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This PhD thesis starts with a summary in English and German language, followed by in 

introduction into photorespiration. The central role of the GLYCINE DECARBOXYLASE 

system within this essential metabolic pathway is highlighted as well as its role in the evolution 

of the carbon concentrating mechanisms of C2 and C4 plants. In the following, the mechanisms 

of genome editing using the CRISPR/Cas9 system are explained with an insight into double-

strand repair mechanisms in plant cells and a detailed explanation of the origin of CRISPR/Cas9 

as a bacterial immune system. The significance of visual markers for exploring this new genome 

editing technique is indicated. The introduction ends with a description of the aim of this thesis.  

 

The main part of the thesis comprises four manuscripts: 

An Efficient Visual Screen for CRISPR/Cas9 Activity in Arabidopsis 

thaliana was published in Frontiers in Plant Science and explores two alternative marker 

systems for tracking Cas9-mediated gene-editing in vivo: BIALAPHOS RESISTANCE and 

GLABROUS1. GLABROUS1 is established as visual marker for assessing and optimizing 

Cas9-mediated gene-editing in Arabidopsis (Hahn et al., 2017b). 

 

Generation of Targeted Knockout Mutants in Arabidopsis thaliana 

Using CRISPR/Cas9 -Protocol. It presents a detailed cloning strategy for 

generation of knockout constructs and describes methods to detect Cas9-induced mutations 

(Hahn et al., 2017a). 

 

Homology-directed repair of a defective glabrous gene in Arabidopsis 

with Cas9-based gene targeting

using the GLABROUS1 gene for visual detection of mutations. This manuscript was submitted 

to Frontiers in Plant Science in January 2018 and is deposited at bioRxiv (Hahn et al., 2018). 

 

Towards establishment of a photorespiratory CO2 pump in 

Arabidopsis thaliana using CRISPR/Cas9-mediated modifications of the GLYCINE 

DECARBOXYLASE P-PROTEIN promoter

system for targeted modification of the promoter of the GLYCINE DECARBOXYLASE P-

PROTEIN1 gene in order to selectively exclude this protein from mesophyll cells. 
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The thesis ends with concluding remarks to summarize the manuscripts. 

 

The following  manuscripts derived from the work performed for this thesis:  

 

Hahn, F., Eisenhut, M., Mantegazza, O., and Weber, A. P. M. (2017a). Generation of Targeted 
Knockout Mutants in Arabidopsis thaliana Using CRISPR/Cas9. BIO-Protoc. 7. 
doi:10.21769/BioProtoc.2384. 

Hahn, F., Eisenhut, M., Mantegazza, O., and Weber, A. P. M. (2018). Homology-directed 
repair of a defective glabrous gene in Arabidopsis with Cas9-based gene targeting. 
bioRxiv, 243675. doi:10.1101/243675. 

Hahn, F., Mantegazza, O., Greiner, A., Hegemann, P., Eisenhut, M., and Weber, A. P. M. 
(2017b). An Efficient Visual Screen for CRISPR/Cas9 Activity in Arabidopsis thaliana. 
Front. Plant Sci. 8. doi:10.3389/fpls.2017.00039. 
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SUMMARY 

The CRISPR/Cas9 system has emerged recently as a novel tool for genome editing in plants 

and other organisms. It relies on the targeted introduction of DNA double-strand breaks by the 

programmable Cas9 nuclease and subsequent exploitation of the DNA repair machinery of the 

host cell. Double-strand break repair can be conducted by the error-prone non-homologous end 

joining pathway, which frequently results in small indel mutations at the site of the double-

strand break, thus leading to gene knockouts. Alternatively, a homologous DNA molecule can 

be used as repair template for a conservative repair by homologous recombination. This 

approach can be employed for targeted introduction of foreign DNA by adding an artificial 

repair template. This process is called gene targeting and allows highly specific manipulation 

of genomes. However, gene targeting frequencies are intrinsically low and require optimization 

of the repair template delivery.  

This thesis established the gene for the trichome master regulator GLABROUS1 (GL1) as 

visual marker for successful CRISPR/Cas9-based genome editing. Trichome formation can be 

used as direct visual read out for Cas9-induced mutations. To target the GL1 gene, a generic 

vector system was established, which allows easy cloning of any target sequence. Finally, the 

GL1 gene was used as marker for comparison of two gene targeting methods. Here, stable gene 

targeting events could be generated in Arabidopsis using an in planta gene targeting approach. 

