efficiency, 
surpassing earlier genome editing tools like zinc finger nucleases (ZFNs) and 
transcription activator-like effector nucleases (TALENs) (Lowder et al. 
2015). The success of CRISPR/Cas9 has been reported not only in model 
plants, e.g. Arabidopsis thaliana and Nicotiana benthamiana, but also in 
commercially significant crops such as wheat, rice, potato, and maize (Li et 
al. 2013; Nekrasov et al. 2013;  Upadhyay et al. 2013; Jiang et al. 2013; 
Liang et al. 2014; Brooks et al. 2014; Zhou et al. 2014; Ito et al. 2015; Wang 
et al. 2015; Zhang et al. 2016; Andersson et al. 2017). 

 
The current development of genome editing has sparked discussion on the 
regulation of NGTs and their applications in agriculture in many regions, 
including Europe (Purnhagen et al. 2023). The European Commission 
proposed new regulations for plants modified by NGTs in July 2023. The 
aim is to establish regulatory frameworks that harness the innovative 
potential of NGTs in plant breeding while upholding high safety standards. 
Therefore, the safety of NGT applications in plant breeding, e.g. the absence 
of integrated foreign DNA into plant cells, becomes paramount; this is 
achievable through a DNA-free genome editing method.   

1.5.1 Delivery reagents of the CRISPR/Cas9 system 
Efficient and precise genome editing via CRISPR/Cas necessitates a reliable 
delivery system into plant cells. Plasmid vectors delivered using 
agrobacterium or particle bombardment have dominated genome editing 
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reagent delivery across many plant species, an approach subjected to 
regulatory approval (Ghogare et al. 2021). An alternative method involves 
the use of ribonucleoprotein complexes (RNPs), consisting of Cas9 protein 
and single guide RNA (sgRNA), enabling the DNA-free delivery of the 
CRISPR/Cas9 system. RNPs offer advantages such as lower off-target 
frequency and faster degradation compared to the plasmid-based systems 
(Chen et al. 2019). Delivery of RNPs into plant cells has been achieved 
through particle bombardment or polyethylene glycol (PEG)-mediated 
transfection (Woo et al. 2015;  Svitashev et al. 2016; Liang et al. 2017). Woo 
et al. (2015) pioneered the delivery of RNP complexes into plant protoplasts 
in Arabidopsis, tobacco, lettuce and rice. Subsequent studies have extended 
the application of RNPs for genome editing to other crops, including maize, 
wheat, potato, and canola (Svitashev et al. 2016; Liang et al. 2017; 
Andersson et al. 2018; Sidorov et al. 2021).   

1.5.2 DNA-free genome editing in the potato and tomato  
In the potato, the implementation of protocols for shoot regeneration from 
transfected protoplasts and the utilization of RNPs have facilitated a DNA-
free genome editing system (Nicolia et al. 2015, 2021b; Andersson et al. 
2017, 2018). This system is efficient from the transfection in regenerated 
plants, enabling modifications in all four alleles. 

 
The application of CRISPR/Cas9 technology in the tomato for trait 
enhancement, including improved disease resistance and domestication of 
the wild tomato, has been reported previously (Ito et al. 2015; Pan et al. 
2016; Li et al. 2018). CRISPR/Cas9 technology applied in tomato primarily 
utilized stable Agrobacterium tumefaciens-mediated transformation, often 
resulting in a low homozygous mutation rate and necessitating segregation 
in the next generation to eliminate foreign DNA. A recent study introduced 
the use of RNPs to deliver CRISPR/Cas9 into tomato protoplasts, achieving 
a high editing efficiency in regenerated calli (Nicolia et al. 2021a). However, 
the bottleneck remains in shoot regeneration from tomato RNP-transfected 
protoplasts. Limited reports detail successful shoot regeneration from 
unedited protoplasts in the cultivated tomato, and very recently (Morgan & 
Cocking 1982; Sakata et al. 1987; Tan et al. 1987), Lin  et al. (2021) reported 
success in the wild tomato (Solanum peruvianum) with CRISPR/Cas9 
mutations. Therefore, the establishment of a protocol with high editing 
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efficiency and regeneration rates in the cultivated tomato would be beneficial 
for both genetic studies and breeding purposes.  
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Considering the importance of SGAs for potato quality and food safety, the 
overall aim of this thesis has been to investigate the regulation of SGA 
metabolism and biosynthesis in the potato, and to generate SGA-reduced 
mutated potato plants with a focus on starch potato cultivars. Part of the work 
was dedicated to developing a DNA-free CRISPR/Cas9 methodology for 
cultivated tomato. 

The specific aims were to: 

 compare the SGA metabolism in starch and table potato cultivars.  
 
 generate SGA-reduced mutated potato plants by targeting different 

key SGA genes through CRISPR/Cas9 technology 
 
 establish a protocol of DNA-free genome editing through 

CRISPR/Cas9 technology in cultivated tomato 
  

2. Aims and objectives of the thesis 
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3.1 Metabolomic analysis of starch vs. table potato 
cultivars 

To investigate the glycoalkaloid metabolism in less-explored starch potato 
cultivars, a three-year study was designed investigating a number of starch 
potato cultivars along with table potato cultivars. A set of 13 commonly used 
starch potato cultivars in Sweden and ten prevalent table potato cultivars 
were selected for this study. 
 
SGA quantification using heavy isotope-labelled endogenous standards 
showed that the average tuber TGA level was significantly lower in the 
tubers of table potato cultivars (43 ± 18 mg/kg FW) than in starch potato 
cultivars (113 ± 62 mg/kg FW) (Paper I, Figure 1). However, there were no 
significant differences between the groups when subjected to two SGA-
inducing conditions (wounding and light exposure). These results indicate a 
stronger selection for table potato cultivars at harvest, but also that the impact 
of accumulated SGAs under TGA-inducing conditions has not been 
considered for either group.  
 
Metabolomic analyses revealed significant differences in the metabolite 
profiles between starch and table potato cultivars (Paper I, Figure 3). 
Particularly, α-solanine  was identified with the highest basal levels in the 
tubers of starch potato cultivars than in the table potato cultivars (Paper I, 
Figure 4). In contrast, a lower level of a great number of amino acids was 
observed in the tubers of starch potato cultivars compared to those of table 
potato cultivars. A correlation analysis between α-solanine and target 

3. Results and discussion 
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metabolites confirmed that, as expected, glycoalkaloids (e.g. solanidine, α-
chaconine, and solasonine) were the most positively correlated metabolites 
(Paper I, Figure 5). Conversely, a broad range of compounds exhibited a 
negative correlation, including sugars, purines, and fatty acids. Protein and 
dry matter determination showed a significant difference between starch and 
table cultivars: protein content was higher in table potato cultivars, while dry 
matter showed the opposite trend, implying distinct breeding priorities 
between these two groups (Paper I, Figure 6). Starch potato cultivars are 
selectively bred for high starch content, which is linked to high dry matter 
content, a trait that is not attractive in table potato cultivers. Transcriptomic 
profiling showed differing gene expression patterns in starch and table potato 
cultivars (Paper I, Figure 7). Among over 500 identified differentially 
expressed genes (DEGs), the expression of a few transporters (e.g. amino 
acid transporter) and biotic defence response-related genes was significantly 
higher in table and starch potato cultivars, respectively.  

