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Abstract

Abstract

In the endomycorrhizal symbiosis, which most plants are able to form, host interacts with
fungi of the phylum Glomeromycota developing the arbuscular mycorrhiza symbiosis. This is
characterised by the exchange of phosphate from the fungus to the plant and carbohydrates
vice versa. The broad distribution of the symbiosis, also in many economic crops, underlines

the importance of this plant-microorganism mechanism.

In order to analyse these transcriptional changes, which occur before a physical contact, a 16k
microarray has been hybridised with probes deriving from mycorrhizal roots and roots of
Medicago truncatula in an early-mycorrhizal phase. Analyses revealed several genes to be
differentially expressed. Amongst these one putative calmodulin-regulated transporters has
been identified. The putative importance of these genes for the initiation of the symbiosis is

underlined by the hypothetical calcium spiking event in this phase.

In silico transcriptional analyses revealed 33 mycorrhiza induced genes. Amongst these four
lectin-like sequences have been identified. Additionally, in former experiments three genes of
this family have been identified to be specifically expressed. These seven AM-regulated
lectin-like genes represent a distinct branch of all M. fruncatula lectins. Deletion analyses
showed that the promoters of these two genes trigger arbuscule specific transcription, when
using approximately 300 bp of the 5' upstream region, respectively. In electrophoretic
mobility shift assays AM-specific expressed proteins bound to 90 bp of the promoter of
MtLec5, assuming potential cis-regulatory elements in this region. Confocal laser scanning
microscopy was used to localise the MtLECS protein. Transport of this protein into the

vacuole suggests a function as storage protein.

Keywords: arbuscular mycorrhiza, lectin, promoter




Zusammenfassung

Zusammenfassung

Die meisten Landpflanzen, unter ihnen auch viele landwirtschaftlich bedeutende, sind in der
Lage, mit Pilzen der Ordnung Glomeromycota die sogenannte arbuskuldre Mykorrhiza
Symbiose einzugehen. Dabei kommt es hauptsdchlich zum Austausch von Phosphat vom Pilz

zu der Pflanze und Kohlenhydrate von der Pflanze zum Pilz.

In Microarray Analysen von symbiotischen und frith-symbiotischen Medicago truncatula
Pflanzen wurden mehrere differentiell exprimierte Gene identifiziert. Eines dieser Gene
kodiert fiir einen Calmodulin abhidngigen Kationen Transporter. Wéhrend der Initiation der
Mykorrhiza-Symbiose wird eine sogenannte Calcium-Oszillation im Zytoplasma postuliert,

was eine mogliche Bedeutung dieser Transporter unterstreicht.

Durch in silico Transkriptionsanalysen konnten 33 Mykorrhiza-spezifisch induzierte TCs
identifiziert werden. Unter diesen befanden sich vier Gene, die hohe Ahnlichkeit zu Lektinen
besitzen. Zusammen mit anderen Studien wurden somit insgesamt sieben dieser Proteine als
Mykorrhiza-spezifisch identifiziert. In phylogenetischen Studien aller bekannter Lektine aus
M. truncatula bilden diese einen eigenen Zweig. Promotor-Analysen von zwei dieser Gene
zeigten Arbuskel-spezifische Aktivierung auf. Reportergen Expression konnte beobachtet
werden, wenn mindestens 300 bp des jeweiligen Promotors verwendet wurden. In EMSA
Analysen konnte die Bindung AM-spezifischer Proteine an 90 bp des MtLec5 Promotors
gezeigt werden, was in diesem Bereich cis-regulatorische Elemente vermuten ldsst. Da
Lektine unterschiedliche Funktionen besitzen, wurde konfokale Laserscanning Mikroskopie
eingesetzt, um MtLECS innerhalb der Zellen zu lokalisieren. Der Transport dieses Proteins in
Vakuolen, ldsst vermuten, dass es sich um ein Speicherprotein handelt.

Schlagworter: arbuskuldare Mykorrhiza, Lektin, Promotor




Introduction

1. Introduction

Soil provides a huge habitat for different types of organisms, which interact with each other.
Most terrestrial plants are anchored through their roots in the soil, therefore representing one
of the partners in these diverse interactions. Consequently, from the perspective of the plant,
some kind of communication* occurs through secretion of exudates from the plant or direct
interaction with soil-inhabiting microorganisms. Most bacteria and fungi of the rhizosphere
are highly dependent on the association with plants (Bais et al, 2004), and in this
environment microorganisms can cumulate up to 10" to 10'* organisms g soil (Foster, 1998).
Depending on the kind of interaction, a parasitism or mutualism is formed. Several different
gram-negative (Rhizobium, Agrobacterium) and gram-positive (Frankia) bacteria participate
in these associations, as well as oomycetes (Phytium, Phytophtora) and fungi of the classes of
the Glomeromycetes (Glomales), Ascomycetes (Erisyphe, Tuber) and Basidiomycetes
(Ustilago, Laccaria). Beside several root-pathogen interactions, for example the root rot
caused by Phytophtora and Phytium, two symbioses exist: The root nodule symbiosis is
formed between gram-negative bacteria of the genera Rhizobium and Bradyrhizobium and
plants from the order Leguminosae. The mycorrhiza symbiosis is formed between fungi of the
phylum Glomales and most plants. The term mycorrhiza has been developed from the Greek
fungus-root. This study will focus especially on the mutualistic interaction between fungi,
which form a so called arbuscular mycorrhiza (AM), and the model-legume Medicago

truncatula.
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1.1 The model plant Medicago truncatula

Model organisms provide a tool to study principles of physiological and molecular processes.
The first and most popular model organism is the bacterium Echerichia coli, which has been
the source of extensive genetic studies. Drosophila melanogaster and Caenorhabditis elegans
are still widely used to unravel developmental or cell biological questions in eukaryotes. Mus

musculus 1s one model organism, which is investigated to answer vertebrate-specific aspects.

In plants such kinds of studies have been done using the Brassicacea Arabidopsis thaliana.
Sequencing of the whole genome of this model plant by the Arabidopsis Genome Initiative in
the year 2000 (TAIR, http://www.arabidopsis.org/) represents a milestone for plant genetics

and revealed deep insights into the molecular biology of plants.

Although Arabidopsis provides a powerful tool to investigate several processes in plants, it is
not able to form the two major root symbioses: As it belongs to the Brassicaceae, it is not able
to form a root nodule symbiosis with Rhizobia. Additionally it belongs to the minority of
plants, that can not be colonised by AM fungi. Legumes, in contrast, are capable of entering

both symbioses, so that a member of this group is preferably used as a model plant.

The Leguminosae (Fabaceae) consist of more than 18,000 species, which are classified into
650 genera, representing the third largest family of higher plants (Polhill and Raven, 1981,
Doyle, 2001). The legumes play an important role in the nutrition of human beings and
animals, and represent the second major nutritional source after the grasses
(www.legumes.org). As mentioned above, they are able to enter the mutualistic interaction
with the gram-negative soil bacteria of the genus Rhizobium, in which they are enabled to fix
atmospheric nitrogen to ammonia, as well as the mycorrhiza symbiosis. During the last years
the mediterranean legume Medicago truncatula has developed to function as a model plant

(Barker et al., 1990, Cook, 1999, Oldroyd and Geurts, 2001). In brief, M. truncatula has a
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small genome compared to other legumes of about 500 Mb (Blondon et al., 1994), only 5
times larger than this of Arabidopsis thaliana. In comparison, the genome of pea is with about
4300 Mb 40 times larger. Additionally, M. truncatula possesses a diploid genome and a
relative short generation time of only 3 months. The availability of approximately 300,000
EST (expressed sequence tags) sequences in the TIGR MtGI 8.0 (Medicago truncatula gene
index) provides a powerful tool for comparative transcriptional analyses, such as the
construction and hybridisation of microarrays. These allow the investigation of transcription
profiles of several thousand genes in parallel in one experiment, as more than 5,000 different
DNA-samples can be spotted per cm? Until now, three different microarrays are available
inhabiting M. truncatula samples: The Mtok-RIT microarray (Kiister ef al., 2004) consists of
6,048 PCR amplified cDNA probes derived from a EST sequencing project from uninfected
and mycorrhizal roots and from young root nodules (Journet et al., 2002). The sequence
information of Mt16kOLI1, a further development of the Mt6k-RIT, originates from the TIGR
MtGI version 5. All available 16,086 ESTs of this version of the gene index have been printed

on the chip as 70mer oligonucleotides (Hohnjec et al., 2005). The company Affymetrix (Santa

Clara, CA, USA) offers a commercially available system using its GeneChip® technology.
This array is composed of over 61,000 probes from Medicago truncatula, Medicago sativa
and additionally Sinorhizobium meliloti. The first two mentioned have been used to
investigate the expression patterns of mycorrhizal plants and root nodules (Kiister ef al., 2004,
El Yahyaoui, 2004) as well as of mycorrhizal plants, inoculated with two different AM fungi

(Hohnjec et al., 2005).

Finally, most of the important crop plants within the legumes are found in the Papilionideae
subfamily, representing the phaseolid legumes. M. truncatula is likewise a member of this
group (Young et al., 2003) and therefore a suitable object for comparative studies.

Summarising, all the properties mentioned above as there are the ability to form the root
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symbioses, the relatively short generation time and the small genome, the availability of an
efficient and rapid transformation protocol (Wang et al., 1996) and of extensive sequence
data, as well as the phylogenetic close relationship to important crop plants turns M.

truncatula into a perfect model organism.

1.2 The arbuscular mycorrhiza

Plant growth depends on the availability of nutrients. Therefore the enhancement of uptake of
these means a huge growth-advantage for plants, if they are able to form a root symbiosis, in
which they benefit from the exchange of nutrients. One major characteristic of the
mycorrhizal symbiosis is the uptake of carbohydrates by the fungus from the plant and of
phosphate vice versa. Two different types of mycorrhizal symbioses can be distinguished, ecto
and endomycorrhiza. The first described ectomycorrhiza is characteristically formed between
trees and a fungal partner (Frank, 1885). Plant hosts include members of Pinaceae, Fagaceae,
Betulacea, Myrtaceae as well as some monocytoledons and ferns (Wilcox, 1968), the
microsymbionts originate from different genera of Basidiomycetes, some Ascomycetes and

two members of the Zygomycetes (Isaac, 1992).

In comparison, more than 80 % of all terrestrial plants are capable of developing an
arbuscular mycorrhizal interaction with the members of the Zygomycota, which can be
classified into one order, the Glomales, which is subdivided into six genera and 149 species
(Bentivenga and Morton, 1994, Morton and Benny, 1990). This symbiosis is also referred to
as endomycorrhiza as the fungi invade the root cortex and colonise root cells. Fossil findings
from the Devonian era showed association of these plants with arbuscular mycorrhiza fungi
since they first colonised land (Pirozynski and Malloch, 1975, Remy et al., 1994) so that this

interaction may be therefore several hundred million years old.
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One major common characteristic of these fungi is their obligate biotrophic nature, 1. e. their
growth depends on the interaction with a herbal partner. However, germination of the AM
fungal spores and initial growth can occur in the absence of plant roots, but root exudates are
able to stimulate these processes (Balaji et al., 1995, Bécard and Piché, 1989). The active
components of the exudates are so far unknown, but some evidence exists, suggesting an
exchange of signals prior to physical contact (Buee et al., 2000, Giovanetti et al., 1993).
Initiation of the symbiosis occurs when fungal hyphae reach the root surface. When
contacting the outer cell layers, a signal from the epidermal cells induces broadening and
differentiation of the hyphae to form appressoria (Tester ef al., 1987). After contact between
host and symbiont a penetration hypha is developed that penetrates the root. In some species
hyphae enter the root cortex between two epidermal cells (Arum type), whereas in others the
hyphae break through the cell wall of an epidermal cell or a root hair (Paris type) and grows
subsequently through the cell (Bonfante-Fasolo, 1984). The molecular mechanisms of these
events are so far unknown, but AM fungi are known to produce different enzymes, which
seem to enable them to disintegrate the cell walls of the host plant (Garcia-Garrido et al.,
1992, Garcia-Romera et al., 1991, Rejon-Palomares et al., 1996). After entering the root
cortex the fungus starts spreading. Depending on the host plant the fungus may show different
growth patterns (Gerdemann, 1965). Arum and Paris type have been named after the species
these growth patterns first have been observed at (Smith and Smith, 1997). As the former one
is more widespread, most analyses have been focused on this type. During colonisation
according to this pattern, hyphae grow intercellular, and rarely penetrate the exodermis to
form hyphal coils in the exodermous cells, which represents the Paris type of colonisation
(Bonfante-Fasolo and Perotto, 1984). When the fungus reaches the inner cortex cell layer, it
penetrates the cell and starts branching at the tip. This leads to highly dichotomous branched

structures, referred to as arbuscules from the latin arbuscula, which means little tree, as these
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structures appear under the microscope. Therefore, these typical structures are the eponyms
for the AM. Although the fungus has penetrated the cell wall, the arbuscule remains separated
from the cytoplasm of the root cell via the cell membrane and remains in the apoplast. On the
other side the membrane extends to completely surround the arbuscule. The fungal cell wall
becomes thinner and the arbuscules grow, coming in close contact with the host cell. Both are
separated only by the narrow apoplast, which is derived from the plant (Bonfante-Fasolo,
1992, Smith and Gianinazzi-Pearson, 1988). This interface is supposed to be the main locus
for the transposition of phosphate and possibly carbohydrates, as there exists some
information for carbohydrate uptake from the intercellular hyphae (Smith and Smith, 1989,
Smith, 1993). After approximately ten days the arbuscule begins to olden, and subsequently
collapses and decays. The host cell remains undamaged and is able to take up a new arbuscule

(Alexander ef al., 1988).

The plant cell responds specifically to the penetration of its cell wall and the invasion of the
fungus with fragmentation of the vacuole, migration of the nucleus to a central position in the
cell and proliferation of the organelles (Balestrini et al., 1992, Bonfante and Perotto, 1995,
Carling and Brown, 1982). The plasma membrane extends to surround the arbuscule to more
than four-fold of its surface size and forms the periarbuscular membrane (Alexander et al.,

1989).

Some fungal species are able to form vesicles, which are filled with lipids and assumed to
function as a storage reserve (Smith and Gianinazzi-Pearson,1988). After colonisation of the
plant the external mycelium starts to grow extensively in the soil. There it is — among others —
responsible for the uptake of mineral nutrients and their transport to the plant. Besides, it is
able to colonise additional roots and often to produce spores, which completes the life cycle

of the fungus.
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1.3 Transcriptional analyses to identify AM-related genes

In order to gain insight into cellular and molecular processes leading to alterations during
several biological processes, diverse different approaches have been used: Studies of these
plant-microorganism mutualistic interactions revealed extensive alterations during the
formation of nodules or the mycorrhiza. These extensive changes are of morphological as
well as physiological nature, as new structures are formed for the special requirements of the
interaction between plant and microsymbiont. Therefore it seems quite obvious that these
changes are caused by alterations in the transcription-level of several genes involved in signal

transduction, protein synthesis and several other functional classes.

In the past different approaches have been used to identify these transcriptional alterations: In
firstly used forward genetic approaches, mutants have been identified and characterised,
which were defective in developing this symbiosis (Duc et al., 1989, Gianinazzi-Pearson et
al., 1991). Subsequently mutants unable to form an AM have been detected in Medicago
truncatula and Lotus japonicus, which are additionally unable to enter a root nodule
symbiosis. In these mutants of M. truncatula, named dmil, dmi2 and dmi3 (does not make
infection), fungal colonisation is arrested at the epidermal cell layer (Blaylock et al., 1997,
Calantzis et al., 2001, Catoira et al., 2000, Sagan et al., 1995). These findings suggest, that
both symbioses, the AM and the root-nodules, share common signal transduction pathways

during their initiation.

As one major feature of the AM is the exchange of nutrients, for example the reception of
phosphate from the fungus by the plant, approaches mainly focused on the isolation of
responsible genes. This resulted in the identification of the corresponding AM-specific
phosphate transporters in M. truncatula (Harrison et al., 2002) potato (Rausch et al., 2001)
and tomato (Nagy et al, 2005), which have been found to be exclusively expressed in

mycorrhizal roots. In contrast, the constitutively expressed phosphate transporters have been
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found to be down-regulated in M. truncatula (Liu et al., 1998). Several other mycorrhiza-
induced genes have been identified using classical cloning techniques: a tonoplast intrinsic
protein from parsley (Roussel et al., 1997), an aquaporin from M. truncatula (Krajinski et al.,
2000), H'-ATPases in arbuscule containing cells of tobacco (Gianinazzi-Pearson et al.,
1991a), tomato (Ferrol et al., 2002) and M. truncatula (Krajinski et al., 2002) and a class III

chitinase gene (Bonanomi et al., 2001).

With the establishment of automated high-throughput sequencing the era of plant genomics
provided more comprehensive sequence data, which has intensively been used for the
identification of AM-specific genes: High-throughput transcriptomic (VandenBosch and
Stacey, 2003) and proteomic (Bestel-Corre et al., 2002, Watson et al., 2003) approaches
enabled profiling of gene expression during symbiosis. Several different expressed sequence
tags (EST) sequencing projects were accomplished resulting in up to just now 230,000 EST
sequences deposited in the public available TIGR Medicago truncatula gene index (MtGI,
http://www.tigr.org/tdb/tgi/mtgi, Quackenbusch et al., 2000). Additionally, Journet and
associates (2002) accomplished large-scale EST sequencing and analyses to characterise root
symbiotic interactions. This rising amount of sequence data provides a source of global
analyses to access transcriptional changes during the development of the AM. Subtractive
suppressive hybridisation (SSH) libraries have been constructed, in which AM-induced genes
have been enriched (Wulf et al., 2003, Grunwald et al., 2004). Subsequently, cDNA and
oligonucleotide microarrays have been developed, which have been used to investigate the
AM and nodule symbioses (Kiister et al., 2004, Manthey et al., 2004), early and late stages of
the AM (Brechenmacher et al., 2004) and the mycorrhizal symbiosis in dependence on
different fungal partners involved in this interaction (Hohnjec et al., 2005). During these
studies, different AM-specific transcripts have been identified: Using a SSH approach (Wulf

et al., 2003) for example a glutathione S-transferase, one germin-like protein and a miraculin-
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like protein have been isolated, which have been characterised in more detail (Doll et al.,
2003, Grunwald et al., 2004). Microarray analysis led to the perception, that MtBcpl, a
member of the blue copper binding proteins, is specifically upregulated in arbuscule-

containing regions of AM-fungus containing regions of the roots (Hohnjec et al., 2005).

In contrast, few studies dealt with genes that are down-regulated in respect to non-
mycorrhizal roots. For example, the not specifically induced phosphate transporters M¢PT1
and MtPT2 (Liu et al., 1998, Versaw et al., 2002) and psam?2 from pea (Krajinski et al., 1998)

are known to be repressed during the AM.

1.4 Objectives of this work

Genes, which are exclusively AM induced or whose transcription level is changed due to the
AM, are of special interest, as they may provide some information about the fact, that 80 % of
all terrestrial plants are able to form the AM and only 20 % are disabled. As it is assumed that
colonisation of the mainland by plants only became possible through interaction with
symbiotic fungi and the formation of mycorrhiza related structures, it appears obvious that the

ability to form an AM has been lost by the latter ones during evolution.

