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Summary VI

Summary

Plants are constantly challenged by numerous pathogens and fend off many of these
with different phytohormone signalling pathways. Much is known about defence
signalling in the dicotyledonous model plant Arabidopsis thaliana, but it is unclear to
which extent knowledge from model systems can be transferred to monocotyledonous
plants, including cereal crops. Here, the defence-inducing potential of Arabidopsis
resistance-inducing compounds in the cereal crop barley was investigated.

Salicylic acid (SA) and the SA-related compounds folic acid (Fol) and azelaic acid
(AzA) all induced systemic resistance against Blumeria graminis f. sp. hordei (Bgh). In
addition, Fol induced systemic susceptibility against Xanthomonas translucens pv.
cerealis (Xtc). In contrast, the SAR compound pipecolic acid (Pip) induced resistance
against both Xtc and Bgh. None of the compounds had an effect on growth of the
necrotrophic fungus Pyrenophora teres. Therefore, barley induced resistance seems
to share at least some signalling compounds with the model plant Arabidopsis,
especially in defence against Bgh, while resistance against Xtc seems to be controlled
by different pathways. In addition, protection against Bgh induced with SA, Fol, AzA,
or Pip might not leave the plant vulnerable to necrotrophic pathogens, at least not to
P. teres. Nitric oxide levels increased in leaves of Pip-treated barley plants, which had
been reported before for Arabidopsis. Therefore, Pip might induce resistance at least
in part via similar molecular mechanisms in barley and Arabidopsis. Interestingly, the
genes upregulated during bacteria-induced resistance of barley, 4 WRKY and
Ethylene Response Factors, were not induced by Pip. Since these genes had
previously been associated with bacteria-induced systemic immunity in barley, this
project aimed to confirm their physiological relevance in induced resistance.
CRISPR/Cas was established in barley and employed to knock out 2 of the
transcription factors. Using a fluorescence reporter system, it was shown that
CRISPR/Cas constructs are functional in barley protoplasts, also revealing different
mutation efficiencies for different gRNAs. The CRISPR/Cas constructs were functional
in stably transformed barley plants, creating (homozygous) mutants of the target
genes. Several wrky38/1 lines produced in the course of this work are currently used
in phytopathological experiments to examine the role of WRKY38/1 in induced

resistance of barley.
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Zusammenfassung

Pflanzen werden standig von zahlreichen Krankheitserregern bedroht und verteidigen
sich gegen viele von ihnen mit Hilfe von unterschiedlichen Phytohormon-
Signalkaskaden. Uber die Abwehrsignale in der zweikeimblattrigen Modellpflanze
Arabidopsis thaliana ist viel bekannt. Jedoch ist unklar, inwieweit Erkenntnisse aus
diesem Modellsystem auf einkeimbléttrige Pflanzen Ubertragen werden koénnen,
insbesondere auf Getreidepflanzen. In dieser Arbeit sollte das abwehrverstarkende
Potenzial von resistenzinduzierenden Verbindungen aus Arabidopsis in der

einkeimblattrigen Kulturpflanze Gerste untersucht werden.

Bei diesen Untersuchungen zeigte sich, dass Salicylsaure (SA) und die mit ihr in
Verbindung stehenden Substanzen Folsaure (Fol) und Azelainsaure (AzA) eine
systemische Resistenz gegen Blumeria graminis f. sp. hordei (Bgh) induzierten.
Dartber hinaus bewirkte Fol eine systemische Empfindlichkeit gegen Xanthomonas
translucens pv. cerealis (Xtc). Im Gegensatz dazu induzierte Pipecolinsaure (Pip) eine
Resistenz gegen Xtc und Bgh. Keine der Verbindungen hatte einen Einfluss auf das
Wachstum des nekrotrophen Pilzes Pyrenophora teres. Daher scheint die induzierte
Resistenz in Gerste zumindest einige Signalverbindungen mit der Modellpflanze
Arabidopsis zu teilen, insbesondere bei der Verteidigung gegen Bgh, wéhrend die
Abwehr gegen Xtc auf unterschiedliche Weise gesteuert wird. Dartiber hinaus scheint
der mit SA, Fol, AzA oder Pip induzierte Schutz gegen Bgh die Pflanze nicht gegen
nekrotrophe Pathogene anféllig zu machen, hier speziell gezeigt fur P. teres. In
Blattern von Pip-behandelten Gerstenpflanzen wurde ein Anstieg des NO-Spiegels
beobachtet, wie er zuvor fir Arabidopsis berichtet worden war. Daher kdnnte Pip
zumindest teilweise Uber ahnliche molekulare Mechanismen bei Gerste und
Arabidopsis Resistenz induzieren. Die vier WRKY und Ethylene Response Factors,
die wahrend der durch Bakterien ausgelosten Resistenz von Gerste transkriptionell
induziert werden, gehoéren jedoch nicht zum molekularen Mechanismus von Pip. Da
diese Gene zuvor mit bakteriell induzierter systemischer Abwehr in Gerste assoziiert
worden waren, sollte in diesem Projekt ihre physiologische Relevanz fiir die induzierte
Resistenz bestétigt werden. Die CRISPR/Cas-Technik wurde in Gerste etabliert und
es war moglich, zwei der Transkriptionsfaktoren gezielt auszuschalten. Mittels eines
Fluoreszenz-Reportersystems konnte gezeigt werden, dass die verwendeten

CRISPR/Cas-Konstrukte in  Gersteprotoplasten funktional sind. Es wurden
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unterschiedliche Mutationseffizienzen fir verschiedene gRNAs gezeigt. Die
CRISPR/Cas-Konstrukte waren in  stabil transformierten Gerstenpflanzen
funktionstichtig und erzeugten (homozygote) Mutanten der Zielgene. Mehrere im
Rahmen dieser Arbeit erzeugten wrky38/1 Linien werden derzeit in
phytopathologischen Experimenten verwendet, um die Rolle von WRKY38/1 bei der

induzierten Resistenz von Gerste zu untersuchen.
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Abbreviations

In addition to Sl units, metric prefixes, element symbols, chemical formulas, and the

abbreviations for nucleotides, the following abbreviations were used:

°C degree Celsius

ABA abscisic acid

AzA azelaic acid

Bgh Blumeria graminis f. sp. hordei

bp base pair(s)

BTH benzothiadiazole

cfu colony forming units

CcrRNA CRISPR RNA

CRISPR/Cas clustered regularly interspaced short palindromic repeats/CRISPR-
associated

CTAB cetyltrimethylammoniumbromid

DA dehydroabietinal

DMSO dimethyl sulfoxide

DNA desoxyribonucleic acid

dpi days post inoculation

EDTA ethylenediaminetetraacetate

ERF Ethylene Response Factor

ET ethylene

ETI effector-triggered immunity

Fol folic acid

G3P glycerol-3-phosphate

gRNA guide RNA

h hour(s)

ISR induced systemic resistance

M mock

MeJA methyl jasmonate

MES 2-(N-morpholino)ethanesulfonic acid

min minute(s)

NHP N-hydroxy-pipecolic acid

JA jasmonic acid

PAM protospacer-adjacent motif



Abbreviations

PAMP
(RT-q)PCR
PEX
Pip

Psj

PTI

R

RNA
ROS
rpm
SA
SAR
SDS
sec
SgRNA
TT7EI
Tm
TALEN
tracrRNA
Xtc
ZNFs

pathogen-associated molecular pattern
(reverse transcription quantitative) polymerase chain reaction
petiole exudate

pipecolic acid

Pseudomonas syringae pv. japonica
PAMP-triggered immunity

Resistance

ribonucleic acid

reactive oxygen species

revolutions per minute

salicylic acid

systemic acquired resistance

sodium dodecyl sulfate

second(s)

single guide RNA

T7 endonuclease |

melting temperature
transcription-activator-like effector nuclease
transactivating CRISPR RNA
Xanthomonas translucens pv. cerealis

zinc-finger nuclease
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1 Introduction

1 Introduction

1.1 Plant defence

Plants are constantly challenged with a plethora of pathogens, including herbivorous
insects, fungi, oomycetes, bacteria and viruses (Panstruga et al. 2009; Spoel and
Dong 2012). To cope with these attacks, plants have evolved an effective immune
system of pre-formed and inducible defence mechanisms. The former include
morphological barriers, for instance the plant cell wall, cuticle, phytoanticipins, and
antimicrobial proteins. Inducible defence mechanisms include processes like cell wall
reinforcement by lignin and callose or the synthesis of phytoalexins and defence-
related proteins or enzymes (Glazebrook 2005; Jones and Dangl 2006; Panstruga et
al. 2009; Spoel and Dong 2012).

After the first contact between plant and pathogen, conserved structures such as
bacterial flagellin or fungal chitin, so-called pathogen-associated molecular patterns
(PAMPSs), encounter pattern recognition receptors on the cell surface. This triggers a
firstimmune response termed PAMP-triggered immunity (PTI) (Jones and Dangl 2006;
Spoel and Dong 2012; Zipfel and Felix 2005). During long-term evolution of plant-
pathogen-interactions, some pathogens developed effector proteins to suppress PTI.
In response to this development, plants evolved resistance (R) genes, which encode
proteins that directly or indirectly recognise effectors, and on recognition elicit so-
termed effector-triggered immunity (ETI) (Glazebrook 2005; Henry et al. 2013; Jones
and Dangl 2006; Spoel and Dong 2012).

Both PTI and ETI are associated with the induction of various cellular responses.
These include the synthesis of antimicrobial compounds, the generation of reactive
oxygen species (ROS), the activation of mitogen-activated protein kinases,
transcriptional reprogramming, and the accumulation of phytohormones such as
salicylic acid (SA) (Glazebrook 2005; Jones and Dangl 2006; Klessig et al. 2018; Spoel
and Dong 2012; Viot et al. 2009). SA is known to affect the redox status of plants,
thereby leading to transcriptional reprogramming and enhanced transcription of
PATHOGENESIS-RELATED (PR) genes, which are thought to promote resistance
(Fu and Dong 2013; Klessig et al. 2018; Pajerowska-Mukhtar et al. 2013; van Loon et
al. 2006; Vlot et al. 2009). Furthermore, SA not only helps the plant to defend itself
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against a present infection, it is also involved in the induction of a process protecting
the plant in case of future pathogen challenge (Klessig et al. 2018). This response is
termed systemic acquired resistance (SAR). When bacteria (or other pathogens) infect
a plant, they induce ETI in the locally infected leaves, resulting (among other
processes) in rising SA levels also in the systemic leaves, which protect the plant from
subsequent pathogen attacks (Jones and Dangl 2006; Klessig et al. 2018; Vot et al.
2009).

1.1.1 Therole of salicylic acid in resistance

SA is a phytohormone and involved in many different plant processes, including seed
germination, vegetative growth, root initiation and growth, flowering, fruit yield,
senescence, photosynthesis, stomatal closure, thermogenesis, responses to different
abiotic stressors, and plant disease resistance (Klessig et al. 2018; Vlot et al. 2009;
and references therein). Exogenous application of SA can induce defence gene
expression and resistance in several plant species, both monocots and dicots (Klessig
et al. 2018).

SA biosynthesis in Arabidopsis thaliana is induced by pathogen attack and catalysed
by ICS1 (ISOCHORISMATE SYNTHASE1; Seyfferth and Tsuda 2014, Vlot et al. 2009
and references therein). SA accumulates during defence responses such as PTI and
ETI (Malamy et al. 1990; reviewed in Klessig et al. 2018; Vlot et al. 2009). In addition,
SA leads to the accumulation of NO and ROS and thereby can induce programmed
cell death resulting in a hypersensitive response that is thought to limit pathogen
spread (Chen et al. 1993; Durner et al. 1997; Jones and Dangl 2006; Klessig et al.
2000). In addition, SA leads to extensive transcriptional reprogramming and induced

expression of defence-related genes (Gruner et al. 2013; Seyfferth and Tsuda 2014).

A very important factor in downstream signalling of SA is NPR1 (NONEXPRESSOR
OF PR GENES 1), a transcriptional co-activator of defence gene expression termed
the master regulator of SA responses (Fu and Dong 2013; Klessig et al. 2018;
Pajerowska-Mukhtar et al. 2013). SA accumulation leads to activation of thioredoxins
and changes in the cellular redox status, creating more reducing conditions. This
affects NPR1, which in the non-induced state is present in the cytosol as an oligomer
formed by intermolecular disulphide bonds. Accumulation of SA leads to reductional

monomerisation of NPR1, which re-localises from the cytosol to the nucleus (Mou et
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al. 2003; Tada et al. 2008). In the nucleus, NPR1 interacts with TGA and additional
transcription factors to activate gene expression of PR and other defence-related
genes (Kesarwani et al. 2007; Kinkema et al. 2000). NPR1 and its paralogues NPR3
and NPR4 can bind SA and might function as SA receptors, although their exact mode

of interaction is controversial (Ding et al. 2018; Fu et al. 2012; Wu et al. 2012).

1.1.2 Hormone cross-talk in plant immunity

Several phytohormones are involved in plant defence responses against pathogens.
The traditional three main players are SA, jasmonic acid (JA), and ethylene (ET), but
recent evidence hints at the additional contribution of other hormones (Figure 1 and
Pieterse et al. 2012; Robert-Seilaniantz et al. 2011; Shigenaga and Argueso 2016).
SA is required for PTI and ETI (Shigenaga and Argueso 2016; Viot et al. 2009),
inducing expression of defence-related transcription factors and a large set of
resistance-related genes (see above and Klessig et al. 2018; Pieterse et al. 2012). JA
is produced after necrotrophic pathogen or insect attack and induces a different set of
defence genes, for example defensins with antifungal activity (Penninckx et al. 1996).
ET works mostly in concert with JA, is required for certain components of PTI
signalling, and can also influence gene expression (Robert-Seilaniantz et al. 2011;
Shigenaga and Argueso 2016).

Pathogens of different lifestyles have different demands on their hosts and are
combatted using different mechanisms; while biotrophic pathogens feed on living cells,
necrotrophic pathogens acquire their nutrients from degraded and dead tissue.
Biotrophs are mostly opposed using SA signalling, which induces programmed cell
death and thereby can contain the biotrophic pathogen, whereas necrotrophs are
combatted using JA/ET-dependent pathways (Beckers and Spoel 2006; Glazebrook
2005; Pieterse et al. 2012; Robert-Seilaniantz et al. 2011).

In plant immunity, cross talk between phytohormones is important and is believed to
help achieve the best possible (defence) outcome. In phytohormone cross talk, an
interaction is never defined by a single hormone, but rather by a complex network of
interdependent positive and negative interactions (Pieterse et al. 2012; Robert-
Seilaniantz et al. 2011; Shigenaga and Argueso 2016). The result of these interactions
leads to responses in the plant, which allow it to appropriately respond to an invading

pathogen.
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Figure 1. Hormone crosstalk in plant immunity, adapted from Shigenaga and Argueso 2016.
Biotrophic pathogens are generally fended off via an up-regulation of SA-signalling, while against
necrotrophic pathogens, JA/ET signalling is induced. In order to allow fine-tuning in complex
environments, other hormones can influence immune responses. These hormones work either by up-
or down-regulation of either SA or JA/ET signalling. Blue boxes depict transcription factors or associated
proteins involved in hormone signalling. CW: cell wall; PM: plasma membrane; JA: jasmonic acid; ET:
ethylene; CK: cytokinin; AUX: Auxin; GA: gibberellins; BR: brassinosteroids.

Concerning the three main players in plant defence, mostly synergistic interactions are
reported between JA and ET (Glazebrook 2005; Pieterse et al. 2012; Robert-
Seilaniantz et al. 2011; Zhu et al. 2011). In addition, the SA and JA signalling pathways
are interdependent; there is substantial cross talk between the two, comprising
synergistic as well as antagonistic interactions, depending on the defence situation
(Beckers and Spoel 2006; Glazebrook 2005; Pieterse et al. 2012). SA-induced
repression of JA-related expressional changes requires the presence of NPR1, but not
its translocation to the nucleus (Spoel et al. 2003). Because SA-JA cross talk is often
antagonistic, SA-induced resistance against biotrophic pathogens can enhance
susceptibility against necrotrophic pathogens and vice versa (Robert-Seilaniantz et al.
2011; Spoel et al. 2007). In Arabidopsis, for example, SA induces resistance against
hemibiotrophic bacteria and at the same time enhances susceptibility to the

necrotrophic fungal pathogen Alternaria brassicicola (Spoel et al. 2007).
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1.1.3 Systemic Acquired Resistance (SAR)

SAR can be seen as long-distance PTI/ETI and a sort of immune memory in plants
(Gourbal et al. 2018; Hilker et al. 2016; Mauch-Mani et al. 2017), in which an infection
primes non-infected, distant tissues for more effective defence responses. During
SAR, SA levels in the infected and systemic tissues rise, NPR1 translocates to the
nucleus, and transcripts of PR as well as other defence-related genes accumulate.
This establishes a status of heightened alert; the plant is “primed” to respond more
quickly to a secondary infection (Conrath et al. 2006; Gourbal et al. 2018). SAR is
most effective against pathogens fended off via SA-dependent responses (Glazebrook
2005; Spoel and Dong 2012; Vlot et al. 2009). It is usually triggered by a local, foliar
infection and elicits long-lasting, broad-spectrum resistance in systemic plant tissues
(reviewed in Fu and Dong 2013; Henry et al. 2013; Klessig et al. 2018; Shah et al.
2014; Vlot et al. 2009). Many signals and genes involved in SAR have been discovered

in Arabidopsis.

During SAR, long distance signals are generated in the infected leaves and travel to
the systemic leaves, presumably via the phloem (Figure 2 and Shah et al. 2014).
Recent evidence suggests that signal transmission also occurs via volatile
compounds, in particular monoterpenes, which appear to be transmitted via the air
(Riedimeier et al. 2017). Phloem-mobile candidate long-distance SAR signals include
methyl salicylate (Park et al. 2007), glycerol-3-phosphate (G3P) (Chanda et al. 2011,
Wang et al. 2018), the Co dicarboxylic acid azelaic acid (AzA) (Jung et al. 2009), the
diterpene dehydroabietinal (Chaturvedi et al. 2012), pipecolic acid (Pip) as well as N-
hydroxy-pipecolic acid (NHP) (Chen et al. 2018; Hartmann et al. 2018; Navarova et al.
2012), and the lipid-transfer proteins DIR1 (DEFECTIVE IN INDUCED RESISTANCE
1) and DIR1-like (Champigny et al. 2013; Maldonado et al. 2002) (reviewed in Gao et
al. 2015; Shah et al. 2014; Vlot et al. 2017).

As part of the systemic response, SA levels increase in systemic leaves, but less
pronouncedly than in the local infected leaves (Chanda et al. 2011; Gao et al. 2014).
Many of the effects caused by SA during SAR are dependent on NPR1 (Fu and Dong
2013) and nprl mutants display enhanced susceptibility and impaired SAR (Klessig et
al. 2018). NPR1 induces transcription of defence-related genes, including PR genes

with antimicrobial activities, which prepares the plant for a subsequent infection
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(Kinkema et al. 2000; Klessig et al. 2018; Pajerowska-Mukhtar et al. 2013; Shigenaga
and Argueso 2016).

There seems to be a second, parallel SAR signalling pathway that functions
interdependently with SA signalling (see Figure 2). It depends on the SAR compounds
Pip, ROS, NO, AzA, and G3P (Gao et al. 2015; Wang et al. 2018; Wendehenne et al.
2014). Besides SA accumulation, pathogens trigger an increase of Pip levels in
infected leaves (Navarova et al. 2012). Pip in turn induces accumulation of NO and
ROS, which function in a positive feedback loop with each other (Wang et al. 2014,
2018). In addition, NO and ROS increase chemical hydrolysis of Cis unsaturated fatty
acids, producing AzA (Wang et al. 2014; Wittek et al. 2014). AzA accumulation in turn
stimulates G3P biosynthesis (Yu et al. 2013). DIR1, AzA, G3P, and possibly Pip can
be transported to systemic tissues via the phloem (Champigny et al. 2013; Lim et al.
2016; Navarova et al. 2012; Wang et al. 2018). The lipid transfer proteins AZI1
(AZELAIC ACID INDUCED1) and/or DIR1 might contribute to the mobility of some
compounds (Cecchini et al. 2015; Champigny et al. 2013; Jung et al. 2009; Maldonado
et al. 2002).

In summary, there are two parallel SAR pathways. One is mediated by SA, the other
by Pip, NO, ROS, AzA and G3P (see Figure 2; Wang et al. 2018; Wendehenne et al.
2014).

Additional SAR-related compounds do not fit straight into these two pathways or their
exact role in them has not been elucidated yet. The diterpene dehydroabietinal (DA)
is a putative mobile signal and is translocated to distal leaves (Chaturvedi et al. 2012).
Exogenous application of very low amounts of DA induces systemic immunity in
Arabidopsis by enhancing SA accumulation and PR1 expression throughout the plant.
In addition, DA requires NPR1 as well as DIR1 and acts synergistically with AzA and
possibly MeSA (Chaturvedi et al. 2012; Fu and Dong 2013; Vlot et al. 2017). Another
component of SAR is LEGUME LECTIN-LIKE PROTEIN 1 (LLP1). A local infection
induces LLP1 expression both at the infection site and in the systemic tissue (Armijo
et al. 2013; Breitenbach et al. 2014). LLP1 is required for systemic rather than local

defence responses and possibly acts in parallel with SA (Breitenbach et al. 2014).



7 Introduction

/:‘“‘> SYSTEMIC IMMUNITY <———\
1 Ao

@ NHP
0

ik
= i-

,7 Aza N

7 hY
» DIR1/DIR1-like ~

SYSTEMIC

T
N

/7 N
7 SA/MeSA N\
- - -

-

SA

LOCAL

Figure 2. Signalling during systemic acquired resistance, adapted from Vlot et al. 2017. Solid
arrows represent established and broken arrows represent hypothetical interactions. Proteins are
shown as circles, metabolites as squares or without frame. Proteins and metabolites in red are putative
phloem-mobile signals (phloem transport is implied by the broken red arrow). AzA: azelaic acid,
AZI1l: AZELAIC ACID INDUCED 1, DA: dehydroabietinal, DIR1: DEFECTIVE IN INDUCED
RESISTANCE 1, EARLI1: EARLY ARABIDOPSIS ALUMINUM INDUCED 1, FMO1l: FLAVIN-
DEPENDENT MONOXYGENASE 1, G3P: glycerol-3-phosphate, LLP1: LEGUME LECTIN-LIKE
PROTEIN 1, MeSA: methyl salicylate, NHP: N-hydroxypipecolic acid, NO: nitric oxide,
NPR1: NONEXPRESSOR OF PATHOGENESIS-RELATED GENES 1, Pip: pipecolic acid, ROS:
reactive oxygen species, SA: salicylic acid.
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Some of the compounds involved in SAR accumulate in the phloem after pathogen
attack, among them SA, AzA, G3P, and Pip (Jung et al. 2009; Lim et al. 2016; Métraux
et al. 1990; Navarova et al. 2012). AzA and G3P were proposed to be symplastically
loaded onto the phloem via plasmodesmata while SA appeared to be transported via
an apoplastic route (Lim et al. 2016). Only small proportions of SA and AzA are
transported to the systemic tissue, and the majority of accumulation in systemic leaves
appears to come from de novo synthesis (Cecchini et al. 2015; Meuwly et al. 1995; Yu
et al. 2013). Importantly, de novo biosynthesis of the SAR-related compounds SA and
Pip/NHP in systemic leaves is crucial for SAR establishment; therefore, transport of
these (and possibly other) molecules from the local to the systemic leaves might not
be as important as previously thought (Ding et al. 2016; Vernooij et al. 1994; Wang et
al. 2018).

1.1.4 Folates in induced resistance

Folate precursors accumulate in Arabidopsis after infection with avirulent
Pseudomonas syringae pv. tomato DC3000 (Wittek et al. 2015). Furthermore,
application of folic acid (Fol) to Arabidopsis induces resistance against virulent
Pseudomonas syringae pv. tomato DC3000 and enhances transcription of the SA
marker gene PR1, both locally and systemically (Wittek et al. 2015). This suggests
that Fol is involved in SA-mediated immunity in Arabidopsis. In line with this
hypothesis, Fol-induced resistance is dependent on SA biosynthesis and signalling
(Wittek et al. 2015). Analogous to SA, Fol induces local susceptibility to the
necrotrophic fungus A. brassicicola (Wittek et al. 2015).

