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SUMMARY

SUMMARY

The nutrient exchange between plant and fungus is the key element of the arbuscular mycorrhizal
(AM) symbiosis. The fungus improves the plant’s uptake of mineral nutrients, mainly phosphate, and
water, while the plant provides the fungus with photosynthetically assimilated carbohydrates. Still,
the knowledge about the mechanisms of the nutrient exchange between the symbiotic partners is
very limited. Therefore, transport processes of both, the plant and the fungal partner, are
investigated in this study. In order to enhance the understanding of the molecular basis underlying
this tight interaction between the roots of Medicago truncatula and the AM fungus Rhizophagus

irregularis, genes involved in transport processes of both symbiotic partners are analysed here.

The AM-specific regulation and cell-specific expression of potential transporter genes of M.
truncatula that were found to be specifically regulated in arbuscule-containing cells and in non-
arbusculated cells of mycorrhizal roots was confirmed. A model for the carbon allocation in
mycorrhizal roots is suggested, in which carbohydrates are mobilized in non-arbusculated cells and
symplastically provided to the arbuscule-containing cells. New insights into the mechanisms of the
carbohydrate allocation were gained by the analysis of hexose/H" symporter MtHxtl which is
regulated in distinct cells of mycorrhizal roots. Metabolite profiling of leaves and roots of a knock-
out mutant, hxt1, showed that it indeed does have an impact on the carbohydrate balance in the
course of the symbiosis throughout the whole plant, and on the interaction with the fungal partner.
The primary metabolite profile of M. truncatula was shown to be altered significantly in response to

mycorrhizal colonization.

Additionally, molecular mechanisms determining the progress of the interaction in the fungal
partner of the AM symbiosis were investigated. The R. irregularis transcriptome in planta and in
extraradical tissues gave new insight into genes that are differentially expressed in these two fungal
tissues. Over 3200 fungal transcripts with a significantly altered expression level in laser capture
microdissection-collected arbuscules compared to extraradical tissues were identified. Among them,
six previously unknown specifically regulated potential transporter genes were found. These are
likely to play a role in the nutrient exchange between plant and fungus. While the substrates of
three potential MFS transporters are as yet unknown, two potential sugar transporters are might

play a role in the carbohydrate flow towards the fungal partner.

In summary, this study provides new insights into transport processes between plant and fungus in
the course of the AM symbiosis, analysing M. truncatula on the transcript and metabolite level, and
provides a dataset of the R. irregularis transcriptome in planta, providing a high amount of new

information for future works.
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ZUSAMMENFASSUNG

ZUSAMMENFASSUNG

In der arbuskuldren Mykorrhiza (AM) Symbiose werden die Wurzeln fast aller Landpflanzen von
Pilzen der Abteilung Glomeromycota besiedelt. Der Pilz erleichtert der Pflanze die Aufnahme von
Mineralien, hauptsachlich Phosphat, und Wasser. Im Gegenzug versorgt die Pflanze ihn mit
Photoassimilaten. Trotz der zentralen Bedeutung der Austauschmechanismen zwischen Pilz und
Pflanze ist nur wenig dariiber bekannt. Um die molekularen Grundlagen der Interaktion zwischen
den Wurzeln der Leguminose Medicago truncatula und dem arbuskuldren Mykorrhizapilz
Rhizophagus irregularis besser zu verstehen, werden hier die Transportprozesse, die zwischen den
Symbiosepartnern ablaufen, ndher untersucht.

Die zellspezifische Regulation der Transkription potentieller M. truncatula Transporter Gene in
arbuskelhaltigen und nicht-arbuskelhaltigen Zellen mykorrhizierter Wurzeln wird bestatigt. Ein
Modell zur moéglichen Verteilung von Kohlenhydraten in mykorrhizierten Wurzeln, nach dem Zucker
in nicht-arbuskelhaltigen Zellen mobilisiert und symplastisch an arbuskelhaltige Zellen abgegeben
werden, wird vorgestellt. Die Analyse eines Mykorrhiza-induzierten Hexose/H" Symporter Gens,
MtHxt1, liefert neue Einsichten in die Mechanismen der Kohlenhydratverteilung in mykorrhizierten
Pflanzen. Metabolitanalysen von Wurzeln und Blattern einer knock-out Mutante dieses Gens zeigen
dessen Einfluss auf den Kohlenhydrathaushalt der ganzen Pflanze und auf die Interaktion mit dem
Pilz. Die Metabolitzusammensetzung von M. truncatula wird durch die Mykorrhiza Symbiose
signifikant beeinflusst.

Darliber hinaus werden durch Transkriptomanalysen die molekularen Grundlagen der AM Symbiose
auf der Seite des Pilzes analysiert. Arbuskeln wurden mittels Laser Capture Mikrodissektion direkt
aus mykorrhizierten Wurzeln isoliert. Uber 3200 pilzliche Transkripte weisen in diesen Arbuskeln im
Vergleich zu extraradikalen Geweben ein deutlich verdndertes Expressionslevel auf. Unter diesen
Transkripten sind auch sechs zuvor unbekannte Gene, die flr potentielle Transporter codieren und
mit groRer Wahrscheinlichkeit eine Rolle im Nahrstoffaustausch zwischen Pilz und Pflanze spielen.
Wahrend die Substrate von drei potentiellen MFS Transportern noch unbekannt sind, spielen zwei
potentiellen Zuckertransporter moglicherweise eine Rolle im Transport von Kohlenhydraten in
Richtung des Pilzes.

Zusammengefasst bietet diese Arbeit neue Einsichten in Transportprozesse zwischen Pilz und Pflanze
im Laufe der AM Symbiose. M. truncatula Transkript- und Metabolitlevel werden analysiert und die
Transkriptomanalyse von R. irregularis liefert einen umfassenden Datensatz mit einer groRen Menge
an Informationen zu der noch unzureichend erforschten pilzlichen Seite der Symbiose fiir folgende

Arbeiten.






INTRODUCTION

1 INTRODUCTION

1.1 The arbuscular mycorrhizal symbiosis

The arbuscular mycorrhizal (AM) symbiosis is an ancient and very widespread interaction between
arbuscular mycorrhizal fungi belonging to the phylum of Glomeromycota and the roots of the
majority of all vascular plants. The origin of the AM symbiosis dates back approximately 500 million
years, and it is considered to have played a major role in the colonization of land by plants (Smith
and Read, 2008; Corradi and Bonfante, 2012). Due to a bidirectional nutrient exchange this mutual
interaction is beneficial for both partners. The plant supplies the fungal partner with carbohydrates
while in return the fungus facilitates the plant’s uptake of water and mineral nutrients, especially
phosphate (Graham, 2000; Strack et al., 2001; Li et al., 2013). Additionally, the symbiosis increases

the plant’s tolerance to biotic and abiotic stress (Strack et al., 2003).

Next to the beneficial effects of the AM symbiosis on the plants, such as the better acquisition of
immobile nutrients and water and the increased stress tolerance, it also has beneficial ecological
effects. AM fungi play a role in the formation of stable soil aggregates, improving the water and air
permeability of the soil and preventing erosion (Oehl et al., 2003). It was even suggested that the AM

symbiosis may serve as a filtration barrier for the transfer of metals to the shoot and therefore might
be important for plant survival on heavy metal contaminated soils (Gaur and Adholeya, 2004).

Moreover, the symbiosis can greatly contribute to crop productivity and ecosystem sustainability
(Gianinazzi et al., 2010). Most importantly, reduced amounts of phosphate fertilization are needed
for mycorrhizal plants (Jakobsen, 1995). This is of particular importance since the phosphorus
resources are limited. Latest estimations predict that the phosphate reserves worldwide might be
depleted 100 to even only 50 years from now if the intensity of the currently applied phosphate
fertilization is not reduced (Gilbert, 2009). Also, the excess use of phosphate fertilizers is an
important cause of water eutrophication, therefore making the improvement of the phosphate
uptake efficiency by plants a desired trait for both ecological and economic reasons (Gianinazzi et

al., 2010).

In the course of the AM symbiosis fungal hyphae grow into the apoplast of the plant roots, guided
through the prepenetration apparatus (PPA), until they reach the cells of the inner cortex where
they grow apoplastically along the root axis (Parniske, 2008). Here, the hyphae penetrate the inner
cortical cells where they repeatedly branch dichotomously to form the name giving haustorium-like

structures, the arbuscules (from the Latin arbusculum = small tree) (figure 1 B). These are considered
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to be the actual site of the nutrient exchange between the fungus and the plant. An arbuscule will
live for 4 to 5 days before it collapses. The cortex cell can then be colonized again by a new
arbuscule. This makes the mycorrhizal interaction an asynchronous process with constant
degradation of old arbuscules and re-infection of previously colonized cortex cells, so that arbuscules
of all developmental stages are present in one mycorrhizal root at all times (Bonfante and Genre,

2010).

The colonisation by the fungus leads to drastic changes in the cytoplasmic organization of the host
cell. The vacuole of arbuscule-containing cells is compartmented, the amount of cell organelles
increases, and the nucleus is moved to a central position (Gianinazzi-Pearson, 1996; Hause and
Fester, 2005). The arbuscule takes up the largest part of the host cell but stays separated from its
cytoplasm by the periarbuscular membrane (PAM) which is continuous with the plant cell membrane
(Parniske, 2008) (figure 1 A). The PAM completely surrounds the arbuscule and even though it is
derived from the plasma membrane it is characterized by an altered composition (Hause and Fester,
2005; Pumplin and Harrison, 2009). The periarbuscular space (PAS) is the apoplastic space between
the PAM and the fungal membrane. It is composed of cell wall material of both the plant and the
fungus (Parniske, 2008). Phosphate and other mineral nutrients as well as nitrogen and carbon are
exchanged across this symbiotic interface (Delano-Frier and Tejeda-Sartorius, 2008). The H*-ATPase
activity in the PAM is high to supply the energy for active transport. It accounts for the acidic

conditions in the PAS (Guttenberger, 2000; Hause and Fester, 2005)

A ) - —Fungal cell wall

—_— A = —_—

Fungus Fungal cytoplasm —Plant cell wall

Y £ —
' 4 VIl N

Plant (

— Fungal plasma
Cytoplasm / membrane

Figure 1: The arbuscule. Fungal hyphae grow into the cells of the inner cortex and form the branched arbuscules. A:
Schematic overview. The arbuscule is completely surrounded by the plant derived periarbuscular membrane (PAM) (figure
from Parniske, 2008). B: WGA Alexa fluor 488 stained arbuscule of R. irregularis in a M. truncatula root cell. Scale bar: 20
um (Julia Teply, MPIMP, unpublished).
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Still, little is known about the development and the exact composition of the PAM (Pumplin and
Harrison, 2009) but given the large surface and the close proximity to the fungus, it appears ideal for
the exchange of nutrients between both symbiotic partners. A high amount of genes involved in
transport processes have been found to be specifically induced in mycorrhizal roots and in
arbuscule-containing cells (Gomez et al., 2009; Hogekamp et al., 2011; Gaude et al., 2012) and AM-
specifically expressed transporters have been characterized and shown to be localized in the PAM

(Harrison et al., 2002; Pumplin and Harrison, 2009).

1.1.1 Nutrient exchange in the AM symbiosis

The nutrient exchange between the symbiotic partners is the key element of this mutualistic
interaction. While AM fungi are obligate biotrophs and cannot complete their life cycle without the
host plant, the plants do survive without the fungal partner, but the symbiotic interaction leads to a

massive improvement of their growth and fitness (Delano-Frier and Tejeda-Sartorius, 2008).

Besides nitrogen, phosphorus is the most limiting macro nutrient for plant growth and development.
It is taken up by plants as inorganic phosphate. Phosphate forms pH-dependent insoluble complexes
with positively charged mineral and organic ions, is often adsorbed to soil particles, and diffuses very
slowly in the soil as compared to the uptake rate by plants, leading to a depletion zone of soluble
phosphate in the rhizosphere (Marschner and Dell, 1994). Therefore, it is scarcely available to the
plants, even if the total amount of phosphate in the soil may be high (Smith and Read, 2008). The
association with mycorrhizal fungi is one major strategy to facilitate the plant’s phosphate
acquisition. Through their extensive and far-reaching hyphal network, AM fungi can access higher
amounts of phosphate, thus improving the phosphate-status of the plant (Smith and Smith, 2012).
Phosphate is taken up from the soil by fungal transporters (Harrison and van Buuren, 1995;
Maldonado-Mendoza et al.,, 2001; Benedetto et al., 2005). It is thought to be moved to the
intraradical mycelium (IRM) in the form of polyphosphate and released into the PAS as free
phosphate (Bapaume and Reinhardt, 2012). AM-induced plant phosphate transporters like the
Medicago truncatula MtPT4 are localized in the PAM, importing phosphate into the plant cell

(Harrison et al., 2002; Delano-Frier and Tejeda-Sartorius, 2008) (figure 2).

The AM symbiosis is also considered to be an important part of the plant’s nitrogen metabolism.
Nitrogen is taken up by the extraradical hyphae from the soil primarily as nitrate (NOs") or
ammonium (NH,") and translocated toward the IRM as arginine (Govindarajulu et al., 2005; Tian et

al., 2010). It is then most likely released into the PAS as ammonium which can be taken up via
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ammonium transporters such as GmAMT4;1 in soybean (Glycine max) (Kobae et al., 2010) or
LJAMT2;2 which is specifically induced in mycorrhizal Lotus japonicus roots (Guether et al., 2009).
AMT2;2 releases NH; instead of NH,", leading to the suggestion that ammonium might be bound and
get deprotonated in the PAS and is released into the plant cell as neutral NH; (Guether et al., 2009)

(figure 2).

It has been shown that minerals like sulphur and micronutrients like copper and zinc are also made
more easily available to the plant by the fungus (Smith and Read, 2003; Parniske, 2008). While the
AM-specific regulation of the transcription of M. truncatula sulphur transporters has been shown
recently (Casieri et al., 2012; Sieh et al., 2013), only little is known about the mechanisms of the
transfer of the micronutrients (Smith and Read, 2003). However, an AM-induced putative copper

transporter has been identified in M. truncatula (Frenzel et al., 2005).

Mineral nutrient transporters mostly require an active transport mechanism, using the energy of the
proton electrochemical gradient. Therefore, H*-ATPases are induced in mycorrhizal roots (Gianinazzi-
Pearson et al., 2000; Krajinski et al., 2002) and are thought to be localized in the PAM to provide the
energy for the nutrient uptake from the symbiotic interface (Bapaume and Reinhardt, 2012)

(figure 2).

The plant supplies the fungus with up to 20 % of its photosynthetically assimilated carbon (Delano-
Frier and Tejeda-Sartorius, 2008). Being an obligate biotroph, the fungus is completely dependent on
the carbon supply from the plant. It was shown that the CO, assimilation of host plants is enhanced
upon mycorrhizal colonization of the roots, ensuring the demand for carbon of the fungus (Boldt et
al., 2011). The sink strength of the roots is increased upon mycorrhizal colonization (Blee and
Anderson, 1998; Wright et al., 1998) and increasing amounts of carbohydrates are transported to
the roots. Sucrose synthase and invertase activity as well as the expression of the corresponding
genes were shown to be up-regulated in mycorrhizal roots in M. truncatula and other species
(Hohnjec et al., 2003; Schaarschmidt et al., 2006; Tejeda-Sartorius et al., 2008). Carbohydrates are
primarily taken up into the IRM in the form of hexoses (Shachar-Hill et al., 1995), very small amounts
of the transferred carbon may also be transported as sucrose (Delano-Frier and Tejeda-Sartorius,
2008). The exact place and mechanism of the carbon transfer to the fungus are still unknown. A
fungal monosaccharide transporter, RiMST2, has recently been identified in Rhizophagus irregularis.
It can take up glucose and some other hexoses and was shown to be essentially important for a
functional symbiosis (Helber et al., 2011). Once inside the IRM, hexoses are either metabolized
directly or transported into the extraradical mycelium (ERM) in the form of glycogen (Bago et al.,

2000; Bago et al., 2003) (figure 2).
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Figure 2: Schematic overview over the nutrient flow in the AM symbiosis. AA: amino acids; PolyP: polyphosphate; PPP:
pentose phosphate pathway; TAG: triacylglyceride; TCA: tricarboxylic acid cycle. Modified from Bago et al. (2000), Bago et
al. (2003).

1.1.2 AM-induced changes of plant gene expression and metabolite composition

In the last years, transcriptome and metabolite analyses resulted in a better overview of the effects
of the mycorrhizal interaction on the plant. Gomez et al. (2009) reported the AM-responsive
regulation of over 600 genes in M. truncatula roots that were identified via Affymetrix GeneChip
hybridization. On a cell-specific level, separately assessing different cell types of mycorrhizal roots
and thereby increasing the special resolution, 1951 genes differentially regulated upon mycorrhizal
colonization of M. truncatula roots were identified (Gaude et al., 2012). It was shown that even cells
that do not harbour arbuscules undergo drastic transcriptional changes, indicating a substantial
reprogramming of mycorrhizal roots that is not directly linked to arbuscule development, or may
also indicate the preparation of cells in the vicinity of fungal structures for subsequent colonization.
Hogekamp et al. (2011) compared roots colonized with different AM fungi, R. irregularis and Glomus
mosseae. The overlap of the specifically regulated genes of M. truncatula roots interacting with

either of these fungi lead to the identification of 512 genes related to root colonization by AM fungi.
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In all these approaches, genes of a variety of functional classes, including transcription regulation,
transport, lipid metabolism, and signalling, were found to be regulated, indicating the importance of
these cellular functions for the development and maintenance of the symbiosis. Hogekamp et al.
(2011) divide the progress of the symbiosis development into four distinct stages, each defined by
the activity of distinct genes: first, an activation of signalling cascades in epidermal cells for the
exchange of diffusible signals, secondly the direct physical contact, PPA formation and penetration

by the fungal hyphae, then their spreading in the apoplast and finally the formation of arbuscules.

Metabolite profiling of M. truncatula roots revealed a number of metabolic differences between
mycorrhizal and non-mycorrhizal conditions (Schliemann et al., 2008). It was shown that there are
clear differences in development-, nutritional- and mycorrhiza-dependent effects in the primary and
secondary metabolism of M. truncatula roots. Not only were the phosphate levels found to increase
in mycorrhizal roots compared to non-mycorrhizal conditions, but also the levels of certain amino
acids and, at later stages, isoflovonoids were shown to increase upon mycorrhizal colonization. The
analysis of specific proteomic changes in arbuscule-containing root cells of M. truncatula (Gaude et
al., 2012) showed an increased number of proteins involved in lipid metabolism which are likely to

be related to the synthesis of the PAM.

1.1.3 Fungal transport processes involved in the AM symbiosis

All AM fungi belong to the phylum of the Glomeromycota, a monophyletic group diverged from the
same common ancestor as Ascomycota and Basidiomycota (SchiiRler et al., 2001). They are obligate
biotrophic fungi that have co-evolved with their host plants for an extremely long period of time,
probably up to 500 million years (Corradi and Bonfante, 2012). AM fungi are characterized by
coenocytic hyphae, forming a continuous cytoplasm in which the nuclei are freely distributed
(Corradi and Bonfante, 2012) and each spore contains multiple nuclei, varying mostly between 100

and 200 nuclei per spore (Marleau et al., 2011).

Rhizophagus irregularis (DAOM197198) was recently reclassified from its previous clade and
therefore renamed from Glomus intraradices (Stockinger et al., 2009; Kriiger et al., 2012). It is widely
used as a model AM fungus as it colonizes a wide range of host plants relatively fast, but as all other
AM fungi it cannot be grown without the plant partner, even if carbohydrates are provided with the
growth medium (Bonfante and Genre, 2010). R. irregularis produces big spores containing multiple
nuclei and has a comparatively big genome. Latest estimations indicate that with >150 Mb, the size

of the genome space might be much higher than the amount of DNA in each nucleus (Martin et al.,
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2008). The genome is sequenced for the most part, but due to a large amount of repetitive
sequences and the genetic differences even between the nuclei of one spore it has not been
successfully assembled (Martin et al., 2008) until very recently. In a new approach, genomic DNA
isolated from single nuclei of one spore was sequenced and the genome of each nucleus was
assembled individually. A relatively high genetic difference of approximately 3 % was shown
between the genomes of each spore (Francis Martin, INRA, Nancy, personal communication). Also,
an EST database is available online (GlomusDB, INRA) albeit a vast majority of the sequences are as

yet incomplete and not annotated.

Transcriptome analyses of extraradical tissues of R. irregularis and mycorrhizal roots recently gave a
first glimpse of the molecular basis of symbiosis-related traits (Tisserant et al., 2012). Transcripts
from germinated spores, ERM and symbiotic roots were used for Sanger and 454 sequencing to
obtain nonredundant virtual transcripts for the construction of an oligoarray. Subsequent gene
expression analyses showed an induced expression of genes coding for membrane transporters and
small secreted proteins in the IRM, but no expression of hydrolytic enzymes acting on plant cell wall
polysaccharides, all features of R. irregularis that are shared with ectomycorrhizal symbionts and
obligate biotrophic pathogens. Also, transcripts coding for the meiotic recombination machinery and
meiosis-specific proteins were identified. This suggests that major deletions of genes essential for
sexual reproduction and meiosis are not the reason for the lack of a known sexual cycle in R.
irregularis. Genes of different functional classes were found to be up-regulated in the IRM in
comparison to germinating hyphae. Among these, numerous genes involved in transport
mechanisms were identified, but also several genes involved in lipid metabolism and signal

transduction were found to up-regulated in the IRM.

Since until recently only incomplete genomic information for R. irregularis was available, and due to
the difficult process of culturing AM fungi, only a few fungal transcripts that are directly involved in

the interaction with the plant partner during the AM symbiosis have been found in previous works.

Among those is a sugar transporter, RiMst2, which was shown to be expressed in arbuscules and to
play an essential role in the AM symbiosis (Helber et al., 2011). RiMST2 was characterized in detail,
including expression analyses and a functional characterization of the protein. It was shown to be a
high affinity monosaccharide transporter, able to transport glucose, xylose, mannose, and fructose.
Its expression in closely correlated with the AM-specific M. truncatula phosphate transporter MtPt4
and a reduction of the RiMst2 expression leads to impaired mycorrhiza formation and deformed
arbuscules. The transcripts of RiMst2 were shown to accumulate in arbuscules and intraradical

hyphae.
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Also, two fungal ammonium transporters were identified recently. While the high affinity
transporter RIAMT1 is substrate-inducible and is expressed preferentially in the extraradical
mycelium, RIAMT2 is preferentially expressed in the intraradical mycelium and is not substrate-
regulated (Lopez-Pedrosa et al., 2006; Perez-Tienda et al., 2011). Both are expressed in arbuscule-
containing cells and it was suggested that they might modulate the amount of delivered nitrogen by

re-uptake (Perez-Tienda et al., 2011).

Recently, two R. irregularis aquaporin genes, GintAQPF1 and GintAQPF2, were identified and cloned
by Li et al. (2013). In yeast, GintAQPF1 was shown to be localized at the plasma membrane and
GintAQPF2 is localized at the plasma membrane and intracellular membranes. Both aquaporins are
hypothesized to be localized at the plant-fungal interface, but they are also expressed in the ERM.
Since they are up-regulated both in planta and in extraradical tissues under drought conditions, they

highlight the important role of AM fungi in plant drought tolerance.

On the other hand, a phosphate transporter, RiPt, is expressed in the ERM during symbiotic
interactions of R. irregularis with M. truncatula and Dracus carota (Maldonado-Mendoza et al.,
2001). It is regulated in response to phosphate concentrations surrounding the extraradical hyphae
and modulated by the overall phosphate status of the mycorrhiza. According to the authors, these
data imply that R. irregularis can perceive phosphate levels in the external environment and suggest

the presence of an internal phosphate sensing mechanism.
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1.2 Research objectives

The nutrient exchange between plant and fungus is the key element of the arbuscular mycorrhizal
symbiosis, probably one of the most ecologically essential symbioses between eukaryotes. This work
is mainly concerned with the elucidation of transport processes between plant roots of Medicago
truncatula and the fungal partner Rhizophagus irregularis during the AM symbiosis in order to

enhance the understanding of the molecular basis underlying this tight interaction.

Two main projects associated with different aspects of the nutrient exchange during the AM

symbiosis will be addressed:

Potential transporter genes of Medicago truncatula that were found to be specifically regulated in
arbuscule-containing cells and in non-arbusculated cells of mycorrhizal M. truncatula (Gaude et al.,
2012) will be analysed. The mycorrhiza-specific regulation and cell-specific expression of these genes
will be confirmed. Since so far very little is known about the allocation and transfer of carbohydrates
in the course of the symbiosis, the carbohydrate transfer from the plant to the fungus will be studied
in particular. The two most interesting candidates, the mycorrhiza-responsively expressed sucrose
transporter MtSUT4-1 and the hexose transporter MtHXT1, will be analysed further to get deeper
insight into the molecular mechanisms of the carbon transfer. Metabolite profiling will be performed
for a knock-out mutant of MtHxtl to elucidate its role in the symbiosis and to increase the
knowledge of the influence of the mycorrhizal colonization on the metabolite profile of M.

truncatula.

The second project is aimed to deepen the as yet limited knowledge of the molecular mechanisms
determining the interaction between the symbiotic partners on the fungal side of the AM symbiosis.
The isolation of R. irregularis arbuscules from mycorrhizal roots via laser capture microdissection
(LCM) will be established. The R. irregularis transcriptome in planta and in extraradical tissues will be
sequenced in order to get a more detailed insight into genes that are differentially expressed in
these two states of the fungal growth. Fungal transcripts with an altered level in arbuscules as
compared to extraradical tissues will be identified. The setup is focused on finding genes, i.e.
transporter genes, which are specifically regulated in the arbuscule stage and are therefore likely to

play a role in the nutrient exchange between plant and fungus.
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2 MATERIALS AND METHODS

2.1 Materials

2.1.1 Chemicals

Lab chemicals, solvents, buffering agents, detergents, nutrient ingredients and antibiotics were

obtained from Merck (Darmstadt), Sigma-Aldrich (Miinchen), Duchefa (Haarlem, Netherlands),

Biozym (Hessisch Oldendorf), BD Becton, Dickinson and Company (Heidelberg), and Carl Roth

(Karlsruhe).

2.1.1.1 Enzymes

Restriction enzymes

If available, the restriction enzymes used in this study were obtained from Fermentas (St. Leon-Rot,

Germany) as Fast Digest® Restriction enzymes. Non Fast Digest® restriction enzymes were obtained

from NEB (Frankfurt a.M., Germany).