3.2 CRISPR/Cas9-mediated generation of SGA-free 
potato plants 

To investigate the role of GAME9, the AP2/ERF transcript factor that 
regulates key genes in SGA biosynthesis, we generated StGAME9 mutated 
events using DNA-free CRISPR/Cas9 technology (Paper II, Figure 1). Three 
full knockout mutants were selected for detailed studies, including SGA 
quantification, observation of plant appearance and growth under greenhouse 
conditions, sterol profiling, transcriptomic analyses, and the SGA response 
of tubers under two SGA-inducing conditions. LC-MS quantification of 
SGA levels revealed a significant reduction in TGA levels in leaves, 
accompanied by an almost complete absence of SGAs (<0.2 mg/kg FW) in 
the tubers in all three events compared to the wild-type plants (Paper II, 
Figure 2).  Despite a slight reduction in plant height, all three events 
displayed a normal growth and developmental pattern compared to the wild-
type plants. A normal phenotype was also observed for SlGAME9 EMS-
induced mutated tomato plants (Nakayasu et al. 2018b). 
 
Transcriptome profiling unveiled a wide range of DEGs in leaves and tubers 
from two selected StGAME9 events, including genes encoding UDP-
glycosyltransferases, a Cellulose synthase-like protein, and genes involved 
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in the SGA biosynthesis pathway (Paper II, Table 1, 2). Examination of 
SGA- and sterol-related gene expression indicated that StGAME9 regulates 
genes in both SGA and sterol biosynthesis pathways (Paper II, Figure 4), 
which compared well with results from transgenic tomato plants with down-
regulated SlGAME9 expression from RNAi (Cárdenas et al. 2016; Thagun et 
al. 2016; Nakayasu et al. 2018b). The significant down-regulation of key 
SGA genes, was observed for both pre- (e.g. SMO1-L and DWF7-L) and 
post-cholesterol (e.g. 16DOX and SGT1) pathways of SGA biosynthesis. The 
altered sterol profile in the StGAME9 events (Paper II, Figure 3), i.e. 
decreased phytosterols levels at varying degrees, was the final consequence 
of altered SGA/sterol-related gene expression within the metabolic network. 
Investigation of the responses of StGAME9 mutated tubers under SGA-
inducing conditions demonstrated consistently low TGA levels, in contrast 
to the significant SGA accumulation in wild-type tubers (Paper II, Figure 2). 
Moreover, the expression of inducible SGA-related genes identified in the 
wild-type remained down-regulated under SGA-inducing conditions in 
StGAME9 mutants.  
 
To investigate alternative methods of achieving SGA reductions in potato 
mutants, we also generated a number of mutated potato events via DNA-free 
CRISPR/Cas9 technology, by targeting different key genes in either the pre- 
or post-cholesterol pathway of SGA biosynthesis. These targeted genes 
included DWF1-L, SMO1-L, and DWF7-L acting in the pre-cholesterol 
pathway, and TAM isoform 2, 16DOX, and CYP88B1 acting in the post-
cholesterol pathway of SGA biosynthesis (Paper III, Figure 1). While a 
considerable SGA variation both within and between different gene mutants 
was observed, the majority of mutated events that carried mutations in all 
four alleles showed reduced SGA levels in both leaves and tubers (Paper III, 
Figure 3, Supp. Fig 3, Supp. Table 3). Additionally, mutated events in the 
post-cholesterol pathway exhibited significantly lower SGA levels in both 
leaves and tubers, with tubers displaying a more pronounced reduction 
(Paper III, Figure 3). This finding might be explained through a greater SGA-
specific action from the genes in the post-cholesterol pathway. The strategies 
for targeting genes positioning in either the pre- or post-cholesterol pathway 
of SGA biosynthesis both resulted in several full knockout events displaying 
close to SGA-free tubers (SGA levels < 0.1 mg/kg FW). Similar to the 
StGAME9 mutated tubers, the SGA levels remained consistently low under 
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two SGA-inducing conditions (Paper III, Figure 3, Supp. Fig 3), suggesting 
that mutations in the different key genes have a capacity to block both basal 
and induced SGA synthesis. The morphology of the majority of mutated 
plants and tubers remained similar to that of the wild-type under greenhouse 
conditions (Paper III, Figure 2), and no correlations were observed between 
reduced or even the absence of SGA and the plant height or tuber yield, 
aligning with previous gene downregulation studies (Umemoto et al. 2016; 
Nakayasu et al. 2017, 2021). 
 
The significantly reduced SGA levels in both leaves and tubers in mutated 
events targeting DWF1-L, TAM (iso2), 16DOX, and CYP88B1 in this study 
(Paper III, Figure 3) corroborated findings from previous studies of RNAi or 
knockout lines in potato, confirming the key roles of these genes in the SGA 
biosynthesis pathway (Itkin. et al. 2013; Sawai et al. 2014; Nahar et al. 2017; 
Paudel et al. 2017; Nakayasu et al. 2017, 2018a, 2021; Akiyama et al. 2017, 
2021; Yasumoto et al. 2019, 2020; Zheng et al. 2021). The SMO1-L and 
DWF7-L mutated events, reported for the first time in our study, also exhibit 
a significant decrease in SGA levels, supporting their involvement in the 
SGA biosynthesis pathway. The significant accumulation of sterols in the 
SMO1-L and DWF7-L events further validate their positions in our pathway 
model (Paper III, Figure 1, Figure 4). Double mutants for SMO1-L and 
DWF1-L displayed a higher degree of reduction compared to single mutants 
of either SMO1-L or DWF1-L. The availability of SGA-free starch potatoes 
presents a valuable opportunity for potential industrial applications. 

3.3 Development of a DNA-free CRISPR/Cas9 method 
in cultivated tomato 

To establish a DNA-free genome editing and protoplast regeneration 
protocol for cultivated tomato, we enhanced the protoplast isolation method 
and focused on optimizing shoot regeneration on various solid media (Paper 
IV, Figure 1), building on previous research (Nicolia et al. 2021a, 2021b). 
Four tomato cultivars, Red Setter, Ailsa Craig, M82 and Moneymaker, were 
employed, and sgRNAs were designed to target two genes simultaneously, 
SELF PRUNING (SP) and SELF PRUNING 5G (SP5G), in all four cultivars. 
The targeted genes were selected to facilitate the visual observation of 
effects.  
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Several modifications to the protoplast isolation process were made to 
enhance yield, viability, and regenerability. The results revealed that older 
seedlings (21 days), a higher temperature (25 ℃), and longer durations 
during enzyme treatment (16 h) improved protoplast yield across all four 
cultivars, ranging from 1.0 to 2.2 × 106 per gram of leaf materials (Paper IV, 
Figure 2). Conversely, preconditioning of donor plants before protoplast 
isolation had a negative impact on yield.   
 