On this account the identification of transcriptional alterations during the development of the
AM symbiosis delineates the first step to analyse this mutualistic interaction. Many different
directed and non-directed approaches have been used to look for such AM-related genes.
Most studies have been focused on a completely developed symbiosis, representing all
developmental stages within the plant, from appressoria to intraradical hyphae and arbuscules,
which interact with the host root. One aim of this thesis is the identification of new, so far

unknown mycorrhiza specific genes. Therefore, a huge amount of available sequence data
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from different sources is used: Electronic Northern blot analysis is used to extract genes from
the MtGI, which are only abundant in EST libraries from mycorrhizal roots. Signalling
between plant and fungus is predicted to occur in the early-symbiotic state, before a physical
contact between the both partners has taken place. Consequently, these genes are of high
interest, that are differentially expressed in this particular state. Therefore, comparative
microarray experiments are performed from early-mycorrhizal roots and a symbiosis being

composed of appressoria as well as intra- and extraradical hyphae and arbuscules.

Promoter deletion analyses provide a powerful tool to investigate the promoters of
differentially expressed genes, and therefore unravel the reason for this specific regulation.
Promoters of selected AM-specific genes are analysed to localise potential cis-regulatory
elements, which mediate AM-specific expression. Last, functional analyses are undertaken to

provide a perception of the role and the importance of these proteins during the AM.
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2 Material and Methods

2.1 General Methods

2.1.1 Plant growth and inoculations

Plants were grown and inoculated with mycorrhiza fungus Glomus intraradices as described
at Wulf ez al. (2003). In brief, Medicago truncatula cv. Jemalong A17 seeds were sterilised for
10 min in 86 % sulfuric acid. After extensive washing with water they were treated for 5 min
with 6 % NaOCIl. To remove dispensable NaOCI several additional washing steps have been
performed. Seeds were vernalised over night at 4°C and germinated at room temperature (RT)
for 2 days in the dark and additional 2 days at light. Germinated plants were transferred into
open pots inhabiting a mixture of vermiculite and a commercially available G. intraradices
inoculum (Biorize Sarl, Dijon, France). Plants were grown in greenhouse with light/dark
cycles 16h/8h and harvested after 6 or 21 days. Control plants were treated in parallel without
mycorrhiza inoculum. During plant growth plants were watered twice a week with one-half

strength Hoagland solution (Arnon and Hoagland, 1940).

After harvesting plants were immediately frozen in liquid nitrogen. Randomly selected roots
were used to stain fungal structures with ink (Vierheilig er al., 1998) or acid fuchsin
(Gerdemann, 1965) and mycorrhizal colonisation was calculated according to Trouvelot et al.

(1986).

2.1.2 Staining of fungal structures

Two methods have been used to stain fungal structures: Staining with ink (Vierheilig et al.,
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1998) was started by incubation of the roots in 10 % (w/v) KOH at 90°C for 10 — 20 min
depending on the age of the plants. After extensive washing with water to remove KOH
staining was performed using 5 % (v/v) black ink in 8 % (v/v) acetic acid for 10 — 15 min at
90°C. Background staining was removed by extensive washing with water. Roots were cut

and incorporated in glycerol on glass slides.

Acid fuchsin staining was done according to Gerdemann (1965): Roots were incubated in at
90°C in 10 % (v/v) KOH for 10 — 15 min. After extensive washing roots were rinsed for 4 min
at 90°C in 1 % (v/v) HCI. Staining occurred for 15 min at 90°C in acid fuchsin solution (87.5
% (v/v) lactic acid, 6.25 % (v/v) glycerol, 6.25 % (v/v) H,O, 0.1 % (w/v) acid fuchsin).
Destaining was done over night in destaining solution (87.5 % (v/v) lactic acid, 6.25 % (v/v)

glycerol, 6.25 % (v/v) H,O) and roots were embedded on glass slides in glycerol.

2.1.3 Protein extraction for EMSA analysis

Crude protein extract was produced by grinding 5 g of frozen root material under liquid
nitrogen. Powder was suspended in 20 ml extraction buffer (17.2 % (v/v) glycerol, 20 mM
Tris-HCI, pH 7.9, 0.1 mM DTT, 2 mM EDTA, 0.1 mM PMSF and 0.01 mM Leupeptin) and
incubated for 20 min on ice. After 10 min centrifugation at 15,000 x g at 4°C crude extract
was concentrated using Vivaspin 20 ml concentrator (Vivascience, Hannover, Germany)
columns with a size exclusion of 30 kDa. Protein concentration was measured using Bradford

assay.

2.1.4 Measurement of protein concentration according to Bradford

Protein concentration was measured according to Bradford (1976). Therefore a standard was
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measured using different concentrated solutions of BSA (bovine serum albumin, MBI
Fermentas, Vilnius, Lithuania). Afterwards protein crude extract was measured and
concentration read off the standard line. 100 pl of each 1:10 diluted protein solution was
diluted in 4.9 ml Bradford solution (2.25 pg/ml Coomassie Brilliant Blue G250, 16 % (v/v)
ethanol, 8 % (v/v) o-phosphoric acid). Absorption was measured at 560 nm using a

Photometer (Amersham Pharmacia Biotech, Piscataway, NJ, USA).

2.1.5 DNA-isolation from Medicago truncatula

For DNA isolation 1 g of plant material was ground under liquid nitrogen and 15 ml
extraction buffer (0.1 M Tris-HCI, pH 7.0, 0.05 M EDTA, 0.5 M NaCl), 1 ml 20 % (w/v) SDS
and 10 pul RNase A (10 mg/ml) were added. Suspension was incubated at 65°C for 20 min, 5
ml 5 M K-acetate was added and solution was chilled on ice for 20 min. Afterwards cell
debris was removed by centrifugation for 20 min at 5,400 x g. First precipitation occurred via
addition of 2 volume Isopropanol, incubation for 30 min at -20°C and centrifugation for 15
min at 5,400 x g. Pellet was dissolved in 700 pl H,O and final precipitation step was
performed by adding 0.1 volume of 3 M Na-acetate and 1 volume isopropanol. After washing

with 70 % (v/v) ethanol DNA was suspended in 50 ul H,O.

2.1.6 RNA isolation

Total RNA was extracted using a LiCl method (Franken and Gniadinger, 1994). In brief,
frozen plant material was ground under liquid nitrogen and 800 pul NTES-buffer (150 mM
NaCl, 5 mM EDTA, 50 mM Tris-HCL, pH 9.0, 5 % (v/v) SDS, 1.7 % (v/v) B-

Mercaptoethanol) and phenol : chloroform : isoamylalcohol mixture (P:C:I, 25 : 24 : 1) were
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added. Samples were incubated for 5 min at room temperature (RT) and centrifuged for 5 min
at 13,000 x g. Upper phase was removed and phenol step was repeated three times. RNA was
precipitated over night by adding 40 pl acetic acid and 560 pl ethanol at -20°C. After
centrifugation pellet was suspended in 200 pl DEPC containing H,O (H2Opgpc,1 %, v/v), 200
ul 4 M LiCl was added and incubation was performed for 4 h at 4°C. Repeating the
precipitation by centrifugation a third precipitation occurred over night at -20°C by adding
200 pl DEPC treated H,O, 300 pl ethanol and 20 pl 3 M Na-acetate, pH 4.8. After final
centrifugation, RNA was suspended in 100 pl H,Opgpc. Concentration was measured at a

wavelength of 260 nm using a spectral photometer (Amersham Parmacia Biotech).

For microarray hybridisations obtained RNA was concentrated to 1.25 pg/ul using Microcon-

30 columns (Millipore, Schwalbach, Germany) and stored at -80°C until use.

2.1.7 Reverse transcription for cDNA synthesis

Standard ¢cDNA synthesis was done using SuperScript II reverse transcriptase (Invitrogen,
Carlsbad, CA, USA) . Therefore 2 ug of total RNA was added to 4 ul 5 x reaction buffer, 2 pul
10 mM dNTP-mix, 1 pl enzyme (200 U/ul) and the according amount of DEPC treated H,O

to a final volume of 20 pul. Reactions were carried out for 1 h at 42°C.

2.1.8 Polymerase chain reactions

Standard PCR-reactions were prepared using volumes of 50 pl. Therefore 5 pl of
corresponding 10 x reaction buffer, 1 pul 10 mM dNTP-mix, 10 uM primer 1 and 2,
respectively, according volume of template and 1 pl of Advantage II polymerase mix

(Clontech, Mountain View, CA, USA). Reactions were carried out in Biometra TRIO
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Thermoblock (Biometra, Gottingen, Germany). Programs varied depending on the annealing

temperatures of the primers.

2.1.9 Restriction digests

Restriction digests have been done using enzymes from MBI Fermentas company (MBI

Fermentas, Vilnius, Lithuania). Reactions were carried out according to the manufacturer.

2.1.10 Ethanol purification of DNA

To purify ribonucleic-acids and remove small DNA-fragments same volume of ice-cold
isopropanol and 1/10 volume 3 M Na-acetate was added to the particular sample. After
incubation at -20°C for 30 min DNA was precipitated by centrifugation at 13,000 x g. After

washing with 70 % (v/v) ethanol DNA was suspended in H,O.

2.1.11 Cloning of PCR fragments

PCR fragments were cloned into the desired plasmids using standard T4 ligase (MBI
Fermentas, Vilnius, Lithuania). Therefore, plasmid and ethanol purified insert were combined
in a 3 : 1 proportion. 2 ul of 10 x buffer and 1 U ligase were added and the reaction was
incubated for 2 h at 22°C and over night at 4°C. Afterwards 5 pl of the reaction was used for

the transformation of E. coli.

For ligation in the pGemT® easy vector, pGemT® easy — vector system I (Promega, Madison,

WI, USA) kit has been used according to manufacturers protocol.
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Gateway® technology (Invitrogen, Carlsbad, CA, USA) has been used to clone promoter
fragments and the open reading frame of MtLecS into the particular binary vectors. Therefore,
300 ng of purified PCR fragment, 300 ng of pDONR207 vector (Invitrogen, Carlsbad, CA,
USA), 4 pl 5 x reaction buffer and 4 pl BP-Clonase™ II enzyme-mix were added. Reactions
were carried out over night at 25°C. After transformation in E. coli and confirmation of
successful cloning pDONR207, inhabiting the fragment of interest, were isolated. A second
reaction was used to transfer the fragment into the destination vector: 300 ng of pDONR207
inhabiting the insert was added to 300 ng of destination vector, 4 ul 5 x reaction buffer and 4
ul LR-Clonase™ II enzyme-mix. Reactions were carried out over night at 25°C; 5 ul of the

reaction batch were used to transform E. coli.

2.2 Microbiological Methods

2.2.1 Preparation of competent Escherichia coli cells

Heat shock competent cells were prepared according to Tang et al. (1994) and Nakata et al.
(1997). Therefore, bacteria were grown in LB medium (0.5 % (w/v) Yeast extract, 1 % (w/v)
Tryptone, 1 % (w/v) NaCl) to an O. D. (optical density) at 600 nm of 0.4. Cells were
precipitated at 4°C and 4000 x g and suspended in %2 volume 50 mM CacCl,. After incubation
on ice for 20 min, cells were centrifuged again and 1/10 volume 50 mM CaCl, containing 15
% (v/v) Glycerol was added. Cells were either used directly for transformation or frozen at

-80°C till use.
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2.2.2 Transformation of Escherichia coli

E. coli strain TOP10 F' (Invitrogen, Carlsbad, CA, USA) was used to clone desired fragments.
After ligation 5 pl of the reaction batch was used to transform E. coli via heat shock. Cells
were incubated with the batch for 20 min on ice. After 45 sec heat shock at 42°C and
additionally 2 min chilling on ice, 1 ml of SOC medium (10 mM NacCl, 0,5 % (w/v) Yeast
extract, 2 % (w/v) Tryptone, 2,5 mM KCI, pH 7,0; 12,5 ul 2 M MgCl,, 50 ul 1 M Glucose)
was added and regeneration occurred by incubation at 37°C with extensive shaking. Finally
cells were spread on LB-agar plates (0.5 % (w/v) Yeast extract, 1 % (w/v) Tryptone, 1 %
(w/v) NaCl, 1.5 % (w/v) Agar Agar, pH 7.0) with the according antibiotics (100 pg/ml

ampicillin or 50 pug/ml kanamycin, depending on the vector used).

Genotype of E. coli Top10 F":

F- mcrA (mrr-hsdRMS-mcrBC) A80 lacZ M15 lacX 74 deo RrecAl araD139 (ara-leu) 7697

galU galK rpsL (Str*) endA1 nupG

2.2.3 Plasmid isolation

Plasmids were isolated using alkaline lysis according to Sambrock and associates (1989) with
slight modifications. In brief, 4 ml over night culture was centrifuged for 1 min at 13,000 x g.
Cells were suspended in 100 pl solution I (50 mM Glucose, 25 mM Tris-HCI, pH 8.0, 10 mM
EDTA, pH 8.0) and incubated for 5 min on ice. Afterwards 200 pl solution II was added (0.2
M NaOH, 1 % (w/v) SDS) and another chilling step was performed. Solution II was added (3
M K-acetate, 12 % (v/v) acetic acid) and after a third incubation on ice, cell debris was
removed by centrifugation for 10 min at 13,000 x g. Plasmids were purified by alcohol

precipitation. Therefore 1 volume isopropanol and 1/10 volume 3 M Na-acetate, pH 4.8 were
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added and DNA was spun down for 30 min at 13,000 x g. After washing with 70 % (v/v)

ethanol DNA was suspended in 50 pl H,O and stored at -20°C.

2.2.4 Sequencing

All cloned DNA fragments have been verified via sequencing of the inserts. If not mentioned
otherwise, sequencing was performed by the MWG Biotech AG company (Ebersberg,

Germany).

2.2.5 Preparation of competent Agrobacterium rhizogenes cells

Over night culture of bacteria in LB medium (0.5 % (w/v) Yeast extract, 1 % (w/v) Tryptone,
1 % (w/v) NaCl) containing 600 pg/ml streptomycin was centrifuged for 10 min at 4°C and
4000 x g. Cells were suspended in 1/10 volume 10 % (v/v) Glycerol and additionally
centrifuged. Centrifugation / suspending were repeated three times and cells were finally used

directly for transformation or stored at -80°C.

2.2.6 Transformation of Agrobacterium rhizogenes

Agrobacterium rhizogenes strain ARqua 1 (Quandt et al., 1993) was transformed with the
binary plasmids via electroporation. Therefore 2 pg plasmid and 40 pl of electrocompetent
cells were transferred into a electroporation cuvette (BioRad Gene pulser cuvette, 0.4 cm
electrode gap, BioRad, Hercules, CA, USA). Afterwards a pulse of 2.5 kV was applied for 0.5
ms at 2.5 pF. 500 pul SOC (10 mM NacCl, 0,5 % (w/v) Yeast extract, 2 % (w/v) Tryptone, 2,5

mM KCI, pH 7,0; 6.25 pul 2 M MgCl,, 25 ul 1 M Glucose) was added and cells were

20



Material and Methods

incubated for 30 min on ice. Regeneration occurred for 3 h at 28°C with rigorous shaking.
Cells were spread on LB agar (0.5 % (w/v) Yeast extract, 1 % (w/v) Tryptone, 1 % (w/v)
NaCl, 1.5 % (w/v) Agar Agar, pH 7.0) containing petri-dishes with the according antibiotics
(50 pg /ml kanamycin, 600 pg/ml streptomycin) and transformants have been obtained after 2

d growth at 28°C.

2.3 Tissue culturing methods

2.3.1 Agrobacterium rhizogenes-mediated transformation of M. truncatula

M. truncatula roots were transformed according to a modified protocol of Vieweg and
associates (2004) with slightly modifications. Therefore, Medicago truncatula cv Jemalong
A17 seeds were sterilised and germinated for two days in the dark on Farhaeus Medium (0.9
mM CaCl,, 0.5 mM MgSO,, 0.7 mM KH,PO,, 0.8 mM Na,HPO,, 20 uM Fe-citrate, 0.5 mM
NH4NOs plus 100 pg/l (w/v) MnCl,, CuSOs, ZnCl,, H;BOs, Na,MoOQs, respectively; Boisson-
Dernier et al., 2001) and 24h at light. Bacteria, grown in liquid culture, were injected 3 times
at the hook of the hypocotyl using a syringe. Transformants were incubated for 3 weeks at
24°C and a 16h/8h light/dark period vertically on Farhaeus medium to induce hairy roots.
After cutting the main root of the promoter-GUS containing transformants to promote growth
of lateral roots the plants were inoculated with AM fungus for another 21d. At least a
histochemical staining for B-glucuronidase-activity was performed to investigate activation of

the uidA gene.

2.3.2 Agrobacterium rhizogenes-mediated transformation of Nicotiana tabacum

Nicotiana tabacum cv Samsun roots were transformed using the same protocol as for M.
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truncatula.

2.3.3 Histochemical analysis of transgenic roots

Histochemical assays for B-glucuronidase activity were performed as described by Jefferson
and associates (1997). Roots were incubated in the staining solutions in the dark at 37°C for 1

to 2 h and subsequently cleared in 70% ethanol for 1 h.

2.4 Microarray Analyses

2.4.1 Scope and layout of the microarray

Mt16kOLI1 microarray contains 16,086 probes consisting of 70mer oligonucleotides
representing all TCs of the TIGR M. truncatula gene index 5 (http://www.tigr.org/tdb/mtgi) as
well as different truncated GAPDH controls to analyse hybridisation efficiency (Kiister et al.,
2004). Background and unspecific hybridisation assessments were performed using 226
probes containing only spotting buffer, and twelve probes served as negative controls.
Mt16kOLI1 consists of 48 grids arranged in 12 metarows and 4 metacolumns. Each grid
contains 702 spots in 27 rows and 26 columns with 24 columns carrying 27 probed and 2

columns carrying 20 probes. Each probe exists twice in the same grids throughout the arrays.

2.4.2 Cy-labelling of hybridisation probes for microarray analysis

Cy3 and Cys5 labelling was done according to Kiister ef al. (2004). Therefore 20 ug RNA, 2.5
nug double-anchored oligo(dT);sVN primers and 5 pg of random hexamers were used.

Labelled ¢cDNA was purified using CyScribe GFX Columns (Amersham Biosciences,
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Freiburg, Germany) and labelling efficiency was checked. The Mtl16kOLIl microarray
contains 16,086 70mer oligonucleotide probes (Qiagen) representing all TCs of the TIGR M.
truncatula Gene Index 5 (http://www.tigr.org/tdb/mtgi) and additional GAPDH controls.

Microarrays were prepared and hybridised as described by Hohnjec et al. (2005).

2.4.3 Analysis of microarray image data

Image processing was performed using the ImaGene 5.5 software (BioDiscovery, Los
Angeles). Data files were imported into the EMMA?2 array analysis software (Dondrup et al.,
2003). Data were Lowess normalised with a floor value of 20 and a z-statistic was used to
identify regulated genes. Genes were significantly expressed if P < 0.5and M < -1 or M =

1, where M depicts the expression ratio.

2.5 In silico transcriptional analyses

2.5.1 cDNA libraries and sequencing

The MtGim SSH library was generated as described earlier (Wulf ez al., 2003). The MtAmp
library was generated by MediGenomix (Martinsried, Germany) from mycorrhizal roots of M.
truncatula using a directional cloning strategy with a cutoff of 500 bp. cDNA was prepared by

reverse transcription of poly A+ enriched RNA. The cDNA was directionally ligated into the

pGEM-T® vector (Promega, Madison, WI, USA) using GCA TGC GGC CGA GGC GGC
CGA CAT G and CTG CAG GCC ATT ATG GCC GGG adaptors. Plasmids containing cDNA
inserts were propagated in Escherichia coli DH10B cells. cDNA sequences were obtained

using standard protocols on the MegaBace 1000 sequencer (Amersham Biosciences, Freiburg,
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Germany).

