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Summary 

Plant small monomeric RHO GTPases, also called ROP proteins, are molecular switches 

transmitting extracellular signals to intracellular pathways. ROP proteins in plants are essential 

regulators for manifold cellular processes such as the single cell polarization. This process is among 

others necessary for the formation of root hairs, pollen tubes, stomata, and the anisotropic diffuse 

growth of leaf cells. However, it also takes place during the plant-microbe interactions. 

The ROP protein HvRACB is a susceptibility factor in the compatible interaction of barley 

(Hordeum vulgare) and the obligate biotrophic barley powdery mildew fungus Blumeria graminis 

hordei (Bgh). HvRACB does not negatively regulate defense responses of the plant. Instead it 

supports the fungal penetration of the plant cell wall as well as post-penetrational establishment of 

the haustorium. However, its function as susceptibility factor is incompletely understood. Stable 

transgenic barley plants, overexpressing a constitutively activated version of HvRACB (HvRACB 

OECA), or suppressing HvRACB expression (HvRACB RNAi) were generated. These exhibited 

defects in growth and development as well as differential expression of genes related to the cell wall. 

Therefore, the participation of HvRACB in the formation of root hairs and stomata as well as 

expansion of cells was suggested, which include the remodeling and synthesis of the cell wall. 

To gain further insights into the physiological role of HvRACB in barley and therefore its function 

as susceptibility factor, stable HvRACB RNAi plants were examined here in detail. Hereby, growth 

and development of the plants, the cell polarization after fungal attack as well as alterations of the 

cell wall were analyzed. This revealed, when compared to the control, a defective formation of 

stomata and a reduced expansion of the leaf cells. Additionally, generation of the root hairs was 

impaired whereas the number of cells determined to initiate root hairs was unaltered. The migration 

of the nucleus, as indicator for cell polarization, towards the site of attempted penetration of Bgh 

was reduced. Examination of the HvRACB RNAi cell wall exhibited an enhanced lytic resistance 

against fungal cell wall degrading enzymes. Furthermore, the composition of the cell wall was 

altered, which was traced back to the hemicellulose xyloglucan. Altogether, the data confirmed the 

physiological role of HvRACB as regulator of the cell polarization and accompanying modifications 

of the cell wall. This physiological function may be co-opted by Bgh to support its own penetration 

and subsequent haustorial development. 
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Zusammenfassung 

Kleine monomerische RHO GTPasen der Pflanzen, auch ROP Proteine genannt, sind molekulare 

Schalter, welche extrazelluläre Signale an intrazelluläre Signalwege weiterleiten. In Pflanzen 

regulieren sie vielfältige zelluläre Prozesse, darunter die Polarisierung einzelner Zellen, welche für 

die Wurzelhaarbildung, Pollenschlauchwachstum, Stomataenwicklung und anistropisches diffuses 

Wachstum von Blattzellen notwendig ist. Auch während der Interaktion der Pflanzenzelle mit 

Mikroben kommt es zur Polarisierung. 

Das ROP Protein HvRACB wurde dabei als Anfälligkeitsfaktor in der kompatiblen Interaktion 

zwischen Gerste (Hordeum vulgare) und dem obligat biotrophen Gerstenmehltaupilz Blumeria 

graminis hordei (Bgh) identifiziert. Hierbei hat HvRACB keinen negativ regulatorischen Einfluss 

auf die pflanzliche Pathogenabwehr, sondern unterstützt die Penetration der pflanzlichen Zellwand 

durch Bgh, sowie die nachfolgende Etablierung des pilzlichen Haustoriums. Das Verständnis über 

die Funktionsweise von HvRACB als Anfälligkeitsfaktor ist jedoch noch unvollständig. Es wurden 

stabil transgenen Gerstepflanzen, welche eine konstitutiv aktivierte Version von HvRACB 

(HvRACB OECA) überexpremieren, bzw. die Expression des HvRACB Gens supprimieren 

(HvRACB RNAi) erzeugt. Diese entwickelten Wachstums- und Entwicklungsphänotypen. Zudem 

konnte eine differenzielle Expression zellwandmodifizierender Enzyme beobachtet werden. Daher 

wurde eine Teilnahme von HvRACB an der Wurzelhaar- und Stomatabildung, sowie der Expansion 

von Blattzellen vorgeschlagen. Diese Prozesse beinhalten Umbildungen und Neusynthesen der 

pflanzlichen Zellwand. 

Um weitere Erkenntnisse über die physiologische Rolle von HvRACB in Gerste und damit über 

seine Funktion als Anfälligkeitsfaktor zu erlangen, wurden jetzt stabile HvRACB RNAi Pflanzen 

bezüglich Wachstum, Entwicklung, Polarisierung in der Interaktion mit Bgh, sowie Veränderung 

der Zellwand untersucht und mit Kontrollpflanzen verglichen. Die Analysen offenbarten eine 

fehlerhafte Stomataentwicklung, und reduzierte Zellexpansion. Auch die Wurzelhaarbildung war 

gestört, jedoch nicht die Entwicklung wurzelhaarbildender Zellen. Die Kernwanderung zur 

möglichen Penetrationsstelle, als Indikator für die Polarisierung der Pflanzenzelle, war reduziert. 

Untersuchungen der Zellwand der HvRACB RNAi Gerste zeigten eine höhere lytische Resistenz 

gegen zellwandverdauende Pilzenzyme, sowie eine veränderte Zusammensetzung, welche auf die 

Hemizellulose Xyloglucan zurückgeführt werden konnte. Insgesamt bestätigten die Daten, die 

physiologische Rolle von HvRACB als Regulator der Zellpolarisierung und einhergehender 

Zellwandmodifikationen. Bgh könnte sich der physiologischen Funktion HvRACBs bemächtigen 

um seine Penetration und nachfolgende Haustorienentwicklung zu unterstützen. 
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1 Introduction 

This dissertation considers itself as a small piece of the basic research in the field of phytopathology. 

Fundamental biological studies are primarily dedicated to basic knowledge acquisition 

comprehending the functionality of the living beings on this planet. An assessment based on political 

and economic criteria as well as on possible implementations should be rejected (NFS, 1953). 

However, the human population will grow from approximately 7.3 billion people to more than 9.1 

billion in the year 2050 (Jaggard et al., 2010). To ensure an adequate supply with nutrients and 

calories the average yield of the most important grains would have to increase 2.4 % per year (Ray 

et al., 2013). Studies which deal with predictions on the future grain yield raise serious doubts that 

this goal will be achieved by the global community (Jaggard et al., 2010; Parry and Hawkesford, 

2010; Ray et al., 2013). Further complications in this direction are the increasing scarcity of 

phosphorus as important fertilizer contribution and the predicted climate change which probably 

results in changes of the global mean of temperature and rainfall (Jaggard et al., 2010; Schröder et 

al., 2011; Baker et al., 2015). High pressure of phytopathogens and weeds on the plant cultures 

become more difficult to counteract because more and more common pesticides lose their efficacy 

due to evolving resistant pests and pathogens (Jaggard et al., 2010; Sammons and Gaines, 2014; 

Bardin et al., 2015). Hereby, pathogens account for more than 15 % of the global crop yield loss 

(Oerke and Dehne, 2004) 

Insufficient food supply in the Third-World countries is not only an imminent problem of the directly 

affected populations. Also, the First-World countries can be affected if starving populations lead to 

collapsing economies and state structures, which may result in destabilizations of world regions and 

mass migration towards the industrialized countries. The principal understanding of the plant-

pathogen interaction could help breeding resistant crop plants which could withstand pests and 

pathogens also in suboptimal cultivation conditions and would reduce the amount of applied 

pesticides (Jaggard et al., 2010). 

The above described scenario shows why fundamental research in phytopathology has always a 

political and an economical point of view and why this topic should go beyond the interest of basic 

researchers. Hence, this work was funded by the collaborative research project SFB 924 “Molecular 

mechanisms regulating yield and yield stability in plants”. The aim was to throw some light on the 

simple asked but difficult to answer question how the barley powdery mildew fungus Blumeria 

graminis f. sp. hordei (Bgh) overcomes the barley pathogen defense. 

 



 Introduction 

page | 2  

 

1.1 The barley plant 

The crop barley (Hordeum vulgare L) represents in the basic plant research a plant model organism 

of the tribe Triticeae which includes important other important crop species such as rye and wheat. 

It combines the relevance as important agricultural crop on the field with a large genetic and 

molecular dataset available in the lab.  

 

1.1.1 Origin, domestication and relevance of Hordeum vulgare L. 

Barley is next to maize, rice, and wheat one of the most important crops in the world and comprises 

about 5 % of the world crop production. Except Antarctica it is grown on all continents. The potential 

yield loss to pest contains about 50 % of the attainable yield. Thereof, about 15 % can be assigned 

to fungal pathogens. Even under practices of crop protection the losses are estimated to 27 % of the 

attainable yield (Oerke & Dehne, 2004, FAOSTAT Gateway 2014). 

The barley grain is used to produce human food, brewing malts, and for animal feed. Barley 

(Hordeum vulgare L.) is likely the first crop plant species domesticated by mankind, approximately 

10,000 years ago from the wild barley Hordeum spontaneum (Harlan and Zohary, 1966; Weiss et 

al., 2004). It belongs to the family of Poaceae (grasses), together with other quite important crops 

such as rice (Oryza sativa L.), maize (Zea mays), and oat (Avena sativa L.). Furthermore, the 

agricultural species wheat (Triticum aestivum L.) and rye (Secale cereale L.) even belong to the 

same tribe Triticeae such as barley (Harlan and Zohary, 1966; Allard, 1999). All mentioned species 

play an essential role in world nutrition. 

Barley is a diploid (n = 7), self-fertile, and inbreeding plant with a haploid genome size of about 5.1 

billion base pairs (Bennett and Leitch, 1995; Mayer et al., 2012). Because of the genetic relationship 

to the above mentioned essential crop plants and rich genetic and genomic resources such as a 

physical, genetic, and functional sequence assembly of the barley genome, a large dataset of public 

microarray and RNAseq experiments and a structured mutant population for forward and reverse 

genetics, barley can be considered as model organism for genetic and molecular biological research 

(Caldwell et al., 2004; Hruz et al., 2008; Dash et al., 2012; Mayer et al., 2012) 

 

1.1.2 The barley leaf cell morphology and nomenclature 

As usual for grasses the barley leaf consists of the leaf sheath which embraces the culm, and the free 

hanging leaf blade. Sheaths and blades are growing through the cell division activity of different  
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and independent intercalary meristems located at their bases. Hence, growth and development is 

limited to these basal growth zones (Sylvester et al., 1996; Kavanova et al., 2006; Anderson et al., 

2013). The nomenclature of Koga and colleagues (Koga et al., 1990) comprises six different cell 

classes on the barley epidermis based on their differentiation and location (Figure 1A, B). The long 

cells over the vascular bundles are called C-cells which can be interrupted by trichomes. Two 

subsidiary cells and two guard cells form together a stomatal complex. Epidermal cells which flank 

and alternate with the stomatal complexes are called A-cells. The cells which do not touch the 

stomatal complexes and do not lie over a vascular bundle, are the B-cells (Stebbins and Jain, 1960; 

Koga et al., 1990). The inner of the barley leaf consists of vascular bundles surrounded by mesophyll 

cells and intercellular space which is filled with air (Figure 1E, Stebbins and Jain, 1960). 

 

1.1.3 Formation of the barley stomatal complexes 

In barley and other grasses stomata complexes are arranged in rows. They run parallel to the vascular 

bundles along the leaf axis and are usually flanked by a row of A-cells (chapter 1.1.2; Figure 1). 

Hence, before onset of the formation of a stomatal complex, the definition of the  

 

Figure 1: Schematic top view and cross-section of the barley leaf (based on Stebbins & Jain 

1960; Koga et al. 1990; Sylvester et al. 1996). 

(A) Top view of the adaxial (culm facing) epidermis of the leaf blade. Orientation: acropetal, 

tip at the top. Cell types are differently colored. Blue: C-cells. Green: A-cells. Purple: 

Stomata. Red: B-cells. Yellow: Trichomes (B) cross-section of the leaf blade. Adaxial 

epidermis points up. Color scheme according (A). Additional colors: Grey: Vessels. White: 

Mesophyll cells. Intercellular space: Area between the mesophyll cells. 
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prospective stomatal rows and the A-cell rows is accomplished. This takes place in young primordia 

of the leaf. Defined rows of stomata are already detected on the cotyledon of the embryo, even before 

seed germination (Stebbins and Jain, 1960; Koga et al., 1990). Stebbins and Jain (Stebbins and Jain, 

1960) divided the formation of the barley stomatal complexes in five morphological stages (Figure 

2). In the first stage the primary stomatal mother cell (PSMC) undergoes an asymmetric cell division 

transverse to the leaf axis. The distal cell shows denser cytoplasm and less vacuolization than the 

proximal cell. It becomes the guard mother cell (GMC). The proximal cell becomes an 

undifferentiated A-cell. Both daughter cells are similar in their cell size. From now on, A-cells and 

GMCs alternate in the stomata row. After slight enlargement the GMC exhibits a characteristic 

convex outline to the A-cells in the stomatal row but remains flat to the parallel A-cell rows (Stebbins 

and Jain, 1960). In stage 2 the adjacent A-cells act as subsidiary mother cells (SMCs). Probably, 

extrinsic signals from the GMC lead to premitotic polarization of the subsidiary mother cell towards 

 

Figure 2: Schematic formation of the stomata complex in barley (based on Stebbins and 

Jain, 1960; Facette and Smith, 2012). 

Top view on an evolving stomata row on the adaxial barley epidermis. Orientation: 

acropetal, tip at the top. The stomata development in barley can be divided in five 

morphological stages (1 – 5). (1) Differentiation of the guard mother cell and an A-cell by 

an asymmetric cell division of the primary stomatal mother cell. (2) Formation of the two 

subsidiary cells and A-cells by asymmetric cell divisions of the subsidiary mother cell. (3) 

Triad stage. The subsidiary cells are completely formed. The stomatal complex comprises 

three cells. (4) A symmetric division of the guard mother cell generates two guard cells. (5) 

Final maturation of the stomatal complex. 
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the GMC. This polarization includes a directed migration of the nucleus to the future site of cell 

division. The following asymmetric cell division leads to a small subsidiary cell (SC) and a large A-

cell (Stebbins and Jain, 1960; Facette and Smith, 2012). Stage 3 (Triad Stage) is characterized by a 

stomatal complex which comprises three cells (one GMC and two SCs). A symmetric division of 

the GMC along the leaf axis generates two guard cells (GC) and defines stage 4. In the fifth and last 

stage the stomatal complex matures. The GCs gain their characteristic dumbbell-like shape and the 

SCs their ellipsoid shape (Stebbins and Jain, 1960).  

 

1.1.4 The barley root epidermis patterning 

In the plant root four different growth zones are distinguished (Verbelen et al., 2006, Figure 3A). 

These are, ordered from the root tip to the shoot, the meristematic zone, transition zone, elongation 

zone, and growth terminating zone. The cells in these zones show, among others, specific properties 

concerning the rate of cell division, cell expansion, nucleus localization, cytoskeleton organization, 

and the status of cell differentiation. The transition from one growth zone into another occurs as 

gradual process (Verbelen et al., 2006; Baluška and Mancuso, 2013). 

The meristem lies at the tip of the root apex and characterized by active cell division. More proximal 

it turns into the transition zone where the cells are almost isodiametric with small vacuoles and a 

centered nucleus. This enables a microscopic recognition of this area. The expansion of the cells is 

slow and the ability for cell division drops from the distal to the proximal end of the transition zone. 

However, at the proximal end the cells gain the competence for instant and rapid expansion. In the 

following elongation zone the cells rapidly elongate without considerable growth in width. The 

nucleus is pushed out of the center to the side due to fast vacuole expansion. Onset of rapid 

elongation of the cell is accompanied by initiation of visible outgrowths of the root hairs. At its 

proximal end the elongation zone turns into the growth terminating zone. Cells slow down their rate 

of elongation until a complete growth stop defines their final size. In this zone a very active tip 

growth of root hairs can be observed (Verbelen et al., 2006; Baluška and Mancuso, 2013). 

Not all epidermal cells in the plant root are capable to produce root hairs. Non - root hair forming 

cells are called atrichoblasts, root hair forming cells are called trichoblasts (Bibikova and Gilroy, 

2003). To form both cell types in barley, an undifferentiated epidermal mother cell divides 

symmetrically in its shootward-last cell division, which results in morphological identical daughter 

cells (Marzec et al., 2013, 2014; Figure 3B). Differences between the daughter cells become visible 

during differentiation. Thus, trichoblasts and atrichoblasts expand asymmetrically. Trichoblasts 

remain shorter than the atrichoblasts. 
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Additionally, trichoblasts exhibit cellular characteristics such as denser cytoplasm, less 

vacuolization, and more mitochondria than the atrichoblasts (Marzec et al., 2013). 

The root hair development comprises four subsequent phases which includes a phase specific 

localization pattern of the nucleus (Gilroy and Jones, 2000; Ketelaar et al., 2002; Čiamporová et al., 

2003; Figure 3C). After specification as trichoblast, the cell initiates formation of a root hair. First 

visible evidence for the initiation is a spatial restricted bulging of the cell which is localized at its 

distal pole. Even before visible bulging, the nucleus takes the place at the periclinal cell wall, 

opposite to the following outgrowth. The subsequent tip growth of the bulging leads to an elongated 

hair-like morphology. The nucleus starts to move towards the basis of the root hair. During duration 

of growth the nucleus is located at a fixed distance to the apex of the root hair and therefore must 

enter the tube of the root hair. After termination of growth the nucleus obtains a random position in 

the root hair (Gilroy and Jones, 2000; Ketelaar et al., 2002; Čiamporová et al., 2003). 

 

 

Figure 3: Patterning of the root epidermis in plants (based on Gilroy and Jones, 2000; 

Verbelen et al., 2006; Marzec et al., 2014). 

(A) Four zones of the root apex can be distinguished (growth terminating zone not shown). 

The arrowhead points to the visible beginning of bulge formation. The color scheme depicts 

the gradual transition from one zone to another. (B) Illustrated differentiation of 

trichoblasts ‘T’ and atrichoblasts ‘A’ as proposed for barley. An epidermal mother cell ‘EC’ 

divides symmetrically to morphological identical daughter cells. Differences, like their cell 

size, occur during differentiation. Only the shorter trichoblasts form root hairs. (C) Root 

hair formation comprises four subsequent phases, including a nucleus specific localization 

pattern. 
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1.1.5  The barley plant cell wall 

The cell wall provides structural support, a barrier between the plant and abiotic and biotic stresses, 

and regulates the flow of materials through the plant. The primary cell walls (PCWs) of plants are 

mainly composed of polysaccharides, aromatic substances as well as structural and nonstructural 

proteins. The polysaccharides are further divided in cellulose, hemicelluloses, and pectins (Carpita 

and Gibeaut, 1993). 

Cellulose chains consist of several thousand β (1→4) linked units of the monosugar D-glucose. 

About three dozen of these unbranched chains form a para-crystalline cellulose microfibril. These 

microfibrils represent the skeleton of the PCW. The hemicelluloses and pectins form a matrix 

embedding these microfibrils (Carpita and Gibeaut, 1993; Fry, 2004). Important hemicelluloses are 

heteroxylans, (1→3; 1→4) - β- Glucans (also described as mixed linkage glucans or MLGs), 

xyloglucans, and glucomannans. Based on differences in the composition and content of 

hemicellulose and pectin, PCWs are divided in two main types. Type I is mostly found in dicots, 

gymnosperms, and noncommelinoid monocots. The latter includes for example orchids and lilies. 

Type II is restricted to commelinoid monocots such as grasses, including barley (Carpita and 

Gibeaut, 1993; Carpita, 1996). When compared to the Type I PCWs, Type II cell walls possess less 

pectin. Xyloglucans and glucomannans are available only in traces. However, the amount of 

heteroxylans is enhanced, when compared to Type I cell walls, and MLGs are even unique for Type 

II PCWs and absent in Type I. A further feature of Type II PCWs is their enrichment of aromatic 

substances (Carpita, 1996; Vogel, 2008). However, composition of the walls which belong to the 

same PCW Type can still considerably differ among different species and even within the same 

species, dependent on tissue type and tissue age (Gibeaut et al., 2005; Fincher, 2009). In barley 

(Table 1) the relative amount of xyloglucan ranges from ‘not detected’ in the stem and ‘traces’ in 

young leaves to 10 % in four days old coleoptiles. Similar results are obtained for pectins. The barley 

coleoptile cell walls also exhibit significant changes in the relative composition of the 

polysaccharides according to the tissue age (1 to 8 days old). The relative amount of pectins 

decreases from about 29 mol % (day 0) to about 11 mol % (day 8).  

Table 1: Polysaccharide composition of the cell wall in aerial organs of barley (Fincher, 

2009, modified). 

“ND”: Not Detected 
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1.2 The plant pathogen Blumeria graminis 

In 2012 fungi-interested authors, reviewers, editorial board members, and senior editors of the 

journal “Molecular Plant Pathology” were asked to estimate the scientifically and economically most 

important fungal plant pathogens (Dean et al., 2012). Based on this survey a top ten list was created 

with the plant pathogen Blumeria graminis on the sixth place. 

 

1.2.1 Taxonomy, caused disease and relevance of Blumeria graminis 

The pathogenic ascomycete Blumeria graminis causes the plant disease powdery mildew which 

occurs on aerial organs of grasses such as wheat, rye, and barley. Symptoms of an advanced infection 

with the fungus are powdery spots on leaves, culms, and stems. These spots served as eponym for 

the powdery mildew disease (Glawe, 2008; Dean et al., 2012). As an obligate biotrophic fungus, it 

closely associates with its living host for further development and reproduction and cannot be 

cultivated in culture. The genome size of the haploid Blumeria graminis is about 120 Mb and 

therefore about four times the size of other ascomycetes. For specific pathways such as the anaerobic 

fermentation, the incorporation of inorganic nitrate and sulfate, the production of selected primary 

and secondary metabolites, and transporter proteins, no genes were found. It is supposed that the 

lack of these genes directly correlates with the unability for cultivation away from the plant (Glawe, 

2008; Spanu et al., 2010; Dean et al., 2012).  

Blumeria graminis is the only species in the genus Blumeria of the tribe Blumerieae. However, 

special forms or formae speciales (f. spp.) of Blumeria graminis are distinguished according their 

host specificity for a single genus of grasses. For example, wheat is infected by B. graminis f.sp. 

tritici and barley by B. graminis f. sp. hordei (Bgh) (Glawe, 2008; Dean et al., 2012). Bgh can further 

differentiated in races concerning their virulence frequency on individual barley cultivars (Tratwal 

and Weber, 2006). 

The average yield loss caused by Bgh reach about 10 % to 20 %, but can exceed 50 % under 

favorable conditions for the pathogen. Yield loss and quality is affected by reduction of 

photosynthetic active leaf area, smaller size and number of kernels per ear, and less tillers per plant 

(Tratwal and Weber, 2006). 

1.2.2 The asexual life cycle of Blumeria graminis 

The asexual fungal spores of Bgh, also called ‘conidia’, land on the barley epidermis via wind-

dispersion (Figure 4A). After about one minute, extracellular material (ECM) which contains 
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esterases and cutinases, is released and bonds the spore to the leaf (Wright et al., 2002). 

Approximately one hour later the primary germ tube (PGT) of the conidium emerges (Figure 4B). 

The PGT is thought to play a pivotal role in water uptake, receive signals derived from the plant, 

and attachment to the epidermal surface via ECM, different from the spore ECM (Nielsen et al., 

2000; Wright et al., 2002).  

Furthermore, the PGT forms a small cuticular peg which penetrates the cuticle but not the wall of 

the plant cell (Edwards, 2002). About 8 to 10 hours later the appressorial germ tube (AGT) is formed 

(Figure 4C), elongates and develops a swollen, hooked appressorium (APP) at its end. Again the 

adhesion is achieved by released ECM (Wright et al., 2002). Under the appressorium the penetration 

peg (PP) evolves at about 12 hours (Figure 4D). In an event of successful penetration the PP 

penetrates the cuticle, the preformed plant cell wall, and the papillae. The latter is an apposition to 

reinforce the cell wall. It is formed by the plant as an answer to the penetration attempt of the fungus 

(Hückelhoven, 2014). To break through the border of the plant cell, Bgh uses mechanical force as 

well as cuticle and cell wall lytic enzymes (Pryce-Jones et al., 1999). After penetration, the PP grows 

 

Figure 4: The asexual life cycle of Blumeria graminis (based on Zhang et al., 2005). 

(A – G) Asexual life cycle of Bgh. (A) A single conidium ‘C’ on a barley epidermal cell. (B) 

The primary germ tube ‘PGT’ emerges. (C) The appressorial germ tube ‘AGT’ emerges 

and forms an appressorium ‘APP’ at its end. (D) The penetration peg ‘PP’ occurs, breaking 

plant cuticle and cell wall. (E) After breakthrough, the PP forms a haustorial initial ‘HI’ at 

its end. (F) During maturation the haustorium ‘H’ develops digitate protrusions ‘DP’. 

Secondary hyphae grow out from the AGT. (G) Hyphal appressoria ‘HA’ are formed and 

function like the APP of the AGT. Finally, conidiophores ‘CP’ are formed, producing new 

conidia. 
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as penetration hypha into the plant cell. At its tip the hypha expands club-like and forms the 

haustorial initial (HI) as an early developmental stage of the fungal feeding organ (Figure 1E). 

During this processes the fungus does not puncture the membrane of the plant cell but is enclosed 

by an extrahaustorial matrix. It separates the haustorium from the surrounding and plant derived 

extrahaustorial membrane. (Zhang et al., 2005; O’Connell and Panstruga, 2006). As part of 

maturation, the haustorium further expands and forms about ten digitate protrusions (DP) at both 

haustorial poles to increase the surface for the nutrient uptake (Figure 4F). Meanwhile, about 

24 hours after arrival of the spore and successful establishment of the haustorium, secondary hyphae 

(SH) emerge which originate from the AGT (Zhang et al., 2005). The SH further branche and evolve 

about one day later hyphal appressoria (HA). The HA start to parasite adjacent epidermal plant cells 

via PP and the establishment of haustoria (Figure 4G). Approximately five days after onset of 

infection the Bgh colony starts sporulation. Conidia are developed in chains from reproductive 

structures which are called conidiophores (CP). The conidia advance in maturation toward the CP 

apex. Except the haustoria, Bgh growths epiphytically on the epidermal surface of barley. 

Concerning its biotrophic life-style the parasitized plant cells stay intact (Gjetting et al., 2004). A 

colony which derives from a single spore and under favorable conditions can establish up to 5000 

haustoria and conidiophores which can produce as many as 200.000 spores during the life-time of a 

colony (Gjetting et al., 2004; Zhang et al., 2005). 

 

1.3 The plant immunity 

In contrast to animals, plants are sessile organisms unable to escape abiotic and biotic stresses by 

relocation of their place of residence. Additionally, they lack immunoglobulin molecules, circulating 

immune cells, and phagocytic processes. Hence, plants do not possess an adaptive immune system 

comparable to the animals. The innate immunity is therefore the only defense system of the plants. 

It is germline encoded and therefore already pre-existent before pathogen challenge (Iriti and Faoro, 

2007). However, the diseased plant is an exception in nature which illustrates the efficacy of the 

plant immunity (Thordal-Christensen, 2003). 

 

1.3.1 Basic concepts and terminology of plant immunity 

In the clear majority of interactions, phytopathogens do not cause a disease on the attacked plant. In 

such interactions, the microbe is called heterologous or non-adapted, the plant is a non-host and the 
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interaction is referred to as incompatible or heterologous. If a plant species is susceptible to a plant 

pathogen and colonized, this plant-microbe interaction is called compatible or homologous, the 

pathogen is an adapted or homologous pathogen and the plant is referred to as host (Gabriel and 

Rolfe, 1990; Prell and Day, 2001). Plant species which lose in a current evolutionary process their 

status as host or non-host are neither completely resistant nor completely susceptible to a specific 

pathogen. This means that compatible interactions between plant and pathogen occur occasionally 

on limited genotypes of the plant species. This intermediate status between host and non-host is 

termed marginal host (Heath et al., 1997; Atienza et al., 2004; Niks and Marcel, 2009). 

Often, all genotypes of a plant species are resistant to all genotypes of a phytopathogen species. This 

broad-spectrum resistance is called non-host resistance (NHR) and is achieved through a plant 

immune system of multiple layers. The immune system can be divided in a constitutive defense and 

an induced defense (Thordal-Christensen, 2003; Mysore and Ryu, 2004; Ham et al., 2007). First one 

includes preformed physical and chemical barriers such as the cuticle, the plant cell wall, and many 

deposited secondary metabolites and defense proteins. The latter comprises directed reinforcement 

of the cell wall, defense associated cell polarization, production of secondary metabolites, and 

transcription of genes related to defense (Nuernberger and Lipka, 2005; da Cunha et al., 2006; Iriti 

and Faoro, 2007). It is supposed that the constitutive defense mainly contributes to NHR if host and 

non-host are distantly related plant species. The induced defense is thought to contribute mainly to 

NHR if host and non-host plants are closely related (Niks and Marcel, 2009). 

The entirety of plant defense, mounted against unadapted pathogens, is collectively referred to as 

basic defense or basic resistance. In the case of complete and effective defeat of the heterologous 

pathogen the defense results in NHR. The complement of the basic resistance is the basic 

compatibility of adapted pathogens which overcome host defense in homologous interactions 

(Heath, 1997; Niks and Marcel, 2009).  

In general, susceptible genotypes of a host plant differ in their susceptibility to an adapted and 

virulent pathogen, due to the ‘basal resistance’. This basal resistance which reduces the spread of 

adapted pathogens after successful infection, is supposed to be polygenetic and to rely on similar, if 

not the same principles as the basic resistance (Parlevliet, 1978; Dangl and Jones, 2001; Atienza et 

al., 2004; Niks and Marcel, 2009). 

Additional, plants can recognize particular races or strains of the pathogen by their specific secreted 

proteins such as effector molecules. These proteins induce further plant defense reactions. This race 

specific resistance is also called quantitative resistance or effector triggered immunity (ETI), 

according the perceived effector molecules. It fulfills a role similar to that of the adaptive immune 
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systems in animals and will be discussed later (chapter 1.3.5; chapter 1.3.7; Jones and Dangl, 2006; 

Iriti and Faoro, 2007) 

Concerning fungal pathogens which form haustoria such as Bgh, resistance is also distinguished in 

pre-haustorial or penetration resistance and post-penetration resistance. The penetration resistance 

is achieved by plant defense which inhibits the fungus to break through the cuticle and the cell wall 

to establish its feeding organ. Post-penetration resistance describes the prevention of further 

proliferation of the fungus after successful penetration (O’Connell and Panstruga, 2006; 

Hückelhoven, 2007). 

In the barley-Bgh pathosystem the host plant barley can restrict infection success of adapted Bgh in 

an inductive basal defense pre-haustorial and post-penetrational. The degree of successful infections 

of Bgh depends on the quantitative resistance of the particular cultivar. Furthermore, whether Bgh 

can establish a haustorium and further proliferates, remains a host phenomenon of each autonomous 

cell. This means that the outcome of the interaction of barley and Bgh varies not only between 

different cell types of the epidermis but also between cells of the same cell type (Lin and Edwards, 

1974; Schultheiss et al., 2002; Pathuri et al., 2008; Hückelhoven, 2014). 

 

1.3.2 Preformed barriers of the constitutive basal defense 

All plants possess preformed physical and biochemical barriers as part of their system of constitutive 

basal defense to avoid invasion of a pathogen (Nuernberger and Lipka, 2005). As first physical 

barrier, the pathogen hast to overcome the plant cuticle, a layer of the polyester cutin, impregnated 

with intracuticular and covered with epicuticular waxes. The cuticle coats the aerial organs of 

vascular plants and the precise composition can be quite diverse between different species. The main 

function of the cuticle is the protection against dehydration as well as abiotic and biotic stresses 

(Serrano et al., 2014). The penetration of the cuticle layer is thought to be achieved by cutinases and 

lipases which are secreted by the fungal appressorium. These enzymes are known to hydrolyze cutin, 

respectively lipids (fats) and were shown to be secreted by the PGT as well as the AGT of Bgh 

(chapter 1.2.2; Nielsen et al., 2000; Wright et al., 2002). It is assumed that Bgh AGT and PP turgor 

pressure have a supportive effect on breaching of the cuticle, as it was shown for the hemibiotrophic 

rice blast fungus Magnaporthe grisea (Edwards and Allen, 1970; Zhang et al., 2005). 

After penetration of the cuticle, the fungus must penetrate the plant cell wall. It is constitutively 

enriched with antimicrobial peptides (AMPs) and toxic secondary metabolites which form a 

preformed biochemical barrier (Hückelhoven, 2007; Takken and Tameling, 2009; Nawrot et al., 

2014). To the AMPs belong for example defensins and thionins. The latter is a family of peptides 
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with a molecular weight of about 5 kDa and a common peptide structure. Former studies revealed 

an antimicrobial effect of several leaf thionins of barley to Bgh and other pathogenic fungi and their 

importance to the plant defense machinery. However, the precise antifungal activity of thionins 

remains unclear (Bohlmann et al., 1988; Andresen et al., 1992; Ma et al., 2010; Nawrot et al., 2014). 

