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Abstract [EN] 

In the roots of legume plants (plants from the Fabaceae family) rhizobia bacteria form a unique, 

symbiotic, nitrogen-fixing organ called a nodule. Homologs of genes (e.g. Sfh8) that are 

associated with nodule formation can also be found in non-leguminous plants pointing to a 

possible ancestral role for these genes in plant physiology. My thesis work is part of a project 

that tries to investigate the role and function of the Sfh8 gene in a non-leguminous plants like 

tomato (Solanum lycopersicum). As an initial step tomato mutants should be generated. The gene 

knock-out procedure was done using state of the art molecular biology techniques like 

CRISPR/Cas9 and Golden Gate cloning. Simultaneously a new protocol was established that 

has the potential of making classical tissue culture obsolete in the future. De Novo Induction 

of Meristems uses developmental growth regulators to induce the growth of a potentially altered 

meristem on a young plantling on soil. Guide RNA construction was achieved via primer 

annealing and subsequent integration into a multiple module transformation vector by type II 

restriction enzymes. Additional modules were the Cas9 enzyme, two growth regulators, 

WUSCHL2 and IPT and luciferase as a non-invasive selection marker. The final assembled 

plasmid was then electroporated into Agrobacterium LBA4404 which were then injected into 

the cut site of the apical meristem of a Moneymaker tomato plantling. After 2-3 weeks growth 

of new branches from the injection site could be observed. Due to a lack of time, I could not 

confirm successful transformation anymore. This evaluation will be done by the host lab. 

Additionally, as a back-up plan a Sfh8 T-DNA mutant (background: MicroTom) was found in 

an online database, and the initial characterization of the obtained plants was started.  
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Abstract [DE] 

In den Wurzeln von Hülsenfrüchten (Familie Fabaceae) bilden Rhizobiumbakterien ein 

einzigartiges, symbiotisches, stickstofffixierendes Organ, das als Knöllchen bezeichnet wird. 

Homologe von Genen (z. B. Sfh8), die mit der Knöllchenbildung assoziiert sind, können auch 

in nicht-leguminösen Pflanzen gefunden werden, was auf eine mögliche Rolle dieser Gene in 

der evolutionären Pflanzenphysiologie hinweist. Meine Diplomarbeit ist Teil eines Projekts, das 

versucht, die Funktion des Sfh8-Gens in einer nicht-leguminösen Pflanze wie Tomate (Solanum 

lycopersicum) zu untersuchen. Als erster Schritt sollten Tomatenmutanten kreiert werden. Das 

Gen knock-out Verfahren wurde unter Verwendung modernster molekularbiologischer 

Methoden wie CRISPR/Cas9 und Golden Gate Cloning durchgeführt. Gleichzeitig wurde ein 

neues Protokoll etabliert, dass das Potenzial hat, klassische Gewebekultur in Zukunft zu 

ersetzen. De Novo Induction of Meristems verwendet Entwicklungsregulatoren, um Wachstum 

eines potenziell genetisch veränderten Meristems in einer Jungpflanze auf Erde zu induzieren. 

Die Guide RNAs wurden durch Primer-annealing konstruiert und anschließend in einen 

Transformationsvektor mit mehreren Modulen integriert. Die Konstruktion dieser Vektoren 

wurde von  Typ II Restriktionsenzymen durchgeführt. Weitere Module waren das Cas9 Enzym, 

die zwei Wachstumsregulatoren, WUSCHL2 und IPT sowie Luciferase als nicht-invasiver 

Selektionsmarker. Die Vektoren wurden in Agrobacterium LBA4404 elektroporiert und in die 

Schnittstelle des Apikalmeristems einer Moneymaker Tomatenpflanze injiziert. Nach 2-3 

Wochen konnte das Wachstum neuer Strukturen an der Injektionsstelle beobachtet werden. 

Eine erfolgreiche Transformation konnte aus Zeitmangel nicht mehr bestätigt werden. Diese 

Auswertung erfolgt durch das Gastlabor. Zusätzlich wurde als Backup-Plan eine Sfh8 T-DNA 

Mutante (Hintergrund: MicroTom) in einer Onlinedatenbank gefunden, und mit der ersten 

Charakterisierung der gewonnenen Pflanzen begonnen. 
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Introduction 

In the 21st century, scientific discovery and understanding are playing a more important role 

than ever in meeting environmental, human health and economic challenges. For decades 

humans were manipulating their crop plants selectively to meet changes in society and the 

environment [1][2][3][4]. The discovery of the DNA structure in 1953, followed by the invention 

of recombinant-DNA technology twenty years later, laid the foundation for direct genetic 

engineering so that the “nature” of an organism could be precisely altered within a single 

generation [5]. These advanced technologies have the potential to greatly improve the quality of 

human live: promoting health, preventing and curing diseases, finding new energy sources, 

ensuring food availability and safety - which at the same time could lead to greater measures to 

protect the environment.  

In the past, novel genetic variation in crop plants could be achieved using methods such as 

insertion of transfer DNA (T-DNA), transposon insertion or T.I.L.L.I.N.G. (Targeting Induced 

Local Lesions in Genomes). The latter causes random point mutations across the genome via 

the chemical mutagen ethyl methanesulfonate (EMS). The disadvantage of these methods is the 

lack of control over the mutations introduced into the genome (background-mutations) plus 

the need for huge populations and tedious screening processes [6]. Since the discovery of the 

CRISPR system however, we now have a tool with high precision and high specificity. It enables 

scientists to target precise sequences in the genome and introduce mutations at any chosen site.  

 

CLUSTERED REGULARLY INTERSPACED SHORT PALINDROMIC REPEATS (CRISPR) 

To accomplish knock-out or knock-down of a target gene typically transformation vectors are 

used which encode domesticated Cas9. Molecular domestication accomplished to eliminate the 

enzyme's undesirable natural tendency to cut all sequences that are even remotely similar to the 

target (off-target-effect) [7]. Only a short RNA sequence must be synthesised for target 

recognition which makes the CRISPR/Cas9 system relatively cheap, extremely versatile and an 

easy to implement technology [8]. The importance of DNA targeting lies in creating damage at 

specific sites in genomes. The CRISPR system creates double strand breaks (DSBs) which most 

frequently are repaired by end-joining repair mechanisms, resulting in insertion/deletion 
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mutations (indels) [9]. In its natural form it consists of three essential components, the Cas9 

protein and two short RNAs called CRISPR RNA (crRNA) and trans-activating CRISPR RNA 

(tracrRNA). The two RNAs together with Cas9 nuclease build an effector complex ready to 

fight viral invadors. The taget sites are recognised via a protospacer adjacent motif (PAM 

region). It is located at 3ʹ downstream of this target and is obligatory in order to recognize and 

cleave the site [10] 

 

To make use of the CRISPR/Cas system in molecular biology for genome editing the crRNA 

and tracrRNA were joined together by a linker to form one single molecule. This molecule is 

called single guide RNA (sgRNA) and can be synthesised in a lab [11]. This now two component 

Fig. 1: Overview of a natural, bacterial CRISPR system.  

Picture obtained from addgene.org. (1) sections of virus DNA (spacer) sandwiched between 

palindromic sequences together build a CRISPR array. After this array has undergone 

transcription it is called pre-crRNA. (2) A small tracrRNA, that binds to the palindromic repeats, 

and the nuclease Cas9 (CRISPR-associated nuclease protein) gets involved. Ribonuclease III 

(RNase III) cleaves the CRISPR array. (3) tracrRNA, crRNA and Cas9 form effector complexes. 

(4) Bacterial defence mechanism ready to target invader. (5) If the sequence is complementary 

to the crRNA, the nuclease enzyme recognises a short sequence that is unique to the viral 

genome, the so called PAM (protospacer-adjacent motif) region and introduces a DSB a few 

base pairs upstream this region (6). The DSB will neutralise the virus and prevent infection.  
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system can detect any chosen site of about 20 base pairs as a target for editing. After a DSB has 

been introduced the host cell will try to repair the damage either by homology-directed repair 

(HDR) or by non-homologous end joining (NHEJ). The latter is more common in eukaryotes 

and leads to either nucleotide deletion or insertion [9]. Together with DNA sequencing gene 

editing, especially when the edit results in a frameshift or premature stop codon offers the 

possibility to gain insight into how an organisms genome dictates development and growth. The 

CRISPR/Cas9 system has been shown to work in a variety of important crop plant species and 

is simpler, more efficient and more flexible than former systems like zinc finger nucleases 

(ZFNs) or transcription activator-like effector nucleases (TALENs) which can also be 

engineered to cut DNA [10]. 

 

During the cause of this thesis vectors containing the CRISPR/Cas9 system were used in an 

attempt to knock-out the Sfh8 gene in Solanum Lycopersicum (SoLyc) to study its effect on the 

plant root and subsequently its microbiome.  

 

WHY SFH8 ?  

The family of Phosphatidylinositol/phosphatidylcholine transfer proteins (PITPs) derive from 

highly conserved genes that can be found in all eukaryotic cells. Their function is associated 

with phospholipid metabolism, membrane trafficking, and polarized membrane growth [12]. 