Genotype of E. coli DH10B:

F™ merA A(mrr-hsdRMS-mcrBC) ®80lacZAM15 AlacX74 recAl endAl aral139 A(ara,

leu)7697 galU galK N- rpsL (StrR) nupG

2.5.2 Sequence processing, annotation and clustering

To cluster and annotate the ESTs obtained, BioMake software package was used. BioMake
processes sequence data as follows: beginning with the raw EST trace files, a normalisation
step using phred (Ewing et al., 1998) was performed. Afterwards, low-quality regions were
removed according to the phred 13 quality definition (Ewing and Greene, 1998). Finally, the
vector content needed to be clipped, leading to EST reads in fasta file format. Clustering of
the EST reads also was performed by the BioMake software package according to the TIGR
clustering algorithm (Liang et al., 2000). The sequence data obtained consist of TCs and
single (unclustered) EST reads, called singletons. Comparisons to the TIGR MtGI were done
in order to identify identical TCs. BLAST comparisons against the GenBank non-redundant
database and annotations also were done using the BioMake software. Blastx searches were

carried out in order to identify homologous genes in other organisms (Altschul et al., 1997).

2.5.3 In silico analysis of gene expression

To identify TCs representing putative mycorrhiza-specific genes, an electronic Northern
(eNorthern) algorithm was developed by comparing MtGim and MtAmp EST clusters via a

BLAST (Altschul et al., 1997) homology search against TIGR (Liang et al., 2000) using an e-
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value cut-off of 1e'’ and sequence identity of at least 95 %. Those clusters that hit only the

MtAmp or MtGim library were assumed to represent novel mycorrhiza-specific genes of M.

truncatula.

2.5.4 Quantitative real-time RT-PCR

Primer design and quantitative RT-PCR was carried out according to Wulf and associates

(2003). All quantitative realtime RT-PCR experiments were repeated (technical control) in

order to verify RNA-accumulation values. Primer sequences used for RT-PCR are shown in

Table 1.

TC64428
TC66505
TC74096
TC74325
TC76060
TC71483
TC65799
TC67209
TC74500
TC67079
TC68426
TC66580
TC75569
TC71486
TC60540
TC68166
TC69333
TC75254
TC75360
TC73332
TC65476
TC63901
TC66155

tacgaaaatcaaacatttcac
atctctttattgtttccaagg
aattcaacctttatcaccatt
aataagatggatagtggcatt
ttcacaagttctctcattcag
tcctatcttcccaagtaagag
tgggataacctctaaagaaag
accagaatcagaatatccaac
gtagtcacttctatcagecgt
aacttcctttagcaatttcag
aaaaatggttcaactggttat
atgaattcttaaccaaccaat
gaaccagaaagacataaggag
gctttaatatttggaaagage
agaagtgtccacacacaagta
agtgaaagaccatgaaagaat
caatgtgaggatattgagatg
gatactgacatggcaacttta
ctatcaaattcaacaaggaca
accatttgaagttcacctaat
gaacacaacagtcaaaacaac
aaataaaaattttggtggtot
tgatagcagctgattttctta

gcagagatgatgacaataaga
aggatagaggatcaaattcaa
attatcttgctcgatcttctc
aattgtaaacgttcataagca
agaacactttcaattttaggg
aattgctgttaagcaacataa
ttttgttggtatcaaagagtg
ttgcagtagagcttttacaga
catctatgatttcaagtttcg
gtttcttgtagctcatgattg
tgtcgatgagatacttgatgt
tttccgtaactattgatgcta
aatgcttattgcatcaaagta
gtatacgtttggtgctgataa
caacactttatggaaaatgaa
ataagttataatcctgectcg
tcttttatcgtgaacacaaac
aactggttgaaacacatgata
aactcaaacggtagacaagat
ctacaacgttttaatgacgag
atagtccagccattattcagt
gacataccaataagcacttga

atctaccaaaattgaattgga
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TC70909 caaaattgtagtgttggagaa ataaatgcatattgtgttgga
TC72502 attctattgcatcattcatca ggatcttgtcttgtctaaace
TC76132 tcttctcccataggttgtaat ttttgtagttggagatgaaaa
TC67410 tcectecteatcaatactact cagagtgtgtttatgcaagtt
TC76092 gattaacgacaaaaaggatct gcttgaaataactgtcatcaa
TC59827 atgtcttggtaggtttgactt gtaaattatcaaagggaggtg
TC60541 ttgctagcacattgtttaact agttacatcaaccatttcaca
TC63954 agctctttcacttttagetgt gcaaagactggagttactctt
TC64306 cataaccatcttcaacaagaa actcagttacagagcacaatg
TC67060 tactttcactgtctctgatcg ctggttatgacgattaacaaa

Table 1: Primer sequences used for quantitative real-time reverse-transcription PCR

* MtGI: Medicago truncatula gene index; TC = tentative consensus sequence

2.5.5 Sequence Analysis

Sequences have been analysed concerning conserved short protein patterns using the
PROSITE (Gattiker et al., 2002; Sigrist et al, 2002) database at ExPASy. Searches for
sequences similarities were done using Blast2X (Altschul et al, 1997). M. truncatula
genomic sequence data were obtained from the M. truncatula Genome Sequencing Project at
the Advanced Center for Genome Technology of the University of Oklahoma, (Norman, OK,

USA) and the Noble Foundation (Ardmore, OK, USA).

2.6 Analyses of AM-specific lectin-like genes

2.6.1 Cloning of whole cDNA sequences

SMART™ technology (Clontech, Mountain View, CA, USA) was used to clone whole cDNA

sequences. Therefore total RNA was extracted from mycorrhizal roots and reverse transcribed
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into SMART II ¢cDNA according to the manufacturers protocols. 3' and 5' RACEs were done
for each gene using one gene specific primer and either an oligo d(T) or the SMART UNP

(universal nested primer: AAG CAG TGG TAA CAA CGC AGA GTA CGC GGG). PCR

fragments were cloned into the pGEM®-Teasy vector (Promega, Madison; WI, USA).
Plasmids containing cDNA inserts were propagated in Escherichia coli TOP10 F' strain and

insert was sequenced after reisolation.

2.6.1.1 Cloning of genomic sequences

Lectin sequences were amplified from genomic DNA using following primer pairs:

MtLec6 TTT CAT TACTTT CCT CTT CC CAA CAATTC ACAACAAAG
MtLec8 CACAACACTACAATG G CAT AACATATTC ATATCATCC
MtLec9 AAT GGCTCTTTC TTC AGC GTT TAT CAATTA TCA CAT TG
MtLec10 GGG ACCACTACATTT TGA CG CAT AAT GAG TGA ATT TGC

Lectin genes were amplified using standard PCR (chapter 2.1.8) and cloned into pGemT®
easy vector (chapter 2.1.9). After transformation and isolation of plasmids containing cloned

fragments, inserts were sequenced.

2.6.2 Sequence Analyses

ClustalW analysis (Jeanmougin ef al., 1998) and multiple alignment were done according to
Thompson et al. (1997). Standard computational DNA modifications were performed using
the Vector NTI software (Invitrogen, Carlsbad, CA, USA). TargetP tool was used to predict
subcellular location of the lectins (Emanuelsson et al., 2000) and cleavage sites of putative

signal peptides (Nielsen et al., 1997).
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2.6.3 Construction of GFP fusion proteins

MtLec5 open reading frame was amplified using modified specific primers to add attB sites
for cloning (5' to 3": GGG GAC AAG TTT GTA CAA AAA AGC AGG CTA TGG CCA ACT
CCA TAC CAA AAC TCC as forward primer and GGG ACC ACT TTG TAC AAG AAA
GCT GGG TCA AGT TTG AAA CAA AGG ACC AAG AAA as reverse primer). 1 ng
genomic DNA was used in PCR as template. The resulting PCR fragment was cloned to the
N- terminal end of a gfp6 gene into pMDC 84 vector (Curtis and Grossniklaus, 2003) using
Clonase technique. For deletion of the probable presequence similar cloning technique was
used. Forward primer (GGG GAC AAG TTT GTA CAA AAA AGC AGG CTA TGG ACT
CAT TAT CTT TCA ACT TCC) was designed to introduce a start codon (underlined) into the
truncated protein.

For control plasmid pCAMBIA 1302 (Hajdukiewicz et al., 1994) was used that contains an

mgfp5 gene under control of an 35S promoter.

2.6.4 GFP detection using confocal laser scanning micropscopy

Transgenic roots were examined using a Leica MZ FL III binocular with GFP filter. Confocal
laser scanning microscopy was done using Carl Zeiss Laser Scanning Systems LSM510 with
filters giving an excitation spectrum between 505 and 530 nm and 560 nm. Processing of

images was done using Zeiss LSM Image Examiner Version 3.2.0.70.

2.7 Promoter analysis of AM-specific lectin-like genes

2.7.1 Isolation of lectin promoters from BAC sequences and by inverse PCR

Isolation of the lectin promoter sequences have been done as described by Frenzel et al.
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(2005). For amplification of the MtLec5 promoter, 1 ng of genomic DNA was amplified with
specific primers (5’ to 3": GAA TTC GGG AAA ATT GAC TAA CGT TGT GAA A and GGA
TTC GGT ATT ATG TTG TGT ATG ATG C) deduced from the corresponding BAC
sequence. The PCR product was cut with EcoRlI and BamHI and cloned into the
corresponding sites into the pLP100 vector (Szabados et al., 1995). For the inverse PCR to
amplify the MtLec7 promoter region, 2 pg of genomic M. truncatula DNA was cut with the
restriction enzymes EcoRI, Xbal, Xhol, Pvul, Pael, or Hindlll. Circularisation of 50 ng of
digested DNA was carried out in 30 pl using 0.6 U of T4-DNA ligase at 16°C. The flanking
regions were amplified using 10 ng of circularised DNA and MtLec7-specific outward
orientated primers (5’ to 3": GAG ATG GAA TTA CCT TCT TCA and GAT GGT AAT GAA
AAG GAT TTG AGT CC). Of the resulting PCR fragment, a 1,503 bp MtLec7 promoter
region was amplified using specific primers (5’ to 3": GGG GAC AAG TTT GTA CAA AAA
AGC AGG CTC ACC GCG CAT AAT GAT TGA GG and GGG ACC ACT TTG TAC AAG
AAA GCT GGG TGA ATC CGC GAT GGT TCT AAA TTA GTG) and 1 ng of genomic DNA
as template. The resulting PCR product was cloned into the pMDC163 vector (Curtis and

Grossniklaus, 2003).

2.7.2 Promoter Deletion Analyses

MtLec5 promoter sequences were amplified using specific primers (5' to 3': GAA TTC CCT
TAG GTC TAT ATT AAA TGA ACT for 300bp of the promoter (pMtLec5(-301/+23)), GAA
TTC TTT ATT TAC TGT TAA AAA TTA CC for pMtLec5(-151/423), GAA TTC ATT GGT
AAT TAT TTT TCG AAA ACA TCC for 75bp of the promoter and GGA TCC GGT ATT ATG
TTG TGT ATG ATG C as reverse primer, respectively). PCR products were restricted with
EcoRI and BamHI and cloned into the corresponding sites of the pLP100 vector. pMtLec7(-

304/+52), pMtLec7(-150/+52), pMtLec7(-75/+52) were cloned with the same strategy using
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specific primers (GAA TTC CAT AAG TAC TTA CAA AAT GTT TAG G for the 304bp
fragment, GAA TTC ATT AAA ATC GTT CAA AAT CGA CTA G for the 150bp fragment,
GAA TTC GCC TGC CTT TGT TCA ACT TTT TTT for the 75bp fragment and GGA TTC

GGT TGT AAA TTA GAA AAT TTT GG as reverse primer, respectively). Cloning of the

pMtLec7(-986/+52) fragment was done using the Gateway® technology (Invitrogen,
Carlsbad, CA, USA). The promoter region was amplified using specific primers modified
with attB sites (GGG GAC AAG TTT GTA CAA AAA AGC AGG CTA TAG CTA AGA
GAC TAA ATT GG and GGG ACC ACT TTG TAC AAG AAA GCT GGG TGA ATC CGC

GAT GGT TCT AAA TTA GTG) and subsequently cloned into vector pMDC163.

2.7.3 Electrophoretic Mobility Shift Assay

2.7.3.1 3' end labelling of DNA

Electrophoretic mobility shift assay (EMSA) was done using DIG Gel Shift Kit, 2nd
Generation (Roche, Mannheim, Germany). Therefore, oligonucleotides were 3' end labelled
with DIG-11-ddUTP. Oligonucelotides were annealed by adding 100 pmol of complementary
DNA fragments, respectively, heating to 95°C and cooling down to 15°C at 0.2°C decrease
per second. 4pmol of annealed primers were used for 3' end labelling: 4 ul 5 x labelling
buffer, 1 pl 1 mM DIG ddUTP solution, 4 ul 25 mM CoCl, solution and 400 U terminal
transferase were added and incubated for 15 min at 37°C. Reaction was stopped by adding 2

ul 0.2 M EDTA, pH 8.0.
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Primer pairs used for EMSA analysis:

pMtLec5

(-301/-271) CCTTAG GTC TAT ATC TAA ATG AAC TAA TTG CAATTA GTT CAT TTA GAT ATA GAC CTAAGG
(-281/-251) GAACTAATT GTG CTTTAAACT TTTAGTTCA  TGAACT AAAAGT TTAAAG CAC AAT TAG TTC
(-261/-231) TTTTAG TTC ATT TTA TTA GTT GAT AAA ATC GAT TTT ATC AAC TAA TAA AAT GAA CTAAAA
(-241/-211) TGATAAAAT CTATGAACATTT TGT TTA CTT AAG TAA ACA AAA TGT TCA TAG ATT TTA TCA
(-221/-191) TTGTTT ACT TGG TCC ATG CTA CTC ATA ATT AAT TAT GAG TAG CAT GGA CCAAGT AAA CAA
(-201/-171) ACT CAT AAT TTATCA CTC AAATTAGCT GTA  TAC AGC TAATTT GAG TGA TAA ATT ATG AGT

(_ 181/-15 1) ATT AGC TGT ACT TCA TTG TAA ATA TCA TCC GGA TGA TAT TTA CAA TGA AGT ACA GCT AAT

2.7.3.2 Dot blot to check labelling efficiency

Labelling efficiency was tested using dot blot. DIG labelled DNA were diluted 1:10 and
1:100. One microlitre of each dilution were dotted on a nitrocellulose membrane. DNA was
fixed for 30 min on an UV-table. Membrane was blocked for 30 min in blocking solution (0.5
% (w/v) blocking reagent (Roche, Mannheim, Germany) in maleic acid buffer (0.1 M maleic
acid, 0.15 M NaCl, pH 7.5)). Anti-DIG-AP (alkaline phosphatase) antibody was added for 1 h
diluted 1:5000 in blocking solution. After two times washing with maleic acid buffer with 0.3
% (v/v) Tween20 detection of the signal occurred in substrate buffer (100 mM Tris-HCI, 0.5

mM MgCl,, ph 9.5) containing NBT (0.3 mg/ml) and BCIP (0.15 mg/ml).

2.7.3.3 Electrophoretic mobility shift assay

Binding reactions were carried out in binding buffer (20 mM Hepes, pH 7.6, 1 mM EDTA, 10
mM (NH4),SO;, 1 mM DTT, 0.2 % (v/v) Tween 20, 30 mM KCI) using 1.5 pg poly [d(A-T)]
(1 pg/ml), 0.8 ng DIG labelled oligonucleotides and 5 pg crude protein extract from

mycorrhizal and non-mycorrhizal roots or without any protein. Binding reaction was carried
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out for 20 minutes at room temperature. Reactions were stopped by adding 5 pl loading buffer
(0.25 x TBE buffer (35.6 mM Tris, 35.6 mM boric acid, 0.8 mM EDTA, pH 8.0), 60 %
glycerol, 40 % (w/v) bromphenol blue). Samples were applied to an 8 % non-denaturing
polyacrylamide gel (15 % (v/v) glycerol, 0.25 x TBE buffer, 8 % (w/v)
acrylamide/bisacrylamide (37.5 : 1), 0.002 % (v/v) TEMED, 0.0005 % (w/v) APS). After
running of the gel the DNA was electro-blotted on a nitrocellulose membrane using a electro
blotting apparatus (Trans Blot SD, Semi Dry Transfer Cell, BioRad, Hercules, CA, USA ).
Transfer occurred at 20 V for 1 h and a limit of 0.77 A using 0.25 x TBE buffer. After transfer
DNA was fixed on the membrane via cross-linking on a UV-light emitting table for 30 min.

Detection of the DIG-labelled DNA was performed according to the manufacturers "DIG
Application Manual for Filter Hybridization* protocol (Roche, Mannheim, Germany), similar
to the detection procedure for the dot blot (chapter 2.7.3.2) with following differences: After
blocking of the membrane antibody was added in a 1:15,000 dilution. Signals were detected

on Lumi-film (Chemiluminiscent Detection Film, Roche, Mannheim, Germany) and in

substrate buffer 1:100 diluted CDP-Star- (Roche, Mannheim, Germany) as substrate for the

AP (alkaline phosphatase).

2.7.4 Computational analyses

Promoter sequences were analysed using the Wise2 algorithm of the PromoterWise tool
(Birney et al., 2004) and Matlnspector, to identify common promoter motives (Quandt et al.,

1995).
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2.8 Chemicals and solutions

All utilised chemicals accorded high analytical grade and, if not mentioned otherwise, were
obtained from Applichem (Darmstadt, Germany), Clontech (Mountain View, CA, USA),
Duchefa (Haarlem, Netherlands), Fluka/Sigma-Aldrich (Taufkirchen, Germany), Invitrogen
(Carlsbad, CA, USA), MBI Fermentas (Vilnius, Lithuania), Roche (Mannheim, Germany) or

Roth (Karlsruhe, Germany).

All solutions and media were sterilised by either autoclaving or filtration using a 22 pm micro

filter.
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3 Results

3.1 Transcriptional analyses using Microarray hybridisation

3.1.1 M. truncatula is 6 dpi with G. intraradices in an early-mycorrhizal phase

In order to analyse transcriptional changes during the development of the mycorrhiza
symbiosis Medicago truncatula plants were inoculated for two different time periods, 6 and
21 days, with Glomus intraradices. After harvesting, colonisation frequency was measured
and finally calculated by staining of the fungal structures and subsequent counting of
arbuscules and hyphae. After inoculation for six days no mycorrhizal structures could be
observed in the inner parts of the roots and no appressoria have been developed in this system
referring the early-symbiotic phase of the symbiosis (data not shown). Inoculation with the
AM fungus for 21 days resulted in a frequency of inoculation (F) of nearly 100 %, a
colonisation intensity (M) of 81 % and a relative arbuscule frequency (a) of 81 %. All
developmental stages of the AM from appressoria and arbuscules to intra and extra-radical
hyphae and vesicles were abundant, so that a complete developed symbiosis has evolved (data

not shown).