To break through the cell wall, plant pathogens produce a whole set of degrading enzymes. Fungal 

cellulases degrade the main component of the cell wall, the cellulose fibrils (Vogel, 2008; 

Bellincampi et al., 2014). Pectinases are active on the pectin, whereas xylanases loose the 

polysaccharide xylan as one of the major hemicelluloses (Walton, 1994; Bellincampi et al., 2014). 

For Bgh it was shown that conidia, which germinate on cellulose membranes, secrete cellulases 

(Suzuki et al., 1998). Additionally, cellobiohydrolase activity at the tip of PGT and AGT was proven 

(Pryce-Jones et al., 1999). Also here a supportive turgor pressure of the AGT and PP is assumed for 

effective penetration of the cell wall (Edwards and Allen, 1970; Zhang et al., 2005). 

The chemical composition of the preformed cell wall of the plant determines its lytic and mechanical 

resistance and hence, the success of fungal penetration. It was shown that the Arabidopsis thaliana 

double mutants pmr5/pmr6 which encode an O-acetyltransferase and a pectate-lyase, possess an 

altered amount and composition of pectin. Furthermore, they were resistant to the Arabidopsis 

powdery mildew fungus (Vogel et al., 2002, 2004). Arabidopsis lines, mutated in the cellulose-

synthase gene CESA3, such as eli1 and cev1 show differences in the composition of their cell wall. 

Additionally, these lines are more resistant to powdery mildew (Ellis and Turner, 2001; Cano-

Delgado et al., 2003).  

However, in both CESA3 mutants an increase in jasmonate signaling was shown. This makes it 

difficult to distinguish between effects derived directly by the altered mechanic or lytic features of 

the cell wall and indirect effects via cell wall integrity sensing or altered cell wall degradation 

products (Vorwerk et al., 2004; Hématy et al., 2009). 

 

1.3.3 The elicitor-triggered basal defense 

The above mentioned preformed physical and biochemical barriers of the constitutive defense can 

stop the attempts of invasion of many non-adapted pathogens (Underwood and Somerville, 2008). 

However, for efficient resistance against a pathogen the preformed barriers are complemented by a 

layer of inductive defense. This was illustrated by Jones and Dangl (Jones and Dangl, 2006) via their 

‘zig-zag’ model (chapter 1.3.5; Figure 6). The presence of a non-self, a wrong-self or a damaged-

self can be detected by perceiving molecular elicitors via surface and intracellular receptors. The 
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perception results in an induction of a plant defense response (Nuernberger and Lipka, 2005; Heil, 

2012; Henry et al., 2012). 

An elicitor which induces basal defense in a broad range of cultivars of the same species is called a 

general elicitor (Montesano et al., 2003). General elicitors are subdivided according their origin 

from non-pathogenic microbes, phytopathogens or the plant itself. Microbe-associated molecular 

pattern (MAMPs) and pathogen-associated molecular pattern (PAMPs) are general molecules of a 

broad range of microbes. They are indispensable for the organisms and include motifs which cannot 

be modified without considerable disadvantages for the fitness of the pathogen. Examples for 

elicitors, recognized by a wide spectrum of plants, are bacterial lipopolysaccharides and flagellin as 

well as chitin, an elicitor from the fungal cell wall (Zipfel et al., 2004, 2006; Zipfel, 2009). 

Furthermore, when the pathogen breaks through the preformed physical plant barriers, the hydrolysis 

unavoidably releases products of degradation of the macromolecules. It is supposed that these 

endogenous molecules of the plant are perceived by the plant as damage-associated-molecular-

patterns (DAMPs) (Henry et al., 2012). One example of a putative DAMP are the pectin-derived 

oligogalacturonides of the plant cell wall which are released through hydrolytic activity of the 

pathogen (Reymond et al., 1995; D’Ovidio et al., 2004). 

The general elicitors are perceived by the plant via surface pattern recognition receptors (PRRs). 

Most PRRs can be assigned to one of two different groups, distinguishable by their protein domains. 

Receptor-like kinases (RLKs) possess an extracellular domain, a transmembrane domain (TM), and 

an intracellular kinase domain. They perceive signals through their extracellular domain and 

transmit signals through their intracellular signaling molecules via their kinase domain. The other 

group comprises receptor-like proteins (RLPs) which lack the kinase domain (Shiu et al., 2004; 

Monaghan and Zipfel, 2012). Recent data indicates that Receptor-like cytoplasmic kinases (RLCKs) 

which possess only a cytoplasmic kinase domain, are directly activated by PRRs bound to elicitors. 

Thus, they could function as intracellular signaling kinases to link PRRs and MAPK cascades in 

pattern triggered plant immunity (Yamaguchi et al., 2013). 

Several PRRs were already discovered, especially in the plant model organism Arabidopsis thaliana. 

Thus, bacterial flagellin is perceived by FLAGELLIN SENSING2 (FLS2). Oligogalacturonides, 

derived from the cell wall of the plant, are perceived via the WALL-ASSOCIATED KINASE 1 

(WAK1) (Gómez-Gómez and Boller, 2000; Miya et al., 2007; Brutus et al., 2010). For instance, 

after flagellin is recognized, FLS2 activates a downstream MAP kinase pathway which triggers the 

inductive layer of the plant defense (Gómez-Gómez and Boller, 2002). In rice, chitin as a component 

of the fungal cell wall is recognized by a receptor complex. This complex consists of the RLP 

OsCEBiP (CHITIN ELICITOR BINDING PROTEIN) which binds chitin and the RLK OsCERK1 
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(CHITIN ELICITOR RECEPTOR KINASE), necessary for downstream signaling (Kaku et al., 

2006; Shimizu et al., 2010). Defense responses, induced by M/P/DAMPs, are called Pattern-

Triggered Immunity (PTI) and represent the primary layer of the inductive defense (Shiu and 

Bleecker, 2001; Nicaise et al., 2009; Henry et al., 2012). 

 

1.3.4 Cell wall associated basal defense 

First counteractions as primary layer of the inductive defense of the plant take place at the cell wall 

(Figure 5). As part of their inductive immunity, plants can distinguish between self and non-self. 

Furthermore, they are also monitoring their cell wall integrity (CWI), differentiating between intact 

self and damaged self (Hématy et al., 2009). The latter can be sensed by the cell via DAMPs, 

perturbations in the synthesis, and assembly of the cell wall as well as deformations of the plasma 

membrane in consequence of a weakened cell wall (Hématy et al., 2009; Henry et al., 2012; 

Pogorelko et al., 2013). To sense and process these endogenous and exogenous signals the plants 

rely on a high variety of receptors and signal transductors (Hématy et al., 2009). 

Receptor like kinases (RLKs), the mitogen-activated protein kinase (MAPK) pathway, and 

arabinogalactan proteins are thought to be involved in the survey of the plant CWI and the following 

signal integration (Humphrey et al., 2007; Cheung and Wu, 2011; Wolf et al., 2012). After 

perception of a non-self, a wrong-self or a damaged-self, the cytoplasm , the endomembrane system, 

and the cytoskeleton of the plant cell are drastically rearranged and polarized towards the site of 

perception (Nuernberger and Lipka, 2005; Hückelhoven, 2007; Hématy et al., 2009). These 

mechanisms for cell polarization are pivotal for an effective counteraction against an imminent 

collapse of CWI and pathogenic threat. They ensure the transport and secretion of defense 

compounds and components which are necessary for strengthening the cell wall towards the 

attempted site of penetration. The speed and the spatial accuracy of these actions are thought to be 

crucial for a successful plant defense. If the reorganization of the actin cytoskeleton is inhibited, for 

example by the drug cytochalasin E, the defense associated to the cell wall is disturbed. A 

consequence the penetration success of compatible and nonhost pathogens is enhanced (Kobayashi 

et al., 1997; Opalski et al., 2005; Hückelhoven, 2007).  

Additional to the polarization of the cell, the synthesis and transport of defense compounds is 

initiated. These comprise inhibitors of pathogenic enzymes which are capable to degrade the cell 

wall of the plant. Also antimicrobial molecules of low mass such as phytoalexins and antimicrobial 

peptides such as thionins and defensins are targeted to the site of fungal attack (Ahuja et al., 2012; 

Nawrot et al., 2014). Material for strengthening of the cell wall, in form of a papillae is synthesized  
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and transported to the site of attempted penetration. The papilla is a cell wall apposition which 

consists of several layers, different in their enrichments in phenolics (lignin derived from oxidative 

monolignol polymerization and phenolic conjugates), callose, cellulose, and  

arabinoxylan (Boerjan et al., 2003; Chowdhury et al., 2014). Accumulation of hydrogen peroxide 

(H2O2), dependent on the activity of peroxidases, is detected via DAB staining. It is thought to play 

an important role in the crosslinking of the components of the cell wall, comparable to crosslinking 

by phenolic bridges. Papillae of barley, formed after attack of Bgh, can be distinguished in effective 

(non-penetrated) and non-effective (penetrated) papillae. Recently it was shown that effective 

papillae are richer in callose, cellulose, arabinoxylans, and H2O2, when compared to penetrated 

appositions (Hückelhoven, 2007, 2014; Chowdhury et al., 2014). 

 

 

Figure 5: Plant defense associated to the cell wall (Hückelhoven 2007b, 2014, modified). 

The picture should be considered clock-wise. Fungal actions at the cell wall (yellow box) can 

lead to penetration of cuticle and cell wall. This enables the initial formation of the 

haustorium. Perception of the pathogen and signal transduction result in polarization of the 

cell towards the site of attack. Transcription of defense compounds is activated (blue boxes). 

These compounds are synthesized and transported to the site of attack, directly harming 

the fungus or inhibiting fungal activity after their secretion. Additionally, a papilla is 

formed, strengthened by diverse crosslinking reactions (red boxes). The papillae consist of 

several layers. A phenolic enriched inner layer (dark brown), a callose and arabinoxylans 

enriched middle layer (light brown) and a cellulose and arabinoxylans enriched outer layer 

(salmon). A non-penetrated (effective) papillae is shown. CWDE: cell wall degrading 

enzymes. 
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1.3.5 Effector-triggered susceptibility 

Most pathogens are stopped by the preformed defense barriers or PTI. However, some adapted 

pathogens can overcome the basal defense by delivering host interacting proteins, so called effectors, 

to the attacked cell. The resulting susceptibility of the host is therefore called effector-triggered 

susceptibility (ETS). These effectors interact with their targets of the host cell to inhibit signaling 

pathways, suppress the production of compounds which participate in the basal defense or 

manipulate the host cell to cooperate in disease (chapter 1.3.3; Jones and Dangl, 2006; Koeck et al., 

2011). 

Hence, pathogens can address two kinds of effector targets (Pavan et al., 2010). Host resistance 

factors (RFs) with a positive role in plant defense are suppressed or inhibited by the effector to 

induce susceptibility of the plant. However, absence (in this context, also including loss of function) 

of this effector targets can also result in susceptibility, because of the absent positive effect of the 

host factor on plant defense. The second group of effector targets are susceptibility factors (SFs), 

required by the pathogen for full virulence. They can be separated in negative defense regulators 

and factors necessary for accommodation of the pathogen according its metabolism and 

development (Hückelhoven, 2005; Pavan et al., 2010; Hückelhoven et al., 2013). Latter are of 

especial necessity for pathogens which form feeding structures and are dependent on metabolic 

pathways of the host. Like in the obligate biotrophic Bgh, these metabolic pathways were lost during 

evolution. In such cases the host cell is forced by manipulation of the SFs to accommodate its cell 

architecture and metabolism. Thus, the plant is effected to support haustorial formation and 

subsequent establishment of nutrient supply of the fungus (Zhang et al., 2005; Spanu et al., 2010; 

Chen et al., 2010; Koeck et al., 2011). The pathogen must promote or activate this group of effector 

targets to achieve susceptibility. Hence, absence of SFs as effector targets results in resistance to the 

particular pathogen. However, it can also result in an enhanced susceptibility to other pathogens, or 

in pleiotropic effects on development and metabolism of the plant (Pavan et al., 2010; Hückelhoven 

et al., 2013). 

Inhibited or retarded development of the fungus due to poor accommodation of the host cell can lead 

to an enhanced plant defense. However, vice versa enhanced plant defense can result in poor 

infection success or development of the fungus (Hückelhoven et al., 2013). Hence, the reason of 

altered fungal success is phenotypically often indistinguishable. Therefore, the molecular 

characterization of the effector target and its role in the interaction of the plant and the pathogen is 

an imperative. 
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1.3.6 Bgh effectors and their potential targets in barley 

In the Bgh genome 784 effector candidates (BECs) are found so far which represents about 13.5 % 

of all annotated genes. All effector candidates have in common that their quantitative proliferation 

is putatively due to the association with transposable elements based on retro-transposon driven Bgh 

genome expansion. Furthermore, no homologs of the BECs are found outside the powdery mildew 

fungi (Pedersen et al., 2012; Amselem et al., 2015). Many BECs are expressed in the Bgh 

haustorium which underlines its additional function as delivery system for the effectors (Pennington 

et al., 2016). 

491 putative effector genes are associated to the Candidates for Secreted Effector Proteins (CSEPs) 

superfamily which possess a signal peptide but no transmembrane domain. It is supposed that many 

CSEPs originated from a secreted fungal ribonuclease by gene duplication (Pedersen et al., 2012). 

293 effector candidates are assigned to the Effectors homologous to Avrk1 and Avra10 (EKA) gene 

family. It is supposed that the EKA members originated from the truncated ORF1 of Class I-LINE 

retrotransposons. They lack an N-terminal signal sequence or a signature for uptake by host cells 

and the mechanism of their secretion remains unknown (Amselem et al., 2015). 

The BEC characterization is still restricted to a small number of putative effectors and the molecular 

mechanisms of manipulation in barley are rarely understood (Whigham et al., 2015). It was shown 

that the BEC CSEP0055 interacts with pathogen-related protein HvPR17c which was confirmed in 

its role in penetration resistance to Bgh (Zhang et al., 2012b). The heat shock proteins (Hsps) 

HvHsp16.9 and HvHsp17.5 were identified as putative effector targets of CSEP0105. Hsps are 

known to provide thermotolerance to the cell. However, for some Hsps also contribution to the plant 

defense was shown, for example via stabilization of R-proteins (Maimbo et al., 2007; Van Ooijen 

et al., 2010; Ahmed et al., 2015). The effectors BEC3 and BEC4 exhibited interactions with a 

thiopurine methyltransferase, an ubiquitin-conjugating enzyme, and an ADP ribosylation factor-

GTPase-activating protein (ARF-GAP). For the latter the authors supposed that BEC4 may 

manipulate defense-associated vesicle trafficking of the host to suppress pre-haustorial resistance 

(Schmidt et al., 2014). 

ARF-GAPs are regulators of ARF-GTPases which are necessary for the induction of vesicle 

budding. The ARF-GTPase HvARFA1b/1c was identified as RF in the interaction of barley and 

Bgh. Additionally, it was suggested that ARFA1b/1c is functionally linked to the HvROR2 syntaxin 

in pathogen defense regulation. HvROR2 is an orthologue of AtPen1 and supposed to be involved 

in defense-associated vesicle trafficking. HvROR2 was also found to interact with the SNARE 

protein HvSNAP34, another RF essential for penetration resistance. HvSNAP34 is likely 
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participating in vesicle-docking to the target membrane (Collins et al., 2003; Assaad et al., 2004; 

Douchkov et al., 2005; Böhlenius et al., 2010). 

The functional HvROR2 syntaxin and the HvSNAP34 SNARE protein are also required for the 

broad-spectrum resistance of barley against all races of Bgh. The resistance is mediated through 

absence of HvMLO, a seven-transmembrane domain containing protein. It is the most prominent SF 

in the barley-Bgh pathosystem and was shown to be located in the plasma membrane and to interact 

calcium dependently with calmodulin. However, its exact biochemical function is still unknown 

(Jorgensen, 1994; Buschges et al., 1997; Kim et al., 2002b; Douchkov et al., 2005; O’Connell and 

Panstruga, 2006; Eichmann and Hückelhoven, 2008). HvMLO is the hub of an HvMLO-dependent 

regulon and probably a negative regulator of the cell wall-related defense of barley against Bgh, 

associated with vesicles and mediated by SNARE (Douchkov et al., 2005; Humphry et al., 2010; 

Hückelhoven et al., 2013). A possible member of the regulon, dependent on HvMLO, is the putative 

SF HvCRK1, an ER localized cysteine-rich receptor-like kinase. It is HvMLO-dependently induced 

and exhibits also an negative impact on barley penetration resistance to Bgh (Rayapuram et al., 

2012). Additionally, barley BAX INHIBITOR-1 (HvBI-1) is ER localized and likely a negative 

regulator of penetration resistance associated with the cell wall. Thus, it represents a putative SF to 

Bgh during infection. However, the expression of HvBI-1 seems not as strictly dependent on 

HvMLO like HvCRK1 (Eichmann et al., 2010). 

Other effector targets could be SFs with a rather supportive effect on Bgh accommodation and 

development. Due to the obligate biotrophic lifestyle of Bgh, these SFs would be promoted by the 

pathogen. Barley alcohol dehydrogenase 1 (HvADH1) may be such an SF. Its expression and its 

activity was shown to be induced during attack of Bgh. It was assumed that HvADH1 possess a role 

in the glycolytic/fermentative pathway of the plant cell. This HvADH1 could be crucial for the 

hexose supply and thus nutrition of Bgh (Pathuri et al., 2011; Proels et al., 2011). Also, the small 

GTPase HvRACB, object of study in this work, is required by Bgh for the host cell invasion and 

subsequent haustorial expansion. The role of HvRACB as SF is likely due to its activity in the 

modulation of the cytoskeleton (Schultheiss et al., 2002; Hoefle et al., 2011). HvRACB and its acting 

in the interaction of barley and Bgh will be introduced later in more detail. 
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1.3.7 Effector-triggered immunity 

To overcome ETS the plants evolved a second layer of inductive defense, named effector-triggered 

immunity (ETI) (chapter 1.3.3; Figure 6; Jones and Dangl, 2006). It is based on the evolutionary 

gained ability of the plant immunity to recognize pathogen effectors. When compared to the race-

unspecific defense via preformed barriers and PTI, ETI leads to a race-specific resistance. It refers 

to similar responses of defense like the basal defense. However, ETI is executed faster and more 

intensively. It can even induce hypersensitive reaction (HR) which results in cell death and functions 

as a physical block to further proliferation of the pathogen (Hadwiger and Culley, 1993; Greenberg, 

1997; Jones and Dangl, 2006). ETI is induced by the perception of pathogen effectors via specific 

disease resistance proteins (R-proteins) which are encoded by R-genes. R-proteins are mostly 

intracellular nucleotide-binding leucine-rich repeat proteins (NB-LRRs) or extracellular leucine-rich 

repeat proteins connected to a short transmembrane domain (eLRRs-TM, receptor-like proteins). 

The perceived effectors are called specific elicitors or avirulence proteins (AVRs). They occur in 

 

Figure 6: The ‘zig-zag’-model of the inductive plant immunity (Jones & Dangl 2006, 

modified). 

General elicitors (purple hexagon) are perceived by pattern recognition receptors (PRRs) 

and PAMP-triggered immunity (PTI) is induced. PTI can be overcome by pathogen-derived 

effectors, forcing an effector-triggered susceptibility (ETS). Some effectors (orange circle) 

function as specific elicitors, recognized by a plant resistance protein (R-protein). The 

induced effector-triggered immunity (ETI) is similar to PTI but faster and stronger and can 

lead to hypersensitive cell death (HR). Natural selection can force the loss of the specific 

elicitor and evolvement of new or modified effectors, which do not function as elicitors and 

hence cause ETS again. The newly gained ETS can lead to an evolvement of an R-protein. 

This new R-protein detects the ETS causing effector (red circle), which therefore turns to a 

specific elicitor effecting ETI. 
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specific races or strains of the pathogen and can only be detected by plants with the respective R-

gene as counterpart (Montesano et al., 2003; Jones and Dangl, 2006; Stergiopoulos and de Wit, 

2009). 

The perception of the effector proteins can take place via a direct physical interaction between the 

R-protein and the effector (receptor-ligand model) or indirectly by sensing effector mediated 

modifications of the effector target (guard-model) (Jones and Dangl, 2006; Stergiopoulos and de 

Wit, 2009). The guard-model was extended by the decoy-model. It suggests that plants evolved 

decoy molecules to mimic effector targets. Such decoys trap effector proteins but would not lead to 

an enhanced fitness of the pathogen, regardless if an appropriate R-protein is expressed in the plant 

or not. However, if the decoy is guarded by an R-protein the manipulation of the decoy will be 

detected and ETI induced. (van der Hoorn and Kamoun, 2008). 

AVRK1 and AVRA10 are two putative effectors of Bgh and eponyms of the EKA gene family 

(Ridout et al., 2006). Both induce ETI in barley cultivars which carry the respective R-proteins 

MLK1 and MLA10. It was shown that MLA10 interacts with the two WRKY transcription factors 

(TFs) HvWRKY1 and HvWRKY2 of barley in an AVRA10-dependent manner. It is thought that 

these immediate downstream targets of the activated MLA10 mediate ETI which include HR 

dependent cell death (Shen et al., 2007; Stergiopoulos and de Wit, 2009). Next to MLA10, further 

genes (MLA1, MLA6, MLA7, MLA12, AND MLA13) which are located at the MLA locus of barley 

were shown to code for R-genes. They perceive race specific effectors of Bgh. Recently, further 

WRKY TFs were found (HvWRKY10, HvWRKY19, HvWRKY28) which participate in MLA 

triggered ETI and basal defense (Halterman et al., 2001; Shen, 2003; Halterman and Wise, 2004; 

Stergiopoulos and de Wit, 2009; Meng and Wise, 2012). 

Natural selection which is driven by ETI can cause the loss of effectors if they function as specific 

elicitors. Furthermore, it causes the development of new or modified pathogen effector proteins. 

These cannot be detected by the plants because no appropriate R-proteins are existent which could 

perceive the new or modified effectors directly or the manipulations of their operative targets. The 

resulting ETS will drive again a natural selection in the plant to develop new R-genes as counterparts 

which will induce ETI. Both processes can be assumed to boost each other in a never ending 

evolutionary arms race (Jones and Dangl, 2006; Stergiopoulos and de Wit, 2009). 
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1.4 Rho-related GTPase from plants 

The above described stomata formation, root hair development, and plant defense responses depend 

on complex signaling pathways which are triggered by extracellular signaling cues. Hence, cellular 

key molecules are needed to perceive and integrate these complex signaling pathways. For all 

mentioned and further processes the regulatory participation of small GTPases was shown (Agrawal 

et al., 2003; Berken, 2006; Humphries et al., 2011). 

 

1.4.1 Nomenclature, phylogenetic and basic functionality of ROPs  

Small GTPases, also known as small G-Proteins, exist in all eukaryotes. They belong to the Ras 

superfamily of small GTPases, named after their founding member ‘Ras’. The Ras superfamily is 

further divided in the ‘Ras’, ‘Rho’, ‘Arf’, ‘Ran’ and ‘Rab’ families (Macara et al., 1996; Takai et 

al., 2001). Arf, Rab and Ran are conserved in all eukaryotes and known to control processes of 

vesicular or nuclear trafficking. On the other hand, Ras and Rho G-Proteins were shown to transmit 

extracellular signals (Takai et al., 2001; Yang, 2002). However, unlike animals and yeast, in plants 

no true Ras proteins were found. This makes Rho the exclusive family of G-Proteins in plants for 

transmission of extracellular signals. Furthermore, in animals the Rho family is further divided in 

the Rac, Rho and Cdc42 subfamilies, whereas in plants a unique subfamily of Rho exists. This Rho 

subfamily is called ROP (Rho-related GTPase from plants) or RAC, according to the protein 

sequence similarities to the human Rac subfamily (Winge et al., 1997; Takai et al., 2001; Vernoud 

et al., 2003). To avoid confusion, in this work exclusively the term ‘ROP’ will be used for the Rho 

subfamily of small GTPases, unique for plants. In all examined plant species the ROP subfamily 

represents a multigenic family. It contains closely related members with redundant, overlapping, 

distinct or multiple functions in the cell. In Arabidopsis thaliana 11 ROPs were found, in rice 7 and 

in barley 6 (Christensen et al., 2003; Schultheiss et al., 2003; Nibau et al., 2006; Craddock et al., 

2012; Fehér and Lajkó, 2015). 

Like the other members of the Ras superfamily, all ROPs share the conserved G-domain. This 

domain is necessary for the basic function of ROPs to bind GTP with high affinity and inefficiently 

hydrolyze it to GDP (Macara et al., 1996; Takai et al., 2001). The alternation between an active 

GTP-bound status and an inactive GDP-bound status let them serve as molecular switches. The third 

possible status, namely the GTP/GDP unbound status, is only quite short-living (Vetter and 

Wittinghofer, 2001; Berken and Wittinghofer, 2008). Shuttling between the ON and the OFF status 

and subcellular localization is regulated by three major upstream regulators. They directly interact 
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with ROPs, partly dependent on diverse posttranslational modifications (Kost, 2008; Craddock et 

al., 2012). The guanine nucleotide exchange factors (GEFs) promote the release of GDP from the 

ROP G-domain. GTP effectively occupies the G-domain due to higher cellular concentrations than 

GDP (Berken et al., 2005; Gu et al., 2006). The OFF-status is promoted by GTPase activating 

proteins (GAPs). They increase GTP hydrolysis activity of the G-domain which leads to an 

accelerated inactivation of the ROP (Wu et al., 2000). It is supposed that transmembrane RLKs 

regulate the activation of ROPs via GEFs. This corresponds to the association of most ROPs to the 

plasma membrane (Miyawaki and Yang, 2014; Fehér and Lajkó, 2015). Hence, the RLK-GEF-ROP 

complex is suggested as early signaling complex. Furthermore, the membrane association is thought 

to be pivotal for activity regulation and dependent on post-translational modifications. Based on the 

their variable region at the C-terminus, type I and type II ROPs can be distinguished (Winge et al., 

1997; Nibau et al., 2006). Members of both groups are thought to be post-translationally modified 

at the C-terminus for attachment to the membrane. Hereby, type I ROPs are putatively prenylated 

and type II proteins palmitoylated (S-acetylated) (Lavy et al., 2002; Lavy and Yalovsky, 2006; Sorek 

et al., 2007). Palmitoylation inhibits interaction with guanine nucleotide dissociation inhibitors 

(GDIs). These upstream regulators extract inactivated prenylated G-Proteins from the membrane, 

sequesters them in the cytosol, and inhibits the exchange of GDP for GTP (Pozo et al., 2002; Lin et 

al., 2003; DerMardirossian and Bokoch, 2005; Kost, 2008). Consequently, GDIs are negative 

regulators, likely involved in a mechanism for ROP recycling to stabilize a polarized and spatially 

restricted activity of type I ROPs. However, recycling of ROPs seems not to be necessary for ROP 

type II regulation (Nibau et al., 2006; Kost, 2008). Further possible post-translational modifications 

exist which effect ROP activity. The phosphorylation of a conserved serine residue is essential for 

the ROP-GEF interaction. The S-acylation of conserved G-domain cysteines is important for 

association with lipid rafts and thus for subcellular localization (Sorek et al., 2010; Fodor-Dunai et 

al., 2011). 

Only the GTP-bound ROPs are active and interact with downstream effectors. These effectors then 

interact with further cellular components to relay and integrate the extracellular signals for responses 

via intracellular pathways (Wu et al., 2011). Plants possess two unique families of ROP effectors. 

They are called ROP-interactive CRIB motif-containing proteins (RICs) and ROP Interactive 

Partners (RIPs). RICs and RIPs were shown to participate in regulation of fundamental processes in 

the cell such as polar growth, cell morphogenesis, and plant defense (Wu et al., 2001; Li et al., 2008; 

Schultheiss et al., 2008). Furthermore, these processes are based on the establishment of cell polarity 

which is tightly linked to the cytoskeleton and vesicular trafficking (Hall, 1998; Molendijk et al., 

2004; Hückelhoven, 2005; Lavy et al., 2007; Fu et al., 2009). Hence, F-actin, microtubules, and 
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vesicle trafficking are universal targets of G-Protein signaling in animals and plants (Brembu et al., 

2006). 

 

1.4.2 ROP-regulated polar tip growth 

The tip growth is characterized by a sustained unidirectional growth and is the basis for the tubular 

elongated cells of root hairs and pollen tubes. It needs massive and polar secretion of cell wall 

material to the spatial restricted site of growth (Carol and Dolan, 2002; Gu and Nielsen, 2013). The 

polarization of the cell is regulated by a self-organizing system. It is based on the asymmetrical 

distribution of organelles, vesicles, cytoskeletal elements, and signaling molecules such as ROPs 

and its associated regulators and effectors towards and at the future cell apex (Grebe et al., 2001; 

Cole and Fowler, 2006; Kost, 2008).  

In Arabidopsis thaliana, AtROP1 accumulates at the future apex of the pollen tube before any visible 

bulging of the pollen (Fu et al., 2001). AtROP1 organizes its own activity at the apex and therefore 

at the tip growth domain of the pollen tube via counteracting downstream pathways which balance 

each other (Figure 7; Gu et al., 2005). The molecular mechanisms of these pathways are not known 

in detail. However, it was shown that AtRIC4, an effector of AtROP1, is dependent for the assembly 

of F-actin at the tip of the pollen tube (Gu et al., 2005; Yang and Lavagi, 2012). It is supposed that 

this assembly of F-actin supports the accumulation of vesicles, directed to the tip. The vesicles 

putatively contain positive regulators of AtROP1 such as AtRopGEF1 or the RLK AtPRK2. These 

regulators propagate further activation of AtROP1 at the apex of the pollen tube and hence a positive 

feedback loop (Gu et al., 2006; Zhang and McCormick, 2007; Chang et al., 2013). AtRIP1 (AtICR1), 

another effector of AtROP1, participates in polar exocytosis and activation of AtROP1 via interaction 

with the AtSEC3 exocyst subunit which is necessary to tether the vesicles to the PM (Lavy et al., 

2007; Craddock et al., 2012). The exocytosis of the vesicles is facilitated through the AtROP1-

dependent activation of AtRIC3 which promotes Ca2+ influx at the tip. The increase of calcium could 

lead to disassembly of F-actin and hence to a promoted exocytosis of the accumulated and tethered 

vesicles (Gu et al., 2005; Yan et al., 2009). On the other side, it was shown that these vesicles also 

contain the GAP AtREN1. It spatially restricts together with the GDI AtRhoGDI2a the AtROP1 

activity and hence the domain of the tip growth of the pollen tube apex (Hwang et al., 2008, 2010). 

It was further suggested that Ca2+ influx negatively regulates AtROP1 via an activation of AtREN1 

at the PM at higher calcium concentrations (Craddock et al., 2012). 
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Also in the root, ROPs regulate the initiation of root hairs and their tip growth via actin dynamics, 

polar exocytosis, and Ca2+ gradient establishment. Hence, their role is similar to the role of ROPs in 

the above described tip growth of the pollen tube (Pei et al., 2012). AtROP2 accumulates in the 

trichoblast at the future apex of the root hair even before any visible bulging of the trichoblast. This 

suggests a role in the initiation of root hairs whereas AtROP4 and AtROP6 may regulate their 

elongation (Molendijk et al., 2001; Jones et al., 2002; Grierson et al., 2014). The RLK FERONIA 

(AtFER) was shown to interact with the ROP positive regulators AtRopGEF10 and AtRopGEF4. 

The first one is assumed to be involved in the initiation and the latter in the elongation of root hairs. 

Both were proven to directly bind different ROPs such as AtROP2 and AtROP6. This suggests a 

function as possible RLK-GEF-ROP complex which recruits the ROPs to the growth site (Yu et al., 

2012; Huang et al., 2013; Grierson et al., 2014). The GDI AtRhoGDI1 (AtSCN1) is probably 

involved in determining and restricting the area of ROP activity. Furthermore, recent data confirmed 

a direct interaction of AtRopGDI1 and AtROP2 in vivo (Carol et al., 2005; Chai et al., 2016). Minutes 

after accumulation of AtROP2, a drop of pH can be observed and the cell wall bulges out. This is 

possibly due to the loosening activity of pH-dependent expansins on the cell wall (Bibikova et al., 

 

Figure 7: The AtROP1 self-regulating network of  AtROP1 in the tip growth of pollen tubes 

(Based on Qin and Dong, 2015, modified). 

AtROP1 promotes polar exocytosis of vesicles at the apex of the pollen tube through 

regulation of the F-actin dynamics. The vesicles contain cell wall and membrane material, 

necessary for pollen tube growth, but also positive and negative upstream regulators of 

AtROP1. Furthermore, activity of AtROP1 is reduced via AtRhoGDI2a and the negative 

regulator AtREN1, putatively dependent on Ca2+. 
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1998; Baluska et al., 2000). Additionally, AtROP2 initiates the production of ROS by the NAD(P)H 

oxidase AtRHD2. This leads to the activation of calcium channels at the site of ROP accumulation. 

