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Preface

PREFACE

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 Cz 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:

Manuscript I, entitled “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
GLABROUSI. GLABROUSI is established as visual marker for assessing and optimizing
Cas9-mediated gene-editing in Arabidopsis (Hahn et al., 2017b).

Manuscript II, entitled “Generation of Targeted Knockout Mutants in Arabidopsis thaliana
Using CRISPR/Cas9” was published in Bio-Protocol. It presents a detailed cloning strategy for
generation of knockout constructs and describes methods to detect Cas9-induced mutations

(Hahn et al., 2017a).

Manuscript 111, entitled “Homology-directed repair of a defective glabrous gene in Arabidopsis
with Cas9-based gene targeting” describes the comparison of two gene targeting approaches by
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).

Manuscript IV, entitled “Towards establishment of a photorespiratory CO> pump in
Arabidopsis thaliana using CRISPR/Cas9-mediated modifications of the GLYCINE
DECARBOXYLASE P-PROTEIN promoter” describes the application of the CRISPR/Cas9
system for targeted modification of the promoter of the GLYCINE DECARBOXYLASE P-
PROTEINI 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.



Summary

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 GLABROUSI1 (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 GLI gene, a generic
vector system was established, which allows easy cloning of any target sequence. Finally, the
GLI 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 CO: into biomass. This process still harbors
potential for optimization. More precisely, photorespiration, which is a salvage pathway for
unavoidable O fixation during photosynthesis, is an attractive target for optimization as it
releases previously fixed CO; and consumes ATP. C> 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 plants, which represent the majority of today’s crop plants, is
therefore of interest.

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



Zusammenfassung

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

Genverinderung und wird seit seiner Entdeckung vor einigen Jahren zunehmend in Pflanzen
und anderen Organismen angewandt. Die Verdanderung der genetischen Sequenz basiert auf
der gezielten Einfilhrung von DNS-Doppelstrangbriichen durch die Aktivitit der Cas9
Nuklease und der anschlieBenden Reparatur durch die DNS-Reparaturmaschinerie der Zelle.
Doppelstrangbriiche konnen durch den fehleranfdlligen ,,non-homologous end joining‘-
Mechanismus repariert werden, der jedoch oft kleine InDel-Mutationen an dem Ort des
Doppelstrangbruchs einfiigt. Diese Mutationen koénnen zur Genausschaltung fiihren.
Alternativ kann bei der homologen Rekombination ein homologes DNS Molekiil als
Reparaturmatrize fiir eine konservative Reparatur genutzt werden. Dieser Mechanismus kann
durch die Hinzugabe einer kiinstlichen Reparaturmatrize zur Einfiigung fremder DNS in einen
Organismus ausgenutzt werden. Diesen Vorgang, der sehr prizise Genommodifikationen
erlaubt, nennt man ,,Gene targeting®. Jedoch sind die ,,Gene targeting“-Frequenzen sehr
niedrig und eine Optimierung der Reparaturmatrizenbereitstellung ist notig.

In dieser Doktorarbeit wurde das Gen fiir den Hauptregulator der Trichomentstehung,
GLABROUSI1 (GL1), als visueller Marker fiir erfolgreiche Genveridnderungen durch das
CRISPR/Cas9-System etabliert. Die Bildung von Trichomen kann so zum direkten Auslesen
von Cas9-induzierten Mutationen genutzt werden. Um das GL/ Gen zu mutieren, wurde ein
generisch nutzbares Vektorsystem etabliert, welches die einfache Klonierung jeder
Zielsequenz ermoglicht. Auerdem wurde das GLI Gen als Marker genutzt, um zwei ,,Gene
targeting“-Methoden zu vergleichen. Hierbei konnten mit Hilfe der ,,in planta gene
targeting*-Methode stabile ,,Gene targeting*“-Ereignisse in Arabidopsis generiert werden.
Manipulationen von Pflanzengenomen durch Methoden wie das CRISPR/Cas9-System sind
in Zeiten einer wachsenden Weltbevolkerung wichtig, um hocheffiziente Nutzpflanzen zu
erzeugen. Pflanzen nutzen die Photosynthese um CO: in Biomasse umzusetzen. Dieser
Prozess kann jedoch noch optimiert werden: Um die unvermeidbare O»-Fixierung wihrend
der Photosynthese auszugleichen, nutzen Pflanzen die Photorespiration. Diese ist ein
attraktives Ziel zur Optimierung, da hierbei CO; freigesetzt und ATP verbraucht wird. C,-
Pflanzen = nutzen  die  Photorespiration  als  effiziente = COz-Pumpe  durch
biindelscheidenzellspezifische Expression des GLYCINE DECARBOXYLASE P-PROTEIN,

wodurch die negativen Effekte der Photorespiration minimiert werden. Deshalb ist das
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Einfiihren dieser Pumpe in Csz-Pflanzen, die die Mehrzahl der heutigen Nutzpflanzen bilden,
von grolem Interesse.

In dieser Arbeit wurde der Promoter des GLYCINE DECARBOXYLASE P-PROTEINI1-Gens
von Arabidopsis durch das CRISPR/Cas9-System modifiziert, um dieses Gen spezifisch in
Biindelscheidenzellen zu exprimieren. Die erzeugten Mutanten akkumulierten Glycin und
waren leicht wachstumsverzogert. Die in dieser Arbeit prisentierten Daten konnen als
Ausgangspunkt fiir eine weiterfiihrende Charakterisierung der Mutanten genutzt werden.

AuBerdem zeigen sie einen vielversprechenden Weg auf, die Photorespiration zu verbessern.



Introduction

INTRODUCTION

A growing world population benefits from improvements in crop yield
potential

A growing world population requires a constant increase in crop production. By 2050, today’s
crop yields have to double to meet the demands for calories and biofuel production, which
translate into an annual yield increase of 2.4 %. However, yield increases in major crop plants are
far below this threshold in many countries (Ray et al., 2013). Increasing the amount of arable
land is one possible solution but involves high environmental costs. Additionally, climate change
might actually lower the areas of arable land (Hertel, 2011). A better use of available calories by
focusing on plant-based diets is desirable but meat consumption is projected to increase
(OECD/FAOQO, 2017). Therefore, increasing the yield potential, meaning the possible yields per
hectare farmland of a given crop, is necessary. Yield potential is based on several factors (Zhu et
al., 2010). First, the amount of solar radiation, which reaches the plants, second, the interception
capacities of the plant for this radiation, third, the efficiency of the plant to convert the radiation
energy into biomass, and fourth, the partitioning of this biomass into harvested plant parts
(harvest index). While breeders and plant scientists have improved interception capacities and
harvest index close to a theoretical maximum, large improvements are still possible for a more
efficient conversion of sunlight into biomass (Long et al., 2015). The major determinant for
conversion efficiencies is photosynthesis, which allows the production of carbohydrates from
CO; and water using solar energy. Understanding and optimizing this process is therefore of high

importance.

Photosynthetic efficiencies are lowered by photorespiration, an essential, but

wasteful metabolic pathway

Photosynthesis is a two-step process. In the light reactions, light energy is used to transfer
electrons between the two photosystems, which ultimately leads to reduction of NADP" and
generation of ATP. ATP and NADPH then power the assimilation of CO> in the following
Calvin-Benson cycle (CBC) to generate carbohydrates (Johnson, 2016). The hallmark enzyme of
this process, RIBULOSE-1,5-BISPHOSPATE CARBOXYLASE/OXYGENASE (RuBisCO),
carboxylates ribulose-1,5-bisphosphate (RuBP) yielding two molecules of 3-phosphoglycerate (3-
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PGA). However, in about 2 of 7 reactions (Sharkey, 1988; Walker et al., 2016), RuBisCO also
catalyzes the addition of atmospheric O to RuBP, leading to generation of one molecule 3-PGA
and one molecule of the dead-end metabolite 2-phosphoglycolate (2-PG). 2-PG and its
derivatives glyoxylate and glycerate are known inhibitors of enzymes of the CBC and other
central carbon pathways, such as PHOSPHOFRUCTOKINASE, FRUCTOSE-1,6-
BISPHOSPHATASE, TRIOSE-PHOSPHATE-ISOMERASE and the RuBisCO activation
machinery (Kelly and Latzko, 1976; Campbell and Ogren, 1990; Schimkat et al., 1990; Norman
and Colman, 1991). Therefore, 2-PG is recycled to 3-PGA via a complex salvage pathway
including nine core enzymes and spanning chloroplasts, mitochondria, peroxisomes and the
cytosol (Peterhansel et al., 2010). This pathway is called photorespiration (PR) or oxidative C»
cycle. PR allows photosynthesis in an oxygen-containing environment and is therefore essential
for all oxygenic photosynthetic organisms (Eisenhut et al., 2008; Bauwe, 2010; Rademacher et
al., 2016). PR is also assumed to play a role in photoprotection under high light and drought
stress, as it reoxidizes electron acceptors of the photosynthetic electron transport chain (Kozaki
and Takeba, 1996; Guan et al., 2004; Bai et al., 2008; Lima Neto et al., 2017). Additionally, a
positive correlation between photorespiration and nitrogen uptake was detected in wheat and
Arabidopsis (Rachmilevitch et al., 2004; Bloom et al., 2010). However, PR is also a highly
wasteful process, as it releases previously fixed CO2 and NH3, which must be reassimilated. This
leads to a high investment of reducing equivalents and ATP (12.25 ATP per oxygenation
reaction, Peterhansel et al., 2010). PR represents the second highest flux of metabolites in plants
directly after photosynthesis. The wasteful nature of this process imposes therefore economical
damage to farmers as shown by calculation of US wheat and soybean productions. Here, a
decrease in production by 20% and 36%, respectively, can be accounted by PR, translating in a
loss of 148 trillion calories. Even slight reductions in photorespiratory losses of 5% by enhancing
the PR efficiency would therefore lead to an increase in wheat and soybean yield worth 540
million international dollars in the US alone (Walker et al., 2016). This underlines that PR is a

major target for crop improvement.

The glycine decarboxylase system is the central enzyme of photorespiration

The photorespiratory pathway in plants (Fig. 1) starts with the hydrolyzation of 2-PG to glycolate
by 2-PHOSPHOGLYCOLATE PHOSPHATASE in the chloroplasts (Somerville and Ogren,

1979; Schwarte and Bauwe, 2007). Glycolate is shuttled to the peroxisomes, where it is converted
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by GLYCOLATE OXIDASE to glyoxylate. This reaction releases H>O» that is detoxified by
peroxisomal CATALASE2  (Queval et al, 2007; Dellero et al, 2016).
GLUTAMATE:GLYOXYLATE AMINOTRANSFERASE transaminates glyoxylate to glycine,
which is transported into the mitochondria (Igarashi et al., 2003). Here, the combined activity of
the multienzyme system GLYCINE DECARBOXYLASE (GDC) combined with SERINE
HYDROXYMETHYLTRANSFERASE (SHMT) converts two molecules of glycine into one
molecule of serine, thereby releasing NHz and CO, (Voll et al., 2006; Engel et al., 2007, 2011).
NH3 is reassimilated to glutamate in the chloroplast by the concerted action of GLUTAMINE
SYNTHETASE and FERREDOXIN-DEPENDENT GLUTAMINE:OXOGLUTARATE
AMINOTRANSFERASE (Keys, 2006). Serine is shuttled back to the peroxisomes, where it is
deaminated by SERINE:GLYOXYLATE AMINOTRANSFERASE, yielding one molecule 3-
hydroxypyruvate and one molecule of glycine. Glycine is shuttled back to the mitochondria to
fuel the GDC/SHMT reaction (Liepman and Olsen, 2001). 3-Hydroxypyruvate is reduced to
glycerate by a cytosolic or peroxisomal 3-HYDROXYPYRUVATE REDUCTASE (Givan and
Kleczkowski, 1992; Timm et al., 2008). The last step of PR takes place in the chloroplast, where
glycerate is phosphorylated by D-GLYCERATE 3-KINASE to 3-phosphoglycerate, which can
reenter the CBC (Boldt et al., 2005). Next to these core enzymes, PR also requires many transport

proteins of which only a few are characterized so far (Eisenhut et al., 2013; Pick et al., 2013).
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SHMT, SERINE HYDROXYMETHYLTRANSFERASE. Cytosolic HPR2 is not depicted.
Figure modified from Hagemann and Bauwe (2016).

The GDC has a central role in photorespiration, as it is responsible for CO; loss and the release of
NHs. However, the GDC/SHMT system must be involved in further metabolic pathways as
knockout mutants of the GDC/SHMT system are the only photorespiratory mutants that are lethal
even under non-photorespiratory conditions (Engel et al., 2007, 2011; Timm and Bauwe, 2013;
Timm et al., 2017). This is mainly due to the provision of important metabolites by GDC, such as
glycine and serine, which are necessary for protein biosynthesis, phospholipid generation and
purine generation (Mouillon et al., 1999). Furthermore, the two proteins are key player of the C;
metabolism, as they provide one-carbon units in form of 5,10-methylene-tetrahydrofolate, which
are necessary for basic cellular processes such as protein synthesis and nucleic acid synthesis
(Hanson and Roje, 2001). This additional role next to photorespiration is the major reason that
the GDC is not only found in phototropic organisms but essentially in all eukaryotes and also
bacteria (Schulze et al., 2016). The GDC consists of four different subunits, namely the H-
protein, the L-Protein, the T-protein, and the P-protein in a subunit stoichiometry of 27:2:9:4,
respectively. Interaction studies suggested that the H-protein forms the central core of the system,
with the other subunits solely binding to it. This complex is very fragile and only stable due to the
very high concentrations of the subunits as found in the mitochondrial matrix of leaves, where it
comprises about 1/3 of the soluble mitochondrial matrix proteins (Oliver et al., 1990). This high
abundance of the protein allows the plant to react immediately to higher photorespiratory fluxes,
e.g. caused by stomata closure during drought stress, and avoids therefore toxic glycine
accumulation (Heineke et al., 2001; Eisenhut et al., 2007). The reaction scheme of the GDC is
depictured in Fig. 2. Glycine binds to the homodimeric P-protein (GLDP) of GDC by forming a
Schiff base with pyridoxal phosphate, the prosthetic group of GLDP. Decarboxylation by GLDP
leads to a release of CO». The H-Protein (GLDH) contains a covalently bound lipoate group and
acts as a shuttle between the other subunits of GDC. The methylamine, which is generated by
decarboxylation of the glycine can bind to the distal sulfur residue of the GLDH lipoate. GLDH
stabilizes the NH3" -residue of the methylamine by interaction with various amino acid residues
to avoid non-enzymatic release of NH3 and formaldehyde (Pares et al., 1994). The protective
interaction is disturbed by the T-Protein (GLDT). This leads to a release of the methylamine and
is accompanied by a nucleophilic attack by tetrahydrofolate (THF), the cofactor of GLDT, to the
methyl residue (Guilhaudis et al., 2000; Douce et al., 2001). This step releases NH3, which is

10
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refixated in the chloroplasts, and provides methylene-THF for the formation of serine by SHMT.
The homodimeric L-protein (GLDL) is a dihydrolipoamide dehydrogenase and part of various
multienzyme complexes, such as pyruvate dehydrogenase. It contains a tightly bound FAD
cofactor as well as a redox disulfide. This enables the transfer of electrons from the lipoate group
of GLDH to NAD", thereby reoxidizing the lipoate group for a new round of glycine
decarboxylation (Bourguignon et al., 1992, 1996; Douce et al., 2001). Reoxidation of NADH
might then be mediated by the mitochondrial electron chain or by the HPR proteins after export
from the mitochondria (Douce et al., 2001; Bykova et al., 2005).

SH-CH,NH;* Nf3 er COO-
G5 > CH,— THF ~N H— (I?—CHZ— OH
4
T o oo
%nz THF <« ~ CH,
Gly Gly

NADH + H* NAD*

Figure 2: Reaction scheme of GDC/SHMT. Gly: Glycine; H: H-protein; L: L-Protein; P: P-
Protein; S: SERINE HYDROXYMETHYLTRANSFERASE; Ser: Serine; T: T-Protein; THF:
Tetrahydrofolate. Figure adapted from Engel (2010) and Hasse et al. (2013).

Carbon losses from photorespiration can be reduced by carbon concentrating

mechanisms

The wasteful photorespiratory pathway limits the photosynthetic capacity of plants. Therefore,
plants have evolved mechanisms to concentrate CO> within their cells to suppress the initial
oxygenation reaction of RuBisCO. Some Cs plants, such as rice, show specific subcellular
localizations of their organelles with their chloroplasts forming a continuous layer around the
outer periphery of the mesophyll cells. Additional chloroplastidic extrusions allow trapping of
COz, which is released by GDC activity in mitochondria in the inner regions of the cell (Sage and
Sage, 2009; Sage and Khoshravesh, 2016; Stata et al., 2016). In some tissues, such as woody

stems or green fruits, respiratory CO; is trapped to high concentrations (>1,000 ppm) due to lack
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of stomata and diffusional barriers and can be efficiently fixed by chloroplasts (Sage and
Khoshravesh, 2016).

Next to these passive CO2 concentrating mechanisms (CCM), evolution of the active CCM Csy
photosynthesis 25-30 Mya allowed adaption to a drastic decrease in atmospheric CO> levels and
climate condition changes favoring dry environments (Sage et al., 2012). The term C4
photosynthesis describes a number of different pathways, which share a primary CO; fixation
step by hydration of CO> to HCO3™ and subsequent fixation by PHOSPHOENOLPYRUVATE
CARBOXYLASE (PEPC) into the four-carbon compound oxaloacetate (Sage et al., 2012). In
most Cs plants, primary CO; fixation by PEPC takes place in the mesophyll cells (M cells).
Oxaloacetate is then converted to malate or aspartate and transferred to the bundle sheath cells
(BS cells). In the BS cells, a decarboxylation step releases CO> and the resulting three-carbon
compound is shuttled back to the M cells (Fig. 3). The concerted decarboxylation within the BS
cells leads to a 10- to 30-fold enrichment of CO: in these cells (Sage, 2013). As RuBisCO activity
is restricted to BS cells in Cs4 plants, its oxygenation reaction is repressed and PR highly reduced
compared to C4 plants. Under hot and dry conditions, the lowered costs of PR compensate for the
enhanced ATP consumption of the C4 pathway due to PEP regeneration (Sage, 2004; Slack and
Hatch, 1967). This translates into 40-50 % higher growth rates of C4 crops compared to C3 crops
(Monteith, 1978). Engineering the Cs pathway into Cs crops is therefore a possible way for
generating yield increases (Hibberd et al., 2008). Understanding the distinct steps that led to the
evolution of C4 photosynthesis is therefore crucial.

Studying C3-C4 intermediate plants as found in the genus Flaveria and Cleome amongst others
allowed the assignment of distinct steps, which are necessary to integrate a Cs cycle (Sage, 2004;
Sage et al., 2012, 2014). Next to anatomical changes to increase vein density and BS cells size,
the initial biochemical change towards Cs photosynthesis was the establishment of a
photorespiratory glycine shuttle (Fig. 3; Sage, 2004; Heckmann et al., 2013; Mallmann et al.,
2014). By a relative simple relocation of a single protein, plants could turn the wasteful
photorespiratory process into an efficient carbon pump: Plants employing this preliminary CCM
lost the GDC activity in the M cells and show BS cells specific expression of GLDP and partly
also the other components of the glycine cleavage system (Schulze et al., 2016). During
photorespiration, glycine, produced in the M cells, needs to diffuse to BS cells to complete the
photorespiratory cycle (Hylton et al., 1988; Rawsthorne et al., 1988). Restricted decarboxylation

of glycine in the BS cells leads to a 3-fold enhancement of CO> concentration in plastids of leaf
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cells of Cz plants compared to Cs plants (Keerberg et al., 2014). This suppresses the oxygenation
reaction of RuBisCO in these cells, leading to more effective photosynthesis under
photorespiration-promoting conditions as shown by lowered CO> compensation points compared

to Cs plants (Vogan and Sage, 2012).
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Figure 3: Comparison of carbon fixation mechanisms in C;, C;, and C4 plants. Top: C3
plants have a fully functional CBC and photorespiratory cycle in M cells and BS cells. Middle:
C> plants have lost GDC activity in M cells, photorespiratory glycine accumulates and diffuses to
BS cells where decarboxylation leads to CO: enrichment. This suppresses the oxygenation
reaction of RuBisCO in BS cells. Bottom: C4 plants (here NADP-ME subtype) fix CO; in the M
cells via PEPC, the resulting Cy4 acid is shuttled to BS cells where decarboxylation leads to an
enrichment of CO». Only the BS cells harbor a fully functional CBC. 2-PG: 2-phosphoglycolate;
3-PGA: 3-phosphoglycerate; GDC: GLYCINE DECARBOXYLASE; NADP-ME: NADP-
MALIC ENZYME; PEPC: PHOSPHOENOLPYRUVATE-CARBOXYLASE; RuBisCO:
RIBULOSE-1,5-BISPHOSPHATE CARBOXYLASE/OXYGENASE; RuBP: Ribulose-1,5-
bisphosphate.
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In the GDC reaction, two molecules of M cell-derived glycine are converted into one molecule of
serine, which is shuttled back to the BS cells. This leads to a nitrogen imbalance between M cells
and BS cells that needs to be rebalanced. Modelling results indicate that the energetically most
favorable N-rebalancing pathways highly resemble basic Cs cycles. This implies a high
evolutionary pressure towards C4 PS in these intermediate plants (Heckmann et al., 2013;
Mallmann et al., 2014; Schliiter and Weber, 2016). Still, numerous species (e.g. in the genera
Moricandia and Diplotaxis) have been detected, which employ the glycine shuttle but are not
related to Cs4 species, indicating that the glycine shuttle is not always an intermediate step towards
Cs4 photosynthesis but can already be advantageous on its own. As the two-carbon compound 2-
PG is the primary product of the photorespiratory cycle, the name C; photosynthesis has been
established recently to describe this CCM (Vogan et al., 2007). To date, 40 species in 21 lineages
have been described as C; plants, which is far below the number of known C4 species (~8100).
This can partially be explained by the reason that detection of C> photosynthesis is more difficult
than C4 photosynthesis. Rapid carbon isotope screens, which are typically used to identify Cy
plants, allow large-scale screens of photosynthetic properties, but are not amenable for detection
of C, plants. Additionally, the evolutionary pressure towards Cs photosynthesis might explain the
low abundance of C, plants (Vogan and Sage, 2012; Sage, 2017). Next to the
compartmentalization of GDC activity, most C> species share common physiological features,
such as decreased M cell layers between veins and enlarged BS cells with larger and/or more
mitochondria. Additionally, the mitochondria are in close association with chloroplasts. C»
photosynthesis can thereby refix up to 90% of the photorespiratory CO, (Sage et al., 2012).This
allows the plants to move to warmer areas than their C; relatives as well as to areas with
elongated periods of drought (Lundgren and Christin, 2017).

C2 and C4 photosynthesis recruit genes, which are already present in C; plants albeit with
different expression patterns or strength (Aubry et al., 2011). A full C4 cycle requires differential
regulation of up to several thousands of genes (Brautigam et al., 2011; Gowik et al., 2011;
Lauterbach et al., 2017). Compared to a full Cs cycle, the C> photorespiratory pump requires less
transcriptional changes and might be easier to implement into C; plants like Arabidopsis or major
crop plants. Deciphering the detailed mechanisms underlying the path to C, photosynthesis is
therefore of high biotechnological interest (Winzer et al., 2001; Bauwe and Kolukisaoglu, 2003;
Engel, 2010; Lin et al., 2016; Schulze et al., 2016; Schliiter et al., 2017).
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Variations in cis-regulatory elements in the GLDP promoter explain evolution

of C; photosynthesis

Understanding the regulatory elements that lead to a BS cell specific accumulation of the GDC is
crucial as this is the driving force of Cz photosynthesis. Cell specific accumulation of proteins can
be mediated on transcript level by cis-elements and frans-factors but also via posttranscriptional
processes or changes in translation efficiencies (Hibberd and Covshoff, 2010). Detailed promoter
studies from differentially expressed C4 genes revealed diverse regulatory elements within all
segments of genes, namely in the promoter regions (Gowik et al., 2004; Akyildiz et al., 2007,
Engelmann et al., 2008; Wiludda et al., 2012; Adwy et al., 2015; Gowik et al., 2017), the
untranslated regions (Kajala et al., 2012; Williams et al., 2016), or the exons (Brown et al., 2011).
Detailed studies have assessed the influence of promoter elements for BS cell specific expression
of GLDP, the decarboxylating enzyme of GDC. The GLDPA promoter of the C4 plant Flaveria
trinervia shows a complex interplay of transcriptional and posttranscriptional regulation. It
consists of a tandem promoter with a strong general leaf promoter element at the distal region of
the promoter and a weak BS cells/vasculature specific promoter element proximal to the coding
region. Expression strength of the BS cell specific promoter element is however increased by
transcriptional enhancer modules in other regions of the promoter. In contrast, the activity of the
unspecific distal promoter is mostly repressed post-transcriptionally by triggering of nonsense-
mediated RNA decay due to inefficient splicing sites and upstream open reading frames within
the transcript. An additional layer of repression might be present due to sterical hindrance of the
transcription machinery by polymerases binding to the proximal promoter. This leads to a
dominant occurrence of FtGLDPA transcripts in BS cells with leaky expression in M cells to fuel
Ci metabolism (Engelmann et al., 2008; Wiludda et al.,, 2012). Interestingly, the complex
regulatory system of the FtGLDPA promoter is also recognized in C; plants as shown in
transgenic Arabidopsis plants (Engelmann et al., 2008). It was demonstrated that the C3 species
Flaveria robusta and Flaveria pringlei already contain the BS cell specific expressed GLDPA
next to a general chlorenchyma specific GLDPB. Gradual upregulation of GLDPA and
simultaneous downregulation of GLDPB led finally to the establishment of a glycine shuttle
(Schulze et al., 2013).

The Cs plant Arabidopsis thaliana contains two copies of GLDP, AtGLDPI and AtTGLDP2. In

contrast to the GLDPA gene from Flaveria, both are ubiquitously expressed in all plant tissues
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(Adwy et al., 2015). Detailed promoter analyses revealed two distinct motives in the AtGLDP
promoters, which are highly conserved within the Brassicaceae. The V-Box confers expression
in vasculature and bundle sheath cells, the M-Box confers expression in mesophyll cells.
Interestingly, the C, Brassicaceae Moricandia nitens, which shows a BS cell specific expression
of GLDP, lacks the M-Box motif in the GLDP promoter (Rawsthorne et al., 1998; Adwy et al.,
2015). Additionally, phylogenetic analyses revealed that all Moricandia species lost the GLDP2
copy during evolution (Schliiter et al., 2017). Therefore, establishment of C, photosynthesis in
Brassicaceae probably was preceded by loss of one ubiquitously expressed GLDP copy and then
enforced by deletion of the M-Box motif in the promoter of the other GLDP copy (Schliiter et al.,
2017).

Both examples for cell-type specific expression of GLDP provide simple mechanisms towards
first steps of establishing a photorespiratory pump in Cs plants, either by transferring a BS cell
specific promoter from a Cz plant into a Cs plant or by deleting a cis-element in the endogenous
promoter. However, traditional breeding methods cannot introduce such precise changes.

Therefore, more specific methods are necessary to achieve these genomic modifications.

Establishment of new methods is necessary for targeted genomic modifications
Increasing genetic variation in plant genomes by induction of mutations is a key concept for
introduction of beneficial traits that cannot be introgressed by breeding. Early methods to
manipulate plant genomes included physical mutagenesis by ionizing radiation, chemical
mutagenesis by alkylating agents, such as ethyl methanesulfonate, but also introduction of
mutations and new genes via biological methods such as T-DNAs or transposons. However, the
mutagenic outcome of all these techniques is random and often induces manifold mutations that
have to be removed by backcrossing (Arora and Narula, 2017). One major source for mutations
in genomes are double-strand breaks (DSB). DSB are highly problematic for cells as large
chromosomal fragments can be lost during the division process (Waterworth et al., 2011). All
living organisms have therefore evolved sophisticated repair mechanisms for DSB. Two major
repair mechanisms compete in plant cells for repair of DSB: the non-homologous end joining
pathway (NHEJ) induces direct relegation of the DNA ends while homologous recombination
(HR) depends on the presence of homologous sequences, which are used as template for repair of
the DSB. However, these repair pathways can also be exploited to introduce targeted changes at

the DSB site (Pacher and Puchta, 2017). To allow efficient and specific modifications of
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genomes, two concepts need to be mastered: Understanding the mechanisms underlying DSB

repair pathways and targeted introduction of DSB in the DNA.

DNA double strand break are repaired by two distinct repair pathways, which

can be exploited for mutagenesis

DSB are detected by the MRE11-RADS50-NBS1 (MRN) complex. This complex then recruits the
protein kinase ATAXIA TELANGIECTASIA MUTATED, which activates downstream proteins
involved in cell cycle arrest and DNA repair (Mannuss et al., 2012; Manova and Gruszka, 2015).
The most common repair pathway in somatic cells of higher eukaryotes is NHEJ (Sargent et al.,
1997; Puchta, 2005). Understanding the repair pathways in plant somatic cells is crucial, as plant
germline cells arise from somatic cells in the meristem, so mutations in these somatic cells can
also be passed on to the progeny (Walbot, 1996; Puchta, 2005). In the classical NHEJ (¢cNHEJ)
pathway, the DSB ends are recognized by the ring-like KU70/KUS80 heterodimer which protects
the DNA against degradation and results in tethering of the free ends (Cary et al., 1997; Walker et
al., 2001). KU70/KUS80 recruit further proteins, which restore hydroxyl- and phosphogroups.
Religation of the DNA ends is then mediated by DNA LIGASE 4 (LIG4) and associated proteins
such as X-RAY REPAIR CROSS-COMPLEMENTING PROTEIN 4 (XRCC4, West et al., 2000;
Manova and Gruszka, 2015). Principally, NHEJ can join any given DNA ends irrespective of
their origin. Additionally, minimal processing of the DNA ends prior to ligation, which can
include removal and integration of nucleotides makes NHEJ an error-prone process (Fig. 4A),
which can result in random small insertion or deletion (indel) mutations at the DSB site
(Gorbunova and Levy, 1997; Salomon and Puchta, 1998; Dueva and Iliakis, 2013; Bétermier et
al., 2014; Fauser et al., 2014). These indel mutations can interrupt open reading frames and
knock-out gene functions (Pacher and Puchta, 2017). Next to the cNHEJ pathway, alternative
NHEJ (aNHEJ) pathways have been described, which are independent of the KU-heterodimer
and LIG4 but require other factors such as POLY (ADP-RIBOSE) POLYMERASE 1 (PARP1)
and XRCC1 (Dueva and Iliakis, 2013). A prominent example of these pathways employs small
microhomologies of 1-16 nucleotides for repair (Fig. 4B) and is therefore also called
microhomology-mediated end joining (MMEJ). Here, the DSB ends are recognized by PARP1,
which might hinder processing of the DSB via cNHEJ (Jia et al., 2013). In the following, the 5°-
ends of the DSB ends are trimmed by the MRN complex and other nucleases leading to ssDNA
overhangs. Microhomologies within the ssDNA ends anneal and the remaining ssDNA regions
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are filled up by polymerases. The 3’-flaps are removed by exonucleases. LIG1 or LIG3 ligates
the break ends in mammals (the corresponding plant ligase is still uncharacterized) with the help
of the scaffolding protein XRCC1 (Charbonnel et al., 2010; Sfeir and Symington, 2015; Wang
and Xu, 2017). MMEJ creates large deletions and is therefore highly mutagenic (Puchta and
Fauser, 2014; Shen et al., 2016; Collonnier et al., 2017).

(A) (B)

I

c¢cNHEJ aNHEJ

Figure 4: NHEJ-mediated repair pathways in cells. (A) The classical NHEJ pathway induces
direct religation of DSB ends. Minimal processing prior to ligation results in small indel
mutations (red). (B) Microhomologies (blue) in the DSB ends induce alternative NHEJ pathways.
After resection of DSB ends, microhomologies can anneal. Trimming of free 3’-ends results in
loss of genetic information.

In contrast to NHEJ, HR occurs only rarely in plant somatic cells with only 1:10,000 DSB
repaired by HR using ectopic repair templates (Puchta, 1999). The two most prominent HR
pathways in somatic plant cells are the single-strand annealing pathway (SSA) and the synthesis-
dependent strand annealing pathway (SDSA, Puchta, 2005). All HR pathways start with resection
of the 5’-DNA ends, which is mediated by the MNR complex amongst others. The free ssDNA
ends are then coated by REPLICATION PROTEIN A (RPA), which prevents degradation and
hinders formation of secondary structures. RPA also prevents MMEJ mediated repair of the DSB.
RADIATION SENSITIVE 52 (RAD52), one of the hallmark enzymes for HR is then additionally
recruited to the nucleoprotein complex (Mortensen et al., 2009; Samach et al., 2011; Sfeir and
Symington, 2015; Manova and Gruszka, 2015). If the DSB occurs between large homologous
regions (> 30 nucleotides), e.g. in regions of gene duplications, SSA is the preferred HR pathway
(Fig. 5A). Homologous ssDNA ends can anneal. 3’-overhangs are trimmed by a RAD1/RAD10
heterodimer and the remaining gaps are filled by polymerases and sealed by LIG1 (Dubest et al.,
2002; Siebert and Puchta, 2002; Orel et al., 2003; Manova and Gruszka, 2015; Sfeir and
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Symington, 2015). The non-conservative SSA pathway resembles the MMEJ pathway as it also
generates large deletions and is highly mutagenic. In case of a lack of homologous ssDNA
sequences, the SDSA pathway is induced, which employs a homologous dsDNA molecule as
repair template (Fig. 5B). Therefore, REP52 mediates replacement of RPA with RADSI1
(Mortensen et al., 2009; Samach et al., 2011). RADS51-loaded 3’-ssDNA ends can then detect and
invade a homologous DNA template by replacing the second strand of the DNA template. This
generates a displacement loop (D-Loop) structure, which is stabilized by numerous enzymes
(Mannuss et al., 2012; Manova and Gruszka, 2015). The 3’-end is then elongated by polymerases
with the homologous DNA strand as template. If the 3’-end elongation proceeds up to the
homology of the other resected 3’-end (Fig. 5B, left), microhomology-based second end capture
allows annealing of both strands. This leads to a conservative repair with no sequence
information loss if a highly homologous sequence (e.g. a sister chromatid) is used as repair
template. SDSA also allows integration of foreign DNA in the DSB, if this DNA is flanked by
sequences of high homology to the DSB ends (Puchta and Fauser, 2014). This process is called
gene targeting (GT). GT is of high biotechnological interest as it allows targeted and precise
changes in the genome (Paszkowski et al., 1988; Puchta and Fauser, 2013). SDSA is based on
one-sided initiation of DSB repair by one of the two 3’-ends. Therefore, repair template
homology to one side of the DSB can be sufficient to initiate SDSA repair. However, the
elongated 3’-end will then lack homology to the other resected 3’-end and the two ends will
anneal via error-prone NHEJ. This also occurs if the elongation of the 3’-end stops before the
homology of the other 3’-end (Fig. 5B, middle) due to weak interaction between extended strand
and repair template strand (Puchta, 1998; Voytas, 2013; Manova and Gruszka, 2015). In contrast
to somatic cells, meiotic cells repair DSB mostly by the classical DSB repair model (DSBR)
pathway (Szostak et al., 1983; Osman et al., 2011). Here, following establishment of the D-loop,
both 3’-ends use homologous sequences of the donor template for elongation. This leads to the
formation of a double Holliday junction, which can be broken up by endonucleases, such as
GENI and SENDI (Bauknecht and Kobbe, 2014). Depending of the orientation of these
enzymes, dissolution of the double Holliday junction results in noncrossover events (Fig. 5B,
right) while resolution results in crossover events, which are important for genetic material
exchange between sister chromosomes during meiosis (Osman et al., 2011; Pacher and Puchta,

2017).
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Figure 5: Homologous recombination-mediated repair pathways. (A) In the non-conservative
SSA repair pathway, large microhomologies (blue) anneal after 5’-end resections. Trimming of
3’-ends results in loss of genetic information. (B) In the conservative HR pathways, following 5°-
end resections, one 3’-end can invade a homologous sequence, thereby forming a D-loop
structure. In the SDSA model, elongation of the 3’-end up to homologous regions of the other
3’end allows reannealing of both DSB ends via microhomology-based second end capture (left).
One-sided homologies or premature stop of elongation results in one-sided repair by HR while
the other end of the DSB is repaired by error-prone NHEJ (middle). In the DSBR model, both
3’ends use homologous sequences for elongation, leading to formation of a double Holliday
junction. Resolution of the double Holliday junction by endonucleases (green arrows) can lead to
non-crossover events (right) or cross-over events (not shown). Figure adapted from Pacher and
Puchta (2017).