Under optimized protoplast isolation conditions, freshly isolated protoplasts 
were subjected to PEG transfection using a vector carrying GFP. 
Transfection efficiency, estimated at 30-50%, was observed through GFP 
expression. RNP complexes targeting both genes were then transfected into 
protoplasts for further shoot regeneration investigation. Ten different solid 
shoot regeneration media were designed, exploring the effect of different 
combinations or concentrations of plant hormones, gelling agents, and 
carbon sources (Paper IV, Supp. Table 1). The highest shoot regeneration 
rate was noted in Medium TSR-a (31.4%), followed by Medium TSR-b 
(21.3%), with no statistically significant difference (Paper IV, Table 1). The 
major difference between these two media was the different plant hormones 
and concentrations. Morphological variations in regenerated shoots were 
observed, with the healthiest shoots on TSR-b, using a plant hormone 
combination of 0.1 mg/L IAA and 0.75 mg/L zeatin. Genotype differences 
were observed among the four tested cultivars, with Red Setter exhibiting 
superiority. Such genotype differences in other cultivars were also observed 
in the previous reports (Morgan & Cocking 1982; Niedz et al. 1985; Tan et 
al. 1987).  
 
Among the 110 regenerated M0 plants, 35 (31.8%) harbored mutations in 
both SP and SP5G genes, achieving an editing efficiency of up to 60% in at 
least one allele in either SP or SP5G genes (Paper IV, Table 2). Mutations in 
M0 plants included a mix of bi-allelic, mono-allelic and chimeric variants. 
These results suggest that the RNP-based CRISPR/Cas9 system is highly 
efficient in generating the desired mutations in cultivated tomato, 
comparable to the current predominated Agrobacterium tumefaciens-
mediated transformation (Ito et al. 2015; Ueta et al. 2017; Dahan-Meir et al. 
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2018), with the added advantage of there being no stable integration of 
foreign DNA.  
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The work presented in this thesis has broadened the knowledge and 
understanding of the SGA metabolism and biosynthesis in the potato, and 
provided a DNA-free CRISPR/Cas9 genome editing method for cultivated 
tomato. The key conclusions are:  
 
 Starch potato cultivars were thoroughly characterized for their SGA 

levels and metabolism, compared to table potato cultivars.  
Metabolic differences between these two groups were observed, e.g. 
the levels of basal SGA, amino acid, and total protein, along with 
distinct gene expression patterns. The significant accumulation of 
SGAs in both starch and table potato cultivars under inducing 
conditions underscores the importance of considering both stress 
response and environmentally regulated SGA responses in breeding 
programs. 

 
 Detailed investigations into StGAME9 mutants provided a 

comprehensive understanding of the regulatory role of StGAME9 in 
potato SGA biosynthesis. The identification of the core SGA-related 
genes regulated by StGAME9 offers valuable insights for future 
strategies aimed at reducing SGA levels in the potato to enhance 
their nutritional value and to facilitate the use of side streams. 

 
 Comparative analysis of SGA reduction in potato mutants targeting 

different key genes revealed that knocking out of genes in the post-
cholesterol pathway of SGA biosynthesis resulted in more 
substantial reductions in SGA levels compared to those in the pre-

4. Conclusions and future perspectives 
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cholesterol pathway. The availability of SGA-free starch potatoes 
presents a promising opportunity for industrial applications.  

 
 The challenge of shoot regeneration from transfected protoplasts of 

cultivated tomato has been overcome, leading to the successful 
establishment of a DNA-free genome editing method with a high 
regeneration rate and mutation rate. However, further adaptation 
may be necessary when applying this protocol to other cultivars. 

 
The work presented in this thesis serves as an initial step, paving the way for 
potential future investigations. Future work could be directed towards the 
utilization of SGA-free starch potatoes for industrial applications, as well as 
delving into SGA metabolism and biosynthesis in other Solanum species, 
e.g. tomato. Key targets for future work may include: 
 
 The analysis of metabolomic differences between mutated potato 

plants and wild-type plants to identify the mutated events with the 
lowest SGA levels and minimal impact on overall metabolism.   

 
 The evaluation of the performance of mutated potato plants in the 

field, e.g. plant phenotype, resistance to insects and pathogens, and 
yield. 

 
 The investigation of the feasibility of employing SGA-free starch 

potatoes for industrial applications, including assessing starch 
content and quality, SGA levels in by-products (e.g. potato fruit juice 
and pulp), and the quality and quantity of proteins and fibre extracted 
from by-products. 

 
 The characterization of the role of other core SGA-related genes 

found regulated by StGAME9, to enhance comprehension of the 
SGA biosynthesis.  

 
 The extension of the insights gained in SGA biosynthesis in potato 

from this work to tomato, by studying the corresponding 
homologous genes.  
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Have you ever wondered if those sprouted potatoes in your kitchen are safe 
to eat? It seems that this might not be the case. Sprouted potatoes can 
accumulate glycoalkaloids, natural toxins found in the Solanaceae family, 
i.e. the potato and tomato. Consuming too much glycoalkaloids can lead to 
unpleasant symptoms, ranging from stomach upset to more severe issues like 
headaches and confusion. 

While glycoalkaloid content in table potato cultivars has received high 
attention due to the consideration of food safety, glycoalkaloids in starch 
potato cultivars have received less investigation. The total production of 
starch potatoes is estimated at 336, 200 tonnes in the year 2020 in Sweden, 
showing an increasing trend of total production over the last five years. 
However, the processing of starch potatoes generates substantial by-
products, such as potato fruit juice and pulp, often relegated to low-value 
animal feed or waste. The challenge of turning the by-products into 
economically valuable compounds, e.g. food-grade proteins and fibre, is in 
removing the accumulated glycoalkaloids in the by-products while 
extracting proteins and fibre, which is complex and costly.  

In this thesis, we investigated the differences in glycoalkaloid metabolism 
in starch potato cultivars compared to table potato cultivars, which are 
commonly used cultivars in Sweden. We also obtained glycoalkaloid-free 
starch potatoes, using the modern breeding tool CRISPR/Cas9. These 
glycoalkaloid-free starch potatoes offer a novel approach for the production 
of food-grade potato protein and fibre products from industrial by-products. 
Beyond ensuring a safer potato consumption experience, this innovation 
transforms waste into valuable resources, aligning with the global shift 
towards sustainability and environmentally conscious practices.  
  

Popular science summary 
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Har du någonsin undrat om den där grodda potatisen i ditt kök är säker att 
äta? Det verkar som att så kanske inte är fallet. Grodd potatis kan ackumulera 
glykoalkaloider, naturliga gifter som finns i familjen Solanaceae, där även 
tomat ingår. Att konsumera för mycket glykoalkaloider kan leda till 
obehagliga symtom som spänner från magbesvär till mer allvarliga problem 
som huvudvärk och förvirring.  