The Ca2+ influx establishes a Ca2+ gradient with the highest concentration at the apex of the root 

hair. The Ca2+ gradient probably promotes polar exocytosis as described above for the pollen tube 

and drives further activation of AtRHD2 in an Ca2+ dependent positive feedback loop (Foreman et 

al., 2003; Jones et al., 2007; Grierson et al., 2014). Furthermore, it is proposed that activation of 

ROPs in the trichoblast and hence, spatial determination of root hair initiation occurs in an auxin 

dependent manner. Payne and Grierson (Payne and Grierson, 2009) published an computational 

model which assumes auxin dependent activation of ROPs in the cell. Interestingly, the model could 

account root hair initiations in trichoblasts of WT and various mutant plants. 

 

1.4.3 ROP-regulated interdigitated diffuse growth 

In the unicellular pollen system, the tight regulation of cell polarity, necessary for polar tip growth 

of the pollen tube, is organized without any external cue. In contrast, the interdigitation of pavement 

cells (PCs) in Arabidopsis thaliana needs multiple polarities and complex cell-to-cell signaling 

(Hwang et al., 2010; Craddock et al., 2012). To establish the jigsaw puzzled shape of the cells, 

adjacent PCs locally expand into each other. Hereby they form alternatively outgrowing lobes and 

invaginated indents (Craddock et al., 2012). 

It was shown that ROPs orchestrate the multiple polarities which are essential for interdigitation of 

the PCs via the regulation of F-actin and MTs (Figure 8). The self-organization is ROP-dependent 

and based on a RLK signaling complex which activates the counteracting ROPs AtROP2 and 

AtROP6. AtROP2 is interacting with the ROP downstream effector AtRIC4. Hereby, it promotes the 

local cell expansion which generates the lobe via propagation of the assembly of fine F-actin. This 

is similar to AtROP1-mediated polar tip growth in the pollen tube (Gu et al., 2005; Fu et al., 2005; 

Xu et al., 2010; Qin and Dong, 2015). Opposite of AtROP2 activity, in the indenting region of the 

adjacent PC, AtROP6 interacts with the downstream effector AtRIC1. Thus, AtROP6 regulates the 

spatially restricted indentation accordingly to the expanding lobe via promotion of cortical MTs (Fu 

et al., 2005, 2009).  

Furthermore, it was shown that this process is supported by the AtRIC1 binding protein Katanin 

(AtKTN1). It severs branched MTs for local arrangement of well-ordered MTs (Lin et al., 2013). 

Similar to the AtROP1 regulated growth of the pollen tube, both pathways antagonistically 

coordinate each other to stabilize the alternating expanding and invagination of the cell boundary  
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(Craddock et al., 2012). Hence, active AtROP2/AtRIC4, localized at the lobe, inactivates AtRIC1 to 

suppress the establishment of well-ordered cortical MTs in this area. Accordingly, well-ordered MTs  

which are localized at the indentation are promoted by AtROP6/AtRIC1 activity. Furthermore, their 

activity suppresses AtROP2 and consequently the lobe forming processes (Fu et al., 2005, 2009). 

A crosstalk between ROP- and PIN protein regulated cell polarization pathways is likely (Nagawa 

et al., 2012; Qin and Dong, 2015). The auxin efflux carrier AtPIN1 enriches in the PC lobes parallelly 

to AtROP2 activity. This is further supported through enhanced AtPIN1 derived auxin efflux. 

AtROP2 promotes again accumulation of AtPIN1 via F-actin dependent reduction of AtPIN1 

endocytosis. Thus, a positive feedback loop between AtPIN1 and AtROP2 activity in the lobe is 

established (Xu et al., 2010; Nagawa et al., 2012; Qin and Dong, 2015). 

 

1.4.4 ROP-regulated stomatal asymmetric cell division 

Daughter cells which can follow different developmental fates are generated via asymmetric cell 

divisions. This includes often but not necessarily physiological cell asymmetries such as size and 

 

Figure 8: Model of the ROP regulated interdigitation of pavement cells in A. thaliana  (based 

on Craddock et al., 2012; Qin and Dong, 2015, modified). 

For clarity, only one PC is shown. Both pathways are activated via auxin and a RLK, acting 

as ROP upstream regulator. AtROP2 mediates F-actin dynamics and AtPIN1 mediates 

auxin efflux. Both processes are connected in a positive feedback loop. AtROP6 promotes 

suppression of outgrowth and therefore PC indentation through propagation of well-

ordered MTs. AtROP2 promotes lobe expansion via positive regulation of fine F-actin. Both 

pathways suppress each other to establish an alternating indentation and lobe formation 
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shape. These asymmetries are achieved by premitotic polarizations of the mother cell. Polarization 

of the cell is visible through obligatory nucleus migration which defines the future localization of 

the division plane (Facette and Smith, 2012). In the stomata formation of maize the ROPs are 

essential participants in SMC polarization before asymmetric cell division which generates the SC 

and an undifferentiated epidermal cell (Humphries et al., 2011; Facette and Smith, 2012). 

Polarization of the SMC occurs towards the adjacent GMC, putatively due to extracellular signals 

deriving from the GMC (chapter 1.1.3; Stebbins and Shah, 1960; Facette and Smith, 2012). As the 

first known SMC polarization marker the receptor like proteins (RLPs) ZmPAN2 and ZmPAN1 

accumulate at the SMC/GMC contact site. Hereby, ZmPAN2 is required for ZmPAN1 localization. 

It is assumed that ZmPAN2 and ZmPAN1 perceive the cues for GMC polarization and promote 

upstream of ROPs further SMC polarization events. Subsequent signaling events remain unclear 

because both RLPs possess catalytically inactive kinase domains and no direct interaction partners 

have been identified so far (Cartwright et al., 2009; Zhang et al., 2012a). However, ROPs can be 

co-immunoprecipitated together with ZmPAN1 (Humphries et al., 2011). It was shown that the 

maize type I ROPs, ZmROP2, and ZmROP9 are obligatory for further SMC polarization and 

subsequently co-localize with ZmPAN1 at SMC/GMC contact site. Furthermore, it is suggested that 

ZmROP2 and ZmROP9 are activated and localized via a not further characterized pathway which is 

dependent on ZmPAN1 (Humphries et al., 2011; Facette and Smith, 2012). An actin patch forms at 

the contact site of SMC and GMC. This occurs likely after polar localization of PANs and ROPs 

and is putatively ROP regulated (Cartwright et al., 2009; Humphries et al., 2011). The last observed 

step represents the migration of the SMC nucleus towards the GMC contact site. It was shown that 

previous patch formation of F-actin is mandatory for correct nucleus positioning. Hence, F-actin is 

possibly responsible for migration or anchoring of the nucleus, or both (Panteris et al., 2006, 2007). 

 

1.4.5 ROP-regulated pathogen defense 

In several plant organisms ROPs positively and negatively influence plant-pathogen interactions 

(Schultheiss et al., 2002; Chen et al., 2010; Poraty-Gavra et al., 2013). In rice (Oryza sativa, Os) 

OsRAC1 was shown to participate in chitin induced PTI. Chitin is bound by the OsCEBiP-

OsCERK1 chitin-receptor complex which activates OsRacGEF1, an OsRAC1 upstream positive 

regulator (Akamatsu et al., 2013). Active OsRAC1 is subsequently regulating defense-relevant ROS 

production and HR dependent cell death. Therefore, it enhances the activity of the NAD(P)H oxidase 

OsRbohB via a direct interaction (Kawasaki et al., 1999; Ono et al., 2001; Kosami et al., 2014). On 

the other hand, OsRAC1 was shown, similar to rice-blast pathogen derived effectors, to down-
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regulate the expression of the gene metallothionein-like protein 2b (OsMT2b) which encodes for a 

ROS scavenger protein (Wong et al., 2004). Furthermore, recent data indicates that OsRAC1 

activates the transcription factors OsRAI1 and OsRAP2.6 via MAPK signaling. These transcription 

factors are known to regulate phytoalexin biosynthesis and PR-gene expression (Wamaitha et al., 

2012; Kim et al., 2012; Kawano et al., 2014). Additionally, the defense relevant production of lignin 

is supported by OsRAC1. It was shown that OsCCR1, an enzyme involved in lignin production, is 

bound by active OsRAC1 and enzymatically activated in vitro. This makes OsCCR1 a quite likely 

OsRAC1 downstream effector (Kawasaki et al., 2006). 

Next to PTI, OsRAC1 is involved in ETI. The ROP directly interacts with the R-protein OsPit which 

is activated via an effector of the hemibiotrophic rice blast fungus Magnaporthe oryzae (Mo). Thus, 

the effector functions as a specific elicitor and mediates disease resistance in rice. OsPit activates 

OsRAC1 at the plasma membrane which subsequently induces production of ROS and HR-mediated 

cell death (Kawano et al., 2010). MoAVRPIA is another specific elicitor of the rice blast fungus. It 

is recognized by the hetero-complex of the two R-proteins OsRGA4 and OsRGA5. Both R-proteins 

are necessary for activation of OsRAC1 and disease resistance mediated by MoAVRPIA (Okuyama 

et al., 2011; Cesari et al., 2013; Césari et al., 2014). 

It is supposed that OsRAC1 functions downstream of additional R-proteins not yet identified. This 

underlines the high number of diverse functions which can be performed by a single ROP (Kawano 

et al., 2014). 

 

1.5 The barley ROP protein HvRACB 

HvRACB represents the most intensive characterized ROP in barley and stands together with 

HvRACD for the type I ROPs in Hordeum vulgare. The ROP OsRAC6 (also known as OsRACB) 

is its putative ortholog in rice and shows 98 % identity to HvRACB (Schultheiss et al., 2002; Miki 

et al., 2005).  

OsRAC6 was shown to play a role as negative regulator of the plant defense in the interaction of 

rice and Magnaporthe oryzae. Additionally, HvRACB participates as susceptibility factor in the 

barley-Bgh interaction (Figure 9; Schultheiss et al., 2002, 2003; Jung et al., 2006; Chen et al., 2010). 

Transient knockdown of HvRACB (HvRACB RNAi) in barley results in a reduced penetration 

efficiency (PE) of Bgh. On the other hand, transient overexpression of a constitutive activated form 

of HvRACB (HvRACB OECA) enhances the penetration success. However, transient 

overexpression of the HvRACB wildtype form and of a dominant negative form showed no 
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significant effects (Schultheiss et al., 2002, 2003). Furthermore, HvRACB OECA and HvRACB 

RNAi did not affect the super-susceptibility of MLO ror1 mutant barley plants or the partial 

susceptibility of mlo ror1 plants. This strongly suggested a functional link to the SF HvMLO and 

the RF HvROR1 (Kim et al., 2002a; Schultheiss et al., 2002). Stable transgenic HvRACB RNAi and 

HvRACB OECA lines confirmed the results of the transient assays and revealed further 

developmental defects of the mutant lines (Schultheiss et al., 2005; Pathuri et al., 2008; Hoefle et 

al., 2011). In stable HvRACB OECA plants depolarized growth of root hairs, increased B-cell length, 

a reduced number of stomata, and enhanced number of abnormal developed stomata were reported. 

In stable HvRACB RNAi plants a severe failure of root hair outgrowth was detected. This supported 

the idea of HvRACB as SF. It was suggested that HvRACB could function in polarization events of 

the cell such as polar growth processes of the membrane, necessary for accommodation of the 

haustorium of Bgh (Schultheiss et al., 2005; Pathuri et al., 2008, 2009; Hoefle et al., 2011). In the 

homologous interaction of Bgh and barley the attacked epidermal cells show a cell polarization 

towards the attempted site of penetration. This includes reorganization of the actin cytoskeleton 

which is crucial for successful penetration resistance. Furthermore, it is regulated by the SFs 

HvMLO and HvRACB (chapter 1.3.4; Kobayashi et al., 1997; Opalski et al., 2005). Accordingly, it 

was shown that polarization of F-actin is reduced by HvRACB OECA but increased by HvRACB 

RNAi. The same is observed for polarized F-actin and the presence and absence of functional 

HvMLO (Opalski et al., 2005).  

Activated HvRACB interacts with its putative downstream effector HvRIC171 which accumulates 

at the attempted site of penetration. The cellular function of HvRIC171 is unknown. However, 

overexpression of the putative ROP effector exhibits similar effects on the penetration efficiency of 

Bgh like HvRACB OECA (Schultheiss et al., 2008). Like F-actin also MTs exhibit a stronger 

polarization towards the site of fungal attack if the penetration attempt was unsuccessful, compared 

to successful penetrations. Furthermore, MTs even loosen at the sites of successful penetration 

events (Hoefle et al., 2011). HvRACB directly interacts with the MICROTUBULE-ASSOCIATED 

ROP-GTPASE ACTIVATING PROTEIN1 (HvMAGAP1). HvMAGAP1 is associated with MTs 

but released after HvRACB activation and recruited by the ROP to the cell periphery. The RhoGAP 

functions as negative regulator of HvRACB and as RF since abundance of HvMAGAP1 was shown 

to reduce penetration efficiency of Bgh (Hoefle et al., 2011). The influence of HvMAGAP1 on the 

interaction of barley and Bgh could be uncoupled from the association to the MTs. Hence, the 

authors proposed that the association is due to a sequestration mechanism which is dependent on 

MTs instead of a direct impact of the RhoGAP on the organization of MTs (Hoefle et al., 2011). 

Recently, the barley Engulfment and Motility (ELMO) Domain Containing Protein, HvELMOD_C 
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was identified as HvMAGAP1 interactor in a Y2H screen. It was observed to co-localize with the 

RhoGAP on the MTs in planta (Hoefle and Hückelhoven, 2014). Co-expression of HvELMOD_C 

and HvMAGAP1 eliminates the limiting effect of the GAP on the penetration efficiency of Bgh.  

Therefore, it was suggested that the ELMO protein functions as negative regulator of HvMAGAP1 

and hence as positive regulator of HvRACB activity (Hoefle and Hückelhoven, 2014). 

However, interaction of HvRACB OECA with the protein kinase HvRBK1 suggests that HvRACB 

signaling could also promote basal resistance (Huesmann et al., 2012). HvRBK1 is bound by 

HvRACB OECA in planta and is recruited to the cell periphery. An increased kinase activity of 

HvRBK1, when bound to HvRACB OECA, was measured in vitro. HvRBK1 was shown to restrict 

the penetration efficiency of Bgh. This probably works through stabilization of cortical MTs which 

could also include a negative feedback on HvRACB (Huesmann et al., 2012) 

 

 

 

Figure 9: HvRACB and its role in the interaction of barley and Bgh (based on Kawano et 

al., 2014). 

The susceptibility factors HvMLO and HvRACB regulate cytoskeleton dynamics. Hereby, 

they negatively affect polarization of F-actin stability of MTs. Both are crucial for 

penetration resistance against Bgh. The activation via Bgh is unknown, but HvMAGAP1 

represents a negative upstream regulator. It is itself negatively regulated by HvELMOD_C. 

HvRIC171, as HvRACB downstream effector, negatively effects disease resistance through 

an unknown pathway. HvRBK1 exhibits a positive effect on the stability of cortical MTs 

and hence a putative negative feedback loop on the activity of HvRACB. 
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1.6 Objectives 

HvRACB has been known to participate in the interaction of barley and Bgh for some time (chapter 

1.5; Schultheiss et al., 2002). It was suggested quite early that this ROP belongs to the category of 

SFs, co-opted by the fungus to support penetration of the cell wall and establishment of the 

haustorium (chapter 1.3.5; Schultheiss et al., 2003). However, the precise mechanism how Bgh 

could take advantage of HvRACB remained incomplete. Based on this situation, the aim of the work 

was to obtain further data at the interface of plant development and phytopathology to elucidate the 

functional principle of HvRACB in the susceptibility to the barley powdery mildew fungus. 

One potential approach is the further investigation of the actual HvRACB functionality in barley 

development. Hence, the first part of this work was the search for developmental phenotypes in 

stable HvRACB RNAi mutant plants. Subsequently, these phenotypes were qualitatively and 

quantitatively characterized. Fortunately, the search could be set up in a targeted manner due to 

already published data. The studies described phenotypes of root hair formation, stomata 

development, and epidermal cell expansion in stable HvRACB OECA and HvRACB RNAi plants, 

as well as other plant species such as Arabidopsis thaliana and maize (Schultheiss et al., 2005; Fu et 

al., 2005; Pathuri et al., 2008, 2009; Humphries et al., 2011; Hoefle et al., 2011). 

Furthermore, the data of several independent microarray experiments were used. The transcriptomic 

data comprised HvRACB OECA and HvRACB RNAi without and with Bgh challenging and enabled 

a second targeted approach (Ralph Hückelhoven and Vera Schnepf; both TU München, unpublished 

data). The microarrays revealed a high quantity of genes which are altered at their transcriptional 

level, when compared to the wildtype. A considerable number of these genes were assigned to 

processes related to the cell wall. This appeared to be in accordance with already published ROP 

relevant data (Schultheiss et al., 2005; Pathuri et al., 2008; Hoefle et al., 2011). Hence, in parallel 

to the analysis of the phenotypes of the HvRACB RNAi plants the expression of cell wall modifier 

genes and the biochemical features of the cell wall were examined in detail. 

Together, this should allow for a better understanding of HvRACB function in healthy plants. 

Furthermore, it should enrich our knowledge about ROP functions in grasses and help building or 

supporting hypotheses about functions of HvRACB in compatibility with Bgh. 
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2 Material and methods 

2.1 Plant material, growth conditions and pathogens 

2.1.1 Plant material 

Barley (Hordeum vulgare L.) cv. Golden Promise was used as wildtype (WT) and represents also 

the genetic background of the HvRACB RNAi line 16/2-4B (HvRACB RNAi). This line expresses a 

RNAi construct under control of the ectopic and constitutive maize ZmUBIQUITIN1 gene promotor 

which reduces available HvRACB transcript amount (Hoefle et al., 2011). The HvRACB RNAi line 

does not produce homozygous offspring. Offspring of transgenic T3 donor plants were genotyped 

to separate transgenic offspring carrying the HvRACB RNAi construct from azygous offspring that 

lost the knockdown construct due to segregation (chapter 2.4.1). Azygous sister plants are similar to 

the wild type (Hoefle et al., 2011) and thus served as ideal controls (azygous control). Kernels were 

stored at 4 °C in darkness. 

 

2.1.2 Pre-germination and growth conditions 

Kernels were surface-sterilized for 3 min, in 70 % (v/v) EtOH and afterwards in sterilization solution 

(4 % NaOCl, Tween-20), shaking for 1.5 h. After replacing the solution three times with H2O, 

kernels were washed in H2O, shaking for 30 min. Husks were carefully removed with a tweezer 

without damaging the embryo. Seeds were pre-germinated on H2O wetted filter paper for 2 d, in the 

dark, at RT. Seedlings, showing coleoptile and roots, were sown into and slightly covered with soil 

(Typ ED73, Einheitserde- und Humuswerke, Gebr. Patzer GmbH & Co KG, Sinntal-Jossa, 

Germany). Plants were transferred in an environmental chamber (Conviron, Winnipeg, Canada), 

adjusted to 18 °C, a relative humidity of 65% and a photoperiod of 16 h with h 150 µ𝑚𝑜𝑙 𝑠×𝑚2⁄  

photon flux density. 

 

2.1.3 Blumeria graminis cultivation and plant inoculation 

As phytopathogen the barley powdery mildew fungus Blumeria graminis f.sp. hordei (Bgh) race A6 

was used. The fungus was propagated on the barley cultivar Golden Promise in an environmental 

chamber (Sanyo, München, Germany) at the above described conditions (chapter 2.1.2). For 

inoculation the pots with the barley plants were laid in the inoculation chamber together with a 



 Material and methods 

page | 34  

 

hemocytometer. Spores were blown from infected plants into the inoculation chamber and swirled 

for homogenous dispersion. After a five-minutes waiting period for conidia settlement the 

hemocytometer was used to evaluate for conidia density per mm2, using a binocular. If necessary, 

the inoculation procedure was repeated to reach the desired density. The control plants were treated 

equally but without spore inoculation. After inoculation, the plants were put back into the 

environmental chamber under the above described conditions (chapter 2.1.2). 

 

2.1.4 Inoculation of barley with Rhizophagus irregularis 

For barley experiments, concerning the root colonization, the arbuscular mycorrhizal fungus 

Rhizophagus irregularis was used. AM inoculation was performed in the lab of Dr. Carolin Gutjahr, 

LMU München according the published lab protocol (Gutjahr et al., 2008). The inoculum (spores 

and carrier) was ordered from a commercially supplier (SYMPLANTA, München, Germany). 

The bottoms of the plant pots were covered with cotton wool and afterwards filled to the half with 

a gravel-vermiculite mix (1:1) (v/v). In the middle of each pot about 1000 Rhizophagus irregularis 

spores mixed with carrier material (attapulgit clay based dry powder) were placed and covered with 

the gravel-vermiculite mix. Barley seedlings, treated as described above (chapter 2.1.2), were 

planted in the sand-vermiculite mix. They were put directly above the placed inoculum to ensure the 

contact between the roots and the spores after elongation of the root. Plants were transferred in an 

environmental chamber under conditions as described above (chapter 2.1.2). In the first week, each 

pot was watered three times with 20 ml distilled H2O. The following weeks, they were watered twice 

per week with 20 ml 0.5x Hoagland’s nutrient solution (100 µM potassium chloride and 100µM 

potassium dihydrogen phosphate in ddH2O) and once with distilled water. After six weeks, the roots 

were cleaned from the gravel-vermiculite with tab water and put in 70 % (v/v) EtOH for preservation 

and storage at RT, in darkness. The control plants were treated equally with a control inoculum, 

containing carrier material but no spores. 

 

2.2 Staining procedures and microscopic evaluation 

2.2.1 Trypan blue staining and quantification of mycorrhizal Rhizophagus 

irregularis root colonization 

Fresh or in 70 % (v/v) EtOH preserved AM colonized barley root tissue (chapter 2.1.4) was 

incubated for 30 minutes, at 96 °C, in 10 % (w/v) KOH. Afterwards, the tissue was shortly washed 
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three times in ddH2O before incubation for 30 minutes, at RT, in 0.3 M HCl. The HCl was discarded 

and the samples were put in the staining solution, consisting of a 4:2:1:1 (v/v/v/v) mixture of an 

aqueous 0.1 % (w/v) trypan blue solution (Sigma-Aldrich, St Louis, MO, USA), ddH2O, glycerol 

and 0.3 M HCl, for five minutes, at 96 °C. The samples were subsequently transferred to a 1:1 (v/v) 

mix of glycerol and 0.3 M HCl, and stored there at RT, in darkness until microscopic evaluation. 

Control plants were treated equally. Mycorrhizal colonization was quantified with a binocular and 

a modified grid-line intersect procedure as described previously (Paszkowski et al., 2006). A line 

was drawn on the ocular, using an ‘Edding 3000’ (Edding AG, Ahrensburg, Germany) which was 

now latently visible during sample evaluation. Random root pieces of about 2 cm length were placed 

on a microscope slide and examined at several points along the root axis. The AM structures 

‘arbuscle’, ‘hyphopodium’ and ‘vesicle’, in contact with the Edding line, were counted. 

 

2.2.2 Modified pseudo Schiff propidium iodide staining (mPS-PI) of the 

barley leaf epidermis 

To visualize the shapes of epidermal cells, sample fixation and modified pseudo-Schiff propidium 

iodide (mPS-PI) staining was performed (Truernit et al., 2008; Pathuri et al., 2008). Leaves were 

cut in fixation solution in about 1 cm2 pieces at 4 °C and stayed there at least for several hours. As 

fixative a 4 % (w/v) PFA in 1 x PBS, pH 7.4 was used. Washing, decoloring, dewaxing and 

rehydration was performed according to Sauer and Friml, 2010. Fixed leaf material was washed 

three times in 1 x PBS, pH 7.4, for 10 min, at RT, followed by at least three washing steps in pure 

MeOH for 10 min, at 37 °C. Thereafter, leaves were dewaxed three times in EtOH/xylene 1:1 (v/v) 

at 37 °C, for 10 min, followed by three washing steps in pure xylene at the same conditions. 

Subsequently, the material was washed twice in EtOH/xylene 1:1 (v/v) for 10 min, at RT and twice 

in pure EtOH, at the same conditions. Rehydration was performed in a decreasing ethanol series of 

75 % (v/v), 50 % (v/v), and 25 % (v/v) in ddH2O and pure water for at least 5 min, followed by two 

washing steps in ddH2O, at RT, for five minutes. Next, tissue was incubated in 1% (w/v) aqueous 

periodic acid solution at RT, for 40 min, rinsed again with water and incubated in Schiff reagent 

with propidium iodide (100 mM sodium metabisulphite and 0.15 N HCl in ddH2O; propidium iodide 

to a final concentration of 100 µg/mL was freshly added) for 1-2 h or until plants were visibly 

stained. Afterwards, the samples were transferred onto microscope slides and covered with a chloral 

hydrate solution (4 g chloral hydrate, 1 mL glycerol, and 2 mL water). Slides were kept overnight 

at RT, in a closed environment to prevent drying out. Next, excess chloral hydrate was removed and 
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several drops of Hoyer’s solution, as a mix of gum arabic, chloral hydrate, glycerol and water in a 

ratio of 1.5:10:1:2.5 (w/w/w/v), were placed over the tissue and a cover slip was placed on top. 

Epidermal cells were examined by using a confocal laser scanning microscope (Leica SP5 running 

the LAS AF Microscope Application Suite, Mannheim, Germany). Samples were excited with a 

488 nm laser lane. Emission was detected between 560 and 675 nm.  

 

2.2.3 Scanning electron microscopy 

For scanning electron microscopy (SEM), root and leaf material was harvested and fixed as 

described above (chapter 2.2.2). Fixed material was washed three times in 1 x PBS, pH 7.4, for 

10 min, followed by three washing steps in ddH2O, for 10 min. Dehydration occurred in an 

increasing ethanol series of 25 % (v/v), 50 % (v/v), and 75 % (v/v) in ddH2O and absolute EtOH 

three times, each for at least 10 min. For critical point drying, the EM CPD300 Automated Critical 

Point Dryer (Leica, Vienna, Austria) was used. The system settings for drying were configured, 

following the ‘Rice Root’ protocol for root tissue and the ‘Tobacco Leaf’ protocol for barley leaf 

material as described in the manufacturer´s manual. The imaging was done using the TM300 

Tabletop Microscope (Hitachi, Tokyo, Japan). The image editing program GIMP 2.8 was used to 

merge single root pictures to generate root overviews and to color subsidiary cells in the leaf images. 

 

2.2.4 Microtome Sectioning and toluidine blue staining 

Microtome sectioning, staining and microscopic evaluation were performed in the lab of Prof. Dr. 

Dieter Treutter, TUM München under supervision of Ina Tittel. The barley leaves were harvested 

and tissue blocks were cut, using a scalpel and a 4 mm2 stencil. The tissue squares were immediately 

transferred to 70 % FPA fixative, consisting of 63 % parts by volume absolute EtOH, 27 % ddH2O, 

5 % propionic acid and 5 % formaldehyde, incubating for two days, at RT. Dehydration occurred in 

an increasing ethanol series of 70 % (v/v), 80 % (v/v), 90 % (v/v) in ddH2O and twice in absolute 

EtOH, at RT, each time over night or at least several hours. Afterwards, the dehydrated tissues were 

put in prepenetration solution (50 % activated LEICA HISTORESIN (v/v) in absolute EtOH; Leica 

Microsystems, Heidelberg, Germany) for one day, continuously shaking, at RT, followed by 

incubation in penetration solution (activated LEICA HISTORESIN), for two days under the same 

conditions. The samples were subsequently embedded in embedding solution which consisted of 

activated LEICA HISTORESIN and LEICA HIISTORESIN Hardener (Leica Microsystems, 

Heidelberg, Germany) in a ratio of 4: 0,267 (v/v), in plastic casting molds and covered with plastic 
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film. The embedded tissue was incubated at 60 °C until complete hardening of the embedding 

solution. The hardened plastic blocks, containing the plant samples, were liberated from the molds 

and stuck to a small wooden block. Cutting of 8 µm thick sections was performed using a slide based 

microtome (SM 1400, Jung, Heidelberg). The first 50 sections were discarded to minimize 

morphological impacts due to sample preparation before fixation. The following sections were laid 

onto a drop of ddH2O on a microscope slide. Next, the slides were first incubated at RT until 

complete evaporation of the ddH2O and afterwards at 60 °C, for 30 min. For staining, the 

heat- treated slides were incubated in 0.05 % (w/v) aqueous toluidine blue (Applichem, Darmstadt, 

Germany) staining solution, at RT, for five minutes. Afterwards, the slides were washed in ddH2O 

and incubated in xylene, for ten minutes, at RT. The samples were finally sealed by a drop of quick-

hardening mounting medium (Eukitt®, Sigma-Aldrich, St Louis, MO, USA) and a cover glass. 

Subsequently, samples were incubated in the fume hood, at RT until complete hardening of the 

mounting medium and stored at RT, in darkness. Observation was done using a brightfield 

microscope (Axioplan 2, Carl Zeiss AG, Jena, Deutschland) with a connected CCD camera 

(AxioCam MRC5, Carl Zeiss AG, Jena, Germany) and the AxioVision Software (Axio VS40, Carl 

Zeiss AG, Jena, Germany). Cell size measurement was performed using the software ImageJ 

(Schneider et al., 2012). 

 

2.2.5 Propidium iodide (PI) staining 

In this work two kinds of PI staining protocols were used: A short protocol and an improved one 

with additional clearing steps. 

In the short protocol, detached barley seedling roots were washed in 1 x PBS, pH 7.4 for five 

minutes, at RT and subsequently incubated in the aqueous 2.5 % PI (w/v) (Applichem, Darmstadt, 

Germany) staining solution for ten minutes, at RT, in darkness. Afterwards, the roots were washed 

in 1 x PBS, pH 7.4 for five minutes, at RT and immediately microscopically examined via a 

scanning fluorescence microscope (Leica TCS SP5 running the LAS AF Microscope Application 

Suite, Mannheim, Germany). Samples were excited with a 488 nm laser lane. Emission was detected 

between 560 and 675 nm. 

In the improved PI staining protocol, seedling roots were harvested, fixed, and washed as described 

above (chapter 2.2.2). For staining of HvRACB RNAi root material, an aqueous 10 % (w/v) PI 

solution was used and an aqueous 2.5 % (w/v) PI solution for the azygous control plants. Roots were 

incubated in the staining solution for one hour, in the dark, at RT and subsequently transferred to a 

clearing solution, prepared by mixing chloral hydrate, glycerol, and water in the ratio 4:1:2 (w/v/v) 
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and kept there for 15 hours at RT in darkness. After clearing, the roots were directly mounted in 

Hoyer’s solution and immediately microscopically examined, as described above (chapter 2.2.2). 

 

2.2.6 Hydroxyl radical (OH•) detection in barley germling roots 

For detection of hydroxyl radicals in barley seedling roots, hydroxyphenyl fluorescein (HPF) was 

used, based on protocols described elsewhere with minor modifications (Hückelhoven and Kogel, 

1998; Kwasniewski et al., 2013). 2 days old barley plants, pre-germinated as described above 

(chapter 2.1.2), were incubated in 20 mM potassium phosphate buffer, pH 6.1, for 30 min, at RT. 

For staining a 5 mM HPF (Sigma-Aldrich, St Louis, MO, USA) stock solution in DMSO was diluted 

in 20 mM potassium phosphate buffer, pH 6.1 to a 5 µM HPF working solution. If necessary, 

salicylhydroxamic acid (SHAM), diphenyleneidonium chloride (DPI) or sodium azide (NaN3) were 

added to the working solution to final concentrations of 5 mM (SHAM), 50 µM (DPI) and 10 mM 

(NaN3), directly before seedling incubation, to inhibit the activity of different ROS generating 

enzymes. DPI is hereby diluted from a prior mixed 50 mM stock solution in DMSO. The seedlings 

were incubated in the working solution for 10 min, in darkness, at RT and afterwards washed in 

20 mM potassium phosphate buffer, pH 6.1 for 5 min, at RT, in darkness. Microscopic evaluation 

of the root transition zones was done directly after washing, using a confocal laser scanning 

microscope (Leica SP5 running the LAS AF Microscope Application Suite, Mannheim, Germany), 

with following settings: HyD2 detector (100%), 488nm excitation (10%), 20x water immersion 

objective, 1,0X Zoom, emission between 510- 580nm. The control plants were treated equally 

without HPF but with the corresponding DMSO concentration in the staining solution. For 

quantification of the HPF derived fluorescence signal, the mean pixel intensity of the pictured root 

transition zones was measured using the software ImageJ (Schneider et al., 2012) and the settings: 

pixel intensity: 0 (“black”) and 255 (“white”). 