3.1.2 Microarray hybridisation

After determination of the mycorrhization efficiency RNA was isolated from plants inoculated
with AM fungus and from non mycorrhizal roots. RNA was reverse transcribed and labelled
with cy dyes. Two different experiments were carried out: Firstly, Mt16k-OLI1 microarray
was hybridised with probes from 21 dpi mycorrhizal and non-mycorrhizal roots. In a second
experiment oligonucleotide chips were hybridised with probes from early-symbiotic and non-

symbiotic roots. Therefore, it was possible to identify transcriptionally regulated genes, which
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are differentially expressed in the completely developed mycorrhiza or in the early-symbiotic
phase in comparison to non-mycorrhizal roots. After hybridisation data were statistically
evaluated and transferred into a spreadsheat program allowing sorting of expression values of
both experiments in parallel. Genes, showing at least two fold regulation with a probability of
more than 95 %, were denoted to be specific up or down regulated. Finally these genes were
sorted into three different classes: I, regulated exclusively 21 dpi, I, regulated exclusively in

the early-symbiotic phase and III, regulated in both stages (data not shown).

3.1.3 Microarray data are concordant with former studies

After statistical evaluation and sorting, genes were clustered into different functional classes
according to Journet et al. (2002). In order to check parameters used for the analysis of the
transcription data, these were compared to data obtained in different former studies: MtPT4,
the mycorrhiza specific phosphate transporter is known to be highly induced in arbuscule
containing cells (Harrison et al., 2002). Hybridisation of the arrays showed 32 fold induction
of the MtPT4 gene after 21 days of mycorrhization but not in the early-symbiotic phase (table
2), where no arbuscules were present and no phosphate exchange takes place. In contrast
MtPT1, a non-regulated phosphate transporter, which is known to be repressed during the AM
symbiosis is more than 2 fold significantly repressed 21 dpi and even 6 dpi. Another already
described mycorrhiza specific gene, MtGstl, is 28 fold induced 21 dpi. As it has also been
identified using a proteomic approach (Bestel-Corre et al., 2002) and is additionally known to
be arbuscule specific transcribed (Wulf et al., 2003), it is obvious that it appears not to be
regulated in plants 6 dpi. VfLb29, a mycorrhiza and nodule specific leghemoglobin (Vieweg
et al., 2004), is upregulated 3 fold after 21 days but remarkably more than 3 times down-
regulated 6 dpi. In summary, several genes, which have been shown to be AM-specific

induced, have been identified in the microarray experiment to be induced in mycorrhizal
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roots.
MT009707  TC85743 Phosphate transporter, MtPT4 5
MTO014321  TC76987 Leghemoglobin, VfLb29 1.49
MTO00901 TC85868 Glutathione S-transferase, MtGstl 5.31
MTO009186  TC85933 Phosphate transporter, M¢PT1 -1.28

Table 2: Expression levels of former described genes

Several genes, which have been identified in former studies, showed in accordance specific
expression in dependence on mycorrhization.

Oligo ID depicts the location of the probe on the microarray. TC values give the identifier in
the TIGR gene index and M the expression level in regard to non-mycorrhizal roots in

logarithmic scale. The negative value stands for a down-regulation.

3.14 Up and down-regulated genes are distributed equally during a completely

developed AM

763 genes could be identified, which were differentially regulated 21 days after
mycorrhization. 407 of these were upregulated, representing about 53 % of the regulated
genes, whereas 356 were down-regulated (47 %). Independently from the large amount of
genes of unknown function, without homology to known genes or genes which are known to
have miscellaneous functions a high amount of genes, representing 11 % of all regulated
genes, involved in protein synthesis and processing are down regulated (figure 1).
Additionally, genes involved in defence and stress or DNA metabolism appear to be more
down regulated, whereas genes involved in the transcription of genes, secondary metabolism
or membrane transport are more upregulated. For example the well studied mycorrhiza
specific phosphate transporter MtPT4 (Harrison et al., 2002) is 32 fold upregulated 21 days
after mycorrhization in comparison to non-mycorrhized roots but is not regulated after 6 days.

Additionally, a zinc transporter, an ammonium transporter and two amino acid transporters
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could be identified to be up to 4 fold upregulated.

21 dpi upregulated 21 dpi down-regulated
0.7 1.5
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Figure 1: Regulation of M. truncatula genes 21 dpi with Glomus intraradices:

In total 763 plant genes, which were at least 2 fold down- (356) or upregulated (407) in M.
truncatula roots, that were inoculated with AM fungus for 21 days have been classified.
Proteins were grouped into functional categories according to Journet et al. (2002). Numbers

depict the rate of the particular functional class in percent.

3.1.5 Six day early-mycorrhizal roots show transcriptional decrease of defence-involved

genes

In the early-mycorrhizal phase only 167 genes appear to be differentially regulated. In
comparison to the completely developed symbiosis after 21 days, where up and down-
regulated genes were roughly distributed equally, 86 % (142 genes) were at least 2-fold down-
regulated and only 23 (14 %) were found to be upregulated. Several of these genes have no
clearly determinable function. Genes showing similarities to genes of known functions are
involved in defence, development, gene expression, membrane transport, metabolism,
secondary metabolism and signalling (figure 2). Down-regulated genes were distributed

through all functional classes, but with high contents involved in defence and stress
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responses, gene expression and signalling.

6 dpi upregulated 6 dpi down-regulated
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Figure 2: Regulation of M. truncatula genes, 6 dpi with G. intraradices

Classification of 165 differentially expressed genes, 6 days after inoculation with Glomus
intraradices. In total 142 genes were down regulated at least 2 fold and 23 genes are
upregulated representing approximately 14 % of all regulated genes. Numbers depict the rate

of the particular functional class in percent.

3.1.6 Thirty-six genes show transcriptional alteration 6 and 21 dpi

Thirty-six genes could be identified, that were specifically expressed at both analysed points
of time. A large amount of these genes belongs to the functional classes of unknown or
miscellaneous function and genes involved in defence and stress mechanisms (figure 3). All

of the latter ones appear to be down-regulated at both time points.
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6 and 21 dpi regulated
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Figure 3: 6 dpi and 21 dpi regulated genes

Thirty-six genes were at least 2 fold induced or repressed after 6 and 21 dpi and clustered into
functional classes. Approximately 17 % were represented by genes of unknown or
miscellaneous function and 20 % represent genes assumed to be involved in defence

mechanisms. Numbers depict the rate of the particular functional class in percent.

Most of the regulated genes seem to be comparably regulated in both points of time, up or
down-regulated when compared to non-mycorrhizal roots (table 3) with only few exceptions:
For example VfLb29, a leghemoglobin which is known to be specifically induced during
mycorrhiza and the root-nodule symbiosis (Vieweg et al., 2004) is about 3 times down-

regulated after 6 days but 3 times upregulated after 21 days.
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Oligo ID TIGR ID Annotation M 6dpi M 21dpi Functional Class
MT005563 TC92278 Kinesin heavy chain 1,01 3,37 Cytoskeleton
MTO007216 TC76803 Protein kinase MMK4 -2,08 -1,53 Defence
MTO014167 TC76638 Pprg2 protein -1,04 -1,31 Defence
MTO015581 TC77728 Putative resistance protein -1,41 -1,3 Defence
MTO015842 TC86227 Functional candidate resistance protein -2,83 -1,66 Defence
MT016002 TC92835 Functional candidate resistance protein -1,93 -1,64 Defence
MTO001587 TC78664 Syringolide-induced protein -2,14 -2,08 Defence
MT002265 TC79210 Isoflavone-7-O-methyltransferase -1,12 -1,21 Defence
MTO005557 TC93233 Topoisomerase 1A 1,17 2,36 DNA Metabolism
MTO014572 TC76927 Histone H3 variant H3.3 -1 -1,23 DNA Metabolism
MTO015593 TC86259 Histone H4 -1,05 -1,35 DNA Metabolism
MT 009061 TC88075 ZPT2-14 -1,75 -1,54 Gene expression
MT009187 TC88516 WRKY DNA-binding protein -2,1 -1,12 Gene expression
MTO008865 TC88171 Chloride channel -1,54 -1,25 Membrane transport
MT003613 TC89431 Photosystem II reaction center M protein -1,2 1,48 Metabolism
MT004055 TC90579 NADH dehydrogenase -1,29 1,02 Metabolism
MT004368 TC91563 Gamma-glutamytransferase homolog 1,41 1,65 Metabolism
MT006554 TC85022 N8 protein -1,46 1,68 Miscellaneous
MTO007911 TC86706 Cytochrome ¢ -1,01 -1,2 Miscellaneous
MTO014321 TC76987 Leghemoglobin 29 (VfLb29) -1,84 1,49 Miscellaneous
MTO015531 TC78125 Cyclase -1,05 -1,1 Miscellaneous
MTO001306 TC78397 Galactose binding protein -1,35 1,01 Miscellaneous
MTO03313 TC80887 FKBP lke protein 1,35 1,91 Miscellaneous
MT004861 TC90451 Hypothtical protein 1,2 2,06 no homology
MT005763 TC92391 Hypothtical protein 1,01 -2,54 no homology
MTO012331 TC91847 Translation initiation factor 2,71 4,22 Protein synthesis
MT000172 TC85552 3-hydroxy-3-methylglutaryl-coenzyme A -1,63 1,77 SecondaryMetabolism
MTO014273 TC85552 3-hydroxy-3-methylglutaryl-coenzyme A -1,19 1,7 SecondaryMetabolism
MTO015393 TC77353 Serpentine resceptor class d -3.4 1,36 Signalling
MT004784 TC82756 Similar to GP|17381278|gb|AAL3605,1 -1,61 1,21 unknown
MT008323 TC87140 GP|16648734|gbl]AAL25559,1 1,01 1,17 unknown
MT009554 TC79058 Unknown protein -1,84 -2,01 unknown
MTO014641 TC86580 Unknown protein 1,29 1,75 unknown
MTO015582 TC77730 Unknown -1,7 -1,38 unknown
MTO015661 TC87804 Unknown protein -2,15 1,16 unknown

Table 3: Differentially expressed genes 6 and 21 dpi

Differentially expressed genes, that are regulated at least 2-fold, are grouped into functional
clusters. Oligo ID depicts the location of the oligonucleotide representing a special gene on
the Mt16k microarray. The TC values give the identifier in the TIGR gene index. M-values
denote the expression value in regard to non-mycorrhizal roots in logarithmic scale. Negative

values stand for down-regulated genes.
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3.2 Transcriptional analyses using electronic Northern approach

3.2.1 Generation of EST-clusters from two M. truncatula-G. intraradices AM cDNA

libraries

Two different cDNA-libraries were constructed and used for EST-sequencing. The first one
designated MtAmp was generated from M. truncatula roots 5 weeks after inoculation with
Glomus intraradices. At this point of time, all developmental stages of an AM (arbuscules,
inter- and intracellular hyphae, appressoria and vesicles) were present. Mycorrhiza parameters
(Trouvelot et al., 1986) were same as described in chapter 3.1. From this library, a total of
3,805 ESTs was generated, with an average length of 479 bp. All ESTs with a length of at
least 100 bp were submitted to the EMBL database under accession numbers AJ500944-
AJ504393. The second library, MtGim, was generated by suppression subtractive
hybridisation (SSH) and 1,841 EST with an average length of 416 bp were obtained. An initial
characterisation of 34 cDNAs of the MtGim library revealed the presence of different
mycorrhiza-induced genes in this library (Wulf et al., 2003). So far, the remaining cDNAs
have not been characterised in detail. All MtGim-ESTs that were at least 50 bp in length were
submitted to the EMBL database and can be accessed under AJ499169-AJ500943 (Frenzel et
al., 2005).

Clustering of the MtAmp ESTs revealed 534 tentative consensus (TC) sequences and 1,857
singletons, whereas clustering of MtGim ESTs resulted in the identification of 297 TCs and
611 singletons. Of the 534 MtAmp-TCs, only 4.9 % were novel in comparison to all other
libraries in the TIGR M. truncatula Gene Index (MtGI). In contrast, a notably higher number
of the 297 MtGim-TCs encoded novel genes, since 34.7 % of the MtGim-TCs did not match
any other TIGR MtGI TC. To analyse all TCs derived from both libraries in a single step, all

5,646 MtGim- and MtAmp-ESTs were clustered to one population of 833 TC and 2,349
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singletons. Since clustering protocol was identical to that used by TIGR (Quackenbusch et al.,
2000) and in order to ease cross-referencing of the data presented here, TIGR MtGI TC

numbers were used as references for MtAmp/MtGim TCs.

3.2.2 In silico screening for novel AM-specific transcripts

In silico expression analysis was applied to identify those TCs that are composed of ESTs
exclusively derived of the MtGim- or MtAmp-libraries, but not from any other cDNA-library
of the TIGR MtGI. This search revealed 115 MtAmp/MTGim-specific TCs. These TCs, likely
to represent novel mycorrhiza-specific or at least mycorrhiza-related genes, were annotated
and grouped into functional categories according to Journet et al. (2002). After blastx
searches, 10 TCs showed highest homologies to fungal genes, indicating that these might
represent G. intraradices genes (table 4). A large group of 52 TC sequences did not reveal
homologies to any other sequence and also did not contain significant matches to the

PROSITE database (table 5).

TC64085 |559 |mRNA for histone H4 (4.bisporus) X94189 7 -- 4/4
isolate RWM 243 28S ribosomal RNA (Glomus

TC68248 [362 - AF396793 e'” -- 5/5
mosseae)
isolate RWC 658 28S ribosomal RNA (Glomus

TC68246 561 AF396794 o115 - 45 /45
caledonium)
strain DAOM212595 small subunit ribosomal

TC75488 | 641 U96143 9e! -- 2/2
RNA gene (Glomus mosseae)
cytochrome P-450 cypS509A1 (Cunninghamella

TC67625 669 Q9P493 5¢! -- 2/2
elegans)
Glo8 isolate M3 small subunit ribosomal RNA

TC59129  |487 AY 129636 0.0 -- 2/2
gene (Glomus sp.)

TC75848 |458 | mRNA for hypothetical protein (Glomus mosseae) | AJ242917 0.0 - 2/2
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http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC75848
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Results

TC74547 |717 |histone H3 (Mortierella alpina) QY9HDN1 6 172 172
isolate SI 141 28S ribosomal RNA (Glomus

TC68247 {390 AF396797 el” -- 11/11
intraradices)

vesicular transport protein secl8 homolog
TC75784 |596 T50122 le? -- 2/2
(Schizosaccharomyces pombe)

Table 4: MtGim-/MtAmp-specific TCs with highest homologies to sequences of fungal
origin
(N: number of EST in a library); MtGI depicts the Medicago truncatula gene index, N the

number of the expressed sequence tags in a library.

TC63455 921 1/5 4/5
TC71585 649 1/5 4/5
TC71978 460 - 5/5
TC72388 610 1/4 3/4
TC72546 296 - 4/4
TC71536 575 - 5/5
TC72266 343 - 4/4
TC74813 280 - 2/2
TC64951 675 3/3 -

TC73661 617 173 2/3
TC73656 615 - 3/3
TC64827 350 - 3/3
TC65527 202 - 3/3
TC73785 147 - 3/3
TC73242 387 - 3/3
TC64807 632 - 3/3
TC64793 611 1/3 2/3
TC74270 300 - 2/2
TC65745 463 - 2/2
TC67236 385 - 2/2
TC74867 221 - 2/2
TC66251 251 - 2/2
TC67552 434 - 2/2
TC67547 611 - 2/2
TC67067 371 - 2/2
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http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC67067
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC67547
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC67552
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC66251
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC74867
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC67236
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC65745
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC74270
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC64793
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC64807
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC73242
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC73785
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC65527
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC64827
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC73656
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC73661
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC64951
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC74813
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC72266
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC71536
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC72546
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC72388
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC71978
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC71585
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC63455
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC75784
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC68247

Results

TC67791 408 - 2/2
TC65735 411 - 2/2
TC75233 517 2/2 -

TC67349 377 - 2/2
TC75302 497 - 2/2
TC66690 570 - 2/2
TC65891 633 - 2/2
TC75970 428 - 2/2
TC74472 655 - 2/2
TC74247 460 - 2/2
TC67260 586 - 2/2
TC75969 802 - 2/2
TC74463 296 - 2/2
TC74186 487 1/2 172
TC65823 493 - 2/2
TC73954 304 - 2/3
TC67344 582 - 2/2
TC65995 541 - 2/2
TC74126 418 - 2/2
TC75555 594 - 2/2
TC67674 631 - 2/2
TC65854 374 - 2/2
TC70769 667 - 7/7
TC75097 612 172 12
TC75784 428 2/2 -

TC66878 601 - 2/2
TC75914 368 - 2/2

Table 5: MtGim-/MtAmp-specific TCs without significant homologies

MtGI depicts the Medicago truncatula gene index, N the number of the expressed sequence

tags in a library.

The remaining group of 53 TCs displayed significant homologies to plant genes (Table 6).

Twenty of these were homologous to proteins of unknown function of other plants. Thus,

these proteins probably encode M. truncatula proteins but predictions of their putative
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http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC66878
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC75914
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC75097
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC70769
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC65854
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC67674
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC75555
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC74126
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC65995
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC67344
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC73954
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC65823
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC74186
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC74463
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC75969
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC67260
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC74247
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC74472
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC75970
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC65891
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC66690
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC75302
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC67349
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC75233
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC65735
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC67791

Results

functions are not possible. Finally 33 revealed highest homologies to plant genes with
assigned functions. Of those, 5 encoded putative transporter proteins, four encoded lectin-like

proteins and 6 gene products involved in signal transduction.

signal transduction

NBS-LRR type disease resistance protein

TC64428 494 QI93Ws58 3e"’ - 3/3
(Phaseolus vulgaris)

TC66505 491 lectin-like protein kinase (Arabidopsis thaliana) Q9FG33 9e-* - 2/2

TC74096 615 receptor like protein ( A. thaliana ) T49121 6e 2/2 -
seven transmembrane protein MLO2 (Oryza

TC74325 1046 Q93XC8 e'® 12 172
sativa)

TC76060 625 serine protein kinase-like ( 4. thaliana ) T47560 6e2 - 2/2

TC71483 1236 protein kinase ( A. thaliana ) G96593 2e™ - 5/5

metabolism

TC65799 909 dihydrodipicolinate synthase (Glycine max) S50750 2 12 12

TC67209 591 phosphoenolpyruvate carboxylase (4. thaliana) Q9CA39 470 - 2/2

TC74500 206 beta-galactosidase (Lactase) (F. ananassa) Q93X57 3¢ - 2/2

TC67079 555 epoxide hydrolase homolog (G. max) Q39856 2e7 - 2/2

TC76132 438 blue copper-binding protein (O. sativa) AAO037971 le? - 2/2

TC60541 960 germin-like protein (Medicago truncatula) AAO032795 le™ - 4/4

TC63954 473 germin-like protein (4. thaliana) QI9FMAS le™ - 4/4

post-transcriptional modification/ protein processing

serin  carboxypeptidase-like  protein (4.