The following additional enzymes were used

Advantage® 2 DNA Polymerase
BP-Clonase

GoTaq® Flexi DNA Polymerase
LR-Clonase

Lysozym

Proteinase K

RevertAid Premium Reverse Transcriptase
RiboLock™ RNase Inhibitor

RNase A

SuperScript® Ill Reverse Transcriptase
T4 DNA Ligase

TURBO DNase™

Clontech (Saint-Germain-en-Laye, France)
Life Technologies (Darmstadt, Germany)
Promega (Mannheim, Germany)

Life Technologies (Darmstadt, Germany)
Carl Roth (Karlsruhe, Germany)

Life Technologies (Darmstadt, Germany)
Thermo Scientific (Karlsruhe, Germany)
Thermo Scientific (Karlsruhe, Germany)
Thermo Scientific (Karlsruhe, Germany)
Life Technologies (Darmstadt, Germany)
Promega (Mannheim, Germany)

Life Technologies (Darmstadt, Germany)



2.1.1.2 Reaction Kkits

Advantage® 2 DNA Polymerase Kit

Agilent RNA 6000 Pico Kit

Gateway® BP Clonase® Il Enzyme Kit
Gateway® LR Clonase® Il Enzyme Kit

GoTaq® Flexi DNA Polymerase Kit

InviTrap® Spin Plant RNA Mini Kit

Maxima™ SYBR Green/ROX qPCR Master Mix (2x)
PENTR™/D-TOPOQO® Cloning Kit

RNase-Free DNase Set

RNeasy Micro Kit

RNeasy Mini Kit

TOPO® TA Cloning® Cloning Kit for subcloning
TURBO DNA-free™

ZR Fungal/Bacterial RNA MicroPrep™

2.1.1.3 Antibiotics

Table 1: Antibiotics

MATERIALS AND METHODS

Clontech (Saint-Germain-en-Laye, France)
Agilent Technologies (Waldbronn, Germany)
Life Technologies (Darmstadt, Germany)
Life Technologies (Darmstadt, Germany)
Promega (Mannheim, Germany)

Stratec Molecular (Berlin, Germany)
Thermo Scientific (Karlsruhe, Germany)
Life Technologies (Darmstadt, Germany)
QIAGEN (Hilden, Germany)

QIAGEN (Hilden, Germany)

QIAGEN (Hilden, Germany)

Life Technologies (Darmstadt, Germany)
Life Technologies (Darmstadt, Germany)

Zymo Research (Freiburg, Germany)

Antibiotic Stock concentration Final concentration Final concentration
(bacteria cultures) (plant cultures)

Kanamycin 50 mg/ml 50 pg/ml 25 pg/ml

Streptomycin 150 mg/ml 600 pg/ml

Spectinomycin 50 mg/ml 50 - 100 pg/ml

Gentamycin 200 mg/ml 40 pg/ml

Ampicillin 50 mg/ml 100 pg/ml

Rifampicin 50 mg/ml (in DMSO) 50 ug/ml

Beta Bactyl 125 mg/ml 187.5 pg/ml

The stock solutions were filter sterilized and stored at -20 °C.
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2.1.1.4 Buffers and solutions

If not mentioned otherwise, all buffers and solutions were prepared with bi-distilled H,0 (ddH,0).

Plasmid mini preparation: alkaline lysis

Solution 1 125 mM Tris-HCl pH 8

10 mM EDTA

5 mg/ml Lysozym (added after autoclaving)
Solution 2 0.2 mM Sodium hydroxide (NaOH)

1% [w/v] Sodium dodecylsulfate (SDS)
Solution 3 3M Potassium acetate, pH 5.2 with acetic acid

Leaf infiltration

AS Medium 10 mM MES-KOH buffer (pH 5.6)
10 mM MgCl,
150 uM Acetosyringone (dissolved in DMSO)
pH 5.6 (KOH)

Extraction of genomic DNA

CTAB buffer 2 % [w/V] CTAB
1.4M NacCl
20 mM EDTA pH 8
100 mM Tris-HCl pH 8

0.2 % [v/v] B-Mercaptoethanol (added directly before use)

Gel electrophoresis

50 x TAE buffer 242 g Tris base
57.1ml Glacial acetic acid
100 ml 0.5 M EDTA (pH 8)
adto 1l ddH,0

Ethidium bromide (EtBr) solution
0.01 % [w/v] 0.01 mg EtBr in 100 ml 0.5 x TAE

DEPC-H,0 0.1 % [v/v] in ddH,0, stirred over night, autoclaved twice
10 x MOPS buffer 200 mM MOPS
50 mM Sodium acetate

20 mM EDTA (pH 7)
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RNA sample buffer 100 pl Formamide
38 ul Formaldehyde
20 ul 10 x MOPS buffer
42 ul DEPC-H,0
RNA loading buffer 99 ul 6 x loading dye
1ul 10 mg/ml EtBr
GUS assay
GUS staining solution 100 mM Sodium phosphate buffer pH 7.2
5mM Ks(Fe(CN)g)
5mM Ka(Fe(CN)s)
10 mM EDTA
0.5 mg/1ml X-Gluc. Dissolved in DMF and added directly before
use.
Sodium phosphate buffer 423 ml/I 1 M Na,HPO,
577 ml/I 1 M NaH,PO,4, pH 7.2

Staining of fungal structures

Trypan blue solution 0.1 % [w/v] Trypan blue in lactophenol
(25% [w/v] phenol in water/glycerol/lactic acid in the
ratio 1:1:1)

WGA Alexa Flour 488 staining 5 pg/ml WGA Alexa fluor in 1 x PBS buffer, pH 7.5

Isolation of spores from solid medium (Declerck et al., 2005)

0.01 M Citrate buffer 0.082 vol. 0.1 M Trisodium citrate
0.018 vol. 0.1 M Citric acid
pH 6 (NaOH)

In-situ hybridization

1MTris-HCl  121.1g Tris-HCI, pH 8 adjust with HCI
1 x PBS 137 mM Sodium chloride (NaCl)
2.7 mM Potassium chloride (KCl)
12 mM di-sodium hydrogen phosphate (Na,HPO,)/potassium di-
hydrogen phosphate (KH,PO,)
pH 7.4
PBST 1 x PBS with 0.1 % [w/v] Tween-20
1xTBS 50 mM Tris-HCI
150 mM Sodium chloride (NaCl)

adjust to pH 7.5 with HCI



TBST
Fixative 10 ml
2.5ml
20 x SSC 3M
0,3M
10 % PFA 10g
2 pieces
ad 100 ml
Blocking Sol A 100 mM
150 mM
0.1%
15%
2%
NBT/BCIP detection buffer
0.1 M
0.1 M
Other buffers
TE buffer 10 mM
1mM

2.1.1.5 Other chemicals

6x DNA Loading Dye
Midori Green Advanced
Bacto™ Agar

Biozyme LE Agarose

Blocking Reagent for nucleic acid
hybridization and detection

DEPC

GeneRuler™ 100bp Plus DNA Ladder
GeneRuler™ 1kb DNA Ladder
GeneRuler™ 1kb Plus DNA Ladder

In situ hybridization buffer

Phytagel

MOPS

Nuclease free water (not DEPC-treated)

MATERIALS AND METHODS

1 x TBS with 0.1 % [w/v] Tween-20

10 % [w/v] para formaldehyde
10 x PBS
add ddH,0 to 25 ml, adjust to pH 7

NaCl

NaCitrate

pH 7 with 1 M HCI

Paraformaldehyde

NaOH

Dissolved in H,0, pH 7 with 1 M H,SO,
H,0

Maleic acid

NacCl

Tween20

Blocking Reagent (Roche)

BSA (Serum albumin fraction V)

Tris-HCl pH 9.5
NacCl

Tris-HCI
EDTA, pH 8

Fermentas (St. Leon-Rot, Germany)

Biozym (Hessisch Oldendorf, Germany)

Becton Dickinson (Heidelberg, Germany)

Biozym Scientific (Hessisch Oldendorf, Germany)

Roche (Mannheim, Germany)

Carl Roth (Karlsruhe, Germany)
Fermentas (St. Leon-Rot, Germany)
Fermentas (St. Leon-Rot, Germany)
Fermentas (St. Leon-Rot, Germany)
ENZO’ life science (Lérrach, Germany)
Sigma-Aldrich (Munich, Germany)
Sigma-Aldrich (Munich, Germany)
Ambion (Austin, TX, USA)
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Select Agar’ Invitrogen (Darmstadt, Germany)
TFM Tissue Freezing Medium Electron Microscopy Sciences (Hatfield, PA, USA)
Wheat Germ Agglutinin Alexa Fluor® 488 Invitrogen (Darmstadt, Germany)

2.1.2 Growth media

2.1.2.1 Bacterial growth media

LB medium

10 g/l Bacto™ Tryptone, 5 g/l Yeast extract, 10 g/l NaCl, pH 7 (NaOH)
YT medium

0,8 % (w/v) Peptone, 0,5 % (w/v) Yeast extract, 0,5 % (w/v) NaCl
YEB medium

5 g/l Bacto™ Beef extract, 5 g/l Bacto™ Peptone, 1 g/l Yeast extract, 5 g/I Sucrose, 2 ml of
1 M Mg,S0,4/ 1 | medium, pH 7.2 (NaOH)

TY/Ca medium

5 g/l Bacto™ Tryptone, 3 g/l yeast extract, pH 7.2 (NaOH), 4.5 mM CaCl, (added after

autoclaving)

All media are autoclaved for 20 min at 121 °C. For solid media 15 g/| Select Agar’, or Bacto™ Agar for

TY medium, were added before autoclaving.
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2.1.2.2 Plant growth substrates, media and solutions

Modified Fahraeus medium (Barker et al., 2006)

0.8 mM Na2HPO, x H,0
0.7 mM KH,POq,

0.5mM MgSO, x 7H,0
0.5 mM NH,NO;

50 uM FeSO,4 x 7H,0

50 uM Na,EDTA x 2H,0
0.1 mg/I CuSO,

0.1 mg/l H;BO;

0.1 mg/I MnSO, x H,0
0.1 mg/l Na,Mo0O, x 2H,0
0.1 mg/l ZnSO, x H,0

15 g/I Bacto™ Agar
1mM CaCl, (added after autoclaving)

pH 6.5 (KOH)

The calcium chloride and the antibiotics for selection of transgenic plants were added after

autoclaving and cooling down of the medium.

M medium for root organ cultures (Bécard and Fortin, 1988)

Stock solutions:

Final concentration:

Macro elements: 3.2¢g/l KNO; 0.79 mM
29.2 g/ MgS0, x 7H,0 3.0mM
2.6 g/l KCl 0.87 mM
Micro elements: 6 g/l MnCl, x 4H,0 30.3 uM
1.5¢g/l H3BO3 24.0 uM
2.65 g/l ZnS0O, x 7H,0 9.2 uM
0.75 g/| KI 4.5 uM
0.0024 g/I Na,MoO, x 2H,0 0.01 uM
0.13 g/l CuSQO, x 5H,0 0.5 uMm
Calcium: 57.6 g/l Ca(NO;), x 4H,0 1.22 mM
Phosphate: 4.8 g/l KH,PO, 35.0 uM
FeEDTA: 1.6 g/l NaFe-EDTA 21.7 uM



MATERIALS AND METHODS

Vitamins: 0.3 g/l Glycin 40 uM
5g/l Myo-Inositol 277 uM
50 mg/I Niacin 4.0 uM
10 mg/I Pyridoxin HCI 0.5 uM
10 mg/I Thiamin HCI 0.3 uM

filter sterilize

Add from stock solutions:

25 ml/I Macro elements, 1 ml/l Micro elements, 5 ml/I Calcium, 1 ml/I Phosphate, 5 ml/| Fe-EDTA, 10

ml/I Vitamins (after autoclaving), 10 g/l Sucrose, 3.5 g/| Phytagel.

The vitamins were added after autoclaving and cooling down of the medium.

Modified 0.5 x Hoagland’s solution (Hoagland and Arnon, 1950)

2.5mM Ca(NOs), x 4H,0
2.5mM KNO;

1mM MgS0O, x 7H,0
50 uM NaFeEDTA

20 uM KH,PO,/K,HPO, pH 6.8
10 uM H3BO3

2 uM MnCl, x 4H,0
1uM ZnS0O, x 7H,0
0.5 uM CuSO, x 5H,0
0.2 uM CoCl, x 6H,0

0.2 uM Na,MoQO, x 2H,0
0.2 uM NiSO4 x 6H,0

The phosphate concentration (KH,P0,/K,HPO, pH 6.8) was adjusted to the respective experiments.
For -Pi conditions, 20 uM KH,P0,/K,HPO, were added, for moderate phosphate 400 uM and for +Pi
1 mM were added to the fertilizer.

For nitrogen limiting conditions, Ca(NO3), and KNO; were replaced by equimolar amounts of CaCl,

and KClI, respectively.



2.1.3 Biological material

Table 2: Plants, fungi and bacteria
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Organism

Strain/cultivar

Reference

Medicago truncatula
Medicago truncatula
Nicotiana benthamiana
Rhizophagus irregularis
Echerichia coli

Echerichia coli

Echerichia coli

Echerichia coli
Agrobacterium rhizogenes

Agrobacterium tumefaciens

Sinorhizobium meliloti WT

Al17 cv Jemalong
R108

TW16

Strain BB-E
DB3.1

TOP 10

TOP 10F

DH5a

ARqua 1
GV2260

2011 (expR+)

Max Planck Institute MP (Golm)

Tadege et al. (2008)

Max Planck Institute MP (Golm)

Agrauxine, Dijon, France

Agilent Technologies, Waldbronn

Invitrogen, Karlsruhe

Invitrogen, Karlsruhe

Stratagene, Agilent Technologies, Waldbronn
Quandt et al. (1993)

Deblaere et al. (1985)

Provided by Prof. Dr. Helge Kuster (University
of Hannover)

The Tntl insertion mutants were produced in the R108 background. For all other experiments, A17

cv Jemalong was used.

2.1.4 Plasmids

Table 3: Plasmids

Name

Description

Reference

pENTR™/ D-TOPO®
pCR2.1

pDONR207
pGWB433

pK7WGF2
pK7FWG2
pK7FWGF2
pKDSR(I)GFP;

VakRK_CD3-975

GATEWAY™ Cloning vector for PCR products
GATEWAY™ Cloning vector for PCR products
GATEWAY™ Cloning vector for PCR products

GATEWAY™ Cloning vector for Entry vectors,
promoter GUS fusion

GATEWAY™ Cloning vector for Entry vectors, C-
terminal GFP fusion

GATEWAY™ Cloning vector for Entry vectors, N-

terminal GFP fusion
GATEWAY™ Cloning vector for Entry vectors, C-
and N-terminal GFP fusion

RNA, vector with 384 bp GPF fragment insertion,

constitutive DsRed expression as visible marker
mCherry tonoplast marker

Invitrogen, Karlsruhe
Invitrogen, Karlsruhe
Invitrogen, Karlsruhe

Karimi et al. (2002),
Nakagawa et al. (2007)
Karimi et al. (2002)

Karimi et al. (2002)
Karimi et al. (2002)
Dr. Igor Kryvoruchko

(Ardmore, OK, USA)
Nelson et al. (2007)
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2.1.5 Oligonucleotides

All primers used in this study were obtained from Eurofins MWG (Ebersberg). They were synthesized
on a 0.01 umol scale and lyophilized. For regular PCRs they were used in a 10 mM solution, for qRT

PCR the concentration was 0.05 mM.

All oligonucleotides used in this study are listed in the supplemental data (supplementary tables
tables S1.1 to S1.6). The stated melting temperatures (T,,) were calculated with the Promega

BioMath calculator (http://www.promega.com/techserv/tools/biomath/calc11.htm?origUrl=http

%3a%2f%2fwww.promega.com%2fbiomath%2fcalcll.htm).

For the in situ hybridization, 20mer 5’DIG labelled RNA oligos were used (Apara Bioscience). Probe
and sense control were designed for the same area of RiMfs2 (Comp2270_c0) (table 4).

Table 4: 5'DIG labeled RNA oligos for in situ hybridization.

Name/ target Sequence 5’ - 3’ Tm

RiMFS2 probe CCAGUAGCCUUAUAUGCAUC 45,3 °C
RiMFS2 sense control GAUGCAUAUAAGGCUACUGG 45,3°C
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2.2 Methods

2.2.1 Plant growth and transformation of Medicago truncatula

2.2.1.1 Stratification, surface sterilization and germination of seeds

Medicago truncatula cv. Jemalong line A17 seeds were covered with concentrated sulphuric acid for
8 to 10 min followed by 8 washing steps with distilled water. Afterwards, surface sterilization was
carried out using 6 % [v/v] sodium hypochlorite for 6 min. After rinsing with sterile water, seeds
were germinated on 0.8 % (w/v) water agar at 4 °C for 48 h followed by an overnight incubation at
room temperature for the root transformation or two days of incubation before planting the
seedlings in soil.

For Medicago truncatula R108 the incubation times in sulphuric acid and NaOCI| were reduced to 3

min and 1.5 min, respectively.

2.2.1.2 Inoculation with Rhizophagus irregularis

Seedlings or small plants obtained from root transformation were placed in a quartz sand (0.6-1.2
mm), expanded clay and vermiculite mix (1:1:1).

For inoculation with the AM fungus R. irregularis, inoculum (substrate from mycorrhizal Allium
porrum plants) was added to the substrate at 10 % [v/v]. For inoculum production R. irregularis
(strain BB-E, provided by Agrauxine, Dijon, France) was propagated on A. porrum plants, which were
fertilized twice a week with half strength Hoagland’s solution containing 20 uM phosphate. After 4
months, the A. porrum plants were harvested and the growth substrate was used as inoculum for

the M. truncatula seedlings.

2.2.1.3 Nodulation of Medicago truncatula plants

For the nodulation of M. truncatula roots with Sinorhizobium meliloti, the plants were kept under
nitrogen starvation conditions for the whole treatment by equimolar replacement of NO;” with Cl" in
the Hoagland’s solution. S. meliloti WT was grown in liquid culture (TY medium) to an optical density
of 0.5 (A = 600 nm) and diluted 1:10 [v/v] with ddH,O prior to inoculation by watering the plants with

the bacterial suspension.
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2.2.1.4 Plant growth conditions

Growth conditions in the greenhouse

M. truncatula plants were grown at 21 °C during the day and 17 °C at night. A 16 h light period was
used in the greenhouse. The relative humidity was 60 %. The plants were fertilized according to the
experimental conditions.

Growth conditions in the phytotron

After root transformation and 3 to 4 weeks of in vitro cultivation, the plants were grown in a
phytotron (200 uE m%s™, 22 °C, 65 % humidity, 8 h dark, 16 h light). The plants were fertilized

according to the experimental condition.

2.2.1.5 Agrobacterium rhizogenes mediated plant root transformation

For the M. truncatula root transformations, seeds were surface sterilized as mentioned above. The
following protocol is based on axenic transformation developed by Boisson-Dernier et al. (Boisson-
Dernier et al., 2001).

After an overnight germination, the root tip of each seedling was cut off with a sterile razor blade
and discarded. The fresh wound of the seedling was dipped on a 2 day old culture of A. rhizogenes
strain ARqua-1 containing the appropriate destination vector. The seedlings were placed on water
agar and kept in the dark at room temperature for two days for efficient transformation of the roots.
The seedlings were then transferred onto selective Fahraeus-medium and grown in a growth
chamber (200 pE m?s™, 21 °C, 65 % humidity, 8 h dark, 16 h light) for 3 to 4 weeks. If necessary, the
plants were then transferred into soil with or without R. irregularis inoculum and grown in the

phytotron.

2.2.1.6 Nicotiana benthamiana leaf infiltration with transformed Agrobacterium
tumefaciens

Transformed A. tumefaciens GV2278 (Deblaere et al., 1985) were grown at 28 °C for 2 days in
selective YEB medium to produce a thick Agrobacteria stock. 1 ml of the stock solution was added to
4 ml of selective YEB medium and shaken for 4 h at 28 °C. The cultures were pelleted by centrifuging
for 15 min at 2880 x g. The supernatant was discarded und the pellet resuspended in 1 ml freshly
prepared AS-medium. The optical density (OD600) of the culture was adjusted to 1.0 and the culture
was incubated for further 2 to 3 h at room temperature. 4 - 6 weeks old N. benthamiana plants were
well watered and then infiltrated after 4 h. The bacterial solution was injected into the abaxial side

of the tobacco leaves using a syringe without a needle (1 ml). The plants were incubated for 2 to 3
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days in the phytotron. For the co-infiltration of different constructs, these were mixed in a 1:1 ratio

before infiltration.

2.2.2 Invitro cultivation of Rhizophagus irregularis

2.2.2.1 Medicago truncatula root organ culture

For the in vitro cultivation of R. irregularis, M. truncatula root organ cultures were used. The roots
therefore need to be transformed with A. rhizogenes. As a vector, pKDSR(l)GFP; was used, a
Gateway-compatible RNAi vector with constitutively expressed DsRed as a visible selection marker
and the nptll gene for kanamycin selection of successfully transformed roots. A 384 bp fragment of

GFP was cloned into the vector to replace the cytotoxic ccdB gene.

2.2.2.2 Isolation of fungal spores and hyphae

To obtain extraradical hyphae of R. irregularis, M. truncatula root organ cultures were grown on a
compartimented petri dish and inoculated with R. irregularis spores from older root organ cultures
(ROCs). After the roots were well colonized, one half of the solid medium was removed from the
petridish and it was refilled with liquid M-Medium without sucrose. After approximately 2 weeks,
hyphae had grown into the liquid compartment and were harvested using a sterile tip. In order to

obtain enough material, hyphae of several plates were pooled for one RNA isolation.

Spores were isolated from well colonized M. truncatula ROCs. The medium was dissolved in 0.01 M
citrate buffer. The spores were washed several times and incubated in sterile water at room
temperature for 2 to 3 days to germinate. They were then disrupted with a small pistil in lysis buffer
(RLT Buffer, Qiagen RNeasy Micro Kit) with 8.75 pl RNase Inhibitor (RNaseOUT) and 3,5 ul B-

Mercaptoethanol prior to the RNA isolation.

2.2.3 Biomolecular methods

2.2.3.1 Cloning strategies and preparation of plasmids
Gateway™ cloning

Promoter-GUS fusions of M. truncatula transporter candidates and C- and/or N- terminal GFP
fusions for the intracellular localization of M. truncatula sugar transporters were created via

directional TOPO" cloning (pENTR™ Directional TOPO" Cloning Kit, Invitrogen) into the pENTR™/D-
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TOPO vector or into pDONR207 via Gateway BP-reaction (Invitrogen) according to the
manufacturer’s instructions. The PCRs to produce the fragments were performed with Advantage®2
Polymerase (Clontech) and the appropriate overhang was added to the respective primers: a CACC
sequence at the 5’ end of the forward primer for pENTR cloning, and the Invitrogen attB1 site to the
forward primer and the attB2 site to the reverse primer for the BP cloning into pDONR207. cDNA
was derived from RNA of mycorrhizal M. truncatula roots for the protein localization fusions, while
template gDNA for the amplification and cloning of the promoter regions was isolated from M.
truncatula leaves. PCR fragments were cloned into the respective vector and transformed into
OneShot” TOP10 E. coli (Invitrogen) or E. coli DH5alpha (Stratagene) cells from which the respective
entry vector was then isolated. Constructs were checked via PCR and restriction of the plasmids.
Positive constructs were sequenced at LGC Genomics (Berlin, Germany) using the Donr-F and SeqL-E
sequencing primers. Positive clones were used for recombination with the respective destination
vectors: pGWB433 (Karimi et al.,, 2002; Nakagawa et al., 2007) for the promoter-GUS fusions,
pK7WGF2 and pK7FWG2 for the C- or N-terminal GFP fusion, respectively, and pK7FWGF2 (Karimi et
al., 2002) for a GFP fusion to both ends of the resulting protein for the intracellular localization

studies. For this recombination, the LR-Clonase Il Mix (Invitrogen) was used according to the manual.

Regions that needed to be sequenced, such as the full-length CDS of the R. irregularis transporter
candidates, were TA-cloned into pCR2.1 (Invitrogen). cDNA of mycorrhizal roots (for R. irregularis
sequences highly expressed in planta) or from germinating spores and hyphae were used as a
template for the PCR amplification of the fragments. After the PCR with Advantage 2 Polymerase,
GoTaq Polymerase (Fermentas) and additional dATPs were added and a 10 min 72 °C step was
performed to add A-overhangs at the end of the amplified fragments. These were then cloned
according to the manufacturer’s instructions and transformed into OneShot” TOP10 E. coli cells.
After the blue/white selection, white colonies were picked, checked via PCR and restriction analysis,

and sequenced using the M13F and M13R sequencing primers delivered with the TA-cloning Kit.

Plasmid preparation

A liquid E. coli culture (5 ml) was grown over night at 37 °C in LB medium with the respective
antibiotics for selection. 2 ml of the culture were centrifuged for 2 min at 10000 rpm to pellet the
bacteria. The supernatant was discarded and the pellet was resuspended in 100 pl mini prep
solution 1 and 5 pl RNaseA (10 mg/ml). After the mixture was incubated for 5 min at room
temperature, 200 pl of solution 2 and 150 pl of solution 3 were added followed by an incubation
time of 5 min on ice after each step. The solutions were mixed carefully by inverting the tube. The

samples were then centrifuged at maximum speed for 10 min and the supernatant (V = 450 ul) was
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transferred into a new tube. 1 ml of 96 % [v/v] ethanol and 50 pl of 3 M sodium acetate pH 5.2 were
added and the samples were incubated for at least 30 min on ice to precipitate the plasmid DNA.
Then the plasmids were pelleted by 10 min centrifugation at full speed and the pellet was washed

with 70 % [v/v] ethanol prior to drying. The plasmids were resuspended in 20 pl of sterile ddH,0.

Restriction analysis of constructs

Prior to sequencing for construct validation, a restriction analyses were performed. If appropriate
enzymes were available, the Fast Digest system (Fermentas) was used. The digest reaction was
performed in a 10 pul volume including 1 u of the respective enzyme(s) and 1 pg plasmid DNA at 37 °C

for 10 min, and was analysed by gel electrophoresis.

2.2.3.2 Transformation of microorganisms
Transformation of Escherichia coli

50 ul chemically competent E. coli cells were thawed on ice and incubated on ice for 30 min with 2 pl
of the appropriate vector. For the heat shock transformation, the cells were incubated at 42 °C for
30 s, then immediately chilled on ice for 2 min. 200 pl SOC medium were added and the transformed
cells were shaken (650 rpm) for 1 h at 37 °C. Positive clones were selected by plating 50 - 150 pl of
the cells on solid LB medium containing the appropriate antibiotic and, if blue-white screening was

possible, 40 pl X-Gal (40 mg/ml). The cells were grown over night at 37 °C.

Transformation of Agrobacterium strains

50 pl electro-competent A. rhizogenes or A. tumefaciens cells were thawed on ice and mixed with
2 ul of the appropriate vector in an electroporation cuvette (1 mm). The cells were incubated on ice
for 30 min. After the electroporation (2.5 kV), 500 ul YT or YEB medium were added. The
transformed cells were shaken for 2 - 3 h at 28 °C and 50 - 100 pl of the cell suspension were plated
on solid YT or YEB medium containing appropriate antibiotics. The cells were grown for 2 days at

28 °C.
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2.2.3.3 DNA isolation methods

CTAB gDNA extraction

100 mg of frozen and grinded plant material were mixed with 800 pl preheated (65 °C) CTAB DNA
extraction buffer. The samples were incubated for 30 min at 60 °C. Afterwards, an equal volume of
phenol:chloroform:isoamylalcohol (25:24:1) was added and mixed by inverting the tube. The
samples were centrifuged for 2 min at maximum speed, the upper phase was transferred into a new
tube and RNaseA (final conc. 20 pug/ml) was added. After 15 min at 37 °C, the P:C:| extraction step
was repeated. The upper phase was mixed with an equal volume of chloroform. After centrifugation,
the upper phase was recovered. The DNA was precipitated by adding 1/10 vol NaOAc (0.3 M stock,
pH 5.2) and 0.6 vol isopropanol and incubation of the samples at - 20 °C for at least 60 min. After
15 min of centrifugation at maximum speed, the pellet was washed with 70 % ethanol, air dried, and

resuspended in 50 ul 1 x TE buffer (pH 8.0).
gDNA extraction with alkaline lysis

For the screen of Tntl insertion plants, a young leaf was removed from each plant and gDNA was
extracted with alkaline lysis (Wang et al. (1993), modified). The leaves were frozen in liquid nitrogen
and retched with small glass beads in a 2 ml reaction tube. 60 pl of 0.5 M NaOH were added, the
reaction was mixed thoroughly and incubated for 1 min at RT before 980 ul 1.0 M Tris pH 8.0 were

added. 1 pl of this solution was directly used in a 10 ul PCR reaction.