 

2.2.7 Super Oxide Anion (O2•-) detection in barley germling roots 

For detection of super oxide anions (O2
•-) in barley, seedling roots nitro blue tetrazolium chloride 

(NBT, Applichem, Darmstadt, Germany) was used, according to the protocols described elsewhere 

with minor modifications (Hückelhoven and Kogel, 1998; Kwasniewski et al., 2013). 2 days old 

barley plants, pre-germinated as described above (chapter 2.1.2), were incubated in 20 mM 

potassium phosphate buffer, pH 6.1 for 30 min, at RT. For staining, NBT was solved in 20 mM 

potassium phosphate buffer, pH 6.1 to a 2 mM NBT working solution. If necessary, 
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diphenyleneidonium chloride (DPI) was added to the working solution, directly before seedling 

incubation, to inhibit the activity of NAD(P)H oxidases (NOX). DPI was hereby diluted from a prior 

mixed 50 mM stock solution in DMSO to a final concentration of 50 µM. Intact barley seedlings 

were incubated in the working solution for 10 min, at RT, in darkness and afterwards washed in 

20 mM potassium phosphate buffer, pH 6.1 for 5 min, at the same conditions. The control plants 

were treated equally without HPF but with the corresponding DMSO in the staining solution. 

Microscopic picturing of the root transition zones followed directly after washing, using a brightfield 

microscope (Axioplan 2, Carl Zeiss AG, Jena, Deutschland) with a connected CCD camera 

(AxioCam MRC5, Carl Zeiss AG, Jena, Germany) and the AxioVision Software (Axio VS40, Carl 

Zeiss AG, Jena, Germany). 

 

2.2.8 Rhodamine 123 staining of root epidermal cells 

Rhodamine 123 (R123) selectively stains mitochondria in living cells (Wu, 1987). A stock solution 

was prepared by dissolving R123 (Sigma-Aldrich, St Louis, MO, USA) in DMSO to a final 

concentration of 10 mg/ml. For staining, the stock solution was diluted in 0.5× Murashige and Skoog 

medium with modified vitamins (0.5× MS; Duchefa Biochemie, Harleem, Netherlands) mixed with 

sucrose to 1% (w/v) and 2-(N-morpholino) ethanesulphonic acid (MES; Carl Roth, Karlsruhe, 

Germany) to 0.05% (w/v) final concentration, pH 5.6 to 1 µg/ml. Intact seedlings were incubated in 

the staining solution for 10 min, in darkness. After staining, seedlings were briefly rinsed in an 

excess of 0.5 x MS, pH 5.6 and immediately visualized by confocal microscopy as described above. 

R123 was excited by a 488 nm laser line and the emission was detected from 515 nm to 575 nm. In 

an early developmental state, trichoblasts were counted before root hair initiation, each in an area of 

0.024 mm2. 

 

2.2.9 Metabolic click labeling of barley roots with a fucose analog 

Click labeling of barley roots was performed based on the published Arabidopsis thaliana protocol 

of Anderson and colleagues (Anderson et al., 2012). Barley seedlings, pre-germinated as described 

above (chapter 2.1.2), were incubated in 10 µM tetraacetylfucose alkyne (Click-It® fucose alkyne; 

FucAl Thermo Fisher Scientific, St. Leon-Rot, Germany) in 0.5 x MS medium, for five hours, at the 

growth conditions described above (chapter 2.1.2). As control DMSO instead of the fucose analog 

was used. After incorporation, the plants were washed three times in 0.5 x MS without FucAl and 

transferred to labeling solution, containing 1 mM CuSO4, 1 mM ascorbic acid and 0.1 μM Alexa488 
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azide (Alexa Flour ® 488 azide; Thermo Fisher Scientific, St. Leon-Rot, Germany) in 0.5 x MS, at 

RT, in darkness, for 1 h. Afterwards, seedlings were washed three times with 0.5 x MS before 

confocal imaging was performed via a scanning fluorescence microscope (Leica TCS SP5 running 

the LAS AF Microscope Application Suite, Mannheim, Germany). Samples were excited with a 

488 nm laser lane. Emission was detected between 500 and 600 nm. 

 

2.2.10 Staining of fungal structures with wheat germ agglutinin-

tetramethylrhodamin (WGA-TMR) 

Fungal chitin, intracellular and extracellular of barley epidermal cells, was stained with wheat germ 

agglutinin-tetramethylrhodamin (WGA-TMR; Invitrogen, Karlsruhe, Germany). Inoculation of the 

barley leaves with Bgh and subsequent harvest and fixation in 4 % (w/v) PFA in 1 x PBS, pH 7.4 

occurred as already described above (chapter 2.1.3 and chapter 2.2.2) and according Sauer and 

Friml, 2010. For decoloring and dehydration, the fixed leaf material was washed once in 1 x PBS, 

pH 7.4, for 10 min, at RT, followed by an increasing ethanol series of 25 % (v/v), 50 % (v/v) and 

75 % (v/v) in 1 x PBS, for 10 min, at RT, each. Afterwards, the samples were transferred to absolute 

EtOH and stayed there at 4 °C until complete decoloring. Rehydration was performed in a decreasing 

ethanol series of 75 % (v/v), 50 % (v/v), and 25 % (v/v) in 1 x PBS and pure 1 x PBS, for 10 min, 

at RT, each. For the staining solution WGA-TMR and bovine serum albumin (BSA) were solved in 

1 x PBS buffer to 0.01 μg/μl final concentration, each. The leaves were transferred to the staining 

solution and vacuum infiltration (26 mm Hg) was applied several times until all leaf pieces sank to 

the ground. Incubation of the samples lasted at least 24 hours at 4°C in darkness. Visualization 

occurred under a confocal laser scanning microscope (Leica SP5 running the LAS AF Microscope 

Application Suite, Mannheim, Germany). Samples were excited with a 561 nm laser lane. Emission 

was detected between 580 and 650 nm. Transmitted light pictures were obtained using the brightfield 

settings of the microscope and merged with the according fluorescence pictures using the software 

ImageJ (Schneider et al., 2012). 

 

2.2.11 Measurement of the Nucleus Attraction Index (NAI) and the 

penetration efficiency 

The first leaves of barley plants were inoculated, harvested and halved along the transversal axis 

using a razor blade. The lower half was subsequently split in half again, but along the longitudinal 
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axis. One half was used for the determination of the HvRACB transcription level (chapter 2.4 and 

chapter 2.5), whereby the other half was fixed, de-waxed, and decolored according Sauer and Friml, 

2010 and as described above (chapter 2.2.2 and chapter 2.2.10) and finally used for quantification 

of the nucleus attraction or the penetration efficiency. For the last rehydration step, 1× PBS, pH 7.4 

was used. To remove RNA from the tissue, RNase A (DNase free, Applichem, Darmstadt, Germany) 

was dissolved in 10 mM Tris–HCl, pH 7.5 to a final concentration of 10 mg/ml. The stock solution 

was subsequently diluted in 1 x PBS, pH 7.4 to 100 µg/ml to achieve the RNase A solution in which 

leaf material was incubated for 1 h, at RT. Subsequently, the leaves were placed in the staining 

solution (100 µg/ml PI in ddH2O) for at least 5 min, at RT. To determine the nucleus attraction index 

(NAI), epidermal B cells (Koga et al., 1990) which were attacked by a single fungal appressorium, 

were imaged by using a confocal laser scanning microscope (Leica SP5 running the LAS AF 

Microscope Application Suite, Mannheim, Germany). Samples were excited with a 488 nm laser 

lane. Emission was detected between 560 and 675 nm. A z-stack was recorded starting from the 

brightest fluorescence of the fungal appressorium to the brightest fluorescence of the plant nucleus. 

The picture number and increments were adjusted for each cell and z-stack, depending on the vertical 

distance between the appressorium and plant nucleus. The NAI was calculated as follows: 𝑁𝐴𝐼 =

√𝑎2 + 𝑏2 𝑑⁄  where ‘a’ reflects the depth of the z-stack and ‘b’ the planar distance between the 

appressorium and the nucleus. Both represent the legs of a right-angled triangle. The diagonal of the 

B cell is represented by ‘d’. Cell size measurement was performed using the software ImageJ 

(Schneider et al., 2012). 

For quantification of the penetration efficiency, the leave halves were prepared as described above 

(chapter 2.2.10) and epidermal B cells (Koga et al., 1990), which were attacked by a single fungal 

appressorium, were visualized as depicted in this chapter. Bgh-barley interactions showing a clear 

haustorial initial were regarded as ‘penetrated’, whereby interactions, exhibition no such structure 

were counted as ‘non-penetrated’.  

 

2.3 Evaluation of the primary cell wall composition 

2.3.1 The protoplast release assay 

Leaves were cut in pieces of about 25 mm2, using stencil and scalpel. Four leaf explants were put in 

and completely covered with freshly prepared plant cell wall digestion solution, containing 0.45 M 

mannitol, 1 % (w/v) Macerozyme R-10 (Duchefa Biochemie, Harleem, Netherlands), 1 % (w/v) 

Cellulase Onozuka R-10 (Duchefa Biochemie, Harleem, Netherlands), 1 % (w/v) Driselage (Sigma-
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Aldrich, St Louis, MO, USA) in aqueous 3.16 % (w/v) Gamborg’s B5 medium (Duchefa Biochemie, 

Harleem, Netherlands). The leaf pieces were incubated in the cell wall degrading solution at RT, in 

darkness, without shaking. For quantification of released protoplasts, the solution is gently shaken, 

before a small volume is taken and dropped on a hemocytometer. 

 

2.3.2 Determination of cell wall monosugar composition 

Monosaccharide composition was determined by High-Performance Anion-Exchange 

Chromatography with Pulsed Amperometric Detection (HPAEC-PAD) in the lab of Dr. Lars Voll; 

University Erlangen under supervision of Timo Engelsdorf. About 30 mg fresh barley leaf material 

was harvested, put in micro tubes and quick-frozen in liquid nitrogen. The samples were incubated 

two times in 1 ml 80 % (v/v) EtOH, at 80 °C, for 20 min and once in 1 ml acetone, at RT, for 5 min, 

before complete drying at 60 °C under a fume hood. 0.5 ml aqueous, 2 M trifluoroacetic acid (TFA) 

was added to each sample and the insoluble material was resuspended via a rotating pestle which 

was rinsed in 0.5 ml aqueous, 2 M TFA, added to the sample afterwards. The micro tubes were 

sealed with Mµlti®-Verschlussclips (Carl Roth GmbH + Co. KG, Karlsruhe, Germany) and the 

plant material was hydrolyzed at 120 °C, for 1 h. After centrifugation 500 µl supernatant were 

transferred to a new micro tube and dried under vacuum, before resolving the monosaccharides in 

500 µl ddH2O. For measurement, the extract was mixed 1:10 (v/v) with 1 mM aqueous fructose 

solution as internal/technical standard and applied to an ion chromatography system (ICS-3000, 

Thermo Fisher Scientific, St. Leon-Rot, Germany) with a CarboPac® PA20 column (Thermo Fisher 

Scientific, St. Leon-Rot, Germany). As external standard, a fructose dilution series was used 

(600 µM; 400 µM; 300 µM; 200 µM; 100 µM; 50 µM; 25 µM; 5 µM). To obtain complete 

fractionation of xylose and mannose, elution was started isocratically with 100 % buffer C (2 mM 

NaOH; Sigma-Aldrich, St Louis, MO, USA) for 21 min. In 2nd min the eluent was changed to 5 % 

buffer A (20 mM NaOH, 1 M NaAc), 50 % buffer B (200 mM NaOH) and 45 % buffer C, in the 

following 19 min to 30 % buffer A, 50 buffer B and 20 % buffer C and then in 5th min to 50 % buffer 

A and 50 % buffer B. After 2 min of isocratic elution, the eluent was changed to 100 % buffer B in 

the 2nd min and kept isocratic for 3 min to wash the column. The eluent was then changed to 100 % 

buffer C in the 3rd min, followed by 13 min of recalibration. To obtain complete fractionation of 

rhamnose and arabinose, elution was started isocratically with 4 % buffer B and 96 % buffer C for 

14 min. In the 2nd min the eluent was changed to 2 % buffer A, 48 % buffer B and 50 % buffer C, in 

the following 16 min to 30 % buffer A, 50 % buffer B and 20 % buffer C and then in the 4th min to 

50 % buffer A and 50 % buffer B. Washing and recalibration was performed as described above. 
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2.4 DNA/RNA extraction and cDNA synthesis 

2.4.1 DNA extraction and genotyping of HvRACB RNAi barley plant 

offspring 

Leaf material was harvested, put in a micro tube and directly quick-frozen in liquid nitrogen. 

Samples were grinded in a ball mill (Retsch MM300, Qiagen, Hilden, Germany) and 500 µl DNA 

extraction buffer, containing 200 mM TRIS- HCl pH 7.5; 250 mM NaCl; 25 mM EDTA, pH 8; 

0.5  % SDS (w/v) solved in ddH2O, were added. Samples were vortexed and incubated at RT, for 

5 min. Afterwards, 500 µl chloroform were added and the tubes were vigorously shaken by hand. 

After centrifugation, the supernatant was transferred to a new micro tube and the same volume 

isopropanol was added. The samples were gently inverted until the fluids were completely mixed 

and incubated at RT, for 2 min. After centrifugation the supernatant above the pellet was discarded 

and the pellet was washed in 70 % (v/v) EtOH and centrifuged. The supernatant was discarded and 

after evaporation of the residual alcohol, the DNA pellet was resolved in ddH2O. DNA concentration 

was photometrically measured (NanoDrop 1000, VWR Life Science, Erlangen, Germany). 

Genotyping was carried out by a standard PCR. Reaction were performed with 0.5 µl DNA template, 

400 nM forward, reverse primer, respectively, 8 mM dNTP mix, 0.025 u Taq DNA Polymerase 

(SupraTherm, Ares Bioscience GmbH, Köln, Germany) and Taq Polymerase buffer (10x) in a final 

volume of 25 µl. The PCR cycler program consisted of an initial step at 95 °C for 5 min, followed 

by 36 cycles with 95 °C for 30 s, 60 °C for 30 s and at 72 °C for 30 sec and a final elongation step 

at 72 °C for 10 min. For genotyping two PCRs were carried out for each plant, addressing the 

HvUBC2 gene, to evaluate proper DNA extraction and PCR, and the actual HvRACB RNAi construct 

(Supp table 1). The PCRs were evaluated via agarose gel electrophoresis for HvUBC2 and HvRACB 

RNAi amplification products on a UV transilluminator. 

 

2.4.2 RNA extraction and RNA quality evaluation 

Plant material was harvested and grinded as described above (chapter 2.4.1). 1 ml RiboZol® 

(Amresco, Solon, OH, USA) was added to 50 – 100 mg deep-frozen tissue powder, vigorously 

vortexed and incubated for 1 min, at RT, before vortexed again. After centrifugation at 4 °C, the 

clear supernatant was transferred to a new micro tube and incubated for 5 min, at RT. For each ml 

RiboZol® used in the beginning, 200 µl chloroform is added and each tube is vigorously shaken by 

hand and subsequently incubated at RT, for 2 min. After centrifugation at 4 °C, the clear supernatant 
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was transferred to a new micro tube and an equal volume of isopropanol was added. The tubes were 

gently inverted until complete mixing of the fluids and afterwards incubated for 10 min, at RT. After 

centrifugation at 4 °C, the supernatant was discarded and the pellet was washed with 70 % (v/v) 

EtOH. After centrifugation at 4 °C, the supernatant was discarded and the pellet was resolved in 

ddH2O, after evaporation of the residual alcohol. 

RNA concentration was measured photometrically (NanoDrop 1000, VWR Life Science, Erlangen, 

Germany) and RNA quality was tested via agarose gel electrophoresis on a UV transilluminator. 

 

2.4.3 cDNA synthesis for sqPCR and qPCR 

For sqPCR, RT PCR was performed using the enzymatic workflow of Thermo Fisher Scientific 

(Thermo Fisher Scientific, St. Leon-Rot, Germany). Before reverse transcription, residual gDNA 

was wiped out by mixing 5 u DNaseI, DNaseI reaction buffer (10x), 50 u RiboLock and 10 µg RNA 

with RNase free water to a final volume of 50 µl. After incubation for 30 min, at 37 °C, 5 µl of 

50 mM was added and the mixture was incubated for 10 min, at 65 °C. 5 µl random hexamer primer 

(200 ng/µl) were added to the mix, incubated for min, at 65 °C and subsequently cooled down on 

ice. For cDNA synthesis, to the 60 µl reaction mix, 100 u RevertAid reverse transcriptase, RevertAid 

reaction buffer (5x), 100 u RiboLock, 10 µl dNTP Mix (10mM, each) and RNase free water were 

added to a final volume of 100 µl. The PCR cycler program for reverse transcription consisted of 

three steps, starting with an incubation at 25 °C for 10 min followed by an incubation at 42 °C for 

60 min and a final step at 70 °C for 10 min. 

For qPCR, RT PCR was performed via the QuantiTect Reverse Transcription Kit and according the 

manufacturers manual (Qiagen, Hilden, Germany). To achieve gDNA elimination, gDNA wipeout 

buffer (7x), 1 µg RNA and RNase free water were mixed to 14 µl final volume which was incubated 

at 42 °C for 10 min (instead of 2 min as described by the manual). After cooling down on ice, the 

reverse transcription was performed. Therefore, to the reaction mixture 4 µl QuantiScript reverse 

transcriptase buffer (5x), 1 µl QuantiScript reverse transcriptase and 1 µl random hexamer primer 

mix was added to a final volume of 20 µl. The PCR cycler program for reverse transcription 

consisted of two steps, starting with an incubation at 42 °C, for 30 min (instead of 15 min as 

described by the manual), followed by an incubation at 95 °C, for 3 min. 
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2.5 Primer design and performance of sqPCR and qPCR 

2.5.1 Target gene selection for qPCR 

To select putative α-fucosidases and α-fucosyltransferases, active on xyloglucan in barley, the 

according enzymes in rice, listed by Del Bem and Vincentz via LocOs_Identifiers (Del Bem and 

Vincentz, 2010), were used to obtain the protein sequences, available by the ‘Rice Genome 

Annotation Project’ (http://rice.plantbiology.msu.edu; Kawahara et al., 2013). These protein 

sequences of putative rice α-fucosidases and α-fucosyltransferases were used to check the PLEXdb 

database (www.plexdb.org) for related proteins in barley, via the Basic Local Alignment Search 

Tool (BLAST). Promising candidates were reviewed on ‘Genevestigator’ 

(https://genevestigator.com; Hruz et al., 2008) for Bgh dependent expression patterns, using the 

according Barley1 22k Microarray Sequence IDs. The PLEXdb sequences of pathogen dependent 

expressed candidates were aligned via BLAST to the nucleotide collection (Hordeum vulgare; taxid 

4513) of the National Center for Biotechnology Information (NCBI) which enabled the accession to 

the published protein sequences. 

 

2.5.2 Primer design and nomenclature for sqPCR and qPCR 

All primers (Supp table 1) were designed using the Primer3 software (Untergasser et al., 2012), 

based on the cDNA/gDNA sequence and annotation data, available on the plant expression data base 

PLEXdb (www.plexdb.org), the NCBI nucleotide collection (Hordeum vulgare; taxid 4513), 

respectively. For database assignment and entry tracking, lab internal primer and target gene names 

consist of letters and numerals. The letters refer to the gene annotation, whereas the numerals point 

to the database accession numbers. A numerical code with five or four digits stands for the Barley1 

22k Microarray Sequence ID of the PLEXdb database (ex: FUC_1402 for fucosidase; 

Barley1_01402 or Contig_1402_at), six digits stand for the NCBI accession number (ex: 

FUT_362089 for fucosyltransferase; AK362089). Primers were tested for gene or transcript 

specificity using BLAST and therein with nucleotide blast against the H. vulgare database 

(http://blast.ncbi.nlm.nih.gov), the PLEXdb expression database (www.plexdb.org) and amplicon 

size assessment in agarose gels before running qPCR. If possible, primers were designed spanning 

an intron sequence. For intron-exon prediction, cDNA and protein sequences from the NCBI and 

PLEXdb databases were aligned to gDNA sequences from NCBI or Barley Harvest database 

(http://harvest-web.org; Genome_0.05) using the PlantGDB GeneSeqer software 
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(http://www.plantgdb.org/cgi-bin/GeneSeqer/index.cgi), the rice splice site model and stringent 

alignment stringency level (Schlueter et al., 2003). 

 

2.5.3 Semiquantitative reverse transcription PCR (sqPCR) 

For sqPCR, plant material was inoculated, harvested and treated for RNA extraction like described 

before (chapter 2.4). SqPCR was carried out by a standard PCR with gene specific conditions for 

primer annealing temperature and number PCR cycles (Supp table 1). Primer design was done as 

described before (chapter 2.5.2). PCR reactions were performed with 0.5 µl DNA template, 400 nM 

forward, reverse primer, respectively, 8 mM dNTP mix, 0.025 u Taq DNA Polymerase 

(SupraTherm, Ares Bioscience GmbH, Köln, Germany) and Taq Polymerase buffer (10x) in a final 

volume of 25 µl. The PCR cycler program consisted of an initial step at 95 °C, for 5 min, followed 

by a gene specific number of PCR cycles (Supp table 1), starting with 95 °C, for 30 s and gene 

specific annealing temperature for 30 s and elongation at 72 °C for 30 sec. Finally, an elongation 

step at 72 °C, for 10 min was done. For semiquantitative measurement of gene transcripts, two PCRs 

were carried out for each gene, addressing the HvUBC2 gene, whose amount of PCR product was 

qualitatively used for normalization and the actual gene of interest (Supp table 1). The PCR product 

amounts were visualized via agarose gel electrophoresis on a UV transilluminator. 

 

2.5.4 Quantitative reverse transcription PCR (qPCR) 

Quantitative gene expression analysis was carried out by reverse transcription quantitative real-time 

PCR (qPCR) in a Mx3005P cycler (Agilent Technologies, Santa Clara, CA, USA) using the Maxima 

SYBR Green qPCR master mix (2×) (Thermo Fisher Scientific, St. Leon-Rot, Germany). Primer 

design was done as described before (chapter 2.5.2; Supp table 1). Reactions were performed in 

triplicates with 20 ng of cDNA and 300 nM forward and reverse primer, each in a final volume of 

10 µl. Expression values of barley genes were normalized to a barley housekeeping ubiquitin 

(HvUBC2) (Ovesná et al., 2012), using primer efficiency correction as suggested by Pfaffl, 2001. 

The program consisted of an initial step at 90 °C, for 10 min and 95 °C, for 30 s, followed by 40 

cycles at 60 °C, for 30 s and at 72 °C, for 25 s. The melting curve analysis was performed at 60–

95 °C. Processing the measured fluorescence data for calculation of the melting curve and 

abundance of relative transcript quantities was done by the multiplex quantitative PCR software 

MxPro (Agilent Technologies, Santa Clara, CA, USA). 
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2.6 The transient induced gene silencing assay 

2.6.1 Primer design and PCR of the RNAi constructs 

Primer for the transient inducing gene silencing FUT_362089 RNAi constructs were designed, using 

the Primer3 software (Untergasser et al., 2012), according the settings of Douchkov and colleagues 

(Douchkov et al., 2005) and as described above (Supp table 1; chapter 2.5.2). The long-double 

stranded RNAi constructs were tested for target specificity and silencing efficiency via ‘si-Fi’, a 

software for RNAi off-target prediction launched by the IPK Gatersleben (http://labtools.ipk-

gatersleben.de/). For amplification of the RNAi construct the Phusion high-fidelity DNA 

polymerase (Thermo Fisher Scientific, St. Leon-Rot, Germany) was used according the 

manufacturer’s protocol. Reaction were performed with 2 µl cDNA template, 1 µl (10 µM) forward, 

reverse primer, respectively, 0,4 µl (10mM) dNTP mix, 1 u Phusion Polymerase, HF Polymerase 

buffer (5x) and 0.6 µl DMSO in a final volume of 20 µl. The PCR cycler program consisted of an 

initial step at 98 °C for 30 s, followed by 37 PCR cycles, starting with 95 °C for 10 s, annealing at 

63 °C for 20 s and elongation at 72 °C for 20 s. At last, a final elongation step at 72 °C for 10 min 

was done. The PCR products were cleaned up using the NucleoSpin® Gel and PCR Clean-up 

(Machery-Nagel GmbH & Co. KG, Düren, Germany). Concentration and product size were 

evaluated photometrically and by gel-electrophoresis, like described above (chapter 2.5.3).  

 

2.6.2 Cloning of the RNAi constructs 

The RNAi PCR products were ligated in the entry vector pIPKTA38, according the protocol of 

Douchkov and colleagues based on the Gateway® recombinational cloning system (Douchkov et 

al., 2005; Karimi et al., 2007), using the enzymes of Thermo Fisher Scientific (St. Leon-Rot, 

Germany). For ligation, 4 µl PCR product, 150 ng entry vector, 2.5 u T4 DNA Ligase, 5 u SwaI 

restriction enzyme, (0.5 M) NaCl, PEG 50 % 4000, ligase buffer (10x) 1 µl each, were mixed in a 

final volume of 10 µl, incubated first at 25 °C, for 75 min and afterwards at 65 °C, for 10 min. 

Elimination was done by adding 2.5 u SwaI, 0.5 µl (0.5 M) NaCl, 3.5 µl ddH2O and SwaI buffer 

(10x) to the ligation and incubation of the reaction mix at 25 °C for 75 min. 

Transformation of competent DR5α E .coli cells with the entry vector was achieved by adding 10 µl 

of the vector to 100 µl defrosted bacteria solution, gently mixing and incubating on ice, for 20 min. 

Afterwards, the cells were heatshocked at 42 °C, for 42 s, before 500 µl LB medium was added. The 

bacteria were incubated for 1 h, at 37 °C and subsequently plated on LB medium with kanamycin 
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as selection additive (Douchkov et al., 2005), where positively transformed bacteria propagated over 

night, at 37 °C. 

To test for a positive transformation and correct ligation events to the pIPKTA38 vector, single and 

clearly separated E. coli colonies were harvested and directly used for a PCR based colony check. 

PCR reaction with the E. coli colony as template was performed with 2 µl (10 µM) forward, reverse 

primer, respectively, 2.5 µl (2 mM) dNTP mix, 1.25 u Taq Polymerase (SupraTherm, Ares 

Bioscience GmbH, Köln, Germany) and Taq Polymerase buffer (10x), 1.5 µl (25 mM) MgCl2 and 

ddH2O in a final volume of 25 µl. The PCR cycler program consisted of an initial step at 95 °C, for 

5 min, followed by 37 PCR cycles, starting with 95 °C, for 1 min, annealing at 53 °C, for 2 min and 

elongation at 72 °C, for 2 min. At last, a final elongation step at 72 °C, for 10 min was done. Presence 

of correct PCR products were evaluated via gel-electrophoresis as described above (chapter 2.5.4). 

Positive tested colonies were further propagated in liquid LB culture and plasmids were extracted, 

using the NucleoSpin® Plasmid purification kit, according the low copy plasmid protocol (Machery-

Nagel GmbH & Co. KG, Düren, Germany). The plasmids were sequenced (Eurofins Genomics 

GmbH, Ebersberg, Germany) to reveal incorrect amplifications events like base substitutions and 

PCR terminations.  

Insertion of the RNAi constructs into the final destination vector pIPKTA30N was performed 

according Douchkov and colleagues (Douchkov et al., 2005), by mixing 1 µl RNAi construct 

containing entry vector (pIPKTA38), with 1 µl pIPKTA30N, 2 µl Clonase Mix (Gateway® LR 

Clonase® Enzyme mix; Thermo Fisher Scientific, St. Leon-Rot, Germany) and ddH2O to 10 µl final 

volume. The insertion reaction was incubated over night, at 25 °C. Transformation of competent E. 

coli cells with the LR insertion reaction mixture, propagation of the transformed cells on LB agar 

plates with ampicillin as selective additive, colony PCRs verifying presence and correct direction of 

insertions and following procedures leading to the purified plasmid, containing a functional 

FUT_362089 RNAi construct were, performed as described above (chapter 2.6.1) and according 

Douchkov and colleagues (Douchkov et al., 2005). 

 

2.6.3 TIGS via ballistic transformation 

Bombardment of detached barley leaves with gold microparticles, for transient induced gene 

silencing (TIGS), was based on already published protocols (Douchkov et al., 2005; Sivamani et al., 

2009). A gold stock solution was prepared by washing the gold particles (1.0 µm Gold Microcarriers; 

Bio-Rad; München, Germany) twice in ddH2O and once with absolute EtOH. The EtOH was 
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discarded and the particles were incubated at 50 °C until complete drying. Afterwards, the gold was 

resuspended in 50 % (v/v) aqueous glycerol to a final concentration of 27.5 mg/ ml.  

Detached barley leaves were placed in petri dishes, containing 50 % (w/v) water agar, the adaxial 

epidermis facing up. For plasmid coating of the gold particles, 11 µl evenly distributed gold stock 

solution was mixed with 1 µg pGY-1-GFP (GFP under control of CaMV 35S promoter as 

transformation marker), 1 µg pIPKTA30N, empty vector control, respectively, 8.3 µl CaCl (2.5M) 

and 2 µl of a 2 % (w/v) aqueous protamine solution, per shot. The mixture was incubated at RT, for 

30 min, mixed from time to time, washed once in 70 % (v/v) and absolute EtOH and finally 

resuspended in 6 µl absolute EtOH, before evenly distributed on macro-carriers (Bio-Rad, München, 

Germany). For ballistic transformation of the barley leaves, a helium particle gun with hepta-adapter 

was used (PDS-1000; Bio-Rad, München, Germany), 26 Hg (quicksilver) vacuum was applied and 

the gas pressure was regulated by rupture discs of 900 psi (pounds per square inch; Bio-Rad 

München, Germany). The petri dishes were put in an environmental chamber under conditions as 

described above (chapter 2.1.2). 

 

2.6.4 PE evaluation after ballistic transformation 

One day after ballistic transformation, the leaves were inoculated with Bgh (about 100 spores/ mm2) 

as described above (chapter 2.1.3). They were put back in the environmental chamber for another 

day, before they were stained in darkness, for several minutes, at RT, in an aqueous staining, 

containing 0.1 % (w/v) calcofluor white and 0.05 % (w/v) Evan’s Blue (Sigma-Aldrich, St Louis, 

MO, USA), at pH 13. The stained fungal cell wall, together with the GFP transformation marker, 

allowed evaluation of the penetration efficiency, with and without transient silencing of the target 

gene (FUT_362089). Therefore, a Leica DM 1000 fluorescence microscope (Leica Microsystems, 

Heidelberg, Germany) as used. 
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3 Results 

3.1 Defective stomata and an epidermal disarray 

characterize the HvRACB RNAi leaves 

The physiological and cell biological phenotype of the HvRACB RNAi line was investigated. The 

investigations were based on already published HvRACB-dependent aberrations in physiology, 

morphology, and development (Schultheiss et al., 2005; Pathuri et al., 2008, 2009; Hoefle et al., 

2011). It was described in previous publications that stable barley lines which express a constitutive 

active HvRACB protein under the ectopic maize ubiquitin promotor (HvRACB OECA) showed 

several physiological and cell biological effects. It was observed that the HvRACB OECA plants are 

shorter than the control plants and the leaves exhibited a curled phenotype (Schultheiss et al., 2005). 

On a cellular level, a misshaping of B-cells was reported as well as a defective formation of the 

stomata (Pathuri et al., 2008, 2009). Additionally, the stable transgenic HvRACB knockdown lines 

(HvRACB RNAi) had an obvious reduction in growth, when compared to the control plants (Hoefle 

et al., 2011). Hence, it seemed obvious to take a closer look at the leaves of the HvRACB RNAi 

plants to search for further physiological and cell biological phenotypes. 

 

3.1.1 HvRACB RNAi promotes defective stomata formation 

For examination of the cell architecture of the cells in the leaf epidermis, the leaf blades were stained 

via the modified pseudo Schiff propidium iodide staining method (mPS-PI) (Truernit et al., 2008; 

Pathuri et al., 2008).  

Using this method, the stained cell walls clearly displayed the cell outlines under the microscope. 

This allowed the direct comparison of the HvRACB RNAi line and its wild type sister segregant 

(azygous) control (Figure 10). The disarray in the epidermal architecture of HvRACB RNAi plants, 

when compared to the control, was striking. It was obvious that the HvRACB RNAi plants developed 

a severe defect in formation of the subsidiary cells. However, the severity of the deformations was 

highly variable in the HvRACB RNAi plants. They comprised small aberrations such as slight 

variances in size and shape and extended up to massive effects or complete loss of the subsidiary 

cells (Figure 10B).  
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Additionally, a cellular disarray was observed which affected parts of the epidermis. It comprised 

next to the subsidiary cells, the A-cells (short epidermal cells directly adjacent to stomata) and B-

cells (short epidermal cells in files not directly adjacent to stomata). However, if a subsidiary cell 

on the HvRACB RNAi plant was normally developed also the A-cell next to it did not show any 

atypical morphologies and so did the neighboring B-cells. These results suggest that these cell types 

on the barley epidermis were indirectly misshapen by the disturbed formation of the subsidiary cells 

but not directly affected by the HvRACB knockdown. 