In addition to Arabidopsis, pepper (Capsicum annuum) responds to the folate
precursor para-aminobenzoic acid with induced resistance against Cucumber mosaic
virus and Xanthomonas axonopodis. This resistance response is associated with
enhanced expression of SA-dependent PR genes (Song et al. 2013). Whereas BTH
application to pepper results in yield loss (along with enhanced resistance to
Cucumber mosaic virus and Xanthomonas axonopodis), application of the folate
precursor did not cause loss of yield. In contrast, the yield of plants treated with the
folate precursor was even higher than that of control plants (Song et al. 2013).
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Together, this suggests that Fol and folate precursors can induce resistance against
several phytopathogens in different plant species, at least in dicots, in the absence of

adverse effects on yield.

1.1.5 Azelaic acid in systemic resistance

The Co dicarboxylic acid AzA is generated from precursor Cis unsaturated fatty acids
and accumulates in petiole exudates of infected leaves (Jung et al. 2009; Wittek et al.
2014; Zoeller et al. 2012). Notably, AzA is systemically mobile and is symplastically
loaded onto the phloem via plasmodesmata (Cecchini et al. 2015; Lim et al. 2016; Yu
et al. 2013). Its transport is promoted by the lipid transfer protein AZI1, which is thought
to mobilise AzA from its site of biosynthesis, the chloroplast, and to support its
movement to plasmodesmata (Cecchini et al. 2015). Although it is mobile in the plant,

only small proportions of AzA are transported to the systemic tissue (Yu et al. 2013).

Local application of AzA induces a SAR-like state in the treated plants, priming and
thereby protecting the systemic tissue against a subsequent infection with the
hemibiotrophic bacteria Pseudomonas syringae pv. maculicola or tomato (Cecchini et
al. 2015; Jung et al. 2009; Yu et al. 2013). This induced resistance requires functional
SA synthesis and signalling. In fact, AzA primes Arabidopsis to accumulate higher SA
levels more quickly after a subsequent infection (Jung et al. 2009). In addition to SA,
AzA function requires G3P, inducing its accumulation (Yu et al. 2013). Finally, AzA-

as well as G3P-induced resistance are dependent on DIR1 and AZI1 (Yu et al. 2013).

Although SA is an important component of SAR and required for many processes
therein, it does not seem to be the one common downstream signal that all other
signals converge upon (see above text and Wendehenne et al. 2014). First, application
of AzA or G3P does not induce SA accumulation (in the absence of pathogen infection)
and second, SA cannot rescue SAR in mutants defective in NO, ROS, or G3P
biosynthesis (Chanda et al. 2011; Jung et al. 2009; Wang et al. 2014). Vice versa, NO
and ROS cannot restore SAR in SA biosynthesis mutants (Wang et al. 2014;
Wendehenne et al. 2014). This implies that in Arabidopsis, two parallel signalling
pathways that are interdependent regulate SAR. As noted above, one of these
pathways depends on SA, the other on AzA, G3P, ROS, NO, and Pip (Gao et al. 2015;
Wang et al. 2018; Wendehenne et al. 2014).
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1.1.6 Pipecolic acid in systemic resistance

Pip is another well-researched SAR-associated signal that induces resistance upon
application (Navarova et al. 2012). This is likely not due to direct defence induction by
Pip, but rather by Pip priming defence against these pathogens, inducing a state of
heightened alert that allows quicker and stronger defence responses (Bernsdorff et al.
2016; Navarova et al. 2012). Genes in the Pip biosynthetic pathway, AGD2-like
defence response protein 1 (ALD1) and SAR-deficient4 (SARD4), are required for
functional SAR (Ding et al. 2016; Mishina and Zeier 2006; Navarova et al. 2012; Song
et al. 2004). Root application of Pip can complement the defect of aldl in induced
resistance (Navarova et al. 2012). Pip biosynthesis via SARD4 seems to be limited to
the systemic tissue and is necessary for SAR establishment, while a local
accumulation of Pip does not necessarily lead to acquired resistance, strengthening

the importance of de novo synthesis of signalling molecules in SAR (Ding et al. 2016).

Another gene involved in and required for Pip signalling is FLAVIN-DEPENDENT
MONOXYGENASE 1 (FMO1), which is induced systemically and essential for the
establishment of SAR in systemic tissues of locally infected plants (Mishina and Zeier
2006). Pip application does not induce resistance in the fmol mutant, indicating that
FMO1 functions downstream of Pip in resistance induction (Bernsdorff et al. 2016;
Navarova et al. 2012). Recently, FMO1 has been reported to catalyse the conversion
of Pip to its bioactive form NHP (Chen et al. 2018; Hartmann et al. 2018). Analogous
to Pip, NHP accumulates in infected Arabidopsis plants and this accumulation is
crucial for SAR (Chen et al. 2018; Hartmann et al. 2018). Exogenous application of
NHP to Arabidopsis induces resistance to Pseudomonas syringae pv. maculicola and
Hyaloperonospora arabidopsidis, providing the same or a higher level of protection as
Pip (Chen et al. 2018; Hartmann et al. 2018).

Although Pip and NHP appear to be systemically mobile (Chen et al. 2018; Navarova
et al. 2012; Wang et al. 2018), experiments using petiole exudates showed that ALD1
and thus de novo biosynthesis of Pip and probably its bioactive derivative NHP are
necessary in the systemic tissue for SAR signal recognition or propagation (Wang et
al. 2018).

Recently, a molecular mechanism for Pip-mediated signalling and resistance induction
has been proposed (Figure 3). Pip (and probably NHP) seems to work upstream and

induce accumulation of NO and ROS, which in turn leads to accumulation of AzA, and
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this induces G3P biosynthesis (Wang et al. 2018). Therefore, Pip and NHP can be
placed in the NO, ROS, AzA, and G3P branch of SAR that functions parallel to SA
(Wendehenne et al. 2014), although SA also amplifies systemic Pip-induced
responses (Bernsdorff et al. 2016).
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Figure 3. Molecular mechanisms in systemic acquired resistance with a focus on pipecolic acid
(Pip), adapted from Wang et al. 2018. Pathogen inoculation triggers salicylic acid (SA) and Pip
accumulation in infected leaves. Pip in turn induces accumulation of nitric oxide (NO) and reactive
oxygen species (ROS), which function in a positive feedback loop with each other. This leads to
oxidation, as a result of which azelaic acid (AzA) levels rise, which in turn stimulates glycerol-3-
phosphate (G3P) biosynthesis. SA, G3P, SA, and possibly Pip can be transported via phloem. In
systemic leaves, SA, G3P and Pip, which is synthesised de novo, accumulate, which again stimulates
accumulation of NO, ROS and AzA, leading to systemic resistance.

Pip is produced in several plant species, both monocots and dicots, among them
important crop species such as potato (Solanum tuberosum; Palfi and Dézsi 1968,
Zacharius et al. 1954), maize (Zea mays; Kiyota et al. 2015), rice (Oryza sativa; Palfi
and Dézsi 1968), wheat (Triticum aestivum; Garcia-Seco et al. 2017), and barley
(Hordeum vulgare; Mgller 1974). Whether Pip has a function in defence in these
economically relevant species remains to be investigated, which is further complicated

by the limited use of monocotyledonous and crop plants in SAR research.

1.1.7 Induced resistance in monocots

In monocotyledonous plants, little is known about SAR and the signalling mechanisms
involved. Key players in SA signalling, including NPR1, the master regulator of SA
signalling (Fu and Dong 2013; Klessig et al. 2018; Pajerowska-Mukhtar et al. 2013),
several PR genes and SA-associated transcription factors are conserved between
dicots and monocots, (reviewed in Balmer et al. 2013b; Sharma et al. 2013). Most

studies in the field of monocot induced resistance focus on agronomically important
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plant species such as banana (Musa acuminata; Wu et al. 2013), maize (Zea mays;
Balmer et al. 2013a; Morris et al. 1998), rice (Oryza sativa; Sharma et al. 2013), and
wheat (Triticum aestivum; Ahmed et al. 2017; Wang et al. 2017; Yang et al. 2013).
Although monocotyledonous plants produce SA and perform SA signalling, the role of
SA during their defence responses is less clear and seems to vary between different
species (Klessig et al. 2018). In banana, SA is involved in resistance against Fusarium
oxysporum f. sp. cubense (Wu et al. 2013). The SA analogue benzothiadiazole (BTH)
induces defence in maize against downy mildew (Peronosclerospora sorghi) and this
resistance is associated with enhanced expression of PR1 and PR5 (Morris et al.
1998). In rice, resistance against Xanthomonas oryzae pv. oryzae and Magnaporthe
oryzae is dependent on SA (Sharma et al. 2013). In wheat, SA accumulates after
infection with and contributes to resistance against F. graminearum, and this is
correlated with induction of PR1 (Makandar et al. 2012). SAR in wheat against
Puccinia striiformis f. sp. tritici might be associated with G3P (Yang et al. 2013), but
local resistance to the same pathogen was negatively associated with TaDIR1-2, an
ortholog of AtDIR1 (Ahmed et al. 2017). Treatments with BTH induce resistance in
maize (Morris et al. 1998), wheat (Gorlach et al. 1996), and barley (Bel3er et al. 2000;
Dey et al. 2014; Jansen et al. 2005a).

SA-associated immune responses in barley (Hordeum vulgare) often are studied in
interaction with Blumeria graminis f. sp. hordei (Bgh), commonly named powdery
mildew, an obligate biotrophic fungal pathogen that thrives on living host cells
(Thordal-Christensen et al. 2000). Since it causes reduced yield and serves as a
model to study other mildews and obligate biotrophic pathogens (Huickelhoven and
Panstruga 2011), Bgh appeared on the list of the top 10 fungal pathogens by Dean et
al. 2012. In contrast to biotrophic pathogens of rice, Bgh inoculation does not result in
SA accumulation in infected barley leaves (Hiuckelhoven et al. 1999; Jain et al. 2004;
Vallelian-Bindschedler et al. 1998). Nevertheless, SA soil drench treatment of barley
seedlings had a weak effect on Bgh infectivity (Bel3er et al. 2000; Kogel et al. 1995),
whereas soil drench treatment with BTH strongly enhanced barley resistance to Bgh
(BelRer et al. 2000).

Notably, antagonistic cross talk between plant responses to biotrophic and
necrotrophic pathogens also occurs in barley. Barley plants resistant to the biotrophic
fungus Bgh due to a mutation at the Mlo locus (Mildew Locus O) are more sensitive to
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the necrotrophic fungus Bipolaris sorokiniana (Kumar et al. 2001). Another barley
pathogen from the necrotrophic side of the spectrum is the fungus Pyrenophora teres.
P. teres is the causal agent of net and spot form net blotch, a major disease in many
barley-growing areas, which can lead to severe yield loss, underlining the fungus’
economic importance (Liu et al. 2011). In this work, P. teres is used to investigate

barley responses to necrotrophic pathogens.

Recently, Dey et al. showed that in barley systemic resistance to the hemibiotrophic
bacterium Xanthomonas translucens pv. cerealis (Xtc) can be triggered by prior
infiltration of a single barley leaf with the hemibiotrophic bacterium Pseudomonas
syringae pv. japonica (Psj) (Dey et al. 2014). Unlike SAR in Arabidopsis, systemic
immunity in barley was neither associated with SA nor with NPR1. In addition, local
infiltration of SA or its functional analogue BTH did not induce systemic resistance to
Xtc. Rather, local methyl jasmonate (MeJA) and abscisic acid (ABA) treatments, which
in Arabidopsis induce systemic susceptibility to P. syringae (Cui et al. 2005) or
antagonise SAR (Yasuda et al. 2008), respectively, triggered systemic resistance in
barley to Xtc (Dey et al. 2014). Interestingly, lllumina-based RNA sequencing revealed
a link of bacteria-induced resistance in barley with transcripts of Ethylene Response
Factors (ERFs) and WRKY transcription factors (Dey et al. 2014).

Three ERF and three WRKY transcripts were found to accumulate in the systemic
leaves of locally infected barley plants: HvVERF-like, HVERF4, HVERF44411,
HVWRKY22, HYWRKY28, and HYWRKY38/1 (Dey et al. 2014). Subsequent gPCR
analysis confirmed local as well as systemic inductions of the transcript accumulation
of HVERF-like, HYERF44411, HYWRKY22, and HYWRKY38/1 at 1 or 2 days after
infection with Psj (Dey et al. 2014). In addition, application of resistance-inducing ABA
or MeJA activated local and systemic expression of HvVERF-like, HVERF44411,
HVWRKY22, and HYWRKY38/1 at 5 days after infiltration, except for HVERF-like,
which was not locally induced after MeJA application (Dey et al. 2014). Therefore, it is
conceivable that these ERF and WRKY transcription factors play a role in the

establishment of systemic immunity in barley (Dey et al. 2014).

Induced resistance of barley will be further investigated to corroborate the biological
relevance of the findings described above by mutagenizing the ERF and WRKY genes

found in the RNA sequencing approach.
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1.2 The CRISPR/Cas system

1.2.1 CRISPR/Cas - origins and genome editing tool

In order to investigate the role of the candidate ERF and WRKY transcription factors
potentially involved in barley systemic resistance, knockout mutants need to be
generated. The necessary targeted mutations can be introduced using genome editing
methods like ZNFs (zinc-finger nucleases), TALENs (transcription-activator-like
effector nucleases) or CRISPR/Cas (clustered regularly interspaced short palindromic
repeats/CRISPR-associated). Among these techniques, CRISPR/Cas is the most

simple and versatile tool.

CRISPR/Cas was originally found as part of the adaptive immune system of
prokaryotes, protecting them against bacteriophage species already encountered
(Barrangou et al. 2007). After the first contact, short fragments of the invader's DNA
(spacers) are integrated into the prokaryote genome between two adjacent repeats at
a CRISPR locus (Barrangou et al. 2007). During subsequent infections, the CRISPR
locus is transcribed and processed into small interfering CRISPR RNAs (crRNAS)
which assemble with the transactivating CRISPR RNA (tracrRNA) and the Cas9
protein (see Figure 4a). This complex scans the DNA for a protospacer-adjacent motif
(PAM, 5-NGG-3’ for Cas9 of Streptococcus pyogenes), where it induces DNA-RNA
hybridisation of the crRNA and the viral DNA 5’ to the PAM. This destabilises the target
DNA and allows Cas9 to introduce a double-strand break, thereby destroying the viral
DNA and establishing immunity (Jinek et al. 2012).

Thus, CRISPR/Cas allows RNA-guided sequence-specific cleavage of DNA, making
it a good candidate for inducing targeted DNA changes at almost any loci with known
sequences. The only restriction is the presence of a GG sequence in proximity to the
desired cut site (Jinek et al. 2012). In addition, since it relies on base-pairing for
specificity, CRISPR/Cas is easier to use than previously known programmable
endonucleases (TALENs and ZFNs), which use amino acid sequences to confer
specific DNA binding (Komor et al. 2017). For use in the lab, the CRISPR/Cas system
was simplified by uniting the crucial parts of crRNA and tracrRNA in one molecule,
thereby creating the (single) guide RNA (Jinek et al. 2012). This sgRNA or gRNA
possesses a variable part, into which a target sequence of 20 bp, the guide, can be

inserted to “guide” the Cas9 protein to the sequence-identical site of interest and
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induce a double-strand break (see Figure 4b). Most often, Cas9 from S. pyogenes is
used. However, Cas9 proteins from several other organisms have come into use
recently because they recognise other PAM sequences, e.g., for Staphylococcus
aureus Cas9 5-NNGRRT-3’ (Komor et al. 2017). This further increases the number of
DNA sequences that can be targeted during Cas9-induced mutagenesis, because the
Cas9 can be choosen according to the sequence that is present at the site of interest

instead of having to choose the target site according to the required PAM sequence.
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Figure 4. The CRISPR/Cas system in nature (a) and laboratory (b), adapted from Belhaj et al.
2015. (a) Short fragments of viral DNA are integrated into the host genome between two repeats of a
CRISPR locus. The CRISPR region is transcribed and processed into small interfering CRISPR RNAs
(crRNAs), assembling with the transactivating CRISPR RNA (tracrRNA) and the Cas9 protein. This
complex induces DNA-RNA hybridisation of the crRNA and the viral DNA, thereby destabilising the
target DNA and allowing Cas9 to introduce a double-strand break, destroying the viral DNA, and
establishing immunity. (b) Elements of CRISPR/Cas needed for generation of mutations in lab. The
Cas9 protein and the single guide RNA (sgRNA), which unites the crucial parts of crRNA and tracrRNA,
are expressed from a transgene. Cas9 and sgRNA form a complex that screens DNA for the target
locus where a double-strand break is formed and a mutation can arise.

In most cases, the double-strand break is repaired by non-homologous end joining

(Bortesi and Fischer 2015). This often results in a random insertion or deletion, which

can produce a frameshift mutation and thus a gene knockout.

Since there are almost no limitations for the target and it is easy to adjust the system
for different targets of Cas9, the use of the CRISPR/Cas system has rapidly increased.
The system has been modified multiple times, starting with the simplification of the
Cas9-associated RNAs (Jinek et al. 2012) and the use of Cas9 derived from different
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organisms as mentioned above. Usually, the sequences for Cas9 and the gRNA are
introduced by transforming the plant, which then possesses a transgene from which
Cas9 and the gRNA are expressed. A recent development is the application of
ribonucleoprotein complexes consisting of purified Cas9 and associated gRNA. These
complexes can be introduced into cells of plant embryos by particle bombardment.
Plants grown from these embryos will have mutations without having possessed a

transgene (Liang et al. 2017).

In this work, the classical transgene method for CRISPR/Cas gene editing will be used.
Immature barley embryos will be transformed with Agrobacterium tumefaciens
carrying a vector that allows for integration of a Cas9- and gRNA-containing transgene
into the barley genome. This transgene will be expressed and Cas9 as well as gRNAs
will lead to the mutagenesis of the target genes.

Several species have been modified using the CRISPR/Cas method. These include
different animals but also plant species (reviewed in Belhaj et al. 2015; Bortesi and
Fischer 2015) such as Arabidopsis thaliana, Nicotiana benthamiana (Li et al. 2013),
rice, wheat (Shan et al. 2013), and barley (Kapusi et al. 2017; Kumar et al. 2018;

Lawrenson et al. 2015).

1.2.2 CRISPR/Cas in barley

Recently, CRISPR/Cas has been successfully used to generate mutations in barley
(Kapusi et al. 2017; Kumar et al. 2018; Lawrenson et al. 2015). The reported mutation
rates varied remarkably, lying between 10 and 78% in the transformed To lines, which
can be explained by the use of different vector sets encoding different promoters to
drive expression of CRISPR/Cas components. Mutations were reported to be heritable
to T1 and T2 generations, by which the transgene encoding the Cas9 protein can be
allowed to segregate out and transgene-free, homozygous mutants are produced. Two
studies reported the generation of transgene-free, homozygous mutant plants already
in the T1 generation (Kapusi et al. 2017; Kumar et al. 2018). It should be noted that
the mutation rates reported in these studies (about 78%) were remarkably higher than
the mutation rates reported in the third paper (10-23%, Lawrenson et al. 2015).
Therefore, it seems that the mutation rates are the main determinants as to how fast
homozygous plants can be generated. In summary, CRISPR/Cas has been shown to

work effectively in barley and can be used for efficient generation of knockout mutants.
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One of the studies on CRISPR/Cas in barley reported a resistance phenotype of Cas9-
edited plants (Kumar et al. 2018). CRISPR/Cas was used to knockout MORC1
(Microrchidial). MORCL1 loss of function lead to increased resistance of barley plants
to Bgh and F. graminearum. This was associated with an increased expression of
defence-related genes (HvPR1b, HVPR2, and HvPR5) in morcl plants that became
more pronounced after infection with Bgh.

Here, CRISPR/Cas will be used for mutagenesis of ERF and WRKY transcription
factors associated with bacteria-induced resistance in barley in order to study possible
immunity-related phenotypes in the mutant plants. This will clarify whether the ERFs
and WRKYs play a role in (induced) defence responses of barley.

1.3 Project objective

The main aim of this study was to investigate induced resistance in barley in more
detail. First, the effect of Arabidopsis SAR-related molecules on barley immune
responses against different pathogens was tested. The compounds that were
investigated for their role in defence are SA, Fol, AzA, and Pip, which all induce
resistance in Arabidopsis against the bacterium P. syringae (Breitenbach et al. 2014;
Jung et al. 2009; Navarové et al. 2012; Wittek et al. 2015). Their effects were tested
on defence of barley against the hemibiotrophic bacterium Xtc, the biotrophic fungus
Bgh, and the necrotrophic fungus P. teres. With these barley pathogens, different
pathogenic lifestyles (biotrophic, hemibiotrophic, and necrotrophic) and bacteria as
well as fungi are covered, providing insights into different defence mechanisms used

by barley plants.

Second, chemically induced defence responses of barley were compared to those of
Arabidopsis to uncover signalling routes used in barley, in which little is known about
induced resistance processes in comparison to the model plant Arabidopsis.
Similarities and differences in the molecular mechanisms associated with these
processes in the two plant species were examined, which can help in the transfer of
knowledge between model and crop plants. In addition, chemically and bacteria-
induced resistance of barley were compared to examine if these defence responses

share signalling components.
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Third, site-directed mutagenesis was used in order to create mutants of the
transcription factors whose transcript accumulation was found to be associated with
bacteria-induced systemic resistance in barley (Dey et al. 2014). Knockout mutants of
candidate ERF and WRKY genes were generated using the genome-editing tool
CRISPR/Cas for mutagenesis of barley. Since the CRISPR/Cas vectors used in this
work (provided by Johannes Stuttmann, Universitat Halle) had not been used in barley
before, a transient system for quick validation of their functionality for Cas9-induced
generation of mutations in barley was established. Stable transgenic plants expressing
Cas9 and a gRNA targeted at the gene(s) of interest were generated with the help of
collaborators in Giel3en (Karl-Heinz Kogel and Jafargholi Imani). Cas9-induced
mutagenesis lead to plants with loss of function mutations in the candidate genes.
These mutant plants can be used in experiments to investigate the physiological
relevance of the ERFs and WRKYs in defence responses of barley; in these
experiments, it can be examined whether the gene knockout leads to changes in

induced resistance.
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2 Results

2.1 Salicylic acid-related compounds in induced resistance of

barley

2.1.1 Folic acid and azelaic acid enhance the susceptibility of barley to

Xanthomonas translucens pv. cerealis

Exogenous SA or BTH application enhances the resistance of barley to the biotrophic
fungus Bgh (Bel3er et al. 2000), but not to the hemibiotrophic bacterium Xtc (Dey et
al. 2014). Here, the barley response to Xtc was examined after application of Fol and
AzA, which each trigger SA-mediated resistance and/or SAR against the
hemibiotrophic bacterium P. syringae pv. tomato in Arabidopsis (Jung et al. 2009;
Wittek et al. 2015). In 3-week-old barley plants, the first true leaves were syringe-
infiltrated with 50 or 500 uM Fol, 1 mM AzA, or the corresponding 0.025% MeOH mock
control. Five days later, the second true leaves of the treated plants were syringe-
infiltrated with Xtc and the resulting in planta Xtc titres determined at 4 days post-
inoculation (dpi). Similar to SA, Fol and AzA did not enhance the systemic immunity
of barley to Xtc (Figure 5). Whereas AzA application did not influence Xtc growth in
the systemic tissue (Figure 5B), growth of the systemic Xtc inoculum was enhanced
by a local Fol application (Figure 5A), suggesting the induction of enhanced
susceptibility in barley against Xtc by Fol.

Fol enhances Arabidopsis resistance to P. syringae when applied at concentrations of
50 to 100 uM (Wittek et al. 2015). If 50 uM Fol was applied to the first leaves of 3-
week-old barley plants, the growth of subsequently applied Xtc bacteria in the systemic
leaves was enhanced in three out of ten experiments and a strong tendency in the
same direction was observed in further two experiments. Analysing all experiments
together, the data suggest that application of 50 uM Fol can, similarly to 500 uM Fol,

enhance barley systemic susceptibility to Xtc (Figure 5C), albeit perhaps less robustly.