2.2.3.4 RNA isolation methods

RNA was isolated from M. truncatula roots using the InviTrap® Spin Plant RNA Mini Kit (Stratec
Molecular). The isolation was performed according to the manufecturer’s instruction, using the RP
Lysis Buffer with B-Mercaptoethanol. The lysis was performed at 56 °C, shaking (14000 rpm) for 3
min. The RNA was eluted with 30 pl of Elution Buffer. Afterwards, the samples were treated with
TURBO DNase (Ambion) as described in the manual to remove all DNA contaminations. The quality

and quantity of the RNA was analysed using the NanaDrop photospectrometer.

Due to the low amount of starting material, the RNeasy Micro Kit (QIAGEN) was used for the RNA
isolation from LCM collected R. irregularis arbuscules. R. irregularis hyphae and spores were
harvested from a two-compartment petridish and RNA was isolated with the Fungal/Bacterial RNA

Microprep™ Kit (ZYMO Research Corp). Additionally, spores were isolated from mycorrhizal M.
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truncatula ROCs, incubated in water for 3 days to germinate, disrupted manually by squeezing with a

small pistil in a 1.5 ml reaction tube, and RNA was isolated using the RNeasy Micro Kit (QIAGEN).

2.2.3.5 cDNA synthesis

Superscript™ Ill Reverse transcription kit (Invitrogen) and oligo (dT).s primer (Fermentas) were used

for the cDNA synthesis of mycorrhizal and non-mycorrhizal roots for the verification of the

symbiosis-related regulation of the M. truncatula transporter candidate genes. First strand synthesis

was performed with 1 pg of total RNA (in a reaction volume of 20 pl) according to the

manufacturer’s protocols.

For the cDNA synthesis for the Mthxt1-Tnt1 samples and the validation of the differential regulation

of the R. irregularis transporter candidate genes, the RevertAid Reverse Transcriptase (Thermo

Scientific) and oligo (dT).s were used. First strand synthesis was performed with 1 pg of total RNA (in

a reaction volume of 20 pl) according to the manufacturer’s protocols.

2.2.3.6 Polymerase-chain-reaction (PCR)

Standard PCR

For standard PCR amplification the Advantage®2 proofreading polymerase (Clontech) or GoTag™

DNA polymerase (Promega) was used according to the manufacturer’s instruction. For each primer

pair the specific annealing temperature was determined in a PCR temperature gradient. For efficient

DNA amplification 30 PCR cycles were applied (table 5).

Table 5: Standard PCR programme

Step Temperature Time Cycles
GoTaq/Adv.2 Polymerase

1. Denaturation 95°C 2 min

2. Denaturation 95 °C 30s

3. Annealing Tn-3°C 1 min 30

4. Elongation 72 °C/68 °C 1 min/kb

5. Final elongation 72 °C/68 °C 5 min

6. Hold 4°C o0
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Quantitative real-time PCR (qRT-PCR)

gRT-PCRs were performed in a reaction volume of 10 pl with 1 pl of 1:10 diluted cDNA, 4 pul of 2 mM
primer-pair mix and 5 pl of Maxima™ SYBR Green/ROX gPCR Master Mix (Fermentas). For the
measurement, the qRT-PCR machine ABI Prism 7900 HT (Applied Biosystems) was used with the
following programme: one cycle 95 °C for 10 min, 40 cycles 95 °C for 15 s and 60 °C for 60 s. An
additional dissociation stage for analysing melting curves was included. The data was analysed using
SDS 2.3 (Applied Biosystems) and MS Excel 2003 (Microsoft). The Ct-threshold was set to 0.2. The
average of the Ct-values of the measured plant or fungal housekeeping genes, respectively, was
used as a housekeeping gene-index (HK-index) to normalize transcript abundance. The relative
expression level of each transcript was calculated.

ACt = CtGene - CtHK

. . _ 2—ACZ
Relative expression level =

Alternatively, 40-ACt was calculated to visualize the relative transcript abundance in measurements
with very diverse relative expression levels, since the qPCR runs 40 cycles. For this reason, also
undetermined Ct values were set to 40 prior to the calculations. Student’s t-test was used to

determine the statistical significance of the difference between the calculated expression levels.

2.2.3.7 Sample preparation for Illumina sequencing

For the lllumina sequencing, two different R. irregularis tissues were sampled: LCM collected
arbuscules from M. truncatula roots and extraradical R. irregularis tissues from M. truncatula ROCs
as described (2.2.2.2, 2.2.3.4, and 2.2.5.1). RNA was isolated and the quantity and quality of each
sample were assessed with an Agilent 2100 Bioanalyzer, and only samples with highest RNA content
and an RNA integrity number (RIN) above 6 were sent for RNAseq. Several isolations of one tissue

were pooled to obtain at least 100 ng of RNA for sequencing.

2.2.4 Biochemical methods

2.2.4.1 MtHxt1 Tnt1 metabolic profiling analysis

Root and leaf samples of mycorrhizal and non-mycorrhizal M. truncatula (R108) WT and Tntl
insertion plants were harvested, weighed, and immediately frozen in liquid nitrogen to stop plant

metabolism.
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Metabolite profiling was performed by Ines Fehrle and Alexander Erban (AG Kopka, MPIMP) by gas
chromatography coupled impact ionization/time-of-flight mass spectrometry (GC-EI/TOF-MS)
(Agilent 6890N24 gas chromatograph, Agilent, Boblingen, with splitless injection onto a FactorFour
VF-5ms capillary column, 30-m length, 0.25-mm inner diameter, 25 um film thickness (varian-Agilent
Technologies) connected to a Pegasus Ill time-of-flight mass spectrometer, LECO Instrumente GmbH,
Monchengladbach). A polar metabolite fraction was profiled as described earlier (Sanchez et al.,
2012). Briefly, for the polar phase extraction, the samples were homogenized under liquid nitrogen,
metabolites were extracted from 120 mg +/- 5 % of plant tissue. 360 pl of a premix from 300 pl of
100 % methanol and 60 pl of internal standards (30 ul nonadecanoic acid methylester [2 mg/ml
stock in CHCl5], 30 ul of *Ce-sorbitol [0.2 mg/ml in MeOH], and d4-alanine [1 mg/ml in water]) were
cooled and added to the homogenized tissues. The samples were shaken at 70 °C for 15 min, 200 ul
ChCl; were added and shaken at 37 °C for 5 min. After the addition of 400 ul H,0, the samples were
vortexed and centrifuged for 5 min at 14000 rpm. Two 160 ul aliquots of the upper polar phase were
transferred to a 1.5 ml reaction tube and dried in the vacuum centrifuge over night (Erban et al.,
2007). Metabolites were methoxyaminated and trimethylsilylated prior to GC-EI/TOF-MS. Retention
indices were calibrated by addition of a Cyy, Cy5, Cy5, Cis, Cig, Coz, Cus, C3p, an Csg n-alkane mixture to

each sample (Strehmel et al., 2008).

GC-EI/TOF-MS chromatograms were acquired, visually controlled, baseline corrected and exported
in NetCDF file format using ChromaTOF software (Version 4.22, LECO, St. Joseph, USA). The GC-MS
data processing into a standardized numerical data matrix and compound identification were
performed using the TagFinder software (Luedemann et al., 2008; Allwood et al., 2009). Compounds
were identified by mass spectral and retention time index matching to the reference collection of
the Golm metabolome database (GMD, http://gmd.mpimp-golm.mpg.de/) (Kopka et al., 2005;
Schauer et al.,, 2005; Hummel et al., 2010). Guidelines for manually supervised metabolite
identification were the presence of at least three specific mass fragments per compound and

retention index deviation <1.0% (Strehmel et al. 2008).

The mass features were normalized by sample fresh weight and internal standard and were
maximum scaled. For quantification purposes all mass features were evaluated for best specific,
selective and quantitative representation of observed analytes. Laboratory and reagent
contaminations were eliminated by non-sample control experiments. Metabolite pool sizes were
assessed by relative changes expressed as response ratios, i.e. x-fold factors in comparison to a
control condition. For independent component analyses (ICAs), the ratio to the mean of the control

condition was calculates for all samples.
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2.2.4.2 GUS staining

Mycorrhizal and non-mycorrhizal roots transformed with the appropriate promoter-GUS construct
via A. rhizogenes mediated root transformation were harvested 4 wpi, washed carefully and covered
with freshly prepared GUS buffer containing 0.5 mg/ml X-Gluc. They were incubated over night in
darkness at 37 °C. Once blue areas were visible, they were embedded in 4 % agarose for subsequent

sectioning.

2.2.4.3 Staining of fungal structures in roots
Trypan blue staining

The trypan blue staining is suitable for a wide range of AM fungi and was carried out as described in
Phillips and Hayman (1970). Mycorrhizal roots were covered with 10 % KOH and incubated at 90 °C
for 20 min. After decanting the KOH the roots were washed twice with distilled water, placed in
trypan blue staining solution (25 ml 2 % trypan blue and 1000 ml lactoglycerol solution), and
incubated at 90 °C for 3-5 min. The roots were washed with water, cut into 1 cm fragments, and

were then mounted on glass slides in 10 % glycerol for the light microscopic analysis.

WGA Alexa Fluor 488 staining

Mycorrhizal roots were treated with KOH as described above. After washing thoroughly first with
distilled water and then with 1 x PBS buffer (pH 7.4) the roots were incubated with WGA Alexa Fluor
488 in PBS (1:200) over night. Root sections (50 um longitudinal or cross sections) were collected in
1 x PBS, and stained directly without KOH treatment. The roots (or root sections) were washed

carefully and mounted in glycerol for analysis using the epifluorescence microscope.

2.2.4.4 In situ hybridization

For the visualization of in planta expressed fungal transcripts, mycorrhizal roots were embedded in
paraffin for subsequent sectioning and in situ hybridization. 0.5 mm root fragments were
dehydrated in an ethanol series (20 %, 40%, 60 %, 80 %, 90 % and 100 % EtOH in DEPC-H,0; 1 h at
4 °C each step). Ethanol was gradually replaced by xylene (100 % EtOH, 50 % xylene in EtOH, 100 %
xylene; 1 h each step) and the sections in xylene were covered with a layer of liquid paraffin for 2 h
at room temperature. The samples were heated to 58 °C and washed repeatedly with paraffin (2h
each step). Finally, the samples in paraffin were poured into aluminium containers and let cool

down. Blocks with root fragments were cut out after the paraffin solidified.
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The paraffin-embedded root pieces were cut in 10 um cross sections using the Rotary Microtome
Leica RM2265. For each hybridized probe and its corresponding negative control (sense RNA probe),
subsequent sections were used to ensure that the compared sections derived from the same cell

layer.

After cutting; the root sections were deparaffinized (100% xylene, 50% xylene in ethanol, 100%
EtOH, 50% ethanol in DEPC-H,0, DEPC-H,0; 5 min each step), deproteinated (proteinaseK 1 pg/ml in
TE buffer, 10 min at 37 °C) and fixed in 4 % PFA (4 min at room temperature). Afterwards the
sections were acetylated (tri-ethanol amine, conc. HCI, acetic anhydride) and dehydrated by an
ethanol series (30%, 60%, 80%, 90%, 100% EtOH in DEPC-H,0; 30 sec each step). The sections were
dried at room temperature and subsequently hybridized in ENZO hybridization buffer (Roche)
containing 0.025 pmol/ul of the respective DIG labelled RNA probe or sense control probe. After 5
min denaturation at 80 °C the slides were incubated over night at 35 °C (melting temperature T,, —
10 °C) in a humid chamber with 1 x SSC and 50 % formamide. The slides were then washed
repeatedly in 2 x SSC (1 x 10 min, RT), 2 x SSC ( 2 x 15 min 35 °C), 1 x SSC (2 x 15 min 35 °C) and 0.1 x
SSC (2 x 30 min 35 °C), and blocked with blocking sol. A (+ 1,5 % Blocking Reagent (Roche) and 2 %
BSA, Albumin Fraction V) over night at 4 °C. Finally, the slides were washed, covered in 1:500 Anti-
DIG AP in Blocking sol. A, and incubated at RT for 1.5 h. After washing off the antibody solution, the
sections were stained with WG Alexa fluor 488 (1:500 in PBS) for 1 h, washed in TBS, and
equilibrated in NBT/BCIP buffer for 10 min. NBT/BCIP stock solution (roche) was added to NCBT/BCIP
buffer (20 ul/ml) and the slides were incubated in the staining soultion in a coplin jar at room
temperature until dark purple precipitates appeared (over night). The staining reaction was stopped
by washing the slides in water. The smples were coverd in glycerine:PBS (9:1), covered with a

coverslip, and sealed before microscopy.

2.2.5 Microscopy

2.2.5.1 Cryosectioning and laser capture microdissection (LCM)

M. truncatula roots 4 wpi with R. irregularis were washed in iced water and embedded in TFM Tissue
Freezing Medium. They were then cut longitudinally into 35 um under constantly freezing
temperatures (-22 °C) using the Leica CM1950 Cryostat. The slides were warmed briefly, causing the
medium to melt very shortly and fix the cutting on the slide, and were frozen again immediately. The
slides were washed in 70 % EtOH (3 min), DEPC- H,0 (25 - 30 min) and 100 % EtOH (3 min), dried at
37 °C for 30 min, and stored at -80 °C.
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Via laser capture microdissection (PALM Microlaser Technologies) arbuscule-containing cells were
selected and catapulted into the lid of a PALM tube. After approximately 10.000 cells were collected,
350 ul RLT Buffer (Qiagen) with 8.75 ul RNase Inhibitor (RNaseOUT, life technologies) and 3,5 ul B-
Mercaptoethanol were added to the cells. The sample was vortexed thoroughly, centrifuged for 2
min at full speed and incubated at 56 °C for 5 min. The vortex and centrifugation steps were

repeated once and the samples were stored at -80 °C.

2.2.5.2 Vibratome sectioning

For light microscopic analyses, roots were sectioned with the Leica Vibrating-Blade Microtome
VT1000S. Short root pieces were embedded in 4 % agarose, cut out in small blocks, fixed in the
sample holder with super glue, and sectioned either longitudinally or as cross sections (50 um). The
cuttings were collected in PBS, stained if required, and placed on glass slides in 10 % glycerine. The

sections were analysed with the Microscope Olympus BX51.

2.2.5.3 Epifluorescence and confocal microscopy

WGA Alexa fluor 488 stained roots or root sections (GUS assays and in situ hybridization) were
visually analysed with the epifluorescent microscope BX61 (Olympus) and the cellSens Dimension
software or the BX51 with the cellP software. The GFP filter (excitation filter 470/40 nm, emission
filter LP500>) and the DsRed filter (excitation filter 550/20 nm, emission filter 590>) were used for
the detection of green and red fluorescence, respectively. Individual pictures were taken in each
channel (fluorescent and/or bright-field) and overlays were produced using Adobe Photoshop CSS5, if

needed.

For the analyses of uncut roots or localization studies in tobacco leaves, the confocal microscope
Leica TCS SP5 (2.3.1 build 5194) was used. For the detection of the different fluorescent signals, the
manufacturer’s settings were used (GFP excitation: 488nm, emission detection range: 500 - 600 nm;
mCherry excitation: 561 nm, emission detection range: 570 - 700 nm). Gain and offset were kept
equal for the detection of each flourophore in different samples. Overlays of the different channels
were directly produced in the microscope software (LAS AF, Leica Application Suite Advanced

Fluorescence).
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2.2.6 Bioinformatic methods

2.2.6.1 Processing of metabolic profiling data

The ratios between the values normalized to the internal standard (**Ce-sorbitol) and fresh weight
[g] of either mycorrhizal and non-mycorrhizal or hxt1 and WT plants were calculated. The value of
one biological replicate of one condition (myc or hxt1) was divided by the average of all replicates of
the respective time-point (3, 5, or 7 wpi) and tissue (source leaves or roots) of the other condition
(nonmyc or WT, respectively) to preserve the variation between biological replicates for statistical
analysis. Averages were calculated from the ratios hxt1/WT and myc/nonmyc. These were Log,

transformed and further analyses were based on the Log,-fold changes (LFCs).

Data visualizations were performed using the multi-experiment viewer software MeV, Version 4.6.2,

http://www.tm4.org/mev/ (Saeed et al., 2003; Saeed et al., 2006). Statistical assessments of the

data were performed using Microsoft Excel 2007. Statistical testing (Student’s t-test) was not
performed on the Log,-transformed data, but on the raw data normalized to internal standard and

fresh weight, to confirm the statistical relevance of their differential abundance (ratio).

Metabolites with significantly altered levels between either mycorrhizal and non-myxcorrhizal
conditions or between the two genotypes were selected if they had a LFC of >1 or <-1 with a p-value

of at £ 0.05.

For ICAs, The values were normalized to the average of the WT non-mycorrhizal condition of the
respective tissue and time-point and log,-transformed. Independent components were calculated
using MetaGeneAlyse (http://metagenealyse.mpimp-golm.mpg.de/) (Daub et al., 2003) with 2

principal components, ICAs were then produced from these ICs in Microsoft Excel 2007.

2.2.6.2 Processing of Illumina SBS high-throughput sequencing data

The sequencing raw data obtained from Eurofins MWG Operon (Ebersberg) were computationally
processed in cooperation with the in-house bioinformatics services (Dr. Sasmuel Arvidsson, Dr. Dirk
Walther). RNA-Seq data of two samples were compared: LCM collected arbuscules, samples also
containing intraradical hyphae, therefore referred to as arbuscules or in planta tissues in the
following, and extraradical hyphae and germinating spores, referred to as ERM or extraradical
tissues.

Initially, the raw data were mapped against the M. truncatula genome to identify and remove all M.

truncatula reads from the dataset (figure 3). They were then filtered to remove all possible
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contamination with E. coli, yeast, PhiX, adapter or vector sequences. Since no R. irregularis reference
genome was available at the time the data were obtained, the unique reads of both libraries were
combined to assemble contigs using Trinity, a program for the de novo assembly of RNA-Seq reads

(http://trinityrnaseq.sourceforge.net/). These transcontigs were then used to perform a read-count

based expression profiling: the raw reads of each library were separately mapped to the transcontigs
using Bowtie (Langmead et al., 2009). For the quantification of the transcripts, RSEM (RNA-Seq by
Expectation Maximization) was used, a software which uses a bayesian approach to assign multi-
mapping reads to the most probable transcript with which gene abundances can be calculated
without a reference genome (Li and Dewey, 2011). The estimation of the transcript abundance has
also been calculated using a second method, RPKM (Reads Per Kilobase and Million mapped reads)
to corroborate the results of the RSEM estimation. Both methods largely resulted in similar trends,
but due to the expected higher accuracy of the results of the RSEM estimation, these were used for
further analyses.

The log, fold change (LFC) was calculated from the RSEM estimated expression values of each contig:

RSEMarb )
RSEMerm

For the first functional annotation of the transcontigs, they were aligned against known Glomus

Log?2 (

sequences (Glomus DB, http://mycor.nancy.inra.fr/IMGC/GlomusGenome/index3.html) the NCBI

nucleotide sequence collection (nt, ftp://ftp.ncbi.nih.gov/blast/db/nt) and non-redundant protein

collection (nr, ftp://ftp.ncbi.nih.gov/blast/db/nr).

Additionally, as an indication of possible transporter protein coding genes, transmembrane domains
(TMDs) of the transcontigs were predicted, since these are a common necessary feature of
transporter proteins and can therefore be used as an indication of the potential function of the gene
product. For this, the reading frame was predicted using TransDecoder (http://trans

decoder.sourceforge.net/) and the peptides were checked for transmembrane helices

(http://www.cbs.dtu.dk/services/TMHMM/).

The resulting candidate genes were selected from a combination of the results of both, the
differential expression and the TMDs. Only transcontigs with two or more TMDs and a LFC of > 3 or <
-3 were selected. A few M. truncatula sequences were found and removed from the resulting list of
candidates. The remaining transcontigs were annotated by hand, using the predicted peptide
sequences for blastp searches against all fungal sequences available at NCBI. All candidates that

could be annotated as transporter genes were used as candidate genes.
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Figure 3: Schematic workflow of the analysis of the lllumina reads. Contig assembly, differential expression profiling, and
annotation for the selection of in planta regulated R. irregularis candidate transporter genes.

Only after the candidate selection was completed, the first successfully assembled genome
sequence derived from single nuclei of one R. jrregularis spore was generated (Francis Martin, INRA,
Nancy, personal communication). This was kindly made available to us by F. Martin. Since the
candidates had already been selected before, the genome sequences were used to verify them. The
contigs were blasted against the R. irregularis genome to confirm their assembled sequences and to

obtain the full length genomic sequence if available.

The full coding sequences of the candidate genes were amplified with gene specific primers that
were designed upon the availability of the genomic sequences. They were sequenced in order to
check and, if necessary, revise the sequence information and the predicted exon/intron structure of

the genes.
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3 RESULTS

3.1 Characterization of cell type-specifically regulated Medicago
truncatula genes involved in transport mechanisms

To get a deeper insight into AM-induced transcriptional changes on a cell type-specific level, laser
capture microdissection (LCM) and microarray experiments have been combined (Gaude et al.,
2012). Via Affymetrix GeneChip hybridization of RNA isolated from arbuscule-containing cortex cells
(ARB), non-arbusculated cortex cells of mycorrhizal roots (NAC) and cortex cells of non-mycorrhizal
roots (COR), a large number of specifically regulated M. truncatula transcripts have been identified.
Using the MapMan software (http://mapman.gabipd.org/web/guest) (Usadel et al., 2009) these
genes have been classified and predicted functions have been annotated (Gaude et al., 2012). AM-
regulated genes were found in defined functional classes, like lipid metabolism, transcription
regulation, protein metabolism and processing, and defence/stress response (figure 4). Also, 15
genes of the 49 probe sets in the genome array that were identified as putative fungal genes were

present in the set of differentially expressed transcripts.

Defence/
stress
response

Protein
metabolism
and processing

/ //—_J Cell wall
- Secondary
N metabolism

Development

|

Not assigned

Hormone
metabolism
Signaling

Lipid
metabolism
R. rhizophagus

Transport  Regulation of
transcription

Figure 4: Distribution of cell-specifically regulated M. truncatula transcripts in response to mycorrhizal colonization
across different functional classes (based on Gaude et al., 2012).




REsuLTS

3.1.1 Selection and confirmation of candidate genes

As expected, also a high number of genes involved in transport mechanisms are cell-specifically
regulated in response to the colonization of the roots by the AM fungus (figure 4). The expression of
26 transporter genes is up-regulated in arbuscule-containing cells in comparison to cortical cells with
a log,-fold change (LFCags/cor) Of more than 2, 12 of these are up-regulated in NAC cells as well. One
putative transporter gene is down-regulated in arbuscule-containing cells in comparison to cortical

cells and 5 genes are specifically up-regulated in NAC cells (Gaude et al., 2012) (figure 5).

Figure 5 : Venn diagram of the cell-specifically

ARB/COR NAC/COR regulated transporter genes. Red: up-regulated genes,
blue: down-regulated genes, ABR: arbuscule-containing
cells, NAC: non-arbusculated cortical cells, COR: cotical

14 cells of uncolonized roots. LFC >2 or <-2 (based on
1 Gaude et al., 2012).

The predicted transporter encoding genes regulated with a LFC of either >2 or <-2 with a p-value of
< 0.05 in arbuscule-containing cells vs. cortical cells of non-colonized roots have been selected for
this study. Also, three potential transporter genes have been selected which were specifically up-
regulated in non-arbusculated cells of mycorrhizal roots in comparison to cortex cells of non-
colonized roots. Unless already described in Medicago truncatula, the genes were named after their
closest Arabidopsis thaliana homolog. Well-known mycorrhiza induced genes like MtPt4, MtHal and
MtStr2 were found in this approach, too, but they were omitted for the further analyses. The 16 final
transporter gene candidates are listed in table 6. The Mt3.0 and Affymetrix GeneChip identifiers are

listed in the Supplementary table S 2.1.
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Table 6: AM-specifically regulated transporter candidate genes of M. truncatula. The annotation, the gene

identifier as well as the transcriptional regulation are given (based on Gaude et al., 2012).

Annotation Affymetrix ID/ Log,-fold change
IMGAG ID ARB/NAC NAC/COR ARB/COR
Mt3.5

Coppper transporter MtCot mtr.37110.1.s1_at 2.71 6.50 9.21*
Nitrate transporter MtNrtl Medtr2g017750.1 3.94 4.66 8.60*
Mitochondrial phosphate transporter MtMpt1 Medtr7g083790.1 2.04 3.47 5.51*
Dicarboxylate transporter MtDit2 Medtr2g009220.1 1.99 1.10 3.06*
Amino acid transporter MtAap1 mtr.44555.1.s1_at 1.37 1.20 2.57%*
Ammonium transporter MtAmt2 Medtr8g095040.1 1.95 -0.17 1.78"
Nucleobase-ascorbate Medtr8g086520.1 -1.58 2.14 0.57
transporter MtNat2

Sucrose/H" symporter MtSut4-1 Medtr5g067470.1 -2.33 2.61 0.28
Hexose/H" symporter MtHxt1 Medtrlg104780.1 -2.72 2.86 0.13
H'-dependent Oligopeptide transporter MtPtrl Medtr8g087780.1 6.08 0.94 7.02*
H'-dependent Oligopeptide transporter MtPtr3 Medtr7g098040.1 2.69 2.00 4.68*
H*-dependent Oligopeptide transporter MtPtr4 Medtr8g087810.1 3.95 0.42 4.36*
ABC transporter/MDR MtAbcb15 Medtr8g022270.1 1.86 4.25 6.11*
ABC transporter/MDR MtPgp18 Medtr3g086430.1 0.42 0.64 1.06*
Major intrinsic protein MtNip1l Medtr8g087710.1 2.35 4.36 6.71%
Major intrinsic protein MtNip4 Medtr5g063930.1 1.60 0.91 2.51%*

* Regulation confirmed by gRT-PCR

The already described putative copper transporter MtCot (mtr.37110.1.s1_at) (Frenzel et al., 2005)
has been found to be highly up-regulated in arbuscule-containing as well as neighbouring cells. This

regulation has been confirmed via gRT-PCR (A. Reinert, Dissertation 2012).