The control plants also showed deformations of the subsidiary cells to some extent, but the severity 

of this deformations always remained low and was restricted to slight aberrations in cell size and 

shape. The quantification of stomata with one or both deformed subsidiary cells revealed that the 

HvRACB RNAi plants also had significant more defective stomata than their azygous control plants 

(Figure 10C). In the control about 3.5 % of all counted stomata were classified as “defective”, 

whereas in the HvRACB RNAi plants over 21 % showed a formation defect in one or both subsidiary 

cells. 

Even though the mPS-PI staining gave interesting insights into the epidermal architecture and cell 

shaping, it was inconvenient to microscope larger areas. To gain an overview over the leaf surfaces 

 

Figure 10: mPS-PI stained adaxial barley epidermis and quantification of stomata shape 

defects. 

(A) Epidermal cell shapes of azygous control leaves and (B) HvRACB RNAi leaves. (C) For 

quantification of the stomata defect, stomata were counted and classified to “regular” if 

both subsidiary cells were normally shaped or “defective” if one or both subsidiary cells 

showed a deformed outline. Columns show the average of four leaf samples with 10171 

stomata counted on the controls and 9689 Stomata counted on HvRACB RNAi leaves. Error 

bars show the standard deviation of the average. Student’s t test: p < 0.001. Scale bar (A), 

(B): 100µm. Small letters in (A) indicate rows of A-cells (“a”), B-cells (“b”) and A-cells 

alternating with stomata complexes (“a/s”). The 2nd leaves of 14 days old barley plants were 

used. 
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of the HvRACB RNAi plants and their azygous controls the scanning electron microscopy method 

(SEM) was used. It was combined with critical point drying (CPD) for sample preparation.  

The adaxial surfaces of HvRACB RNAi leaves and their azygous controls were surveyed (Figure 

11). The overview pictures showed that the subsidiary cell formation phenotype of the HvRACB 

RNAi plants were clearly visible along large epidermal areas. An additional feature of the subsidiary 

cell formation phenotype in the HvRACB RNAi plants was its unequal distribution along the leaf 

surface, as it can be seen on the SEM pictures (Figure 11A, B). It seemed that areas with a high 

number of defective stomata are alternating with areas almost not distinguishable from the azygous 

controls. The high variance of the deformed subsidiary cells was visualized as well as the normal 

shaping of all other cell types existing on the barley epidermis. Especially the guard cells as parts of 

the stomata complexes should be pointed out. They were always correctly formed, independently of 

a proper or defective subsidiary cell formation. 

The stomata on barley leaf blades are formed close to the basis of the leaf, shortly after the cells left 

the region of the intercalary meristem and switched to the zone of elongation (Stebbins and Jain, 

 

Figure 11: Adaxial leaf surfaces of HvRACB RNAi barley plants and their azygous control 

visualized via SEM. 

(A) Adaxial leaf epidermis of azygous control plants and the (B) HvRACB RNAi plants. (C) 

Higher magnification of a regularly developed stomata of the azygous control. (D) One kind 

of formation defects, observable on the HvRACB RNAi epidermis. The cells were colored 

afterwards using the software GIMP 2.8. Regular formed subsidiary cells were marked in 

green, while defective ones were colored in red. Scale bar (A), (B): 200µm; (C), (D): 20µm. 

The 2nd leaves of 14 days old plants were used. 
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1960; Stebbins and Shah, 1960). However, no developmental intermediates could be visualized by 

imaging the surface of the region of the intercalary meristem via mPS-PI or SEM (Supp Figure 1). 

Furthermore, the intercalary meristem turned out to be difficult to access for proper microscopy. 

The qPCR data of the HvRACB gene exhibited a higher relative transcript level in the intercalary 

meristem than in the leaf blade. This was the case for the control as well as for the knockdown line 

(Supp Figure 2). Additionally, the decrease of the HvRACB transcripts in the blade was about 41 %, 

when compared to the azygous control. In the meristematic region, the reduction reached more than 

53 %. Both results confirm the presence of HvRACB in the meristem and the efficient knockdown 

of the gene in the HvRACB RNAi plants. 

Worth the mention is that the deformation of the subsidiary cells is also observable on the abaxial 

leaf epidermis which also possess stomata in barley (data not shown). Additionally, the sheath of 

the HvRACB RNAi barley plants displayed these defective stomata (data not shown). No evident 

indication for differences in the number of defective stomata or severity, when compared to the 

adaxial epidermis of the leaf blade were observed. 

In summary, the images exhibited a phenotype of defect stomata complexes on the HvRACB RNAi 

plants. It consists of misshaped subsidiary cells in a high variance of deformation severity. 

Quantification revealed multiple more defect stomata on the HvRACB knockdown leaf blades, when 

compared to the azygous control. The qPCR data showed the availability of HvRACB in the 

intercalary meristem and an efficient knockdown in the HvRACB RNAi plants in this tissue. 

 

3.1.2 HvRACB RNAi leaf blades reveal disturbances in the epidermal 

architecture 

The above described defects in the formation of subsidiary cells suggested a specific affection of 

this cell type on the leaf epidermis of HvRACB RNAi plants. The residual cell types did not show 

any deformations. This could not be explained from the defective formation of subsidiary cells. 

However, the formation phenotype of the subsidiary cells could not elucidate some formerly 

published effects such as smaller and curlier leaves (Schultheiss et al., 2005; Hoefle et al., 2011). 

Therefore, the leaf architecture of the HvRACB RNAi leaf blade and their azygous control plants 

was analyzed. Via bright field microscopy, the number of parallel ribs, parallel B-cell rows, and 

number of B-cells in a longitudinal line was quantified. 

The parallel ribs were counted to evaluate their impact on the reduced width of the blade of the 

HvRACB RNAi plants. However, the number of parallel ribs on the leaf blade revealed no significant 
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differences between HvRACB RNAi leaves and the azygous control. The control plants possessed 

averaged 14.2 ribs, whereas the number on HvRACB RNAi blades is slightly reduced with averaged 

13.2 ribs (Figure 12A). 

Additional to the ribs also the parallel-longitudinal rows of B-cells were counted (Figure 12B). In 

contrast to the ribs a significant reduction of parallel rows of B-cells was detected. They decreased 

from averaged 3.2 rows per rib in the control to about 2.4 rows per rib on the HvRACB RNAi leaf 

 

Figure 12: Quantification of the ribs, B-cell rows and B-cell length on HvRACB RNAi and 

control leaf blades. 

(A) Counting of the parallel ribs on the leaf blades. For quantification six leaves of HvRACB 

RNAi and azygous control were counted for rips nine times at defined points at the 

longitudinal blade axis. These nine counts were averaged per leaf. The bars represent the 

mean of six leaves. (B) Counting of the parallel B-cell rows. The counting and calculation 

method was the same already described for (A). (C) Classification of the B-cells according 

their cell length. The B-cells were counted along a defined distance on the blade. Several 

rows per blade were counted and averaged per leaf. The bars represent the mean of five 

leaves concerning the azygous control and six leaves concerning HvRACB RNAi. Error bars 

show the confidence interval (α = 0.05) of the mean. Student’s t test: (A), p > 0.05; (B), p < 

0.001; (C), 0.01 < p < 0.05. The 2nd leaves of 14 days old plants were used. 
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blade. This represents a relative reduction of more than 20 %, when compared to the azygous 

control. 

The HvRACB RNAi leaves were not only reduced in the width but also in the length of their blades. 

To evaluate whether this phenotype was due to a reduced length of the cells, the B-cells were counted 

along the B-cell rows in a longitudinal section of defined length (Figure 12C). The numbering of the 

B-cells showed that the HvRACB RNAi plants had in average shorter cells than their azygous control 

plants. After classification, it became evident that the differences were highest in the class of the 

shortest cell length (≥200 <300 µm). While about 20 % of all B-cells were assigned to this class of 

cell length in the azygous control, this happened to more than 40 % in the HvRACB RNAi plants. 

The residual three classes showed a reduced number of assigned cells concerning the HvRACB RNAi 

line, when compared to the azygous control.  

Summarizing, the HvRACB RNAi plants possessed in average less parallel B-cell rows and the B-

cells were shorter, when compared to the azygous control. Like for the defective formation of 

subsidiary cells (chapter 0), also for the changes of the epidermal architecture the intercalary 

meristem represents the probable tissue of origin. Hence, the described qPCR data also supported 

the HvRACB dependency of the reduced B-cell size and decreased number of B-cell rows (Supp 

Figure 2). The data suggested to further investigate the cell sizes of the cells of the HvRACB RNAi 

leaf blade. 

 

3.1.3 HvRACB RNAi leaf blade in cross-section exhibit cell size reduction 

The previously described phenotypes were obtained by examination of the surface of the leaf 

epidermis. Thus, the consistent next step was to take a closer look inside the leaf. Therefore, cross-

sections of the leaf blades were prepared and treated with Toluidine Blue, resulting in a permanent 

blue staining of the primary cell wall. This allowed the examination of single cell properties 

measurable in the leaf blade cross-section. 

The quantification of the leaf height revealed a reduction of the height of the HvRACB RNAi leaf 

blade, when compared to the azygous control (Figure 13A). The leaf height of the control blade was 

about 158 µm, whereas the blade height in the HvRACB RNAi plants came up to 130 µm which 

represents a relative reduction of about 18%. The height reduction of the leaf blade in the HvRACB 

RNAi plants could be caused through several reasons. These may be a decreased cell size of the 

epidermal and mesophyll cells, a reduced number of horizontal cell layers, or a mixture of both 

reasons. To evaluate this, the number of the horizontal cell layers in the microtome cross-sections  
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Figure 13: Measuring of leaf cell parameters in leaf blades via microtome sections 

(A) Measurement of the leaf height in HvRACB RNAi and control blades. (B) Quantification 

of the horizontal cell layers (mesophyll and B-cells) in the leaf blades. (C) Measurement of 

the cell cross-section areas. (D) Average cell number per mm² in the measured cross-

sections. All measurements (A), (B), (C) and (D) were done using microtome cross-sections 

of the 2nd leaf of 14 days old barley plants. As region of interests (ROI) the B-cell containing 

sections between two rips were used. (A) For leaf height analysis, the height was measured 

three to ten times in the ROI at different positions and was subsequently averaged. The bar 

represents the mean of 16 ROIs for the control and 26 ROIs for HvRACB RNAi. (B) The 

cell layers were counted three to four times per ROI at different positions and were 

averaged afterwards. The bars represent 25 ROIs for the control and 26 for the HvRACB 

RNAi plants. (C) The individual cross-section areas of all mesophyll and epidermal cells in 

the ROI were measured and subsequently averaged. The bars show the mean of 25 ROIs 

for the azygous control and 27 ROIs for the HvRACB RNAi line. (D) The areas containing 

the epidermal B-cells or mesophyll cells were measured per ROI (including intercellular 

space) and divided by the number of existing cells in this area. This calculation revealed the 

theoretical number of cells per mm². Each ROI was calculated individually. The bars 

represent the mean of 25 ROIs for the control and 27 ROIs for the HvRACB RNAi lines. 

The error bars (A), (B), (C) and (D) represent the confidence interval (α = 0.05) of the means. 

Student’s t test: (A), (C) and (D), p < 0.001; (B), p > 0.05. 
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were quantitated (Figure 13B). The results showed that there was no significant difference in the 

quantity of cell layers between the leaf blades of HvRACB RNAi plants and the azygous control. 

The average number of the cell layers which includes one layer each of the abaxial and the adaxial 

epidermis, was 5.6 in the control and about 5.3 in the HvRACB RNAi line. This left 3.6 layers over 

for the mesophyll cells in the azygous control and about 3.3 in the HvRACB RNAi plants. 

These results implicated that the number of cell layers could not be the main reason for the decreased 

leaf height. Hence, the cross-section areas of the mesophyll cells and the epidermal B-cells was 

quantified (Figure 13C). Both cell types showed a significant reduction in their cross-section areas 

in the HvRACB RNAi sections, when compared to azygous control. A HvRACB RNAi epidermal 

cell had an average cross-section area of about 811 µm², contrary to 1109 µm² of a control epidermal 

cell. This resulted in a relative reduction of nearly 27 %. The total area of the cross-sections of an 

average mesophyll cell was more than 744 µm² in the control compared to about 520 µm² in the 

HvRACB RNAi leaf. Hence, the mesophyll cells showed a relative decrease in the cross-section area 

of over 30 %. 

Finally, the number of epidermal and mesophyll cells which are available in the measured areas of 

the cross-sections were quantified (Figure 13D). The data revealed that in average significant more 

cells were existing in one mm² area in the cross-section of HvRACB RNAi plants, when compared 

to the azygous control. The resulting relative increase reached more than 41 % and exceeded the 

anticipation based on the reduction of the cell size (Figure 13C). This suggested a further influencing 

effect like a reduction of the intercellular space within the HvRACB RNAi blades compared to their 

azygous control. 

Altogether, the analysis of the cross-section showed a reduced leaf height of the HvRACB RNAi 

blades, when compared to the azygous control. Furthermore, this decrease was caused by a reduction 

of epidermal and mesophyll cells.  

 

3.2 HvRACB RNAi roots generate trichoblasts but no 

root hairs 

Additional to the already mentioned phenotypes in the leaf epidermis formerly described in the 

literature (Schultheiss et al., 2005; Pathuri et al., 2008, 2009; Hoefle et al., 2011) and the new gained 

insights shown in this study (chapter 3.1), also effects in HvRACB RNAi plants concerning the plant 

root were reported previously (Hoefle et al. 2011). Thus, it was reported that HvRACB RNAi 

seedlings had no or only stunted root hairs. However, no detailed phenotype studies were done on 
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the HvRACB RNAi root so far. To catch up on this, the HvRACB RNAi root and the roots of the 

azygous control were examined via electron scanning microscopy (SEM). To distinguish 

trichoblasts and atrichoblasts the cells of the root epidermis were stained with propidium iodide (PI) 

or the live cell dye rhodamine-123 (r123) and visualized via fluorescence microscopy. 

 

3.2.1 Imaging the versatility of HvRACB RNAi root hair outgrowth defects 

The visualization of the phenotype by Hoefle and colleagues (Hoefle et al., 2011) was restricted to 

macroscopic images using the low magnification of a binocular or to restricted sections using the 

high magnification of a confocal fluorescence microscope. Thus, SEM images were recorded. This 

technique meets the requirements of an overview picture of the root and a high magnification to 

estimate the abundance of root hairs at a glance (Figure 14A, B). The specimens were scanned in 

small sections using high magnification/ high resolution settings of the SEM. Afterwards, the single 

pictures were combined to obtain overview pictures of high resolution of the HvRACB RNAi and 

control roots. 

In contrast to the control, HvRACB RNAi roots generated no or only few root hairs which were 

additionally reduced in their size (Figure 14A, B). A simple slowed development of the root hairs 

seemed unlikely because there were no further initiations of root hairs along the whole examined 

HvRACB RNAi root. The few stunted hairs did not further elongate in older tissues of the root. They 

remained in their limited size as it was defined shortly after their outgrowth. However, if the 

HvRACB RNAi roots formed some stunted root hairs, they started a few hundred micrometers more 

distant to the tip of the root than in the azygous control roots. Hence, the initiation of the bulgings 

was suggestive of being delayed. 

Like the formation defect of the subsidiary cells in the epidermis (chapter 0), also the here described 

root phenotype is restricted to one specific cell type, namely the root hair forming trichoblasts. Apart 

from that, the overall morphology of the root did not exhibit further obvious alterations, when 

compared to the roots of the azygous control. 

Taking a closer look at the HvRACB RNAi roots it was observed that most of the roots did 

sporadically initiate root hairs. However, these root hairs remained stunted in their size (Figure 14B). 

To study the sporadic initiations and restricted outgrowths in more detail, the roots were stained with 

propidium iodide. Single cells were subsequently imaged using a confocal fluorescence microscope 

(Figure 14C to J). The number and morphology of these sporadic root hairs were characterized by a 

high versatility from plant to plant within the HvRACB RNAi line and even between roots of the 

same seedling. Thus, not all subsequently described outgrowth phenotypes of the root hairs were  
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detectable in the same number or extent in all HvRACB RNAi roots. It was ensured that the 

mentioned deformations were not existent or only detectable in a negligible number on the azygous 

control roots. 

The stunted root hair which was not distinguishable from a root hair of the azygous control in the 

same developmental stage of tip growth was the most prominent one (Figure 14C). Another type of 

deformation of the root hairs was a stunted root hair with a noticeable ballooned base (Figure 14D). 

Usually young root hairs show the largest diameter at their base and narrow along the longitudinal 

axis to the tip (Figure 14C). However, the stunted root hairs of the HvRACB RNAi plants sometimes 

showed an abnormal wide broadening with the largest diameter not at the base but in the middle of 

the longitudinal axis (Figure 14E). Another phenotype can be seen in Figure 14F which showed an 

initial of a root hair with two spatially restricted regions of tip growth. Additionally, the location of 

the initiation of the root hair was occasionally misguided (Figure 14G). In these cases, the root hair 

grew out at the very tipward end of the epidermal cell. Usually, root hairs are initiated at the lower 

third of the trichoblast cell (Figure 14C). The outgrowths exemplarily shown in Figure 14H indicate 

 

Figure 14: Overviews and single cell images of HvRACB RNAi roots and their azygous 

control. 

(A) SEM image of an azygous control root and (B) of a HvRACB RNAi root. Single scans of 

smaller root sections were done, corrected in brightness and contrast and subsequently 

merged along the longitudinal axis. The first clear visible stunted root hair in the HvRACB 

RNAi root (B) is marked with a white arrowhead. (C) to (J) show the observable outgrowth 

phenotypes on the HvRACB RNAi roots. The outgrowths are marked with white 

arrowheads in (H), (I) and (J). The pictures were made after staining the roots with 

propidium iodide using a confocal fluorescence microscope. The outgrowth defects are quite 

diverse among the different HvRACB RNAi plants and even among the roots of the same 

seedling. Scale bar (A), (B): 1 mm; (C) to (D): 20 µm. As material the roots of 2 days old 

seedlings were used. 
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a combination of a misguided outgrowth (Figure 14G) with an abnormal wide broadening in the 

middle of the longitudinal axis (Figure 14E). These misguided outgrowths were also detectable 

showing a total loss of any similarity to a root hair (Figure 14I, J). Here, the outgrowths remained 

restricted to a small evagination at the most tip oriented region of the trichoblast. 

Measuring the transcript level of HvRACB in different regions of the azygous control roots revealed 

that it is most abundant in the root zone of root hair initiations. This region is characterized by visible 

bulgings of the trichoblasts. Furthermore, concerning the HvRACB RNAi plants, the expression of 

HvRACB is reduced up to 92 % in this area, when compared to the azygous control. This even 

outreached the knocking down effect of 90 % in the tip and of 77 % in the differentiated region 

(Supp Figure 3). Thus, the transcript profiling in the control roots confirmed the presence of 

HvRACB in these regions and an efficient knockdown in the HvRACB RNAi plants. 

To sum up, the trichoblasts in the HvRACB RNAi roots revealed a diverse phenotype of outgrowth. 

It ranged from complete missing to misguided and deformed initiations of root hairs. In the bulging 

region HvRACB transcripts were available and efficiently reduced in the RNAi line, when compared 

to the control. This supports a HvRACB dependency of the root hair phenotype. The data encouraged 

further investigations of the trichoblasts in the roots of HvRACB RNAi plants. 

 

3.2.2 Detection and quantification of the trichoblasts in HvRACB RNAi roots 

As described previously, the HvRACB RNAi roots produced no or only stunted and scattered root 

hairs. Though the phenotypes of the outgrowths of epidermal cells were quite versatile, the most 

frequent defect was complete loss of initiation of root hairs (chapter 3.2.1 and Hoefle et al. 2011). 

This failure could be based on the inability of the root to define trichoblasts or the inability of 

trichoblasts to initiate the process of root hair formation (Schiefelbein, 2000). Therefore, the 

HvRACB RNAi root was examined for the existence of trichoblasts and atrichoblasts. 

The roots of the azygous control and the HvRACB RNAi line were stained with propidium iodide or 

rhodamine 123 (r123). The latter is a live cell dye for staining of mitochondrial activity. The first 

dye utilized the different morphological, the second the physiological features of the trichoblasts 

and atrichoblasts to verify their identity (Marzec et al., 2013).  

At first the roots were stained using a newly developed protocol of propidium iodide staining. This 

allowed the differentiation of short trichoblasts and long atrichoblasts with root hairs in the 

elongation zone. The obtained pictures revealed that shortly after entering the elongation zone, 

longer and shorter epidermal cells can be distinguished in the azygous control plants as well as in 

the HvRACB RNAi roots (Figure 15A, B). This was a strong indication for the existence of  
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trichoblasts in the epidermis of HvRACB RNAi roots. 

However, this staining technique could not give further information whether the detected longer 

cells are indeed defined atrichoblasts and the shorter cells defined trichoblasts. In contrast to the cell 

size, their physiological properties were shown to be a clear indicator for already defined trichoblasts 

and atrichoblasts (Marzec et al., 2013). Hence, the physiological properties of the two cell types 

were utilized by staining the roots with r123. The pictures were made in the transition zones of the 

roots of the azygous control (Figure 15C) and the HvRACB RNAi plants (Figure 15D). This means 

that the atrichoblasts were in a developmental stage before entering the process of fast elongation 

 

Figure 15: Characterization and quantification of the trichoblasts of HvRACB RNAi roots 

and the azygous control. 

Staining of (A) azygous control and (B) HvRACB RNAi roots using an improved propidium 

iodide staining. Staining of control (C) and HvRACB RNAi roots (D) with rhodamine 123. 

The trichoblasts produced a brighter fluorescence signal than the atrichoblasts in both lines. 

(E) Relative frequency distribution of trichoblasts and atrichoblasts. (F) Absolute cell 

abundance in a defined area. All images were done using a confocal fluorescent microscope. 

Scale bars (A), (B) 100µm; (C), (D) 25µm. (E) Cells were counted in a 0.024 mm² restricted 

area and their relative distribution was calculated based on the absolute numbers. The bars 

show the mean of 31 independent roots, each. (F) Recalculation of the absolute cell numbers 

from (E) to the 0.024 mm² showed the same quantity of cells per mm² in both lines. Error 

bars: (E), (F) confidence interval (α = 0.05). Student’s t test: (E), (F) p > 0.05. As material 

the roots of 2 days old seedlings was used. 
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and the trichoblasts before the first initiation of roots. Bright stained trichoblasts could be 

distinguished from weaker stained atrichoblasts. No differences in fluorescence activity of HvRACB 

RNAi trichoblasts and trichoblasts of the control roots were observable. This experiment confirmed 

the already indicated existence of defined trichoblasts in the root epidermis of HvRACB RNAi plants 

(Figure 15A, B). In older tissues of both, HvRACB RNAi and azygous control plants, this staining 

pattern diminished again and the trichoblasts and atrichoblasts were not distinguishable by r123 

staining anymore. 

Additional to the verification of trichoblasts in the HvRACB RNAi roots, the rhodamine 123 staining 

also allowed the quantification of this epidermal cell type (Figure 15E). The counting showed that 

the relative distribution of trichoblasts and atrichoblasts was unaltered in the HvRACB RNAi plants, 

when compared to their azygous control. Furthermore, the number of the epidermal cells can be 

recalculated to the defined area in which they were counted. This revealed that not only the 

distribution is unchanged but also the absolute numbers of these cells in the measured area (Figure 

15F). This suggests that the size of epidermal cells in the transition zone of the roots of HvRACB 

RNAi plants and their azygous control is the same. 

Altogether, the experiments showed that HvRACB RNAi plants developed trichoblasts in the root in 

the same number and size as in the azygous control. The root hairlessness is therefore likely caused 

by an inability to grow out root hairs. In several cases which were described in the literature this 

could be attributed to a disturbed reactive oxygen species (ROS) production. The accumulation and 

production of ROS in the root was addressed in the following experiments. 

 

3.3 ROS in the root give no indication for altered enzyme 

activity 

Root hair phenotypes which are similar to the ones described in this work (chapter 3.2), were in 

many cases suggested to be directly or indirectly caused by disorders in the local production of ROS 

(Carol et al., 2005; Huang et al., 2013; Kwasniewski et al., 2013). Hence, the abundance of ROS 

and indirectly the activity of peroxidases and NAD(P)H oxidases in the HvRACB RNAi roots were 

evaluated. This allowed to evaluate a potential impact of ROS on the outgrowth phenotypes of the 

root epidermis.  
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3.3.1 OH• detection indicated no differences in peroxidase activity in 

HvRACB RNAi roots 

It was suggested that the activity of peroxidases is crucial in barley for the initiation of root hairs 

and their subsequent elongation (Kwasniewski et al., 2013). Therefore, the detection and 

quantification of OH• (hydroxyl radical) as product of peroxidases was performed using 3’-(p-

hydroxyphenyl) fluorescein (HPF) as probe. HPF turns over after reaction with OH• to a bright green 

fluorescent product which was visualized using a confocal fluorescence microscope (Figure 16). 

 

Figure 16: Detection of hydroxyl radicals in the root via HPF. 

(A) Autofluorescence and HPF derived fluorescence of the HvRACB RNAi and control roots 

with and without inhibitors of ROS producing enzymes. (B) HPF fluorescence in the root 

hair bulging in the control, (C) in the HvRACB RNAi line and (D), (E) in displaced and 

deformed root epidermal outgrowths in HvRACB RNAi roots. Scale bars: (A) 100 µm; (B) 

to (E) 20 µm. As material the roots of 2 days old seedlings were used. The images were done 

using a confocal fluorescence microscope. The settings for excitation, detector sensitivity 

and others were the same for all pictures. auto: autofluorescence; HPF: 3’-(p-

hydroxyphenyl) fluorescein (5 µM); SHAM: salicylhydroxamic acid (5 mM); DPI: 

diphenyleneiodonium chloride (50 µM); NaN3: sodium azide (10 mM). 
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The examined root tissues comprised parts of the transition zone and the elongation zone. After 

treatment with HPF a clear increase in fluorescent brightness was observed in this region of the root. 

The untreated controls just exhibited the autofluorescence signal (Figure 16A). However, no 

differences were observable between the HvRACB RNAi plants and the azygous control. 

To identify the source of the hydroxyl radicals, different classes of ROS producing enzymes such as 

peroxidases, NAD(P)H oxidases, and cytochrome oxidases were inhibited parallel to HPF treatment. 

Nevertheless, no obvious alterations were achieved inhibiting peroxidases via salicylhydroxamic 

acid (SHAM), or NAD(P)H oxidases using diphenyleneiodonium chloride (DPI). Only the 

application of sodium azide (NaN3) as inhibitor of cytochrome oxidase and peroxidase activity (NIH, 

1991) caused an apparent reduction of the fluorescent signal (Figure 16A). Furthermore, the roots 

of HvRACB RNAi and control plants reacted similarly to the addition of the different inhibitors, 

concerning their fluorescence derived from HPF. 

Worth a mention is a subcellular specific bright fluorescence after treatment with HPF in the root 

hair initiation zones. This fluorescence in the bulge initiations were observable in the azygous 

control (Figure 16B) but also in the HvRACB RNAi line, if root hair initiations were available 

(Figure 16C). But not only the regular shaped outgrowths of the root cells showed the spatial 

accumulation of the fluorophore. The irregular, displaced, and deformed outgrowths and 

evaginations, already described in chapter 3.2.1, featured this specific bright fluorescence, too 

(Figure 16D, E). 

Quantification of the fluorescence by measuring the pixel intensity only partly coincided with the 

qualitative assessments, already described above (Figure 17). The autofluorescence led to a pixel 

intensity of about 6.5 in the control and about 5.7 in the HvRACB RNAi root. After HPF treatment 

the pixel intensity increased to 56 in the azygous control and about 63 in the HvRACB RNAi root. 

The quantitation revealed that it was possible to reduce the fluorescence signal in the azygous control 

significantly using DPI or NaN3 as an inhibitor, if comparing to the HPF treated control roots. In the 

HvRACB RNAi roots SHAM and NaN3 treatment decreased the pixel intensity significantly, when 

compared to the HPF treated roots of the same line. In both lines the NaN3 had the greatest impact. 

It reduced the intensity in the control by 42% and in the HvRACB RNAi line by 53%. However, if 

the pixel intensities of the different treatments in the HvRACB RNAi roots were compared to their 

corresponding azygous control in no case significant distinctions were observed. 
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The HPF treatment exhibited no alterations in OH• abundance in the region of root hair initiation, 

comparing HvRACB RNAi and azygous control. The inhibitor treatment triggered no differences in 

amount and distribution between these two lines. This indirectly suggested no distinctions in the 

peroxidase activity in this root zone of root hair production. Therefore, the NAD(P)H oxidase 

activity in the HvRACB RNAi and azygous control root was examined. 

 

3.3.2 Detection of O2●- indicated NAD(P)H- oxidase activity in emerging 

root hairs 

The visualization of distribution and quantification of hydroxyl radicals via HPF turnover to a 

detectable fluorophore revealed no differences between HvRACB RNAi roots and the azygous 

control (chapter 3.3.1). 

NAD(P)H oxidases were shown to have an crucial impact on the initiation and development of root 

hairs (Carol et al., 2005). Furthermore, Arabidopsis thaliana mutant lines of a NAD(P)H oxidase 

developed similar phenotypes in the formation of root hairs, as described previously in this work 

(chapter 3.2.1). Therefore, the distribution of superoxide anion radicals (O2
●-) which derive from 

NAD(P)H oxidases was visualized in in the roots of the HvRACB RNAi plants. 

Therefore, Nitroblue tetrazolium (NBT) was used. It reacts with superoxide to a blue insoluble 

formazan dye and is detectable via bright field microscopy. Overview pictures of roots treated with 

 

Figure 17: Quantification of HPF derived fluorescence in the root. 

As ROIs the transition zones and the beginning of the elongation zones were examined. The 

fluorescence was measured via the mean pixel intensity after HPF treatment with and 

without inhibitors of ROS producing enzymes. Pixel intensity: 0 (“black”) and 255 

(“white”). All pixels of the root were averaged for the picture mean pixel intensity. The bars 

show the mean of these intensities. Control: Auto n = 15; HPF n = 42; SHAM n = 10; DPI n 

= 6; NaN3 = 6. HvRACB RNAi: Auto n =12; HPF n = 40; SHAM n = 7; DPI n = 6; NaN3 n = 

6. Error bars: Confidence interval (α = 0.05). Student’s t test: p > 0.05. As material the roots 

of 2 days old seedlings were used. Auto: autofluorescence; HPF: 3’-(p-hydroxyphenyl) 

fluorescein (5 µM); SHAM: salicylhydroxamic acid (5 mM); DPI: diphenyleneiodonium 

chloride (50 µM); NaN3: sodium azide (10 mM). 
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NBT (Figure 18A, B) revealed similar staining patterns in HvRACB RNAi roots and the azygous 

control. Obvious differences arose by the existence of root hairs on the control roots, which were 

specifically stained. The residual coloring of the roots indicated a staining of ROS species derived 

from mitochondria. This pattern was not distinctive between the mutant line and the azygous control 

and revealed no obvious subcellular patterning. The intensity of formazan diminished in older tissues 

and was especially intensive in the meristematic regions and in the growing 

 

Figure 18: Detection of superoxide anion radicals in the root via NBT. 

(A) Overview images of azygous control and HvRACB RNAi roots after NBT treatment or 

extra addition of the NAD(P)H oxidase inhibitor DPI (50 µM). The overviews were 

generated by merging several single pictures. HvRACB RNAi and azygous control tissues 

exhibited similar staining patterns, probably displaying mitochondrial activity. (B) 

Enlarged detail sections of (A) for better view. (C), (D), (E) display the NBT staining pattern 

in root hair bulgings and young root hairs in the control plants. (F), (G), (H) NBT staining 

in HvRACB RNAi root hair initiations. (I), (J), (K) show similar staining of irregular cell 

outgrowths in the HvRACB RNAi root epidermis. Scale bars: (A) 200µm; (B) 50µm; (C) to 

(K) 20µm. All images were transformed to grey scale for a better visualization of the dark 

colored formazan. As material the roots of 2 days old seedlings were used. 
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root hairs. Addition of the NAD(P)H oxidase inhibitor DPI eliminated root hair located NBT 

staining, whereas the unspecific formazan accumulation in the epidermal cells remained unaltered. 

In case HvRACB RNAi plants had initiated root hairs, DPI affected the NBT staining in HvRACB 

RNAi in the same way as in azygous control roots (Figure 18A, B). 

A closer look to the stained initiations of root hairs revealed that during the bulging event the whole 

evagination is stained by NBT in the trichoblasts of the azygous control (Figure 18C). During later 

stages of the root hair development a strong accumulation of formazan can be seen at the base of the 

growing root hair and in the tube oriented to the apex (Figure 18D, E). Similar patterns of staining 

in emerging root hairs were exhibited on the HvRACB RNAi roots, if root hair initiations were 

observed (Figure 18F to H). The disoriented and deformed outgrowths of the root epidermis (chapter 

3.2.1 and chapter 3.3.1) showed also a specific pattern of NBT staining (Figure 18I to K). The 

previously mentioned fading of the NBT staining in older root tissues without growth activities was 

also observable in the HvRACB RNAi line. This fading comprised all kind of outgrowths of 

epidermal cells. 