TC68426 519 T49188 Te® - 2/2
thaliana)
cysteine proteinase precursor (Astragalus
TC66580 596 QI9FS02 Te! - 2/2
sinicus)
TC75569 526 prolyl endopeptidase (4. thaliana) Q8RXQ7 le™ - 2/2
TC71486 643 phosphoprotein phosphatase (Medicago sativa) T09544 le®¢ - 4/5
TC60540 665 ribonuclease T2 (Cicer arietinum ) Q9ZQX1 2e - 2/2
cell structure and extracellular space
TC68166 1373 agglutinin II precursor (C. lutea) Q39529 4e - 29/29
TC69333 1033 bark lectin II precursor (Sophora japonica ) P93536 5e% - 6/6
TC75254 606 agglutinin II precursor (C. lutea) Q39529 3e® - 2/2
TC75360 599 lectin (S. japonica) P93536 8e?’ - 2/2
transport
TC70909 672 MDR-like ABC transporter (O. sativa) Q8GU68 Tete - 717
TC63901 950 copper transporter (4. thaliana) AAM67571 le - 4/4
TC66155 242 Zn transporter ZNT4 (T, caerulescens) QY9FPW7 4e - 2/2
TC73332 405 ammonium transporter (O. sativa) BAC65232 le™ - 3/3
TC65476 552 sugar transporter (4. thaliana) AAM78192 le® - 3/3
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http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC65476
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC73332
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC66155
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC63901
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC70909
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC75360
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC75254
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC69333
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC60540
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC71486
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC75569
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC66580
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC68426
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC63954
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC60541
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC76132
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC67079
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC74500
http://srs.Genetik.Uni-Bielefeld.DE/cgi-bin/wgetz?-vn+2+-sn+1+-e+[{embl emblnew swissprot pir sptrembl pdb tremblnew}-ID:Q9CA39]
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC67209
http://srs.Genetik.Uni-Bielefeld.DE/cgi-bin/wgetz?-vn+2+-sn+1+-e+[{embl emblnew swissprot pir sptrembl pdb tremblnew}-ID:S50750]
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC65799
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC71483
http://srs.Genetik.Uni-Bielefeld.DE/cgi-bin/wgetz?-vn+2+-sn+1+-e+[{embl emblnew swissprot pir sptrembl pdb tremblnew}-ID:T47560]
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC76060
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC74325
http://srs.Genetik.Uni-Bielefeld.DE/cgi-bin/wgetz?-vn+2+-sn+1+-e+[{embl emblnew swissprot pir sptrembl pdb tremblnew}-ID:T49121]
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC74096
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC66505
http://www.tigr.org/docs/tigr-scripts/tgi/tc_report.pl?species=Medicago&tc=TC64428
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unclassified, function unknown

TC72502 439 nodulin-like protein (4. thaliana) Q9FHI9 le'™® - 4/4

TC67410 536 RING zinc finger protein (4. thaliana) QI9MS8K4 3e?! 2/2 -

TC76092 337 myotubularin (4. thaliana) QYCAF1 3e 2/2 -
cytokinin-specific  binding protein (Vigna

TC59827 722 Q9ZWPS8 le™ 1/6 5/6
radiata)
vesicle-associated ~membrane protein (4.

TC64306 963 023429 e'” 1/3 2/3
thaliana)
mitochondrial inner membrane protein (4.

TC67060 708 Q95724 le* 2/2 -
thaliana)

hypothetical, unknown proteins

TC71232 497 hypothetical protein (O. sativa) AAP03413 2e® - 6/6
TC59539 958 hypothetical protein (O. sativa) AAO39879 6e-36 - 7/7
hypothetical protein OSJNBb0O016H12.7 (O.
TC63326 715 AAP03413 Tete - 5/5
sativa)
TC63653 614 hypothetical protein (O. sativa) Q8H7LO0 3e - 4/4
TC73773 539 hypothetical protein (Plasmodium falciparum) — Q8IEMO 4e - 3/3
TC64871 646 hypothetical protein (4. thaliana) Q8LCS0 9e¥ 3/3 -
TC73566 658 hypothetical protein F12B17.70 (4. thaliana)  F12B17.70 3e” 3/3 -
TC64610 298 hypothetical protein (4. thaliana) T20K12.120 6e!! - 373
TC73173 672 hypothetical protein [imported] (4. thaliana) At2g34680 8e* - 3/3
TC64788 515 OSJNBa0014K08.26 protein (O. sativa) QS8LIYS 2e - 2/2
TC67169 629 hypothetical protein (4. thaliana) Atlgl10490 6e2 - 2/2
TC66818 655  hypothetical protein FON12.8 (4. thaliana) FIN12.8 2e% - 22
TC65882 504 hypothetical protein (4. thaliana) T16L1.40 5e" - 2/2
TC63150 497 hypothetical protein (4. thaliana) F14L2.70 3e" 2/2 -
TC66584 516 hypotetical P0501G01.24 protein (O. sativa) Q9AX93 2e™ - 2/2
TC67556 725 Gb|AAC80617.1 (4. thaliana) QOFFD5 Te't 2/2 -
TC75304 645 unknown protein (4. thaliana) AY088569.1 2e 2/2 -
TC66240 450 hypothetical protein (4. thaliana) At2g38010 3e¥ - 2/2
TC66672 627 hypothetical 71.0 kDa protein Q8W4D0 le™ - 2/2
TC75639 723 hypothetical protein (4. thaliana) At2g46080 le™ 2/2 -

Table 6: MtGim-/MtAmp-specific TCs with homologies to plant sequences

MtGI depicts the Medicago truncatula gene index, N the number of the expressed sequence

tags in a library.

46
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3.2.3 RNA accumulation studies

All 33 TC sequences with significant similarities to plant genes were selected for
experimental expression profiling using quantitative real-time RT-PCR. For this approach, M.
truncatula plants were inoculated with Glomus intraradices. Two independent sets of plants
were grown and used as biological replicates in RNA accumulation analyses. Mycorrhiza
parameters of this plant sets were as follows: for set 1: F: 100 %; M: 34.73 %, m: 34.73 %, a:
64.42 %, A: 23.42 % and for set 2: F: 77.78 %; M: 40.56 %, m: 52.14 %; a: 61.92 %, A: 25.11
%.

The MtEf-1a gene encoding the constitutively expressed translation elongation factor 1 alpha
was chosen for normalisation. Specific primer pairs were designed for each gene and the
selected primer sequences were compared to the TIGR Medicago truncatula Gene Index to
verify specificity. All primers were used first to amplify genomic DNA of M. truncatula.
Amplification products were obtained for all genes except TC60540 and TC67079 (data not
shown), proving that at least the remaining 31 genes originated from M. truncatula and not
from the microsymbiont. Prior to RNA-accumulation analyses, all RNA preparations were
checked for DNA contaminations by PCR using primer combinations that span intron
sequences of known gene sequences (data not shown).

MtEf-1a was found to be the most abundant gene showing a constant expression in control
and mycorrhizal roots. After RT-PCR, melting curves were analysed and in all reactions,
single amplification products were present. Gene induction levels calculated on the basis of
real-time RT-PCR are shown in table 6. Of the 33 TCs analysed for AM-induced expression,
18 were verified to be at least three fold induced in both samples of mycorrhizal roots.
Remarkably, the AM-specific phosphate transporter gene MtPT4 was more than 10* fold
induced in both sets of mycorrhizal roots. This corresponds well to the detection of 53 MtPT4

ESTs in the MtGim library, in contrast to only 6 MtPT4 ESTs identified in the random cDNA
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libraries MtBC and MHAM (TIGR MtGI) and indicates that the MtGim cDNA collection

represents a resource for novel mycorrhiza-induced genes that are summarised in table 7.

signal transduction

TC64428 10.7 59.2 NBS-LRR type disease resistance protein
TC66505 3.1 15.8 lectin like protein kinase
TC74096 1.1 3.1 receptor like protein
TC74325 3.6 6.1 seven transmembrane protein MLO2*
TC76060 n.d. 0.4 serine protein kinase like
TC71483 n.d. 267.9 probable protein kinase

metabolism
TC65799 12.4 21.0 dihydrodipicolinate synthase
TC67209 0.6 2.0 phosphoenolpyruvatcarboxylase
TC74500 3.9 18.8 beta-galactosidase
TC67079 53 18.7 epoxide hydrolase homolgue
TC76132 24505.2 69515.6 blue copper binding protein

post transcriptional modification/ protein processing

TC68426 42.5 485.0 serin carboxypeptidase like protein®
TC66580 9.1 1681.3 cystein proteinase precursor
TC75569 o n.d. prolyl endopeptidase

TC71486 0.6 1.8 phosphoprotein phosphatase

cell wall and extracellular space

TC75254 0 o agglutinin II precursor?
TC68166 o0 1586.2 agglutinin II precursor?
TC75360 139.8 114.6 lectin?
TC69333 7482.2 7477.6 bark lectin II precursor?
TC60541 5971.8 8699.7 germin-like protein®*
TC63954 80.6 115.2 germin-like protein®*
transport
TC70909 n.d. 46.1 MDR-like ABC-transporter
TC63901 56.3 164.4 copper transporter
TC66155 0.4 n.d. zinc transporter
TC73332 130.3 450.0 ammonium transporter
TC65476 54 16.3 sugar transporter

unclassified/ unknown function
TC72502 1.1 7.0 nodulin-like protein

TC67410 0.6 2.4 RING zinc finger protein
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TC76092 1.5 2.4 myotubularin

TC59827 1.0 2.9 cytokinin-specific binding protein
TC64306 0.8 4.0 vesicle-associated membrane protein
TC67060 1.3 1.7 mitochondrial inner membrane protein

Table 7: Induction levels of genes represented by MtGim-/MtAmp-specific TCs

MtGI depicts the Medicago truncatula gene index, N the number of the expressed sequence
tags in a library. n.d.: no products detected using cDNA of non-mycorrhizal or mycorrhizal

roots

o: no PCR products detectable after amplification of cDNA deriving from non-mycorrhiza

roots, PCR products were obtained after amplification of cDNA of mycorrhizal roots

“Similarities to previously described arbuscular mycorrhizal-induced genes: '"Manthey et al.,
2004, *Wulf et al., 2003; °Liu et al., 2003, “Doll et al., 2003

3.2.4 A family of M. truncatula lectin genes is induced during arbuscular mycorrhiza

Notably, four novel lectin-like sequences, also referred to as agglutinins, were strongly
induced in mycorrhizal roots (table 6). Previous reports on M. truncatula lectin genes
(MtLecl1-4) were focused on genes induced during root nodule development and nitrogen
fixation (Bauchrowitz et al. 1996; Mitra and Long 2004). During the initial characterisation of
the MtGim-library (Wulf et al. 2003), three AM-induced lectins represented by TIGR
TC69503 (MtLec5), 69334 (MtLec6) and 69628 (MtLecT7) were identified. In the approach
presented here, four novel AM-specific lectin-like sequences were found, represented by
TIGR TC68166 (MtLec8), 69333 (MtLec9), 75254 (MtLec10) and 75360 (MtLecl1). Hence,

seven different AM-induced lectin-sequences have been identified in M. truncatula up to now.
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Results

3.3 Sequence analyses of the AM-specific lectins

Rapid amplification of cDNA ends (RACEs) were done in order to identify the full size
cDNA sequences of these seven genes. Resulting sequences were between 1027 and 1190 bp
long. Nucleotide sequences of the MtLec5-11 genes have been submitted to the GenBank
database with the consecutive accession numbers DQ314207 to DQ314213. Largest open
reading frames indicate proteins lengths between 267 and 281 amino acids, except for the
MtLecl0 sequence. For this gene, a ¢cDNA sequence of 1125 bp was cloned, but the
predictable open reading frame consists only of 339 bp and aborts due to two directly
consecutive stop codons (figure 4). Translation of this open reading frame would
consequently lead to a truncated protein of 113 amino acids. ClustalW analysis of the known
M. truncatula lectins reveals that MtLEC10 aligns to the C-terminal ends of other known

lectins indicating that the N-terminal part of MtLec10 appears to be missing.

I
TTGATGGTTT TTACAAATGA ATGGGACCCT CCTTCATCAT TICAATCTCC
AACTACCAAA AATGTITACT TACCCTGGGA GCGAAGTAGTA AAGTTAGAGG

TCACATTGGA ATTGATGTTG GGTCAATTGT TTCCCTTGAA TATGCACAAT
AGTGTAACCT TAACTACAAC CCAGTTAACA AAGGGAACTT ATACGTGTTA

GGCCTATTAA TTTTGTGCCA AGARATGCTT TAGGAGAAGC TAACATAAAC
CCGGATAATT AAAACACGGT TCTRTACGAA ATCCTCTTCG ATTGTATTTG

TATAACTCAG ACGTCTAAAAG ATTCAGTGTG TTTGTGGCTT ATCCTGGGAC
ATATTGAGTC TCAGATITIC TAACTTCACAC AAACACCGAA TAGGACCCTG

TCAGTGGAAT TCCACTAGGG TTTCAGTTGT TGTTGATOTA AGGAGTGTTT
AGTCACCTTA AGGTGATCCC AAAGTCAACA ACAACTAGAT TCCTCACTAAA

TGCCTGAATG GGTTRGAATA GGTTTCTCTG CAACTACAGG AGAACTGGTT

ACGGACTTAC CCAARCTTAT CCAAAGAGAC GTTGATGTCC TCTTGACCAA
- *

GAAACACATG ATATCATTAA TTGGTCTTIT GAATCAGCCT TG cC
CTTTGTGTAC TATAGTAATT AACCAGAAAA CTTAGTCGGA AC GG

Figure 4: Section of MtLec10 cDNA sequence

MtLecl0 consists of 1125 bp cDNA sequence. Longest open reading frame of 339 bp is
indicated by an arrow. Putative start codon is indicated by grey box. ORF is aborted by two

consecutive stop codons, indicated by asterisks and highlighted letters.
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In Clustal W analysis the remaining six lectin-like proteins showed similarities from 38 %
(MtLecT7 | MtLec11) to 92 % (MtLec6 / MtLec9) to each other (figure 5).

) 10 20 . 30 40 50 . 60 . 70 80
MtLEC] - - - - - - MSFSSSN- F\’VILSISLTVFILLFNINKVNSTELTSFTIT!'SQDQKNLBFQGN AITTSTEKLQI.TK ——————— AV
MILEC2 - - === = - - MSSSN-FSCILSISLTFFILLL--NKVNSAETTSESITKEVPDQOKNLIFQGD-AKTASTGKLELSK- -~~~ -~ AV
MELEC3 MNYNQ IQTMASSNI FQISFSLIFLTFFFILLLNKVNS IEFTSEAI | EFSQDQNNLIFQGD-AY | SSSNKLQUNK--=----- AK
MtLECS - - - -MANS | PKLLATQNPFSVSLSIFFFLLLLINNVKSDSLSENFPKEDTDALN-IVIDG-DAKTTCEVLQETKKDQFG-NPS
MELECB . . . .MANSNPKLLVTQNPFSVFLLTF--=LLLITNVKSDSFSENFPKFDTDTKS-111DG-DANTTNGVLQLTKKDQLG-NPS

MLECIL - — _MT INAIPKLFATKNS I SLSIVIFMYLLILVANVKSDS-SENFPNFQPEALKKLGFAN-DATLKNGY IQLTKKDAYG-DPL
MLECS - _MTLSSALIKIFITFLFLONHVYNSQYSSPSKPQPSLGSTISESITKEDDESPN- I FVKG-DTSISNGVLSETKTDKYSGKPL
MILECY . _MALSSALIKIFITFLFLONHVNSQYSSPSKPQPSLGSTISESITKEDDESPN- IFVKG-DASISNGVLSETKTDKYSGKPL

e s s
MILECT e ccvnnnn MRGfNTSRTQILF\TI\SFLILAQN—--VNSAAFYVSNFDPYKTN~IELEG—NAFISDESEH&TN——
MtLEC4 - - - - - MALTNSNIETYVIRVMMI FTTFSLLFAKKANSKNTV IENFPEKRETKDDIPSLTLQGSADI LLNGALSETDT ==~~~

90 100 llD 120 ; 130 " %40 150 : %ED

MtLEC1 KN!\ﬂnALVSAP|n|wa5KTGDvANFETLFrEA TAPVSSNVABﬁLafllAPVDT--QPQNlcaAGrtcer ~-SETYNKS|
MLEC? KNS I GRALYSAP IHIWDSKTGSVANEQTTETET I TAPNTYNVADGLAFEIAP IDT--KPKSIHHGGYLGVED- - SKTYKKS |
MILECS  sSEVERALYSEPIHIWDSKTELVAHFOTSENE ! I TAPDSGNVADGFTEELAPVDT--QPQ--DGEEFLGLEN--DKYYNRSL
MILECS  pHEVEFSSFLGAIQLSDKQSGKVADETTERSEVVNPKGSQLHGDGFARY IASLDYDFPEKS- SDGGFLGLFDKETAFNT SKN
MILECE pPHSFGLSFFLGAIHLSDXQSGKVADFTTEFSFVVNPKGSQLHGDGFTERIASLDYEFPEKS- SDGGFLGLFDKESAFNT SQN
MILECIL K HSAGQFGLLKPIRLFDQTTGKVASFVTEETESVNSNGRQDHGDGFAFFMASPKFK | PNKNKSEGGFLGMETRETALYT--K
MtLEC6  QKSVGHATHLTP IHIWDETSGELADESTSESEIVNTNGSSLHGDGFTEFLGP LHFDLPKNS--SGGYLGLENPETALIPSQN
MILEC?  QKSVERATHLTP IHIWDETSGELAORSTSESE | VNTNGSRLHGDGFTEFRLGP LHFDLPKNS--SCEYLGLENPETALIPSQN

MG i e o i i s e o e e b i ket o
MILECT  pNEAGRASWGGPVRLWBADTEN LMGFTSVESFEVAPAGPGL IGDE I TEFIAPFNSHIPKNS- - SCEFLGLXNAETALNTYQN
MILEC4 TPNVEBRVLYSSPVP IWDNNTGHVVSEVESESEE 1 TPWPNVSNSDGLVERLTDPANIKIPEN-SGQGDLGY I N---- SNNAFN
170 . 10 190 y 200 210 ; 220 y 230 ; 240
MtLEcmT!‘AvE 1BTEHN---- - TWD '———-——KINRINE!N'NClKSISTTS'VLE --NcnEANVLVRFDAHTNVLSWLS!PG----
MLEC2 QTMAVE | BTEYNA-- - -QWDPNPGN I SSTGRHIGIBYNSIKS | STVPWSLE- - - NNKKANVAGFNGATNVLSVOMENP - - - - -
M{LEC3 QTMAVEFBTYYNS--- - DWDP - - - - - - - RORMIGIDVNCYRSTKTKPWYFR---DGGEGIVLIKFDASTNVESMTLFTE- -~~~
MILECS 5 | MAVEFDSFA- - - - - NEWDR- - - - - - - NSPHIGID INTHESS I SVPWP I DRQPQGT I GKARNSYNTASKDLSWEN TR -NSPA
MILECS S IMAVEFDSFR- - - - - NEWDPQ | A---GNSPHIGIDINTIRSSATALWP IDRVPEGS I GKAHESYNPASKKETALMTEL- NGPY
MILECLLE |MLVEFDSFA----- NEWDPNPSSNLGIGSHLGIDWNS IKSVANALWLND-FDDITVGKARIEYDSSDKNLKMLMTYSEKGAF
MLECE P | MA | EFBSFT----- NGWDPASP - ——smTMiﬁtﬂ\dGS!.D:vSTAnmLWLPRNALGEAR|ansssun1.sAwn|'r——ch.
MILECO P IMA | EFDSET- - - - - NGWDPASP - - - SQYPHIGIDVGSIDSRATVNIWP LDFVQTNALGEASINYNSESKRLSWFVAYP - -GSG
MILEC10 - = = = = - - MVET----- NEWDPPSS---FQSPHIGIDVGSIVSLEYAQWP INFVPRXALGEANINYNSESKRLSVFMAYP - -GTQ
MILECT R |MAVEFBSEGGNSGGNPWDR - - - - - - - AYPHVEIDVNSIASVTTAPWKTCS I LTGFNAIAFVNYEPVEKNLSVVMRYPGCNFY
MELEC4 K FMGVEFDTYAN- - - - - THDR------- PYQHIGIDVNSLYSSKY | KWNSVS---ESLVKVON IYESSSTTETMVMTDK - - = = =
250 260 270 280 300 310

M:LEClLPst:L&DWP|.ualvrlwwt16!”":.&:rAEﬂﬂvﬂ"HﬁcLHNNNN N.e.NussqusA -
MILEC2L IRHYTLSHVVPLKOVVIPEWVR | GFSSSTGAEY SAHD I LSWSFDSKENLGFENNINANVSSSTQAA- -
MELEC3 - DG 1 YT LSOVVNVK - VIEP EWVMR VGFSAATGRDF SVHOI L SWRESS I EN-—- - - -~ HQP S SMQAAAA
MILECSK- VDV IVSYP IDFASVESEWVYVGFSCATGQVAETHD I L SWSFVENE- - - - - - - - - oo
MILECS | - EETAVEYTVDFAA I LFEYMLVEFSCATGELAETHDILSWSRTENE- - - - - - - - - - - cccocnaans
MILECIIN-GDSSLVYNIDLTTFEFEM I EIGFSASTGDLVETHD I LSWSETENM- - - - - - - o e e meeaaae
MULEC6 - - ESTGVE FVVDLRSVEPEWNWRVGFSAATGELVETHD! INWSFETAR---------- - oo
MLECO K- NATGVS FVVDLR SVEPEWVRVGFSAATGELVETHDL | NWSFEAAL- - - - - - - - - - oo o
MILECIOW-NSXRVEVVVDLR SVEPEWMX | GFSATTGELVETHO! I NWSFESAL- - ----—---- - - - - -~
MILECTNGT SNSVSF | IDLRTGEPEWGR | GESCATGQLVELHKILSWTEKSS FQ

MILEC4NGQ 1 S 1 LAQVLDLSY LEPHEMVVE | SATSG-VROSHFIYSWSETSFLUDPTKK | I SONINNVIASN---

Figure 5: Multiple alignment of M. truncatula lectins

Boxes indicate conserved positions amongst the sequences (at least 6 sequences show
identical amino acids at corresponding positions). The alignment of the deduced M.
truncatula lectin protein sequences reveals that MtLECI10, consisting of only 113 amino
acids, corresponds to the C-terminal ends of the other lectins. This is quite obvious the region
of high similarity between all sequences. The N-terminal part of MtLEC10 seems to be
missing as its first methionine, encoded by the ATG start codon, aligns to the 172" amino acid
of the deduced consensus sequence. The remaining six mycorrhiza-specific lectins show
identities between 38 % and 92 % to each other. Numbers indicate positions to a putative

consensus sequence.
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Multiple alignment was used to draw a phylogenetic tree. Additionally an another nodule
specific lectin-like sequence (TC78397) identified from the TIGR MtGI by in silico
expression profiling also was also included in this analysis. This revealed that AM-induced
lectin-sequences group in one branch when compared with the lectin-like proteins induced

during the root nodule symbiosis (figure 6).