Medan glykoalkaloidhalten i matpotatissorter har fått stor 
uppmärksamhet på grund av hänsyn till livsmedelssäkerhet, har 
glykoalkaloider i stärkelsepotatissorter undersökts mindre. Den totala 
produktionen av stärkelsepotatis, i Sverige, uppskattas till 336 200 ton år 
2020 med en ökande trend av den totala produktionen de senaste fem åren. 
Men bearbetningen av stärkelsepotatis genererar betydande biprodukter, 
såsom potatisfruktjuice och fruktkött, ofta förpassat till djurfoder eller avfall 
av lågt värde. Utmaningen för att omvandla biprodukterna till ekonomiskt 
värdefulla produkter, t.ex. livsmedelsklassade proteiner och fibre, är att ta 
bort de ackumulerade glykoalkaloiderna i biprodukterna samtidigt som man 
extraherar proteiner och fibre, vilket är komplext och kostsamt.  

I denna avhandling undersökte jag skillnaden mellan 
glykoalkaloidmetabolism hos vanligt förekommande potatissorter i Sverige 
som matpotatissorter, jämfört med sorter som är odlade för stärkelse. Jag 
erhöll också glykoalkaloidfri stärkelsepotatis med det moderna 
växtförädlings verktyget CRISPR/Cas9. Dessa glykoalkaloidfria 
stärkelsepotatisar kommer att erbjuda ett nytt tillvägagångssätt för 
produktion av livsmedelsklassat potatisprotein och fiberprodukter från 
industriella biprodukter. Förutom att säkerställa en säkrare 
potatiskonsumtion, förvandlar denna innovation sidoströmmar till värdefulla 
resurser, i linje med den globala förändringen mot hållbarhet och 
miljömedvetna metoder.  

Populärvetenskaplig sammanfattning 
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Abstract
Key message We have established a DNA-free genome editing method via ribonucleoprotein-based CRISPR/Cas9 in 
cultivated tomato and obtained mutant plants regenerated from transfected protoplasts with a high mutation rate.
Abstract The application of genome editing as a research and breeding method has provided many possibilities to improve 
traits in many crops in recent years. In cultivated tomato (Solanum lycopersicum), so far only stable Agrobacterium-mediated 
transformation carrying CRISPR/Cas9 reagents has been established. Shoot regeneration from transfected protoplasts is 
the major bottleneck in the application of DNA-free genome editing via ribonucleoprotein-based CRISPR/Cas9 method in 
cultivated tomato. In this study, we report the implementation of a transgene-free breeding method for cultivated tomato by 
CRISPR/Cas9 technology, including the optimization of protoplast isolation and overcoming the obstacle in shoot regen-
eration from transfected protoplasts. We have identified that the shoot regeneration medium containing 0.1 mg/L IAA and 
0.75 mg/L zeatin was the best hormone combination with a regeneration rate of up to 21.3%. We have successfully obtained 
regenerated plants with a high mutation rate four months after protoplast isolation and transfection. Out of 110 regenerated 
 M0 plants obtained, 35 (31.8%) were mutated targeting both SP and SP5G genes simultaneously and the editing efficiency 
was up to 60% in at least one allele in either SP or SP5G genes.

Keywords Solanum lycopersicum · Mesophyll protoplast regeneration · CRISPR/Cas9 · Ribonucleoprotein · SP and SP5G 
genes

Introduction

Variations of CRISPR/Cas9 technology have been applied 
for genome editing in recent years (Gao 2021). This tech-
nology has surpassed the other genome editing tools, such 

as zinc finger nucleases (ZFNs) and transcription activator-
like effector nucleases (TALENs), as it is more easily and 
cheaply customized and yields high mutation efficiency in 
some species (Lowder et al. 2015). So far, successful appli-
cations using CRISPR/Cas9 have been reported in model 
plants, such as Arabidopsis thaliana (Li et al. 2013; Yan 
et al. 2015) and Nicotiana benthamiana (Li et al. 2013; 
Nekrasov et al. 2013), and many commercial crops, such 
as potato (Wang et al. 2015; Andersson et al. 2017), wheat 
(Upadhyay et al. 2013; Zhang et al. 2016), rice (Jiang et al. 
2013; Zhou et al. 2014), maize (Liang et al. 2014; Char et al. 
2016), tomato (Brooks et al. 2014; Ito et al. 2015) and many 
others (Gao 2021).

In general, CRISPR/Cas9 reagents, usually as DNA plas-
mids, can be delivered to cell-wall-free protoplasts by poly-
ethylene glycol (PEG) transformation, or to plant tissues by 
stable Agrobacterium-mediated transformation, or by other 
means, such as particle bombardment and electroporation 
(Chen et al. 2019). To avoid foreign DNA integrated into 
plant cells, Woo et al. (2015) were the first to develop the 
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delivery of Ribonucleoprotein (RNP) complexes into plant 
protoplasts using in vitro preassembled complexes of puri-
fied Cas9 protein and guide RNA (gRNA) in Arabidopsis, 
tobacco, lettuce and rice. Subsequently, studies on the appli-
cation of RNPs for genome editing in plant species have 
been reported in crop plants, such as maize (Svitashev et al. 
2016), wheat (Liang et al. 2017), potato (Andersson et al. 
2018) and canola (Sidorov et al. 2021).

Tomato (Solanum lycopersicum) is an important com-
mercial agricultural crop which is extensively cultivated all 
over the world as well as being a model plant used in scien-
tific research due to its simple diploid genetics (2n = 2x = 24) 
and short life cycle (Ito et al. 2015). It has been demon-
strated that the CRISPR/Cas9 technology can be used to 
generate mutated tomato plants for crop improvement such 
as improved disease resistance (Ito et al. 2015; Pan et al. 
2016). Hitherto, most reports about CRISPR/Cas9 applied 
to tomato were based on stable Agrobacterium tumefaciens-
mediated transformation and usually the homozygous muta-
tion rate was low and segregation in the next generation 
needed to eliminate foreign DNA integrated into the plant 
genome. An attractive alternative technology would be the 
use of RNPs to deliver the CRISPR/Cas9 reagents into 
protoplasts, resulting in transgene-free plants. Although a 
high editing efficiency has been reported on tomato calli 
from transfected protoplasts of cultivated tomato, the shoot 
regeneration from RNP-transfected protoplasts is a bottle-
neck (Nicolia et al. 2021a). Very recently, (Lin et al. 2022) 
reported the successful protoplast regeneration of wild 
tomato (Solanum peruvianum) harboring CRISRP/Cas9 
mutations, with a mutation rate varying from 8.3% to 63.6%. 
However, for cultivated tomato, there are only a few old 
reports published on plant regeneration from unedited pro-
toplasts (Morgan and Cocking 1982; Sakata et al. 1987; Tan 
et al. 1987). Thus, establishing a protocol with high editing 
efficiency and regeneration rate in cultivated tomato would 
be beneficial regarding genetic studies as well as for breed-
ing purposes. From this aspect, such a protocol could also 
be further adapted to wild relatives of the tomato, that repre-
sent a precious source of variability (e.g., Solanum pennel-
lii, Solanum pimpinellifolium), to speed up programs of “de 
novo” domestication and/or introgression (Li et al. 2018).