A putative ammonium transporter, MtAmt2 (Mt3.5: Medtr8g095040.1), is up-regulated in arbuscule-
containing cells. Among the up-regulated candidates there are also several potential ATP-binding
cassette transporters, two of them most likely to belong to the ABCB subfamily, MtAbcb15 and
MtPgpl5 (Medtr8g022270.1 and Medtr3g086430.1). The third of the ABC transporters
(Medtr5g030910.1) is the MtStr2 gene previously described by Zhang et al. (2010). There are also
two putative major intrinsic proteins. MtNip4 (Medtr5g063930.1) is specifically up-regulated in
arbuscule-containing cells, MtNipl (Medtr8g087710.1) in both, arbuscule-containing and
neighbouring cells. The potential transcripts of three putative oligopeptide transporters MtPtrl,
MtPtr3 and MtPtr4 (Medtr8g087780.1; Medtr7g098040.1; Medtr8g087810.1) as well as a putative

dicarboxylate transporter MtDit2 (Medtr2g009220.1) and a putative amino acid transporter MtAap1l
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(mtr.44555.1.s1_at) were found to accumulate in arbuscule-containing cells. Moreover, one putative
mitochondrial substrate carrier MtMptl (Medtr7g083790.1) and a putative nitrate transporter
MtNrt1 (Medtr2g017750.1) have been found to be highly up-regulated in arbuscule-containing cells

and, to a lesser extent, also in neighbouring cells.

Three further transporter candidates have been selected which are regulated in a different way than
the ones described above. These genes are a potential nucleobase-ascorbate transporter MtNat2
(Medtr8g086520.1), a potential hexose/H" symporter MtHxt1l (Medtr1g104780.1) and a sucrose/H"
symporter MtSut4-1 (Medtr5g067470.1) that has been confirmed as a sucrose transporter (Doidy et
al.,, 2012). The transcripts of these three genes are only very slightly regulated in arbuscule-
containing cells in comparison to cortical cells (ARB/COR). However, they were found to accumulate
in neighbouring non-arbusculated cells in comparison to cortex cells (NAC/COR), and in comparison

to arbuscule-containing cells (ARB/NAC).

3.1.1.1 Transcriptional regulation of the putative transporter genes in mycorrhizal roots

Quantitative reverse transcription PCR (gqRT-PCR) was performed using cDNA of mycorrhizal and
non-mycorrhizal M. truncatula whole roots (4 wpi) to confirm the transcriptional regulation of the
transporter candidates. If genomic sequences of the candidates were available, predicted

intron/exon regions were used to design gene-specific qRT-PCR primers.

The tanscriptional regulation in M. truncatula roots was confirmed for all putative transporter gene
candidates listed above that were found to be up-regulated in arbuscule-containing cells (figure 6).
Except for the genes up-regulated in non-arbuscule containing neighbouring cells, all candidates for
which the AM-responsive regulation could not be experimentally confirmed were removed from the
list of candidates. A successfully established and functional AM-symbiosis was indicated by the
strongly induced transcript levels of the phosphate transporter MtPt4d which is specifically
transcribed in arbuscule-containing cells (Harrison et al.,, 2002), and the transcript of the

Rhizophagus irregularis ribosomal gene RirRNA (figure 7).
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Figure 6: Relative expression levels (given as 40-dCt values) of the up-regulated putative transporter genes in

M. truncatula roots determined by qRT-PCR. Wild-type roots were harvested 4 wpi with R. irregularis or as 4 weeks old

non-inoculated roots. A reference gene index (UbiExon, Pdf2 and GapDH) was used for normalization. Values shown are

mean * standard deviation of three biological replicates with two technical replicates of each PCR reaction. *: p-value <

0.01.
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Figure 7: Relative expression levels (given as 40-dCt values) of the
mycorrhizal marker gene MtPt4 and the RirRNA in M. truncatula roots.
Wild-type roots were harvested 4 wpi with R. irregularis or as 4 weeks old
non-inoculated roots. A reference gene index (UbiExon, Pdf2 and GapDH)
was used for normalization. Values shown are mean * standard deviation
of three biological replicates with two technical replicates of each PCR
reaction. *: p-value <0.01.

3.1.1.2 Cell-specific promoter activity of the transporter candidate genes

The potential promoter region of the transporter gene candidates (1 kb upstream of the ATG) was

cloned via Gateway™ cloning in front of the uidA gene as a reporter for the promoter activity. The

fragment was cloned into the vector pGWB433 for a B-glucuronidase (GUS) fusion (Nakagawa et al.,

2007) (figure 8).
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Figure 8: Promoter-GUS fusions for the localization of the promoter activity in M. truncatula roots. RB, LB: right and left
border of the T-DNA; Tnos: nopaline synthase terminator; Nptll: kanamycin resistance for selection in plants, regulated by
the nos promoter and terminator; promoter: ~1 kb fragment upstream of the ATG of the respective transporter gene; uidA:
B-glucuronidase (GUS) gene.

M. truncatula seedlings were transformed via A. rhizogenes-mediated root transformation and after
three weeks on selective medium the plants were potted into substrate containing R. irregularis
inoculum. The roots were harvested and analysed 4 wpi and stained with X-Gluc (5-Bromo-4-chloro-
1H-indol-3-yl B-D-glucopyranosiduronic acid). Blue parts representing GUS activity were selected, cut
longitudinally into 50 um sections, and stained with WGA Alexa 488 fluor to visualize fungal

structures. These fragments were then analysed by epifluorescence microscopy.

The promoter activity shown by the GUS staining and fungal structures visualized via WGA Alexa
fluor co-localized in the expected pattern for nine of the candidate genes expected to be up-

regulated in arbuscule-containing cells (figure 9).
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Figure 9: Localization of the promoter activity of selected genes transcriptionally regulated in ARB or NAC cells coding for

putative transporter proteins in mycorrhizal M. truncatula roots (50 pm). Promoter(~1kb)::uidA fusions. Bright-field
images show promoter-driven GUS activity, green fluorescence indicates fungal structures after staining with WGA Alexa
488 fluor. The putative gene functions as well as the Mt3.5 identifiers and the transcript regulation from Gaude et al.

(2012) are given. Scale bar: 30 pm.
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In the Affymetrix GeneChip hybridization experiments, the gene coding for the nitrate transporter
MtNRT1 (figure 9 A) was found to be strongly up-regulated in arbuscule-containing cells when
compared to cortex cells whereas the up-regulation in non-arbusculated cells is less pronounced.
This could be confirmed as the promoter study reported the strongest promoter activity in

arbuscule-containing cells.

The promoter activities of the genes coding for the peptide transporters MtPTR1 (figure 9 B) and
MtPTR4 (figure 9 F) were shown to be highly active very specifically in arbuscule containing cells.
This is in line with the results of the GeneChip hybridization which revealed a high abundance of
these transcripts in arbuscule-containing cells vs. cortical cells (LFCarg/cor 7.0 and 4.4, respectively)
whereas in neighbouring cells almost no induction of their expression could be detected in
comparison to cortical cells of non-mycorrhizal roots (LFCyac/cor 0.9 and 0.4, respectively). On the
other hand, the putative oligopeptide transporter MtPtr3 (figure 9 E) was shown to be up-regulated
in neighbouring non-arbusculated cells as well as in arbuscule-containing cells, albeit to a lesser

extent. The results for the promoter activity of this gene are in line with this finding.

The gene coding for the potential major intrinsic protein MtNIP1 (figure 9 C) was shown to be up-
regulated in arbuscule-containing cells in comparison to cortex cells with a LFC of 6.7 and in adjacent
cells to cortex cells with a LFC of 4.4. This was confirmed by the promoter-GUS fusion as uncolonized
cells show a GUS signal as well, but weaker as compared to the arbuscule-containing cells. Also, the
promoter of MtNip4 (figure 9 H) was confirmed to be highly active very specifically in arbuscule-

containing cells.

This also holds true for the potential ABC transporter MtABCB15 (figure 9 D). The promoter was
highly active in arbuscule-containing cells but to a lower extent in non-arbusculated cells as well. The
promoter fusion of the other potential ABC transporter, MtPGP18 (figure 9 I), confirmed the specific

expression in arbuscule-containing cells.

The GUS fusion confirmed the strongest promoter activity of the putative dicarboxylate transporter
gene MtDit2 (figure 9 G) in arbuscule-containing cells. The accumulation of the transcript in

neighbouring non-arbusculated cells was much lower (LFCyac/cor 1.1), as was the GUS expression.
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3.1.1.3 Potential transporter genes were confirmed to be cell-specifically regulated during
AM symbiosis

A number of cell-specifically regulated potential transporter genes were found in a GeneChip
hybridization experiment. The increased expression in mycorrhizal roots was confirmed via qRT-PCR
(figure 6) for 12 of those that were found to be up-regulated in arbuscule-containing cells with a
LFC > 2. The cell-specific promoter activity in arbuscule-containing cells of five of these genes and in
arbuscule-containing and neighbouring cells of four of them was visualized via promoter-GUS fusions

(figure 9).

3.1.2 Putative carbohydrate transporters with transcriptional regulation in
mycorrhizal roots

3.1.2.1 Sugar transporters are cell-specifically regulated

In addition to the transporter genes that were found to be up-regulated in arbuscule-containing
cells, two potential sugar transporters were found to be specifically up-regulated in NAC cells. These

are a potential hexose transporter MtHxt1 and a sucrose transporter MtSut4-1.
Cell-specific promoter activity

M. truncatula roots were transformed with a promoter-uidA fusion construct (figure 8) containing an
approximately 1 kb promoter fragment of MtSut4-1 and MtHxt1, respectively, harvested 4 wpi with
or without R. irregularis inoculation, GUS-stained and cross sectioned. The localization of the
promoter activity of the two sugar transporter genes confirmed the results of the GeneChip
hybridization where they were found to be up-regulated in adjacent cells. The promoters of the
sucrose transporter MtSut4-1 and the potential hexose transporter MtHxt1 were shown to be active

in cells adjacent to fungal structures (figure 10).

The activity of the promoter of MtSut4-1 co-localizes well with the root areas colonized by the
fungus (figure 10 A-C). The GUS staining is clearly visible in those cortical cells that are located in the

vicinity of intercellular hyphae growing in the apoplast or next to arbuscule-containing cells.

The GUS staining of the promoter fusion with the MtHxt1 promoter region does co-localize with
arbuscule-containing and neighbouring cells (figure 10 D-F). Some, but not all arbuscule-containing
cells show a strong GUS staining, whereas cortex cells that are not colonized by the fungus but are

located next to arbuscule-containing cells often do exhibit a GUS staining, too.
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Figure 10: Localization of the promoter activity of selected genes transcriptionally regulated in ARB or NAC cells coding
for putative sugar transporter proteins in mycorrhizal M. truncatula roots (50 um cross sections). Promoter(~1kb)::uidA
fusions. Bright-field images showing promoter-driven GUS activity, green fluorescence indicating fungal structures after
staining with WGA Alexa 488 fluor. A-C: proMtSut4-1 (Medtr5g067470.1); D-F: proMtHxt1 (Medtrlgl104780.1). A, D:
overview; B, E: detailed view; C, F: non-mycorrhizal roots. Scale bar: 50 um.
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Both promoter-uidA fusions did not lead to a staining in the cortex cells of non-colonized control
roots (figure 10 C and F). But the cells of the endodermis surrounding the vascular stele and the

central cylinder itself did show a GUS staining.
Transcriptional regulation of MtHxt1 and MtSut4-1 in response to nodulation

The Medicago truncatula Gene Expression Atlas (http://mtgea.noble.org/v3/) suggests an increased
expression of both transporters in nodules. This was confirmed with the promoter-uidA fusion
constructs described above (figure 8) in M. truncatula roots nodulated with S. meliloti (figure 11).
The GUS staining indicated an activity of both promoters in the outer layers of the nodules, directly

beneath the epidermis, and in the roots at the base of the nodule where it emerges from the root.

Figure 11: Localization of the promoter activity of selected genes transcriptionally regulated in ARB or NAC cells and
coding for putative sugar transporter proteins in S. meliloti nodules of M. truncatula roots (50 pm).
Promoter(~1kb)::uidA fusions. Promoter-driven GUS activity. A: proMtHxtl (Medtrlgl04780.1); B: proMtSuta-1
(Medtr5g067470.1). Scale bar: 200 um.

gRT-PCR was performed with cDNA of uninfected M. truncatula A17 roots (N fertilized), S. meliloti
nodules of M. truncatula roots, and previously nodulated roots from which the nodules have been
removed (denodulated roots). Transcript levels of the nodule-specific membrane protein N24
(Moreau et al., 2011) were measured as a marker for nodule contamination of the denodulated and
symbiosis-free roots (figure 12). As expected, it is highly expressed in nodules but almost

undetectable in the root samples.

Both, MtHxt1 and MtSut4-1, are strongly expressed in nodules. MtHxt1 has a very low expression in
roots and denodulated roots in comparison to nodules, while the expression of MtSut4-1 in
denodulated roots is lower than it is in nodules, but still higher than in roots that were not

nodulated at all (figure 12).
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Figure 12: Relative expression levels (2'dCt values) of the putative M. truncatula sugar transporters MtHxt1 and MtSut4-1,

and the nodule marker gene MtN24 in nodulated and non-nodulated M. truncatula roots determined by qRT-PCR. Wild-
type roots were harvested 5 wpi with S. meliloti or after 5 weeks of growth without a symbiotic interaction. The nodules
were removed and RNA was isolated separately from the nodules and the remaining denodulated roots. A reference gene
index (UbiExon, Pdf2 and GapDH) was used for normalization. Values shown are mean * standard deviation of two to six
biological replicates with two technical replicates of each PCR reaction. *: p-value < 0.05; **: p-value < 0.01, compared to
the expression in nodules.

Intracellular localization of MtHXT1 and MtSUT4-1

Comparative sequence analyses revealed that the sucrose transporter MtSUT4-1 shows highest
similarity to the Lotus japonicus sucrose transporter LjSUT4 (81 % identity on amino acid level). This
transporter is localized at the tonoplast, mediating a proton-coupled import of sucrose from the
vacuole into the cytoplasm (Reinders et al., 2008). The potential hexose transporter MtHXT1, on the
other hand, shows highest similarities (77 % identity on amino acid level) to AtSTP13, an Arabidopsis
thaliana hexose/H" symporter which is localized in the plasma membrane and imports hexoses from

the apoplast into the cytosol (Norholm et al., 2006).

Due to these sequence similarities, MtSUT4-1 and MtHXT1 are expected to also be localized at the
tonoplast and the plasma membrane, respectively. This was corroborated by protein fusions of both
transporters to the Green Fluorescent Protein (GFP). C- and N-terminal fusions as well as a GFP
fusion to both ends of the protein were assayed. For MtHXT1, the N-terminal fusion (in pK7WGF2)
resulted in a strong fluorescence, clearly localized at the plasma membrane. For MtSUT4-1 only the
GFP fusion to both ends (C- and N-terminal in pK7FWGF2) resulted in a satisfactory fluorescent
signal, which could be detected at the tonoplast. A mCherry marker for the tonoplast was used to be
able to distinguish between these two membranes. In this control vector, the tonoplast localization
was achieved by fusing the coding region of the fluorescence protein mCherry to the C-terminus of

c-TIP, an aquaporin of the vacuolar membrane (Nelson et al., 2007). The co-localization experiments
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were performed in Nicotiana benthamiana leaves. While the GFP signal fused to MtSUT4-1 co-
localized with the red fluorescence of the tonoplast marker (figure 13 D - F), the GFP-MtHXT1
fluorescence (figure 13 A - C) is clearly localized at the plasma membrane, surrounding the

outermost surface of the cells and is not overlapping with the red tonoplast fluorescence.

Figure 13: Intracellular localization of MtSUT4-1 and MtHXT1 in N. benthamiana leaves. A - C: MtHXT1 (N-terminal GFP
fusion); D - E: MtSUT4-1 (C- and N-terminal GFP fusion); A, D: detection of GFP fusion proteins; B, E: mCherry tonoplast
marker; C, F: overlay. Scale bar: 30 pm.

3.1.2.2 Further genes involved in major carbohydrate metabolism with transcriptional
regulation in mycorrhizal roots

The GeneChip hybridization experiment also showed that several further genes involved in major
carbohydrate metabolism are differentially expressed in the different cell types of mycorrhizal and
non-mycorrhizal M. truncatula roots (Gaude et al., 2012). A putative amylase (Medtr3g099510.1)
was found to be up-regulated in non-arbusculated cells of mycorrhizal roots (LFCyac/cor = 2.30,
LFCare/nac = -2.63) as well as a putative cytoplasmic invertase (Medtr1g096110.1, LFCyacjcor = 1.11,
LFCage/nac = -1.12). On the other hand, a putative vacuolar invertase (Medtr4g101630.1) was down-
regulated in both neighbouring and arbuscule-containing cells in comparison to cortical cells of
uncolonized roots (LFCyac/cor = -1.49, LFCagg/nac = -3.36). In arbuscule-containing cells the putative
sucrose synthase MtSus6 was up-regulated (LFCarpcor = 2.49) and in addition to the putative
vacuolar invertase, a putative cytoplasmic invertase (Medtr1g096140.1) was down-regulated as well

(LFCARB/COR: '189) (table 7)
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Table 7: Cell type-specifically regulated genes involved in major carbohydrate metabolism. The annotation,

the gene identifier as well as the transcriptional regulation are given (based on Gaude et al., 2012).

Log,-fold change

Annotation IMGAG ID Mt3.5 ARB/NAC NAC/COR  ARB/COR
Fructose-1,6-bisphosphatase Medtr2g008030.1 -2.39 2.97 0.59
Glucose-1-phosphate adenylyltransferase Medtr7g111020.1 -0.60 -1.97 -2.57
Isoamylase/glycogen debranching enzyme GlgX Medtr3g099510.1 -2.69 2.53 -0.16
Neutral/alkaline invertase, putative Medtr1g096140.1 -2.11 0.22 -1.89
Neutral/alkaline invertase, putative Medtr1g096110.1 -1.12 1.11 0.00
Vacuolar acid invertase Medtrdg101630.1 -1.87 -1.49 -3.36
Sucrose synthase, SUS6 Medtr6g081120.1 2.85 -0.36 2.49

The transcriptional changes of these genes in combination with the previously described putative
sugar transporters MtHXT1 and MtSUT4-1 indicate substantial transcriptional modifications related

to sugar metabolism and transport in response to mycorrhizal colonization of the roots.

To further understand the role of the cell type-specific regulated sugar transporters in the course of
the interaction between M. truncatula and R. irregularis, the analysis of knock-out mutants was a
promising approach. A collection of M. truncatula Tntl mutants is available (Tadege et al., 2008).
Since no insertional mutant for MtSut4-1 was available, only a MtHxt1 insertion mutant will be

analysed in the following.
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3.2 The influence of the MtHxt1 knock-out on the mycorrhizal interaction
and primary metabolites in M. truncatula

3.2.1 Characterization of MtHxt1 knock-out plants

A Tnt1 insertion line for MtHxt1 was available (Tadege et al., 2008). All M. truncatula Tnt1 insertion
lines are plants of the genotype R108 (Tadege et al., 2008). The insertion 22 of the line NF3151B is
located in the 5™ exon of the MtHxt1 gene between the 1178" and the 1179™ bp of the CDS (figure
14).

Tnt1 5331 bp

Figure 14: Schematic overview of the Tntl insertion in the MtHxt1 gene. Blue: exons one to five separated by introns
(grey lines); dark grey: Tnt1 insert in 5" exon of the gene.

Heterozygous seeds were obtained from the S.R. Noble foundation (http://medicago-mutant.

noble.org/mutant/) and the plants were selfed to obtain homozygous plants for further analyses. In

the following section, plants referred to as wild-type (WT) are plants (line NF3151B) that do not have
a Tnt1 insertion in the MtHxt1 gene, while hxtl1 plants indicate plants that are homozygous for that
insertion. This was determined via PCR analyses of genomic DNA of the respective plants (figure 15,

table 8).

The primer combination 2 (P1 + P3) and 5 (P2 + P3) produced unspecific amplicons in all samples.
Still, combination 2 only resulted in the expected 299 bp amplicon in the homozygous and
heterozygous insertion plants and no amplicon for the WT plants. Combination 5 as well as
combination 4 (P1 + P4) did not result in a specific ampification in any of the plants, demonstrating
the orientation of the insertion. In heterozygous plants, the amplicons of the primer combinations 2
and 3 (P2 + P4) as well as the 495 bp WT amplicon of combination 1 (P1 + P2) were present, the WT
band was quite weak. In the homozygous insertion plants, on the other hand, the 495 bp WT
amplicon of the primer combination 1 is absent but the 5.8 kb amlplicon including the insertion was
present. The combinations 2 and 3 resulted in specific amplicons of the expected size for the
insertion lines. The WT plants only showed the WT amplicon with combination 1 but no specific

amplifications with any of the other primer combinations (figure 15).
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Figure 15: Screening of the first generation of M. truncatula Tntl insertion plants. A: schematic overview of binding
positions of the primers used for screening. Not true to scale. P1 and P2 bind in the MtHxt1 CDS, directing towards the
insert; P3 and P4 bind in the Tnt1 insert, directing towards the ends of the insert. B: 1,5 % agarose gel electrophoresis of
the PCR products of the Tnt1 screen. 1-5: primer combinations given in table 7; M: GeneRuler 100 bp Plus DNA Ladder.

Table 8: Expected amplification sizes of the Tnt1 insertion screening.

Expected size  Expected size

Number Primer combination Description WT insertion

1 P1+ P2 Wild-type amplicon 495 bp 5829 bp
2 P1+P3 Insert sense orientation - 299 bp
3 P2 + P4 Insert sense orientation - 426 bp
4 P1+P4 Insert antisense orientation - 243 bp
5 P2 +P3 Insert antisense orientation - 482 bp

Only homozygous hxt1 and WT plants were selfed for seed production and their progeny was used

for further analyses.
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3.2.2 Influence of the MtHxt1 knock-out on the mycorrhizal symbiosis

3.2.2.1 Phenotypic and molecular characterization of hxt1 plants

Hxt1 plants showed a strong phenotype. Compared to WT plants, they grew longer before they
started to flower, got very tall and produced an increased amount of biomass (Supplementary figure
S1). Once they did develop flowers, most of these died before pods were produced (Supplementary
figure S2) and the pods that were produced were smaller, lighter and contained significantly fewer
seeds (Supplementary figure S3 and S4). This led to a low amount of seeds per plant. Plants that
were heterozygous for the Tnt1 insertion did not show a growth phenotype. They were not used in

this study.

Despite the fact that the hxt1 plants show such diverse phenotypes, the influence of the MtHxt1
knock-out on the AM symbiosis was analysed. In a first experiment, hxt1 and WT plants were grown
under mycorrhizal and non-mycorrhizal conditions and harvested 4 wpi. The fresh weight of the
roots and shoots was determined separately. While there was no significant difference in the root
fresh weight in the different conditions, the shoot fresh weight was significantly higher in
mycorrhizal WT plants as compared to non-mycorrhizal WT plants. This positive effect of the

mycorrhizal colonization was absent in the hxt1 plants.
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Figure 16: Root and shoot fresh weight of mycorrhizal and non-mycorrhizal hxt1 and WT plants (4 wpi). A: root fresh
weight; B: shoot fresh weight. Shown as average of three to four plants/condition. *: p-value < 0.05, comparing mycorrhizal
and non-mycorrhizal conditions within each genotype.

Quantitative RT-PCR was used to determine the expression of AM marker genes to evaluate the
degree of fungal colonization and the development of the symbiosis (figure 17).
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Figure 17: Relative expression levels (2’dCt

values) of AM marker genes in M. truncatula hxtl and WT roots determined
by qRT-PCR. Roots were harvested 4 wpi with R. irregularis (myc) or 4 weeks old non-inoculated roots (nm). A reference
gene index (UbiExon, Pdf2 and EF1a) was used for normalization. Values shown are mean + standard deviation of three to
four biological replicates with two technical replicates of each PCR reaction. *: p-value < 0.05, **: p-value < 0.01,

comparison between hxt1 and WT within the same mycorrhizal condition.

The amplification of MtHxtl transcripts with gene specific primers on either side of the Tntl
insertion confirmed the PCR screening results of the parent plants (figure 15). Due to the 5334 bp
Tnt1 insert, the transcript could not be amplified from hxt1 cDNA and was therefore not measured

in these samples, while its expression was shown in all WT samples (figure 18).

Figure 18 Relative expression levels (2'dct values) MtHxt1 in M.

truncatula hxtl and WT roots determined by gRT-PCR. Roots
T 0012 were harvested 4 wpi with R. irregularis (myc) or 4 weeks old non-

MtHxt1 tntl insertion spanning

o
E 0.01 inoculated roots (nm). A reference gene index (UbiExon, Pdf2 and
5 EFla) was used for normalization. Values shown are mean *
5 0,008 standard deviation of three to four biological replicates with two
a 0,006 technical replicates of each PCR reaction. *: p-value < 0.05, **: p-
E 0.004 value < 0.01, comparison between hxtl and WT within the same
B mycorrhizal condition.

® 0,002 N s

& (o — —

hxtl myc WTmyc hxtlnm WTnm

RiTef and RirRNA are fungal genes which can be used to quantify the fungal mass in a root sample
(Isayenkov et al., 2004; Helber et al., 2011). The significantly higher expression levels of RiTef in hxt1
roots (figure 17 C) and the trend to a higher, albeit not significantly increased expression level of
RirRNA in the hxt1 samples (figure 17 D) indicated a higher amount of fungal mass in colonized roots
of the MtHxt1 knock-out plants. In contrast, MtPt4, a marker for fully developed arbuscules and
thereby for a fully functional symbiosis, was expressed at the same levels in both the WT and the

hxt1 genotype (figure 17 A).
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To determine the amount of arbuscules in relation to the overall fungal mass colonizing the roots,
the expression level of MtPt4 was normalized to the fungal reference genes RiTef and RirRNA. This
showed that the MtPt4 expression level is higher relative to the fungal mass in WT roots than it is in

hxt1 roots although due to high variations this is not statistically significant (figure 19).

25 1 Figure 19: Relative expression levels (2'dCt values) of MtPt4 normalized to
_ fungal reference genes in mycorrhizal M. truncatula hxtl and WT roots
% 2 determined by gRT-PCR. Roots were harvested 4 wpi with R. irregularis. A
= 5 fungal reference gene index (RiTef, RirRNA) was used for normalization. Values
-% shown are mean + standard deviation of four biological replicates with two
wn
o | technical replicates of each PCR reaction.
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In addition to the molecular phenotype, the AM phenotype was assessed visually. Roots were
harvested 4 wpi and stained with WGA Alexa fluor 488, fungal structures were quantified

microscopically and AM parameters were calculated (Trouvelot et al. 1986) (figure 20).

Figure 20: Mycorrhiza parameters in WGA Alexa fluor stained root
fragments of hxt1 and WT plants. Mycorrhizal WT and hxt1 plants
were harvested 4 wpi. Mycorrhiza parameters were calculated
according to Trouvelot et al. (1986).

While the overall frequency (F%) and intensity (M%) of mycorrhizal colonization did not differ
between WT and hxt1 plants, the arbuscule abundance in the root system (A%) was considerably
higher in WT plants (approx. 80 %) than it was in the hxt1 plants (approx. 40 %). Since the roots were
very small at the point of harvest, and the majority of the material was used for RNA extraction, only
a small amount of root material of each biological replicate was available for the phenotypic
characterization. Due to the low amounts of material for the quantification the significance of these
results needs to be treated cautiously, but they confirm the results of the molecular

characterization.



REsuLTS

3.2.2.2 Primary metabolite changes in hxt1 plants

Hxt1 plants were used to investigate the impact of the MtHXT1 function on the primary metabolism
of mycorrhizal and non-mycorrhizal plants. The primary metabolites of hxtl and WT plants in
mycorrhizal and non-mycorrhizal conditions were measured by GC-EI/TOF-MS. For all four

conditions, source leaves and roots of five plants of each condition were harvested at 3, 5 and 7 wpi.