They are capable of transporting either phosphatidylinositol (PtdIns) or phosphatidylcholine 

(PtdCho) between membrane bilayers and can be divided into fungal/plant PITPs and the 

metazoan PITPs depending upon their primary sequence similarities [12]. Interestingly, despite 

this difference the resulting proteins are virtually indistinguishable in biochemical assays. It is 

further believed that PITPs in higher plants facilitate developmental pathways for polarised 

membrane biogenesis in such a way, that they influence the unique symbiosis that permits 

nitrogen fixation, plus regulate stress responses [12]. The symbiotic nitrogen fixation is a 

partnership between polarized membrane structures (root hair) of leguminous plants and N2-

fixing rhizobia bacteria in the soil. Bacteria secrete so called nodulation factors to which the 

plant responds by deforming growing tips of root hair [13]. Through local invagination of the 

root hair plasma membrane an infection thread is formed and the resulting structures entrap 
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the bacteria [14]. Nodulins, organ specific plant proteins, define the plants contribution to 

symbiosis and are only expressed during nitrogen fixation [15].  

The first protein identified from this family was Sec14p (SECretory – SEC14) in the yeast 

Saccharomyces cerevisiae. It plays an important part in the transport of proteins from the trans Golgi 

network [16]. Along with SEC14, the genome of S. cerevisiae encodes five additional Sec Fourteen 

Homologues (SFH): Sfh1p, Sfh2p, Sfh3p, Sfh4p, and Sfh5p, with Sfh1p sharing the highest 

homology to Sec14p [17] [18]. Genome sequence databases revealed that Sec14p can also be 

found in the model plant Arabidopsis thaliana. In fact, Arabidopsis encodes at least 31 potential 

Sec14p-like proteins in its genome (Fig. 2) [12]. Further, functional analysis of AtSfh1p could 

uncover that it is a novel Sec14p-nodulin, two-domain protein that regulates a complex 

developmental membrane morphogenetic pathway, coordinating membrane trafficking, 

phosphoinositide signaling, Ca2+ signaling and regulation of the actin and microtubule 

cytoskeletal systems [17]. 

 

 

Fig. 2: Cladogram of the Sec14p family in Arabidopsis.  

Picture from Phillips (2006) [12]. Partial listing of known members of the eukaryotic Sec14p 

family. When known, common designations are given along with the corresponding accession 

numbers. 

 

Its expression is highly root specific and therefore essential for coordinated root hair 

development, regulating polarized membrane growth from a precise position on the root 

epidermal cell plasma membrane [12]. 
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In 1997, Dr. Philipp Kapranov and his team discovered a highly expressed late nodulin gene 

LjNODI6 in the model legume plant Lotus japonicus which corresponds to a particularly abundant 

mRNA species present in nitrogen-fixing root nodules [19]. Further studies [20] pointed to a 

relationship between the 15.5 kD protein Nlj16 and the predicted protein products of four 

members of a previously undescribed gene family in L. japonicus. They encode novel PITP-like 

proteins (LjPLPs) all sharing a two-domain structure consisting of an N-terminal PITP-like 

domain joined to a C-terminal domain composed of amino acid sequences identical to, or highly 

related to, nodulin Nlj16. It is believed that the latter domain functions as a specific plasma 

membrane targeting module. 

 

Fig. 3: Scheme of all four LjPLPs cDNAs.  

Picture from Kapranov et al. (2001) [21]. boxes = coding regions, lines = 5' and 3' untranslated 

regions (UTRs), hatched area  =  Sec14p/Sec14p-like domains, shaded boxes = Nlj16-like 

domains, open boxes = no apparent sequence similarity with the other cDNAs.  

 

Conceptual translation of the open reading frame (ORF) of LjPLPIV revealed amino acid 

sequences sharing a high degree of similarity with Sec14p-like proteins from other plant species, 

namely SFH.  

Kapranov’s results [20] led him to believe that the new gene family of developmentally regulated 

genes (LjPLPs), encoding Sec14p-like proteins, exert a dominant negative effect directed at 

inactivating the expression of specific LjPLPs in nodules.  
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Sec14-Nlj16–like nodulin proteins in plants tie together three developmentally important 

attributes, root hair development, lipid signaling, and nodulation. Arabidopsis mutants lacking 

the AtSfh1 Sec14-nodulin elaborate short, distorted root hairs characterized by loss of tip-

directed phosphatidylinositol 4,5-bisphosphate gradients, disorganized cytoskeleton networks, 

and delocalized Ca2+ signaling [22]. 

 

 

Fig. 4: Bright-field images of root hair of transgenic seedlings.  

Picture from Ghosh et al. (2015) [21]. Scale bars: 1 mm. 

 

Rhizobia bacteria infect the root hair of the host plant. A cytosolic Ca2+ gradient is necessary to 

sustain growth. The protoplast of the tip growing cell has a typical polarized organization. The 

cell enlargement is promoted by deposition of plasma membrane and cell wall components via 

a vesicle-rich tip [23].  

 

Taking all of these important findings together one can easily see the importance of the 

understanding of Sec14p-like proteins and it’s possible application for non-leguminous plants 

and the idea of manipulating its root microbiome in the future.  

 

ERASMUS 

My thesis lab work was performed in the larger framework of the Greek project BIOME. I was 

given the unique opportunity to stay and work in Panagiotis Moschou's lab at the University of 
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Crete for 8 months and was involved in the initial phase of the BIOME project. My stay was 

kindly funded by the European Union student exchange programme ERASMUS+ 

(https://erasmus-plus.ec.europa.eu/).  

 

The following excerpt from the original project program description was translated and 

summarised from Greek to English by me.  

 

THE PROJECT “BIOME” 

is a cooperation of: 

• Nikolaos P. Nikolaidis: Professor and Director of the Laboratory of Hydrogeochemical 

Engineering and Remediation of Soils (Technical University of Crete) 

• Kavroulakis Nektarios (ELGO): Researcher at the Institute of Olive Tree Subtropical 

Crops and Viticulture (IOSV), Plant Pathology laboratory.  

• Kidonakis Filippos (VIANAME): Messara Biological Development 

(https://www.bianame.gr/index.php) 

 

The program is dedicated to crop improvement and the investigation of sustainable agriculture 

that is environmentally friendly and less harmful to human and animal health. The company 

VIANAME has recognised that modern biotechnological tools and inventions need to be 

implemented into domestic [Greek] agriculture in order to remain competitive and increase 

productivity. One of these tools for the future could be the manipulation of the root 

microbiome in order to minimize the impact on the environment and health due to lower inputs 

of biocides, fertilizers and water.  

 

BIOMEs main objectives are: 
 

• The understanding of the effect of soil and cultivation practices on microbiome 

composition of selected horticultural crops (tomato, cucumber, pepper). 

https://erasmus-plus.ec.europa.eu/
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• The isolation (or acquisition from international collections) of essential microorganisms 

of the healthy microbiome. 

• The synthesis of microbiomes and the investigation of their effect on the plant under 

laboratory conditions. 

• The investigation of the role of the plant in the composition of the root microbiome 

(tomato). 

• The selection of microbiomes that favour the growth of the plant and give resistance to 

the cultivation and their investigation under field conditions. 

 

The central idea of BIOME is the modification of the root microbiome to create genotypes 

with potentially modified microbiomes. After the establishment of such genotypes the effect on 

microbiome affiliations on plant productivity can be studied. These results will guide the 

selection of tomato plants from existing collections of genetic material which may show 

increased productivity under normal conditions or under stress. 

 

[It should be noted that varieties produced via T-DNA insertions or CRISPR/CAS9 technology cannot be 

commercialized yet due to the European Union restrictions on plants derived from this type of mutagenesis. 

However, mutations from EMS can be used directly for commercialisation by VIANAME or even as genetic 

material in crop improvement through crossbreeding.] 
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Fig. 5: Project poster of “BIOME” 

This poster has been created by Dr. Panagiotis Moschou after my stay at UOC and summarises 

the key points of the project tiers. 

 

MONEYMAKER 

Since the BIOME project demanded the use of crop plants (see first objective) the question 

arose which variety to use. For the purpose of simplicity the decision was made to use the 

English heirloom “Moneymaker”. For one, it is a real variety and not an F1 hybrid which 

eliminates the problem of genetic segregation in the next generation and secondly, plenty of 

evidence can be found, that this variety is indeed transformable. Sadly, this cannot be said from 

most local Greek varieties which obviously would have been the preferred choice of the 

company VIANAME. Moneymaker shows high regeneration capability in classical tissue culture 

transformation and therefore, should also respond well in a tissue culture free method [24], 

which will be explained in the chapter “De Novo Induction of Meristems”. Moneymaker usually also 

shows early ripening of the fruits and good productivity, meaning sufficient seeds can be 

harvested for seed selection later on.  
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SEC14-LIKE PROTEINS IN TOMATO 

In Böhme et al. (2004) a protein in Arabidopsis was described (CAN OF WORMS1 [COW1]; 

other name: AtSFH1) that belongs to a subfamily of proteins showing a two-domain 

arrangement in which the N-terminal Sec14p coding region is linked to a C-terminal Nlj16 

coding region (previously described as LjPLP-I–IV in Lotus Japonicus). LjPLP-IV protein shows 

65% similarity with COW1 encouraging the suspicion that it has a similar function or interferes 

with tip growth or is a target for rhizobia bacteria [25].  

 

 

Fig. 6: Own repeat of protein sequence alignment of LjPLP-IV with COW1.  

Sequences obtained from NCBI. Alignment Statistics: Length: 556, Identical Sites: 291, Pairwise 

Identity: 52%.  

 

To find a homologous gene in tomato a Basic Local Alignment Search Tool (BLAST) was 

carried out in Sol Genomics Network (https://solgenomics.net/) using the genomic sequence of 

LjPLP-IV (AF367434_1).  

https://solgenomics.net/


P a g e  | 11 

 

BLAST-ing the genomic sequence of Solyc01g109870.2 in NCBI obtained a locus (Accession: 

XM_004230820) named:  

“PREDICTED: Solanum lycopersicum 

phosphatidylinositol/phosphatidylcholine transfer protein  

SFH8 (LOC101265778), mRNA” 

 

Fig. 8: Genome data viewer by NCBI.  