In summary, both repair pathways for DSB allow the introduction of mutations into the plant
genome. For exploiting these pathways in genome editing, targeted introduction of DSB is

required.

Targeted introduction of double strand breaks via sequence specific nucleases

DSB of the DNA can be introduced enzymatically by endonucleases. Many endonucleases, such
as restriction enzymes, cut DNA sequence-specific. However, the target sites of these enzymes

usually consist only of few nucleotides, which does not allow specific cleavage of single sites in
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an average-sized genome. However, 35 years ago, Puchta and colleagues first used a yeast-
derived I-Scel meganuclease to introduce DSB in tobacco protoplasts and later plantlets (Puchta
et al., 1993, 1996) to study mechanisms of DSB repair. 1-Scel meganucleases reliably detect a
specific 18-mer sequence and can therefore be used to cleave genomic DNA at unique positions.
However, meganucleases do not allow targeting sequences of choice and the 18-mer sequence
has to be introduced artificially into the plant genome. Additionally, mutating meganucleases to
modify binding sites is challenging as the DNA-binding domains overlap with the nuclease
domain (Smith et al., 2006). In 1996, Kim et al. combined DNA binding zinc-fingers with
nuclease domains to develop Zinc-finger nucleases (ZFN). ZFN employ arrays of usually 3 to 4
zinc-fingers, each of which can detect a specific nucleotide triplet. The zinc-fingers domain is
coupled to a Fokl-nuclease domain. If a pair of ZFNs targets opposite DNA strands in close
proximity, the two Fokl domains dimerize and introduce a DSB in the DNA. However, context-
dependency of the recognition domains and overlapping specificities of the individual zinc-
fingers hindered efficient modular assembly of ZFN (Ramirez et al., 2008), which prevented
broad application of this technique. Transcription Activator-like Effector Nucleases (TALENS)
are also modular proteins consisting of an array of TALE proteins to target a genomic sequence,
fused to a Fokl-nuclease domain (Christian et al., 2010). TALEs bind DNA by 13-28 copies of a
33-35-amino-acid repeat. Every repeat region is largely conserved but contains two variable
amino acid residues at position 12 and 13, which recognize a target nucleotide (Boch et al., 2009;
Moscou and Bogdanove, 2009). Like ZFN, two TALENs are combined to target opposite DNA
strands to allow FokI-mediated cleavage of the DNA. While TALENS allow the targeting of any
DNA sequence by combining a TALE-array of choice, the assembly of the arrays is challenging
due to the highly repetitive sequence of the repeat regions (Voytas, 2013). The most recent
addition to the sequence-specific nucleases (SSN) was the CRISPR/Cas9 system.

The CRISPR/Cas9 system derives from a bacterial defense system and can be

adapted for targeted genome modifications

Prokaryotes have developed a range of defense systems to cope with the constant threat of
bacteriophages (phages) infections. These systems involve innate immune mechanisms, such as
secretion of polysaccharides to restrict phage adsorption, production of restriction enzymes that
recognize unmethylated viral DNA, or induced cell death amongst others (Marraftini, 2015; Hille

and Charpentier, 2016). While the innate immune system detects generic features of pathogens,
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an adaptive immune system can learn to deal with newly arising threats from mutated viruses or
new pathogens (Rath et al.,, 2015). CRISPR/Cas (clustered regulatory interspaced short
palindromic repeats/CRISPR-associated proteins) represents the only known adaptive immune
system in prokaryotes, where it can be found in 45 % of the so far sequenced bacterial genomes
and 87 % of archaeal genomes (Grissa et al., 2007). CRISPR derived immunity is based on
acquisition of small fragments of foreign DNA and subsequent integration in the host cell’s
CRISPR array. This locus consists of fragments of previous infections (so called spacers) of 26-
47 bp, separated by short repetitive sequences of 21-48 bp (Grissa et al., 2007; Rath et al., 2015).
The spacers act as a memory of previous infections, which can be used for targeted defense
mechanisms by Cas effector proteins in following infections (Ishino et al., 1987; Mojica et al.,
2005; Barrangou et al., 2007). The size of the CRISPR locus is dependent on the number of
spacers, which range from very few up to several hundred depending on the species (Grissa et al.,
2007). The so-far described CRISPR/Cas system can be separated in two classes, six types and 19
subtypes according to the Cas effector proteins, targeting requirements and biogenesis of effector
RNAs (Hille and Charpentier, 2016; Jackson et al., 2017). In the following, the type II-A
CRISPR/Cas9 system from Streptococcus pyogenes (S. pyvogenes) will be described in more

detail, as it is the most relevant system for genome editing.
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Figure 6: The CRISPR/Cas9 system from Streptococcus pyogenes. During the acquisition
phase, the bacterial cell integrates small fragments of foreign DNA (spacers) into the CRISPR
array. The spacers act as a memory of previous infections for targeted defense mechanisms by
Cas effector proteins in the interference phase of following infections. L = Leader sequence, Rep
= Repeat. Numbers according to main text.

During an infection, a phage inserts its DNA into the bacterial host cell (Fig. 6, 1). In the
acquisition phase of the immune reaction, the bacterial host cell selects a protospacer from the

genetic material of the phage and generates a spacer, which it integrates into the CRISPR array.
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The genetic material used by the acquisition machinery is probably not the complete viral
genome but rather DNA degradation products of the bacterial helicase/nuclease complex
RecBCD. RecBCD degrades exposed linear DNA, such as phage DNA or DNA resulting from
DSB in replicating vectors, another possible source of foreign DNA (Levy et al., 2015). By this,
the cell preferentially takes up new protospacers from foreign DNA and can discriminate against
host DNA. The selection of a protospacer sequence is not random. A short motif (NGG in S.
pyogenes) directly adjacent to the protospacer (protospacer adjacent motif = PAM) is necessary
for acquisition. This PAM motif is detected by the Cas9 nuclease (Anders et al., 2014; Heler et
al., 2015). Cas9 then recruits Casl and Cas2, two nucleases, which are conserved among most
CRISPR/Cas system, and which function in a complex (2) as key factors for processing and
integration of a protospacer (Nufiez et al., 2014, 2015). Another protein, Csn2, is also part of the
acquisition machinery but its role has not been fully resolved yet. Similarly, a small trans-
activating CRISPR RNA (tracrRNA) also participates in spacer acquisition (Heler et al., 2015).
The Cas1-Cas2 complex with the bound DNA protospacer recognizes intrinsic sequences in the
CRISPR array, such as an A-T-rich leader sequence upstream of the CRISPR array and the first
nucleotides of the first repeat (Nozawa et al., 2011; Wei et al., 2015; Wright and Doudna, 2016;
Van Orden et al., 2017). By this, a polar addition of newly acquired spacer at the 5’-end of the
CRISPR array is achieved (McGinn and Marraffini, 2016). In a reaction catalyzed by the Casl-
Cas2-complex, the two strands of the first repeat are separated and the newly acquired spacer is
integrated (3). In the interference phase of an infection, promoter elements in the leader region
lead to transcription of the CRISPR array (4). Anti-repeat sequences within the tracrRNA
molecules (5) hybridize to the conserved repeat regions of the precursor CRISPR RNA (pre-
crRNA). These double stranded RNA elements are recognized by RNaselll, which (together with
Cas9) processes the pre-crRNA:tractRNA hybrids to small guide RNA (gRNA) molecules (6).
These gRNAs consist of one repeat-spacer element, in which the spacer element is shortened to
20 bp (Deltcheva et al., 2011; Jinek et al., 2012). Cas9, the hallmark nuclease of type II CRISPR
systems (7), is then activated by interaction with the repeat-antirepeat duplex of the mature
gRNA molecule (Jinek et al., 2014; Nishimasu et al., 2014; Lim et al., 2016). Cas9 is guided to
target DNA (8) by Watson-Crick base pairing between the gRNA molecule and the target DNA
(Nishimasu et al., 2014). First, two conserved arginine residues recognize the PAM motif in the
target DNA. The necessity of a PAM motif in the target site avoids self-cleavage of the CRISPR

array. Detection of a PAM motif leads to repositioning of the DNA strand and local DNA strand
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separation. This allows probing of the identity of the first nucleotides directly upstream of the
PAM motif. Consequently, matching of the first 8-12 nucleotides upstream of the PAM (seed
region) is crucial for efficient target cleavage while mismatches further distal from the PAM
motif are partly tolerated (Jinek et al., 2012; Anders et al., 2014). In case of pairing between the
seed region and the gRNA, the DNA strand is further opened and a gRNA-DNA-heteroduplex is
formed (Anders et al., 2014). Further structural rearrangements of Cas9 allow cleavage of both
DNA strands 3 bp upstream of the PAM motif (9) by its two nuclease domains RuvC and HNH
(Makarova et al., 2011; Jinek et al., 2012; Nishimasu et al., 2014). The CRISPR/Cas defense
system is highly effective and can lead to complete virus extinction under laboratory conditions
(van Houte et al., 2016). Since the discovery of the basic mechanisms of the CRISPR/Cas9
system of S. pyogenes, it has gained major interest due to the possibility to target a generic
nuclease with a programmable short RNA duplex to any DNA sequence for induction of DSB
(Fig. 7). The 20 bp target sequence is sufficient to target unique sites in a genome even though
off-target cleavage in highly similar sequences has been reported (Deltcheva et al., 2011; Fu et
al.,, 2013; Hsu et al., 2013). For genome editing purposes, the system has furthermore been
simplified by the combination of crRNA and tracrRNA to an artificial hybrid single guide RNA
(sgRNA), which allows targeting of any DNA sequence containing a PAM motif (Jinek et al.,
2012). This two component system, consisting of Cas9 and a custom-tailored sgRNA to induce a
DSB, and employing the internal mechanisms of cells to repair DSB for mutagenesis, has since
then been successfully applied for genome editing in human cells and embryos (Cong et al.,
2013; Jinek et al., 2013; Mali et al., 2013; Ma et al., 2017), animals (Gratz et al., 2013; Wang et
al., 2013; Niu et al., 2014), and plants (Jiang et al., 2013; Li et al., 2013; Nekrasov et al., 2013;
Fauser et al., 2014; Feng et al., 2014), amongst others.
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Figure 7: Application of the CRISPR/Cas9 system for targeted modifications of plant
genomes. Genes for Cas9 and a sgRNA can be stably integrated into the plant genome via
Agrobacterium-mediated transformation (1). After expression, Cas9 and sgRNA form a
ribonucleoprotein complex (2), which is guided by RNA-DNA interaction to the target gene (3).
Cleavage by Cas9 induces a DSB (4). Repair by error-prone NHEJ can induce indel mutations
(5). Offering an artificial homology template can induce gene knock-ins (6). LB = left T-DNA
border, RB = right T-DNA border.

Two main points make the Cas9 system advantageous to previous genome editing techniques:
First, target strand recognition is mediated by RNA-DNA-interactions and not protein-DNA
interaction, making programing of the nuclease far easier. Second, multiplex genome engineering

is possible by introduction of several sgRNAs (Cong et al., 2013).

Efficiencies of gene targeting are enhanced by homology template mobilization
SSN allow targeted introduction of DSB into plant cells and GT provides the opportunity to

induce highly specific targeted changes in the plant genome if a suitable homologous repair target
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is present in the plant cell. Still, GT is hindered by the intrinsically low frequency of HR repair of
DSB. However, early analyses of HR repair events in plants indicated that T-DNAs provided
better repair templates than ectopic sequences. It was interpreted that double stranded T-DNA,
which was not yet integrated into the genome, would be more accessible for the DNA repair
machinery and would also provide less steric hindrance than ectopic genomic loci (Puchta, 2005).
In recent years, two techniques have been developed that allow this kind of repair template
mobilization also for stably integrated repair templates. The first approach (Fig. 8A), employs a
geminiviral endoreplication system to induce production of several thousand circular repair
templates in the cell nucleus (Baltes et al., 2014). The SSN and the repair template are integrated
in the plant genome via T-DNA transfer. The repair template is flanked by cis-acting sequences,
namely two long intergenic regions (LIR) and the short intergenic region (SIR) from
deconstructed geminiviruses. Additionally, a gene encoding the trans-acting viral replication
initiator protein Rep is incorporated on the T-DNA. Expression of Rep is mediated by the
bidirectional promoter activity of the LIR. The SIR functions as terminator of Rep expression and
as polyadenylation signal (Chen et al., 2011). Rep nicks the DNA strand within an invariant 9
nucleotide motif in a stem-loop structure of the LIR. Rep binds the 5’-end of the DNA nick and
the replication machinery of the host cell synthesizes a complementary strand using the 3’-end of
the terminus as primer. Complementary strand synthesis stops at the second LIR and Terminase-
activity of Rep releases the newly synthesized strand as ssDNA molecule. The ssDNA molecule
is circularized by Rep and the cell machinery converts the ssDNA replicon in a dsDNA replicon
using the SIR as origin for complementary strand synthesis (Stenger et al., 1991; Mor et al.,
2003; Huang et al., 2009; Chen et al., 2011). Further rounds of replication using either the
replicon or the stably integrated T-DNA as templates can lead to several thousand repair template
copies in the plant cell nucleus, which can serve for HR mediated DSB repair without sterical
hindrance of an unfavorable chromosomal location (Timmermans et al., 1992; Baltes et al.,
2014). Next to the replicational effect, further pleiotropic effects of the viral system might
enhance GT frequencies. Alterative splicing of Rep mRNA generates RepA protein, which
promotes entry of the cells into the S-phase in which frequencies of HR are enhanced in higher
eukaryotes (Liu et al., 1999; Saleh-Gohari and Helleday, 2004; Baltes et al., 2014; Mathiasen and
Lisby, 2014). Furthermore, nicked donor molecules (as generated by Rep) are described as highly
effective HR repair templates (Lozano-Duran, 2016; Chen et al., 2017). Depending on the host

species, viral sequences can be derived from various geminiviruses, e.g the bean yellow dwarf
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virus for Arabidopsis, tobacco, potato and tomato (Liu et al., 1997; Chen et al., 2011; Baltes et
al., 2014; Cermak et al., 2015; Butler et al., 2016), or the wheat dwarf virus for wheat and rice
(Gil-Humanes et al., 2017; Wang et al., 2017). Using this system, GT frequencies could be
enhanced by one to two orders of magnitude compared to classical T-DNA delivery in tobacco,
wheat, tomato, rice and potato (Baltes et al., 2014; Cermak et al., 2015; Butler et al., 2016; Gil-
Humanes et al., 2017; Wang et al., 2017).
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Figure 8: Mobilization of the homology repair template for gene knock-ins. (A) Flanking of
the homology template (consisting of a transgene with homology arms) with viral cis-elements
(LIR/SIR) leads to production of circular viral replicons by the viral replication initiator protein
Rep. The replicons can function as repair template for DSB repair in a target locus. (B) In the in
planta gene targeting (IPGT) approach, flanking of the repair template with target sites for
sequence specific nucleases (SSN) allows simultaneous release of the repair template from the T-
DNA backbone and DSB induction in the target locus. LIR = long intergenic region, SIR = short
intergenic region, HA = homology arm.

An alternative in planta gene targeting (IPGT) approach (Fig.8B) employs the SSN for release of
the template (Fauser et al., 2012; Schiml et al., 2014). Therefore, the homology template, which
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can be integrated in the plant cell on the same T-DNA as the SSN, is flanked by SSN recognition
sites. Two DSB by the SSN will therefore release the homology template, while a third DSB
primes the target locus for HR mediated repair (Schiml et al., 2017). If the T-DNA was inserted
only in one genomic locus, two copies of homology templates per cell are released as maximum.
Thus, the probability of random integration of templates into the genome is low (Fauser et al.,
2012). Using the IPGT approach, stable GT events were recovered in Arabidopsis at frequencies
0f 0.14-0.83 % (Fauser et al., 2012; Schiml et al., 2014; Zhao et al., 2016).

Both approaches allow the release of the homology template throughout the whole life cycle of
transformable plants, which allows GT in tissues that might be more prone to HR (Fauser et al.,

2012; Schiml et al., 2014).

Variations of the CRISPR/Cas9 system broaden the range of this technique

Only a few years have passed since the establishment of the Cas9 system for targeted genome
modifications. Still, manifold improvements and modifications have been made to extend the
CRISPR toolbox. Mutations of one of the two cleavage domains by a single amino acid exchange
(D10A in RuvC cleavage domain or H840A in HNH cleavage domain) resulted in a Cas9 nickase
(Ran et al., 2013). DNA nicks are repaired with high fidelity and are therefore not susceptible to
error-prone NHEJ. This makes the nickase an attractive option for HR experiments, since the
target sites cannot be destroyed by random mutagenesis (Fauser et al., 2014). Pairing of two
nickases with adjacent target sites on complementary DNA strands can induce DSBs. This
approach can reduce off-targeting, as the target sequence is enhanced to 40 nucleotides (Ran et
al., 2013). Another approach of reducing off-targeting is the use of high-fidelity Cas9 versions,
which have been improved by rational mutagenesis. Several variants of Cas9 are nowadays
available that show less conformational activation of the HNH cleavage domain by DNA
substrates with mismatches to the sgRNA sequence (Kleinstiver et al., 2016; Slaymaker et al.,
2016; Chen et al., 2017). Further reduction in off-targeting was achieved by usage of
preassembled Cas9-sgRNA-ribonucleoproteins for genome engineering due to rapid degradation
of the genome editing tools (Kim et al., 2014). Mutation of both cleavage domains of Cas9 results
in a dead Cas9 (dCas9). This dCas9 can be used as cargo protein to target bound effectors to
genomic loci of choice. Fusion of fluorescent proteins to dCas9 allows visualization of genomic
regions and was used in human cells and plants to track telomere dynamics (Chen et al., 2013;

Dreissig et al., 2017). Other applications include determination of chromatin ultrastructures
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(Anton et al., 2014) or studies of protein-DNA interactions by simultaneous labeling of the DNA
locus and the protein of interest (Dreissig et al., 2017). The Cas9 system can also be used for
gene expression modifications, which is of interest for C4 photosynthesis research, since many
genes are differentially expressed between Cs and Cs sister species (Brdutigam et al., 2011;
Gowik et al., 2011; Lauterbach et al., 2017). Targeting dCas9 to promoter sites lowers gene
expression by hindering the assembly of the transcription complex (Bikard et al., 2013; Qi et al.,
2013; Wang et al., 2016). Fusion of dCas9 to repressor domains such as SRDX can enhance
theses repressor capacities (Lowder et al., 2015; Piatek et al., 2015; Tang et al., 2017). Similarly,
fusion to activator domains, such as VP64, EDLL or TAD can strongly increase gene expression
(Lowder et al., 2015; Piatek et al., 2015). By fusing dCas9 to catalytic domains of epigenetic
modifiers, such as the CpG demethylase TET1, the methyl transferase DNMT3A or the histone
acetyltransferase p300, targeted changes in the epigenome can be induced (Hilton et al., 2015;
Choudhury et al., 2016; Vojta et al., 2016). These changes also influence the transcription pattern
of genes but the effects of epigenetic changes can be inherited to daughter cells and might
therefore persist longer (Vojta et al.,, 2016). The outcome of NHEJ-mediated repair of Cas9-
induced DSB is relatively random and HR-mediated approaches still lack -efficiency.
Alternatively, targeted nucleotide exchanges can be specifically introduced by base changer Cas9
variants in which dCas9 or Cas9 nickase are fused to cytidine deaminase (Komor et al., 2016;
Zong et al., 2017) or artificial adenosine deaminases (Gaudelli et al., 2017). By this, C>T or A>G
substitutions can be introduced. This might be also of interest for C4 photosynthesis research, as
some differences between C; and C4 plants, such as differences of feedback inhibition of
phosphoenolpyruvate carboxylase can be explained by single amino acid exchanges (Paulus et
al., 2013). Finally, manifold Cas9 variants have been isolated by now from other bacteria or have
been engineered. These variants have different properties, such as different PAM motives, which
enhances the amount of target sites. Additionally, some of these orthologues harbor various
advantages compared to Cas9 from S. pyogenes. As an example, Cas9 from Staphylococcus
aureus induces stable mutations in Arabidopsis at very high rates of over 90 % within two
generations and is considerably smaller than S. pyogenes Cas9 (Steinert et al., 2015). The
nuclease Cpfl (CRISPR from Prevotella and Francisella) generates staggered DSB distal from
the PAM site which can be advantageous for GT (Zetsche et al., 2015). Finally, Cas13 from
Leptotrichia wadei targets RNA instead of DNA and can be used for RNA modifications and as a

catalytically inactive form analogous to dCas9 for a broad array of RNA research (Abudayyeh et
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al., 2017; Cox et al., 2017).

Visual markers allow testing of mutagenesis approaches in plants

Cas9-mediated genome editing is a highly dynamic research area with new tools being described
frequently and validation of these tools is indispensable. Mutations on genomic level can be
detected by sequencing or by various detection methods such as restriction fragment length
polymorphism assays or T7 endonuclease assays (Belhaj et al., 2013). However, visual markers
are advantageous as they allow tracking of mutational events by eye. Several genes have been
employed in plants in early experiments to quantitate mutational efficiencies. Stably expressed
fluorescent proteins, such as GREEN FLUORESCENT PROTEIN (GFP), YELLOW FP, and
BLUE FP, have been targeted in numerous studies and are especially well suited for studies in
protoplasts, since they allow high throughput phenotypical analysis via flow cytometry (Feng et
al., 2013; Jiang et al., 2013; Mao et al., 2013; Sauer et al., 2016). However, the corresponding
genes first need to be introduced into the plant cell. Another exogenous marker is the B-
GLUCURONIDASE (GUS) gene. Here, a repair of a dysfunctional GUS gene by CRISPR/Cas9
can be detected by eye after a staining procedure (Miao et al., 2013; Fauser et al., 2014; Butler et
al., 2016; Cermak et al., 2017). The disadvantage of this technique is that the staining procedure
is lethal for the plant and does not allow propagation of verified mutants. Induction of resistance
to an otherwise lethal treatment by mutation in endogenous genes has been used manifold.
Mutations by CRISPR/Cas9 in the endogenous ADHI gene of Arabidopsis conferred resistance
to allyl alcohol treatment (Fauser et al., 2014; Steinert et al., 2015). Cas9-induced amino acid
changes in the 5’-ENOLPYRUVYLSHIKIMATE-3-PHOSPHATESYNTHASE conferred
resistance to glyphosate in flax (Sauer et al., 2016). Similarly, herbicide-inhibiting point
mutations were introduced in the ACETOLACTATE SYNTHASE 1 gene of potato (Butler et al.,
2016). While these approaches allow regeneration of stably mutated plants, they do not allow
tracking of mutational progress during development as chimeric plants do not survive the
treatments. Various other endogenous marker genes have been that provide distinct phenotypical
changes in case of mutations. PHYTOENE DESATURASE (PDS) is involved in carotenoid
biosynthesis and a knockout of the PDS gene leads to albino phenotypes. PDS was already
targeted in Arabidopsis, tobacco, rice, cassava, watermelon, and banana amongst others (Li et al.,
2013; Shan et al., 2013; Odipio et al., 2017; Tian et al., 2017; Kaur et al., 2018). Similar leaf
color phenotypes could be obtained by targeting the Arabidopsis MAGNESIUM-CHELATASE
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SUBUNITS 1 and 2 genes (Mao et al., 2013) or the rice CHLOROPHYLL A OXYGENASE I gene
(Miao et al., 2013). In tomato, the promoter of ANTHOCYANIN MUTANT 1 was modified by
CRISPR/Cas9. Purple spots indicated anthocyanin accumulation and were thus used as readout
for successful gene editing (Cermak et al., 2015). Feng et al. (2013) analyzed a range of
endogenous marker, such as Arabidopsis JASMONATE-ZIM-DOMAIN PROTEIN 1,
GIBBERELLIC ACID INSENSITIVE, or rice YOUNG SEEDLING ALBINO, which all showed
drastic growth phenotypes. Morphology changes were used as markers in rice, with mutations of
the LAZY1 gene to induce a tiller-spreading phenotype (Miao et al., 2013), or in the DROOPING
LEAF gene for changed leaf morphology (Ikeda et al., 2016). Leaf morphology was also changed
by targeting the tomato ARGONAUTE 7 gene (Brooks et al., 2014).

The phenotypic effect of mutations in most endogenous markers used so far was drastic with
huge pleiotropic effects up to lethality. Trichome formation might provide an alternative
endogenous visual marker system for analysis of mutational efficiency by eye. Trichomes are
specialized epidermal cells, which are present on aerial parts of nearly all terrestrial plants (Yang
and Ye, 2013). While they provide protection against herbivores and pathogens, UV light, water
loss, and extreme temperatures, they are not essential for plant growth under laboratory
conditions (Oppenheimer et al., 1991; Pattanaik et al., 2014). In Arabidopsis, trichome
development is initiated in early stages of leaf development in protodermal cells by an increase in
cell and nuclear size due to several rounds of endoreplication. The trichome cell then grows and
branches twice until a mature trichome is formed (Hiilskamp et al., 1994). Trichome development
and patterning is regulated by a complex network of transcription factors and also influenced by
phytohormones and microRNAs (Pattanaik et al., 2014). The master regulator of trichome
formation, GLABROUSI (GL1), is a R2ZR3-MYB transcription factor, which contains two MYB-
DNA-binding domain repeats at the N-terminus and an acidic C-terminus (Oppenheimer et al.,
1991; Larkin et al., 1994). GL1 interacts with the bHLH transcription factors GL3, or
ENHANCER OF GLABROUS 3 (EGL), and with the WD40 repeat protein TRANSPARENT
TESTA GLABRA 1 (TTG1). The resulting GL1-GL3/EGL3-TTG1 complex induces trichome
formation by transcriptional activation of the trichome activators GL2 and TTG2, which are key
determinators for trichome expansion and shape (Rerie et al., 1994; Johnson et al., 2002;
Morohashi et al., 2007; Zhao et al., 2008). Additionally, expression of R3 MYB repressors, such
as ENHANCER OF TRIPTYCHON 1 (ETC1) and CAPRICE (CPC), which lack an activation

domain, is induced. ETC1 and CPC can move into neighboring cells where they form an inactive
32



Introduction

complex with TTG1 and EGL3 in competition to GLI1. This competitive inhibition act as
negative regulator of trichome formation as a certain threshold of active GL1-GL3/EGL3-TTG1
complex is required to produce enough GL2 and TTG2 for induction of trichome fate in a cell
(Schellmann et al., 2002; Wada et al., 2002; Zhao et al., 2008). Knockout of any of the
components of the activation complex leads to loss of trichomes. However, only knockout of
GL1 has no pleiotropic effects, while disruption of GL3/EGL3 or TTG leads to anthocyanin
accumulation (Koornneef et al., 1982; Oppenheimer et al., 1991; Walker et al., 1999; Zhang et
al., 2003). This makes the GL/ gene an attractive endogenous target for CRISPR/Cas9

experiments.
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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 GLABROUSI1 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-PROTEINI

promoter.
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The CRISPR/Cas9 system enables precision editing of the genome of the model plant
Arabidopsis thaliana and likely of any other organism. Tools and methods for further
developing and optimizing this widespread and versatile system in Arabidopsis would
hence be welcomed. Here, we designed a generic vector system that can be used
to clone any sgRNA sequence in a plant T-DNA vector containing an ubiquitously
expressed Cas9 gene. With this vector, we explored two alternative marker systems
for tracking Cas9-mediated gene-editing in vivo: BIALAPHOS RESISTANCE (BAR) and
GLABROUST1 (GL1). BAR confers resistance to glufosinate and is widely used as a
positive selection marker; GL1 is required for the formation of trichomes. Reversion of
a frameshift null BAR allele to a functional one by Cas9-mediated gene editing yielded
a higher than expected number of plants that are resistant to glufosinate. Surprisingly,
many of those plants did not display reversion of the BAR gene through the germline. We
hypothesize that few BAR revertant cells in a highly chimeric plant likely provide system-
wide resistance to glufosinate and thus we suggest that BAR is not suitable as marker
for tracking Cas9-mediated gene-editing. Targeting the GL7 gene for disruption with
Cas9 provided clearly visible phenotypes of partially and completely glabrous plants.
50% of the analyzed T1 plants produced descendants with a chimeric phenotype and
we could recover fully homozygous plants in the T3 generation with high efficiency. We
propose that targeting of GL7 is suitable for assessing and optimizing Cas9-mediated
gene-editing in Arabidopsis.

Keywords: CRISPR/Cas9, trichome, Glabrous1, Glufosinate, BASTA, gene editing, marker

INTRODUCTION

A growing world population facing increasingly scarce arable land would benefit from applying
synthetic biology approaches to generate rationally designed plants with low effort and within
short time frames (Baltes and Voytas, 2015). Recently, it became possible to modify plant genomes
by introduction of double-strand breaks (DSBs) at a locus of interest, using site-specific custom
nucleases. DSBs are lethal for the cell and must be repaired by either homologous recombination
(HR) or non-homologous end joining (NHE]), which are carried out by plant internal DNA break
repair mechanisms (Puchta and Fauser, 2014). Both mechanisms can be exploited for targeted
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genome editing. While HR enables the targeted integration of
sequences of choice into the DSB mediated by homologous
regions between a DNA donor template and the target region,
the error-prone NHE] can be exploited to destroy open reading
frames of genes and thus to disrupt gene function (Salomon and
Puchta, 1998). The development of the CRISPR/Cas9 (hereafter
Cas9) system, which relies on the bacterial Cas9 nuclease from
Streptococcus pyogenes and a single guide RNA (sgRNA) molecule
that directs the nuclease to its specific target (Jinek et al., 2012)
has greatly reduced the effort to create DSBs at specific loci
in the genome of living cells (Doudna and Charpentier, 2014).
The Cas9 system allows the creation of DSBs in virtually any
gene and even in several genes simultaneously. It has already
been successfully applied in many model and crop plants species
(Bortesi and Fischer, 2015). Cas9 has quickly established itself as
a powerful and versatile technology and strong efforts are made
on developing and optimizing Cas9 related tools and methods.
However, markers as indicators for the successful mutagenesis are
still scarce.

A commonly used marker for positive selection of transgenic
plants is resistance to the broad-spectrum herbicide glufosinate
also known as phosphinothricin or BASTA® (Deblock et al.,
1987). Glufosinate is a glutamate analog that inhibits glutamine
synthetase in planta and thus hinders the conversion of glutamate
and ammonia to glutamine (Bayer et al, 1972; Lea et al,
1984). The accumulation of ammonia in the plant inhibits
photosynthetic reactions and uncouples photophosphorylation,
finally resulting in cell death (Tachibana et al., 1986; Sauer et al.,
1987; Wild et al., 1987). Resistance to glufosinate is conferred
by the bialaphos resistance gene (BAR) from Streptomyces
hygroscopicus, which encodes the enzyme phosphinotricin acetyl
transferase (PAT). PAT acetylates the amino group of glufosinate
and thereby inactivates it (Thompson et al., 1987; Mullner et al,,
1993). Since the BAR gene has been highly successfully applied as
positive selection marker for screening of T-DNA insertion lines,
a BAR/glufosinate based screening could be implemented also for
assessing Cas9 based gene-editing in plants.

The genes that control trichome development could be
used as alternative non-invasive markers for visually tracking
mutations in the model plant Arabidopsis thaliana. Trichomes
are specialized epidermal cells, which are found on most aerial
parts of the plant. They function in protection against UV
light, herbivores and pathogen attack, extreme temperatures, and
water loss (reviewed in Yang and Ye, 2013; Pattanaik et al.,
2014). Importantly, they are not essential for plant growth and
development under laboratory conditions (Oppenheimer et al.,
1991). The development and distribution of trichomes on the leaf

surface are hichly reculated nrocesses. In Arabidonsis. trichome
suriace are nignuy reguiateéd procCesses. in Araoiaopsis, rinome

initiation starts very early during leaf development with an
increase in cell and nuclear size by at least four rounds of
endoreplication. The trichome cell then elongates and branches.
While the first trichomes form at the distal region of the leaf
primordium, subsequent trichomes develop at the more basal
region of the leaf primordium and in between the mature
trichomes on the distal parts (Larkin et al., 1994, 1996; Marks,
1994). Trichome development is strongly reduced by knocking
out the gene for the R2ZR3-MYB transcriptional master regulator

GLABROUSI (GL1) (Koornneef et al., 1982). Like other plant
MYB proteins, GL1 contains two MYB DNA-binding domain
repeats at the N-terminus and an acidic C-terminus (Larkin et al.,
1993). GL1 interacts with the WD40-repeat factor TTG1 and
the bHLH factor GL3/EGL3 to form a MYB/bHLH/WD-repeat
complex. This complex activates the expression of numerous
downstream activators, such as TTG2 and GL2, which allow
epidermal cells to differentiate into trichomes (Yang and Ye,
2013; Pattanaik et al., 2014). Homozygous g/I mutants have been
described to be completely or partly glabrous or showing at
least a reduced number of trichomes (Koornneef et al., 1982),
depending on the strength of the mutational effect. Mutations
in the MYB DNA-binding domains seem to produce the most
drastic phenotypes (Hauser et al., 2001).

In this report, we tested and compared the positive selection
marker BAR, which confers resistance to glufosinate, and the
non-pleiotropic visual marker GL1 as markers for Cas9 activity
in Arabidopsis. Therefore, we first created a vector system
that can be used to clone any sgRNA into a plant T-DNA
vector that contains the Cas9 gene under the control of the
UBIQUITINIO promoter. Using this vector system, we were
able to repair an inactive bar allele that carries a premature
stop codon in Arabidopsis using Cas9 and to positively select
plants by glufosinate treatment. However, low incidence of the
repaired allele in the leaves of the plants resistant to BASTA
suggests that few cells producing a functional BAR protein are
sufficient to rescue the whole plant by conferring some degree
of system-wide resistance. This low stringency of the selection
system did not allow detection of homozygous mutants in the
following generations. We were also able to knock out the GLI
gene using the Cas9 technique. With a GLI specific sgRNA
we generated several independent glabrous Arabidopsis lines.
Genotyping showed that small InDels at the GLI target site
caused shifts in its reading frame and premature stop codons
resulting in a disruption of the GL1 protein function. With the glI
phenotype, we provide an efficient visual screen that can be used
for testing mutagenesis efficiency under various experimental
conditions in further studies.

MATERIALS AND METHODS

Plant Growth Conditions

Arabidopsis Col-0 seeds were surface-sterilized and stratified
for 3 days at 4°C. Seeds were germinated on 0.8% (w/v)
agar-solidified half-strength MS medium (Duchefa, http://www.
duchefa.com) supplemented with 1% (w/v) sucrose under long
day conditions (16-h-light/8-h-dark cycle, 22/18°C) in growth
chambers with a light intensity of 100 umol photons m~2 s~ 1,
14-day-old seedlings were transferred to soil and grown under
the same conditions.

Isolation of a Homozygous g/1 T-DNA

Insertion Line

T-DNA insertion lines are a common way to analyze the impact
of gene knockouts in Arabidopsis. The T-DNA insertion line glI
(SAIL_1149_D03) (Sessions et al., 2002) that contains a T-DNA

Frontiers in Plant Science | www.frontiersin.org

January 2017 | Volume 8 | Article 39

58



Hahn et al.

integration in between the first and second exon of the GLI gene
was obtained from the Arabidopsis Biological Resource Centre.
Homozygous T-DNA insertion plants were identified using the
gene specific primer pair FH214 and FH215 (Supplementary
Table S1) as well as the T-DNA specific primer pair FH215 and
P49 (Supplementary Table S1). Homozygosity was additionally
confirmed by visual control of trichome loss. Homozygous gl1
plants were further propagated.

Generation of a Binary T-DNA Vector
with the Null bar-1 Allele

To construct a binary T-DNA vector with a null bar-I allele, we
first amplified the BAR gene from the vector pUB-Dest (Grefen
et al,, 2010) with the primer pair FH5/FH6 and cloned the PCR
product into pPDONR207 via BP reaction (Invitrogen) resulting
in the vector pFH24. We then created an internal stop codon in
the BAR gene via overlapping PCR. Therefore, we first amplified
the 5'-end of the BAR gene with the primer pair FH25/FH26
and the 3/-end with primer pair FH27/FH28 from pFH24 and
then used both PCR products as PCR template with the primer
pair FH25/FH28. The PCR product was subcloned into pJET1.2
(ThermoFisher Scientific) resulting in the vector pFH10. Finally,
we digested the plant binary T-DNA vector pUT-Kan (Fendrych
et al,, 2014) with PstI and BamHI, PCR-amplified the BAR gene
with the internal stop codon from pFH10 with the primer pair
FH39/FH40 and assembled the final vector pFH17 via Gibson
cloning (NewEngland Biolabs). All primer sequences are given
in Supplementary Table S1. The sequence of pFH17 can be found
on GenBank (accession number KY080690).