The vegetative-to-reproductive phases in tomato are 
altered in the sympodial shoots and the switch between 
those two phases is controlled by the flowering repressor 
gene SELF PRUNING (SP). Genetic variation and muta-
tions in this gene yields tomato genotypes that are classi-
fied into two categories: 'determinate' and 'indeterminate' 
varieties due to different growth habits (Pnueli et al. 1998; 
Carmel-Goren et al. 2003). Another flowering repressor 
SELF PRUNING 5G (SP5G), which is a paralog of the SP 
gene, is mainly responsible for flower repression in primary 
and canonical axillary shoots (Soyk et al. 2017). Tomato 

plants with mutation in either the SP gene or both the SP 
and SP5G genes showed the determinate phenotype, which 
resulted in acceleration of flowering, short internodes, bushy 
appearance and rapid life cycling (Soyk et al. 2017; Kwon 
et al. 2020). Those mutated plants would be suitable for 
urban vertical farming and greenhouse cultivation since 
the agricultural productivity can be increased due to their 
fast growth habit and compact size, especially in a confined 
environment. It is also beneficial for open field cultivation in 
that they grow as small bushes that need less attention com-
pared to indeterminate varieties needing support. Besides, 
all fruits from determinate cultivars usually ripen in a short 
period from simultaneous flowering, which is beneficial for 
facilitating mechanical harvest.

In this study, we have successfully regenerated plants 
from cultivated tomato transfected protoplasts within four 
months after transfection. Furthermore, the regenerated 
plants have a high editing rate when targeting both SP and 
SP5G genes simultaneously. Hence, we have improved the 
process of tomato protoplast isolation and solved the chal-
lenge of shoot regeneration from RNP-transfected proto-
plasts using CRISPR/Cas9 technology.

Materials and methods

Plant material and in vitro culture conditions

Seeds of tomato (S. lycopersicum) cultivars (cvs) Red Setter, 
Ailsa Craig, M82 and Moneymaker were used in this study. 
Seeds were surface sterilized by washing with 70% etha-
nol for 5 min, followed by 15% (w/v) calcium hypochlorite 
 (CaCl2O2) for 3 min and then rinsed 5 times with sterile 
distilled water. Sterilized seeds were placed in Plante Con-
tainers (Sakata Ornamentals Europe A/S, Denmark) with 
germination medium containing 0.2 mg/L Indole Acetic acid 
(IAA), 15 g/L sucrose, 8 g/L phyto agar, and half-strength 
Murashige & Skoog (MS) with vitamins (Duchefa Bioche-
mie M0222, Haarlem, Netherlands) (2.2 g/L) with additional 
0.2 mg/L Thiamine and 50 mg/L Myo-Inositol at pH 5.9.

In vitro culture mentioned in this study was carried out in 
a controlled chamber at a temperature of 24 °C/18 °C (light/
dark), under a photoperiod of 16 h at 120–140 μE  m−2  s−1 
light and 8 h dark.

Protoplast isolation, transfection and callus 
induction in liquid medium

Protoplast isolation, transfection and early callus induction 
in liquid medium were done as previously described by 
Nicolia et al. (2021b) with some modifications to improve 
the yield of isolated protoplasts and regeneration. The com-
ponents of Medium C, E, F, wash solution, PEG solution, 
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alginate solution and transient expression solution men-
tioned below can be found in Nicolia et al. (2021b).

In brief, the modifications in protoplast isolation were 
as follows: preconditioning treatment of in vitro cultured 
seedlings prior to protoplast isolation was done by placing 
the Plante Containers in a fridge (4 °C) in darkness one day 
before isolation. Cotyledons and first true leaves at different 
ages (14, 17 and 21 d) were used for protoplast isolation. 
The leaf tissues were sliced and treated with enzyme solu-
tion (medium C) at different temperatures (15 and 25 °C) 
and different time durations of enzyme digestion (14 and 
16 h). Protoplasts were collected after centrifugation and 
the protoplast yield was quantified immediately after isola-
tion by a hemocytometer (FuchsRosenthal 0.2 mm chamber, 
Horsham, UK) under microscope. The optimization of pro-
toplast isolation was carried out with two cvs (Red Setter 
and Ailsa Craig) and optimized conditions were confirmed 
in all four cvs.

Freshly isolated protoplasts were transfected via PEG 
mediated delivery of RNPs. For each transfection, two differ-
ent RNP complexes were assembled by mixing two 0.1 nmol 
synthetic sgRNAs (Synthego) with 10 µg TrueCut™ Cas9 
v.2 (Thermo Fisher, Waltham, USA) in a 15 ml tube at room
temperature for 15 min. The sgRNA was used as one syn-
thetically produced component including the 20 bp target
and an 80-mer SpCas9 scaffold from the suppliers’ standard
products. Then, 100 µl of protoplast suspension (1.0 ×  106

protoplasts/ml) was added to the same tube and gently mixed
before and after adding 120 µl 25% (w/v) PEG solution. The
transfection was stopped after 3 min by 5 ml wash solution.
Two control experiments, one with and one without PEG
solution were also conducted. For estimation of transfec-
tion efficiency, protoplasts were transfected by replacing
RNP with 20 µg plasmid vector expressing Green Fluores-
cent Protein (GFP) (pCW498-35S-GFiP-OcsT) and incu-
bated with transient expression solution at room tempera-
ture in darkness. After 24 h, the expression of GFP signal
was detected under a confocal microscope (Zeiss LSM 880
Airyscan confocal laser scanning microscope, Oberkochen,
Germany).

After transfection, protoplasts were embedded in alginate 
and incubated in Medium E at 25 °C in darkness for 5 d 
where after the light was gradually increased by replacing 
the aluminum foil with a white paper sheet under the light 
intensity at ca. 10 μE  m−2  s−1. After two weeks, Medium E 
was replaced by Medium F and calli were exposed to full 
light with fresh Medium F changed every week.

Shoot and root regeneration on solid medium

After two weeks of incubation in Medium F, calli of 
1–3 mm in size were released from the alginate using for-
ceps and transferred directly to solid media for further shoot 

regeneration. Different solid media were designed to test 
their respective potential for tomato protoplast shoot regen-
eration. The composition of each medium is listed in Supp. 
Table 1. Solid shoot media were renewed every two weeks 
until shoots were regenerated. The number of regenerated 
shoots was evaluated continuously on different regeneration 
media until six months after protoplast isolation.

Individual regenerated shoots were excised from 
calli and moved to root regeneration medium containing 
4.405 g/L MS medium with vitamins, 30 g/L sucrose and 
6 g/L phyto agar at pH 5.8 in Plante Containers. Regenerated 
plants with roots were moved to soil for subsequent seed 
production and phenotypic observation.