Assembly: SL3.1 (GCF_000188115.5), Chr 1 (NC_015438.3), Exon count: 15.  

Fig. 7: BLAST hit with the highest E-value  

Red arrow: Solyc01g109870.2. Description: SEC14-like protein with Interpro domain(s), Cellular 

retinaldehyde-binding/triple function, C-terminal Length=2433; Sequence identity: 76.92%. 
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By knocking out the Sfh8 gene in tomato it is hypothesised that one could observe a similar 

phenotype as previously seen in Arabidopsis (e.g. distorted or shortened root hair) and  potentially  

a different microbiome composition. It should also be noted that the goal of this project is crop 

research and not necessarily industrial use (yet).  

 

Plasmid assembly was accomplished using state of the art Golden Gate cloning technique.  

 

GOLDEN GATE CLONING 

An essential element in synthetic biology, or genetic engineering, is the potential of assembling 

many diverse DNA fragments. Over the past decades the majority of this has been done via 

homologous recombination which provides independence from any restriction sites present in 

the fragments to assemble [26]. However, optimising phenotypes requires the ability of 

generating various coding sequences and many variants of regulatory sequences [26]. Like in 

other divisions of engineering one first step would be the standardisation of a system’s basic 

parts. It took 15 years from NOMAD [27] to BioBrick standards [28] to finally establish a system 

that is able to even overcome restrictions like the assembly of multiple DNA fragments in a 

single step. The essential characteristic of Golden Gate cloning is the ability of type II restriction 

enzymes to cleave outside their recognition site thereby removing restriction sites during the 

cleavage process. What’s left are fragments flanked by compatible sequence overhangs that can 

then be ligated seamlessly [26]. Restriction-ligation makes it possible to assemble multiple 

fragments in one step (one tube reaction) with extremely high efficiency. Additionally, these 

compatible DNA fragments can then be assembled in a linear manner simply depending on the 

individual design of the overhangs, which can be any four+ nucleotide sequence of choice [29].  
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Fig. 9: Scheme of plasmid assembly in a one-tube-reaction  

using a type II restriction enzyme (BsaI) plus DNA ligase. Picture from https://www.neb-

online.de/. Fragments, including matching restriction sites, coding for any desired sequence 

can be produced via PCR (P1-P6 = primers). The enzyme will cut outside its recognition site 

(Fig. 10) leaving behind so called “sticky ends” which are 4 base pair overhangs that correspond 

to those on the fragments created via PCR. DNA ligase will seamlessly “glue” the fragments 

and the vector together.  

 

 

Fig. 10: Principle of Golden Gate Cloning.  

BsaI type II restriction enzyme cuts outside its recognition sites (highlighted in blue) and 

therefore removes the sequence. It leaves behind a specific 4 base pair overhang – aka “sticky 

ends” (highlighted in yellow) which can be utilised to construct inserts which carry the 

https://www.neb-online.de/
https://www.neb-online.de/
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complementary sequence for seamless ligation. This way, self-ligation of the vector is also not 

possible.  

 

The plasmids were delivered to the plant via Agrobacterium tumefaciens.  

 

AGROBACTERIUM-MEDIATED TRANSFORMATION  

The naturally occurring soil phytopathogen Agrobacterium tumefaciens (from the family of 

Rhizobiaceae) infects plant wounds and causes crown gall disease by delivering a piece of its large 

virulence plasmid (tumor inducing Ti-plasmid), the so called transfer DNA (T-DNA) into a 

host plant cell via a bacterial type IV secretion system (T4SS) [30]. By replacing the oncogenes 

with a gene of interest the system can be easily utilised in plant biotechnology to manipulate 

traits and gain insight in how plants function. The transformation process requires two genetic 

components, the border sequences at the ends of the T-region (25 bp imperfect repeats) and 

the virulence (vir) region, coding for components of the bacterial protein machinery [31]. Vir 

gene products nick the T-DNA region at its left (LB) and right border (RB) and transfer the T-

DNA into plant cells. In modern plant biotechnology binary vector systems are used for 

Agrobacterium-mediated transformation. These vectors are small plasmids containing a 

(multiple) cloning site and selectable markers between the left and right border, that can replicate 

both in E. coli and Agrobacterium. To ensure transformation without tumorigenicity, modified 

(disarmed) Ti-plasmids are used. They lack the T-DNA but retain the entire vir-region. 

Unfortunately, only a small number of Ti-plasmids from different Agrobacterium species have 

been disarmed so far [32]. Generally, A. tumefaciens is well suited to transform various host cells 

including dicots, monocots, angiosperm and gymnosperm species [33]. Two types of 

transformation methods can be distinguished, a) transient transformation where expression 

usually only lasts for a couple of days [34] and b)  stable transformation, where the T-DNA is 

integrated into the hosts genome and subsequently passed on to the next generation [35] [36]. 

Mutations introduced into the plant genome by transformation are usually transmitted to the 

progeny in a Mendelian segregation pattern 3:1. However, it can happen that the T-DNA is 

inserted into two or more sites of the plant genome. Ondřej et al. (1999) [37] could show that 

in Arabidopsis, amongst 49 lines tested, 72% segregated in a monohybrid or dihybrid Mendelian 
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segregation, 6% of the lines segregated for more than two T-DNA inserts and 22% showed 

non-Mendelian patterns of T-DNA inheritance.  

 

DE NOVO INDUCTION OF MERISTEMS THROUGH DEVELOPMENTAL REGULATORS 

Plant development is a complex network of transcription factors, hormones, enzymes, 

microRNAs, and many more, which all together regulate developmental processes such as 

embryo, apical root and shoot meristem, leaf, flower and seed formation. The response of these 

processes to a changing environment even has become an interesting new research area [38] 

[39].  

The development from a single cell zygote into an embryo by asymmetric cell division marks 

the beginning of the life cycle of a plant. In dicotyledon plants like e.g. Arabidopsis the embryo 

consists of a basal root meristem, a central region hypocotyl and two seed leaves flanking a 

shoot apical meristem (SAM) which can be seen as the pantry of undifferentiated stem cells 

eventually yielding the adult root architecture [40]. However, many species in plants are not 

strictly dependent upon fertilisation. They can either naturally produce asexually derived 

embryos in the seed (apomixis) or can be induced to do so in tissue culture [41]. In tissue culture 

plant growth regulators initiate the formation of a callus or somatic embryogenesis. Therefore, 

finding the regulatory genes behind this phenomenon is a compelling approach to 

circumventing traditional methods. 

It was discovered that the expression of maize (Zea mays) Wuschel2 (Wus2) and Baby Boom (Bbm) 

in monocots promote somatic cells to form embryos that develop into whole plants. Co-

delivering transgenes together with these developmental regulators (DR) expedites the 

production of transgenic plants and might make tissue culture more or less redundant [35]. 

Tissue culture is the biggest bottleneck in the production of a transgenic plant. It works only in 

a handful of species, is time consuming, requires more labour and equipment as well as financial 

resources and it often results in unexpected changes to genomes [42].  
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The following two growth regulators have been chosen for transformation in this experiment.  

 

Wuschel2 (WUS2) 

The bifunctional homeodomain transcription factor Wus2, which is expressed in the organising 

centre of the shoot apical meristem (SAM) and is an essential factor for de novo establishment 

of the shoot stem cell niche. It induces the direct somatic embryo formation in tissue culture 

and works synergistically with other developmental growth regulators, such as Bbm.  

 

Isopentenyl Transferase (ipt) 

Ipt is a gene on the T-DNA from Agrobacterium tumefaciens. It encodes an enzyme that catalyses 

formation of isopentenyl-adenosine-5-monophosphate, the first intermediate in cytokinin 

biosynthesis. The integration of a T-DNA into a plant host cell has two consequences, a) tumour 

formation and b) the regeneration of physiologically abnormal shoots that are derived from 

transformed protoplasts [43]. Using the ipt gene under the control of a more active promoter 

(e.g. 35S) increases cytokinin levels in transgenic plants, showing enhanced shoot organogenesis 

[44].  
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Breaking the Tissue Culture Bottleneck with Developmental Regulators 

 

Fig. 11: Approaches for genetic variation in plants.  

Picture from Nasti et al. (2021) [9]. (A) Gene editing through tissue culture. (B) Gene editing 

through de novo meristem induction. Agrobacterium delivers plasmids coding for 

developmental regulators (DR). DR trigger growth of a new meristem from  edited somatic 

cells. The meristem ultimately forms a shoot which is excised and roots are induced. Progeny 

of the plant (seeds) can be selected for the mutation of interest. (C) Gene editing with RNA 

viruses.  

 

DR in concert with cytokinin biosynthesis can be used to induce the growth of new meristems 

on soil-gown plants. Co-delivered reporter genes, such as Luciferase for example, make it 

possible to recover shoots that are either transgenic or gene edited. When the shoots produce 

flowers and seeds the gene edits are transmitted to the next generation. In Maher et al. (2020) 

[35] proof of concept was carried out in Nicotiana benthamiana. The possibility of creating gene-

edited shoots sidesteps the process of tissue culture and will accelerate crop plant production in 

the future. Natural genetic diversity will be supplemented with synthetic diversity. Increased 
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phenotypic diversity could equip crop plants with enhanced stress responses as well as enhance 

or introduce secondary metabolic pathways to produce metabolites for food or energy 

production.  

 

Fig. 12: Ectopic delivery of DR induces the growth of new shoot-like structure.  

