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ZUSAMMENFASSUNG 

 

 

Die arbuskuläre Mykorrhiza (AM) Symbiose, die zwischen Landpflanzen und Glomeromycota Pilzen 
ausgebildet wird, ist weltweit eine der am weitesten verbreiteten Symbiosen, da ungefähr 80% der heutigen 
Landpflanzen von dieser mutualistischen Verbindung zur Verbesserung ihrer Nährstoffversorgung abhängig 
sind. In den letzten Jahren wurden viele der molekularen Mechanismen aufgeklärt, welche die Besiedlung von 
Pflanzenwurzeln mit AM Pilzen steuern. Untersuchungen von Genexpressionsmustern in definierten Stadien 
der Symbiose gestalten sich aufgrund der asynchronen Entwicklung jedoch schwierig, was eine Vorhersage 
von Genfunktionen erschwert. In dieser Arbeit wurden anhand der Modelleguminose Medicago truncatula die 
Expressionsmuster während der wichtigsten Entwicklungsstadien von AM-Symbiosen untersucht. Um diese 
Transkriptomanalysen zu ermöglichen, wurden spezifische Zelltypen mit definierten Entwicklungsstadien der 
Symbiose mittels Laser Mikrodissektion aus mykorrhizierten Wurzeln isoliert. Zunächst wurde die Expression 
von 62 ausgewählten Genen mittels real-time RT-PCR in arbuskelhaltigen Zellen und den benachbarten 
Kortexzellen, die von intraradikalen Hyphen besiedelt waren, analysiert. Dabei konnte gezeigt werden, dass 
die mikrodissektierten Zellen eine spezifische Unterscheidung der Genaktivität in direkt benachbarten Zellen 
erlauben. Neben Genen, welche die Besiedlung des gesamten Kortex steuern, konnten 25 Gene mit einer 
arbuskelspezifischen Expression identifiziert werden. Im Anschluss wurde die Analyse auf eine genomweite 
Untersuchung von Expressionsprofilen der vier Hauptentwicklungsstadien der AM Symbiose ausgedehnt. 
Hierzu wurden die Transkriptionsprofile von insgesamt fünf verschiedenen Zelltypen mittels Hybridisierung 
von Affymetrix® Medicago GeneChips analysiert. Neben arbuskelhaltigen und kortikalen Zellen mit 
Pilzhyphen wurden Epidermiszellen aus mykorrhizierten Wurzeln untersucht, vor allem aber Zellen, die frühe 
Infektionsstadien des Pilzes enthielten. Durch einen Vergleich mit Expressionsprofilen aus Zellen, die kein 
Anzeichen für eine Pilzbesiedlung aufwiesen, ergab sich ein umfassender Überblick über die zelluläre 
Umprogrammierung während der prä-Kontakt-Phase, der frühen Infektion, der intraradikalen Verbreitung 
von Pilzhyphen und der Ausbildung von Arbuskeln. Dabei konnten unterschiedliche Gengruppen identifiziert 
werden, die während der aufeinanderfolgenden Schritte der Wurzelbesiedlung aktiviert werden. Neben schon 
bekannten AM Markergenen konnten einige Gene zum ersten Mal mit der intrazellulären Infektion durch 
den Pilz in Verbindung gebracht werden. Eine relativ große Gruppe von Genen durchläuft im Zuge der 
fortschreitenden Wurzelbesiedlung durch den Pilz offenbar eine Verschiebung ihres Aktivitätsmusters hin zu 
arbuskelhaltigen Zellen und erfüllt dort spezifische Funktionen. Hier sind auch die 125 Gene zu nennen, für 
die eine ausschließliche Aktivierung während der Ausbildung von Arbuskeln nachgewiesen werden konnte. 
Zudem kommt es während der frühen Infektion und während der Ausbildung von Arbuskeln zu zwei Wellen 
der transkriptionellen Herunterregulierung von Genen, die zumindest teilweise mit der Unterdrückung von 
Abwehrreaktionen der Pflanze beim Kontakt mit wachstumsfördernden Mikroben korreliert sein könnten. 
Die zellulären Transkriptionsprofile wurden durch eine funktionelle Analyse mittels RNA-interference (RNAi) 
ergänzt. Dabei wurden ausgewählte Gene untersucht, die während unterschiedlicher Symbiose-Stadien 
aktiviert werden. Phänotypische Analysen von transgenen Wurzeln ergaben Hinweise auf die Beteiligung des 
Annexin-Gens MtAnn2 und des Myb-Transkriptionsfaktorgens MtMyb1 an der Entwicklung von Arbuskeln. 
Für MtMyb1-RNAi-Wurzeln konnte zudem eine erschwerte Besiedlung des Kortex nachgewiesen werden. 
Zusammen liefern diese Ergebnisse einen Beitrag, um die schrittweise Umprogrammierung von 
Pflanzenwurzeln im Zuge der Besiedlung mit AM-Pilzen zu verstehen. 
 
Schlagworte: arbuskuläre Mykorrhiza-Symbiose, zelluläre Expressionsanalysen, Laser 

Mikrodissektion, RNA-interference, schrittweise Umprogrammierung 



 

 



 

 

ABSTRACT 

 

 

The arbuscular mycorrhizal (AM) symbiosis established between terrestrial plants and 
Glomeromycota fungi is one of the most widespread symbioses on Earth, with around 80% of 
today’s land plants depending on this mutualistic interaction to improve their nutrient supply. In the 
last years, many molecular mechanisms governing plant root colonization by AM fungi have been 
revealed. However, analyses of gene expression during distinct developmental stages were hampered 
by the asynchronous development of the AM symbiosis, making predictions of gene functions 
difficult. In this work, expression profiling of the main AM stages was conducted in the model 
legume Medicago truncatula, utilizing laser microdissection to obtain specific cell types that represent 
defined developmental AM stages. In a first step, expression of 62 AM-related genes was monitored 
via real-time RT-PCR in arbusculated and the surrounding cortical cells colonized by fungal hyphae. 
The experiment confirmed that the cell pools obtained via laser-microdissection allow a reliable 
differentation between gene expression in neighbouring root cells, revealing arbuscule-specific 
expression of 25 genes in addition to identifying general regulators of root colonization. 
Subsequently, this approach was extended to cover the four main developmental stages of AM 
symbioses on a genome-wide scale. Gene expression patterns were identified for five different cell-
types via Affymetrix® Medicago GeneChip experiments, including not only arbusculated and cortical 
cells colonized by intraradical hyphae, but in addition epidermal cells and, most importantly, cells 
harbouring early fungal infection sites. In comparison to cells obtained from root areas with no sign 
of fungal penetration, the data provided a comprehensive overview of cellular reprogramming during 
the pre-contact stage, the initial infection, the intraradical growth of fungal hyphae, and the 
formation of arbuscules. Distinct sets of genes activated during the sequential steps of root 
colonization were identified, including known AM marker genes, but also novel genes related to 
intracellular infection and a large group of genes obviously undergoing a shift of expression towards 
arbusculated cells, in addition to 125 genes displaying a specific activation during arbuscule-
formation. The analysis also revealed two waves of transcriptional downregulation during infection 
and arbuscule formation, e.g. shedding light on the suppression of plant defence responses during the 
interaction with beneficial microbes. The cellular transcriptome profiling was complemented via a 
functional analysis of selected genes, activated at different stages of the AM symbiosis. To this end, 
an RNA-interference (RNAi) approach was used. Here, phenotypical investigations of transgenic 
roots displaying a knockdown of the annexin gene MtAnn2 and the Myb-transcription factor gene 
MtMyb1 revealed an involvement of both genes in arbuscule-formation, whereas MtMyb1 was shown 
to be involved in propagation of the infected area. Together, the results presented in this work 
contribute to an understanding of the sequential reprogramming of host roots towards an 
accomodation of AM-microsymbionts. 
 
 
Keywords: arbuscular mycorrhizal symbiosis, cellular expression profiling, laser 

microdissection, RNA-interference, sequential reprogramming 
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GENERAL INTRODUCTION 

 

 

 

Symbiotic interactions – Distribution and biological importance 

The term symbiosis describes an association between individuals of two or more different species, 

which live in close contact and influence each other (de Bary 1879). Although it initially referred to 

all kinds of associations, ranging from parasitism, where one species lives at the expense of the other, 

to mutualism, where both species benefit from the interaction, it is mostly used for mutualistic 

relationships nowadays (Czihak et al. 1990). Symbiotic associations can be found between a wide 

range of species from all ecosystems and are extremely diverse in terms of physical closeness and 

impact on the biological fitness of the partners involved. These two factors are correlated with each 

other, since facultative relationships, which are only established under specific circumstances, are 

often characterized by a loose contact between the partners. In contrast, obligate interactions, where 

the species involved depend on each other to survive and complete their life-cycle, are characterized 

by a close physical contact, which is often kept up throughout the whole lifespan of the individuals 

(Czihak et al. 1990).  

In the life-cycle of many higher plants, two main aspects of survival and reproduction are influenced 

by symbiotic interactions. On the one hand, many plants depend on other species, like insects, birds 

or small mammals for pollination, while in return they represent important food sources for these 

species (Bayrhuber and Kull 1989). On the other hand, as sessile organisms plants often have to cope 

with limited nutrient resources in their habitat. During evolution, plants have established 

associations with soil-borne microorganisms, which can improve their nutrition-supply and are of 

special importance for the colonization of nutrient-deprived habitats (Nultsch 2001). Some plants 

interact with bacteria which are capable of fixing atmospheric nitrogen in the so called root nodule 

symbiosis (Markmann and Parniske 2009). The second and more common association is established 

with mycorrhizal fungi, which mainly improve the phosphate supply of the host plants (Strack et al. 

2001). In both cases, the microsymbiont is supplied with photoassimilates of the host in return 

(Nultsch 2001). 
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The mycorrhizal symbiosis 

The association of terrestric plants with mycorrhizal fungi is one of the most widespread symbioses 

on Earth (Smith and Read 2008). The term mycorrhiza was deduced from the Greek words mykes 

(fungus) and rhiza (root), describing the colonization of plant roots by soil-borne fungi (Franck 

1885). Two different kinds of mycorrhizal interactions can be distinguished (Figure 1A). In 

ectomycorrhizal associations, fungal hyphae form a tight network around the root, the so called 

“Hartig net”, but furthermore only colonize the intercellular space of the outer root cell layers. In 

contrast, endomycorrhiza are characterized by a much more intimate contact of the two partners 

with fungal hyphae actually invading plant cells of the inner root cortex (Bonfante and Genre 2010). 

 

Since they are formed between fungi belonging to the Basidomycetes or Asomycetes and trees from 

the families Pinaceae, Fagaceae, Dipterocarpaceae and Caesalpinoidaceae, ectomycorrhizal 

associations are predominantly found in forest ecosystems (Smith and Read 2008). The fungi 

involved in these associations are facultative symbionts. 

A B

                

Figure 1: Differences between ecto- and endomycorrhizal associatons. 

A: Left side: Schematic overview of fungal structures in the an ectomycorrhizal symbiosis. The fungal mycelium 

forms a tight mantle around the host root. Fungal hyphae also enter the root, but are restricted to the 
intercellular space of epidermal and outer cortical cells forming the “Hartig net”. Right side: Schematic overview 
of fungal structures in an endomycorrhizal symbiosis – in this case the arbuscular mycorrhizal symbiosis. Fungal 
hyphae infect the root via an hyphopodium or appressorium and form tree-shaped structures called arbuscules in 
the inner cortical cells. (Adapted by permission from Macmillan Publishers Ltd: Nat Commun, Bonfante and 

Genre 2010, copyright 2010). B: Confocal image of a single arbuscule. In the vicinity fungal hyphae are visible. 

The densely packed arbuscule fills the complete cell lumen. The fungus was stained with Alexa488®-WGA. The 
scale bar represents 15 μm. 
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Endomycorrhizal associations on the other hand are found in three main forms: orchid and ericoid 

mycorrhiza and the large group of arbuscular mycorrhizal (AM) interactions. AM interactions are 

established between fungi of the phylum Glomeromycota and a wide range of host species, covering 

approximately 80% of today’s land plants. Only the families Brassicaceae, Chenopodiaceae and 

Proteaceae are completely devoid of mycorrhizal symbioses (Smith and Read 2008). The term AM 

was deduced owing to the small tree-shaped structures built by highly ramificated fungal hyphae in 

the inner cortex (Figure 1B). The strongly enlarged surface of these structures renders them optimal 

sites for efficient nutrient exchange between the two partners (Paszkowski 2006).  

From an evolutionary point of view, the AM symbiosis represents a very old association, with fossil 

records dating back 400 million years into the early Devonian (Taylor et al. 1995), where they 

coincide with the appearance of first land plants. Structures resembling arbuscules were found in 

fossil plants representing a link between bryophytes and vascular plants, although they had not yet 

evolved true roots at that time and the fungi were hosted in shoot tissue or rhizomes instead 

(Redecker et al. 2000). Humphreys et al. (2010) showed that arbuscular mycorrhiza in a recent 

thalloid liverwort promotes photosynthetic rates, growth and asexual reproduction of this ancient 

plant. Therefore it seems feasible that AM fungi may have been a crucial factor for the successful 

colonization of terrestrial ecosystems by plants and coevolution has rendered them obligate 

symbionts since (Pirozinski and Malloch 1975).  

The infection of host plants by AM fungi (Figure 2) begins with the germination of fungal spores in 

the soil. Strigolactones produced by the host plant promote branching of the fungal hyphae and an 

increased respiration in the fungal mitochondria (Buee et al. 2000, Tamasloukht et al. 2003, 

Akiyama et al. 2005). Strigolactones are used as a signal for the presence of potential host plants also 

by other plant-colonizing species and were originally identified as promoting the growth of parasitic 

weeds (Matusova et al. 2005). Simultaneously, the plant is influenced by Myc-factors, diffusible 

molecules produced by the fungus, which trigger specific reactions in the root cells of the host plant 

(Kosuta et al. 2003). After reaching the root epidermis the growing hyphae forms an appressorium or 

hyphopodium (Figure 2). The formation of this structure is triggered exclusively by epidermal cells 

of host plants (Nagahashi and Douds, 1997). The plant cell underneath the appressorium undergoes 

severe rearrangements of the cytoskeleton, facilitating the entry of the fungus. The nucleus migrates 

to the place of appressorium formation, and then moves ahead of the invading hyphae. A tubular 
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structure surrounded by cytoskeletal components is formed, which leads the hyphae during growth 

throughout the cell and which is called pre-penetration apparatus (PPA) (Genre et al. 2005).  

Subsequently, the hyphae enter the inner cell layers of the root cortex, where side-branches of the 

hyphae, each leading into a single cortical cell, differentiate into arbuscules. The arbuscule is enclosed 

by a membrane of plant origin, the so called peri-arbuscular membrane (PAM) (Strack et al. 2001). 

It contains specific Pi-transporters which deliver the phosphate supplied by the fungus into the plant 

cells (Harrison et al. 2002, Javot et al. 2007). Recently, a fungal hexose transporter was identified, 

which seems to account for the major part of carbon allocation to the microsymbiont and is localized 

in arbuscules as well as intercellular hyphae of the fungus (Helber et al. 2011). Hexoses are procured 

by the plant via the activity of sucrose-cleaving enzymes like sucrose-synthase (Hohnjec et al. 2003) 

and invertases (Saarschmidt and Hause 2008).  

Whereas the expression of the symbiotic Pi-transporter is upregulated in mycorrhizal roots (Rausch et 

al. 2001, Harrison et al. 2002, Paszkowski et al. 2002), the expression of the Pi-transporters localized 

in the root epidermis of the plant, which serve for phosphate uptake under non-symbiotic 

conditions, is downregulated (Liu et al. 1998, Chiou et al. 2001, Smith et al. 2003). The fine and 

wide-stretched network of fungal hyphae strongly enhances the exploitation zone of mycorrhized 

Figure 2: Development of an AM symbiosis. 
Fungal spores are activated by strigolactones exudated by the host plants. These plant exudates also 
promote germination of parasitic weeds, like Striga plants. In turn, diffusible factors of the fungus induce 
first reactions in the plant including calcium spiking in the root cells. The spores germinate and fungal 
hyphae grow towards the root epidermis where they form an hyphopodium or appressorium. The plant 
reacts with the formation of the prepenetration apparatus (PPA) guiding fungal hyphae through the cells. 
In the inner cortex the fungus forms arbuscules, which improve nutrient exchange between the partners. 
(Adapted by permission from Macmillan Publishers Ltd: Nat Rev Microbiol, Parniske 2008, copyright 
2008). 
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plants in the soil and takes over large parts of the host’s phosphate supply (Hijikata et al. 2010). 

Similarly, the fungus enhances access to nitrogen, water and micronutrients, which are taken up by 

the extraradical hyphae of the fungus and are translocated into the roots of the host plant (Clark and 

Zeto 2000). An aspect that is only partly understood is the interconnection of plants in certain 

habitats via the hyphae of their microsymbionts, allowing the transfer of nutrients and signal 

molecules between them (Bonfante and Genre 2010).  

 

The root nodule symbiosis 

In contrast to mycorrhizal symbioses, associations with nitrogen-fixing bacteria are more seldom in 

the plant kingdom. Plants belonging to the Fagales, Cucurbitales and Rosales can establish an 

actinorhiza symbiosis with Frankia bacteria, but interactions with rhizobial bacteria are restricted to 

legume plants (Fabaceae), which evolved 60 million years ago, and the genus Parasponia belonging to 

the Canabaceae (Geurts et al. 2012). The scattered distribution of the ability to undergo root nodule 

symbioses (RNS) within the phylogenetic tree of the rosid clade suggests that it has evolved 

independently several times (Markmann and Parniske 2009).  

Like the mycorrhizal symbiosis, the establishment of a RNS between legumes and rhizobial bacteria 

starts with a molecular crosstalk in the soil (Figure 3). The production of root exudates - mainly 

flavonoids - attracts free-living rhizobial bacteria and stimulates them to produce special signal 

 
Figure 3: Development of the root nodule symbiosis. 

A: Infection process. Rhizobial bacteria are attracted by flavonoids exudated by the host. They attach to 

root hairs which start to curl and enclose the bacteria in the so-called shepherds crook. An infection thread 
is formed, guiding the bacteria through the root hair and the outer cortex. In the inner cortex, cells are 
activated and form a meristem which generates the root nodule. (Republished with permission of Annual 

Reviews, from Oldroyd et al. 2011, copyright 2011). B: Thin section of a fully developed nodule (Dieter 

Kapp, Universität Bielefeld). 

A B
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molecules, called Nod-factors (Dénarié et al. 1996, Oldroyd et al. 2005). Similar to Myc-factors, 

they mediate specific recognition of the microsymbiont by the host plant. Subsequently, the bacteria 

attach to root hairs, which start to swell and curl, thereby enclosing the bacteria in the so-called 

shepherds crook (Murray 2011). An infection thread is formed allowing the bacteria to enter the root 

via the root hair (Fournier et al. 2008). Simultaneously, cells in the inner cortex are activated and 

start to divide, ultimately forming a new root organ - the root nodule (Figure 3B) - which is 

colonized by the bacteria (Oldroyd and Downie 2008). Inside the nodule cells, bacteria are released 

from the infection threads by membrane budding. They differentiate into nitrogen-fixing bacteroids 

and divide many times, so that in infected cells the whole cytoplasm is densely packed. Each 

bacteroid stays surrounded by a membrane of plant origin, called the peri-bacteroid-membrane 

(PBM) (Verma and Hong 1996). By producing specific leghemoglobins, the plant provides an ideal 

microaerobic surrounding for the activity of the rhizobial nitrogenase, securing the supply of 

ammonium to the plant (Cullimore and Bennet 1992). 

 

Common features of root endosymbioses 

Apart from the improvement of nutrient supply for their host plants, the AM symbiosis and the 

RNS share additional common features, especially with regard to the infection processes involved. 

Both microsymbionts communicate their presence to the host plant via specific signal molecules – 

the Nod- and Myc-factors - which are highly similar lipo-chitooligosaccharides (LCOs) (Dénarié et 

al. 1996, Maillet et al. 2011). While AM fungi are known to produce only two different variants of 

the signal molecule – either sulphated or non-sulphated (Maillet et al. 2011) - rhizobial Nod-factors 

are more diverse with regard to their substitutional groups, which mediate the host-specificity 

between certain rhizobial species and their respective plant (Lerouge et al. 1990, D`Haeze and 

Holsters 2002). These signal molecules trigger plant responses before physical contact is established, 

including transient cytosolic calcium elevation and oscillations in the proximity of the nucleus 

(Navazio et al. 2007, Kosuta et al. 2008, Maillet et al. 2011, Gough and Cullimore 2011), as well as 

expression of symbiosis-related genes (Kosuta et al. 2003, Weidmann et al. 2004, Czaja et al. 2012) 

via a common symbiotic (SYM) signalling pathway. In Figure 4, this SYM pathway is shown for the 

gene products identified in Medicago truncatula. 

The diffusible signal molecules are recognized by membrane-bound receptor-kinases. While for Nod-

factor perception, the two LysM receptor-kinases MtNFP and MtLYK3 are required, only MtNFP is 
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essential for Myc-factor signalling, but other yet unidentified receptors may exist (Gough and 

Cullimore 2011). In addition, the leucine-rich repeat receptor-like kinase MtDMI2 is essential for 

the establishment of root nodule and mycorrhizal symbioses, although it has so far not been shown 

to interact with the signal molecules or the other receptor kinases (Stracke et al. 2002). The next step 

in the signalling cascade is the activation of the potassium channel MtDMI1 located in the nuclear 

membrane, leading to a flow of potassium into the intermembrane space, which in turn triggers the 

release of internal calcium stores (Venkateshwaran et al. 2012). This is evident by a typical calcium 

spiking which can be measured in the cytoplasm and the nucleus of activated root cells (Kosuta et al. 

2008). The calcium signal is decoded by the calcium/calmodulin dependent kinase MtDMI3 

 Figure 4: Common SYM pathway. 

Diffusible signal molecules from rhizobial bacteria (Nod-factors) and mycorrhizal fungi (Myc-factors) are perceived 
via membrane-bound receptor-kinases. Via unknown second messengers the signal is transduced to the potassium 
channel DMI1 located in the nuclear membrane. Upon its activation, potassium flows into the intermembrane 
space, which in turn activates calcium channels. Calcium is released from the intermembrane space, which leads to 
the typical calcium spiking in the nucleus and the cytoplasm. The calcium signal is decoded by the 
calcium/calmodulin dependent kinase DMI3, which interacts with IPD3 to activate the transcription factors NSP1 
and NSP2. A complex of NSP1 and NSP2 was shown to activate genes involved in RNS. NSP2 probably activates 
genes involved in mycorrhizal symbioses via interaction with another GRAS transcription factor. Abbreviations and 
gene names: LCO: lipo-chitooligosaccharides, NFP: Nod-factor perception, LYK3: LysM domain containing 
receptor-like kinase 3, DMI: doesn’t make infection, IPD3: interacting protein of DMI3, NSP: nod-signalling 
pathway. (Illustration of the pathway adapted from Parniske 2008). 
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located in the nucleus (Levy et al. 2004), which interacts with the protein MtIPD3 to activate 

specific transcription factors controlling the symbiotic program (Horváth et al. 2011). Here, the 

pathway leading to rhizobial or mycorrhizal symbiosis apparently splits up. In RNS the two GRAS 

transcription factors - MtNSP1 and MtNSP2 - are required and form a complex (Hirsch et al. 

2009), while MtNSP2 and an unknown GRAS transcription factor are involved in Myc-factor 

signalling (Maillet et al. 2011). In addition, three ethylene-responsive transcription factors were 

shown to be involved in gene regulation during RNS (Adriankaja et al. 2007).  

More parallels can be found between the colonization processes of the two symbioses (Figure 5). Cell 

passage of both microsymbionts is guided by very similar structures - the PPA on the AM side and 

the PIT (pre-infection thread) during root nodule development (Timmers et al. 1999, Genre et al. 

2005, Parniske et al. 2008). In addition, evidence could be provided that there are common genetic 

programs activated by different fungal species as well as by rhizobia during nodule formation 

(Manthey et al. 2004). A widely accepted hypothesis states that the younger root nodule symbiosis 

recruited signalling pathways and infection mechanisms already established for the mycorrhizal 

symbiosis (Parniske et al. 2008). The question remains, how the plant differentiates between fungal 

and bacterial symbionts. Evidence exists, that the calcium signals provoked by the two 

microsymbionts show different patterns (Kosuta et al. 2008) and signalling complemental to the 

common SYM pathway is involved in the AM symbiosis (Gutjahr et al. 2009, Bonfante and Requena 

2011). Still, more detailed investigations are required to understand the commonalities and 

Figure 5: Similarities in the infection 

process of AM (a) and rhizobial (b) 

symbiosis. 

Both in mycorrhizal (a) and rhizobial (b) 
infection processes the plant prepares the 
way for the invading microsymbionts by 
the formation of the pre-penetration-
apparatus (PPA) or pre-infection-thread 
(PIT). When fungal hyphae or rhizobial 
bacteria transverse epidermal and cortical 
cells they are surrounded by a membrane 
of plant origin, which also stays in place at 
the symbiotic interface of arbuscules or 
bacteroids in nitrogen-fixing cells of root 
nodules. (Adapted by permission from 
Macmillan Publishers Ltd: Nat Rev 
Microbiol, Parniske 2008, copyright 
2008). 



General Introduction 

 9

differences of the two root endosymbioses, which might also deliver new insights into recognition of 

pathogenic fungi and bacteria.   

 

Functional genomics in the model legume Medicago truncatula and its microsymbionts 

Due to the fact that legume plants are the only clade able to establish symbiotic interactions with 

mycorrhizal fungi as well as rhizobial bacteria, they are ideal candidates to study the molecular 

mechanisms underlying these associations. The standard model plant for genetic studies, Arabidopsis 

thaliana, is not suited here, since it belongs to one of the few plant families unable to enter an AM 

symbiosis. Apart from this, legumes have been of special interest in plant science, since many of them 

are important crops.  

In the last years, Medicago truncatula (Figure 6) has become one of the major model organisms in 

this area (Cook 1999). The species is closely related to crop legumes like Medicago sativa and Pisum 

sativum, but offers the advantage of a small diploid genome (< 500 Mbp), combined with 

autogamous fertilization and a short generation cycle (Ané et al. 2008). The genome sequencing 

project currently covers ~94% of the Medicago truncatula genes (Young et al. 2011) and a wide range 

of standard genetic tools are available. Tools for transcriptome approaches are reviewed in the 

introduction of Results - Chapter I.  For functional analyses, several mutant collections (Sagan et al. 

1995, Penmetsa et al. 1997, Tadege et al. 2008) and a database of ready-to-use RNA-interference 

(RNAi) constructs (http://projects. genomecommunity.org/mtrnai/) were established. RNAi 

constructs mediate a sequence-dependent knock-down of the target transcript and have been 

extensively used in plants over the last years (Fusaro et al. 2006). The target organism is transformed 

with a construct leading to the expression of a hairpin RNA (hpRNA), which is homologous to the 

gene of interest. Due to its secondary structure containing double-stranded regions, the hpRNA is 

degraded by Dicer-like (DCL) enzymes into small interfering RNAs (siRNAs). These siRNAs form 

an endonuclease complex which subsequently also degrades the endogenous mRNA (Hammond et 

al. 2001, Hannon et al. 2002). Different suppression levels can be obtained with this method, 

sometimes even comparable to the use of complete knockout-mutants (Wesley et al. 2001). 

Functional analyses of Medicago truncatula genes via RNAi are reviewed in the introduction of 

Results - Chapter III.  

The rhizobial species interacting with Medicago truncatula, Sinorhizobium meliloti, has also been a 

subject of extensive genetic research. Sequencing of the genome was already completed in 2001  
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(Galibert et al. 2001) and genes necessary for the colonization of the host plant, especially those 

involved in Nod-factor production have been characterized (Baev et al. 1992, Demont et al. 1993, 

Atkinson et al. 1994, Cren et al. 1995, Roche et al. 1996). In contrast, genetic analyses of AM fungi 

have been a hard task for scientists so far, since Glomeromycota are heterocaryotic organisms with 

many nuclei present in a single spore, have no separated cells and cannot be cultured without their 

host (Sanders and Croll 2010). Meanwhile, the sequencing project of Glomus intraradices provided 

access to first genomic sequences as well as an EST index (Martin et al. 2008, Tisserant et al. 2011), 

and AM fungi have been genetically transformed to express exogenous fluorescence proteins (Helber 

and Requena 2008). 

Transcriptional analyses of AM roots have identified hundred of genes, which are specifically 

activated in host plants during AM interactions (for an overview of these studies see introduction to 

Results - Chapters I and II), but were hampered by the asynchronous development of the fungus in 

the root. The symbiosis is characterized by recurrent infection of the host root by fungal hyphae and 

their advancement through the layers of the root cortex, culminating in the iterant formation and 

break-down of arbuscules in the inner cortex, which leads to the concomitant presence of different 

developmental stages in the host root. This prevents the harvest of distinct stages and an 

identification of their specific gene expression patterns. With the invention of laser microdissection, a 

possibility for the targeted harvest of cell types representing different developmental stages of the 

symbiotic interaction is now at hand. 

 

   

Figure 6: The model legume Medicago truncatula. 

The photos show the plant like it appears in its natural habitat, a seedling like it is usually used for 
experiments and several plant organs, including seeds, seed vessels, flowers and the typical trifoliate leaves. 
Sources: www1.montpellier.inra.fr, www.jic.ac.uk, http://mips.helmholtz-muenchen.de/plant/medi/ 
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Gene expression studies of specific cell-types harvested by laser microdissection  

Laser-assisted microdissection (LAM) is a microscopy-based method developed to cut and separate 

material at the microscale. It offers the possibility to obtain single cells from thin sections of complex 

biological tissues, allowing downstream-analyses of the cell-specific transcriptome, proteome or even 

metabolome. Originally developed and widely used for cancer research (Gillespie et al. 2001, Fend et 

al. 2002), the method has been adapted for plant material in the last years, which has proven to be 

highly amenable to this technique (Nelson et al., 2006, Day et al. 2007). Several variants exist with 

regard to how separation and harvest of cells are performed, which can be sub-divided into two main 

methods: laser capture microdissection (LCM) and laser excision microdissection (LEM) (Day et al. 

2005). LCM-systems rely on an IR-Laser, which melts a thermoplastic membrane attached to a 

collection cap onto the area of a sample designated for harvest. Once the cap is removed, the desired 

area is torn out of the surrounding tissue (Emmert-Buck et al. 1996). In contrast, LEM-systems 

employ an UV-laser that excises the desired cells via ablation (Day et al. 2005). The cells are either 

transferred into a collection tube beneath the sample via gravity or catapulted into a cap above the 

sample by a defocused laser pulse. The latter method of laser microdissection and pressure 

catapulting (LMPC, Schütze et al. 2003) was used for the experiments presented in this work. It can 

be combined with the use of membrane-coated slides, with the membrane acting as a support for the 

sample during harvest, which provides the possibility to collect larger areas that remain intact during 

sampling (Day et al. 2005). Nevertheless, mounting of thin sections on normal glass slides, which 

have been heat-treated to remove RNAses, is also possible and was applied in this work. Since the 

desired areas are collected via multiple laser-pulses in this case, it might even be preferable for plant 

tissues, because the disruption of the material is supposed to facilitate subsequent extraction of 

macro-molecules.  

The preparation of thin sections, which involves processing of the biological sample, is an inevitable 

prerequisite for the application of laser microdissection and a critical step, since it influences the 

histological preservation of the sample, as well as the integrity of cellular macro-molecules. Although 

in most cases, samples are either cryo-sectioned or embedded in paraffin, a wide range of different 

protocols for both methods exists and has to be optimized for each sample type individually to 

obtain optimal results (Day et al. 2007). This is especially the case, if the harvested cells are dedicated 

for transcriptome-analyses, since RNA is easily degraded. In addition, the RNA amounts obtained 

from the samples range in the area of several hundred picograms to several nanograms, depending on 
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the cell type and number. Therefore, an additional amplification of mRNA is necessary for 

downstream applications like GeneChip experiments. In most of the investigations carried out with 

plant material, in vitro transcription (IVT) has been the method of choice for RNA amplification, 

coupled to the use of an oligodT-primer for cDNA-synthesis (Day et al. 2007), which may enhance 

3’ biases already caused by RNA degradation (Day et al. 2005). 

In general, paraffin-embedding, which comprises fixation, dehydration and paraffin-infiltration of 

the tissue often leads to more severe RNA degradation, but on the other hand preserves the 

 
 

Figure 7: Workflow of laser microdissection experiments performed in this work. 

In the first step, root samples are embedded in wax. The first photograph shows the embedding mould (middle), 
the embedding cassette (right side) and a wax block attached to the cassette (left side) containing root fragments 
(visible in pink due to eosin staining). Subsequently, thin sections of the roots are prepared using a microtome 
(photograph 2). The third photograph shows slides with thin sections and a collection cap positioned above them 
to perform the cell harvest via laser microdissection. Below, the process of laser microdissection and pressure 
catapulting (LMPC) is shown schematically. The area dedicated for cell harvest is first separated from the 
surrounding tissue and subsequently, cell flakes are transported into the cap via laser pressure catapulting. After 
cell harvest, RNA isolation and amplification is performed. The picture here shows a typical electropherogram 
produced during a bioanalyzer run of amplified mRNA. The RNA can then be used for the analysis of cell-type 
specific transcriptomes using Affymetrix GeneChips. Parts of the picture showing the schematic overview of LMPC 
were taken from www.zeiss.de/mikroskopie. The picture of the Affymetrix GeneChip was taken from 
www.affymetrix.com. 
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morphology of the samples, while the use of cryo-sections results in a better quality of the isolated 

RNA, but may destroy the cell integrity (Nelson et al. 2006). Plant tissues which contain large 

vacuoles are particularly affected, since the presence of large water-filled compartments promotes the 

formation of ice crystals (Day et al. 2005).  

Nevertheless, both methods have been used successfully for transcriptional analyses in plant tissues. 