Cas9 and sgRNA Plasmid Construction

We aimed at generating a single T-DNA vector for expression
of the Cas9 protein and the sgRNA cassette. Therefore,
a Chlamydomonas reinhardtii codon-optimized SpCas9 was
amplified with the primers NH117/NH119 (Supplementary Table
S1) from the vector CasYFP and cloned under the control
of a UBIQUTINIO promoter (UBIOp) from Arabidopsis into
the vector pKB65 (Bernhardt, 2012) via Gateway® Cloning
(Invitrogen) resulting in the vector pUB-Cas9. For sgRNA
expression, the Arabidopsis U6-26 promoter (U6-26p) was
PCR-amplified with an additional Nhel restriction site from
Arabidopsis genomic DNA using the primers FH14 and FH15
(Supplementary Table S1). The PCR fragment was subcloned into
the pGEM T-easy™ vector (Promega) resulting in the vector
pFHI13. The sgRNA scaffold was amplified from the vector pKS
Chlamy dual with the primers FH16 and FH18 (Supplementary
Table S1) and subcloned into pJET1.2 (ThermoFisher Scientific)

Table S1) and subcloned into pJET1.2 (ThermoFisher Scientifi
resulting in the vector pFH4. To create a sgRNA expression
cassette with the sgRNA scaffold and the U6-26p, the U6-
26p was PCR-amplified from pFHI13 with FH21 and FH22
(Supplementary Table S1) and the sgRNA scaffold was PCR-
amplified from pFH4 with FH23 and FH24 (Supplementary Table
S1). The two PCR products were combined with Nhel/Spel-
digested pFH13 to the construct pFH6 via Gibson assembly®
(NEB). To introduce the 20 bp target sequence designed
against the GLI gene, pFH6 was digested with BbsI (NEB) and
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the vector backbone was ligated with two annealed primers
(FH35/FH36, Supplementary Table S1) containing the target
sequence resulting in the vector pFH26. The final T-DNA
transformation vector pUB-Cas9-@GL1 (with the @ representing
the targeted gene) was constructed by Gibson Assembly® (New
England Biolabs) of Kpnl and HindIII-digested pUB-Cas9
and the sgRNA cassette that was amplified from pFH26 with
FH41 and FH42 (Supplementary Table S1). Similarly, a target
sequence designed against the disrupted bar gene was prepared.
Since, the U6 RNA polymerase III promoter takes guanine as
transcription start nucleotide, we could not use the usual 20 bp
protospacer sequence. We therefore added an extra G at the
5'-end of the sgRNA (5-GCAGGAACCGCAGGAGTAGGA-3/,
Figure 1B) that should not interfere with Cas9 activity (Belhaj
et al,, 2013; Ran et al.,, 2013). The target sequence was created
by annealing the two primers FH145/FH146 (Supplementary
Table S1) and ligation into BbsI-digested pFH6 resulting in the
vector pFH25. Gibson Assembly® of Kpnl and HindIII-digested
pUB-Cas9 and the sgRNA cassette that was amplified from
pFH25 with the primers FH41 and FH42 (Supplementary Table
S1) resulted in the final T-DNA transformation vector pUB-
Cas9-@BAR. The sequence of the vectors CasYFP (accession
number KY080688), pKS Chlamy dual (accession number
KY080687), pFH6 (accession number KY080689), pUB-Cas9
(accession number KY080691), pUB-Cas9-@GL1 (accession
number KY080693) and pUB-Cas9-@BAR (accession number
KY080692) can be found on GenBank.

Plant Transformation

The T-DNA vectors pFH17, pUB-Cas9-@BAR and pUB-Cas9-
@GL1 were used to transform Agrobacterium tumefaciens,
strain GV3101:pMP90. Arabidopsis Columbia-0 (Col-0) wild
type plants (WT) were then transformed by floral dipping as
described in Clough and Bent (1998) with pFH17 and pUB-
\_,457 @ULL 1‘espect1vely I’llllldl)’ leublUllllduLb WEre acu:u.cu
using kanamycin (pFH17) or hygromycin (pUB-Cas9-@GL1).
Additionally, genomic DNA was isolated from leaves of surviving
plants via isopropanol precipitation (Weigel and Glazebrook,
2009) and the presence of T-DNA insertion was verified via
PCR using plant genomic DNA as template and the primer pairs
P16/P98 (Supplementary Table S1; pFH17) or FH158/FH159
(Supplementary Table S1; pUB-Cas9-@GL1).

Similarly, the vector pUB-Cas9-@BAR was transformed by
floral dipping in Arabidopsis Col-0 plants homozygous for the
insertion of the T-DNA vector pFH17 containing the bar-1 null
allele of the BAR gene. Primary transformants were selected on
hygromycin and kanamycin. T-DNA insertion was verified via
PCR with the primer pair FH61/FH201 (Supplementary Table S1)
using plant genomic DNA as template.

Molecular Determination of
Cas9-Mediated Gene Editing

For detection of mutations in the pUB-Cas9-@BAR lines,
plants were grown on soil under long day conditions. After
3 weeks, the plants were sprayed for 2 weeks with glufosinate
ammonium (120 mg/L) every 3 days to isolate mutants that
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FIGURE 1 | Cas9-mediated repair of a disrupted bar gene. We generated an Arabidopsis line with a null allele of the BAR gene (bar-1) that contains an extra
adenine (A in bold) leading to a premature STOP codon (A). In order to induce mutations, Arabidopsis plants homozygous for the bar-1 insertion were transformed
with the single T-DNA construct pUB-Cas9-@BAR (B) which contains the sgRNA (green) with the 20 bp target motive (pink) and an additional guanine at the
beginning (necessary for transcription) under the control of the U6-26 promoter (U6p), the Cas9 (red) controlled by the UBIQUITIN10 promoter (UB10p) and the

mutations in the bar gene in leaf genomic DNA. The direct comparison of sequencing chromatograms (C) of a glufosinate resistant plant (bottom) and one of a
control plant containing only the bar-1 allele (top) shows small additional peaks appearing at the expected site of Cas9 induced mutagenesis (red arrow) at 3 bp in

resistant plant (bottom; first line: main peaks, second line: minor peaks). The premature stop codon is underlined. NOSp, nopaline synthase promoter; NosTm,
nopaline synthase terminator; RB, right T-DNA border; PolyT, poly thymidine transcription terminator; NLS, nuclear localization signal; CaMV 35S, Cauliflower Mosaic
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were then treated with glufosinate and resistant plants were analyzed for rescuing

lighted and the validated sequence is given for the null allele plant (top) and the

repaired the inactivated reading frame of the BAR gene via
Cas9-mediated gene editing. Genomic DNA was isolated from
leaves of surviving plants. The BAR gene was PCR-amplified
with the primer pair FH154/FH155 (Supplementary Table S1)
using the proofreading Phusion® polymerase (NewEngland
Biolabs) and the obtained PCR amplicon was sent for Sanger
sequencing (Macrogen). Sequencing histograms were compared
using 4Peaks software.

For mutation detection in the pUB-Cas9-@GL1 lines, plant
genomic DNA was isolated and the targeted region in the
GLI gene was amplified with the primers FH189/FHI190
(Supplementary Table S1) using the proofreading Phusion®
polymerase (NewEngland Biolabs). The PCR product was
then either digested with Ddel (NewEngland Biolabs) for
detection of restriction digest length polymorphisms or Sanger
sequenced (Macrogen). We used the CasOFF-Finder program
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(Bae et al., 2014) to detect putative off-target sites. For detection
of mutations in the off-target ATIG08810, the putatively
mutated region was amplified with primers FH258/FH259
(Supplementary Table S1) and then processed as described before.

Detection of pUB-Cas9-@GL1 T-DNA in

Glabrous Plants

Genomic DNA was isolated from leaves. Presence of the T-DNA
was verified with primers amplifying specifically the Cas9 gene
(FH61/FH201, Supplementary Table S1) or the sgRNA gene
(FH14/FH36, Supplementary Table S1). The T-DNA vector pUB-
Cas9-@GL1 was used as positive control. High quality of the
genomic DNA was verified via PCR on the housekeeping gene
Actin7 (At5g09810) using the primers P67/P68 (Supplementary
Table S1).

RESULTS

We aimed at testing and evaluating markers for easy detection
of Cas9 induced mutagenesis. Therefore, we explored the two
alternative markers, resistance to glufosinate and development of
glabrous leaves.

Plants Carrying a Mutated Allele of the
BAR Gene Are Not Resistant to
Glufosinate

Glufosinate resistance is a well-established marker for positive
selection of plants (Miki and McHugh, 2004) and allows
screening of large plant populations by simple spraying of
glufosinate. For a positive selection screening system, we first
produced a mutant allele of the BAR gene (from here on called
bar-1) and stably transformed Arabidopsis Col-0 plants with it.
The bar-1 allele contains an adenine insertion, which leads to
a premature STOP codon (Figure 1A). We verified that this
allele is indeed non-functional and does not confer resistance
to glufosinate by growing homozygous transformants on soil
for 3 weeks and treating them several times with glufosinate
spraying. Out of 77 homozygous plants, none survived the
treatment (Supplementary Figure S1).

Design of a Single Generic Cas9 Vector

for Arabidopsis

We wanted to design a vector system that can be used
for targeted knockout of any gene in Arabidopsis. Therefore,
we designed first the binary vector pUB-Cas9 encoding a
Cas9 controlled by the UBIQUITINIO (UBIO) promoter and

Cas9 controlled by the UBIQUITINIO (UBI0) promoter
containing insertion sites for the integration of the sgRNA
cassette as well as a hygromycin resistance cassette for selection
of transformants. Second, we designed a subcloning vector
containing the U6-26p, followed by two BbsI-sites for protospacer
integration and the sgRNA scaffold. After integration of the
target sequence, any complete sgRNA cassette can basically
be amplified via PCR using the same primer pair and
be introduced in the binary vector pUB-Cas9 via Gibson
cloning.
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Design of CRISPR/Cas9 System for
Repairing the Mutant BAR Gene

In order to repair the mutated bar-1 allele previously generated in
Arabidopsis, we used the binary T-DNA vector pUB-Cas9-@BAR
(Figure 1B). We designed our target sequence so that the Cas9
nuclease was expected to cut next to the adenine insertion in
the bar-1 gene, which causes the premature STOP codon, 3 bp
upstream of the PAM motive. As small InDels were expected to
occur there by incorrect NHE], we expected almost certainly a
reading frame restoration of the BAR gene.

T2 Plants Show High Survival Rate after

Glufosinate Treatment

We transformed Arabidopsis plants homozygous for the bar-1
allele with the pUB-Cas9-@BAR construct. We selected two
positive transformants in the T1 generation. From both
independent lines, we grew 77 T2 plants on soil and treated them
after 3 weeks with repetitive glufosinate spraying. In both lines,
the majority of plants (99 and 96%, respectively) survived the
glufosinate treatment displaying different degrees of resistance to
glufosinate (Supplementary Figure S1).

Mutation Analysis Shows Only Minor

Mutational Events

We amplified the BAR gene from leaves of 12 T2 glufosinate
resistant plants from each line and sequenced the PCR product.
As a control, we also amplified the BAR gene from a homozygous
bar-1 knockout plant that was not transformed with the
pUB-Cas9-@BAR construct. All sequencing chromatograms
displayed the sequence of the defective bar-1 allele in the
main peaks. However, starting at the Cas9 target sequence,
minor chromatogram peaks were often visible, confirming that
indeed Cas9 was actively targeting and inducing mutations
in the bar-I reading frame (Figure 1C; Supplementary Figure
S2A). In two of the 24 analyzed plants, we could conclude
from the sequencing chromatograms that the inserted adenine
was deleted in a part of the cells and the reading frame of
the BAR gene was restored (Figure 1C). In the other plants,
either additional small InDel mutations occurred that did not
restore the reading frame or no change compared to the
control DNA was visible (Supplementary Figure S2). This result
indicated that even though most cells were not able to produce
a functional PAT protein, resistance to glufosinate was still
achieved.

Generation of Homozygous Mutants Was

Not Successful

We analyzed 8 T3 plants from the progeny of two T2 pUB-Cas9-
@BAR plants that were resistant to glufosinate. We searched for
mutations in the bar gene as described above. As with the T2
generation, we obtained sequencing chromatograms that mainly
displayed the sequence of the bar-1 allele with additional peaks
starting at 3 bp in front of the PAM motive (Supplementary
Figure S2A). We could not obtain non-chimeric plants with a
fully restored bar gene.
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The g/1 T-DNA Knockout Line Displays
the Glabrous Phenotype

As the positive selection system using glufosinate did not yield
completely mutated plants, we tested alternatively the non-
invasive marker gene GLI1. The GLI gene was chosen as target
of Cas9 induced mutagenesis since glI knockout plants are not
able to form leaf and stem trichomes (Koornneef et al., 1982)
and provide therefore a suitable visual marker to track mutation
progress in planta. To establish a visual reference of the expected
glabrous phenotype, an Arabidopsis gl1 T-DNA insertion line was
isolated (Supplementary Figure S3) and grown in parallel with
Arabidopsis WT plants, ecotype Col-O. As expected, homozygous
insertion lines did not produce trichomes on leaves and stems
(Supplementary Figure S3). Additional differences in growth or
development could not be detected as expected from previous
reports (Oppenheimer et al., 1991).

Design of Cas9 System for Editing GL1

Using the vector system described above, we generated the
binary T-DNA vector pUB-Cas9-@GL1 (Figure 2B) to introduce
a targeted gene knockout in the GLI gene of Arabidopsis by
the Cas9 system. pUB-Cas9-@GL1 contained all the features of
pUB-Cas9 and additionally the sgRNA cassette with the U6-26
promoter, a 20 bp protospacer sequence targeted against GLI
and the sgRNA scaffold. We selected a targeting site that is
located at the beginning of the second exon of the gene (5'-
GGAAAAGTTGTAGACTGAGA-3'; Figure 2A).

Chimeric Trichome Patterns Appear in

the T2 Generation

We visually analyzed trichome appearance over five generations
in different independent transformant lines (Figure 3). In the
following, all examined plants will be named CasGL1 followed by
an unique number containing information about their progenitor
and referring to the scheme in Figure 3. As an example, the T2
plant marked by the red circle in Figure 3 is named CasGL1_2.2
because it derives from the T1 plant number 2 (first number;
CasGL1_2) and is the second out of four analyzed plants from
that progenitor in that generation. The seven plants in its progeny
are then called CasGL1_2.2.1-7.

After transformation of WT plants with the construct pUB-
Cas9-@GL1, we visually analyzed four T1 generation plants but
could not detect any completely or partly glabrous plants. Four
descendants of each T1 plant were analyzed in the T2 generation.
While most plants still displayed WT-like trichome patterns,
two plants from two independent T1 lines displayed a chimeric
phenotype (CasGL1_2.2 and CasGL1_4.3). That is, these plants
had few either completely or partly glabrous leaves, which hints
at a disruption of both alleles of the GLI gene in the glabrous
tissues (Figures 4A,B).

Restriction Fragment Length
Polymorphism Assay Indicate Mutations
in Glabrous Leaves

To verify that the genomic DNA from glabrous leaves indeed
contained InDels in the GLI gene in the targeted sequence, we
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used a restriction fragment length polymorphism assay. We made
use of the Ddel restriction site within the target site of the Cas9
nuclease that was expected to be destroyed by InDel mutations
(Figure 4C). We amplified the genomic region that spans the
target site from genomic DNA of a WT leaf and a glabrous leaf
of plant CasGLI_2.2, respectively, and digested the PCR product
with Ddel (Figure 4D). The PCR product from the glabrous
leaf was resistant to Ddel digestion, which provided evidence
for a mutation in the Ddel target site (Figure 4E). The PCR
product was also subcloned into pJET1.2 and seven clones were
sequenced (Figure 4F). Three different InDels were found 3 bp
upstream of the PAM motive, four clones out of seven contained
an adenine insertion, two a thymine insertion and one clone had
a guanine deletion. As both alleles of GLI have to be disrupted
to generate a glabrous phenotype, the high proportion of clones
with the adenine insertion suggests that this mutation happened
at early developmental stages or in the previous generation,
while the thymine insertion and guanine deletion happened later
in independent progenitor cells on the other allele disrupting
trichome formation in that specific leaf.

Completely Glabrous Plants Emerge in

the T3 Generation

Four T2 plants (chimeric plant CasGL1_2.2, three WT trichome
pattern plants CasGL1_2.4, CasGL1_4.2 and CasGL1_4.4) were
carried to the next generation. While two T3 lines displayed
normal trichome patterns, all descendants of the chimeric line
CasGL1_2.2 and of the WT-like line CasGL1_4.2 were completely
glabrous (Figures 3 and 5A). In the glabrous lines, trichomes
were neither visible on leaves nor on stems. We did not observe
any difference in growth or development.

Loss of Function Is Caused by Small

InDels

To analyze the nature of the generated mutations, we amplified
the GLI gene from the glabrous plants and sequenced the
PCR products (Figure 5B). As control, we also sequenced the
GL1 gene from the non-glabrous T3 plants CasGL1_4.4.1 and
CasGL1_2.4.1 (Supplementary Figure S4). While the control
plants did not show any changes in the GLI sequence, the
three analyzed descendants of line CasGL1_4.2 showed a 10 bp
deletion. The other descendants from the chimeric T2 line
CasGL1_2.2 showed either a homozygous adenine insertion
(three out of seven analyzed plants, 3/7 plants), a homozygous
guanine deletion (3/7 plants) or a biallelic mutation (+A/-G; 1/7
plants). All mutations generated a premature stop codon. The
high amount of homozygous mutant plants in the T3 generation
cannot be explained by Mendelian segregation only and might
hint at allelic conversion events.

Presence of Cas9 Gene Does Not
Influence the Stability of the Mutation

To test whether the mutations were stably inherited, we brought
the glabrous plant CasGL1_4.2.1 with the 10 bp deletion in the
gl gene into the T4 and T5 generation and visually analyzed
the plants for reappearance of trichomes. All progeny maintained
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FIGURE 2 | Experimental design for disruption of the GL1 gene. For targeting the GLABROUST gene with the Cas9 system, we selected a 20 bp target site
(red) in the second exon of the GL7 gene (A). The target site contains a Ddel restriction site (underlined) spanning the area where Cas9 cleaves the dsDNA. In order
to induce mutations, Arabidopsis WT plants were transformed with a single T-DNA construct pUB-Cas9-@GL1 (B) containing the sgRNA (green) with the target
motive (pink) under the control of the U6-26 promoter (UBp), the Cas9 gene (red) controlled by the UBIQUITIN10 promoter (UB10p) and the selection marker
hygromycin (Hyg). Gene sizes in the vector map are not to scale. RB, right T-DNA border; PolyT, poly thymidine transcription terminator; NLS, nuclear localization
signal; NosTm, nopaline synthase terminator; CaMV 35S, Cauliflower Mosaic Virus 35S promoter; 35STm, 35S terminator; LB, left T-DNA border.
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FIGURE 3 | Schematic overview of analyzed plants. We analyzed several independent lines transformed with pUB-Cas9-@GL1 over five generations. This
scheme shows the number of analyzed plants up to the T3 generation and the appearance of chimeric and glabrous plants over time (red areas = glabrous areas).
The analyzed T4 and T5 plants were all glabrous. The plant CasGL1_2.2 (red circle) is the chimeric plant that was analyzed with a restriction fragment length

CasGL1_2.2

T4/TS

their glabrous phenotype. We also investigated whether it was
possible to obtain stably mutated plants that do not carry the
Cas9 cassette in the genomic DNA anymore. Therefore, we grew
the T4 generation plants on non-selective medium to recover
both plants with the T-DNA cassette (including Cas9 and the
sgRNA) and plants that lost the cassette by segregation. The
genomic DNA of seven plants was analyzed by PCR for the
presence of the Cas9 and the sgRNA gene (Figure 6). Three out
of seven plants had lost the T-DNA with Cas9 and sgRNA but
maintained their glabrous phenotype. This shows that the T-DNA
is independently inherited from the generated mutation and the
presence or absence of Cas9 does not influence a Cas9-generated
mutation.

No Off-Targets were Detected in Closest

Homologous Sequence
A common issue for Cas9-based generation of mutants is
the wvpossi

eoigns in

ibility of off-target cleavace T
regions in

the possibility off-target cleavage ar
the genome (Cho et al., 2014). We analyzed six glabrous
descendants of the plant CasGL1_4.2.1 (T4 generation) for
mutations in the closest homologous site to our target
sequence. This site contains only one mismatch near the
5 end of the sgRNA target sequence and lies in the gene
AT1G08810 (5'-GCAAAAGTTGTAGACTGAGA-3/, mismatch
is underlined), which encodes for the putative Myb-type
transcription factor MYB60. Sequencing of genomic DNA did
not reveal mutations in this gene (Supplementary Figure S5).
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GLI1..TGTGGGAAAAGTTGTAGACTGAGATGGATGAATTATTTGAGCCCTAATGTGAACAAAG...

D E
WT 60 bp WT mut M
Ddel site __277bp 646 bp
| | | GLI PCR product
mutated =T
Ddel site 277bp
706 bp
Ddel restriction site
F
GLIWT .. TGTGGGAAAAGTTGTAGACTG-AGATGGATGAATTATTTGAGCCCTAA...
Mutation (1) .. TGTGGGAAAAGTTGTAGACTGTAGATGGATGAATTATTTGAGCCCTAA...
Mutation (2) .. TGTGGGAAAAGTTGTAGACTGAAGATGGATGAATTATTTGAGCCCTAA...
Mutation (3) .. TGTGGGAAAAGTTGTAGACT-—-AGATGGATGAATTATTTGAGCCCTAA...

FIGURE 4 | Mutation analysis in chimeric T2 generation plants. (A) Several T2 plants displayed a combination of partly glabrous (blue), to completely glabrous
(red), or WT-like leaves (orange). The trichome pattern on the partly glabrous leaves was different on individual chimeric leaves in different plants (B). The restriction
fragment length polymorphism assay was used to verify mutations on gDNA level. (C) As mutations induced by Cas9 nuclease disrupt a Ddel restriction site (blue
underlined) in the GL1 target site (red), digestion of GL1 PCR amplicons of mutant and WT alleles yield a different restriction pattern. (D) We amplified the GL7 gene
from genomic DNA from the glabrous leaf shown in (A) (mut) and a WT leaf and digested it with Ddel. The resulting DNA fragments (E) match the length expected for
WT (277 and 646 bp) and mutant (277 and 706 bp) alleles, the 60 bp band in the WT allele is not retained by the gel (M, Marker). Sequencing of the GL7 gene
revealed three different InDel mutations in the glabrous leaf (F) 3 bp upstream of the PAM (bold) within the sgRNA target sequence (red), all causing frameshifts and
the formation of premature STOP codons (underlined).

explain the discrepancy between the high percentage of plants
resistant to glufosinate (over 95%, Supplementary Figure S1) and
the low occurrence of edited sequences in the genome of resistant
plants (Supplementary Figure S2). A likely explanation is that
few cells carrying an active allele of the BAR gene are sufficient
for conferring systemic glufosinate resistance to the plant. It has

DISCUSSION

Positive Selection by Regaining
Glufosinate Resistance Is Not a Suitable
Marker for Cas9-Induced Mutagenesis

In this study, we compared two visual markers for monitoring the
efficiency of Cas9-induced mutations. First, we aimed at repairing
a non-functional BAR gene in planta by removing a premature
STOP codon using a sgRNA directed against the mutated site
(Figure 1). While we were able to show Cas9-induced mutations
in that site in the T2 generation (Figure 1C), we could not

been shown recently in cotton that small amounts of the PAT
protein are sufficient to provide sufficient glufosinate resistance in
regard to visual symptoms (Carbonari et al., 2016). Additionally,
the PAT protein consists of only 183 amino acids (app. 20
kDa) and is therefore small enough to be transported through
plasmodesmata between cells (Crawford and Zambryski, 2001)
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GLIWT

CasGL1_2.2.1/2/3/4
CasGL1_2.2.4/5/6/7 ..
CasGL1_4.2.1/2/3

. TGTGGGAAAAGTTGTAGACTG-AGATGGATGAATTATTTGAGCCCTAA...
..TGTGGGAAAAGTTGTAGACTGAAGATGGATGAATTATTTGAGCCCTAA...
TGTGGGAAAAGTTGTAGACT - - AGATGGATGAATTATTTGAGCCCTAA...

..TGTGGGAAAAG-—————————— AGATGGATGAATTATTTGAGCCCTAA...

FIGURE 5 | Glabrous plants can be generated within three generations. Completely glabrous plants (A) were obtained in the T3 generation. Plant
CasGL1_4.2.1 is shown as a representative example. Sequencing of the glabrous plants revealed three different frameshift mutations (B), which all lead to premature
stop codons (underlined). The PAM is marked in bold letters, the sgRNA target site in red letters.

and perhaps even through the phloem (Stadler et al., 2005). This
means that few cells producing functional PAT might be able
to supplement many cells with functional PAT protein and thus
providing systemic resistance. Consequently, we did not isolate
plants with a fully repaired BAR gene with the same genotype in
all cells. The observation that Cas9 induced mutations occurred
in the plants at the somatic level, suggests that likely those
genetic changes also occur in germline cells. Germline mutations
would be passed to the next generation and sequencing a higher
amount of plants might have therefore ultimately led to detection
of completely mutated plants. However, as the stringency of
glufosinate selection is low, at least in the standard concentration
used in our work, a possible usage of this system to compare
the efficiency of different Cas9 variants or expression vectors is
not recommended, as differences in the efficiency of Cas9 repair
would not be detectable.

The Cas9 System Is a Highly Efficient
Method to Generate Independent g/1
Knockout Lines

A non-invasive alternative to visually track Cas9 nuclease fxﬁh‘nfw
A non-imvasive aiternative to visually track Cas® nuciease acty

in Arabidopsis is the disruption of the GLI gene. Therefore, we
designed a sgRNA targeting the second exon of the gene. This site
was favored for several reasons. First, no completely redundant
sequence could be found in the genome of Arabidopsis. Second, a
frameshift mutation due to small insertion or deletions (InDels)
caused by the error-prone NHE] was likely to have more drastic
effects at the beginning of the gene. Third, the target site is
located in one of the two MYB-type DNA-binding domains and
mutations in these domains lead to more drastic phenotypes

compared to mutations elsewhere in the gene (Hauser et al,
2001). Fourth, a Ddel restriction enzyme site overlapped with the
cutting site. Thus, we decided to detect mutations by screening
for the loss of the restriction enzyme recognition site.

In this report, we could show that the Cas9 system was highly
efficient for generating knockouts in the GLI gene. Using a single
sgRNA and a Chlamydomonas reinhardtii codon optimized Cas9
gene (Figure 2B), we found that 50% of our analyzed T1 lines
contained glabrous progenitors (Figure 3). In total, we were
able to generate four different homozygous/biallelic glabrous
lines. This was achieved in the T3 generation by screening
a very limited amount of plants. Screening a higher amount
of plants would have probably yielded knockouts even in the
earlier generation, as shown by Cas9 experiments of other groups
(Fauser et al., 2014; Feng et al., 2014). This puts the application
of Cas9 technology within the reach of every laboratory equipped
with basic molecular biology equipment.

The high frequency of homozygous mutants might be caused
by allelic gene conversion (Li et al., 2014; Yoshimi et al., 2014),
meaning that one allele is mutated first and then serves as repair
template for the DSB in the second allele. Therefore, producing
homozygous mutants with Cas9 can be more efficient than
expected by chance.

All observed mutations were small InDels that caused a shift
in the reading frame and thus the generation of premature STOP
codons (Figures 4F and 5B). These small InDels are typical for
error-prone repair of the induced DSB by the NHE] pathway
(Salomon and Puchta, 1998; Puchta and Fauser, 2014).

Moreover, targeting the GLI gene allowed us to visualize both
homozygous plants and chimeric leaves (Figure 4A). We suggest
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FIGURE 6 | Segregation analysis of the Cas9 T-DNA cassette in
glabrous T4 generation plants. Seven Cas9-generated glabrous plants of
the T4 generation (CasGL1_4.2.1.1-7) were analyzed by PCR for the presence
of the Cas9 gene (expected size: 1 kb, A) and the sgRNA cassette (expected
size: 0.49 kb, B) using the Arabidopsis ACTIN7 gene as DNA quality control
(expected size: 0.92 kb, C). Images were color inverted for better visibility. M,
marker; V, vector control (pUB-Cas9-@GL1); N, negative control with water.

that the partially glabrous phenotype of the chimeric leaves could
be used in order to track cell lineages during leaf development,
which might ultimately lead to a model of cell migration through
space and time (Kalve et al., 2014). Another advantage of chimeric
mutations is the possibility to study the function of essential
genes in vivo by direct comparison of mutated and non-mutated
parts within the same plant and thus overcome the problem of
lethality of complete knock-out plants. However, it has to be
taken into account that the CRISPR/Cas9 system is constitutively
active in plants under the control of the UBIQUITIN10 promoter
and new mutations can thus occur in every cell at any time.
A precise delivery of Cas9 only to certain parts of a plant (e.g.,
by transient Agrobacterium leaf infiltration or tissue-specific,
inducible promoters) might therefore be the favorable approach
for such intraplant-comparisons.

Transgene-Free Plants Can Be
Generated with the Cas9 System

A major issue for the acceptance of genetically modified crops
is the introduction of transgenes into crop plants by random
integration of a T-DNA (Ishii and Araki, 2016). The Cas9 system
is also classically introduced as T-DNA cassette. However, since
allelic point mutations are established on different genomic loci,
the T-DNA containing the Cas9 components can be removed
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by backcrossing. We could show via PCR analysis that some
of the glabrous plants in the T4 generation had actually lost
the T-DNA cassette over time while still keeping the mutation
in the GLI gene (Figure 6). This is in accordance with results
from other groups that generated transgene-free mutated rice
(Xu et al., 2015) or Arabidopsis (Feng et al., 2014) plants. This
underlines the opportunities for the introduction of new traits
in transgene-free crop plants that are given by the Cas9 system
and other targeted nucleases, such as TALENs (Wang et al,
2014). As long as these new traits are only created by allelic
point mutations and not by integration of foreign transgenes
that cannot be introgressed by genetic crosses, site-directed
mutations are not distinguishable from mutations generated by
natural processes or breeding and are hence likely to be not
subject to regulatory assessments in many countries (Wolt et al.,
2016). If applicable, transient delivery systems for Cas9 RNA
and corresponding sgRNA (Zhang et al., 2016), or preassembled
protein-RNA complexes (Woo et al., 2015) facilitate the genomic
editing, without DNA integration into the target genome at any
time.

Off-Targeting Effects were Not

Detectable in Plants

One potential pitfall of the Cas9 system is the possibility for
off-target mutations to occur in sequences highly similar to the
target site (Fu et al., 2013). In plant research, off-target mutations
are highly problematic if the generated mutants are used to
characterize gene functions. We targeted the DNA binding helix
3 of the MYB transcription factor GL1. Since this domain is
highly conserved on the DNA sequence level in the R2R3-MYB
gene family (Jia et al,, 2004), off-targeting was possible. We
used the CasOFF-Finder program (Bae et al., 2014) to detect
putative off-target sites. While in Arabidopsis there is no other
DNA sequence perfectly matching to the target site, three gene
sequences have only one mismatch to the sgRNA target site
against GLI used in this study. Two of them have a mismatch
in the 3’-end of the protospacer motive. This region is called
seed sequence. A mismatch in the seed sequence strongly reduces
the affinity of the Cas9-sgRNA complex toward its off-target
(Semenova et al., 2011; Jinek et al., 2012). Therefore, we focused
on the third putative off-target site, where the mismatch is
near the 5'-end of the protospacer. However, sequencing of this
gene in six glabrous T4 generation plants did not show off-
target mutations (Supplementary Figure S5). This result is in line
with previous observations that off-targeting does not occur at
high rates in Arabidopsis as shown by in-depth whole genome
analysis of Arabidopsis Cas9-edited lines where no off-targets
in highly homologous sequences could be detected (Feng et al.,
2014). Additionally, it has to be taken into account that off-
target mutations can be removed in plants by backcrossing to the
parental line.

GL1 Is a Suitable Marker for Visual

Detection of Mutation Efficiency
Even though successful gene knockout using the Cas9 system
has already been reported for Arabidopsis and other plant species
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(Bortesi and Fischer, 2015), our study provides a direct readout
of the mutagenic process in living plants throughout the plant
development by directing Cas9 to GLI. Previous visual markers
mostly relied on fluorescence proteins (Jiang et al., 2014) or on
the GUS reporter system (Mao et al.,, 2013), which had to be
transformed and expressed in the plant. Instead, the disruption of
trichome formation allows following the progress of mutagenesis
without having pleiotropic effects on the development of the
plant (Oppenheimer et al., 1991). The glabrous lines generated
in this work now provide the opportunity to detect heterozygous
mutations using a reverse approach by repairing the GLI gene
via Cas9. Especially the lines CasGL1_4.2.1/2/3 with the 10 bp
deletion is of interest for HR based repair approaches. We
propose that trichome loss can be exploited in all trichome-
containing crop species as a marker for mutagenesis efficiency if
the genes for trichome initiation are described [e.g., the Glabrous
Rice 1 gene in rice (Li et al., 2012) or the Wooly gene in tomato
(Yang et al., 2011)].

CONCLUSION

In this study, we confirmed and showed in detail that the
Cas9 system can be used to introduce small mutations with
precision in the genome of Arabidopsis. The mutations are
stably maintained in the genome even when the Cas9 gene is
lost. The efficiency of obtaining plants carrying homozygous
mutation was higher than expected by mutation frequency
alone. Thus, Cas9 mediated genome editing is a powerful
and easy to use system for genome editing in Arabidopsis.
GL1 is a reliable marker for observing mutation efficiency
in living plants. Our marker approach might be of use for
comparing different mutagenesis approaches, to enhance the
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Figure S1

Before glufosinate treatment After glufosinate treatment

pUB-Cas9-@BAR
T2 generation
Line 1

pUB-Cas9-@BAR
T2 generation
Line 2

pFH17
control plants

Fig. S1: Glufosinate treatment of T2 generation plants transformed with the vector pUB-
Cas9-@BAR. We grew two independent lines of Arabidopsis T2 transformants with the vector
pUB-Cas9-@BAR on soil. Repetitive glufosinate spraying after three weeks of growth yielded
in over 95% surviving plants in both transformant lines with green glufosinate-resistant tissue.
Still, some plants showed partly yellowish leaf tissue in variable amounts (compare detail
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t). In contrast, the background line carrying the null bar-1 allele in

homozygosis and no Cas9 or sgRNA did not survive the glufosinate treatment (pFH17, bottom).

Figure S2
(A)

bar allele of pUB-Cas9-@BAR bar allele of pUB-Cas9-@BAR

T2 generation plants

T3 generation plants

.AG GAGTAGGACGGACGAC..

ik | L. )
| it v

®)

bar-1 null allele
+A
+G
+C .
—A (functional BAR) ...

...GAGCCGCAGGAACCGCAGGAGTA- GGACGGACGACCTCGTCCGTCTG...
...GAGCCGCAGGAACCGCAGGAGTAAGGACGGACGACCTCGTCCGTCTG...
...GAGCCGCAGGAACCGCAGGAGTAGGGACGGACGACCTCGTCCGTCTG...
..GAGCCGCAGGAACCGCAGGAGTACGGACGGACGACCTCGTCCGTCTG...

GAGCCGCAGGAACCGCAGGAGT--GGACGGACGACCTCGTCCGTCTG...

Fig. S2: Representative sequencing results of glufosinate resistant plants. We sequenced
the bar gene in plants of the T2 and the T3 generation (A) that survived the glufosinate

treatment. Next to

plants showing an adenine deletion, which restores the reading frame

(compare Figure 1C), most of the plants showed either no change (top), 1 bp insertions, multiple

changes or no chang

e, all of them not restoring a functional reading frame (B) but still resulting

in premature STOP codons (underlined). A = adenine, C = cytosine, G = guanine.
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Figure S3

(A) | WT (Col-0) _ gl1 T-DNA

3

Leaf

Stem

(B) GL1 primer T-DNA primer
M gll WT N M glI WT N

1.5kb -
1 kb —
0.75 kb —
0.5kb -

Figure S3: Visual phenotype and homozygosity proof of g/l T-DNA mutant plants. (A)
We compared trichome formation of an Arabidopsis WT Col-0 plant and a g// T-DNA
knockout line. While WT plants (left) show dense trichome growth on leaves and stems, the
gll plants (right) display a glabrous phenotype. (B) Homozygous T-DNA insertion in the
knockout line (g//) was additionally confirmed with PCR using gene specific primers (left,
expected product size 1267 bp) and T-DNA specific primers (right, expected product size 589-
889 bp) on leaf gDNA. WT Col-0 gDNA (WT) was used as comparison; no DNA was used as
negative control (N). The gene specific PCR product can only be found in the WT sample (red
arrow), the T-DNA product only in the T-DNA gDNA (blue arrow). M = Marker
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Fig. S4: GL1 sequence analysis of a non-glabrous T3 plants. Two T3 plants (CasGL1 2.4.1

and CasGL1 4.4.1) transformed with the vector pUB-Cas9-@GL1 were analyzed for mutations
in the GLI gene. Therefore, the gene was amplified via PCR and sequenced. WT Arabidopsis
Col-0 DNA was used as a control. No mutations could be detected on sequence level.