Picture from Maher et al. (2020) [35]. Fast-TrACC (Fast Treated Agrobacterium Co-Culture) 

delivers reagents to seedlings and uses a luciferase reporter to monitor and calibrate the 

efficiency of transformation.  

 

BACK-UP PLAN  

Since all of the above mentioned techniques and desired crop plants were a new addition to the 

labs commonly used procedures, there was no guarantee that the projects delivery, that is, the 

production of a tomato mutant with potentially altered root hair and microbiome inhabitation, 

could be fulfilled in time. For this reason, a parallel aim was to comb online genome databases 

and potentially find a line that already has a mutation in the target gene (see chapter MicroTom 

Mutant).  
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Materials & Methods 

SOFTWARE 

The Benchling Life Sciences R&D Cloud: 

Benchling [Biology Software]. (2021). Retrieved from https://benchling.com. 

 

MICROTOM MUTANT 

One deliverable of the project included the creation of a genetically modified tomato line 

compliant to the EU Directive 2001/18, regulating GM crops for environmental release [45]. 

This excludes the use of the novel CRISPR/Cas technique as well as T-DNA insertion lines and 

leaves EMS treatment of seedlings as the only option. EMS treatment itself is generally a very 

quick procedure but creates many unwanted background mutations and it takes years to get rid 

of them by continuous selection and back crossing. It was therefore the aim to find a tomato 

mutant seed bank online that already lists a mutant with a mutation in the target gene.  

This search was unsuccessful because most listed EMS lines are not sequenced and can only be 

selected by phenotype. T-DNA insertion lines however, do generally mention “flanking 

regions”, which can be generated via TAIL-PCR and can therefore be aligned to a target region. 

One such line was found on the website https://tomatoma.nbrp.jp/, a tomato mutant archive from 

the University of Tsukuba in Japan. It was ordered as a backup plan. Line Information can be 

seen in Tab. 1.  

 

  

https://benchling.com/
https://tomatoma.nbrp.jp/
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Tab. 1: Information about the T-DNA tagged line from the TOMATOMA database 

Strain ID TOMJPT00175 

Strain Type T-DNA-tagged lines 

Hit Region SL2.50ch01:9468501-9470300 

Flanking Sequence 

ATTTAAGGTAT-GTTAAGACTTTT-TTCTT 
AGACTTGTTGAAGGACGTTTTCCTAATT
AAAAATTAAAAATGAAAATAGACAAAG
GGGTAAGGGGGAAAGATGGTGGTCTC
GTATCAATGTGACGGGCATTGGTACGA
GTACCGGTGTTATAAAAAGGAAAACAC
TATTATAGAATGTGGATTGAAATTTGAG
AATGCCAAAGCATATGGGCATTAGCTG
ATATATTATTGACTTGAATTCCTTGTGT
GATTGTGTTTTATTTATTTCACCCGTATA
GTTGAGATAATTGAGGTGGTTATGTAT
TATATTCATATTGATTGATTGAGATGCA
TCATCATTCCCTCTATTGAAACAATATTG
TGCACATGCATCGAGATGAGACTGAGT
ATAAGTTGGGCACGTGGAGATCGTCCG
TGCTGGGGATGGTGAGATGTTAAGATT
GTAATTTGGGCACGTGGAGATCGTCCA
TGCGAAAATTGTTTGATATTATGATAGT
GCGTTGAGATCGTCCGCACAGACACGT
GGAGATCGTCCGTGTCGGTATATGGAC
CTCGCGAGTCCCCCATGGGTCATGAACT
CTCGATGTATTTCCGAGGAGTATCATGT
ATATACGGTTGAGTGAGTACTGGGTAT
TCTGAGACATATCATTACATGCATCATA
TTGCATTGCATTTCATCCATCATTCATTC
CTGATGACTWATGTTTCGTTGGTGTTG
AATATTAAATGGTTGKAATTCCTCTTTA
ATTKAT 

 

To check the T-DNA insert the following primer sequences were provided by TOMATOMA:  

FWD: AGAACTCGTCAAGAAGGCGA 

REV: CTGAATGAACTGCAGGACGA 
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Fig. 13: T-DNA vector map from Japan 

of the plasmid that was used to create the insertion mutant. In yellow: T-DNA including nptII 

gene. Length: 9046 bp.  

 

For propagation purposes, seeds were washed with ethanol and placed directly onto soil to 

germinate. The seedlings were left to grow in a growth chamber (16h light/8h dark, constant 

25°C, humidity 60%) and re-potted into bigger pots after about 4 to 5 weeks.  

 

MONEYMAKER PLANTS 

All plant seeds used were derived from university-intern propagation (green house manager, 

former group members). For pure propagation purposes the seeds were washed with ethanol 

and placed directly onto soil. They were left to germinate in an air conditioned green house and 

re-potted into bigger pots after 4 to 5 weeks. At that point the plants were also tied to a wooden 

stick to ensure upright growth. Side shoots were continuously pinched out during apical shoot 

growth. When fruit carrying branches grew too long and heavy (BBCH scale: Principal growth 

Stage 5: Inflorescence emergence, [46]), they were tied up with strings and mounted to the 

ceiling. This not only ensures straight growth and leaves room for aeration, which is particularly 

important in a very hot climate like Crete, it also makes harvesting a lot easier and saves space.  
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SEED COLLECTION 

Mature fruit could be harvested after roughly 12 weeks (BBCH scale: Principal growth stage 8: 

Ripening of fruit and seed). Fruit were left outside until the mesocarp became soft. At that point 

it is easy to squeeze them into a fine sieve and separate them from the rest of the fruit. Under 

running water the seeds were separated from the pericarp as much as possible and then placed 

on baking paper in order for them not to stick to any tissue during the drying process. After a 

few days dry seeds could be collected into microtubes and stored on 4 degrees in the dark.  

 

QUICK DNA EXTRACTION FROM PLANTS 

Plant leaf discs were taken with the lid of a sterile 1.5 ml microtube, placed into liquid nitrogen 

and grinded directly in the tube. 400 µL of freshly prepared extraction buffer (200 mM Tris HCl 

pH 7.5, 250 mM NaCl, 25 mM EDTA, 0.5 % SDS) was added, mixed vigorously and centrifuged 

for 15 min at 13 000 rpm. 300 µL of the supernatant were then transferred into a new microtube 

together with 300 µL of isopropanol. After inversion and a 2 min incubation at room 

temperature the tubes were centrifuged for 10 min at 13 000 rpm. The supernatant was then 

discarded and the pellet washed with 70% ethanol. The ethanol was discarded after a 5 min 

centrifugation step and the pellet was then left to dry under a fume hood by placing the tubes 

upside-down on a paper towel. The dry pellet was then dissolved in 30-50 µL of TE buffer.  

 

PCR PROTOCOLS 

• Kapa2G Fast HotStart ReadyMix PCR kit (Molecular BioProducts, Inc. & Sigma-Aldrich 

Co. LLC) https://www.sigmaaldrich.com/GR/en/product/roche/2gfhsrmkb 

 

• Taq DNA polymerase by MINOTECH IMBB-FORTH©  

https://minotech.gr/index.php/products/taq-dna-polymerase 

 

• Phusion® High-Fidelity DNA polymerase by New England BioLabs Inc. (NEB) 

https://international.neb.com/products/m0530-phusion-high-fidelity-dna polymerase#Product%20Information 

https://www.sigmaaldrich.com/GR/en/product/roche/2gfhsrmkb
https://minotech.gr/index.php/products/taq-dna-polymerase
https://international.neb.com/products/m0530-phusion-high-fidelity-dna%20polymerase#Product%20Information
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PRIMERS & GUIDE RNAs (gRNAs) 

All primers were provided by ©Macrogen Inc. 

https://dna.macrogen-europe.com/eng/member/login.jsp?backURL=/eng/order/oligo/order_step0.jsp 

 

All primer- and gRNA sequences were designed with Benchling Biology Software.  

 

Tab. 2: List of all primer- and gRNA sequences designed for this work 

name sequence description 

Seq Primer (G1:Ex3) 
FWD 

tcttggttctcaacagtcgataca 
For sequencing of exon 3 
of the Sfh8 gene Seq Primer (G1:Ex3) 

REV 
aggggagggtaggaagctaagca 

Seq Primer (G2:Ex13) 
FWD 

tctccatatgcctgcatgcatct 
For sequencing of exon 13 
of the Sfh8 gene Seq Primer (G2:Ex13) 

REV 
tgccttgtttttggttatgtcctgt 

Sfh8 G1 (BsaI) FWD ATTGtaacacggcatgtaactgag Guide 1 for targeting exon 
3 with BsaI overhangs Sfh8 G1 (BsaI) REV AAACctcagttacatgccgtgtta 

Sfh8 G2 (BpiI) FWD GTGAagcatcccgaatgtcctcga Guide 2 for targeting exon 
13 with BpiI overhangs Sfh8 G2 (BpiI) REV CTAAtcgaggacattcgggatgct 

Guide Scaffold (AarI) 
FWD 

agcgcccacctgccaggggaccgctactaGAATTC 

GAGCTCGGAGCATC Primers for amplification of 
the guide scaffold with the 
addition of AarI overhangs Guide Scaffold (AarI) 

REV 

tttcatcacctgcgtcaccggTCTGAGCGTAA 

TGCCAACTTTGTAC 

SV40 NLS FWD agaggaaggtttgacgtcgacga Sequencing/PCR of guide 
scaffold in pTRANS_Cas9 
& pTRANS_Luc 

NOS REV attctccgctcatgatcggcgc 

HSP term FWD cagagctctggtgacggac 

   

T-DNA FWD (from JP) agaactcgtcaagaaggcga Verify T-DNA insert in 
MicroTom mutant from 
Japan 

T-DNA REV (from JP) ctgaatgaactgcaggacga 

Flanking Seq FWD caaacaagtcctcggaacaagt 

Primer stock concentration: 100 µM 

 

https://dna.macrogen-europe.com/eng/member/login.jsp?backURL=/eng/order/oligo/order_step0.jsp
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PRIMER ANNEALING 

2 primers (e.g. G1 FWD & G1 REV), that when annealed together create one double stranded 

gRNA sequence, were diluted in annealing buffer (10 mM Tris, pH 7.5 - 8.0, 50 mM NaCl, 1 

mM EDTA) from stock concentration to a 1:50 ratio, then measured with a spectrophotometer 

and if necessary, adjusted to an equal concentration. Both primers were then mixed together 

(1:1) in a microtube and placed into a heat block on 95°C for 5 min. The tube was then left to 

slowly cool down at room temperature for at least 1h or overnight before further use. Heating 

followed by cooling facilitates hybridization. 