The application of laser microdissection was first reported for the collection of phloem cells from rice 

leaves (Asano et al. 2002) and has since then be extended to the analysis of many different cell types 

from flowers (Ivashikina et al. 2003), seeds and embryos (Casson et al. 2005, Tauris et al. 2009), 

roots (Nakazono et al. 2003, Jiang et al. 2006), and fruit (Matas et al. 2010). Also the interaction of 

plants with parasitic root nematodes (Ramsay et al. 2004, Portillo et al. 2009, Klink et al. 2010, Ithal 

and Mitchum 2011) and pathogenic fungi (Tang et al. 2006, Chandran et al. 2009, Hacquard et al. 

2010) has been investigated using laser microdissection.  

With regard to AM interactions, only one report of laser microdissection, used to investigate 

differential expression of Pi-transporters in arbusculated and surrounding cortical cells of tomato 

roots (Balestrini et al. 2007), was available at the start of this PhD-work. Subsequently, similar 

experiments were published for subsets of genes identified during high-throughput expression 

profiling of AM roots in tomato (Fiorilli et al. 2009), Lotus japonicus (Guether et al. 2009) and 

Medicago truncatula (Gomez et al. 2009), in the last case restricted to arbusculated cells. In addition, 

the method was used to analyze abundance of fungal transcripts in arbuscules and extraradical 

mycelium (González-Chávez et al. 2009). The aim of the work presented here was to extend the 

utilization of laser-microdissection to harvest cell types of Medicago truncatula roots, representing all 

main developmental steps of AM symbioses, from the pre-infection stage to appressorium formation, 

intraradical growth of fungal hyphae and finally arbuscule formation. In addition, a functional 

analysis of four Medicago trunctula genes activated at the different developmental stages of the 

symbiosis should be performed to elucidate their influence on mycorrhizal colonization. 
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Aims of this work 

 

I. Establishing methods for the harvest of cell types that represent distinct stages of AM 

development via laser microdissection, and subsequent validation of their suitability via real-

time RT-PCR based analysis of cell type specific transcription of candidate genes, selected 

from expression data obtained from whole root samples.  

II. Application of Medicago GeneChips for genome-wide monitoring of gene expression patterns 

in cell types representing the main developmental stages of AM symbioses. 

III. Functional analysis of selected Medicago truncatula genes activated at the different stages of 

AM development via RNA-interference (RNAi) in transgenic roots.  



General Introduction 

 15



General Introduction 

 16 

 

 

 



Results - Chapter I                                                                                                                                                                                       

 

 

17

 

 

Chapter I: 

Laser-microdissection unravels cell-type specific transcription in 

arbuscular mycorrhizal roots, including CAAT-box TF gene expression 

correlating with fungal contact and spread* 

 

 

 

Abstract 

Arbuscular mycorrhizae (AM) are the most widespread symbioses on Earth, promoting nutrient 

supply of most terrestrial plant species. To unravel gene expression in defined stages of Medicago 

truncatula root colonization by AM fungi, we here combined genome-wide transcriptome profiling 

based on whole mycorrhizal roots with real-time RT-PCR experiments that relied on characteristic 

cell-types obtained via laser-microdissection. Our genome-wide approach delivered a core set of 512 

genes significantly activated by the two mycorrhizal fungi Glomus intraradices and Glomus mossae. 

Focussing on 62 of these genes being related to membrane transport, signalling, and transcriptional 

regulation, we distinguished whether they are activated in arbuscule-containing or the neighbouring 

cortical cells harbouring fungal hyphae. In addition, cortical cells from non-mycorrhizal roots served 

as a reference for gene expression under non-colonized conditions. Our analysis identified 25 novel 

arbuscule-specific genes and 37 genes expressed both in the arbuscule-containing and the adjacent 

cortical cells colonized by fungal hyphae. Amongst the AM-induced genes specifying transcriptional 

regulators were two members encoding CAAT-box binding transcription factors (CBF), designated 

MtCbf1 and MtCbf2. Promoter analyses demonstrated that both genes were already activated by the 

first physical contact between the symbionts. Subsequently, and corresponding to our cell-type 

expression patterns, they were progressively up-regulated in those cortical areas colonized by fungal 

hyphae, including the arbuscule-containing cells. The encoded CBFs thus represent excellent 

candidates for regulators that mediate a sequential reprogramming of root tissues during the 

establishment of an AM symbiosis. 

                                                           
* Copyright American Society of Plant Biologists 
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INTRODUCTION 

Ecto- and endomycorrhizal symbioses between higher plants and soil fungi are the most widespread 

beneficial plant-microbe interactions on Earth. Mycorrhizae are characterized by the transfer of 

limiting nutrients, in particular phosphorus and nitrogen, from fungal hyphae to the plant. In 

return, plants deliver hexoses to the fungi (Nehls et al. 2007), leading to a strongly increased 

photosynthate allocation to mycorrhizal roots. Apart from direct advantageous effects resulting from 

improved nutrition, indirect benefits of mycorrhizal interactions are enhanced resistences against 

abiotic and biotic stress conditions (Smith and Read 2008). 

Some 80% of all terrestrial plants enter an arbuscular mycorrhiza (AM) symbiosis with 

Glomeromycota fungi (Schüssler et al. 2001). During AM, extraradical hyphae emerging from 

germinating spores penetrate the rhizodermis via hyphopodia, pass through outer cortical cells and 

proliferate in the inner cortex (Parniske 2008). In Arum-type AM, these intraradical hyphae form 

highly branched intracellular structures termed arbuscules (Harrison 1999). It has been shown that 

arbuscules are transient structures that only operate for a couple of days, indicating a tight control of 

their development and function (Harrison 2005). Transfer of phosphorus and other minerals from 

fungal hyphae to the plant cytoplasm occurs at the periarbuscular interface that comprehends the 

fungal arbuscular membrane, the periarbuscular matrix, and the plant periarbuscular membrane 

(Parniske 2000, 2008). The uptake of phosphorus is energy-dependent and requires plant and fungal 

H+-ATPases (Requena et al. 2003) for an acidification of the periarbuscular space. Based on the 

localization of reporter proteins, Pumplin and Harrison (2009) demonstrated that different proteins 

are apparently targeted to specific domains of the periarbuscular membrane, indicating the presence 

of functional compartments at the symbiotic interface. In addition to AM-specific phosphate 

transporters essential for symbiotic Pi transfer (Harrison et al. 2002, Bucher 2007, Javot et al. 2007), 

two half-ABC transporters have recently been shown to be required for a functional AM symbiosis 

(Zhang et al. 2010). 

An important benefit of legumes as AM models derives from the fact that this genus is able to enter a 

second beneficial plant-microbe interaction that leads to the development of nitrogen-fixing root 

nodules (Brewin et al. 1991). To initiate nodulation, secreted flavonoids first induce rhizobial genes 

required for the synthesis of lipochitooligosaccharide (LCO) nodulation (Nod)-factors. These Nod-

factors, after perception by plant LysM-domain receptor kinases (Arrighi et al. 2006), activate 

downstream responses; that way inducing the formation of nodule primordia and mediating bacterial 
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infection (Oldroyd and Downie 2008). During AM, a similar molecular dialogue is initiated by the 

host plant via strigolactones that promote the branching of fungal hyphae and activate fungal 

metabolism (Akiyama et al. 2005, Besserer et al. 2006). Subsequent recognition of AM fungi by the 

host involves the perception of diffusible Myc-signals (Kosuta et al. 2003) including LCOs 

structurally related to rhizobial Nod-factors (Maillet et al. 2011). Together, the diffusible Myc-

signals prepare root infection by communicating the symbiotic nature of mycorrhizal fungi (Oldroyd 

et al. 2005, Ercolin and Reinhardt 2011). Following their entry via hyphopodia, fungal hyphae grow 

along a pre-penetration apparatus (PPA), a cytoplasmic channel formed after the establishment of 

hyphopodia (Genre et al. 2005, 2008). This coordinated cytological response of epidermal cells 

indicates that in addition to diffusible Myc-signals acting at a distance (Kuhn et al. 2010), there are 

others that require fungal contact (Kosuta et al. 2003, Kloppholz et al. 2011). It has to be pointed 

out that signalling also takes place in later stages of the symbiosis; where genes specifically expressed 

in arbuscule-containing cells have to be activated (Harrison 2005). One such late signal triggering 

the induction of a phosphate transporter gene was identified as lyso-phosphatidylcholine (Drissner et 

al. 2007). 

Targeted molecular research on AM suffers from two obstacles: an asynchronous development of the 

symbiosis leading to the concomitant presence of different stages, and an obligate biotrophy of AM 

fungi. In the last couple of years, untargeted high-throughput expression profiling was pursued to 

generate an inventory of AM-induced genes (Liu et al. 2003, Wulf et al. 2003, Frenzel et al. 2005, 

Hohnjec et al. 2005, Hohnjec et al. 2006, Küster et al. 2007b). These approaches benefited from the 

identification of two legumes that proved to be excellent AM models: Medicago truncatula (Barker et 

al. 1990, Rose 2008) and Lotus japonicus (Handberg and Stougaard 1992). In case of  M. truncatula, 

current research relies on an advanced genome project (Cannon et al. 2009, Young and Udvardi 

2009), more than 250.000 ESTs in the DFCI Medicago Gene Index (Quackenbush et al. 2001), and 

different microarray as well as GeneChip tools (Küster et al. 2004, Küster et al. 2007a, Hohnjec et al. 

2005, Lohar et al. 2006, Benedito et al. 2008). Publicly available expression profiles based on EST, 

microarray, and GeneChip data can be queried using the DFCI Medicago Gene Index (Quackenbush 

et al. 2001), the Truncatulix (Henckel et al. 2009) and MediPlEx (Henckel et al. 2010) data 

warehouses as well as the Medicago truncatula Gene Expression Atlas, the latter exclusively 

integrating expression profiles generated via GeneChips (Benedito et al. 2008). 
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Although the transcriptome studies performed so far resulted in an identification of hundreds of 

AM-related genes (Balestrini and Lanfranco 2006, Hohnjec et al. 2006), there is limited information 

on the signalling components activated during the formation of arbuscules and in particular on the 

transcriptional regulators involved in the reprogramming of root cortical cells towards an 

accomodation of symbiotic fungi. One obvious reason for this can be seen in the fact that most AM-

related expression profiles were based on pooled tissue samples containing a mixture of different cell-

types and stages of arbuscule development. To overcome this problem, Balestrini et al. (2007) 

pioneered the use of laser-microdissection for the identification of arbuscule-specific phosphate 

transporter genes in AM roots of tomato via RT-PCR. A similar approach was later used in the 

studies of Gomez et al. (2009) and Guether et al. (2009) to track genes up-regulated in arbuscule-

containing cells of M. truncatula and L. japonicus, respectively. On the level of individual genes, 

detailed in situ expression analyses were performed for selected genes (Küster  et al. 2007b), including 

amongst others the phosphate transporter gene MtPt4 (Liu et al. 2003), the MtBcp1 gene encoding a 

blue-copper-binding protein (Hohnjec et al. 2005), and members of the AM-induced lectin gene 

family (Frenzel et al. 2005). Nevertheless, to our knowledge no promoter of a transcription factor 

gene specifically activated in AM roots was investigated so far. 

In this study, we intended to sharpen our view on AM-related gene expression by a two-step 

approach. First, we performed a global transcriptome analysis of M. truncatula roots inoculated with 

the two widely studied AM fungi Glomus intraradices and Glomus mosseae. By using these two 

different microsymbionts, we were able to make use of the overlap of gene activation in both AM 

interactions, that way minimizing strain- or inoculum-related effects. To achieve a genome-wide 

identification of AM-activated genes, we relied on Medicago GeneChips; reported to cover more than 

80% of the gene space in the model legume M. truncatula (Benedito et al. 2008). This marked 

extension of gene-specific probes significantly advanced earlier microarray-based AM transcriptome 

studies (Liu et al. 2003, Manthey et al. 2004, Hohnjec et al. 2005), leading to the identification of a 

core set of 512 M. truncatula genes involved in both AM interactions. In a second step, we intended 

to shed light on the spatial expression of a subset of AM-related genes. To achieve this goal, we 

performed cellular expression studies via real-time RT-PCR, using RNA isolated from distinct pools 

of laser-microdissected cells. In our study, gene expression in M. truncatula arbuscule-containing cells 

was for the first time directly compared with transcription in the adjacent cortical cells colonized by 

fungal hyphae. As a control, cortical cells from non-mycorrhized roots were used to gain information 
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on gene expression in the absence of a symbiotic interaction. With an emphasis on genes encoding 

membrane transporters, signalling-related proteins, and transcriptional regulators, this approach 

identified novel components of the cell-specific programme orchestrating AM symbiosis. In total, we 

identified 25 arbuscule-specific genes, while 37 genes were activated both in arbuscule-containing 

and in the neighbouring cells. Together, these results highlight general mechanisms underlying 

fungal colonization up to the formation of arbuscules. Among the transcriptional regulators, we 

identified two highly similar genes encoding CAAT-box binding transcription factors (CBF), which 

we analyzed in more detail via the expression of promotor-GUS fusions in transgenic roots. 

Remarkably, both genes are already activated by the initial physical contact between fungal hyphae 

and the plant epidermis and are expressed concomitantly with fungal colonization of the root cortex 

up to the formation of arbuscules, making the encoded CBFs excellent candidates for regulators 

mediating the sequential reprogramming of root tissues during the establishment of an AM 

symbiosis. 
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MATERIAL AND METHODS 

Plant growth, AM fungal inoculation, and visualisation of AM fungal structures 

Medicago truncatula Gaertn cv Jemalong genotype A17 seeds were surface-sterilized and scarified as 

reported by Hohnjec et al. (2003). Plants were grown in the climate chamber (humidity: 70 %; 

photosynthetic photon flux: 150 μmol m-2 s-1) at a 16 h light (23 °C) and 8 h dark (18 °C) regime. 

For subsequent Medicago GeneChip hybridizations using whole roots, plants were mycorrhized with 

AM fungi under conditions of phosphate limitation (20 μM phosphate). In addition, 

nonmycorrhizal roots grown at 20 μM phosphate as well as nonmycorrhizal roots grown at 2 mM 

phosphate were generated as described previously (Hohnjec et al. 2005). Two different AM fungal 

inocula were used: Glomus mosseae granular AMF inoculum BEG 12 (Biorize R&D, Dijon, France), 

and Glomus intraradices Schenck and Smith DAOM197198 inoculum (Premier Tech 

Biotechnologies, Rivière-de-Loup, Québec, Canada), the latter having recently been reassigned to 

Rhizophagus irregularis (Błaszk., Wubet, Renker, and Buscot) C. Walker & A. Schüßler comb. nov. 

(Stockinger et al. 2009). At 28 days post inoculation (dpi) with AM fungi or at 28 days growth 

under nonmycorrhizal conditions, roots were harvested and frozen in liquid nitrogen. Randomly 

selected areas of mycorrhizal roots were stained for fungal colonization using the gridline intersection 

method according to McGonigle et al. (1990). Here, the percentage of root length colonization 

(RLC; scoring hyphae, spores, vesicles, or arbuscules) ranged from 60% to 80%, while the relative 

arbuscule frequency in colonized fragments varied between 60% and 75%.  

To obtain mycorrhizal roots for embedding in Steedman's wax, two-weeks old seedlings were 

mycorrhized by adding 15% (v/v) inoculum Glomus intraradices isolate 49 (Maier et al. 1995) 

produced in leek cultures (Allium porrum cv. Elefant) to the substrate. Mycorrhizal and non-

mycorrhizal plants were fertilized with half-strength Hoagland`s solution containing 20 μM 

phosphate and an additional 2mM NH4NO3. RLC was checked regularly via ink-staining according 

to the protocol of Vierheilig et al. (1998) and gridline intersection counting according to McGonigle 

et al. (1990). 70-80% RLC turned out to be most convenient for the selection of arbuscule-

containing and adjacent cortical cells. This level of colonization was usually reached at 21 dpi. 

 

Tissue embedding, tissue sectioning, and laser-microdissection 

Roots were embedded using the Steedman's wax protocol (Gomez et al. 2009) with the following 

modifications: Eosin was already added in the first step of the ethanol series (75% (v/v) ethanol with 
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0,1% (v/v) Eosin y), the overnight fixation step in Farmer`s fixative and the overnight incubation 

step in 1:1 ethanol:wax were extended from 12 to 14 h, and root pieces were embedded in 

TurbOflow®II molds as well as cassettes (McCormick Scientific, Richmond, USA). Blocks were 

stored in vacuum-sealed plastic bags containing desiccant bags at 4°C. 

Longitudinal root sections of 12 μm were obtained using a Hyrax M55 rotary microtome (Zeiss, 

München, Germany). Ribbons were spread on heat-sterilized glass slides and were stretched with 

DEPC-treated autoclaved water. Slides were dried for one hour in a hybridization oven at 32°C. 

Slides with sections were used on the same or the following two days and stored in vaccum-sealed 

plastic bags with desiccation bags at 4°C if necessary. Sections were de-waxed immediately before cell 

harvest by washing the slides with absolute ethanol several times at 40°C on a heating plate, until the 

wax was not visible anymore. Subsequently, slides were dried on the heating plate. 

The P.A.L.M. Microbeam system with a Capmover (Zeiss, München, Germany) was used for laser-

microdissection and pressure catapulting (LMPC). To collect cells, the “CloseCut and Auto-LPC” 

function was used according to the manufacturer's instructions. Cells were collected into 500 μl 

adhesive caps (Zeiss, München, Germany) and stored directly at -80°C after the harvest was 

completed.  

For each cell-type, four biological replicates were produced, based on distinct rounds of plant 

cultivation and root embedding. Biological replicates consisted of three technical replicates of 

approximately 1000 cells each, which were pooled after RNA isolation and amplification. 

 

RNA isolation and amplification 

Whole-root mycorrhizal samples were taken from frozen stocks, pooled, and ground using lysing 

matrix D tubes (MP Biomedicals, Illkirch, France) in a FastPrep (MP Biomedicals, Illkirch, France) 

prior to RNA extractions. Total RNA isolation and DNase I on-column digestion was performed via 

RNeasy kits (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. RNA 

preparations were quality-checked both via spectrophotometry (NanoDrop ND-1000, Peqlab, 

Erlangen, Germany) and via capillary electrophoresis in RNA Nano chips (Agilent Bioanalyzer, 

Agilent, Böblingen, Germany), as recommended by the manufacturers. 

Total RNA was isolated from laser-microdissected cells using the RNeasy Micro kit (Qiagen, Hilden, 

Germany). 350 µl RLT buffer containing ß-mercaptoethanol were added to each sample followed by 

a 30 min incubation at room temperature. The lysate was spun down for 5 min at 13.400 g, mixed 
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1:1 with ethanol absolute and transferred to the clean-up column. On-column DNAse I digestion 

was peformed according to the manufacturer`s instructions. RNA from laser-microdissected cells was 

amplified using the TargetAmp 2-round aRNA amplification kit (Epicentre Biotechnologies, 

Madison, USA), as specified by the manufacturer. Quantity and quality of total RNA as well as T7-

amplified aRNA was checked via capillary electrophoresis in RNA Pico and Nano Chips, 

respectively, using an Agilent 2100 Bioanalyzer (Agilent, Böblingen, Germany).  

 

Medicago GeneChip hybridizations 

RNA was processed for use on Affymetrix (Santa Clara, CA, USA) GeneChip Medicago Genome 

Arrays, according to the manufacturer’s GeneChip 3’ IVT Express kit user manual. Briefly, 100 ng 

of total RNA with by a RIN number (Agilent 2100 Bioanalyzer, Agilent, Böblingen, Germany) of at 

least 8.5 containing spiked-in poly-A+ RNA controls was used in a reverse transcription reaction 

(GeneChip 3’ IVT Express Kit; Affymetrix, Santa Clara, CA, USA) to generate first-strand cDNA. 

After second-strand synthesis, double-stranded cDNA was used in a 16 h in vitro transcription (IVT) 

reaction to generate aRNA (GeneChip 3’ IVT Express Kit; Affymetrix, Santa Clara, CA, USA). Size 

distribution of in vitro transcribed aRNA and fragmented aRNA, respectively, was assessed via an 

Agilent 2100 Bioanalyzer (Agilent, Böblingen, Germany), using an RNA 6000 Nano Assay. 10 µg of 

fragmented aRNA was added to a 300-µl hybridization cocktail also containing hybridization 

controls. 200 µl of the mixture was hybridized on GeneChips for 16 h at 45°C. Standard post 

hybridization wash and double-stain protocols (FS450_0001; GeneChip HWS kit; Affymetrix, Santa 

Clara, CA, USA) were used on an Affymetrix GeneChip Fluidics Station 450. GeneChips were 

scanned on an Affymetrix GeneChip scanner 3000 7G. 

 

Evaluation of data from Medicago GeneChip hybridizations 

Cel files obtained from Medicago GeneChip hybridizations were analysed using the Robin software 

(http://mapman.gabipd.org/web/guest/robin). Normalization was performed across all GeneChips 

using the Robust Multichip Average (RMA) algorithm. Intensity values calculated for each probe set 

were log2-transformed and averaged across all three biological replicates. Log2 differences between 

the conditions studied were evaluated statistically by applying a false discovery rate (FDR) correction 

for p-values implemented in Robin. Original annotations of probes from Medicago GeneChips were 

replaced by automated annotations as well as functional classifications generated via SAMS (Bekel et 
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al. 2009) and Gene Ontology (GO) classifications (http://www.medicago.org/GeneChip). To 

visualize gene expression profiles, MapMan (Usadel et al. 2005) was used. Data from Medicago 

GeneChip hybridizations were related to in silico expression profiles using MediPlEx (Henckel et al. 

2010), applying the "arbuscular mycorrhizal root libraries" preselection. Since Medicago GeneChips 

are based on gene models from EST and genomic sequences, the number of probe sets exceeds the 

number of genes represented to a certain extent. Nevertheless, we refer to genes instead of probe sets 

in this work for reasons of simplicity. 

 

real-time RT-PCR  

Primers were designed using the Primer3 web interface (Rozen and Skaletsky, 2000) according to the 

following criteria: product size range 100-150 bp; primer size min: 18 bp, opt: 21 bp, max: 24 bp; 

primer Tm min: 52°C, opt: 53°C, max: 55°C. If the position of the coding region was known, the 

amplicon was preferentially positioned in the 3' region of the gene or the 3' UTR. The primer pairs 

suggested by the primer3 program were blasted against the DFCI Medicago Gene Index 

(Quackenbush et al. 2001) to check for mispriming in known M. truncatula transcript sequences. 

The number of matching base pairs in off-target genes and especially matches at the 3' end of the 

primer were taken into account and the most suitable primer pair according to these parameters was 

chosen. All primer pairs were tested for performance and specifity with RNA from whole root tissue 

prior to using them for RNA from laser-microdissected samples. For some of the genes, primer pairs 

published by Gomez et al. (2009) were used. These are indicated in Supplemental Table S5, where 

all primer pairs are listed. 

For the laser-microdissected samples, 50 ng of T7-amplified RNA (aRNA) were used for real-time 

RT-PCR, using the SensiMixTM SYBR one-Step kit (Bioline, Luckenwalde, Germany). RT-PCR 

conditions (Realplex cycler, Eppendorf, Germany) were as follows: 10 min 42°C, 10 min 95°C, 50 

cycles (15 sec 95°C, 30 sec 55 °C, 30 sec 72°C), 15 sec 95°C, melting curve from 40-95°C. In 

addition to a melting curve analysis, all real-time PCR-products were separated on 2 %(w/v) agarose 

gels to check both for specificity and a correct amplification size. Resequencing of selected PCR-

products was used to additionally confirm the specific amplification of the target gene. Expression 

results were averaged over 3 biological replicates. In case one replicate delivered a significantly 

deviant result from the other two, the measurement was repeated. If the difference persisted, the 

fourth replicate was included into the analysis and replaced the replicate in question, if this resulted 
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in a more consistent expression pattern. The constitutive translation elongation factor gene MtTefα 

(TC178258 in the DFCI Medicago Gene Index) was used for normalization across different 

conditions. MtTefα expression was analyzed in 4 technical replicates, and the average value was used 

to calculate relative gene expression levels using the 2-CT value with CT=CTgene-CTMtTefα. 

Expression differences were analyzed for significance using the Student’s t-test incorporated in 

MS® Excel® 2007 (Microsoft® Corp., Seattle, USA). 

For the whole root samples, 50 ng of total RNA were used for real-time RT-PCR, using the 

SensiMixTM SYBR one-Step kit (Bioline, Luckenwalde, Germany) according to the manufacturer’s 

instructions. The constitutive translation elongation factor gene MtTefα (TC178258 in the DFCI 

Medicago Gene Index) was used for normalization across different conditions. All expression results 

were averaged over 3 biological replicates. Relative gene expression levels were calculated as described 

above. 

 

Construction and Histological Analysis of Transgenic Hairy Roots 

The promoters of two CAAT-box transcription factor genes represented by probe sets 

Mtr.51511.1.S1_at (referred to as MtCbf1) and Mtr.16863.1.S1_at (referred to as MtCbf2) were 

PCR-amplified with Phusion Hot Start DNA polymerase (Finnzymes, Biozym, Hessisch Oldendorf, 

Germany) from Medicago truncatula Gaertn cv Jemalong genotype A17 genomic DNA, using gene-

specific primers containing appropriate restriction sites. The amplified products covered the -1513/-

3 region for MtCbf1 and the -1484/-6 region for MtCbf2 relative to the start codon. The promoter 

regions were cloned in front of the gusAint gene of pGUSint (Hohnjec et al. 2003) using SphI/SmaI 

restriction sites for MtCbf1 and SphI/EcoRI restriction sites for MtCbf2. Whereas the promoter-

GUS-fusion of MtCbf1 was excised using SpeI, the promoter-GUS-fusion of MtCbf2 was excised 

using SalI/StuI. Both fragments were filled in with Klenow Polymerase, and cloned into the SmaI 

site of the binary plasmid pRedRoot (Limpens et al. 2004). The plasmids obtained were 

electroporated into Agrobacterium rhizogenes ARqua1, and the resulting strains were used to generate 

hairy roots on M. truncatula cv Jemalong A17 according to Vieweg et al. (2004). Transgenic roots 

were identified using dsRed fluorescence (Leica MZ 10F, Leica Microsytems, Wetzlar, Germany) 

and were mycorrhized by adding 15% (v/v) inoculum Glomus intraradices isolate 49 (Maier et al. 

1995) produced in leek cultures (Allium porrum cv. Elefant) to the substrate. GUS assays were 

performed as described by Hohnjec et al. (2003), without preheating of the samples. To obtain thin 
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sections, GUS-stained roots were embedded in 5% agarose and cut using a Leica VT1000S 

vibratome (Leica, Wetzlar, Germany). Counterstaining of fungal structures was performed with 

Alexa Fluor® 488 WGA conjugate (Invitrogen, Darmstadt, Germany). Roots were bleached for 3 

min in 10% KOH at 95°C, washed three times with water and stained in PBS-buffer containing 20 

µg/ml Alexa Fluor® 488 WGA conjugate overnight. For staining of fungal structures in thin sections 

and staining of extraradical hyphae on the root surface, samples were directly transferred into PBS-

buffer containing 20 µg/ml Alexa Fluor® 488 WGA conjugate and stained overnight. Photo 

documentation was performed with a Leica MZ 10F stereomicroscope (Leica Microsytems, Wetzlar, 

Germany), equipped with an Olympus XC50 camera (Olympus, Hamburg, Germany) and with a 

Zeiss Axio Observer Z1 microscope equipped with an AxioCam ICc1 (Zeiss, München, Germany).  
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RESULTS AND DISCUSSION 

Genome-wide transcriptome profiling identifies a core set of 512 Medicago truncatula 

genes related to root colonization by AM fungi 

M. truncatula roots colonized with either G. intraradices or G. mosseae under conditions of phosphate 

limitation (20 µM phosphate) were stained for fungal structures 28 days post inoculation 

(McGonigle et al. 1990). To minimize dilution by non-colonized regions, we selected roots with a 

similarly high root length colonization (60 to 80%) and high arbuscule frequencies (60 to 75%) for 

the isolation of total RNA. Samples were checked for AM (MtPt4) and nodule marker (MtEnod18) 

gene expression via RT-PCR, as described by Hohnjec et al. (2005). Since some AM-induced genes 

can be activated by phosphate, we incorporated a study of gene 

 

 expression in nonmycorrhizal roots grown 

for 28 days in the presence of a high (2 mM) 

phosphate concentration. As a common 

control, nonmycorrhizal roots grown for 28 

days under phosphate limitation (20 µM 

phosphate) were harvested.  

Total RNA isolated from three biological 

replicates of mycorrhizal and 

nonmycorrhizal roots was used for 

GeneChip hybridizations. In our study, each 

biological replicate is defined as a pool 

comprising five root systems. The complete 

dataset is available from the Gene Expression 

Omnibus (accession number GSE32208) 

and is also included as Supplemental Table 

S_I_1. Applying a two-fold induction at a 

false discovery rate (FDR)-corrected p-value 

of p<0.05 as cutoff, we found that 1214 and 

888 genes were up-regulated in G. 

intraradices- and G. mosseae-colonized roots, 

respectively, whereas 576 genes were co-

 

 

Figure I_1: Transcriptional response of M. 

truncatula roots to a colonization with 

different AM fungi and to a treatment with 

2 mM phosphate. 

M. truncatula roots were inoculated with G. 

intraradices and G. mosseae for 28 days under 
conditions of phosphate limitation (20 μM 
phosphate). Alternatively, roots were grown for 
28 days in the presence of 2 mM phosphate. 
Genes significantly upregulated 2-fold at an 
FDR-corrected p-value of p<0.05 in relation to 
control roots grown under conditions of 
phosphate limitation were compared to identify 
co-regulation of expression. Numbers indicate 
genes activated in different conditions. Diagrams 
were drawn using Venny: (http://bioinfogp 
.cnb.csic.es/ tools/venny/index.html). 
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activated in both AM interactions (Figure I_1, Supplemental Table S_I_2). 

Of the 576 AM-induced genes, 44 were also activated at the cutoffs mentioned above in roots 

treated with 2 mM phosphate, leaving a core set of 532 genes significantly induced by two 

different AM fungi but not via elevated phosphate levels (Figure I_1, Supplemental Table S_I_2). 

The low overlap between phosphate-induced gene expression and transcriptional activation by 

AM fungal colonization is in line with reports of Liu et al. (2003) and Hohnjec et al. (2005), 

illustrating that phosphate supply is unable to mimic AM-induced gene expression. 

Our core set of 532 AM-related genes is supported by a search in the MediPlEx database 

(Henckel et al. 2010), combining in silico gene expression in AM EST collections from the DFCI 

Medicago Gene Index (libraries #ARE, #ARB, T1682, #GFS, 5520, #9CR) with the GeneChip 

hybridizations detailed above. This search returned 91 genes of the core set as AM-induced with 

an R-value larger than 2 (Stekel et al. 2000, Supplemental Table S_I_2). Moreover, our core set 

contained 51 genes reported as co-induced in the same two AM interactions when relying on 

oligonucleotide microarrays (Hohnjec et al. 2005, Supplemental Table S_I_2), whereas it 

Table I_1: M. truncatula AM marker genes activated in roots colonized with G. intraradices and G. 

mosseae. 

Probe IDs of Medicago GeneChips are referenced to the corresponding DFCI Medicago truncatula Gene Index IDs 
(release 10) and to M. truncatula gene names from the literature. Log2 ratios of gene expression for G. 

intraradices-colonized (Gi-Myc), G. mosseae-colonized (Gm-Myc), and 2 mM phosphate-treated (2 mM-P) roots, 
all measured against roots grown at 20 μM phosphate, are given. Whereas all 15 AM marker genes are 
significantly upregulated in the AM roots used for expression profiling, none of them is activated in roots treated 
with 2 mM phosphate. FDR-corrected p-values (FDR-p) are indicated. References for the AM-induced genes 
identified are as follows: MtPt4 (Javot et al. 2007), MtMyb1 (Liu et al. 2003), MtTi1 (Grunwald et al. 2004), 
MtLec7 (Frenzel et al. 2005), MtGst1 (Wulf et al. 2003),  MtBcp1 (Hohnjec et al. 2005), MtLec5 (Frenzel et al. 

2005), MtGlp1 (Doll et al. 2003), MtHa1 (Krajinski et al. 2002), MtScp1 (Liu et al. 2003), MtVapyrin (Pumplin et al. 

2009), MtSbtM1 (Takeda et al. 2011), MtZip7 (Burleigh et al. 2003), MtAnn2 (Manthey et al. 2004), and MtDxs2 
(Floss et al. 2008b). 
 