Next, local barley responses to the compounds used above were tested. To this end,
1 mM SA, 500 uM Fol, 1 mM AzA, or the appropriate mock control were applied onto
the leaves of 4-week-old barley plants by spray treatment. One day later, treated
leaves were syringe-infiltrated with Xtc and the resulting in planta Xtc titres determined

at 4 dpi (all experiments were performed by Marion Wenig). SA and Fol appeared to
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moderately elevate local Xtc titres, with a significant trend observed only after Fol
treatment. AzA application caused an increase of the Xtc titre (Figure 6). Thus, in
addition to systemic susceptibility, Fol might also moderately enhance the local
susceptibility of barley to the hemibiotrophic bacterium Xtc. The effect appeared more
robust in the systemic compared to local treated tissues (Figure 5A/C, Figure 6). AzA

enhanced local, but not systemic susceptibility to Xtc.
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Figure 5. Xanthomonas translucens pv. cerealis (Xtc) titres in the systemic leaves of barley after
local application of folic acid (Fol) or azelaic acid (AzA). Barley cultivar Golden Promise (GP) plants
were infiltrated in the first true leaf with 0.025% methanol (MeOH) as control, 500 uM Fol (A), 1 mM
AzA (B), or 50 pM Fol (C) in 10 mM MgClI: as indicated below the panels. Five days later, the second
true leaves of the plants were inoculated with Xtc by syringe infiltration. The resulting Xtc titres in leaf 2
at 4 dpi are shown. Bars represent the average of 18-36 replicates from 5 (A: 4x greenhouse, 1x growth
chamber; B: 3x greenhouse, 2x growth chamber) to 9 (C: 8x greenhouse, 1x growth chamber)
biologically independent experiments +/- standard error; replicates were as follows: (A) MeOH: 19
(4+4+3+4+4), Fol: 18 (4+4+3+4+3), (B) MeOH: 19 (4+3+3+4+5), AzA: 20 (4+4+4+4+4), (C) MeOH: 34
(4+3+4+4+3+4+4+4+4), Fol: 36 (4+4+4+4+4+4+4+4+4). Asterisks above bars indicate statistically
significant differences from the control treatments (t-test; * P<0.05, ** P<0.005).
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Figure 6. Xtc titres in salicylic acid (SA)-, Fol- and AzA-treated barley plants. Barley cultivar GP
plants were sprayed with 0.05% MeOH as control, 1 mM SA, 500 uM Fol, or 1 mM AzA in 0.01% Tween-
20 as indicated below the panel. One day later, the second true leaves of the plants were inoculated
with Xtc by syringe infiltration. The resulting Xtc titres in leaf 2 at 4 dpi are shown. Bars represent the
average of 8-9 replicates from 3 biologically independent greenhouse experiments +/- standard error,
replicates were as follows: MeOH: 9 (3+3+3), SA: 9 (3+3+3), Fol: 8 (3+3+2), AzA: 8 (3+3+2); asterisks
above bars indicate statistically significant differences from the mock control treatment (one-way
ANOVA and post-hoc Dunnett’s test, * P<0.05, *** P<0.0005). The experiments were performed by
Marion Wenig.

2.1.2 Folic acid enhances the resistance of barley to powdery mildew

In Arabidopsis Fol triggers SA-mediated immunity against hemibiotrophic bacteria
(Wittek et al. 2015). In barley, SA and in particular its functional analogue BTH
enhances immunity against the biotrophic fungus Bgh while Fol enhances barley
susceptibility to Xtc (Figure 5, Figure 6; Bel3er et al. 2000). Therefore, the effects of
SA, Fol, and AzA on barley susceptibility to Bgh were compared. To this end, the first
true leaves of 3-week-old barley plants were syringe-infiltrated with 1 mM SA, 500 uM
Fol, 1 mM AzA, or 0.025% MeOH as control treatment. Five days later, the plants were
inoculated with Bgh. The resulting Bgh infection was quantified on a fluorescence
microscope 6 days later. The fungus was stained using the fluorescent dye DAF-FM
DA (4-amino-5-methylamino-2',7'-difluorofluorescein diacetate), which usually is used
to detect and quantify NO (Kojima et al. 1999) and, as shown in Figure 7, also has a

high affinity for Bgh.

If leaf discs from Bgh-infected leaves were stained with DAF-FM DA, the resulting
fluorescence intensities reflected visual differences in Bgh infection levels and were

quantified as a measure for fungal growth (Figure 8). To this end, the stained leaf discs
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were loaded onto 96-well plates and scanned by a spinning disc (confocal) microscope
(Figure 7).

Figure 7. Merged z-stack 3x3 tiled
images of 4-amino-5-methylamino-
2',7'-difluoro-fluorescein diacetate
(DAF-FM  DA)- stained discs of
Blumeria graminis f. sp. hordei (Bgh)-
infected barley (GP) leaves in the first 3
columns of a 96-well plate. Enlarged:
merged image of a single well. Chlorophyll
fluorescence is shown in red, DAF-FM DA
fluorescence in green.

1000

800

600

400

Fol

relative fluorescence
units

200

MeOH Fol

e i
Pt et

Figure 8. Fol induces resistance to Bgh. Barley cultivar GP plants were infiltrated in the first true leaf
with 0.025% MeOH as control and 500 pM Fol in 10 mM MgCl: as indicated above the pictures (A) or
below the panel (B). Five days later, the plants were infected with Bgh spores. (A) Photographs of the
second (systemic) leaves, taken on the day of the harvest, 6 days after infection. (B) Leaf discs were
cut out of the leaves photographed in (A) and stained with DAF-FM DA. Fluorescence was recorded
using a spinning disc (confocal) microscope. Bars represent the average of 22 (MeOH) to 23
(Fol) replicates from one experiment +/- standard error; asterisk above bar indicates statistically
significant difference from the control treatment (t-test, P < 0.05).

A local infiltration of Fol in leaf 1 of barley reduced Bgh growth on the Fol-treated leaf
(Figure 9A) as well as on systemic leaf 2 of the treated plants (Figure 9B) as evidenced
by a ~50% decrease in DAF-FM DA fluorescence on the leaves of Bgh-infected Fol-
treated compared to mock-treated plants. In contrast, SA and AzA infiltration did not
induce significant changes in the DAF-FM DA fluorescence of the treated leaves and
thus had no local effect on Bgh growth (Figure 9A). Nevertheless, SA and AzA
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appeared to reduce Bgh propagation, although the differences to the control were not
significant (P=0.0518 in the case of SA, Figure 9A). In the systemic leaves, Bgh-
associated DAF-FM DA fluorescence was decreased by SA and AzA to a similar
extent as by Fol (Figure 9B). Thus, Fol might induce local and systemic resistance to
Bgh, while SA and AzA appear to trigger systemic resistance.
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Figure 9. Relative fluorescence of DAF-FM DA staining of Bgh in leaves of barley plants after
application of SA, Fol, or AzA to leaf 1. Barley cultivar GP plants were infiltrated in the first true leaf
with 0.025% MeOH as control, 1 mM SA, 500 uM Fol, or 1 mM AzA in 10 mM MgCl: as indicated below
the panel. Five days later, the plants were infected with Bgh spores. Leaf discs were cut out of the first
(local) (A) and second (systemic) (B) true leaf and stained with DAF-FM DA. Fluorescence was
recorded using a spinning disc (confocal) microscope. Bars represent the average of 37-64 replicates
from 2 (SA treatment in B) to 3 (all other treatments) independent experiments +/- standard error;
replicates were as follows: (A) MeOH: 57 (22+14+21), SA: 62 (22+16+24), Fol: 55 (19+19+17), AzA:
58 (19+18+21); (B) MeOH: 55 (20+22+13), SA: 37 (17+20), Fol: 64 (21+23+20), AzA: 53 (6+24+23).
Asterisks above the bars indicate statistically significant differences from the mock control treatment
(one-way ANOVA and poct hoc Dunnett’s test, ** P<0.005).
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2.1.3 Salicylic acid-related compounds do not alter barley susceptibility to

Pyrenophora teres

In Arabidopsis, SA induces local, but not systemic susceptibility to the necrotrophic
fungal pathogen Alternaria brassicicola (Spoel et al. 2007; Wittek et al. 2015). This
most likely happens due to negative crosstalk between the SA and JA pathways, with
SA inhibiting JA-mediated defence against A. brassicicola. A similar effect was
observed for Fol, as its application increased the size of lesions caused by A.
brassicicola on the treated, but not on systemic leaves (Wittek et al. 2015).
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Figure 10. Lesions caused by Pyrenophorateres on the second leaves of barley after application
of SA, Fol, or AzA on leaf 2. Barley cultivar GP plants were infiltrated in the second true leaf with
0.025% MeOH as control, 1 mM SA, 500 uM Fol, or 1 mM AzA in 10 mM MgCl: as indicated. One day
later, the same leaves were inoculated with P. teres by pipetting droplets of a solution containing
P. teres spores onto the leaf surface. The resulting necrotic lesions were photographed at 4 dpi (A) and
measured using ImageJ (B). Bars in (B) represent the average of 35 replicates from 6 (Fol) or 42
replicates from 7 (all other treatments) independent experiments (each experiment with 6 replicates per
treatment, except one experiment with Fol comprising 5 replicates) +/- standard error.
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Here, the effects of SA, Fol, and AzA on barley local and systemic defence responses
to the necrotrophic fungus P. teres were examined. To this end, leaves of 3-week-old
barley plants were syringe-infiltrated with 1 mM SA, 50 or 500 uM Fol, 1 mM AzA, or
0.025% MeOH as control treatment. The same or systemic leaves were inoculated
with P. teres 1 or 5 days later, respectively, and necrotic lesions were measured at 4
dpi using the ImageJ macro PIDIQ (Laflamme et al. 2016), which was modified to
recognise the brown lesions caused by P. teres. The outcome varied strongly between
different replicate experiments. Strikingly, SA application caused increases in P. teres
lesion sizes in 4 out of 8 experiments if leaves systemic to the site of SA treatment
were inoculated. However, taking all data together SA, Fol, and AzA did not
significantly influence P. teres lesion sizes either locally (Figure 10) or systemically
(Supplemental Figure 1), suggesting that these compounds do not affect the
susceptibility of barley to P. teres.

2.2 Therole of pipecolic acid in induced resistance of barley

2.2.1 Pipecolic acid accumulates in barley after infection and induces

resistance to Xanthomonas translucens pv. cerealis

The hemibiotrophic bacterium Psj has been shown to induce systemic immunity in
barley against the hemibiotrophic bacterium Xtc. This form of systemic immunity
phenotypically resembles Arabidopsis SAR (Dey et al. 2014). In order to test if this is
indeed a similar process, an inter-species petiole exudate experiment was conducted.
Petiole exudates (PEX) from Psj-infiltrated barley cv. Barke leaves were collected and
infiltrated into leaves of wild type Arabidopsis plants of the cultivar Col-0. Two days
later, leaves were harvested and analysed for transcript accumulation of the SAR
marker gene PR1. PR1 transcript accumulation was significantly induced in
Arabidopsis by PEX from Psj-treated compared to mock-treated barley plants
(Supplemental Figure 2, experiment performed by Claudia Knappe). Since barley PEX
induced a marker gene of SAR in Arabidopsis, both plant species might share one or

more SAR signals.

Because further experiments by others showed an elevated accumulation of Pip in the
PEX and leaves of Psj-treated compared to mock-treated barley plants (Bauer, Dey,

Knappe, Lange, and Vlot, unpublished), it was tested if Pip induces resistance in
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barley if exogenously applied. To this end, Pip was applied to barley plants by soil
drench and the plants were subsequently infected with Xtc. The resulting in planta Xtc
titres at 4 dpi were significantly lower in plants pre-treated with Pip compared to those

in control plants (Figure 11).

Figure 11. Xtc titres in pipecolic acid (Pip)-
treated barley plants (GP). Pip (or H20 as a
control) was applied by soil drench and 3 days
{ later, plants were infected with Xtc using
syringe infiltration. Leaves were harvested to
kK determine Xtc titres at 4 days after infection.
Bars show one representative experiment
I plus/minus standard deviation with 5 plants
per treatment. This experiment was
performed 11 times, of which 10 disclose a
similar result to the one shown above.
Asterisks above bars indicate statistically
4 significant  difference from the control
H20 Pip treatment (t-test; *** P<0.0005).
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Thus, Pip accumulates in barley leaves and PEX after infection with Psj and induces
resistance against Xtc, suggesting a possible role of Pip in barley immune responses,

including in Psj-induced systemic or SAR-like resistance.

2.2.2 Pseudomonas syringae pv. japonica and pipecolic acid induce

resistance in barley against powdery mildew

Barley is an important crop plant and yield losses due to phytopathogens are a realistic
problem. Therefore, it was tested if Psj and Pip can induce resistance in barley against
the agronomically relevant barley-specific powdery mildew pathogen Bgh. Bgh or
powdery mildew of barley is an obligate biotrophic fungus that needs living host cells
to thrive (Thordal-Christensen et al. 2000). To study barley immune responses to Bgh
3-week-old barley plants were first inoculated with Psj in the first true leaf or mock-
treated. Five days later, (systemic) leaf 2 of the treated plants was inoculated with Bgh.
Another 6 days later, the infected leaves were stained with DAF-FM DA to visualize
Bgh (Figure 7 and Lenk et al. 2018). The resulting relative fluorescence intensities as
obtained by imaging with a spinning disc confocal microscope reflected visual
differences in Bgh infection levels (Figure 12A+B). Therefore, the DAF-FM DA
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fluorescence intensities were used as a measure of fungal growth. First, Bgh-
associated DAF-FM DA fluorescence was strongly reduced if the plants had been pre-
treated with Psj (Figure 12C), with fluorescence of treated plants being circa 25% that
of control plants. This reduction in fluorescence indicates a reduction of fungal mass
and therefore an induction of systemic resistance to Bgh by Ps;j.

Second, it was tested if Pip likewise induces resistance to Bgh if exogenously applied.
To this end, Pip was administered to barley plants by soil drench and the plants were
subsequently infected with Bgh. The infected leaves were stained with DAF-FM DA at
6 dpi to measure fungal growth. As with Psj, the Bgh-associated relative DAF-FM DA
fluorescence of Pip- and H20-treated plants corresponded to visual differences in
disease symptoms caused by the fungus (Figure 12D+E). Fluorescence was reduced
in Pip-pre-treated plants in comparison to the H20 control (Figure 12F) to a similar
level as seen with Psj. Taken together, the data suggest that Pip enhances barley
resistance to Bgh and might be involved in Psj-induced resistance to Bgh.

Figure 12. Influence of Psj and Pip treatment of barley (GP) on resistance against Bgh. Barley
was syringe-infiltrated with Psj or 10 mM MgClz (M, mock) as a control as indicated and 5 days later,
plants were infected with Bgh (A+B+C). Pip (or H20 as a control) was applied by soil drench and 3 days
later, plants were infected with Bgh (D+E+F). The second leaves of the inoculated plants were
harvested at 6 days after infection. (A+D): Photos of exemplary second leaves of plants pre-treated
with Psj in their first leaves (A) or Pip (D), taken at the day of the harvest. Ctrl denotes uninfected control
plants. Scale bar: 20 mm. (B+E): Leaf discs were cut out of the second leaves and stained with DAF-
FM DA to determine Bgh propagation. Fluorescence was recorded with a spinning disc confocal
microscope. Displayed are merged z-stack 3 x 3 tiled images of stained discs from one experiment,
loaded in the first 8 columns of a 96-well plate. Enlarged: exemplary merged images of a single well,
showing mock- (upper) and Psj-treated (lower) plants (B) or H20- (upper) and Pip-treated (lower) plants.
(E). Chlorophyll fluorescence is shown in red, DAF-FM DA fluorescence in green. Scale bar: 500 pm.
(C+F): Relative fluorescence of DAF-FM DA staining of Bgh in leaves of barley plants treated with Psj
(C) or Pip (F). Bars show one representative experiment plus/minus standard error. (C) was repeated
7 times, of which 5 experiments show similar results to the one presented above. (F) was repeated 4
times with similar results. Asterisks above bars indicate statistically significant difference from the
control treatment [(C) t-test, * P<0.05; (F) t-test with Welch’s correction, *** P<0.0005].
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2.2.3 Pseudomonas syringae pv. japonica but not pipecolic acid induces

susceptibility in barley to Pyrenophora teres

SAR and SA induce resistance in Arabidopsis against (hemi)biotrophic bacteria and
at the same time enhance susceptibility in Arabidopsis to the necrotrophic fungus
Alternaria brassicicola (Spoel et al. 2007; Wittek et al. 2015). Itis possible that a similar
trade-off occurs in barley. To address this, Psj-infected or Pip-treated barley plants
were inoculated with the necrotrophic fungus P. teres. P. teres is the causal agent of
barley net blotch, a wide-spread disease that causes severe yield losses (Liu et al.
2011). In order to test for induced resistance against P. teres, 3-week-old barley plants
were pre-treated with either Psj or Pip as described above and subsequently infected
on (systemic) leaf 2 with P. teres by placing 5 spore-containing droplets on the leaf
surface. Inoculated leaves were photographed at 4 dpi and the sizes of the developed
necrosis and chlorosis were evaluated using ImageJ and the macro PIDIQ (Laflamme
et al. 2016; Lenk et al. 2018). Since single experiments only showed tendencies, 6

and 9 experiments were combined to generate Figure 13A and B, respectively.
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Figure 13. Size of necrotic and chlorotic area caused by P. teres on the leaves of barley (GP)
treated with Psj (A) or Pip (B). (A) Barley was syringe-infiltrated with Psj or 10 mM MgClz (M, mock)
as a control in the first true leaf as indicated below the bars. Five days later, plants were infected in the
second true leaf by applying droplets of a solution containing P. teres spores to the leaf surface. (B) Pip
(or H20 as a control) was applied by soil drench and 3 days later, plants were infected with P. teres
spores in the second true leaf. (A+B) Leaves were photographed at 4 days after infection and necrotic
and chlorotic area was measured using the ImageJ macro PIDIQ. Bars show merged experiments
plus/minus standard error. (A) is merged from 6 experiments, (B) is merged from 9 experiments.
Asterisk above bar indicates statistically significant difference from the control treatment [(A) Mann-
Whitney test, * P<0.05].
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Plants inoculated with Psj in the first true leaf developed significantly bigger P. teres
lesions in their second true leaf than control plants (Figure 13A). This suggests the
induction of systemic susceptibility, albeit relatively weak, to P. teres by Psj. In
contrast, a pre-treatment of plants with Pip did not induce a significant change in the
size of lesions caused by P. teres (Figure 13B). There rather seemed to be an
opposite, but insignificant trend (P=0.0978) for slightly smaller P. teres lesions after
Pip treatment of barley. Taken together, Psj induced systemic susceptibility to P. teres
while Pip did not trigger the same adverse effect. Therefore, Pip might not be involved
in the establishment of systemic susceptibility to P. teres induced by Psj.

2.2.4 Pipecolic acid- and bacteria-induced resistance do not share

transcription factors

As next step, differential gene expression of candidate genes was analysed via qPCR
in order to study possible parallels or differences between the mechanisms of bacteria-
and Pip-induced systemic resistance in barley. Therefore, the transcript accumulation
of two ERFs and two WRKY transcription factors previously associated with bacteria-
induced systemic immunity in barley was monitored (Dey et al. 2014). Although up- or
downregulation was observed in single experiments for some genes, the overall
merged response revealed no clear effect of Pip on the expression of these genes
(Figure 14).

Figure 14. Gene expression in leaves
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2.2.5 Pipecolic acid induces NO accumulation in barley

It was recently shown that Pip mediates resistance in Arabidopsis via the accumulation
of NO (Wang et al. 2018). Here, it was tested if Pip also induces NO accumulation in
barley. To this end, 3-week-old barley plants were treated with Pip and the NO content
in leaves of the treated plants was monitored 3 days later by staining with the NO
sensor DAF-FM DA.

550 Figure 15. Relative fluorescence of DAF-
FM DA staining to quantify NO content in
leaves of Pip-treated barley plants. Pip (or
H20 as a control) was applied by soil drench
and 3 days later, leaf discs were cut out and
stained using DAF-FM DA. Fluorescence was
recorded with a spinning disc confocal
microscope. Bars show one experiment
plus/minus standard error out of two
1 experiments performed in the growth
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The fluorescence caused by DAF-FM DA was ~2-fold higher in plants pre-treated with
Pip than in control plants (Figure 15). Thus, NO accumulates after Pip treatment of

barley and this might lead to Pip-induced resistance in barley against Xtc and Bgh.

2.3 Establishment of the CRISPR/Cas technique in barley

2.3.1 Generation of CRISPR/Cas constructs for barley knockout mutants

In order to generate barley knockout mutants of the three ERFs and two WRKY
transcription factors that had previously been associated with bacteria-induced
systemic immunity in barley (Dey et al. 2014), the CRISPR/Cas system was employed.
This method relies on the knowledge of exact target sequences, since parts of it are
used to generate variable 20 nucleotide-long guides. These are expressed fused to
invariable RNA scaffolds as gRNAs (guide RNAs), termed so because they “guide”
the Cas9 protein to its target location. After recognition of the PAM (5’-NGG-3’) by

Streptococcus pyogenes Cas9 and DNA-RNA heteroduplex formation, a
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double-strand break is introduced. This is most frequently repaired by non-
homologous end joining, resulting in a short insertion or deletion that will in most cases
lead to a frameshift mutation and therefore a gene knockout (reviewed in Bortesi &
Fischer, 2015). Since the barley cultivar Golden Promise is best transformed but the
cultivar Morex is sequenced, the target genes were amplified from the target cultivar
Golden Promise via PCR and cloned to be sequenced. The resulting sequences were
searched for possible Cas9 cut sites using CRISPRdirect online (http://crispr.dbcls.jp/;
Naito et al., 2015). Two cut sites at a distance of 50-100 bp between each other were
targeted in every gene of interest. In some circumstances, this results in the deletion
of the sequence between the cut sites and thereby facilitates the recognition of
mutations by PCR. For each target gene, at least two constructs were generated with
two gRNAs each. Additionally, two constructs were cloned targeting two genes at the
same time: ERF-like and ERF4 (Table 1). These two genes show 77% identity on DNA

level and 66% identity and 77% similarity on amino acid level.

Table 1. Target genes, gRNA (guide RNA) and vector combinations. The genes listed in this table
were previously found to be associated with bacteria-induced resistance of barley using RNA
sequencing (Dey et al. 2014). For detailed explanations regarding shuttle and recipient vectors, see
Methods (6.5.8 Golden Gate cloning of CRISPR/Cas vectors).

gene number of number of number of
gRNAs shuttle vectors recipient vectors

ERF-like 4 4 2

(MLOC _24530)

ERF4 4 4 3

(MLOC_73358)

ERF-like & ERF4 2eachand2 6 2

(MLOC_24530 & 73358)  for both

ERF44411 4 4 2

(MLOC_44411)

WRKY22 4 4 2

(MLOC_45055)

WRKY38/1 4 4 2

(MLOC_60890)

Genome editing vectors for monocots (pMGE) using the CRISPR/Cas system were
designed and provided by Johannes Stuttmann, Institut fiir Biologie/Genetik, Martin-
Luther-Universitdt Halle (Saale). The assembled CRISPR/Cas vector encodes
(among others, see Figure 16) the Cas9 protein under control of the maize Ubiquitin
promoter, which is a strong promoter in barley. In addition, the CRISPR/Cas vector

contains two guide RNAs each under the control of a rice U6 promoter, which is a RNA
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polymerase Il promoter. RNA polymerase Il mostly transcribes non protein-coding
genes and therefore catalyses transcription of DNA to RNA, but usually not translation
of the latter (Dieci et al. 2007). In addition, the CRISPR/Cas vector contains a
hygromycin resistance gene under the control of a 35S promoter for selection of

transgenic plants.

4 LB 35S | HygroR

Q pZmUbi Casg>— pOsU6 gRNA1> pOsUB gRNA2[>~ RB |

Figure 16. Schematic drawing of a CRISPR/Cas vector. Depicted are promoters and genes situated
in between left border and right border sequences. LB: left border, pZmUbi: maize Ubiquitin promoter,
pOsUG6: rice U6 promoter, RB: right border.