Genome editing techniques, such as the CRISPR/Cas9 system, are crucial to develop highly 

efficient crop varieties in times of a growing world population and loss of arable land. Plants 

employ photosynthesis to convert atmospheric CO2 into biomass. This process still harbors 

potential for optimization. More precisely, photorespiration, which is a salvage pathway for 

unavoidable O2 fixation during photosynthesis, is an attractive target for optimization as it 

releases previously fixed CO2 and consumes ATP. C2 plants exploit the photorespiratory 

pathway as an efficient CO2 pump by bundle sheath cell specific expression of the GLYCINE 

DECARBOXYLASE P-PROTEIN, thereby minimizing the negative effects of photorespiration. 

Introduction of this pump into C3 , is 

therefore of interest. 

In this thesis, the promoter of the Arabidopsis GLYCINE DECARBOXYLASE P-PROTEIN1 

was modified by genome editing in order to express this protein specifically in bundle sheath 

cells. The generated mutants accumulated glycine and were slightly delayed in growth. The 

presented data provide a starting point for further characterization of these mutants and explore 

a promising path for engineering photorespiration. 
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ZUSAMMENFASSUNG 

Das CRISPR/Cas9-System dient als molekularbiologisches Werkzeug zur gezielten 

Genveränderung und wird seit seiner Entdeckung vor einigen Jahren zunehmend in Pflanzen 

und anderen Organismen angewandt. Die Veränderung der genetischen Sequenz basiert auf 

der gezielten Einführung von DNS-Doppelstrangbrüchen durch die Aktivität der Cas9 

Nuklease und der anschließenden Reparatur durch die DNS-Reparaturmaschinerie der Zelle. 

- -

Mechanismus repariert werden, der jedoch oft kleine InDel-Mutationen an dem Ort des 

Doppelstrangbruchs einfügt. Diese Mutationen können zur Genausschaltung führen. 

Alternativ kann bei der homologen Rekombination ein homologes DNS Molekül als 

Reparaturmatrize für eine konservative Reparatur genutzt werden. Dieser Mechanismus kann 

durch die Hinzugabe einer künstlichen Reparaturmatrize zur Einfügung fremder DNS in einen 

Organismus ausgenutzt werden. Diesen Vorgang, der sehr präzise Genommodifikationen 

Jedoch -Frequenzen sehr 

niedrig und eine Optimierung der Reparaturmatrizenbereitstellung ist nötig. 

In dieser Doktorarbeit wurde das Gen für den Hauptregulator der Trichomentstehung, 

GLABROUS1 (GL1), als visueller Marker für erfolgreiche Genveränderungen durch das 

CRISPR/Cas9-System etabliert. Die Bildung von Trichomen kann so zum direkten Auslesen 

von Cas9-induzierten Mutationen genutzt werden. Um das GL1 Gen zu mutieren, wurde ein 

generisch nutzbares Vektorsystem etabliert, welches die einfache Klonierung jeder 

Zielsequenz ermöglicht. Außerdem wurde das GL1 Gen als Marker genutzt, ene 

-Methoden zu vergleichen. Hierbei konnten mit Hilfe der in planta gene 

targeting -Methode -Ereignisse in Arabidopsis generiert werden. 

Manipulationen von Pflanzengenomen durch Methoden wie das CRISPR/Cas9-System sind 

in Zeiten einer wachsenden Weltbevölkerung wichtig, um hocheffiziente Nutzpflanzen zu 

erzeugen. Pflanzen nutzen die Photosynthese um CO2 in Biomasse umzusetzen. Dieser 

Prozess kann jedoch noch optimiert werden: Um die unvermeidbare O2-Fixierung während 

der Photosynthese auszugleichen, nutzen Pflanzen die Photorespiration. Diese ist ein 

attraktives Ziel zur Optimierung, da hierbei CO2 freigesetzt und ATP verbraucht wird. C2-

Pflanzen nutzen die Photorespiration als effiziente CO2-Pumpe durch 

bündelscheidenzellspezifische Expression des GLYCINE DECARBOXYLASE P-PROTEIN, 

wodurch die negativen Effekte der Photorespiration minimiert werden. Deshalb ist das 
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Einführen dieser Pumpe in C3-Pflanzen, die die Mehrzahl der heutigen Nutzpflanzen bilden, 

von großem Interesse. 

In dieser Arbeit wurde der Promoter des GLYCINE DECARBOXYLASE P-PROTEIN1-Gens 

von Arabidopsis durch das CRISPR/Cas9-System modifiziert, um dieses Gen spezifisch in 

Bündelscheidenzellen zu exprimieren. Die erzeugten Mutanten akkumulierten Glycin und 

waren leicht wachstumsverzögert. Die in dieser Arbeit präsentierten Daten können als 

Ausgangspunkt für eine weiterführende Charakterisierung der Mutanten genutzt werden. 