Figure S5

(A) WT Col-0 MYB60 sequence

\ VALY AVAVAVAVIVAVAVVAYAY

B) CasGL1 MYB60 sequence
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N — -

AWV VANV N AN :

g TG G .} T G G
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Fig. S5: Sequence analysis of a putative pUB-Cas9-@GL1 off-target site in T4 glabrous
plants. Six Cas9-generated glabrous plants of the T4 generation (CasGL1 4.2.1.1/4/5 and
CasGL1 4.2.2.1/3/4) were analyzed for mutations in a highly homologous off-target sequence
in the gene AT1G08810 (MYB60). Therefore, the gene was amplified via PCR and sequenced.
WT Arabidopsis Col-0 DNA was used as a control (A). No mutations could be detected on the
putative off target site in the six glabrous plants (B).
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1.2 Supplementary Tables

Table S1: Primer sequences

Primer  Sequence (5°23°)

name

FHS GGGGACAAGTTTGTACAAAAAAGCAGGCTTCACCTATCGATCATGA
GCGGAGAAT

FH6 GGGGACCACTTTGTACAAGAAAGCTGGGTGATCAGCTTGCATGCCG
GT

FH14 CACCAAGCTTCGTTGAACAACGGAAA

FH15 CACCGCTAGCGAAGGGACAATCACTACTTC

FH16 CACCGCTAGCGGGTCTTCGAGAAGACCTGTTT

FH18 CACCACTAGTTTAAAAAAATTTGCACCGACT

FH21 CGGGAATTCGATTCACCGAAGCTTCGTTGAACAACG

FH22 CGAAGACCCCGAAGGGACAATCACTACTTC

FH23  GTCCCTTCGGGGTCTTCGAGAAGACCTG

FH24 CAGGCGGCCGCGAATTCAAGATCTTCCGGATGGCTC

FH25 CACCTATCGATCATGAGCGGAGAA

FH26 CGGACGAGGTCGTCCGTCCTACTCCTGCGGTTCCTGC

FH27  GCCGCAGGAACCGCAGGAGTAGGACGGACGACCTCGTC

FH28  CACCATCAGCTTGCATGCCGG

FH35 TTCGGGAAAAGTTGTAGACTGAGA

FH36 AAACTCTCAGTCTACAACTTTTCC

FH39 TTAACAGCTCGAGTGCGGTATCGATCATGAGCGGAGAATTAAG

FH40 ACGAACGAAAGCTCTGCAATCAGCTTGCATGCCGGT

FH41 AAACGACGGCCAGTGCCAGAATTGGGCCCGACGTCG

FH42  TACTGACTCGTCGGGTACCAAGCTATGCATCCAACGCG

FH61 CTGCCCAACGAGAAGGTGC

FH145 TTCGGCAGGAACCGCAGGAGTAGGA

FH146 AAACTCCTACTCCTGCGGTTCCTGC

FH154 ATGAGCCCAGAACGACGC

FH155 AGATTTCGGTGACGGGCA
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FHI158 ATGAAAAAGCCTGAACTCACC
FH159 GGTTTCCACTATCGGCGAG

FH189 CTCTCACACACACACACAGACA
FH190 GTTTGCACGACTAATACACTTATG
FH201 AGTCGGACAGGCGGTTGATG
FH214 AAAGACCATCTGAATTTGGGG
FH215 TAAGCACGTGTCACGAAAACC
FH258 GATCAGTTCCCACCAACACT
FH259 TGTCGAAGAAGTTTGCAGC

GGGGACAAGTTTGTACAAAAAAGCAGGCTACCATATGGCCAGCAGCC
NHI117 CCCC

GGGGACCACTTTGTACAAGAAAGCTGGGTATTAGTCGCCGCCCAGCT
NHI119 GCGA

P16 CACAGTTCGATAGCGAAAACC

P49 TAGCATCTGAATTTCATAACCAATCTCGATACAC
P67 TTCAATGTCCCTGCCATGTA

P68 TGAACAATCGATGGACCTGA

P98 CGATTTTCTGGGTTTGATCG
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Generation of Targeted Knockout Mutants in Arabidopsis thaliana Using CRISPR/Cas9
Florian Hahn, Marion Eisenhut, Otho Mantegazza and Andreas P. M. Weber*

Institute of Plant Biochemistry, Cluster of Excellence on Plant Science (CEPLAS), Center for Synthetic

Life Sciences (CSL), Heinrich Heine University, Disseldorf, Germany

*For correspondence: Andreas.Weber@uni-duesseldorf.de

[Abstract] The CRISPR/Cas9 system has emerged as a powerful tool for gene editing in plants and
beyond. We have developed a plant vector system for targeted Cas9-dependent mutagenesis of genes
in up to two different target sites in Arabidopsis thaliana. This protocol describes a simple 1-week cloning
procedure for a single T-DNA vector containing the genes for Cas9 and sgRNAs, as well as the detection
of induced mutations in planta. The procedure can likely be adapted for other transformable plant
species.

Keywords: CRISPR/Cas9, Genome editing, Arabidopsis thaliana, Plants, Knockout

[Background] The CRISPR/Cas9 system (Cas9) provides a simple and widely applicable approach to
modify genomic regions of interest and has therefore become the tool of choice for genome editing in
plants and other organisms (Schiml and Puchta, 2016). The system relies on the bacterial Cas9
nuclease from Streptococcus pyogenes (Cas9), which can be directed by a short artificial single guide
RNA molecule (sgRNA) towards a genomic DNA sequence (Jinek et al., 2012), where it creates a double
strand break (DSB). These DSBs are then repaired by the innate DNA repair mechanism of the plant
cell. Here, two main pathways can be distinguished (Salomon and Puchta, 1998). (i) DNA molecules
with high homology to the DSB site can be used as repair template. This homology directed repair (HDR)
approach can be exploited to introduce specific sequences at the site of the DSB (Schiml et al., 2014;
Baltes and Voytas, 2015). However, due to low integration rates of these sequences, HDR mediated
gene editing in plants remains challenging. (ii) An easier and more efficient approach is the use of the
non-homologous end joining (NHEJ) repair pathway of the plant, which is the dominant repair pathway
in most plants, such as Arabidopsis thaliana (Arabidopsis). Since NHEJ is error-prone, small insertions
or deletions (indels) of a few base pairs (bp) occur often at the DSB site, leading to frameshift mutations
and gene knockouts (Pacher and Puchta, 2016). Here, we provide a detailed protocol for targeted gene
knockout in the model plant Arabidopsis including a simple 1-week cloning protocol for a plant vector
system containing the Cas9 and sgRNA, and then Arabidopsis transformation and detection of

mutations.

Materials and Reagents

1. 1.5 ml microcentrifuge tubes (SARSTEDT, catalog number: 72.690.001)
2. 200 pl PCR tubes (Labomedic, catalog number: 2081644AA)

Copyright © 2017 The Authors; exclusive licensee Bio-protocol LLC. 1
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3. Petri dishes (SARSTEDT, catalog number: 82.1472)

4. 2 ml microcentrifuge tubes (SARSTEDT, catalog number: 72.691)

5. 20 pl pipette tips (SARSTEDT, catalog number: 70.1116)

6. 200 pl pipette tips (SARSTEDT, catalog number: 70.760.012)

7. 1,000 pl pipette tips (SARSTEDT, catalog number: 70.762.010)

8. Agrobacterium tumefaciens (A. tumefaciens) strain GV3101::pMP90
9. Arabidopsis thaliana seeds (Col-0)

1

0. Vectors (see Figure 1)

(A)

pUB-Cas9

14,121 bp

pFHE
3620 bp

Bbsl Sites

M13-fwd

Figure 1. Vector maps of pUB-Cas9 (A) and pFH6 (B). pFH6E is used to integrate the 20 bp
target sequence upstream of the sgRNA scaffold and under the control of the Arabidopsis U6-

26 RNA polymerase Il promoter. The whole sgRNA cassette is then transferred via Gibson

Copyright © 2017 The Authors; exclusive licensee Bio-protocol LLC. 2
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11.

12.
13.
14.

15.
16.
17.

cloning into the binary T-DNA vector pUB-Cas9 (contains the Cas9 gene under the control of
the Ubiquitin10 promoter) for plant transformation. Maps were generated using SnapGene
Viewer (http://www.snapgene.com/products/snapgene_viewer/).

a. Plant T-DNA Cas9 vector pUB-Cas9 (GenBank accession number KY080691), containing
a Chlamydomonas reinhardtii codon-optimized ubiquitously (UBIQUITINT0 promoter)
expressed Cas9 gene, a kanamycin resistance cassette for bacterial selection and a
hygromycin resistance cassette as plant selection marker (Hahn et al., [2017]; available at
Addgene, catalog number: 86556)

b. sgRNA subcloning vector pFH6 (GenBank accession number KY080689) containing the
Arabidopsis U6-26 promoter, the integration site for the 20 bp protospacer sequence, the
sgRNA scaffold and an ampicillin resistance cassette (Hahn et al. [2017]; available at
Addgene, catalog number: 86555)

Note: pFH6 contains an additional 9 bp fragment (GTCCCTTCG) between the 3’ end of the
U6-26 promoter and the protospacer integration site. In several experiments, we could show
that this does not affect gene editing activity. However, we have also cloned a new version
of the subcloning vector without the additional fragment (pFH6_new), which shows high
cleavage activity in preliminary experiments and can be obtained from us. This version only
contains an additional guanine (G) between the 3’ end of the U6-26 promoter and the
protospacer integration site, which allows the integration of any 20 bp protospacer without
restriction of G as first bp (compare e.g., Fauser et al. [2014]). The cloning strategy for
pFH6_new is analogous to the one described in this protocol, the only difference is that the
forward primer for cloning your 20 bp protospacer sequence contains a different overlap
and lacks the need for an initial G at the beginning (ATTG-Nzo, compare procedure section).

Competent Escherichia coli (E. coli) cells (e.g., Mach1™ competent cells, Thermo Fisher

Scientific, Invitrogen™, catalog number; C862003)

Bbsl-HF + CutSmart buffer (New England Biolabs, catalog number: R3539S)

Distilled H20

Plasmid mini prep kit and agarose gel extraction kit (e.g., GeneMATRIX 3 in 1-Basic DNA

Purification Kit, Roboklon, catalog number: E3545)

T4 DNA ligase with 10x ligation buffer (New England Biolabs, catalog number: M0202S)

Ampicillin (Amp) (Carl Roth, catalog number: K029.2)

Primers (see Table 1)

Copyright © 2017 The Authors; exclusive licensee Bio-protocol LLC. 3
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18.
19.
20.
21.
22.
23.

24,
25.
26.
27.
28.
29.
30.
31

32.

33.

Table 1. List of oligonucleotides

Primer name Sequence (5’2 3)

FH41 aaacgacggccagtgccaGAATTGGGCCCGACGTCG
FH42 tactgactcgtcgggtacCAAGCTATGCATCCAACGCG
FH61 CTGCCCAACGAGAAGGTGC

FH179 TATTACTGACTCGTCGGGTA

FH201 AGTCGGACAGGCGGTTGATG

FH254 gceccaattcCAAGCTATGCATCCAACGCG

FH255 catagcttgGAATTGGGCCCGACGTCG

M13F GTAAAACGACGGCCAG

M13R CAGGAAACAGCTATGAC

5x Green GoTaq Reaction buffer (Promega, catalog number: M791A)

dNTPs (10 mM each) (Thermo Fisher Scientific, Thermo Scientific™, catalog number: R0192)

GoTaq G2 polymerase (Promega, catalog number: M7841) or other standard PCR polymerase
Hindlll-HF + CutSmart buffer (New England Biolabs, catalog number; R310483)

Kpnl-HF + CutSmart buffer (New England Biolabs, catalog number: R31423)

Phusion High-Fidelity polymerase (New England Biolabs, catalog number: M0530S) or other
proofreading polymerases

Gibson Assembly Cloning Kit (New England Biolabs, catalog number: E5510S)

Kanamycin sulfate (Kan) (Carl Roth, catalog number: T832.4)

Rifampicin (Rif) (Molekula, catalog number: 32609202)

Gentamycin sulfate (Gent) (Carl Roth, catalog number: 0233.3)

Hygromycin B (Hyg) (Carl Roth, catalog number: CP12.2)

T7 Endonuclease | (optional; New England Biolabs, catalog number: M0302S)

LB medium (agar plates and liquid), supplemented with 200 pg/ml ampicillin (see Recipes)

LB medium (agar plates and liquid), supplemented with 30 pg/ml kanamycin sulfate (see
Recipes)

YEP medium (agar plates and liquid), supplemented with 150 pg/ml rifampicin, 50 pg/ml
gentamycin sulfate, 50 pg/ml kanamycin (see Recipes)

¥2 MS medium agar plates, supplemented with 33.3 pg/ml hygromycin B (see Recipes)

Equipment

5.

Agarose gel electrophoresis equipment (e.g., VWR, Peglab, model: PerfectBlue™ Gel System
Mini M, catalog number: 700-0434)

Bacteria plate incubators (28 °C, 37 °C, e.g., Memmert, model: IN55) and shaker (28 °C, 37 °C;
e.g., Eppendorf, New Brunswick™, model: Innova® 44, catalog number: M1282-0002)

Heating blocks (e.g., Eppendorf, model: Thermomixer Compact, catalog number: T1317-1EA)
PCR cycler (e.g., Thermo Fisher Scientific, Applied Biosytems™, model: Veriti™ 96-well
Thermal Cycler, catalog number: 4375786)

10 pl pipette (e.g., Pipetman Neo P10N, Gilson, catalog number: F144562)
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6. 20 pl pipette (e.g., P20N, Gilson, catalog number: F144563)

7. 200 pl pipette (e.g., P200N, Gilson, catalog number: F144565)

8. 1,000 pl pipette (e.g., P1000N, Gilson, catalog number: F144566)

9. Plant growth chamber (e.g., CLF Plant Climatics, Percival Scientifici, model: AR-66L)
Software

1. SerialCloner

2. Cas-OFFinder

3. 4Peaks software

4. MUSCLE (Optional)

Procedure

A. Design of sgRNA sequence for gene knockout
The design of the sgRNA is possibly the most critical step of Cas9-mediated gene editing. Thus, the
Cas9 target site should be carefully selected. Several online tools (Heigwer et al., 2014; Lei et al.,
2014; Xie et al., 2014) assist with finding suitable target sites, however, we still choose most target
sites manually in standard molecular Dbiology software (e.g.,  SerialCloner,

http://serialbasics.free.fr/Serial Cloner.html). When choosing the target site, the following aspects

should be taken into account:

1. Search your gene of interest (GO/) for a GN1eNGG sequence on both strands to find putative

target sites. The NGG is the Streptococcus pyogenes Cas9 protospacer adjacent motive (PAM),
which has to be present in the target locus for efficient binding of the Cas9 protein (Jinek et al.,
2012). The GN19 represents the 20 bp long protospacer motif, defining the target site where you
want to create mutations. This 20 bp sequence, which marks the 5’ end of your sgRNA molecule,
should start with a G, since this is a prerequisite for transcription of the sgRNA under the control
of the U6-26 promoter of Arabidopsis.
Note: If there is no suitable target sequence, you might just add the G as 21st bp, even if it does
not have a complementary base in the target locus. These sgRNAs might still lead to cleavage
at the target site (e.g., Hahn et al., 2017). However, we recommend using the canonical 20 bp
protospacer sequences if possible.

2. Choose a target site in an exon of your GO/, which is preferably close to the 5’ end of the coding
sequence, since mutations in this region are more likely to disrupt the protein’s function. If you
know highly important domains of the protein, such as nucleic acid binding sites, you might want
to create mutations in these regions.

3. Consider choosing several different target sites, since not all sgRNAs work equally well (Liang
et al., 2016). Additionally, you might want to use two sgRNAs at once (see cloning strategy) to
create large deletions, which might cause more drastic effects.
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4. Search for putative off-target sites to avoid knocking out genes that share the 20 bp target site
or highly similar sites. For this purpose, we use the Cas-OFFinder program (Bae et al., 2014),
which is available at hitp://www.rgenome.net/cas-offinder/. Here, we use the following settings:

PAM-Type: SpCas9 from Streptococcus pyogenes: 5-NRG-3' (R = Aor G)
Target genome: Arabidopsis thaliana (TAIR 10)
Mismatch number: 3
After searching for your 20 bp target site in the reference genome, the program displays all
similar sites with up to 3 mismatches. If you have more than one hit with zero mismatches (one
is always your GO/), you should choose a different target site. If you have 1-3 mismatches, you
should take into account that Cas9 might also mutagenize these sites, especially if these
mismatches are at the 5’ end of the 20 bp sequence (Semenova et al., 2011). Even though the
affinity for Cas9 will be lower than to your GO/l and plants seem to be in general less affected
by off targeting (Feng et al., 2014), we recommend careful sequencing of these off target site in
the knockout plants to ensure the absence of mutations in these genes.

5. Consider using a 20 bp target site that also contains a recognition site of a commercially
available restriction enzyme. The target site of the restriction enzyme should span the site of
Cas9 cleavage (3 bp in front of the PAM). This will allow you to use the restriction enzyme length

polymorphism assay to detect mutations in your GOI.

B. Subcloning of 20 bp protospacer sequence into pFH6
1. An overview how to perform the subcloning of the protospacer sequence into pFH6 is given in
Figure 2.
2. Order forward and reverse primers for your candidate target sequence Nzo with overlaps for
cloning and dilute them to a final concentration (f.c.) of 10 uM.
Forward primer: TTCG-GNig

Reverse primer: AAAC-N19 (reverse complement) C (See Figure 2)
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Bbsl sites

PolyT

U6p
sgRNA
scaffold

..CCTTCGGGGTCTTCGAGAAGACCTGTTTTA...
...GGAAGCCCCAGAAGCTCTTCTGGACAAAAT...

Forward primer TTCG-GN,,
| TTCGGNNNNNNNNNNNNNNNNNNN |

Reverse primer AAAC-Ng (reverse complement)C

I AAACNNNNNNNNNNNNNNNNNNNC |

+Bbsl-HF l PolyT Primer annealing
Uép
pFH6 backbone
Dimerized primers with 20bp target sequence
Y o o> GTTTTA... TTCGGNNNNNNNNNNNNNNNNNNN
..GGAAGC AT... CNNNNNNNNNNNNNNNNNNNCAAA

+T4 DNA Ligase

l

GNNNNNNNNNNNNNNNNNNN

sgRNA

scaffold

pFH6 with target sequence

.CCTTCGGNNNNNNNNNNNNNNNNNNNGTTTTA. ..
..CGAAGCCNNNNNNNNNNNNNNNNNNNCAAAAT. ..

Figure 2. Subcloning of protospacer sequence in pFH6. The 20 bp protospacer sequence

can be integrated between the sgRNA scaffold and the U6-26 promoter (U6p) by ligation of

dimerized primers into Bbsl-digested pFH6 vector.

3. Pipette 10 pl of each primer dilution into a 1.5 ml microcentrifuge tube and mix.

Heat primer mix to 98 °C, 10 min, then 55 °C, 10 min, afterwards slowly cool down to RT (e.g.,

by switching off the heating block). By doing so, a double stranded DNA including your

protospacer sequence (= annealed primers) will be generated.

5. Digest pFH6 with Bbsl-HF for 3 h at 37 °C.

pFHG6 3 Hg
10x CutSmart buffer 5l
ddH20 to 49 pl
Bbsl-HF (20 U/pul) 1l
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6. Run the restriction digest on an agarose gel and extract the vector backbone (3,612 bp) from
the gel using the GeneMATRIX 3 in 1-Basic DNA Purification Kit.
7. Ligate annealed primers with digested pFH6 at 4 °C overnight.

pFH6 backbone 300 ng
Annealed primers 1l
10x ligation buffer 24l
ddH20 to 19 pl
T4 DNA ligase 1l

8. Transform competent Machl E. coli cells with the ligation reaction and spread the transformed
cells on LB agar plates supplemented with Amp.
Note: Usually, plating 100 pl of the ftransformation mixture is sufficient. Protocols for
transformation of E. coli cells are provided by the authors upon request.

9. Verify eight E. coli colonies by colony PCR using primer M13R and your protospacer primer
TTCG-Nzo with the following setup:

5x Green GoTaq Reaction buffer 4 pl
M13R (10 pM) 1pl
TTCG-Nzo (10 pM) 1l
dNTPs (10 mM each) 0.4 pl
ddH20 13.4 pl
GoTaq G2 polymerase (5 U/ul) 0.2l

Pick half of a colony with a pipette tip and suspend it in the
PCR reaction.

Use the other half of the colony for inoculation.

PCR program:

Initial denaturation 95 °C 2 min

Denaturation 95 °C 30 sec

Annealing 51°C 30 sec :|' 35 cycles
Elongation 72°C 15 sec

Final elongation 25 E 5 min

Storage 20°C 0

Note: We recommend using pFH6 as negative control. We have sometimes observed fragments
at the expected band size (281 bp) in the negative control since the protospacer primer might
partly bind to the Bbsl-sites. However, positive colonies usually have a much stronger PCR
product signal and can therefore be distinguished from negative clones.

10. Inoculate positive colony in LB medium supplemented with Amp and grow overnight.

11. Purify the plasmid using the GeneMATRIX 3 in 1-Basic DNA Purification Kit.
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12. Sequence the plasmid and verify the sequence of the protospacer insertion using primer M13R
(Table 1).

C. Cloning of final plant T-DNA Cas9 vector using Gibson Assembly

1. An overview how to clone the final plant T-DNA Cas9 vector is given in Figure 3.

Hindlll  Kpnl GNNNNNNNNNNNNNNNNNNN
NosTm 358Tm
LB
UB10p CaMV 35S FH41 FH42
‘ Hyg I\ ’ sgRNA €
scaffold
pUB-Cas? pFHB6 with target sequence
Y f
+Kpnl-HF PCR with
+Hindlll-HF FH41/FH42
NosTm 355Tm GNNNNNNNNNNNNNNNNNNN
LB
UB10p CaMV 358
1 Hyg I"\
' sgRNA
Lifells]
pUB-Cas9 backbone il
sgRNA cassette
Gibson Assembly
GNNNNNNNNNNNNNNNNNNN l
NLS NosTm 355Tm
LB
CaMV 358
sgRNA
scaffold Hyg .

pUB-Cas9-@GOl

.

Figure 3. Generation of a plant T-DNA vector with all necessary components for Cas9
induced mutagenesis. The sgRNA cassette including the 20 bp target site is amplified from
pFH6 and integrated into Kpnl/Hindlll-digested pUB-Cas9 via Gibson Assembly. The resulting
vector contains the sgRNA cassette as well as the Cas9 gene under the control of the
UBIQUITIN10 promoter (UB10p), and the hygromycin (Hyg) resistance gene as selection
marker. RB, right T-DNA border; PolyT, polythymidine transcription terminator; NLS, nuclear
localization signal; NosTm, nopaline synthase terminator; CaMV35S, Cauliflower Mosaic Virus
2x35S promoter; 35STm, 35S terminator; LB, left T-DNA border.
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2. Digest vector pUB-Cas9 with Hindlll-HF and Kpnl-HF for 3 h at 37 °C.
pUB-Cas9 3 Hg
10x CutSmart buffer 5yl
ddHz0 to 48 pl
Kpnl-HF (20 U/pl) 1l
Hindlll-HF (20 U/ul) 1l

Note: Efficient digestion of the pUB-Cas9 plasmid is critical for further cloning steps. In case you
have problems in the subsequent cloning steps, try to digest pUB-Cas9 with a fresh batch of
enzymes and longer incubation times.

3. Run out the restriction digest reaction on an agarose gel and extract the vector backbone
(14,097 bp) from the gel using the GeneMATRIX 3 in 1-Basic DNA Purification Kit.

4. Amplify the sgRNA cassette (expected size: 771 bp) from pFH6 with target sequence using
primer FH41 and FH42 (Table 1) and Phusion High-Fidelity polymerase and the following setup:

5x Phusion HF-buffer 10 ul
FH41 (10 uM) 2.5 pl
FH42 (10 uM) 2.5 pl
dNTPs (10 mM each) 1ul

ddH:0 33 ul
pFH6 with target sequence (100 ng/ul) 0.5 ul
Phusion DNA polymerase (2 U/ul) 0.5 ul

PCR program:

Initial denaturation 98 °C 30 sec

Denaturation 98 °C 15 sec

Annealing 69 °C 30 sec :|— 35 cycles
Elongation 728C 20 sec

Final elongation 7286 5 min

Storage 20°C ©

5. Run out the PCR reaction on an agarose gel and extract the sgRNA cassette (771 bp) from the
gel using the GeneMATRIX 3 in 1-Basic DNA Purification Kit.

6. Assemble the pUB-Cas9 backbone and the sgRNA cassette to generate the final vector pUB-
Cas9-@GOI using Gibson Assembly Master Mix according to the manufacturer’s instruction
with an incubation time of 1 h.

Note: We propose a nomenclature for the final constructs, where the target gene is marked by
the @-sign. A vector designed against the GL1 gene of Arabidopsis would therefore be called
pUB-Cas9-@GL1 (Hahn et al., 2017).
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7. Transform competent E. coli cells with the Gibson reaction mixture and spread the transformed
cells on LB agar plates supplemented with Kan.
Note: New England Biolabs provides highly competent E. coli cells in the Gibson Assembly
Cloning Kit. However, we also used competent E. coli cells produced in our lab. Since these are
usually less competent, we recommend plating all transformed cells on the LB agar plate. A
protocol for generation of competent Machl E. coli can be found in Sambrook and Russell (2006).

8. Verify eight positive colonies by colony PCR using primer M13F and FH179 (Table 1) with the
following setup:

5x Green GoTaq Reaction buffer 4 ul

M13F (10 uM) 1l
FH179 (10 pM) 1l
dNTPs (10 mM each) 0.4 pl
ddHz20 13.4 pl
GoTaqg G2 polymerase (5 U/pl) 0.2 ul

Pick half of a colony with a pipette tip and suspend it
in the PCR reaction.

Use the other half of the colony for inoculation.

PCR program:

Initial denaturation 95 °C 2 min

Denaturation 95°C 30sec

Annealing 52°C  30sec j|> 35 cycles
Elongation 72°C  45sec

Final elongation 72°C 5 min

Storage 20°C =

Note: Expected product size is 779 bp, pUB-Cas9 vector can be used as negative control.

9. Inoculate positive colony into LB medium supplemented with Kan and let grow overnight.

10. Purify the plasmid using the GeneMATRIX 3 in 1-Basic DNA Purification Kit.

11. Sequence the plasmid for verification of protospacer sequence insertion using primer FH179
and M13F (Table 1).
Note: The vector system also allows cloning of two different sgRNAs into the pUB-Cas9 vector
backbone to induce large deletions in the target genome or to destroy two genes at once.
Therefore, both protospacer sequences have to be cloned separately into pFH6 as described.
Then, the first sgRNA cassette has to be amplified from its subcloning pFH6-construct using the
primers FH41 and FH254 (Table 1). The second sgRNA cassette has to be amplified with FH42
and FH255 (Table 1), using the PCR conditions described above. Using the Gibson Assembly
Master Mix, both cassettes can be integrated into Kpnl-HF/Hindlll-HF-digested pUB-Cas9 in a
single step. As two fragments are integrated into the digested vector, the amount of colonies is
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usually lower compared to the integration of one fragment. However, the proportion of correctly
assembled vectors is comparable. The colony PCR can be performed with the same primers
but using a longer elongation time (1.5 min), since the PCR reaction amplifies both sgRNA
cassettes (expected product size: 1,512 bp). Sequencing should be performed as described
above.

All cloning steps are summarized in Table 2:

Table 2. Timetable for cloning of plant T-DNA Cas9 vector for targeted gene knockout

Day 1 Day 2 Day 3 DER Day 5 Day 6 Day 7
Digest of Transformation  Colony PCR Plasmid Amplification of Colony Plasmid
pFH6 and gel of ligated pFH6  of pFH6 with  purification sgRNA cassette PCR of purification
extraction of with target target from pFHE with pUB-Cas9-
backbone sequence in E.  sequence target sequence @GOl
coli with FH41/FH42

and gel

extraction of

sgRNA cassette
Protospacer Inoculation of  Sequencing Gibson Inoculation  Sequencing
annealing positive Assembly of of positive

colonies digested pUB- colonies

Cas9 and

sgRNA casselte

resulting in pUB-

Cas9-@GOl
Ligation of Digest of Transformation
pFH6 and pUB-Cas9 of pUB-Cas9-
annealed and gel @GOl in E. coli
protospacer extraction of
overnight backbone

D. Arabidopsis transformation with pUB-Cas9-@GOlI

1. Transform competent A. tumefaciens cells with 1 pg of pUB-Cas9-@GOI and spread the
transformed cells on YEP agar plates supplemented with Rif/Gent/Kan.
Note: Protocols for generation of competent A. tumefaciens cells and transformation of A.
tumefaciens cells are described elsewhere (Hofgen and Willmitzer, 1988).

2. After two days of growth at 30 °C, verify plasmid presence in at least three colonies by colony
PCR using primer FH61 and FH201 (Table 1). In order to verify colony, pick half of a colony with
a pipette tip and suspend cells in a 1.5 ml microcentrifuge tube containing 100 ul ddH20. Heat
to 98 °C for 10 min and use 2 yl as DNA template for the PCR. Streak the other half of the
colony on a fresh YEP agar plate supplemented with Rif/Gent/Kan. Grow cells at 30 °C for one

day and then store at 4 °C. For the colony PCR, use the following setup:
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5x GoTaq Green Reaction buffer 4 ul
FH61 (10 uM) 1l
FH201 (10 pM) 1l
dNTPs (10 mM each) 0.4 pl
ddH:20 11.4 pl
DNA template 2 pl
GoTag G2 polymerase (5 U/pl) 0.2 ul

PCR program:

Initial denaturation 95°C 2 min

Denaturation 95°C 30sec

Annealing 60°C 30sec 35 cycles
Elongation 72°C 1 min

Final elongation 72°C  5min

Storage 20°C =

Note: Expected product size is 1,003 bp.

3. Transform Arabidopsis plants using Agrobacterium-mediated T-DNA transfer with the floral
dipping method (Clough and Bent, 1998).

Note: Per construct, we usually transform four pots with five Arabidopsis plants, each. We
recommend removing of all present siliques before transformation to avoid excessive screening
for transformation events afterwards.

4, Select the T1 generation plants for successful T-DNA insertion events on 'z strength MS agar
plates supplemented with Hyg. Verify the integration of the T-DNA by isolating leaf genomic DNA
(gDNA) and subsequent PCR using primers FH61/FH201with the parameters described before.
Note: A detailed protocol for plant gDNA extraction by isopropanol precipitation can be found
elsewhere (Weigel and Glazebrook, 2009).

E. Detection of Cas9 induced mutations
The Cas9 protein in our vector system is transcribed under the control of the UB/QUITIN10 promoter
of Arabidopsis, which allows Cas9 expression in nearly all tissues of the plant (Norris et al., 1993).
Since the editing mechanisms of the Cas9 system work independently in each plant cell, T1
generation plants are usually chimeras with distinct genotypes in different cells. Only if mutations
occur in germline cells, can progeny plants arise that have a uniform genotype. This is usually the
prerequisite for further analyses. Therefore (and due to the limited amount of plants available in the
T1 generation), screening approaches for detection of mutations should be applied to T2 or following
generations. We recommend screening descendants of three to four independent transformed lines,
since mutation efficiencies might vary between different lines due to the integration site of the T-
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DNA cassette. To choose promising T1 lines for further screening, we also searched for mutational
events in the T1 generation. We suggest to screen the plants for mutation in this way:
1. Amplify the genomic region around the Cas9 cutting site in your GO/ (+ 300-500 bp upstream

and downstream) with gene specific primers from leaf gDNA using Phusion polymerase.

5x Phusion HF- buffer 10
Forward primer (10 uM) 2.5 ul
Reverse primer (10 pM) 25 ul
dNTPs (10 mM each) 1l
ddH20 325l
Leaf gDNA 1l
Phusion DNA polymerase (2 U/ul) 0.5 pl

PCR program:

Initial denaturation 98 °C 2 min

Denaturation 98 °C 15 sec

Annealing variable 30 sec 35 cycles
Elongation 72°C 30 sec/kb

Final elongation 72°C 5 min

Storage 20 °C 0

2. Run out the PCR products on an agarose gel and extract your GO/ from the gel using the
GeneMATRIX 3 in 1-Basic DNA Purification Kit.

3. Sequence PCR product with Sanger sequencing. When Cas9 was active and mutations
occurred at least in a part of the leaf cells, the sequencing histogram will show a mixture of WT

sequence and mutated sequences (Figure 4).

Cas9 cleavage site

PAM motive
WTsequence .ATGT GGG AAAAGIAGATIGG ATGAATTAT.

a /\

+Tinsertion .ATGT GGG AAAAGT AGATGG ATGAATTA.

Figure 4. Exemplary sequencing result histogram of amplified target gene from chimeric
leaf gDNA. Double peaks appear at the site of Cas9 cleavage (3 bp in front of the PAM motive

NGG) pointing to mutation events in the GO/ in a part of the leaf cells.
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The efficiency of the Cas9 system varies considerably as its mutagenic effect relies on various
aspects, such as: the plant species, Cas9 and sgRNA expression levels, and the sequence of
the target loci (Bortesi and Fischer, 2015; Paul and Qi, 2016). Therefore, it is difficult to predict
how many plants have to be screened to identify a heritable mutation. We recommend starting
screening 30 plants per line. Screening for mutations in the T2 generation can be performed by
amplification and Sanger sequencing of your GO/ as described before. As this can become
costly, several methods enable detecting mutations on genomic level without sequencing.

4. If you expect a specific phenotype due to the knockout of your gene, the easiest way to screen
for mutations is a visual screen in the first place. These phenotypes can be changes in anatomy
or survival of plants on selection medium. Plants that show a phenotype are then analyzed on
genomic level as described above.

5. If you target two sites in your GO/ at the same time, a simultaneous cleavage with two sgRNAs

can result in large deletions, which can already be detected during the PCR amplification of your
GOl (Figure 5A). Larger deletions can in theory also occur using one sgRNA, however, we
usually discovered small indels in the range of a few bp, which usually cannot be detected by
PCR product size difference using agarose gel electrophoresis.
Note: If you expect that only few cells contain the expected mutation (e.g., in chimeric plants),
you can improve the PCR amplification efficiency of the mutant alleles by digesting unmutated
gDNA with a restriction enzyme that cuts between the two sgRNA target sites before PCR
amplification of your GOI.

(A)
FW Primer RV Primer
—_— € WT GOl amplicon
GOl —_—
PCR

o « Shortened goi amplicon

sgRNA1 sgRNA2
(B)
Restriction enzyme site... NNNNNNNNNGG...
— \I/(— Multiple restriction fragments

cle] —_—
PCR +
...NNNNNXNNNGG... Restriction
digest ’
—_— € No digest
go —_—
sgRNA
(C)
o <« No digest
Gol e
PCR +
T7 Assay
- * <« Multiple restriction fragments
goi —_
sgRNA

Figure 5. Summary of methods that allow the detection of induced mutations after

amplification of the GOl with a forward (FW) and reverse (RV) primer (green arrows). A.
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Usage of two sgRNAs can induce larger deletions in the GO, which can be detected by PCR
amplicon size difference between WT and mutated GO/ (goi). B. If a restriction site (red letters)
is present in the mutagenic region 3 bp in front of the PAM site (bold, underlined), mutations
(blue X) lead to cleavage resistant PCR amplicons. C. The T7 Endonuclease assay allows
cleavage of heteroduplexes, which are produced by imperfect DNA pairing due to mutations on

one strand of the DNA amplicon (red asterisk).

6. The restriction fragment length polymorphism (RFLP) assay is an elegant method to detect bp
exchanges or small indels in your GOI. The advantage of this method is that heterozygous,
biallelic and homozygous mutations can be detected (Figure 5B). The RFLP assay relies on the
disruption of a restriction enzyme target site by Cas9 induced mutations. Therefore, the
restriction enzyme target site should span the region at 3 bp in front of the PAM motive. For
detection of mutations, the GO/ is amplified with gene specific primers as described above. The
PCR amplicon is then digested with the restriction enzyme of choice according to the
manufacturer’s instructions. The sizes of the restriction fragments are analyzed by agarose gel
electrophoresis. For the RFLP assay, amplify your GO/ as described before. Separate the PCR
products on an agarose gel and extract the PCR product from the gel using the GeneMATRIX
3 in 1-Basic DNA Purification Kit. Digest the PCR product with the suitable restriction enzyme
according to the manufacturer’s instruction.