Identification of SP and SP5G genes and sgRNA 
design

Genomic DNA was extracted from tomato leaf tissue of 
the four tomato cultivars using the GeneJet Plant Genomic 
DNA Purification Mini Kit (Thermo Fisher Scientific, 
Waltham USA) for amplification of the target regions in SP 
and SP5G genes. For each gene, two pairs of primers were 
designed based on the sequence of Solyc06g074350 (SP) 
and Solyc05g053850 (SP5G) (https:// solge nomics. net/). 
Amplification of the target regions was conducted in a total 
reaction of 10 µl containing 5X Phusion HF buffer, 0.2 mM 
dNTPS, 0.15 µM primers, 0.02 U/µl Phusion DNA poly-
merase and 1 µl of extracted gDNA. PCR was conducted 
as follows: 98 ℃ for 1 min, 35 cycles of 98 °C 10 s, 59 °C 
15 s, 72 °C 15 s and a final extension of 72 °C for 10 min. 
PCR products were cloned using the CloneJET PCR clon-
ing Kit (Thermo Fisher Scientific, Waltham USA) and six 
random clones from each amplicon were selected for Sanger 
Sequencing (Eurofins). sgRNAs were designed to target 
all alleles in the four tomato cvs. according to the Sanger 
Sequencing using CRISPR RGEN Cas-Designer (Bae et al. 
2014) and CRISPOR (Concordet and Haeussler 2018). All 
primers and sgRNAs used in this study are summarized in 
Supp. Table 2.

Genotyping of SP and SP5G mutants

Initial screening of mutations was performed with High 
Resolution Fragment Analysis (HRFA) according to Anders-
son et al. (2017). Genomic DNA was extracted from single 
young leaf tissue from each in vitro regenerated plant using 
GeneJet Plant Genomic DNA Purification Mini Kit. Multi-
plexing PCR was applied to amplify the regions covering 
target sites of both SP and SP5G genes simultaneously with 
forward primers labeled with FAM and HEX fluorescent 
dye (Thermo Fisher Scientific, Waltham USA), respec-
tively. Labeled amplicons were analyzed in a 3500 Genetic 
Analyzer (Applied Biosystems) and the size of fragments 
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was determined with GeneMarker Software (SoftGenetics, 
Pennsylvania, USA) compared with the size of wild type 
amplicons. Sanger Sequencing was conducted for further 
characterization of mutations using unlabeled primers.

Statistical analysis

To evaluate the effect of different media on shoot regen-
eration rate, the number of shoots on each medium was 
recorded until six months after protoplast isolation. On the 
representative media (Medium TRS-a, b and c), the mean 
regeneration rate of each treatment was calculated with three 
replicates on individual culture dishes, containing ca. 40–60 
calli per replicate. For other shoot regeneration media, the 
regeneration rate of each treatment was calculated based 
on one replicate containing 50 calli. Data were analyzed 
with one-way ANOVA and Tukey’s test using software IBM 
SPSS Statistics version 27.

Results

Improvement on protoplast isolation

To improve yield, viability and regenerability of isolated 
protoplasts, the process was optimized in this study based 
on a previously published method (Nicolia et al. 2021a). The 
key steps of protoplast isolation are shown in Fig. 1a–d. The 
yield of protoplasts with initial isolation conditions (14 d 
seedlings, enzyme treatment: 15 °C for 17 h) from the four 
cultivars is shown in Fig. 2 and the optimization efforts 
were made on two cvs, Red Setter and Ailsa Craig, using 
variables, such as different seedling age, enzyme digestion 
temperature and duration, and preconditioning treatment. 

We found that the yield of extracted protoplasts was 
improved using older seedlings, higher enzyme treatment 
temperature and longer incubation time. The number of iso-
lated protoplasts from seedlings at the age of 21 d with the 
enzyme digestion at 25 °C for 16 h was 15–25 times higher 
than when using 14-d-old seedlings with the enzyme treat-
ment at 15 °C for 17 h in all four tested cultivars, where a 
thick dark green band was formed after purification using 
sucrose density gradient centrifugation (Fig. 1c). An extra 
pretreatment step of in vitro seedlings (cv. Red Setter) before 
protoplast isolation did not increase the yield of protoplasts, 
as shown in Fig. 2.

To confirm our findings for optimized protoplast isola-
tion, we tested two additional tomato cvs, M82 and Money-
maker, under the optimized protoplast isolation conditions. 
The results illustrated that the yield of protoplasts obtained 
from cvs M82 and Moneymaker was also improved using 
the new protoplast isolation conditions.

Cell division and callus formation 
from RNP‑transfected protoplasts (week 1–4)

Freshly isolated protoplasts (Fig. 1d) were used for PEG 
transfection with RNP complexes or a vector harboring 
GFP. Expression of GFP was observed under microscope 
after 24 h incubation at room temperature and the estimated 
transfection efficiency was 30–50% (Supp. Figure 1a). RNP-
transfected protoplasts were embedded in alginate and incu-
bated at 25 °C. After 4–5-d incubation in the dark, initial cell 
division was observed under microscope (Fig. 1e). Light was 
gradually increased, and the mini-calli were usually visible 
to the naked eye 2 weeks after transfection (Fig. 1f).

Shoot regeneration on different solid media (week 
4–10) and root formation (week 9–12)

To find the optimal solid tomato shoot regeneration (TSR) 
medium, different media compositions were assessed. Calli 
were released from alginate when the size reached 1–3 mm 
(usually 5 weeks after transfection) and moved to the vari-
ous solid media for assessment of shoot regeneration. Media 
were designed to study the effect of different combinations 
or concentrations of plant hormones, different gelling 
agents and different carbon sources on shoot regeneration. 
The results of shoot regeneration rate from non-treated and 
treated protoplasts of the cv. Red Setter on three different 
shoot regeneration media, are summarized in Table 1 (for 
results with all tested media see Supp. Table 3). Shoot pri-
mordia were observed 2–12 weeks after moving to different 
shoot regeneration media. The highest shoot regeneration 
rate (from RNP-transfected protoplasts) was on Medium 
TSR-a (31.4%) and Medium TSR-b (21.3%), without sig-
nificant difference. While there was no significant difference 
among the three treatments (p = 0.844), differences for the 
various media (p = 0.007) and the interaction between treat-
ments and media were both significant (p < 0.001).

When the shoots reached a length of 1–2 cm and at least 
two leaves had developed, they were excised from the calli 
(the calli was discarded after picking one shoot) and trans-
ferred to root regeneration medium. Usually well-developed 
roots were formed within two weeks.

Interestingly, there was morphological difference 
among shoots regenerated on different shoot regeneration 
media using cultivar Red Setter (Supp. Figure 1), which 
had an effect on root formation. For example, the shoots 
from Medium TSR-b (Fig. 1g) were green and healthy 
without any evident defect and usually produced well 
and fast developed roots (Fig. 1h) with normal rooting 
and acclimation in pots (Fig. 1i). On the other hand, the 
shoots regenerated from Medium TSR-a were curved, less 
green, with a grass-like shape (Supp. Figure 1b). When 
moved to root regeneration medium, roots developed more 
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slowly and shoots even failed to survive. Contrasting with 
this, the shoots on Medium TSR-c (Supp. Figure 1c) were 
thicker, and faced the same rooting issue as using Medium 
TSR-a.