 

GUIDE SCAFFOLD CLONING VECTORS 

To minimise off-target effects and reach maximum efficiency of mutagenesis the vectors used 

allow generation of customized dual-gRNA expression constructs via one-step Golden Gate 

cloning due to insertion of annealed oligonucleotides with different overhangs (Fig. 16) [47].  

  

Fig. 14: Vector map of pICSL002217A (17A).  

Vector includes a LacZ cassette (blue arrow) and an RFP cassette (red arrow). These two can 

each be replaced with one gRNA sequence. The vector already contains the necessary U6 

promoter (yellow) and “guide tail” for both inserts. 
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Fig. 15: Vector map of pICSL002213 (13).  

Vector includes one LacZ cassette (blue arrow). It can be replaced with one gRNA sequence. 

The vector already contains the necessary U6 promoter and “guide tail”. 

 

 

Fig. 16: Schematic representation of cloning vectors 17A and 13.  

Replacement cassettes with different overhangs for one-step Golden Gate assembly. LacZ with 

BsaI and RFP with BpiI overhangs.  

 

BLUE-WHITE SELECTION 

Screening was performed by adding 40 μL of X-gal solution (20 mg/mL) and 40 μL of 100 mM 

IPTG solution onto an LB agar plate and spread evenly with a sterile spatula. Preparation of the 

plates was performed in a laminar flow hood.  
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DIGESTION-LIGATION (DIG-LIG) REACTION 

For seamless insertion of 2 guide sequences into vector 17A two slightly different reactions were 

performed, one followed by another.  

 

Fig. 17: Assembly of cloning vector.  

First dig-lig reaction performed with vector and first gRNA. Duration: 3h. Second dig-lig 

reaction performed directly after, with vector + first gRNA and second gRNA. Duration: again 

3h.  

 

First reaction was performed using 100 ng of vector, 1 µL of oligo mix 1, 1 µL of NEB ligase 

buffer (10x), 1 µL of BSA (10x), 0.5 µL of BsaI enzyme and 0.5 µL of NEB ligase in a 10 µL 

reaction. Mixture was placed into a thermocycler and cycled after the following scheme: 37°C – 

20”, 37°C – 3”, 16°C – 4” [15x], 16°C – 30”, 50°C – 5”, 80°C – 15” for a total of 3 hours.  

After that, the second reaction was performed using 1 µL of oligo mix 2, 0.5 µL of NEB ligase 

buffer (10x), 1.5 µL of BSA (10x), 1 µL of ATP (10 mM), 0.5 µL of BpiI enzyme and 0.5 µL of 

NEB ligase in a 5 µL reaction. This mixture was cycled using the same program as described 

above.  
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Fig. 18: Schematic colour key for selection.  

gRNA1 replaces LacZ in first reaction. RFP is still functioning in the vector and therefore, shows 

successfully transformed colonies in red. With those the second reaction shall be performed. 

When gRNA2 replaces RFP no colour will can be displayed anymore. After successful insertion 

of both gRNAs the colonies to pick shall be white-ish.  

 

VECTOR SYSTEM FOR PLANT TRANSFORMATION WITH GROWTH REGULATORS 

All vectors used during this procedure were designed by https://www.voytaslab.com/ [35] and can 

be obtained from Addgene on the basis of a material transfer agreement for non-commercial 

research purposes https://www.addgene.org/Daniel_Voytas/.  

https://www.voytaslab.com/
https://www.addgene.org/Daniel_Voytas/
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Fig. 19: Vectors and modules used for plant transformation.  

Golden gate cloning system making use of PaqCI (AarI) restriction enzyme. pTRANS_211 – 

empty backbone for integration of 4 modules (A, B, C, D), includes kanamycin resistance for 

bacterial and hygromycin resistance for plant selection; pMOD_C’5014 – nos:WUS2 C module 

coding for the transcription factor Wuschel2 under a nopaline synthase promoter, includes 

ampicillin resistance; pMM112 – 35S:ipt D module coding for the isopentenyl transferase under 

a 35S promoter, includes ampicillin resistance; pMOD_B0000 empty B module accepting the 

guide scaffold, includes ampicillin resistance; pMOD_A5803 – CmYLVC:Luc A module coding 

for Luciferase under the Cestrum yellow leaf curling virus promoter, includes ampicillin 

resistance; pMOD_A0101 – 35S:Cas9 A module coding for domesticated Cas9, includes 

ampicillin resistance. 
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Digestion-ligation reaction was performed following “Golden Gate Assembly Protocol using 

PaqCI® (NEB #R0745) and T4 DNA Ligase (NEB #M0202)” from New England BioLabs 

https://international.neb.com/protocols/2021/01/11/golden-gate-assembly-protocol-using-paqci-neb-r0745-

and-t4-dna-ligase-neb-m0202.  

 

PREPARATION OF ELECTRO-COMPETENT CELLS 

E. coli – DH10B 

An over-night (o/n) bacteria culture was grown in 5 ml of salt-free Luria broth (LB-NaCl) with 

the addition of Streptomycin c = 25 µg/ml on 37°C. 250 µL of this o/n culture were added to 

50 ml of fresh LB-NaCl the next day. This mixture was left to grow for 2-3h until OD600 reached 

0.4 - 0.6. It was left to chill on ice for 15 min, then poured into 4 x 50 ml Falcon tubes and 

centrifuged for 15 min at 4000 g. The supernatant was discarded and the pellet resuspended in 

10 ml of ice-cold water. The content of 2 tubes was then combined into one, topped up to 50 

ml with ice-cold water and centrifuged again as above. Supernatant was discarded again, two 

tubes combined to one and once more centrifuged as above. For a final step, the pellet was 

resuspended in ice-cold 7% DMSO and 30 µL aliquoted into microtubes, which were kept on  

-80°C until further use.  

 

A. tumefaciens – LBA4404 

5 ml of LB-NaCl were inoculated with one colony of LBA 4404 and grown on a shaker on 28°C 

until OD600 reached 0.2 – 0.3. 40 µL of this o/n culture were then transferred into a 2L flask 

containing 200 ml of LB-NaCl plus Streptomycin (300 mg/ml) and grown on a shaker on 28°C 

for 28 – 30h (LBA4404 grows very slowly especially when antibiotics are added). Once the 

culture has reached an OD600 of 0.8 the culture was chilled on ice for 15 min and processed as 

described above. Aliquots of 50 µL were kept on -80°C until further use.  

 

ELECTROPORTATION 

50-100 ng of DNA were used to mix gently with 20 µL of DH10b E. coli cells (or 50 µL of 

LBA4404). The cells were first taken from -80°C and left to thaw on ice for about 10 min. The 

https://international.neb.com/protocols/2021/01/11/golden-gate-assembly-protocol-using-paqci-neb-r0745-and-t4-dna-ligase-neb-m0202
https://international.neb.com/protocols/2021/01/11/golden-gate-assembly-protocol-using-paqci-neb-r0745-and-t4-dna-ligase-neb-m0202
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mixture was then transferred to a pre-chilled electroporation cuvette. The cuvette was properly 

wiped dry and then pulsed using the following standard settings for most E. coli strains: 1.8 kV, 

25 µF and 200 Ω (LBA4404: 2.5 kV, 25 µF and 200 Ω). 1 ml of LB was added to the cells 

immediately after the pulse was delivered. The mixture was then transferred back into a 

microtube and left for recovery on 37°C (LBA4404: 28°C) with shaking for 1h (LBA4404: 3h). 

To ensure that individual, medium-sized colonies could be picked on the next day 50 µL of the 

transformation was plated on a pre-warmed selective plate. The rest was centrifuged, 

resuspended in 50 µL of fresh LB and plated onto a second plate. On some occasions even 

plating only 50 µL yielded too many colonies - then the mixture was diluted e.g. 1:10 using LB 

medium. 

 

PREPARATION OF GROWTH- AND INFILTRATION MEDIUM FOR LBA4404 

Growth medium and infiltration medium were prepared following Maher et al. (2020) [35].  

One transformed colony of LBA4404 was left to grow in growth medium (10 mM MES pH 

5.6, 20 µM acetosyringone, 50 µg/ml kanamycin and 60 µg/ml streptomycin – in LB) for 12h 

at 28°C with shaking. Rifampicin was dismissed when preparing the growth medium because it 

slows down growth and reduces transformation efficiency. Cells were collected by 

centrifugation and resuspended in infiltration medium (10 mM MES pH 5.6, 150 µM 

acetosyringone and 10 mM MgCl2). They were then left at room temperature for 2-4h until 

OD600 reached 0.2 – 0.3.  