To test if these CRISPR/Cas constructs might be effective in planta, the seven
CRISPR/Cas vectors targeting ERF-like and/or ERF4 (recipient vectors in Table 1)
were transiently expressed in barley protoplasts to assess the efficiency of the different
gRNAs in the constructs. To this end, protoplasts were transformed with the individual
CRISPR/Cas vectors and DNA was extracted from the protoplasts 2 days later using
alkaline lysis and SDS. Subsequently, PCR was performed on the two target genes
ERF-like and ERF4, replicating a region of about 500 bp length around the Cas9 target
sites. Cas9-induced deletions of 50-100 bp would shorten the PCR product by this
range, which can be visualised using agarose gel electrophoresis. PCR conditions
were optimised to yield one clear band on wild type DNA; no smaller bands in addition
to the wild type-sized band appeared after agarose gel electrophoresis of PCR
performed on DNA from protoplasts transformed with CRISPR/Cas vectors (Figure
17).

Since it is possible that the desired mutation was not detected due to low abundance
of the 50-100 bp deletion variant, a T7 Endonuclease | (T7El) assay was performed
to detect small insertions or deletions. T7El recognises and specifically cleaves
heteroduplex DNA. These heteroduplexes are formed by melting the PCR product (the
same as above) and allowing it to re-anneal. If Cas9 has been active, wild type and
mutant DNA will have been replicated. In some cases during double-strand formation

after melting, one of the strands will carry a Cas9-induced mutation while the other
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strand will not. These mismatches are recognised and cleaved by T7EI, resulting in
additional, smaller size bands. After T7EI digestion, the reaction mixture was loaded
on a 2% agarose gel and the DNA fragments were separated via electrophoresis. No
additional bands were visible in samples from protoplasts transformed with the
different CRISPR/Cas vectors (Figure 18). Since the formed smear also appears in
the empty vector control, there is no proof of CRISPR/Cas activity in barley

protoplasts.

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Figure 17. Agarose gel electrophoresis of PCR performed on protoplast DNA targeting HVERF-
like and HVERF4. Protoplasts were isolated from leaves of barley (GP) plants and transformed with
different vectors to express Cas9 and gRNAs. After 48 h, DNA was isolated and PCR was performed
to replicate the target genes. On the left side the PCR product of HVERF-like is shown, next to it the
DNA ladder and on the right side the PCR product of HYERF4. Lane 1: negative control without DNA,
lane 2: DNA of protoplasts transformed with empty vector pMGES500, lane 3: pMGE500+gRNA1+3, lane
4: pMGE500+gRNA2+4, lane 5: pMGE500+gRNA9+10, lane 6 pMGE500+gRNA2+4+6+7, lane 7: 1 kb
plus gene ruler (Thermo Fisher Scientific, bright bands correspond to 1500 and 500 bp), lane 8: negative
control without DNA, lane 9: empty vector pMGES500, lane 10: pMGES500+gRNA5+7, lane
11: pMGE500+gRNAG6+7, lane 12: pMGES500+gRNA6+8, lane 13: pMGE500+gRNA9+10, lane
14: pMGES500+gRNA2+4+6+7.

2 3 4 5 6 7 9 10 11 12 13 14

Figure 18. Agarose gel electrophoresis of T7El assay performed on PCR of protoplast DNA
replicating HVERF-like and HVERF4. PCR products shown in Figure 17 were digested with T7EI.
Lane numbers correspond to those in Figure 17.
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2.3.2 The fluorescence-based reporter system

In order to confirm the functionality of the CRISPR/Cas vectors to be used for the
production of barley knockout mutants, a fluorescence-based reporter system was
used. To this end, barley protoplasts were isolated and co-transformed with a
CRISPR/Cas vector and a matching reporter vector (both vectors designed and
provided by Johannes Stuttmann, Institut fur Biologie/Genetik, Martin-Luther-

Universitat Halle (Saale)).

ATG+spacer N
pZmUbi pZmUbi

mVenus

(out of frame)

CRISPR/Cas
vector)

N

pZmUbi pZmUbi mVenus/
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Figure 19. Fluorescence-based CRISPR/Cas reporter system. Depicted are promoters and genes
encoding the fluorescent proteins mCherry and mVenus. Co-expression with a CRISPR/Cas vector
encoding the Cas9 protein and a gRNA targeting the spacer in the mVenus sequence leads to small
insertions or deletions in the spacer, bringing the mVVenus sequence back in frame.

The reporter vector contains the target or CRISPR/Cas reporter (see Figure 19). It
encodes mCherry under the control of the maize Ubiquitin promoter, which is a strong
promoter in barley. mCherry is expressed at a high level in protoplasts containing the
reporter vector and therefore serves as a marker for transformed cells. In addition, the
vector encodes an out-of-frame mVenus, also under control of the maize Ubiquitin
promoter. The mVenus sequence is brought out-of-frame due to the addition of a
variable spacer sequence between its first and second base triplet so that no functional
mVenus protein is expressed. Co-transformation of a matching CRISPR/Cas vector
leads to expression of the Cas9 protein and a gRNA targeting the mVenus spacer
sequence. The Cas9 protein will create double-strand breaks in the spacer sequence;
their repair will lead to small insertions or deletions in the spacer. In some cases (e.g.
a 1 bp deletion or 2 bp insertion), this will bring the mVenus sequence back in frame
so that functional mVenus protein is expressed and yellow fluorescence can be

detected (see Figure 19).
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A test of the fluorescence-based reporter system was performed using a target
sequence in the reporter vector that is not encoded in the barley genome, so that the
matching gRNA on the CRISPR/Cas vector would not lead to double-strand breaks in
the barley genome which might interfere with the assay. This gRNA was termed
control gRNA. In Figure 20, photos of the experiment are shown; in the upper panels,
mCherry fluorescence can be observed in all vector combinations containing the
reporter vector. This indicates successful transformation events and expression of
genes encoded on the vectors. The CRISPR/Cas vector does not encode a
fluorescent protein, therefore only autofluorescence of chloroplasts is visible. The
lower panels show mVenus fluorescence. No fluorescence was visible if either the
reporter or the CRISPR/Cas vector were transformed alone, indicating that the
frameshift in the mVenus sequence was not spontaneously reverted. mVenus
fluorescence was only observed if the guide sequence of the gRNA on the
CRISPR/Cas vector and the target sequence on the reporter vector were matching. If
a different CRIPSR/Cas vector with a gRNA not matching the target sequence was
used, no mVenus fluorescence was detected. Likewise, if a different reporter vector
with a target sequence not matching the gRNA was co-transformed, no mVenus
fluorescence was observed.

reporter vector 1 CRISPR/Cas reporter 1 + reporter 1+ reporter 2+
alone vector 1 alone CRISPR/Cas 1 CRISPR/Cas 2 CRISPR/Cas 1

Figure 20. Fluorescent reporter experiment in barley protoplasts. The upper panels show mCherry
fluorescence, the lower panels that of mVVenus in the same section. Protoplasts were transformed with
the vector(s) indicated above each column. Reporter vector 1 corresponds to pJOG541+527.1,
CRISPR/Cas vector 1 to pMGE527 (encoding the control gRNA), CRISPR/Cas vector 2 corresponds

to pMGES500+22+24, reporter vector 2 corresponds to pJOG541+24. Pictures were taken three days
after transformation.
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Yellow fluorescence was detected in barley protoplasts if they were transformed with
the correct combination of CRISPR/Cas and matching reporter vectors (Figure 20).
Thus, Cas9-induced mutations could be observed using the fluorescence-based
reporter system and the CRISPR/Cas vectors were functional in barley protoplasts.

Since the spacer sequence in the reporter vector is variable, the reporter system can
be used to compare the mutagenesis rates of different gRNAs. Using this technique,
it is possible to find the most efficient gRNA for a given target gene. This was done as
part of a bachelor thesis comparing CRISPR/Cas vectors with ten different gRNAs, all
targeting one or two of our barley target genes possibly involved in systemic resistance
(HVERF-like or/and HVERF4). In order to exclude variations due to varying
transformation rates, the same vector expressing the control gRNA was transformed
in each experiment. Negative controls with non-matching CRISPR/Cas and reporter
vectors were always included and displayed no mutations. The mutagenesis rates of
the different gRNAs showed marked differences, varying between circa 2 and 25%
(see Figure 21, experiments performed by Veronika Wolf). Since the vector backbone
was the same for all tested vectors containing the different gRNAs, the observed

differences in efficiency should be due to the different gRNA sequences.
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Figure 21. Mutation rates induced by different gRNAs. Protoplasts were transformed with
CRISPR/Cas vectors expressing different gRNAs plus the corresponding reporter vector. The mutation
rate was calculated as the percentage of mVenus-positive protoplasts among all transformed
protoplasts (mCherry-positive). At least 100 protoplasts were counted per gRNA. Error bars depict
standard error. The counting was repeated 3 times, except for gRNA 5, 7, and 8, which were counted
2 times. The control gRNA was tested 16 times. All experiments were done by Veronika Wolf.
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2.3.3 Mutation detection in transgenic barley

Meanwhile, some of the CRISPR/Cas constructs were used to generate stable
transgenic barley lines (Imani and Kogel, Justus-Liebig-University, Giel3en). Due to
problems with hygromycin selection, transgenic plants were generated without a

selecting agent and transgene presence was confirmed via PCR.

CRISPR/Cas vectors were designed to create two cut sites at a distance of 50-100 bp
between each other in the gene of interest. As noted above, this can result in the
deletion of the sequence between the cut sites and thereby facilitate the recognition
of mutations via PCR. Therefore, DNA from confirmed transgenics was used for PCR
around the CRISPR/Cas target sites. All PCRs yielded wild type-sized bands (see

Figure 22 and Figure 23), meaning no deletions were detected.
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Figure 22. PCR around the target sites in MLOC_60890 (WRKY38/1) of plants expressing gRNAs
33+35. Lane 1: negative control without DNA, lane 2: 1 kb plus gene ruler (Thermo Fisher Scientific,
bright bands correspond to 5000, 1500, and 500 bp), lane 3-16: transgenic lines, lane 17: 1 kb plus
gene ruler, lane 18: wild type DNA.

12345678 91011121314151617181920721

Figure 23. PCR around the target sites in MLOC_60890 (WRKY38/1) of plants expressing gRNAs
34+36. Lane 1-20: transgenic lines, lane 21: 1 kb plus gene ruler (Thermo Fisher Scientific, bright bands
correspond to 5000, 1500, and 500 bp).

Since it is possible that the desired mutation was not detected due to low abundance

of the 50-100 bp deletion variant, a T7EIl assay was performed to detect frameshift
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mutations (induced by one rather than two gRNAS). The PCR products shown above
(Figure 22 and Figure 23) were digested with T7EI, the reaction mixture was loaded
on a 2% agarose gel and the DNA fragments were separated via electrophoresis. Most
of the samples showed only one band, meaning there was no mutation detectable
(see Figure 24 and Figure 25). For one line expressing gRNAs 34 and 36, an additional
smaller band was visible, confirming the presence of a heterozygous mutation in the

target gene WRKY38/1 of this line (see Figure 25, marked with a white arrow).

123456 78 91011121314151617

Figure 24. T7El assay around the target sites in MLOC_60890 (WRKY38/1) of plants expressing
gRNAs 33+35. Lane 1: positive control, lane 2: negative control (wild type DNA), lane 3: 1 kb plus gene
ruler (Thermo Fisher Scientific, bright band corresponds to 500 bp), lane 4-17: transgenic lines.

123456789101112131415161718192021

Figure 25. T7El assay around the target sites in MLOC_60890 (WRKY38/1) of plants expressing
gRNAs 34+36. Lane 1-20: transgenic lines, lane 21: 1 kb plus gene ruler (Thermo Fisher Scientific,
bright band corresponds to 500 bp).

This line and all other, non-mutant To lines were self-fertilised to generate T1 seeds.
Ten T1 seeds of each To plant were sown and again tested for mutations via PCR and
T7EI assay. For none of these lines a variant with a deletion between two gRNA cut

sites was detected.

The descendants of the mutated To line all showed mutations in a T7EI assay, which
would not be expected for a heterozygous mutation, meaning that Cas9 was still active
and generating new mutations. Sequencing of the target gene revealed mostly biallelic
or homozygous mutations, which were most often insertions of 1 bp. Both types of
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mutations have the same effect with both alleles being mutated, the difference being
that in biallelic mutants both alleles show different mutations, while in homozygous
mutants, both alleles have the same mutation. In addition, different homozygous
mutations (i.e., either an insertion of T or G in both alleles) were observed, which
cannot be explained by Mendelian inheritance, meaning that new mutations were
created by an active Cas9. Consequently, all the lines with mutations had retained the
Cas9-containing transgene. Nevertheless, mutant lines for WRKY38/1 with both

alleles knocked-out have been generated in the T1 generation.

The descendants of the lines with constructs targeting other WRKY genes or ERFs
showed no mutations in the To generation. In the T1 generation, they behaved in one
of two ways. Either there were no mutations detectable in any of the descendants, or
all descendants had mutations. For ERF-like (MLOC_24530), the latter was the case.

All tested lines showed mutations, as visible after T7EI assay (Figure 26).

1 2 3 4 5 6 7 8 910 11 12 13 14 15

Figure 26. T7El assay around the target sites in MLOC_24530 (ERF-like) of plants expressing
gRNAs1+3. Upper gel: Lane 1-7 and 9-15: transgenic lines, lane 8: 100 bp gene ruler (Thermo Fisher
Scientific, bright band corresponds to 500 bp). Lower gel: Lane 1-7 and 9-14: transgenic lines, lane 8:
100 bp gene ruler (Thermo Fisher Scientific, bright band corresponds to 500 bp), lane 15: positive
control for T7El assay.

Interestingly, different mutations can be seen on the gel: While all lines had mutations

in the target of gRNA1 (shown by the presence of a 300 bp band), some lines had
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additional mutations in the target of gRNA3 (shown by the presence of a 240 bp band).
Five lines with a high probability of having mutations in both alleles were sequenced.
Of these, 4 lines were homozygous, all of them with an insertion of 1 bp, either T or A.
Since one of these lines had a second mutation downstream in the sequence that
might have brought the frameshift back in frame, only 3 lines were selected as
frameshift and knockout mutants. The Cas9-containing transgene was still present in
all lines. Nevertheless, homozygous mutants for ERF-like were created within one
generation from lines that had no mutations in To with a mutation rate of 200% from To
to Ta.

In conclusion, 7 wrky38/1 knockout lines were generated, 2 of them biallelic and 5 of
them homozygous. For ERF-like, 3 homozygous mutant lines were generated. For the
other target genes, either no transgenic plants were available carrying the
corresponding CRISPR/Cas constructs or more than 100 lines have been tested

negatively.

The mutant Tz lines have been cultivated to produce T2 seeds and phytopathological
experiments have been performed using plants grown from these seeds (experiments
were performed by Claudia Knappe). Results from these experiments are preliminary
and should be interpreted with caution, as the control seeds of wild type plants were
not produced under the same conditions as the mutant seeds. Therefore, seed batch
effects cannot be excluded.

Six wrky38/1 lines have been tested for Pip-induced resistance against Xtc (all
experiments were performed by Claudia Knappe). Of these lines, only one (#30)
mounted a Pip-induced resistance response to Xtc (Figure 27). Whereas the other five
mutants did not respond to Pip treatment with elevated resistance to Xtc, some of
these mutant lines appeared to have a higher basal resistance against Xtc as seen in
the titres after H20 control treatments. These experiments will be repeated to answer
the question if WRKY38/1 plays roles in basal and Pip-induced resistance against Xtc.
The Xtc titres in H20-treated plants were different in the mutants as compared to wild
type plants for three lines. The same titres in H2O-treated mutant plants also did not
always significantly differ from the Xtc titres in Pip-treated wild type plants.
Nevertheless, in five out of six mutant lines Pip did not induce a reduction in growth of

an Xtc inoculum. In summary, these preliminary data suggest that it is possible that
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WRKY38/1 contributes to, but is not essential for basal resistance and Pip-induced

resistance in barley.
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Figure 27. Xtc titres in Pip-treated transgenic barley lines mutated in WRKY38/1. Pip (or H20 as
a control) was applied by soil drench and 3 days later, plants were infected with Xtc using syringe
infiltration. Leaves were harvested to determine Xtc titres at 4 days after infection. Bars show results
from one preliminary experiment plus/minus standard deviation with 4-5 plants per treatment. Asterisks
above bar indicate statistically significant difference from the control treatment (ANOVA with Sidak’s
post-hoc test comparing H20-treated GP and mutant plants as well as H20 and Pip treatments of one
particular line; * P<0.05, ** P<0.005, *** P<0.0005). Experiments were performed by Claudia Knappe.

In summary, the CRISPR/Cas technique was successfully established in barley plants

and several knockout mutants were generated for the genes ERF-like and WRKY38/1.
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3 Discussion

3.1 Induced resistance in barley

3.1.1 Salicylic acid has differential effects on pathogens with different

lifestyles

The aim of this work was to report on the role of SA, Fol, AzA, and Pip on barley
defence against pathogens with different lifestyles. The four tested compounds are
involved in Arabidopsis SAR and known for inducing resistance to (hemi)biotrophic
pathogens in the model plant. In contrast, it has been reported that a local application
of SA does not induce systemic resistance to the hemibiotrophic bacterium Xtc in
barley (Dey et al. 2014). In order to find out if SA is involved in (systemic) defence

responses in barley, inoculations with two additional pathogens were performed.

Although a local application of SA did not affect growth of the hemibiotrophic bacterium
Xtc in the systemic tissue (Dey et al. 2014), the same treatment reduced disease
burden of the biotrophic fungal pathogen Bgh in the systemic leaves by approximately
50% (Figure 9). There might also be a local effect of SA on Bgh propagation, for which
a clear, but statistically insignificant trend was observed. Thus, SA might enhance the
resistance of barley to the powdery mildew pathogen Bgh. Similar to SA, its functional
analogue BTH does not affect barley resistance to Xtc (Dey et al. 2014), but induces
resistance to Bgh (Bel3er et al. 2000). Additionally, NPR1, the master regulator of SA
responses in Arabidopsis (Fu and Dong 2013; Klessig et al. 2018; Pajerowska-
Mukhtar et al. 2013), is important for barley defence responses against Bgh, but not
against Xtc (Dey et al. 2014), further supporting a possible role of SA in barley defence
against Bgh but not Xtc. Previous studies had reported only a minor effect on Bgh, if
any, after SA treatment of barley plants (Bel3er et al. 2000; Kogel et al. 1995). The
relatively robust effect of SA on systemic Bgh propagation in barley observed in this
study can have one or more of three reasons. First, the apparent difference in Bgh
burden between SA- and mock-treated plants might be exaggerated by the method
used for evaluation of the Bgh infections. While other studies count pustules (Bel3er
et al. 2000; Dey et al. 2014; Torres et al. 2017) or interaction sites (Delventhal et al.
2014; Jain et al. 2004), this study used the fluorescent dye DAF-FM DA to quantify

fungal material. It is known that barley produces NO as part of the plants early defence
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responses against Bgh (Prats et al. 2005). Additionally, at certain stages of its life cycle
the fungus itself produces NO (Prats et al. 2008). However, it seems unlikely that this
NO interferes with our quantification. The production of NO is very short-lived and
happens mostly in early defence responses and early life stages of Bgh, whereas in
this study, the fungus was stained with DAF-FM DA at 6 dpi, a relatively late stage of
the infection, at which time Bgh displays significant hyphal growth (Figure 7). Second,
previous studies used soil-drench treatment for SA application (Bel3er et al. 2000;
Kogel et al. 1995) while in this study, syringe-infiltration of leaves was used. Finally,
and perhaps most importantly, plant age differed between both prior and the current
studies. In Beler et al. (2000) and Kogel et al. (1995), seedlings of 5 or 7 days of age
were used while this study worked with 3-week-old plants. It is known that plant age
can positively affect plant resistance against Bgh (Lin and Edwards 1974). In support
of this hypothesis, robust effects of SA and the other tested compounds were observed
on Bgh propagation and Xtc growth in 3-week-old plants, but not in 2-week-old plants
(Wenig and Vlot, unpublished data). Comparing our data to those presented in (Bel3er
et al. 2000; Kogel et al. 1995), it is possible that SA more effectively enhances barley
resistance to Bgh if applied directly to the leaves rather than the soil and/or if applied

to 3-week-old rather than younger plants.

Although SA locally enhances the susceptibility of Arabidopsis plants to a necrotrophic
fungal pathogen (Spoel et al. 2007; Wittek et al. 2015), it had no effect on P. teres
lesion sizes either locally or systemically in barley (Figure 10 and Supplemental Figure
1). Thus, the trade-off between plant defence responses to biotrophic and necrotrophic
pathogens that is observed in Arabidopsis does not appear to influence growth of the

necrotrophic fungus in SA-treated barley plants.

In summary, SA appears to induce systemic resistance against Bgh in barley but likely
does not contribute to resistance against Xtc or P. teres.

3.1.2 Folic acid has differential effects against bacteria and fungi with similar
lifestyles

Fol application is known to induce local and systemic resistance to hemibiotrophic

bacteria in Arabidopsis (Wittek et al. 2015). This effect is dependent on SA

biosynthesis and signalling and on the SAR-associated compound G3P. Similar to SA,

Fol application triggers local susceptibility to necrotrophic A. brassicicola (Wittek et al.
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2015). Here, barley was infiltrated or sprayed with Fol and the effects on local and

systemic propagation of bacterial and fungal barley pathogens were monitored.

In contrast to SA, Fol application enhanced barley susceptibility to Xtc both
systemically and to a lesser extent also in the local treated tissue (Figure 5 and Figure
6). In Arabidopsis, Fol enhances resistance, probably through the SA pathway (Wittek
et al. 2015). SA and Fol differentially affected Xtc growth in barley, which was not
affected by SA (Dey et al. 2014) and was enhanced (rather than reduced) by Fol. It is
conceivable that Xtc can take up Fol, which is a precursor of compounds needed for
nucleotide biosynthesis (Schnell et al. 2004). Such supplementation could directly
enhance bacterial growth, mimicking the induction of plant susceptibility. However,
because the effect of Fol application on Xtc growth was stronger in the systemic
compared to the local, treated tissue (Figure 5 and Figure 6), the data argue in favour

of a Fol-induced effect on plant immunity or susceptibility.

Similar to SA, application of Fol enhanced barley resistance to Bgh both locally and
systemically but did not affect the response of the plants to P. teres (Figure 8, Figure
9, and Figure 10). Again, the effects of SA and Fol on Bgh propagation were more
pronounced in tissues that were systemic to site of SA/Fol treatment than in the treated
leaves themselves. Although direct effects of the compounds on fungal growth cannot
be excluded, the data argue in favour of SA- and Fol-induced plant defence
mechanisms affecting Bgh propagation in barley. Importantly, Fol-related compounds
can promote plant yield (Song et al. 2013), whereas SA causes cell death at high
concentrations (Klessig et al. 2018; Miura and Tada 2014). Thus, although adverse
effects on barley susceptibility to hemibiotrophic bacteria such as Xtc should be
considered, Fol could be used as an alternative to SA or BTH (Bel3er et al. 2000) to
enhance the resistance of barley to the economically relevant powdery mildew

pathogen Bgh.

3.1.3 Azelaic acid moderately affects barley defence responses

Application of AzA to Arabidopsis confers local and systemic resistance to
hemibiotrophic bacteria (Cecchini et al. 2015; Jung et al. 2009; Yu et al. 2013). AzA
primes Arabidopsis to accumulate higher SA levels more quickly after a subsequent
infection (Jung et al. 2009). Similar to Fol-induced responses in Arabidopsis (Wittek et
al. 2015), AzA-mediated SAR depends on SA (Jung et al. 2009). In the course of this
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project, it was found that AzA influences pathogen propagation in barley very similarly
to Fol. Whereas Fol locally and systemically enhanced Xtc growth, AzA did the same
only in the local treated tissue and not systemically (Figure 5B and Figure 6).
Nevertheless, this similarity in the effects of Fol and AzA on barley susceptibility to Xtc
argues for a possible interference of these compounds with the barley defence
response to Xtc rather than for direct effects of either compound on bacterial growth.
Furthermore, in contrast to its effect on Xtc growth, AzA reduced Bgh propagation
systemically but not locally (Figure 9). In this case, the systemic response induced by
AzA is similar to the responses induced by SA and Fol, which also appear to induce
systemic resistance to Bgh. Similar to SA and Fol, AzA application did not have an
influence on fungal growth of P. teres (Figure 10 and Supplemental Figure 1), neither

in local treated nor in systemic tissues.