The mycorrhizal marker genes shown in 3.2.2.1 were also measured by qRT-PCR for the first two
time-points to ensure the consistency of the results above. The variations are higher than in the 4

wpi samples, but the tendencies are the same (supplementary figure S 3).

The data obtained showed high variations and therefore high standard deviations. General trends
between mycorrhizal and non-mycorrhizal plants, but not between the genotypes, could be seen.
When plotting the results of the different time-points and tissues separately, the mycorrhizal and
non-mycorrhizal conditions could be separated by independent component analysis (ICA) in roots
but not in leaves (figure 21). The different genotypes did not show a clear separation in either tissue.
Values were normalized to the mean of the WT non-mycorrhizal condition of the respective tissue

and time-point, and log, transformed. Two principal components were used for the ICA.

In the roots of both genotypes (figure 21 A, C, E), mycorrhizal and non-mycorrhizal conditions could
be separated in all time-points analyzed here except for one outlier in the 5 wpi time-point (figure 21
C). In the leaves, neither the mycorrhizal conditions nor the genotypes were separated (figure 21 B,
D, F). The ICAs shown here represent between 58.02 % and 71.21 % of the variance of the respective

datasets.
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Figure 21: ICAs of the metabolite profiles of mycorrhizal and non-mycorrhizal WT and hxt1 roots and leaves harvested at

3, 5 and 7 wpi.

Values were normalized to WT non-mycorrhizal conditions of each tissue and time-point, and log,

transformed prior to ICA. 2 PCs were used for the analyses. A: roots, 3 wpi, 71.21 % of variance; B: leaves, 3 wpi, 69.39 % of
variance; C: roots, 5 wpi, 58.02 % of variance; D: leaves, 5 wpi, 64.92 % of variance; E: roots, 7 wpi, 65.99 % of variance; F:
leaves, 7 wpi, 60.07 % of variance.
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AM -dependent changes in metabolite levels

In the roots of both genotypes several metabolites were found to be exclusively present in
mycorrhizal conditions. These metabolites had a common pattern: they were not measured in a
single replicate in non-mycorrhizal conditions in at least two time-points because their level was
below the detection level, while they were present in all, or all but one, replicates in mycorrhizal
conditions (table 9). When comparing the leaf samples of the two genotypes or the two genotypes
to each other, no metabolites with this pattern were found; i.e. no metabolites exclusively present in
the leaves of mycorrhizal plants or either of the genotypes were found. This represents a merely
qualitative description, purely present/absent call, no quantitative assessment can be made from

this observation.

Table 9: Metabolites present in mycorhizal roots and absent in non-mycorrhizal conditions.

WT roots
Metabolite 3 wpi 5 wpi 7 wpi
Quinic acid myc myc myc
Glutamic acid myc myc
Adenine myc myc myc
Dehydroascorbic acid myc myc
Dehydroascorbic acid dimer myc myc
Trehalose, alpha,alpha'- myc myc myc

hxt1 roots

3 wpi 5 wpi 7 wpi

Quinic acid myc myc myc
Alanine, 3-cyano- myc
Adenine myc myc
Dehydroascorbic acid dimer myc myc
Trehalose, alpha,alpha'- myc myc myc

myc: metabolite is specific for mycorrhizal roots.

As expected, trehalose is only present in mycorrhizal roots in both genotypes while it is absent in
non-mycorrhizal conditions. Quinic acid shows the same behavior and adenine the same trend, it can

only be detected in non-mycorrhizal hxt1 roots 7 wpi.

For the all other measured metabolites, a more detailed, quantitative comparison was possible since
they were detectable in at least two samples of every condition. Averages of the ratios myc/nonmyc
were calculated and Log,-transformed for either the roots (table 10) or the leaves (table 11).
Metabolites were regarded to be differentially accumulating in response to mycorrhizal colonization
if they had a LFC of 2 1 or < -1 with a p-value of < 0.05. Empty cells in the tables are due to missing

values in all biological samples in either of the conditions because the metabolite level was belowthe
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detection limit. Therefore, no LFC could be calculated for the respective comparison. If only one

replicate resulted in a measurable concentration, no statistics could be performed. Mass spectral

tags of metabolites or metabolite derivates (MSTs) of unknown metabolites are not displayed here.

Table 10: Significantly altered metabolite levels in mycorrhizal vs. non-mycorrhizal roots. Empty cells are due

to missing values in either of the conditions for the respective metabolite.

Log, fold change myc/nonmyc

Time-point Class Metabolite WT hxt1

3 wpi
Amino Acids Asparagine 2.51%* 2.17
Amino Acids Pyroglutamic acid 2.37%* 2.84%*
Polyhydroxy Acids Dehydroascorbic acid dimer  1.09 1.89*
N- Compounds Carbodiimide -2.62* 0.44

5 wpi
Acids Citric acid -0.54 -1.11%*
Acids Vanillic acid -1.18 -1.45%
N- Compounds Putrescine 1.20* -0.22
Phosphates Phosphoric acid 1.70 1.16*
Polyols Ononitol 1.13* 0.45
Polyols Pinitol 1.95* 1.09
Sugars Fructose -0.62 -1.29*

7 wpi
Acids Benzoic acid, -1.52* -1.12
Acids Butanoic acid, 4-amino-3- 0.72 5 37%%

hydroxy-

Acids Glutaric acid -1.33*
Acids Malic acid 0.69 2.36**
Acids Malonic acid -0.22 1.59*
Amino Acids Aspartic acid 0.65 1.94*
Amino Acids Glutamic acid w:iszted n 3.22*
Amino Acids Leucine -1.28* -1.45
Phosphates Phosphoric acid 0.99 1.62*
Polyhydroxy Acids Galactaric acid 2.46%* 2.44%
Polyhydroxy Acids Galactonic acid 0.93* 1.81**
Polyhydroxy Acids Saccharic acid 1.38** 1.50*
Polyhydroxy Acids Ribonic acid 1.36 1.33*
Polyols Pinitol 1.32% -0.23

p <0.05:*; p<0,01: **. Red: LFC > 1; blue: LFC < -1, darker colouring indicates a higher difference between the
mycorrhizal conditions.

In the roots, phosphoric acid levels increased upon mycorrhizal colonization in both genotypes (table

10). At 5 and 7 wpi they were higher in mycorrhizal roots than in non-mycorrhizal roots of both

genotypes, b this change is only significant in the hxt1 plants. Moreover, glutamic acid levels were
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significantly higher in mycorrhizal than in non-mycorrhizal hxt1 roots at 7 wpi, which is in line with
the presence of glutamic acid in later stages only in mycorrhizal and not in non-mycorrhizal WT roots
(table 9). Fructose levels were lower in mycorrhizal than in non-mycorrhizal roots of both genotypes
at 5 wpi, the difference was more pronounced and only significant in hxt1 plants. At later stages,
carboxylic acid levels, like malic and malonic acid, increased in mycorrhizal in comparison to non-

mycorrhizal hxt1 roots, while their levels did not differ notably or are even lower in mycorrhizal than

in non-mycorrhizal WT roots.

Table 11: Significantly altered metabolite levels in the leaves of mycorrhizal vs. non-mycorrhizal plants.

Log, fold change myc/nonmyc

Time-point Class Metabolite WT hxt1

3 wpi

Swpi
Amino Acids Aspartic acid 1.66** 0.27
Amino Acids Glutamic acid 1.62* 0.23
Amino Acids Lysine 2.40* -0.09
Acids ﬁ;é?g;’;c acid, 4-amino3- ; 45 -1.72%
Polyhydroxy Acids Glyceric acid 1.23* 0.76
Polyhydroxy Acids Threonic acid -0.13 -1.54*
Polyols Inositol, myo- -1.50 -1.36*
Polyols Ononitol 1.21 -0.71*
Sugars Glucose 2.53* -0.14
Sugars Fructose 2.63* -0.21
Sugars Mannose 1.25* -0.19

7 wpi
Acids Butanoic acid, 4-amino-3- 1.08%* -0.59

hydroxy-

Acids Malic acid -1.45%* -0.49
Acids Fumaric acid, 2-methyl- -1.90 1.65*
Acids Fumaric acid -1.44* -0.07
Acids Glutaric acid, 2-oxo- -1.17** -0.30
Polyols Pinitol -1.59* -0.44
Polyols Ononitol -1.27** -1.45
Sugars (r::tcﬁyﬁzrzzto:_'de' 1o -1.27* -1.22
Sugars Glucose -1.43* -0.16

p <0.05:*; p<0,01: **. Red: LFC > 1; blue: LFC < -1, darker colouring indicates a higher difference between the
mycorrhizal conditions.

In leaves, the levels of most of the significantly altered metabolites were decreased in mycorrhizal in
comparison to non-mycorrhizal conditions in the WT at 7 wpi. At 5 wpi the majority of significantly

altered metabolites were more abundant in mycorrhizal WT plants and less abundant in hxt1 plants
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(table 11). Glucose, fructose, and mannose, for instance, were more abundant in leaves of

mycorrhizal WT plants than of non-mycorrhizal WT plant, while their levels were similar in the leaves

of mycorrhizal and non-mycorrhizal hxt1 plants. At 7 wpi, however, this could not be observed any

more. Also several amino acids were more abundant in the leaves of mycorrhizal WT plants, while

their levels are basically the same in the leaves of mycorrhizal and non-mycorrhizal hxt1 plants at 5

wpi. In WT plants, polyol and carboxylic acid levels were lower in mycorrhizal than in non-

mycorrhizal leaves. In the hxt1 leaves, no significant differences in their levels could be detected.

Genotype-dependent changes in metabolite levels

Averages were also calculated from the ratios hxt1/WT and again the LFCs were calculated.

Metabolites were regarded to be differentially accumulating in the two genotypes if they had a LFC

of 2 1 or < -1 with a p-value of £ 0.05. The selected metabolites from the leaf samples are listed in

table 12. Table 13 shows the selected metabolites for the root samples.

Table 12: Significantly altered metabolite levels in hxt1 vs. WT roots. Empty cells are due to missing values in
either of the conditions for the respective metabolite.

Log, fold change hxt1/WT

Time-point Class Metabolite myc nonmyc
3 wpi
Acids Malonic acid -1.39* -0.31
N- Compounds Carbodiimide 1.82* -1.25
Sugars Fructose -1.10* -0.64
Sugars Glucopyranoside -1.31*
Sugars Glucose -1.22* -0.73
5 wpi
N- Compounds Putrescine -0.26 1.16*
Sugars Raffinose 1.09* -0.15
7 wpi
Acids Glutaric acid, 2-oxo- 1.26%* 0.72
Acids Malic acid 0.61** -1.02*
Acids Malonic acid 1.42%* -0.40
Acids 2-Piperidinecarboxylic acid 1.32* 1.44
Amino Acids Valine 1.65%* -0.30
Sugars Xylose 0.18 -1.46*

p <0.05:*; p<0,01: **. Red: LFC > 1; blue: LFC < -1, darker colouring indicates a higher difference between the

genotypes.
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When comparing the two genotypes, fewer differentially abundant metabolites were detected than
in the comparison of the mycorrhizal conditions (table 12). Sugar levels in the roots varied the most
at 3 wpi: fructose, glucopyranoside, and glucose levels were significantly lower in mycorrhizal hxt1
roots than they were in mycorrhizal WT roots. The changes in non-mycorrhizal conditions were more
subtle and not significant. At later stages, several carboxylic acids were higher in mycorrhizal hxt1
root than in WT roots. In non-mycorrhizal roots, however, their levels were similar or even lower in

hxt1 than in WT roots.

Table 13: Significantly altered the levels of metabolite levels in the leaves hxt1 vs. WT plants.

Log, fold change hxt1/WT
Time-point Class Metabolite myc nonmyc
3 wpi
5 wpi
Acids Butanoic acid 1.10* 2.08*
Acids Malic acid 1.09* 2.06
Acids Malic acid, 2-methyl- 0.30 1.84**
Polyhydroxy Acids Threonic acid 0.38 1.79*
Polyols Inositol, myo- -0.31 1.53*
Polyols Ononitol -0.72 1.19**
Polyols Ribitol 0.12 1.22%
7 wpi
Polyols Inositol, myo- 2.03** 1.36
Sugars Glucose 3.47* 1.88
Sugars Fructose 3.82* 2.94
Sugars Mannose 2.18* 1.90*

p <0.05:*; p<0,01: **. Red: LFC > 1; blue: LFC < -1, darker colouring indicates a higher difference between the
genotypes. MSTs: mass spectral tags of metabolites or metabolite derivates.

In leaves, differentially abundant metabolites were only detected in the later stages (table 13). At 5
wpi, several polyols were more abundant in hxt1 than in WT leaves in non-mycorrhizal conditions,
but unaltered in mycorrhizal plants. Again, carboxylic acid levels were affected by the genotype: in
mycorrhizal conditions, butanoic and malic acid levels were higher in hxt1 than in WT leaves. At 7
wpi, all the significantly altered metabolites were more abundant in hxtl than in WT in both
mycorrhizal and non-mycorrhizal conditions. The levels of three sugars, fructose, glucose, and
mannose, were elevated in hxt1 leaves as compared to WT leaves at 7 wpi. The differences in the
sugar levels between the genotypes was more pronounced in mycorrhizal than in non-mycorrhizal

plants.
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3.3 Identification of in planta expressed Rhizophagus irregularis
transporter genes

So far, only very little is known about fungal proteins involved in transport processes in arbuscule-
containing cells and the mechanisms of the nutrient exchange on the fungal side of the interaction.
This is mainly due to the obligate biotrophy of AM fungi, the insufficient amount of biological
material and, until recently, the lack of a sequenced genome as a reference for transcriptome
profiling approaches. However, using laser capture microdissection (LCM)-mediated harvesting of
arbuscules and SBS (sequencing by synthesis) sequencing, fungal transporter genes that are induced
in planta were identified in order to get more insight into the fungal transport processes involved in

the symbiotic interaction.

3.3.1 Rhizophagus irregularis transcriptome sequencing

3.3.1.1 Isolation of Rhizophagus irregularis RNA

R. irregularis-colonized M. truncatula roots were cryo-sectioned longitudinally into 35 um fragments.

Arbuscules were isolated from these sections using LCM (figure 22).

Figure 22: Isolation of arbuscule-containing cells from

-f‘f M. truncatula roots using laser capture microdissection.
K
et

({1 A: mycorrhizal root section with arbuscule containing cortex

i cells; B: selected arbuscules (green circle).

Arbuscule RNA was isolated from the LCM-collected cells. Several isolations were performed with
approx. 10.000 cells each and pooled to obtain 100 ng of total arbuscule RNA. As a reference,
hyphae and spores were grown and harvested in a two compartment petridish and RNA was
isolated. Additionally, spores were isolated from mycorrhizal M. truncatula ROCs, germinated in
water, and RNA was isolated. The hyphae and spore RNA was pooled as one extraradical mycelium

(ERM) sample.
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The RNA quality and quantity were determined with the Bioanalyzer PicoChip (Agilent) (figure 23).
Only samples with highest RNA contents and an RNA integrity number (RIN) above six were used for
sequencing. All these high quality LCM collected arbuscule samples as well as the high quality
samples of both ERM populations were pooled into one arbuscule and one ERM sample before
sequencing to obtain a minimum amount of 100 ng of RNA for each sample.
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Figure 23: Quality control of the RNA samples. Bioanalyzer measurement performed at Eurofins MWG Operon.
A: electropherogram and artificial gel of the arbuscule RNA; B: electropherogram and artificial gel of the best ERM RNA.

3.3.1.2 Identification of differentially expressed genes

Both R. irregularis RNA populations were sequenced using the Illumina technology (Eurofins MWG
Operon). This resulted in more than 25 Mio reads from the arbuscule RNA and over 42 Mio reads

from the ERM tissues.

The initial bioinformatic processing of the data was performed by Dr. Samuel Arvidsson (AG Walther,
MPIMP). He did the filtering, the contig assembly and the calculation of the estimated expression
(RSEM values) of the contigs in both samples, as well as the frame prediction and the transmembane

(TMD) domain search.

Almost half of the reads from the arbuscule library were derived from M. truncatula (blast search in
the Medicago genome Mt3.5). This was expected due to the fact that the arbuscules were isolated
directly out of the root tissue and therefore contain plant and fungal material to an approximately

equal amount. As expected, no significant amounts of reads matching to M. truncatula sequences
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were found in the library derived from hyphae and spores. The approx. 55.6 Mio remaining raw
reads from both libraries were then taken together for the contig assembly resulting in 5089
transcontigs of more than 500 bp length. For a first annotation, these transcontigs were subjected to
homology searches in public databases (NCBI blastn and blastx) and in the GlomusDB. Subsequently,
the raw reads of each library were mapped to the contigs. The transcript abundances of the genes
(represented by the transcontigs) in both libraries were estimated using two different quantification
methods, RPKM (Reads per kilobase per million mapped Reads) and RSEM (RNA-Seq by Expectation-
Maximization). The trend was similar in both calculation methods: A contig that was found to be up-
regulated in planta in comparison to the ERM in one calculation method was also, albeit possibly to
a considerably higher or lower extent, found to be up-regulated in planta according to the other
calculation method. Since RSEM is specially designed to not require a full reference genome these
values were used for further analyses. The calculation of the RSEM values attempts to normalize the
read counts with respect to the read amount of each library, as well as the length of the contigs and
reads, and the read distribution. With these estimated expression values, the Log, fold change
between the two samples could be calculated for each gene. The contigs of 1087 genes had a LFC of
2 2 or £ -2. In parallel, frame predictions were performed and transmembrane domains were
predicted for the peptides. The peptides of 78 contigs of the 1087 candidates that were strongly
regulated contained one TMD, 34 of these contained two or more TMDs. Via homology searches
against fungal sequences (blastp, NCBI) and detailed searches in the GlomusDB, the potential
functions were assigned to the genes that are represented by the contigs. Seven genes that were
found to be potential transporter genes were selected as candidates for further analyses (figure 24)

(table 14).



Resuirs [N

Illumina sequence reads:
Arbuscules: 25 213 538, ERM: 42 274 478

|

Filter M. truncatula genes

(100 % hit to Mt 3.5) (100 % hit to Mt 3.5)
Arbuscules: 12 323 808, ERM: 42 210714

|

Removal of contaminations (< 0,1 % of all reads)

|

Combine raw reads of both samples, assemble contigs
5089 contigs > 500 bp

/ \

A : : - Frame prediction, TMD search
calculation of the differential expression M conti £t >3 TMB.
LFC 2 2: 1087 contigs, < -2: 2178 contigs sonvEsMITn S s

\ /

Functional annotation
7 candidate genes

Estimation of expression,

Figure 24: Schematic overview of the results of the bioinformatic analysis of the R. irregularis lllumina sequencing data.

3.3.1.3 Identification and annotation of potential transporter gene candidates

Seven differentially regulated potential fungal transporter genes have been found (table 14). Two of

these are up-regulated in the ERM, five are induced in planta compared to extraradical tissues.

One of the contigs (comp_29_seql) is a 100 % match to the coding sequence of the phosphate
transporter GiPt (Maldonado-Mendoza et al., 2001), although it does not cover the full length of the
transcript. Since G. intraradices has been renamed to R. irregularis, this gene will be referred to as
RiPt in the following work. In the read-count based expression profiling more reads for this contig
were found in the ERM. Since RiPt has already been described to be up-regulated in the ERM, this
can be seen as a proof of concept for the used calculations. RiPt is therefore used as a positive
control in the following analyses. Only several months after the selection of the candidates, access
to the first successfully assembled R. irregularis genome was granted (Francis Martin, INRA, Nancy).
Except for two candidates, comp2866_c0 and comp19601_cO, the full genomic sequences could be

obtained there, and the annotation given is taken from there.
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Table 14: Differentially regulated R. irregularis transporter gene candidates.

Contig ID Genome ID/ Annotation (R. irregularis genome DB if LFC TMD
AccessionNo available) (arb/ERM)

comp29_cO0 AY037894 RiPt, Phopsphate transporter -7.51 3

comp8571_c0 e_gw1.2824.2.1 Major facilitator superfamily transporter -3.53 2
(RIMFS1)

comp2270_cO0 gm1.366_g Major facilitator superfamily transporter 3.61 2
(RIMFS2)

comp4884_c0 gm1.2614 g Major facilitator superfamily transporter 7.40 3
(RIMFS3)

comp11677_c0 gm1.11960_g Sugar transporter/MFS (RiSut1) 4.49 3

comp2866_c0 - High-affinity glucose transporter 10.26 2

[Magnaporthe oryzae] (RiGlctl)

comp19601_cO0 - Potassium ion channel Yvcl [Trichophyton 9.75 2
rubum] (RiYvcl)

*: No blast hits in the R. irregularis genome.

Three putative major facilitator superfamily (MFS) transporters were found (table 14). MFS
transporters are single-polypeptide carriers transporting small solutes along chemiosmotic
gradients. One candidate of this group, comp8571_c0 (RiMFS1), is induced in extraradical tissues in
comparison to arbuscules. comp2270 cO (RiMFS2) and comp4884 c0 (RiMFS3) are both induced in
arbuscules. comp11677_cO0 (RiSutl) is induced in arbuscules as well. Due to sequence homologies it
can be annotated as an MFS transporter but also as a sugar transporter, making it a very interesting
candidate. The other two candidates are comp2866_c0 (RiG/ctl) and comp19601_cO (RiYvcl).
Blasting the contigs did not result in any hits in the R. irreqularis genome. They are both very
strongly induced in arbuscules in comparison to the ERM, both with a LFC around 10. Sequence
similarities with other fungi suggest the annotation as a potential high affinity glucose transporter
and a potassium ion channel, respectively. In the following, the names given in table 14 will be used

to refer to the genes.

Also, the raw reads of the two samples, arbuscules and ERM, were mapped to the sequences of
known R. irregularis genes. The raw reads were normalized to the total amount of reads in each
sample and the Log,-fold changes (arbuscules/ERM) were calculated from the normalized reads
mapping to each gene. All of these genes are listed in the supplementary table S 3.1, the most
interesting transport-related ones are listed in table 15. Since the LFCs given here are calculated
from the reads mapping to each gene and not from the calculated expression values of the contigs

as above, the LFC for GiPT differs slightly from the value in table 14.
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Table 15: Published differentially expressed R. irregularis genes. LFCs of the reads normalized to the total
amount of reads in each sample from the SBS sequencing for previously described R. irregularis genes are

given.

GenBank Description LFC or normalized Reference

accession reads (arb/ERM)*

FI861239.1 Aquaporin 1 (AQP1) (0/21)* Aroca et al. (2009)
AJ880327.1 Ammonium transporter 1 (AMT1) -7.88 Lopez-Pedrosa et al. (2006)
FM993985.2/ Ammonium transporter 2 (AMT2) -3.98* Perez-Tienda et al. (2011)
FR744743.1

GQ249346.1 ATP-binding cassette transporter 1 -7.55 Gonzalez-Guerrero et al.

(ABC1) (2010)

GU111909.1 Glutamine synthetase 1 (GS1) -4.06 Tian et al. (2010)
GU111910.1 Glutamine synthetase 2 (GS2) -3.43 Tian et al. (2010)
GU111911.1 Argininosuccinate synthase (ASS) -6.15 Tian et al. (2010)
GU111912.1 Ornithine aminotransferase (OAT1) -4.21 Tian et al. (2010)
GU111913.1 Arginase (CAR1) 1.62 Tian et al. (2010)
GU111919.1 Nitrate transporter (NT) -2.61 Tian et al. (2010)
AF359112.1/ Phosphate transporter (PT) -8.26* Maldonado-Mendoza et al.
AY037894.1 (2001)

HQ896039.1 Phosphate transporter G. -11.40 Schwer et al. (2011)

intraradices strain BEG158

HM143864.1 Sugar transporter (MST2) -0.06 Helber et al. (2011)
HQ848965.1 Sugar transporter (MST4) -5.30 Helber et al. (2011)
HQ848966.1 Sugar transporter (SUC1) -6.38 Helber et al. (2011)

X Log,-fold changes could not be calculated if O reads were found in either of the libraries. If that was the case,

the normalized raw reads are given.

*: reads were mapped to the full gene and mRNA sequences. The LFC is the mean of results from both.

3.3.2 Characterization of AM-specifically expressed Rhizophagus irregularis transporter

genes

3.3.2.1 Confirmation of transcriptional regulation during root colonization

The regulation of the candidate genes in planta that was found in the read count-based expression

profiling of the Illumina-sequenced libraries was verified using qRT-PCR. The transcript abundance

was normalized against the fungal reference genes RiTefl and RirRNA. cDNA from mycorrhizal M.

truncatula roots (4 wpi) was used as in planta samples, for the ERM sample hyphae and spores from

root organ cultures (ROCs) were used. Prior to the gRT-PCR measurements, the specificity of the

primers to fungal sequences was assessed, using a standard PCR with mycorrhizal and non-

mycorrhizal M. truncatula root cDNA as a template (figure 25).
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Figure 25: Primer specificity to fungal transcripts. 2 % agarose gel electrophoresis of PCR products with R. irregularis
transporter candidate qRT-PCR primers. M: 1 kb plus DNA Ladder; +: mycorrhizal M. truncatula root cDNA as template.
-: non-mycorrhizal M. truncatula root cDNA as template; w: H,0 control.

Since none of the gRT-PCR primers tested for the potential sugar transporter compl11677_cO
resulted in a fungus-specific amplification (data not shown), no gqRT-PCR experiments could be
performed for this gene. For the other candidates, qRT-PCR was performed with cDNA of
mycorrhizal roots (4 wpi) as an in planta sample and germinated spores as an ERM sample. For all
the selected candidates, the up-regulation in planta or in the ERM, respectively, was confirmed

(figure 26).

As expected, the RiPt expression is significantly higher in extraradical tissues than in planta. Also, the
expression pattern that was calculated from the read count-based expression profiling of the
[llumina reads for the candidate genes could be confirmed: RiMFS1 was found to be up-regulated in
the ERM. This is confirmed by the gqRT-PCR results with a significantly higher expression level in the
ERM compared to mycorrhizal roots. Likewise, the four potential transporters that were found to be
up-regulated in arbuscules showed the same transcriptional regulation when measured by qRT-PCR.
While this up-regulation was highly significant for three of them, RiMFS2, RiGlct1, and RiYvcl, the p-
value for the RiMFS3 was > 0,05 due to high variance between the biological samples. Still, the trend

shows an up-regulation of the expression of this gene in planta (figure 26).
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values) of the differentially regulated potential R. irregularis transporter genes

determined by qRT-PCR. Wild-type roots were harvested 4 wpi with R. irregularis, the ERM sample are spores, isolated

from ROCs and germinated for 3 days. A reference gene index of fungal genes (GirRNA and GiTef) was used for

normalization. Values shown are mean + standard deviation of four biological replicates with two technical replicates of

each PCR reaction. *: p value < 0.05, **: p value < 0.01.

3.3.2.2 Identification of full length transcript sequences of transporter candidate genes

Only recently, access to the first successfully assembled R. irregularis genome was granted by F.