To summarize, the NBT staining exhibited indirectly a specific activity of NAD(P)H oxidases in the 

initiation of root hairs and other kinds of outgrowths. After treatment with DPI, specific staining of 

the root hairs vanished and no differences were observed between the control and the HvRACB 

RNAi line. HvRACB RNAi lines largely lacked specific staining derived from NAD(P)H oxidases 

as seen in outgrowing trichoblasts of the azygous controls. 

 

3.4  HvRACB RNAi nuclei are less attracted after fungal 

attack 

Detection of ROS without a bulging event indicated no differential activity of peroxidases and 

NAD(P)H oxidases between the HvRACB RNAi line and the control (chapter 3.3). Hence, the focus 

turned to the event of single cell polarization. This appeared to be a common and basic principle of 

all developmental events which are influenced by HvRACB (Schultheiss et al., 2005; Pathuri et al., 

2008, 2009; Hoefle et al., 2011). Part of this cell polarization in the interaction of plants and 

pathogens, formation of subsidiary cells, and development of root hairs is the temporal and spatial 

coordinated movement of the nucleus to a specific site of the plant cell (Stebbins and Shah, 1960; 

Čiamporová et al., 2003; Griffis et al., 2014). The directed migration of the nucleus was used as an 

indicator for the degree of polarization of the plant cell during fungal attack. Hence, the distance of 
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the nucleus to the attempted site of penetration of the powdery mildew fungus was visualized and 

measured in fixed leaf material after staining with propidium iodide. 

 

3.4.1 Temporal resolution in HvRACB RNAi cells reveals an early delay 

effect on the nucleus movement 

HvRACB RNAi plants showed a reduced penetration efficiency of Bgh, when compared to the 

wildtype (Hoefle et al., 2011). This data indicated a prepenetration effect of HvRACB RNAi on the 

accommodation of the fungus. Therefore, relevant processes causing the decreased susceptibility 

could be expected in the time before the formation of the haustorium. 

The polarization of the attacked plant cell and therefore the migration of the nucleus is focused to 

the attempted site of penetration. The timing of the movement is defined by the development of the 

fungus. To assess suitable points in time for the inspection of the plant cell nucleus, azygous control 

plants were inoculated with Bgh and subsequently visualized. For microscopy of the fungal 

development the fixed material was treated with the fluorophore tetra-methyl-rhodamine (TMR) 

which is linked to wheat germ agglutinin (WGA). This resulted in specific staining of the fungal 

structures on the barley leaf (Figure 19). Already at 12 hpi haustorial initials were formed, whereas 

 

Figure 19: Visualization of Bgh development on the barley leaf via staining with WGA-

TMR. 

Ten hours after inoculation, the fungal spore already grew out the primary germ tube and 

formed the hook - shaped appressorium. However, no haustorial initials were visible at this 

point in time. After 12 hours haustorial initials were observable and after 14 hpi the 

haustoria expanded to a clubbed structure. Spores which didn’t show any haustorial pattern 

at this point in time were assessed as failed for plant cell wall penetration. Haustoria are 

marked by white arrowheads. Scale bar 25µm. As material the harvested and fixed 2nd leaf 

blades of 14 days old azygous control plants were used. 
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10 hpi no such structures were observable. 14 hpi the spores exhibited at least a haustorial initial or 

already a further developed clubbed haustorium. It was assumed that appressoria without any  

indication of haustorial development at 14 hpi failed already to penetrate the cell wall. 

Based on these results 8, 10 and 12 hours after inoculation were chosen as points in time to evaluate 

the migration of the plant nucleus to the attempted site of penetration. Additionally, these 

measurements were used to indirectly assess the degree of cell polarization. The inoculated and fixed 

leaf material was viewed under the microscope at the points in time. For visualization of the plant 

cell nucleus, the plant cell wall, and the fungal appressorium the leaf material was stained with 

propidium iodide. Using a confocal fluorescence microscope, z-stacks of the attacked plant cell and 

the appressorium were recorded. Normalizing the distance between nucleus and appressorium to the 

cell size generated the nucleus attraction index (NAI) as an indicator for cell polarization (see also 

Supp Figure 5). 

Based on their NAI the cells were classified in three groups. These groups ranged from a “very 

close” (0 - <0.1) plant nucleus to the attempted site of penetration over “close” (0.1 < 0.3) to 

“distant” (0.3 < 1) (Figure 20). This classification revealed distinctions in the NAI between the 

HvRACB RNAi plants and the azygous control. Furthermore, a time dependent nucleus movement 

to the appressorium was observed. The NAI data revealed in the HvRACB RNAi plants a reduced 

and delayed migration of the plant cell nuclei to the attempted site of penetration, when compared 

to the azygous control. The differences in the frequency distribution of the NAI was most significant 

 

Figure 20: Evaluation of the nucleus attraction index (NAI) at different points in time after 

inoculation. 

For each point in time and line 5 independent leaves were pooled and between 129 and 240 

cells were evaluated. The cells were grouped according to their NAI, in three classes: “very 

close” (0 - <0.1), “close” (0.1- <0.3) and “distant” (0.3 - <1). Whether the cells of the control 

and the HvRACB RNAi plants were differently distributed was evaluated with the chi2 test. 

8 hpi: p < 0.001; 10 hpi: 0.001 >p < 0.01; 12 hpi: p>0.05. As material the 2nd leaves of 14 

days old barley plants were used. 
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8 hours after inoculation. At this point in time more than 35 % of the investigated control cells were 

classified as “very close” but only about 16 % in the HvRACB RNAi line. 10 hpi the frequency 

distribution was still differing between the two lines but less significant. 12 hpi the control and the 

HvRACB RNAi cells showed similar NAI distributions. At this point in time almost 39 % of the 

nuclei were “very close” in the azygous control and about 31 % in the mutant line. 

The NAI data indicated a delayed migration of the nucleus to the fungal appressorium in the less 

susceptible HvRACB RNAi line. This indirectly suggests a slowed or reduced capability for cell 

polarization. Furthermore, HvRACB RNAi and control roots are similarly colonized by a mycorrhiza 

fungus at a late point in time after inoculation (Supp Figure 4). This is a further indication for a 

delayed but not completely inhibited polarization of HvRACB RNAi cells. 

 

3.4.2  HvRACB knockdown, nucleus movement delay and enhanced 

resistance can be detected in the same tissue 

A temporal resolution of the movement of the plant nucleus showed significant differences in the 

attraction of the nucleus to the site of attempted penetration at 8 hpi (chapter 3.4.1). This point in 

time was chosen for parallel evaluation of penetration efficiency, the NAI, and the expression of 

HvRACB in the same tissue. Coevaluation of HvRACB expression and susceptibility on the very 

same leaf was not performed prior to this work. The lower half of the 1st leaf was used because it 

revealed the most efficient knock down effect by the HvRACB RNAi insertion of all tested leaf 

 

Figure 21: Coevaluation of the HvRACB transcript level and the penetration efficiency. 

(A) qPCR of HvRACB and (B) penetration efficiency in the very same leaf. As material the 

lower half of 1st leaf of 14 days old plants at 16 hpi was longitudinally split in half. One half 

was used for qPCR analysis, the other one for assessment of the penetration efficiency. Each 

leaf was evaluated independently. The bars represent the mean of 5 plants. Error bars: 

standard deviation. Student’s t test (A), (B): p < 0.001. 
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tissues (Supp Figure 6). The gained half of the leaf blade was subsequently split in half again, but 

along the longitudinal axis. One half was used for the determination of the transcription level of 

HvRACB and the other half for investigation of the NAI or the penetration efficiency. It was shown 

that in HvRACB RNAi plants the reduction of HvRACB abundance came along with a reduction of 

susceptibility, when compared to the azygous control. The relative HvRACB transcript level was 

decreased about 62 % in the HvRACB RNAi plants. Furthermore, the penetration efficiency of the  

fungus dropped from over 44 % in the control to less than 29 % in the HvRACB RNAi line (Figure  

21A, B).  

Evaluating the expression of HvRACB and the NAI on the very same HvRACB RNAi leaves revealed 

that the HvRACB transcript abundance was reduced by more than 72 %, when compared to the 

azygous control (Figure 22A). The measurement of the NAI at 8 hpi (Figure 22B) showed that less 

nuclei of the HvRACB RNAi plants were classified as “very close” (12 %) but more as “distant” 

(48 %) than in the control (22 % and 27 % respectively). Testing the frequency distribution via chi2-

test exhibited a significant distinction in the distribution to the three classes between the control and 

the HvRACB RNAi line.  

The NAI represents the distance from the nucleus to the appressorium normalized to the cell size. 

Both values are measured independently for each examined cell. Thus, it was taken care about the 

 

Figure 22: Coevaluation of the HvRACB transcript level and the nucleus attraction index 

(NAI). 

(A) qPCR of HvRACB and (B) and NAI evaluation at 8 hpi. (C) Nucleus-appressorium 

distance without normalization to the cell size. (A), (B) and (C): all measured data 

represents the average of the same 6 independently examined control and 5 HvRACB RNAi 

leaves All Error bars show the STD. (B) and (C): between 86 and 135 cells per leaf were 

measured. (A). Student’s t test: p<0.001. (B) The cells were grouped according to their NAI, 

in three classes: “very close” (0 - <0.1), “close” (0.1- <0.3) and “distant” (0.3 - <1). chi2 test: 

8 hpi: p < 0.001. (C) Student’s t test: p<0.001. 
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reduced epidermal cell size of the HvRACB RNAi plants (chapter 3.1.2 and chapter 3.1.3). Without 

this normalization the nucleus would be per se closer to the appressorium in the mutant line than in 

the azygous control. This is due to the smaller epidermal cells of the HvRACB RNAi plants, when 

compared to the control (chapter 3.1.2 and chapter 3.1.3). However, even without this normalization 

the distance was significantly longer in the HvRACB RNAi plants than in the control (Figure 22C). 

The distance increased from average 68 µm in the control to almost 91 µm in the HvRACB RNAi 

plants. This underlined the robustness of the suggested delayed or inhibited migration of the nucleus 

in the HvRACB RNAi line after fungal attack. 

The gained data showed a reduced expression of HvRACB, a reduced nucleus polarization, and a 

reduced penetration efficiency in the very same leaf material after fungal attack. This suggested a 

causal relationship of these three factors in the same order. 

 

3.5 Omnidirectional approaches exhibit alterations in 

the HvRACB RNAi cell wall 

Preliminary (Melanie Bischof, TU München, Germany, unpublished data) and recent microarray 

data (Vera Schnepf, TU München, Germany unpublished data) revealed that in the HvRACB OECA 

and HvRACB RNAi plants a high quantity of genes were altered at their transcriptional level, when 

compared to the wildtype (WT). A considerable number of these genes were assigned to cell wall 

related processes. Also the described HvRACB dependent phenotypes in the literature (Schultheiss 

et al., 2005; Pathuri et al., 2008; Hoefle et al., 2011) and in this work, gave indications for a direct 

or indirect involvement of HvRACB in the modification of the cell wall. Based on this background 

it was reasonable to investigate if the cell wall of the HvRACB RNAi plants was altered in its 

chemical, mechanical and lytic features. 

 

3.5.1 Cell wall modifier genes are differential expressed in the HvRACB 

RNAi line 

To verify the microarray data semiquantitative reverse transcription PCRs (sqPCR) of selected genes 

were performed. Genes were selected according the available microarray data. The primer design 

was based on sequence and annotation data listed in the PLEXdb database (www.plexdb.org). 



 Results 

page | 73  

 

The abundance of the transcripts was evaluated in a time series at zero-time (“0”), 12 hpi, 32 hpi 

and their corresponding not inoculated controls at 12 and 32 hours after zero-time. These points in 

time were used because of the average development of the fungus. At 12 hpi Bgh is penetrating the 

plant cell wall or is beginning to establish a haustorium initial. At 32 hpi the haustorium developed 

finger-like protrusions and is still expanding but already functional. Thus, 12 hpi represents an early 

stage in the infection with powdery mildew on barley. At this time Bgh shows no or only initial 

establishment. 32 hpi stands for a rather late stage of development of Bgh with a further developed 

haustorium and secondary epicuticular hyphae (Figure 19; personal communication Vera Schnepf, 

TU München, Germany).  

The visualized transcripts are shown in Figure 23 and confirmed the data of the microarray. 

However, some genes revealed only slight differences in their expression patterns. The auxin-

binding protein 1 (ABP1_12253; Supp Figure 7) and a positive control for Bgh infection on barley 

P21_14958 did hardly show alterations between the wildtype and the HvRACB RNAi plants. This 

was also the case for some examined cell wall modifier genes such as the arabinogalactan protein 

16 (AGP16_06537) and the polygalacturonase PG_08722.  

Nevertheless, most of the investigated cell wall modifiers revealed moderate to strong enhancements 

of the transcription level in HvRACB RNAi lines. Among these are the expansin EXP_02877 or the 

alpha-L-arabinofuranosidase/beta-D-xylosidase ARA-I_07032. The data suggested that these genes 

are constitutively distinct in their transcription level between the wildtype and the HvRACB RNAi 

line. According to this, the knockdown of HvRACB showed a minor impact on fungal dependent 

alterations in the expression of the cell wall modifiers than the WT. 

An exception was e.g. the polygalacturonase PG_12475. Transcripts of this gene were less abundant 

12 hpi than in the control. Even though the shown transcript abundancies suggested an overall 

upregulation, several other genes such as pathogenesis related (PR) genes, were reduced in their 

transcript levels (Supp Figure 7). It seemed that the general transcription patterns, such as transcript 

enhancement after fungal attack (e.g. PR genes) was not repealed. However, it was rather shifted in 

the time-series of the HvRACB RNAi line, when compared to the WT. This could be seen for 

example by assessing the transcript amounts of the ascorbate oxidase gene ASO_30512 (Supp 

Figure 7) which was less expressed at 12 hpi than in the WT but stronger at 32 hpi. 
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Summarized, the sqPCR of selected genes confirmed the preliminary microarray data. A set of cell 

wall modifier genes was differentially expressed in the HvRACB RNAi plants, when compared to 

the WT-control. Because of the differences in the transcript levels, it was logical to investigate the 

composition of the cell wall of HvRACB RNAi plants and the control. 

 

 

Figure 23: Expression analysis of selected genes in the WT and HvRACB RNAi line via 

sqPCR. 

The transcript level was evaluated at zero-time (“0”), 12 and 32 hours after zero-time with 

and without inoculation with Bgh. The gene identifiers were composed of the gene 

abbreviation and a five digit code, representing the contig number in the PLEXdb database 

(www.plexdb.org). As control the extracted RNA was visualized on the gel as well as the 

transcript level of the housekeeping gene UBC2 for each treatment. The PCR conditions 

were adapted for each gene but were the same for all shown transcript abundancies. The 

same is observed for the exposure time of the agarose gel. UBC2: ubiquitin-conjugating 

enzyme E2; ABP1: auxin-binding protein 1. P21: p21 c-terminal-binding protein. AGP16: 

arabinogalactan protein 16. PG: polygalacturonase. PL: pectate lyase. GH: glycosyl 

hydrolase. ARA-I: alpha-L-arabinofuranosidase/beta-D-xylosidase. EXT: xyloglucan 

endotransglucosylase/hydrolase. PECS: pectinesterase. EXPB3: expansin-B3. As material 

at least 5 blades of the 2nd leaf, of 14 days old barley plants were pooled per line and each 

point in the time-series. 
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3.5.2 The protoplast release assay shows a higher lytic resistance of the 

HvRACB RNAi cell wall 

The previous results of the sqPCR (chapter 3.5.1) suggested an examination of the cell wall itself. 

Therefore, it was tested if the cell wall of the HvRACB RNAi plants revealed distinctions in the lytic 

resistance to fungal cell wall degrading enzymes, when compared to the azygous control. In a 

protoplast release assay small leaf pieces of the same size were incubated in the enzyme mix for 

several hours. Released protoplasts were counted using a bright field microscope. The number of 

freed protoplasts indirectly showed the lytic resistance of the cell walls which was attributed to 

differences in the chemical composition. 

The results of the protoplast release assay are shown in Figure 24. After 2 hours of incubation in a 

solution of the enzyme mix, significantly less protoplasts were released from the HvRACB RNAi 

leaf pieces than from the azygous control. Thus, in the control about 25 protoplasts were counted 

per µl solution. In the mutant line only about 12 protoplasts were available. The counting after three 

hours of incubation revealed that in the control 47 protoplasts were present per µl solution and in 

the HvRACB RNAi approach 33 protoplasts. The differences after 3 hours were not significant 

anymore. Nevertheless, they showed an existing tendency of a decreased protoplast release 

concerning the HvRACB RNAi plants, when compared to the azygous control. 

 

Figure 24: Evaluating the lytic resistance of the cell wall via the protoplast release assay. 

Small leaf pieces were incubated in a fungal cell wall digesting enzyme mix. After 2 and 3 

hours of incubation the released protoplasts were counted. The bars represent the mean of 

three biological replicates. Error bar: confidence interval (α = 0.05). Student’s t test: 2 hoi 

0.05 > p < 0.001; 3 hoi p > 0.05. As material leaf pieces of the 2nd leaves of the same size and 

comparable areas were used 
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The gained results of the protoplast release assay should be evaluated on the background that 

HvRACB RNAi plants have smaller cells than the control plants (chapter 3.1.2 and 3.1.3). Therefore, 

the commensurate leaf pieces of the HvRACB RNAi plants possessed more cells than the control 

which could be putatively released. 

Together, the assay showed less freed protoplasts in the HvRACB RNAi line than in the control. This 

indicated a higher lytic resistance and differences in the chemical composition of the primary cell 

wall. The analysis of the composition of the cell wall was therefore the next logical step. 

 

3.5.3 Analysis exhibit differences in the cell wall monosaccharide 

composition between HvRACB RNAi and control plants 

The protoplast release assay (chapter 3.5.2) showed differences in the lytic resistance between cell 

walls of the azygous control and the HvRACB RNAi line. Thus, it was suggested that the differences 

in the expression of the cell wall modifiers (chapter 3.5.1) also influenced the actual chemical 

composition of the cell wall. To examine the chemical composition of the primary cell wall a high-

performance anion-exchange chromatography with pulsed amperometric detection (HPAEC-PAD) 

was performed in collaboration with Timo Engelsdorf and Lars Voll (University of Erlangen, 

Germany). This method allowed the elucidation of the absolute and relative monosaccharide amount 

of the cell walls of the HvRACB RNAi plants and the control.  

At first the total amount of monosaccharides was quantified (Supp Figure 8). This revealed that the 

RNAi plants had significant more primary cell wall monosaccharides per gram fresh weight than 

the azygous control plants. In the control about 15.9 nmol per gram fresh weight were measured. 

The HvRACB RNAi material possessed 18.5 nmol per gram fresh weight. This is an enhancement 

of more than 16 % of total amount of monosaccharides in the HvRACB RNAi line, when compared 

to the control. This possibly reflects smaller volumes of the HvRACB RNAi cells. Next, the relative 

amounts of the seven measurable monosugars were compared between the azygous control and the 

HvRACB RNAi line (Figure 25). This showed significant differences in the relative amount for the 

monosaccharides fucose, galactose, and xylose. The rhamnose, glucuronic acid, galacturonic acid, 

and arabinose were not significantly altered. The highest relative difference was observed for the 

fucose. It was decreased by almost 28 %, when compared to the control. Galactose was decreased 

by more than 11 % and xylose significantly was enhanced by more than 2 %. Even though fucose 

represented the major relative reduction in the HvRACB RNAi plants, it should be kept in mind that 

this monosaccharide only stands for about a quarter-percent of the relative monosugar amount 
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(0.28 %) in the control. The relative reductions of the galactose and the xylose were smaller. 

However, they represented about 8.3 % and 64.1 % of the relative monosaccharide amount in the 

control leaves. 

Finally, the monosugar analysis revealed aberrations in the relative content of xylose, galactose and 

fucose. This made it possible to focus in further studies on enzymes acting on these monosaccharides 

in the cell wall. 

 

3.6 Directional investigations in barley reveal several 

enzymes active on xyloglucan 

The monosaccharide analysis of the primary cell wall of the HvRACB RNAi line and the azygous 

control revealed distinctions in the relative monosugar composition between the HvRACB RNAi 

plants and their azygous controls (chapter 3.5.3). Most prominent was the reduction of the relative 

 
Figure 25: Analysis of the relative monosaccharide distribution of the primary cell wall via 

HPAEC-PAD. 

The relative proportions of the seven monosugars fucose, rhamnose, glucuronic acid, 

galacuronic acid, galactose, arabinose and xylose were measured in the azygous control and 

the HvRACB RNAi leaf blades. The monosaccharides were listed accordingly to their 

relative amount. The bars represent the means of 5 biological replicates. Error bars: 

confidence interval (α = 0.05), Student’s t test: fucose p < 0,001; galactose 0.01 > p > 0.001; 

xylose 0.05 > p > 0.01. All other monosugars p > 0.05. As material the 2nd leaf of 14 days old 

barley plants were used. Each replicate was a pool of 5 independent leaves. 
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share of the monosaccharide fucose. In the primary cell wall of monocotyledons, fucose is only 

available in the hemicellulose xyloglucan (Vogel, 2008). Therefore, the data pointed to this 

component of the primary cell wall and shifted the investigative focus on it. 

 

3.6.1 Identification of Bgh dependent expressed xyloglucan modifiers 

As a first step, genes were identified which were putatively involved in modifying the monosugar 

composition of xyloglucan via their enzymatic activity. As a starting point, published sequences of 

xyloglucan related genes in monocots were used for BLAST search (Del Bem and Vincentz, 2010). 

As reference sequences the Barley1 22k Microarray (www.plexdb.org) and the nucleotide collection 

of Hordeum vulgare (taxid: 4513) of the National Center for Biotechnology Information 

(http://www.ncbi.nlm.nih.gov) were used. 

In a second step, all found genes were filtered for an additional altered expression after inoculation 

with Bgh. This was based on publicly available data in the expression database of Genevestigator® 

(www.genevestigator.com). 

As last step, 27 genes were selected hitting these criteria (Table 2). The genes were unevenly divided 

on the following 8 different enzyme groups: α-Fucosyltransferases (4 genes), β-

Galactosyltransferases (5 genes), α-Xylosyltransferases (2 genes), Xyloglucan 

Transglycosilases/Hydrolases (7 genes), α-Fucosidases (4 genes), β-Galactosidases (1 gene), α-

Xylosidases (1 gene), and β-Glucosidases (3 genes). 

Table 2: Genes coding for putative xyloglucan modifiers in barley 
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3.6.2 Expression analysis of fucosidases and fucosyltransferases for 

candidate selection 

In the previous chapter, several genes were identified which are putatively involved in the 

modification of xyloglucan and were additionally expressed during interaction with Bgh. The 

reduction of the relative content of fucose was the highest relative effect comparing the azygous 

control and HvRACB RNAi cell wall composition (chapter 3.5.3). Hence, the pattern of fucosylation 

became especially interesting. Furthermore, click-chemistry experiments revealed, that labeled 

fucose can be tracked to the bulgings of root hairs in barley seedling roots (Supp Figure 9). 

Based on these outcomes, for further expression analysis the four identified putative α-fucosidases 

and four α-fucosyltransferases were chosen (chapter 3.6.1). Fucosidases remove the fucosyl residue 

 

Figure 26: Expression analysis of putative xyloglucan α-fucosidases via qPCR. 

The transcript abundancies of the four putative α-fucosidases identified by BLAST search 

(Table 2) were examined via qPCR. The amounts of the transcripts were evaluated in a time 

series at zero-time (“0”), 12 hpi, 32 hpi and their corresponding not inoculated controls at 

12 and 32 hours after zero-time. The Bgh dependency of the expression was confirmed for 

all fucosidases. FUC_1402 and FUC_3023 had an increased transcript amount 12 hpi and 

32 hpi. FUC_4897 and FUC_20663 showed a specific transcript increase 12 hpi, whereas 

32 hpi transcription was similar to the not inoculated control again. No significant 

differences in the expression levels, independent of fungal presence, were observed between 

the HvRACB RNAi line and their azygous control. The bars represent the mean of three 

biological replicates. Each point in time consists of a pool of at least 5 independent leaves. 

Error bars: standard deviation. As material the inoculated or not inoculated 2nd leaves of 

14 days old plants were used. The transcript level was normalized on the housekeeping gene 

UBC2. 
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from the xyloglucan, whereas the fucosyltransferases add a fucose monosaccharide to the backbone 

(Del Bem and Vincentz, 2010). The α-fucosidases and α-fucosyltransferases were tested for their 

transcript abundancies. The transcripts were quantitatively measured via qPCR. The abundances of 

the transcripts were evaluated in a time series at zero-time (“0”), 12 hpi, 32 hpi and their 

corresponding not inoculated controls at 12 and 32 hours after zero-time.  

The tested putative α-fucosidases were Bgh dependently regulated in their transcript abundancies 

(Figure 26). FUC_1402 and FUC_3023 showed their highest transcript amount 32 hpi, when 

compared to  

the not inoculated samples. However, already at 12 hpi a clear enhancement of the relative transcript 

abundancy was observed. FUC_4897 and FUC_20663 revealed a specific increase of their 

transcripts 12 hpi. At 32 hpi the expression level was similar to the not inoculated control. Even 

though the fucosidases genes were Bgh dependently expressed, no significant differences were seen 

comparing the azygous control and the HvRACB RNAi line. 

The same expression analysis was done using the α-fucosyltransferases (Figure 27) listed in Table 

2. The relative transcript level was lower in average than the levels of the investigated α-fucosidases 

 

Figure 27: Expression analysis of putative xyloglucan α-fucosyltransferses via qPCR. 

The transcript abundancies of the four putative α-fucosyltransferases identified by BLAST 

search (Table 2) were examined via qPCR. The transcripts were evaluated in a time series 

at zero-time (“0”), 12 hpi, 32 hpi and their corresponding not inoculated controls at 12 and 

32 hours after zero-time. The bars represent the mean of three biological replicates. Each 

point in time consists of a pool of at least 5 independent leaves. Error bars: standard 

deviation. As material the inoculated or not inoculated 2nd leaves of 14 days old plants were 

used. The transcript level was normalized on the housekeeping gene UBC2. 
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(Figure 26). The Bgh dependent expression which was evaluated in Genevestigator®, was confirmed 

for the fucosyltransferases. FUT_355743, FUT_362802 and FUT_375786 were reduced in their 

transcription 12 hpi. At 32 hpi no clear alteration to the not inoculated controls was observed. 

FUT_362089 was strongly enhanced in its transcript abundance, when compared to the not 

inoculated control. Thus, in the azygous control the transcript level was about 13 times higher than 

the level in the not inoculated sample. In the HvRACB RNAi plants the enhancement was even 

stronger by 23 times. However, no significant differences were observed between the azygous 

control and the HvRACB RNAi line comparing the relative transcript abundancies. 

Next to the expression analysis after Bgh attack, the transcript abundancies were also evaluated in 

the intercalary meristem and in the zone of root bulging, for the putative α-fucosidases (Supp Figure 

10) and the putative α-fucosyltransferases (Supp Figure 11). The data revealed that FUC_3023 was 

the prominent transcribed α-fucosidase in the intercalary meristem and that the transcripts were 

reduced in the HvRACB RNAi line, when compared to the azygous control. The other fucosidases 

did not show this HvRACB dependent expression in the meristem. However, in the bulging zone of 

the root FUC_4897 was the fucosidase with the highest relative transcript level and not FUC_3023. 

Additionally, no FUC exhibited an obvious alteration in its expression in the HvRACB RNAi root, 

when compared to the azygous control.  

Concerning the α-fucosyltransferases, the FUT_362089 was the most prominent expressed FUT-

gene in the intercalary meristem and in the zone of root bulging. This was the case for the HvRACB 

RNAi line and the azygous control. Furthermore, FUT_362089 was the only gene among the 

investigated FUTs which was clearly decreased in its transcripts in the HvRACB RNAi line, when 

compared to the azygous control. The other α-fucosyltransferases did not exhibit clear alterations in 

their transcript levels between the control and the knockdown line. 

Summing up, all FUCs and FUTs were confirmed in their Bgh dependent expression as seen in the 

Genevestigator® database. FUT_362089 was the only fucosyltransferase with a higher transcript 

abundance after fungal attack. This coincided with the reduced relative fucose amount in the cell 

wall. It was the predominantly fungal expressed FUT in the intercalary meristem and the bulging 

region. In the HvRACB RNAi line its transcripts were reduced in these tissues, when compared to 

the control.  
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3.7 FUT_362089 a putative α-fucosyltransferase shows 

no impact on Bgh penetration success 

Several genes were identified which were annotated as putative xyloglucan α-fucosidases or 

xyloglucan α-fucosyltransferases. Additionally, they were altered in their transcription after Bgh 

attack (chapter 3.6.2). Expression analysis of these modifiers of xyloglucan fucosylation revealed 

that the α-fucosyltransferase FUT_362089 was the only gene in line with all set criteria. It was 

significantly enhanced in its expression at 12 hpi which is the critical point in time for determination 

of the interaction of Bgh and barley (chapter 3.4.1). Furthermore, FUT_362089 was the prominent 

fucosyltransferase in the intercalary meristem and the zone of root bulging. In the HvRACB RNAi 

line, the gene exhibited an obvious reduction in its transcripts in the meristem and the root, when 

compared to the azygous control (chapter 3.6.2). This may explain the reduction of fucose in the cell 

wall (chapter 3.5.3). Therefore, the α-fucosyltransferase FUT_362089 was chosen for further 

investigations. 

 

3.7.1 FUT_362089 is a putative xyloglucan α-1,2-fucosyltransferase  

The best characterized xyloglucan α-1,2-fucosyltransferase in plants is AtFUT1 which is a member 

of the AtFUT family. It is in addition the only member with a proofed activity as a fucosyltransferase 

on xyloglucan in Arabidopsis thaliana (Sarria et al., 2001).  

Therefore, AtFUT1 represented the best candidate available to evaluate FUT_362089 on a 

bioinformatics level for its α-fucosyltransferase character. AtFUT1 and FUT_362089 were aligned 

using the alignment tool Clustal Omega (Sievers et al., 2011). The amino acid identity was 45.5 %. 

Three motifs were published to be present in the protein sequence of the AtFUT family (Sarria et 

al., 2001). The motifs comprised a region of high conversation, a motif for binding of the GDP-

fucose, and a motif necessary for the transferase activity. All motifs were found in the FUT_362089 

protein sequence. Furthermore, all amino acids supposed to be essential for the motif activity were 

either conserved or at least preserved as a conservative mutation in the FUT_362089 motifs.  

The sequence alignment and motif conversation compared to AtFUT1 confirmed the results of the 

BLAST search. This bioinformatically confirmed FUT_362089 as a putative xyloglucan α-1,2-

fucosyltransferase. Hence, Fut_362089 was chosen for the transient induced gene silencing assay 

(TIGS) to evaluate its impact on the establishment of Bgh on barley. 
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Figure 28: Sequence alignment and motif identification of AtFUT1 and FUT_362089. 

FUT_362089 was aligned to the protein AtFUT1 of Arabidopsis thaliana. Three 

hypothetical motifs were identified in the AtFUT family which are highlighted in the 

alignment. The especially underlined amino acids in blue (A), green (B) and red (C) are 

supposed to be essential for the motifs. (A) Region of high conservation in the AtFUT 

family. (B) Motif necessary for GDP-Fucose binding. (C) Motif necessary for the 

transferase activity. All motifs are highly conserved between AtFUT1 and FUT_362089. 

GenBank accession number AtFUT1: AEC05676 (558 aa); FUT_362089: BAJ93293 

(574 aa). The aa identity between AtFUT1 and FUT_362089 was 45.5 %. The alignment 

was done using Clustal Omega (Sievers et al., 2011). 
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3.7.2 Transient induced gene silencing of FUT_362089 did not alter the 

susceptibility 

The gene FUT_362089 was confirmed on the protein sequence level to be a α-fucosyltransferase. It 

contained all motifs and amino acids to be necessary for the functionality (chapter 3.7.1). Hence, the 

impact of FUT_362089 on the outcome of the interaction between Hordeum vulgare and its powdery 

mildew fungus Bgh was tested. 

The penetration efficiency was investigated after silencing FUT_362089 in single epidermal cells 

using the TIGS assay (Figure 29). One day after inoculation the penetration efficiency was measured 

by evaluation of transiently transformed cells in the epidermis which were also attacked by an 

appressorium. As control the same transformation procedure was done using the “empty” plasmid 

without the FUT_362089 RNAi construct as transformation vector (“empty vector control”). The 

evaluation of the penetration efficiency revealed a reduction from about 45 % in the empty vector 

control to 39 % in the FUT_362089 silenced cells. This represented a relative decrease of about 

12 %. However, the reduction was not significant. 

In summary, the TIGS assay exhibited that the specific knockdown of FUT_362089 has no sufficient 

impact to reduce the penetration efficiency of Bgh on barley significantly. 

 

 

Figure 29: Penetration efficiency after transient silencing of FUT_362089. 