In Arabidopsis, SAR appears to be regulated by two parallel signalling pathways that
are interdependent. One of these pathways depends on SA, the other one on AzA,
G3P, ROS, NO, and Pip (Gao et al. 2015; Wang et al. 2018; Wendehenne et al. 2014).
While the SA pathway seems to be effective in barley at least against Bgh (Bel3er et
al. 2000 and Figure 9), the function of the other pathway, if existent in barley, is still
unclear. Since SA did not affect barley resistance to Xtc while both Fol and to a minor
extent AzA enhanced susceptibility rather than immunity to this hemibiotrophic
pathogen, it is possible that Fol and AzA influenced an SA-independent immune
pathway. Such a pathway might rely on JA and/or ABA, which are positively
associated with barley defence against Xtc (Dey et al. 2014).

Since AzA induced systemic resistance to Bgh (Figure 9) this SAR-associated
compound might well be an active defence compound in barley. Also, it cannot be
excluded that the associated SAR pathway introduced above as the Pip, NO, ROS,
AzA, and G3P pathway exists and is functional in barley (Wang et al. 2018;
Wendehenne et al. 2014). In support of this hypothesis, AzA can be found in extracts
of barley leaves and its accumulation is induced after pathogen inoculation (Bauer,
Dey, Knappe, Lange, and Vlot; unpublished results). Factors required for AzA function
in Arabidopsis are (1) the lipid transfer proteins AZI1 and DIR1 and (2) G3P
accumulation (Jung et al. 2009; Yu et al. 2013; Cecchini et al. 2015). The barley
genome encodes several lipid transfer proteins (Molina et al. 1993). Some of them are

involved in systemic resistance induced by application of non-pathogenic
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Pseudomonas fluorescens to barley roots (Petti et al. 2010) while others were shown
to directly inhibit growth of bacterial and fungal pathogens (Molina et al. 1993). A
BLAST search for AZI1 and DIR1 homologues in barley identified no obvious
homology candidates. Homology was restricted to the lipid transfer domain found in
both proteins. To (2), not much is known about the role of G3P in barley, but in wheat,
it has been observed that G3P levels rise after infection with Puccinia striiformis and
Blumeria graminis f. sp. tritici (Li et al. 2016; Yang et al. 2013). Therefore, a function
of G3P in defence responses of wheat is possible. If this were also the case for the
related species barley, it would further support the hypothesis that the Pip, NO, ROS,
AzA, and G3P pathway (Wang et al. 2018; Wendehenne et al. 2014) of SAR exists in
barley.

3.1.4 Pipecolic acid induces resistance against biotrophic pathogens and

might induce processes similar to those induced in Arabidopsis

PEX of barley infiltrated with Psj increased PR1 expression when infiltrated into leaves
of Arabidopsis (Supplemental Figure 2, experiments performed by Claudia Knappe).
This data suggests that both plant species share common signals in defence induction.
It is possible that these signals are associated with SA signalling, the hallmark
phytohormone associated with SAR in Arabidopsis (Klessig et al. 2018; Vernooij et al.
1994; Vot et al. 2009). It has already been shown that SA induces the resistance of
barley against Bgh and it was shown here that Psj-induced systemic resistance also
acts against Bgh (Figure 12A-C; Bel3er et al. 2000; Kogel et al. 1995; Lenk et al. 2018).
However, Psj neither enhances SA accumulation in barley nor is the resulting systemic
immunity against Xtc dependent on HYNPR1 (Dey et al. 2014). In addition, SA did not
enhance the resistance of barley against Xtc, while Fol and AzA appeared to raise the
susceptibility of barley to Xtc (Dey et al. 2014; Figure 5 and Figure 6). Therefore, it
seems logical that signalling components other than SA are induced during Psj-
triggered systemic immunity in barley. Here, it was shown that these signalling

components might include Pip.

Pip application to barley induced resistance to the hemibiotrophic bacterium Xtc
(Figure 11), comparable to resistance induction in Arabidopsis to Pseudomonas
syringae pv. maculicola (Navarova et al. 2012; Wang et al. 2018). Since Pip
(1) phenocopies the effect of a Psj pre-treatment inducing resistance against Xtc and

(2) accumulates after infection with Psj, it might be an important signalling molecule
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also during barley SAR. The role of Pip in induced resistance of barley was further
studied using inoculations with additional pathogens. Resistance to Bgh was triggered
by pre-treatment with Psj as well as Pip (Figure 12). Thus, Pip-induced resistance is
functional in barley against the biotrophic fungus Bgh. The data further suggest that

bacteria-induced resistance against Bgh might be associated with Pip.

Psj- and Pip-induced responses varied against the necrotrophic fungus P. teres. While
Psj induced systemic susceptibility, an application of Pip did not significantly change
the size of lesions caused by P. teres (Figure 13). In Arabidopsis, pre-treatment with
Pseudomonas syringae pv. tomato, SA, or Fol induces local, but not systemic
susceptibility against necrotrophic A. brassicicola (Spoel et al. 2007; Wittek et al.
2015). This happens due to negative crosstalk between SA and JA, with P. syringae
pv. tomato-induced SA inhibiting JA-mediated defence against A. brassicicola.
Apparently, the SA level in systemic tissues of Arabidopsis is not sufficient to down-
regulate JA signalling (Spoel et al. 2007). In barley on the other hand, there seem to
be changes in the systemic leaves after Psj infection that enhance P. teres growth
(Figure 13A), suggesting antagonistic effects of Psj on systemic responses of barley
to biotrophic and necrotrophic pathogens. Such antagonistic cross talk between
defence responses against biotrophic and necrotrophic pathogens has previously
been observed. Barley plants with a mutation in Mlo are completely resistant to the
biotrophic fungus Bgh (Blschges et al. 1997). At the same time, mlo plants display
increased susceptibility to necrotrophic Fusarium graminearum (Jansen et al. 2005b).
In addition, infiltration of mlo plants with culture filtrates from necrotrophic
Bipolaris sorokiniana resulted in increased symptoms and necrosis, which was
correlated with increased H20:2 levels (Kumar et al. 2001). Increased accumulation of
H202, in turn, has been linked to increased resistance to Bgh (Huckelhoven et al.
1999). Therefore, it is possible that H202 accumulation is associated with both
enhanced resistance to biotrophic pathogens and enhanced susceptibility to
necrotrophic pathogens in barley. It would be of interest to study the H20:2 levels after
treatment of barley with Psj or Pip. If H202 or other ROS accumulate, this would be an
additional hint at the presence and functionality of the Pip, NO, ROS, AzA, and G3P
pathway of SAR in barley (Wang et al. 2018; Wendehenne et al. 2014).

Interestingly, enhanced P. teres growth after a local Psj infection was independent of

Pip, since Pip did not significantly affect the size of necrosis and chlorosis. If at all, Pip
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might reduce the size of P. teres lesions rather than increasing them, but this trend
was not significant across multiple biologically independent experiments (Figure 13B).
Nevertheless, additional signals other than Pip might be released after Psj inoculation
and move systemically to affect defence against P. teres. Because SA and AzA
applications did not affect the size of P. teres lesions on barley (Figure 10 and
Supplemental Figure 1), it does not seem likely that these signalling compounds are
involved in Psj-induced susceptibility to P. teres. Because ABA and MeJA applications
similarly to Psj induce resistance in barley to Xtc accompanied with enhanced
expression of ERF and WRKY transcription factors (Dey et al. 2014), it seemed
possible that these compounds are also involved in Psj-induced susceptibility to P.
teres. However, the application of ABA or MeJA did not induce susceptibility to P. teres
when applied at the same concentrations that induce resistance against Xtc (Dey et
al. 2014; Supplemental Figure 3). It is possible that either other concentrations are
needed or several compounds need to work in concert during Psj-induced
susceptibility to P. teres. Alternatively, different compounds not yet identified might

have caused the increased size of P. teres lesions.

Although Pip might be associated with Psj-induced resistance against Xtc and Bgh, it
did not induce the same transcription factors that inoculation with Psj activates. A set
of four ERF and WRKY transcriptions factor transcripts is induced during Psj-induced
immunity and also by application of ABA and MeJA (Dey et al. 2014). The same
transcription factors were analysed after Pip application. Pip had no significant
influence on the expression of the SAR-responsive transcription factors (Figure 14).
Since single experiments showed inconclusive up- as well as downregulation of
genes, a slight effect cannot be completely excluded. It is also possible that Pip works
via a different set of genes altogether, or that Pip induces a segment of SAR-
responsive genes that is not yet known. In Arabidopsis, Pip also does not induce a
large number of genes compared to an infection with bacteria for resistance induction
(Hartmann et al. 2018; Wang et al. 2018). A similar case has been described for barley
and the root colonizing fungus Piriformospora indica. P. indica induces tolerance to
salt stress as well as resistance to Bgh and F. culmorum (Waller et al. 2005), but only
induces very subtle expression changes in a small number of genes (Molitor et al.
2011; Waller et al. 2008). This transcriptional change becomes stronger after a
challenge infection with Bgh, as P. indica-inoculated plants show an earlier and faster
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induction of defence gene expression (Molitor et al. 2011; Waller et al. 2008).
Therefore, P. indica inoculation seems to resemble induced systemic resistance (ISR),
a process in which non-pathogenic rhizobacteria confer resistance to aerial plant parts
(Pieterse et al. 2014; van Loon et al. 1998). ISR is characterised by a low number of
differentially regulated genes in the non-challenged state, but prepares the plant to
better combat a subsequent infection, seen in a faster induction of gene expression
(Pieterse et al. 2014; Verhagen et al. 2004). Therefore, ISR is another example for
priming in addition to SAR (Gamir et al. 2014; Gourbal et al. 2018; Hilker et al. 2016;
Pieterse et al. 2014).

Pip plays a crucial role in priming of plants during SAR (Zeier 2013). Priming of
defence mechanisms such as the accumulation of camalexin or the up-regulation of
defence-related transcripts during SAR is completely abolished in ald1 plants defective
in Pip biosynthesis (Bernsdorff et al. 2016; Navarova et al. 2012). Furthermore, the
exogenous application of Pip also primes plants for quicker and more efficient defence
activation, such as camalexin and transcript accumulation, which resembles priming
during SAR (Bernsdorff et al. 2016; Navarova et al. 2012). PR1 transcript
accumulation, for example, does not appear to be robustly induced by Pip, but its
accumulation is exaggerated in response to infection if the plants had been
treated/’primed’ with Pip before the infection (Bernsdorff et al. 2016; Navarova et al.
2012). SA is required in addition to Pip for full establishment of priming during SAR
(Bernsdorff et al. 2016). Although Pip differentially regulates a much lower number of
genes compared to a SAR-inducing infection, it up- and down-regulates mainly genes
that are also up- and down-regulated during SAR (Hartmann et al. 2018; Wang et al.
2018). Considering the relatively low number of gene expression changes induced by
Pip application to Arabidopsis and the findings that Pip primes rather than induces
PR1 transcript accumulation, it is possible that Pip induces relatively few gene

expression changes in barley as well.

This study uncovered several parallels between induced resistance in Arabidopsis and
barley. Therefore, it would be interesting to compare transcriptional responses of
barley to known SAR and Pip-responsive genes in Arabidopsis, although it might prove
difficult to find the correct homologous genes in barley. For treatments with Pip, it might
also be advantageous to monitor differential expression after the challenge infection,

since Pip is a priming agent and does not have a strong impact on gene expression
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before the infection, but rather amplifies transcriptional changes afterwards
(Bernsdorff et al. 2016; Navarova et al. 2012).

Since it has recently been shown in Arabidopsis that Pip induces resistance via
accumulation of NO (Wang et al. 2018), it was tested if this is also the case in barley.
The data suggest that that soil-drench application of Pip induces NO accumulation in
barley leaves (Figure 15). This draws an interesting parallel between Arabidopsis and
barley. Other molecular mechanisms induced by Pip in Arabidopsis are ROS, AzA,
and G3P (see above, and Wang et al. 2018). Similarly to Pip, accumulation of AzA is
induced after inoculation of barley leaves with Psj (Bauer, Dey, Knappe, Lange, and
Vlot; unpublished results). Therefore, two of the compounds that Pip induces in
Arabidopsis, NO and AzA (Wang et al. 2018), are induced in barley either after
inoculation (AzA) or Pip application (NO). Although the data do not allow conclusions
on direct signalling connections between these compounds, the findings from this work
that Pip enhances NO accumulation and immunity in barley against (hemi)biotrophic
pathogens provide further support to the hypothesis postulated above that the Pip,
NO, ROS, AzA, and G3P pathway exists in barley and is active in systemic immunity.
It would be interesting to also investigate the other Arabidopsis signals in this pathway,
i.e. NO, ROS, AzA, and G3P, both after Psj infection and after Pip application in barley
and do a time-course analysis to see in which order the different compounds

accumulate.

In Arabidopsis, Pip is further converted by FMOL to its active form NHP (Chen et al.
2018; Hartmann et al. 2018). Whether this is also the case for barley has not been
investigated yet. According to a BLAST search, the barley genome encodes several
proteins with similarity to Arabidopsis FMOL1. Therefore, it is possible that Pip is
converted to NHP in barley, as is the case in Arabidopsis (Chen et al. 2018; Hartmann
et al. 2018). It would be interesting to see if barley plants produce NHP and react to
its application by defence activation, which would uncover further parallels in induced
resistance between model and crop plants.

Taken together, whereas Pip and bacteria-induced (systemic) resistance might differ
in the genes activated for defence induction, Pip induces NO accumulation in barley
leaves, which is one of the proposed molecular mechanisms by which Pip confers

resistance in Arabidopsis (Wang et al. 2018).
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3.1.5 Parallels and differences of induced defence mechanisms between

Arabidopsis and barley

Taking all data together, induced resistance in barley to Xtc seems only partially similar
to induced defence responses in Arabidopsis. The compounds SA and AzA, which
induce resistance in Arabidopsis to hemibiotrophic bacteria (Breitenbach et al. 2014;
Jung et al. 2009), did not affect systemic defence against Xtc in barley (Dey et al. 2014
and Figure 5). Fol, another compound inducing resistance in Arabidopsis (Wittek et al.
2015), even induced systemic susceptibility to Xtc (Figure 5). Conversely, Pip induced
resistance to Xtc (Figure 11), similar to its effect in Arabidopsis (Navarova et al. 2012;
Wang et al. 2018). Therefore, it seems that the SA-dependent SAR pathway might not
function in defence against Xtc. It is possible that the Pip, NO, ROS, AzA, and G3P
pathway (Wang et al. 2018; Wendehenne et al. 2014) is involved in induced resistance
against Xtc. This is not only supported by Pip application inducing resistance to Xtc
(Figure 11) but also by Pip accumulation after Psj inoculation (Bauer, Dey, Knappe,
Lange, and Vlot; unpublished results), suggesting that Pip is naturally involved in
induced resistance responses of barley. Pip accumulation after inoculation is also
observed in Arabidopsis (Navarova et al. 2012). In addition, Pip application induced
NO accumulation in barley (Figure 15), a response also seen in Arabidopsis (Wang et
al. 2018). AzA, another compound involved in the same pathway, accumulated after
inoculation of barley with Psj (Bauer, Dey, Knappe, Lange, and Vlot; unpublished
results). Since three players of the Pip, NO, ROS, AzA, and G3P pathway (Wang et
al. 2018; Wendehenne et al. 2014), namely Pip, NO, and AzA accumulate in barley,
either after inoculation or Pip application, this provides a strong hint that this pathway

exists in barley and is functional in resistance induction.

Furthermore, systemic resistance in barley to the biotrophic fungus Bgh was induced
by the application of the SAR-related compounds SA, Fol, AzA, and Pip, respectively
(Figure 8, Figure 9, and Figure 12). These responses closely resemble induced
resistance in Arabidopsis (Breitenbach et al. 2014; Jung et al. 2009; Navarova et al.
2012; Wittek et al. 2015). Consequently, it is possible that both SAR pathways exist in
barley and might function in defence against Bgh. Whether these two pathways truly
exist in barley can only be established with additional experiments, but the data
presented in this study provide strong hints for the presence and functionality of

induced resistance pathways from Arabidopsis in barley. In contrast, none of the
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compounds had an effect on growth of the necrotrophic fungus P. teres (Figure 10,

Figure 13, and Supplemental Figure 1).

In summary, there is evidence for transferability of knowledge concerning at least
some defence-related signalling pathways from the model plant Arabidopsis to the
cereal crop plant barley. Transferability depends, as so often, on the exact compounds
and pathogens of interest. Defence against Bgh had most parallels to induced
resistance of Arabidopsis; in defence against Xtc, the SA branch of SAR might not be
functional. In addition, the resistance-inducing mechanism of Pip by induction of NO
accumulation seems to occur in both plant species (Wang et al. 2018). Importantly,
the data show that Fol- and AzA-induced resistance is a double-edged sword that can
at the same time induce resistance and susceptibility against different pathogens (Bgh
and Xtc), similar to what has been shown in Arabidopsis with SA and Fol (Spoel et al.
2007; Wittek et al. 2015). In addition, Fol and AzA differentially influence the responses
of Arabidopsis and barley to host-adapted hemibiotrophic bacterial pathogens.
Conversely, Pip induced resistance against both Xtc and Bgh. Therefore, Pip might be

an interesting candidate compound for chemically-induced plant protection.

3.2 Establishment of the CRISPR/Cas technique in barley

3.2.1 CRISPR/Cas in protoplasts
CRISPR/Cas vectors were cloned targeting ERF and WRKY genes potentially related

to SAR-like resistance in barley in order to create knockout mutants. No mutations
were detected in DNA isolated from transformed barley protoplasts (Figure 17 and
Figure 18). This might be caused by the presence of many different mutations in the
protoplast DNA, so that no single mutation existed at a number high enough for

detection.

Therefore, a fluorescence-based reporter system was used to show that the vectors
are functional in barley protoplasts, which was proven by the presence of mVenus-
positive protoplasts (Figure 20). These can only occur if the out-of-frame mVenus
sequence in the reporter vector has been mutated to bring mVenus back in frame
(Figure 19), indicating Cas9-induced mutations. Similar reporter systems have been
published for other plant species (Jiang et al. 2014; Mao et al. 2013; Ordon et al. 2017)

or human cells (Hgjland Knudsen et al. 2018; Ramakrishna et al. 2014).
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Mutagenesis rates were shown to vary widely for the tested gRNAs (Figure 21).
gRNADb5, displaying the lowest mutation efficiency (about 2%), contained the highest
number of possible consecutive base pair formations (6) within the guide region
(variable region) of the gRNA (Supplemental Table 2). This means that the 20 bp-long
guide sequence can partially pair with itself and/or with the conserved gRNA scaffold
(80 bp) (Supplemental Figure 4). The guide region is responsible for double-strand
break initiation by forming a DNA/RNA heteroduplex with the target DNA (Jinek et al.
2012). However, if the guide region has many consecutive interactions with other
gRNA base pairs, it might form a quite stable hairpin, which prevents DNA/RNA
hybridisation, so that a lower number of double-strand breaks is formed. Alternatively,
the interaction between the gRNA and Cas9 might be destabilised by a change in the
secondary structure of the gRNA. In support of this hypothesis, it has been shown that
gRNA structure has an impact on the mutation rate of Cas9 (Thyme et al. 2016; Xu et
al. 2017). The gRNAs with the lowest number of base pairings (2) in the guide region,
gRNA9 and gRNA10 belonged to the gRNAs with higher mutation efficiencies. On the
other hand, gRNA6 and gRNA7 also induced high mutation rates, but have a medium
number of base pairings (4). gRNA3, which also supports 4 base pairings in the guide
region, showed a much lower mutation rate. This suggests that the number of base
pairings in the guide region of the gRNA can be an indicator for mutagenesis efficiency,
but only for “higher” numbers of base pairings indicating lower mutagenesis
efficiencies, with about 6 pairings being the threshold. Lower numbers of base pairings
do not correlate well with mutagenesis efficiency. Interestingly, the same result has
been found by Liang et al. 2016 and Ma et al. 2015, both stating that 6 or more base
pairs in the guide region of a gRNA will lead to the gRNA being inefficient. Additional
rules and guidelines for design of efficient gRNAs have been established in human or
animal cells (Doench et al. 2014, 2016; Liu et al. 2016; Xu et al. 2015). Unfortunately,
it seems that these rules do not apply in plants, since previous studies found no strict
correlation between predicted and in planta activity of gRNAs (Johnson et al. 2015;
Ordon et al. 2017).

For the two gRNAs, for which both protoplast and plant data are available, the
mutagenesis rates calculated from the protoplast experiments (Figure 21) reflected
the mutagenesis rates seen in stably transformed barley plants (Figure 26). In Ta, all

of the tested plant lines had mutations at the target site of gRNAL, but only a small



55 Discussion

proportion of the lines had a mutation in the target site of gRNA3 (4 out of 27). A similar
pattern could be seen in the fluorescent reporter system (Figure 21), with gRNA1
having a higher mutation rate than gRNA3 (18% versus 7%). Interestingly, gRNA1
was not among the most efficient gRNAs in protoplast experiments although in stable
plants, it reached a mutation rate of 100% from the To to the T1 generation. This shows
that mutation rates calculated from protoplast experiments underestimate the actual
mutation frequency. First of all, the fluorescence-based reporter system can only
display certain mutation events: All mutations that do not restore the frame of the
mVenus sequence are invisible. Second, CRISPR/Cas-generated mutations
accumulate with time (Brinkman et al. 2018). In stably transformed plants, there is
more time for Cas9 to induce mutations (several weeks) and therefore mutations will
accumulate over this period of time, whereas protoplasts were inspected after 2 to 3
days, which is far less time to accumulate mutations. In summary, one should not
dismiss a gRNA with a low mutation frequency in protoplasts, because its actual rate
of mutation induction might be much higher. Still, the protoplast experiments can help
to choose the most efficient among a group of gRNAs and are a simple and quick tool
to do so. The fluorescence-based reporter system used in this work can be applied in
other monocot species (e.g. maize or wheat) and with a few changes in dicots as well.
In plants more amenable to Agrobacterium-mediated transformation, the fluorescent
reporter system can be simplified and used without protoplasts, by infiltration of
Agrobacterium carrying the CRISPR/Cas and reporter constructs into plant leaves
(Jiang et al. 2013).

3.2.2 CRISPR/Cas in stable transgenic lines

The CRISPR/Cas vectors targeting ERF and WRKY genes were used for the
generation of stable barley knockout mutants (Jafargholi Imani and Karl-Heinz Kogel,
Justus-Liebig-Universitat, GielRen). A first batch of plants expressing gRNAs to
knockout WRKY38/1 was tested for mutations in the target sequence. The desired
Cas9-induced deletions of 50-100 bp could not be proven via PCR, probably because
this is a very rare event. In order to find smaller mutations like frameshifts, a T7EI
assay was employed. One To line with a heterozygous mutation in the target sequence
of WRKY38/1 was detected (Figure 25), showing that the CRISPR/Cas vectors were
active in barley plants. More lines with additional mutations in WRKY38/1 were found

in the T1 generation, showing that the Cas9 protein and gRNAs were constantly
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expressed from the transgene. This means that mutations should accumulate with
proceeding plant age and generation. Indeed, for CRISPR/Cas in Arabidopsis, PCR-
detectable deletions became more frequent from one generation to the next (Ordon et
al. 2017). In a recent publication, a low number of deletion events (6.7%) between two
gRNA target sites was observed in barley Ti plants (Kapusi et al. 2017). In the same
publication, a mutation rate of 78% was reported in the To generation. Since our
mutation rates were much lower (1 line out of 69, corresponding to circa 1.4%), the
number of deletion events between two gRNA target sites will be lower as well,
explaining why none were detected in the course of this work. In comparison to the
three publications studying CRISPR/Cas in barley, the mutation rates achieved in this
work were lower. Published mutation rates in To were reported to be 10 or 23%
(Lawrenson et al. 2015), 78% (Kapusi et al. 2017), and 77% (Kumar et al. 2018),
respectively. This may be due to differences in the vectors encoding the CRISPR/Cas
components. All systems, including ours, use the maize Ubiquitin promoter to drive
expression of Streptococcus pyogenes Cas9. Kapusi et al. (2017) is the only study
working with a wild type Cas9; in the other publications and in this work, Cas9 with
human codon usage was used. This might have had an effect on mutagenesis, since
the mutation rates reported by Kapusi et al. (2017) are the highest of all publications
(78%), although the human Cas9 sequence used by Kumar et al. (2018) reached a
mutation rate of 77% as well. Another study reported similar mutagenesis efficiencies
of Cas9 optimised for either Arabidopsis or human codon usage in Nicotiana
benthamiana leaves (Johnson et al. 2015). Therefore, the use of a human Cas9 in
plants does not seem disadvantageous. Other differences between the CRISPR/Cas
systems in barley include the gRNAs themselves and the promoters driving their
expression. Unfortunately, Kapusi et al. (2017) did not specify the gRNA scaffold
sequence they used. Lawrenson et al. (2015) and Kumar et al. (2018) used the same
gRNA scaffold as this work. The biggest difference lies in the promoters that were
used to drive gRNA expression: Lawrenson et al. (2015) used the U6 promoter from
wheat, producing the lowest mutation rates of the three publications. Kapusi et al.
(2017) used the rice U6 promoter and achieved very high mutation rates. Interestingly,
the same promoter was used in this work, albeit with a much lower mutagenesis
efficiency. Thus, there must be additional factors influencing the mutation rate, for
example the choice of the target DNA and therefore the variable part of the gRNA.