GeneChip Probe ID DFCI 10 ID Gene Gi-Myc FDR-p Gm-Myc FDR-p 2 mM-P FDR-p 

Mtr.43062.1.S1_at 
Mtr.8863.1.S1_at 
Mtr.16454.1.S1_at 

Mtr.45648.1.S1_at 
Mtr.15957.1.S1_at 
Mtr.15627.1.S1_at 
Mtr.15653.1.S1_at 
Mtr.12500.1.S1_at 
Mtr.43470.1.S1_at 
Mtr.40285.1.S1_at 
Mtr.39050.1.S1_at 
Mtr.32129.1.S1_at 
Mtr.40995.1.S1_at 

Mtr.20364.1.S1_at 
Mtr.43585.1.S1_at 

TC142142 
TC146022 
TC152603 

TC143767 
TC166174 
TC159695 
TC143161 
TC153539 
TC141883 
TC143816 
TC149084 
AW584611 
TC145398 

TC153713 
TC141952 

MtPt4 
MtMyb1 
MtTi1 

MtLec7 
MtGst1 
MtBcp1 
MtLec5 
MtGlp1 
MtHa1 
MtScp1 
MtVapyrin 
MtSbtM1 
MtZip7 

MtAnn2 
MtDxs2 

10.02 
9.90 
9.71 

9.02 
8.98 
8.15 
8.01 
7.94 
7.80 
5.35 
4.89 
4.80 
2.62 

2.42 
1.57 

2.7E-10 
6.7E-10 
5.0E-11 

2.7E-10 
1.7E-09 
5.1E-09 
8.9E-10 
5.1E-10 
8.3E-09 
6.7E-08 
1.4E-06 
2.2E-06 
4.2E-06 

1.9E-02 
4.7E-04 

8.65 
8.99 
8.41 

8.30 
8.13 
6.63 
7.64 
7.80 
6.80 
5.16 
3.77 
3.61 
2.29 

1.53 
1.87 

1.0E-09 
2.3E-09 
1.7E-10 

8.7E-10 
6.6E-09 
6.8E-08 
2.0E-09 
8.8E-10 
5.7E-08 
1.9E-07 
3.2E-05 
6.1E-05 
2.7E-05 

3.2E-02 
2.1E-04 

-0.38 
  0.21 
-0.04 

  0.40 
-0.14 
-0.19 
-0.08 
-0.39 
  0.11 
-3.51 
-0.59 
  0.38 
  0.38 

  0.46 
-4.26 

5.1E-01 
8.1E-01 
9.6E-01 

4.3E-01 
8.9E-01 
8.5E-01 
9.3E-01 
4.2E-01 
9.2E-01 
7.7E-06 
4.2E-01 
6.7E-01 
3.6E-01 

7.3E-01 
2.8E-07 



Results - Chapter I                                                                                                                                                                                       

 

 

30 

encompassed 346 genes reported as activated at least twofold by G. intraradices under different 

experimental conditions on the basis of Medicago GeneChips (Gomez et al. 2009, Supplemental 

Table S_I_2).  

Among the core set of AM-related genes, 15 well-known AM expression markers (Hohnjec et al. 

2006, Küster et  al. 2007b) were identified as strongly induced in our conditions (Table I_1). As 

an example, the MtPt4 gene encoding a phosphate transporter known to be required for an 

efficient AM symbiosis (Javot et al. 2007) was activated more than 1000 (log2=10.02)- and 400 

(log2=8.65)-fold in G. intraradices- and G. mosseae-colonized roots, respectively. This very strong 

induction of AM-related marker genes (Table I_1) indicates that our approach should allow an 

identification also of those genes expressed either transiently or activated less strongly during 

arbuscule development.  

Via comparisons of Medicago GeneChip probes to currently available Glomus intraradices 

sequences (Tisserant et al. 2011), 20 Glomus genes were identified amongst the set of 532 genes 

co-induced in both AM interactions (Supplemental Table S_I_2). The remaining 512 AM-

related M. truncatula genes were grouped into functional categories, based on automated 

annotations of the encoded gene products via the SAMS software (Bekel et al. 2009) and Gene 

Ontology classifications (http://www.medicago.org). In addition, MapMan (Usadel et al. 2005) 

was used to visualize gene expression profiles and to identify functional categories expressed most 

significantly different from others. 

In Figure I_2, the distribution of AM-coinduced genes into functional categories is shown. 

Typical AM-related gene families of unknown biological function encoding annexins (e.g. 

MtAnn2, Manthey et al. 2004), blue-copper proteins (e.g. MtBcp1, Hohnjec et al. 2005), germin-

like proteins (e.g. MtGlp1, Doll et al. 2003), and lectins (e.g. MtLec5 and MtLec7, Frenzel et al. 

2005) are classified seperately. For all these gene families except the one encoding annexins, 

comparisons to the Medicago truncatula Gene Expression Atlas (He et al. 2009) revealed that their 

members were expressed either specifically or were almost exclusively activated in AM roots in 

comparison to all other tissues analysed (data not shown), that way widening our knowledge on 

previously unknown AM-related family members. 

In addition to these gene families, the following functional categories were most prominent 

(Figure I_2, Supplemental Table S_I_2): (1) cell wall biosynthesis and modification, including 

several enzymes related to a remodeling of the extracellular matrix; (2) chitin degradation, 
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including several chitinases that might be involved in the disassembly of fungal structures; (3) 

protein degradation, including a range of different proteinases and peptidases that can be 

connected to the dynamic turnover of mycorrhizal structures; (4) hormone metabolism, including 

several genes involved in gibberellin biosynthesis; and (5) secondary metabolism, including a high 

number of cytochromes, components of the carotenoid metabolism, and UDP-sugar transferases. 

The activation of these functions is in line with previous reports on gene expression in AM roots 

(Liu et al. 2003, Wulf et al. 2003, Hohnjec et al. 2006, Küster et al. 2007b, Guether et al. 2009). 

Interestingly, the categories "membrane transporters", "signalling" and "transcription factors" 

were not only prominent but their members were also expressed most significantly different from 

others in AM roots (data not shown), based on statistical analyses implemented in MapMan 

(Usadel et al. 2005). In addition, many of these candidate genes either displayed a mycorrhiza-

specific or mycorrhiza-enhanced expression in AM roots according to the Medicago Gene 

Figure I_2: Cellular functions of M. truncatula genes activated in mycorrhizal roots. 

All 512 M. truncatula genes co-induced at least two-fold at an FDR-corrected p-value of p<0.05 in response 
to the AM fungi G. intraradices and G. mosseae that were not induced by a treatment with 2 mM phosphate 
(Supplemental Table S_I_2) were grouped into functional categories. The number of genes allocated to 
each functional category is indicated. The bars are coloured as follows: black, functional categories studied 
by laser-microdissection; dark grey, AM-related gene families; light grey, other functional categories. 
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Expression Atlas (He et al. 2009), suggesting a relevance for AM interactions. Remarkably, these 

analyses also returned six TF genes co-induced in our conditions as being specifically expressed in 

AM tissues (Supplemental Figure S_I_1). Since the three cellular functions mentioned are 

particularly relevant for coordinating the reprogramming of root cortical cells towards an 

accomodation of fungal structures, we investigated the cellular expression patterns of 71 

candidate genes selected from these categories via laser-microdissection. 

 

Longitudinal sections allow an accurate separation of specific cell-types from AM 

roots via laser-microdissection 

We used laser-microdissection to obtain specific pools of three different cell-types in four 

biological replicates: cortical cells from non-colonized control roots (CCR), cortical cells from 

mycorrhizal roots (CMR), and cortical cells containing arbuscules (ARB) (Figure I_3). We found 

that embedding of roots in Steedman`s wax (Gomez et al. 2009) preserves root morphology, 

allowing an identification of vascular tissues, cortical cells and the epidermal cell layer including 

root hairs (Figure I_3 A-C). In contrast to transverse sections (Balestrini et al. 2007, Gomez et al. 

2009), our longitudinal sections offered the possibility to evaluate the colonization status of 

whole root regions. Chains of arbuscules in different developmental stages and fungal hyphae 

growing in the extracellular space of adjacent cortical cells were clearly visible (Figure I_3 E-H). 

This facilitated cell harvest and allowed us to focus not only on mature arbuscules filling the 

complete cell lumen (ARB-samples; Figure I_3 D,G,H), but also on cortical cells interspersed 

with fungal hyphae in the immediate neighbourhood of arbuscule-containing cells (CMR-

samples; Figure I_3 E,F). Since each cell pool from the CMR cell-type differs in the density and 

growth of fungal hyphae, the CMR samples are expected to display the strongest variation of 

transcriptional changes. 

To assess the suitability of the collected samples and to check in particular for cross-

contamination between CMR and ARB samples, the expression of the six AM marker genes 

MtPt4, MtBcp1, MtScp1, MtLec5, MtGlp1 and MtHa1 (Harrison et al. 2002, Hohnjec et al. 

2005, Liu et al. 2003, Frenzel et al. 2005, Doll et al. 2003, Krajinski et al. 2002) was measured in 

all four biological replicates. Whereas transcripts of the MtTefα gene used as a constitutive 

control were amplified from all three cell-types (Figure I_4 A), transcripts of the six AM-specific 

genes tested were not detected in CCR samples, as could be expected (data not shown). The 
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phosphate transporter gene MtPt4 was used as an expression marker for cross-contamination 

between the CMR and ARB samples, since this gene is exclusively transcribed in cells containing 

arbuscules (Harrison et al. 2002). The detection of MtPt4 transcripts in all ARB in contrast to 

their absence in all CMR samples (Figure I_4 B) indicates that no significant cross-contamination 

of CMR-samples with material from arbuscule-containing cells occured. In contrast to MtPt4, 

transcripts of the other five genes tested could be amplified both in CMR and ARB samples 

(Figure I_4 B). Of these, the serine carboxypeptidase gene MtScp1 was the only one expressed at 

similar levels in both cell-types, whereas the MtBcp1 gene encoding a blue copper protein, the 

lectin gene MtLec5, the MtGlp1 gene specifying a germin-like protein, and the H+-ATPase gene 

MtHa1 displayed an up to 160-fold induction in ARB-cells (Figure I_4 C). While the results 

obtained for MtScp1 and MtBcp1 are in accordance with promoter studies indicating expression 

outside of arbuscule-containing cells (Liu et al. 2003, Hohnjec et al. 2005), MtLec5, MtGlp1 and 

Figure I_3: Laser-microdissection of three 

specific cell-types from M. trunctula roots. 

Root areas designated for cell harvest are marked 
with a green line and blue dots. Along the line the 
laser dissects the cells from the surrounding tissue, 

while dots represent single catapulting events. A to 

C: Longitudinal section of a non-mycorrhized root 

used for the collection of cortical cells from control 

roots (CCR). A and B: Section before and after 

selection of CCR for laser-microdissection. C: 

Section after laser-microdissection of CCR. D: View 

into the collection-tube showing typical flakes of 
harvested cells (in this case arbuscule-containing 

cells). E to H: Longitudinal sections of mycorrhized 

roots displaying chains of arbuscules at different 
developmental stages and fungal hyphae growing 

in the apoplast of outer cortical cells. E and F: 

Section before and after selection of cortical cells 
from mycorrhized roots (CMR). The harvested area 
was extended to inner cortical cells in case no 
arbuscules were visible in these cells. Fungal 

hyphae are present in the apoplast (blue arrows). G 

and H: Section before and after selection of 

arbuscule-containing cells (ARB). Only cells 
harbouring mature arbuscules filling up the whole 
lumen were harvested. These cells could be easily 
distinguished from those containing young or 
severly degraded arbuscules (yellow arrows in E). 
Scale bars represent 300 μm for D and 150 μm for 
all other panels.  
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MtHa1 have so far been reported to be arbuscule-specific (Frenzel et al. 2005, Doll et al. 2003, 

Krajinski et al. 2002,). This deviance might be due to a higher sensitivity of our PCR-based 

method in comparison to the in situ expression methods used in the cited studies.  

Together, our results demonstrate that the total RNA prepared from all three cell-types was 

suitable for identifying arbuscule-specific as well as arbuscule-enhanced expression patterns, even 

if the harvested cell-types were collected in close proximity.    

 

Laser-microdissection identifies novel arbuscule-specific genes and genes being 

generally expressed in cortical cells colonized by AM fungi 

Expression of 71 candidate genes was measured by one-step real time RT-PCR in at least three 

biological replicates. In these experiments, nine genes could not be amplified reproducibly from 

any cell-type and were not considered further. Figure I_5 gives an overview of the remaining 62 

  

Figure I_4: Detection of AM marker gene 

transcripts in laser-microdissected cell-types. 
Marker gene expression was measured by real-time 
RT-PCR in four biological replicates of three 
different cell-types: cortical cells from non-
mycorrhizal control roots (CCR), cortical cells from 
mycorrhizal roots containing fungal hyphae (CMR), 

and arbuscule-containing cells (ARB). A and B: Gel-

electrophoresis of the final real-time RT-PCR 
amplification products representing the control 

gene MtTefα and six AM marker genes. All 
amplified fragments had the correct sizes. Note 
that MtPt4 transcripts were not detected in CMR. 

C: Real-time RT-PCR measurement of five AM 

marker genes induced in ARB in comparison to 
CMR. Expression values are displayed as log2 mean 
values of all four biological replicates. Numbers and 
bars represent fold-induction and standard errors, 
respectively. Asterisks indicate significance levels 
of a Student`s t-test on the expression values in the 
two different cell-types: *=p<0,1; **=p<0,05; 
***=p<0,005. Abbreviations: CCR, cortical cells 
from non-mycorrhized control roots; CMR, cortical 
cells from mycorrhized roots; ARB, arbuscule-

containing cells; MtTefα, transcriptional elongation 

factor α; MtPT4, phosphate transporter 4; MtBcp1, 
blue copper protein 1, MtScp1; serine 
carboxypeptidase 1; MtLec5, lectin 5, MtGlp1: 
germin-like protein 1; MtHa1, H+-ATPase 1. 
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genes and their expression patterns in the laser-microdissected samples. Except of three genes 

encoding an ABC-transporter (Mtr.44070.1.S1_at), a calcium-binding protein 

(Mtr.4781.1.S1_at), and an AP2/ERF transcription factor (Mtr.11570.1.S1_at), none of these 

genes could be amplified reproducibly from CCR cells (data not shown), suggesting that they are 

either truly mycorrhiza-specific or are expressed in other cell-types than the ones investigated 

here, e.g. the vasular tissue.  

Amongst the 62 genes analysed for cell-specific expression, a total of 21 displayed a specific 

activation in the arbuscule-containing cells, including six membrane transporter genes, seven 

signalling-related genes, six genes encoding transcription factors, and two fungal genes (Figure 

I_5, Supplemental Figure S_I_2). In addition, four genes were detected in all ARB, but in only 

one out of three CMR samples, indicating that they are expressed at a very low level in the latter 

cell-type. Six genes specifically expressed in arbuscule-containing cells were described to be 

activated in these cells before (Gomez et al. 2009), but none of them was so far known to be 

restricted to this cell-type within mycorrhizal roots. 

Interestingly, the majority of the genes investigated was found to be expressed both in arbuscule-

containing cells (ARB) and in the adjacent cortical cells being colonized by fungal hyphae at 

different levels (CMR). Here, transcripts of 37 genes, including 14 membrane transporter genes, 

8 signalling-related genes, 12 transcription factor genes, and three fungal genes were detected. Of 

these 37 genes, 28 were expressed at comparable levels in both cell-types, whereas 9 were 

significantly induced in either CMR or ARB (Figure I_6). So far, only four genes of this group 

were known to be expressed in arbuscule-containing cells (Gomez et al. 2009), but no 

information was available on their activity in the adjacent cells being connected to hyphal growth. 

In total, cell-specific expression patterns were identified for 62 AM-related genes. In the 

following, our results are discussed in detail with respect to the functional classification of the 

genes.  

 

Glomus intraradices genes 

Seven AM-related genes of fungal origin were selected for cell-specific transcriptome analysis. 

These genes encoded five membrane transporters, one signalling-related calcium-binding protein, 

and two transcription factors (Figure I_5). Interestingly, our analysis of the expression patterns in 

the specific cell pools revealed that four genes seemed to be specifically expressed in arbuscules, 
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Figure I_5: Cell-type specific 

expression of genes activated 

in mycorrhizal roots. 
Real-time RT-PCR measurement 
of gene expression in three 
biological replicates of the laser-
microdissected cell-types CMR 
(cortical cells from mycorrhized 
roots) and ARB (arbuscule-
containing cells). Differences in 
transcription are indicated by 
different shades of grey (legend 
see below). p-values represent 
significance levels of a Student`s 
t-test on the expression values in 
the two different cell-types. In 
addition, the log2 expression 
ratios of gene expression in roots 
mycorrhized with Glomus 

intraradices vs. non-mycorrhizal 
roots (Supplemental Table S1) are 
shown. Footnotes: (1): One of the 
three biological replicates was 
replaced by replicate four, to 
obtain three gene-specific PCR-
products of the correct size or a 
consistent expression pattern. 
(2): A gene-specific PCR product 
could only be obtained for two 
out of three biological replicates 
of ARB. (3): A gene-specific PCR 
product could only be obtained 
for two out of three biological 
replicates of CMR. (4): A gene-
specific PCR product was 
obtained for only one out of three 
biological replicates of CMR. 
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indicating that the distribution of fungal transcripts can be restricted to these structures, 

irrespective of the coenocytic nature of the microsymbiont.  

 

The genes investigated included three members specifying ATPases, two of which represented 

cytoplasmatic ATPases probably associated with proteasomes and thus being involved in protein 

degradation, whereas the third one was predicted to be membrane-localized and involved in the 

transport of phospholipids or cations (Figure I_5). While two of the ATPase genes showed a 

specific expression in arbuscules, one was induced at comparable levels in both CMR and ARB 

samples. In addition, a gene specifying a voltage dependent channel protein was also activated in 

both cell-types, similar to a signalling-related gene encoding a calcium-binding protein (Figure 

I_5). 

Interestingly, the two fungal genes related to transcriptional regulation, encoding a zinc finger 

and an RNA-binding protein, showed specific expression in ARB (Figure I_5). These genes 

might therefore control the transcription of fungal genes specifically required during arbuscule 

formation or function.  

 

Medicago truncatula genes encoding membrane transporters 

A functional AM symbiosis is characterized by the exchange of nutrients between the micro- and 

macrosymbionts. It is thus not surprising that 37 M. truncatula genes encoding membrane 

transporters were co-activated in the two AM-interactions studied (Supplemental Table S_I_3), 

including 13 genes that Benedito et al. (2010) identified previously on the basis of expression data 

reported by Gomez et al. (2009). Apart from the AM marker genes MtPt4 and MtHa1 already 

discussed above as well as the mycorrhiza-induced aquaporin gene MtNip1 (Uehlein et al., 2007), 

cellular expression patterns were determined for 20 genes of this functional category (Figure I_5). 

The largest group comprised genes encoding oligopeptide transporters of the H+/oligopeptide 

symporter type. Eleven members of this class were coinduced in both AM interactions and seven 

of them were examined in the laser-microdissected cell pools (Figure I_5). Proton-dependent 

oligopeptide transporters (POTs) are reported to be involved in the uptake of small peptides into 

eukaryotic cells (Paulsen and Skurray 1994). Possible functions are thus connected to an intake of 

degraded fungal proteins subsequent to the action of AM-activated proteases (Supplemental 

Table SI_2), alternatively the uptake of fungal effector peptides, such as the recently reported SP7 
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protein (Kloppholz et al. 2011, Plett et al. 2011), is an intriguing possibility. The wide range of 

possible POT functions is mirrored by cellular expression patterns, since we found two arbuscule-

specific POT genes, three POT genes equally expressed in CMR and ARB cells, and one POT 

gene being induced in each cell-type (Figures I_5, I_6).   

A second prominent group of AM-related genes encoded five ABC-transporters and three 

aquaporins. From this collection, we identified one ABC-transporter gene as ARB-specific and 

three more as being expressed with no significant difference between CMR and ARB (Figure 

I_5). With MtStr and MtStr2, two M. truncatula ABC transporter genes were recently reported to 

be important for AM function (Zhang et al. 2010). Both genes belong to the G subfamily of 

ABC-transporters and are specifically expressed in arbuscule-containing cells (Zhang et al. 2010). 

The ABC-transporter identified as arbuscule-specific in our study belongs to the same subfamily, 

suggesting a similar function. Zhang et al. (2010) speculated, that strigolactones might be a 

substrate for these transporters, inducing the strong ramification of fungal hyphae that leads to 

arbuscule formation, which would explain the cell-specific expression. In contrast, the three ABC-

transporter genes we found to be expressed in arbuscule-containing and adjacent cortical cells 

specify PGP MDR (P-glycoprotein multidrug resistance) transporters of the ABCB subfamily. 

Since several members of this group are known to transport auxins (Geisler and Murphy, 2006), 

a role for these might be the fine-tuning of auxin distribution in colonized root cells. 

In the group of aquaporins, we investigated the expression pattern of two Nodulin 26-like 

intrinsic protein (NIP) genes including MtNip1, which was first described as AM-induced by 

Uehlein et al. (2007) and was also strongly AM-induced in our experiment. Due to the fact that 

this gene is also slightly induced by phosphate, it was not included in our core set of 512 AM-

related genes. In line with the results of Gomez et al. (2009), we found MtNip1 to be activated in 

ARB cells. In addition, we could show here that this gene is expressed exclusively in this cell-type, 

whereas the second NIP gene was expressed in the surrounding, hyphae-containing cortical cells 

as well (Figure I_5). Interestingly, MtNip1 and other NIPs did not facilitate water uptake in 

heterologous expression systems, but acted as low-affinity transport system for ammonium 

(Uehlein et al. 2007), which is the main form in which nitrogen is supplied to the plant by AM 

fungi (Govindarajulu et al. 2005). These observations support the idea that nitrogen is provided 

by the microsymbiont via arbuscules as well as fungal hyphae growing in the apoplast of cortical 

cells, and the two NIPs might be involved in uptake of these nutrients into host cells. 
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Strikingly, the most strongly induced transporter genes in our experiment encoded three 

defensins. These seem to be of special importance for arbuscule-containing cells, since one 

defensin gene was exclusively expressed and the other two were significantly upregulated in ARB  

(Figures I_5, I_6). Many members of the defensin gene family are activated in plants during 

defense reactions in response to diverse pathogens (Thomma et al. 2002), including harmful 

fungi. Although the activation of plant defence responses has been reported for the initial stages 

of mycorrhizal colonization, they seem to be effectively controlled and downregulated when the 

symbiosis is completely established (Harrison and Dixon 1993). Therefore, defensins specifically 

activated during a mature mycorrhiza must play a different role and may represent a specialized 

system of the plant to avoid unrestricted spread of the microsymbionts. Interestingly, some 

defensins are known to reduce the elongation of fungal hyphae and to cause strong hyphal 

branching (Broekaert et al. 1995), a function that could be related to arbuscule-formation. 

The remaining membrane transporter genes we found to be upregulated during AM are mainly 

involved in the transfer of micro-nutrients, macro-nutrients such as nitrate, or carbohydrates. 

Concerning ion transporters of the MtZIP family (Burleigh et al. 2003), we identified a gene 

encoding the manganese transporter MtZip7 (López-Millán et al. 2004). We found the MtZip7 

gene and a zinc transporter gene to be expressed in CMR and ARB cells alike, whereas a copper 

transporter gene was found to be ARB-specific (Figure I_5). Since AM fungi probably improve 

micro-nutrient supply of host plants (Clark and Zeto 2000, Parniske 2008), the three transporter 

 
Figure I_6: Genes differentially expressed in cortical and arbuscule-containing cells.  

Real-time RT-PCR measurement of the expression of selected genes classified as CMR- or ARB-induced in 
Figure I_5. Gene expression is displayed as the log2 mean value of three biological replicates. Numbers and 
bars represent fold-induction and standard errors, respectively. Different genes are labeled with 
abbreviated GeneChip probe IDs (compare Figure I_5). Asterisks indicate significance levels of a Student`s 
t-test on expression values in the two different cell-types: *=p<0,1; **=p<0,05; ***=p<0,005. Abbreviations: 
CMR: cortical cells from mycorrhizal roots; ARB: arbuscule-containing cells. 



Results - Chapter I                                                                                                                                                                                       

 

 

40 

genes might be activated by the plant to enhance uptake of these elements from the 

microsymbiont. The fact that we found two of the transporter genes mentioned to be expressed 

in both arbuscule-containing and surrounding, hyphae-containing cortical cells supports the 

assumption that an exchange of nutrients by the symbiotic partners or at least an uptake by the 

plant is not restricted to arbuscules.  

With respect to sugar allocation in AM roots, we analyzed the expression patterns of two 

carbohydrate transporters. Due to the fact that hexoses derived from the plant metabolism are 

supplied to mycorrhizal fungi, AM roots represent strong carbon sinks. Whereas hexoses 

generated from sucrose via the activity of apoplastic invertases are directly available to the fungus 

(Schaarschmidt et al. 2007), hexoses provided by cytoplasmic invertases or sucrose synthases 

(Hohnjec et al. 1999) first have to be exported to the extracellular space (Baier et al. 2010). Up to 

now, little is known about the carbohydrate transporters involved in the translocation of 

symplastic hexoses to the apoplastic interface. The two genes investigated here are candidates for 

this function, but showed no consistent expression. Since only one was ARB-specific (Figure I_5), 

sucrose transfer is probably not limited to arbuscules, which is consistent with the expression of 

genes encoding the cytoplasmatic sucrose-cleaving enzyme MtSucS1 (Hohnjec et al. 2003) and 

the hexose transporter Mtst1 (Harrison 1996). 

 

Medicago truncatula genes related to signalling 

In Supplemental Table S_I_4, the expression characteristics of 41 genes encoding signalling-

related components induced in both AM interactions are summarized. A large group consists of 

genes probably involved in intracellular signal transduction, including 13 genes encoding protein 

kinases, a phosphatase and a protein phosphatase inhibitor. Furthermore, genes specifying two 

inositol polyphosphate phosphatases, a phosphatidylinositol transfer protein, a calmodulin-

binding protein, two Rop guanine nucleotide exchange factors, and a G-protein deserve 

attention. Together, they might represent those members of large gene families that mediate 

calcium, phosphoinosite, or G-protein signalling in AM roots. Seven genes from this group and 

an additional calmodulin gene only induced by G. intraradices were investigated for their cellular 

expression pattern (Figure I_5). Interestingly, we found genes encoding three protein kinases 

(two serine/threonine kinases and a SNF1-related kinase) and one inositol triphosphate 

phosphatase to be exclusively expressed in ARB (Figure I_5). To our knowledge, these are the 
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first genes reported to be involved in internal signalling processes that are specifically up-regulated 

in arbuscule-containing in comparison to the neighbouring cells. Another serine/threonine 

protein kinase gene was strongly induced in ARB (Figure I_6), whereas a calmodulin gene, a G-

protein gene and one additional serine/threonine protein kinase gene were expressed at equal 

levels in ARB and CMR (Figure I_5), hinting that they are involved in signal processes occuring 

in cortical cells of colonized root areas in general.  

A second group of AM-activated, signalling-related genes encodes components associated with 

vesicle-mediated transport, including a syntaxin, a clathrin assembly protein, a GTP-binding 

protein, and a basic secretory protein. It is tempting to speculate that these proteins are involved 

in the membrane biogenesis associated with an intracellular accomodation of fungal structures. 

The expression pattern of the two genes we analyzed in the specific cell pools is in line with the 

assumption that in particular the arbuscule-containing cells are places of intensive membrane 

build-up and turnover, since a gene encoding a clathrin assembly protein was exclusively detected 

in ARB and a syntaxin gene was found to be ARB-induced (Figures I_5, I_6). 

Three chitinase genes strongly induced in both AM interactions were included in the analysis of 

signalling-related genes (Figure I_5). Chitinases hydrolyze ß-1,4-glycosidic bonds (Salzer et al. 

2000) and are mostly regarded as part of plant defence mechanisms (Arlorio et al. 1992). 

Although several chitinase genes are up-regulated during early phases of nodulation and 

mycorrhization, this activation is transient and they are in general not regarded to play a role 

during later stages. Nevertheless, several members of the class III chitinase gene family are 

activated specifically during AM (Salzer et al. 2000), and for one of these genes an arbuscule-

specific localization was found by in situ hybridization (Bonanomi et al. 2001). In this study, we 

investigated three members of the chitinase gene family and found two of them only in ARB, 

whereas the third one was active in CMR and ARB (Figure I_5). The predominant ARB-

localization of chitinase transcripts might thus allow the formation of functional symbiotic 

interfaces by reducing the amount of chitinous elicitors.  

The largest group of signalling-related genes encompassed 15 genes encoding receptor kinases 

with a predicted membrane localization that presumably perceive extracellular AM-related signals. 

From this group, we investigated genes encoding a leucin-rich repeat (LRR) receptor kinase and 

the LysM receptor kinase MtLyr1. In addition, a gene encoding a membrane-bound lectin with 

predicted kinase activity was analyzed (Figure I_5). Whereas the lectin gene and the LRR receptor 
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kinase gene were equally expressed in both cell-types studied, MtLyr1 was specifically expressed in 

ARB cells (Figure I_5). In Medicago truncatula, the two LysM receptor kinases MtNfp, 

representing the Lyr-type, and MtLyk3, representing the Lyk-type of this family, were identified 

as Nod-factor receptors (Gough and Cullimore 2011). MtNfp also plays a role during early AM 

interactions, since it is essential for the perception of the recently characterized Myc-LCO signals 

(Maillet et al. 2011). Since MtNfp is not essential for the establishment of an AM (Amor et al. 

2003), Maillet et al. (2011) speculated that another receptor active at higher Myc-LCO 

concentrations must exist. These could be achieved during arbuscule formation, as a result of a 

tighter contact between the two symbiotic partners during infection of cortical cells. Interestingly, 

it was shown recently that in the non-legume Parasponia, an orthologue of MtNfp named PaNfp 

is essential for the symbioses with nitrogen-fixing bacteria as well as AM fungi (Op den Camp et 

al. 2011). In contrast to legume plants, the Parasponia genome only contains a single Lyr-type 

receptor kinase gene, whereas legume plants contain two copies (Op den Camp et al. 2011). It 

was speculated, that during evolution of legume plants and their ability to form nodules, 

duplication of the initial Lyr-gene occurred and one copy became the receptor for rhizobial 

LCOs, whereas the other one is targeted by Myc-LCOs. The closest relative of MtNfp is MtLyr1, 

which could thus represent a potential receptor for Myc-LCOs (Op den Camp et al. 2011). We 

could show here that MtLyr1 is exclusively expressed in ARB and not in the surrounding cortical 

cells from mycorrhized roots. This fits well to the phenotype of RNAi-knockdowns of the more 

ancient PaNfp gene, since here the AM symbiosis is aborted at the point of arbuscule formation. 

Our finding that MtLyr1 is exclusively expressed in arbuscule-containing cells supports the fact 

that the encoded receptor is needed for this step, possibly to perceive Myc-LCOs secreted during 

later stages of AM.  

 

Medicago truncatula genes encoding transcriptional regulators 

In total, 25 genes encoding transcription factors (TFs) were identified as co-induced in AM roots 

(Table 2), comprising the families AP2/ERF, Z-C2H2, CAAT-box binding, GRAS, MYB, 

WRKY, and NAC. Of these, only five GRAS-TF genes and one gene encoding a Myb-TF 

(designated MtMyb1 in Table I_1) were previously reported to be specifically activated in roots 

colonized with Glomus spec. (Liu et al. 2003, Gomez et al. 2009), while a few members of other 

gene families were reported to be of relevance in the root nodule symbiosis. 
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With six members each, genes encoding GRAS and AP2/ERF transcriptional regulators were 

most prominent amongst the TFs identified. This is particularly interesting, since analogous 

proteins are involved in early signalling in the root nodule symbiosis. Here, the GRAS-TFs 

MtNsp1 and MtNsp2 (Smit et al. 2005, Kalo et al. 2005) as well as the AP2/ERF-TF MtErn1 

(Middleton et al. 2007) are essential for the activation of symbiosis-related genes via Nod-factor 

signalling. Detailed studies on these transcription factors led to the identification of two further 

AP2/ERFs (MtErn2, MtErn3) and revealed that GRAS and AP2/ERF proteins interact with 

promoter sequences of early nodulin genes (Andriankaja et al. 2007, Hirsch et al. 2009). Since 

the TF proteins mentioned obviously represent an important control system in the regulation of 

symbiosis-specific genes, it is interesting that with MtErn1 and MtErn2, two of these were found 

to be induced in AM roots in our study.  

 

Additional prominent TF genes induced in AM roots specified CAAT-box binding factors (Cbf) 

of the HAP3 and HAP5 type, C2H2 zinc finger proteins, and Myb proteins, with three members 

Table I_2: Overview of 25 M. truncatula AM-induced genes encoding transcriptional regulators. 

Probe IDs of Medicago GeneChips are referenced to M. truncatula gene names, where applicable. Log2 ratios of gene 
expression for G. intraradices-colonized (Gi-Myc), G. mosseae-colonized (Gm-Myc), and 2 mM phosphate-treated (2 mM-
P) roots, all measured against roots grown at 20 μM phosphate, are given. FDR-corrected p-values (FDR-p) are 
indicated. References for the AM-induced transcription factor genes identified are as follows: MtErn1 (Middleton et al. 
2007), MtErn2 (Adriankaja et al. 2007), MtMyb1 (Liu et al. 2003), MtCbf1 (this work), and MtCbf2 (this work). 
 