Notes:

a. WT gDNA should be used as negative control.

b. In case you have a homozygous or a heterozygous mutation in your GOI, you either get
only the undigested PCR amplicon or a mixture of undigested and digested PCR bands.

c. It can be favorable if your PCR product contains more than one cleavage site of your
restriction enzyme (which are not targeted by the Cas9) as it provides you with an internal
control that the digest itself worked.

d. If you have already detected mutations in your T1 plants by sequencing, you can use the
sequenced PCR product as positive control for this assay.

e. If you expect only small amounts of mutant alleles (e.g., in chimeric plants), you can enrich
these amplicons by digesting the gDNA with the restriction enzyme before PCR
amplification of your GOI. In this case, no other cut sites besides the one in the sgRNA
target site should be present between your primer annealing sites.

7. The T7 endonuclease assay and the Surveyor assay allow detection of small indels and bp
exchanges in your target site (Figure 5C). First, the GO/ is PCR amplified using a proofreading
DNA polymerase. The PCR amplicon is then denatured and reannealed. In this step, ssDNA
strands containing a mutation will anneal to DNA strands that do not contain a mutation, leading
to non-perfectly matching dsDNA strands. These heteroduplexes are then recognized and
cleaved by the T7 Endonuclease | or the Surveyor Nuclease. The restriction fragment pattern is
analyzed by agarose gel electrophoresis. The advantage of these methods is that they do not
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require a restriction site within your gRNA target site. For details on this method, we refer to
detailed protocols of the Endonuclease suppliers (e.g.,
https://www.neb.com/protocols/2014/08/11/determining-genome-targeting-efficiency-using-t7-

endonuclease-i) and the experimental procedures of other research groups (Mao et al., 2013;
Xie and Yang, 2013; Qiu et al., 2004).

Note: These assays are not able to detect homozygous mutations as no heteroduplexes occur.

Data analysis

1. There is no specific requirement for large-scale data analysis to generate Cas9-mediated
knockout mutants. The mutagenic effect of the Cas9 system varies considerably depending on
the plant species, Cas9 and sgRNA expression levels, and the sequence of the target loci
(Bortesi and Fischer, 2015; Paul and Qi, 2016). Additionally, the Cas9 system produces chimeric
plants due to the possibility of independent mutation events in each cell. Therefore, statistical
analyses of mutation efficiencies are complicated and the results of one experiment might not
be transferable to another one, especially if a different sgRNA is used.

2. Sequencing data obtained from transformed plants can be compared to sequences from WT
plants using alignment tools like MUSCLE with default settings (Edgar, 2004). Sequencing

histograms can be analyzed using 4Peaks software.

Notes

1. All analyses on gDNA level (sequencing, RFLP-assay, T7 assay) rely on the gDNA of a single
leaf. If your knockout mutant does not display a visible phenotype and the Cas9 cassette is still
integrated into the plant genome, it is difficult to tell whether you are analyzing a chimeric
mutation only present in the leaf that you used for gDNA isolation or if your whole plant is already
mutagenized. You should therefore consider the following aspects.

a. Isolation of gDNA from several different leaves followed by GO/-amplification should result
in similar sequencing histograms.

b. The mutation should show a Mendelian inheritance pattern in the progeny generation.

c. Loss of the Cas9 T-DNA cassette by backcrossing and/or segregation should not affect the
mutation. The presence of the Cas9 T-DNA can be detected by PCR using primers
FH61/FH201 and plant gDNA as template.

Recipes

1. LB-medium
10 g/L Bacto-tryptone (BD)
5 g/L yeast extract (BD)
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5 g/L NaCl (Fisher Scientific)
Optional: 15 g/L Bacto agar for plates (BD)
2. YEP-medium
10 g/L yeast extract (BD)
10 g/L Bacto-peptone (BD)
5 g/L NaCl
Optional: 15 g/L Bacto agar for plates (BD)
3. % MS-medium
2.2 g/L Murashige & Skoog medium (Duchefa Biochemie)
0.5 g/L MES (Carl Roth)
Adjust pH to 5.7 with KOH (Carl Roth)
Optional: 8 g/L plant agar for plates (Duchefa Biochemie)
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ABSTRACT

The CRISPR/Cas9 system has emerged as a powerful tool for targeted genome editing in
plants and beyond. Double-strand breaks induced by the Cas9 enzyme are repaired by the
cell’s own repair machinery either by the non-homologous end joining pathway or by
homologous recombination. While the first repair mechanism results in random mutations at
the double-strand break site, homologous recombination uses the genetic information from a
highly homologous repair template as blueprint for repair of the break. By offering an
artificial repair template, this pathway can be exploited to introduce specific changes at a site
of choice in the genome. However, frequencies of double-strand break repair by homologous
recombination are very low. In this study, we compared two methods that have been reported
to enhance frequencies of homologous recombination in plants. The first method boosts the
repair template availability through the formation of viral replicons, the second method makes
use of an in planta gene targeting approach. Additionally, we comparatively applied a nickase
instead of a nuclease for target strand priming. To allow easy, visual detection of homologous
recombination events, we aimed at restoring trichome formation in a glabrous Arabidopsis
mutant by repairing a defective glabrous! gene. Using this efficient visual marker, we were
able to regenerate plants repaired by homologous recombination at frequencies of 0.12%
using the in planta gene targeting approach, while both approaches using viral replicons did

not yield any trichome-bearing plants.
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INTRODUCTION

Gene targeting (GT) means integration of foreign DNA into a cell’s genome by homologous
recombination (HR; Paszkowski et al., 1988). GT has been a long-term goal for plant
scientists since it allows modifying an endogenous gene in planta or integrating a transgene at
a specific position in the genome (Puchta, 2002). GT is easily achieved in lower eukaryotes,
such as yeast, or the moss Physcomitrella patens, because they include foreign DNA
predominantly through a highly efficient HR pathways. However, GT is not easily achieved in
higher plants, since they integrate foreign DNA via illegitimate recombination through the
non-homologous end joining (NHEJ) pathway (Puchta, 2005). A simple introduction of a
DNA donor molecule with homology arms (HA) only led to frequencies of 10 to 10°® GT
events per transformation event in higher plants, such as tobacco and Arabidopsis (Lee et al.,
1990; Offringa et al., 1990; Miao and Lam, 1995; Risseeuw et al., 1995), making GT
impractical for most applications. Nevertheless, GT frequencies in higher plants can be
increased by two orders of magnitude by inducing double-strand breaks (DSB) in the target
locus with sequence specific nucleases (SSN, Puchta et al., 1996). SSN are proteins that can
cleave DNA at predefined sequence motives. The first generation of SSN, including
meganucleases, Zinc-finger nucleases (ZFN), and Transcription Activator-like Effector
Nucleases (TALENSs) recognized DNA by protein-DNA interactions, which required rational
protein design for every target sequence (Voytas, 2013). The most recent addition to the SSN
has been the CRISPR/Cas9 system (Cas9 system).

Cas9 is an endonuclease of the bacterium Streptococcus pyogenes that generates DSB in DNA
(Doudna and Charpentier, 2014) and that recently has become the SSN of choice for genome
editing and GT. Cas9 became so popular because, in contrast to other SSNs that recognize
DNA sequences through protein-DNA interactions, Cas9 is guided to its target site on DNA
by complementarity matching of a single guide RNA (sgRNA, Jinek et al., 2012). The RNA-
based targeting system makes Cas9 easily programmable towards a selected target. Therefore,
the Cas9 system has been used extensively by numerous laboratories to edit plant genomes
(Zhang et al., 2017). Additionally, mutation of one of the two endonuclease sites of Cas9
resulted into a Cas9 nickase, which introduces only single-strand nicks in the plant genome
(Fauser et al., 2014).

SSN-generated DSB are lethal for the cell and must be repaired by dedicated protein
machineries. Two major repair pathways can be distinguished: NHEJ and HR (Puchta, 2005).
Most DSB in higher eukaryotes are repaired by NHEJ (Sargent et al., 1997), a pathway that
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involves direct re-ligation of the DSB ends (Gorbunova and Levy, 1997; Dueva and Iliakis,
2013), making it an error-prone process. This process can be exploited to introduce random
small indel mutations at a DSB site and has been used extensively to knock-out gene
functions with SSN (Bortesi and Fischer, 2015). In contrast, HR repair pathways use a
homology template (HT) to repair a DSB and are therefore of high potential for GT. In the
conservative synthesis-dependent strand annealing pathway, which is the most prominent HR
pathway in plant somatic tissues (Puchta, 1998), DNA ends are resected to create 3’
overhangs. One 3’-end can invade into a homologous sequence forming a loop-structure and
copy the sequence from the HT DNA. After release from the loop structure, the single strand
can reanneal with homologous sequences on the opposite side of the DSB, leading to
conservative repair without sequence information loss (Steinert et al., 2016). Artificial HT
with HA have already been used for GT experiments to integrate foreign DNA sequences into
a DSB generated by SSN (Puchta et al., 1996; Baltes et al., 2014; Schiml et al., 2014; Li et al.,
2015).

While GT frequencies were successfully enhanced by cutting the target site with SSN, this is
not sufficient for streamlined application of GT in plants. GT frequencies can be further
enhanced of approximately two orders of magnitudes (compared to conventional T-DNA
delivery) by mobilizing the HT after T-DNA transformation. This can be achieved with an in
planta gene targeting (IPGT) approach and with a viral replicon approach.

The IPGT approach (Fauser et al., 2012) employs SSN not only to cut the target locus but also
to excise the HT from the chromosomal T-DNA backbone. The liberation from the genomic
context of the T-DNA allows the activated HT to be available at the site of the DSB where it
can function as repair template. This method has been used successfully using various SSN in
Arabidopsis (Fauser et al., 2012; Schiml et al., 2014; Zhao et al., 2016), maize (Ayar et al.,
2013; Kumar et al., 2016), and rice (Sun et al., 2016).

An alternative approach has been developed by Baltes et al. in tobacco. It activates the HT by
including it in a Geminivirus based replicon (Baltes et al., 2014). Therefore, the HT is flanked
with three viral elements from the Bean yellow dwarf virus (BeYDV) that are required to
establish the replicon. These regions are known as the cis-acting long intergenic region (LIR),
the short interacting region (SIR) and the gene for the frans-acting viral replicase Rep/RepA.
The Rep protein initiates a rolling circle endoreplication at the LIR site, leading to a
replicational release of the HT in form of up to several thousand circular replicons (Chen et
al., 2011). This method has been successfully applied using components from various virus

strains and with different SSN for GT in wheat protoplast (Gil-Humanes et al., 2017), tomato
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(Cermak et al., 2015), potato (Butler et al., 2016), and rice (Wang et al., 2017). While IPGT
has already been shown to induce stable GT events in Arabidopsis (Fauser et al., 2012;
Schiml et al., 2014), reports about successful applications of viral replicons based GT
approaches in Arabidopsis have not been published so far.

In this report, we aimed to evaluate and compare the efficiencies of the viral replicon system
and the IPGT system to enhance GT frequencies in the model plant Arabidopsis thaliana.
Therefore, we made use of the R2ZR3-MYB transcriptional master regulator of trichome
formation GLABROUS1 (GL1), which we established previously as non-invasive,
endogenous visual marker for Cas9 activity in Arabidopsis (Hahn et al., 2017). Null-
mutations of the GLI gene lead to loss of trichome formation (Koornneef et al., 1982) on
stems and leaves as GL1 is part of the signaling cascade which allows epidermal cells to
differentiate into trichomes (Pattanaik et al., 2014). Using the IPGT approach and the viral
replicon-based approach, we aimed at repairing a non-functional g// gene with a 10 bp
deletion in the coding region (Hahn et al., 2017) by HR and by this, restoring trichome
formation. Using IPGT, we achieved successful GT and regenerated three stable non-glabrous
plants out of ~2,500 plants screened over three generations. However, we were not able to
regenerate non-glabrous plants using viral replicons. The g// phenotype provided a simple

and efficient visual marker for tracking mutagenic activity in planta.

METHODS

Plant growth conditions

Surface-sterilized seeds of an Arabidopsis gl1 mutant with a 10 bp deletion in the GL/ gene
(Hahn et al., 2017) were stratified at 4 °C for three days. Seeds were germinated on 0.8%
(w/v) agar-solidified half-strength Murashige and Skoog medium (Duchefa) in growth

2 s 'under long day conditions (16-h-

chambers with a light intensity of 100 pmol photons m™
light/8-h-dark cycle, 22/18 °C). After 14 days, seedlings were transferred to soil and further
grown under the same conditions. For large-scale screening of plants in the T2 generation,
seeds were directly sowed on soil and the plants were grown in the green house after three

days of stratification at 4 °C.
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Generation of a homology repair template for reparation of the ten nucleotides deletion
in the g/I gene

We designed a homology repair template (HT) containing a codon-modified version of the
missing 10 bp. The 10 bp (CTGCCGTTTA) were flanked by homology arms (HA)
complementary to the genomic regions adjacent to the cutting site of Cas9 in the g// gene.
The HA consisted of 813 bp and 830 bp, respectively. Both homology arms contained a single
nucleotide exchange within the homology region to distinguish two-sided true GT events
from one-sided GT events combined with NHEJ mediated repair pathways (Schiml et al.,
2014). After a short linker sequence, the sequence of the sgRNA recognition site including the
protospacer adjacent motif (PAM) sequence followed. The HT was synthesized at GeneART
(ThermoFisher Scientific) and integrated in the vector backbone pMA-RQ (GeneART). The

resulting vector was named pFH95.

Cloning of a binary T-DNA repair vector for in planta gene targeting repair approach
We made use of the binary T-DNA vector pDE-Cas9, containing an Arabidopsis-codon-
optimized Cas9 controlled by the constitutive Ubiquitin promoter (PcUBp) from Petroselinum
crispum (Fauser et al., 2014) and the sgRNA subcloning vector pEN-C.1.1 containing the
Arabidopsis U6-26 promoter for sgRNA expression, the sgRNA scaffold and Bbsl-sites for
subcloning of the protospacer sequence (Schiml et al., 2014). After digestion of pEN-C1.1
with  Bbsl-HF  (NewEngland Biolabs), we inserted the target sequence
(AAGAGATGTGGGAAAAGAGA plus an additional guanine as first bp for transcription by
the U6-26 promoter) using two annealed primers FH210/FH211 (Table S1) resulting in vector
pFH89. We then digested pFH89 with Mlul-HF (NEB) to extract the sgRNA cassette and
ligated it into Mlul-HF-digested pDE-Cas9, thereby creating the vector pFH99. We amplified
the HT from pFH95 using primers FH278/FH279 (Table S1) and performed Gateway® BP-
reaction with pDONR 207 (Invitrogen) resulting in vector pFH122. LR reaction (Invitrogen)
of pFH99 with pFH122 led to the assembly of the IPGT repair vector pIPGT-Nuc.

Generation of binary T-DNA repair vectors for viral replicon repair approach

For the viral replicon repair approach, we amplified the viral components from BeYDV
necessary for replicon formation from the vector pZLSLD.R (Baltes et al., 2014) using
primers FH217/FH218 (Table S1) and cloned the PCR product into pDONR 207 (Invitrogen)
via BP reaction. This vector (pFH83) was then digested with PmII (NewEngland Biolabs) and
BsaXI (NewEngland Biolabs) to remove the original HT from Baltes et al. (2014). We PCR-
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amplified the GLI HT from pFH95 using primers FH240/FH241 (Table S1) and inserted it
into the digested pFH83 vector by Gibson® cloning (NewEngland Biolabs), resulting in the
vector pFH84. The final viral replicon nuclease repair construct pVIR-Nuc containing Cas9
nuclease, the sgRNA cassette directed against the g// gene and the HT was then cloned by
Gateway® LR reaction (Invitrogen) of pFH99 with pFH84.

For the viral replicon repair approach using the Cas9 nickase, we used the Mlul-HF-extracted
sgRNA cassette from pFH89 and ligated it into Mlul-HF-digested pDE-Cas9-D10A (Fauser et
al., 2014) resulting in the vector pFH103. LR reaction of pFH103 with pFH84 led to the final
viral replicon nickase repair construct pVIR-Nick.

The sequences of the vectors pIPGT-Nuc (NCBI accession number: MG760355), pVIR-Nuc
(MG760356) and pVIR-Nick (MG760357) are accessible on GenBank.

Plant transformation

Agrobacterium tumefaciens, strain GV3101::pMP90 was transformed with the vectors
pIPGT-Nuc, pVIR-Nuc, and pVIR-Nick. Floral dipping (Clough and Bent, 1998) was used to
transform Arabidopsis gll plants with the three constructs. Kanamycin (pFH136) and
glufosinate (pFH114, pFHI135) were used for selection of primary transformants.
Furthermore, leaf genomic DNA was isolated from surviving plants via isopropanol
precipitation (Weigel and Glazebrook, 2009). The presence of T-DNA insertion was verified
by PCR using primer pairs FH190/FH223 (pIPGT-Nuc) or FH223/FH265 (pVIR-Nuc, pVIR-
Nick, Table S1).

Detection of the Cas9 gene in plants
Presence of the Cas9 gene in plant genomes was verified by PCR on leaf genomic DNA using

primer pairs amplifying specifically the Cas9 gene (FH313/FH314, Table S1).

Verification of viral replicon formation
Formation of circular viral replicons was verified in T1 generation plants by PCR using leaf

genomic DNA and the primers FH266/FH271 (Table S1).

Detection of Cas9-mediated gene repair

For verification of HDR events on genomic level, leaf genomic DNA was isolated via
isopropanol precipitation (Weigel and Glazebrook, 2009) and the region of interest in the g//
gene was PCR-amplified with proofreading Q5© polymerase (NewEngland Biolabs) using
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primers FH214/FH215 (Table S1). The obtained PCR amplicons were analyzed directly by
Sanger sequencing (Macrogen) or subcloned into pJET1.2 (ThermoFisher Scientific) and then
sequenced. 4Peaks software (Nucleobytes) and SnapGene Viewer (GSL Biotech) were used

to analyze sequencing histograms.

RESULTS

Selection of a visual marker for testing gene targeting events

In a previous study, we established trichome formation as efficient visual marker to monitor
Cas9 mutagenic activity in Arabidopsis (Hahn et al.,, 2017). We used a CRISPR/Cas9
approach to generate a T-DNA free glabrous Arabidopsis mutant that contains a deletion of
10 bp in the master regulator gene for trichome formation, GLI. This 10 bp deletion disrupts
the reading frame of GL/ and leads to a premature stop codon. Homozygous mutant plants
show almost no leaf and stem trichomes (Fig. S1). We decided to use this mutant line as a
model system to test Cas9-based GT in Arabidopsis. Cas9-induced cleavage in combination
with homology directed repair can be used to integrate sequences of choice into a genomic
region. If we successfully reintegrated the missing 10 bp into this mutant line’s genome, we
would expect restoration of leaf trichome formation. Since the mutant line was created by
CRISPR/Cas9, a PAM sequence was already present at the site of mutation and the predicted
Cas9 cleavage site (3 bp upstream of the PAM sequence) matched the desired integration site

for the missing 10 bp (Fig. S1).

Selection of a gene targeting system and design of related constructs

HR is more efficient in plants if the HT is available at the site of the DSB (Baltes et al., 2014).
If the HT is delivered as T-DNA, which integrates randomly into the genome, it might not be
available at the DSB site for the DNA repair machinery. Thus, we comparatively analyzed
two methods to enhance the availability of the HT at the DSB site.

The first method was developed by Baltes et al (2014) in tobacco calli. This method increases
the availability of the HT by including it in small circular geminiviral replicons.

For the repair of the g// gene, we accordingly created a single T-DNA vector, (Fig. 1A), that
contained an Arabidopsis codon-optimized Cas9 gene under the control of the constitutive
PcUB promoter (Fauser et al., 2014), a sgRNA cassette targeting the g// gene, and the HT
with ~ 800 bp of HA on both sides, flanked by LIRs, SIR, and a Replicase (Rep) gene. For an

easy nomenclature of the plasmids, we decided to include the name of the HT activation
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method (viral replicons = vir; in planta gene targeting = IPGT) and the used Cas9 variant
(nuclease = Nuc; nickase = Nick) in the plasmid name and therefore named this construct

pVIR-Nuc.

U6-26p

PcUBp | 355p
I
HA 10bp | HA -- Rep } sgRNA - - Bar 3]
pVIR-Nuc
B)
U6-26p
PCUBP ! 2x3SSp
HA 10bp | HA -- sgRNA + - Kan R3]
pVIR-Nick
PcUBp sgRNA target site sgRNA target site U6-236§)S
p
%)
- HA | 10bp | HA | sgRNA < - Bar RB
pIPGT-Nuc

Figure 1: Vector design for repair of the g/I gene. Single T-DNA vectors were designed to
repair the dysfunctional g// gene. (A) pVIR-Nuc contains the Cas9 Nuclease gene (red box)
under a constitutive Ubiquitin6 promoter from parsley (PcUBp) and the sgRNA cassette
(petrol box) controlled by the U6-26 promoter (U6-26p). A Basta resistance cassette (Bar,
dark blue box) is included as selection marker. The repair template itself consists of 10
nucleotides (10 bp, CTGCCGTTTA, orange box), which should restore the reading frame of
the g/1 gene flanked by homology arms (HA, purple box). Rolling circle replication of the HT
is ensured by the flanking long intergenic region (LIR, pink hairpin), short intergenic region
(pink box, SIR), and the gene encoding the replicase Rep (light blue box). (B) pVIR-Nick
contains similar features but harbors the gene for the Cas9 nickase instead of the nuclease and
a kanamycin resistance cassette (Kan, dark blue box) as selection marker. (C) pIPGT-Nuc
contains the gene for the Cas9 nuclease, the sgRNA cassette, the Basta resistance cassette and
the repair template with HA flanked by target sites for the Cas9 nuclease (red lines). RB =
right T-DNA border, 35Sp = Cauliflower Mosaic Virus 35S promoter, LB = left T-DNA
border. Size not to scale.

After expression, Rep binds to the LIR sites and initiates rolling circle replication, leading to
the formation of up to several thousand copies of the HT in the nucleus (Timmermans et al.,
1992; Baltes et al., 2014), which can then be used as repair template for the DSB created by
Cas9 nuclease (Fig. 2A).

To further explore the potential of this method, we additionally generated and tested a
complementary vector pVIR-Nick in which the Cas9 nuclease gene was replaced by a nickase

gene (Fig. 1B). DNA nicks trigger HR without triggering the competing NHEJ repair (Fauser
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et al., 2014). NHEJ repair interferes with HR because it induces random indel mutations that
destroy the sgRNA target site and make it unsuitable for homology directed repair. By using
the Cas9 nickase, we expected to increase HR efficiency.

The second method, developed by Fauser et al. (2012), is called IPGT. This method increases
the availability of the HT by releasing it from the T-DNA backbone using the same SSN that
creates the DSB in the target region. Therefore, we designed the vector pIPGT-Nuc (Fig. 1C),
in which the HT is flanked by the same sgRNA target site that is used to create the DSB in the
gll gene (Fig. 2B).

YAl
T-DNA from

pVIR-Nuc

9
CTGCCGTTTA Rep
Rep
s Y
6

—>

‘ Rep
Viral replicons '

HA | CTGCCGTTTA | HA

Cas9-induced
DSB in gl gene

3))

Cas9-released [——]
HR template HA CTGCCGTTTA HA

Cas9 T

T-DNA from pIPGT-Nuc CTGCCGTTTA | sgRNA target site

Figure 2: Two different mechanisms enhance the availability of the HT in the plant cell
nucleus. (A) If the T-DNA from pVIR-Nuc is integrated into the plant genome, Rep is
expressed and initiates rolling circle endoreplication of the HT leading to thousands of viral
replicons. The presence of viral replicons can be detected by PCR using primers that only
generate an amplicon on the circular replicons but not on the T-DNA (green arrows). The HT
can then attach to the DSB site in the g// gene induced by Cas9 due to homology between the
HA and the genomic regions next to the DSB (purple). Repair of the DSB by HR will then
lead to integration of the 10 bp, which restores the ORF. pVIR-Nick functions accordingly,
except that Cas9 nickase only induces a DNA nick in the g// gene. (B) The HT in the T-DNA
of pIPGT-Nuc is flanked by the same sgRNA target site that is present in the g// gene.
Expression of Cas9 will therefore simultaneously target the g// gene and release the HT,
which can then attach to the DSB and function as repair template.
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Plants transformed with pVIR-constructs form circular viral replicons

We transformed Arabidopsis g// plants with either pVIR-Nuc, pVIR-Nick, or pIPGT-Nuc and
selected three independent T1 lines per construct. Though we did not detect trichomes on the
leaf surface of any T1 plant, we wanted to verify that the viral components were indeed
producing circular HT in the T1 plants. Thus, we performed a PCR using primers that only
yield a product in the circularized version of the HT but not in the linear T-DNA (Fig. 2A).
We detected PCR products in the plants transformed with pVIR-Nuc and pVIR-Nick. PCR
fragments for plants transformed with pIPGT-Nuc, which do not generate replicons (Fig. S2),

were not obtained.

T2 generation plants show spots of trichomes on leaves

We analyzed several hundred plants from the progeny of each Tl plant for trichome
reappearance. While we could not detect plants that fully recovered trichome production on
leaves, we found several plants from the IPGT approach that harbored spots of trichomes
(Tab. 1).

Table 1: Trichome appearance in T2 generation plants.

Repair Transformant line |Number of analyzed | Number of plants with trichome
construct T2 plants spots (% of T2 plants)
#1 378 4(1.1)
pIPGT-Nuc #2 368 2(0.5)
#3 683 0(0)
#1 728 0(0)
pVIR-Nuc #2 884 1(0.1)
#3 514 0 (0)
#1 925 0(0)
pVIR-Nick #2 528 0(0)
#3 826 0(0)

These spots ranged from two trichomes on a single leaf of the plant to large spots on several
leaves (Fig. 3A). In contrast, using the viral replicon method, we only detected one plant with
a single trichome in plants transformed with pVIR-Nuc, which implements a full Cas9
nuclease to trigger HR. Plants transformed with pVIR-Nick (Fig. 3A), which implements the

Cas9 nickase, did not form any trichomes on their leaves.
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gll ... CTA[N,;]JGGCTAAAGAGATGTGGGAAAAG AGATGGATGAA... 19/42 clones
+G .. CTA[N;;]GGCTAAAGAGATGTGGGAAAAG- — —— —— ——— GAGATGGATGAA...  2/42 clones
+T .. CTA[N;]GGCTAAAGAGATGTGGGAAAAG- ———————— TAGATGGATGAA...  6/42 clones
+A .. CTA[N;]GGCTAAAGAGATGTGGGAAAAG- ———————— AAGATGGATGAA...  4/42 clones
-AG  ...CTA[N;]GGCTAAAGAGATGTGGGAAAAG- —————————— ATGGATGAA...  4/42 clones
-14bp ... CTA[N;]GGCTAAAGAGATG — — — — — = —— —— — e GATGAA... 1/42 clones
Indel ..CTA-—— Ak s oo s e e AARE o vesesensen AGATGGATGAA...  1/42 clones

+10 bp ... CTA[Ng;JGGCTAAAGAGATGTGGGAAAAGCTGCCGTTTA AGATGGATGAA...  4/42 clones

Figure 3: T2 generation plants show spots of trichomes. (A) Representative images of T2
plants transformed with pIPGT-Nuc (red frame) or pVIR-Nuc (blue frame) showing spots of
trichomes (yellow circles) ranging from one single trichome to fully covered leaves. (B) The
gll gene was amplified from leaves with trichomes, subcloned and sequenced. Sequence
analysis revealed clones with various indel mutations next to clones containing the desired 10
bp insertion (red letters). PAM sequence is underlined, STOP codon in g// line is marked in
green letters, Cas9 target site is marked in blue letters.

We isolated gDNA from leaf trichome spots of three IPGT plants (the single trichome on the
pVIR-Nuc plant provided not enough plant material for gDNA isolation), amplified the g//
gene, subcloned the PCR product and sequenced 42 clones. While most clones still contained
the g// sequence with the 10 bp deletion, we detected various indel mutations but also the
integration of the codon-modified 10 bp HT, which restored the wildtype amino acid
sequence of the GLI gene (Fig. 3B). This chimerism on genotype level was in line with the

highly chimeric phenotype of the leaves.

Fully regenerated trichomes were detected in plants of the T3 generation
We harvested seeds from the chimeric T2 plants and analyzed ~ 200 progeny T3 plants of
each T2 plant. In most cases, the progeny plants were glabrous or just contained single

trichome spots. However, we detected three plants (frequency: 1.5 %) in the progeny of the
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highly chimeric IPGT plant (Fig. 3A, left) with fully regenerated trichomes (Fig. 4A). We
amplified the g// gene from those plants and sequenced the PCR product. Two of the three
plants showed clear peaks corresponding to the 10 bp insertion but also peaks corresponding
to small indel mutations (Fig. 4B, Fig. S3), indicating that only one of the two alleles was
repaired by HR. In the third plant, we detected the expected 10 bp insertion not in the
sequencing histogram but in 5 out of 15 sequenced clones of subcloned PCR product (Fig.

S3D).

gll..GAAAAG-AGATGGATGAATT.

Ly

\ 7‘,"‘3 M ‘;s“ ‘\,

‘ , . _
+Ainsertion.G AAAAGAAGATGGATGAAT T.
+10 bp insertion.G A AAAGCTGCCGTTTAAG A T.
© M 1 2 3 gl N
0.75 kb — e
0.5 kb —

Figure 4: Wildtype-like trichome patterning was detected in three T3 generation plants.
(A) Exemplary picture of one of the three T3 plants (#1) with full trichome covering. (B) We
verified the repair of the g// gene by amplifying the g// gene and sequencing the PCR
amplicon. Double peaks appeared at the site of Cas9 cleavage hinting at a chimeric or biallelic
mutation, the peaks corresponded to an insertion of the 10 bp (red) from the HT and to an
adenine insertion. Sequence of the dysfunctional g// gene is given on top of the sequencing
histogram for comparison. Peak colours: Adenine = green, cytosine = blue, guanine = black,
thymine = red; PAM sequence underlined, premature STOP codon marked in green letters.
(C) Presence of the Cas9 gene in the three non-glabrous plants was detected by PCR using
Cas9-specific primers. All three plants revealed PCR amplicons at the expected size of 749
bp. In contrast, DNA from the g// background line did not yield a PCR Cas9 signal. Image of
agarose gel was colour inverted for better visibility. M = Marker, N = water control.

The repaired GL1 allele segregates in a mendelian way

In genome edited plants, while the editing nuclease (Cas9) is active, it is hard to distinguish
between somatic and heritable mutations. The three plants that fully recovered trichome
production were still carrying the Cas9 gene (Fig. 4C), which was likely still active. Thus, we
confirmed in those plants that the 10 bp insertion is indeed heritable and not somatic by

Mendelian segregation analysis. We analyzed the offspring of the three T3 plants displaying
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trichomes and counted the amounts of trichome-bearing and glabrous plants in the T4
generation. If one allele was indeed repaired by HR in the whole plant and the other one not,
we would expect a Mendelian distribution of the trichome phenotype with a ratio of non-
glabrous:glabrous plants of 3:1. Indeed, the progeny of all three plants did not deviate
significantly from the expected 3:1 ratio as calculated by chi-squared test (¥*; P > 0.5, Tab. 2).

Table 2: Segregation pattern of trichome phenotype in T4 generation plants
transformed with pIPGT-Nuc. Progenitor T3 plant number according to Fig. 4 and Fig. S3.

Progenitor [ Number of Number of Ratio of plants v* value P value
T3 plant plants with | plants without | with/without
trichomes trichomes trichomes
#1 164 55 2.98/1 0.0015 >0.9
#2 150 52 2.88/1 0.0594 >0.5
#3 210 75 2.80/1 0.2632 >0.5

Sequencing of 125 progeny plants from all three T3 plants with or without trichomes revealed
that the trichome phenotype was always associated with at least one repaired GLI allele,
while the glabrous plants mostly contained various small indel mutations (Fig. S3). Among
the 125 sequenced plants, we detected 30 plants that showed a homozygous insertion of the
10 nucleotides according to the sequencing histogram (Fig. 5). The small indel mutations
found in glabrous plants or in heterozygous non-glabrous plants were in many cases not
consistent with the indel alleles found in the progenitor plants, indicating that only the
repaired GL/ allele was already fixed in the T3 generation and that the other sequenced allele
in the T3 plants was caused by somatic mutations in the leaf used for gDNA extraction. This
putative chimerism in the T3 generation plants corresponds to the presence of more than two

sequence peaks in some of the sequencing histograms of the T3 parental plants (Fig. S3).
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gll.G A AAAGAGATGGATGAATT A.

A

+10bpinsertion.G A AAAGC T GCCGTTTAAGAT.

Figure 5: Sequencing histogram of T4 generation plant reveals homozygous integration
of the 10 bp thereby restoring the GLI reading frame. Sequence of the dysfunctional g//
gene is given on top of the sequencing histogram for comparison. Peak colours: Adenine =
green, cytosine = blue, guanine = black, thymine = red; PAM sequence underlined, premature
STOP codon marked in green letters.

In summary, we screened between 2,200 to 2,500 plants containing the g// repair constructs
pIPGT-Nuc, pVIR-Nuc, and pVIR-Nick, respectively, over three generations. Using the viral
replicon approach, we could not regenerate non-glabrous plants. Using the IPGT approach,
we were able to detect three stable GT events in the T3 generation with one functional GL/

allele.

DISCUSSION

Trichome formation is a marker for mutagenic efficiency

The Cas9 system has become a valuable and efficient tool for genome modifications in plants
(Arora and Narula, 2017). However, while random mutagenesis in plants by error-prone DSB
repair through the NHEJ-pathway has been successfully applied in many studies (Liu et al.,
2017), introduction of targeted mutations and gene knock-ins by GT remains challenging.

To explore the efficiency of two systems that have been described to induce HR in plants, we
used a Cas9-generated trichomeless Arabidopsis mutant (Hahn et al., 2017). This mutant
contains a 10 bp deletion (Fig S1) in the GLI gene, which leads to a premature STOP codon.
The trichome phenotype (Fig. 3) allowed easy selection of transformed plants, which were
likely to produce completely repaired offspring (Fig. 4).

An important aspect of our marker system is that DSB repair has to occur via HR and not via
NHE]J to induce trichome formation. Small indels of 1-2 nucleotides generated by error-prone
NHEJ might restore the open reading frame (ORF) of the gene, but at least three amino acid

residues are still missing in the MYB-binding domain of the GL1 protein, which are critical
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for protein function (Hauser et al., 2001). As NHEJ mediated repair of DSB rarely results in
insertions of more than one nucleotide (Fauser et al., 2014), it is highly unlikely that NHEJ
mediated repair can restore trichome formation. Consequently, in a large-scale screening of
glabrous and non-glabrous T4 plants (Fig. S4), we detected a clear correlation of trichome
formation and repair via HR, while NHEJ mutations did not result in non-glabrous plants even
though the ORF of the gene was partly restored in some cases. Previously used markers, such
as B-glucuronidase (GUS) or fluorescent proteins need first to be introduced into the plant and
GT events can only be detected by staining or fluorescence microscopy. In contrast, our
endogenous marker gene has two advantages: First, it allows to follow the mutagenesis
progress by eye and second, trichome absence does not have pleiotropic effects on plant

development under greenhouse conditions (Oppenheimer et al., 1991).

Activation of the homology template by viral replicons did not result in gene targeting
events

Baltes et al. (2014) developed a GT approach in tobacco that employs geminivirus-based
replicons to active the HT (Fig. 2). In a first approach in Arabidopsis, they aimed at inserting
a short DNA sequence into an endogenous gene by GT using a HT, which was activated by
replication in recombinant bipartite cabbage leaf curl virus genomes. While GT events could
be detected on somatic level by PCR, the authors did not report inheritance of the GT events
to progeny plants (Baltes et al., 2014). In further experiments, several groups used
deconstructed virus replicons of BeYDYV (or other viruses) depleted of the coat and movement
proteins. These can be stably transformed into plants and have an increased vector cargo
capacity, allowing the use of larger HT. This approach allowed efficient GT in various crop
plants, including tobacco, tomato, potato, rice and wheat (Baltes et al., 2014; Butler et al.,
2016; Cermak et al., 2015; Gil-Humanes et al., 2017; Wang et al., 2017).