MILEC4
MILEC3 TC78397

MILECZ

MILECAH

- MILECS

/
\\\

T~ MILECB
-

MILECY

MILEC11
MILEC10

MILECE  wmiLECS

Figure 6: Unrooted tree based on ClustalW alignment

The following sequences were included, if available GenBank or otherwise MtGI accession
numbers are given in brackets: MtLecl (X60386), MtLec2 (X60387), MtLec3 (X82216),
MtLec4 (TC77066), MtLec5 (DQ314207), MtLec6 (DQ314208), MtLec7 (DQ314209),
MtLec8 (DQ314210), MtLec9 (DQ314211), MtLec10 (DQ314212), MtLec11 (DQ314213) and
the nodule-specific lectin-like sequence encoded by TC78397; AM-specific lectins form a
unique branch of the phylogenetic tree, whereas MtLEC4, which is known to be regulated
during root-nodule symbiosis (Mitra and Long, 2004), shows highest similarity to TC78397,

which codes for another nodule specific lectin-like sequence.

In order to identify the genomic structure of these genes, specific primer pairs for MtLec6,
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MtLec8, MtLec9 and MtLecl10 were deduced, that span the whole cDNA sequence of the
corresponding genes. Cloning of the sequences of the AM-specific lectin-like protein genes
from genomic DNA and sequencing revealed that none of these genes contains an intron. At
the time oint of this analysis, genomic sequences of MtLec5, MtLec7 and MtLec11 have been

already deposited in GenBank database and contained also no introns.

3.4 Targeting of AM-specific MtLECS protein

3.4.1 MtLECS is predicted to be targeted at the vacuole

Up to now, nothing is known about the function of the identified mycorrhiza-specific lectin
genes. Therefore targeting of the mycorrhiza specific lectins was investigated. The targetP
software tool is able to predict putative targeting of a protein sequence and provides an
additional module for the calculation of possible signal peptides. Using this tool, an N-
terminal signal peptide of 34 amino acids was predicted for MtLECS with a reliability of over
90 % (table 8, reliability class 1). This leader peptide is likely to be cleaved and the mature
protein is targeted into the secretory pathway. Similar results were obtained for all other

lectins, except for MtLEC10, which consists of a truncated open reading frame only.

MtLEC1 277 0.047 0.011 0.983 0.024 S 1 30
MtLEC2 280 0.104 0.002 0.985 0.030 S 1 26
MtLEC3 273 0.010 0.036 0.921 0.150 S 2 37
MtLEC4 278 0.007 0.055 0.666 0.427 S 4 32
MtLECS 274 0.045 0.025 0.919 0.076 S 1 34
MtLEC6 278 0.335 0.066 0.697 0.019 S 4 23
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MtLEC7 267 0.004 0.080 0.970 0.031 S 1 28
MtLEC8 275 0.004 0.138 0.916 0.120 S 2 31
MtLEC9 279 0.356 0.059 0.686 0.019 S 4 23
MtLEC10 113 0.218 0.131 0.035 0.774 - 3 -

MtLECI11 281 0.017 0.040 0.956 0.093 S 1 35

Table 8: TargetP results of MtLEC1 - MtLEC11

TargetP computational analysis indicates for all analysed lectin amino acid sequences, except
the truncated MtLECI10 sequence, a probable location in the secretory pathway (SP, Loc).
Putative cleavage sites for the signal peptides are given (TPlen). Len = length of the protein,
c¢TP = score of a localisation in the chloroplast, mTP = score of a mitochondrial localisation,
SP = score of a targeting to the secretory pathway, other = score of an other localisation, Loc

= prediction of localisation, RC = reliability class, TPlen = predicted presequence length

3.4.2 Subcellular localisation of MtLECS using confocal laser scanning microscopy

To prove the in silico analyses, confocal laser scanning microscopy (CLSM) was used. For
this purpose different fusions with a gene coding for a green fluorescent protein (mgfp6,
Schuldt et al., 1998) were constructed (figure 7 a): The complete open reading frame of
MtLec5 was cloned in an N-terminal position in frame to mgfp6 under the control of either a
double 35S promoter or the formerly described native MtLec5 promoter (Frenzel et al., 2005,
chapter 3.5). TargetP software predicted a putative signal peptide of 34 amino acids at the N-
terminal site. To analyse if this presequence influences the targeting of the fusion-protein, a
deletion construct was used with a truncated MtLec5 open reading frame missing the first 34
amino acids. As a cytoplasmatic control a fusion-less GFP5 under the control of a double 35S

promoter was used. Constructs were transferred to Agrobacterium rhizogenes strain ARqual
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and M. truncatula roots were transformed producing transgenic hairy roots. Plants containing
the fusion-protein under the control of the native MtLec5 promoter were mycorrhized as

described for three weeks.

Expression of the GFP fusion proteins was first visualised using a binocular featuring a
special GFP-Filter. Expression efficiency — estimated by fluorescing lateral roots — varied
between 10-30 % of all lateral roots. Successful transformed roots exhibited a strong
fluorescence in the transgenic roots (Figure 7 b). These roots were cut and used for confocal
laser scanning microscopy. When investigating the subcellular localisation, the cytoplasmatic
localised GFP appeared as a fluorescing seam surrounding the cell lumen, whereas inside the
cells no GFP-expression could be observed (figure 7 b, I). In contrast, in roots transformed
with the MtLECS5-GFP fusion constructs fluorescence occurs in the inner part of the cell
(figure 7 b, II). Remarkably, the promoter used for the expression of the respective construct
had no impact on the targeting of the fusion protein, as fluorescence appeared in the same
pattern independently if expresson was controlled by the 35S or the native MtLec5 promoter
(figure 7 b, III). When deleting the predicted signal peptide the expression pattern changed to

the one of the cytoplasmatic targeted phenotype (figure 7b, IV).
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ﬁ
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Figure 7: Localisation of MtLECS in transformed M. fruncatula hairy roots

a: Schematical representation of vector constructs used for MtLECS subcellular localisation.
Four constructs were used to investigate subcellular localisation of MtLec5: white box, double
35S promoter, light grey, predicted signal peptide (SP), dark grey, MtLec5 gene without
predicted leader sequence, black, gfp6 gene, striped, pMtLec5(-1037/+23)

b: Localisation studies in transgenic roots.

I, left: Bright field image of M. fruncatula hairy roots transformed with the double 35S::GFP
construct (upper micrograph) and fluorescence image of the same root (lower micrograph).
Transgenic roots carrying the vector construct show a bright fluorescence. I, right: CLSM
images of roots expressing the 2x 35S::GFP construct. Expression of the GFP is mostly
abundant in the periphery of the cells. II, left: root hair, and right: root cortex cells expressing
the MtLEC5::GFP fusion protein. Fluorescence can be observed inside the cell. III: CLSM
image of roots, transformed with a MtLECS5::GFP fusion construct under the control of the
MtLec5 promoter after mycorrhization. Mycorrhization does not affect the targeting of this
fusion-protein as fluorescence is visible in the same pattern as in II. VI: Root cortex cells
expressing the truncated MtLec5 protein without the predicted leader peptide fused to GFP.

Expression of the chimeric protein appears in the cytoplasm.

Scale bars indicate 10 pum for I right picture, II right picture, III and IV, and 100 um for II left

picture
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3.5 Promoter analyses

3.5.1 Analysis of mycorrhiza-specific transcriptional regulation

Reporter gene anlayses have widely been used to unravel specific transcription activation.
They provide the first step to identify cis-regulatory elements in the promoters and
subsequently the corresponding transcription factors. The specificity of the transcriptional
activation of several genes during the AM leads to the hypothesis of mycorrhiza specific
regulatory elements and putative transcription factors. Few AM-specific genes have been used
for promoter analysis. Therefore additional data can lead to the identification of these

elements.

The 5' upstream region of MtLec5 (pMtLecS) has been isolated from BAC clone mth2-20e4
(GenBank accession no AC126010). For pMtLec7 inverse PCR technique was used. Cursory
sequence analysis revealed in the MtLecS promoter a consensus sequence to a TATA-box from
-33 to -26 bp from the transcription start (TATATAT). No TATA-box sequence could be
identified in the MtLec7 promoter. In initial analyses 1,060 bp of pMtLecS (pMtLec5(-
1037/+23), in respect to the transcription start) and 1,503 bp of pMtLec7 (pMtLec(-
1451/+52)) were fused to a gus reporter gene. Thereby the 5' untranslated regions (UTR) were
included in the analyses. Binary vectors were transferred to Agrobacterium rhizogenes and M.
truncatula transgenic roots were induced by transformation. After transgenic roots formation
plants were inoculated as described and expression of the B-glucuronidase was visualised by
histochemical staining. Finally, fungal structures were stained. No reporter gene activity could
be observed in roots of non-mycorrhizal plants (data not shown). However both promoters

showed strong activity in transgenic roots colonised by the AM fungus G. intraradices (figure

8).
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Figure 8: Promoter activities in Glomus intraradices-colonised roots

Histochemical analysis of transgenic Medicago truncatula roots carrying A, B, C and D the
pMtLec5 GUS or E, F, G and H pMtLec7 GUS fusions. M. truncatula plants with
Agrobacterium rhizogenes transformed hairy roots were colonised by G. intraradices and
stained for GUS activity after 3 weeks of inoculation. B through H, double stainings for GUS
activity and subsequent acid fuchsin staining to detect the fungus. A, Intense MtLec5
promoter activity is detectable in parts colonised by the AM fungus (magnification bar: 2mm).
B and D, arbuscules showing intense MtLec5 promoter acitivity (magnification bars: 10 and
25 um, respectively). C, pMtLec5 activity is localised in inner cortical cell layers where

arbuscules have been formed; no GUS activity can be detected at the root surface after contact
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with G. intraradices hyphae (magnification bar: 20 um). No pMtLec7 activity was observed
in the vicinity of vesicles (E, magnification bar: 25 um) or appressoria (F, magnification bar:
50 um); in contrast, pMtLec7 is highly active in arbuscule containing cells (G and H,

magnification bars: 25 um).

3.5.2 Analysis of mycorrhiza-specific transcriptional regulation: promoter-deletion

analyses

Initial analyses of the upstream sequences of pMtLec5 and pMtLec7 showed arbuscule
specific reporter gene expression when using large promoter fragments of 1000 bp and more
(Frenzel et al., 2005). Therefore the promoters of these two genes were selected for more
detailed promoter analyses. Successive shortening of the promoter fragments should lead to
an alteration of transcription pattern of the reporter gene when a cis-regulatory element is

deleted.

In order to identify the minimum promoter, which is sufficient to mediate the mycorrhiza
specific expression, different MtLec5 and MtLec7 promoter-uidA fusions were constructed:
Approximately 300 bp, 150 bp and 75 bp of the MtLec5 promoter sequences were used in the
promoter deletion analyses. For MtLec7, beside pMtLec7(-304/+52), pMtLec7(-150/+52) and
pMtLec7(-75/+52) an additional pMtLec7(986/+52) construct was analysed in these gain of

function analyses (figure 9 b).

After induction of M. truncatula hairy roots via A. rhizogenes mediated transformation and
mycorrhization, 301 bp of pMtLec5 were able to activate transcription of the reporter gene,
visualised by B-glucuronidase activity. Similar expression pattern of the GUS gene was
observed when compared to the approximately 1 kb fragment (figure 9, c I, d I). When using
150 or 75 bp of pMtLec5 promoter activity breaks down to a zero level. No activation of the

promoter could be observed in non-mycorrhizal transgenic roots at all (data not shown).
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Therefore, assumed regulatory promoter motifs appear to be located in the region between

-300 and -150 bp from the transcription start.

In B-glucuronidase assays of transgenic roots 986 and 304 bp of the MtLec7 promoter were
sufficient to enable a strong reporter gene expression (figure 9 c II). Activity appeared
specifically in arbuscule containing cells as revealed by subsequent double staining with acid
fuchsin (figure 9 d II). In MtLec7 promoter-reporter gene containing roots GUS expression
appears to be restricted to the arbuscule containing cells, as was observed identically using the
previously described long promoter fragments of 1kb and more. No reporter gene expression
could be observed using the 150 bp and 75 bp promoter-uid4 containing transgenic roots or in
non-mycorrhizal roots (data not shown). Consequently it appears, that the promoter of
MtLecT7 seems to contain AM-responsive elements located in the pMtLec7(-304/-150) area

(figure 9a).
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a -986 VATA GCTAAGAGAC TAAATTGGAG ATCATACACA
936 ACAAGAAAAC ATGATACTAC TCGCAAACAT TACTGATGGC CTAAATCCCT
886 AGAAAATTCC AACATTTTTT TTGTTCTTTGTAGTGGCCAAC CGGAAATAT
836 GTATGGAAAACCAAATGTTT TTGCTTGTTC ATAGCGGTTT TTTAGTAGCA
-786 ATTTCGGCAG GTGTATTTAA AACTTGTTAT TTTGCTTCGG TTTCAGCTGC
736 CGGTAATTTT GCGGCAGTTC AAAACCGCCG TTAAATACTC AATGTTTTAA
636 AAGTTTCAAA TTGGAAACAT TAATCACTGG AATCGAATGT CCCGCGGCCG
636 CCTCGCGTGC TTTTCGGAGC TGTGATGCGC ATTTACTTGA CTTCCCTGTT
-586 GTAACACATT CTGGTGCTAA GTATCCCATT GTTCCTGCCA AAACAGTTGT
-536 ATGATAACCA AGTTCATGAT CTACTAGTCA TGCAAGACCA AAATCACCAA
486 GTTTGGCATT GAATTTGCAT CTAACATTAC ATTGCTTGAC TTAATATCTC
-436 TATGCACCAC ACATTGGTAC TGTATTTGGA CTTATTCTAG TATAACATAG
-336 GTATCTACAA GGGTGTTTAG AAAACCTTAT TAGTT TATAATATGT
-17 TT ATTTATCTGT TAAAAATTAC 336 CTATTTGGAC AGACTCTATA GTCTAGAGTA mrm TTACAAAATG
1128 CTTAATGTTG CAAAGTTCAA ACAATGTAAT TTTTTGGCAT TATATTGGTA g: TTTAGGTAAA TTTATAAAAC TATTTTATGA CAATTCAATG ATTTACATTT
- TTGTTATATA GGTTCTCCAT AACATGTGTT TTTTAGAGCG
-78 ATTATTTTTC GAAAACATCC TTAAAAAAAT CGAAATACAA AAGCCTARAT |36 GGAAGAGTCT CATGATTTAT GTTTTATGGT TTA AAATCGTTCA
228 ATFAGATGGAC TAATCCCTTT GCTATATGGC ATCATACACA ACATAATACC -136  AAATCGACTA GATTCTTCAA AATAACATGA TTTGAATAGG AAGTTTCTTT
86 AGCTGGCCAT GGCCTGCCTT TGTTCAACTT TTTTTTTTAG GTATTTCTTC
Met Ala Am Ser -3  TCCTATAAAT ATTTTCACAT TTTGGTTATA TATCTCGATA ATATATITGC
+23  atggecaact cc Met  Asg Gly Phe
+15  ATTAATTCTT GGTACCAAAA TITCACTAAT TTAGAACCa tgcgecggatte

- “ ) “
* pMtLecsi (-301/423) ;ﬁ pMtLec7(-986/+52)
an E
 — — — pMtLec5(-151/+23) 3‘— pMtLec7(-304/+52)
. 2
— E—"— pMtLec5(-75/+23) _ pMtLec7(-150/+52)
Al‘ﬂ‘(ﬂ!) 4
_ pMtLec7(-75/+52)
s

Figure 9: Promoter-reporter gene analyses in transgenic M. truncatula roots

a: Nucleotide sequences of the MtLec5 and MtLec7 promoter regions. Indicated positions are
related to the transcription start (+1). Arrows indicate sites of the deletions used in reporter
gene analyses. TATA-box consensus sequence of the MtLec5 promoter is given in contour, 5'
untranslated regions (5' UTR) are in italics. Putative AM-specific responsive elements

containing sequences are underlined.

61



Results

b: Diagram of various promoter deletion fragments used in deletion analyses. Promoter
lengths are given in distance from the transcription start (position +1). Black boxes indicate 5'
UTRs.

c: M. truncatula roots were transformed and subsequently inoculated with Glomus

intraradices. Three weeks after inoculation GUS staining was performed.

I: transgenic roots transformed with a construct of 301 bp of the MtLec5 promoter fused to a
uid4 gene. 11 pMtLec7(-304/+52) fused to the widA gene. MtLec5 promoter activity is
detectable in cells in the inner cortical cell layer colonised by the fungus. Weak GUS staining
can be observed in cells adjacent to arbuscule-containing cells. No reporter gene expression

appears in the outer cell layers.

d: Staining of fungal structures with acid fuchsin shows that pMtLec5 (I) and pMtLec7 (II) are
mainly active in arbuscule containing cells. (Indicated by the purple colour, which originates

from the overlay of the light-blue GUS and the pink acid fuchsin staining.)

e: Hairy roots of N. tabacum cv. Samsun carrying the heterologous pMtLec5(-1039/+23)
promoter-GUS construct. I: Reporter gene expression appears in regions of mycorrhizal

colonisation. II: Arbuscule-containing cells are displaying GUS-activity.