GeneChip Probe ID Gene Annotation Gi-Myc FDR-p Gm-Myc FDR-p 2 mM-P FDR-p 

Mtr.46362.1.S1_at 
Mtr.21492.1.S1_at 
Mtr.15867.1.S1_at 
Mtr.31671.1.S1_s_at 
Mtr.43947.1.S1_at 
Mtr.7556.1.S1_at 
Mtr.25270.1.S1_at 
Mtr.28153.1.S1_at 
Mtr.41957.1.S1_at 
Mtr.51511.1.S1_at 
Mtr.51511.1.S1_s_at 
Mtr.4282.1.S1_at 
Mtr.16863.1.S1_at 
Mtr.36004.1.S1_at 
Mtr.7264.1.S1_at 
Mtr.31954.1.S1_at 
Mtr.31955.1.S1_at 
Mtr.47463.1.S1_at 
Mtr.1484.1.S1_at 
Mtr.8863.1.S1_at 
Mtr.10894.1.S1_at 
Mtr.33210.1.S1_at 
Mtr.49044.1.S1_at 
Mtr.51555.1.S1_at 
Mtr.23616.1.S1_at 

 
 
 
 
MtErn2 
MtErn1 
 
 
 
MtCbf1 
MtCbf1 
 
MtCbf2 
 
 
 
 
 
 
MtMyb1 
 
 
 
 
 

AP2/ERF transcription factor 
AP2/ERF transcription factor 
AP2/ERF transcription factor 
AP2/ERF transcription factor 
AP2/ERF transcription factor 
AP2/ERF transcription factor 
C2H2 zinc finger transcription factor 
C2H2 zinc finger transcription factor 
C2H2 zinc finger transcription factor 
CAAT-box transcription factor 
CAAT-box transcription factor 
CAAT-box transcription factor 
CAAT-box transcription factor 
GRAS transcription factor 
GRAS transcription factor 
GRAS transcription factor 
GRAS transcription factor 
GRAS transcription factor 
GRAS transcription factor 
Myb transcription factor 
Myb transcription factor 
Myb transcription factor 
NAC-domain transcription factor 
WRKY transcription factor 
WRKY transcription factor 

5.08 
3.52 
2.80 
2.77 
2.55 
1.61 
5.13 
3.26 
1.06 
7.34 
6.45 
3.29 
2.36 
6.69 
5.38 
4.05 
3.88 
3.06 
1.61 
9.90 
2.59 
1.60 
5.42 
1.63 
1.59 

2.4E-05 
1.2E-06 
3.6E-04 
1.2E-04 
4.3E-05 
5.0E-03 
5.9E-06 
3.2E-06 
1.5E-03 
1.8E-09 
1.0E-08 
4.8E-07 
1.8E-04 
1.4E-08 
1.9E-08 
1.9E-05 
2.2E-06 
7.8E-06 
1.6E-03 
6.7E-10 
6.2E-04 
3.1E-02 
1.7E-07 
2.2E-02 
4.2E-02 

4.07 
3.49 
2.39 
2.31 
2.32 
1.27 
3.99 
2.18 
1.12 
6.15 
5.58 
3.32 
1.56 
6.08 
3.05 
3.14 
3.05 
2.85 
1.21 
8.99 
1.47 
1.71 
2.72 
1.82 
1.96 

3.3E-04 
2.6E-06 
2.4E-03 
1.1E-03 
1.9E-04 
3.1E-02 
1.1E-04 
2.4E-04 
2.0E-03 
1.5E-08 
7.7E-08 
8.1E-07 
7.3E-03 
6.9E-08 
9.3E-06 
3.5E-04 
4.1E-05 
2.8E-05 
1.7E-02 
2.3E-09 
3.8E-02 
3.2E-02 
2.2E-04 
1.8E-02 
2.1E-02 

0.05 
-4.05 
0.61 
0.65 
-1.38 
-0.04 
0.01 
-0.78 
0.78 
-0.67 
-0.82 
-0.45 
-0.34 
-0.78 
-0.66 
-1.18 
-2.39 
-1.33 
0.04 
0.21 
1.01 
1.06 
-0.23 
0.06 
-1.54 

9.8E-01 
9.0E-07 
4.3E-01 
2.9E-01 
4.4E-03 
9.7E-01 
9.9E-01 
8.3E-02 
1.0E-02 
1.5E-01 
9.2E-02 
2.7E-01 
6.1E-01 
1.5E-01 
1.4E-01 
7.9E-02 
1.8E-04 
5.6E-03 
9.7E-01 
8.1E-01 
1.2E-01 
1.6E-01 
8.0E-01 
9.7E-01 
4.2E-02 
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each (Table I_2). In the root nodule symbiosis, the MtHap2-1 CAAT-box binding factor was 

identified as a key developmental regulator by Combier et al. (2006), whereas the zinc-finger 

protein Mszpt2-1 was shown to be essential for the differentiation of the nitrogen-fixing zone of 

root nodules (Frugier et al. 2000). So far, both gene families were not reported to be related to 

Glomus-colonized roots. 

 

Since we regarded transcriptional regulators as particularly interesting for our study, we 

investigated the cellular expression pattern of a large subset of 17 TF genes, including members of 

the five most prominent families. Additionally, an AP2/ERF induced by diffusible factors from 

AM fungi (N. Hohnjec, Leibniz Universität Hannover, Germany, unpublished data) was 

included in the analysis (Figure I_5).  

Interestingly, we found arbuscule-specific or ARB-induced genes in four of the families 

investigated. Whereas a C2H2 zinc finger, two AP2/ERF, and three GRAS TF genes were ARB-

specific, MtMyb1 and a further GRAS gene were significantly activated in ARB cells (Figures I_5, 

I_6). The encoced TFs thus represent candidates for regulators that control the expression of 

genes required for proper arbuscule development and function. On the other hand, all gene 

families containing ARB-specific members also included genes expressed at equal levels in CMR 

and ARB (Figure I_5), indicating that different members of a gene family control different steps 

of the symbiosis.  

 

In contrast to the TF genes mentioned so far, all three Cbf genes were expressed at equal levels in 

CMR and ARB (Figure I_5), indicating a more general role in the coordination of fungal 

colonization. Cbf proteins are known to regulate the expression of genes containing CCAAT 

motifs in their promoter sequences by forming heterotrimeric complexes that bind to the CAAT-

box (Combier et al. 2008). Since CCAAT motifs are present in about 30% of eukaryotic 

promotors (Mantovani et al. 1998), Cbf proteins represent global regulators of gene expression 

that probably gain specificity via interactions with other transcription factors (Maity and 

Crombrugghe 1998). That way, Cbf activation during an AM symbiosis can mediate an 

expression of whole sets of AM-related genes via the recognition of their promoter regions and a 

subsequent interaction with other transcriptional regulators. We therefore analysed the two genes 
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Mtr.51511.1.S1_at (designated MtCbf1) and Mtr.16863.1.S1_at, (designated MtCbf2), both 

encoding CAAT-box binding TFs of the HAP5-type, in more detail. 

 

Expression of the MtCbf1 and MtCbf2 genes encoding CAAT-box binding 

transcription factors correlates with fungal contact and spread 

The two genes MtCbf1 and MtCbf2 are highly similar (96.3% identity on the level of nucleic 

acids, Supplemental Figure S_I_3), indicating that they might be derived from a duplication 

event. They are located in close proximity on M. truncatula chromosome 2 

(http://www.medicagohapmap.org/, BAC clone AC136138), being separated by two different M. 

truncatula genes. Both MtCbf promoter sequences display no marked similarities, except of the 

region immediately upstream of the start codons (Supplemental Figure S_I_4). To obtain a 

comprehensive insight into the up-regulation of the MtCbf1 and MtCbf2 genes during successive 

stages of fungal colonization, their activity was analyzed both via real-time RT-PCR and via the 

expression of promoter-GUS-fusions in transgenic roots, using a four week time-course of 

mycorrhization. The results obtained confirmed the expression patterns of MtCbf1 and MtCbf2 

detected in ARB and CMR cell-pools, and in addition revealed a striking activation of these genes 

already during very early stages of the AM interaction. 

The analysis of reporter gene expression in transgenic roots showed that both promoters displayed 

no activity in roots grown in the absence of mycorrhizal fungi (data not shown). In mycorrhizal 

transgenic roots, first spots of blue staining in epidermal cell layers were observed as early as 5 dpi 

for MtCbf1 and MtCbf2 in those places where fungal hyphae just attached to the plant epidermis, 

but had not yet entered the host cells (Figures I_7 A-C; I_8 A,D,B,E). This activation was always 

dependent on direct physical contact between the two symbiotic partners and is therefore most 

probably not induced by diffusible signals from AM fungi. Once the fungus had entered the root 

cortex, promotor activity expanded to cortical and arbuscule-containing cells, always related to 

the progression of fungal hyphae (Figures I_7 D,G,E,H; I_8 C,F). Whereas epidermal staining 

became even more pronounced for MtCbf1 during these stages and was so intense that staining of 

underlying cell layers could hardly be distinguished (Figure I_7 F,I), epidermal staining for 

MtCbf2 remained at a lower level, and the activity of this promoter appeared stronger in the 

cortex (Figure I_8 G,H). During later AM stages, when fungal progress is mostly achieved by an 

intraradical spread of the hyphae, no activity in epidermal cells was observed any more for both 
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Figure I_7: Activity of the MtCbf1 promoter in M. truncatula mycorrhizal roots. 

A, B, D, E, F, K, L, and M: Light micrographs of M. truncatula mycorrhizal roots expressing the gusAint 

gene under the control of the MtCbf1 promoter. C, G, H, I, N, O, P: Corresponding fluorescence 

micrographs showing counterstaining of fungal structures with Alexa Fluor® 488 WGA conjugate at 

exactly the same root position. In A, B, C, F, and I, whole roots are shown; whereas D, E, G, H, and K to P 

show 60 μm thin sections. E, H, L, and O represent enlarged regions of the roots shown in D, G, K, and N, 

respectively. A to C: Promoter activity during early AM stages, with fungal hyphae being just attached to 

the root epidermis. D, E, G, and H: Promoter activity in a young infection unit. F and I: Strong epidermal 

promoter activity in a region with an expanding infection unit. K, L, N, and O: Promoter activity in a 

densely colonized root. M and P: Enlargement of a single arbuscule. Scale bars represent 500 μm for A; 

200 μm for F,I , K and N; 100 μm for B, C, D and G; 50 μm for L and O; 20 μm for E, H, M and P. 
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Figure I_8: Activity of the MtCbf2 promoter in M. truncatula mycorrhizal roots. 

A, B, C, G, I, K, L and M: Light micrographs of M. truncatula mycorrhizal roots expressing the gusAint gene under 

the control of the MtCbf2 promoter. D, E, F, H, N, O, and P: Corresponding fluorescence micrographs showing 

counterstaining of fungal structures with Alexa Fluor® 488 WGA conjugate at exactly the same root position. In A 

to H, whole roots are shown, whereas I to P show 60 μm thin sections. B and E represent enlarged regions of the 

root shown in A and D. K, L, N and O represent enlarged regions of the root shown in I. A, B, D and E: Promoter 

activity during early stages, with fungal hyphae being just attached to the root epidermis. In this case, the hyphae 
in contact to the root surface (indicated by arrows) emerged from a highly mycorrhized leek root attached to the 

M. truncatula root. C and F: Promoter activity in a young infection unit. G and H: Promoter activity in a region 

with an expanding infection unit. In contrast to MtCbf1, no strong MtCbf2 activity can be observed in epidermal 

cell layers in this stage, hence the strong GUS-staining in the cortex is visible from the outside. I, K, L, N and O: 

Promoter activity in a densely colonized root. M and P: Enlargement of a group of arbuscules. Scale bars represent 

200 μm for A, D, G, H, and I; 100 μm for C and F; 50 μm for B, E, K, L, N, and O; 20 μm for M and P. 
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promoters, and reporter gene activity became restricted to those cortical cells that were either in 

contact with fungal hyphae or that contained arbuscules (Figures I_7 K-P; I_8 I-P). No GUS-

staining was observed in root regions which did not contain fungal infection units (data not 

shown). 

In our laser-microdissection experiments, both genes were identified as expressed with no 

significant difference between CMR and ARB (Figure I_9 A,B), although MtCbf1 tended to be 

more strongly expressed in CMR (3,5-fold induction) and MtCbf2 appeared activated in ARB 

(3,8-fold induction). This tendency is also mirrored in the reporter gene expression patterns 

driven by the two promoters, since GUS-staining mediated by the MtCbf2 promoter seemed to 

be more intense in arbuscule-containing cells (Figure I_8_M), whereas GUS-staining mediated 

by the promoter of MtCbf1 was equal in arbuscule-containing and the surrounding cortical cells 

 
 

 

 

Figure I_9: Expression of MtCbf1 and 

MtCbf2 in specific cell-types and during a 

time course of mycorrhization. 

A and B: Real-time RT-PCR measurement of 

MtCbf1 and MtCbf2 expression in arbuscule-
containing cells (ARB) and adjacent cortical cells 
colonized by fungal hyphae (CMR). Gene 
expression is displayed as the log2 mean value of 
three biological replicates. Bars represent 

standard errors. C to F: Promoter activity of 

MtCbf1 during a time course covering 7 to 28 dpi 
of mycorrhization, represented by roots 
displaying typical GUS staining patterns for each 

time point. G to K: Promoter activity of MtCbf2 

during a time course covering 7 to 28 dpi of 
mycorrhization, represented by roots displaying 
typical GUS staining patterns for each time 

point. L: Real-time RT-PCR measurement of 

MtCbf1, MtCbf2, MtPt4, and MtBcp1 in M. 

truncatula roots during the 7 to 28 dpi time 
course of mycorrhization. Bars represent 
standard errors.  
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interspersed with fungal hyphae (Figure I_7_M): Taking into account, that GUS-staining usually 

appears more intense in the densly filled cells containing arbuscules, these reporer gene expression 

patterns largely confirm our results obtained via laser-microdissection. 

During the mycorrhizal time course performed from 7 to 28 dpi, the MtCbf1 and MtCbf2 

promoters displayed a constantly rising activity, visualized by representative GUS staining 

patterns from different timepoints (Figure I_9 C-K). This increase closely correlated to the 

expression of the AM marker genes MtPt4, representing an arbuscule-specific gene, and MtBcp1, 

representing a gene expressed in arbuscule-containing as well as in the surrounding, hyphae-

containing cortical cells (Figure I_9 L). In our time course, MtPt4 and MtBcp1 from 7 dpi to 28 

dpi showed a constantly increased transcription, leading to an up-regulation of 836-fold and 341-

fold, respectively, at 28 dpi in comparison to 7 dpi. Interestingly, the expression of both MtCbf1 

and MtCbf2 was strongest already at 21 dpi, where 70-fold and 37-fold inductions in comparison 

to 7dpi was reached. At 28 dpi, the activity of both transcription factor genes already declined, 

probably due to a reduced number of epidermal infection events at this timepoint. Together with 

our promoter studies (Figure I_9 F,K), this observation underlines the importance of both genes 

already for early infection stages. 

It can be concluded that MtCbf1 and MtCbf2 seem to be relevant during all stages of the AM 

symbiosis being characterized by a direct physical contact between the two partners. Therefore, 

the encoded CAAT-box transcription factors represent excellent candidates for novel regulators 

not only during later AM stages, but especially for the first steps of the interaction, where 

knowledge both on regulators mediating infection as well as infection-related expression markers 

is scarce. Interestingly, after the first activation in the epidermal cell layer, activity of both 

promoters seemed to precede the actual fungal colonization, since GUS staining did not only 

spread into the surrounding epidermal cells, but was several cells ahead of the proceeding fungal 

hyphae in the cortex. It is tempting to speculate that this gene expression pattern is promoted by 

a short-distance signal that prepares cells for an arrival of the microsymbiont, possibly faciliating 

fungal entry in the proximity of the first infection site or the hyphal spread in the cortex. In this 

context, the ability of CBFs to interact with a large range of promoters becomes particularly 

interesting, since they might thus be able to activate large parts of the symbiotic programme in 

colonized root cortical cells, ultimately leading to the reprogramming of host cells towards an 

accomodation of symbiotic fungi.  
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Conclusion 

An attribution of gene activity to defined developmental stages is an important step towards the 

understanding of complex biological processes. That way, our identification of specific cellular 

expression patterns for a large subset of AM-related genes in mycorrhizal roots allows an 

association of these genes with the different developmental stages of an AM symbiosis, as shown 

in Figure I_10. The colonization of plant roots by AM fungi is characterized by at least four 

distinct steps. While the first step is characterized by an exchange of diffusible signals between the 

two partners, causing the activation of signal cascades in epidermal and cortical cells, the second 

step involves direct physical contact, leading to hyphopodium formation by the fungus and PPA 

formation on the plant side, followed by penetration of rhizodermal cells by fungal hyphae. In the 

third step, fungal hyphae spread in the apoplast, resulting in the fourth and most intimate step, 

the formation of arbuscules. It has to be noted that step two, three, and four are achieved in a 

short time period, where AM development is characterized by a spread of infection units from 

initial entry points, being accompanied by a sequential build-up and decay of arbuscules.  

Due to the fact that our AM expression profiles were recorded on the basis of pooled tissue 

samples of strongly mycorrhized roots, it is likely that processes occuring during later, functional 

stages of AM (step three and four) were preferentially identified, and these are also represented by 

our specific cell pools derived by laser-microdissection. We propose that the genes we identified 

to be active in cortical cells colonized by fungal hyphae and arbuscule-containing cells are related 

to the general progression of fungal hyphae in the root cortex, whereas genes only active in 

arbuscule-containing cells account for specific functions of this highly specialized symbiotic 

interface. Our identification of transporters, signalling-related genes and transcription factors 

with distinct expression patterns provide insight into the genetic processes accompanying and 

allowing progression towards a functional symbiosis (Figure I_10). Interestingly, only two genes 

with enhanced expression in cortical cells colonized by fungal hyphae in comparison to arbuscule-

containing cells were identified, suggesting that processes exclusively related to the growth of 

fungal hyphae in the cortex, which are not needed for arbuscule formation and function, are rare. 

It remains unclear, wether the mechanisms allowing fungal penetration of roots also guide 

intraradical growth of fungal hyphae. Regarding the fact that the primary infection is guided 

intracellularly via the PPA, whereas the growth of fungal hyphae in the cortex is mostly apoplastic 

and keeping in mind that fungal hyphae in contact to cortical cells may also be involved in 
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nutrient transfer to the plant, there are differences between these two steps.  It therefore seems 

feasible that there will be a set of genes whose activity is required during all stages, like the two 

CAAT-box transcription factor genes identified in this study (Figure I_10). In addition, some 

genes specifically needed for the initial infection likely exist, analogous to the arbsucule-specific 

genes we identified here. Both steps are tightly controled by the plant, mirrored in two types of 

mutants identified for the AM symbiosis (Harrison 2005). These either mediate no entry of 

 
 

Figure I_10: Schematic summary of fungal and plant gene expression patterns during four 

different stages of the AM symbiosis. 

Proteins encoded by the genes identified are grouped according to functional categories. Fungal gene 
products are listed in orange, plant gene products in green boxes. The total number of genes with identical 
annotations is indicated in brackets. Note that it remains to be elucidated to what extent genes identified 
as expressed in arbuscule-containing as well as in the adjacent cortical cells colonized by fungal hyphae are 
already active during stages I and II. 

 



Results - Chapter I                                                                                                                                                                                       

 

 

52 

fungal hyphae at all, or allow entry and spread but no arbsucule-formation, suggesting the 

existence of specific fungal signal molecules and transduction pathways required in these stages. 

 

The identification of two CBF genes specifically activated during all stages of an AM infection 

delivers two candidates mediating a high-level control of gene expression during the colonization 

of roots by AM fungi. It will be interesting to see, wether other CAAT-box TF genes identified as 

AM-induced show a similar expression pattern and how many genes active during apoplastic 

growth of fungal hyphae are already activated during earlier stages. These questions can only be 

solved via an analysis of cell-types from early stages of AM interaction such as epidermal regions 

challenged with AM fungal signals or cortical regions harbouring PPAs. 
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Abstract 

About 80% of today’s land plants establish an arbuscular mycorrhizal symbiosis with Glomeromycota 

fungi to improve their access to nutrients and water in the soil. On the molecular level, this process is 

only partly understood. Although many genes specifically activated during fungal colonization of the 

host root have been identified, information on the exact place and timepoint of activation is only 

available for a small subset of genes, due to the asynchronous development of the microsymbiont in 

the host root. In this study, we relied on a combination of laser microdissection and the use of 

Medicago GeneChips to perform a genome-wide analysis of gene expression patterns in defined cell-

types of Medicago truncatula roots mycorrhized with Glomus intraradices. We compared gene 

expression in arbusculated cells, cortical cells colonized by intraradical hyphae, and epidermal cells of 

mature mycorrhizal roots, in addition to appressorial areas and non-appressorial areas from roots 

containing first infection units. These cell-types covered the main developmental stages of an AM 

symbiosis, allowing the identification of subsets of genes governing the sequential reprogramming of 

host roots towards the accomodation of microsymbionts. Taken together, cellular expression patterns 

for 18014 genes were revealed. For a subset of 1645 genes, these expression patterns were shown to 

be influenced by mycorrhizal colonization, providing information on the activity of genes already 

known from transcriptome studies based on pooled tissues, but also on the differential expression of 

new genes, revealing an adjustments of transcript accumulation within the root tissue in response to 

fungal colonization.  
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INTRODUCTION 

The arbuscular mycorrhiza (AM) symbiosis represents one of the most ancient and widespread 

symbioses known. Around 80% of all land plants establish this interaction with fungi of the phylum 

Glomeromycota (Schüssler et al. 2001). Fossil records date back over 450 million years and coincide 

with the appearance of the first land plants, indicating that the symbiosis may have been an 

important factor during the colonization of terrestrial ecosystems by plants (Redecker et al. 2000). 

During the symbiosis the plant roots get colonized by fungal hyphae, originating from spores in the 

soil, which form specialized structures in the inner cortical cells of the plant. These are termed 

arbuscules, due to their highly branched tree-like anatomy, facilitating nutrient exchange between 

the two partners (Parniske 2008). While the fungus is supplied with photoassimilates from the host 

(Douds et al. 2000), the plant benefits from the wide-stretched network of fungal hyphae in the soil, 

providing access to phosphate, nitrate and water (Davies et al. 1993, George et al. 1995). The 

establishment of such an intimate interaction, allowing the fungus to grow intracellularly in the host 

cells, demands for recognition of the fungus as a symbiotic partner by the plant and a tight 

regulation of processes leading to the accommodation of the fungus in the root. On the molecular 

level, this process is only partly understood and the exact place and timepoint of activation, as well as 

the precise function of most genes known to be upregulated during fungal colonization of the host 

plant remain elusive. To some extent, this is due to the way mycorrhizal fungi proliferate in the host 

roots. During the symbiotic interaction, different developmental stages can be distinguished, ranging 

from the pre-contact phase followed by appressorium formation on the root epidermis and initial 

infection to spread of fungal hyphae in the outer cortex and finally arbuscule formation in the inner 

cortex (Parniske et al. 2008). While all of these stages are present at the infection site within hours of 

the first contact between the two symbiotic partners, the further progress of the symbiosis is 

characterized by permanent arbuscule build-up and break-down, while colonization of new root 

parts occurs in parallel via intraradical hyphae, as well as extraradical hyphae and appressorium 

formation. This asynchronous development leads to the concomitant presence of all developmental 

stages at the timepoint root colonization has reached sufficient levels for molecular analyses, making 

it extremely difficult to relate gene activity to distinct stages of the AM symbiosis.  

In the recent years, several attempts have been undertaken to enrich mycorrhizal roots for early 

symbiotic stages, in order to investigate the underlying transcriptional changes. Suppressive 

subtractive hybridization (SSH) expression profiling and EST sequencing as well as proteome 
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analyses of Medicago truncatula roots colonized with mycorrhizal fungi for five to ten days 

(Brechenmacher et al. 2004, Weidmann et al. 2004, Amiour et al. 2006) resulted in the 

identification of several plant genes potentially related to appressorium formation.  

One of the first reactions of root cells to the presence of mycorrhizal fungi is the occurrence of a 

characteristic calcium-spiking in the cytoplasm and the nucleus, which is decoded by the calcium-

dependent protein kinase DMI3 (Lévy et al. 2004). The usage of dmi3-mutant plants allowed a first 

classification of the identified genes with regard to their activation upstream or downstream of the 

calcium-spiking initiated upon recognition of the microsymbiont (Weidmann et al. 2004, Amiour et 

al. 2006).  

Another indication of forthcoming infection is the formation of an intracellular prepenetration 

apparatus (PPA) consisting of a membrane tunnel surrounded by cytoskeletal components which 

guides the invading hyphae through the cell (Genre et al. 2005). Siciliano et al. (2007) used PPA 

formation as a marker for beginning infection and selected such root parts where PPAs were visible 

for the construction of a SSH library, thereby circumventing the dilution effects which hampered the 

earlier investigations.  

Nevertheless, an important draw-back of all these approaches was that presence of arbuscules was not 

excluded and identified genes might well be related to later stages of the symbiosis. Such 

commingling can be avoided by analyses restricted to defined cell-types obtained via laser-

microdissection. First applications of this method revealed differential expression patterns between 

arbusculated and surrounding cortical cells for subsets of genes identified in high-throughput 

transcriptome analyses of AM roots from tomato (Balestrini et al. 2007, Fiorilli et al. 2009) and Lotus 

japonicus (Guether et al. 2009). In Medicago truncatula laser microdissection revealed the presence of 

transcripts from 27 genes in arbusculated cells (Gomez et al. 2009) and differential expression of 62 

genes between arbusculated and surrounding cortical cells (Hogekamp et al. 2011). Gaude et al. 

(2012) combined laser-microdissection with a genome-wide transcriptome analysis using Medicago 

GeneChips, relying on cryo-sectioning for the preparation of thin sections for laser microdissection 

in contrast to the paraffin-embedding used in the earlier approaches.  

Here, we report the use of laser-microdissection in paraffin-embedded roots for a comprehensive 

inventory of gene expression during several developmental stages of the AM symbiosis in roots of 

Medicago truncatula colonized with Glomus intraradices. Gene expression was monitored in five 

different cell-types comprising arbusculated cells, surrounding cortical cells colonized by fungal 
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hyphae and epidermal cells from mature mycorrhizal roots, as well as appressorial areas and non-

appressorial areas from roots with first infection units. Taken together, cellular expression patterns 

for 18014 genes were revealed. For a subset of 1645 genes, these expression patterns were shown to 

be influenced by mycorrhizal colonization, revealing their activation at distinct stages of the 

symbiotic interaction. Four substes of genes were shown to be activated during the pre-contact phase, 

the initial infection, the spread of intraradical hyphae and arbuscule formation, including many 

known AM marker genes. In addition, two subsets of genes, which were either downregulated during 

infection or arbuscule formation were identified, as well as a large group of genes which displayed a 

shift of their expression pattern within the root during mycorrhization, including mainly genes, 

which were not known so far to be involved in processes related to mycorrhizal symbioses.  
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MATERIAL AND METHODS 

Plant growth and inoculation with mycorrhizal fungi 

Medicago truncatula Gaertn ‘Jemalong’ genotype A17 seeds were surface sterilized and scarified as 

reported by Hohnjec et al. (2003). Plants were grown in the climate chamber (humidity: 70%; 

photosynthetic photon flux: 150 μmol m-2 s-1) at a 16-h light (23°C) and 8-h dark (18°C) regime. 

Plants were fertilized with half-strength Hoagland solution containing 20 μM phosphate and an 

additional 2mM NH4NO3. Mycorrhizal roots used for the collection of cortical cells containing 

arbuscules (ARB), cortical cells from mycorrhizal roots (CMR) and epidermal cells from mycorrhizal 

roots (EPI) were mycorrhized after 2 weeks and harvested at around 21 dpi as described in 

Hogekamp et al. (2011). In contrast, mycorrhizal roots used for the collection of APP (appressorial 

areas) and the corresponding non-appressorial controls (NAP) were mycorrhized after 3 weeks and 

harvested at 5-6 dpi. This resulted in a larger root system at the time of mycorrhization and an 

enhanced number of infection units per root system. Since no infection sites were visible at 4 dpi, 

appressorial areas had a maximum age of 48h. 

 

Tissue embedding, tissue sectioning and laser microdissection  

Roots were embedded using the Steedman`s wax protocol (Gomez et al. 2009) with the 

modifications reported in Hogekamp et al. (2011). For the collection of ARB, CMR and EPI cell 

pools, the whole root system of mycorrhizal plants was cut into approximately 1 cm pieces and 

embedded. For the collection of APP and NAP cell pools, an additional screening step was included 

into the protocol. The root system of the mycorrhizal plant was submerged in ink staining solution 

(Vierheilig et al. 1998) prepared with RNAse free water and 8% glacial acetic acid for 5-10 min on 

ice. Roots were then transferred into 0,8 % acetic acid solution prepared with glacial acetic acid and 

RNAse free water and screened for extraradical hyphae using a stereo microscope. Root segments 

with extraradical hyphae were embedded for the APP samples, while distant root segments with no 

visible fungal structures were embedded for the NAP samples. 

Longitudinal sections of 12 μm on glass slides were obtained as described in Hogekamp et al. (2011). 

Also, the P.A.L.M. microbeam system with a Capmover (Zeiss, München) was used for laser 

microdissection and pressure catapulting as described before (Hogekamp et al. 2011).  

For each cell-type, three biological replicates were produced, based on distinct rounds of plant 

cultivation and root embedding. For CMR, ARB and EPI cells, each biological replicate consisted of 
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three technical replicates with approximately 1,000 cells, which were pooled after RNA isolation and 

amplification. For NAP and APP cells, biological replicates consisted of one technical replicate of 

approximately 100 appressorial areas or control areas. These areas on average comprised 10 cells, 

leading to a final number of 1,000 cells in each sample.   

 

RNA isolation and amplification 

Total RNA was isolated from laser-microdissected cells using the RNeasy Micro kit (Qiagen, Hilden, 

Germany). 350 µl of RLT buffer containing β-mercaptoethanol were added to each sample followed 

by a 30-min incubation at room temperature. The lysate was spun down for 5 min at 13400 g, 

mixed 1:1 with ethanol absolute, and transferred to the clean-up column. On-column DNAse I 

digestion was performed according to the manufacturer’s instructions. RNA was amplified using the 

TargetAmp 2-round Biotin aRNA amplification kit (Epicentre Biotechnologies, Madison), as 

specified by the manufacturer. The optional RiboGuard RNase Inhibitor was not used, since this led 

to poor results in pilot experiments (data not shown). For each sample, several rounds of 

amplification were carried out and pooled subsequently. Quantity and quality of total RNA as well 

as T7-amplified biotinylated aRNA was checked via capillary electrophoresis in RNA 6000 pico and 

nano assays, respectively, using an Agilent 2100 bioanalyzer (Agilent Technologies, Böblingen, 

Germany). Additionally, the pooled samples of T7-amplified biotinylated aRNA were checked via 

real-time RT-PCR for the presence or absence of marker genes. Primer design and real-time RT-

PCR conditions were already described in Hogekamp et al. (2011).  

 

Medicago GeneChip hybridizations 

The whole amount of biotinylated aRNA obtained for each sample was fragmented. Size distribution 

of fragmented aRNA was assessed via an Agilent bioanalyzer (Agilent Technologies, Böblingen, 

Germany) using an RNA 6000 assay. The fragmented aRNA was added to a 300 μl hybridization 

cocktail also containing hybridization controls. 200 μl of the mixture was hybridized on GeneChips 

for 16 h at 45°C. Standard post-hybridization wash and double-stain protocols (FS450_0001; 

GeneChip HWS hit; Affymetrix) were used on an Affymetrix GeneChip fluidics station 450. 

GeneChips were scanned on an Affymetrix GeneChip scanner 3000 7G. 
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Evaluation of Data from Medicago GeneChip Hybridization 

Cel files obtained from Medicago GeneChip hybridizations were analysed using the Robin software 

(http://mapman.gabipd.org/web/guest/robin). Normalization was performed via the Robust 

Multichip Average (RMA) algorithm. The two datasets referring to mature mycorrhizal stages (ARB, 

CMR, EPI) and early infection events (APP, NAP) were normalized separately. Intensity values 

calculated for each probe set were log2-transformed and averaged across all three biological replicates. 

Log2 differences between the either three or two cell-types investigated were evaluated statistically via 

p-values generated in Robin. Original annotations of probes from Medicago GeneChips were 

replaced by automated annotations as well as functional classifications generated via SAMS (Bekel et 

al. 2009) and Gene Ontology (GO) classifications (http://www.medicago.org/GeneChip). Since 

Medicago GeneChips are based on gene models from EST and genomic sequences, the number of 

probe sets exceeds the number of genes represented to a certain extent. Nevertheless, we refer to 

genes instead of probe sets in this work for reasons of simplicity. The functional classification of 

genes was primarily based on  KOG categories or on their annotation, in case no automated KOG 

classification was available. The complete dataset is available from the Gene Expression Omnibus 

(accession number GSE42748). 
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RESULTS AND DISCUSSION 

Obtaining RNA from five specific cell-types of mycorrhizal roots via laser 

microdissection  

Medicago truncatula roots mycorrhized with Glomus intraradices were used to obtain RNA from 

pools of five specific cell-types via laser microdissection. Cortical cells from mycorrhizal roots 

containing fungal hyphae (CMR) and cortical cells containing arbuscules (ARB) were collected 

around 21 dpi as described in Hogekamp et al. (2011). Additionally, epidermal cells from 

mycorrhized roots (EPI) were collected. Care was taken to harvest epidermal cells only from areas of 

the root which clearly contained fungal structures (Figure II_1 A-C).  

 

 
Figure II_1: Laser microdissection of epidermal cells from mycorrhized roots (EPI), (A-C) and 

root areas containing fungal appressoria (APP), (D-I).  
Collected areas are marked with blue dots framed in green. Arbuscules and appressoria are marked with 
yellow and blue arrows, respectively. EPI samples were collected from areas of the root containing mature 
mycorrhizal structures. For the harvest of APP samples, roots were subjected to a short ink staining and 

screened for early infection units prior to embedding (D). During laser microdissection, epidermal areas 

where fungal hyphae were penetrating the root and the cortical cells beneath were harvested for the APP 

samples. In cases where arbuscules had already developed in the inner cortical cells (E+F), those cells were 

not included. Scale bars represent 200 μm for D and 150 μm for all other panels. 
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By using an additional screening step, we were also able to collect root cells containing appressoria 

(APP). In this case, roots were harvested already at 5-6 dpi and regions where extraradical hyphae 

had attached to the surface were identified after a short ink staining (Figure II_1 D). Regions with 

no sign of fungal colonization from the same root systems were used for the harvest of non-

appressorial areas (NAP).  

In 12 µm thin sections of the wax embedded roots, appressoria were still clearly visible (Figure II_1 

E,G). During laser microdissection, a small root area was collected, comprising the epidermal cells in 

contact with the penetrating fungal hyphae and the colonized outer cortical cells beneath it (Figure 

II_1 F,H,I). Although the roots were harvested at the earliest possible time point showing any fungal 

structures on the root surface, in some cases the infection units had already proceeded to the 

development of arbuscules (Figure I_1 E). These appressorial areas were also collected, but care was 

taken to include no inner cortical cells containing arbuscules (Figure I_1 F), to avoid contamination 

with transcripts from later mycorrhizal stages. For the NAP samples, corresponding areas of 

epidermal and cortical cells were harvested (data not shown). 

 

Two-round amplified biotinylated aRNA from three biological replicates of each cell-type was used 

for Medicago GeneChip (Benedito et al. 2008) hybridizations. The complete datasets are included in 

Supplemental Tables S_II_1a (ARB, CMR, EPI) and S_II_1b (APP, NAP). For our analysis and 

classification of genes according to their expression pattern in the five cell-types investigated, the two 

datasets referring either to mature mycorrhizal roots (ARB, CMR, EPI) or early infection events 

(APP, NAP) were first analyzed separately. The strategy for the identification of cellular expression 

patterns was based on two main aspects presented in the following two sections. 