 

INFECTION 

4- to 5-week-old tomato plants were infected with the before freshly prepared Agrobacterium 

infiltration medium. The apical meristem was cut off and very small quantities of the solution 

were injected directly in, as well as around the cut site using a 1 ml syringe with a 30 gauge 

needle. To reduce the risk of growing a huge callus, the injection of big quantities should be 

avoided because a bigger callus is slow in generating new shoots.  
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Results 

MICROTOM MUTANT 

To test the seeds received from Japan (University of Tsukuba) plant material was extracted from 

young seedlings and tested via PCR for the T-DNA insertion. The goal was to see whether the 

insert has a) not gone lost and b) is located in the Sfh8 target gene.  

 

 

Fig. 20: PCR of Japanese MicroTom mutant  

with recommended primers provided by TOMATOMA. a) The two primers bind to the nptII 

gene (ubiquitin-NPTII fusion: ABC61923.1) located on the T-DNA insertion. PCR yielded the 

expected 622 bp fragment from both mutant DNA samples and no fragment from the wild type 

(WT) plant. (The slight band in the water control was most likely caused by contamination.) b) 

As a reference gene the elongation factor EF 1-alpha (LOC544055) was used. This is an essential 

protein playing a key role during the elongation cycle of protein biosynthesis and should be 

intact in all samples, mutant and wild type. PCR yielded a 123 bp product from all samples, as 

was expected.  

 

To show that the insertion is located somewhere within the Sfh8 gene, the aim was to amplify a 

sequence with one primer binding to the beginning of the gene (exon 3) and one close to the 

end (exon 13). If the T-DNA is located somewhere in between, this would show a shift on an 

agarose gel (=one band longer/higher than the other). Polymerase: Phusion® High-Fidelity by 

NEB. Expected band size of WT: 3760 bp. Expected band size of mutant: unknown, due to the 

absence of the plasmid map at that point in time.  
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Fig. 21: PCR of the Sfh8 gene - mutant vs. WT.  

In the WT is one clear band (expected size) visible. In the mutant (the expectation was a bigger 

band) no band can be seen. Therefore, it is assumed that the T-DNA is too long to amplify even 

via Phusion® polymerase.  

 

As a next step the Japanese supplier (TOMATOMA) was asked for information on the T-DNA. 

Their vector map (Fig. 13) shows a T-DNA length of 9046 bp. Even though Phusion® 

polymerase is a high processivity enzyme (shorter extension times, more robust amplification 

resulting in the ability to amplify long templates) the maximum length that can be achieved is 

around 6-8 kb. Therefore, the initial plan had to be discarded.   

 

Another possibility to check the insert for correct location placement would be to use different 

primer combinations and see if one of them yields a band. By using a primer that binds to the 

Sfh8 gene combined with one that binds to insert (nptII gene), a fragment would only be 

produced if the insert is located in its expected place, namely the Sfh8 gene.   
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Fig. 22: Example of Sfh8 gene a) with and b) without the T-DNA insert.  

The picture is an example of how a T-DNA insertion inside a gene could look like. In reality it 

is not known in which direction the insert has been integrated and therefore it often results in 

trial and error when it comes to picking the right primers (Tab. 2). In addition, there is a good 

chance that the fragments might still be too long to be amplified. a) In a mutant plant, the red 

arrow indicates one possible amplicon that could be achieved with a primer that binds to the 

gene and one that binds to the insert. b) In a WT plant amplification is not possible because the 

nptII primer (primer that binds to the T-DNA insert) has nowhere to bind.  

 

Fig. 23: Amplification with Flanking Seq. FWD & nptII FWD.  

Only one primer combination gave a visible band with the correct size pointed to by the arrow.  
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The additional bands in the “mutant” (Fig. 23) are likely caused by unspecific binding and/or 

an incorrect annealing temperature. Therefore, gradient PCR was performed using different 

annealing temperatures because there is a chance that the temperature calculated by  

https://tmcalculator.neb.com/ is too unspecific for this particular primer pair.  

 

 

Fig. 24: Gradient PCR with different annealing temperatures.  

In none of the applied temperatures did the result differ greatly from the initial result in Fig. 23.   

 

Nevertheless, since there are only bands produced in the mutant samples within all repetitions, 

it is fair to assume that the T-DNA insertion is located within our target gene.  

 

 

MONEYMAKER PLANTS 

Because there was only a very limited amount of seeds available in the beginning (all derived 

from university-intern propagation) seed propagation was the first step to do. Additionally,  the 

principal growth stages, as described by Lorenz et al. (1994) [46], were described to better 

calculate general growth, flowering time, fruit production and more.  

 

 

https://tmcalculator.neb.com/
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Tab. 3: Documentation of Moneymaker plant growth 

Picture Date Age in days Principal 
Growth Stage   

In 
accordance 
with BBCH 
scale?  

 

16.04.21 3d - Seed 
imbibition 
complete 

0: Germination yes 

 

22.04.21 9d - Emergence: 
cotyledons break 
through soil 
surface 

0: Germination yes 

 

27.04.21 14d – First true 
leaves appear 

1: Leaf 
development 

yes ± 2d 

 

10.05.21 27d - 1st 
secondary apical 
primary side 
shoots visible 

 

2 - Formation of 
side shoots 

yes 

 

13.05.21 30d - 1st 
secondary apical 
primary side 
shoots visible 

 

2 - Formation of 
side shoots 

yes 

 

17.05.21 34d - 1st tertiary 
apical side shoots 
visible 

 

2 - Formation of 
side shoots 

yes 

In the Moneymaker variety apical side shoot formation occurs concurrently with the emergence of 
the inflorescence, hence there is no distinction of principal growth stages 3 and 4.  
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31.05.21 48d - First 
inflorescence 
visible (first bud 
erect) 

5 - 
Inflorescence 
emergence 

 

yes ± 2d 

 

08.06.21 56d – continuous 
stem elongation 

5 - 
Inflorescence 
emergence 

 

yes 

 

29.06.21 77 – 1st/2nd/3rd 
fruit has reached 
typical size and 
form  

7: Development 
of fruit 

yes 

 

l: plants without climbing aid vs. r: plants with climbing aid: straighter growth, room for aeration, 
easy harvest,  saves space. 

 

→ continuous 
harvest 

81d – 89d: fruits 
show typical fully 
ripe colour 

 

8: Ripening of 
fruit and seed 

yes 

 

Because of limited space in the greenhouse the plants had been removed before principal growth 

stage 9: Senescence.  
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CONSTRUCTION OF THE GUIDE SCAFFOLD  

The initial plan of primer annealing and dig-lig reaction (with vector 17A) at the same time did 

not bring the expected result. The reaction was repeated for 3 times until the task was finally 

split into two separate steps. First, vector linearization and then, ligation of the desired module 

into the vector. The goal was to cut out the LacZ cassette before the ligation step of the guide 

sequence. To exclude the possibility that neither the BsaI restriction enzyme nor one of the 

competent cells used for propagation of the vector in the first place, were the cause of the 

problems, 1) 17A propagated by ©NEBstable cells, 2) 17A propagated with DH10b cells, 3) BsaI 

enzyme from our lab stock, 4) BsaI enzyme from a neighbour lab stock and 5) a known, 

functional control vector were put to the test.   

 

 

Fig. 25: Vector linearization and test of BsaI restriction enzyme  

Digest for 2h at 37°C. a) 17A propagated in ©NEBstable cells, digested with BsaI from our lab 

stock; b) 17A propagated in ©NEBstable cells, digested with BsaI from a neighbour lab stock; 

c) 17A propagated in DH10b cells, digested with BsaI from our lab stock d) 17A propagated in 

DH10b cells, digested with BsaI from a neighbour lab stock; e) control vector. 17A total vector 

size: 14.273 bp; 17A - Size of LacZ: 596 bp; Control vector: pICH86988 – total size: 9078 bp, Size 

of LacZ-alpha: 596 bp.  

 

The result clearly shows that the restriction enzyme as well as all vectors are functional. The 

enzyme in all cases was able to detect the correct recognition sites and cut LacZ out of the 

vector. Nevertheless, there might still be some uncut or nicked vectors in the mix. The upper 

band (Fig. 25 c,d) were cut from the gel and used for the following ligation reaction (Protocol 
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by NEB: DNA ligation with T4 DNA-ligase-M0202 

[https://international.neb.com/protocols/0001/01/01/dna-ligation-with-t4-dna-ligase-m0202]). 

After an overnight incubation at 16°C in a thermo-cycler the reaction was used for 

electroporation with DH10b electro-competent cells. After another night of incubation at 37°C 

the plasmid was purified out of the cells and digested with ApaI. This enzyme cuts within the 

LacZ cassette and should therefore give a different pattern when compared to a vector without 

the insert.  

 

 

Fig. 26: Virtual vs. real digest of ligation reaction with linearised 17A vector and G1 (guide 1).  

a) Virtual digest with ApaI: 1) 17A without guide insertion, 2) 17A with guide insertion. b) 

Digestion of 10 colonies plus one empty vector as a negative control (c). Number 6 shows the 

expected pattern for a positive sample. 

 

Only sample #6 shows the desired pattern. Since the lowest band is hardly visible the digest was 

repeated using a different restriction enzyme. 

https://international.neb.com/protocols/0001/01/01/dna-ligation-with-t4-dna-ligase-m0202
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Fig. 27: Virtual vs. real digest of the positive sample #6 

Left lane: vector with correct insert (= 1st guide insertion). Right lane: empty 17A vector as a 

negative control. The lower band in the left lane (17A + G1) is again rather faint but was 

nevertheless sent for sequencing.  