3.5.3 pMtLec5(-1037/+23) is also active in the non legume Nicotiana tabacum

Most terrestrial plants are known to be able to form the AM-symbiosis. As endomycorrhizal
structures have been observed in fossils of the earliest plants, it is assumed that signalling
events, which lead to the specific transcription of genes may be conserved. Consequently
promoters of AM-specific genes would be able to mediate likewise specific activation of

reporter genes in only remotely related species.

The arbuscule specific expression of the analysed MtLecS5-promoter in M. truncatula leads to
the question whether this transcription activation can also be observed in non-legume plants.
Therefore Nicotiana tabacum was transformed with Agrobacterium rhizogenes producing

transgenic roots containing pMtLec5(-1037/+23) fused to the uidA gene. Composite plants
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containing transgenic roots were inoculated with Glomus intraradices. In subsequent [-
glucuronidase activity stainings, a reporter gene activation pattern identical to M. truncatula
was observed. Reporter gene expression was restricted to parts of the roots with fungal
colonisation (figure 9 e 1), and in particular to discrete cells harbouring arbuscules (figure 9 e
IT). This result indicates, that the observed mechanism of mycorrhiza-specific transcription
activation is also conserved in the non-leguminous plant N. tabacum and suggests that the
notional positive regulator, which mediates this specificity in mycorrhizal roots, represents a

conserved phenomenon.

3.5.4 Electrophoretic mobility shift assay reveals potential DNA-binding proteins

motives

To specify the binding site of the postulated positive regulator element, the protein binding
sites of pMtLec5 were analysed by Electrophoretic Mobility Shift Assays (EMSA). As 301 bp
of the MtLec5 5' upstream region provide AM specific expression of the uidA reporter gene
and the 151 bp region does not lead to an activation, it is likely that potential transcription-
factor binding sites, which are responsible for the specific expression pattern, are located in
the pMtLec5(-301/-151) region. Therefore, this region was studied in detail and divided into
30 bp fragments with 10 bp overlaps each (figure 10 a). The fragments were labelled and
incubated with crude protein extracts from mycorrhizal or non-mycorrhizal M. truncatula. A
second control binding reaction was performed without any protein to exclude artificial shifts
of the gel composition. Figure 10 b shows specific alteration in running of the fragments -301
/-271, -281/-251, -261/-231 and -241/-211. These four fragments show a gel shift after
incubation with protein extract from mycorrhizal roots. Remarkably, no specific shifts could

be observed in the control experiments after incubation with proteins from non-mycorrhizal
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roots, indicating that the observed shifts might result from binding of putative mycorrhiza

specific regulators to the analysed promoter fragments.

a pMtLecS

(-301/-271) (-261/-231) (-221/-191) (-181/-151)

1 2 3 4 5 6 7
(-281/-251) (-241/-211) (-201/-171)

mycorrhizal non-mycorrhizal control

Figure 10: Electrophoretic mobility shift assay (EMSA) of pMtLec5(-301/-151)
a. Schematic overview of the partitioning of pMtLec5(-301/-151) into 7 segments, that have

been tested in EMSA analysis for binding of mycorrhiza specific proteins.

b: pMtLec5(-301/-151bp) was divided into seven 30 bp fragments with 10 bp overlaps. EMSA
was carried out with protein extract from mycorrhizal or non-mycorrhizal roots and without
proteins (control). Fragments 1 to 4 (in total -301 to -211 bp upstream of the transcription
start) show a specific shift after incubation with protein extract from mycorrhizal roots. No
shifts were detected after incubation with proteins of non-mycorrhizal roots or in the water

control experiment. Positions of the analysed promoter fragments in relation to the
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transcription start: 1, -301 to -271bp, 2, -281 to -251bp, 3, -261 to -231bp, 4, -241 to -211bp,
5,-221t0-191, 6, -201 to -171bp, 7, -181 to -151bp

3.5.5 pMtLec5 and pMtLec7 share common sequence motifs

Similar expression pattern due to the arbuscule specific activity of pMtLecS and pMtLec7
suggests that both promoters might share at least one common sequence motif, which might
be recognised by the postulated regulatory proteins. First, computational comparison of both
sequences was done in order to identify conserved motifs within the promoter fragments. The
PromoterWise tool compares two DNA sequences and identifies inversions and translocations
using the Wise2 algorithm, because potential promoter motifs may be located in both

directions on the upstream regions.

When comparing pMtLec5(-301/-211), showing binding of AM specific proteins in EMSA
analysis and pMtLec7(-304/-150), which mediates arbuscule specific expression in reporter
gene fusions, a common 8 bp motif was found. This sequence motif (AAC ATT TT) is located
on the plus strand of pMtLec5(-230/-223) and on the minus strand of pMtLec7(-291/-284).
This common sequence shows no homology to any other known regulatory promoter element

and may represent a new mycorrhiza specific potential transcription factor binding site.

Comparison of promoter sequences to a database containing already described motifs of plant
promoters, the Matlnspector tool detects in each promoter a so called circadian clock
associated module. A third common promoter motif, a nodulin consensus sequence is
abundant twice in pMtLec7(-304/-150) and once in pMtLec5(-301/-151) with high matches. A

summary of the analysed sequences and detected motifs is shown in figure 11.
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pMilec5(-301/-151) o
circadian clock

. common 8 bp motif
associated

[

CCTTAGGTCTAT ATCTAAATAA CTAATTGGCT TTAAACTTTA GTTCATTTTA TTAGTTGATA AAATCTATGA ACATTTTGTT

TACTTGGTCC ATGCTACTCATAATTTATCA CTCAAATTAG CTGTACTTCA TTGTAAATAT CATCCTTTA
-

nodulin consensus

pMtlec7(-304/-150)

nodulin consensus circachan clocl
associated

— -t

ATAM GTACTTACAA AATGTTTAGG TAAATTTATA AAACTATTTT ATGACAATTC AATGATTTAC ATTTTTGTTA TATAGGTTCT

commeon 8 bp motif

CCATAAGATGTGTTTATAGT CAACTTTTAG AGCGGGAAGA GTCTCATGAT TTATGTTTTA TGGTTTATCA
-y

nodulin consensus

Figure 11: Comparative analyses of pMitLecS5(-301/-151) and pMitLec7(-304/-150)

sequences

The promoter regions, identified to mediate the AM-specific transcription, share three

common motifs. Matlnspector identifies one circadian clock associated module (marked in

red) in each of the fragments and one or two nodulin consensus sequences (green) in

pMtLec5(-301/-151) and pMtLec7(-304/-150), respectively. Additionally one common 8bp

motif (underlined) is abundant in both sequences which so far has not been described before.
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4 Discussion

More than 80 % of all terrestrial plants are able to form a symbiosis with arbuscular
mycorrhizal fungi, including several important crops. This symbiosis is characterised by the
exchange of carbohydrates from the plant to the fungus, whereas mainly phosphate and other
mineral nutrients are transported the other way around. Therefore both partners benefit from
this interaction. Additionally, mycorrhizal plants are known to possess higher resistance
against several plant pathogens, as well as higher tolerance against heavy metals and
increased salt concentrations when associated with additional soil microorganisms such as
bacteria (Vivas et al., 2003, Rabie et al., 2005). Consequently, analyses leading to deeper

insights of this mutualistic interaction are of high interest.

4.1 Microarray analysis provides the basis for a discussion about initiation of the AM

The identification of novel mycorrhiza-specific genes in host plants represents the first step in
understanding the molecular processes during symbiosis. Two different methods have been
used to analyse transcriptional changes. Firstly, hybridisation of a cDNA-based microarray
was used to identify differences in the transcriptional pattern of a completely developed
symbiosis and the early-symbiotic phase. The latter one was characterised by lack of a
physical contact in form of appressoria. Expression pattern of several genes in mycorrhizal
roots coincides with former analysis, indicating that the correct parameters have been chosen
to evaluate the microarray raw data. For example the AM-specific phosphate transporter
MtPT4 (TC85743, Harrison et al., 2002) and the glutathione S-transferase MtGst1 (TC 85868,
Wulf et al., 2003) have been found highly induced, whereas the common phosphate
transporter MtPT1 (TC77186, Liu et al., 1998) was repressed in comparison to non-inoculated

plants. Additionally, a global overview has been achieved of up and down-regulated genes in
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the early and late symbiotic phase that may lead to new insights in the global expression of
genes and provides the starting point to analyse the development of the AM in more detail: In
mycorrhizal roots, 21 dpi with AM fungus, up and down-regulated genes are approximately
distributed in equal shares, whereas in early-symbiotic roots most affected genes appear to be

down-regulated and only few are found induced.

Interestingly, several genes have been observed to be only regulated exclusively when no
appressoria have even developed. As these structures are also abundant 21 dpi, it is assumed
that the high colonisation intensity influences the neighbouring parts of the roots, so that
specifically regulated transcripts can be observed in the 6 dpi roots. For example, one gene,
shows high similarity to a cyclic nucleotide and calmodulin-regulated ion channel (TC79605).
Calmodulin is a highly conserved calcium-binding protein, which is involved in many
calcium-dependent cellular processes. In plants these include phytochrome-regulated gene
expression and chloroplast development (Bowler and Chua, 1994), cell division (Vantard et
al., 1985), gravitropism (Stinemetz et al., 1987) and microtubule organisation (Cyr, 1991).
Molecular processes of the early steps in the two root symbioses are predicted to be conserved
as several genes are known to be induced at this time point (Ane et al., 2004, Calantzis et al.,

2001, Sagan et al., 1995).

During initiation of the root nodule symbiosis calcium spiking can be observed. Mutant
analyses revealed three genes, that control both types of root symbioses (Duc et al., 1989)
named dmil to 3 (does not make infections). In the rhizobial symbiosis this calcium
oscillation is found temporally appearing in between the expression of dmi2 and 3 referred to
as calcium spiking (Erhardt et al, 1996, figure 12). The latter one encodes a
calcium/calmodulin dependent protein kinase (Lévy et al., 2004, Mitra et al., 2004) and might
react on this event. Consequently, Ca** flux is anticipated to occur during the initiation of the

AM (figure 12). The abundance of an additional potential symbiotic calmodulin dependent
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protein supports this hypothesis. Its predicted function as ion transporters suggests that this

protein is probably involved in early signalling events.

The down-regulation of an additional gene, showing high similarity to proteins containing a
putative calmodulin-binding domain (TC77353 and TC87357), also supports the hypothesis
that calcium plays an important role for the initiation of the symbiosis, suggesting an
oscillation of this cation comparable to root nodules. TC77353 shows in blastx analysis high
similarities to MLO-like proteins that belong to the group of guanine nucleotide-binding
protein-coupled receptors. These proteins are known to function as negative regulators of host
defence, because loss of a particular MLO protein leads to resistance of Hordeum vulgare to
powdery mildew (Biischges et al., 1997). Similar or comparable function of this gene for the
AM-symbiosis would open the possibility to fill the gaps of molecular processes during the
initiation. Consequently, this may result in the verification or modification of a discussed

model for common events during the initiation of the two root symbioses (Figure 12).

Roat hiair
swelling Root hair geme
] ! defi Fi expression -
Nod factor —» NFP | "T“ e T
DMIL, DMI2| . Calcinum __ [ pagyy | L | NSP12 —T—bb&xtumﬂon
- spiking ' -
A .

Myeorrhizal Mycorrhizal
fungi infection

Figure 12: Working model for common signal transduction pathways leading to the root
symbioses (Olah et al., 2005)

DMII, 2 and 3 are known to be induced during the initiation of the root nodule symbiosis as
well as the AM. Calcium spiking has been observed in root nodules between the occurrence of
DMI2 and 3 and is therefore predicted to take place also in mycorrhizal roots. Mycorrhizal
infection is supposed to proceed until the expression of DMI3. Therefore, the calmodulin

regulated genes may be expressed after calcium spiking or the transription of DMI3.

Ccd: cortical cell division
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4.1.1 Alterations in transcription pattern of functional diverse genes

During development of the AM several morphological and physiological changes occur in the
root of the infected plant. Therefore it appears obvious that these are caused by intense
transcriptional alterations of genes belonging to different functional classes. Microarray
analyses performed during this thesis revealed transcriptional changes of genes belonging to

all of these classes.

AM fungi colonise host roots by penetrating their cell walls and entering the apoplast. The
nucleus moves to a central position of the host cell and cell organelles proliferate. This is
accompanied by the reorganisation of cell walls and the cytoplasm. These conversions desire
a set of proteins that are responsible for cell wall degradation and assembly and alterations in
the cytoskeleton (Hohnjec et al, 2005, Manthey et al., 2004). The transcription of several
different genes involved in cell wall conversions have been identified to be effected by the
AM. For example TC88957, which additionally has been identified by Hohnjec and associates
(2005), shows similarities to a polygalacturonate-degrading enzyme and may serve for
modifications of the cell wall or extracellular matrix. Similar functions are supposed for
MtCell that has been identified to be induced in Glomus versiforme colonised roots of M.

truncatula (Liu et al., 2003).

Several analyses report an induction of proteins related to protein synthesis and modification
and defence (Dumas-Gaudot et al., 1994, Gianinazzi-Pearson, 1996, Salzer et al., 2000). In
respect to protein expression different ribosomal proteins have been identified to be induced
after 21 days of mycorrhization consistent to the observations of Journet et al. (2001).
Interestingly, using digital expression profiling Journet reported strong induction of a
translation initiation factor (TC91847), that has also been identified in this thesis to be
upregulated after 6 and 21 of mycorrhization. Concerning defence, TC86086 was detected to

be induced, coding for a probable Kunitz-type protease inhibitor. These proteins are predicted
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to fine-tune protease activity during arbuscule degradation or to modulate plant defence
responses caused by the fungus (Hohnjec ef al., 2005). Therefore exclusive appearance in the
completely developed symbiosis fits quite well in this theory as in the early-symbiotic roots

no arbuscules have been developed.

In an arbuscular mycorrhiza fungi act as a kind of extension of the roots and enable the plant
to thorough exploration of the soil (Smith and Read, 1997, Pfeffer et al., 1999). Beside the
mentioned MtPT4, several additional transporters have been found to be induced after 21 dpi:
TC77463 codes for an ammonium transporter, TC83425 for a proline transporter, TC86374
for an ABC-transporter. Additionally, TC88701 describes the first mycorrhiza induced
manganese transporter, MtZIP7, whose transport properties were characterised in yeast
expression systems (Lopez-Millan et al., 2004). Identification of the induction of several
different putative transporter proteins underlines the importance of the AM for upgrade of the
uptake of nutrients. Most recent studies on AM induced transporters were focused on specific
phosphate transporters (Harrison et al, 2002, Nagy et al., 2005, Rausch et al., 2001), but
acquisition of nitrate is also supported by the identification of induced nitrate transporters in
different species (Hohnjec et al., 2005, Hildebrandt et al, 2002). The here described

ammonium transporter affiliates to these reports.

Sucrose displays the major transport molecule in plants for carbon source to sink transport
(Hawker, 1985). TC77988 is annotated to encode a sucrose-phosphate synthase that may be
involved in the metabolism of this carbohydrate (Blee and Anderson, 2002, Hohnjec et al.,
2003, Ravnskov et al., 2003). After hydrolysis of sucrose to the particular hexoses, monomers
enter glycolysis. A putative glyceraldehyde-3-phosphate dehydrogenase (TC85747) found to
be increased in the microarray analysis may participate at this process, although up to now

genes of the tricarboxylic acid cycle have not been identified to be AM specific upregulated.

Remarkably, seven genes coding for probable auxin related proteins are found to be highly
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induced during mycorrhization (TCs: 79906, 77465, 82150, 82358, 83162, 88776, 88867).
This huge amount of upregulated auxin response factors or auxin induced proteins underlines
reports of increased auxin biosynthesis in mycorrhizal roots (Kaldorf and Ludwig-Miiller,

2000).

Concerning AM related receptors, several receptor-like kinase genes have been found to be
induced (TCs: 77660, 78763, 88607, 88669, 89062, 89551, 90272, 92959) or repressed (TCs:
83559, 85563, 87576, 90231, 91705) indicating intense changes of signal transduction
pathways during the AM. Noteworthy, as the first signalling events have to be constitutive
present in uninoculated roots, no gene of this family could bei identified to be specifically
expressed after six days of mycorrhization. TC82283, a putative phytosulfokine LRR-type
receptor kinase, induced after 21 dpi appears to be interesting since phytosulfokine constitutes
a sulfated intercellular peptide-signal involved in cellular development and proliferation
(Matsubayashi et al., 2002). For initialising recognition events between plant and fungus so
called myc-factors are postulated to be perceived by the hosts (Cullimore and Dénarié, 2003)
but so far no details are known about details of such event. Therefore identification of this
myc-factor and the correspondent receptor is one of the major tasks of the researches on the

AM.

Colonisation of roots by mycorrhizal fungi lead to intense reorganisation of morphology and
physiology of the plant. These modifications imply transcriptional changes that are mediated
by specific transcription factors. Several putative transcription factors falling to different
classes have been identified to be induced in the AM: Among others, microarray analyses
revealed two genes probably coding for basic leucine zipper (bZip) proteins (TC80554,
TC86844), one homeobox protein (TC80748) and one Myb-like transcription factor
(TC77052). So far, only one Myb-like transcription factor, Mt-pan, has been characterised in

M. truncatula to be specific in lateral root initials, giant cells induced by nematodes and in
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root nodules (Koltai ef al., 2001). Homeobox and bZip transcription factors are known to be
involved in defence and hormone action (Zhou et al., 2000, Fukazawa et al., 2000).
Remarkably, bZIP transcription factors are assumed to induce the expression of glutathione S-
transferases (Johnson et al., 2001), of which one member, MtGst1, represents a well studied
AM-specific gene (Wulf et al., 2003). In the early-symbiotic phase no transcription factor like
genes have been identified to be specifically induced, indicating that at this point of time
signal transduction may not have reached the nucleus. Transcriptional alterations observed in
the microarray analysis may be explained by protein modifications, for example the activation
of existing G protein-coupled receptors as is assumed for the nodule symbiosis (Pingret et al.,

1998).

Centralised, several genes of different functional classes have been identified to be
upregulated during the AM. Therefore, microarray analyses provide first insights in regulation
of these genes and may give starting points to select genes that might be important for the
symbiosis. However, gene annotation was borne on similarities of TCs, that represent only
fragments of cDNAs, on characterised proteins. Therefore, gene annotation and function has

to be proven and microarrays constitute only introducing analyses.

4.2 Electronic Northern transcriptome profiling identifies novel AM-specific genes

The Mt16kOLI1 microarray contains all known TCs from the TIGR M. fruncatula gene
index, version 5.0. The latest available version is the MtGI 8.0. Consequently, not all current
present TCs can be analysed due to their AM-specificity. Additionally, only two states can be
observed: mycorrhizal and non-infected roots, but transcription of upregulated genes under
different circumstances cannot be excluded. To circumvent these problems, the advantage of

the availability of sequence data from different biological sources have been used. In in silico
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analysis cDNA libraries of different sources have been analysed to identify genes, which are
only abundant in libraries originating from mycorrhizal roots. Quantitative RT-PCR verified
these findings. Despite few TCs from fungal origin, in total 33 TCs could be identified
showing similarities to plant genes of at least a predicted function. Amongst these a copper
transporter was found to be specifically induced queuing in a number of AM specific
transporters, such as phosphate transporters (Harrison et al., 2002, Paszkowski et al., 2002,
Rausch et al., 2001, Nagy et al., 2005), a sugar transporter (Harrison, 1996), a zinc transporter
(Wulf et al., 2003) or a nitrate transporter (Hildebrandt et al., 2002). Identification of this high
number of different transporters indicate an extensive exchange of nutrients and minerals, not

only focused on phosphate.