SP and SP5G allele sequencing and sgRNA design

For the determination of SP and SP5G allele gene 
sequences, we designed two different primer pairs for 

Fig. 1  Protoplast isolation and regeneration from tomato (S. lycoper-
sicum) cv. Red Setter. a Cotyledons and first true leaves from 21-d-
old in  vitro seedlings used for protoplast isolation. b Sliced cotyle-
dons and first true leaves incubated in enzyme solution after 16  h 
under 25 °C before protoplast purification. c Dark green bands con-
taining released intact protoplasts appeared at the interface of sucrose 
solution and wash solution after centrifugation. d Freshly isolated 
green protoplasts under microscope. e Cell division 5 d after proto-

plast isolation. f Callus formation derived from protoplasts embedded 
in alginate after 12 d from protoplast isolation. g Calli released from 
alginate and cultured on solid shoot regeneration Medium TSR-b with 
first regenerated shoots observed three months after protoplast isola-
tion. h A regenerated plant with well-developed roots on root regen-
eration medium three months after protoplast isolation. i Regenerated 
plants moved to soil in biotron four months after protoplast isolation
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PCR amplification covering the exon 1 region of all four 
used cultivars (Fig. 3a). Sequence results showed that in 
the amplified region, they were identical to the public 
tomato reference genomic sequences, except for the SP 
gene, where one single-nucleotide polymorphism (SNP) 
was identified among the four cultivars (Supp. Figure 2).

One sgRNA (sgRNA1) for SP and two sgRNAs for 
SP5G (sgRNA2 and sgRNA3) were designed (Fig. 3a) 
and used for multiplexing of the targets in two different 
combinations, sgRNA1 + 2 and sgRNA1 + 3.

Identification of mutants after multiplexed 
targeting of SP and SP5G

In total we analyzed 110 regenerated shoots (events,  M0 
plants) by HRFA analysis (for HRFA results on all mutants 
see Supp. Table 4), where SP and SP5G genes were tar-
geted simultaneously by either sgRNA1 + 2 or sgRNA1 + 3. 
Among all 110 events, 66 (60.0%) were identified with 
mutations (indels found in at least one allele) in either SP 
or SP5G genes (Table 2). Of mutated events, 10 (9.1%) and 
21 (19.1%) events were edited only in SP and SP5G, respec-
tively, while the remaining were mutated in both genes. Fur-
thermore, 34 (30.9%) events were found to be potentially 
chimeric from the observation that more than two allelic var-
iants of either gene were detected during HRFA analysis. We 
selected 20 events for genotyping by Sanger Sequencing and 
the results were in line with the indel sizes identified with 
HRFA analysis, as can be seen in Fig. 3b and Supp. Table 4. 
We selected 14 representative regenerated  M0 plants and five 
unedited regenerated plants and grew them in the biotron for 
further phenotypical assessment (Supp. Figure 3).

Discussion

Genome editing has become a complementary method to 
traditional breeding of many crops including tomato and the 
CRISPR/Cas9 technology is the most utilized tool in recent 
years. Tomato, as an important horticultural crop with high 
commercial value, has already been well studied genetically, 

Fig. 2  Comparison of effects of different protoplast isolation condi-
tions on the protoplast yield from four different tomato cultivars (Red 
Setter, Ailsa Craig, M82 and Moneymaker). The number of isolated 

protoplasts was calculated from the extraction and sampling of 1  g 
seedlings (results are normalized)

Table 1  Shoot  regeneration  rate1 (%) on three media, TSR a-c  (cv. 
Red Setter)

1 The calculation of regeneration rate is described in detail in material 
and methods. Values in a row followed by the same letters were not 
statistically different at p = 0.05 (n = 3)
2 TSR Medium a, b and c are different media for shoot regeneration 
and the components of each medium are shown in Supp. Table 3

Treatment Regeneration rate (%) on TSR 
 Media2

TSR-a TSR-b TSR-c

Protoplasts + PEG + RNPs 31.4 a 21.3ab 18.4b
Protoplasts + PEG 19.3a 30.3a 25.4a
Protoplasts 8.1b 44.6a 24.5ab
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which makes the application of modern molecular breed-
ing possible (Foolad 2007). Currently, there is no DNA-free 
genome editing method established for cultivated tomato, 
which is an important drawback when utilizing this impor-
tant technology for breeding or in research. A DNA-free 
genome editing method requires efficient and reproducible 
shoot regeneration from single cells, which is still a chal-
lenge and can be highly genotype dependent (Peres et al. 
2001). A recent study reported protoplast regeneration via a 
DNA-free method on wild tomato, which is the closest study 
so far to cultivated tomato (Lin et al. 2022). Based on a pre-
viously published protocol for cultivated tomato protoplast 
genome editing via RNP-based CRISPR/Cas9 (Nicolia et al. 
2021a), we have improved the protoplast isolation process 

and solved the challenge of shoot regeneration from RNP-
transfected protoplasts.

The yield and quality of isolated protoplasts further affect 
shoot regeneration. Here we have optimized the process 
of protoplast isolation based on seedling age and enzyme 
digestion temperature and duration. With the optimized 
conditions (21 d seedlings, enzyme treatment: 25 °C for 
16 h), we successfully increased the yield of protoplasts to 
1.0–2.2 ×  106 per gram of leaf materials, which were com-
parable results to previous reports on tomato (Morgan and 
Cocking 1982; Niedz et al. 1985; Tan et al. 1987). We also 
found in this study that preconditioning treatment of donor 
plants under 4 °C prior to protoplast isolation had a negative 
effect on protoplast yield. By contrast, Tan et al. (1987) got 

Fig. 3  DNA-free CRISPR/
Cas9 mediated genome editing 
in tomato multiplexing of SP 
and SP5G genes. a Structure 
of SP and SP5G genes. Exons 
are indicated in black boxes. 
Primers used for genotyping and 
sequencing are noted with black 
arrows. For each gene, sgRNAs 
(red arrows) were designed, 
all targeting exon 1. Only one 
SNP (blue arrow) was found 
within the amplification region 
of the SP gene. b Genotyping of 
first-generation events  (M0) by 
Sanger Sequencing. The DNA 
sequence of each allele was 
aligned to wild type (WT) allele 
and deletions are shown with 
hyphens and insertions marked 
with blue color. Protospacer 
Adjacent Motif (PAM) is shown 
in bold

Table 2  Mutation  rate1 of 
regenerated events  (M0) from 
transfected protoplasts, tomato 
cv. Red Setter

1 Mutations (indels) were determined on a single leaf from 110 regenerated plants by HRFA analysis where 
both SP and SP5G genes were targeted simultaneously
2 Mutations in at least one allele in either SP or SP5G genes. The results of HRFA analysis of all 66 
mutated events are shown in Supp. Table 4
3 More than two allelic variants for either SP or SP5G detected in an event

total # of events 
analyzed

# of events with 
 mutation2

# of events with 
mutation only 
in SP

# of events with 
mutation only in 
SP5G

# of events with 
mutation in both 
SP and SP5G

# of events 
possibly 
 chimeric3

110 66 (60.0%) 10 (9.1%) 21 (19.1%) 35 (31.8%) 34 (30.9%)
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the opposite result from preconditioning treatment, where 
they found that cold treatment increased the stability of pro-
toplasts and thus yielded more viable protoplasts.