 

 

Fig. 28: Sequencing result of sample #6.  

The sequencing result clearly shows a 415 bp gap between the primer binding region (Primer 

FWD) and the start of the reading, indicating a deletion of the U6 promoter region, the guide 

sequence and guide tail.  
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VECTOR TROUBLESHOOTING 

Since all attempts of cloning vector 17A failed so far and trials did rarely show the expected 

colour scheme (Fig. 18) it became clear that the vector itself must be the cause of the 

encountered difficulties. In total 4 very similar vectors were available, all derived from the same 

source (Fig. 16). They only differed in the amount of replacement cassettes. To find out if one 

of them could be used instead of 17A, digests were performed to see if the vectors still match 

their in silico vector map. 

 

 

Fig. 29: Virtual vs. real digest of the remaining cloning vectors.  

From left to right: plCSL002213 (13), 13 – undigested vector, plCSL002218A (18A), 18A – 

undigested vector,  plCSL002215 (15), 15 – undigested vector. Only vector 13 (white arrow) shows 

a matching digestion pattern when compared to the virtual digest.  

 

Based on these results (Fig. 29), vector 13 was used for further experiments, yet the same 

difficulties were encountered. Again, the bacteria deleted the same sequence after ligation (Fig. 

28). One possible solution to this problem is to skip the usage of bacteria altogether and perform 

“blind” PCR from vector 13. “Blind”, because at this point there is no evidence the guide 

sequence has for sure been ligated into the vector. At the same time, these primers will add the 

AarI overhangs that are needed for the next cloning step.  
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Fig. 30: Amplification of guide scaffold using 3 different extension times.  

Expected size of guide scaffold: 373 bp (red arrow); Expected size of LacZ: 944 bp; 1= Vector 

13 with guide (G1) insert; 2= linearised vector 13; 3= negative water control. Primers: Guide 

Scaffold (AarI) FWD + Guide Scaffold (AarI) REV (Tab. 2).  

 

An extension time of 30 seconds yielded a 373 bp product pointed to by a red arrow in Fig. 30. 

The length matches the expectation of the desired guide scaffold. It was cut from the gel, re-

PCR was performed with the high-fidelity Taq ®Phusion and then sent for sequencing.  

 

 

Fig. 31: Sequencing result of the guide sequence.  

The highlighted section shows the read of the designed 20 bp gRNA sequence compared to the 

in silico template. All bases are correct.  

 

This fragment could now be used as a single module for the plant transformation cloning vector 

system.  
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VECTOR SYSTEM FOR PLANT TRANSFORMATION WITH GROWTH REGULATORS 

The Voytas vector system (Fig. 19) has the capacity to incorporate 4 modules in an A-B-C-D-

manner depending on the overhangs. Using the one-tube reaction method and the “Golden 

Gate Assembly Protocol using PaqCI®” by NEB, 2 vectors (Fig. 32) were assembled, which 

could then be used for plant transformation.  

 

Tab. 4: Vector design with 4 modules 

Module Position pTRANS_Cas9 pTRANS_Luc 

    

pTRANS_211  empty backbone x x 

    

pMM112 – 35S:ipt D x x 

pMOD_0101 – 35S:Cas9 A x  

pMOD_5014 – nos:WUS2 C x x 

pMOD_5803 – CmYLCV:Luc A  x 

pMOD_guide scaffold B x x 

 

Because the modules came pre-designed every vector could incorporate 4 modules in an A-B-C-D- 

manner. Because Cas9 and Luciferase are both place A modules, 2 slightly different vectors were 

designed (see Tab. 4). The first vector contained modules in the following order: Cas9, gRNA, WUS2 

and ipt (Fig. 32: Cas9 Plasmid). Obviously, Cas9 and the guide RNA must be on the same vector and 

introduced simultaneously. The second  vector contained Luciferase, gRNA, WUS2 and ipt (Fig. 32: Luc 

Plasmid). This vector has the potential to induce the growth of a new meristem but cannot introduce a 

mutation because the CRISPR system is incomplete with Cas9 missing. Nevertheless, due to the injection 

of both vectors into the same site, selection via Luciferase should be possible. Bioluminescence will 

distinguish potentially altered meristems from random new growth initiated by the plant itself. However, 

this experimental setup is flawed and will be discussed in more detail in the last chapter (see Future 

Outlook).  
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Fig. 32: Benchling vector maps of ready assembled plant trans-formation vectors. 

Created with the “assembly wizard” tool.  

 

To examine whether the vectors had been assembled correctly during the digestion-ligation 

reaction, the vectors were digested using a restriction enzyme that leaves a distinctly different 

pattern compared to an empty vector, without any inserts.  
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Fig. 33: Restriction digest of modules and vectors with PstI.  

1) digest to confirm pTRANS empty backbone, 2) digest to confirm module WUS2, 3-6) 

pTRANS_Luc vector, 7-9) pTRANS_Cas9 vector. The white arrow points to the only sample 

that was identified as positive.  

 

Only sample #9 shows an identical digestion pattern when compared to the in silico digest. This 

sample was evaluated as positive.  

 

 

Fig. 34: Restriction digestion of pTRANS_Luc with PstI.  

1-9) digest of pTRANS_Luc samples. Positively identified samples are marked with an arrow.  
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Only sample #2 and #4 show an identical digestion pattern when compared to the in silico 

digest. These samples were evaluated as positive. 

 

Naturally, the next step would be to send the vectors for sequencing and verify the gRNA 

sequence for its accuracy, though since this has already been done before, during the guide 

scaffold design (Fig. 31), and no further bacteria had been used for the creation of the pTRANS 

vectors, it is unlikely that a base change has occurred. Nevertheless, PCR of the location, in 

which the guide sequence was inserted, was performed.  

 

 

Fig. 35: Schematic representation of the two plant transformation vectors  

and the location of the guide scaffold. The blue arrows point to the primers that have been used 

(Tab. 2) for PCR. The resulting products have a noticeable size difference (365 vs. 638 bp) 

compared to vectors with no insert: pTRANS_Luc -insert: 47 bp; pTRANS_Cas9 -insert: 320 bp.  
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Using different primers, each specific to the previous module terminator a) Luciferase – HSP 

term, b) Cas9 – SV40 nuclear localization signal (NLS), results in 2 different product sizes that 

are easily distinguishable and considering prior results, are sufficient proof of gRNA-insert 

accuracy.  

 

Fig. 36: PCR results of the two plant transformation vectors.  

The visible bands on the gel resemble in silico calculated band lengths (Fig. 35).  Empty vectors 

would theoretically produce the following band sizes: pTRANS_Luc -insert: 47 bp; pTRANS_Cas9 

-insert: 320 bp.  

 

pTRANS_Cas9 coding for the CRISPR/Cas9 system plus a gRNA will target exon 3 in the Sfh8 

gene in an attempt to either knock it out or down (has to be established later on). pTRANS_Luc 

can be used for selection of transformed meristems (see Breaking the Tissue Culture Bottleneck with 

Developmental Regulators). Both vectors were electroporated into Agrobacterium LBA4404.  

 

BACK-TRANSFORMATION 

Agrobacterium has a higher tendency to alter or delete sequences and has higher nuclease 

activity than E. coli (DH10b), so that direct minipreps out of Agrobacterium do not give clear 

bands. In order to check the efficiency of Agrobacterium for plant transformation, back-

transformation into E. coli with subsequent minipreps and vector digestion was performed.  
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Fig. 37: Vector digest with ApaLI.  

In the case of pTRANS_Luc all but one sample showed a correct pattern. In pTRANS_Cas9 all 

samples were correct.  

 

The efficiency of pTRANS_Luc respectively pTRANS_Cas9 amounts to 83.33% and 100%.  

 

INFECTION OF MONEYMAKER PLANTS 

 

Fig. 38: Agrobacterium-mediated transformation  

of 4 week old Moneymaker tomato plants. a) removal of the apical meristem with sterilised, 

sharpened scissors, b) infection medium containing either the pTRANS_Luc or pTRANS_Cas9 

was injected into the cut site in very small amounts.  
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At this point only 3 plants had a sufficient age (~ 3 to 4 weeks) for transformation. These were 

used as first trials. 2 plants received both of the transformation vectors. 1 plant received only 

pTRANS_Luc.  Since both of the vectors code for the developmental regulators (WUS2 and 

ipt) growth of a new meristem was expected in all plants. However, since only pTRANS_Cas9 

carries the CRISPR system with a gRNA the expectation was to (possibly) find a mutation in 

only 2 plants. Screening for Luciferase should be possible in all plants.  

This experimental setup was flawed however, since a positive and a negative control 

(Agrobacterium without a vector) were missing. The initial plan foresaw the knock-out of the 

JOINTLESS gene as a positive control but due to the before mentioned cloning difficulties and 

a subsequent lack of time, the construction of such vectors had to be dismissed at that point. 

Future experiments should include such a control though, or similar, to better determine and 

analyse different outcomes and results.  
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Fig. 39: Moneymaker plants  

a) 5d post inoculation (pi); b) 6d pi and c) 7d pi. After the removal of the apical meristem the 

plant is left with a wound, losing eminently more water than usual. After the first few days of 

the infection the plants were watered every day and left in a tray with water to counterbalance 

for the loss.  
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For an unexpected reason (probably a human mistake), the plants run out of water over the first 

weekend and wilted considerably. It was possible to resurrect them over the following 2 days 

(Fig. 39a,b,c).  

 

 

Fig. 40: Moneymaker plants 13d pi.  