Martin (INRA, Nancy). The contigs were blasted against the genome database. For four of the contigs

of the candidate genes, genome hits were available. Only the contig comp19601_cO could not be

found, and comp2866_c0 only got hits in the EST libraries, but no assembled genomic sequence

could be matched to this contig. The corresponding genome database hits are listed in table 14.
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With the genomic sequences available, gene specific primers to amplify the complete coding
sequences were designed. They were then amplified from mycorrhizal roots or ERM cDNA,
respectively. The PCR products were TA-cloned and sequenced. The final CDS sequences of the

candidate genes are listed in the supplemental data (section 3.1).

For RiMFS1 (comp8571_c0) the resulting cDNA sequence showed that the automatic exon/intron
prediction of the corresponding genome sequence e_gw1.2824.2.1 is inaccurate. There is no intron
between the predicted exons 2 and 3, the predicted intron region is part of the coding sequence.
This was shown in 2 individually amplified and cloned fragments. Therefore, this gene has 6 instead
of the predicted 7 exons and the coding sequences is 1762 bp long. Otherwise, the contig from the
[llumina reads, the genomic sequence, and the sequencing results of the CDS amplified from R.

irregularis cDNA match perfectly with not a single mismatch.

For RIMFS2 (comp2270_c0) the sequence of the CDS amplified from fungal cDNA revealed a total of
41 single base substitutions and 5 double replacements compared to the genomic sequence
gm1.366_g. These were confirmed by two individually cloned and sequenced PCR products amplified
from different mycorrhizal root cDNAs. The nucleotide replacements lead to the alteration of 13
amino acids in the translated sequence. Since no nucleotides were added or deleted, the length of

the CDS, 1485 bp, is not altered from the original genomic sequence.

For RiSutl (compl1677_c0) the sequencing results of the cloned CDS also revealed a few
contradictions with the genomic sequence gm1.11960_g. 19 nucleotides were not in agreement with
the genomic sequence. Again, two separately amplified and cloned fragments were sequenced.
Interestingly, it was with the corrected sequence that the contig from the lllumina reads matched
100 %. Since there were no deletions but only base replacements the CDS remains to be 1445 bp of

length.

RiMFS3 (comp4884_c0) could not be cloned. Therefore, the sequence from the genome database
could not be verified. Since the contigs of the potential high-affinity glucose transporter RiGlctl
(comp2866_c0) and potassium ion channel RiYvcl (comp19601_c0) did not result in any blast hits in

the R. irregularis genome, there was no full length sequence information available.
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3.3.2.3 In situ localization of candidate transcripts

To investigate where exactly the R. irregularis transporter candidate genes are expressed, in situ
hybridization experiments were performed. These were aimed to visualize whether the transcripts

accumulate in the arbuscules, the intracellular hyphae, or both.

So far, an in situ hybridization was performed for one candidate, the RiIMFS2. For this purpose, a
5’DIG labelled RNA oligo (20mer) from Apara Bioscience was used. As a negative control a sense
5’'DIG-labelled RNA oligo for the same region was used. Mycorrhizal M. truncatula roots were
harvested 4 wpi, embedded in paraffin, fixed in xylol, cut in 10 um cross sections and used for the
hybridization. NBT/BCIP was used for visualization and the sections were stained with WGA Alexa

fluor 488 to visualize fungal structures.

The results for the localization of the RiIMFS2 transcripts will have to be treated cautiously, as the in
situ localization results are derived from sections of only two root pieces. Still, the dark purple
staining produced by the conversion of the NBT/BCIP to diformazan by the alkaline phosphatase
which is bound to the DIG antibody can clearly be seen with the RiMFS2 probe while it is absent in
the sense control. The staining can be seen in arbuscules as well as intracellular hyphae growing in
the root apoplast. In the overview (figure 27) sections that were counterstained with WGA Alexa
fluor to visualize fungal tissues are shown. The purple staining indicates an accumulation of the
transcripts is visible in the arbuscules and, even more pronounced, in the intraradical hyphae,
visualized by the green fluorescence of the stained fungal cell wall in the apoplastic space between
the root cells (figure 27 A). Only a very weak background signal is present in the section hybridized
with the sense control (figure 27 B). The higher magnification (figure 28) shows a section that was
not WGA Alexa-stained. In the negative control (figure 28 B), the arbuscules are visible as dense
structures within the root cells. In the section hybridized with the RiMFS2 probe (figure 28 A), the
purple coloring can be seen in the arbuscules. Also, quite a strong purple signal has appeared in the
apolastic space, where an intraradical hypha is likely to be present, but since the fungal structures

were not stained here its presence cannot be seen.
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Figure 27: Localization of RiMFS2 transcript accumulation in R. irregularis hyphae and arbuscules in mycorrhizal M.
truncatula roots and arbuscule-containing cells. Root cross sections hybridized using 5'DIG labelled RNA oligos. Signals
caused by RiMFS2 transcript accumulation were visualized by NBT/BCIP staining and subsequent microscopy, fungal
structures stained with WGA Alexa fluor. A: hybridization with the RiIMFS2 probe; B: hybridization with a sense control
probe (negative control). Scale bar 20 um.

Figure 28: Localization of RIMFS2 transcript accumulation in R. irregularis hyphae and arbuscules in mycorrhizal M.
truncatula roots and arbuscule-containing cells. Root cross sections hybridized using 5’DIG labelled RNA oligos. Signals
caused by RiIMFS2 transcript accumulation were visualized by NBT/BCIP staining and subsequent microscopy. A:
hybridization with the RiIMFS2 probe; B: hybridization with a sense control probe (negative control). Scale bar 10 um.
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3.3.2.4 Potential Rhizophagus irregularis transporter encoding genes are specifically
regulated in planta

So far, very little is known about the mechanisms of the nutrient transfer ion the fungal side of the
AM symbiosis. Here, R. irregularis transcriptome analyses were performed on a tissue-specific level.
SBS sequencing of RNA isolated from LCM-collected R. irregularis arbuscules compared to the ERM
resulted in the identification of 3265 differentially regulated genes. The identification of TMDs and
successive annotation based on sequence similarities to fungal proteins showed that six of these
differentially regulated genes very likely code for transporter proteins. The AM-specific regulation of
these potential transporter genes was confirmed, and for one transcript, RiMFS2, its accumulation in

arbuscules and even stronger in intraradical hyphae was confirmed via in situ hybridization.
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4 DISCUSSION

4.1 AM-specifically regulated genes involved in transport processes and
carbohydrate metabolism give new insight into transport processes during
the symbiosis

4.1.1 Several transporter genes are AM-specifically regulated

The bi-directional nutrient exchange between the plant and the fungal partner is the key-element of
the arbuscular mycorrhizal symbiosis. Therefore unsurprisingly, GeneChip hybridization experiments
revealed a high amount of M. truncatula genes involved in transport mechanisms that are up-
regulated cell-specifically upon mycorrhizal colonization of the roots (Gaude et al., 2012),
encouraging the statement that an extensive reprogramming takes place. The up-regulation of 12 of
these genes in arbuscule-containing cells was confirmed via quantitative RT-PCR (figure 6), and their
promoters were confirmed to be active either exclusively in arbuscule-containing cells (ARB) or in

ARB cells and non-arbusculated cells adjacent to fungal structures (NAC) (figure 9).

Some, but not all the genes described in this study have already been found in other studies.
MtNrtl, MtPtrl, MtPtr3, MtAbcbl5, MtNipl, and MtHxtl have already been reported to be
regulated in response to the AM symbiosis by either Benedito et al. (2010) or Hogekamp et al.
(2011) or in both of these studies. Also, well-known mycorrhiza-specifically regulated genes like
MtPt4, MtHal and MtStr2 as well as the already described potential copper transporter MtCot
(Frenzel et al., 2005; Reinert, 2012) have been found to be highly up-regulated in arbuscule-
containing or in non-colonized neighbouring cells.

It has been reported previously that the AM symbiosis has a considerable impact on the plant’s
nitrogen nutrition (Govindarajulu et al., 2005; Tian et al., 2010; Casieri et al., 2013). The genes
presented in these studies indicate the presence of specific plant transporters facilitating the uptake
of nitrogen compounds. Nitrogen is considered to be taken up by the plant in the form of
ammonium (NH,") (Kobae et al., 2010) or nitrate (NH;) (Guether et al., 2009) from the periarbuscular
space (PAS). In line with that, here an ammonium transporter, MtAmt2 (Medtr8g095040.1), is up-
regulated as well as a nitrate transporter MtNrtl (Medtr2g017750.1). The fact that both a nitrate
and an ammonium transporter have been found here supports this idea and increases the evidence
for the impact of the fungal partner on the nitrogen nutrition of the host plant. While the induction
of the transcription of MtAmt2 is very specifically restricted to arbuscule-containing cells (LFCagrs/cor

= 1.78), MtNrt1 is increasingly expressed in both cell-types of mycorrhizal roots (LFCage/cor = 8.60,



DiscussioN

LFCnac/cor = 4.66) that were analysed. For MtNrt2 this expression pattern has also been confirmed by
promoter-GUS analyses (figure 9). This regulation supports the assumption that that cortex cells
prepare for the colonization by an arbuscule in advance when they get in close contact to fungal
structures and therefore transcriptional re-programming occurs even before a cell is colonized. This
was also suggested for Sorghum bicolor (Koegel et al.,, 2013). Two ammonium transporters,
SbAMT3;1 and SbAMT4, have been found to be expressed in neighbouring cells and were therefore
considered to play a role in the preparations for an upcoming colonization by an arbuscule.
SbAMT3;1 is also present in arbuscules and might play a role in the nitrogen transfer from the

fungus to the plant.

Of the three ATP-binding cassette transporters that were found here, one is the already described
MtStr2 gene. STR2 forms a heterodimer with STR1 and is proposed to export an essential signal or
nutrient from the plant cell into the PAS, the interface with the fungus (Zhang et al., 2010). The
other two ABC transporter candidates most likely belong to the ABCB/multidrug resistance (MDR)
subfamily, the closest A. thaliana homologs are AtABCB15 and AtPGP18 (supplementary table S2.1).
The promoter-GUS analyses confirmed their regulation patterns: MtAbcb15 is transcribed in
arbuscule-containing cells but to a lower extent also in non-arbusculated cells, while MtPgp18 is
specifically expressed in arbuscule-containing cells (figure 9). While MtSTR1 and 2 have been shown
to be essential for the AM symbiosis, their knock-out leading to a stunted arbuscule phenotype, the
effect of the two newly identified AM-specifically expressed ABC transporters is as yet unknown.
ABCB transporters are often involved in auxin transport, AtABCB15 was associated with auxin
transport previously (Cho and Cho, 2012). But other activities have been demonstrated for ABCBs as
well (Rea, 2007), so to understand the function of these particular candidates, they need to be

functionally characterized.

Two major intrinsic proteins (MIPs) (Medtr8g087710.1; Medtr5g063930.1) were identified. Most
MIPs are known to function as water channels and facilitate the passive transport of small polar
molecules across membranes in plants (Johanson and Gustavsson, 2002). Three oligopeptide
transporters (Medtr8g087780.1; Medtr7g098040.1; Medtr8g087810.1) were found. Two of them,
MtPtrl and MtPtra, very specifically induced in arbuscule-containing cells while MtPtr3 is also up-
regulated in NAC cells compared to uncolonized cortical cells. These results were confirmed in the

promoter-GUS assay.

All in all, the cell-specific expression patterns of the AM-induced transporter genes corroborate the
concept that transporter genes are induced not only upon colonization of a cell by an arbuscule, but

well in advance. Cells have to be able to sense the oncoming colonization by an arbuscule and the
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vicinity of fungal structures in the roots. The specific set of transporters that is up-regulated
exclusively in arbuscule-containing cells is likely to be localized in the periarbuscular membrane
(Parniske, 2008; Pumplin and Harrison, 2009). The PAM’s exact composition is unknown, but it has
been hypothesized previously that AM-specific transporters are localized there to facilitate the

nutrient exchange between the symbiotic partners.

4.1.2 Carbohydrates are mobilized and symplastically provided to the arbuscule-
containing cells

Three further transporter candidates have been selected which are only very slightly regulated in
arbuscule-containing cells in comparison to cortical cells (ARB/COR). However, they are up-regulated
in neighbouring non-arbusculated cells in comparison to cortex cells (NAC/COR) and in comparison
to arbuscule-containing cells (ARB/NAC) (Gaude et al, 2012). These genes are a potential
nucleobase-ascorbate transporter (Medtr8g086520.1), a hexose/H" symporter (Medtrlg104780.1)
and a sucrose/H" symporter (Medtr5g067470.1).

The sucrose/H" symporter has been renamed MtSut4-1 (Doidy et al., 2012) since it belongs to the
clade 4 of the sucrose transporter family. It has also been shown to be a functional sucrose/H*
importer, effectively complementing deficient yeast strains, and is considered to represent a low-
affinity/high-capacity transporter (Doidy et al., 2012). The assumed localization in the tonoplast
could be corroborated here in N. benthamiana leaves (figure 13). The localization pattern looks
slightly ambivalent and might be hard to clearly separate from the cytoplasm, but given the good co-
localization with the tonoplast control (Nelson et al., 2007) it gives a good indication that MtSUT4-1
is indeed very likely localized at the tonoplast. MtHxt1, on the other hand, was expected to be
localized in the plasma membrane due to sequence similarities to AtStp13. Its localization was
confirmed in Tobacco leaves as well. Despite the lack of a cytoplasm control, which could not be
shown due to technical reasons, the clear localization pattern of the GFP-labelled MtHXT1

corroborates the predicted localization.

Upon mycorrhizal colonization, the photosynthesis rate of the host plant and the sink strength of the
roots is increased (Wright et al., 1998). Sucrose is delivered to the roots from the source organs and
can be unloaded from the phloem into the apoplast. Here it can either be split into glucose and
fructose by apolpastic invertases or be directly taken up by the plant cells as sucrose. R. irreqularis is
known to only be able to take up carbohydrates in the form of hexoses (Baier et al., 2010). It has

been shown that intraradical structures of AM fungi are unable to take up and utilize sucrose
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(Shachar-Hill et al., 1995) and no sucrose cleaving activities have been identified in AM fungi so far
(Schubert et al., 2003). Whether hexoses are taken up at the arbuscule, the intraradical hyphae, or
both is currently unknown. While the interaction between plant and fungus is mutual, it is still
unlikely that the plant provides carbohydrates to the fungus uncontrolled. Rather, it seems likely
that the plant has a way of holding back carbohydrates as desired, or at least up to a certain point. It
has been shown in vitro that roots can distinguish between the quality of the fungal partner, i.e. the
amount of phosphate they receive from it, and adjust or modulate the carbon release to the fungus
accordingly (Kiers et al., 2011). This indicates that plants would have the means to hold back

carbohydrates if needed.

However, there is also experimental evidence that the exchange of phosphate and photoassimilates
is not strictly coupled (Walder et al., 2012). One might assume that the plant has an excess of
photoassimilates and therefore carbon is not a limiting factor. In fact, up to 20 % of the net
photosynthetically fixed carbon is calculated to be exuded into the rhizosphere through root
exudates (Marschner, 1995; Walker et al., 2003). This clearly represents a significant carbon loss for
the plant. However, the exact function of root exudations is not entirely understood, yet. One
possible function is the solubilisation of phosphorus by acidification. The exudation of carboxylates
is, next to the mycorrhizal interaction, one of the major strategies of plant phosphorus acquisition
(Ryan et al., 2012). It was shown in Kennedia species, a close relative to Medicago, belonging to the
same subfamily, the Faboideae, that upon mycorrhizal colonization, the amount of root exudates
released into the rhizosphere can be significantly reduced (Ryan et al., 2012). Therefore, since one
cause of carbon loss, the root exudation into the surrounding soil, is reduced upon mycorrhizal
colonization, while an additional carbon sink, the AM fungus, is added, the total carbon loss of the
plant might not increase markedly in mycorrhizal conditions. In fact, if light and water availability are
optimal, as it is the case in standard experimental greenhouse conditions, carbon might not be a
limiting factor for plant growth. Further evidence that there might be no strict correlation of
photoassimilate and phosphate exchange comes from the analysis of nutrient and carbon
distributions in common mycorrhizal networks with different plant species being connected by an
AM fungal mycelium (Walder et al., 2012). In these networks, a strong asymmetry in the carbon and
phosphorus transfer has been revealed. While S. bicolor received very little phosphate, it still

provided a high amount of carbon to the fungus.

The high transcript levels of the putative hexose/H" symporter MtHxt1 as well as the sucrose/H"
symporter MtSut4-1 in the cells adjacent to fungal structures of mycorrhizal roots point to a

mechanism to restrict the carbon flow to the fungal partner as indicated above. Promoter-GUS
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fusions confirm their expression specifically in mycorrhizal roots, preferentially in cells adjacent to
fungal structures and surrounding the central cylinder (figure 10). The plant might compete with the
fungus for the sugar that is present in the roots, increasing the sugar uptake from the apoplastic

space where it would be available to the fungus to retain as much of it as possible.

4.1.3 AM-specifically regulated genes involved in carbohydrate metabolism and
transport provide new insight into carbohydrate allocation in mycorrhizal roots

Upon the mycorrhizal colonization, not only arbuscule-containing cells but also cells that are
adjacent to arbuscule-containing cells or in the vicinity of the spreading fungal hyphae undergo
drastic transcriptional changes. Among many others, several genes involved in major carbohydrate
metabolism are specifically up- or down-regulated in one or both of these cell-types (table 7) (Gaude
et al., 2012). These findings, in combination with the expression of the two sugar transporters
MtHXT1 and MtSUT4-1, lead to a model of how carbohydrates might be allocated in mycorrhizal
roots (figure 29). It suggests that carbohydrates, especially hexoses, are removed from the apoplast
where they could be reached by the fungal hyphae or the arbuscules, since the (PAS) is continuous
with the rest of the apoplast. Still, a high amount of carbon is needed in the arbuscule-containing
cells to build up the large new membrane, the periarbuscular membrane (PAM) surrounding the
arbuscule. Since no increased expression of sugar uptake transporters could be detected in
arbuscule-containing cells, symplastic rather than apoplastic import of carbon must be suggested.
Plasmodesmata reportedly connect arbuscule-containing cells to their surrounding cells, indicating a
means to an easier symplastic transport of carbon compounds (Blee and Anderson, 1998). Also, it
has been shown that in M. truncatula symplastic rather than apoplastic transport is mediating the
carbon exchange in the root nodule symbiosis which also represents a strong carbon sink
(Complainville et al., 2003). Therefore, sugar is hypothesized to be mobilized in the NAC cells.
Sucrose is moved to the cytoplasm and split into hexoses, and starch is broken down. Carbohydrates
may then be moved into the arbuscule-containing cells symplastically. Like this, the ARB cells will be
provided with a sufficient amount of carbohydrates for the synthesis of the PAM, while at the same

time, carbohydrates are being kept away from the fungus as efficiently as possible.
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Figure 29: Working model of the carbon allocation in mycorrhizal roots.
Graphic representation of AM-regulated genes related to major carbohydrate
metabolism and carbohydrate transport identified by transcriptome analysis
of LCM-isolated arbuscule-containing cells of mycorrhizal roots (ARB) and
vacuole non-arbuscule-containing cells of mycorrhizal roots (NAC) as compared to
cortical cells of non-mycorrhizal roots. Transcriptional changes point to a

mobilization and import of hexoses (Hex) into the cytoplasm of NAC cells.

Here, transcript levels of an amylase, a cytosolic invertase

(Medtr1g096110.1) (inv), a putative vacuolar sucrose transporter (MtSUT4-

1), and a hexose transporter of the plasma membrane (MtHXT1) are induced.

Carbon is removed from the apoplast and mobilized within the NAC cells in
order to be provided to the ARB cells to build up the PAM. Here, decreased

‘ transcript levels of a cytosolic invertase (Medtrlg096140) and increased
vacuole

invl
N

transcript levels of a sucrose synthase (SucS) were observed. A putative

vacuolar invertase is down-regulated in both cell-types of mycorrhizal roots.
inv 1 / Modified from Gaude et al. (2012).

4.1.4 Outlook: AM specifically regulated transporter genes in Medicago truncatula

While this work has provided a broad overview of genes involved in the nutrient exchange in the AM
symbiosis in general, and the carbon allocation in particular, a more detailed analysis of the roles of

the single genes remains to be performed.

For particularly interesting candidates, like the nitrate- and ammonium transporters, RNA,
approaches to determine the effect of the loss of their functions could reveal a lot about their roles
in the interaction with the fungal partner. Also, their predicted transporter activities remain to be

confirmed experimentally.

For the sugar transporters, a functional characterization of MtHxt1 to confirm its predicted function
as a hexose transporter is necessary. Due to sequence similarities it has been annotated as a hexose
transporter here as well as in the annotation of the genome sequence (XM _003592372), but it has
not been experimentally confirmed, yet. Since only one Tnt1 insertion line is available for this gene,
an RNA; approach to confirm the results would be feasible. Also for MtSut4-1, an RNA; approach will
help to better understand the function of this particular gene in the course of the symbiosis. Given
that the Lotus japonicus vacuolar transporter LjSUT4 is considered to play a role in the release of
sucrose toward nodules during the rhizobial symbiosis (Doidy et al., 2012), MtSUT4-1 might also be

involved in the allocation of vacuolar sucrose towards colonized root areas during the AM symbiosis.



DiscussioN

4.2 MtHxtl influences the mycorrhizal interaction and primary
metabolism of Medicago truncatula

Since MtHxt1 is assumed to be involved in the carbon distribution in mycorrhizal roots, the
metabolic changes in mycorrhizal and non-mycorrhizal hxtl and WT M. truncatula plants were
analysed. Phenotypic and molecular characterizations showed that in relation to the fungal mass
colonizing the roots, the amount of arbuscules is reduced by about half in hxt1 roots in comparison
to WT roots, while the overall frequency and intensity of mycorrhizal colonization remains

unchanged (figure 19, figure 20).

High variances in the metabolite levels between different samples even in the same condition
hindered the interpretation of the results. High variations are a common problem when analysing
mycorrhizal plants. Still, the data provide a good general overview of the metabolic changes in
mycorrhizal vs. non-mycorrhizal M. truncatula plants in general and give a first hint as to what
influences the hexose/H" symporter MtHXT1 might have in the course of the interaction. So far,
metabolite profiling analyses focusing on the AM symbiosis have been performed by Schliemann et
al. (2008) in M. truncatula roots. They were able to show that the levels of certain amino acids and
fatty acids are increased upon mycorrhizal colonization. Also, fungus-specific acids, palmitvaccenic
and vaccenic acid, were shown to accumulate. The authors suggest that they might be used as
markers for fungal root colonization, but they were not found in this study. In contrast to
Schliemann et al. (2008), here also the effect of the mycorrhizal colonization on the metabolite
profile in source leaves is analysed. The influence of the knock-out of an AM-induced hexose
transporter, MtHxt1, on the metabolite composition of both, roots and source leaves of mycorrhizal
plants, is examined to enhance the knowledge of its influence on the sugar distribution in

mycorrhizal plants.

4.2.1 Mycorrhizal colonization leads to metabolic changes in hxt1 and WT Medicago
truncatula plants

When comparing mycorrhizal and non-mycorrhizal plants of both genotypes, a few metabolites were
present only in mycorrhizal roots while their levels were under the detection limit in non-
mycorrhizal conditions (table 9). These metabolites can be considered either highly symbiosis-
specific, or, very likely, of fungal origin. As expected, alpha,alpha-trehalose is among them.

Trehalose, a disaccharide formed from two a-glucose units, is the main form of carbon within the
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fungus (figure 2) (Bécard et al., 1991; Schubert et al., 1992). It is synthesized in the intraradical
mycelium (IRM) where sugar is taken up by the arbuscule or the fungal hyphae and moved to the
extraradical mycelium (ERM). The fact that it was exclusively detected in mycorrhizal roots is in line
with previous studies (Schliemann et al., 2008) and increases the confidence in the accuracy of the
measurement. Moreover, quinic acid shows the same pattern of presence in mycorrhizal and
absence in non-mycorrhizal roots (table 9). Quinic acid is an alternative intermediate of the shikimic
pathway and is known to occur freely in plants but is actively metabolized during growth (Seigler,
1995). Why it is only present in mycorrhizal conditions will yet have to be determined. Adenine
levels are also under the detection level in non-mycorrhizal roots and only present in mycorrhizal

roots in WT plants, and in 3 and 7 wpi in hxt1 plants, but again, the reason for this remains elusive.

As expected, phosphate levels were affected by the mycorrhizal colonization. Phosphoric acid
(H3PO,) levels were slightly increased upon mycorrhizal colonization in the roots of both genotypes
at 5 and 7 wpi (table 10). Given that it is well established that phosphate is transferred from the
fungus to the plant (Smith and Smith, 2012), an increase in soluble phosphate is to be expected. In
leaves, however, phosphoric acid concentrations do not differ notably between mycorrhizal and
non-mycorrhizal conditions. This might be due to the fact that mycorrhizal plants are bigger,
resulting in a similar final concentration of phosphate in the tissue. It may also result from fast
metabolic incorporation, since only soluble phosphate, which makes up a very small fraction of the
total phosphate in the plant, is measured here. The findings here are in line with previous findings
(Branscheid, 2012) where soluble phosphate of M. truncatula roots and shoots was measured
directly over a time-course from 1 to 8 wpi, and no significant changes in the phosphate content

between mycorrhizal and non-mycorrhizal conditions could be determined in the shoots.

Also unsurprisingly, the levels of several amino acids altered significantly between mycorrhizal and
non-mycorrhizal conditions in both, source leaves and roots of both genotypes (table 10 and table
11). In roots, glutamic and aspartic acid levels are higher in mycorrhizal than in non-mycorrhizal
roots in hxt1 plants in later stages of the colonization (7 wpi). This is even more pronounced in the
WT, as glutamic acid is present in mycorrhizal roots but below the detection limit in non-mycorrhizal
roots at later stages of the colonization (5 and 7 wpi) (table 9). At early stages, asparagine and
pyroglutamic acid (a derivatization artifact of glutamic acid) accumulate in roots upon mycorrhizal
colonization in both genotypes. The AM-specific accumulation of glutamic, pyroglutamic, and
aspartic acid as well as asparagine was shown by Schliemann et al. (2008). They found that under
mycorrhizal conditions most amino acids, including these four, peaked at 6 wpi. Here, on the other

hand, the changes in asparagine and pyroglutamic acids were observed in roots at early stages of the
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colonization while the differences in the glutamic and aspartatic acid levels were most pronounced
at late stages. Aspartic and glutamic acid and asparagine are, together with glutamine, the dominant
components of the total free amino acid pool in most legumes and crop plants (Lam et al., 1996).
Also together with glutamine, they are considered to be the major form of nitrogen transport (Lam
et al., 1995; Delrot et al., 2001). Because of its relative stability and high nitrogen to carbon ratio,
asparagine is also considered important for the storage of nitrogen resources (Lam et al., 1996). A
higher level of these amino acids in mycorrhizal roots might therefore indicate a better nitrogen
supply to the plants due to the mycorrhizal symbiosis, supporting previous findings that the AM
symbiosis improved the plants’ nitrogen nutrition (Govindarajulu et al., 2005). In source leaves, the
difference between the two genotypes can be detected (table 11). Aspartic and glutamic acid and
lysine were found to be more abundant in mycorrhizal than in non-mycorrhizal WT plants, while
their levels are basically equal in the leaves of mycorrhizal and non-mycorrhizal hxt1 plants at 5 wpi.
That the improved nitrogen status of the mycorrhizal plants is less pronounced in hxt1 plants, i.e. the
levels of these amino acids did not alter significantly between the mycorrhizal conditions in leaves of
hxt1 plants, may be a result of the ineffective AM symbiosis. The lower amount of arbuscules in the
hxt1 plants is likely to lead to a reduced nitrogen transfer towards the plant. This can be seen most
clearly in the most active stage of the mycorrhizal symbiosis (Schliemann et al., 2008), at approx. 5

wpi, and seems to particularly affect the level of nitrogen compounds in the shoot.