The formation of callus from transfected protoplasts is 
achieved by stimulation of cell wall development and cell 
divisions. Moreover, there are many factors that can affect 
the success of shoot regeneration, such as osmotic pres-
sure, different types and concentration of hormones, carbon 
sources and gelling reagents. In this study, shoot regenera-
tion was analyzed on ten different shoot regeneration media, 
but with extra focus on three of them. Cytokinins, such as 
zeatin and 6-Benzylaminopurine (6-BAP), are involved 
in early cell division as well as initiation and elongation 
of shoots, and are widely used in protoplast-derived shoot 
regeneration in many plant species. Previous studies showed 
that zeatin was necessary for tomato shoot regeneration 
(Morgan and Cocking 1982) and we found that the 0.1 mg/L 
IAA and 0.75 mg/L zeatin was the most suitable combina-
tion for shoot regeneration in all ten media tested with cv. 
Red Setter. On the other hand, when the calli were cultured 
on 6-BAP-based media together with IAA or 1-Naphthale-
neacetic acid (NAA) (Medium TSR-d and TSR-e) (Supp. 
Figure 1d, e), the browning of calli seemed to accelerate or 
smaller calli were generated and no shoots were regenerated 
after six months. Gibberellins such as Gibberellic acid  (GA3) 
have been proven to be beneficial for stimulating shoot elon-
gation (Niedz et al. 1985). Shahin (1985) observed higher 
regeneration rate when using both zeatin and  GA3 compared 
with using zeatin alone. In contrast, we found that when  GA3 
was added in early shoot induction process, it had an adverse 
effect on shoot morphology which was curved, thin and 
grass-like as observed from most of the shoots regenerated 
from Medium TSR-a, TSR-f and TSR-g (Supp. Figure 1b, 
f and g) where  GA3 concentration varied from 0.34 mg/L 
to 1 mg/L. Auxins are also an essential component in shoot 
regeneration medium, such as the frequently used IAA and 
NAA. We found that when IAA was replaced by NAA, the 
calli on Medium TSR-h were inflated, less green and not 
able to generate shoots (Supp Fig. 1h), which did not concur 
with the conclusions from Niedz et al. (1985). We did not 
find an obvious difference between two carbon sources and 
gelling agent in this study.

In this study, four different tomato cvs Red Setter, Ailsa 
Craig, M82 and Moneymaker were used to study protoplast 
regeneration from RNP-transfected protoplasts. Cultivar 
Red Setter was superior to other cvs with a regeneration 
rate up to 31.4% from RNP-transfected protoplasts. Five 
shoots were obtained from 200 RNP-transfected proto-
plast-derived calli from cv. M82, with a high mutation rate 
(80%), although all four mutant regenerated events were 
chimeras (Supp. Figure 4). On the contrary, plating effi-
ciency was low on both cvs Ailsa Craig and Moneymaker 
and all attempts to regenerate shoots from RNP-transfected 

protoplasts failed, indicating that a further adaptation of 
the protocol will be required for these cultivars. In this 
study, we clearly observed genotype differences among 
the four tested cultivars, which was in line with previous 
reports where variable regeneration rate among cultivars 
was found (Morgan and Cocking 1982; Niedz et al. 1985; 
Tan et al. 1987).

The mutations identified in  M0 events were a mix of bi-
allelic, mono-allelic and chimeric with small deletions or 
insertions at the target site with an editing efficiency up to 
60% in considering at least one allele mutated in either SP 
or SP5G genes and 31.8% considering on both genes simul-
taneously targeted. Previously, 30 and 90% of protoplast-
derived calli were found to be mutated in at least one allele 
of CCD7 or CCD8 genes, respectively, after multiplex RNP 
delivery (Nicolia et al. 2021a). Such results indicate that the 
CRISPR/Cas9 system using RNP-transfected protoplasts can 
be highly efficient to generate desired mutations in culti-
vated tomato, without any stable integration of foreign DNA. 
Brooks et al. (2014) were the first to report the successful 
application of the CRISPR/Cas9 system on tomato via stable 
Agrobacterium tumefaciens-mediated transformation with 
an editing efficiency of 48% on  T0 plants with two sgRNAs 
targeting at the same gene. More studies using CRISPR/
Cas9 via Agrobacterium tumefaciens-mediated transforma-
tion have been published in recent years and some of these 
studies had a very high editing efficiency of up to 100% 
of the transgenic shoots (Ito et al. 2015; Ueta et al. 2017; 
Dahan-Meir et al. 2018). With the latter method, however, 
comes the use of antibiotic selection as well as either selfing 
or backcrossing to remove T-DNA insertions if a transgene-
free plant is desirable.

We observed a higher rate of potential chimeras in tomato 
than for example, potato, using RNP complexes and similar 
protoplast density (Andersson et al. 2018). This might be 
because the ratio between RNP complexes and protoplasts 
was not optimal in our study, as Sidorov et al. (2021) also 
observed high number of chimeras (33.3%) on regenerated 
calli from RNP-transfected protoplasts in canola (Brassica 
napus L.). It might be possible to address it by testing higher 
concentrations of RNPs as the efficiency of RNP is dose 
dependent (Zhang et al. 2022). Another possible reason 
might be endopolyploidy according to a report by Smulders 
et al. (1994) on varying ploidy level in different tomato 
somatic tissues. A high chimeras using CRISPR/Cas9 on 
tomato was also identified in earlier studies on Agrobac-
terium tumefaciens-mediated transformation (Brooks et al. 
2014; Dahan-Meir et al. 2018). However, a high frequency 
of chimeric events is less important in tomato than in clon-
ally propagated crops, due to sexual generation and the pos-
sibility of selecting and producing homozygous mutations in 
the next generation. Moreover, the use of protoplasts allows 
to scale-up the experiments of mutagenesis easily, so that 
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among a high number of regenerated mutant  M0 plants those 
indicating chimerism can be discarded.

Our findings illustrate that the challenge of shoot regen-
eration from transfected protoplasts of cultivated tomato has 
been overcome and we have successfully obtained regener-
ated plants from non-treated protoplasts from all four studied 
cultivars, as well as regenerated plants with induced muta-
tions in two cultivars (Red Setter and M82) via DNA-free 
CRISPR/Cas9. The availability of this reported method in 
the determinate cvs Red Setter or M82 provides opportu-
nities for important research and breeding efforts oriented 
toward tomato field cultivation and industrial processing, 
such as improving the fruit quality (e.g., flavor, sugar con-
tent, acidity) and plant resistance to biotic (e.g., soil born, 
virus, parasitic plants) and abiotic stress (e.g., water defi-
ciency, salinity).

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00299- 022- 02893-8.
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