While the initial experiments with the full virus demonstrated that GT using viral replicons
can be achieved in Arabidopsis, no further studies reported the use of deconstructed replicons
in Arabidopsis. We were also unable to detect GT events in form of trichome regeneration in
2,334 analyzed plants from three independent lines transformed with pVIR-Nuc except a
single trichome (Tab. 1, Fig. 3). One possible explanation could be that the sgRNA that we
used did not allow efficient DSB induction in the target locus. Since we generated successful
GT events with the IPGT approach, using the same sgRNA, which requires efficient Cas9
cutting for HT activation, we do not consider this as likely. As we detected high frequencies

of NHEJ mutations next to GT events while sequencing T4 generation plants (Fig. S4), we
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conclude that our sgRNA is highly active. It could be possible that replicon formation is not
efficient in Arabidopsis in contrast to other plant species. However, BeYDV infects
Arabidopsis (Liu et al., 1997). Thus, replicon formation should be possible. We furthermore
detected efficient replicon formation on DNA level in T1 plants (Fig. S2). Another option
could be an Arabidopsis-specific discrimination of the repair machinery for circular HT as
these do not occur naturally in the plant nucleus.

Differences between plant species with handling of foreign DNA molecules have already
been observed in Arabidopsis and tobacco (Orel and Puchta, 2003). It has been suggested that
the stimulatory effect of viral replicons on GT is not only caused by the amount of HT but
also by the impact of RepA (which is derived from an alternative splice variant of Rep) on the
plant cell cycle. RepA stimulates entry of cells into the S-phase by interaction with plant
proteins that control cell cycle so that the virus can use the necessary factors for replicon
replication that the cell produces for DNA synthesis (Baltes et al., 2014). Cells in S-Phase
show an increased HR efficiency in eukaryotes (Saleh-Gohari and Helleday, 2004; Mathiasen
and Lisby, 2014). Possibly, this effect is less pronounced in Arabidopsis than in other plants.
In contrast to most of the studies using viral replicons, we did not include the SSN in the
replicating unit. Baltes and colleagues (2014) reported comparable GT efficiencies if the ZFN
was part of the replicating unit or not, and similar results were found in a Cas9-based
approach in tomato (Cermék et al., 2015). However, it might be possible that a high amount
of SSN is more critical in Arabidopsis.

Donor architecture might also account for variable efficiencies in GT. We used HA with a
length of app. 800 bp, which is in the range of the most successful GT studies so far (Fauser et
al., 2012; Baltes et al., 2014; Schiml et al., 2014; Cermak et al., 2015; Butler et al., 2016; Gil-
Humanes et al., 2017; Wang et al., 2017). Additionally, we used the viral components
described in the original report of Baltes et al. (2014) and just integrated our HT. Even though
we used a different vector backbone (Fauser et al., 2014), the replicons should therefore be
comparable to the ones described in successful GT studies by Baltes et al. (2014) and Cermak
et al. (2015).

While we could not detect considerable trichome formation in our experiments, it has to be
taken into account that GT events might occur within cells, which are not determined to
develop into trichomes. That is, using trichome formation as readout for mutagenic
efficiencies, we actually underestimate the amount of successful GT events on the somatic
cell level. PCR-based methods, as used for GT detection in Arabidopsis using cabbage leaf

curl virus genomes (Baltes et al., 2014) will therefore allow detection of more GT events. In
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other experiments of our group with a different target gene (unpublished data), we actually
could detect GT events using PCR-based approaches on somatic level at low frequencies but
we were also unable to regenerate inheritable events Taken together, these data indicate that
viral replicons allow GT only at low frequencies in Arabidopsis, which contrasts with the
considerable success in many crop species. Further experiments are needed to unravel the
reasons for these differences so that this promising technique might also be applicable in this

important model organism.

Cas9 nickase is not improving HR events in combination with viral replicons

We tested whether Cas9 nickase can induce GT at higher efficiencies than Cas9 nuclease as
proposed by Fauser et al. (2014). We only applied the Cas9 nickase in combination with the
viral replicon approach, since IPGT needs a nuclease to release the HR template. We did not
detect GT events in form of trichome formation on any plant (Tab. 1). However, when we
combined the viral replicon approach with a Cas9 nuclease,
we also detected only a single putative GT event in ~2,300 plants screened (Tab. 1, Fig. 3).
Therefore, it is likely that the wviral replicon approach does not trigger GT in
Arabidopsis, independent from its Cas9 variant.

However, besides the initial report of Fauser et al. (2014), reports on GT using nickases in
plants are scarce. For their GT experiments, Fauser and colleagues used a reporter construct
(Orel et al., 2003) containing a disrupted GUS ORF as well as a homologous sequence, which
can function as HT for repair of the GUS ORF upon induction of a DSB by Cas9. Up to 4
times more HR events were detected compared to experiments with Cas9 nuclease.
Importantly, only somatic mutations were quantified and information on the regeneration of
stably mutated plants was not provided. It has been observed earlier, that GT efficiencies
increase if target locus and donor construct are located on the same chromosome (Fauser et
al., 2012). In the GUS experiments described above, target locus and HT are directly adjacent,
which possibly explains the successful HR events. In our case, the HT integrated randomly
into the genome and even after replicon formation, the replicons still had to “find” the nick
site to be available for HR. Supporting this hypothesis, other studies detected lower GT
efficiency when using nickases compared to nucleases (Ran et al., 2013; Cermék et al., 2017).
In a recent study, Cas9 nickase was used in combination with viral replicons to repair a
dysfunctional GUS gene in tobacco. Using two sgRNAs to create adjacent nicks, a 2-fold
increase in GT was observed (Cermak et al., 2017). However, paired nicks on different DNA

strands in close proximity are considered to induce a DSB with single strand overhangs
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(Schiml et al., 2014). Thus, it is questionable if nick HR repair pathways were indeed
responsible for the successful GT in that study. In human cells, DNA nick repair via HR
occurs 8§ times more frequently on the transcribed (non-coding) DNA strand, probably due to
stimulation by the transcription machinery (Davis and Maizels, 2014). The Cas9 nickase used
in our study only contains a functional HNH-cleavage domain so that the nick is created on
the non-coding strand. However, whether the strand preference in plants is comparable to that
in human cells remains to be elucidated and might provide a possibility to enhance HR
frequencies.

In general, HR repair mechanisms on DNA nicks in plants are not well studied. In humans,
two competing HR mechanisms are proposed. The canonical HR pathway resembles the
synthesis-dependent strand annealing repair pathway for DSB, while the alternative one
preferentially employs single stranded oligonucleotides or nicked dsDNA HT for repair
(Davis and Maizels, 2014). The alternative HR pathway shares features with another HR
pathway, the single strand annealing pathway, which is induced by micro-homologies at the
break ends. As HR via the single strand annealing pathway seems to be more efficient in
plants than the synthesis-dependent strand annealing repair pathway (Orel et al., 2003; Fauser
et al., 2014), it might be interesting to include nickase target site in the repair template to
induce target locus repair via the alternative HR nick repair pathway. However, the detailed
mechanisms underlying DNA nick repair in plants via HR needs to be elucidated to verify if
the same mechanisms as in human cells apply. As the Cas9 nickase has already been shown to
induce gene knock in in human embryonic stem cells using dsDNA as template (Rong et al.,

2014), it remains an interesting option for future HR experiments in planta.

The in planta gene targeting approach allows regeneration of stable gene targeting
events in Arabidopsis

The IPGT approach, which excises the HT from the T-DNA backbone by a SSN (Fig. 2), has
been used successfully in Arabidopsis. By the application of the I-Scel meganuclease a GUS
marker gene was restored (Fauser et al., 2012), and by the application of the Cas9 system a
resistance cassette was integrated into the ADH locus (Schiml et al., 2014) and a GFP gene
introduced into the TFLI locus (Zhao et al., 2016). In contrast to these previous studies, we
did not exploit an artificial marker gene but restored the gene function of the endogenous GL/
gene, using trichome formation as direct read-out for GT events.

We detected spots of trichomes ranging from single trichomes to fully covered leaves in T2

generation plants (Fig. 3, Tab. 1). Other studies reported similar chimeric GT spots using

116



Manuscript 111

GUS staining (Fauser et al., 2012). The T2 plant, which showed the highest level of
chimerism (Fig. 3) produced offspring plants with WT-like trichome patterning. We therefore
conclude, that the trichome phenotype can be used to select for plants, in which GT
efficiencies are enhanced and which are candidate plants for production of stably mutated
progeny. This enhancement can have several reasons. The location of the T-DNA, which
contains HR template and SSN gene, in the plant genome likely has influence on GT and
close proximity of repair template and DSB locus seems favorable (Fauser et al., 2012).
Similarly, we found differences in the frequency of chimeric T2 plants depending on the
parental T1 line (Tab. 1). It is therefore highly recommended to start with as many
independent transformation events as possible, in contrast to screening a lot of progeny plants
from few primary transformants (Schiml et al., 2017).

T2 plants might be homozygous or heterozygous for the T-DNA insertion. It has been shown
that the heterozygosity state of the HR template influences recombination frequencies (Puchta
et al., 1995; Orel et al., 2003). Indeed, since all three plants, which completely restored
trichome formation in the T3 generation (Fig. 4, Fig. S3), contained the Cas9-T-DNA cassette
and also produced only T-DNA containing offspring, it is likely, that the parental T2 plant
contained already two copies of the repair template. Crop improvement usually requires the
creation of marker-free plants. Thus, more screening effort might be needed to detect T-DNA
free GT plants.

It has been reported that one-sided GT events can occur during repair (Schiml et al., 2014), in
which one side of the of the DSB is repaired by HR and the other strand is repaired using the
stably integrated T-DNA as template. This can lead to integration of large parts of the HT,
which finally results in a NHEJ-mediated ligation of the repaired strand and the loose end of
the DSB. To detect such events, we had added single bp exchanges in both HA. Our
sequencing results of our repaired GLI/ alleles did not contain these bp exchanges, which
indicates that we achieved true GT events.

In previous studies the frequencies of GT events using IPGT in Arabidopsis ranged from
0.14-0.83 % (Fauser et al., 2012; Schiml et al., 2014; Zhao et al., 2016) which corresponds
well to our GT frequency of 0.12 %. The single bp exchanges in the HA, which allowed us to
detect true GT events, might explain the slightly lower efficiencies in our experimental
approach. Additionally, efficiencies in Cas9 experiments are difficult to compare due to use of

different sgRNAs (Peng et al., 2016).
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Further options to enhance GT

In this report, we identified three stable GT event out of ~2,500 Arabidopsis plants screened
across three generations using an IPGT approach. In principle, a GT event at such frequency
could be detected exclusively by PCR and without a phenotype based screening. However, we
achieved such a high frequency because we were able to select parental lines prone to GT by
phenotype. Therefore, it might still be desirable to increase GT efficiencies if no visual
marker is used for GT detection. In general, it is advisable to test sgRNA efficiencies in
protoplast systems before using them in stable plant transformations as efficient induction of
DSB is a prerequisite for successful GT (Puchta et al., 1993).

Higher GT efficiencies of ~5.5 % have been achieved in Arabidopsis protoplasts using single
stranded oligonucleotides as repair template (Sauer et al., 2016) to exchange specific
nucleotides in a fluorescent protein to change its emission spectrum. However, single stranded
oligonucleotides are not suitable for knock-in of larger DNA fragments or whole genes due to
size limitations and are not transformed via Agrobacteria. For targeted exchange of a single
bp, the use of base changer Cas9 provides an attractive alternative to HR-mediated repair
processes. In this approach, an inactive Cas9 is fused to cytidine deaminase, which converts
cytosines to uracil without DNA cutting (Komor et al., 2016; Zong et al., 2017). Recently, an
adenine base editor Cas9 has also been described (Gaudelli et al., 2017). While mutation
frequencies of up to 50% can be achieved using base changer Cas9, this approach cannot be
applied for gene knock-ins.

In general, protoplast transformation seems to yield higher mutation frequencies compared to
Agrobacterium-mediated transformation (Li et al., 2013; Sauer et al., 2016), since more DNA
donor molecules are integrated in the plant cells. However, regeneration of Arabidopsis plants
from protoplasts is challenging and is therefore not an attractive alternative to floral dipping.
Focusing research on improved regeneration protocols is therefore desirable. Several groups
tried to enhance HR efficiencies by disrupting either the NHEJ pathway (Maruyama et al.,
2015; Zhu et al., 2015) or introducing HR stimulating enzymes from other organisms (Reiss
et al., 2000; Shaked et al., 2005; Even-Faitelson et al., 2011). These approaches can
destabilize the genome as HR frequencies are enhanced between all repetitive sequences in
the genome (Puchta and Fauser, 2013).

In the IPGT approach, the HT is excised from the genome. If this happens at an early stage of
plant development, the HT might not be passed on during cell division. This could reduce the
efficiency of this approach. Using germline-specific promoters (Wang et al., 2015; Mao et al.,

2016) for the SSN might increase chances of simultaneous cleavage of target locus and

118



Manuscript 111

release of the HT specifically in the cells, where GT needs to occur to generate stable
offspring.

A similar problem is target locus inactivation through error-prone NHEJ repair. Besides the
before mentioned nickase approach, the Cas9 variant Cpfl (CRISPR from Prevotella and
Francisella) might provide an attractive alternative. Cpfl generates DSB more distal to the
PAM than Cas9 (Zetsche et al., 2015), thus making the target locus accessible to a second
round of cleavage even after NHEJ mediated repair. An interesting approach would be to
combine the viral replicon approach with the IPGT approach. Therefore, the HT would be
flanked by SSN cutting site and the viral components. By this, large amounts of linear dsDNA
molecules would be generated that can be used as repair templates. Since more target sites are
present in this approach, we suggest including the gene for the SSN and the sgRNA within the

replicon unit, so that sufficient amounts of all genome editing components are available.

CONCLUSION

In this report, we applied the Cas9 system to induce GT events in Arabidopsis. The HT
needed to be activated by an IPGT approach. We were able to stably introduce a short DNA
sequence into an endogenous gene and the inserted sequence was transmitted through the
germline into the next generation. The high GT efficiency allows to use GT approaches also
in marker-free approaches in which GT events need to be detected by PCR. Thus, we
conclude that Cas9 mediated GT in combination with IPGT is a powerful tool that has high
potential to become routinely applied in plant research in the future. Trichome formation as
marker for editing efficiency proved to be a reliable system to compare different GT
approaches. We suggest that the GL/ gene can be used for optimization of Cas9-based

mutagenesis approaches in future experiments.
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ABBREVIATIONS

BeYDV = bean yellow dwarf virus; bp = base pair(s); Cas9 system = CRISPR/Cas9 system;
DSB = double strand break; GT = gene targeting; GUS = B-glucuronidase; HA = homology
arm(s); HR = homologous recombination; HT = homology template; IPGT = in planta gene
targeting; LIR = long intergenic region; NHEJ = non-homologous end joining; ORF = open
reading frame; PAM = protospacer adjacent motif; sgRNA = single guide RNA; SIR = short
intergenic region; SSN = sequence specific nuclease(s); TALEN = Transcription Activator-

like Effector Nuclease; ZFN = Zinc finger nuclease(s)
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SUPPLEMENTARY MATERIAL

(A) TTGTAGACTG
100 bp
...AAGAGATGTGGGAAAAGAGATGGATGA...

5¢ = Exon Exon Exon — 3¢
glabrousI with 10 bp deletion

AT3G27920

®)

Supplementary Figure S1: A trichomeless Arabidopsis gl mutant is a suitable model for
Cas9-mediated repair. In previous experiments, we generated an Arabidopsis line with a 10
bp deletion (red) in the second exon of the GLI gene (A). The deletion is located three
nucleotides in front of a NGG motive (underlined), which functions as PAM motive in S.
pyogenes Cas9 systems. The deletion leads to a premature STOP codon (green) that disrupts
the protein function. Plants carrying the mutations show no trichomes on the leaf surface of
rosette leaves and on stems. (B) Some g// mutant plants show single trichomes (red arrows)
on leaf margins and on the transition to the petiole, but only on leaves that derive from the
stem.

Detection of viral replicons in T1 generation plants
M pIPGT-Nuc  pVIR-Nuc pVIR-Nick g// N

12 31 2 31 2 3

1.5kb—
1 kb —

0.75 kb — - - — — —

0.5kb —

Supplementary Figure S2: Detection of viral replicons in T1 generation plants
transformed with pVIR-constructs. We analyzed replicon formation on leaf gDNA of three
independent T1 Arabidopsis lines transformed with p[PGT-Nuc, pVIR-Nuc, and pVIR-Nick,
respectively, using a primer pair that only yields a PCR amplicon on circular replicons. DNA
of a g/l plant was used as negative control. Replicons could be detected in all T1 plants
transformed with a pVIR-construct at the expected size of 919 bp. Image of agarose gel was
colour inverted for better visibility. M = Marker, N = water control.
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" K‘@
e gll.G A AAAG'AGATGGATGAATTA..

(A)

-AG deletion ...
+10 bp insertion ...

M v gll..G A AAAG'AGATGGA TGAATT A..

+10bpinsertion.G A AAAGCTGCCGTTTAAGAT.
Supplementary Figure S3: Sequence analysis of T3 trichome plants #2 and #3. (A) Image
of trichome-bearing plant #2. (B) Sequence analysis of g// gene of plant #2. Multiple peaks
that indicate chimerism and unfixed mutations are marked with red asterisks. (C) Image of
trichome-bearing plant #3. (D) Top: Sequence analysis of g// gene of plant #3. Bottom:
Sequence of a subcloned g/ gene of plant #3. Sequence of the dysfunctional g// gene is given
on top of each sequencing histogram for comparison. Peak colours: Adenine = green, cytosine
= blue, guanine = black, thymine = red; PAM sequence underlined, premature STOP codon
marked in green letters.
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gll . AAAGAGATGGATGAATTA.. gll . AAAGAGATGGATGAATTA..

+10bp.AAAGCTGCCGTTTAAGAT.. +10bp.AAAGCTGCCGTTTAAGAT..
-AGL.AAAG- ATGGATGAATTATT.. +tT.AAAGTAGATGGATGAAT T.

gll AAAGAGATGGATGAATTA.. gll . AAAGAGATGGATGAATTA..

\ / \ \ b/ \ _)
+10bp. AAAGCTGCCGTTTAAGAT. +10bp.,AAAGCTGCCGTTTAAGAT..
+tA.LAAAGAAGATGGATGAATT.

gll  AAAGAGATGGATGAATTA.. gll  AAAGAGATGGATGAATTA..

/ V‘ ‘L j V J

VA Y,

AV

chimeric -G.AAA-AGATGGATGAATTAT.
+tG.AAAGGAGATGGATGAATT.

gll . AAAGAGATGGATGAATTA.. gll AAAGAGATGGATGAATTA..

+T.AAAGTAGATGGATGAATT. -AG.AAAG-ATGGATGAATTATT.

+G.AAAGGAGATGGATGAATT.
Supplementary Figure 4: Exemplary sequencing histograms of T4 generation
plants with (A) and without (B) trichomes. All plants carrying trichomes contain at
least one functional copy of the GLI gene with the codon-modified 10 bp integrated in
the Cas9 generated DSB. Sequence of the dysfunctional g/ gene is given on top of the
sequencing histogram for comparison. Multiple peaks that indicate chimerism and
unfixed mutations are marked with red asterisks. Peak colours: Adenine = green,
cytosine = blue, guanine = black, thymine = red; PAM sequence underlined, premature
STOP codon marked in green letters.
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Table S3. Primer Sequences.

Primer | Sequence (5’ to 3’)

FH190 GTTTGCACGACTAATACACTTATG

FH210 ATTGGAAGAGATGTGGGAAAAGAGA

FH211 AAACTCTCTTTTCCCACATCTCTTC

FH214 AAAGACCATCTGAATTTGGGG

FH215 TAAGCACGTGTCACGAAAACC
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCACCGTTGACCTGCAGG

FH217
CACG
GGGGACCACTTTGTACAAGAAAGCTGGGTGTTTAAACTATGAGGGTC

FH218
GTACG

FH223 AAAGCTGCCGTTTAAGATGG
GAGCTTTGGGTACGTCACCCACTTTGTTGTATAAATAACTAAAAATAAT

FH240
ATG

FID41 TGACTTGAAGTACACTCATATTAAATTCATACCATATAACATAAATTATA
AC

FH265 TCTACTTGCACAATGAAATATATTC

FH266 CATACGGTTCAGGTTGTGGA

FH271 GTGACGTACCCAAAGCTCTG
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCACCTAGGGCGAATTGG

FH278
CGGAA

FH279 GGGGACCACTTTGTACAAGAAAGCTGGGTGAGCGGGCAGTGAGCGG
AA

FH313 CGGAACTAACTCTGTGGGATG

FH314

CCTCAGCGAGATCGAAGTTAG
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ABSTRACT

Introducing the highly efficient carbon concentrating mechanisms of Cs photosynthesis in Cs
plants has been a long-time goal in plant science. Studies in C3 - Cs intermediate plants have
provided evidence that a photorespiratory glycine shuttle is the initial biochemical step in the
evolution of C4 photosynthesis. This shuttle is based on a bundle sheath cell specific expression
of the GLYCINE DECARBOXYLASE system. We aimed at implementing this photorespiratory
shuttle in the Cs plant Arabidopsis thaliana by introducing CRISPR/Cas9-induced changes into

the promoter region of the ArGLDPI gene, an essential component of the GLYCINE
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DECARBOXYLASE system. Replacing the globally active Arabidopsis promoter with a bundle
sheath specific promoter from Flaveria trinervia using a gene targeting approach did not yield
stable mutant plants. However, we could delete large parts of a cis-regulatory element of the
Arabidopsis promoter, which is responsible for expression of the gene in mesophyll cells. Plants
lacking this promoter element accumulated glycine and showed a decrease in AtGLDPI
expression in leaves. Further analyses are necessary to access the subcellular localization of

GLDPI in these plants.

INTRODUCTION

To meet the rising food demand of the growing world population and to compensate for a
decrease of arable land (Ray et al., 2013), one of the major scientific challenges within the next
decades is to increase crop productivity. During the last century, crop productivity was often
enhanced by increasing the amount of plant biomass investment in harvested parts but
partitioning efficiencies have reached a theoretical maximum (Long et al., 2015). Instead, at the
present day we could focus on improving how plants convert solar energy into biomass, which is
directly connected to improving plant’s photosynthetic capacities (Betti et al., 2016; Long et al.,
2015; Ort et al., 2015).

RIBULOSE-1,5-BISPHOSPATE CARBOXYLASE/OXYGENASE (RuBisCO), the central
enzyme of CO; fixation in phototrophic organisms, is also capable of fixing O2, which results in
the formation of 2-phosphoglycolate (2-PG) besides 3-phosphoglycerate (Bowes et al., 1971). 2-
PG is a dead-end metabolite and has to be recycled in a complex salvage pathway, called
photorespiration (PR) or oxidative C, cycle (Peterhansel et al., 2010). Even though
photorespiration is essential for phototrophic organisms in an oxygen-containing atmosphere
(Eisenhut et al., 2008; Rademacher et al., 2016), it is a wasteful process as it releases CO; and
NH3 and consumes ATP and NAD(P)H. Calculations show that PR accounts for yield losses in
US wheat and soybean production of 20 % and 36 %, respectively (Walker et al., 2016). This
underlines that PR is a major target for crop improvement.

The C; cycle (Fig. 1A) starts with the dephosphorylation of 2-PG to glycolate in the chloroplasts,
which is further converted to glyoxylate and glycine in the peroxisomes (Somerville and Ogren,
1979; Igarashi et al., 2003; Schwarte and Bauwe, 2007). Glycine is then shuttled into the

mitochondria, where the multienzyme system GLYCINE DECARBOXYLASE (GDC) in
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cooperation with SERINE HYDROXYMETHYLTRANSFERASE (SHMT) converts two
molecules of glycine into one molecule of serine, thereby releasing NH3 and CO» (Voll et al.,
2006; Engel et al., 2007, 2011). Serine is then deaminated in the peroxisomes and further reduced
to glycerate in peroxisomes or the cytosol (Liepman and Olsen, 2001; Timm et al., 2008). The
last step of the C: cycle takes place in the chloroplast, where glycerate is phosphorylated to 3-
phosphoglycerate, a substrate of the Calvin-Benson cycle (Boldt et al., 2005).

The GDC system is responsible for the high carbon loss of photorespiration and is a bottleneck of
the C; cycle (Betti et al., 2016). It is found in phototrophic organisms but also in all other
eukaryotes and bacteria due to its involvement in C; metabolism (Schulze et al., 2016). It consists
of four different protein subunits, the H-protein (GLDH), the L-protein (GLDL), the T-protein
(GLDT), and the P-protein (GLDP) in a subunit stoichiometry of 27:2:9:4, respectively. This
multienzyme system is very fragile and only stable due to the very high concentrations of the
subunits as found in the mitochondrial matrix of leaves, where it comprises about 1/3 of the
soluble mitochondrial matrix proteins (Oliver et al., 1990). This high amount of GDC allows
rapid responses to changes in PR rates and avoids accumulation of glycine, which can be toxic in
excess (Eisenhut et al., 2007). Glycine is bound and decarboxylated by the pyridoxal-5-phosphate
containing GLDP homodimer, resulting in an aminomethylen residue and COa. Arabidopsis
thaliana (Arabidopsis) contains two GLDP genes with redundant functions. In contrast to most
other photorespiratory genes, a complete knockout of both genes is lethal also under non-
photorespiratory conditions due to the role of GDC in other metabolic processes (Engel et al.,
2007; Timm and Bauwe, 2013). GLDH carries a lipoyl group that transfers the aminomethylene
from GLDP to GLDT, where it is deaminated. The methyl group is transferred to
tetrahydrofolate. The methylene-tetrahydrofolate is later used by SHMT to generate serine out of
glycine. GLDL reoxidizes the lipoyl group of the GLDH to complete the cycle (Douce et al.,
2001; Bauwe, 2010).

Photosynthetic organisms evolved various strategies to avoid energy losses by photorespiration
(Sage, 2013; Sage and Khoshravesh, 2016). These strategies mainly rely on CO; concentrating
mechanisms around RuBisCO to avoid its oxygenation reaction in the first place. The most
successful approach in higher plants is Cs4 photosynthesis. C4 plants employ a primary CO;
fixation (in form of HCO3") via PHOSPHOENOLPYRUVATE CARBOXYLASE (PEPC) in the
mesophyll cells (M cells). The resulting C4 acid is transferred to bundle sheath cells (BS cells)

and decarboxylated, which leads to a 10-30-fold enrichment of CO: in these cells (Sage, 2013).
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As RuBisCO activity is restricted to BS cells in Cy4 plants, its oxygenation reaction is repressed
and PR highly reduced (Slack and Hatch, 1967; Sage, 2004). However, also in Cs plants the
photorespiratory metabolism is essential to thrive in the current atmosphere (Zelitch et al., 2009).
C4 photosynthesis has evolved manifold independently in over 60 plant lineages (Sage et al.,
2011) and international consortia aim at introducing C4 pathways in important crop plants such as
rice (The C4 rice project - c4rice.irri.org). Therefore, research is focused on understanding the
evolution of Cs4 photosynthesis, with a special focus on Cs - C4 intermediate plants (Schliiter and
Weber, 2016). C3 - C4 intermediate plants belong to a group of so-called Cz plants, which are
found in the genus Moricandia, Flaveria and Cleome amongst others (Sage et al., 2014). These
C> plants employ a photorespiratory CO; concentrating mechanisms that is thought to be the
initial step towards C4 photosynthesis (Heckmann et al., 2013; Mallmann et al., 2014). In C;
plants (Fig. 1B), GDC activity is shifted to BS cells by cell-type specific expression of GLDP and
partly also the other components of the glycine cleavage system (Schulze et al., 2016).
Photorespiratory glycine from M cells therefore needs to diffuse to BS cells to complete the C>
cycle (Hylton et al., 1988; Rawsthorne et al., 1988). Concerted decarboxylation of glycine in the
BS cells leads to a 3-fold enhancement of CO; concentration in plastids of leaf cells of C; plants
compared to C; plants (Keerberg et al., 2014). This suppresses the oxygenation reaction of
RuBisCO in these cells, leading to a more effective photosynthesis under photorespiration-
promoting conditions (drought, high temperatures, excessive light) as shown by lowered CO>
compensation points compared to Cs plants (Vogan and Sage, 2012). To allow the high fluxes of
glycine and enable efficient trapping of released CO,, C; plants show changes in morphology
such as higher proportion of BS cells and centripetally arranged chloroplasts. Interestingly, the
glycine shuttle might already enforce an evolutionary pressure towards C4 photosynthesis. Since
two molecules of glycine are imported into the BS cells but only one molecule of serine is
shuttled back, a nitrogen imbalance occurs between M cells and BS cells that can be rebalanced
by metabolic pathways that highly resemble basic Cs cycles (Heckmann et al., 2013; Mallmann et
al., 2014; Schliiter and Weber, 2016). In contrast to implementing a full Cs cycle into plants, the
C2 photorespiratory pump might be relatively easy to implement into Cs plants, such as
Arabidopsis or major crop plants, and is therefore of high biotechnological interest (Bauwe and
Kolukisaoglu, 2003; Schulze et al., 2016).

For achieving a BS cell specific expression of GDC genes, it is necessary to understand the

regulatory elements that drive cell specific expression in C; and C4 plants. Very diverse control
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mechanisms have been identified on various C4 genes, ranging from control mechanisms in the
promoter regions (Gowik et al., 2004; Akyildiz et al., 2007; Engelmann et al., 2008; Wiludda et
al., 2012; Adwy et al., 2015; Gowik et al., 2017), the untranslated regions (Kajala et al., 2012;
Williams et al., 2016) or the exons (Brown et al., 2011). Extensive studies have been performed
on the GLDPA promoter of the C4 plant Flaveria trinervia (F. trinervia). This promoter shows a
complex interplay of transcriptional and post-transcriptional regulation with a dominant BS
cell/vein-specific element proximal to the coding region and a general leaf promoter element at
the distal region of the promoter. The activity of the unspecific distal promoter is however mostly
repressed post-transcriptionally by the proximal, BS cell specific promoter and allows only leaky
expression of FtGLDPA in M cells to fuel C; metabolism (Wiludda et al., 2012). Interestingly,
the FtGLDPA promoter confines also BS cell/vein specific expression of genes in transgenic
Arabidopsis plants (Engelmann et al., 2008). Recently, a study comparing the GLDP promoter
regions of the C3 plant Arabidopsis and the closely related Cz plant Moricandia nitens (M. nitens)
revealed two conserved motives in the GLDP promoters of Brassicaceae. The V-Box confers
expression in vasculature and BS cells, the M-Box confers expression in M cells and is absent in
the C, species. This provides a model for the establishment of a C, photorespiratory pump by a
simple deletion of a promoter element (Adwy et al., 2015).

In this study, we aimed at implementing a photorespiratory CO> pump in Arabidopsis by
restricting the expression of the AtGLDPI gene to BS cells. For this, we took advantage of the
emerging possibilities of the CRISPR/Cas9 system (Doudna and Charpentier, 2014), which
allows subtle changes in the original context of the genome. In this system, the Cas9 nuclease
from the bacterium Streptococcus pyogenes is guided by a programmable artificial single guide
RNA (sgRNA, Jinek et al., 2012) to a DNA sequence of choice where it introduces a double-
strand break (DSB). This DSB is repaired by the cell’s repair machinery either by error-prone
non-homologous end joining (NHEJ) or by homologous recombination (HR) using a homology
template (HT) as repair template (Puchta, 2005). HR can be exploited for targeted introduction of
foreign DNA, which is called gene targeting (GT, Paszkowski et al., 1988). Additionally,
mutations in one of the two cleavage domains of Cas9 allow the introduction of single strand
DNA nicks, which further enhance the Cas9 toolbox (Cong et al., 2013; Fauser et al., 2014).

In this manuscript, we explored strategies to restrict A#GLDPI expression to the BS cells of
Arabidopsis through Cas9-based editing. The main strategy was to replace the unspecific

AtGLDPI promoter with the BS cell specific FtGLDPA promoter from F. trinervia.
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Alternatively, we aimed at deleting the M-Box from the A/GLDPI promoter. Both strategies
should lead to a BS cell specific expression of AtGLDPI and restrict GDC activity to the BS
cells, thereby allowing insights into the effects of a photorespiratory CO: concentrating

mechanism in a C; plant without anatomical preconditioning for C, photosynthesis.

METHODS

Plant growth conditions

Arabidopsis seeds were surface-sterilized and stratified at 4 °C for three days. Seeds were
germinated on 0.8 % (w/v) agar-solidified half-strength MS medium (Duchefa) in growth
chambers with a light intensity of 100 pumol photons m2s™! in a 12-h-light/12-h-dark cycle
(22/18 °C). After 14 days, seedlings were transferred to soil for further growth under the same
conditions. Plants were either grown under ambient CO2 conditions (390 ppm COz) or at high

CO; concentrations (3,000 ppm COz). For the GT screen, plants were grown in the green house.

Isolation of an Arabidopsis gldp2-2 mutant

We obtained seeds from a gldpl-]heierozyeousy ofdp2-2homozygous T_DNA line cross (Engel et al.,
2007; kindly obtained by Stefan Timm, University of Rostock). T-DNA presence in progeny
plants was detected by polymerase chain reaction (PCR) using genomic DNA (Weigel and
Glazebrook, 2009) and primers derived from Engel et al. (2007). AtGLDP2 gene specific primers
(P2-2Check-S/P2-A2n) and T-DNA specific primers (P2-A2n/SAIL-LB1) were used to identify
plants containing the gldp2-2 T-DNA insertion. Lack of T-DNA insertion in the AtGLDPI gene
was verified with AtGLDP1 gene specific primers (P12-S1/P1-A1n) and T-DNA specific primers
(P12-S1/TJLBI1). A gldpl-1 T-DNA line (Campisi et al., 1999; Engel et al., 2007; kindly
obtained by Stefan Timm, University of Rostock) was used as control. Seeds homozygous for the
gldp2-2 insertion (SAIL 889 D09, Sessions 2002) and lacking the gldpl-1 T-DNA insertion

were propagated.

Generation of a homology repair template for A/GLDPI1 promoter exchange
We designed a homology repair template (HT) containing the 1,571 bp region upstream of the F.
trinervia GLDPA gene that includes 5’UTR and promoter (Engelmann et al., 2008). Additionally,

we attached the genomic regions up- and downstream of the AtGLDPI promoter up to the
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predicted cutting site of the Cas9 protein. We added silent nucleotide exchanges in the sgRNA
target sites to prevent cleavage after homology-directed repair. The repair template was flanked
by homology arms (HA) complementary to the genomic regions adjacent to the cutting site of
Cas9 (825 bp and 795 bp, respectively) and contained additionally the sequences of the sgRNA
recognition sites including the PAM sequences. The HT was synthesized at GeneART
(ThermoFisher Scientific) and integrated into the vector backbone pMA-RQ (GeneART). The

resulting vector was named pFH97.

Cloning of a binary T-DNA repair vector for in planta gene targeting repair approach

To target the AtGLDPI promoter, we used the binary T-DNA vector pDE-Cas9, which contains
an Arabidopsis-codon-optimized Cas9 under the control of an Ubiquitin promoter (PcUBp) from
Petroselinum crispum (Fauser et al., 2014). For sgRNA subcloning, we used the vector pEN-
C.1.1 containing the Arabidopsis U6-26 promoter for expression of the sgRNA, the conserved
sgRNA scaffold and Bbsl-sites for subcloning of the target sequence (Schiml 2014). We digested
pEN-C1.1 with Bbsl-HF (NewEngland Biolabs) and inserted the protospacer sequences for
sgRNA1 (GCTTGTGGATTTGATCGCTG) and sgRNA2 (GCCTCCCGAAAGCCGCCGTG)
using two annealed primers FH235/FH236 and FH237/FH238, respectively (Table S1) thereby
creating the vectors pFH93 and pFH94. We digested pFH93 with MIlul-HF (NewEngland
Biolabs) and extracted the sgRNA cassette for ligation into Mlul-HF-digested pDE-Cas9
resulting in vector pFH101. We amplified the second sgRNA cassette from pFH94 using primers
FH280/FH281 (Table S1) and cloned it into Bsu36l-digested pFH101 via Gibson Cloning
(NewEngland Biolabs) to create vector pFH109. We PCR-amplified the HT from pFH97 using
primers FH278/FH279 (Table S1) and performed Gateway® BP-reaction with pDONR 201
(Invitrogen) resulting in vector pFH124. By Gateway® LR reaction (Invitrogen) of pFH124 with
pFH109, we assembled the IPGT binary T-DNA repair vector pIPGT-Nuc-GLDP1 (Fig. 2B).