The changes in the carboxylic acid levels between both genotypes are most striking in mycorrhizal
roots (table 10 and table 11). The levels of malic and malonic acid, for instance, are much higher in
mycorrhizal than in non-mycorrhizal hxt1 roots, but unaltered in the WT (table 10) in later stages of
the interaction. Their higher concentration is also apparent in the direct comparison of the two
genotypes. In mycorrhizal roots, their levels are increased in hxt1 in comparison to WT plants, while
they are similar in non-mycorrhizal conditions. The secretion of carboxylates into the rhizosphere is a
way for the plants to facilitate the uptake of phosphate (Walker et al., 2003; Ryan et al., 2012). The
increased production of these compounds might be the reason why the myc to nonmyc ratio of the
phosphate levels in the roots of mycorrhizal hxt1 plants is comparable to WT plants, even though the

transfer through the mycorrhiza might be impaired.

Of course, plant carbon metabolism and partitioning was expected to be particularly strongly
influenced by the MtHxt1 knock-out. In roots, the sugar levels vary the most at 3 wpi: fructose,
glucopyranoside, glucose, and xylose levels are significantly lower in mycorrhizal hxtl roots than
they are in mycorrhizal WT roots (table 12). This is in line with the findings in leaves, but here

changes in the ratio of the levels of different sugars occurred in the intermediate stages of
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mycorrhizal interaction (5 wpi). The hexoses glucose, fructose, and mannose are more abundant in
the leaves of mycorrhizal plants than of non-mycorrhizal plants at 5 wpi in the WT, while their ratios
are unchanged in the hxt1 plants for all three sugars (table 11). Both of these findings might point to
a higher loss of sugars in the hxt1 plants, caused by the impaired removal of hexoses from the root
apoplast and therefore increasing loss of sugars to the fungus. At 7 wpi, the latest stage analysed
here, however, this trend cannot be observed any more. When comparing the leaf metabolites of
hxtl and WT plants at 7 wpi (table 13), the levels of glucose, fructose, and mannose are higher in
hxt1 plants than in WT plants in both, mycorrhizal and non-mycorrhizal conditions. Surprisingly, this
effect is even more pronounced in mycorrhizal conditions. It has to be admitted, though, that the
variations in the sugar levels, as in the levels of all other metabolites, were particularly high in the 7

wpi samples.

Taken together, these data showed that the mycorrhizal interaction has a stronger impact on the
metabolite profiles of both, roots and leaves of the plants, than the MtHxt1 knock-out has, at least in

the experimental conditions applied here.

4.2.2 Mycorrhizal colonization of hxt1 and WT Medicago truncatula plants leads to
changes in the primary metabolite profile in roots and source leaves

MtHxtl knock-out plants show a severe phenotype in biomass production and flower and seed
development. Mycorrhizal hxt1 root also contain significantly fewer arbuscules in relation to the
overall fungal mass than WT roots. Since MtHxtl is considered to be involved in the carbon
allocation in mycorrhizal roots, metabolic profiling of hxt1 and WT roots and leaves was performed
in mycorrhizal and non-mycorrhizal plants. AM-responsive changes in metabolite levels were found
in roots as well as in leaves. Fungus derived trehalose was found in mycorrhizal roots exclusively.
Elevated phosphate levels were detected in the roots of mycorrhizal plants, demonstrating the
improved phosphate status of the plants due to the mycorrhizal interaction. The MtHxt1 knock-out
influenced the levels of different sugars in the roots at early and intermediate time-points of
mycorrhizal colonization and in the leaves at later time-points. The levels of fructose,
glucopyranoside, glucose and xylose were lower in mycorrhizal hxt1 roots than in WT roots in early
stages of mycorrhizal colonization, indicating a higher carbon loss in the hxt1 plants than in the WT.
In leaves, the levels of glucose, fructose and mannose were significantly higher in mycorrhizal than in
non-mycorrhizal plants of both genotypes. Also, the improved nitrogen-supply to the plants by the

mycorrhizal interaction, reflected by elevated levels of certain amino acids in the leaves upon AM
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colonization, is reduced by the MtHxt1 knock-out. Finally, it seems likely that the efficiency of the
nutrient transfer through the AM symbiosis is reduced in hxtl plants since apparently alternative

uptake mechanisms, like an increased production of carboxylates, are being employed.

4.2.3 Outlook: hxt1 metabolite profiling

As mentioned earlier, a functional characterization of MtHxt1 to confirm its predicted function as a
hexose transporter is necessary. In addition to the analysis of the one available Tnt1 line, an RNA;
approach might be needed to confirm the results presented here. The metabolite data obtained in
this experiment give a broad first overview of the metabolic changes upon mycorrhizal colonization
and the possible effects the MtHxt1 knock-out might have. Still, results will need to be repeated with
technical procedures optimized to minimize the variations in the measurements. The extraction and
derivatization need to be optimized for M. truncatula and probably using different time-points,

including a 4 wpi measurement, would be feasible.
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4.3 Rhizophagus irregularis transcriptome analyses reveal previously
unknown fungal transporter genes involved in the AM symbiosis

Despite the fact that Rhizophagus irregularis (DAOM 197198) is widely used as a model organism for
the analysis of AM symbioses, only incomplete genomic information was available until recently.
Transcriptome analyses have therefore been impeded by the lack of a reference genome, and so far
only a small number of symbiosis-related transcriptomic changes were published (Tisserant et al.,
2012) and very few transcripts that are directly involved in this interaction are known (Maldonado-

Mendoza et al., 2001; Lopez-Pedrosa et al., 2006; Helber et al., 2011; Perez-Tienda et al., 2011).

To get a more detailed insight into the molecular basis of the fungal side of the symbiosis, the
transcriptome of LCM-collected arbuscules was compared to extraradical tissues. This approach led

to the identification of symbiosis-related transcriptional changes R. irregularis.

4.3.1 Potential fungal transporter genes are specifically regulated in planta

The NGS sequencing results were first analysed without a reference genome. The reads were used
for contig assembly and a read-count based expression profiling. Since this work is focused on
transport processes, potential transporter genes were identified by finding transmembrane domains

and annotation based on sequence homologies to know fungal genes (table 14).

Three major facilitator superfamily (MFS) transporters were identified. One of them, RiMFS1
(comp8571_c0), was found to be induced in extraradical tissues in comparison to arbuscules. Blastx
in all fungal sequences results in mainly MFS und sugar transporters, giving a first indication what
might be transported by RiIMFS1. For the second MFS transporter, RiMFS2 (comp2270_c0), blastx of
the full CDS results in only hypothetical proteins, giving no further indication as to the potential
substrate that might be transported. Also for RiIMFS3 (comp4884_c0) no further indication as to
what is transported can be gained by sequence similarities, as blastx only results in MFS transporters

without further information on what they transport.

RiSutl (comp11677_c0) is annotated as a sugar transporter in the R. irregularis genome database.
This is in line with blastx results against other fungal genes. The majority of the blast results are
sequences annotated as sugar transporters. Given the focus of this work, this makes RiSutl a very
interesting candidate. Localizing the transcripts in planta by in situ hybridization would give a further

indication as to where exactly sugar is taken up into the fungus.
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This is also true for RiGlct1 (comp2866_c0). The short contig that was available after the assembly of
the Illumina reads indicates a function as a glucose transporter. Since hexoses are considered to be
taken up by AM fungi, this candidate is likely to be relevant for the carbon exchange in the AM
symbiosis, since it is very highly up-regulated in planta in comparison to the ERM, with the highest
LFC (10.26) of all candidates (table 14). It might therefore be involved in the uptake of hexoses,

presumably glucose, from the root apoplast.

Also very highly up-regulated is RiYvcl (comp19601_cO0). But, just as for RiGlct1, the complete CDS is
not available in the genome database. It is a well-established assumption that carbohydrates may be
taken up by AM fungi in the form of glucose, providing a straight forward hypothesis for the function
of RiGlctl in the interaction with the plant. Potassium, on the other hand, is considered to be one of
the minerals made more easily available to the plant by the fungus (Smith and Read, 2008). Hints for
both, direct and indirect effects of the fungus on the K* supply were found, but no mechanism of the
transfer was shown so far (Smith and Read, 2008). Being highly up-regulated in planta, RiYvcl might

be facilitating the movement of K" from the fungus into the apoplast towards the plant.

The gRT-PCR results confirmed the tissue-specific expression pattern revealed by the sequencing
(figure 26). Still, due to technical reasons, the in planta sample, LCM-collectes arbuscules, cannot be
considered to exclusively contain arbuscules. Intraradical hyphae will have been harvested as well,
so the sample was a mixture of RNA from both of these tissues. Therefore, localizing the transcripts

in planta by in situ hybridization will be giving additional interesting insight.

In addition to the newly found transcripts, a high amount of previously described genes were found
in this approach. The most interesting ones are listed in table 15. For the majority, the described
expression pattern could also be shown here. The sugar transporter genes RiMst4, and RiSucl were
found to be increasingly expressed in planta in comparison to the ERM, confirming previous results
(Helber et al., 2011). Only RiMst3 did not have any matching reads here. RiMst2, on the other hand,
only had a LFCagg/erm Of 0.06, therefore was found not to be differentially expressed in extraradical
and intraradical tissues. This was in line with qRT-PCR analyses conducted in this study (data not
shown), but does contradict the results of Helber et al. (2011). Why their results could not be
confirmed here remains to be investigated further and might be due to different growth conditions
used. RiPt (Maldonado-Mendoza et al., 2001) was mentioned before and was used as a positive
control in this study. The results presented here are in line with its regulation pattern reported
earlier. It was shown to be expressed in the ERM and regulated in response to external phosphate
concentrations. Here, the plants were grown under low phosphate conditions (20 mM in the

fertilizing solution). Therefore, as expected, RiPt is highly expressed in the ERM. Several genes found
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by Tian et al. (2010) were found here as well, and only for one of them, RiOatl, the reported
regulation pattern disagreed with the findings presented here. Here, RiOat1 was found to be higher
expressed in the ERM than in planta, while Tian et al. (2010) showed the opposite regulation
pattern. The transcript levels of RiGs1 and RiNt were only slightly altered between both tissues, their
level was only slightly higher in the ERM than in the IRM (Tian et al., 2010) while the results
presented in this study indicate that they are up-regulated in the ERM. RiAbcl was described not to
be differentially expressed between ERM and in planta samples (Gonzalez-Guerrero et al., 2010) and
RiAmt2 was described do be up-regulated in planta (Perez-Tienda et al., 2011). Both of these genes
were shown to be higher expressed in the ERM than in arbuscules in this study. The up-regulation of

RiAmt1 in the ERM (Lopez-Pedrosa et al., 2006), on the other hand, was confirmed.

The fact that transcripts which could not be shown to be differentially expressed in previous studies
were fund here, and that the difference between the transcript levels in the different tissues was
higher in this study, is very likely due to the higher resolution of the approach used here. Using LCM-
collected fungal tissues instead of mycorrhizal roots as in planta, IRM or arbuscule samples
decreases the dilution effects, enhances the sensitivity and efficiently reduces the contamination of

the in planta samples with extraradical hyphae that grow from mycorrhizal roots.

Localization of in planta expressed R. irregularis transcripts

The transcripts of RIMFS2 were shown to accumulate in arbuscules but also, to an even higher
amount, in intraradical hyphae. RiMFS2 is a highly up-regulated in planta, therefore probably
involved in the interaction with the plant root, i.e. involved in the transport of nutrients over the
fungal membrane. MFS transporters move small solutes along chemiosmotic ion gradients. What is
transported by RIMFS2 is not known, yet. Many MFS transporters are known to transport sugars, but
other substrates like amino acids, phosphate compounds and a variety of organic and inorganic
anions and kations can function as substrates, too. The fact that RiIMFS2 transcripts are not only
present in arbuscules, but also in the hyphae growing in the root apoplast, indicates that the amount
of fungal transport processes is increasing not only in the arbuscules, as expected, but also in the
intraradical hyphae. This is in line with the hypothesized carbon allocation from the plant to the

fungus described in 4.1.3 (figure 29).
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4.3.2 SBS RNA sequencing of LCM-collected arbuscules identifies specifically regulated
Rhizophagus irregularis transporter genes

Six potential R. irregularis transporter genes were identified by lllumina sequencing of in planta and
ERM tissues. Three new potential MFS transporters, one of them up-regulated in the ERM, two in
planta, and a potential sugar transporter, a potential high-affinity glucose transporter, and a
potential potassium ion channel up-regulated in planta were found. These AM-responsively
expressed transporters are likely to play a role in the nutrient exchange between the plant and the

fungus in the course of this interaction.

4.3.3 Outlook: in planta transcriptome of Rhizophagus irregularis

The transcriptome sequencing approach resulted in a broad overview of R. irregularis genes
differentially regulated between arbuscules and the ERM. The list of candidates concentrated on
here is focused on those involved in transport processes, but obviously, much more information can
be gained from the dataset. For example, genes involved in the signalling between the symbiotic
partners will very likely be differentially regulated, and identifying those will give important new
insight into the signalling of the fungus and its communication with the plant. Especially now that a
reference genome is available (Francis Martin, INRA, Nancy, personal communication), the
identification of AM-responsively regulated genes in this and other functional groups will be
facilitated. By mapping the reads of both libraries analysed here, new genes that are specifically
induced in planta can be identified and will be giving new insight into the AM-specific transcriptional

reprogramming of the fungal partner.

As to the transporter candidates selected in this study, firstly 5’RACE analyses will need to be
performed for the potential high affinity glucose transporter RiGlct1 and the potential potassium ion
channel RiYvcl to obtain their full length cDNA sequences. They are the two most highly up-
regulated candidates, and especially RiGIct1 is a very interesting candidate given the focus of this
work. With the full sequence at hand, further analyses will be possible as they are for the other

candidates.

Obviously, a functional characterization of all the candidates needs to be performed to confirm their
assigned transporter functions. For RiSutl, for instance, determining which sugars can be

transported will give one more piece of information to unravel the mechanisms of the carbon
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allocation in the AM-symbiosis. But also for the other candidates, confirming their predicted
transporter functions or, in case of the MFS transporters, identifying their substrates, will be
necessary for further interpretation of their roles during the interaction with the plant. Expressing
the MFS proteins in Xenopus oocytes or yeast mutants is a suitable approach to identify their

transporter function.

To determine the exact localization of the transporters, in situ hybridizations are the method of
choice. They will need to be performed for genes up-regulated in planta to check whether the
transcripts are most abundant in arbuscules, intraradical hyphae, or both. This will provide
important information for the determination of the exact location of the nutrient exchange. While in
general the arbuscules are considered to be the main site of the nutrient exchange, the results
presented in 3.1 and 3.2 suggest that carbohydrates, for instance, may also be taken up from the
root apoplast by the intraradical hyphae. This theory could be corroborated by placing the

transcripts of RiGlct1 or, for example, RiSutl or the MFS transporters in the intraradical hyphae.

The in situ localization of RiMFS2 transcripts gave a good indication that its transcripts are localized
mainly in the intraradical hyphae but also in the arbuscules. Nevertheless, these analyses will have

to be verified by repeating the hybridization with different root sections.

Finally, a knock-out approach for promising AM-induced genes would of course supply very valuable
insights into their function during the interaction with the plant and to whether or not they are
essential for the symbiosis. Unfortunately, to date transforming R. irregularis, or any other AM
fungus, proves to be challenging. Helber et al. (2011) reported a successful knock-out of MST2 in R.
irregularis via host induced gene silencing (HIGS) (Nowara et al., 2010), but to date this approach has

not been successful in our hands.
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7 SUPPLEMENTARY

7.1 Oligonucleotides used in this study
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Table S1.1: Promoter amplification of AM-regulated M. truncatula transporter candidate genes.

Name Binds to promoter Sequenz 5‘ — 3¢ Reference
region of (Mt3.5)
pMtNRT1-fwd Medtr2g017750.1 CACCTAAAACTGTTTACCACATATCCAGCTG This work
pMtNRT1-rev Medtr2g017750.1 GGACAAAAATGAAAAAAAAAGGACATAATAAGC This work
pMtPTR1-fwd Medtr8g087780.1 CACCTGTTGGTGGTTTCACTTCAAAC This work
pMtPTR1-rev Medtr8g087780.1 TGTTCTTGAGAAAAATGTATTGAGTG This work
pMtNIP1-fwd Medtr8g087710.1 CACCGCCCGATTACGTTGTTTGTTTGGTTC This work
pMtNIP1-rev Medtr8g087710.1 AAGTGATAGAGAACAAGGAAACTATTTAG This work
pMtABCB15-fwd  Medtr8g022270.1 CACCTCTGGCCAAAAATAGGAAGAACATT This work
pMtABCB15-rev Medtr8g022270.1 GGCTAGCTAGCTACCTAGCAG This work
pMtPTR4-fwd Medtr8g087810.1 CACCACATCTTACCATTACCGGCAA This work
pMtPTR4-rev Medtr8g087810.1 AATATTAATAATTAATTAAGTAGCTTGT This work
pMtDIT2-fwd Medtr2g009220.1 CACCGAGCCATTTGATTATGATGGTG This work
pMtDIT2-rev Medtr2g009220.1 TGGAACAACAGAACAACAACAATTG This work
pMtNIP4-fwd Medtr5g063930.1 CACCCTCGTATGTTATATGATTTTATTGT This work
pMtNIP4-rev Medtr5g063930.1 GTTATAGGTTGAATGCCAAAC This work
pMtPTR3-fwd Medtr7g098040.1 CACCTCGCCGGAAATTTTCCTAATG This work
pMtPTR3-rev Medtr7g098040.1 GATGCTGGACAAGAAAAACTATT This work
pMtSUT4-1-fwd Medtr5g067470.1 CACCGTAGTAAATTAAAAAGTGCTTATAA This work
pMtSUT4-1-rev Medtr5g067470.1 CGTGATGCCGACGCCGAAT This work
pMtHXT1-fwd Medtrlg104780.1 CACCTCCCCCAATACAATTTTTGAGTTC This work
pMtHXT1-rev Medtr1g104780.1 GGTTAGTTATTTCTGTCTTCAAC This work
pMtPGP18-fwd Medtr3g086430.1 CACCTGAAAAAGTGAGTATTGAGTGAC This work
pMtPGP18-rev Medtr3g086430.1 ATTCTTAGCAGCACAGCATG This work
Table S1.2: gRT-PCR
Name Binds to (Mt3.5)/ Sequence 5‘ — 3¢ Reference
(Ri contig ID)
MtPt4-fwd CAAGAAAGATTAGACGCGCAA Harrison et al.
(2002)
MtPt4-rev GTTTCCGTCACCAAGAACGTG Harrison et al.
(2002)

Eflalpha-fwd
EFlalpha-rev

Medtr6g021800.1
Medtr6g021800.1

GACAAGCGTGTGATCGAGAGATT
TTTCACGCTCAGCCTTAAGCT

Kakar et al. (2008)
Kakar et al. (2008)



Pdf2-fwd
Pdf2-rev
GapDH-fwd
GapDH-rev
UbiExon-fwd
UbiExon-rev
Ubilntron-fwd
Ubilntron-rev

RiRNA-fwd

RirRNA-rev

RiTef-fwd

RiTef-rev

gRT_MtNRT1-fwd
gRT_MtNRT1-rev

qRT_MtABCB15-fwd
qRT_MtABCB15-fwd

gRT_MtNIP1-fwd
gRT_MtNIP1-rev
gRT_MtPTR4-fwd
gRT_MtPTR4-rev
gRT_MtMPT1-fwd
qRT_MtMPT1-rev
gRT_MtDIT2-fwd
gRT_MtDIT2-rev
gRT_MtAAP1-fwd
gRT_MtAAP1-rev
gRT_MtPGP18-fwd
gRT_MtPGP18-rev
gRT_MtAMT2-fwd
qRT_MtAMT2-rev
RiMFS2-qRT-fwd
RiIMFS2-qRT-rev
RiGLCT1-gRT-fwd
RiGLCT1-gRT-rev
RiMFS3-qRT-fwd
RiIMFS3-qRT-rev
RiMFS1-gRT-fwd
RiMFS1-qRT-rev

TC107161
TC107161
Medtr3g085850.1
Medtr3g085850.1
Medtr3g091400.1
Medtr3g091400.1

Medtr2g017750.1
Medtr2g017750.1
Medtr8g022270.1
Medtr8g022270.1
Medtr8g087710.1
Medtr8g087710.1
Medtr8g087810.1
Medtr8g087810.1
Medtr7g083790.1
Medtr7g083790.1
Medtr2g009220.1
Medtr2g009220.1
Mtr.44555.1.s1_at
Mtr.44555.1.s1_at
Medtr3g086430.1
Medtr3g086430.1
Medtr8g095040.1
Medtr8g095040.1
comp2270_c0
comp2270_c0
comp2866_c0
comp2866_c0
comp4884_c0
comp4884_c0
comp8571_c0
comp8571_c0

GTGTTTTGCTTCCGCCGTT
CCAAATCTTGCTCCCTCATCTG
TGCCTACCGTCGATGTTTCAGT
TTGCCCTCTGATTCCTCCTTG
GCAGATAGACACGCTGGGA
AACTCTTGGGCAGGCAATAA
GTCCTCTAAGGTTTAATGAACCGG
GAAAGACACAGCCAAGTTGCAC
GTATGCCTGTTTGAGGGTCAGTATT

AAACTCCGGAACGTCACTAAAGAG

TGTTGCTTTCGTCCCAAT

GGTTTATCGGTAGGTCGA

TGCTTTGCTCATGCTAGTCACACTTGG
AGTTGGTGAGCATGTTAGCAGCATCTT

TGACGACCGTTCATGGCAGGG
CGATTGGCGAAACACGCGGC
ATGGCTAATGATAATTCAGCAAGAA
CTTTTGCAAGAAAGGGACAGAGACA
TGCTCGTACTAGGGGCGTTTGC
ACCATGTTAGCTGCATCTGCTAGTTC
TGTCAGTCACCCTGCAGACACCT
GCCGAGTCCTCGCCACAACC

TGCTGTATACTATGGAGCTGGCTATGT

AGAGCCAACTCCTCCCCAGATGA
TCAGCTTGGGCTACACCTTCCTTGT
GGCAGTGAAGGCACTGAAGACCC
TGCAGAAAGACAAACTTCGCGGATG
TGGTGGCAATTACTTGGAAGGTTGT

CCGGTAGCATACCAAGCATGGACAAG
TGGCATGCTTTGAATTCCAACAAGGGT

TAATATCCAAGCAGATGCGGGTAC
GTGCTTGCAAATATAACAACTGCA
AGAAACCGAAGATTTGGGGCGTA
TTCTCCTTCTCCTCCTTTTGTACC
TGGGAACGATCTGTTTTTCAATTTC
ACCATTCCATATTTGCCTCCATCT

GTTATACTCCTGAAGTTTTTGGGACT

TGCCTTCCTCTTGTTTCTATTGGT
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Kakar et al. (2008)
Kakar et al. (2008)
Kakar et al. (2008)
Kakar et al. ( 2008)
Kakar et al. (2008)
Kakar et al. (2008)

Isayenkov et al.
(2004)

Isayenkov et al.
(2004)

Helber et al.
(2011)
Helber et al.
(2011)

This work

This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work

This work
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RiSUT1-qRT-fwd compl1677_cO0 ACACAACTTGGATTTACAACAGCT This work
RiSUT1-qRT-rev compl1677_c0 ACACAAAAGTACTCAGCAAAAGCT This work
RiYVC1-qRT-fwd comp19601_cO GGACAATGATGCTAAGCGATTATGA This work
RiYVC1-gRT -rev comp19601_cO TGGTACAGGGAAAGAACTCCTCGT This work
RiPT-qRT-fwd comp29 _c0 TCACTATTATGGGAACCGTTCCTG This work
RiPT-qRT-rev comp29 _c0 ACTTCCCCTGGAACGATGAATGT This work
Table S 1.3: MtHxt1 Tnt1 screening

Name Binds to (Mt3.5) Sequence 5 — 31 Reference
NF3151HXT1-fwd (P1)  Medtrlgl104780.1 CAGTGGATAAACTTGGTCGTCG This work
NF3151HXT1-rev (P2) Medtr1g104780.1 CTCATCTTCAATATAATCATTTTCAAC This work

Tnt1-R2 (P3)

Tnt1-F2 (P4)

Tntl

Tntl

TCAACAAAGTTGGCTACCAATCCAACA
AGGA
TCTTGTTAATTACCGTATCTCGGTGCT
ACA

Dr. Igor Kryvoruchko
(Ardmore, OK, USA)

Dr. Igor Kryvoruchko
(Ardmore, OK, USA)

Table S 1.4: CDS amplification of M. truncatula sugar transporter genes.

Name Binds to (Mt3.5) Sequence 5 - 3 Reference
MtSUT4-fwd Medtr5g067470.1 CACCATGCCGAATCCCACTACAACA This work
MtSUT4NoStop-rev Medtr5g067470.1 TATGCGGACTCGAGGCTTTTG This work
MtSUT4-rev Medtr5g067470.1 TCATATGCGGACTCGAGGCTTTTG This work
MtMSS1-AttB1-fwd Medtr1g104780.1 GGGGACAAGTTTGTACAAAAAAGCAG  This work
GCTATGACGGGAGGAGGCTTCAGC
MtMSS1-fwd Medtr1g104780.1 CACCATGACGGGAGGAGGCTTC This work
MtMSS1NoStop-rev Medtrlg104780.1 CAACTGAGAAACAAGATCATTTC This work
MtMSS1-AttB2-rev Medtrlg104780.1 GGGGACCACTTTGTACAAGAAAGCTG  This work
GGTTTACAACTGAGAAACAAGATCATT

Table S 1.5: R. irregularis full CDS amplification

Name Binds to (contig ID) Sequence 5 -3 Reference
RiMFS2-CDS-fwd comp2270_c0 ATGAGTAACAAGAATAATGCCG This work
RiMFS2-CDS-rev comp2270_c0 TTAGGCCATGCTTATAGCTTCG This work
RiIMFS1-CDS-fwd comp8571_c0 ATGAATTCTAAAAAAAATTTTCGTTC This work
RiMFS1-CDS-rev comp8571_c0 TTATGCCTGCCTTCCTCTTGT This work
RiSUT1-CDS-fwd comp11677_c0 ATGGAGGAGCTTAATCAACC This work
RiSUT1-CDS-rev comp11677_cO TTAAATATCTTTTATGGTAACCGC This work
RiMFS3-CDS-fwd comp4884 _c0 ATGGCTACACGATCTTC This work
RiMFS3-CDS-rev comp4884_c0 TTAATTAATATAATTAAAGAATAACAC This work




Table S 1.6: Contol/ sequencing primer
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Name Binds to (Mt3.5) Sequence 5‘ -3¢ Reference
Donr-F pENTR/D-TOPO, TCGCGTTAACGCTAGCATG LGC Genomics
pDONR201
(Invitrogen)
Seql-E pPENTR/D-TOPO, GTTGAATATGGCTCATAACAC LGC Genomics
pDONR201
(Invitrogen)
M13-24F pCR2.1 (Invitrogen) CCAGGGTTTTCCCAGTCACG LGC Genomics
M13-24R pCR2.1 (Invitrogen) CGGATAACAATTTCACACAGG LGC Genomics
M13 fwd (-20) pCR2.1 (Invitrogen) GTAAAACGACGGCCAG Invitrogen
M14 rev pCR2.1 (Invitrogen) CAG GAA ACA GCTATG AC Invitrogen
293 RNAi_Intron_Fwd  pK7GWIWG2 (I) AGAAAGCCGTAAGAAGAGGC Dr. Emanuel
Devers, ETH Zlrich,
Switzerland
294 RNAi_Intron_Rev pK7GWIWG?2 (1) TTAACGTGTTTGCAGGTCAGC Dr. Emanuel
Devers, ETH Zlrich,
Switzerland
1346 pK7GWseqFwd pK7GWIWG?2 (1) TGCGGACTCTAGCATGGC This work
RNAi_pMtPT4-fwd 316p9RFP-PT4-RNAI TCTCCTAAGCTAACTTAGGACTAAACGTC  Silvia Bortfeld, MPI-
ACATTG MP Golm
RNA_Tnos-rev 316p9RFP-PT4-RNAI ATAGGCGTCTCGCATATCTCATTAAAGC  Silvia Bortfeld, MPI-
AGGG MP Golm




7.2

M. truncatula transporter genes
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Table S 2.1: Identifyers and A. thaliana homologs of AM-regulated M. truncatula transporter

candidate genes.