Außerdem zeigen sie einen vielversprechenden Weg auf, die Photorespiration zu verbessern. 
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AIM OF THE THESIS 

Targeted genome modifications are helpful to design high yielding crop varieties but also 

valuable for basic research. The CRISPR/Cas9 system has revolutionized the field of genome 

editing and opened manifold new possibilities for plant scientists to manipulate the genome in 

a targeted manner. A small, programmable guide RNA is used to target the bacterial Cas9 

nuclease to any genomic region of choice for introduction of double strand breaks (Jinek et 

al., 2012). The internal double strand break repair machinery of the plant cell is exploited to 

introduce mutations at the target locus. These changes can range from small indel mutations 

due to error-prone non-homologous end joining repair to integration of new genomic 

sequences by gene targeting (Pacher and Puchta, 2017). Optimization of the CRISPR/Cas9 

system for biotechnological use is ongoing and new applications occur frequently. However, 

non-destructive endogenous visual markers to establish these new techniques in plants are 

scarce.  

The aim of this thesis was to establish the trichome master regulator GLABROUS1 as an 

efficient visual marker for tracking of Cas9-induced mutations in Arabidopsis thaliana. 

Therefore, a generic vector system for targeted gene knockouts in Arabidopsis using the 

CRISPR/Cas9 system from S. pyogenes had to be developed (Manuscript I and II). In a 

second step (Manuscript III), the GLABROUS1 marker was used for evaluation of two 

previously described gene targeting systems (Baltes et al., 2014; Schiml et al., 2014). The 

final project (Manuscript IV) was the transfer of the knowledge gained from these 

experiments to a biological problem, namely studying the effects of Cas9-induced 

modifications in the Arabidopsis thaliana GLYCINE DECARBOXYLASE P-PROTEIN1 

promoter. 
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Schiml, S., Fauser, F., and Puchta, H. (2014). The CRISPR/Cas system can be used as 
nuclease for in planta gene targeting and as paired nickases for directed mutagenesis in 
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CONCLUDING REMARKS 

At the beginning of this PhD thesis, the CRISPR/Cas9 system had just started to emerge as the new 

gold standard of genome editing tools. Only few reports on successful Cas9-based gene editing in 

plants were published (reviewed in Belhaj et al., 2013) and the inheritance efficiency of generated 

mutations was not reported. This thesis therefore aimed at establishing a visual marker system to 

evaluate and track CRISPR/Cas9-mediated genomic modifications in the model plant Arabidopsis 

thaliana.  

In the study that is summarized in Manuscript I, two alternative visual markers were compared in 

Arabidopsis. The BIALAPHOS RESISTANCE gene, which confers resistance to the herbicide 

glufosinate, did not provide an efficient marker for regeneration of stable mutants. In contrast, this 

thesis established the GLABROUS1 gene as marker for successful genome editing. Using trichome 

formation as direct read-out for Cas9-induced mutations, T-DNA free knockout mutants were 

recovered, which transferred the mutations in progeny generations (Hahn et al., 2017b). Following 

up that work, we published a detailed cloning strategy for a Cas9-knockout vector system as well 

as a description to detect targeted mutations in planta (Manuscript II; Hahn et al., 2017a).  

While reports of gene knockouts using CRISPR/Cas9 became more and more frequent in the 

following years, the introduction of foreign genes into Cas9-induced double-strand breaks 

remained challenging. This was mainly caused by the intrinsically low frequency of homologous 

recombination in plant cells (Puchta, 2005). However, two methods were described to enhance 

frequencies of gene targeting, one employing viral replicons (Baltes et al., 2014), the other one 

(called in planta gene targeting) using template mobilization by Cas9 (Schiml et al., 2014). In this 

thesis, both approaches were tested in Arabidopsis by targeting a defective glabrous1 gene and 

using trichome formation as read-out for successful gene targeting. Stable gene targeting events 

were generated using the in planta gene targeting approach, underpinning the high potential of this 

technique. This work was summarized in Manuscript III that was recently submitted to Frontiers 

in Plant Science (Hahn et al., 2018). 

Last, this thesis applied the CRISPR/Cas9 system to a biological problem. Yields of C3 plants are 

highly affected by photorespiration (Walker et al., 2016). This essential, but wasteful salvage 

pathway detoxifies 2-phophoglycolate, a product of the oxygenation reaction of RuBisCO. In this 

process, glycine is decarboxylated by the GLYCINE DECARBOXYLASE system, leading to a 
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net loss of CO2 (reviewed in Peterhansel et al., 2010). Manuscript IV describes Cas9-induced 

changes in the promoter region of the Arabidopsis GLYCINE DECARBOXYLASE P-PROTEIN1 to 

restrict GLYCINE DECARBOXYLASE activity to the bundle sheath cells. Even though further 

experiments are necessary to quantify how much the promoter editing has effectively restricted the 

expression of this protein to the bundle sheath cells, the presented strategies provide promising 

blueprints for similar approaches in crop plants. 
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