 

Expression of 18014 genes was detected in five cell-types from mycorrhizal roots 

In the first step, we analyzed whether genes were expressed in the different cell-types at all. We 

already showed that transcripts of the arbuscule-specific phosphate transporter MtPt4 can only be 

detected by RT-PCR in ARB samples, but not in CMR samples (Hogekamp et al. 2011). In our 

GeneChip experiments, MtPt4 again showed high mean signal intensities only in the ARB samples 

(10,77). In comparison, mean signal intensities of MtPt4 were extremely low in CMR and EPI 

samples (2,58). We used this biological threshold for a first classification of genes in mature 
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mycorrhizal roots. Those with a mean signal intensity above 2,58 were regarded as expressed  (exp) 

in the respective cell-type, those with a lower value as not expressed (ne).  

The validity of this classification is underlined by the fact that 14 of the 25 genes we identified as 

ARB-specific in our RT-PCR-analysis (Hogekamp et al. 2011) are again only expressed in this cell-

type in our GeneChip dataset. Transcripts of one gene were now also detected in the EPI cell pool, 

which was not included in the previous analysis. Four genes were detected as additionally expressed 

in other cell-types, but the genes were still strongly ARB-induced (log2FC between 6 and 8,5), thus 

showing the same tendency. The remaining six genes showed differing results, with two expressed in 

ARB and CMR with no significant difference, one being only expressed in EPI and three being not 

expressed in any cell-type. The detection of genes in single cell-types by RT-PCR but not on the 

GeneChip is probably due to a higher sensitivity of the first method. Nevertheless, the strong general 

congruency shows that the MtPt4-treshold leads to correct classification of other ARB-expressed 

genes as well, and should allow a reliable identification of gene transcription in general. Since both 

cell pools prepared from young mycorrhizal roots contained no arbuscules, the mean signal intensity 

of MtPt4 was also low in APP and NAP (2,95), allowing to apply the same method for the 

classification of genes in this dataset. 

 

Figure II_2: Gene expression in the five cell-types investigated.  

A: Overview for ARB, CMR and EPI. Genes were classified as expressed in a cell-type, if the corresponding 

mean signal intensity was >2,58 (higher as the mean signal intensity of MtPt4 in CMR and EPI). B: 

Overview for APP and NAP. Genes were classified as expressed in a cell-type, if the corresponding mean 

signal intensity was > 2,95 (higher as the mean signal intensity of MtPt4 in APP and NAP). C: Overlap of 

genes expressed in the two datasets. Abbreviations: ARB: cortical cells containing arbuscules, CMR: 
cortical cells from mycorrhizal roots, EPI: epidermal cells from mycorrhized roots, ARB_CMR_EPI: non-
redundant sum of ARB, CMR and EPI, APP: appressorial areas, NAP: non-appressorial areas. Venn 
diagrams were drawn using the VENNY software (Oliveros 2007).
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In the dataset referring to mature mycorrhizal roots, we identified 13048 genes as expressed in either 

one, two or all three cell-types investigated (Supplemental Table S_II_2, mean signal intensity above 

the threshold in a cell-type is marked in blue). The distribution of genes in the three cell-types is 

shown in Figure II_2 A. The largest group of genes was expressed in all three cell-types (5407). Also 

prominent were genes only expressed in ARB (2407) or EPI (2067) or both cell-types (1069). 

Smaller but still considerable groups of genes were transcribed only in CMR (790), CMR and ARB 

(734) or CMR and EPI (574).  

The distribution of expressed genes in the dataset referring to early infection events is shown in 

Figure II_2 B. 1826 genes were only expressed in APP, 1782 only in NAP and 11788 genes were 

transcribed in both cell pools, resulting in a total number of 15396 genes identified as expressed in 

this dataset (Supplemental Table S_II_3, mean signal intensity above the threshold in a cell-type is 

marked in blue). Figure II_2 C shows a comparison between both datasets. As expected, there is a 

considerable overlap between the two, since the APP and NAP cell pools also consist of cortical and 

epidermal cells. Taken together, 18014 genes were classified as expressed in at least one of the five 

investigated cell-types.  

 

To obtain an estimate how many genes can be expected to be expressed in mycorrhizal root tissue in 

general, a comparative analysis was performed with gene expression in whole mycorrhizal roots 

(Hogekamp et al. 2011). In this experiment, transcript levels in M. truncatula roots colonized either 

with Glomus intraradices or Glomus mossae had been compared to transcript levels in non-mycorrhizal 

roots under low (20 µM) and high (2 mM) phosphate supply. Again, the mean signal intensity of 

MtPt4 (3,38) in three biological replicates of non-mycorrhizal roots under low phosphate supply was 

used as a threshold for gene expression. The analysis resulted in a total of 31337 genes, which were 

expressed in mycorrhizal roots according to this classification. The 18014 genes we detected as 

expressed in our cell-type specific samples contained 16023 of these, ~ 51% of the genes expressed in 

this tissue in general. Two main reasons can be found for the absence of transcripts from the 

remaining genes in the cell-type specific samples. On the one hand, RNA degradation, which cannot 

be completely avoided during the preparation of root material for laser microdissection, may lead to 

a loss of less abundant transcripts resulting in poor signal intensities on GeneChips. In addition, 

probe sets on the GeneChip are not evenly distributed across the transcript in some cases and a 5’ 

bias of probe sets may lead to similar effects, since RNA degradation starts at the 5’ end of the 
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mRNA. On the other hand, genes may also be expressed in tissues and cell-types which were not 

included in the current analysis, for example vascular tissues or meristematic regions such as root tips 

and areas of lateral root formation. Since several hundred genes of fungal origin are represented on 

Medicago GeneChips (Gomez et al. 2009), this explanation can also be extended to fungal tissues, 

e.g. spores, extraradical hyphae and vesicles. Interestingly, 1991 genes were detected as expressed in 

our cell-type specific samples, but not on the level of whole mycorrhizal roots. In these cases, the 

focus on single cell-types probably leads to the detection of low abundance transcripts which are 

otherwise lost due to dilution effects. This is supported by the observation that the portion of these 

genes was particularly high for those expressed in epidermal cells, which can be expected to be 

underrepresented in whole root tissues.  

 

Classification of genes according to their cell-specific expression patterns  

In a second step, we classified genes according to significant expression differences between the cell-

types investigated. For the dataset referring to mature mycorrhizal stages, we applied a log2FC-

threshold of >2,32 (5-fold expression difference) at a p-value of ≤ 0,01 for genes expressed in up to 

two cell-types, whereas for genes which were expressed in all three cell-types, a lower log2FC-

threshold of >1,32 (2,5-fold expression difference) was used.  

Based on these conditions, we identified 1648 genes with differential expression in ARB, CMR and 

EPI and 4599 which were equally expressed. All 6247 genes were grouped into seven categories 

(Table II_1 A). The first three categories showed induction in a single cell-type (ARB, CMR or EPI). 

The following three categories contain genes which were induced in two cell-types in comparison to 

the third (ARB+CMR, CMR+EPI, or ARB+EPI). In each of these categories, genes were further 

classified according to whether they had been identified as expressed based on the MtPt4-threshold 

in the three cell-types, to select for cell-type specific expression (Table II_1 A). For example, in the 

first category of 865 ARB-ind genes, 348 were classified as ARB-specific, meaning that they were not 

expressed in CMR and EPI while they displayed a significant induction in ARB in comparison to at 

least one of the other cell-types (Table II_1 A). In addition, 63 and 47 genes were only expressed in 

ARB+CMR or ARB+EPI, respectively. Finally, 407 of the ARB-induced genes were transcribed in all 

three cell-types, but displayed two different expression patterns. Whereas,  335 of these were strongly 

induced in ARB with no significant difference between CMR and EPI (ARB>CMR=EPI), 72 genes 

displayed a pattern with decreasing expression levels from ARB to CMR to EPI (ARB>CMR>EPI). 
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While the following five categories were sub-divided accordingly, the last category consists of the 

4599 genes equally expressed in all three cell-types (Table II_1 A).  

For the dataset referring to early infection events, we applied a log2FC-threshold of >2,32 (5-fold 

expression difference) at a p-value of ≤ 0,05 to identify significant expression differences between 

APP and NAP (Figure II_3 B). The lower p-value was applied, since these samples consisted of 

cortical and epidermal cells instead of one specific cell-type and were therefore expected to have a 

Table II_1: Classification of genes according to their specific expression patterns in the five cell-types 

investigated.  

A: Genes expressed in ARB, CMR and EPI were classified into seven categories. B: Genes expressed in APP and 

NAP were classified into three categories. While categories were defined on the basis of significant expression 
differences, subcategories were based on detectable expression only. Coloured boxes represent different levels of 
expression in the respective cell-types from white (no expression) to black (strong expression) Abbreviations: 
ARB: cortical cells containing arbuscules, CMR: cortical cells from mycorrhizal roots, EPI: epidermal cells from 
mycorrhized roots, APP: appressorial areas, NAP: non-appressorial areas, equ.: equally, ind: induced, logFC: log2 
fold-change, p: p-value. 
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higher range of biological variation. 328 genes were found to be significantly induced in APP, 

whereas 208 genes were induced in NAP. Together with the 11540 genes equally expressed in both 

cell pools, 12076 genes showed a clear expression pattern.  

We decided to focus our analysis mainly on the 6247 and 12076 genes from the two datasets 

displayed in Table II_1, since the remaining were only expressed in a maximum of two cell-types for 

ARB, CMR and EPI or one cell-type for APP and NAP, but with no significant differences, due to 

their weak overall signal intensities.  

 

Cell-specific expression of key marker genes for AM symbioses 

In a next step we wanted to investigate, whether we had been successful in identifying cellular 

expression patterns of genes known to be up-regulated during AM symbioses in the host root. To 

this end, a comparison with the AM core set (Hogekamp et al. 2011) consisting of 532 genes 

significantly induced at least 2-fold (FDR-corrected p-value ≤ 0,05) in roots colonized with Glomus 

intraradices and roots colonized with Glomus mossae, but not in roots treated with additional 

phosphate, was performed. The comparison was done separately for genes listed in the seven 

categories from mature mycorrhizal roots and genes grouped in the three categories from early 

infection events. The results of this comparison are shown in Figure II_3, including a diagram 

illustrating the predicted expression pattern in mycorrhizal roots (Figure II_3 A) and a table with 

detailed results for 16 AM marker genes (Figure II_3 B). Whereas 237 genes from the AM core set 

were part of one of the seven categories from mature mycorrhizal stages, 158 were part of the three 

categories from early infection events. Since there were also overlaps between the two datasets, 

cellular expression patterns could be identified for 293 individual genes of the AM core set. Of the 

remaining 239 genes, 103 had been detected as expressed in at least one of the five investigated cell-

types, but were neither equally expressed in all cell-types nor had significant expression differences 

between those they were transcribed in. Finally, transcripts of 136 genes had not been detected in 

any of the five cell-types. Possible reasons for this were already discussed above.  

Most of the genes, for which a cellular expression pattern was identified, belonged to the category of 

ARB-induced genes (181) (Figure II_3 A). With regard to the subcategories, most of them were 

ARB-specific (87), including several AM marker genes known to be specifically expressed or highly 

upregulated in this cell-type such as MtPt4 (Harrison et al. 2002, Hogekamp et al. 2011), MtTi1 

(Grunwald et al. 2004), the two lectin genes MtLec5 and MtLec7 (Frenzel et al. 2005, Hogekamp et 
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al. 2011) and MtAnn2 (Manthey et al. 2004) (Figure II_3 B). The glutathione-S-transferase gene 

MtGst1 was found to be ARB-induced, but also expressed in the surrounding cortical cells (Figure 

II_3 B), which is in line with the results of Wulf et al. (2003). The transcription factor gene MtMyb1 

Figure II_3: Genes with a clear expression pattern in mature mycorrhizal stages or early infection 

events in comparison to genes from the AM core set.  

A: Diagram showing the overlap and predicted gene expression pattern in mycorrhizal roots for the seven 

expression categories referring to mature mycorrhizal stages and the three categories referring to early 
infection events. Numbers in white boxes represent the total number of genes in an expression category, 
numbers in grey boxes the overlap in this category with the 532 genes from the AM core set (Hogekamp et 

al. 2011). Note: the overlap between gene expression in mature mycorrhizal stages and early infection events 
is not shown in this diagram for reasons of simplicity. In total, cellular expression patterns were identified 

for 293 of the 532 genes from the AM core set. B: Detailed results for 16 well-characterized AM marker 

genes, including mean signal intensities in the cell-types investigated (signal intensities above the MtPt4 
threshold are marked in blue) and expression differences between the cell-types (red/dark green: significant 
expression differences (logFC≥2,32; p≤0,01) for genes expressed in only one of the cell-types compared, 
orange/green: significant expression differences (logFC≥2,32; p≤0,01) for genes expressed in both of the cell-
types compared). Abbreviations: ARB: cortical cells containing arbuscules, CMR: cortical cells from 
mycorrhizal roots, EPI: epidermal cells from mycorrhized roots, APP: appressorial areas, NAP: non-
appressorial areas, vas: vascular tissue, ind: induced, equ.: equally expressed, logFC: log2 fold-change, p: p-
value. 
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(Liu et al. 2003), the MtGlp1 gene encoding a germin-like protein (Doll et al. 2003) and the 1-

deoxy-D-xylulose-5-phosphate synthase gene MtDxs2 (Floss et al. 2008b) were found to be expressed 

in all cell-types with a strong induction in ARB in comparison to CMR and EPI, whereas the 

ATPase gene MtHa1 (Krajinski et al. 2002), the MtBcp1 gene encoding a blue copper protein 

(Hohnjec et al. 2005) and the MtVapyrin gene (Pumplin et al. 2010) were found in the subcategory 

of genes with an expression gradient from ARB to EPI (Figure II_3 B). Another part of the AM core 

set consists of genes induced in ARB+CMR alike (26) (Figure II_3 A), including the serine 

carboxypeptidase MtScp1, which was first identified and shown to be related to fungal spread in the 

cortex by Liu et al. (2003) and the flotillin gene MtFlot4 (Figure II_3 B) known to be involved in 

infection of root nodules (Haney and Long 2010). The two CAAT-box transcription factor genes 

MtCbf1 and MtCbf2, recently shown to be active during all stages of mycorrhizal colonization 

(Hogekamp et al. 2011), were also expressed in all three cell-types (Figure II_3 B). While MtCbf2 

was significantly induced in ARB and CMR in comparison to EPI, this expression difference was not 

significant for MtCbf1, which was therefore grouped into the category of equally expressed genes. 

This effect mirrors the slightly higher activity of MtCbf1 in epidermal cells, which was already 

detected via promotor-GUS-studies (Hogekamp et al. 2011). Besides MtCbf1, 22 other genes of the 

AM core set were also equally expressed in all three cell-types from mature mycorrhizal roots (Figure 

II_3 A). Only one gene of the core set, coding for a germin-like protein, was CMR-induced, one was 

EPI-induced and two induced in both cell-types (Figure II_3 A). The overlap to the category of 

genes induced in ARB+EPI was also very small, consisting of three genes encoding a chlathrin 

assembly protein we had previously identified as ARB-specific (Hogekamp et al. 2011) and two 

chitinases genes (Figure II_3 A and Supplemental Table S_II_5).    

 

While no genes were found to be NAP-induced, a higher overlap existed to genes which were either 

APP-induced (76) or equally expressed in APP and NAP (82) (Figure II_3 A). Some of the AM 

marker genes were also found in these two categories. As expected from their activation by the first 

physical contact between plant and fungus (Hogekamp et al. 2011) MtCbf1 and MtCbf2 were found 

to be APP-induced (Figure II_3 B). Additionally, MtHa1, MtBcp1, MtVapyrin, MtScp1, and MtFlot4 

were already activated at this early stage of the interaction, while MtLec5 and MtDxs2 were equally 

expressed in APP and NAP (Figure II_3 B).  
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Taken together, our investigation delivered clear information on the cellular expression pattern of 

293 genes from the AM core set and gave first hints with regard to the remaining genes, since 103 of 

them were at least detected as expressed in one or several of the investigated cell-types. For the 136 

genes which were not detected at all in our approach, it can be assumed that at least some of them 

are expressed in those root tissues which were not analyzed here. 

 

Appressorial cell pools are enriched for fungal genes 

Since APP cell pools were harvested from regions of the root already colonized by the AM fungus, 

whereas NAP cell pools contained no fungal material, we expected to find Glomus intraradices genes 

among those induced in APP. Therefore, a comprehensive search for fungal genes was performed. 

For all APP-induced probe sets, the corresponding gene sequences from the Medicago truncatula 

GeneExpressionAtlas (GEA) (Benedito et al. 2008) were blasted against the Glomus EST collection, 

the Glomus genome and sequences from Glomus Nimble Arrays 

(http://mycor.nancy.inra.fr/IMGC/GlomusGenome). Hits with an e-value ≤ 0,001 in at least one of 

these were considered further. If those had no match in Medicago coding sequences 

(http://www.medicagohapmap.org/genome), they were classified as fungal genes. Strikingly, this 

resulted in a number of 202 fungal sequences among the APP-induced genes, which was roughly two 

third of all genes induced in this cell pool. As can be expected, most of these genes had been 

specifically “induced” only by Glomus intraradices but not by Glomus mossae on the level of whole 

roots (Hogekamp et al. 2011). Even in case they had been detected as induced in both interactions, 

which probably occurred for highly conserved genes with similar sequences in different AM fungi, 

the induction in roots colonized by Glomus mossae was very low. Therefore, we also had a closer look 

at genes from other categories, which showed a Glomus intraradices specific induction on the level of 

whole roots. This resulted in the identification of another 10 fungal genes in addition to five fungal 

genes that had already been identified earlier (Hogekamp et al. 2011), leading to a total number of 

217 fungal genes. The complete set is listed in Supplemental Table S_II_4. Only 20 of these are part 

of the AM core set, since it exclusively consists of genes coinduced by colonization with Glomus  

intraradices and Glomus mossae (Hogekamp et al. 2011). 

 

In Figure II_4, the classification of fungal genes into functional categories is shown. Most of the 

genes were of unknown function (100). Among the rest, the three most prominent functional classes 
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were translation (28), posttranslational modification of proteins (19) and amino acid transport and 

metabolism (11). Whereas the first two classes probably contain a high number of fungal 

housekeeping genes, the third represents an important part of the nutrient exchange network 

between AM fungi and plants, since nitrogen is transported within the fungal mycelium after 

incorporation into amino acids (Govindarajulu et al. 2005).   

Apart from being APP-induced, most of the fungal genes showed either no clear expression pattern 

or were not expressed in cell-types from mature mycorrhizal roots (82 and 34 genes, respectively). 

Since the APP cell pools also contained considerable parts of extraradical hyphae, the 34 genes not 

expressed in mature mycorrhizal stages are probably expressed in the extraradical mycelium (ERM). 

The remaining genes were either ARB-induced (57), ARB+CMR-induced (29) or equally expressed 

in all three cell-types (15) (Supplemental Table S_II_4). To get an impression how fungal material 

was generally distributed in these cell-types, we had a look at a fungal housekeeping gene coding for 

the translation elongation factor GiTefα (Mtr.4378). As expected, the corresponding transcripts were 

specifically detected in APP and not in NAP (Supplemental Table S_II_4). The identified expression 

pattern in cell-types from mature mycorrhizal roots validates the presence of fungal structures in all 

three cell-types, but suggests that fungal material was not equally distributed between them, since the 

gene was grouped into the category of ARB-induced genes with an expression gradient 

(ARB>CMR>EPI). This is plausible, since arbusculated cells contain a high amount of fungal 

 
Figure II_4:Functional classification of fungal genes. 

The 217 fungal genes were grouped into functional classes according to their KOG classification or their 
annotation in case no automated classification was available. Note: The 100 fungal genes grouped into the 
class “Unknown function” are not included in this diagram. 
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material due to the highly ramificated intracellular hyphae, whereas in the other cortical cells, fungal 

hyphae mainly grow in the extracellular space and the epidermal cell pool will at the most contain 

single hyphae growing on the surface of the root. Due to this, fungal genes which were classified as 

ARB-induced, at least those with an expression gradient similar to GiTefα, have to be treated with 

caution, since they might be equally expressed within the fungal part of the symbiotic tissue instead. 

In contrast, the 29 fungal genes which were specifically detected in ARB probably show a true 

differential expression pattern. 

 

Genes expressed constitutively in root tissue  

A large fraction of those genes, for which we identified a cellular expression pattern can be expected 

to be constitutively expressed in root tissues, irrespective of colonization with AM fungi. Although 

some exceptions exist, which are discussed below, most of the 4250 genes we found to be expressed 

at equal levels in ARB, CMR and EPI and in addition in APP and NAP (Table II_2 B) can be 

considered as consistently expressed in both root cortex and epidermis under our experimental 

conditions. As an example the gene encoding the translation elongation factor α (Tefα) of M. 

truncatula, which is considered a housekeeping gene and often used for normalization of RT-PCR-

data (Wulf et al. 2003, Lee et al. 2010), indeed displayed an equal expression across all investigated 

cell-types in both datasets (Supplemental Table S_II_5).  

Furthermore, in addition to genes with an equal expression across all cell-types, candidates with a 

tissue-specific yet constitutive expression either in the root epidermis or the cortex, which is not 

influenced by AM symbiosis, can be found in the categories of EPI-induced and ARB+CMR-

induced genes. This is in particular the case for the 250 EPI-induced genes (Table II_1 A), which is 

illustrated by the following aspects. An analysis of gene expression profiles of EPI-induced genes in 

the GeneExpressionAtlas (GEA) revealed, that many of these genes were also expressed in all other 

plant organs besides roots (data not shown), therefore it seems probable that they contribute to the 

basic protein equipment of epidermal cells. Nearly no overlap was found to genes induced by fungal 

colonization on the level of whole roots (6 genes, Table II_2 C) and none of the EPI-induced genes 

were APP-induced as well (Table II_2 B). Surprisingly, a considerable part of EPI-induced genes 

displayed no clear expression pattern in APP and NAP samples (38 genes, Table II_2 B) or was not 

expressed in these cell-types (35 genes, Table II_2 B). The respective genes were likely candidates for 

genes preferentially activated in epidermal cells during later stages of the symbiosis, which were not 
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identified on the level of whole roots due to dilution effects. Nevertheless, when gene function is 

regarded, this does not seem to be the case, since those genes are mainly annotated as coding for 

ribosomal proteins or parts of the respiratory chain, indicating enhanced metabolic rates and energy 

demand in these cells (Supplemental Table S_II_3). The specific detection of the respective 

transcripts in epidermal cells from mature mycorrhizal roots may therefore be either due to slight age 

differences of the plants used in the two approaches, or the dilution of epidermal cells with cortical 

cells in the APP and NAP samples already leads to a loss of transcripts from epidermal cells in those 

samples. Notably, nearly all of these genes were EPI-specific, making a decrease in signal intensity 

below the threshold in combined cell pools more likely.  

 

Cellular expression patterns provide insights into differential gene activity during 

developmental stages of the AM symbiosis 

To draw a comprehensive picture of gene activity and possible gene functions during AM symbioses, 

results obtained on cellular expression patterns during early infection events and mature mycorrhizal 

roots were combined. In Table II_2, results are shown for all 52796 Medicago probe sets on the 

GeneChip. The picture was completed by comparisons to gene expression patterns in whole 

mycorrhizal roots (Hogekamp et al. 2011) or in roots exposed to diffusible signal molecules of the 

fungus (Czaja et al. 2012). Based on these results, genes were divided into four main groups 

representing the four stages of AM symbioses, defined in Hogekamp et al. (2011). Three additional 

groups were defined for genes either repressed during initial infection or during arbuscule formation, 

and for genes which obviously experience a shift of their expression and become preferentially active 

in arbusculated cells during fungal colonization. In the following these seven groups (A-G) will be 

discussed with regard to their relevance during the four stages of AM development (for an overview 

see also Figure II_11 in the conclusion and Supplemental Table S_II_6). 

 

Stage I: Signalling via diffusible factors 

The establishment of an AM symbiosis is initiated by a cross-talk between the two partners based on 

diffusible signal molecules. Whereas strigolactones were identified on the plant side (Akiyama et al. 

2005), mycorrhizal fungi exude lipochitoligosaccharides (LCOs), the so-called Myc-factors (Maillet 

et al. 2011) and probably other still undiscovered signal molecules (Kosuta et al. 2003), which 

activate the first steps of the symbiotic signalling cascade in the host plants. In our analysis, this 
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initial stage is represented by the APP and NAP samples. Although the majority of genes expressed at 

equal levels in APP and NAP (Table II_2 B) will be constitutively expressed in the root, both cell 

pools were derived from root systems containing first infection sites and both cell pools were 

subjected to potential diffusible signal molecules. Thus, systemic reactions triggered by the presence 

of the fungus, are likely to be detected in both cell-types.  

This is in line with the observation, that a small fraction of 152 genes which displayed an equal 

expression in APP and NAP in our analysis are also induced upon inoculation of roots with Myc-

LCOs (at least 1,5 fold induction in roots treated with sulphated LCOs, non-sulphated LCOs or a 

mixture of both, Czaja et al. 2012). The complete list of these genes (Group A) is included in 

Supplemental Table S_II_6.  

 

Table II_2: Comparison of gene expression in cell-types from mature mycorrhizal stages (ARB, CMR and EPI) 

and early infection events (APP and NAP).  
Results for all 52796 Medicago probe sets on the GeneChip are shown. The expression categories of the dataset referring 
to mature mycorrhizal stages (ARB, CMR, EPI) are shown in columns, those of the dataset referring to early infection 
events (APP, NAP) in rows. Additionally, genes that were detected as expressed (exp) according to the MtPt4-threshold, 
but did not show significant expression differences between the cell-types, as well as genes that were not expressed (ne) 
are listed for both datasets. The numbers of genes in each combination of categories is given. In the last column and the 

last row, results for each category are summed up. In A the 217 fungal genes that were identified are included, in B they 

were kept out, reducing the total number of genes to 52579. C shows, how many of the genes in each comparison were 

already known to be induced by mycorrhizal fungi (at least 2-fold induced with a FDR-corrected p-value ≤ 0,05 by 
colonization with Glomus intraradices, Glomus mossae, or both, but not induced by enhanced phosphate supply) based on 
gene expression in whole roots (Hogekamp et al. 2011). For example from the 36 ARB- and APP-induced Medicago 

truncatula genes, 35 were also identified as induced by fungal colonization on the level of whole roots and one gene was 
not. Abbreviations: ARB: cortical cells containing arbuscules, CMR: cortical cells from mycorrhizal roots, EPI: epidermal 
cells from mycorrhized roots, APP: appressorial areas, NAP: non-appressorial areas, ind: induced, ~: equally expressed, 
exp: expressed, ne: not expressed. 
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With regard to functional categories (Figure II_5), genes related to secondary metabolism were most 

prominent among those 152 genes induced by Myc-LCOs and equally expressed in APP and NAP, 

which may reflect the production of internal and external signal components during this stage. Only 

one of these genes, MtDxs2, has been analyzed in detail so far. It codes for a 1-deoxy-D-xylulose-5-

phosphate synthase involved in the synthesis of isoprenoid-precursors via the methylerythritol 

phosphate (MEP) pathway (Walter et al. 2002). The gene was shown to be specifically expressed in 

arbusculated cells and involved in maintenance of arbuscule function (Floss et al. 2008b), which is in 

line with the ARB-specific expression pattern we identified in cell-types from mature mycorrhizal 

roots (Figure II_3). Nevertheless, the fact that a knock-down of MtDxs2 also leads to strongly 

reduced expression of many other AM-related genes already hinted that the protein might be a 

general regulator of AM-specific gene expression (Floss et al. 2008b), which would demand for an 

early induction and continuing expression during later stages.  

Besides MtDxs2, another 57 of the 152 genes showed a characteristic expression pattern in cell-types 

from mature mycorrhizal roots (Supplemental Table S_II_6). Taken together, eleven genes were 

found to be preferentially expressed in ARB during later mycorrhizal stages, while expression of six 

 
Figure II_5: Functional classification of genes equally expressed in APP and NAP and induced by 

Myc-LCOs. 
Genes displayed no significant expression differences between APP and NAP and were induced at least 1.5 
fold (p≤0,05) in roots treated with sulphated Myc-LCOs or non-sulphated Myc-LCOs, or a combination of 
both (Czaja et al. 2012). Black bars refer to genes which were also significantly induced (at least 2-fold 
induced with a FDR-corrected p-value ≤ 0,05 by colonization with Glomus intraradices, Glomus mossae, or 
both, but not induced by enhanced phosphate supply) on the level of whole roots (Hogekamp et al. 2011), 
striped bars to genes which were not induced under those conditions. The genes were grouped into 
functional classes according to their KOG classification or their annotation in case no automated 
classification was available. Note: The 51 genes grouped into the class “Unknown function” are not 
included in this diagram. 
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genes was retained to epidermal or cortical cells (Figure II_11). The majority of genes was either 

induced in ARB+CMR alike (5 genes) or equally expressed in ARB, CMR and EPI (36 genes), 

indicating that most of them code for proteins needed for fungal colonization in general rather than 

arbuscule formation.  

 

The remaining 94 genes were expressed only transiently, especially those genes related to defense 

mechanisms and surprisingly also those genes related to cell wall and membrane biogenesis 

(Supplemental Table S_II_6, Figure II_5). We identified seven genes coding for enzymes which 

target different components of the plant cell wall like pectin, xyloglucan polymers and cellulose. 

Such proteins are often discussed to promote fungal colonization by rearrangements of the plant cell 

wall. Obviously, some of these processes are executed and completed already during the first contact 

of the two symbiotic partners.  

Diffusible fungal factors are able to induce calcium spiking in roots of Medicago truncatula (Navazio 

et al. 2007) via the well-known signal transduction pathway common to AM and root nodule 

symbiosis. The only gene known so far, being able to decode the calcium spiking is MtDmi3, coding 

for a calcium-dependent protein kinase (Lévy et al. 2004). Interestingly, we found five genes coding 

for calcium-binding proteins among a group of 13 signalling-related genes, which might be involved 

in the interpretation of calcium signals. While one remained expressed in all cell-types investigated 

during later stages, three were only active during stage I. With regard to transcriptional regulators 

activated downstream of the calcium signalling, we identified 10 transcription factor (TF) genes 

(Supplemental Table S_II_7). Two of them encode CAAT-box binding transcription factors 

(Mtr.4282 = MtCbf3, Mtr.28326 = MtCbf4). This is of special interest, since the expression patterns 

identified here differ from those identified for two other CAAT-box binding transcription factors - 

MtCbf1 and MtCbf2 - which were recently shown to be activated during fungal infection 

(Hogekamp et al. 2011) and are consequently found in the group of APP-induced genes. MtCbf3 

was strongly induced by both sulphated and non-sulphated Myc-LCOs and in whole mycorrhizal 

roots, whereas MtCbf4 was only slightly induced by non-sulphated Myc-LCOs and repressed in 

whole roots (Supplemental Table S_II_7). The activity pattern of MtCbf3 during later mycorrhizal 

stages remains ambiguous. Whereas the gene was identified as equally expressed in ARB and CMR 

via RT-PCR (Hogekamp et al. 2011), the signal intensity was below the MtPt4-threshold for all cell-

types from mature mycorrhizal roots on the GeneChip. This indicates that MtCbf3 is predominantly 
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active in the pre-contact stage, whereas transcripts only accumulate at very low levels in CMR and 

ARB, being only detectable via more sensitive RT-PCR-analyses. MtCbf4 is also active in the pre-

contact stage, but does not seem to be involved during colonization of the root. Therefore, it can be 

speculated, that at least MtCbf1, 2 and 3 probably are activated in a temporal sequence and control 

different parts of the symbiotic program. It will be interesting to investigate whether all three gene 

products are essential for a successful colonization of Medicago roots by mycorrhizal fungi and if the 

three TFs act separately or as a complex. 

 

Stage II: Initial physical contact 

In the next step of root colonization, physical contact between the two symbiotic partners is 

established. Fungal hyphae form appressoria on the surface of the root epidermis, triggering the 

development of a so-called pre-penetration apparatus (PPA) inside plant cells, thought to guide the 

invading fungal hypha on its way through the epidermal and the first cortical cells (Genre et al. 

2005). In our analysis, this stage is represented by genes either induced in APP (126) or in NAP 

(208), with those induced in APP representing genes which are activated during the initial infection 

(Figure II_11 Group B) and those induced in NAP representing genes which are repressed during 

this stage (Figure II_11 Group F).  

Among the APP-induced genes, MtVapyrin together with 14 other genes was also induced in roots 

treated with Myc-LCOs. In contrast to those 152 genes equally expressed in APP and NAP which 

are activated by Myc-LCOs prior to physical contact, activation of these 15 genes seems to require a 

locally enhanced concentration of signal molecules, like it is created by the presence of appressoria. 

Besides they are probably activated in a defined area around the infection site, rather than 

systemically.  

Most of the APP-induced genes also had a clear expression pattern in cell-types from mature 

mycorrhizal roots, with 36 induced in ARB, 23 equally expressed in all cell-types, 14 induced in 

ARB+CMR and one gene each induced in CMR and ARB+EPI (Table II_2 B, Supplemental Table 

S_II_3). Besides, many of these genes (76) were already known to be induced by fungal colonization 

from whole roots (Table II_2 C, Figure II_6, Supplemental Table S_II_3), including the marker 

genes MtCbf1 and MtCbf2 (Hogekamp et al. 2011), MtHa1 (Krajinski et al. 2002), MtBcp1 

(Hohnjec et al. 2005) and MtScp1 (Liu et al. 2003). 
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As could be expected, the 208 NAP-induced genes displayed nearly no overlap to genes induced by 

fungal colonization (4 genes, Table II_2 C, Supplemental Table S_II_3) or Myc-LCO treatment (8 

genes, data not shown) on the level of whole roots. This is in line with the fact, that most of the 

NAP-induced genes were either not expressed at all in cell-types from mature mycorrhizal roots (70 

genes, Table II_2 B, Supplemental Table S_II_3) or detected as weakly expressed in one or two of 

the cell-types (86 genes, Table II_2 B, Supplemental Table S_II_3). Only 39 genes were equally 

expressed in all cell-types from mature mycorrhizal roots, while the overlap to other categories was 

neglectable (Table II_2 B), indicating that in most cases, transcript levels stay low during later stages 

of the interaction. Interestingly, many of the NAP-induced genes also displayed a slight repression on 

the level of whole mycorrhizal roots (Supplemental Table S_II_3), although only 17 genes were 

significantly repressed (at least 2-fold repressed with a FDR-corrected p-value ≤ 0,05 by colonization 

with Glomus intraradices, Glomus mossae, or both, but not by enhanced phosphate supply).  