Kumar et al. (2018) optimised the vectors used in this work for mutagenesis of barley.
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After identification of the barley U3 promoter, they proved that it is expressed at a
higher level than the rice U3 promoter. The CRISPR/Cas vector system with the barley
U3 promoter produced 77% mutant lines in the To generation, some of them already
biallelic loss-of-function lines. In the T1 generation, the barley promoter variety reached
a mutation rate of 100%, while the vector system relying on the rice U3 promoter only
showed 70% efficiency. Due to the high mutation efficiency of the construct encoding
the barley U3 promoter, homozygous and Cas9-free plants were generated already in
the Ti generation, making this vector system a promising candidate for further

mutagenesis projects in barley.

Several T1 lines were detected with mutations in ERF-like whose progenitor To lines
did not show mutations (Figure 26). Interestingly, all of the T lines tested showed
mutations, indicating a strong increase in CRISPR/Cas9 efficiency. These lines also
showed a phenotype during cultivation with a prolonged vegetative growth phase and
low seed production. Therefore, it is possible that ERF-like plays a role in the
reproductive phase of barley, which limits reproduction and seed production in the

knockout mutant.

The stable T1 barley mutants generated in this study were grown for seed production,
and T2 seeds were generated. T2 plants will be tested again for the presence of
mutations, although in theory, all should have either homozygous or biallelic mutations
according to Mendelian inheritance. In homozygous or biallelic T2 mutants, it will be
evaluated if the Cas9-containing transgene is still present. Cas9 stays active over the
course of generations and continues to produce double-strand breaks and mutations.
Therefore, and because Cas9 allows for some mismatches between the gRNA and
the target DNA sequence, mutations in DNA regions other than the target DNA could
arise and accumulate. These so-called off-target mutations are undesirable, which is
why Cas9 should be segregated out after having done its ‘target’ job. If the T1 plants
were heterozygous for the Cas9-containing transgene and if the transgene has only
integrated into the genome once, it should be feasible to segregate out the Cas9-
containing transgene. Therefore, transgene-free homozygous or biallelic knockout

mutants will be selected in the T2 generation.

The results of experiments performed with the knockout mutants are very preliminary
and therefore to be interpreted with caution (Figure 27, experiments performed by

Claudia Knappe). Only 1 out of 6 mutant lines responded to Pip treatment with
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enhanced resistance to Xtc; in the other 5 lines, Pip did not affect growth of Xtc (Figure
27). Notably, some of the mutant lines showed increased basal resistance with
reduced Xtc titres in H2O-treated control plants, which could be caused either by
differences in how well the mutants can be infiltrated or by an increased resistance
against Xtc. The experiments should be repeated and Xtc growth curves should be
generated including in planta Xtc titre determinations on the day of the infiltration to
exclude an infiltration effect. Nevertheless, the preliminary data suggest that
WRKY38/1 might contribute to Pip-induced and possibly basal resistance in barley.
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4 Outlook

4.1 Induced resistance in barley

Chemically induced resistance is an interesting mechanism of plant protection that
exploits the plant’s own defence capacities. This poses an advantage over pesticides,
which simply kill phytopathogens but can also have harmful side effects on other
organisms. Several chemical compounds known from SAR in Arabidopsis, namely SA,
Fol, AzA, and Pip, were used in this work and shown to be partially effective in barley
defence against Xtc and/or Bgh. It would be interesting to find out how these
compounds unfold their function in barley and what signalling pathways are employed
against the different pathogens. Especially for Pip, quite detailed knowledge about
molecular mechanisms and their sequence of action is known from Arabidopsis.
Therefore, it should be investigated if the mechanisms induced, the sequence of
signals, and the genes expressed after Pip application to barley resemble that in
Arabidopsis. In order to find barley genes that are induced by Pip application and lead
to resistance, RNA sequencing is the method of choice. Results should uncover
transferability of well-researched induced resistance mechanisms from model to crop

plants and help to protect the latter from pathogens, thereby minimising crop yield loss.

A lot of work remains to be done until resistance-inducing compounds like Fol or Pip
can be used in agronomy. First, it is important to investigate if the induction of defence
has a cost for the plant. In crop plants, this could manifest as yield loss due to
allocation of resources to defence instead of growth (Huot et al. 2014). Interestingly,
this was not the case for a precursor of Fol applied to pepper plants. In this case, the
SA analogue BTH induced yield loss, whereas the folate precursor was shown to even
enhance vyield (Song et al. 2013), which makes Fol an interesting candidate for
induced resistance in crop plants. Second, it should be investigated if the protection
of crop plants from one pathogen via induced resistance leaves them vulnerable to
other pathogens. In this work, this was the case for Fol, which induced resistance to
Bgh but susceptibility to Xtc. Therefore, any promising compound inducing resistance
to a certain pathogen should be tested against several other pathogens of the same
host in order to be sure that no detrimental consequences exist. Finally, investigations

need to be made if chemically-induced resistance is feasible in crop plants. Points to
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be addressed are e.g. the level of protection provided, the duration of the protective
effect, the number of necessary reapplications, the costs of application, and the

feasibility of large-scale production of the compound in question.

4.2 CRISPR/Cas in barley

Although CRISPR/Cas is widely used for genome-editing of plants, gRNA activity
prediction tools exist for animal systems (Doench et al. 2014, 2016), but not for plants
so far. Furthermore, there seems to be no strict correlation between predicted and in
planta activity (Ordon et al. 2017). Some rules for gRNA design in plants have been
established, but they are less extensive than their animal counterparts (Liang et al.
2016). Therefore, it would be interesting to continue using the reporter system
presented in this work for evaluation of gRNA efficiency, in particular in barley and
other cereal crops, trying to find a correlation between mutagenesis rates and certain
nucleotide motives or positions of the target sequence in the genome of barley. Since
many possible target sites for CRISPR/Cas can be found in one gene of interest, this
evaluation will be helpful to select the most efficient gRNA for a maximal number of
knockout mutants. This will also increase the number of deletion events between 2
gRNAs, thereby facilitating the detection of mutations by PCR. It would also be
interesting to test bigger target fragments in the reporter vector than the 20 bp used in
this work. This would help to determine if the region surrounding the target DNA has
an influence on the mutation rate of a certain gRNA. In order to use our fluorescent
reporter system to address these questions, it would be helpful to automate and
accelerate the evaluation. Different options for this are automated microscopy, use of

a plate reader, or flow cytometry.

As to the stable knockout lines, if new lines for the other candidate transcription factors
will be generated, this should be done using the optimised vectors with higher gRNA
expression and mutation efficiency (Kumar et al. 2018). In the meantime, there have
also been reports about Cas9 or Cas9-like enzymes that cause less off-target
mutations, which is also a very desirable trait for genome editing purposes (Kleinstiver
et al. 2016; Zaidi et al. 2017). Off-target mutations are mutations introduced by Cas9
at DNA regions other than the intended target. How frequent these are in plants is not

well-researched yet, since they are not always easy to find. Additional mutations can
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make analysis of phenotypes very difficult, since they might be (partially) caused by

an off-target mutation and not the on-target mutation.

The role of the mutagenized ERF and WRKY transcription factors during resistance of
barley should be further investigated in the near future. This could be done using the
knockout mutants generated in this project. Additional experiments are needed to
understand the role of the candidate ERFs and WRKYs in barley induced resistance.
First experiments using the SAR compound Pip are underway, but more experiments
using other SAR inducers could elucidate the effect of the genes in the signalling
pathways associated with each compound. In addition, the experiments could be
performed using different pathogens in order to see if the genes are involved in

pathogen-specific induced defence mechanisms.

It would also be interesting to investigate the role of ERF and WRKY transcription
factors in resistance of other plant species. These could be crop plants closely related
to barley, e.g. wheat. In addition, such crops could include dicotyledonous species,
since it was shown that induced resistance of barley and Arabidopsis share several
compounds and signalling pathways. For more distantly related plant species, it might
prove difficult to find orthologous genes due to diversification after the last common
ancestor of monocots and dicots. Indeed, for the sequences of HVERF-like, HVERF4,
and HVERF44411, similarities to Arabidopsis are mostly restricted to the conserved
AP2 DNA-binding domain and little or nothing of the rest of the sequence. For
HVWRKY38/1, the closest hit was AtWRKY40 with an identity of 36% and similarity of
49% of amino acids covering 97% of the sequence. This gene has been implied to be
involved in PAMP signalling (Birkenbihl et al. 2017). Therefore, it would be interesting

to investigate the role of AtWRKY40 in induced resistance of Arabidopsis.

In addition, more details about the ERFs and WRKY's should be investigated. First,
one important point would be to find the DNA targets and thus the genes regulated by
the transcription factors. In order to find these targets, either a DNA pulldown of naked
DNA or chromatin immunoprecipitation could be used. Second, it would be interesting
to see if the ERFs and WRKYSs are transcriptional activators or repressors. This could
be resolved using tools such as the protoplasts transactivation system, which relies
on transcription factors activating luciferase expression as a readout (Wehner et al.
2011). Third, transcription factors never work on their own, but in complexes of several

transcription factors and cofactors interacting with each other (Spitz and Furlong
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2012). Therefore, it would be interesting to find proteins interacting with the ERFs and
WRKYs investigated in this work. This could be done in a screening system such as

yeast two-hybrid or directly in planta by co-immunoprecipitation of interacting proteins.

Furthermore, CRISPR/Cas could be used in barley to create knockout mutants of
genes involved in induced defence signalling. Knockout mutants are readily available
and widely used in the model plant Arabidopsis in order to investigate if a certain gene
is involved in a certain process (O’Malley et al. 2015). Since in the course of this work,
many connections were made between induced resistance responses in barley and
Arabidopsis, it would be interesting to find barley genes homologous to Arabidopsis
SAR-related genes. Considering that best transferability seems to apply to the Pip,
NO, ROS, AzA, and G3P branch of SAR, genes involved in this pathway should be
mutagenised and examined for induced resistance responses (Chanda et al. 2011,
Ding et al. 2016; Hartmann et al. 2018; Navarova et al. 2012; Wang et al. 2014, 2018).
This could further confirm indications found in the course of this work that suggest

possible parallels between systemic defence signalling in Arabidopsis and barley.
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5 Material

5.1 Plants

Barley experiments were performed with cultivars Golden Promise (GP) and Barke.

Arabidopsis experiments were performed with ecotype Columbia-0 (Col-0).

5.2 Bacteria and fungi

Table 2. Bacteria and fungi used in this work.
Species Strain Source

Blumeria graminis f. sp.  Swiss field isolate  Dr. Patrick Schweizer (Leibniz-

hordei CHA4.8 Institut fir Pflanzengenetik und
Kulturpflanzenforschung,
Gatersleben, Germany)

Escherichia coli NEB5-alpha New England Biolabs (Ipswich,
USA)
DB3.1 Dr. Christian Lindermayr
Pseudomonas syringae LMG5659 Laboratory of Microbiology UGent
pv. japonica collection of the Belgian

Coordinated Collections of
Microorganisms

Pyrenophora teres Field isolate Gunther Bahnweg (Helmholtz
Zentrum Munchen, Neuherberg,
Germany)

Xanthomonas LMG7393 Laboratory of Microbiology UGent

translucens pv. cerealis collection of the Belgian

Coordinated Collections of
Microorganisms

5.3 Kits

Table 3. Kits used in this work.

Kit Company Application

illustra Plant DNA illustra/GE Healthcare, Nucleon Resin included in

extraction kit Phytopure (Buckinghamshire, UK) the kit was used for DNA
extraction

Nucleo spin plant II kit Macherey-Nagel (Duren,  DNA preparation from

Germany) protoplasts
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Kit Company

QIAGEN plasmid midi kit  QIAGEN (Hilden,
Germany)

Application

preparation of plasmid
DNA for protoplast
transformation

QIAprep spin miniprep kit  QIAGEN (Hilden, small scale preparation of

Germany) plasmid DNA
QIAquick gel extraction kit QIAGEN (Hilden, gel extraction of DNA
Germany)
QIAquick PCR purification QIAGEN (Hilden, PCR purification of DNA
kit Germany)
SensiMix SYBR Low-Rox  Bioline Reagents gPCR
Kit (London, United
Kingdom)

5.4 Chemicals

Chemicals not specifically listed in this table were purchased from either Merck
(Darmstadt, Germany), Roth (Karlsruhe, Germany), or Sigma-Aldrich (St. Louis, USA).

Table 4. Chemicals used in this work.

Chemical

Manufacturer

ABA (abscisic acid)
AzA (azelaic acid)

CTAB (cetyltrimethylammoniumbromid)

DAF-FM DA
(4-Amino-5-Methylamino-2',7'-
Difluorofluorescein Diacetate)

Fol (folic acid)
Gamborg’s B5 basal salt mixture
MeJA (methyl jasmonate)

MES
[2-(N-morpholino)ethanesulfonic acid]

Pip (pipecolic acid)
SA (salicylic acid)
Silwet

Tween-20

Sigma-Aldrich (St. Louis, USA)
Sigma-Aldrich (St. Louis, USA)
Sigma-Aldrich (St. Louis, USA)

Sigma-Aldrich (St. Louis, USA) or
Santa Cruz Biotechnology (Dallas,
USA)

Roth (Karlsruhe, Germany)
Sigma-Aldrich (St. Louis, USA)
Sigma-Aldrich (St. Louis, USA)
Roth (Karlsruhe, Germany)

Sigma-Aldrich (St. Louis, USA)
Roth (Karlsruhe, Germany)
Lehle Seeds (Texas, USA)
Calbiochem (San Diego, USA)
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5.5 Enzymes

Table 5. Enzymes used in this work

Enzyme

Manufacturer

Cellulase Onozuka R-10

Driselase Basidiomycetes sp.

Fast Digest restriction enzymes

Macerozyme R-10
MangoTaq DNA polymerase

Phire Hot Start Il DNA polymerase

Phusion high fidelity polymerase

SuperScript 1l reverse transcriptase

T4 DNA ligase
T7 Endonuclease | (T7EI)

Serva (Heidelberg, Germany)
Sigma-Aldrich (St. Louis, USA

Thermo Fisher Scientific (Waltham, USA)
Serva (Heidelberg, Germany)

Bioline Reagents (London, United Kingdom)
Thermo Fisher Scientific (Waltham, USA)
New England Biolabs (Ipswich, USA)

Invitrogen/Thermo Fisher Scientific
(Waltham, USA)

Thermo Fisher Scientific (Waltham, USA)
New England Biolabs (Ipswich, USA)

5.6 Buffers and solutions

Table 6. Buffers and solutions used in this work.

Buffer/solution

Composition Application

CTAB solution

DAF-FM DA buffer

gDNA isolation buffer
(NTES)
Infection solution for fungi

Mock buffer

RNA extraction buffer

buffer

100 mM Tris, 20 mM EDTA, isolation of
1.4MNaCl, 2% (w/v) CTAB, genomic DNA
pH 8.0, autoclave

5 uM DAF-FM DA, 50 mM MES- DAF-FM DA
KOH pH 5.7, 1 mM CaClz, 0.25 mM staining for NO

KOH

or Bgh detection

250 mM NaCl, 200 mM Tris pH 8, quick isolation of
25 mM EDTA, 0.5% SDS genomic DNA

0.85 g KH2POg4, 0.1 g glucose, 1 pl  suspension of
Tween 20 in 100 ml H20, pH 6.0 fungal spores

10 mM MgCl2 control treatment

for infiltration

3.05 g ammonium thiocyanate, RNA extraction
9.44 g guanidinium thiocyanate,

5 ml glycerol, 3.33 ml 3 M sodium

acetate pH 5.2, 40 ml H20, adjust

pH to 5.0, 38 ml Roti-Aqua-Phenol

TAE (Tris-acetate-EDTA) 40 mM Tris, 1 mM EDTA, 0.1% gel
(v/v) glacial acetic acid electrophoresis
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Buffer/solution Composition Application
Protoplast buffers:

Digestion solution 0.45 M mannitol, 10 mM MES pH release of

57, 10 mM CaCl;, 3.1 Jgll
Gamborg’s B5, 0.5% cellulose,
0.5% macerozyme, 0.5% driselase

(all solutions for

protoplasts were filtered

using 0.45 um filters)
centrifuge for 4 min at 2,000 rpm to
remove non-dissolved enzymes

protoplasts from
barley leaves

W5 solution 154 mM NaCl, 125 mM CaCl;, washing of
5 mM KCI, 2 mM MES pH 5.7 protoplasts
MMG solution 0.4 M mannitol, 15 mM MgCl2, pre-
2 mM MES pH 5.7 transformation
buffer
PEG solution 40% (w/v) PEG 4000, 0.2 M transformation of
mannitol, 0.1 M CaCl: protoplast
W] solution 0.5 M mannitol, 20 mM KCI, 4 mM storage of
MES pH 5.7 protoplasts
5.7 Media

The components used for media were purchased from Roth (Karlsruhe, Germany)

unless stated otherwise.

Table 7. Media and their compositions.

Medium Composition Application

LB 10 g tryptone growth of E. coli

5 g yeast extract

10 g NaCl

ad 1|1 H20, adjust pH to 7
15 g agar-agar

LMG 15 g tryptone from casein growth of Xtc

5 g soy peptone

5 g NaCl

ad 1| H20, adjust pH to 7.3
18 g agar-agar

Malt 24 g malt extract (Merck, Darmstadt, growth and
Germany) maintenance of P. teres
12 g agar-agar
ad 800 ml H20

NB 8 g Nutrient Broth No. 4 (Fluka growth of Xtc

Analytical/ Sigma-Aldrich, St. Louis,
USA)

15 g agar-agar

ad 11H20
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Medium

Composition

Application

NYGA

Oat

SOC outgrowth
medium

(New England
Biolabs Ipswich,
USA)

5 g proteose peptone

3 g yeast extract

20 ml glycerol

ad 1 H20, adjust pHto 7
18 g agar-agar

10 g rolled oats (Alnatura, Germany)
7.5 g agar-agar

ad 500 ml H20

2% Vegetable Peptone
0.5% Yeast Extract

10 mM NacCl

2.5 mM KCI

10 mM MgCI2

10 mM MgSO4

20 mM Glucose

growth of Pst

growth and sporulation
of P. teres

growth of E. coli after
heat shock

5.8 Antibiotics

Antibiotics were purchased from Roth (Karlsruhe, Germany)

Table 8. Antibiotics and their concentrations.

Antibiotic Final concentration
Ampicillin 100 pg/ml
Hygromycin 100 pg/ml
Kanamycin 50 pg/mi

5.9 DNA ladders

DNA ladders were purchased from Thermo Fisher Scientific (Waltham, USA).
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Figure 28. DNA ladders used in this work. Left panel:
1 kb plus gene ruler, right panel: 100 bp gene ruler.
Adapted from the respective user guides (Thermo

0.5 pg/lane, 8 cm length gel, H : e
1XTBE, 5V/em. 1 h Fisher Scientific, Waltham, USA).



From model to crop plants: induced resistance in barley

68

5.10 Primers

Primers were obtained from Metabion (Planegg, Germany).

Table 9. Primers for sequencing.

Name Sequence 5’ — 3’ Description
M13f GTTTTCCCAGTCACGAC sequencing primer for final vectors
with 4 gRNAs
JS1057 CATCAGACAAACCGGCCAG sequencing primer for final vectors
with 4 gRNAs
M13rev CAGGAAACAGCTATGACC sequencing primer for shuttle vectors
(-29)
ML 40 TGGTGCAGATCAGCTTCAGG sequencing primer for reporter
vectors
Table 10. Primers for detection of mutations.
Name Sequence 5’ — 3’ Description Tm
(°C)
ML 21 GCCTTATCCTGGGCGCTA forward primer for HVERF-like 65
C
ML 22 CGAGTCCAAGGTGCTGTT reverse primer for HVERF-like 65
GC
ML 23 CAGATCCTGCACGCCATC forward primer for HYERF4 65
C
ML 24 GGGTGCGAAACGGGGTA reverse primer for HYERF4 65
G
ML50 CTCTCACTCGGAACTCGG forward primer for HYWRKY38/1 56.5
AA
ML 52 CTCCGACTCAAGAACCGC reverse primer for HYWRKY38/1 56.5
AA
Table 11. Primers for detection of transgene presence.
Name Sequence 5’ — 3’ Description Tm
C)
ML 56 TACGCCGGATACATTGACGG hCas9 in pMGE500 F 67
ML 57 GATTTGCGAGTCATCCACGC hCas9 in pMGE500 R 67
ML 60 ACCGCAAGGAATCGGTCAAT hygromycin resistance in 61
pMGES500 F
ML 61 ATTTGTGTACGCCCGACAGT hygromycin resistance in 61

pMGES00 R
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Table 12. Primers

used for gPCR.

Name

Sequence 5’ — 3’

Target gene

Hv EF1a F
Hv EF1a R
24530F4
24530R4

Hv 44411 1F
Hv 44411 1 R
60890 2F
60890 2R
45055 2F
45055 2R
Ubiquitin F
Ubiquitin R
PR1F

PR1 R

GTCATTGATGCTCCTGGTCA
CTGCTTCACACCAAGAGTGA
CCGTACTTCTTCTACGAACA
CGGTTCAGATCCAGATCAAA
GAGGAAGAGCAGAGCGACAC
ATCGATCCTGGCAATAAACG
GTGAAGGACGGGTACCAATG
GTCGCCACGAGTATGGTCTT
AGAGCACTACCCGTTCTCCA
GACACCACCTCGTCCAACTC
AGATCCAGGACAAGGAGGTATTC
CGCAGGACCAAGTGAAGAGTAG
CTACGCAGAACAACTAAGAGGCAAC
TTGGCACATCCGAGTCTCACTG

HvEF1a
HVEF1a
HVERF-like
HVERF-like
HVERF44411
HVERF44411
HVWRKY38/1
HVWRKY38/1
HVWRKY 22
HVWRKY22
AtUbq10
AtUbq10
AtPR1

AtPR1

5.11 Vectors

Table 13. Used vectors and their features.

vector features source

PENTR/D- Kan', TOPO cloning site Invitrogen/Thermo  Fisher

TOPO Scientific (Waltham, USA)

pMGE500 Kan', in planta hygromycin resistance, J. Stuttmann, University
pZmUbi::Cas9 Halle

pMGE501 Amp', pOsUG6:: insertion site for gRNA + J. Stuttmann, University
gRNA scaffold Halle

pPMGES503 Amp', pOsUG6:: insertion site for gRNA + J. Stuttmann, University
gRNA scaffold Halle

PMGE505 Amp', pOsUG6:: insertion site for gRNA + J. Stuttmann, University
gRNA scaffold Halle

pMGE508 Amp', pOsUG6:: insertion site for gRNA + J. Stuttmann, University
gRNA scaffold Halle

PMGES09 Amp', pOsUG:: insertion site for gRNA + J. Stuttmann, University
gRNA scaffold Halle

PMGES27 Kan', in planta hygromycin resistance, J. Stuttmann, University

pZmuUbi::Cas9, pOsUG6::control-gRNA

Halle
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vector

features

source

pJOG541

Kan', pZmuUbi::mCherry,

pZmubi::

J. Stuttmann, University

insertion site for gRNA target + mVenus Halle
(out of frame)

5.12 Devices and instruments

Table 14. Devices and instruments used in this work.