As control the vector without the FUT_362089 RNAi construct was used for transient 

transformation. A vector expressing GFP was co-bombarded and displayed the successful 

transient transformation process by a bright green fluorescence. The penetration efficiency 

was measured 24 hpi and hence, 48 hours after particle bombardment. The bars represent 

the mean of 7 independent TIGS experiments. In the experiments 4 to 6 leaves were 

examined under the microscope for RNAi and control, each. Error bars: confidence interval 

(0.05). Student’s t test: p > 0.05. For the assay 7 days old, detached primary leaves were 

used. 



 Discussion 

page | 85  

 

4 Discussion 

 

4.1 HvRACB regulates plant growth and development 

4.1.1 HvRACB participates in the asymmetric cell division of the subsidiary 

mother cell 

In a previous study, Pathuri and colleagues (Pathuri et al., 2009) detected, that stable HvRACB 

OECA plants possess less functional stomata, compared to the azygous control. To determine a 

potential influence of HvRACB on stomata development, the leaf epidermis of HvRACB RNAi 

plants was investigated microscopically. This revealed an increase of stomata, which show a defect 

in the formation of one or both subsidiary cells. The relative number of ‘defective’ stomata raised 

from 3.5 % in the azygous control to 21 % in the HvRACB RNAi plants (Figure 10). 

The development and structure of the stomatal complexes in maize are similar to barley (Stebbins 

and Shah, 1960; Facette and Smith, 2012). Additionally, the knock out of the maize type I ROPs 

ZmROP2 and ZmROP9 as well as the receptor-like pseudokinase gene ZmPAN1 resulted in a 

comparable defect in the formation of subsidiary cells (Humphries et al., 2011; Facette and Smith, 

2012). ZmPAN1 directly binds to ZmROP2, while ZmROP2 is assumed to recruit the ROP proteins 

to the SMC/GMC contact site. This leads to the local accumulation of the ROPs, which may promote 

polarized actin dynamics and polar exocytosis (Humphries et al., 2011; Facette and Smith, 2012). 

Both, the HvRACB OECA and HvRACB RNAi plants exhibit a reduced number of correctly formed 

stomata, when compared to their respective control plants. However, the characteristics seen in the 

defective stomata of each line are different. In HvRACB OECA plants the alternating sequence of 

A-cells and GMCs is disturbed. This becomes apparent by multiple successive A-cells in the stomata 

row. The A-cells between two stomata were absent. Additionally, so called ‘blank cells’ occur, 

which are single cells approximately the size of a stoma but without GCs and SCs (Pathuri et al., 

2009). In HvRACB RNAi plants, the developmental failure of the stomata complexes is restricted to 

the formation of SCs. Thus, it is comparable to the phenotype described by Humphries and 

colleagues in the maize type I ROP mutants (Humphries et al., 2011). Stebbins and colleagues 

described the morphology of the stomatal formation in barley (Stebbins and Jain, 1960; Stebbins 

and Shah, 1960; chapter 1.1.3). Based on these studies, it can be concluded, that the overexpression 

of a constitutively activated HvRACB results in an increased failure rate of the asymmetric cell 
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division of the PSMC to an A-cell and a GC. On the other hand, the knockdown of HvRACB would 

affect the asymmetric division of SMCs to an A-cell and a SC. A loss of complete stomata rows was 

not observed in HvRACB RNAi or HvRACB OECA plants, a loss of complete stomata rows could 

be observed. This supports the assumption, that HvRACB is not involved in the definition of the 

identity of stomata row files. The same conclusion can be drawn according the symmetric division 

of the GMC, resulting in two GCs. The obtained data is in accordance with the ‘rop2/rop2; rop9/+’ 

ROP double mutants and ‘pan1/pan1; rop2/rop2;rop9/+’ triple mutants in maize, where no stomatal 

row and GC phenotypes were reported as well (Humphries et al., 2011). Based on these 

observations, I hypothesize, that the type I ROP protein HvRACB may fulfill similar activities in 

premitotic polarization of SMCs as has been proposed for the role of type I proteins in maize. The 

proposed affected processes include the positioning of the nucleus, the polar exocytosis and the 

regulation of actin dynamics (Humphries et al., 2011). Furthermore, stomata are formed near the 

intercalary meristem at the base of the leaf blade and the leaf sheath (Stebbins and Shah, 1960; Supp 

Figure 1). The transcripts of HvRACB are enhanced in the meristematic region of the leaf, when 

compared to the leaf blade. This further supports a function of HvRACB in this part of the organ 

(Supp Figure 2). Stomata on the blade and the sheath are generated by two different meristems 

(Stebbins and Shah, 1960; Ariyanayagam and Stebbins, 1962). Hence, the occurrence of ‘defective’ 

stomata complexes in both tissues indicates a general role of HvRACB in the formation of SCs. 

 

4.1.2 HvRACB influences diffuse cell expansion in the leaf 

In stable HvRACB OECA mutant plants, Pathuri and colleagues (Pathuri et al., 2008) reported an 

enhanced length of epidermal B-cells, when compared to the control. Hence, the epidermis and 

cross-sections of the leaves were investigated microscopically. This allowed the evaluation of 

potential differences in the cell size of stable HvRACB RNAi and control plants. The studies revealed 

a disturbed architecture of the epidermis, an average reduction in the length of B-cells, a decreased 

area of the cross-sections of B-cells and mesophyll cells and a reduced number of parallel rows of 

B-cells in the leaf epidermis (Figure 12 and Figure 13). 

Besides the increased length of epidermal B-cells in barley HvRACB OECA plants, a cell shape 

effect of the B-cells was observed. This effect was characterized by less regularity of the pavement 

cells (PCs) in the leaf epidermis, than the strictly arrayed and brick-shaped B-cells of the control 

plants (Pathuri et al., 2008; chapter 1.1.2). The PCs of WT Arabidopsis show a highly regulated 

jigsaw pattern. This interdigitation of the PCs represents a form of anisotropic diffuse growth, which 

was shown to be highly ROP-regulated. Hence, the irregularity of the pavement architecture of the 
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leaf epidermis was more pronounced in Arabidopsis thaliana mutant plants, expressing either 

AtROP2 OECA or AtROP2 DN (chapter 1.4.3; Kropf et al., 1998; Qin and Dong, 2015). AtROP2 

OECA plants exhibited enlarged pavement cells and mesophyll cells. Additionally, they almost 

completely lost the interdigitation of their PCs, which resulted in cylindrical shapes. This was 

assumed to be caused by an abnormal promotion of the lobe expansion (Li et al., 2001; Fu et al., 

2002). The AtROP2 DN mutants showed a reduced size of PCs and mesophyll cells and a reduced 

interdigitation of the PCs. It was suggested that, in contrast to the AtROP2 OECA plants, this was 

caused by an inhibition of the lobe expansions (Li et al., 2001; Fu et al., 2002). A similar loss of the 

jigsaw pattern of the PCs was observed in AtROP6 OECA and AtROP6 DN mutant plants. AtROP6 

OECA PCs were cylindrical shaped. This is supposedly due to a decreased expansion of the lobes 

and indentations. On the other hand, the expression of AtROP6 DN results in more rectangular PCs 

with fewer and flattened lobes (Fu et al., 2009; Poraty-Gavra et al., 2013). Taken together, the 

authors concluded an involvement of ROPs in radial and lateral cell expansion of different cell types 

in the plant. This includes the anisotropic diffuse growth of interdigitating PCs via the regulation of 

the cytoskeleton (Fu et al., 2002, 2009; Poraty-Gavra et al., 2013; Qin and Dong, 2015; chapter 

1.4.3).  

Similar to these findings in Arabidopsis, HvRACB RNAi plants display the reduced length of 

epidermal B-cells and the decreased cross-section areas of the B-cells and mesophyll cells (Figure 

12 and Figure 13). This is in line with the enhanced length of epidermal B-cells in HvRACB OECA 

plants (Pathuri et al., 2008). Thus, I conclude, that HvRACB plays a role as positive regulator of 

diffuse radial and lateral cell expansion. This can be postulated for the mesophyll cells and the 

epidermal B-cells of the barley leaf. However, the observed irregularities of the epidermal 

architecture of HvRACB RNAi plants were not observed next to correctly formed stomata 

complexes. Therefore, these irregularities, comprising the A-cells and B-cells of the epidermis 

(chapter 1.1.2 and chapter 3.1.2), likely represent an indirect effect of the misshapen or lacking SCs. 

Thus, I could not observe a generally disturbed regularity of the epidermal B-cells in HvRACB RNAi 

plants, as described for the HvRACB OECA plants (Pathuri et al., 2008). This finding corresponds 

to the ‘rop2/rop2; rop9/+’ ROP double mutants and ‘pan1/pan1; rop2/rop2; rop9/+’ triple mutants 

in maize (Humphries et al., 2011). They also, do not exhibit irregularities in the architecture of the 

epidermis, besides the described disturbed formation of the SCs. Furthermore, it should be 

considered, that no anisotropic diffuse growth occurs in the barley epidermis, which would be 

comparable to the complex jigsaw pattern of Arabidopsis PCs. Additionally, the A-cells, B-cells 

and C-cells in barley are cylindrical and possess brick-like shapes (Stebbins and Jain, 1960; Stebbins 

and Shah, 1960; Koga et al., 1990; chapter 1.1.2).  
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Parallel rows of B-cells were counted in HvRACB RNAi plants and the azygous control. This 

revealed a fewer number of rows in the mutant than in the control (Figure 12). However, the number 

of leaf ribs remained unaffected (Figure 12). Each rib consists of several parallel C-cells (Figure 1). 

The same was observed for the number of horizontal leaf cell layers (Figure 13). The number 

comprises the abaxial epidermal layer of B-cells, three to four layers of mesophyll cells and the 

adaxial layer of B-cells (Figure 1). The architecture of the grass epidermis mainly contains 

cylindrical cells in a parallel alignment (Stebbins and Jain, 1960; Cerioli et al., 1994). 

Dicotyledonous plants lack this row and rib based arrangement of the epidermis. Therefore, a 

comparison with Dicotyledons, like Arabidopsis thaliana, is not feasible. In monocotyledons, I 

could not find any study, dealing with ROP proteins, which could confirm or deny such a phenotype. 

Expansion of the grass leaf via cell division and cell expansion occurs in the growth zone. It is 

located at the base of the leaf blade and can be further subdivided in the proximal division zone and 

the more distal elongation-only zone (Kavanova et al., 2006). Therefore, I postulate, that the 

occurrence of the reduced cell expansion and the decreased number of parallel B-cell rows of the 

HvRACB RNAi plants, originates in the growth zone. This is supported by the higher expression of 

HvRACB in the meristem and the basal area of the leaf, compared to older leaf tissue (Supp Figure 

2 and Supp Figure 6). Furthermore, both phenotypes may partially account for the reduced length, 

width and height of the HvRACB RNAi leaves, compared to the control. Thus, the HvRACB RNAi 

leaves exhibited a 20 % reduction of the leaf height without a changed number of horizontal cell 

layers (Figure 13; Hoefle et al., 2011). HvRACB OECA plants were shown to develop enlarged B-

cells. Interestingly, the size of these plants was reduced, but the reduction was not as severe as in 

the RNAi plants (Schultheiss et al., 2005; Pathuri et al., 2008; Hoefle et al., 2011). This situation, 

concerning cell expansion effects and overall plant sizes, coincides with the AtROP2 OECA and 

AtROP2 DN mutants in Arabidopsis thaliana (Li et al., 2001; Fu et al., 2002).  

When the cytoskeleton is disturbed it affects the growth and the organogenesis of the plant. Thus, I 

suggest a similar function of HvRACB and AtROP2, such as the regulation of the cytoskeleton 

dynamics. 

 

4.1.3 HvRACB promotes initiation of the root hair and polar tip growth 

Hoefle and colleagues (Hoefle et al., 2011) observed a lack of root hairs in stable HvRACB RNAi 

plants. This was further addressed in this work via extensive microscopic examinations. Detailed 

information about the morphogenesis of the root hairs as well as spatial distribution of ROS was 

obtained through these examinations. The latter was reported to be a ROP-dependently organized 
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factor in the growth of root hairs (chapter 1.4.2; Foreman et al., 2003; Jones et al., 2007; Grierson 

et al., 2014). HvRACB RNAi strongly affected outgrowth and elongation of root hairs. The formation 

of trichoblasts remained unaffected and the accumulation of ROS correlated with the absence or 

presence of the outgrowths of the epidermis.  

Seedling roots of HvRACB RNAi plants were shown to produce no or only few and stunted root 

hairs, when compared to their azygous controls. Additionally, HvRACB OECA resulted in shortened 

root hairs and loss of polar tip growth leading to ballooned tips (Pathuri et al., 2008; Hoefle et al., 

2011). In Arabidopsis thaliana AtROP2, AtROP4 and AtROP6 were described to influence the 

formation of root hairs (chapter 1.4.2; Li et al., 2001; Molendijk et al., 2001; Jones et al., 2002, 

2007). In AtROP4 OECA and AtROP6 OECA plants, root hairs were stunted and their tips were 

ballooned (Molendijk et al., 2001). Overexpression of the native AtROP2 led to the lengthening and 

branching of root hairs, as well as their increased initiations per trichoblast. 

On the other hand, Arabidopsis plants expressing a constitutively activated form of AtROP2 

exhibited dramatically stunted and ballooned root hairs if grown in contact with air (Jones et al., 

2002). Expression of dominant negative forms surprisingly had minimal effects on root hair 

development, if any were seen at all. No effects were observed in AtROP4 DN and AtROP6 DN 

plants. Mild effects, such as a decreased number and shortened root hairs, were observed in AtROP2 

DN plants (Molendijk et al., 2001; Jones et al., 2002). A recently published rop6 T-DNA insertion 

line, also displayed no alteration in the formation of root hairs (Lin et al., 2012). On the other hand, 

roots of Nicotiana tabacum NtRac1 RNAi were hairless, which is similar to HvRACB RNAi plants 

(Tao et al., 2002). Furthermore, Arabidopsis thaliana plants expressing a bacterial (Clostridium 

difficile ) transgene coding for the AtROP4 inhibiting toxin B are root hairless (Singh et al., 2013). 

However, the specificity of the effects of the transgene in vivo was objected to require further 

confirmation (Burkart et al., 2015). 

Altogether, interfering with the activity of ROPs results in heterogeneous phenotypes of root hair 

formation. This may plausibly be explained by the redundant, overlapping, distinct or diverse 

functionality of ROP proteins in the cell. Additionally, different techniques to reduce ROP activity 

in the plant, such as the expression of ROP DN forms, ROP RNAi constructs, T-DNA insertion lines 

or ROP inactivation via bacterial toxins could also account for that (chapter 1.4.1; Molendijk et al., 

2001; Jones et al., 2002; Tao et al., 2002; Hoefle et al., 2011; Lin et al., 2012; Singh et al., 2013; 

Burkart et al., 2015). HvRACB expression was reduced up to 92 % in the bulging area of the root of 

the HvRACB RNAi plants (chapter 1.1.4; Supp Figure 3). Hence, the high efficacy of the RNAi 

construct used in the examined HvRACB RNAi line may cause the severe failure of the formation 

of the root hairs. This is supported by another HvRACB RNAi mutant line which exhibited less 
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efficient silencing of HvRACB. These plants formed stunted root hairs which is a less pronounced 

failure of root hair formation (Hoefle et al., 2011). Furthermore, the number of ROP proteins 

encoded in the genome (Christensen et al., 2003), is lower in barley (6 ROPs) or tobacco (6 ROPs) 

than in Arabidopsis thaliana (11 ROPs). It would be interesting to know whether the lower number 

of ROP proteins correlates with a minor functional redundancy in the formation of root hairs. This 

would support stronger effects of single ROP protein knockdowns or knockouts. However, the ROP 

protein HvRACD is most similar to HvRACB in barley and AtROP6 in Arabidopsis thaliana 

(Schultheiss et al., 2003). Expression data shows that it is partially co-silenced by the HvRACB 

RNAi construct (Hoefle et al., 2011). Hence, an additional effect on the formation of root hairs by 

the reduction of HvRACD transcripts on the formation of root hairs cannot be excluded.  

In the examined HvRACB RNAi line, the root epidermis was root hairless. This phenotype was 

occasionally interrupted by occurrences of stunted root hairs (Figure 14). However, a potential 

inability of HvRACB RNAi plants to develop trichoblast (chapter 1.1.4) could be excluded. The 

majority of short epidermal cells of the HvRACB RNAi roots were hairless (Figure 15). However, 

they showed distinct characteristics of barley trichoblasts (chapter 1.1.4; Marzec et al., 2013). They 

also occurred in the same frequency, when compared to the control. In context to the reduction of 

diffuse cell expansion in the leaf epidermis of HvRACB RNAi plants, an interesting detail (chapter 

4.1.2) should be mentioned: The size of the cells of the root epidermis in the transition zone was 

unaltered, when compared to the control (Figure 15). This additionally excluded a general effect on 

the cell expansion of the HvRACB knockdown, before entering the elongation zone of the root. 

Concerning these data, I support the idea, that HvRACB participates in the initiation of root hairs as 

well as in further elongation. This function of HvRACB would be similar to AtROP2 (Jones et al., 

2002) and was already proposed (Pathuri et al., 2008; Hoefle et al., 2011). 

Furthermore, root hairs were observed which were mispositioned on the trichoblast, branched at the 

tip, or deformed and exhibiting enlargements at their bases or tips (Figure 14). In the literature, no 

studies were found that describe such phenotypes in ROP deficient mutants. Instead, the most similar 

phenotypes were found in the AtRhoGDI1 (AtSCN1) loss of function mutant scn1 (Carol et al., 

2005) and the AtRopGEF4 OE, AtGEF10 OE mutants, respectively (Huang et al., 2013). 

AtRopGEF4, AtRopGEF10, and AtRhoGDI1 were suggested to participate in the amount and spatial 

restriction of ROS production. Regulation of ROS is essential for the correct positioning and 

outgrowth of root hairs (Foreman et al., 2003; Carol et al., 2005; Jones et al., 2007; Huang et al., 

2013). Thus, AtRhoGDI1 was proposed to regulate the activity of the ROS-producing NAD(P)H 

oxidase AtRHD2 (AtrbohC; Carol et al., 2005). 
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The barley mutants root hairless 1.a (rhl1.a) and root hair primordia 1.b (rhp1.b) are disturbed in 

the formation of root hairs. The first one produces neither root hairs nor root hair bulgings. The latter 

only induced bulges without further elongation. Unfortunately, no information is available about the 

rhl1.a and rhp1.b mutations on the genomic level (Szarejko et al., 2005). In a microarray approach 

the root transcriptome of the mutant lines was addressed. It became evident, that the expression of 

the peroxidase gene HvPRX45 was reduced more than 120,000-fold in rhl1.a, compared to the WT. 

Additionally, the expression of a putative AtRopGDI1 ortholog was considerably decreased 

(Kwasniewski et al., 2010). In a later study, the ROS production and spatial accumulation of ROS 

in rhl1.a and rhp1.b plants were addressed. The authors reported a reduced quantity of peroxidase-

dependent hydroxyl radicals (OH•) in the rhl1.a roots compared to the WT. Superoxide anion 

radicals (O2
●-), derived from NAD(P)H oxidases, were visualized via NBT. This resulted in blue 

staining of young root hairs. Staining occurred mainly at the base and the tip of the root hairs in the 

WT and the rhp1.b plants. An additional irregular staining of epidermal cells occurred in both mutant 

lines and the WT (Kwasniewski et al., 2013). 

Visualization and quantification of ROS was performed in HvRACB RNAi roots, according 

Kwasniewski and colleagues (Kwasniewski et al., 2013). However, the examination was done in the 

transition zone and the adjacent area of bulging trichoblasts. This allowed the evaluation of 

differences in the accumulation of OH• and O2
●- before and during the initiation of root hairs (chapter 

1.1.4; chapter 3.3). In contrast to the rhl1.a mutant, no differences in qualitative and quantitative 

appearance of OH• and O2
●- were observed before root hair initiation (Figure 16: Detection of 

hydroxyl radicals in the root via HPF.; Figure 17 and Figure 18). Subcellular localization of OH• 

and O2
●- in the root epidermis and bulgings of the trichoblasts appeared similar to the pattern 

described before (Kwasniewski et al., 2013). Interestingly, the misplaced and deformed root hairs 

and the outgrowths of the trichoblasts (chapter 3.2.1; Figure 16; Figure 18) also exhibited specific 

distributions of OH• and O2
●-. This was comparable to the initial root hairs in the azygous control. 

Based on these results, the presence of ROS at any outgrowth at the root epidermis was confirmed 

(Carol et al., 2005). On the other hand, there was no indication for a spatially restricted accumulation 

of ROS prior to visible outgrowths at the epidermis. Because root hairs rarely grew out in HvRACB 

RNAi roots, it was difficult to interpret the lack of accumulation of ROS in the mutant. Furthermore, 

a direct involvement of HvRACB in the regulation of ROS accumulation can be neither postulated 

nor excluded. In this regard, it is worth mentioning that neither HvRACB RNAi nor HvRACB OECA 

exhibited an influence on the ROS burst. The ROS burst occurs as an early defense response of the 

plant and is dependent on the activity of NAD(P)H oxidases (chapter 1.4.5; Scheler et al., 2016). 
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However, AtROP2 accumulates early at the future bulging site (Molendijk et al., 2001). 

Furthermore, it mediates the activation of AtRHD2 in the root hairs of Arabidopsis thaliana 

(Foreman et al., 2003; Jones et al., 2007). Hence, HvRACB may act upstream of ROS generating 

enzymes, in specific growth processes of the plant, such as polar tip growth. This would explain the 

absence of spatial restricted ROS at the growth apex since ROP-dependent polarization or activation 

of NAD(P)H oxidases had previously failed. Misguided or lacking polarization of ROPs due to 

HvRACB knockdown could then cause misplaced, deformed and stopped outgrowths of the root 

epidermis. 

 

4.2 HvRACB functions in cell polarization after Bgh 

attack 

To examine a possible role of HvRACB on cell polarization (Schultheiss et al., 2005; Pathuri et al., 

2008; Hoefle et al., 2011; this work), the attraction of the nucleus of the attacked B-cell to the 

attempted penetration site of Bgh was quantified (chapter 3.4). The measurements revealed that 

nuclei of Bgh-challenged HvRACB RNAi cells were further away from the attack site at an early 

point in time before penetration than in the azygous control. The distance lessened at later points in 

time before penetration. 

After attack of the fungus, the plant cell polarizes towards the contact site of the plant and the 

pathogen. The polarization includes cytoplasmic translocation and rearrangement of the 

cytoskeleton and the endomembrane system. These processes are necessary for efficient transport 

of defense molecules, vesicles, and organelles. Therefore, they are essential for a successful defense 

of the plant (chapter 1.3.4; Schmelzer, 2002; Hückelhoven, 2007; Hématy et al., 2009). The directed 

movement of the nucleus to the attempted penetration site of a fungal pathogen is known in plants 

for a long time (Pappelis et al., 1974). However, the role of the migration in the interaction of the 

plant and the pathogen remains unknown (Griffis et al., 2014). 

Heath and colleagues (Heath et al., 1997) examined migration patterns of the nucleus during 

incompatible and compatible interactions of resistant and susceptible cowpea cultivars with the 

obligate biotrophic rust fungus Uromyces vignae. In all cultivars, the plant nucleus migrated to the 

site of attempted pathogen penetration. In the case of unsuccessful attempts of penetration, it 

remained at the attack site at least during the formation of the papillae. During successful 

penetrations no effective papilla was formed in the susceptible or resistant cultivar. In these cases, 

the nuclei left the site before the fungus detectably entered the cell. In most incompatible 
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interactions, the nucleus did not return to the developing fungus and the infection was stopped via 

HR. However, in compatible interactions, the plant nucleus returned to the site when the infection 

hyphae of the fungus initiated tip growth. This led to a close association between hypha and nucleus 

which persisted for a longer period during tip growth of the hypha (Skalamera and Heath, 1998). 

Interestingly, treatment of the plants with the actin polymerization inhibitor cytochalasin E 

significantly reduced the number of close associations between the nucleus and the hypha. 

Additionally, the average length of the hypha in compatible interactions was reduced after treatment 

with cytochalasin E (Skalamera and Heath, 1998). The attraction of the nucleus towards the site of 

attempted penetration was also observed in other plant-fungus pathosystems like Arabidopsis 

thaliana -Erysiphe cichoracearum (Koh et al., 2005) and barley- Blumeria graminis (Kita et al., 

1981; Opalski et al., 2005). 

Eight hours after inoculation and before penetration (Figure 19), the nucleus of B-cells of HvRACB 

RNAi plants is less attracted towards the contact site of barley and Bgh than in the control (Figure 

20). Migration of the nucleus always occurs in concert with polarization of the cell (Schmelzer, 

2002; Griffis et al., 2014). Hence, it can be concluded that at this point in time, the attacked HvRACB 

RNAi cells exhibit a lower grade of polarization than control cells. This effect weakened at later 

points in time. Hence, a delayed polarization of the cell, instead of a generally reduced ability of 

polarization could be assumed. However, an overlap with a possible effect of nuclei leaving the 

contact site again, as described by Heath and colleagues (Heath et al., 1997), cannot be excluded. It 

is possible that this effect impacts the NAI at later stages of the interaction of barley and Bgh. 

Interestingly, polarization of the plant cell and the attraction of the nucleus was shown to be more 

frequent and persistent in incompatible interactions than in compatible ones (Schmelzer, 2002). This 

seems contradictory to the reduced penetration efficiency of Bgh on HvRACB RNAi plants which 

correlates with the enhanced distance of the nucleus to the contact site. However, as observed in 

compatible interactions of cowpea and the cowpea rust fungus, the nucleus migrated closely to and 

associated with the tip growing hypha. Largely, this did not occur in resistant plants (Heath et al., 

1997; Skalamera and Heath, 1998). Furthermore, during the interaction of plant roots with symbiotic 

arbuscular mycorrhizal fungi (AMF), an oriented migration of the nucleus towards the site of 

attempted penetration can be observed (Genre et al., 2005). In both cases, the function of the targeted 

migration of the nucleus for the establishment of the fungus remains unclear. An obstacle for current 

studies is the inability to exclusively inhibit nuclear motion without global disturbance of the 

cytoskeleton (Griffis et al., 2014). Nevertheless, it seems possible that in the interaction of barley 
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and Bgh, the positioning of the nucleus is potentially necessary for a successful accommodation of 

the fungus. 

An efficient knockdown of HvRACB, a reduced penetration efficiency and a further distance of the 

nucleus were evaluated in parallel in the same tissue (Figure 21 and Figure 22). Thus, the penetration 

efficiency and the migration of the nucleus might be dependent on HvRACB. This would also 

involve polarization of the cell, as has been previously suggested (Schultheiss et al., 2002; Opalski 

et al., 2005; Hoefle et al., 2011). 

The participation of ROP proteins in the colonization of the root by symbiotic AMF seems likely. 

However, the knowledge about ROPs in this mutualistic interaction is scarce. This is probably due 

to the fact that the model organism Arabidopsis thaliana is an AMF non-host plant (Veiga et al., 

2013). Kiirika and colleagues (Kiirika et al., 2012) examined transgenic Medicago truncatula plants. 

These mutant plants are characterized by a drastic, RNAi mediated knockdown of the ROP gene 

MtROP9. This resulted in pleiotropic effects, such as overall reduction of the plant size and different 

shapes of the leaf, when compared to the control. However, no alterations in the formation of root 

hairs were observed. Compared to the control, the suppression of MtROP9 stimulated the pathogenic 

colonization with the oomycete root pathogen Aphanomyces euteiches. Interestingly, it also 

promoted the mutualistic colonization with the AMF Glomus intraradices (Kiirika et al., 2012). 

Both effects were detectable at early stages of the interaction. At later stages, this effect vanished 

and the control plants exhibited comparable colonization intensities. 

In HvRACB RNAi roots no differences in AFM colonization at a late stage of the interaction could 

be observed, compared to the control (Supp Figure 4). Based on the available data obtained from 

the MtROP9 RNAi plants, I speculate, that a possible colonization effect caused by HvRACB RNAi 

would only be detectable at early points in time after inoculation. This could be due to a potentially 

delayed response of the plant cell to the fungus, as mentioned above. Alternatively, HvRACB could 

also be functionless in the establishment of the symbiosis of arbuscular mycorrhiza. Redundant 

functionality of other ROP proteins in barley (chapter 1.4.1) could also explain the missing effect of 

HvRACB RNAi on the colonization of the root. 

 

4.3 HvRACB RNAi dependent resistance is probably not 

caused by Induced Resistance 

Induced resistance is known to affect the outcome of the interaction of plants and the attacking 

pathogen (Kogel and Langen, 2005). To evaluate whether HvRACB RNAi mediates induced 
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resistance, the expression of defense-related genes was examined via sqPCR. The examined 

pathogenesis-related (PR) genes and jasmonate induced proteins (JIPs) exhibited no considerable 

enhancements of their transcript abundancies. Compared to the control however, two checked barley 

leaf thionins and one oxalate oxidase-like protein (Supp Figure 7) showed an increase in transcript 

amounts. 

Induced resistance describes, as a broad term, the prior activation of defense pathways in the plant. 

This leads to an enhanced resistance towards attacking pests and pathogens and includes the defense 

priming effect. The latter comprises the phenomenon of a defense system, that is alerted prior to the 

actual pathogen threat. This results in a faster and stronger expression of defense responses at lower 

stimuli level than in non-primed cells (Kogel and Langen, 2005; Conrath, 2011). Priming can be 

achieved via chemical pretreatments (e.g. phytohormones) and biological pretreatments with 

microorganisms (Schweitzer et al., 1999; Beßer et al., 2000; Kogel and Langen, 2005). Furthermore, 

constitutively primed mutant lines exist. The enhanced disease resistance 1 (edr1) mutant of 

Arabidopsis, does not need biological or chemical pretreatments (van Hulten et al., 2006). The edr1 

mutant plants exhibit a reduced susceptibility to different bacterial and fungal pathogens. When 

compared to the control, the AtPR1 gene of edr1 is expressed faster and stronger during pathogen 

attack rather than being expressed constitutively (Frye and Innes, 1998; Frye et al., 2001). However, 

expression of PR-genes is not generally reliable as indicator for priming in crops. Furthermore, the 

group of plant defense-related genes, which is differentially expressed due to Induced Resistance, 

appears to be quite heterologous among the plant species (Molina et al., 1999; Maleck et al., 2000; 

Schaffrath et al., 2000; Kogel and Langen, 2005). In Arabidopsis, AtROP6 DN mutants are less 

susceptible to the powdery mildew fungus Golovinomyces orontii. Furthermore, the mutant exhibits 

a constitutively enhanced expression of AtPR1 and AtPR5 (Poraty-Gavra et al., 2013). However, it 

was shown that this SA-dependent expression of PR-genes in the AtROP6 DN mutants can be 

uncoupled from the enhanced resistance against G. orontii and the observed morphological and 

developmental phenotypes. Hence, in order to evaluate a possible Induced Resistance, mediated by 

HvRACB RNAi, a whole set of genes was examined via sqPCR. The evaluated genes are known to 

be differentially regulated under biotic or abiotic stress in barley. Among these are several PR genes 

(Vallélian-Bindschedler et al., 1998), JIPs (Kogel et al., 1995), thionins (Bohlmann et al., 1988; 

Andresen et al., 1992; Ma et al., 2010) and oxalate-oxidase like proteins (Dumas et al., 1995; Zhang 

et al., 1995; Wei et al., 1998).  

Concerning the JIPs, no noteworthy alterations were found compared to the control. The PR-genes 

appeared to be expressed less strongly and were induced later after fungal attack, compared to the 

control (Supp Figure 7; Scheler et al., 2016). These results coincide with other published data which 
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revealed no effect of HvRACB RNAi on the ROS burst and the activation of mitogen-activated 

protein kinases (MAPKs). Both processes are known as quick and early responses of plant defense 

(Scheler et al., 2016). However, the thionins Thio_01576 and Thio_01580 exhibited a moderate 

enhanced and Bgh-independent expression in the HvRACB RNAi plants. The expression of both 

thionins was also shown to be enhanced after treatment with physicon. This anthraquinone analogue 

is a commercially offered bioactive agent against Bgh. Physicon is assumed to be a chemical trigger 

for Induced Resistance (Ma et al., 2010). The impact of these thionins in HvRACB RNAi plants 

remains unclear. Suppression of HvRACB resulted in a reduced penetration efficiency (Hoefle et al., 

2011; chapter 3.4.2). However, physicon treatment resulted in an almost complete inability of 

conidia germination (Yang et al., 2008; Ma et al., 2010). There was no indication that Bgh conidia 

exhibited a reduced ability to germinate on HvRACB RNAi leaves, compared to the azygous control. 

Nevertheless, the antifungal activity of the leaf thionins of barley was reported earlier (Bohlmann et 

al., 1988; Andresen et al., 1992; Nawrot et al., 2014). Therefore, an impact on the reduced 

susceptibility of the HvRACB RNAi plants to Bgh cannot be excluded. 