Cloning of binary T-DNA repair vectors for viral replicon repair approach

For the viral replicon repair approach, we used the Gateway® compatible vector pFH83 (Hahn et
al., 2018), which contains the viral components from bean yellow dwarf virus (BeYDV)
necessary for replicon formation (Baltes et al., 2014). We amplified the GLDPI HT from pFH97
using primers FH244/FH245 (Table S1) and ligated it into PmlI-/BsaXI-digested (NewEngland

Biolabs) pFHS83 vector, resulting in the vector pFH86. By Gateway® LR reaction (Invitrogen) of
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pFH109 with pFH86, we created the viral replicon nuclease repair construct pVIR-Nuc-GLDPI
containing Cas9 nuclease, two sgRNA cassettes and the HT (Fig. 2C).

For the Cas9 nickase repair construct, we ligated the Mlul-HF-extracted sgRNA cassette from
pFH&9 into Mlul-HF-digested pDE-Cas9-D10A (Fauser et al., 2014) resulting in vector pFH105.
The sgRNA cassette from pFH94 was amplified using primers FH280/FH281 (Table S1) and
integrated into Bsu36I-digested pFH105 by Gibson Cloning (NewEngland Biolabs) to create
vector pFH113. We performed a Gateway® LR reaction (Invitrogen) of pFH113 with pFH86 to
obtain the final viral replicon nickase repair construct pVIR-Nick-GLDP1 (Fig. 2D).

Cloning of a binary T-DNA vector for M-Box deletion

For deletion of the M-box in the AtGLDPI promoter, we inserted sgRNA target sequences
(GTTATCTTTCTGAGTGATAA and GAGATAATTTACAGGAATTG) into pEN-C.1.1 using
annealed primers (FH 298/FH299 and FH300/FH301, respectively; Table S1) as described
before. The first sgRNA cassette was inserted into pDE-Cas9-GentR (kindly obtained by Holger
Puchta, Karlsruher Institut fiir Technologie) via MIlul-HF, the second sgRNA was inserted
afterwards via Gateway® LR Reaction (Invitrogen), resulting in the final vector pCas9-MBOX
(Fig. 4B).

Cloning of binary T-DNA vectors for B -glucuronidase staining

We obtained the constructs P4 and P3A1 (Adwy et al., 2015, kindly obtained by Waly Adwy,
Leibniz Universitdt Hannover), which contain the full A#GLDP1I promoter (including 5’-UTR) or
a shortened version of the AtGLDPI promoter lacking the 5’-end including the M-Box. We
introduced a partial deletion in the M-Box of the P4 construct using the Q5® site-directed
mutagenesis kit (NewEngland Biolabs) using primers FH349/FH350 (Table S1) resulting in
vector pFH193. We amplified the shortened promoter of the P3Al construct using primers
FH356/FH357 (Table S1) and cloned it into Sall-HF/Pstl-HF-linearized binary T-DNA B —
glucuronidase (GUS) vector pCambial381 via Gibson Cloning (NewEngland Biolabs). We
amplified the 4tGLDP promoter sequences of P4 and pFH193 with primers FH364/FH365 (Table
S1) and cloned the PCR amplicon into pJET1.2 (ThermoFisher Scientific). We extracted the
promoter regions with Sall-HF/PstI-HF and ligated them into pCambial381 via T4 DNA Ligase
(NewEngland Biolabs). The final constructs were named pGUS-GLDPp-FULL (containing the

full 4tGLDPI promoter including 5°-UTR), pGUS-GLDPp-SHORT (containing a shortened
138



Manuscript IV

AtGLDPI promoter including 5’-UTR but lacking the M-Box and the sequences upstream of the
M-Box) and pGUS-GLDPp-DELETION (containing the full A#GLDPI promoter including 5’-
UTR with a partial deletion of the M-Box).

Plant transformation

Agrobacterium tumefaciens, strain GV3101::pMP90 were transformed with T-DNA binary
vectors pIPGT-Nuc-GLDP1, pVIR-Nuc-GLDP1, pVIR-Nick-GLDP1, pCas9-MBOX, pGUS-
GLDPp-FULL, pGUS-GLDPp-SHORT and pGUS-GLDPp-DELETION. Arabidopsis gldp2-2
plants were transformed by floral dipping (Clough and Bent, 1998) with pCas9-MBOX while
Col-0 plants were transformed with the other constructs. Primary transformants were selected
under high CO; conditions on 0.8 % (w/v) agar-solidified half-strength MS medium
supplemented with 7.5 pg/mL glufosinate (pIPGT-Nuc-GLDP1, pVIR-Nuc-GLDP1), 50 pg/mL
kanamycin (pVIR-Nick-GLDP1), 75 pg/mL gentamycin (pCas9-MBOX) or 33 pg/mL
hygromycin (pGUS-constructs).

Detection of Cas9 gene in plants
Presence of the Cas9 gene in plants was verified by PCR on leaf genomic DNA with primer pairs

amplifying specifically the Cas9 gene (FH313/FH314, Table S1).

Verification of viral replicon formation
Formation of circular viral replicons was verified in T1 generation plants by PCR on leaf

genomic DNA using primers FH266/FH271 (Table S1).

Detection of GLDP promoter modifications

Leaf genomic DNA was isolated using the PhirePlant Direct PCR Master Mix (Thermo Fisher
Scientific). Deletions in the M-Box of the AtGLDPI promoter were detected by PCR using
primer pair FH302/FH303 (Table S1). Integration of the FtGLDPA promoter was verified using
primer pair FH293/FH220 (Table S1).

Sequencing of AtGLDPI promoter modifications in plants
PCR amplicons amplified by proofreading Q5 Polymerase (NewEngland Biolabs) were analyzed

directly by Sanger sequencing (Macrogen) or subcloned into pJET1.2 (ThermoFisher Scientific)
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and then sequenced. 4Peaks software and SnapGene Viewer were used to analyze sequencing

histograms.

GUS staining

Whole rosettes of Arabidopsis plants having 4 to 8 leaves were vacuum infiltrated with GUS
staining solution (0.1 M NaP;, pH7.0; 10mM NaEDTA; 0.5mM Potassium-Ferricyanide
K3[Fe(CN)g]; 0.5 mM Potassium-Ferrocyanide K4[Fe(CN)s] x 3H20, 0.1% Triton X-100, and
2mM 5-bromo-4-chloro-3-indoyl-beta-D-glucuronide) and incubated overnight at 37 °C. GUS
staining was fixed with fixation solution (50 % (v/v) Ethanol, 5 % (v/v) Glacial acetic acid, 3.7 %
(v/v) Formaldehyde) for 10 min at 65 °C. Leaves were incubated with 70 % (v/v) Ethanol for

removal of chlorophyll.

Immunohistochemical detection of GLDP localization

GLDP localization was visualized by immunogold labeling of embedded leaf tissue followed by
transmission electron microscopy (TEM) as described by Khoshravesh et al. (2017). Shortly, leaf
tissue stripes of 36 days old plants grown at ambient CO> were fixed in a fixation solution (1 %
(v/v) glutaraldehyde and 1 % (v/v) paraformaldehyde in 0.1 M sodium cacodylate buffer),
dehydrated in a graded ethanol series and embedded in London Resin white. LR white blocks
were mounted on Araldite 502 blocks and trimmed. Sectioning was performed on a
ultramicrotome using diamond blades. Leaf sections were placed on nickel grids. For
immunogold labeling of the GLDP protein, grids were incubated with a rabbit a-GLDP-antibody
(dilution 1:5000, kindly obtained by Martha Ludwig, University of Western Australia) followed
by incubation with a goat a-rabbit-antibody conjugated with 15 nm gold particles (TED PELLA
INC., 1:50 dilution, kindly obtained by Eva Nowack). Immunostained grids were analyzed by
TEM (E902, Zeiss).

Measurements of photochemical efficiency of photosystem 11

Plants were grown on half-strength MS medium agar plates under ambient or high CO;
conditions as described above for 28 days. 8 hours after onset of light, plants were dark adapted
for 10 minutes and chlorophyll fluorescence was measured with an imaging pulse amplitude

fluorometer (PAM M-series, Walz). The F, / Fn ratio was calculated as indicator for the
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maximum quantum yield of photosystem II (PS II).

Expression analysis of GLDPI using quantitative real-time PCR analysis

Leaf samples were taken from 24 days old plants grown under controlled conditions in plant
growth chambers as described above after 8 hours of light period. Leaf RNA was extracted using
EURx GeneMatrix Universal RNA Purification Kit (Roboklon). 2 png RNA was treated with RQ1
RNase-free DNAse (Promega) to degrade residual DNA and ¢cDNA was synthesized using
SuperScript II reverse transcriptase (Invitrogen) with oligo-dT-primers according to the
manufacturer’s instruction. We used Luna® Universal gPCR Master Mix (NewEngland Biolabs)
for quantitative real-time PCR (qRT-PCR) with the StepOne Plus Real-Time system (Applied
Biosystems). Primers FH380/FH381 were used as AtGLDPI specific primers (efficiency 2.12,
Table S1) and black primers P90/P91 binding on AT4G34270 (AtBLACK, efficiency 2.18, Table
S1, Czechowski et al., 2005) were used as reference for AACt analysis. Mean normalized
expression was calculated using 3-4 biological replicates with three technical replicates, each,

according to Simon (2003).

Metabolite measurements

Plants were grown for 24 days under controlled conditions as described above. Entire rosettes
were harvested 7 h after onset of light and snap-frozen in liquid nitrogen. Extraction of plant
tissue and metabolite analysis was performed according to Fiehn (2007). Shortly, weighted plant
material was transferred in 2 mL storage tubes (Sarstedt) and homogenized using glass beads in a
MM 400 ball mill (Retsch) at 30 Hz for 2x30 s. Metabolites were extracted using ice-cold
extraction buffer (H20, methanol and CHCI3 in volume proportions 1:2.5:1 plus 5 mM Ribitol)
and vortexed vigorously, followed by shaking on a rotating shaker for 6 min at 4 °C, 30 rpm.
Samples were centrifuged for 2 min at 20,000 x g. 10 pl of the supernatant was dried in a
speedvac concentrator and derivatized with methoxyamine hydrochloride and N-methyl-N-tri-
methylsilyltrifluoracetamid before analysis on a 7200 accurate mass Quadrupole Time-of-Flight

GC-MS (Agilent Technologies).

Protein extraction and analysis
We harvested five leaves of 42 days old plants grown at ambient CO> 7 h after onset of light.

Plant material was snap-frozen in liquid nitrogen and homogenized using glass beads in a MM
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400 ball mill (Retsch) for 1 min at 30 Hz. 1 mL of extraction buffer (50 mM Tris-HCI, pH 8, 5
mM MgCl2, 1 mM ethylenediaminetetraacetic acid, 1| mM dithiothreitol, 1 mM phenylmethane
sulfonyl fluoride, 0.1 mM 4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride, 2 uM
Pepstatin A) was added per 250 mg plant fresh weight. Samples were vortexed and centrifuged
for 10 min at 10,000 x g. 20 pl of supernatant were denatured for 10 min at 98 °C in SDS loading
buffer (60 mM Tris-HCI, pH 6.8, 10 % (v/v) glycerol, 0.05 % (w/v) SDS, 0.25 % (w/v)
bromophenol blue), separated by SDS-PAGE, and analyzed by Western Blotting according to
standard protocols. The primary antibody a-GLDP (kindly obtained by Martha Ludwig) and
secondary antibody a-rabbit-IgG-HRP (Merck) were used at 1:5,000 dilutions in 5 % milk

powder in TBS-buffer in incubated at room temperature for 1 h.

Promoter sequence analysis

Promoter sequences of various Brassicaceae species were derived from Phytozome by BLAST

search using AtGLDP] as template (https://phytozome.jgi.doe.gov/pz/portal.html). Alignments of
the M-Box sequences were performed using MUSCLE alignment tool (Edgar, 2004)

Data analysis

Two-tailed Student’s ¢-tests were performed to detect significant differences between samples
(Prism 6). In order to perform principal component analysis (PCA), we centered and scaled the
intensity of each metabolite separately. The data transformations and the PCA were performed in

R (R Core Team, 2017).

RESULTS

We aimed at repressing AtGLDPI expression in the M cells of Arabidopsis to create a
photorespiratory CO> pump (Fig. 1), which was suggested to be an initial step of C4 evolution
(Heckmann et al., 2013). The promoter of AtGLDPI guides expression in all plant tissues
including M cells due to a cis-regulatory element, called M-Box (Adwy et al., 2015; Schulze et
al., 2013). In contrast, the FtGLDPA promoter of the Cs plant F. trinervia shows an expression
pattern that is mainly specific to the vasculature and BS cells in F. trinervia, but also in
Arabidopsis (Engelmann et al., 2008; Wiludda et al., 2012). Using two different strategies, we try

to change the expression pattern of AtGLDPI. (I) We aim at replacing the native AtGLDPI
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promoter by the FtGLDPA promoter using a GT approach. (II) We aim at deleting the M-Box
from the native AtGLDP1 promoter, thereby abolishing expression of the 4/«GLDPI gene in M

cells.
(A) Mesophyli cell Bundle sheath cell
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Figure 1: Loss of GDC activity in M cells creates a photorespiratory CO; pump. In C3
plants, photorespiration occurs in M cells and BS cells (A). In C; plants, GDC activity is shifted
to the BS cells (B). Photorespiratory glycine accumulates in the M cells and diffuses to the BS
cells. Due to decarboxylation of high glycine amounts by GDC, CO2 concentrations are enhanced
in the BS cells, which enhances carboxylation reaction of RuBisCO.
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Verification of an Arabidopsis gldp2-2 background line

Arabidopsis contains two redundant GLDP genes, AtGLDPI (AT4G33010) and AtGLDP2
(AT2G26080), which are ubiquitously express in all tissues (Engel et al., 2007; Adwy et al.,
2015). For generating a functional photorespiratory pump, it is necessary that none of the two
genes keeps its ubiquitous expression pattern. Since AtGLDPI plays a more important role in
photorespiratory metabolism than AtGLDP2, we decided to use a gldp2 T-DNA knockout line
(gldp2-2) as background line for genomic modifications of AtGLDPI (Engel et al., 2007). We
isolated this line by progeny segregation from a gldp I - "¢€r%y20usx o] p 2- 2homozygous narental plant
(Engel et al., 2007). Even though we were able to isolate plants, which did not show a T-DNA
specific PCR signal for the gldpl-1 T-DNA insertion (Fig. S1), we noticed, that the isolated
gldp2-2 plants were able to grow on MS-plates supplemented with kanamycin. As this is the
selection marker of the plasmid that was used to generate the gldpl-I T-DNA insertion line
(Campisi et al., 1999), it is likely, that the gldp-1 line contains an additional T-DNA insertion on
another genomic locus and this insertion was passed on to our isolated gldp2-2 mutant. In the
following physiological experiments, we therefore also used Arabidopsis wildtype (Col-0) as

additional reference line.

Replacement of the native AtGLDPI promoter with a BS cell specific FtGLDPA promoter

We aimed at replacing the native AtGLDPI promoter in Arabidopsis with the FtGLDPA
promoter using a Cas9-based GT approach. To fully remove the endogenous promoter, we
designed two sgRNAs that cut shortly up- and downstream of the promoter (Fig 2A).
Simultaneous DSB induction should lead to the removal of the AtGLDPI promoter. To integrate
the FtGLDPA promoter into the DSB by HR, we designed a HT containing the FtGLDPA
promoter, flanked by the parts of the ArGLDPI gene and the end of the upstream gene
AT4G33020 that were also excised by Cas9, and two homology arms of ~800 bp length (Fig 2A).
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Figure 2: Strategy for integration of a BS cell specific Flaveria GLDPA promoter into
Arabidopsis by GT. (A) Targeting of the endogenous AtGLDP1 promoter with two sgRNAs will
lead to loss of the promoter if Cas9-induced cleavage occurs simultaneously at both target sites.
If a homology template including the FtGLDPA promoter with homology arms (HA) is offered at
the time of double-strand break repair, the FtGLDPA promoter can be integrated by homologous
recombination (HR). HR events can be detected by PCR with a FtGLDPA specific promoter and
a primer binding on the GLDPI gene outside of the HA (green arrows). (B) pIPGT-Nuc-GLDP1
contains a constitutively expressed Cas9 Nuclease gene (red box) and two sgRNA cassettes
(petrol boxes) controlled by the U6-26 promoter. The repair template consists of the FtGLDPA
promoter (orange) flanked by HA (purple) and target sites for the Cas9 nuclease (red/blue lines).
Selection of transformed plants is possible by integration of a Basta resistance cassette (Bar,
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violet box). (C) In pVIR-Nuc-GLDP1, the repair template is flanked by the viral long intergenic
regions (LIR) and the short intergenic region (SIR, pink box). A viral replicase expressed from
the Rep gene (turquoise box) can induce rolling circle replication of the repair template. (D)
pVIR-Nick-GLDP1 contains the Cas9 nickase (Cas9N) instead of the nuclease and a kanamycin
resistance (KAN) cassette as selection marker. RB = right T-DNA border, LB = left T-DNA
border. Size not to scale.

GT frequencies can be enhanced by mobilization of the HT (Fig. S2). This can be achieved by
amplification of the HT as viral replicons (Baltes et al., 2014) or by release of the HT from the T-
DNA backbone through Cas9 by addition of sgRNA recognition sites (Schiml et al., 2014). We
therefore designed the T-DNA binary vector pIPGT-Nuc-GLDP1, which contains the genes for
Cas9, sgRNAs, selection marker and the HT flanked by sgRNA recognition sites (Fig. 2B).
Similarly, we constructed the vector pVIR-Nuc-GLDP1 in which the HT is flanked by viral
sequences (long intergenic region, LIR, and short intergenic region, SIR) and a replicase (Fig.
2C), both necessary for amplification of the HT in form of viral replicons (Baltes et al., 2014).
Mutation of one cleavage domain of Cas9 turns the Cas9 nuclease into a nickase (Cong et al.,
2013). DNA nicks are less prone to DSB repair by NHEJ and might therefore be favorable for
HR-mediated repair approaches (Fauser et al., 2014). We therefore also generated a third
construct based on the replicon approach in which the Cas9 nuclease was replaced by a Cas9
nickase (pVIR-Nick-GLDP1, Fig. 2D). We decided to transform the three constructs in
Arabidopsis Col-0 plants (and not in gldp2-2 background) so that possible lethal effects due to
BS cell specific expression of the GDC do not interfere with the generally low GT frequencies in
Arabidopsis (Fauser et al., 2012; Schiml et al., 2014; Zhao et al., 2016).

We isolated two T1 lines for each construct and could verify replicon formation in both pVIR-
constructs (Fig. 3A). We then screened in total 190 progeny plants of each T1 line for successful
GT using a primer pair binding to the FtGLDPA promoter and the AtGLDPI gene outside of the
HA region (Fig 2A). We could detect PCR amplicons with a size of 1.8 kb indicating successful
promoter replacement at frequencies of up to 19 % in the analyzed plants, depending on the
parental line (Fig. 3B and C). Both approaches employing the Cas9 nuclease were similarly
efficient, while we obtained less positive PCR amplicons using Cas9 nickase (Fig. 3C). We also
observed PCR amplicons of different sizes (Fig. 3B and C), hinting at incorrect repair. We
sequenced various correctly sized PCR amplicons derived from all GT approaches and found
mostly perfect integration of the HR template in the DSB (Fig. 3D). As our Cas9 system is

controlled by a constitutively active promoter, mutations detected on leaf DNA level can be the
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result of chimerism. As we aimed at generating stable mutant lines, we screened all plants, which
showed a positive PCR amplicon a second time using a different leaf. By this, we narrowed down
the number of candidate plants to 12 (pIPGT-Nuc-GLDP1), 8 (pVIR-Nuc-GLDP1) and 2 (pVIR-
Nick-GLDP1), respectively.
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Figure 3: Detection of GT events in stably transformed Arabidopsis plants. (A) Detection of
viral replicons in T1 generation plants transformed with pVIR-Nuc-GLDP1 and pVIR-Nick-
GLDP1 by specific primers that generate only PCR amplicons (919 bp) on circularized T-DNA
(W = Col-0 gDNA, N = water control). Image of agarose gel was color inverted for better
visibility. (B) Exemplary PCR screening results of 11 plants (T2 generation) transformed with
pIPGT-Nuc-GLDP1. PCR was performed with a FtGLDPA promoter specific primer and an
AtGLDPI gene specific primer. PCR amplicons (green asterisks) at 1.8 kb indicate correct GT,
PCR amplicons at different sizes (red asterisk) might be the result of incorrect repair pathways.
Image of agarose gel was color inverted for better visibility. (C) Quantification of GT events by
PCR screening of 190 plants (T2 generation) each, derived from 2 T1 lines (#1/#2) per GT-
construct. (D) Exemplary sequencing result of a 1.8 kb PCR amplicon reveals seamless
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integration of the FtGLDPA promoter. The left box shows the sequencing histogram at the site of
the double-strand break, shaded area marks the integrated promoter (red letters indicate silent
mutations introduced in the HT to remove sgRNA recognition sites), right box shows the
transition between the end of the HA region and the continuation in the AtGLDP1 gene (shaded).
Peak colors: Adenine = green, cytosine = blue, guanine = black, thymine = red.

We screened ~35 progeny T3 plants of each candidate plant by PCR on two independent leaves
for presence of a PCR amplicon at the correct size as described before. However, we could not
reproduce the positive PCR amplicons from the T2 parental plants on two leaves of the T3
generation plants (not shown), hinting at the presence of somatic mutations only. Eventually, we

were not able to generate plants with a stably integrated FtGLDPA promoter.

Deletion of an M cell specific element in the AtGLDPI promoter

As we could not recover stably mutated plants using a GT approach, we aimed at inducing BS
cell specific expression of 4tGLDPI without relying on homology directed repair mechanisms.
Two promoter regions guide expression of A/GLDP]1 in photosynthetic tissues. While the V-Box
(-313 to -412) directs expression in BS cells and veins, the M-Box (-700 to -758) guides
expression in M cells (Adwy et al., 2015). In an alternative Cas9-approach, we aimed at deleting
the M-Box motif from the endogenous promoter by simultaneous usage of two sgRNAs. Residual
expression guided by the V-Box should then lead to a BS cell specific expression pattern (Fig.
4A).
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Figure 4: Strategy for deletion of an M cell specific AtGLDPI promoter element by
CRISPR/Cas9. (A) Arabidopsis contains two tissue specific promoter elements in the AtGLDP]
promoter that guide expression in M cells and in vasculature cells/BS cells, namely the 59 bp
long M-Box (M, sequence given in blue, putative transcription factor binding sites (Adwy et al.,
2015) marked in bold/underlined) and the V-BOX (V). Simultaneous cutting up- and downstream
of the M-Box with a Cas9 nuclease (target sequences marked in red, PAM motives underlined)
releases the M-Box and should result in BS cell specific expression of 4tGLDPI. Deletion events
can be monitored by PCR with primers (green arrows) spanning the M-Box. (B) The deletion
construct pCas9-MBOX contains the Cas9 nuclease, two sgRNA cassettes and a gentamycin
resistance cassette (GENT).

Thus, we generated the binary T-DNA vector pCas9-MBOX containing a constitutively
expressed Cas9 nuclease gene, two sgRNA cassettes and a selection marker (Fig. 4B). We
transformed Arabidopsis gldp2-2 plants with pCas9-MBOX and recovered three independent T1
lines. We screened 190 to 285 T2 plants per line grown under high CO> conditions by PCR using
primers that amplify the M-Box. Deletion of the M-Box should be visible as reduction in PCR
amplicon size. As a result, we detected two amplicons of different sizes in plant #31 (Fig. 5A),

hinting at a deletion on one allele. Sequencing of both amplicons revealed, that the WT-sized
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amplicon contained single-bp-insertions at each sgRNA sites resulting from NHEJ mediated error
prone repair (Fig. 5B), which should not influence spatial expression pattern. Sequencing of the
smaller amplicon demonstrated deletion of about 2/3 of the M-Box (Fig. 5B).

To ensure that the mutation was fixed within the genome of the plant, we analyzed 126 T3
progeny plants of plant #31 by PCR. Indeed, we detected plants homozygous for the deletion,
biallelic plants, and plants that showed only the allele with the single-bp-insertions (Fig 5C). The
genotype ratio did not deviate significantly from the expected Mendelian segregation ratio of

1:2:1 as calculated by chi-squared test (P > 0.1, Table S2).
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Figure 5: Screening for M-Box deletion in Arabidopsis plants transformed with pCas9-
MBOX. (A) PCR-based screening of 685 plants (T2 generation) revealed a single plant (#31)
showing two PCR amplicons, one (red asterisk) corresponding to the size of an unmodified
promoter (441 bp, as shown in gldp2-2 control plant) and one smaller amplicon (green asterisk,
expected size for removal of full M-Box: 341 bp). Image of agarose gel was color inverted for
better visibility. N = water control. (B) Sequencing of both PCR amplicons revealed two
insertions at both sgRNA target sites on one allele and a deletion of a large part of the M-Box on
the other allele. Microhomologies (black boxes) were detected at the borders of the large
deletion. (C) Representative image of PCR screening of progeny plants of plant #31. Image of
agarose gel was color inverted for better visibility
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We also determined if the Cas9-T-DNA was still present in the T3 plants by PCR amplification
of the Cas9 gene. In all tested plants, we could detect a Cas9 specific PCR amplicon (Fig. S3).
This suggests that the Cas9 T-DNA cassette was already homozygously inserted in the parental
plant #31 and is not lost by segregation anymore. Seeds were harvested from both genotypes, in

the following called “Insertions” and “Deletion” plants, for further experiments.

Phenotypical analysis of mutant plants

Knockout mutants in the core photorespiratory pathway often show a classical photorespiratory
phenotype that is bleached seedlings followed by lethality when grown under ambient CO>
conditions. Typically the phenotype can be fully or partially rescued by increasing the CO;
concentration (Timm and Bauwe, 2013). Full knockouts of the GDC components GLDP and
GLDT have been reported to be lethal for the plant even under high CO» conditions (Engel et al.,
2007; Timm et al.,, 2017). We therefore compared rosettes of 25 days old “Deletion” and
“Insertions” plants grown under ambient CO; conditions with gldp2-2 and Col-0 plants. The
mutant plants did not show differences in leaf appearance (Fig. S4A) and we could not detect
significant differences in neither rosette diameter (Fig. S4B) nor fresh weight (Fig. S4C). All
plants produced normal flowers (Fig. S4D) and viable seeds. However, the “Deletion” and the
“Insertions” plants showed a significant delay in development as shown by stem height
measurements of 67 days old plants (Fig. 6). As the plants were perfectly viable under ambient
CO; conditions, all following experiments were conducted with plants grown under ambient CO>

conditions.
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Figure 6: Mutants with modifications in the AfGLDPI promoter are delayed in
development. (A) Representative picture of a 67 days old WT (Col-0) plant, gldp2-2 mutant
plant, a plant with single-bp-insertions in the sgRNA target sites (Insertions) in the AtGLDPI
promoter and a plant with large deletion in the M-box (Deletion) grown at ambient CO>. (B)
Determination of stem height of mutant plants in comparison to WT and gldp2-2 plants.
Significant differences of mutant plants compared to the gldp2-2 background line were
determined with a two-tailed Student’s #-test and are indicated by asterisks (ns: P > 0.05; ****: p
<0.0001, n = 8-15). No significant (ns) differences were found between Col-0 and gldp2-2 plants
and the Insertions and Deletions line, respectively.

Protein localization was unsuccessful

Full deletion of the 3’-AtGLDPI promoter region including the M-Box leads to a loss of
expression in M cells as shown by GUS fusion constructs (Adwy et al., 2015). We generated
plants with a deletion of large part of the M-Box within the AtGLDPI promoter (Fig. 5). To
assess the expression pattern of this mutated promoter we generated a GUS fusion construct
pGUS-GLDPp-DELETION (Fig. S5A) mimicking the partial deletion of the M-Box in the
mutated plants and transformed it into Col-O plants. Plants transformed with GUS-fusion
constructs with the full promoter or with a shortened promoter with a full deletion of the 5’-part
of the promoter region including the M-Box (derived from Adwy et al., 2015) were used as
controls for expression analysis. Independent T1 plants with 4 to 6 leaves were used for GUS-
staining. We could not detect a consistent staining pattern independent of the transformed
construct (Fig S5B). To assess AtGLDP1 localization in planta, we fixed and embedded leaf
tissue of 36 days old plants and stained leaf sections with a GLDP specific antibody followed by

immunogold labeling. However, in TEM analysis of immunogold-stained leaf samples, no
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immunogold particles could be detected in any sample (data not shown). We could therefore not
conclude whether the changes in the AtGLDPI promoter structure indeed affected the expression

pattern.

Plants with a deletion in the M-Box show slight decrease in AtGLDPI transcript and protein
amount

We examined if the partial deletion of the M-Box leads to a change of AfGLDPI transcript level
by measuring AtGLDPI transcript in full leaves of 24 days old plant using qRT-PCR. Both
promoter modifications led to a decrease between the averages of three replicates of 57-69 %
compared to gldp2-2 (Fig. 7A). However, this difference was statistically not significant
(Student’s ¢-test, P > 0.05), probably due to the unexpectedly high variation between replicates in
the transcript levels in gldp2-2. Using the GLDP specific antibody, we assessed protein levels in
leaf protein extracts of 42 days old plants grown under ambient CO> conditions, (Fig. 7B). Strong
signals were observed in all genotypes, with a slightly less intense signal in plants with a

promoter deletion.
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Figure 7: Effects of promoter modifications on AtGLDPI transcript levels and protein
content. (A) Leaf AtGLDPI transcript levels were measured in plants grown under ambient CO»
conditions (B) for 24 days. Samples were taken 8 hours after onset of light. Shown is the mean
normalized expression of three biological replicates with standard deviation. Each value
represents the average of three technical replicates. AtBLACK was used as reference gene
(Czechowski et al., 2005). Significant differences of AtGLDP]I transcript levels in mutant plants
compared to gldp2-2 plants were analyzed by two-tailed Student’s #-test (ns: P > 0.05). (B)
GLDP protein content in leaf extracts grown under ambient CO, was assessed by Western
Blotting using a GLDP specific antibody. Coomassie stained loading control (left) shows equal
loading. Western Blotting reveals a band at the expected size of the AtGLDP1 protein (ca. 106
kDa). A weaker signal can be detected in plants with a homozygous M-Box deletion.

Changes in the AtGLDPI promoter do not accelerate photoinhibition of photosystem I1
Photoinhibition is often accelerated in photorespiratory mutants (Badger et al., 2009; Timm et al.,

2012) due to suppression of PS II repair (Takahashi et al., 2007). We therefore assessed
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maximum efficiency of PS II (Fv / Fn) of 18 days old plants. We could not detect differences
between Col-0, gldp2-2, and plants with A¢tGLDP promoter modifications under the tested
conditions (Fig. S8).

Mutant plants accumulate glycine under ambient CO; conditions

Cs - C4 intermediate plants typically accumulate glycine in the leaf under ambient CO: conditions
due to missing GDC-activity in M cells, which ultimately allows passive diffusion of glycine
from M cells to BS cells. Similarly, serine levels are enhanced compared to C3 plants
(Rawsthorne and Hylton, 1991; Schliiter et al., 2017). Thus, we assessed the glycine and serine
levels in leaves of plants grown under ambient CO; (Fig. 8A, §B).
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Figure 8: Metabolite levels in plants with a partial M-Box deletion under ambient CO;
conditions. Metabolite levels of glycine (A), serine (B), glucose (C), fructose (D) and raffinose
(E) were measured in rosettes of 24 days old plants grown under ambient CO, conditions.
Significant differences of metabolite levels of plants compared to gldp2-2 plants were analyzed
by two-tailed Student’s #-test (ns: P > 0.05; *: P <0.05; ** P <0.01).

Indeed, “Deletion” plants accumulated 1.71-fold times more glycine under ambient CO>

conditions (Fig. 8A) than gldp2-2 plants (P = 0.003), while glycine content in “Insertions” plants
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or Col-0 plants was not increased. The serine content (Fig. 8B) was also increased in plants with
an M-Box deletion, however, similar or even higher amounts were found in the other genotypes
and the changes were not significant. Several metabolites have been proposed to rebalance N
content between M cells and BS cells in C; plants (Mallmann et al., 2014). However, no
significant increases can be detected in the putative nitrogen (N) shuttle metabolites malate,
aspartate, alanine, glutamate and o-ketoglutarate under ambient CO; conditions (Table S3).
Soluble sugars (fructose, glucose, and raffinose) stayed mostly constant in “Insertions” plants but
accumulated slightly in the “Deletion” plants (Fig. 8C - E). Otherwise, no consistent changes
specific for the plants with the partial M-Box deletion were detected in most other metabolites
(Table S3), including no changes in the plant stress indicator y-aminobutyric acid (GABA). We
performed a PCA of all metabolites to verify that the “Deletion” genotype leads to a unique
metabolite pattern (Fig. S7). The first principal component (explaining 33% of variation)
separated the plants in the gldp2-2 background from Col-0, the second principal component

(explaining 18% of variation) separated the “Deletion” plants from the remaining genotypes.

DISCUSSION

The integration of a C; cycle in a C; plant is a long-term goal of plant scientists

In this study, we aimed at restricting expression of the Arabidopsis AtGLDPI gene to BS cells,
which is an elementary step towards the evolution of C4 photosynthesis (Heckmann et al., 2013).
Three studies already describe similar approaches. In 2010, the group of Hermann Bauwe tried to
establish a C, shuttle in Arabidopsis by integrating the FaGLDPA gene from the C3 - C4
intermediate plant F. anomala under the control of the BS cell specific FaGLDPA promoter in
the background of a gldpl/gldp2 double-knockout (Engel, 2010). While the lethal phenotype of
the double-knockout mutant could be rescued, the mutant “C,” Arabidopsis plants were only able
to grow under non-photorespiratory conditions and were sterile. This approach had several
drawbacks, caused in part by T-DNA position effects and mostly by use of a foreign GLDP gene,
as it is unknown if the FaGLDP protein can interact with the other components of the GDC from
Arabidopsis. Another study in potato aimed to suppress GLDP expression in M cells by an
antisense construct using a promoter that drives expression preferentially in M cell. These “C,”
potato plants did not show a strong photorespiratory phenotype but accumulated glycine to high

levels (Winzer et al., 2001). Similarly, a recent study in rice tried to suppress GLDH expression
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in M cells by an artificial micro RNA (amiRNA) approach directed against the transcripts of the
photorespiratory isoform of the GLDH gene (Os10g37180). These “C,” rice plants showed a mild
photorespiratory phenotype but could survive under ambient air (Lin et al., 2016). However,
amiRNA approaches are prone to varying efficiencies of gene expression knockdown and do not
result in a complete loss of transcript. Additionally, the other GLDH isoforms might complement
the function of the targeted GLDH photorespiratory isoform, as shown for the two AtGLDP
isoforms (Engel et al., 2007). The approaches used in this study employ the advantages of the

Cas9 system to introduce targeted changes in the original genomic context.