Instrument Type Company
Camera Nikon DC300 Minato (Tokyo, Japan)
Centrifuges Heraeus Fresco 21 Thermo Fisher Scientific

Gel electrophoresis
chamber

Gel station
Homogenizer
Microscope

PCR cycler
Photometer

Power supply
gPCR cycler

Robot arm

Rotator

Ultracentrifuge

Heraeus Pico 17
Centrifuge 5415 D
Centrifuge 5810 R

PerfectBlue Horizontal
Minigelsystems

BIO-Print M1 gel
documentation system

Silamat S6
Zeiss Axio Observer. Z1
Mastercycler nexus

NanoDrop ND-1000

PowerPac 200 and 300

Applied Biosystems 7500
Fast Real-Time PCR
system (ABI 750 Fast)

KiNEDx robot (Model KX-
300-660-SSU)

intelli-mixer rotator with
vortexer

Sorvall Evolution RC

(Waltham, USA)

Eppendorf (Hamburg,
Germany)

Peglab/VWR (Radnor, USA)

Vilber Lourmat
(Eberhardzell, Germany)

Ivoclar Vivadent,
(Ellwangen, Germany)

Zeiss (Oberkochen,
Germany)

Eppendorf (Hamburg,
Germany)

Nanodrop
Technologies/Thermo Fisher
Scientific (Waltham, USA)

Bio-Rad (Hercules, USA)

Applied Biosystems,
Freiburg, Germany

Peak Analysis &
Automation, Inc.
(Farnborough, UK) set up by
Analytik Jena (Jena,
Germany)

Neolab (Heidelberg,
Germany)

Sorvall/Thermo Fisher
Scientific (Waltham, USA)
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5.13 Software and web applications

Table 15. Software and web applications used in this work.

Software Version/source Application
7500 Fast System Version 1.3.1.21 gPCR control
SDS Software and raw data
generation
Camera Control Pro  Version 2.0.0 camera control
2 software
CRISPRdirect online https://crispr.dbcls.jp/ (Naito et al. 2015) gRNA design
CyBio Application Version 1.10 control of robot
Studio/CyBio Feeder arm
for Zeiss Microscope
GraphPad GraphPad Prism 7 for Windows (version  statistics and
7.04) graph design
ImageJ Version 1.52d image editing
and analysis
Microsoft Office Excel, PowerPoint, Word, 2016 data analysis
and graph
design
mfold Web server http://unafold.rna.albany.edu/?g=mfold/R simulation of
NA-Folding-Form2.3 (Zuker 2003) RNA folding
Primer BLAST https://www.ncbi.nlm.nih.gov/tools/primer primer design for
-blast (Ye et al. 2012) gPCR
ZEN2 Blue edition, Version 2.0.0.0 control of

microscope
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6 Methods

6.1 Plant treatments

6.1.1 Plants and growth conditions

Barley [Hordeum vulgare L. cultivar ‘Golden Promise’ (GP)
or ‘Barke’] seeds were sterilised in 1.2% sodium hypochlorite

for 3 min with 25 inversions per min. Subsequently, seeds

second
leaf ! ‘

were rinsed 3 times with water for 10 min with 25 inversions
per min and then sown (Einheitserde classic CL-T,
Bayerische Gartnerei-genossenschaft was used for st |eaf \
infiltration  experiments and  protoplasts;  Floradur ]
Anzuchtsubstrat B Seed, Floragard, mixed 5+1 with sand  primary |
was used for soil-drench applications). Plants for DAF leaf V
staining and both Xtc and P. teres infections were either

grown in a greenhouse with additional lights HQI-TS 400W/D

(Osram) using a day-night cycle of 12 h with 24 °C during the

day and 20 °C during the night or in a climate chamber with i |

14 h light and 10 h darkness at a temperature of 20 °C Figure 29.0verviewiof the
(day)/18 °C (night). Chamber-grown plants inoculated with |eaf architecture in a 2-
Xtc were transferred to a climate chamber with 14 h light and Week-old barley plant.

10 h darkness at a temperature of 29 °C (day)/19 °C (night). Plants for Bgh infections
were grown in climate chambers with 14 h light and 10 h darkness at a temperature of
20 °C (day)/18 °C (night). For experiments with transgenic barley, plants were grown
in a climate chamber at 14 h light and 10 h darkness at a temperature of 24 °C

(day)/18 °C (night).

Arabidopsis thaliana plants were grown on soil (Floradur Anzuchtsubstrat B Seed,
Floragard) mixed with silica sand at a ratio of 5+1 and kept at 10 h light and 14 h
darkness at a temperature of 22 °C (day)/18 °C (night).

6.1.2 Syringe-infiltration application of chemical compounds

Stock solutions of each chemical compound were freshly prepared for each

experiment (for suppliers, see Table 4). SA was dissolved at 4 M and ABA as well as
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MeJA at 400 mM in 100% methanol. Fol was dissolved at 1 M and AzA at 2 M in 50%
MeOH. For plant treatments, the substances were diluted to 1 mM SA (Wittek et al.
2015; Gorlach et al. 1996), 100 uM ABA or MeJA (Dey et al. 2014), 50 or 500 puM Fol
(Wittek et al. 2015), and 1 mM AzA (Jung et al. 2009; Cecchini et al. 2015) in 10 mM
MgCl2. 0.025% MeOH in 10 mM MgCl2 served as the mock treatment. To monitor
systemically induced resistance, the first true leaves of 3-week-old barley plants (6
plants per treatment) were infiltrated with the different compounds or the mock solution
using a needleless syringe. Five days after the primary treatment, the second leaves
of the treated plants were infected with either Xtc, Bgh, or P. teres (see below). To
monitor local induced resistance against Xtc, 4-week-old barley plants were sprayed
with 1 mM SA, 500 uM Fol, 1 mM Aza, or 0.05% MeOH (as mock treatment) in 0.01%
Tween-20. To monitor local induced resistance against Bgh, 1 mM SA, 500 uM Fol,
and 1 mM AzA in 10 mM MgClz were syringe-infiltrated into the first true leaves of 3-
week-old barley plants. 0.025% MeOH in 10 mM MgCl2 served as the mock treatment.
To monitor local induced resistance against P. teres, the second true leaves of 3-
week-old barley plants were syringe-infiltrated with the compounds. The treated leaves
were inoculated with Xtc 1 day after treatment, with Bgh 5 days after treatment, or with
P. teres 1 day after treatment.

6.1.3 Soil-drench application of pipecolic acid

Pip (Table 4) was dissolved at 0.75 mM in H20. Pip was applied by soil drench at an
amount of 30 umol per plant. The same volume of H20 served as mock treatment.
Pre-treated plants were infected in the second true leaves with Xtc, Bgh, or P. teres 3

days later (see below).

6.2 Pathogen infections

6.2.1 Infection with Pseudomonas syringae pv. japonica

For infection, Psj (Table 2) was grown on LMG medium (Table 7) over night at 28 °C.
Bacteria were subsequently resuspended in 1 ml 10 mM MgClz. The concentration of
the bacterial suspension was adjusted to ~108 colony forming units (cfu)/ml in 10 mM
MgCl2 using a photometer (assuming the formula: ODeoo of 0.2 equals ~108 cfu/ml).

Leaves of 3—6 barley plants were subsequently inoculated with the resulting Psj
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suspension by infiltration using a needleless syringe. The infected plants were covered

with a plastic hood and then inoculated with Xtc, Bgh, or P. teres 5 days later.

6.2.2 Infection with Xanthomonas translucens pv. cerealis

For infection, Xtc (Table 2) was grown on LMG medium (Table 7) over night at 28 °C.
Bacterial solutions were prepared as described for Psj above, but with a concentration
of 10° cfu/ml. Leaves of 3—6 barley plants were infiltrated with the Xtc suspension
using a needleless syringe. The infected plants were covered with a plastic hood and
kept in the green house for 4 days, after which bacterial titres were determined. To
this end, three 6 mm leaf discs were punched out of the lower leaf half of each Xtc-
infected leaf. These were shaken at 600 rpm for 1 h at room temperature in
500 pl 10 mM MgClz with 0.01% Silwet. The resulting suspension was diluted with
10 mM MgCl: in five serial 1:10 steps. Twenty pl of each dilution were spotted on LMG
or NB plates. The plates were incubated for four days at room temperature and Xtc
colonies were counted in the appropriate dilution steps to calculate the bacterial titre

according to the formula:

cfu V.
% = colony count X dilution factor X __total

5 = =+ leaf disc area
c
spotted

with leaf disc area for 3 discs = leaf disc radius? X T X 3

6.2.3 Infection with Blumeria graminis f. sp. hordei

Bgh (Table 2) propagation and inoculation was performed essentially as described in
(Delventhal et al. 2017). In short, a pot containing 12 10-day-old seedlings was
infected with Bgh one week prior to each experiment. Six hours prior to the start of an
experiment, these plants were shaken in order to remove old conidia and provide a
uniform inoculum for the experiment (Nair and Ellingboe 1962). Pre-treated plants
were subsequently inoculated with spores from the prepared Bgh-infected plants in an
inoculation tower (Delventhal et al. 2017) at an inoculation density of ~30 spores/mm?.
The inoculated plants were placed back in the climate chamber for 6 days after which
Bgh propagation was evaluated using DAF-FM DA staining (see below).

6.2.4 Infection with Pyrenophorateres

P. teres (Table 2) was grown on oat plates (Table 7) for ~one week at room
temperature in the dark and then transferred to light for at least 2 weeks. Two ml of

infection solution for fungi (Table 6) were pipetted onto the P. teres plates and spores
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were scratched off the agar using an inoculation loop. The spore suspension was
subsequently pipetted into a 5 ml tube and vortexed. After determining the spore
concentration under a binocular, the spore suspension was diluted to 65-110 spores
per pl. Infections were performed on 6 cm-long segments of a leaf, at a distance of 1.5
centimetres from the leaf base. Five 3 pul droplets of spore suspension were pipetted
alternatingly on each side of the leaf midrib. The drops were left to dry for ~1 h and
the plants (6 plants per treatment) were then covered with a plastic hood. Necrotic
lesions caused by P. teres were measured 4 days after infection using the ImageJ
macro PIDIQ (Laflamme et al. 2016). The macro was modified to measure brown
necrotic lesions caused by P. teres. These modifications were restricted to the values
used for colour characterisation; the values for lesion measurements were as follows:
hue 0-52, saturation 150-255, brightness 0-150 or hue 0-45, saturation 150-255,
brightness 0-255.

1.5cm 6 cm

Figure 30. Schematic depiction of an infection with P. teres spores on a barley leaf.

6.3 DAF staining

Four leaf discs (6 mm) were cut out of the distal halves of each first (local/compound-
treated) and second (systemic) true leaf of the treated plants. The discs were
incubated with 5 uM DAF-FM DA in MES buffer (Table 6) for 45 min in the dark and
then vacuume-infiltrated. Subsequently, the leaf discs were placed in light (45 V lamp)
for 1 h and 45 min and afterwards distributed on 96-well plates (1 leaf disc per well,
20-24 discs from 6 plants per treatment) with the wells filled evenly to the rim with 1%
phytoagar. Fluorescence of appropriate z-stacks was visualised using the 5x objective
of an inverse spinning disc confocal microscope. Chlorophyll was excited using a laser
with 561 nm and detected using a bandpass 629/62 filter; DAF-FM DA was excited
using a laser with 488 nm and detected using a bandpass 525/50 filter (Foissner et al.
2000). The 96-well plates were transferred to the microscope with a KINEDx Robot.
The robot and the visualisation as well as evaluation were controlled by the softwares

CyBio Application Studio/CyBio Feeder for Zeiss Microscope and ZEN2 (Table 15).
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Fluorescence intensities were normalised to those of uninfected barley plants
(background fluorescence) of the same age in case of Bgh staining with DAF-FM DA.
In case of NO staining with DAF-FM DA, fluorescence intensities were normalised to
those of untreated barley plants of the same age.

6.4 Protoplastisolation and transformation

The isolation protocol is based on (Zhang et al. 2011), with modifications by Reinhard
Prols (Chair for Plant Pathology, TUM).

Barley (Hordeum vulgare) cultivar “Golden Promise” seeds were sterilised in 1.2%
sodium hypochlorite for 3 min with 25 inversions per min. Subsequently, seeds were
rinsed three times with sterile water for 10 min with 25 inversions per min. Sixteen
seeds were sawn per pot and grown in a plant chamber in 14 h light with 20°C and 10
h dark at 18°C and 70% humidity. The upper surface of the primary leaves (Figure 29)
of 7-10 day-old barley seedlings was cut but not cut through transversally close to the
leaf tip. The latter was then pulled downward on the side of the lower leaf surface to
peel off the lower epidermis. The leafs were floated with the exposed mesophyll on 10
ml digestion solution (Table 6) in a petri dish for 3 h in the dark with occasional gentle
rotation. Ten ml of W5 solution (Table 6) were added, followed by gentle shaking for
10 sec. The protoplast suspension was then filtered through 40 um nylon cell sieves
into a tube and centrifuged for 3 min at 1,000 rpm and room temperature. The
supernatant was discarded using a pipette and 10 ml W5 solution were added. Twenty
pl protoplast suspension were added in a tube with 80 pl W5 solution and trypan blue,
mixed gently and incubated for 5 min at room temperature. Ten pl of stained cells were
placed in a Fuchs-Rosenthal counting chamber and the number of unstained cells was

counted in 16 small squares. The protoplast concentration was calculated as follows:
protoplast number in 16 small squares x dilution factor x 5,000 = protoplasts/ml

Protoplasts were then diluted to 2.5 x 10° cells/ml in MMG solution (Table 6). For
transformation, 10 pg of plasmid DNA were mixed with 100 pl of protoplasts in a 2 ml
tube. After adding 110 pl of freshly prepared PEG solution (Table 6), the solution was
mixed and incubated at room temperature for 10-20 min in the dark. 440 pl W5 solution
were slowly added, mixed by gentle inversions and centrifuged for 3 min at 1,000 rpm.
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The protoplast pellets were resuspended in 2 ml W1 solution (Table 6), transferred to

6-well-plates and incubated in the dark for 24-60 h at room temperature.

6.5 Molecular biological methods

6.5.1 DNA isolation from plants

Frozen plant material was ground in liquid nitrogen, 500 ul chloroform and 500 ul
CTAB solution (Table 6) plus 1% B-mercaptoethanol were added and the samples
were shaken at 1,400 rpm/8°C/15 min. Then, the samples were centrifuged at
13,300 rpm/4°C/10 min. The supernatant (approx. 600 ul) was transferred to a new
tube and 100 ul Nucleon Resin (Table 3) and 500 pl chloroform were added. Samples
were shaken and centrifuged as above. The supernatant (approx. 500 ul) was
transferred to a new tube supplemented with 250 pl isopropanol. Samples were mixed,
incubated on ice for 10 min and centrifuged as above. The supernatant was decanted,
1 ml of 70% ethanol/0.1 M sodium acetate was added to the pellet and the samples
were incubated for 5 min at room temperature. The pellet was washed first with 80%
ethanol, then with 100% ethanol and subsequently dried for circa 10 min below a clean
bench at room temperature. In order to dissolve the pellet, 50-100 ul H20 was added

and the samples were shaken at 800 rpm/ 8°C/20 min.

6.5.2 Quick DNA isolation for genotyping

The protocol was kindly provided by Sebastian Scholz (Chair for Plant Developmental
Biology, TUM).

Frozen plant tissue was disrupted using a homogenizer, 400 ul of gDNA extraction
buffer (Table 6) were added and mixed by inverting the tubes. The samples were
centrifuged at 13,000 rpm/3 min, then 300 pl of supernatant were transferred to new
tubes containing 300 ul isopropanol, mixed by inverting and incubated for 3 min at
room temperature. The samples were centrifuged at 13,000 rpm/8 min, the
supernatant was discarded and 500 pl 70% ethanol were added. The tubes were
centrifuged at 13,000 rpm/2 min, the supernatant was discarded, the pellets were dried
and resuspended in 100 pl 5 mM Tris/HCI pH 8.5.
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6.5.3 RNA isolation from plants

Frozen plant material was ground in liquid nitrogen and RNA was isolated using
phenol-extraction (Table 6) according to (Logemann et al. 1987). Quality and
concentration of RNA samples were determined by measuring the absorption at 260

nm and 280 nm using a spectrophotometer.

6.5.4 CcDNA synthesis
cDNA was synthesised from 1.5 pg of RNA using SuperScriptll reverse transcriptase
(Table 5) following the manufacturer's instructions (Invitrogen/Thermo Fisher

Scientific).

6.5.5 Reverse transcription quantitative PCR

RT-gPCR was performed with the SensiMix SYBR Low ROX kit on a 7500 Fast gPCR
system (Table 3) according to the manufacturers’ instructions (Bioline and Applied
Biosystems). cDNA was used as template to quantify gene expression. Expression

was normalised to the reference gene HvVEF1a for barley or AtUbgl10 for Arabidopsis.

6.5.6 PCR

Phusion high fidelity polymerase was used for the replication of the target genes to be

sequenced and for cloning. Phire Hot Start II DNA polymerase was used for

genotyping. MangoTaq was used for genotyping and all other purposes (Table 5).

12.5 pl sterile H20

5 ul 5x buffer

0.5 ul dNTPs

0.75 yl DMSO/formamide
2.5 pl 5 pM forward primer
2.5 yl 5 uM reverse primer
0.25 pl Phusion
polymerase

24 ul

+ 1 ul template DNA

temperature profile:
98°C — 2 min

98°C — 15 sec

xx°C —7-10 sec
72°C — 30 sec per kb
72°C - 10 min

10°C - hold

10 pl Phire 1l master mix
2 ul 5 uM forward primer
2 ul 5 uM reverse primer
0.6 pl formamide

0.5 pl DNA

4.4 pl H20

19.5 ul

+ 0.5 pl template DNA

temperature profile:

98°C — 5 min
98°C — 15 sec
56.6°C — 5 sec
72°C — 15 sec
72°C — 1 min
10°C - hold

8.6 pl sterile H20

4 ul 5x buffer

1 pl 50 mM MgClz

0.4 ul dNTPs

0.6 pl DMSO/formamide
2 ul 5 uM forward primer
2 pl' 5 uM reverse primer
0.4 yl MangoTagq

19 pl

+ 1 ul template DNA

temperature profile:
95°C — 1 min 30 sec
95°C - 20 sec

xx°C — 3-5 sec

72°C — 30 sec per kb
72°C - 10 min

10°C - hold
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steps 2-4 were repeated steps 2-4 were repeated  steps 2-4 were repeated
29-34 times 39 times 29-39 times

6.5.7 Gateway cloning
DNA fragments were cloned into pENTR/D-TOPO (Table 13) according to the

manufacturer’s instructions (Invitrogen).

6.5.8 Golden Gate Cloning of CRISPR/Cas vectors

Genome editing vectors for monocots (pMGE, Table 13) using the CRISPR/Cas
system were designed and provided by Johannes Stuttmann, Institut for
Biologie/Genetik, Martin-Luther-Universitat Halle (Saale). Shuttle vector sequences
and promoters as well as genes encoded on the recipient vector were published in
(Kumar et al. 2018). The recipient vector backbone corresponds to the vectors
published in (Ordon et al. 2017).

Two cut sites at a distance of 50-100 bp between each other were targeted in every
gene of interest. In some circumstances, this results in the deletion of the sequence
between the cut sites and thereby facilitates the recognition of mutations by PCR. For
each target gene, at least two constructs were generated with two gRNAs each.
Additionally, two constructs were cloned targeting two genes at the same time: ERF-
like and ERF4.

gRNA sequences of 20 nucleotides length were designed using CRISPRdirect online
(Naito et al., 2015) and introduced into shuttle vectors as hybridised oligonucleotides.
Bsal and Bpil restriction enzyme recognition sites and stretches of multiple thymidines
had to be avoided in the gRNA sequences. A cloning overhang of GTTG was attached
to the sequence at the 5’ end of the forward oligonucleotide and AAAC at the 5’ end
of the reverse oligonucleotide (Supplemental Table 3). In case of a gRNA sequence
starting with G, only GTT was added to the forward oligonucleotide and the last
nucleotide at the 3’ end of the reverse oligonucleotide was omitted. This lead to 24- or
23-base pair-long oligonucleotide sequences for gRNA insertion. These were
hybridised by heating a tube with the following content to 98°C for 5 min and
subsequent slow cooling.

5 pl 100 uM forward oligonucleotide

5 ul 100 uM reverse oligonucleotide
40 pl H20
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The annealed oligonucleotides were diluted 1:100 to get a final concentration of 100
fmol/ul and cloned into the appropriate shuttle vector. For one gRNA to be cloned in
the final vector, shuttle vector pMGES516 was used, for two gRNAs pMGES501 and 505
and for 4 gRNAs pMGES501, 503, 509, and 508. The reaction mix for shuttle vector

cloning was as follows:

20 fmol shuttle vector (= 60 ng)

200 fmol hybridised oligonucleotides (= 2 pl)
1 pl 10x ligation buffer

1 pl 10x bovine serum albumin (1 mg/ml)
0.5 pl Bpil

0.5 ul T4 DNA ligase (5 U/ul)

ad 10 pl H20

The reaction mix was incubated for 30 cycles of alternately 2 min 37°C and 5 min
16°C, with two subsequent inactivation steps for 10 min at 50°C and 80°C,
respectively. The ligated vector was transformed in chemically competent E. coli,
which were then plated on LB containing ampicillin and incubated at 37°C over night.
Two colonies were picked to each inoculate 5 ml of LB medium with ampicillin and
grown at 37°C over night. DNA was extracted using the Qiagen Miniprep Kit (Table 3)
according to the manufacturer’s instructions, a restriction enzyme digest was
performed using Pvull (Table 5) and correct insertion was verified by sequencing with
the M13 rev (-29) primer provided by Eurofins. Correct shuttle vectors were assembled
with the final vector pMGE500 in the following reaction mix:

20 fmol pMGES500 (= 200 ng)

20 fmol shuttle vector (= 40 ng)

2 pl 10x Ligation buffer

2 ul 10x bovine serum albumin (1 mg/ml)

1 pl Bsal

1 pl T4 DNA ligase (5 U/ul)
ad 20 pl H20

The reaction mix was incubated for 50 cycles of alternately 2 min 37°C and 5 min
16°C, with two subsequent inactivation steps for 10 min at 50°C and 80°C,
respectively. The ligated vector was transformed in chemically competent E. coli,
which were then plated on LB containing kanamycin and incubated at 37°C over night.
Two colonies were picked to each inoculate 5 ml of LB medium with kanamycin and
grown at 37°C over night. DNA was extracted using the Qiagen Miniprep Kit (Table 3)

according to the manufacturer's instructions. A restriction enzyme digest was
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performed using Hincll and Xhol (for two shuttle vectors to be inserted) or Hincll and
Xbal (for one or four shuttle vectors to be inserted) according to the manufacturer's
instructions and correct insertion was verified by sequencing with the M13f primer
(Table 9) for a one and two shuttle vector insertion and additionally JS1057 for a four
shuttle vector insertion. Verified vectors were isolated in bigger scale using the Qiagen

Plasmid Midi Kit (Table 3) according to the manufacturer’s instructions.

6.5.9 Golden Gate Cloning of reporter vectors

Reporter vectors for monocots (pJOG541, Table 13) were designed and provided by
Johannes Stuttmann, Institut fur Biologie/Genetik, Martin-Luther-Universitat Halle
(Saale). The vector backbone corresponds to the one published by Ordon et al. (2018).
New oligonucleotides were ordered as spacer sequences. They were designed to be
identical to the variable parts of the corresponding gRNAs to be tested. The cloning
overhang of the forward oligonucleotide was changed to ATTG and that of the reverse
oligo to CCCT (Supplemental Table 4). Oligonucleotides were annealed and diluted
as described above (6.5.8 Golden Gate Cloning of CRISPR/Cas vectors). A
cut/ligation reaction was set up as follows:

20 fmol reporter vector (= 150 ng)

200 fmol hybridised oligonucleotides (= 2 pl)

1 pl 10x ligation buffer

1 pl 10x bovine serum albumin (1 mg/ml)

0.5 yl BsmBI (Thermo Scientific, Waltham, USA)

0.5 ul T4 DNA ligase (5 U/ul) (Fermentas, St Leon-Rot, Germany)
ad 10 pl H20

All further steps were performed as described above (6.5.8 Golden Gate Cloning of
CRISPR/Cas vectors) except for digestion, which was done using BamHI and EcoRl

and sequencing, for which ML 40 (Table 9) was used.