Similar to the thionins, the oxalate oxidase-like protein OxOxl_03155 showed a moderately 

enhanced constitutive expression in the HvRACB RNAi plants, when compared to the control (Supp 

Figure 7). Oxalate oxidases, also called germin oxalate oxidases or simply germins, were shown to 

be involved in defense responses of cereals against the invasion of fungal pathogens. Their 

antifungal activity is presumably carried out via their catalyzed reaction of H2O2 production which 

was postulated to promote papilla formation (Dumas et al., 1995; Hurkman and Tanaka, 1996; Zhou 

et al., 1998; Lane, 2002). sqPCR data of OxOxl_03155 was also available for HvRACB OECA 

plants. Interestingly, the gene exhibits a moderately enhanced constitutive expression, compared to 

the control (data not shown). This is similar to the HvRACB RNAi plants. However, in contrast to 

the HvRACB RNAi plants, Bgh exhibits enhanced penetration success on HvRACB OECA plants, 

when compared to the control. (Pathuri et al., 2008; Hoefle et al., 2011). Thus, it is questionable 

whether OxOxl_03155 significantly influences the penetration efficiency of Bgh on the HvRACB 

RNAi and HvRACB OECA mutants. Furthermore, since germins do not occur in dicotyledons (Lane, 

2002), they could not explain the altered susceptibility in Arabidopsis AtROP6 DN mutants (Poraty-

Gavra et al., 2013). Therefore, it remains unclear to what extent OxOxl_03155 contributes to the 

enhanced resistance of HvRACB RNAi plants against Bgh. 

Most of the genes related to the plant defense were not differentially or less strongly expressed in 

the HvRACB RNAi plants, when compared to the control (Supp Figure 7; Supp Figure 6; Scheler et 

al., 2016). The exceptions, two thionins and a germin, showed a moderate enhanced expression in 

the HvRACB RNAi plants. However, a significant impact on the penetration efficiency of Bgh due 
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to the thionins and the germin, appears questionable. Hence, I postulate that Induced Resistance is 

unlikely the major reason of Bgh resistance in HvRACB RNAi plants. This is further supported by 

similarities in the ROS burst and MAPKs signaling of HvRACB RNAi and HvRACB OECA plants, 

and the control plants (Scheler et al., 2016). 

 

4.4 HvRACB affects barley primary cell wall 

characteristics 

4.4.1 HvRACB influences the cell wall composition and its lytic resistance 

Unpublished microarray data suggested a differential expression of cell wall modifying genes in 

HvRACB RNAi and HvRACB OECA plants (Ralph Hückelhoven, Vera Schnepf, TU München, 

personal communication). Taken together with the described phenotypes in growth and cell 

expansion (Schultheiss et al., 2005; Pathuri et al., 2008; Hoefle et al., 2011), it raised the question 

of a potential impact of HvRACB on the composition of the cell wall. In this thesis, the differential 

expression of selected genes which are predicted to function in pathways of cell wall modification 

was confirmed (chapter 3.5.1). Furthermore, it was shown that the primary cell walls of HvRACB 

RNAi plants possess an increased lytic resistance against fungal cell wall degrading enzymes 

(chapter 3.5.2) and an altered monosugar composition (chapter 3.5.3). 

Unfortunately, information about transcriptomic patterns, which are functionally evaluated in the 

interaction of plants and pathogens, are scarce in Triticeae plants (Bischof et al., 2010). The type II 

cell wall class of grasses is a complex topic and only a small number of research groups have focused 

on it. Hence, it should be considered that the cell wall pathways and the involved cell wall modifying 

enzymes in grasses are rarely understood (chapter 1.1.5). This especially concerns the functionality 

of the enzymes in the cell wall and their impact on the interactions of plants and pathogens (Vogel, 

2008; Santiago et al., 2013; Franková and Fry, 2013). However, Douchkov and colleagues 

(Douchkov et al., 2016) have recently reported about the cellulose synthase-like D2 (HvCslD2) in 

the interaction of barley and powdery mildew. They generated HvCslD2 RNAi plants, which showed 

a suppressed expression of the cellulose synthase but no growth defects. Compared to the control, 

the cell walls had lower contents of cellulose as well as a lower lytic resistance against fungal cell 

wall degrading enzymes was observed. When attacked by adapted or non-adapted isolates of the 

powdery mildew fungus Blumeria graminis, the epidermal cell wall and the papillae were more 
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often successfully penetrated. These results suggest an important impact of the composition of the 

cell wall on the outcome of barley-Bgh interaction. 

Furthermore, unpublished microarray data in barley revealed a significantly different cell wall 

pathway regulation between Bgh and untreated WT barley plants. Furthermore, HvRACB RNAi and 

HvRACB OECA significantly influenced the expression of cell wall-related genes in the transgenic 

plants. It was shown that in HvRACB OECA plants many genes involved in the biosynthesis, 

expansion, and softening of the cell wall generally were not or only slightly downregulated, when 

compared to the WT. Consequently, their expression levels were higher under the attack of Bgh than 

in the control. Eventually, the transcriptomic studies suggested a possible impact of cell wall 

modifiers on the outcome of the interaction of barley and Bgh. Differentially expressed genes related 

to the biosynthesis or softening of the cell wall could support the super-susceptibility mediated by 

HvRACB OECA. On the other hand, genes related to the rigidity of the cell wall could support the 

resistance mediated by HvRACB RNAi. In Arabidopsis thaliana, Vogel and colleagues (Vogel and 

Somerville, 2000; Vogel et al., 2002, 2004) isolated and characterized several powdery mildew 

resistant (PMR) mutant lines. The reduced susceptibility of these lines is most likely not caused by 

constitutive activation of the salicylic acid or ethylene- and jasmonic acid-dependent defense 

pathways. The pmr5 and pmr6 knockout plants exhibited dwarfed growth, reduced cell size, and 

altered compositions of their primary cell walls. AtPMR5 encodes for a protein of unknown function 

(Vogel et al., 2004). AtPMR6 encodes for a pectate lyase (Vogel et al., 2002), an enzyme group 

known to be involved in degradation of pectin. The authors suggested different explanations for the 

powdery mildew resistance via constitutively altered cell wall compositions (Vogel and Somerville, 

2000; Vogel et al., 2002, 2004). They proposed a reduced hospitality due to a compositionally 

changed extrahaustorial matrix (chapter 1.2.2), an increased number of DAMPs derived from the 

cell wall that trigger PTI (chapter 1.3.3), and an enhanced lytic resistance to digestion attempts of 

the fungus. The latter may be particularly important. Biotrophic fungi such as Bgh parasitize the host 

cells without causing host cell death. This requires a spatial restricted and precise breaching of the 

plant cell wall (Zhang et al., 2005; chapter 1.2.2). For the penetration of the cell wall, biotrophic 

fungi use mechanical pressure of the penetration peg (Pryce-Jones et al., 1999; Wilson and Talbot, 

2009) and the synergistic action of a large number of cell wall degrading enzymes (CWDEs). These 

enzymes are secreted in small amounts to induce a local softening and loosening of the cell wall 

(Pryce-Jones et al., 1999; Zhao et al., 2013; Bellincampi et al., 2014). The importance of this process 

can be seen in mutant plants that express transgene CWDE inhibitors. This results in a reduced 

susceptibility to various fungal pathogens (Lionetti et al., 2007, 2014; Volpi et al., 2011; Ferrari et 

al., 2012; Moscetti et al., 2013; Bellincampi et al., 2014). 
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The altered expression of genes related to the cell wall was confirmed via sqPCR in the stable 

HvRACB RNAi line, when compared to the control (Figure 23). This supported a possible influence 

of HvRACB on properties of the cell wall and consequently on the penetration efficiency of Bgh. 

Interestingly, in most cases the transcript abundancy of the cell wall modifiers was constitutively 

enhanced independently of Bgh. This might indicate a constitutively altered cell wall composition. 

However, constitutively altered properties of the cell wall could barely explain the reduced 

penetration efficiency of Bgh in HvRACB TIGS assays (Schultheiss et al., 2002, 2003). Furthermore, 

several genes examined via sqPCR belong to enzyme families which are known to be involved in 

processes related to the softening and degradation of the cell wall (Walton, 1994; Aro et al., 2005; 

Cosgrove, 2005). Among these are expansins (EXPB3_02877), pectate lyases (PL_11004) and 

polygalacturonases (PG_21718). This seems to contradict the assumed enhanced rigidity of the cell 

wall of HvRACB RNAi plants. However, even if the expression of a cell wall modifier gene is 

enhanced, it does not self-evidently result in an increased activity of the enzyme in the cell wall. 

Possible reasons for that could be unavailable (‘masked’) substrates, lacking colocalization of 

enzyme and substrate, non-optimal pH, absence of cofactors and activators or presence of inhibitors 

(Marcus et al., 2010; Franková and Fry, 2013). Enhanced rigidity of the HvRACB RNAi cell wall is 

further supported by the protoplast release assay (Figure 24). It revealed an increased lytic resistance 

to a fungal cell wall degrading enzyme mix, when compared to the control. This could indicate that 

HvRACB RNAi results in a more resilient cell wall of barley towards wall loosening enzymes and 

therefore towards penetration attempts of Bgh. Similar results, concerning the connection of lytic 

resistance and penetration efficiency, were obtained in the HvCslD2 RNAi plants, as mentioned 

above (Douchkov et al., 2016). 

Any kind of expansion of the plant cell depends on the careful control and selective loosening of the 

cell wall (Cosgrove, 2005; Marga et al., 2005). Thus, I further speculate that the less digestible cell 

wall of HvRACB RNAi plants is at least partially responsible for the reduced cell size and impaired 

formation of root hairs (chapter 3.1.3 and chapter 3.2.1). Additionally, extensibility of the cell wall 

is determined by the composition of the cell wall as well as the structure and crosslinking of its 

components (Cosgrove, 2005). This coincided with the changes in the relative amount of the 

monosugars xylose (plus 2 %), galactose (minus 11 %) and fucose (minus 28 %) in the HvRACB 

RNAi plants, compared to the control (Figure 25). Furthermore, this data supports the suggested 

alterations in the composition of the cell wall of HvRACB RNAi plants. Interestingly, the 

hemicellulose xyloglucan was mentioned as an exclusive component of the grass type II cell walls, 

containing fucosyl residues (Vogel, 2008). When compared to the control, HvRACB RNAi plants 

possess a higher total amount of monosugars per gram fresh weight (Supp Figure 8). This is likely 
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explained by the enhanced number of cells per gram fresh weight, due to the reduced cell size, as 

was described above (chapter 3.1.3 and chapter 4.1.2). 

 

4.4.2 The α-fucosyltransferase FUT_362089 may not impact the outcome of 

the barley-Bgh interaction 

HvRACB RNAi plants possess less fucose in their primary cell wall. Therefore, the expression of 

putative xyloglucan-active α-fucosidases and α-fucosyltransferases was examined. It was evaluated 

whether an association between the observed phenotypes and the enhanced resistance against Bgh 

can be concluded.  

The tested genes were expressed in a Bgh- but not HvRACB dependent manner in the leaf. Only the 

putative α-fucosyltransferase FUT_362089 matched the set criteria and was chosen as a candidate 

gene. However, transient silencing of FUT_362089 did not significantly alter the susceptibility to 

Bgh. The hemicellulose xyloglucan consists of a β (1,4) linked glucose backbone. It can be 

substituted with xylose or side chains of two (xylose followed by galactose) or three (xylose, 

followed by galactose and fucose) monosugar residues. (Vogel, 2008; Pauly et al., 2013). Besides 

pectins and cellulose, xyloglucan represents one of the primary components in the type I cell walls 

of dicotyledons such as Arabidopsis thaliana. In dicotyledons it is highly fucosylated at the end of 

its side chains. Therefore, it is also called ‘fucogalactoxyloglucan’ (Vogel, 2008; Pauly et al., 2013). 

The transfer of the fucose to the xyloglucan side chains is performed by the activity of α-

fucosyltransferases (FUTs). On the other hand, α-fucosidases (FUCs) release the fucosyl residue 

(Del Bem and Vincentz, 2010). In Arabidopsis, the mur2 mutant was characterized. It was shown to 

be mutated in the gene AtFUT1, encoding for an α-fucosyltransferase. This mutation resulted in an 

almost complete loss of fucosylation specific to xyloglucan (Reiter et al., 1997; Vanzin et al., 2002). 

The amount of fucogalactoxyloglucan decreased in the mur2 mutant more than 98 %, compared to 

the WT. Thus, it was suggested that AtFUT1 is fully responsible for transferring the fucose to the 

xyloglucan side chains (Vanzin et al., 2002). Interestingly, the mur2 mutant exhibited no visible 

phenotype except for a minor defect in trichome papilla formation (Vanzin et al., 2002). 

Additionally, the tensile strength of the cell wall was unaffected (Vanzin et al., 2002). Therefore, it 

was concluded that fucosylation of xyloglucan is not necessary for proper growth and development 

under laboratory conditions (Vanzin et al., 2002; Perrin et al., 2003). To date, the role of this cell 

wall modification remains unclear. In type II cell walls of grasses, xyloglucan appears only in minor 

amounts. Furthermore, although fucosylation of xyloglucan was considered to be possible (Vogel, 
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2008), for a long time no indications of fucosylated side chains were evident (Carpita, 1996; Hsieh 

and Harris, 2009; Brennan and Harris, 2011). On the other hand, it was shown that suspension cell 

cultures of the Poaceae Oryza sativa (rice) and Festuca arundinacea (tall fescue) incorporated 

fucose in low amounts into their xyloglucan. This required the corresponding enzymatic activity in 

vivo (Kato and Matsuda, 1985; McDougall and Fry, 1994). Recently, Liu and colleagues (Liu et al., 

2015) were able to detect fucosylated xyloglucan in young root tissue of rice. It predominantly 

accumulated in the outer layer of epidermal cells and in the root hairs. Furthermore, the transgene 

α-fucosyltransferase OsMUR2 was verified to be active in vivo in Arabidopsis. This suggested 

OsMUR2 as a true functional equivalent of AtMUR2 (AtFUT1). However, the transcript abundance 

of OsMUR2 appeared to be too low for reliable quantification in the rice root (Liu et al., 2015). 

Therefore, the authors assumed that the expression of  OsMUR2 is restricted to specific cells such 

as the epidermal cell layer of young root tissue (Liu et al., 2015). 

According to the amino acid sequence and the occurrence of published motifs necessary for α-

fucosyltransferase activity (Sarria et al., 2001), FUT_362089 appears to be a FUT on the 

bioinformatics level (chapter 3.7.1). However, in Arabidopsis, besides AtFUT1 (AtMUR2), nine 

additional genes, were assumed to encode for putative AtFUTs (AtFUT2 to AtFUT10). This was 

based on their high amino acid identity to AtFUT1 which ranged from 47 % to 62 %. Additionally, 

the hypothetical motifs assumed to be necessary for α-fucosyltransferase activity, were conserved 

(Sarria et al., 2001). However, none of them were be proven to exhibit a xyloglucan fucosylation 

activity in vivo (Sarria et al., 2001). Hence, even though all sequence requirements are fulfilled, 

FUT_362089 cannot be confirmed to exhibit α-fucosyltransferase activity on the substrate 

xyloglucan in vivo without further experiments. 

The expression of FUT_362089 was generally low, when compared to the housekeeping gene 

HvUBC2. It was the lowest in the leaf blade and considerably higher in the meristematic leaf region 

and the root bulging area (chapter 3.6.2; Supp Figure 10; Supp Figure 11). This coincided with the 

quite low expression level of OsMUR2 (Liu et al., 2015). Furthermore, AtFUT1 was expressed in 

low levels in Arabidopsis. Expression was the highest in growing and lower in mature tissues (Perrin 

et al., 2003). However, higher amounts of fucosylated xyloglucan were not necessarily associated 

with higher AtFUT1 expression and vice versa. Therefore, it was suggested that already a low basic 

enzymatic activity would be sufficient for complete xyloglucan fucosylation (Perrin et al., 2003). 

Additionally, Arabidopsis plants ectopically overexpressing AtFUT1 did not possess more 

fucosylated xyloglucan (Perrin et al., 2003). Furthermore, Perrin and colleagues (Perrin et al., 2003) 

suggested a positive correlation between the expression of AtFUT1 and the current intensity of cell 

wall deposition. Hence, it seems possible that the increased transcript amount of FUT_362089 at 
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12 hpi correlates with the formation of the papilla (chapter 1.3.4). According to this, the relatively 

high expression in the meristematic region and the bulging zone of the root may be correlated to cell 

wall depositions during diffuse cell growth, cell divisions, and polar growth of the root hairs. This 

would also coincide with the accumulation of labeled fucose to the initiations of root hairs in the 

bulging zone of the root (Supp Figure 9). Furthermore, Liu and colleagues (Liu et al., 2015) observed 

that the fucosylated xyloglucan mainly occurs in the epidermis of young rice roots. Therefore, they 

suggested a possible role of fucosylated xyloglucan at the interface of root and the environment. 

Interestingly, some oligosaccharides derived from the plant cell wall are suggested to play signaling 

roles in the plant during the expansion of cells (Franková and Fry, 2013). In pea, nanomolar 

concentrations of a fucosylated oligosaccharide derived from xyloglucan was shown to antagonize 

the cell expansion induced by auxin (McDougall and Fry, 1989a). Further experiments confirmed 

that the fucose residue is essential for the antagonistic effect on the cell expansion (McDougall and 

Fry, 1989b, 1990). Based on this data, it seems possible that fucosylated xyloglucan 

oligosaccharides could also be utilized in barley to influence deposition and growth processes of the 

cell wall. 

The role of FUT_362089 and putative fucosylation of xyloglucan during the interaction of barley 

and Bgh remains unclear. The expression of FUT_362089 is increased after fungal attack in control 

and HvRACB RNAi plants (Figure 27). However, suppression of FUT_362089 via RNAi revealed 

no significant alteration in the susceptibility to Bgh (Figure 29). This coincides with recent findings 

in Arabidopsis. Additionally, in mur2 mutant plants, no differences in the susceptibility to adapted 

or non-adapted strains of the bacterial pathogen Pseudomonas syringae could be observed (Djonović 

et al., 2013). 

 

4.5 Proposed Bgh-HvRACB co-option model via 

hypothesized actin-dependent and actin-independent 

processes 

This work builds upon previous research in describing several phenotypes in growth and 

development of HvRACB OECA and HvRACB RNAi plants. Among these are altered susceptibility 

to Bgh, altered cell expansion, impaired initiation of root hairs, disturbed formation of subsidiary 

cells, polar tip growth, and nucleus migration. All processes mentioned are associated with cell 

polarization and altered cytoskeleton dynamics (this work; Schultheiss et al., 2002, 2005; Opalski 
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et al., 2005; Pathuri et al., 2008; Hoefle et al., 2011). This is strongly supported by the scientific 

consensus that ROP proteins in animals and plants are essential regulators for cell polarization. 

Amongst other mechanisms, this is orchestrated via cytoskeleton dynamics. It was shown that the 

regulation of the cytoskeleton represents a conserved universal target for the signaling of small 

monomeric G-Proteins. It was shown that the regulation of the cytoskeleton represents a conserved 

universal target for the signaling of small monomeric G-Proteins (Brembu et al., 2006; Craddock et 

al., 2012; Burkart et al., 2015). Additionally, manifold studies evidenced fundamental cytoskeleton 

dynamics in the processes listed above (Bo, 2011; chapter 1.4). 

Opalski and colleagues (Opalski et al., 2005) reported that super-susceptible HvRACB OECA plants 

exhibited a reduced actin filament (AF) polarization towards the contact site of barley and Bgh. This 

suggested a direct role of HvRACB in actin dynamics. In Bgh-resistant mlo-barley epidermal cells, 

the expression of HvRACB OECA also partially inhibited AF polarization. However, it did not affect 

the resistance against Bgh (Schultheiss et al., 2003; Opalski et al., 2005). This showed that AF 

depolarization is not sufficient to break mlo5-mediated resistance. Furthermore, the influence of 

HvRACB OECA on AF polarization can be uncoupled from the susceptibility-inducing effect 

(Opalski et al., 2005). Even the infiltration of cytochalasin A, an inhibitor of actin polymerization, 

resulted in a rather weak effect on mlo5-mediated resistance against Bgh. Interestingly, site-selection 

as well as the actual bulging of the trichoblasts also occurred in roots treated with the AF-disrupting 

drugs oryzalin or cytochalasin D. The bulging includes loosening of the cell wall and prior activation 

and accumulation of expansins (chapter 1.1.4). Therefore, these processes appear to be independent 

of the actin cytoskeleton. On the other hand, AF-disrupting drugs inevitably led to the termination 

of the polar tip growth at later stages of the formation of the root hair. (Miller et al., 1999; Baluska 

et al., 2000). Furthermore, the addition of cytochalasin D or latrunculin B did not inhibit the bulge 

preceding, the early polarization of AtROP1 to the future outgrowth site (Molendijk et al., 2001). 

This corresponds to the observed impaired root hair formation in HvRACB RNAi plants (chapter 

3.2). The roots mostly possess trichoblasts which lack any bulging or growing but generated stunted 

root hairs due to the termination of the tip growth. Additionally, Humphries and colleagues 

(Humphries et al., 2011) suggested actin-dependent and actin-independent mechanisms of the 

ZmROP proteins for SMC polarization during the stomata formation in maize.  

Hence, I hypothesize that HvRACB also functions via an actin-independent and an actin-dependent 

mechanism during the development of barley. Both mechanisms promote polar growth processes of 

the plant cell.  

The actin-independent mechanism would not rely on a complex reorganization of the cytoskeleton 

and polar targeting of vesicles and organelles. It uses fast protein-protein interactions and rapid 
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diffusion of molecules which are already located at the cell wall. Therefore, it is established faster 

than the actin-dependent mechanism. The function of HvRACB would be comparable to AtROP2 

during initiation of the root hair in Arabidopsis (chapter 1.4.2; Molendijk et al., 2001; Grierson et 

al., 2014). Hence, HvRACB might be a mediator of the site selection and the bulging via spatially 

restricted activation of enzymes. It may initiate a pH-change at the future site of the outgrowth and 

therefore induce processes of cell wall loosening (Bibikova et al., 1998; Baluska et al., 2000). The 

locally weakened cell wall is pressed outward due to the turgor pressure of the plant (Čiamporová 

et al., 2003). However, the actin-independent mechanism could not promote further polar tip growth 

of the root hair which depends on the biosynthesis and deposition of new cell wall material (Ketelaar 

et al., 2008). 

The actin-dependent mechanism of HvRACB could now function to promote the outgrowth of the 

initially established polar bulging. It relies on the nucleation and polymerization of actin for AF 

polarization and polar targeting of vesicles and organelles towards the site of growth (Ketelaar et 

al., 2008; Pei et al., 2012). Therefore, the actin-dependent mechanism would be established slower 

than the actin-independent one. However, the actin-dependent mechanism is needed for complex 

biosynthesis and remodeling processes of the cell wall. This could include polar exocytosis during 

polar tip growth of the root hair, formation of the cell plate during asymmetric division of the SMC, 

diffuse cell expansion of the leaf cells, and nucleus migration. 

Next to its physiological function during the plant development of barley, HvRACB was shown to 

function as a susceptibility factor for the obligate biotrophic fungus Bgh. In the interaction with Bgh, 

HvRACB is necessary rather for the accommodation of the pathogen than for the control of plant 

defense responses (chapter 1.3.5; chapter 1.5; Schultheiss et al., 2003, 2005; Opalski et al., 2005; 

Pathuri et al., 2008; Hoefle et al., 2011). The haustorial accommodation of Bgh is based on the rapid 

synthesis of the extrahaustorial membrane and the extrahaustorial matrix by the plant (chapter 1.2.2). 

Hence, Schultheiss and colleagues (Schultheiss et al., 2003) compared the accommodation with an 

inverted tip growth. Furthermore, it was suggested that Bgh could hijack barley ROP protein 

signaling. Thus, the fungus could force the plant to follow a tip growth-mimicking program 

(Schultheiss et al., 2003, 2008). This strongly resembles the principle of co-option, which is, in the 

natural sciences, defined as the capacity of intracellular parasites to use host-cell proteins to 

complete their vital cycle (König et al., 2010). However, literature that report about such co-options 

as a strategy of plant pathogens remain restricted (Frey and Robatzek, 2009; Lozano-Duran and 

Bejarano, 2011; Hoefle et al., 2011). Interestingly, Bgh which penetrated HvRACB RNAi plants 

successfully showed a reduction of haustoria size (Hoefle et al., 2011). This indicated that HvRACB 

influenced pre-penetrational as well as post-penetrational accommodation of the fungus. 
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Hence, it appears possible that Bgh co-opts both the actin-independent and the actin-dependent 

functional mechanisms of HvRACB (Figure 30). The co-option of the actin-independent functional 

mechanisms of HvRACB could lead to the initiation of polar growth processes of the plant cell. 

These processes result in spatially restricted loosening of the cell wall under the appressorium. A 

weakened cell boundary would consequently enhance the penetration efficiency of Bgh. On the other 

hand, co-opting the actin-dependent functional mechanisms could be supportive of proper post-

penetrational haustorial growth and development. Hijacked HvRACB would promote AF 

polarization and polar targeting of vesicles and organelles. These processes are necessary for the 

persistent formation of the extrahaustorial membrane and the extrahaustorial matrix in a manner of 

polar tip growth. 

This co-option model would also explain the paradox that HvRACB RNAi plants are less susceptible 

to Bgh even though they are impaired in cell polarization (chapter 3.4) which is an essential part of 

the plant defense response (chapter 1.3.4). However, the HvRACB RNAi plants might pay for the 

 

Figure 30: Proposed model of Bgh-HvRACB co-option using the formation of root hairs as 

example. 

HvRACB-regulated actin-independent processes are established quickly. They initiate 

polar growth of the root hair via local loosening of the cell wall. This consequently results 

in bulging of the trichoblast. HvRACB-regulated actin-dependent processes are established 

slower. They are necessary for persistent polar tip growth. Bgh activates HvRACB via an 

unknown mechanism in order to initiate cell wall loosening under the appressorium to 

facilitate cell wall penetration. Post-penetrational, actin-dependent processes are co-opted 

by Bgh to support the haustorial establishment and growth. AF: actin filament 

 



 Discussion 

page | 106  

 

enhanced resistance against Bgh with several pleiotropic effects in plant development, such as root 

hairlessness, reduced cell expansion, and impaired stomata formation. 
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Supplements  

 

Supp Figure 1: SEM imaging of the barley intercalary meristem region. 

The transition from the sheath (left side) to the intercalary meristem of the blade (right side) 

is marked with black stars. For a better visualization, the subsidiary cells were colored 

afterwards in green using the software GIMP 2.8. Scale bar 100µm. As material the 

intercalary region of the 2nd leaves of 14 days old azygous control plants were used. 

 

 

Supp Figure 2: Expression of HvRACB in the leaf blade and the intercalary meristem. 

Measurement of the transcript abundance in the HvRACB RNAi plants and their azygous 

controls via qPCR. The bars represent the transcript level of HvRACB normalized to the 

housekeeping gene ubc2, measured in one biological replicate. As material blade sections 

and the intercalary meristems of several dozen 14 days old plants were pooled. 
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Supp Figure 3:  Expression of HvRACB in different root zones. 

Measurement of the transcript abundance in the HvRACB RNAi plants and their azygous 

controls via qPCR. The bars represent the transcript level of HvRACB normalized to the 

housekeeping gene ubc2, measured in one biological replicate. As material root tissue 

sections of hundreds of independent two days old seedling roots were pooled. 

 

 

Supp Figure 4: Quantification of mycorrhizal structures in infected barley roots. 

Mycorrhiza fungal structures were counted in defined areas of infected barley roots, 42 

days after inoculation. For quantitation vesicles, arbuscles and hyphopodia were counted in 

defined root areas. For each plant between 15 and 27 of these areas were examined and the 

gained numbers were averaged per plant. The bars represent the mean of 6 plants in the 

azygous control and 8 for the HvRACB RNAi line. Error bars: standard deviation. Student’s 

t test: vesicle, arbuscle p > 0.05; hyphopodium 0.01 > p < 0.05. For measurement 44 days 

old barley plants were used. 
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Supp Figure 5: Quantification of the nucleus attraction. 

(A) Comic illustration of the distance measurement. The distance between the nucleus and 

the appressorium was calculated using the Pythagoras’s Theorem. The legs of the triangle 

“a” and “b” were measured by recording z-stacks from the appressorium to the plant 

nucleus using a confocal fluorescence microscope. (B), (C), (D) example z-stacks of fixed and 

PI stained leaf material showing different distances between the hooked appressorium and 

the bright fluorescing nucleus. Additionally, the distance was divided by the diagonal of the 

plant cell (not drawn), generating the cell size normalized appressorium – nucleus distance 

(NAI). The smaller the NAI the nearer the nucleus at the attempted penetration site. In (B) 

the NAI was 0.035, in (C) 0.31 and in (D) 0.43. Scale bar (B), (C), (D) 50 µm. Adaxial 

epidermal B-cells on the 2nd leaf of 14 days old plants were examined under the microscope.  

 

Supp Figure 6: Expression of HvRACB in different old leaves and leaf tissues. 

For qPCR the first (1st), second (2nd) and third (3rd) leaf of HvRACB RNAi and azygous 

control barley plants were harvested and split in half. Therefore. a tip region (Tip), 

comprising older leaf tissues and a basic region (Base), including younger tissues were 

gained. As material 14 days old plants were used. The bars represent the transcript level of 

HvRACB normalized to the housekeeping gene ubc2, measured in one biological replicate. 

For each leaf and tissue region, the material of 20 plants was pooled. 
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Supp Figure 7: Expression analysis of selected genes in the WT and the HvRACB RNAi line. 

The transcript levels of a gene selection were examined and compared between the WT and 

the HvRACB RNAi line via sqPCR. The time series comprised the zero-time (“0”), 12 and 

32 hours after zero-time with and without inoculation with Bgh. The gene identifiers were 

composed of the gene abbreviation and a five digit code, representing the contig number in 

the PLEXdb database (www.plexdb.org). For a further control, the extracted RNA was 

visualized on the gel as well as the transcript level of the housekeeping gene UBC2 for each 

treatment. The PCR conditions were adapted for each gene but the same for all shown 

transcript abundancies. The same is true for the exposure time of the agarose gel. UBC2: 

ubiquitin-conjugating enzyme E2; PDI: protein disulfide-isomerase; PR1: pathogenesis-

related protein 1; PR3: pathogenesis-related protein 3; PR5: pathogenesis-related protein 

5; PR10: pathogenesis-related protein 10; ASO: L-ascorbate oxidase; JIP60: 60 kDa 

jasmonate-induced protein; JIP23: 23 kDa jasmonate-induced protein; Thio: thionin; 

OxOxL: oxalate oxidase-like protein. As material at least 5 blades of the 2nd leaf, of 14 days 

old barley plants were pooled per line and each point in the time-series. 
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Supp Figure 8: Total amount of monosaccharides measured via HPAEC-PAD. 

The total amount comprised the seven measured monosaccharides fucose, galactose, xylose, 

rhamnose, glucuronic acid, galacturonic acid and arabinose. The bars represent the mean 

of 5 biological replicates. Error bar: confidence interval (α = 0.05). Student’s t test: 0.05 > 

p > 0.001. As material the 2nd leaf of 14 days old barley plants were used. Each replicate was 

a pool of 5 independent leaves. 

 

 

Supp Figure 9: Tracking the incorporation of labeled fucose into root hair bulgings. 

Using the technique of click-chemistry it was able to indirectly detect alkynylated fucose via 

a bio-orthogonal, copper-catalyzed cycloaddition with an azidylated Alexa488 fluorophore 

(green fluorescence). (A) Root of an azygous control seedling. The root hair bulgings are 

indicated by white arrowheads. (B) Root of an HvRACB RNAi seedling. (C) Close-up of a 

bulging event in the azygous control. (D) Equivalent root region of the HvRACB RNAi plant. 

Scale bars: (A), (B) 100 µm; (C), (D): 20 µm. As material the roots of 2 days old barley 

seedlings were used. For microscopy the root bulging area was examined. (C) and (D) show 

an overlay of the fluorescence and the bright field image 
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Supp Figure 10: Expression of putative α-fucosidases in the intercalary meristem and root 

bulging zone. 

The transcript abundancies of the four putative α-fucosidases identified by BLAST search 

(Table 2) were examined via qPCR. The bars represent the transcript levels normalized to 

the housekeeping gene ubc2, measured in one biological replicate. As material intercalary 

meristems of several dozen 14 days old plants or root tissue sections of hundreds of 

independent two days old seedling roots were pooled. 

 

 

Supp Figure 11: Expression of putative α-fucosyltransferses in the intercalary meristem and 

root bulging zone. 

The transcript abundancies of the four putative α-fucosyltransferases identified by BLAST 

search (Table 2) were examined via qPCR. The bars represent the transcript levels 

normalized to the housekeeping gene ubc2, measured in one biological replicate. As material 

intercalary meristems of several dozen 14 days old plants or root tissue sections of hundreds 

of independent two days old seedling roots were pooled. 
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Continued on next page 

Supp table 1: List of all primers used. 

The gene UBC2_45712 and its transcripts was used as control and normalizer in different 

experiments, which required annealing temperatures between 58 and 64 °C. 
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Supp table 1: continued 
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