 
Figure II_6: Functional classification of genes induced in NAP or APP. 

APP-induced genes are depicted on the right side, NAP-induced (or APP-repressed) genes on the left. Black 
bars refer to genes which showed the same expression tendencies on the level of whole roots (Hogekamp 
et al. 2011), being at least 2-fold induced with a FDR-corrected p-value ≤ 0,05 by colonization with Glomus 

intraradices, Glomus mossae, or both, but not induced by enhanced phosphate supply for APP-induced 
genes or being at least 2-fold repressed with a FDR-corrected p-value ≤ 0,05 under those conditions for 
NAP-induced genes. Striped bars refer to genes which did not show the same expression tendencies on the 
level of whole roots. The genes were grouped into functional classes according to their KOG classification 
or their annotation in case no automated classification was available. Members of AM-related gene 
families of unknown function (Annexins, Blue copper proteins, Germin-like proteins, Lectins) were 
grouped separately. Note: The genes grouped into the class “Unknown function” (111 NAP-induced and 53 
APP-induced) are not included in this diagram. 
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Together, this shows that many of the processes relevant during later stages of the symbiosis are 

already initiated by the first direct contact with the fungus. Whereas specific activation of the 

respective genes was in many cases already known from whole mycorrhizal roots, but not associated 

with early infection events, the down-regulation of genes obviously was too weak to be detected on 

the level of whole roots. In combination with the distribution of functional classes (Figure II_6), our 

results revealed two sets of genes either induced or repressed during this stage, consisting of genes 

coding for regulatory proteins as well as possible target genes. With regard to regulators, we 

identified 17 transcription factors (Supplemental Table S_II_7) and several protein kinases, as well as 

proteins involved in calcium-signalling. Possible targets are diverse, with genes related to synthesis of 

secondary metabolites represented most strongly, besides genes related to protein modification and 

turnover or primary metabolism. Among the genes related to secondary metabolism we identified a 

Gibberellin 2-beta-dioxygenase, which is in line with recent results of Ortu et al. (2012), who found 

genes involved in the synthesis of this plant hormone to be upregulated during appressorial stages. 

 

Stage III: Intraradical growth of fungal hyphae 

Beyond the initial infection site, where fungal hyphae have crossed the epidermis and often form 

thick coils in the underlying cortical cells, the typical appearance of fungal hyphae in the cortex 

changes and is now dominated by thin fungal hyphae growing in the apoplast, leading to expansion 

of the infected area. It can be expected that genes exclusively needed during the spread of fungal 

hyphae in the cortex will be preferentially found in the group of CMR-induced genes. Nevertheless, 

this group was very small (32 genes, Table II_2 B, Supplemental Table S_II_5) and gene expression 

profiles in whole roots led us to the assumption, that these are in fact ARB-repressed genes, which 

are therefore discussed with respect to arbuscule formation in the following section. Only three genes 

in this category seem to be specifically activated during AM, including the gene induced by Myc-

LCOs (Figure II_11, Group A) and the gene induced in APP (Figure II_11 Group B), which 

together with the third gene was also found to be induced on the level of whole roots (Supplemental 

Table S_II_5) and might therefore be of special importance for apoplastic growth of fungal hyphae 

in the cortex. Based on our RT-PCR based results, we already speculated that genes exclusively 

related to spread of fungal hyphae are rare (Hogekamp et al. 2011), which is now validated by the 

genome-wide approach. Apparently, genes expressed during stage III and IV of the symbiotic 

interaction can only be separated into genes relevant for fungal colonization in general, which are 
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also active in arbusculated cells and additional genes exclusively needed during arbuscule-formation 

and thus preferentially expressed in ARB.  

The former will be expressed at equal levels in the root cortex in arbusculated and the surrounding 

cortical cells and thus found in the category of ARB+CMR-induced genes or will be expressed at 

equal levels throughout all cell-types colonized by the fungus and thus found in the category of genes 

with an equal expression strength in ARB, CMR and EPI. Since both categories also contain - or 

even mainly consist of - genes with a constitutive expression in roots, which is not influenced by 

fungal colonization, a clear correlation of gene activity to the presence of fungal hyphae in the root 

only exists for those genes, which have also been identified as induced by fungal colonization on the 

level of whole roots (Table II_2 C). Some of these genes have already been discussed, since they are 

initially activated during stage I or II (compare Figure II_11, Group A and B), but a remaining 27 

genes equally expressed in ARB, CMR and EPI, as well as 18 genes induced in ARB+CMR alike 

were neither induced by Myc-LCOs, nor in appressorial areas. In both categories, the majority of 

these genes were equally expressed in APP and NAP, indicating that these genes are also expressed in 

the root under non-symbiotic conditions and their activity is just enhanced during propagation of 

the infected area in the root. 

  

Stage IV: Arbsucule formation 

The formation of arbuscules represents the last and most intimate step of the AM symbiosis. Fungal 

hyphae penetrate cells of the inner cortex and proliferate to highly branched structures, providing an 

extremely enhanced surface. They remain surrounded by a membrane of plant origin, called the peri-

arbuscular membrane (PAM), hosting specific transporters like the phosphate transporter MtPt4 

(Pumplin et al. 2009) or the recently identified ABC-transporters MtStr and MtStr2 (Zhang et al. 

2010). Since arbuscules are the functional units enabling the bidirectional transfer of nutrients 

between the symbiotic partners, many of the transcriptional changes observed in mycorrhizal roots 

relate to the formation of those structures. This is also mirrored in our data, since the majority of 

genes with a cell-type specific induction were 808 ARB-induced genes (Table II_1 A).  

Our identification of ARB-induced genes is validated by a comparison to expression data recently 

published by Gaude et al. (2012), who compared gene expression in arbusculated and non-colonized 

cortical cells from mycorrhizal roots of Medicago truncatula to gene expression in cortical cells from 

non-mycorrhized roots. A calculation of the relative induction ratios between arbusculated and 
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cortical cells from mycorrhizal roots revealed that 81 of the 100 genes we detected to be most 

strongly induced or even specifically expressed in arbusculated cells, were also found to be induced 

by Gaude et al. (2012) (Supplemental Table S_II_8). These included the marker genes MtPt4, 

MtBcp1, MtGlp1, MtLec5, MtNip1, MtMyb1 and MtGst1, although expression ratios between 

arbusculated and cortical cells described by Gaude et al. (2012) were considerably smaller than those 

reported here (for example logFC ARBvsCMR 2,39 for MtPt4 compared to 8,20 in our approach, 

equivalent to a ~60-fold difference in expression induction), which might reflect contaminations 

between the cell-types which occurred during the cryo-sectioning-method employed by Gaude et al. 

(2012). 

Of the 808 genes classified as ARB-induced in our analysis, 125 genes were not present in APP or 

NAP (Table II_2 B). With 97 genes, the majority of these were ARB-specific and in addition, most 

of the genes were detected as induced by fungal colonization on the level of whole roots (Table II_2 

C). This group can therefore be regarded as specifically activated during stage IV of the symbiotic 

interaction with a typically exclusive expression in arbusculated cells, although some genes with 

 
Figure II_7: Functional classification of  genes induced in ARB and not expressed in APP and 

NAP. 

Black bars refer to genes which were also significantly induced (at least 2-fold induced with a FDR-
corrected p-value ≤ 0,05 by colonization with Glomus intraradices, Glomus mossae, or both, but not induced 
by enhanced phosphate supply) on the level of whole roots (Hogekamp et al. 2011). Striped bars refer to 
genes which were not induced under these conditions. The genes were grouped into functional classes 
according to their KOG classification or their annotation in case no automated classification was available. 
Members of AM-related gene families of unknown function (Annexins, Blue copper proteins, Germin-like 
proteins, Lectins) were grouped separately. Note: The 47 genes grouped into the class “Unknown function” 

are not included in this diagram. 
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additional expression in the surrounding cells were also found, e.g. the gene encoding the 

transcription factor MtMyb1 (Liu et al. 2003). The functional classification of these 125 ARB-related 

genes revealed that they cover a broad spectrum of cellular processes (Figure II_7). As could be 

expected, genes involved in transport and metabolism are highly represented, including the 

phosphate transporter MtPt4. Besides, genes involved in arbuscule-specific signal transduction and 

transcriptional regulation were identified. Also, genes encoding proteins involved in cell wall 

rearrangement and members of gene families, known to be specifically induced in symbiotic tissues 

of Medicago truncatula were found in this group, e.g. the annexin gene MtAnn2 (Manthey et al. 

2004). The most prominent functional classes were posttranslational modification and protein 

turnover and defense mechanisms. We could already show that some defensin and chitinase genes are 

preferentially expressed in arbusculated cells (Hogekamp et al. 2011) and therefore seem to be related 

to arbuscule formation or control of arbuscule-lifespan, rather than representing typical defense 

responses in this context. Induction of genes related to posttranslational protein modification and 

protein turnover has often been reported for mycorrhizal roots (Liu et al. 2003, Hohnjec et al. 2005) 

and like the expression of defensin genes has been associated with the transient nature of single 

arbuscules. This demands for a tight control of fungal hyphae in these cells and break-down of 

fungal material, once the arbuscule loses its function. Such a function has for example been proposed 

for MtTi1, a gene encoding a trypsin inhibitor shown to be specifically expressed in arbusculated 

cells (Grunwald et al. 2004). Our data support this hypothesis for MtTi1 and the 18 other genes 

from this functional class. Similarly, the 81 genes we found to be ARB-induced and only weakly 

expressed in APP or NAP (Table II_2B) are probably involved in processes related to arbuscule 

formation and function, although the results are less clear in these cases. Together with the 125 genes 

discussed above they form the large group of genes exclusively or predominantly active during stage 

IV of the symbiosis (Figure II_11, Group D). A third subset of genes included into Group D are 

those genes which displayed an induction in ARB as well as in EPI cells. This category is somehow 

the most artificial and hard to discuss. One possible explanation for the relatively large number of 

258 genes in this category could have been the presence of appressoria in the EPI cells from mature 

mycorrhizal stages, leading to the induction of genes relevant for intracellular infection in both cell-

types. In this case, those genes would have been APP-induced, too, but this is only the case for one of 

the genes. Besides, only seven genes in this category were already known to be induced by 

mycorrhizal fungi on the level of whole roots. A possible explanation would be that arbuscules as the 
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main interface between fungus and plant have functional similarities to epidermal cells which 

represent the interface with the environment under non-symbiotic conditions. Five of the genes from 

this category were also part of other groups (Figure II_11, Groups A, B and F), leaving a total 

number of 253 ARB+EPI-induced genes in Group D. 

 

In addition to the specific upregulation of the genes discussed above, arbuscule formation will 

probably also require the cell-specific deactivation or downregulation of genes, which are otherwise 

expressed in the whole cortex. Such genes may be found in the category of CMR-induced genes, 

consisting of 32 genes with high transcript levels in CMR and significantly lower or non-detectable 

transcript levels in ARB and EPI (Tables II_1 A, II_2 B). Similarly, the 78 CMR+EPI-induced genes 

might represent ARB-repressed genes, which are otherwise expressed in the cortex and the epidermis. 

This is in line with the fact that nearly all genes from these two categories showed no significant 

expression differences between APP and NAP, indicating that they are also expressed under non-

 

 

Figure II_8: Functional classification of genes induced in CMR (A) or CMR+EPI (B). 

Black bars refer to genes which were also significantly induced (at least 2-fold induced with a FDR-
corrected p-value ≤ 0,05 by colonization with Glomus intraradices, Glomus mossae, or both, but not induced 
by enhanced phosphate supply) on the level of whole roots (Hogekamp et al. 2011). Striped bars refer to 
genes which were not repressed under these conditions. The genes were grouped into functional classes 
according to their KOG classification or their annotation in case no automated classification was available. 
Members of AM-related gene families of unknown function (Annexins, Blue copper proteins, Germin-like 
proteins, Lectins) were grouped separately. Note: The genes grouped into the class “Unknown function” 

(16 CMR-induced and 44 CMR+EPI-induced) are not included in this diagram. 
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symbiotic conditions. Together they from the group of ARB-repressed genes (Figure II_11, Group 

G), except for those 4 genes which are part of other groups and were already discussed above.  

Interestingly, beside genes of unknown function the most prominent functional class among the 

CMR-induced genes, which was also represented among those induced in CMR+EPI were genes 

related to defense mechanisms (Figure II_8). In contrast to the defensin genes induced in 

arbusculated cells that were discussed above, none of these genes were induced on the level of whole 

roots. Besides, many of the defensin genes induced in ARB code for gamma thionins which we 

proposed to play a role during the typical ramification of fungal hyphae in these cells (Hogekamp et 

al. 2011), whereas the ARB-repressed defense-related genes predominately encode peroxidases, 

representing a more general defense mechanism, which seems to be down-regulated when 

intracellular growth of fungal hyphae for arbuscule-formation is requested.  

Interestingly, only two of the CMR-induced genes and eleven of the CMR+EPI-induced genes were 

downregulated by fungal colonization on the level of whole roots, although many showed a slight 

non-significant reduction as observed for the NAP-induced genes, indicating that the 

downregulation in arbusculated cells is a transient event that might be closely correlated to the life-

span of arbuscules and can thus only be detected on a cellular level.  

 

A considerable overlap of 36 genes between those induced in ARB and those induced in APP was 

identified (Table II_2 B; Figure II_11, Group B). A process relevant in both arbusculated cells and 

appressorial areas is the intracellular passage of fungal hyphae, whereas in the surrounding cortex the 

fungus mainly proceeds in the intercellular space. Genes activated in appressorial areas as well as 

arbusculated cells may therefore be of special importance to allow an intracellular accommodation of 

the fungus. This is validated by the fact that MtVapyrin, which is one of the AM marker genes found 

in this group, was shown to be relevant for the initial infection as well as for arbuscule formation 

(Pumplin et al. 2010). In addition, MtVapyrin is also essential for infection of root nodules by 

rhizobial bacteria, where an infection thread similar to the PPA is formed by the plant to guide 

symbiotic bacteria into the developing nodule (Murray et al. 2011). Further AM marker genes in this 

group were the H+ATPase MtHa1 and the blue copper protein MtBcp1. MtHa1 was so far only 

reported to be expressed in arbusculated cells (Krajinsiki et al. 2002) and during nodulation 

(Manthey et al. 2004). MtBcp1 encoding a protein of unknown function belongs to the gene families 

with strongly induced expression during AM. This were most strongly represented by three blue 
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copper protein genes, two lectin genes and a gene encoding a germin-like protein (Figure II_9). This 

sheds a new light on the function of these proteins, which have so far only been related to arbuscule 

formation (Hohnjec et al. 2005, Frenzel et al. 2005, Doll et al. 2003) and not to early infection.  

 

The majority of ARB-induced genes was equally expressed in APP and NAP (Table II_2 B), 

indicating that those genes are expressed in the outer cortex or even in epidermal cells already at the 

outset of the symbiotic interaction. Of these 562 genes, only 40 were induced by fungal colonization 

on the level of whole roots. This raises the question, whether the observed expression pattern in the 

remaining 522 genes is related to the presence of AM fungi in the root or influenced by other factors. 

If genes were specifically, but only weakly induced in the root by arbuscule formation, this will 

probably not be detected on the level of whole roots, where enhanced transcript levels in 

arbusculated cells are lost in the dilution with other cell-types. In this case, the induction in ARB 

should be rather weak and signal intensities of genes with an ARB-specific expression should be low 

on GeneChips hybridized with RNA from whole mycorrhizal roots. Nevertheless, most of the genes 

concerned display a strong induction in ARB and high signal intensities in the experiment using 

 
Figure II_9: Functional classification of  genes induced in ARB and APP. 
Black bars refer to genes which were also significantly induced (at least 2-fold induced with a FDR-
corrected p-value ≤ 0,05 by colonization with Glomus intraradices, Glomus mossae, or both, but not induced 
by enhanced phosphate supply) on the level of whole roots (Hogekamp et al. 2011). Striped bars refer to 
genes which were not induced under these conditions. The genes were grouped into functional classes 
according to their KOG classification or their annotation in case no automated classification was available. 
Members of AM-related gene families of unknown function (Annexins, Blue copper proteins, Germin-like 
proteins, Lectins) were grouped separately. Note: The 17 genes grouped into the class “Unknown function” 
are not included in this diagram. 



Results - Chapter II 

 87

whole roots. On the other hand, ARB-induced genes may simply be more active in inner cortical 

cells in comparison to the outer cortex, irrespective of fungal colonization. Because, although inner 

cortical cells were included in the CMR-samples if they didn’t contain arbuscules, the ARB-samples 

were surely enriched for inner cortical cells. But even if this is the case for some genes, it does not 

seem feasible, that 562 genes are subjected to this expression regime. Also, this explanation is not in 

line with the observation, that 164 genes were identified as ARB-specific in mature mycorrhizal 

roots, but equally expressed in APP and NAP.  

We therefore propose that the arbuscule formation induces a massive shift in gene expression 

patterns, leading to a preferential or even specific accumulation of transcripts in this new cell-type, 

 
Figure II_10: Functional classification of  genes induced in ARB and equally expressed in APP 

and NAP. 
Black bars refer to genes which were also significantly induced (at least 2-fold induced with a FDR-
corrected p-value ≤ 0,05 by colonization with Glomus intraradices, Glomus mossae, or both, but not induced 
by enhanced phosphate supply) on the level of whole roots (Hogekamp et al. 2011).  Striped bars refer to 
genes which were not induced under these conditions. The genes were grouped into functional classes 
according to their KOG classification or their annotation in case no automated classification was available. 
Members of AM-related gene families of unknown function (Annexins, Blue copper proteins, Germin-like 
proteins, Lectins) were grouped separately. Note: The 211 genes grouped into the class “Unknown 
function” are not included in this diagram. 
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while gene activity on the whole root level remains the same (Figure II_11, Group E). An excellent 

example for this is the gene MtSucS1, encoding a sucrose synthase involved in providing hexoses for  

the symbiotic partner. The gene was shown to be expressed in arbusculated as well as the 

surrounding cortical cells, but with a strong induction in the former in promoter-GUS-studies 

(Hohnjec et al. 2003) and is essential for the establishment of an effective symbiosis, since a knock-

down results in early arbuscule senescence and impaired nutrient flow between plant and fungus 

(Baier et al. 2010). Nevertheless, an induction of this gene was not detected on the level of whole 

roots (Supplemental Table S_II_3), since in non-mycorrhizal roots the gene displays a strong 

expression in the vascular tissue and a weak but even expression throughout the root cortex (Hohnjec 

et al. 2003). Due to this, genes with similar expression patterns will not be detected on the level of 

whole roots, but are covered by our cellular approach.  

Exocytosis recently moved into the focus of interest with respect to intracellular accommodation of 

fungal and bacterial symbionts (Genre et al. 2011, Ivanov et al. 2012). It could be shown that the 

secretive system of root cells is activated and concentrated in the areas of fungal penetration (Genre et 

al. 2011). Two M. truncatula genes encoding v-SNARE proteins involved in the recognition and 

specific fusion of vesicles with target membranes were shown to be essential for arbuscule formation 

 

Figure II_11: Overview of gene expression patterns for 1645 Medicago truncatula genes found to be 

influenced by colonization with the mycorrhizal fungus Glomus intraradices during four distinct 

stages of AM development. 

Genes activated during one of the four developmental AM stages (Group A-E) are shown in pink, repressed 

genes (Group F and G) are shown in green. Group A: 152 genes displaying an equal expression in APP and NAP 

samples and found to be activated via Myc-LCOs (Czaja et al. 2012), thus probably activated before physical 
contact in stage I. Transcripts of 58 genes in this group were also detected in cell-types from mature 

mycorrhizal roots. Group B: 126 genes found to be induced in APP samples in comparison to NAP samples, 

thus activated during initial intracellular infection (stage II). 75 of these genes were still active during later 

stages of AM development. Group C: 45 genes with an equal expression in all three cell-types from mature 

mycorrhizal roots (ARB~CMR~EPI) or induced in ARB+CMR alike and also found to be induced on the level of 
whole mycorrhizal roots. These genes were not induced by Myc-LCOs or during appressorium formation, are 
therefore probably activated during intraradical spread of fungal hyphae (stage III) and needed for colonization 

of the root in general. Group D: Genes preferentially expressed in ARB. Transcripts of 125 genes were not 

found in APP or NAP samples, 81 genes were only weakly expressed in APP or NAP, indicating a specific 

activation during arbuscule formation (stage IV). 253 genes were induced in ARB+EPI. Group E: 552 genes 

which displayed an induction in ARB, but were not identified to be induced during mycorrhizal interactions on 
the level of whole roots, which indicates a shift of expression to arbusculated cells during the course of fungal 

colonization. Group F: 208 genes induced in NAP in comparison to APP, thus repressed upon fungal infection. 

Group G: 103 genes induced in CMR, or CMR+EPI, thus potentially repressed during arbusculae formation. 

Abbreviations: LCOs: lipo-chitooligosaccharides, APP: appressorial areas, NAP: non-appressorial areas, ARB: 
cortical cells containing arbuscules, CMR: cortical cells from mycorrhizal roots, EPI: epidermal cells from 
mycorrhized roots. 
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(Ivanov et al. 2012), indicating that exocytotic processes are involved in PAM formation. This is in 

line with a strong representation of genes related to intracellular trafficking, secretion and vesicular 

transport among this last group of  ARB-induced genes. We identified 31 genes belonging to this 

functional class (Figure II_10), with only one of them induced on the level of whole roots. These 

genes represent interesting new candidates for further elucidation of the processes related to 

arbuscule formation.    

 

 

CONCLUSION 

With the dataset presented here, we intended to fill the gap existing between the identification of 

genes activated during mycorrhizal interactions in plant roots and the time-consuming analysis of 

expression patterns for single genes. Via a genome-wide analysis of gene expression in different cell-

types representing distint stages of AM symbiosis development, we were able to provide a substantial 

spatial and temporal resolution that allowed the identification of subsets of genes governing the 

sequential reprogramming of host roots towards accomodation of microsymbionts. Our analysis 

provided not only information on the activity of genes already known from transcriptome studies 

based on pooled tissue, but moreover identified the differential expression of novel genes and 

revealed fine-tuned adjustments of transcript accumulation within the root tissue in response to 

fungal colonization. Together with other datasets on cell-specific gene expression in AM roots 

(Gaude et al. 2012, Gomez et al. 2009, Guether et al. 2009, Fiorilli et al. 2009), our dataset will 

provide a valuable tool to support and facilitate the search for genes involved in specific aspects of 

mycorrhizal symbioses.  
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Chapter III: 

Application of RNA-interference for a functional analysis of four 

Medicago truncatula genes activated in arbuscular mycorrhizal roots 

 

 

 

 

 

 

 

 

 

 

Abstract 

RNA-interference (RNAi) in Agrobacterium-induced transgenic roots of Medicago truncatula offers 

an ideal tool for the functional analysis of plant genes activated during arbuscular mycorrhiza (AM) 

symbioses. We obtained RNAi-constructs from the Medicago truncatula RNAi-database of the 

University of Minnesota, directed against four genes of the model plant, encoding a GRAS-type 

(MtGRAS2) and a MYB-type transcription factor (MtMyb1), as well as an annexin (MtAnn2) and a 

blue copper protein (MtBcp1). A significant knock-down effect of transcript levels was achieved for 

MtAnn2 and MtMyb1. Extensive phenotypical analyses of mature mycorrhizal structures and early 

infection events in RNAi roots revealed a role in arbuscule-formation for both genes, while an 

impaired fungal colonization was evident for MtMyb1-RNAi roots. 
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INTRODUCTION 

The arbuscular mycorrhizal symbiosis represents one of the most important mutualistic interactions 

between different organisms, with nearly 80% of all land plants able to establish this relationship 

with fungi of the genus Glomeromycota (Schüssler et al. 2001). The existence of arbuscular 

mycorrhizae has a major impact on terrestric ecosystems, with an estimated 20% of carbon fixed by 

the host plants allocated to the fungal partner. In return, the fungus improves nutrient and water 

supply of the host plants via its extensive network of fungal hyphae, which also colonize the plant 

roots and enable intracellular nutrient exchange (Parniske 2008). In addition to nutritional benefits, 

colonized plants exhibit an improved resistance to abiotic and biotic stressors (Singh et al. 2011, van 

Wees et al. 2008). In the recent years, many efforts have been undertaken to understand the 

molecular mechanisms underlying this relationship. Whereas several hundred plant genes are known 

by now to be transcriptionally activated during fungal colonization of the host roots (Liu et al. 2003, 

Küster et al. 2004, Manthey et al. 2004, Hohnjec et al. 2005, Frenzel et al. 2005, Küster et al. 2007 

a+b, Deguchi et al. 2007), with the latest transcriptome approaches already reaching cellular 

resolution (Guether et al. 2009, Gomez et al. 2009, Hogekamp et al. 2011, Gaude et al. 2012, 

Results – Chapter II), a detailed functional analysis has so far only been performed for a handful of 

them. Only few genes, whose knock-out completely abolishes the colonization of plant roots with 

symbiotic fungi have been identified by forward genetics. In the model legume Medicago truncatula, 

these are mainly the three DMI (doesn’t make infection) genes with knock-out mutants unable to 

establish a symbiosis with both mycorrhizal fungi and nitrogen-fixing bacteria (Ané et al. 2002). 

Common to all three DMI gene products is their participation in the initial signaling cascade 

communicating the presence of microsymbionts to the plant and leading to their accommodation in 

the root; with DMI1 encoding an ion channel in the nuclear membrane (Ané et al. 2004), DMI2 

encoding a receptor-kinase (Stracke et al. 2002) and DMI3 encoding a calcium/calmodulin-

dependent intracellular kinase (Lévy et al. 2004). An alternative way to specifically analyse the 

function of single genes, which have been identified in genome-wide transcriptional screens for 

mycorrhiza-induced genes beforehand, is the RNAi-mediated knock-down of the respective genes. In 

the model plant Medicago truncatula, this method can be combined with the induction of transgenic 

hairy roots via Agrobacterium rhizogenes infection, thus avoiding the time-consuming generation of 

completely transgenic plants (Boisson-Dernier et al. 2001, Limpens et al. 2004). The transgenic hairy 

roots are capable of normal symbiosis build-up (Mrosk et al. 2009) and offer an ideal tool for the 
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functional analyses of symbiosis-related genes. Several Medicago truncatula genes have been 

investigated using this method, revealing the participation of the encoded proteins in diverse 

processes related to mycorrhizal symbiosis. Specifically, the phosphate transporter MtPt4 (Javot et al. 

2007) and the two ABC-transporters MtStr and MtStr2 (Zhang et al. 2010) were clearly related to 

arbuscule maintenance and function, since a knock-down of the respective genes resulted in impaired 

or abolished arbuscule growth, while root infection and colonization in general were not affected. 

Similar results were obtained for MtDxs2, a 1-deoxy-D-xylulose-5-phosphate synthase involved in 

the synthesis of isoprenoid-precursors (Floss et al. 2008b) and MtCCD1, a carotenoid cleavage 

deoxygenase (Floss et al. 2008a), with an enhanced percentage of decaying arbuscules in RNAi-roots, 

revealing the impact of secondary metabolite abundance on arbuscule formation. Interestingly, with 

MtMSBP1 (Kuhn et al. 2010) and MtVapyrin (Pumplin et al. 2010) two genes were identified that 

are obviously required during initial infection and arbuscule formation, since RNAi-roots displayed 

hindered penetration of the epidermis by fungal appressoria, as well as blocked - or in case of 

MtMSBP1 – impaired arbuscule formation, while intercellular growth of fungal hyphae was not 

affected.  

Since 2008, agrobacteria carrying ready-to-use RNAi-constructs against Medicago truncatula genes 

can be obtained from the University of Minnesota (https://mtrnai.msi.umn.edu/), making the 

functional analysis of genes from this model plant more convenient. We selected four genes, 

including an annexin gene, a gene encoding a blue copper protein and two transcription factor genes 

encoding a MYB-type and a GRAS-type transcription factor based on their expression patterns with 

different time points of activation during mycorrhizal symbioses and the availability of RNAi-

constructs. Whereas MtGRAS2 is activated during the pre-contact-phase of an AM symbiosis, 

MtBcp1 expression is correlated with intraradical growth of fungal hyphae and arbuscule formation. 

Similar, MtMyb1 is expressed in arbusculated cells and the surrounding cortex, but its activation 

seems to be coupled to arbuscule formation. Finally, MtAnn2 represents an arbuscule-specific gene. 

An RNAi-mediated knock-down could be achieved for MtAnn2 and MtMyb1, and phenotypical 

analyses of mycorrhizal structures indicate a role in arbuscule-formation for both genes in addition to 

an impaired colonization in MtMyb1-RNAi roots. 
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MATERIAL & METHODS 

 

Construction of RNAi-fusions 

RNAi-fusions for the four Medicago truncatula genes MtAnn2, MtBcp1, MtMyb1 and MtGras2 used 

for the generation of transgenic roots were obtained from the RNAi database of the University of 

Minnesota (https://mtrnai.msi.umn.edu/). All RNAi-fusions were provided as ready-to-use 

constructs transformed in the Agrobacterium rhizogenes strain Arqua1 (Quandt et al. 1993), in the 

binary vector pHellsgate8 (pHG8). In pHG8, the inverted repeat of the gene-specific target sequence 

is separated by a spliceable intron thought to improve the formation of the hpRNA (hairpinRNA) in 

the target cells (Helliwell & Waterhouse, 2003). A list of all RNAi-constructs can be found in 

Supplemental Table S_III_1. A corresponding construct containing a target sequence against the 

human myosin gene, also obtained from the RNAi-database (pHG8::Myo-RNAi_c) and a construct 

containing an E.coli target sequence, were used for the transformation of control roots. All plasmids 

were sequenced using the primers p27-3 and p27-5 (Supplemental Tab. S_III_2A) to confirm that 

the correct target sequence was inserted. All constructs already contained a marker to select for 

expression in plant tissue, except for pHG8::1641. This marker consisted of the dsRed-gene under 

the control of an ubiquitin-promoter and a NOS terminator (Limpens et al. 2004). The dsRed-

cassette of pHG8::Myo-RNAi_c was subcloned into pHG8::1641 using the flanking NheI restriction 

sites (Supplemental Figure S_III_2). The correct insertion into pHG8::1641-RNAi was verified via 

sequencing with the primers pHG8-ocs and pHG8-dsRed_ATG (Supplemental Tab. S_III_2A).  

 

Plant growth, transformation and mycorrhization 

All plants were grown in the climate chamber (humidity: 70%) at a 16-h light (23°C) and 8-h dark 

(18°C) regime and fertilized with half-strength Hoaglands solution (Arnon and Hoagland, 1940) 

containing 20 µM phosphate. Medicago truncatula Gaertn ‘Jemalong’ genotype A17 seeds were 

surface sterilized and scarified as reported by Hohnjec et al. (2003). After germination, seedlings were 

transformed with the A. rhizogenes strains using the protocol of Boisson-Dernier et al. (2001). To 

enhance transformation efficiency, the root of the seedling was sliced along the vascular tissue on a 

length of approximately 0,5 cm after removal of the root tip and before application of the 

agrobacteria. Seedlings were transferred to 120-mm-square slant agar plates (Doctor Lab, Jena, 

Germany) with 2,5% phytoagar (Duchefa Biochemie, Harlem, The Netherlands). To improve 
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humidity and adhesion of seedlings, they were covered with filter paper. After four weeks, when first 

transgenic roots had developed, plants were transferred into pots with seramis (Mars Plantcare 

GmbH, Mogendorf, Germany) and grown for two more weeks before screening of transgenic roots 

was performed using a fluorescence stereomicroscope (Leica, Wetzlar, Germany). Transgenic plants 

were mycorrhized with commercially available inoculum of Glomus intraradices (Biorize Sarl, Dijon, 

Frankreich) for five weeks before harvest. Each transgenic root was harvested separately and divided 

into two parts. The first part was used for RNA-isolation, the second part for phenotypic analyses. 

Care was taken to include older and younger parts of the root in both samples. 

As an exception, seedlings used for the phenotyping of early infection units in MtMyb-RNAi roots 

were transformed via hypocotyl-wounding (Quandt et al. 1993) and directly potted into seramis 

fertilized with half-strength Hoagland`s solution containing 20 µM phosphate and an additional 

2mM NH4NO3. They were screened and mycorrhized after 4 weeks using Glomus intraradices 

inoculum produced in leek cultures (Allium porrum cv. Elefant). Since no analysis of single roots 

could be done, due to the rare event of infection unit formation, the whole amount of transgenic 

roots from individual plants was taken as one sample.  

 

RNA isolation and real-time RT-PCR-analysis 

RNA was isolated from single root samples using the RNeasy Mini Plant Kit (Qiagen, Hilden, 

Germany) with on-column DNA digestion according to the manufacturer’s instructions. RNA 

quantity and quality was assessed using a NanoDrop ND-1000 (Peqlab, Erlangen, Germany). 50 ng 

of total RNA was used for real-time RT-PCR, using the SensiMixTM SYBR One-Step kit (Bioline, 

Luckenwalde, Germany). The constitutive translation elongation factor gene MtTefα (TC178258 in 

the DFCI Medicago Gene Index) was used for normalization across different conditions. Primer pairs 

are listed in Supplemental Table S_III_2B. Expression differences were analyzed for significance 

using the Student’s t-test incorporated in MS® Excel® 2007 (Microsoft® Corp., Seattle, USA).  