6.5.10 Transformation of Escherichia coli

A tube containing chemically competent E. coli (Table 2) was thawed on ice water, an
appropriate amount of DNA or cloning reaction was added and mixed by carefully
stirring with the pipette tip. The mixture was incubated for 30 min on ice water,
subsequently heat shocked for 30 sec at 42°C and rested for 5 min on ice water again.
250 pl of SOC medium (Table 7) were added and the tube was shaken at 37°C for 1 h
at 200 rpm. Two aliquots of 30 ul and 270 ul were plated on LB medium (Table 7)

containing the appropriate antibiotic (Table 8) and incubated at 37°C over night.
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6.5.11 T7EIl assay

A region of circa 500 bp around the CRISPR/Cas target sites was replicated via PCR
(see above) and used to form DNA heteroduplexes. For detection of mutations, the

following mixtures were used:

heterozygous mutations homozygous mutations
5 ul PCR reaction of transgenic line 5 ul PCR reaction of transgenic line
2 I 10x NEB2 buffer 5ul PCR reaction of wild type
12 ul H20 2 pl 10x NEBuffer 2
12 I H20

The reaction mix was put in a thermomixer, heated at 95 °C for 5 min and then slowly
cooled to allow double-strand formation (95-85 °C: -1.5 °C/sec, 85-25 °C: -0.1 °C/sec).
1 pl T7EI (10 units/pl) (Table 5) was added to each tube, mixed, spinned down and
incubated at 37 °C for 15 min. The digestion products were separated on a 2% agarose

gel using electrophoresis.

6.6 Statistics

Data were analyzed in GraphPad Prism 7 for Windows. In order to test for Gaussian
distribution, experiments with up to 6 replicates per sample were analysed using the
Shapiro-Wilk normality test and experiments with more replicates were analysed using
the D’Agostino—Pearson normality test, both with a = 0.01. If the normality assumption
failed, data with only positive values were logz transformed and data with negative and
positive values were transformed according to the formula: Y=logz[Y+1-min(Y)], where
min(Y) denotes the lowest measured value within the experiment. Outliers were
removed using Grubbs’ test with a = 0.05. If it was necessary to assure normal data
distribution, the Grubbs’ outlier test was repeated (a maximum of 2 Grubbs’ outlier

tests were performed per data set).

For normal data with two groups, an F-test was used to compare variances. If the P
value of the F-test was 0.05 or higher, an unpaired two-tailed t-test was conducted. If
the P value of the F-test was below 0.05, an unpaired two-tailed t-test with Welch’s
correction was conducted. For non-normal data, the non-parametric two-tailed Mann-

Whitney test was used.

For normal data with more than two groups, one-way ANOVA with Geisser-

Greenhouse correction (P<0.05) and a subsequent Dunnett’s or Sidak’s post-hoc test
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with a=0.05 was conducted. Dunnet’s post-hoc test was used for comparisons to one
control group; Sidak’s post-hoc test was used for comparisons between chosen group

pairings.

In case of single experiments repeatedly showing tendencies but insignificant results,

data from several experiment were merged and analysed together.

For gPCR analysis, average ACt values for each single gene from several experiments
were collected and analysed using either an unpaired two-tailed t-test (with or without
Welch'’s correction) in the case of 2 groups (meaning one gene, treated and untreated)
or a one-way ANOVA in the case of more than 2 groups (several genes, treated and
untreated). Since 5 one-way ANOVAs had to be conducted to analyse 5 repeats, a
was reduced to a = 0.01. As post-hoc test, Sidak’s multiple comparisons test was used
with a = 0.05.
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Supplemental Figure 1. Size of P. teres lesions on the systemic leaves of barley after local
application of SA (A), 50 uM Fol (B), 500 uM Fol (C), or AzA (D). Barley cultivar GP plants were
infiltrated in the first true leaf with 0.025% MeOH as control, 1 mM SA (A), 50 uM Fol (B), 500 uM Fol
(C), or 1 mM Aza (D) in 10 mM MgCI2 as indicated below the panels. Five days later, the second true
leaves of the plants were inoculated with P. teres by pipetting droplets of a solution containing P. teres
spores onto the leaf surface. The resulting necrotic lesions on leaf 2 were photographed at 4 dpi and
measured using ImageJ. Bars represent the average of 10-51 replicates from 8 (A), 9 (B), 2 (C), and
8 (D) biologically independent experiments +/- standard error. Replicates were as follows: (A) MeOH
and SA: 48 (8x6 replicates); (B) MeOH: 50 replicates (4x5 and 5x6 replicates), Fol: 51 (3x5 and 6x6
replicates); (C) MeOH: 10 (5+5 replicates), Fol: 10 (4+6 replicates); (D) MeOH and AzA: 45 (3x5 and
5x6 replicates).
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Supplemental Figure 2. PR1

2 4 expression in Arabidopsis leaves
* infiltrated with PEX from barley plants
—ll_ (Barke). Barley was syringe-infiltrated

u

with Psj or 10 mM MgClz (M, mock) as a
control and after 2 days, PEX were
collected from infected leaves. PEX of

o [] mock- and Psj-treated plants were
& 3 infiltrated into leaves of Arabidopsis Col-0
o
- and gene expression in these leaves was
0 === — 1 quantified after 1 day. Gene expression is
M Psj depicted as log2 of the transcript relative
quantity (RQ). Dots represent results from
single experiments (3 in total); the middle
1 0.5 line represents the average of 3
experiments, plus/minus standard
deviation. Asterisk above bar indicates
statistically significant difference from the
control treatment (t-test with Welch’s
correction, * P<0.05). The experiment
was performed by Claudia Knappe.
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Supplemental Figure 3. Size of necrotic and chlorotic area caused by P. teres on the leaves of
barley (GP) treated with ABA or MeJA. Barley was syringe-infiltrated in the first true leaf with 0.025%
MeOH as control or 100 pM ABA (A) or MeJA (B) in 10 mM MgClI: as indicated below the bars. Five
days later, plants were infected in the second true leaves by applying droplets of a solution containing
P. teres spores to the leaf surface. Necrotic lesions were photographed at 4 days after infection and
measured using the ImageJ macro PIDIQ. Bars show 5 (A) or 4 (B) merged experiments plus/minus
standard error.
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Supplemental Figure 4. gRNA structures with minimum free energy as computed by the mfold
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webserver (Zuker 2003). Upper panels show gRNA1-gRNAG, lower panels show gRNA7-gRNA10 and

control gRNA, from left to right, respectively.
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8.2 Supplemental tables
Supplemental Table 1. Number of base pairs in the guide region of gRNAs.
gRNA base pairs in the guide region
gRNA1 2+3
gRNA2 4
gRNA3 4
gRNA4 3
gRNA5 6
gRNAG6 4
gRNA7 4
gRNAS8 5
gRNA9 2
gRNA10 2
control 4
Supplemental Table 2. Oligonucleotides used for cloning of genes for sequencing.
name sequence 5 — 3’ description Tm
C)
ML 5 CACCGACTGCGCCGAGT  forward primer for gateway cloning of 63
TTTATTC HVERF4 (MLOC 73358)
ML 6 CAACTACTCTCCGGCGAA reverse primer for gateway cloning of 63
AA HVERF4
ML 7 CACCAGTCAAACCGCATG forward primer for gateway cloning of 62
CTGAC HVERF-like (MLOC 24530)
ML 8 TTTACAGGGCTCCTCGGT reverse primer for gateway cloning of 62
CT HVERF-like
ML 13 CACCAGTCAAACCGCTCC forward primer for gateway cloning of 63
CGACTG HvVERF4
ML 14 ACCCACCCAAACGCACTT reverse primer for gateway cloning of 63
AC HvVERF4
ML 15 CACCGCGAAGAAGACAC forward primer for gateway cloning of 63
ATCCCATAATTC HVERF4
ML 16 ACATCCATCTCTCTGGCT reverse primer for gateway cloning of 63
CTCT HVERF4
ML 33 CACCCGAACACTCGGCG forward primer for gateway cloning of 66
CCAC ERF44411 (MLOC 44411)
ML 26 CTTGCTTTACTTCCGAGC reverse primer for gateway cloning of 66

CG

ERF44411




99 Supplement
name sequence 5’ — 3’ description Tm
(°C)

ML 27 CACCGCCTCGAACCGGA forward primer for gateway cloning of 68
AGGAAG HVWRKY38/1

ML 28 CGGAGTAATCGACACCG reverse primer for gateway cloning of 68
CAA HVWRKY38/1

ML29 CACCTCGCTTCACTCACC forward primer for gateway cloning of 66
ATCTCAC HVWRKY22 (MLOC_45055)

ML 30 ACACATGCACTGACCCAA reverse primer for gateway cloning of 66
GA HVWRKY?22

Supplemental Table 3. Oligonucleotides used to introduce gRNA sequences into shuttle

vectors.

name sequence 5’ — 3’ description
gRNA1l gttgCCAAGGCCGAGCCCGGTGGG HVERF-like gRNA1f
gRNA2 aaacCCCACCGGGCTCGGCCTTGG HVERF-like gRNALr
gRNA3 gttGCCGGCGGCGCCCACTACCG HVERF-like gRNA2f
gRNA4 aaacCGGTAGTGGGCGCCGCCGG HVERF-like gRNA2r
gRNAS gttGCGCCCACTACCGTGGCGTT HVERF-like gRNA3f
gRNAG aaacAACGCCACGGTAGTGGGCG HVERF-like gRNA3r
gRNA7 gttGGCCGGGTCGCGGATCTCTG HVERF-like gRNAA4f
gRNAS aaacCAGAGATCCGCGACCCGGC HVERF-like gRNA4r
gRNA9 gttGGGCGTGAGGAAGCGCCCGT HVERF4 gRNASf
gRNA10 aaacACGGGCGCTTCCTCACGCC HVERF4 gRNA5r
gRNA11l gttgCCGCCGCGTACCGGCCCCAC HVERF4 gRNAG6f
gRNA12 aaacGTGGGGCCGGTACGCGGCGG HVERF4 gRNAGr
gRNA13 gttGGCGGCGTCGTAGGCCCGCG HVERF4 gRNATf
gRNA14 aaacCGCGGGCCTACGACGCCGC HVERF4 gRNAT7r
gRNA15 gtGTTGCCGCGGTACTCGCGCG HVERF4 gRNASf
gRNA16 aaacCGCGCGAGTACCGCGGCAA HVERF4 gRNAS8r
gRNA17 gttGCGACCCGGCCAAGAAGAGC MLOC_24530 & 73358
gRNAOf
gRNA18 aaacGCTCTTCTTGGCCGGGTCG MLOC_24530 & 73358
gRNAO9r
gRNA19 gttGTGGCTCGGCACGTACGACA MLOC_24530 & 73358
gRNA10f
gRNA20 aaacTGTCGTACGTGCCGAGCCA MLOC_24530 & 73358

gRNA10r
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name

sequence 5’ — 3’

description

gRNA25f
gRNAZ25r
gRNA26f
gRNAZ26r
gRNA27f
gRNAZ27r
gRNA28f
gRNAZ28r
gRNA29f
gRNA29r
gRNA30f
gRNA3Or
gRNA31f
gRNA31r
gRNA32f
gRNA32r
gRNA33f
gRNA33r
gRNA34f
gRNA34r
gRNA35f
gRNA35r
gRNA36f
gRNA3Gr

gttggcgacgggggccgegttct
aaacAGAACGCGGCCCCCGTCGC
gttggcatggagcccaggttceg
aaacCGGAACCTGGGCTCCATGC
gttgccgtggggcaggtacgegg
aaacCCGCGTACCTGCCCCACGG
gttgaggaaggcgcgcgtctgget
aaacAGCCAGACGCGCGCCTTCCT
gttGGGATTTGCGGTGCGTGCAA
aaacTTGCACGCACCGCAAATCC
gttgAGATCACGTCGAAGAGCGTC
aaacGACGCTCTTCGACGTGATCT
gttGCACACGTGCGTTCATAAGA
aaacTCTTATGAACGCACGTGTG
gttGCAGGAGCCTACTCGCGCCC
aaacGGGCGCGAGTAGGCTCCTG
gttgCTGAGCCTCGACCTGCACGT
aaacACGTGCAGGTCGAGGCTCAG
gttgTGGTGGTGCGGGTGCCCCAT
aaacATGGGGCACCCGCACCACCA
gttgTCATCGGCGGCGCCTGGTAT
aaaCcATACCAGGCGCCGCCGATGA
gttGTTCTCCTCCACGAGGATCT
aaaCcAGATCCTCGTGGAGGAGAA

MLOC_44411 gRNA25f
MLOC_44411 gRNA25¢
MLOC_44411 gRNA26f
MLOC_44411 gRNA26r
MLOC_44411 gRNA27f
MLOC_44411 gRNA27r
MLOC_44411 gRNA28f
MLOC_44411 gRNA28r
MLOC_45055 gRNA29f
MLOC_45055 gRNA29r
MLOC_45055 gRNA30f
MLOC_45055 gRNA30r
MLOC_45055 gRNA31f
MLOC_45055 gRNA31r
MLOC_45055 gRNA32f
MLOC_45055 gRNA32r
MLOC_60890 gRNA33f
MLOC_60890 gRNA33r
MLOC_60890 gRNA34f
MLOC_60890 gRNA34r
MLOC_60890 gRNA35f
MLOC_60890 gRNA35r
MLOC_60890 gRNA36f
MLOC_60890 gRNA36r

Supplemental Table 4. Oligonucleotides used to introduce gRNA target sequences into reporter
vectors.

name sequence 5’ — 3’ description
target gRNA1  attgCCAAGGCCGAGCCCGGTGGG target for gRNA1L
target gRNA2  ccctCCCACCGGGCTCGGCCTTGG

target gRNA3  attGGCCGGCGGCGCCCACTACCG target for gRNA2
target gRNA4  ccctCGGTAGTGGGCGCCGCCGGC

target gRNAS5  attgGCGCCCACTACCGTGGCGTT  target for gRNA3

target gRNA6  ccctAACGCCACGGTAGTGGGCGC
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name

sequence 5’ — 3’

description

target gRNA7
target grRNAS
target gRNA9
target grRNA10O
target gRNA11
target grRNA12
target gRNA13
target grRNA14
target gRNA15
target grRNA16
target gRNA17
target grRNA18
target gRNA19
target grRNA20
gRNA527.1f
gRNA527.1r

gtGGGCCGGGTCGCGGATCTCTG
ccctCAGAGATCCGCGACCCGGCC
attgGGGCGTGAGGAAGCGCCCGT
ccctACGGGCGCTTCCTCACGCCC
attgCCGCCGCGTACCGGCCCCAC
ccctGTGGGGCCGGTACGCGGCGG
attgGGCGGCGTCGTAGGCCCGCG
ccctCGCGGGCCTACGACGCCGCC
attgGTTGCCGCGGTACTCGCGCG
ccctCGCGCGAGTACCGCGGCAAC
attgGCGACCCGGCCAAGAAGAGC
ccctGCTCTTCTTGGCCGGGTCGC
attgGTGGCTCGGCACGTACGACA
ccctTGTCGTACGTGCCGAGCCAC
attgTATATAAACCCCCTCCAACC
CcCtGGTTGGAGGGGGTTTATATA

target for gRNA4

target for gRNAS

target for gRNAG6

target for gRNA7

target for gRNA8

target for gRNA9

target for gRNA10

target for control gRNA
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8.3 Sequences

Protospacer/target sequences are identical to guide sequences of gRNA (except for
T, which becomes U) and are underlined with solid lines. PAMs on the sense or
antisense strand are displayed on a grey background. The localisation of mutations
generated in this work is indicated by white letters on black background, with the
inserted nucleotide being localised between the two marked letters, but not written

down.
ERF-like (MLOC_24530, now HORVU3Hr1G078150)

ATGGCGCCTAGAGCGGCGGAGAAGGCGCCTGTCTCCCCGQgEECCGGGCTCGGCCTTGGCGT

TGGCGGCGGCGTCGGGGTCGTAGCCGGCGGCGCCCACTACCGTGGCGTTCGGAAGCGCCCCT

GGGGACGTTTCGCCGCAGAGATCCGCGACCCGGCCAAGAAGAGCAGGGTGTGGCTCGGCACG

TACGACACGGCGGAGGAGGCCGCGCGCGCCTACGACACCGCCGCGCGCGAGTTCCGLCGGLGL
CAAGGCCAAAACGAACTTCCCGTTCCCTTCGTCGTCGTCGCCGTCTCCTCTCGCCGLCCGGLG
GCGGCAGCCCGAGCAGCAACAGCACCTTGGACTCGAGCGGTGGTGGGAGCGGLCGGCTGLGLC
CAGGCGCCTATGCAGGCCATCCCGCTGCCGCCCGCCCTCGACCTGGACCTCTTCCACCGCGC
GGCGGCCGTGACCGCCGGCGGCATGCGCTTTCCATTCAACGGTTACCCGGTGGCGCCGLCGLC
AGCCCCTGCACCCGTACTTCTTCTACGAACAGGCCGCGGLCCGCLCGLCGGCEGCTTCGTCAGGT
TACCGCACGCTGAAGATGGCGCAGCCGGTCACCGTGGCGGCCGTTGCCCAGAGCGACTCCGA
CTCCTCGTCGGTCGTTGATCTGTCCCCGTCGCCCCCAGCGGTGACAGCGCATAAGGCGGTCG
CGTTTGATCTGGATCTGAACCGGCCGCCGCCTTCGGAGGACTAG

ERF4 (MLOC_73358, now HORVU1Hr1G067110)

ATGGCGCCCAGGACGTCCGACAAGACGGCGACGLCCGCLCCGCTGCCGCGGTCGCCGLCGACCGE
CCTGGCGCTCGGCGTCGGCGGCGGCGCCAACGGTGGAGGCGTCGGCCCGCACTACAGGGGLG

TGAGGAAGCGCCCGTGGGGCCGGTACGCGGCGGAGATCCGCGACCCGGCCAAGAAGAGCCGG

GTGTGGCTCGGCACGTACGACACGGCCGAGGAGGLCCGCGCGGGCCTACGACGLCCGLCLCGLCGLG

CGAGTACCGCGGCAACAAGGCCAAGACCAACTTCCCCTTCGCCTCCGCGCCGLCCCGLCCGCAG

CCCTCACCGGCGACGGCAGCCGGAGCAGCAACAGCAGCACCGTGGACTCCTTCGGCGGCGAC
GTGCAGGCACCCATGCAGGCCATGCCGCTCCCTCCCTCCGTCGAGCTCGACCTGTTCCACCG
CGCGGCCAGCACCGCCGGGGCCGGCATGCGGTTCCCTTTCAGCGGCTACCCCGTTTCGCACC
CGTACTACTTCTTCGGACAGGCCGCGGCGGLCCGCCGCCGCCGGCTGCCACATGTACAACCTG
GCCCCGAAGGTCACCGTGGCGTCCGTGTCCCCGAGCGACTCCGACTCCTCGTCGATCGTGGA
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TCTGGCGCCGTCGCCGCCCGCAAGGAAGCCCGTCCCTTTTGATCTTGACCTGAACTGCCCGC
CGCCGGCCGAGCACTGA

ERF44411 (MLOC_44411, now probably HORVU2Hr1G099890)

ATGGCTCCCAAGAACGCGGCCCCCGTCGCCGTCGCAGCCGCAGCCGCAGCGGGCGGCGGCAT

GGAGCCCAGGTTCCGCGGCGTGCGGAAGCGGCLCGTGGGGCAGGTACGCGGLCGGAGATCCGLCG

ACCCGGCCAGGAAGGCGCGCGTCTGGCTCGGCACCTTCGACACCGCCGAGGLCCGLCLGLGLGL

GCCTACGACGCCGCCGCGCTCCACTACCGCGGGCCCAAGGCCAAGACCAACTTCCCCGTCGG
CACCGTCGCCGCCTACGCGCACGTCCCGLCTCCCGLCTCCCGCTCCCGCCGCCCAAGAAGCTGG
CCGTCAGCCCCAGCAGCAGCACCGTCGAATCCTCGTCCCGGGACACTCCGGCTGCTTCCCCC
GCGGCCCCGCCGGCGCTCGACCTGAGCCTGGCGATGCCGGCCATGGTGGCGGCGCAGCCGTT
CCTGTTCCTGGACCCCAGGGTCGCGGTGACCGTGGCCGTCGCGGLCGLCCGGLGLCCGGLGLCCCT
GCCGATCAGCGGCGATCAGCGGCATGAAGAACAAGGTGGCGTCCCGCGAGGAAGAGCAGAGC
GACACCGGGTCGTCGTCATCCGTGGTGGACGCCTCGCCGGCCGTGGGCGETGGGGTTCGACCT
GAACCTGCCGCCGCCGGTGGAGATGGCATAG

WRKY22 (MLOC_45055, now HORVU5Hr1G034830 )

GTGCAACATTGCAGGGGGTACTACCGTTGCACGCACCGCAAATCCCAGGGATGCGCGGCGAC

GAAGCAGGTGCAGCGCGCCGACGAGGACCCGACGCTCTTCGACGTGATCTACCACGGCGAGC

ACACGTGCGTTCATAAGACGGTGGCGGCGTTAGCGGCGGGACACGCGGAGGAGAALCCLGGGL

GCGAGTAGGCTCCTGCAGAACCTGAGCACGAGCCTGACGGTGAACACCGAGGGGCTTACGGC

GACGGCGGGTCACCAGGGCTGCAGCACCACCACGTCCTTCTGCTTCTCCTCGCAGGCGGCGC
GCGTGCTGGCGCCGCAAGAGCACTACCCGTTCTCCATGCCGTCAACGCCGGAGAACTGCTTT
GGGCAAGGCGCGTCGCTGTCAACGTCCCTCGAACCCTCGCCGGTGACCTCGGACTCGAACCG
CTTCTCCATGACCCCGTTCCAGGCGGAGTGGAGGGCGCGGTCTGAGTTGGACGAGGTGGTGT
CCGCGCTCGTGGCCGCEGEEGGCGCCCGCCATGGAGGAGACCCCCTTCTCGCTGGACGGGTTT
GAGTTTGACGTTTCTGGCTTCTTTGCATGA

WRKY38/1 (MLOC_60890, now HORVUGHr1G028790)

ATGGATCCATGGATGGGCAGCCAGCCATCCCTGAGCCTCGACCTGCACGTCGGCCTACCGCC

GQEEEGGCACCCGCACCACCACCAGAGCCAATACCAGGCGCCGCCGATGATCGCGCTGGCCA

AGCCCAAGATCCTCGTGGAGGAGAACTTCATGCCACTCAAGAAGGACCCTGAG. .Intron.

GTTGCGGTTCTTGAGTCGGAGCTACAGCGGGTGAGCGAGGAGAACCGGCGGCTGGGCGAGAT
GCTCAGGGAGGTGGCCTCCAAGTACGAGGCCCTGCAGGGCCAGTTCACCGACATGGTCACGG
CCGGCGGCAACAACAACCACTACCACAACCAGCCGTCCTCCGCGTCGGAGGGLCGGGETCGGETG
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TCGCCGTCGAGGAAGCGCAAGAGCGAGGAGAGCCTCGGCACGCCGCCACCGTCGCATACTCA
GCAGCAGCACTATGCCGCCGGCCTCGCGTACGCGGTGGCGCCGGACCAGGCGGAGTGCACGT
CCGGCGAGCCGTGCAAGCGCATCCGGGAGGAGTGCAAGCCCGTCATCTCCAAGCGCTACGTC
CACGCCGACCCCTCCGACCTCAGCCTGGTGGTGAAGGACGGGTACCAATGGCGCAAGTACGG
GCAGAAGGTGACCAAGGACAACCCATGCCCCAGAGCCTACTTCCGGTGCTCCTTCGLCCCCCG
GCTGCCCCGTCAAGAAGAAGGTGCAGAGGAGCGCCGAGGACAAGACCATACTCGTGGCGACG
TACGAGGGCGAGCACAACCACACCCAGCCCCCGCCGTCGCAGCCGCAGCAGCAGAACGALCGG
CTCCGGCGCCGGCAAGAACGCCGGGAACGGGAAGCCGCCCCAGGCGCCGGCCACGLCCTCACC
ACCCGCAGCAGCAGCACAAGCAGGAAGCGGCAGCGGTCGTCGTCAGCGGCGAATCGGCCGLG
GCGGCGTCCGAGCTGATCCGGCGCAACCTGGCGGAGCAGATGGCCATGACGCTGACGAGGGA
CCCCAGCTTCAAGGCGGCGCTGGTCACCGCGCTCTCCGGCCGGATCCTCGAGCTCTCGCCGA
CCAGGGACATCAATTAA
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