The plants were re-potted into bigger pots and fertiliser was added to the irrigation water.  
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Fig. 41: Moneymaker plants 2 ½ weeks pi.  

With growth of a potentially altered new meristem. Visible on all plants.  

 

Discussion 

CONTINGENCY PLAN – IDENTIFICATION OF T-DNA MUTANT 

It is a future task of the program to extract and sequence DNA from soils in close proximity to 

plant roots during different growth stages. These samples will then be clustered into operational 

taxonomic units (OTU) representing molecular variance and can be seen as an indicator for 

community assembly and density dynamics [48]. Therefore, an important next step should be 

to measure mRNA levels of Sfh8 and check whether the T-DNA insertion caused a complete 
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knock-out or just a knock-down. This would make a considerable difference, should this gene 

be involved in the establishment of a plants microbiome composition. The evidence so far does 

not provide a satisfactory answer to these questions.  

One possibility to examine the close proximity and therefore the location of the insert is 

Thermal Asymmetric InterLaced PCR (TAIL-PCR). This method makes use of nested, 

insertion-specific primers and provides flanking sequences in the end. TAIL-PCR is a fast and 

cost-effective method [49] to examine numerous samples at the same time and I suspect that 

this is the method by which TOMATOMA is able to provide flanking sequences on their 

website. A more precise alternative to TAIL-PCR or the here performed regular PCR would be 

sequencing of the insertion site. This would show the exact location of the insert and confirm 

that the template DNA sequence is present as expected.  

To confirm the presence of Sfh8 mRNA, one possibility would be Northern blotting. By 

isolating RNA from different target tissues it is possible to compare gene activity amongst 

different plant organs (and/or growth stages), such as leaves, roots, flowers [50,51]. The 

comparison will be possible since even in knockouts the mRNA levels are usually not zero, just 

significantly lower. Theoretically, if an antibody exists, one could also do quantitative Western 

blotting (or In-Cell Western assays for quicker results). This way the SFH8 protein can be 

detected and compared over relative protein abundance before and after the knock-out (WT vs. 

mutant) or again between various tissues and organs. However, one thing to keep in mind with 

this method is that there is a chance of cross-reactions with other SFHs. The most sensitive 

method surely is Mass Spectrometric analysis (MS) for relative and absolute quantification of 

proteins [52]. Obviously, carrying out MS is dependent upon availability but it would offer a 

range of possibilities such as protein expression profiling, post-translational modifications, 

protein-protein interactions, structural and functional proteomics plus proteome mining for 

target identification/validation [53]. One of these options should be considered for future 

research to properly determine the function of the Sfh8 gene and its involvement in the 

composition of the tomato microbiome.  
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VECTOR TROUBLESHOOTING 

One of the main problems encountered during the cloning process was the malfunction of the 

first-step vectors 13 and 17A (see Fig. 17, Fig. 18 and Construction of the Guide Scaffold). The 

unreliable colour scheme (randomly red or blue or no colour at all) took a long time to trouble-

shoot and identify the main problems that made it impossible in the end to clone the desired 

guide sequences into these vectors. The following description is an attempt to explain why they 

did not work as expected and the initial idea of using them for the construction of the guide 

scaffolds had to be discarded as a whole. 

With the insertion of the first guide sequence into the place of LacZ the selection should be 

based on classic “blue-white selection”. When the LacZ cassette is replaced, no α-

complementation can take place and no functional β- galactosidase will be produced anymore. 

Therefore, there will be no reaction with X-gal (a chromogenic substrate added to the medium) 

to give the distinct blue colour. To collect positive colonies, white colonies should be collected, 

or in the case of 17A red colonies because of the additional, functional RFP cassette on the 

vector (see Fig. 18). One reason why there rarely were red coloured colonies could be, that the 

RFP cassette including restriction sites, were mutated and therefore dysfunctional. This 

assumption was further supported by colleagues from the Swedish group at the University of 

Uppsala, who were working with the same vectors at the time.  
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Fig. 42: Digest of cloning vectors 13, 15, 17A and 18A. 

All available vectors were derived from the same source. Picture by Tornkvist, A. University of 

Uppsala. In the case of 17A, there is no band for the RFP cassette visible, meaning it was not 

possible to cut it out with BpiI. Additionally, no digestion pattern, except of vector 13, matches 

the virtual digest of the vector map, matching findings from Fig. 29.  

 

These, and previous results (Fig. 29), led to the conclusion that the mutation sites of the vectors 

must have been mutated at some point previously to our experiments and as a result, cannot be 

recognised anymore by the BpiI enzyme or various other enzymes used throughout this work. 

This was further confirmed by digestion patterns that often showed one band less than they 

should have.  

  



P a g e  | 55 

 

 

Fig. 43: Schematic representation of the 18A vector and the consequences of missing restriction sites.  

a) The 18A empty vector matching it’s in silico vector map. It contains 3 NcoI restriction sites, 

one located within the RFP cassette that will be replaced with the guide sequence during the 

restriction-ligation reaction. After that, the vector will be left with only 2 restriction sites (18A 

transformed) and will, after successful transformation, produce a distinctly different pattern vs. 

an empty vector. Highlighted numbers represent resulting band sizes. b) Representation of the 

same vector under the assumption that one restriction site is mutated and can therefore not be 

recognised anymore. It will subsequently show one band less on a gel after digestion. c) Agarose 

gel picture with one band less than expected compared to a virtual digest. (a) Only 2 bands can 

be seen in all samples indicating that NcoI only made 2 incisions instead of the expected 3.   
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The restriction enzymes used varied depending on the vector, the insert or replacement cassette 

and current availability of the enzyme. Despite this, the results yielded from restriction digests 

often showed one band less than expected (Fig. 43c). Assuming that one recognition site on the 

vector is missing, therefore naturally resulting in one visible band less on a gel, it is easy to see 

why it was not possible to confirm positive gRNA insertion. Mutations of this kind occur 

naturally with time. This is especially problematic in bacteria because of how fast they grow and 

divide, leading to frequent chances for mutation through random chance or natural selection 

[54]. The mutations might not only be limited to several recognition sites but can also effect the 

RFP or LacZ cassette, which in turn explains the random colour scheme obtained.  

 

 
Fig. 44: Incorrect colour from transformation vectors  

after only vector propagation in E.coli DH10b (no cloning took place at this point in time). All 

colonies show a distinct red-ish colour. The plates contain no additives (such as X-gal) and have 

been left in the freezer for a few hours after o/n incubation. This usually enhances the red colour 

from RFP. a & b) vector 13 and 15 have only LacZ and no RFP and should therefore not be red. 

c) vector 18A has LacZ plus RFP and should show a red colour since X-gal was not added to the 

plate.  

 

CONSTRUCTION OF THE GUIDE SCAFFOLD 

Another reason for mutation could be the RecA (bacterial DNA recombination protein) 

homologous recombination pathway of E. coli. It is the process of deletion of repeated DNA 

sequences which, when occurring in the genome, usually contribute significantly to genetic 
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instability in procaryotes as well as eucaryotes and are known to even cause genetic diseases in 

the latter [55]. Even though all strains used for cloning are recA mutants, this phenomenon still 

occurs to a significant degree depending on length and how far the repeats are away from each 

other [56]. As previously shown in Fig. 28 E. coli deleted a direct repeat sequence after potentially 

successful cloning of vector 17A. Deletions occur more frequently in larger repeats than shorter 

ones nevertheless, they are a common source of spontaneous mutation [55]. Vector 17A and 

18A (Fig. 16) both contain an identical U6 promoter and guide tail in close proximity, which 

should generally be avoided when designing vectors.  

 

FUTURE OUTLOOK 

Due to a lack of time (my stay there ended after 8 months) and not enough tomato plants with 

the correct age for transformation I was only able to try agrobacterium-mediated transformation 

once with 3 plants. In the future this experiment should be repeated with more replicants plus 

a positive and a negative control (see Infection of Moneymaker Plants). Should the knock-out of Sfh8 

not work or result in unexpected plant death there is no way to verify the cause. That’s why it 

is imperative to use a control that results in a known phenotype. I initially planned to knock out 

the JOINTLESS gene as a control but due to the previously explained cloning problems and 

subsequent troubleshooting process I lost a good portion of time and sadly, did not get to this 

point. However, in the future such “safety nets” should be considered when repeating the 

experiment.  

A flawless Luciferase protocol should also be set up in the future since it is the first indication 

whether the transformation worked (formation of callus) or not (formation of regular side 

branch). In a positive case the developmental regulators (delivered by the agrobacterium) 

promote the induction of a meristem from edited somatic cells. The meristem will form a shoot, 

which can be excised and later on, the formation of roots can be induced. Progeny of the plant 

can then be screened for mutations via PCR primers that flank the expected cut site.   

 

CONCLUSION 

My main task throughout this cause was the establishment of a new method. However, even 

the insertion of only 2 guides turned out to be technically challenging. All steps of the method 
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have been performed at least once however, but the final result is still open and at present it is 

unclear whether knockout of Sfh8 could be achieved.  

As a backup strategy a T-DNA cultivar could presumably be identified but also this result is 

preliminary.  

The advantage of the new method is that it should work in most economically relevant crop 

plants species and is way faster than traditional introgression of a mutation plus has an antibiotic 

resistance selection marker. The new method only leads to transient expression of the editing 

construct and should not be a stable transformation. It will just leave a small indel in the genome 

which is almost impossible to prove that this did not naturally exist in the germplasm.  

 

Hopefully future work can show that the tomato plants have been successfully transformed 

(mutation introduced) and that either one of those mutant plants allows testing of the hypothesis 

of the Sfh8 gene being involved in the composition of the root microbiome.  
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