 

Phenotypical analyses of RNAi-roots 

For the morphological analysis of mature mycorrhizal stages RNAi-roots were stained with 

Alexa488-WGA-conjugate (WGA=wheat germ agglutinin). Roots were incubated for 10 min at 

95°C in 10% KOH, rinsed 3 times with water and stained overnight with 20μg/ml Alexa488-WGA-
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conjugate in PBS-buffer. For the analysis of the development of early infection units, MtMyb-RNAi 

roots were stained with ink according to the protocol of Vierheilig et al. (1998).  
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RESULTS 

Sequence and expression properties of the gene products investigated by RNAi  

In a first step, the annotation of  the four genes MtGRAS2, MtMyb1, MtBcp1 and MtAnn2 was 

validated by a search for typical motifs in the deduced protein sequences. In addition, in silico 

expression profiles were obtained to derive information on gene activity in tissues of Medicago 

truncatula other than mycorrhizal roots. 

GRAS transcription factors represent a family of plant specific transcriptional regulators with 36 

members identified in Medicago truncatula so far (Libault et al. 2009). These TFs are characterized 

by several specific sequence motifs in their C-termini, whereas the sequence of the N-terminus is not 

conserved. Typically, a VHIID motif is flanked by two leucine-rich domains of around 100 amino 

acids (LHRI and LHRII), followed by the PFYRE and the SAW motif (Pysh et al. 1999). These 

motifs can also be found in the deduced amino acid sequence of the MtGRAS2 gene (Figure III_1).  

 

 

In silico expression profiles obtained from the Medicago truncatula GeneExpressionAtlas (Benedito et 

al. 2008) revealed that MtGRAS2 is expressed in roots as well as all other plant tissues, including the 

shoot, leafs and reproductive organs (Supplemental Figure S_III_3).  

Figure III_1: Amino acid sequence of MtGRAS2.  
The sequence contains a GRAS domain (predicted with Pfam, Punta et al. 2012). The conserved region 
(underlined) starts at position 209 and comprises the C-terminal region of the protein. The VHIID motif, the 
PFYRE motif and the SAW motif (light grey boxes) were identified according to the consensus sequence 
defined by Pysh et al. (1999). These are named after the typical conserved amino acids which are marked in 
dark grey here. The VHIID motif displays an aberrant sequence in MtGRAS2, with an isoleucin replacing the 
first valin, which is a conservative exchange occurring in several GRAS TFs (Pysh et al. 1999). The VHIID motif 
is flanked by two leucine-rich domains (LHRI and LHRII) of around 100 amino acids (leucines are marked in 
dark grey). Only two of the leucines in LHRII form one of the typical leucine heptads, which are found in some 
GRAS transcription factors. The LHRI motif of MtGRAS2 starts with the typical L(xx)LL motif. *: stop codon. 
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In contrast to MtGras2, MtMyb1 is exclusively expressed in mycorrhizal roots (Supplemental Figure 

S_III_4). MYB type transcription factors form a large family found in all eukaryotes, including 171 

members in Medicago truncatula (Libault et al. 2009). They are characterized by the presence of one 

to four MYB domain repeats, located in the N-terminal region of the protein and consisting of three 

consecutive α-helices (Prouse and Campbell, 2011). In plants, most MYB transcription factors 

exhibit two of these repeats (Dubos et al. 2010), which is also the case for MtMyb1 (Figure III_ 2). 

 

Similar to MtMyb1, MtBcp1 is also specifically activated in mycorrhizal roots (Supplemental Figure 

S_III_5). In general, blue copper proteins take part in redox processes where they transfer electrons 

from a donor to an acceptor via their active site containing a copper ion as a prosthetic group (de 

Rienzo et al. 2000). Figure III_3 shows the deduced amino acid sequence of the MtBcp1 gene 

including the typical Cu binding site.  

 

 

The expression of the annexin gene MtAnn2 is restricted to seeds and roots, with strong activity in 

mycorrhizal roots as well as root nodules (Supplemental Figure S_III_6). Annexins are soluble 

cytosolic proteins which are capable of Ca2+-dependent, reversible binding to membrane 

 

Figure III_2: Amino acid sequence of MtMyb1. 
The sequence contains two N-terminal MYB domains (light grey boxes, predicted with Pfam, Punta et al. 
2012), ranging from position 15 to 69 and from position 100 to 151, respectively. Both domains exhibit the 

typical repeat of three α-helices (marked in dark grey, predicted with NetSurfP, Petersen et al. 2009). *: stop 
codon. 

 

 

Figure III_3: Amino acid sequence of MtBcp1. 
The sequence contains the characteristic Cu binding domain (light grey box, predicted with Pfam, Punta et al. 2012) 
and a signal peptide between position 1 and 22 (marked in dark grey, predicted with SignalP, Petersen et al. 2011), 
which probably directs the protein to the plasma membrane (Pumplin & Harrison 2009).  
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phospholipids. The typical amino acid sequence contains up to four annexin repeats, consisting of 

five α-helices each (Figure III_4), which mediate Ca2+ and subsequent membrane-binding 

(Laohavisit & Davies 2011).  

 

Assessing RNAi-knockdown-levels in transgenic hairy roots 

RNAi constructs of MtGRAS2, MtMyb1, MtAnn2 and MtBcp1 as well as the control vectors 

obtained from the University of Minnesota were used for Agrobacterium-mediated induction of 

transgenic hairy roots on Medicago truncatula A17 seedlings. Different numbers of roots transformed 

with the respective constructs were obtained, depending on the efficiency of root transformation. 

Since all four candidate genes are strongly induced in Medicago truncatula roots during different 

stages of mycorrhization, analyses of expression levels and possible RNAi-effects were performed in 

mycorrhizal roots. Specifically, transgenic roots were harvested after five weeks of mycorrhization 

with Glomus intraradices and separated into two comparable samples, consisting of older and younger 

root parts. Whereas the first sample was used for RNA-isolation and RT-PCR measurements, the 

second part was used for phenotypical analyses. In total, 16 transgenic roots expressing one of the 

control constructs were obtained, in addition to 34 MtAnn2-RNAi roots, 17 MtGRAS2-RNAi roots 

and 21 MtMyb1-RNAi roots. For MtBcp1, two RNAi-constructs with slightly different target 

sequences were used for root transformation. Here, the target sequence of MtBcp1(a)-RNAi covered 

an additional 67 nucleotides upstream of the MtBcp1(b)_RNAi (Supplemental Figure S_III_1). In 

total, 31 transgenic roots were obtained for construct MtBcp1(a)-RNAi and 28 roots were obtained 

for construct MtBcp1(b)-RNAi.  

Figure III_4: Amino acid sequence of MtAnn2. 

The sequence contains four typical annexin-repeats (light grey boxes, predicted with Pfam, Punta et al. 2012). 

Each repeat consists of approximately 70 amino acids, forming five short α-helices (marked in dark grey, 
predicted with NetSurfP, Petersen et al. 2009) which mediate Ca2+-binding. *: stop codon. 
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In a first step, the knock-down level of the candidate genes in the RNAi roots was assessed via real-

time RT-PCR. Care was taken to avoid a complete overlap of RNAi target sequences and RT-PCR 

amplificates (Supplemental Figure S_III_1) to rule out that expression of the transgene adulterated 

the results. 

In general, expression levels of all four genes showed a high variation within the RNAi roots as well 

as the control roots (Figures III_5A – III_8A). This was probably caused by the poor quality of the 

available mycorrhiza inoculum, which resulted in a low overall rate of root mycorrhization with only 

10 % –30 % root length colonization (RLC) in wt control roots (data not shown) and patchy 

 

Figure III_6: Expression levels of MtBcp1 in MtBcp1-RNAi roots. 

RNAi roots were transformed with two different MtBcp1-RNAi-constructs (MtBcp1a and MtBcp1b). Expression 

levels were quantified via real-time RT-PCR, normalized via the expression of MtTefα and standardized via the 

lowest value. A: Relative expression levels of MtBcp1 in 16 single control, 31 single MtBcp1(a)RNAi and 28 single 

MtBcp1(b)RNAi roots. B: Mean relative expression level of MtBcp1 in control roots in comparison to RNAi roots 

transformed with construct a or b. Error bars represent standard errors. Abbreviations: p: p-value of Student’s t-
test; stand.: standardized.  

  
 

Figure III_5: Expression levels of 

MtGRAS2 in MtGRAS2-RNAi roots. 

Expression levels were quantified via real-
time RT-PCR, normalized via the 

expression of MtTefα and standardized via 

the lowest value. A: Relative expression of 

MtGRAS2 in 16 single control and 17 

single RNAi roots. B: Mean relative 

expression of MtGRAS2 in control roots in 
comparison to RNAi roots. Error bars 
represent standard errors. Abbreviations: 
p: p-value of Student’s t-test; stand.: 
standardized.  
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distribution of mycorrhized areas in the samples. This was in particular obvious in the control 

samples, where single roots showed a very high or a very low expression of all four candidate genes, 

which was probably due to strong or weak mycorrhization of the respective samples. Nevertheless, 

this correlation was not very tight, since the genes investigated have different peaks of activity during 

mycorrhizal development. Based on the mean expression levels of the four candidate genes, 

transcription was reduced in the respective RNAi roots in comparison to the control roots in all cases 

(Figures III_5B – III_8B). This knock-down effect was comparatively weak and not significant in 

MtGRAS2-RNAi roots, where expression was reduced to 58% of the initial level (Figure III_5B). 

Also, both MtBcp1-RNAi constructs reduced the expression level of MtBcp1 only weakly and not 

significantly to approximately 40% of the initial level (Figure III_6B). The MtGRAS2-RNAi roots 

and the MtBcp1-RNAi roots were therefore not analyzed further. 

 

In contrast to MtGRAS2- and MtBcp1-RNAi roots, significant knock-down effects were observed in 

MtAnn2- and MtMyb1-RNAi roots, where expression levels were reduced to 21% and 2 % of the 

transcription recorded in control roots (Figures III_7B, III_8B).  

In a next step, expression of two mycorrhizal marker genes was measured in the MtAnn2-RNAi and 

the MtMyb1-RNAi roots. Whereas GmTefα is a fungal housekeeping gene which can be used to 

quantify the colonization of roots with mycorrhizal fungi, the expression of the plant phosphate 

 

Figure III_7: Expression levels of MtAnn2 and two mycorrhizal marker genes in MtAnn2-RNAi roots. 

Expression levels were quantified via real-time RT-PCR, normalized via the expression of MtTefα and standardized 

via the lowest value. A: Relative expression levels of MtAnn2 in 16 single control and 34 single RNAi roots. B: Mean 

relative expression level of MtAnn2 in control roots in comparison to RNAi roots. C: Mean relative expression level 

of GmTefα in control roots in comparison to RNAi roots. D: Mean relative expression level of MtPt4 in control roots 

in comparison to RNAi roots. Error bars represent standard errors. Abbreviations: p: p-value of Student’s t-test; 
stand.: standardized.  
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transporter MtPt4 is tightly correlated to arbuscule function and serves as a marker for the efficient 

nutrient transfer from the fungus to the plant (Harrison et al. 2002). Both marker genes showed no 

significant reduction of expression in the MtAnn2-RNAi roots (Figure III_7 C,D) and MtMyb1-

RNAi roots (Figure III_8 C,D) in comparison to the control roots, respectively, indicating that 

despite the strong reduction of MtAnn2 and MtMyb1 expression levels, spread of fungal colonization 

as well as the function of the symbiosis was not markedly impaired in the RNAi roots. 

 

Phenotypical analyses of mature AM structures in MtAnn2- and MtMyb1-RNAi roots 

To gain additional information on the phenotype of mycorrhizal structures in MtAnn2-RNAi and 

MtMyb1-RNAi roots, the remaining half of the root was stained with Alexa488-WGA conjugate for 

all samples and some of the RNAi-samples. Since no differences were visible on first sight between 

control and RNAi-roots for both candidate genes, a detailed analysis considering overall root length 

colonization (RLC) as well as the developmental status of the colonized regions was performed. To 

this end, three developmental stages were defined, comprising areas where only extraradical hyphae 

were visible but the fungus had not penetrated the root, areas with intraradical hyphae but no 

arbuscule formation and finally areas with mature mycorrhiza displaying arbuscule and vesicle 

formation (Figure III_9 A). Here, MtAnn2-RNAi roots displayed a slight reduction in all measured 

parameters. Especially areas with extraradical hyphae and arbuscules were less abundant in RNAi 

 

Figure III_8: Expression levels of MtMyb1 and two mycorrhizal marker genes in MtMyb1-RNAi roots. 

Expression levels were quantified via real-time RT-PCR, normalized via the expression of MtTefα and standardized 

via the lowest value. A: Relative expression levels of MtMyb1 in 16 single control and 27 single RNAi roots. 

Expression levels in RNAi roots were very low and are therefore displayed in a separate diagram. B: Mean relative 

expression level of MtMyb1 in control roots in comparison to RNAi roots. C: Mean relative expression level of 

GmTefα in control roots in comparison to RNAi roots. D: Mean relative expression level of MtPt4 in control roots in 

comparison to RNAi roots. Error bars represent standard errors. Abbreviations: p: p-value of Student’s t-test; 
stand.: standardized.  
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roots than in control roots resulting in a reduced overall RLC from 34% in control roots to 23% in 

RNAi roots (Figure III_9 B). For MtMyb1-RNAi roots, the overall root length colonization was 

approximately the same for control and RNAi roots, but a slight shift in the distribution of 

developmental stages could be observed with a reduced share of areas which had progressed to 

 

Figure III_9: Phenotype of mature mycorrhizal structures in MtAnn2-RNAi and MtMyb1-RNAi 

roots. 

Roots were stained with Alexa488-WGA-conjugate and analyzed for the presence of fungal structures. A: 

Representative images of the three developmental stages that were distinguished during phenotyping of 
mycorrhizal roots: areas where only extraradical hyphae were present, areas with intraradical hyphae but no 
arbuscules, and areas with fully developed mycorrhiza including arbuscules and vesicles. The length of the 
respective areas was measured and results are shown as percentages of the overall root length. All colonized 

areas taken together give the overall root length colonization (RLC). B: Results for MtAnn2-RNAi roots based 

on 16 control roots (dark bars) and 21 MtAnn2-RNAi roots (light bars). C: Results for MtMyb1-RNAi roots 

based on 16 control roots (dark bars) and 3 MtMyb1-RNAi roots (light bars). Error bars represent standard 
errors. Abbreviations: p: p-value of Student’s t-test.  
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arbuscule formation and a slightly higher proportion of areas with only intraradical or extraradical 

hyphae (Figure III_9 C). Nevertheless, none of these effects was significant.  

 

Phenotypical analyses of early infection events in MtMyb1-RNAi roots 

To address the question, whether a reduced expression of MtMyb indeed leads to a delay in 

mycorrhizal development, we had a closer look at the phenotype of early infection units in MtMyb1- 

RNAi roots, since we supposed the effect to be more pronounced during initial phases of the 

symbiosis. To this end, transgenic roots were mycorrhized and analyzed already 7 dpi, when first 

infection units were present in the root system and arbuscule formation had started. Due to the fact 

 

that appressorium 

formation is a relatively 

rare event in the root 

system, it was not 

possible to perform the 

analysis with single 

transgenic roots like 

before. This time, all 

individual transgenic 

roots of one composite 

plant were pooled and 

treated as one sample. 

That way, 26 control 

root systems and 26

MtMyb1-RNAi root systems were analyzed. For each root system, the number of infection units was 

counted and separated into infection units which had already progressed to arbuscule formation and 

those which had not. Since the root systems differed in size and this correlates with the number of 

infection units, the fresh weight of each root system was determined and used for data normalization. 

No significant difference in fresh weight was detected between RNAi and control root systems (data 

not shown). In addition, the length of the infection units was measured, given by the spread of 

intraradical hyphae in the root cortex. Both the number of infection units with and without 

arbuscules as well as their length was slightly reduced in MtMyb1-RNAi roots (Figure III_10). 

 

Figure III_10: Phenotype of early mycorrhizal infection units in MtMyb1-

RNAi roots. 
Number, length and developmental stage (presence of arbuscules) of infection units 

(IU) in 26 control root systems and 26 MtMyb1-RNAi root systems were analyzed. A: 

Number of infection units in control (dark bars) and RNAi root systems (light bars). 
To adjust for different sizes of the root systems, the number of infection units was 

correlated with the root fresh weight. B: Number of infection units containing 

arbuscules (+ARB) in control (dark bars) and RNAi root systems (light bars). To 
adjust for different sizes of the root systems, the number of infection units was 

correlated with the root fresh weight. C: Overall length of all infection units in 

control (dark bars) and RNAi root systems (light bars). D: Average length of single 

infection units in control (dark bars) and RNAi root systems (light bars). Error bars 
represent standard errors. Abbreviations: p: p-value of Student’s t-test.
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Whereas this effect was again not significant for the number of infection units (Figure III_10 A,B), a 

significant reduction of 35 % for the overall length of all infection units in a root system from 29 

mm to 19 mm (Figure III_10 C) and of 17 % for the average length of single infection units from 

2,65 mm to 2,21 mm (Figure III_10 D) was observed. 
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DISCUSSION 

Four Medicago truncatula genes activated at different stages of mycorrhizal root colonization were 

selected for a functional analysis via RNAi, including the annexin gene MtAnn2, a gene encoding the 

blue copper protein MtBcp1, and the two transcription factor genes MtMyb1 and MtGRAS2. 

The Medicago truncatula GRAS transcription factor MtNsp1 was the first member of this gene 

family, for which direct DNA binding could be verified. MtNsp1 forms a complex with a second 

GRAS transcription factor called MtNsp2 and binds to promoter sequences of genes involved in 

early stages of the root nodule symbiosis, activating their transcription, with both DNA binding and 

protein-protein interaction depending on the LHR domains of the protein (Hirsch et al. 2009). The 

activation of MtNsp1 and MtNsp2 is triggered by the calcium-spiking induced upon perception of 

rhizobial Nod-factors (Hirsch et al. 2009). Whereas both MtNsp1 and MtNsp2 mutants are defective 

in the root nodule symbiosis (Smit et al. 2005, Kalo et al. 2005), only MtNsp2 mutants are also 

partially impaired in the formation of the mycorrhizal symbiosis (Maillet et al. 2011). Since MtNsp2 

is not capable of direct DNA binding (Hirsch et al. 2009), these data suggest that another GRAS 

transcription factor interacting with MtNsp1 during early mycorrhizal signaling might exist. 

MtGRAS2 seemed a possible candidate, since the respective gene showed an induced expression in 

roots inoculated for 6 hours with the supernatant from germinated spores of Glomus intraradices (N. 

Hohnjec, LUH, unpublished data) and thus probably reacts to diffusible signal molecules produced 

by the fungus at this developmental stage. Since expression of the gene was not influenced by Myc-

LCO application (Czaja et al. 2012), it may represent the reaction to another yet unidentified signal 

molecule. The activation of the gene seems to be a transient event, since the gene was not among 

those induced in mature mycorrhizal roots or early infection stages (Hogekamp et al. 2011). This is 

validated by the in silico expression profile obtained from the Medicago truncatula 

GeneExpressionAtlas (Benedito et al. 2008) showing only slight differences in expression levels 

between mycorrhizal and non-mycorrhizal roots (Supplemental Figure S_III_3). Unfortunately, the 

knockdown effect achieved by the introduction of the RNAi-construct was too weak to allow an 

analysis of gene function in the AM symbiosis. 

The same was true for the two RNAi-constructs directed against the gene MtBcp1. Often, blue 

copper proteins are not amenable for a functional analysis, since several isofunctional proteins exist, 

which can participate as electron shuttles in the same biological process (de Rienzo et al. 2000 and 

reverences therein). This might also be the case for the blue copper proteins involved in processes 
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related to the AM symbiosis. While it became apparent in the first comprehensive transcriptional 

analyses of AM roots that several blue copper protein genes are among those specifically upregulated 

during the symbiotic interaction in Medicago truncatula (Journet et al. 2002, Wulf et al. 2003, 

Küster et al. 2004, Hohnjec et al. 2005), much confusion was generated by the use of different 

identifiers and a detailed overview of those proteins was only recently published by Parádi et al. 

(2010). It turned out that three AM-related blue copper proteins had been identified so far, named 

MtBcp1, MtBcp2 and MtBcp3, and that four more exist (Parádi et al. 2010). The most extensively 

characterized protein is MtBcp1, where promoter-GUS-fusions revealed expression in arbusculated 

and surrounding cells (Hohnjec et al. 2005) and subcellular localization experiments showed that 

MtBcp1 is directed to the periarbuscular membrane surrounding the arbuscule-trunk (Pumplin & 

Harrison, 2009). Paradi et al. (2010) found that the respective gene locus actually consists of two 

highly similar isogenes, showing nearly identical patterns of activation in a mycorrhizal time course, 

although one isogene is considerably weaker expressed than the other (Parádi et al. 2010). Due to 

sequence inconsistencies between EST and genomic sequences, the target sequences of the two 

MtBcp1-RNAi constructs do not match 100% to either of the two orfs, which might contribute to 

the weak RNAi-effect we observed in our analysis. 

 

In contrast to the first two genes, an RNAi-mediated knockdown of gene expression could be 

achieved for MtAnn2. Expression levels of the gene were significantly reduced to 21% of the gene 

expression in roots transformed with the control vector.  Plant annexins have been shown to be 

involved in a brought range of cellular processes, ranging from redox reactions, ion homoeostasis and 

transport to the linkage of membranes, interactions with components of the cytoskeleton and 

exocytosis (Talukdar et al. 2009). The capability of Ca2+-dependent membrane binding renders them 

important mediators between signaling processes and reorganization of cell architecture. Besides 

MtAnn2, a second annexin gene of Medicago truncatula has been investigated in detail so far. 

MtAnn1 shares 75% sequence identity with MtAnn2 (Talukdar et al. 2009) and seems to be involved 

in early infection events during root nodule symbiosis, since it is strongly induced in root cells upon 

perception of rhizobial Nod-factors and in the pre-infection zone of root nodules (de Carvalho-

Niebel et al. 1998). Since MtAnn1 changes its localization from the cytoplasm to the nuclear 

periphery in root cells in response to the presence of symbiotic bacteria (de Carvalho-Niebel et al. 

2002), a role in the induction of symbiotic calcium spiking has been proposed for this protein 
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(Talukdar et al. 2009). In contrast, MtAnn2 is expressed in the vasculature of root nodules (Manthey 

et al. 2004) and in arbusculated cells during AM symbiosis (Manthey et al. 2004, Results – Chapter 

II). The in silico expression profile from the Medicago GeneExpression Atlas (Supplemental Figure 

S_III_5) shows an additional activity in seeds. At first sight, the arbuscule-specific expression seemed 

to make a connection of protein function to early calcium spiking unlikely. Still, recent 

investigations on calcium-signaling during root endosymbioses beyond the pre-infection stage 

provide new hints, since they revealed that calcium-spiking can also be observed during transcellular 

cortical infection with fungal hyphae or infection threads containing rhizobial bacteria (Sieberer et al. 

2012). The detailed analysis also showed that two distinct calcium signals exist, with low spiking 

frequency in cells preparing for infection (indicated by pre-penetration-apparatus or pre-infection-

thread formation) and high spiking frequency in cells which were actually invaded. Although inner 

cortical cells prone to arbuscule formation were not investigated, it seems feasible that the observed 

pattern of calcium signaling is also present in these cells. Evidence exists that MtAnn2 is localized in 

lipid drafts of the plasma membrane (Lefebvre et al. 2007) and in addition, a MtAnn2-GFP-fusion 

protein was found to be localized in the PAM of arbusculated cells (Wiese, 2009). In this regard, an 

activation of MtAnn2 via calcium spiking, leading to a specific localization in the PAM might be a 

link to endocytotic processes and rearrangements of the cytoskeleton allowing the development of 

the complex arbuscule surface.  

The results obtained from the phenotypical analysis of MtAnn2-RNAi roots support the hypothesis 

that MtAnn2 might be needed for the extensive invagination of the plasma membrane in 

arbusculated cells, since they revealed a slightly reduced abundance of arbuscules in roots with 

reduced MtAnn2 expression, although this effect was not significant. If MtAnn2 links calcium 

spiking to the actual colonization of inner cortical cells, a reduced protein level in these cells may 

prevent the formation of an arbuscule from the start. This is in line with the fact that no cells with 

arbuscules arrested at later stages of their development were found in the RNAi-roots. Nevertheless, 

this remains highly speculative, since the observed effect was very weak, probably because the 

reduction of the transcript level was not strong enough to generate a clear phenotype in all cells of 

the inner cortex. Alternative explanations include posttranslational regulatory mechanisms that 

balance the protein level irrespective of an reduced transcript level, or the existence of proteins with a 

redundant function that compensate for the knockdown of MtAnn2. A second gene encoding an 

annexin (MtGeneChip identifier Mtr.16710.1.S1_at) was found to be induced in roots colonized 
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with Glomus intraradices or Glomus mossae (Results – Chapter II) and recently shown to be at least 

expressed at moderate levels in arbusculated cells (Hogekamp et al. 2012). Therefore this annexin 

gene likely fulfils a similar function as MtAnn2. 

 

In contrast to annexins, blue copper proteins and GRAS transcription factors, the role of MYB type 

transcription factors during the development of root endosymbioses in legumes has not been 

investigated so far. Only one Medicago truncatula MYB gene designated MtMyb1 was found to be 

induced during fungal colonization (Liu et al. 2003) and is preferentially expressed in arbusculated  

cells, although transcripts can also be found in the surrounding cortical cells (Results – Chapter II). 

Of the four RNAi-constructs, the one targeted against transcripts of MtMyb1 displayed the strongest 

effect, with transcript levels reduced to 2% of that in control roots, representing nearly a complete 

knock-down. Also, this was the only RNAi-construct displaying a clearly impaired AM phenotype. 

First hints for a delayed development of symbiotic structures were observed in mature mycorrhizal 

roots, where a knock-down of the gene resulted in a slightly reduced number of arbuscules, although 

the overall root length colonization was not affected. When early infection processes were 

investigated, a significant reduction of infection unit length was observed, validating a delayed 

development of the symbiosis. While MtMyb1 is most strongly expressed in arbusculated cells, a gene 

induction could not be observed during appressorium formation and the first colonization of the 

outer cortical cells (Results – Chapter II). Nevertheless, the phenotypical differences were most 

pronounced during the early infection events. In contrast to results on infection-related genes like 

MtMSBP1 (Kuhn et al. 2009) or MtVapyrin (Pumplin et al. 2010), the phenotypical analyses of 

MtMyb1 did not indicate that fungal penetration might be blocked or impeded in RNAi roots. 

Therefore, a possible explanation for the retarded spread of the microsymbiont in the cortex could be 

a negative feedback of disturbed arbuscule formation on fungal performance in the root. The 

transcription factor MtMyb1 might be involved in the activation of genes specifically needed during 

arbuscule formation. A knock-down of MtMyb1 would result in a hindered activation of the 

respective genes which in turn leads to the observed reduction in arbuscule formation. Consequently, 

the propagation of the microsymbiont in the root is retarded, which might be due to a reduced 

nutrient uptake or to a flaw in synchronisation of the symbiotic development between the two 

partners. The fact that the observed effect was very weak, although the transcription level was 

strongly reduced, might be a hint that the participation of MtMyb1 is not essential and the 
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transcription factor merely acts as a modulator of gene transcription. Alternatively, the activity of the 

protein might be regulated posttranscriptionally, since protein studies were not performed here. 

Further investigations using plants with a complete knock-out of MtMyb1 and further functional 

analyses of the protein would be necessary to address these questions.  
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GENERAL DISCUSSION 

 

 

 

The identification of large sets of genes activated in plant roots during interactions with AM fungi 

(Liu et al. 2003, Wulf et al. 2003, Frenzel et al. 2005, Hohnjec et al. 2005, Hohnjec et al. 2006, 

Küster et al. 2007b), the finding that Ca+-signalling is involved in the perception and recognition of 

the microsymbiont via a common symbiotic pathway (Kistner et al. 2005, Kosuta et al. 2008, 

Oldroyd and Downie 2009), and the characterization of fungal Myc-factors (Maillet et al. 2011) 

were important hallmarks towards an understanding of the processes controlling mycorrhizal 

symbioses at the molecular level.  

While it has been speculated for a long time that the different developmental stages of AM 

interactions are accompanied by the activation of distinct parts of the symbiotic program in the host, 

analyses of gene activity during defined stages were hampered by the asynchronous development of 

this mutualistic association. Two recently published investigations underlined the importance of a 

differentiation between different cell types and developmental steps when processes governing root 

endosymbioses are regarded. First, Rival et al. (2012) could show the specific activity of two genes 

important for symbiotic signalling in epidermal and cortical cells of Medicago truncatula during the 

establishment of the root nodule symbiosis. Similar results were obtained for MtVapyrin, which was 

shown to be significantly induced in isolated root hairs in comparison to the remaining root during 

infection of the root with rhizobia (Murray et al. 2011). Comparable analyses of gene activity 

patterns in mycorrhizal roots were so far restricted to investigations of single genes and their 

function. The technology of laser microdissection offered the possibility to obtain large quantities of 

defined cell types for downstream ‘omics analyses and can thus be regarded as a valuable tool to 

achieve a precise temporal and spatial resolution of gene activity also during AM symbioses. 

Although several pioneering experiments existed for the use of laser microdissection in the analysis of 

gene expression in mycorrhizal roots at the start of this PhD thesis (Balestrini et al. 2007, Guether et 

al. 2009, Gomez et al. 2009), most of them focused on the analysis of a single group of genes or a 

single cell-type. The work presented here is the first which used laser microdissection for a genome-
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wide inventory of gene expression patterns covering all four main developmental stages of the 

mycorrhizal symbiosis.  

In the following, the key results obtained with this new method are recapitulatory discussed with 

regard to their reliability and their limitations in addition to the progress they provide in the 

understanding of AM associations. Results obtained via RNAi experiments in this study are 

compared to those from the transcriptome analysis and the information obtained on the 

transcriptional control of distinct symbiotic stages is summarized.  

 

Laser microdissection: different approaches and their suitability for harvesting 

specific cell-types from arbuscular mycorrhizal roots  

In spite of the elegant way to obtain defined cell pools that is offered by laser-microdissection, the 

preparation of samples and the RNA degradation that might occur along the way is an important 

issue, when cell-type specific transcriptomes are investigated. The reliability of the results strongly 

depends on an application of suitable protocols. We made use of a method involving fixation of roots 

with Farmer’s fixative (3:1 ethanol:acetic acid) and subsequent embedding in Steedman’s wax 

(Steedman 1957), which was developed for plant tissues by Kerk et al. (2003) and was already 

successfully applied to mycorrhizal roots of Medicago truncatula (Gomez et al. 2009). The protocol 

offers two advantages. First, it has often been reported that the use of precipitative fixatives like 

ethanol or acetone is preferable to the use of cross-linking fixatives such as aldehydes or formalin 

(Nelson et al. 2006 and references therein, Day et al. 2007), since cross-linking fixatives significantly 

reduce the extractability of macromolecules (Schutze et al. 1998). Second, the low melting 

temperature of the Steedman’s wax is thought to prevent damage from the sample during 

infiltration. In pilot experiments, this method was compared to a microwave-protocol involving the 

embedding in classical paraffin-wax and the use of an extremely reduced preparation time (Inada and 

Wildermuth 2005). It turned out that in spite of the reduced exposition time, the high temperatures 

applied during infiltration of the root samples with classical paraffin-wax in the microwave protocol 

significantly enhanced RNA degradation in the root samples. In contrast, the use of the low-melting 

Steedman`s wax reduced RNA degradation to a tolerable level (Supplemental Figure S1), thereby 

validating the results obtained by Kerk et al. (2003) and Gomez et al. (2009).   

An alternative to the embedding in paraffin is the use of cryosections, like it was applied in the 

approach of Gaude et al. (2012), who investigated gene expression in arbusculated and the 
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surrounding cortical cells of Medicago truncatula via GeneChip hybridizations. The availability of a 

similar dataset obtained with another preparation method offers the unique possibility to compare 

both methods. Although cryosectioning usually leads to a better quality of extracted RNA, samples 

may get impaired during freezing (Kerk et al. 2003). This is especially the case for delicate tissues like 

the thin roots of Medicago truncatula (usually several hundred µm in diameter, compare figures I_3, 

II-1), containing large vacuoles in the cortical cells and with lignification of cell walls limited to the 

central cylinder. The fact that Gaude et al. (2012) used 35 µm sections probably mirrors these issues 

and might entail further problems. Due to the growth pattern of the fungus inside the root, with 

arbuscules being present in all three dimensions surrounding the central cylinder, a prerequisite for 

the successful harvest of clean cell pools of arbusculated and non-arbusculated cells is the preparation 

of thin sections only comprising a single cell layer, which is 10-12 µm for longitudinal sections. 

Furthermore, if roots are not treated with a fixative prior to sectioning, this may cause cross-

contaminations from the cytoplasm of cells opened during sectioning.  

When ratios of gene expression between arbusculated and surrounding cortical cells are regarded, it 

becomes obvious that those measured in our wax-embedded samples are considerably higher than 

those measured in the cryosectioned samples. Whereas logFC (log fold change) ratios for the 100 

genes most strongly induced in ARB ranged between 5,79 and 9,77 in our data, they range between 

2,69 and 6,08 for data obtained from cryosections (Supplemental Table S_II_8). Although Gaude et 

al. (2012) did not distinguish between induced and specifically expressed genes, a detection of cell-

specific expression patterns would probably be difficult here. On the other hand, the expression of 12 

genes from the set of 62 genes, which we analyzed via RT-PCR before (Hogekamp et al. 2011), was 

below the detection threshold in CMR and ARB cells in our GeneChip experiment, indicating that 

RNA degradation led to a loss of less abundant transcripts with our method. At least two of these 

genes were detected by Gaude et al. (2012), which is in line with the fact that the use of cryosections 

prevents RNA degradation more efficiently. Therefore, results obtained with the two methods 

complement each other.  