Additionally, another member of the transmembrane MLO-like proteins has been identified to
be AM specific induced, representing the second member of this gene family (chapter 4.1).
Several additional AM-induced sequences, identified via the in silico approach, belonged to
gene families of already reported AM-induced genes, such as germin-like proteins (Doll et al.,
2003, Wulf et al., 2003), serine-carboxypeptidases (Liu et al., 2003) or blue copper binding
proteins (Wulf et al., 2003). Remarkably, four different lectin-like sequences were strongly
induced in AM roots. In former analyses three genes of this family have been identified to be
transcribed in the same manner (Wulf et al., 2003), so that lectins form the largest group of
AM-induced genes. Consequently, it appears to be quite obvious that these specific lectins
have to fulfil an important role during the symbiosis. This is supported by sequence analysis:
The phylogenetic tree of all so far known M. truncatula lectins reveals that the AM-specific
genes represent a distinct branch. High sequence similarities of these lectins may indicate

similar function for the symbiosis.
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4.3 MtLEC10 appears to represent a pseudogene

Sequence analysis revealed that one of the lectin gene family members, MtLec10, appears to
represent a pseudogene. MtLecl0 consists of an open reading frame that would lead to a
peptide of 113 amino acids. Abortion of a potential translation would occur by two
consecutive stop codons. If comparing the remaining part of the cDNA sequence in blastx-
analyses against protein databases, no homology to any other plant protein can be observed.
Therefore it seems to be likely that this pseudogene has evolved by translocation of the N-
terminal part to another position of the genome separating the gene in two parts. The C-
terminal part, which aligns to the remaining lectins, shows no striking high similarity to any
of the other sequences. Consequently it is assumed that MtLec10 appears not to be a result of
a duplication event of any other known M. truncatula lectin. But the existence of so far

unknown members of the lectin multigene family cannot be excluded.

The role of pseudogenes is not well understood. Translation has been shown in human in vivo
(Brosius et al., 1996, McCarrey and Thomas, 1987), but no expression at protein level has
been observed in plants so far. One potential role of pseudogenes was suggested in regulation
of gene expression as they may be a source of antisense RNA (McCarrey and Riggs, 1986,
Korneev et al., 1999). Although MtLecl0 is transcriptionally regulated during arbuscular
mycorrhiza symbiosis, it has not necessarily has to play an important role for maintaining this
interaction. Another lectin MtLec2 known to be nodule specific has additionally been shown
to be not obligat necessary for maintaining the symbiosis (Bauchrowitz et al., 1996). Anyway,
it remains interesting why pseudogenes are specifically regulated if they do not play a role as

translated proteins.
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4.4 Biological functions of lectins

The detection of a number of AM-specific lectin like genes in M. truncatula raised the
question about the function of these genes. As lectins are known to fulfil several functions,
subcellular localisation should give a first hint about their function. Lectins - also known as
agglutinins - in plants are known to have several different functions. They are defined as
proteins that specifically bind reversibly to carbohydrates (Peumans and van Damme, 1995)
and display a wide heterogeneity with respect to their sequence, sugar-binding specificity and
regulation pattern. Until recently, plant lectins were supposed to mediate the binding of
foreign glucans and thus mainly participating in recognition and defence responses.

Several plant lectins are known to be involved in the regulation of plant-microbe interactions.
Binding to various oligosaccharides of different organisms led to some advice that lectins
might play a role in defence against different organisms: Indirect resistance mechanism
against bacteria is assumed because binding studies showed interaction of plant lectins with
bacterial cell wall peptidoglycans (Broekaert and Peumans, 1986, Ayouba et al., 1994).
Hevein, a lectin from the latex of the rubber tree (Hevea brasiliensis) has an antifungal
activity (van Parijs et al., 1991). Wheat germ agglutinin (WGA) is able to inhibit the
development of larvae of the cowpea weevil, the European corn borer and the Southern corn
rootworm (Murdock et al. 1990, Czapla and Lang, 1990). Some lectins even have effects on
higher animals, which for example results in an enlargement and subsequent damage of the

pancreas (Pusztai et al., 1990).

Several hints exist that lectins play an important role in the root nodule symbiosis (Diaz et al.
1989, Bajaj et al. 2001). The Rhizobium-legume interaction is known to be very specific and
it is assumed that this specificity is achieved in some extent through the action of plant lectins
which are localised on the root surface. For these lectins it is hypothesised that they might

play a role in very early events of the symbiosis by binding to the surface of the bacteria
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(Hamblin and Kent, 1973, Bohlool and Schmidt, 1974). The root nodule symbiosis is highly
species-specific between a special host species and its rhizobial partner species. This
specificity is supposed to be mediated by the specific binding of the plant-lectins to bacterial
structures. These findings have been supported by introducing a lectin from one legume
species into another. This enabled formation of nodules with the symbiont of another species
(Diaz et al., 1989, van Rhijn et al., 1998). Another root lectin from Dolichos biflorus, which
is localised on the surface of root hairs, has been assumed to bind to a Nod factor and
therefore might represent a receptor or transporter for the initiation of nodule formation

(Etzler et al., 1999, Kalsi and Etzler, 2000).

Peanut nodule lectin (PNL) has been localised among others in the large vacuole of nodule
parenchyma cells (Vanden Bosch et al., 1994). Other lectins have been found to be targeted in
vegetative tissues such as leaves and bark of the leguminous tree Sophora japonica (Herman
et al., 1988, Baba et al., 1991). Because of annual accumulation and depletion pattern of the
bark lectin authors suggest a function as storage protein (Baba et al., 1991) where igenauert

serves as nitrogen repository.

However, the recent detection of cytoplasmatic plant lectins indicated a further role of these
lectins in endogenous protein-carbohydrate interactions (van Damme et al., 2004). These
findings led to the hypothesis that such cytoplasmatic as well as nuclear lectins are involved
in cellular regulation and signalling due to the stimulation by biotic or abiotic stimuli (van

Damme et al., 2004).

4.5 MtLECS appears to be located in the central vacuole

As plant lectins are known to fulfil several different biological functions, the subcellular

localisation might give some hints about the functions of the AM-specific ones. Therefore,
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confocal laser scanning microscopy has been used to show that MtLECS is targeted to the
inner parts of the cell. Different constructs have been used to show this: The expression of the
MtLECS-GFP fusion protein has been either under the control of the 35S or the native
promoter to minimise the possibility of artificial effects of mis-targeting to false cell
compounds when using the constitutive 35S promoter. Expression pattern of the chimeric
proteins leads in both cases to strong fluorescence in the inner parts of the cells. Therefore it
appears that in this case the constitutive expression of MtLECS does not affect its targeting.
Additionally it is anticipated that the proteins, which are involved in the transport of this
particular protein are not AM-specific expressed, as this should have an impact on the

localisation of MtLECS.

Expression of the ”pure" green fluorescent protein results in strong fluorescence at the edge of
the transgenic cells as it should appear in the cytoplasm. In contrast the MtLECS5-fusion
protein containing cells show fluorescence in the inner parts of the cells suggesting transport
into the central vacuole, when compared to the cytoplasmatic targeted GFP and previously
described CLSM studies on M. truncatula (Di Sansebastiano ef al., 2001, Rodriguez-Llorente

et al., 2003).

Deletion of the predicted signal peptide leads to a return of the fluorescence in the cytoplasm.
However, no conclusions can be drawn about the prediction of its length by the software. The
leader sequence may be shorter than the predicted 34 amino acids. In this case, an N-terminal
part of MtLec5 would have been deleted, which would have no impact on targeting because of
the missing leader peptide. On the other hand, it may be longer than 34 amino acids. In this
case absence of only an N-terminal fragment of the signal peptide leads to the alteration in
targeting. A third fusion of solely the predicted leader peptide with the gfp gene would give

more insights to this question.

Nevertheless, several lectin-like proteins are known to be transported into the vacuole, in
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particular several of the defence related ones. A possible role in defence mechanisms appears
conceivable as several plant defence genes are known to be induced during the AM (Gao et
al., 2004). A lectin, found in rhizomes and seeds of nettle (Urtica dioita, van Parijs et al.,
1992) is supposed to be involved in the control of colonisation of rhizomes by
endomycorrhizal fungi (Peumans and van Damme, 1995). Certainly, MtLECS5 does not fit into
this model, because in the vacuole it is not able to interact with the fungal cell wall.
Therefore, such a function appears unlikely as vacuolar proteins may have no impact to an
invader but more to a herbivore. Consequently, transport of MtLECS to the vacuole assumes
that it functions as storage protein, supporting the hypothesis that AM colonisation improves
the nitrogen nutrition of plants. For instance, in carob (Ceratonia siliqua L.) nitrogen nutrition

was improved by the formation of the symbiosis (Cruz et al., 2004).

Storage proteins represent a source for amino acids or exacting nitrogen. In mycorrhizal roots
induction of nitrate transporters has been observed (Hildebrandt et al., 2002) supposing that
AM fungi are able to promote nitrogen uptake. This enhanced nitrogen content in the cells
may be assimilated and built in storage proteins. Most lectins, which are predicted to function
as storage proteins, are found in seeds. But some lectins have been found targeted in
vegetative tissues such as leaves and bark of the leguminous tree Sophora japonica (Herman
et al., 1988, Baba et al., 1991), where they are assumed to function as nitrogen storage (Baba

etal., 1991).

However, as CLSM analyses reveal some insight into the subcellular localisation of this
particular protein, the identity as a lectin has not been proven — its annotation relies on
sequence similarities. Several other proteins show similarities to lectins. Therefore, it cannot
be excluded, that MtLec5 may serve as for example an a-amylase-inhibitor or an arcelin,
which also show high similarities to lectins. These proteins are known to be involved in

defence mechanisms and may also be targeted to vacuoles (Moreno ef al., 1990, Hamelryck et
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al., 1996).

4.6 Promoter analyses of AM-specific lectins show arbuscule specific expression

Beside their importance for functional studies, AM-specific transcripts represent the starting
point to unravel the molecular mechanism of the transcriptional induction upon mycorrhiza
development. One important task of analysing specific transcribed genes is the identification
of cis-regulatory elements and their corresponding tanscription factors. Therefore, intensive
investigations have been performed for two of the mycorrhiza-specific lectins. The promoter
of MtLec5 was deduced from the corresponding M. truncatula BAC clone whereas inverse
PCR technique was used to clone the promoter of MtLec7. Approximately 1,500 bp of the 5'
upstream sequence could be isolated. Reporter gene studies showed an arbuscule specific
transcription for both members of the AM-specific lectin family, suggesting a role during
arbuscule formation and functioning during late stages of the AM-symbiosis. No promoter
activities were detected in the vicinity of appressoria which represent early steps of AM-
development. Appressoria are only formed at epidermal cells of host plants (Giovanetti ef al.
1993, Nagahashi and Douds, 1997) indicating a host plant-fungus recognition at this stage.
Thus, the two lectins MtLec5 and MtLec7 do not play a role during recognition at early stages
of symbiosis development. As corresponding TCs of these two lectins first appeared in the
TIGR gene index version 7, they were not included in the microarray analyses (chapter 4.1) to
prove this hypothesis.

In a second step in the characterisation of the promoters the production of deletion constructs
has been chosen. Different lengths of the 5' upstream sequences were used for the promoter
deletion studies. These confirm the arbuscule-specific activity of pMtLec5 and pMtLec7:

Similar expression patterns have been obtained when using up to approximately 300 bp of the

80



Discussion

promoters, respectively. In contrast, when using only approximately 150 bp or 75 bp of the

promoters, regarding to the transcription start, no activity could be observed at all.

Activation of transcription depends on the binding of different DNA-binding proteins to
special cis-regulatory elements. If these promoter elements are missing due to a deletion event
no transcription of these genes is able to take place. Consequently it seems reasonable that
putative AM-responsive elements in the promoters of these two genes are located in the area

between -300 bp and -150 bp.

4.6.1 pMtLecs is also active in the non-legume Nicotiana tabacum

As the arbuscular mycorrhiza symbiosis has been observed in fossils of first terrestrial plants
and is therefore several hundred million years old, it seems quite obvious that mechanisms
leading to the development of this interaction are highly conserved. For instance mycorrhiza
specific phosphate transporters have been identified in several organisms. Therefore, an
interesting task is to seek out if this holds also for basal events such as the initiation of
alteration of transcription. First analyses have been focused on VfLb29, which is known to be
nodule as well as arbuscule induced (Vieweg ef al, 2004). The promoter of this
leghemoglobin is also active in Nicotiana tabacum. Karandashov and associates (2004)
showed activity of the promoters of several AM-specific phosphate transporters in different

species.

To investigate, if signal transduction pathways in tobacco lead also to an activation of
pMtLec5, N. tabacum roots were transformed with A. rhizogenes carrying pMtLec5(-
1037/+23) fused to an uidA gene. Arbuscule specific expression of the reporter gene indicates
that tobacco and M. truncatula share additional common or at least similar signal transduction

pathways leading to the expression of at least MtLec5 assisting the hypothesis that signalling

81



Discussion

in AM-forming plants is highly conserved in regard to the symbiosis.

4.6.2 EMSA reveals binding of AM-specific proteins to pMtLecS

Promoter deletion analyses showed for pMtLec5 an activation of the reporter gene when using
301 bp of the upstream region, but no activation when using 151 bp. Therefore the AM-
regulatory elements have to be positioned inside this region. Therefore the corresponding
sequence was divided into 30 bp fragments with 10 bp overlap at each site and electrophoretic
mobility shift assay has been carried out. In EMSA four fragments show specific binding of
proteins derived from mycorrhizal roots, whereas no shifts were detected when using protein
extract from control roots. Therefore, the DNA-binding proteins leading to the specific
alterations in the movement of the DNA in the gel have to be originated from the differences

between the two protein extracts, namely the mycorrhization.

Consequently, location of putative positive regulator binding sites in pMtLec5 could be
narrowed down to 90 bp of represented by these four overlapping fragments. As these
promoter elements are known to consist of only 5 up to 20 bp, it can be anticipated that
pMtLec5 contains more than one element, which proteins are able to bind to in an AM
specific manner. Comparable results have been obtained for VfLb29, where promoter deletion

analysis indicated the occurrence of two different regulatory modules (Vieweg et al., 2005).

4.6.3 pMtLec5S and pMtLecT share common motifs

The experimental approaches described in this work lead to the identification of short
promoter areas of two co-regulated genes, which potentiate the initiation of transcription.

Such promoter sequences of co-regulated genes can be used to identify conserved regulatory
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elements by in silico approaches. A comparison of the corresponding promoter areas revealed
a common 8 bp sequence motif in the promoters of MtLec5 and 7, which shows no homology
to any known regulatory element. This motif represents one candidate for a mycorrhiza
specific promoter element. Further analyses of other AM-specific promoter sequences will
strengthen this hypothesis. Besides comparing both promoters and searching for conserved
motifs, the sequences were scanned for already described plant promoter motifs. Two
promoter modules were found to be present in both promoter areas: The nodulin consensus
sequence is often found in promoters of nodule specific genes (Sandal et al., 1987), e.g. in the
promoter of the N23 gene analysed by Jorgensen and associates (1991) or the promoter of
[bc3 (Ramlov et al., 1993). In the /bc3 promoter this element is part of an organic specific
element (OSE), which directs nodule specific expression. In contrast, another OSE of the /ba
promoter is not able to mediate nodule specificity (She et al., 1993). Circadian clock
associated motifs, of which one member depicts the other common promoter motif, are found
in promoters of genes which enable organisms to coordinate their circadian activities for
example with the external dark/light cycles. CCAT1 (circadian clock associated) and LHY (late
elongated hypocotyl), two Myb-like transcription factors, are able to bind directly to this
motif within the 7OCI promoter (Alabadi et al., 2001, Harmer et al., 2000) to repress its
expression and function therefore as negative regulators. Nevertheless, although the detection
of these modules in the promoters of two mycorrhiza specific lectins is likely to be not
significant, it remains interesting whether such modules also exist in upstream regions of

other AM specific genes and whether they exhibit a role during the mycorrhiza symbioses.

In summary, during this thesis two different methods have been used to identify
transcriptional changes during the AM symbiosis. Microarray hybridisation revealed genes

which are differentially induced or repressed during an early-symbiotic phase as well as in a
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fully developed symbiosis. The data obtained provide a starting point to get new insights in
the early molecular events during the development of the AM. Electronic Northern analyses
have identified four lectin-like sequences, so that in summary with former results seven have
been shown to be AM specific, which form a unique branch of M. truncatula lectins. Confocal
laser scanning microscopy revealed targeting of one of these lectins in the vacuole assuming a
putative function as storage protein. Specific promoter activity has been shown in arbuscule
containing cells and the search for putative cis-regulatory promoter elements revealed 90 bp
of pMtLec5 showing AM specific binding of putative transcription factors, leading to the
assumption, that more than one of these regulatory proteins are involved in the activation of
AM specific transcription. Computational analyses revealed that pMtLec5 and 7 share in total

three common motifs, one of these is so far unknown.

4.7 Outlook

Transcriptional and functional analysis of novel AM-induced genes

The early events during the development of the arbuscular mycorrhizal symbiosis are only
fragmentary. Three genes have been identified to be necessary for the initiation of both root-
symbioses leading to a model of the molecular events occurring in this phase. Nevertheless,
this is only a hypothesis that lacks many intermediate steps. Microarray hybridisation
revealed new genes, which are specifically regulated in the presence of AM fungi but before a
physical contact has occurred. Some of them are supposed to show calmodulin mediated
calcium dependency. Therefore they are interesting candidates which may lead to novel
insights about the development of the AM. Detailed transcriptional analyses regarding these
genes on M. truncatula DMI1 and DMI2 mutants might unravel, if these genes are involved

in this signal transduction pathway, and at which time points these genes might interfere.
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Subsequently, the working model of the initiation of the root symbioses may be improved.

Detailed promoter analyses to identify AM-specific transcriptions factors and cis-regulatory

promoter elements

Additional promoter analysis of all “early” and ”late* mycorrhizal genes may lead to the
identification of AM specific cis-regulatory elements. Using a large set of genes and
promoters, bioinformatic approaches may be developed to look for these elements in so far
not analysed promoters. At least the identification of the hypothetical AM specific
transcription factors, binding to these promoter elements, using yeast one hybrid screening,

DNA footprinting and EMSA for instance would complete these promoter analyses.

Additionally, intense promoter analysis of all AM-specific lectins may unravel the question

why these gene family is mycorrhiza specific induced.

Functional analysis of AM-specific lectin genes

The location of MtLECS in the vacuole suggests, that this protein may be deposited there as a
storage protein for the allocation of nitrogen. Nevertheless, another function cannot be
excluded. Further analyses are needed to verify the annotation of this protein. Binding studies

may reveal the specific binding of these proteins to different carbohydrates.

Additionally, gene knock-down using posttranscriptional gene silencing would give more
insights about the biological function and the role of the lectins during the arbuscular

mycorrhiza.
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