Enhancement of GT frequencies is crucial for regeneration of stable mutant lines

In a first approach, we tried to remove the unspecific AtGLDPI promoter by simultaneous
cleavage with Cas9 at two target sites. By offering a repair template containing the BS cell
specific GLDPA promoter from F. trinervia, we aimed at introducing the FtGLDPA promoter
upstream of the AtGLDP1 gene via HR-mediated repair of the induced DSB. Targeted integration
of a transgene in the plant genome via HR is also called GT (Paszkowski et al., 1988) and has
been a long-time goal for plant scientists (Puchta, 2002). However, higher plants usually integrate
transgenes via NHEJ at random positions in the genome (Puchta, 2005). GT efficiencies are
enhanced by priming of the target locus via introduction of a DSB (Puchta et al., 1996) or single
strand break (SSB, Fauser et al., 2014), as it is possible by the Cas9-system. Recent reports in
various monocotyledons and dicotyledons have shown that GT frequencies can be further
enhanced 10-100-fold by mobilization of the HT in form of geminiviral replicons (Baltes et al.,
2014; Cermak et al., 2015; Gil-Humanes et al., 2017). For this approach, the HT is flanked with
three viral elements derived from geminiviruses as the bean yellow dwarf virus. These elements
are the cis-acting LIR, the SIR and the Rep gene, which encodes for two splice forms of a trans-
acting viral replicase, namely Rep and RepA (Fig. S2A). Rep initiates rolling circle
endoreplication at the LIR site, thereby leading to a replicational release of the HT in form of up
to several thousand circular replicons which can be used as repair templates for DSB repair (Chen
et al., 2011; Baltes et al., 2014). However, reports of generating stable GT-lines in Arabidopsis
using viral replicons are lacking. Alternatively, Fauser and colleagues (2012) developed the IPGT
approach, in which the template is mobilized by excision of the T-DNA backbone in the plant
nucleus by SSN and thus available as repair template for DSB repair (Fig. S2B). In Arabidopsis,

recovery of stably mutated plants at frequencies of 0.14-0.83 % have been reported using IPGT
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(Fauser et al., 2012; Schiml et al., 2014; Zhao et al., 2016). We used a PCR-based screening to
identify GT events in leaves of T2 generation plants (Fig. 3B) and could detect GT events in up
to 19.5 % of all tested plants (Fig. 3C). The primer combination that we used for screening covers
only one of the two induced DSB sites. It cannot be excluded that we therefore counted one-sided
GT events as positive events and that the actual number of true GT events is lower. However,
IPGT and viral replicons seem to be able to induce GT in Arabidopsis on somatic level. While
GT frequencies were similar independent of the HT mobilization strategy, clear differences were
detected between independent transformant lines (Fig. 3D). Previous reports state a connection
between GT efficiencies and the proximity of T-DNA insertion and DSB locus (Fauser et al.,
2012). It might therefore be advisable to screen progeny of more independent transformant lines
(Schiml et al., 2017). We also used a Cas9 nickase in combination with the viral replicon
approach as DNA nicks are less prone to NHEJ-mediated repair and are more likely repaired via
HR (Fauser et al., 2014). However, the GT frequencies were lower compared to the nuclease
constructs. The nickase approach might not be favorable for our experimental approach as
deletion of the AtGLDPI promoter (which is the prerequisite for repair by GT) is only efficient if
DSB are induced. While we could detect GT events on somatic level in all approaches, we were
not able to regenerate fully mutated plants. Previous proof-of-concept studies usually relied on
efficient marker systems as GUS or fluorescent proteins to detect GT events (Baltes et al., 2014;
Fauser et al., 2012; Schiml et al., 2014; Zhao et al., 2016), which allowed simple selection of
positive GT events. The PCR-based screening approach, which we employed due to the lack of a
traceable phenotype, is more laborious and its high sensitivity (one cell with successful GT
within the leaf from which gDNA was isolated might be enough for a positive PCR amplicon)
makes it difficult to distinguish single cell GT events from stably mutated plants. We conclude
that even though GT in Arabidopsis provides an interesting option for highly specific genomic
changes, the available GT systems are yet not efficient enough to generate stable mutants without
phenotypes. Optimization of the GT system is possible in several ways. (I) Using of germline
specific promoters for Cas9 expression (Wang et al., 2015; Mao et al., 2016) results in loss of
somatic mutations. Detection of positive PCR amplicons on leaf level hints therefore at
completely mutated plants. (II) Optimization of the PCR screening approach, e.g. by
automatization of gDNA isolation and PCR pipetting allows screening of more plants and might
enable to quantify PCR amplicon signal strength as a direct readout for the number of mutated

cells. (IIT) Optimization of the HT delivery system e.g. by combination of the IPGT approach and
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the viral replicon approach. By this, linear template DNA fragments could be excised by Cas9
from replicated HR template molecules, which might be favored by the HR repair machinery as

they resemble natural occurring HR templates.

Only parts of the M-box were deleted by simultaneous cutting with two sgRNAs

Cis-regulatory elements that guide expression in M cells or repress expression in BS cells are an
attractive target for genome editing. Mesophyll expression motives have been found in Flaveria
species but also in Gynandropsis gynandra and Arabidopsis, amongst others. Distinct changes
within these mesophyll expression motives explain differential expressions in C3 , C2 and Cs4
species (Gowik et al., 2004; Akyildiz et al., 2007; Williams et al., 2016; Gowik et al., 2017).
AtGLDP]I expression in M cells of Arabidopsis is controlled by a cis-regulatory element in the
AtGLDPI promoter, called M-Box, while a second cis-regulatory element provides expression in
BS cells and vasculature (Adwy et al., 2015). Loss of the M-Box should therefore lead to a BS
cell specific expression of AtGLDPI in leaves. Using a multiplexing Cas9 approach with two
sgRNAs, we aimed at deleting the M-Box in the AfGLDPI promoter by simultaneous induction
of two DSBs in plants with a gldp2 knockout background (Fig. 4A). Previous studies in
Arabidopsis reported frequencies of 7.7 to 26 % of deletion events using two sgRNAs (Li et al.,
2013; Mao et al., 2013; Zhao et al., 2016). However, screening of more than 600 T2 generation
plants from three independent transformant lines yielded only a single plant in which large parts
of the M-Box were deleted, albeit not the full region between the two sgRNA sites (Fig. 5B). We
cannot exclude that a full deletion of the M-Box is lethal for the plant because they cannot
tolerate GDC restriction to the BS cells. However, we also did not detect heterozygous mutations,
which should result in viable mutant plants. Alternatively, transformation of pCas9-MBOX in
Col-0 plants should allow complete deletion of the M-Box as a functional AtGLDP2 copy is still
available. Crossing of this plant with the g/ldp2-2 line would then allow conclusion on a putative
lethality effect of the mutation. For a full deletion of the M-Box, both sgRNA target sites must be
targeted simultaneously. Timing of the expression of both sgRNA cassettes could improve the
deletion efficiencies. This can be achieved by single transcript units, which are then processed by
ribozymes or endogenous tRNA machinery (Xie et al., 2015; Tang et al., 2016). Finally, using
more independent transformant lines is advisable, as T1 plants can already accumulate mutations
at both sgRNA sites. By this, they are resistant against further multiplex cleavage and large

deletions cannot occur anymore. However, the mutated plant that we generated contains only a
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large 63 bp deletion resulting from cleavage at the downstream sgRNA target site while the
upstream target site is unaffected on the same allele (Fig. 5B), hinting that, at least in progeny
plants of this transformant line, unmutated target sites were still present in the T2 generation.
Classical NHEJ repair usually results in small indel mutations of few bp (Fauser et al., 2014).
Larger deletions might result from an alternative NHEJ pathway (microhomology-mediated end
joining, MMEJ). MME]J involves alignment of short microhomologies from resected DSB end
leading to large deletions if the ends are rejoined (Sfeir and Symington, 2015; Wang and Xu,
2017). Indeed, a two nucleotides microhomology, namely TC, is present at the borders of the
large deletion (Fig. 5B). Similar short microhomologies of 2-4 nucleotides were sufficient to
induce large deletions by MMEJ in Cas9 experiments in Physcomitrella patens (Collonnier et al.,

2017).

Direct evidence for changes in localization patterns are missing

As we could not delete the full M-Box, determination of the expression pattern of our modified
promoters is crucial. However, we were not able to access the expression pattern with GUS
staining (Fig. S5) or immunogold labeling. The M-Box itself was detected by promoter-deletion
studies and we used a promoter::GUS construct with a highly shortened promoter as control,
which directed BS cell specificity in previous studies (Adwy et al., 2015). However, we could
also not verify the BS cell specificity of this control construct. The most likely reason is that we
used a different vector backbone (pCambia 1381) to guide GUS expression. This vector contains
a 35S promoter directly upstream of the promoter::GUS fusions for expression of a resistance
cassette. This strong promoter might create considerable transcriptional activity also in adjacent
open reading frames as noted by the providing company

(http://www.cambia.org/daisy/cambia/1209.html). Cloning in another vector backbone is

therefore necessary for more reliable GUS staining. Alternatively, the resistance cassette can be
removed and a selection marker can be introduced by co-transformation of a second plasmid. The
immunogold labeling protocol should be improved as well. As the primary antibody worked well
in Western Blots (Fig. 7B), functionality of the secondary immunogold antibody should be
verified with suitable positive controls. In theory, separation of M cells and BS cells and
subsequent analysis of AtGLDP content via Western Blotting is also an option for localization of
the protein. While enrichment of BS cells is possible in Cs plants (Denton et al., 2017), no

efficient protocols have been published to our knowledge for C; plants due to their lower amount
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of BS cells. Alternatively, fluorescence in situ staining or RNA in situ hybridization could be
used to assess AtGLDP localization, as done in previous studies (Engelmann et al., 2008; Engel,
2010).

Even though we could not verify a different localization, we still think that the large deletion that
we created could be sufficient for redirecting the tissue specificity. Adwy et al. (2015)
hypothesized that two motives within the M-Box (or the transcription factors binding to them)
interact to induce M cell expression. These motives are a NUCLEAR FACTOR Y binding motif
(CCAAT) and a CTTTCA motif, which were both found in a screen for M cell specific cis-
elements in maize (Wang et al., 2014). Indeed, alignment of the AtGLDPI M-Box sequence with
M-Box sequences from other C3 Brassicaceae shows that both motives are highly conserved (Fig.
9). In our promoter deletion, we could delete the CTTTCA motive. If the interaction between the
two motives is therefore disturbed, the remaining CCAAT motif alone should not be functional
anymore. Recent unpublished GUS-staining data (Waly Adwy) indeed reveal, that deletion of
one of the two motives is sufficient to abolish M cell specific expression. In contrast, the plants
with the small insertions at the sgRNA sites are not mutated in any of these motives and should

not be affected in their tissue specificity.

+T

L >

) >
A_thaliana GLDPlp GAGTGATAAAGGTGACAAACATTTTTGTCCACTGATACCCAATCTCTTCCACTTCAGTTCCCTTCCTTTCAAATTTTATCTCGTGCT
A lyrata_GLDPp TTTTGATAAAGGTGACAAACATTTTTGTCCACTGATACCCAATCTCTTCTACTTCAGTTCCCTTCCTTTCAAATTTTATCTCGAGAG
B stricta GLDPp TTTTGATAAAGGTGACAAAAAATTTTGTCCACTGATACCCAATCTCTTCCACTTCAGTTCCCTTCCTTTCAAATTTTATCTCGAGAT
B oleracea capitata GLDPp GTTTGATAAAGGTGACAAACATTTTCGTCCACCGAATCCCAATCTCTTCAACTTTAGCTAGCATCCTTTCAAATGTTATCTCCAGAT
B_rapa FPsc_GLDPp ATTTGATAAAGGTGACAAACATTTTCGTCCACCGAATCCCAATCTCCTCAACTTTAGCTAGCATCCTTTCAAATGTTATCTCCAGAT
C_grandiflora GLDPp TTTTGATAAAGGTGACAAACATTTTTGTCCACTGATACCCAATCTCTTCCACCTCAGTTCTCTTCCTTTCAAATTTTATCTCGAGAT
C_rubella GLDPp TTCTGATAAAGGTGACAAACATTTTTGTCCACTGATACCCAATCTCTTCCACTTCAGTTCTCTTCCTTTCAAATTTTATCTCGAGAT

M moricandioides GLDPp GTTTGATAAAGGTGACAAACATTTTCGTCCACCAAATCCCAATCTCTTCAACTTTAGCTAGCATCCTTTCAAATATTATCTTGAGCT
- - dhkkkkkkhkhkhkhhkhkk Kk kkk hhkkkhkk ok  kkkkkkkkk kk kk Kk kk k ok kkkkkkkkkkk kkkkkk *

Figure 9: Alignment of the M-Box sequences in GLDP promoters from various Cs
Brassicaceae species. Annotated M-Box (Adwy et al., 2015) is highlighted by a blue box.
Putative binding motives for transcription factors are marked in red. The upstream nucleotide
insertion in the “Insertions” plants is marked with a red triangle. The downstream nucleotide
insertion, which is not conserved, is not shown here. The part of the M-Box that was deleted by
Cas9 in the “Deletion” plants is marked with a red arrow. Asterisks indicate identical nucleotides
in all analyzed species (A _thaliana: Arabidopsis thaliana, A lyrata: Arabidopsis Iyrata,
B_stricta: Boechera stricta, B_oleracea: Brassica oleracea capitate, B_rapa: Brassica rapa FPsc,
C _grandiflora: Capsella grandiflora, C rubella: Capsella rubella, M moricandioides:
Moricandia moricandioides).
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Decrease in GLDP protein content might explain the developmental phenotype

Previous approaches to introduce a C» shuttle in potato (Winzer et al., 2001), Arabidopsis (Engel,
2010) or rice (Lin et al., 2016) led to plants with photorespiratory phenotypes in varying degrees.
The previously reported “C,” Arabidopsis plants showed drastic phenotypes with bleached leaves
and morphologically distinct, sterile flowers, even if grown under high CO> conditions (Engel,
2010). In contrast, our mutated plants did not show any chlorotic spots and were able to develop
well under ambient CO> conditions (Fig. S4). Consequently, the plant stress hormone GABA
(Kinnersley and Turano, 2000) content was not increased (Table S3) opposed to other
photorespiratory mutants (Eisenhut et al., 2013; Nunes-Nesi et al., 2014). However, we saw a
delay in development in older mutant plants, as shown in stem lengths measurements (Fig. 6).
Similarly, the “C,” rice plants were significantly shorter and produced less biomass (Lin et al.,
2016). Meristem tissue needs high amounts of folate to fuel the high requirement of cell
development, e.g. nucleotide synthesis (Jabrin et al., 2003). A disturbance in Ci; metabolism by
varying amounts of GLDP might therefore explain delays in development. However, this
disturbance would probably already influence plant development at earlier stages, as reported for
the previously generated “C,” Arabidopsis plants, which were delayed in development already at
the cotyledon stage (Engel, 2010). Further disruption of developmental or signaling pathways
(maybe also caused by the pCas9-MBOX T-DNA insertion) needs to be elucidated.

Analysis of the A#\GLDPI RNA content in whole leaves revealed decreases in transcript levels in
the “Deletion” plants (Fig. 7A). If the AtGLDPI gene is indeed only expressed in BS cells, which
represent about 15 % of chloroplast containing leaf cells in Arabidopsis (Kinsman and Pyke,
1998), a drop in total leaf At*GLDPI transcript is expected. A more in-depth study of other
transcripts of the “Deletion” plants might allow more conclusions about a successful integration
of a photorespiratory pump as the confinement of GDC activity to BS cells has further
implications on plant gene expression. As an example, redox balance between M cells and BS
cells has to be adjusted as GDC produces high amounts of NADH. In C, species from
Moricandia and Flaveria, ALTERNATIVE OXIDASE transcripts are therefore increased
compared to Cs species (Schliiter et al., 2017). Interestingly, the GLDP antibody test revealed
reduced amounts of AtGLDP protein in the “Deletion” plants (Fig. 7B), which corresponds to the
transcript amounts. However, more detailed studies should follow to elucidate AtGLDP protein
content in the mutant plants. In the “C,” rice study, the authors did not detect any GLDH protein

in plant leaves using Western Blots after targeting GLDH transcripts by amiRNA. Furthermore,
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they detected only minimal amounts of GLDP. Similarly, only minimal GLDH amounts were
detected by immunolocalization (Lin et al., 2016), which makes it questionable if a real CO>
pump was created or just a leaf-wide knock down of GDC activity. Similar to the “Deletion” line,
we saw a (non-significant) decrease in transcript amounts in the “Insertions” mutants. Analysis of
the single-bp insertion sites revealed, that the upstream insertion site destroyed a highly
conserved GATA motif (Fig. 9). GATA boxes are associated with light induced gene expression,
which is a common feature of photorespiratory genes (Argiiello-Astorga and Herrera-Estrella,
1998; Foyer et al., 2009). Mutations of the GATA motif are associated with a decrease in gene
expression (Chan et al., 2001; Jeong and Shih, 2003). This might explain the lowered gene

expression in the “Insertions” plants.

Glycine accumulation hints at C; carbon concentrating mechanism

A common feature of the so-far generated artificial “Cz ™ plants is an increase in glycine content,
ranging from 5- to 40-fold in potato (Winzer et al., 2001) and 3-to 33-fold in rice (Lin et al.,
2016) under ambient CO», and 84-fold in Arabidopsis even under high CO> (Engel, 2010). In
contrast, we detected only small increases up to 1.71-fold under ambient CO; (Fig. 8A).
However, these increases were highly specific for the “Deletion” plants and could not be detected
in the other genotypes. A recent comparative study between C3 and C> Moricandia species
revealed that plants with a functional C; shuttle accumulate glycine only 2- to 4-fold compared to
the corresponding Cs; species (Schliiter et al., 2017). This shows that extreme glycine
accumulations as reported in the “C>” rice, potato and Arabidopsis studies are mostly hinting at a
disturbed photorespiratory metabolism and not towards a functional C; shuttle. Metabolite
measurements of plants that were shifted to non-photorespiratory high CO, conditions would be
necessary to confirm, that the glycine accumulation in the “Deletion” plants is indeed caused by
the photorespiratory flux.

Glycine accumulation is a common feature of knock-down mutants in the glycine cleavage
system (Engel et al., 2011; Timm et al., 2017). However, we do not see any glycine accumulation
in the “Insertions” mutants (Fig. 8A) even though they showed decreased AtGLDP]I transcript
abundance (Fig. 7A) and might therefore contain less AtGLDP1 protein. The GDC is present in
large amounts in mitochondria of photosynthetic tissues (Oliver et al., 1990) to avoid any
accumulation of toxic photorespiratory intermediates. This high excess could therefore provide

flexibility for a slight decrease in total protein content. In an antisense approach in potato, high
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decreases in GLDP content (>60 %) led to high glycine accumulation (Heineke et al., 2001).
Similar results have been obtained for SHMT knockdown potato plants (Schjoerring et al., 2006).
Here, we did not achieve such high decreases. Increasing photorespiratory conditions by high
light and increased temperatures might allow enforcing a more drastic phenotype in the
“Insertions” plants. The “C, ” potato study (Winzer et al., 2001) and the “C; ™ rice study (Lin et
al., 2016) reported a decrease in soluble sugars under ambient CO». This is a sign for a reduced
CO; assimilation rate due to inhibition of the Calvin-Benson cycle by disturbed photorespiration.
In contrast, we could detect constant or increased sugar contents in the “Deletion” plants (Fig. 8),
which hints that sugar production by photosynthesis is not impaired. An increase in soluble
sugars was also detected in GLDL overexpression lines, which resulted from a partial
reprogramming of the plant starch metabolism (Timm et al., 2015). Analysis of starch content in
the mutant plants will allow us to verify the partitioning of fixed carbohydrates into starch. PCA
analysis of our metabolite data showed a separation of the “Deletion” replicates from the other
genotypes (Fig. S7). This result is important as it provides additional evidence, that the
“Deletion” plants behave differently and with a slightly stronger effect that the “Insertions”
plants.

CO: compensation point measurements can verify an efficient C; shuttle

Modifications of the photorespiratory pathway are often connected to changes in photosynthetic
parameters (Timm et al., 2012). A disrupted photorespiratory pathway leads to interruption of the
Calvin-Benson cycle by the inhibitory effects of accumulated photorespiratory intermediates and
depletion of Calvin-Benson cycle intermediates. If the Calvin-Benson cycle is impaired, recovery
of electron acceptor molecules for the light reaction is hindered. Electrons from the water-
splitting reaction of PS II are therefore transferred to oxygen in PS I, which can result in H2O2
production. H>O; inhibits synthesis of the D1 protein, an essential part of PS II (Takahashi et al.,
2007). The unremarkable Fy / Fn-values of our mutants (Fig. S6) indicate, that the mutations in
the AtGLDPI promoter do not impair PS II repair, which corresponds to the metabolic and
physiological data.

However, a more detailed analysis of photosynthetic parameters of the AtGLDPI mutants is
indicated. In fact, one of the most striking differences between Cz and Cs plants is a lowered CO>
compensation point in C, plants (Krenzer et al., 1975; Ku et al., 1983; Rajendrudu et al., 1986;

Sternberg et al., 1986; Schliiter et al., 2017). The “C,” rice plants showed an increased CO»
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compensation point and reduced carboxylation efficiencies, which further indicates that the aim
of introducing a functional C; shuttle was not achieved (Lin et al., 2016). The lower CO;
compensation points of Cz plants are a result of a more efficient carbon fixation. This is also
connected to improved anatomical features in many C; plants e.g. increased amounts of
mitochondria in BS cells, which are shielded by chloroplasts to avoid leakage of CO, (Sage and
Khoshravesh, 2016). Interestingly, the “C, ” rice plants showed a significant reduction of
chloroplasts in M cells (Lin et al., 2016), even though this feature is usually associated with a C4 -
like carbon concentrating mechanism (Stata et al., 2016). Also, increase in GDC content has been
associated with increase in chloroplast size (Engel, 2010). It will be interesting to use the leaf

sections for an in-depth analysis of organelle number, size and location within the different cell

types.

CONCLUSION AND OUTLOOK

The Cas9 system allows the generation of highly specific modifications within the original
genomic context of the target. We employed this approach to modify the AtGLDPI promoter of
Arabidopsis with the aim of generating a BS cell specific expression pattern of the P-protein, to
mimic the COz pump in C: plants. Deletion of the M-Box region, which drives expression of the
gene in M cells, was the most successful approach to fulfill this aim with feasible screening
amount. We were able to create a partial deletion within the M-Box and generated phenotypically
normal plants that showed slight accumulations of glycine under ambient CO;. In the following,
further experiments must validate whether we indeed achieved exclusive P-protein localization in
the BS cells. Additionally, we need to consider putative effects caused by integration of several
T-DNAs within the plants (gldp2-2 T-DNA, unspecified T-DNA from the gldp-1 background,
pCas9-MBOX T-DNA). Backcrossing of the mutant lines with a clean gldp2-2 line without
further T-DNA inserts will therefore be necessary and verification of this new gldp2-2 line is in
progress (Master thesis Dominik Daniels). It was striking that we could not generate a full
mutation of the M-Box with our approach. Ongoing work (Master thesis Dominik Daniels) aims
at generating a full deletion of the M-Box or even larger deletions, as also the upstream areas of
the M-Box are conserved in various Brassicaceae species (Adwy et al., 2015). For this, we use a
different vector system (Hahn et al., 2017), which was already used to generate deletions by

using two sgRNAs (Yuichi Yokochi, unpublished data). However, we should not neglect the
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possibility, that a full abolishment of AtGLDP expression in the M cells is lethal for Arabidopsis
as indicated by previous experimental approaches (Engel et al., 2007, Engel 2010). During
evolution, biochemical adaptions of the photorespiratory pathway occurred probably after
adaptions of leaf anatomy (Sage, 2004). This includes the establishment of a proto-Kranz
anatomy but also an enrichment of chloroplasts and mitochondria in BS cells as well as increased
plasmodesmata frequency for metabolite shuttling (Gowik and Westhoff, 2011; Danila et al.,
2016). Even though some anatomical changes seem to be directly induced by a redirected
photorespiratory flux (Lin et al., 2016), it might be advisable to decrease the amount of GLDP in
M cells gradually, as found in the different evolutionary intermediates between Cs and C4
Flaveria species (Schulze et al., 2013). Gradual decreases in AtGLDP amount can be achieved by
targeting the transcription of the AtGLDPI gene. Due to the lack of M cell specific promoters in
Arabidopsis, we cannot use an amiRNA or antisense approach as done in rice and potato (Winzer
et al., 2001; Lin et al., 2016). However, the Cas9 system can be modified to act as a targeted
transcriptional repressor (Qi et al., 2013). Therefore, an inactive Cas9 is fused to transcription
repressors, such as the transcriptional repressor domain SRDX (Lowder et al., 2015; Tang et al.,
2017). By targeting this repressor construct to the M-Box, we might be able to block transcription
factors which induce expression in M cells, thereby decreasing the number of transcripts in these
cells (Master thesis Dominik Daniels). In summary, the CRISPR/Cas9 system can be exploited
for manifold manipulations of genomes as shown in this manuscript, but also for more subtle
modifications on transcript level. This makes this technique a promising tool for integration of C4
cycle components in C3 plants and will enable us to understand the evolution of C> and C4
photosynthesis in more detail. This understanding can accelerate the integration of efficient

carbon concentrating mechanisms in C; plants.
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Supplementary Figure S1: Isolation of a gldp2-2 mutant from a gldpI-1h¢teroneevsxoldp2-
2homozygous T_PNA line cross. Progeny plants of the T-DNA cross (/-1 x 2-2) were analyzed for
absence of gldpl-1 T-DNA (A/B) and homozygous insertion of gldp2-2 T-DNA (C/D). Plant 2
shows an AtGLDPI gene specific band (A), no band for gldpl-1 T-DNA (B), no band for
AtGLDP? (C) and a T-DNA specific band for gldp2-2 (D), proving homozygous insertion of the
gldp2-2 T-DNA. DNA from a homozygous gldpI-1 mutant was used as control (/-7). N = water
control. Image of agarose gel was color inverted for better visibility.
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Supplementary Figure S2: Strategies for increasing the availability of the HT. (A) After
integration of the T-DNA from pVIR-Nuc-GLDPI in the Arabidopsis nucleus, rolling circle
endoreplication of the HT containing the FtGLDPA promoter (orange box) is initiated by the
replicase Rep. Replication can result in several hundreds of viral replicons, whose presence can
be detected by PCR primers (green arrows) that amplify DNA only on circular replicons and not
on linear T-DNA. When Cas9 induces two DSBs up- and downstream of the A#GLDP1 promoter
(green box), the AtGLDP1 promoter is released. The DSBs can be repaired by HR using the viral
replicons as repair template due to homologous regions between the HT on the replicon and the
genes flanking the DSB sites (purple). This ultimately leads to integration of the FtGLDPA
promoter. Accordingly, this approach can be combined with a Cas9 nickase, which only induces
DNA nicks in the target gene by transformation with pVIR-Nick-GLDP1. (B) Plants transformed
with pI[PGT-Nuc-GLDPI1 contain the HT flanked by the same sgRNA target sites that are used
for release of the Arabidopsis promoter. Cas9 expression therefore simultaneously targets the
AtGLDP]I promoter and releases the HT, which then functions as repair template.

180



Manuscript IV

Cas9-specific PCR on #31 T3 progeny plants
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Supplementary Figure S3: Detection of Cas9 in T3 generation progeny of plant #31.
Exemplary PCR screening result of 46 T3 progeny plant of plant #31 with Cas9 primers reveals
integration of the Cas9 gene (expected size: 749 bp) into genomic DNA of all tested plants. M =
Marker. Image of agarose gel was color inverted for better visibility.
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Supplementary Figure S4: Mutants with modifications in the A¢fGLDPI promoter show no
significant changes in young rosettes and flowers under ambient CO: conditions. (A)
Exemplary picture of 25 days old WT (Col-0) plant, gldp2-2 mutant plant, plant with single-bp-
insertions in the sgRNA target sites (Insertions) in the A/GLDPI promoter and plant with large
deletion in the M-box (Deletion). No significant differences were found between the genotypes in
rosette diameter (B, n = 14-19) and fresh weight (C, n = 5) as calculated by two-tailed Student’s
t-test. (D) All genotypes were able to develop fertile flower buds.
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Supplementary Figure S5: Promoter::GUS-staining reveals no distinct expression pattern.
(A) Schematic presentation of the three promoter::GUS constructs that were generated for
analysis of the expression pattern. pGUS-GLDPp-FULL (contains the complete AtGLDPI
promoter) and pGUS-GLDPp-SHORT (contains only the promoter region downstream of the M-
Box) were used as controls for unspecific and BS cell specific staining, respectively (Adwy et al.,
2015). pGUS-GLDPp-DELETION contains the deletion of a large part of the M-Box as
generated in the CRISPR/Cas9 experiments. (B) GUS-staining of independent T1 lines revealed
high variances in staining independent of the transformed construct. Col-0 plants were stained as
negative control.
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Supplementary Figure S6: Mutants with modifications in the 4¢GLDPI promoter show no
significant changes in photochemical efficiency of photosystem II. F, / Fn-values were
measured from 28 days old plants grown under ambient CO> conditions (left). No significant
differences were detected as calculated by two-tailed Student’s #-test (n = 4-7). Consistent Fy /
Fm-values were found across the full rosette, as shown on exemplary pictures from all tested
genotypes (right).
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Supplementary Figure S7: Principal component analysis of z-score normalized metabolite
data.

Table S1: Primer sequences.

Primer | Sequence

FH220 [ AGCCAACAACAATATCCGC

FH235 | ATTGGCTTGTGGATTTGATCGCTG

FH236 | AAACCAGCGATCAAATCCACAAGC

FH237 | ATTGGCCTCCCGAAAGCCGCCGTG

FH238 | AAACCACGGCGGCTTTCGGGAGGC

FH244 | GAGCTTTGGGTACGTCACGTCAATTGGATGAATTCTAATAAC

FH245 | TGACTTGAAGTACACTCAACAGTCAAAGCCAGCAAATC

FH266 | CATACGGTTCAGGTTGTGGA

FH271 GTGACGTACCCAAAGCTCTG

FH278 | GGGGACAAGTTTGTACAAAAAAGCAGGCTTCACCTAGGGCGAATTGGCGGAA

FH279 | GGGGACCACTTTGTACAAGAAAGCTGGGTGAGCGGGCAGTGAGCGGAA

FH280 | TTCCGATCCAGCCTAGGCCCGGGCCCCTGAGGCTTTTTTTCTTC
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FH281 TGAACGAAGAAGAAGAAAAAAAGCCGACGCGTTAATGCCAACT
FH293 GCTTTCTTCTTCGCCATCAC

FH298 ATTGGTTATCTTTCTGAGTGATAA

FH299 AAACTTATCACTCAGAAAGATAAC

FH300 ATTGGAGATAATTTACAGGAATTG

FH301 AAACCAATTCCTGTAAATTATCTC

FH302 ATGACGATGGTTCCCATGC

FH303 AACTGTAGTTCCCCTCTAATGGG

FH313 CGGAACTAACTCTGTGGGATG

FH314 CCTCAGCGAGATCGAAGTTAG

FH349 CTGTAAATTATCTCAAGGATTTG

FH350 GAGATTGGGTATCAGTGG

FH356 ACTCCTCTTAAAGCTTGGCTGCAGGTGGGAAAAAAGGTTGCAG
FH357 GGCGCGCCGAATTCCCGGGGATCCGGCTTTTACAGCATATCCC
FH364 CACCGTCGACTCACTTTTCATTATTACTATTTGTTTATG

FH365 CACCCTGCAGTGGGAAAAAAGGTTGCAG

Table S2: Genotype segregation in #31 T3 progeny plants.

Genotype Number of plants Ratio (expected)
Insertions 41 0.33 (0.25)
Deletion 28 0.22 (0.25)
Biallelic 57 0.45 (0.5)
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Table S3: Summary of metabolite measurements. Given is the mean value of the relative

amount per mg FW of 3-4 biological replicates. Significant differences compared to metabolite

levels of gldp2-2 plants were calculated by two-tailed Student’s #-test (ns: P > 0.05; *: P < 0.05;
¥k P < 0.01; ***: P <0.001; ****: P < 0.0001). FW = fresh weight; rel. = relative; SD =

standard deviation; SL = significance level.

gldp2-2 Col-0
Compound rel. amount / D rel. amount / D -
mg FW mg FW

3-Phosphoglycerate | 6.66 0.54 6.68 0.50 ns
a-Alanine 899.11 321.80 713.82 78.15 ns
a-Ketoglutarate 11.44 3.92 17.78 7.02 ns
Asparagine 38.48 10.83 68.83 12.09 *x
Aspartic Acid 981.41 179.86 1252.04 149.98 ns
B-Alanine 9.05 1.68 11.25 2.16 ns
Citric Acid 635.28 223.04 1219.61 319.01 *
Cysteine 1.68 0.10 3.07 1.06 *
Fructose 196.01 50.27 314.68 152.01 ns
Fumaric Acid 5075.62 1512.47 4809.46 478.55 ns
GABA 29.47 14.51 19.50 4.02 ns
Gluconic Acid 1.76 242 2.14 1.47 ns
Glucose 543.08 256.64 481.35 261.85 ns
Glutamic Acid 1757.06 300.00 2009.04 114.94 ns
Glyceric Acid 167.21 46.22 176.20 29.50 ns
Glycerol 373.10 80.42 354.08 69.06 ns
Glycine 2293.71 134.30 1660.15 439.37 *
Glycolic Acid 16.95 4.24 89.43 83.09 ns
Hydroxyglutarate 3.87 0.86 6.09 1.03 *
Isoleucine 20.03 18.70 8.80 3.11 ns
Lactose 1.24 0.68 2.61 1.41 ns
Leucine 14.40 14.11 6.45 2.58 ns
Lysine 7.01 0.75 11.13 0.38 ook
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Maleic Acid 14.84 4.36 20.26 4.89 ns
Malic Acid 957.97 267.61 1325.80 186.62 ns
Maltose 50.50 21.12 38.26 3.06 ns
Mannitol 19.43 1.60 25.46 3.25 *

Mannose 7.12 1.79 9.91 1.58 ns
Methionine 17.61 3.02 21.39 3.42 ns
Myoinositol 404.99 19.58 565.96 184.32 ns
Ornithine 4.29 0.28 5.53 0.44 *x
Phenylalanine 30.47 4.83 30.71 3.16 ns
Proline 212.80 304.08 108.27 62.13 ns
Putrescine 46.17 9.83 56.75 18.68 ns
Quinic Acid 0.66 0.14 0.87 0.13 ns
Raffinose 6.54 1.44 21.77 16.04 ns
Serine 1037.40 727.92 2714.00 147131 | ns
Shikimate 140.73 20.51 138.57 15.12 ns
Sorbitol 1.59 0.21 1.98 0.36 ns
Succinic Acid 56.33 21.67 52.06 4.89 ns
Sucrose 4906.29 1054.74 5975.86 882.50 ns
Threonine 230.01 42.33 335.83 66.47 *

Tryptophan 2.79 1.19 4.41 0.40 *

Valine 86.29 59.68 52.51 11.23 ns
Xylose 35.35 4.47 30.59 2.63 ns

Insertion Deletion
Compound rel. amount / D SL rel. amount / D SL
mg FW mg FW

3-Phosphoglycerate | 7.63 0.03 * 7.61 0.77 ns
a-Alanine 746.50 142.96 ns 1032.50 182.17 ns
a-Ketoglutarate 13.71 2.80 ns 16.63 2.29 ns
Asparagine 40.85 10.78 ns 38.67 8.99 ns
Aspartic Acid 1058.82 136.83 ns 940.74 164.68 ns
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B-Alanine 8.29 2.22 ns 12.80 2.33 ns
Citric Acid 859.88 202.08 ns 594.99 177.63 ns
Cysteine 1.79 0.38 ns 1.28 0.19 *

Fructose 179.52 32.76 ns 368.59 67.82 *

Fumaric Acid 6499.72 1344.50 | ns 7262.66 322.06 ns
GABA 19.03 3.94 ns 32.08 13.27 ns
Gluconic Acid 1.25 0.63 ns 0.75 0.03 ns
Glucose 485.68 116.29 ns 967.24 17.98 *

Glutamic Acid 1882.55 261.21 ns 1914.35 220.10 ns
Glyceric Acid 174.15 25.58 ns 134.08 24.68 ns
Glycerol 351.00 40.55 ns 276.52 69.72 ns
Glycine 2027.16 104.27 * 3927.60 644.36 *x
Glycolic Acid 33.85 8.97 * 17.60 1.91 ns
Hydroxyglutarate 5.38 0.48 * 5.59 0.37 *

Isoleucine 22.66 17.80 ns 36.22 391 ns
Lactose 1.44 0.50 ns 0.98 0.20 ns
Leucine 1691 13.86 ns 23.60 2.34 ns
Lysine 7.08 1.30 ns 8.56 0.99 ns
Maleic Acid 13.38 7.06 ns 13.86 1.32 ns
Malic Acid 1124.65 142.95 ns 1127.75 117.16 ns
Maltose 47.71 9.48 ns 66.02 9.91 ns
Mannitol 17.65 2.98 ns 21.57 1.50 ns
Mannose 11.33 1.62 * 9.22 1.40 ns
Methionine 18.15 3.18 ns 18.05 2.30 ns
Myoinositol 538.36 68.92 wox 673.50 209.20 *

Ornithine 4.04 1.32 ns 5.10 1.01 ns
Phenylalanine 30.62 3.56 ns 37.65 1.70 ns
Proline 291.15 278.26 ns 441.28 83.42 ns
Putrescine 37.71 14.96 ns 42.46 1.35 ns
Quinic Acid 0.76 0.18 ns 0.68 0.24 ns
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Raffinose 15.76 7.75 ns 27.66 11.02 *

Serine 1331.55 241.49 ns 1555.38 459.87 ns
Shikimate 151.13 3.40 ns 156.72 11.83 ns
Sorbitol 1.69 0.35 ns 1.63 0.11 ns
Succinic Acid 58.07 12.39 ns 83.94 2.38 ns
Sucrose 5874.51 738.63 ns 5995.31 327.33 ns
Threonine 276.07 38.71 ns 276.08 80.60 ns
Tryptophan 4.12 0.80 ns 2.66 1.00 ns
Valine 89.77 50.02 ns 136.59 9.32 ns
Xylose 35.22 4.01 ns 34.12 2.25 ns

190



Concluding Remarks

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 GLABROUSI 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 glabrousl 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 CO» (reviewed in Peterhansel et al., 2010). Manuscript IV describes Cas9-induced
changes in the promoter region of the Arabidopsis GLYCINE DECARBOXYLASE P-PROTEINI 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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