In general, the loss of transcripts for a limited set of genes seems tolerable, if the remaining results are 

reliable and accurate, as it was demonstrated in this work via comparison to expression data obtained 

by classical methods. 
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Marker genes facilitate the evaluation of cell-specific transcriptome profiles 

The aspects discussed above illustrate that cell-specific marker genes are important in the analysis of 

data obtained from laser microdissected cells, to validate purity of the harvested cell pools and 

specificity of the gene expression patterns observed. Marker genes can also be utilized for the 

determination of detection thresholds in GeneChip experiments, as it was presented in this work, 

thereby enhancing the informative value of the data. While with MtPt4 an ideal marker specifically 

expressed in arbusculated cells exists, things were more complicated with regard to a separation of 

epidermal and cortical cells. It would have been desirable to have an epidermal marker gene as well, 

to validate successful separation of EPI and CMR cell pools. An expansin gene with an Arabidopsis 

homologue shown to be specifically expressed in epidermal cells that was already used for the 

validation of successful root hair separation in Medicago (Murray et al. 2011) seemed an ideal 

candidate. Although this gene was successfully used for a real-time RT-PCR based validation of 

specific cell harvest of cortical and epidermal cells treated with diffusible signal molecules (Hürter 

2011), it was among those with signals below detection level on GeneChips. A possible explanation 

may be that it is preferentially expressed in younger roots of Medicago truncatula, since it was also not 

detectable via RT-PCR in our samples. 

Campos-Soriani et al. (2011) reported the differential expression of calcium-dependent protein 

kinases in laser microdissected epidermal and cortical cells of AM roots from rice, but did not use 

epidermal or cortical marker genes either. Due to this, a comparable validation for EPI and CMR 

cell pools like for ARB and CMR was not possible. With regard to gene expression influenced by 

mycorrhizal colonization this is of minor importance, since nearly no gene with a specific expression 

or induction in EPI were among those, for which a correlation to mycorrhizal symbiosis was 

postulated in this study. Nevertheless, it would be advantageous to identify further marker genes in 

the future, which are strongly and constitutively expressed in the respective cell types. 

 

Sequential reprogramming of root cells during different stages of AM development 

The hypothesis that distinct parts of the symbiotic program activated in AM roots control the 

different developmental stages of the symbiotic interaction was validated in this work via the use of 

laser microdissected cell pools from Medicago truncatula. Seven groups of genes were identified by a 

comparative analysis of the two datasets obtained from cells of mature mycorrhizal roots and roots 

harbouring first infection sites (Figure 8), relating to the four main developmental steps of AM 
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interactions: pre-contact phase (stage I), initial infection (stage II), intraradical growth of fungal 

hyphae (stage III), and arbuscule formation (stage IV). In the first stage, a subset of genes expressed 

in appressorial and non-appressorial areas of the root and additionally activated by Myc-factors was 

identified (Figure 8, Group A), and upon infection this group is complemented with a subset of 

genes specifically activated in appressorial areas (Figure 8, Group B). Whereas approximately one half 

of these genes is only active in the early stages, the other half remains active during stage III and IV, 

controling either general root colonization or arbuscule formation. They are supported by two 

further sets of genes, which are specifically activated during those last two stages (Figure 8, Group 

C+D). Furthermore, a set of genes was detected which undergo a root-internal shift of expression 

towards a preferential activity in arbusculated cells (Figure 8, Group E). In addition, evidence was 

provided that during initial infection and arbuscule formation, subsets of plant genes are 

downregulated to allow fungal colonization (Figure 8, Group F and G). Interestingly and in contrast 

to the other three stages, genes exclusively controlling the spread of intraradical hyphae (stage III) 

were not identified, indicating that the plant preferentially governs primary infection of the root and 

arbuscule formation, although mechanisms restricting the general colonization to certain parts of the 

host root exist. This was shown recently in an investigation of Lauressergues et al. (2012), who 

identified a miRNA, targeting the mRNA of the symbiotic GRAS transcription factor MtNSP2, and 

averting its activity in the root elongation zone, which normally doesn’t get colonized by the fungus. 

Nevertheless, it seems that spread of fungal hyphae does not require much participation on the plant 

site, whereas infection and arbuscule formation represent concerted actions of both symbiotic 

partners. This is also mirrored in the identification of genes which are active during initial infection 

and preferentially expressed in arbusculated cells later on. 

The knowledge on the specific place and time point of gene activation in the seven groups defined 

here, should allow a more accurate prediction of gene function. In the last part of this work, four 

Medicago truncatula genes were investigated for their functional role via an RNAi-mediated 

knockdown. The selected candidate genes were activated at different steps of the symbiotic 

development, with MtGRAS2 being active in the pre-contact phase, MtBcp1 being activated during 

initial infection and later on in arbusculated and the surrounding cortical cells, MtMyb1 being   

preferentially expressed in arbusculated cells and MtAnn2 specifically activated in arbusculated cells. 

We thus expected to find different phenotypes of fungal root colonization in the transgenic roots 
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Figure 8: Schematic overview of sequential gene activation during the AM symbiosis.    

Genes were classified into seven groups according to their expression pattern in the five cell-types obtained via 
laser-microdissection in this work and correlated to the main developmental stages (I-IV) of AM symbioses. 

Group A: genes activated in appressorial and non-appressorial areas and additionally by Myc-LCOs (Czaja et al. 

2012), with continued expression in subsequent stages for some of the genes. Group B: genes induced in 

appressorial areas in comparison to non-appressorial areas, with continued expression in subsequent stages for 

some of the genes. Group C: genes activated in roots colonized by intraradical hyphae and arbusculated cells 

alike, thus being related to general root colonization. Group D: genes preferentially or specifically expressed in 

arbusculated cells. Group E: genes with unaltered expression on the level of whole roots, but induced in 

arbusculated cells, thus probably undergoing a shift of expression towards this cell-type. Group F: genes 

induced in non-appressorial areas in comparison to appressorial areas with low expression levels in mature 

mycorrhizal roots, thus repressed throughout all root cells in response to colonization by AM fungi. Group G: 

genes with reduced expression in arbusculated cells. Selected transcriptional regulator genes, displaying 
specific activation patterns in the five cell types studied in this work, are shown for the four stages. 
Abbreviations: LCOs: lipo-chitooligosaccharides, Cbf: CAAT-box binding transcription factor, ERF: ethylen-
responsive transcription factor, TF: transcription factor 
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expressing the different RNAi-constructs. However, due to insufficient RNAi-mediated knock-down 

effects, a functional analysis was restricted to MtAnn2 and MtMyb1, thus to the two genes activated 

during arbuscule development. Here, significant alterations of fungal root colonization was only 

observed in MtMyb1-RNAi roots. It is encouraging that the results obtained for MtAnn2 and 

MtMyb1 conform to their cellular expression patterns. While the slight reduction in fungal 

colonization observed in MtAnn2-RNAi roots was restricted to arbuscule development, the 

knockdown of MtMyb1 obviously led to a slower propagation of the whole infection area, which 

correlates with its expression in both arbusculated and surrounding cortical cells and might be 

explained by a negative feedback of impaired arbuscule formation on the spread of the colonized 

area.  

Apart from MtMyb1 being activated at stage IV and the two CAAT-box transcription factor genes 

MtCbf1 and MtCbf2 showing activation at stage II, many other transcription factor genes were 

identified in the seven groups defined here, providing an insight into the pattern of transcriptional 

control during the different developmental stages (Supplemental Table S_II_7). In Figure 8, the 

most prominent candidates, displaying clear expression patterns in all relevant datasets are shown. 

This includes the CAAT-box transcription factor gene MtCbf3, which is obviously already involved 

in molecular control of pre-infection processes (Czaja et al. 2012). In addition to MtCbf1 and 

MtCbf2, three GRAS transcription factors are strongly activated at stage II and maintain their 

activity in the subsequent steps. The next set of transcriptional regulators is activated as soon as 

arbuscule formation commences. Whereas MtMyb1 along with a zinc finger and a NAC 

transcription factor belongs to the group of genes exclusively expressed during arbuscule formation in 

mature mycorrhizal roots, a large set of transcription factors was induced in arbuscules and also 

expressed in appressorial and non-appressorial areas, probably controling the expression shift we 

observed, which is not shown in detail here. The downregulation of genes observed during infection 

and arbuscule formation may similarly depend on the deactivation of certain transcription factors. In 

line with this, several TF genes were downregulated in appressorial areas and two additional genes 

showed a reduced expression in arbusculated cells. These transcription factors also represent potential 

targets for fungal effector molecules, like it was shown for a Medicago truncatula ethylene-responsive 

transcription factor controlling defence gene expression, which can be averted by a secreted Glomus 

intraradices effector (Kloppholz et al. 2011).  
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Future directions 

The combination of cell-specific expression data derived from mature mycorrhizal roots with cell-

specific gene expression profiles from early infection events significantly enlarged the informative 

value of the transcriptome study reported here. Further insights were gained via the comparison to 

GeneChip results from whole mycorrhizal roots (Hogekamp et al. 2011) and roots treated with Myc-

LCOs (Czaja et al. 2012). While a gene expression atlas for different tissues of Medicago truncatula 

has already been established and allows cross-comparisons between experiments conducted by 

different groups (Benedito et al. 2008),  an extension of these expression profiles to the cellular level, 

as developed for rice (Jiao et al. 2009), would be a valuable tool for the Medicago community as well. 

 

In addition, an inventory of gene expression in different cell types of Medicago truncatula roots under 

non-symbiotic conditions, as well as in additional cell types from mycorrhizal roots (e.g. vascular 

tissue), would be a useful complement to the data presented here. With respect to our expression 

data, it would be interesting to validate the hypothesis, that genes we were not able to detect in our 

cell pools are expressed in other cell types. Moreover, the method of laser microdissection can be 

further exploited to discern between different stages of arbuscule formation. Since laser 

microdissection is principally capable to deliver sub-cellular resolution, this method could be applied 

to elucidate the protein composition of the peri-arbuscular membrane, which was recently shown to 

diverge between the arbuscule stem and the arbuscule branches (Pumplin and Harrison 2009). 

In future experiments, the comprehensive use of laser microdissection on root nodule tissues would 

lead to an improved understanding of the processes that are common to both interactions, in 

particular for the group of genes we found to be activated in appressorial regions and arbusculated 

cells, thus probably being involved in cellular infection processes in general. Resolution on a cellular 

level would also give novel insights into commonalities between biological processes, which are not 

correlated on first sight. An example for this are the parallels found between root nodule and root 

nematode gall cells (Damiani et al. 2012). 

The identification of distinct activation patterns of transcriptional regulator genes such as MtCbf1 

and MtCbf2, together with the first functional analysis of MtMyb1 gives an impression of the 

regulatory network that governs distinct steps of the symbiotic program. First results on the 

interaction of transcription factors and probable cis-regulatory elements in the promoters of common 

symbiosis genes that are targeted by certain transcription factors are already available, but focused 
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mainly on the root nodule symbiosis (Adriankaja et al. 2007, Hirsch et al. 2009). The identification 

of groups of genes activated simultaneously at defined stages of the AM symbiosis could facilitate 

similar approaches in the investigation of this interaction by narrowing down the range of possible 

targets mediating the reprogramming of AM roots for an accomodation of benefical fungi. 
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ABBREVIATIONS 

 

 
 

μg microgram  

μl microliter  

μm micrometer  

AM arbuscular mycorrhiza 

AMF arbuscular mycorrhizal fungi 

APP appressorial areas 

ARB cortical cells containing arbuscules 

aRNA amplified RNA 

BLAST basic local alignement search tool 

bp basepairs 

CBF CAAT-box binding transcription factor 

CCR cortical cells from non-colonized control roots 

cDNA copy DNA 

CMR cortical cells from mycorrhizal roots 

CSP common symbiotic pathway 

cv. cultivar 

DCL Dicer-like 

DFCI Dana Farber Cancer Institute 

DNA deoxyribonucleic acid 

dpi days post inoculation 

EPI epidermal cells from mycorrhizal roots 

ERF ethylene-responsive transcription factor 

EST expressed sequence tag 

et al. et alii 

FDR false discovery rate 

GEA GeneExpressionAtlas 

GFP green fluorescent protein 

GO Gene Ontology 

GUS beta-glucuronidase  

gusAint gusA gene containing an intron 

hpRNA hairpin RNA 

IR infrared  

IVT in vitro transcription 

KOG EuKaryotic Orthologous Group 

LAM Laser-assisted microdissection 

LCM Laser capture microdissection 

LCO lipo-chitooligosaccharide 

LEM Laser excision microdissection 

LMPC Laser microdissection and pressure catapulting 

min minutes  
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ml milliliter 

mM millimolar 

mRNA messenger RNA 

NAP non-appressorial controls 

ng nanogram  

PAM peri-arbuscular membrane 

PBM peri-bacteroid membrane 

PBS Phosphate Buffered Saline 

PCR polymerase chain reaction 

pHG8 pHellsgate8 

PIT pre-infection-thread 

PPA pre-penetration apparatus 

RISC RNA induced silencing complex 

RLC root length colonization 

RMA Robust Multichip Average 

RNA ribonucleic acid 

RNAi RNA-interference 

RNS root nodule symbioses 

RT-PCR reverse transcription polymerase chain reaction 

siRNAs small interfering RNAs 

SSH Suppressive subtractive hybridization 

SYM symbiotic 

TFs transcription factors 

UTR untranslated region 

UV ultraviolet  

WGA wheat germ agglutinin 
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SUPPLEMENT 

 

Supplemental Figures – Chapter I 

 

 

Supplemental Figure S_I_1: Identification of AM-specific and AM-enhanced transcription factor genes. 
The expression of the 20 genes encoding transcriptional regulators (including 2 genes from Glomus intraradices) 
was analysed in the Medicago Gene Expression Atlas (He et al. 2009). While six genes were specifically expressed in 
AM tissues (A), 13 were activated stronger in mycorrhizal vs non-mycorrhizal roots (B). In some cases, marked 
expression in additional symbiotic or non-symbiotic conditions was evident for the genes displayed in (B).  
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Supplemental Figure S_I_2: Genes exclusively expressed in arbuscule-containing cells. 

Gel-electrophoresis of the final real-time RT-PCR amplification products representing those genes classified as 
arbuscule-specific in Figure I_5. Gene expression was measured in three biological replicates of two different cell-
types: cortical cells from mycorrhized roots (CMR), and arbuscule-containing cells (ARB). All amplified fragments 
had the correct sizes. For Mtr.17343.1.S1_at, Mtr.1591.1.S1_at, and Mtr.31910.1.S1_at, an unspecific 
amplification product is visible in CMR_2, CMR_1, and CMR_3, respectively, which had a different size and 
melting temperature than the specific product. Footnotes are as indicated in Figure I_5.  
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MtCbf1  ATGAGACAAGCAGGTGCATATTCAGGTATACTAAATGGTGGCATAGGAAG   50 

        |||||||||||||||||||||||||||||| ||||||||||||||||||| 

MtCbf2  ATGAGACAAGCAGGTGCATATTCAGGTATAGTAAATGGTGGCATAGGAAG   50 

 

MtCbf1  AACAGGTCCACATTCATTACCATTAGCAAGAATAAAGAAGATAATGAAGA  100 

        |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtCbf2  AACAGGTCCACATTCATTACCATTAGCAAGAATAAAGAAGATAATGAAGA  100 

 

MtCbf1  ATTCTAGTGAAGACGTGAAAATGATATCAGGTGTAGCTCCAATTGTTTTC  150 

        ||||||||||||||||||||||||||||||| || ||||||||||||||| 

MtCbf2  ATTCTAGTGAAGACGTGAAAATGATATCAGGGGTTGCTCCAATTGTTTTC  150 

 

MtCbf1  TCAAAAGCTTGTGAACTTTTCATTGAAGAACTTACAAGAAGGTCTTGGAT  200 

        |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtCbf2  TCAAAAGCTTGTGAACTTTTCATTGAAGAACTTACAAGAAGGTCTTGGAT  200 

 

MtCbf1  TATGGCTATTGATGCTAAAAGAAGAACTTTGAATAAAGAAGATGTTGCTT  250 

        |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtCbf2  TATGGCTATTGATGCTAAAAGAAGAACTTTGAATAAAGAAGATGTTGCTT  250 

 

MtCbf1  CTGCTGTTATAGCTACTGATATTTTTGATTTTTTGATCACTTTGGTTTCT  300 

        |||||||||||||||||||||||||||||||||||||||||||||||||| 

MtCbf2  CTGCTGTTATAGCTACTGATATTTTTGATTTTTTGATCACTTTGGTTTCT  300 

 

MtCbf1  AATTCTGATTC---CACTGATGATACCACTGTCATGCAAATGGAAACTAT  347 

        |||||||||||    |||||||  |||||| ||||||||||||||| ||| 

MtCbf2  AATTCTGATTCTAGTACTGATGCCACCACTCTCATGCAAATGGAAAGTAT  350 

 

MtCbf1  GAATTCTTCTTAA                                       360 

                     

MtCbf2  ATGA                                                354 

 

Supplemental Figure S_I_3: Alignment of the coding sequences of the two CAAT-box binding 

transcription factor genes MtCbf1 and MtCbf2. 

Identical nucleotides are marked by asterisks. The start and stop codons are depicted in bold type.  
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MtCbf1  GGTTCAAATACATATCAACAACATTAAGAAAATACACATAAATCAACGATGAAAAGGAGA  
           |   | ||  ||     | |   || |   |  |  |  |||  |             
MtCbf2  --ATAGCAAACCAATGGCGGAGAAATAGGACTCAACCTAACGTCATGGTATCGCGTTTTC  
 
MtCbf1  TAATTTCAATCTAGTTTCCAAGTTGTATCTTCAG-----TCTTTGCTGCCTAGAAATCGA  
        | |   | |  || ||| | |  |||  | |||      ||     || | | |   ||| 
MtCbf2  TCAAAGCCAAATATTTTTCCATATGTGACCTCATGGAAGTCAACATTGGCCACAGTCCGA  
 
MtCbf1  CTTTTTG--GCCCTTTTATGAATTTTTCTACCATTGGTTCAGTTATGGACATGCCCCATT  
         |||||   | | |  |||     |  | |   ||| ||  |    ||  |||  | |   
MtCbf2  GTTTTTCATGGCGTAGTATTTGCATAGCAAGAGTTG-TTTTGAATAGGTGATGGTCGAAC  
 
MtCbf1  CATAGAACATGAAAATTTTAATTTTTTTAGCATTGATAGTATGCATCATACACTATGGTC  
         ||  | |              ||   |   |      | || |||    |  |   ||  
MtCbf2  AATTAAGCTATTGGCACCAGCCTTGGCTCAAAGATGGTGCATCCATGTCCCTATCGAGTG  
 
MtCbf1  TGTACATCGATGATAATTGTCAAATTACTGTTATT-------TTTTATAGCACTTATCGA  
         |  |   | || |  ||    |   || || | |       ||  || | |    ||   
MtCbf2  CGGTCCCTGCTGCTGCTTTAAGATGGACAGTGAGTGCCTTCATTCAATTGGATAATTCTC  
 
MtCbf1  CTTATTTTACAAATAATTAATACAAAACCCCTAAGTATACATAAATATTGTTTATAGTTT  
          || | | ||  |      |   |     | |    |  || | ||   ||    || | 
MtCbf2  TATAATATTCAGTTCCGATTTTTCATTTATCAATTATTGAATGATTACAATTGGGGGTAT  
 
MtCbf1  ACGTAAACTATGCCAGAAAGCTATTACGTCTGTTTTCCATACTTTTTATAG--GTTTTGG  
         | |  |         | || |   ||      |  | | |||      |   | |  |  
MtCbf2  TCCTGTATAGGTGGCTATAGATTGAACCAACACTAACAAGACTCAAATAACTTGATCAGT  
 
MtCbf1  ACATCACTACACCAATACGCAGCAAAGTG--AGGCAAGGCACACACGTCATAAGCTAAGC  
        |  | ||      |||||  ||   ||||   || | |  | |   |   |    ||    
MtCbf2  AAGTTACAGGGTAAATACTAAGTTGAGTGTTGGGGATGTAATATGTGAAGTTTTGTAGAG  
 
MtCbf1  CATAGCATTACAAGACACCTAGTGAAAATCCGAGATGATCATGCATATTTGTTCAAAGCA  
        | ||  | |    ||  |  || ||     |||  || || |   |  ||||   | |   
MtCbf2  CCTA-AACTGATGGAGGCTGAGAGATTCCGCGACCTGTTCTTTTCTG-TTGTAGCAGGTC  
 
MtCbf1  TAGACCATATTCTAAGACATTGCCACTCGTGTCATTTAGGTTGAAGCTTTGAG--GTTAA  
        | ||| ||  || |       | || |  || |  |    ||||    | | |  ||    
MtCbf2  TCGACTATCATCAATCG----GTCAATT-TGGCCATGGTCTTGACTTATGGTGGAGTAGT  
 
MtCbf1  TACATGCACTGAGTTAATTTCTCCTTCCAGTATCTTGTGATACATCTTCTAGGTGAGACT  
         |||||    |  || |||||    |  || |||   |  ||  |||||     ||| |  
MtCbf2  AACATG-GTAGTTTTGATTTCGATATTGAGGATCCAATCCTAATTCTTCAT--CGAGCCA  
 
MtCbf1  TTCCTTAAATTGAATTCTTGCTGCATGTTTGTCCAAAAATTCCAGTAAACATTCATTAAA  
         |    |  |      |  | || |  |||| | |    ||    |     |         
MtCbf2  GTATAGATTTG----ACAGGGTGGAA-TTTGGCTACTGGTTGTCTTGGTGGTGGCACTGC  
 
MtCbf1  TTGAATTCTTACTGTGTGCATCACCATCGCCTACAACACAAGATCACAATAAAAAAT--C  
        || |    | |      |||  || || | ||     ||  || ||  |   |  ||  | 
MtCbf2  TTCAGGCGTAAGAAGTAGCACAACGATGGTCTTACCTACTCGACCAAGAAGGACCATGCC  
 
MtCbf1  AACAAGAAGATATTCACTTCACCACATCAATGACTCACTCCATTTTCAAG--CTCACCAT  
        | |  || |  |         | |||| ||     ||||   |||||| |  ||     | 
MtCbf2  ATCGCGAGGGAAGATGAAATGCAACATAAA-----CACTAGTTTTTCAGGTACTAGAGGT  
 
MtCbf1  TGAAATGCCACT--CATTAAACAACTCGTAGACTGTCAACAAATTATACTTATCTTTTTC  
         | |  | || |  ||||   |        ||         | || | |||  ||  |   
MtCbf2  GGGATGGACATTGACATTTGTCTCTGACATGATCAAAGCAGAGTTTTGCTTTGCTAGTGT  
 
MtCbf1  AACGATACCAACAATATAATAAATATAATATCTCTCGAAAAAGTATAATAAATATACTCT  
         |   | ||  |  ||                 ||  |    |||| ||  |   |     
MtCbf2  TATAGTGCCCGCTTTAACT-------------ACTAAATTGCGTATTATCGAAGAATAGC 
  
MtCbf1  AATTTTTTTAACTTTTTAAATGACACCAACAAAATAACACTATTATGATTAAATTTGCTT  
        ||||| ||||| |||       |    |  |   | |||    |   |   ||  | | | 
MtCbf2  AATTTGTTTAAATTTCGCCGCAATTTGACAACGCTGACAAATATCACAAACAAACTCCAT  
                 
MtCbf1  AAAATTATAATTAGAAGAAGAAAAAATCAACCTAAAATGAACTCATTTCTTTATATACAG  
         ||  || | |||    |  | | ||  ||||||| ||||  | |||  |    ||  |  
MtCbf2  GAACATACATTTATCTAACAACAGAAAAAACCTAATATGATTTAATTAATCAGAATTTAT  
 
MtCbf1  CATAGATACTTCGCTACAAAAATTAAAATTCTCAATAAACAAATTGTCTTGCACTCTTTT  
        |  |  |   |   |    | | ||| ||| |  ||| | |||       |  || |    
MtCbf2  CGAACTTGAATG--TTATTAGACTAACATTATATATATAAAAAAA----AGTGCTATGCC  
 
MtCbf1  TAATTACTTCATGATTCCAAATATTTCTTAACAAAAGCAACAAATCAAGCTTTGAGTCCG  
        |  || ||| |  ||| ||| |||    | | ||||  |||   ||||  | |  ||    
MtCbf2  TTGTTTCTTAAA-ATTACAATTATG---TGAAAAAACAAACCCCTCAATTTATCTGTTGT  
 
MtCbf1  CTTTGAGTCATCAACTCCAATAACTACTTGAATAAGAGTGAAAGCTCAATAAACAAATTG  
        |    || ||  |     ||    ||  |   | | ||||     | | |  | || |   
MtCbf2  CAGAAAG-CAAAAGAAGAAAGCTTTAAATTTTTCAAAGTGTTTAATTACTTCATAATTCC  
 
MtCbf1  TCTTGCACTCTTATTGAATATTCGATAAGAGTGTAGGAGTCAACAAGTCAAATTTTTATT  
           |      |||   ||    | |    ||  ||| |||||||||||| |  ||||||| 
MtCbf2  AAATATTTCATTACAAAAGCAACAAATTAAGCTTAG-AGTCAACAAGTCTAGATTTTATT  
 
MtCbf1  TTGACACAGTCAACAAGTCTAAT-AAAAAAATACACACATATTAATTTATTCATTTCTAA  
        ||||| |||||||||| |||||| ||||||| ||| |     |||||||||||||||||  
MtCbf2  TTGACTCAGTCAACAAATCTAATTAAAAAAACACAGATTCTCTAATTTATTCATTTCTAT  
 
MtCbf1  TAATCTCAAATTCTCAATTAGCCGGCAAAAGCAGGCATAGCCGGCAATGTAAAAAGAGTG  
        ||||||        |||||||||||||||||||||| ||||||||| ||||||||||||| 
MtCbf2  TAATCT--------CAATTAGCCGGCAAAAGCAGGCTTAGCCGGCAGTGTAAAAAGAGTG  
                 
MtCbf1  AAAGCTTCAACTTAATCGCTATTTATTAATTTGTTTATATATAACACTGAAATTAAGACT  
        ||||| ||||||||||| ||  | |||||||||| | ||||||||||||||||||| ||| 
MtCbf2  AAAGCATCAACTTAATCACTGATAATTAATTTGTATTTATATAACACTGAAATTAACACT  
 
MtCbf1  CATAATCCAACTCAAAAACAGAGAAAAATAAAGAAACAATATG 
        ||||||||||||||||||||||||||||||||||||||||||| 
MtCbf2  CATAATCCAACTCAAAAACAGAGAAAAATAAAGAAACAATATG 
 

Supplemental Figure S_I_4: Alignment of promoter sequences of the two CAAT-box binding 

transcription factor genes MtCbf1 and MtCbf2. 

Sequences shown represent the regions from -1513 to +3 for MtCbf1 and from -1486 to +3 for MtCbf2. Identical 
nucleotides are marked by asterisks. The start codon is depicted in bold type. 
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Supplemental Tables – Chapter I 

 

All supplemental Tables can be found on the data CD enclosed in this work. 

 

Supplemental Table S_I_1 

Gene expression in Medicago truncatula roots in response to Glomus intraradices colonization (28 dpi, at 20 μM 

phosphate), Glomus mosseae colonization (28 dpi, at 20 μM phosphate), and a 28 day treatment with 2 mM 

phosphate. Roots grown for 28 days in the presence of 20 μM phosphate were used as common controls. 

 

Supplemental Table S_I_2 

Medicago truncatula genes co-activated in response to Glomus intraradices and Glomus mosseae colonization. The 

individual sheets contain selected subsets of genes, as explained in the Supplemental file. 

 

Supplemental Table S_I_3 

AM-activated Medicago truncatula genes encoding membrane transporters. 

 

Supplemental Table S_I_4 

AM-activated Medicago truncatula genes encoding signaling-related proteins. 

 

Supplemental Table S_I_5 

Real time RT-PCR primers used in this study and size of predicted PCR-products. 
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Supplemental Tables – Chapter II 

 

All supplemental Tables can be found on the data CD enclosed in this work. 

 

Supplemental Table S_II_1a   

Complete dataset obtained from cell-types of mature mycorrhizal roots (ARB, CMR, EPI). 

 

Supplemental Table S_II_1b  

Complete dataset obtained from cell-types of roots harbouring first infection units (APP, NAP). 

 

Supplemental Table S_II_2 

Expressed genes in the three cell-types from mature mycorrhizal roots (ARB, CMR, EPI). 

 

Supplemental Table S_II_3 

Expression types in the samples APP and NAP. KOG classifications and comparisons to the AM core set are 

included. 

 

Supplemental Table S_II_4 

Fungal genes. 

 

Supplemental Table S_II_5 

Expression types in the samples ARB, CMR and EPI. KOG classifications and comparisons to the AM core set are 

included. 

 

Supplemental Table S_II_6 

Seven groups of genes as defined in Figure II_11. 

 

Supplemental Table S_II_7 

Overview of transcription factor genes. 

 

Supplemental Table S_II_8 

Comparison of the 100 genes most strongly induced in ARB to the results of Gaude et al. (2012). 
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Supplemental Figures – Chapter III 

 

 

Supplemental Figure S_III_1: Target sequences and RT-PCR amliplificate sequences. 
For each of the four candidate genes, the coding sequence is displayed. Start- and Stop-codons are printed in bold. 
If target sequences or RT-PCR amplificates cover the 5’ or 3’ prime regions, those are shown, too. Target sequences 
are highlighted in red and for MtBcp1 the target sequence of MtBcp1(b)-RNAi is underlined to distinguish between 
MtBcp1(a) and MtBcp1(b). Sequences of RT-PCR-amplificates are highlighted in blue, while primer annealing sites 
are underlined.  
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Supplemental Figure S_III_2: Schematic overview of the binary vector pHellsgate (pHG8).  
The diagram shows restriction sites, primer binding sites and gene cassettes. ORFs and primer binding sites are 
marked in orange, promoters and terminators in pink. The region between left and right border (brown) contains 
the RNAi-cassette consisting of the CaMV 35S promoter, two reverse complementary ccdB-genes flanked by the 
attR-sites used for recombination, the central intron and the OCS terminator, as well as the NPTII-cassette 
mediating Kanamycin-resistance in plants. The dsRed-cassette (red) was inserted between the other two cassettes 
using the NheI restriction sites. 
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Supplemental Figure S_III_3: In silico gene expression profile of MtGRAS2. 

The expression profile was generated via the Medicago truncatula GeneExpressionAtlas (Benedito et al. 2008). Only 
slight differences between expression levels of the transcription factor gene in mycorrhizal and non-mycorrhizal 
roots are visible. The gene is also expressed in leafs, shoots and seeds.  

 

 

 

 

Supplemental Figure S_III_4: In silico gene expression profile of MtBcp1. 

The expression profile was generated via the Medicago truncatula GeneExpressionAtlas (Benedito et al. 2008). The 
gene is exclusively expressed in mycorrhizal roots. 
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Supplemental Figure S_III_5: In silico gene expression profile of MtAnn2. 

The expression profile was generated via the Medicago truncatula GeneExpressionAtlas (Benedito et al. 2008). 
MtAnn2 is expressed in seeds and roots and induced during root nodule and mycorrhizal symbioses. 
 

 

 

 

Supplemental Figure S_III_6: In silico gene expression profile of MtMyb1. 

The expression profile was generated via the Medicago truncatula GeneExpressionAtlas (Benedito et al. 2008). The 
gene is exclusively expressed in mycorrhizal roots. 
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Supplemental Tables 

 

 

Supplemental Table S_III_1: RNAi-fusions used for the induction of transgenic roots on Medicago 

truncatula. 

Name Target gene Length of target sequence [bp] 

pHG8::1641-RNAi MtAnn2 383 

pHG8::1976-RNAi   (a) MtBcp1 358 

pHG8::2500-RNAi   (b) MtBcp1 291 

pHG8::1855-RNAi MtMyb1 519 

pHG8::2582-RNAi MtGras 390 

 

Supplemental Table S_III_2: Primers used for sequencing and real-time RT-PCR. 
*(Helliwell & Waterhouse, 2003) 

A: Primers used for sequencing 

p27-3 GAGCTACACATGCTCAG* 

p27-5 GGGATGACGCACAATCC* 

pHG8-ocs CCCCAAATGAAGTGCAGGTC 

pHG8-dsRed-ATG TGATGACGTTCTTGGAGGAG 

B: Primers used for real-time RT-PCR  

MtTefa_for ACTGTGCAGTAGTACTTGGTG 

MtTefa_rev AAGCTAGGAGGTATTGACAAG 

MtAnn2_for GCAAAAGTTACCATGTGATTA 

MtAnn2_rev CTTCTTCATGATTTCCTTTTT 

MtBcp1_for CATCTTTGCATGAGAGACTTA     

MtBcp1_rev AATGAATGGGAGAGTTACAAT   

MtMyb_for TACTGCCAAATTTCTGTTCTA 

MtMyb_rev GGATTGTGTTTTAAAGGATTC 

MtGras_for ATTATTACGATCTCTTCTCGC 

MtGras_rev AGTTACACGAAGGGCTTATAC 

MtPt4_for TTCACATCTTCTCAGTTCTTG     

MtPt4_rev AATTTGATAGGATTCTTTTGC   

GmTefα_for TTGACAAACGTACAATAGAGAA 

GmTefα_rev GCAGCAATAATTAAAATAGCA 
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Supplemental Figure – General Discussion 

 

 

        

    

Supplemental Figure S1: Quality of RNA isolated from whole roots during embedding procedure as 

assessed by a Bioanalyzer run. Bioanalyzer run was performed using the RNA 6000 Pico Kit. The upper 
row shows the development of RNA degradation during the microwave-assisted embedding with normal 
Paraffin, the lower row shows the development for Steedman`s wax embedding. RNA-concentrations 
differ due to different amounts of root material, but RNA degradation is more severe during the Paraffin 
embedding as can be deduced from RIN numbers and the detection of ribosomal RNA peaks.  
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