Annotation IMGAG ID Mt3.0 IMGAG ID Mt3.5  Affymetix GeneChip  Best A. thaliana
homolog (%
nucleotide identity)

Coppper mtr.37110.1.s1_at

transporter MtCot

Low-affinity nitrate
transporter,
MtNRT1

Mitochondrial
phosphate
transporter,
MtMPT1
Dicarboxylate
transporter,
MtDIT2

Amino acid
transporter,
MtAAP1
Ammonium
transporter,
MtAMT2

Nucleobase-
ascorbate
transporter
MtNAT2
Sucrose/H+
symporter MtSUT4-

Hexose transporter
MtHXT1
Oligopeptide
transporter,
MtPTR1
Oligopeptide
transporter,
MtPTR3
Oligopeptide
transporter,
MtPTR4

ABC transporter/
MDR, MtABCB15

Medtr2g021270.1

Medtr7g096810.1

Medtr2g009260.1

Medtr4g144250.1

Medtr4g134900.1

Medtr5g076420.1

Medtr1g132750.1

Medtr4g136300.1

Medtr7g116510.1

Medtr4g136330.1

Medtr8g025810.1

Medtr2g017750.1

Medtr7g083790.1

Medtr2g009220.1

Medtr8g095040.1

Medtr8g086520.1

Medtr5g067470.1

Medtr1g104780.1

Medtr8g087780.1

Medtr7g098040.1

Medtr8g087810.1

Medtr8g022270.1

mtr.36985.1.s1_at

mtr.39705.1.s1_at

mtr.13956.1.s1_at

mtr.44555.1.s1_at

mtr.25576.1.s1_at

mtr.28814.1.s1_at

mtr.21349.1.s1_s_at

mtr.433.1.s1_at

mtr.17764.1.s1_at

mtr.37112.1.s1_at

mtr.46057.1.s1_at

mtr.46524.1.s1_at

AtNRT1;2 (41 %)

mitochondrial
phosphate transp.
(78 %)

AtDIT2;1 (87 %)
amino acid
permease-like

protein (82 %)
AtAMT2 (69 %)

AtNAT2 (86 %)

AtSUT4 (69 %)

AtSTP13 (77 %)

AtPTR1 (39 %)

AtPTR3-B (59 %)

H*-dependent
oligopeptide
transport (POT)
family protein (42 %)
AtABCB15 (61 %)



ABC transporter/
MDR, MtPGP18
Major intrinsic
protein, MtNIP1
Major intrinsic
protein, MtNIP4

Medtr3g102650.1

Medtr4g136190.1

Medtr5g072770.1

Medtr3g086430.1

Medtr8g087710.1

Medtr5g063930.1

mtr.1103.1.s1_at

mtr.37525.1.s1_at

mtr.7596.1.s1_at
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P-Glycoprotein
(69 %)
AtNIP1;2 (71 %)

AtNIP4;2 (48 %)

Table S 2.1: Identifyers of AM-regulated M truncatula genes associated with carbohydrate

metabolism

Annotation

Affymetix GeneChip

IMGAG ID Mt3.0

IMGAG ID Mt3.5

Fructose-1,6-bisphosphatase

Glucose-1-phosphate
adenylyltransferase

Alpha-amylase

Neutral invertase, putative
Neutral invertase, putative
Vacuolar invertase

Sucrose synthase, SUS6

Mtr.22592.1.51_at
Mtr.22751.1.51_at

Mtr.18116.1.51_at
Mtr.40256.1.51_at
Mtr.18500.1.51_at
Mtr.43881.1.51_at
Mtr.43776.1.51_at

Medtr2g008160.1
Medtr7g134380.1

Medtr3g150290.1
Medtr1g122200.1
Medtr1g121820.1
Medtr8g106250.1
Medtr6g090340.1

Medtr2g008030
Medtr7g111020

Medtr3g099510
Medtr1g096140
Medtr1g096110
Medtrdg101630
Medtr6g081120
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7.2.1 hxt1 phenotype

Figure S 1: Biomass production of hxtl and WT M. truncatula tntl insertion plants. 12 weeks-old non-
mycorrhizal plants, P-fertilized. A, C: hxt1; B, D: WT.

Figure S 2: Flowers and seed Pods on hxtl and WT M. truncatula tnt1 insertion plants. 12 weeks-old non-
mycorrhizal plants, P-fertilized. A: hxt1; B: WT.
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Figure S3: Seed production of M. truncatula hxtl, WT, and heterozygous plants.
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Figure S4: Pods and seeds of M. truncatula Mthxt1l Tnt1 knock-out and WT plants. The seeds shown are
those removed from the pods above. Scale bar: 2 cm.
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Figure S 5: Relative expression levels (Z'dCt values) of AM marker genes in M. truncatula hxtl and WT roots
determined by qRT-PCR. Roots were harvested 3 and 5 wpi with R. irregularis. A housekeeping gene index
(UbiExon, Pdf2 and EF1a) was used for normalization. Values shown are mean * standard deviation of two to
four biological replicates with two technical replicates of each PCR reaction. *: p-value < 0.05.
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7.3  R.irregularis sequencing

Table S3.1: Known R. irregularis genes with at least one read in one of the samples in the Illumina
sequencing. The raw reads mapping to each gene were normalized to total read amount of each sample, the
log,-fold changes or the ratio of the normalized reads in each sample and the GenBank identifier and
annotation are given.

GenBank Description LFC
accession (arb/ ERM)
AB114298.1 Glomus intraradices GiIALP mRNA for alkaline phosphatase, complete cds -2.65
AF110197.1 Glomus intraradices MYC2 (myc2) mRNA, partial cds 0/4X
AF359112.1 Glomus intraradices phosphate transporter mRNA, complete cds -6.73
AF420481.1 Glomus intraradices plasma membrane proton ATPase (HA5) mRNA, partial cds -5.35
AF503447.1 Glomus intraradices glycogen branching enzyme mRNA, complete cds -4.17
AJ315337.1 Glomus intraradices ORF1 4.90
AJ319763.1 Glomus intraradices partial bip gene for binding protein, sequence 29 0_29/0X
AJ319766.1 Glomus intraradices partial bip gene for binding protein, sequence 20 -3.96
AJ319767.1 Glomus intraradices partial bip gene for binding protein, sequence 42 -3.90
AJ319768.1 Glomus intraradices partial bip gene for binding protein, sequence 44 -4.19
AJ319769.1 Glomus intraradices partial bip gene for binding protein, sequence 36 1.27
AJ319770.1 Glomus intraradices partial bip gene for binding protein, sequence 47 0.22
AJ319771.1 Glomus intraradices partial bip gene for binding protein, sequence 43 -4.08
AJ319772.1 Glomus intraradices partial bip gene for binding protein, sequence 10 0.92
AJ319773.1 Glomus intraradices partial bip gene for binding protein, sequence 45 -3.89
AJ319774.1 Glomus intraradices partial bip gene for binding protein, sequence 56 0.45
AJ319776.1 Glomus intraradices partial bip gene for binding protein, sequence 30 -5.78
AJ319777.1 Glomus intraradices partial bip gene for binding protein, sequence 38 0/5 X
AJ574787.1 Glomus intraradices mRNA for zinc transporter 1 (zntl gene) 0.22
AJ584702.1 Glomus intraradices partial bip1 gene for binding protein -3.36
AJ584703.1 Glomus intraradices partial bip2 gene for binding protein -3.94
AJ584704.1 Glomus intraradices partial bip3 pseudogen 0,29/0X
AJ606126.1 Glomus intraradices mitochondrial coxVI gene for cytochrome oxidase subunit VI, isolate -4.25
DAOM 181 602
AJ606127.1 Glomus intraradices mitochondrial coxVI gene for cytochrome oxidase subunit VI, Swiss -5.53
isolate H
AJ717308.1 Glomus intraradices partial atub gene for alpha-tubulin, exons 1-2 -2.82
AJ841805.1 Glomus intraradices mitochondrial partial LSU gene for large subunit ribosomal RNA and 0/2 X
LAGLIDADG homing endonuclease, clone 814_1
AJ841806.1 Glomus intraradices mitochondrial partial LSU gene for large subunit ribosomal RNA and 0/3 X
LAGLIDADG homing endonuclease, clone 814_9
AJ841807.1 Glomus intraradices mitochondrial partial LSU gene for large subunit ribosomal RNA and 0/1 X
LAGLIDADG homing endonuclease, clone 814_10
AJ880327.1 Glomus intraradices mRNA for ammonium transporter 1 (AMT1 gene) -7.88
AJ973192.1 Glomus intraradices mitochondrial partial Isu gene for large subunit ribosomal RNA and 0-1
putative LAGLIDADG homing endonuclease, clone 867_5
AJ973193.1 Glomus intraradices mitochondrial partial Isu gene for large subunit ribosomal RNA and 0/1 X
putative LAGLIDADG homing endonuclease, clone 867_6
AMO040753.1 Glomus intraradices mRNA for metallothionein 1 (ntMT1 gene) -9.33
AMO049264.1 Glomus intraradices mRNA for 14-3-3 protein -2.95
AM118102.1 Glomus intraradices enal gene for P-Type |l D ATPase, exons 1-9 2.26
AM118103.1 Glomus intraradices ena2 gene for P-type Il D ATPase, exons 1-9 3,80/0)<

AM118104.1 Glomus intraradices partial enal gene for P-type IID ATPase, exons 1-4, isolate C3 1,17/0X



AM118106.1
AM118108.1
AM118112.1
AM118113.1
AM118117.1
AM118121.1
AM284973.1

AM284974.1

AM932873.1
AM947047.1

AM947048.1

AM949787.1

AM950203.1

AM950217.1

AY033936.1
AY033937.1
AY037894.1
AY326320.1
AY326321.1
AY326322.1
AY326323.1
AY326324.1
AY326325.1
AY326326.1
AY326328.1
AY326329.1
AY787134.1
AY830086.1
DQ063587.1
DQO087527.1
DQ282611.1

DQ294603.1

DQ302794.1

DQ383980.1
DQ383981.1
DQ499469.1
EF488828.1

EU232637.1
EU232643.1
EU232644.1
EU232649.1
EU232651.1
EU232652.1
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Glomus intraradices partial enal gene for P-type Il D ATPase, exons 1-4, isolate C2
Glomus intraradices partial ena3 gene for P-Type Il D ATPase, exons 1-4, isolate C2
Glomus intraradices partial nk1 gene for P-Type IIC ATPase

Glomus intraradices partial nk2 gene for P-type IIC ATPase

Glomus intraradices partial pmcal gene for P-Type |l B ATPase

Glomus intraradices partial serca gene for P-type Il A ATPase, exons 1-2

Glomus intraradices partial RPB1 pseudogene for RNA polymerase Il large subunit,
isolate BEG158

Glomus intraradices partial RPB1 gene for RNA polymerase Il largest subunit, isolate
DAOM197198

Glomus intraradices grx1 gene for glutaredoxin 1, exons 1-4

Glomus intraradices mRNA for Ste12-like transcription factor (stel12 gene), isolate
DAOM181602

Glomus intraradices mRNA for Stel12-like transcription factor (stel2 gene), isolate
BEG141

Glomus intraradicesm RNA for vitamin B6 biosynthesis protein (PDX gene), culture
collection DAOM:197198

Glomus intraradices mitochondrial partial Isu gene for large subunit ribosomal RNA and
LAGLIDADG homing endonuclease, clone DCBF1164_5

Glomus intraradices mitochondrial partial Isu gene for large subunit ribosomal RNA and
LAGLIDADG homing endonuclease, clone NBh2_2

Glomus intraradices probable acyl-CoA dehydrogenase mRNA, complete cds

Glomus intraradices putative fatty acid CoA ligase mRNA, partial cds
Glomus intraradices phosphate transporter mRNA, partial cds
Glomus intraradices beta tubulin (BTub1) gene, partial cds

Glomus intraradices beta tubulin (BTub2) gene, partial cds

Glomus intraradices H+ ATPase (HA1) gene, partial cds

Glomus intraradices H+ ATPase (HA2) gene, partial cds

Glomus intraradices H+ ATPase (HA3) gene, partial cds

Glomus intraradices H+ ATPase (HA4) gene, partial cds

Glomus intraradices H+ ATPase (HA5) gene, partial cds

Glomus intraradices H+ ATPase (HA7) gene, partial cds

Glomus intraradices H+ ATPase (HA8) gene, partial cds

Glomus intraradices neutral trehalase (NTH1) mRNA, complete cds
Glomus intraradices trehalose-6-phosphatase (TPS2) mRNA, partial cds
Glomus intraradices glutamine synthase mRNA, partial cds

Glomus intraradices Ras2-like protein mRNA, partial cds

Glomus intraradices isolate AFTOL-ID 845 elongation factor 1-alpha (EF1-alpha) gene,
partial cds

Glomus intraradices isolate AFTOL-ID 845 RNA polymerase Il largest subunit (RPB1) gene,
partial cds

Glomus intraradices isolate AFTOL-ID 845 RNA polymerase Il second largest subunit
(RPB2) gene, partial cds

Glomus intraradices heat shock protein 60 (hsp60) mRNA, complete cds

Glomus intraradices heat shock protein 60 (hsp60) gene, complete cds

Glomus intraradices clone NtGi2 urease accessory protein G mRNA, partial cds

Glomus intraradices DNA binding protein (BP1) mRNA, complete cds

Glomus intraradices isolate DAOM181602 Cu-Zn superoxide dismutase gene, partial cds
Glomus intraradices isolate B1 Cu-Zn superoxide dismutase gene, partial cds

Glomus intraradices isolate B13 Cu-Zn superoxide dismutase gene, partial cds

Glomus intraradices isolate C5 Cu-Zn superoxide dismutase gene, partial cds

Glomus intraradices isolate C7 Cu-Zn superoxide dismutase gene, partial cds

Glomus intraradices isolate B4 Cu-Zn superoxide dismutase gene, partial cds

2.04/0
0.58/0
-6.05
0.92
-4.21
-3.96
-1.19

-3.36

-4.13
-4.33

-5.61

-6.42

0/1%

0/2*
-6.64
-5.26
-9.74

0.58/0%
0.55
-3.23
-3.29
273
-3.34

0.29/0%

0.58/0"

0.58/0"
-6.49
-1.08
-3.99
-5.20
-4.37

-2.36
-4.79

-4.09
-4.16
0/4*
-12.07
0.29/0%
0.29/1%
0.29/2”
0.29/3"
0.29/4"
0.58/0"
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EU281994.1 Glomus intraradices glutamine synthetase (GIn) mRNA, partial cds -4.97
EU478725.1 Glomus intraradices glucose-6-phosphate dehydrogenase mRNA, partial cds 0/86
EU931681.1 Glomus intraradices AGP-like protein 1 precursor (AGL1) mRNA, complete cds -7.58
EU931682.1 Glomus intraradices AGP-like protein 2 (AGL2) mRNA, partial cds 0/93X
FJ161948.1 Glomus intraradices germinating spore putative ATP-sulfurylase mRNA, partial cds 1.55
FJ161949.1 Glomus intraradices putative cystathionine gamma-lyase mRNA, partial cds -3.19
FJ161950.1 Glomus intraradices putative cystathionine beta-synthase mRNA, partial cds -4.66
FJ174299.1 Glomus intraradices isolate NB102C beta-tubulin (btub) gene, exons 1 through 4 and -6.25
partial cds
FJ554631.1 Glomus intraradices culture-collection MUCL:43194 C-4 sterol methyl oxidase (SMO) -1.99
mRNA, complete cds
FJ861239.1 Glomus intraradices aquaporin 1 (AQP1) mRNA, complete cds 0/21X
FM207964.1 Glomus intraradices mnSOD gene for mitochondrial Mn-superoxide dismutase, exons 1-7 -6.22
FM993985.2 Glomus intraradices mMRNA for ammonium transporter 2 (amt2 gene) -3.14
FR744743.1 Glomus intraradices amt2 gene for ammonium transporter 2, culture collection DAOM -4.83
197198
GN117614.1 Sequence 510 from Patent W02009037329 -4.49
GN118668.1 Sequence 1564 from Patent W02009037329 -6.81
GN119064.1 Sequence 1960 from Patent W02009037329 -7.99
GN129354.1 Sequence 12250 from Patent W02009037329 -9.12
GQ249346.1 Glomus intraradices ATP-binding cassette transporter 1 (ABC1) mRNA, complete cds -7.55
GQ303446.1 Glomus intraradices strain DAOM 225240 mitochondrial F-ATPase beta subunit (atp2) -2.78
gene, partial cds
GQ303447.1 Glomus intraradices strain DAOM 225240 elongation factor 1-alpha (EF1-alpha) gene, 0/1 X
partial cds
GU111909.1 Glomus intraradices glutamine synthetase 1 mRNA, complete cds -4.06
GU111910.1 Glomus intraradices glutamine synthetase 2 mRNA, complete cds -5.21
GU111911.1 Glomus intraradices argininosuccinate synthase mRNA, complete cds -6.15
GU111912.1 Glomus intraradices ornithine aminotransferase mRNA, complete cds -4.21
GU111913.1 Glomus intraradices arginase mRNA, complete cds 1.62
GU111914.1 Glomus intraradices ornithine decarboxylase mRNA, complete cds 0/53 X
GU111915.1 Glomus intraradices urease mRNA, complete cds -1.37
GU111916.1 Glomus intraradices NADH-glutamate synthase mRNA, partial cds -11.48
GU111917.1 Glomus intraradices carbamoyl-phosphate synthase mRNA, partial cds -8.99
GU111918.1 Glomus intraradices arginosuccinate lyase mRNA, partial cds -5.60
GU111919.1 Glomus intraradices nitrate transporter mRNA, partial cds -2.61
HM143864.1 Glomus intraradices culture-collection DAOM:197198 sugar transporter (MST2) mRNA, -0.06
complete cds
HM998615.1 Glomus intraradices secreted protein SP7-v.0.9Kb (SP7) mRNA, complete cds, -13.35
alternatively spliced
HM998616.1 Glomus intraradices secreted protein SP7-v.0.8 Kb (SP7) mRNA, complete cds, -12.19
alternatively spliced
HM998617.1 Glomus intraradices secreted protein SP7-v.1.2 Kb (SP7) mRNA, complete cds, -11.25
alternatively spliced
HQ848965.1 Glomus intraradices sugar transporter (MST4) mRNA, complete cds -5.29
HQ848966.1 Glomus intraradices sugar transporter (SUC1) mRNA, complete cds -6.38
HQ896039.1 Glomus intraradices strain BEG158 phosphate transporter (PT) gene, partial cds -11.40
L77908.1 Glomus intraradices chitin-UDP acetyl-glucosaminyl transferase 1 (CHS) gene, partial cds -5.61

X Log,-fold changes could not be calculated if O reads were found in either of the libraries. If that was the case,
the normalized reads are given.
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7.3.1 The coding sequence of the following R. irregularis genes have been confirmed:

Green: transcontigs assembled from the lllumina reads.

Red: corrections to the genomic Sequence given in the R. irregularis genome DB.

The contig IDs, the genome IDs and the transcript names/ annotations are given.

comp8571_c0/ e_gw1.2824.2.1/ RiMFS1

ATGAATTCTAAAAAAAATTTTCGTTCGTCTGAAGAAAATATACGAATTTCGGAGGAGGAACGAGAACGTTTTCTTGTACCA
TCAAGTCCAGATAATATTATTACTAAAAGGAATTCTTTTTCGGATGATGATGATAATGCGGATATTATAATACGTGAAGAA
AATGATGATATTGATTCTAATTTATTGGCAGATATTGAAATTGTAAAAGATCAATACGAAGAATTGGATAATATTATTTCA
AGCATCGGAATGGGAAATTTTCAAAAACGATTATTGGTACTTTGTGGATTTGGTTGGTTATCAGATGCTTTGTGGATGATG
GTACATTAATATTTAGGATTTAGTGCGTTATTTATATATTGTTTCTTTAATGTTTTACTTTCAAATTCAAATATTTAATAATTT
TCAGTGCGTAGCAATAATATTACCTCGAGTTCAAGTTCACTTTCAAGTACCAAATTCAATTATTGGATTACTTTCAAGTTCA
CAATATTTTGGAATGATGTTTGGAGCCGTGTTTTGGGGAATAATTTCAGATACATATGGACGCAAACAGGCGTTCAGCTG
GACACTAGGATTGTCCGTATTTTTTGGTTATATTGCAAGTCTTTCTCAAAGCTTTGAACAATTATGTTTTCTATTTTTCATGTT
AGGATTTGGTGTTGGAGGAAATTTACCAGTAGATGGAGCGATATTTTTGGAATTTGTACCAAAAGAGAATCAATATCTTCT
TACTTTGTTATCAGTTTTCTTTGAATTTGGAGCTGCATTCACAGCTTTAGTTGGATATTTAATTTTACCTTCATATAGTTGTTT
TAAAGAAGGTTGTGATGTTTATAAAGAAAATAATGGTTGGAGATACGTAATAATGATTCTTGGAACTTGCACGTTAATTAT
GTTGATCATCAGAATTCTTTTCTTTAGACTTTTAGAATCACCTAAATTTTTATTATCACATAATCGAAAACAAGAAGCAATTT
TTGTATTTCAAGAAATTGCAAGAATTAATGGAAATGAAATTGAAATTCATCTTGATAATTTATCATCACCTAAACATTCAAA
CGTATCACCAGAATCAAATAGAAATTTCAATAAATCTAGCATTCTTTCAACACAAAAATTTAGTTCATTATTTAATGATTTG
AAATATTTATTTAAGAAGCAATGGATAACAACAACAATGATTGTATGGAGTATGTGGGGAGTAATATCATTTGGAAGTGT
AATGTTTAATCTTTATCTTCCTAAATATCTTGAAACTGTGAGTAAAGAAGAAAATAAAGAACATAGTGAAGGTGGCGAAG
CTATTAGGAAAGGGTTGAAGGGTTTTATGATTTTTTCAATATGGGGAGCTCCGGGTGCTATAATTGCATCATATTTAATTG
AAACGATTTTAGGTAGAAAAGGTGCAATGATTATAGCGGCAACCGGAGTTTCTTTATCAACATTTTTATTTGCGAATTTTC
ATCATCATTATAGTGTAGTTCTATTTTCAATGATTATTGGTATTTTAAAATCTGTTAATTGGTCCGTAATTTATTGTTATACTC
CTGAAGTTTTTGAGACTAAAATAAGGGGAACTGCTTGTGGAATCTCTTCTGTTTTTGCTAGAATTACCGGTATGATTTCGCC
TATTATTACCGGAACTTTAATTTCTCTGAGTGTTTCTGCACCATTATATGTAACCTCATTTGTTTTTGGTATATTGGCAATTTT
AGTATTTATGTTACCAATAGAAACAAGAGGAAGGCAGGCATAA

comp11677_c0/ gm1.11960_g/ RiSutl

The contig was 100% in agreement with the corrected sequence (i.e. the sequencing results of the
amplified cDNA)

ATGGAGGAGCTTAATCAACCTCCCTCGCAAAATGCTTCAAAAAGTACCGCAACAGCTGATCTGGAATCAAATTCAAGAAA
TAAAAATAATGAAGTTAATGCTCAAAATCCGTGGAAATTATTAACTTCGATTAATAAACAACAAGGACTTACTTTTGCTGC
AGCATTTTTAGGATGGACATTAGATGCTTTTGATTTTTTTACTGTGGTATTATCTGTACCTTATATTGCAAAAGAATTTCGAA
CGGAACCATCTGTAATTACTGGAAGTATAACGATTACGTTGTGTTTACGTCCATTGGGGGCAGCAATATTTGGTCTGTTAG
CAGATCGTTATGGTAGAAGATATCCATTAATGGCAGATATTATTCTTTATAGTGTTATGGAATTAGCTTCAGGGTTTGCTCC
AAATTTTTTGGTCTTCTTTATCTTAAGAGCAATTTTTGGAATTGCTATGGGAGGTGAATGGGGATTAGGCACGGCATTGGC
GATGGAAGTCTTACCACCAGAAACTCGCGGATTATTTTCCGGTATTTTGAACAAGGTTATGCTGTAGGATTTCTTTTAGCAT
CAATTTTATATTATGTTGTGATAGAAAATATTGGATGGAGGGCAATGTTTTGGATAGGTTCATTTCCGGCTCTTTTGGTTGT
TTTAATTCGTTTCTTTGTACCCGAATCACCCGTTTGGAAAGCTCATCGTAATGCTAGAAAATCAGGTGGCAAAACTTTTCTG
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TCTAGCACTAAATTAGCGTTAAAGCATCATTGGAAAAAGTTCATATATTGTGTTCTATTAATGTCTTGTTTTAGTTTTATGA
GTCATGGTACACAGGATTTATATCCAACTTTCTTAAAAACACAACTTGGATTTACAACAGCTCAAGTTACAATTCTTACAGT
AGTAGCAAATATAGGAGCTATAATTGGAGGCTCGATTTGTGGATATTTGTCACAATTATTTGGTCGTAGGAAAACTATTTT
CATTTCGGTTGTTTTAGCAGCATGTTTTATGCCATTATATATATTACCAAAGAATTTTGGATTATTGATTGTTGGAGCTTTTG
CTGAGTACTTTTGTGTTCAGGGGGCATTGGGAATCGTTCCAGCGCACTTAAACGAACTTTCACCACCAGAATTTCGTGGCA
CGTTCCCAGGATTAACTTATCAATTGGGTACTTTAGTAGCGTCATCATCAGCACAAGTTGAAGCAAAATTAGGAGAAATAT
TTAAAAAAAATGGAATATATAATTATGGGATAGTTATTGTTGTGTTATCTCTTATTGTTATGACGTTGTTAGCACTGTTAAC
TATACTGGGTAAAGAAAATAAAGATGCAAATTTCATCGAACAAGTTGAAATCGTCGAACAAATTACGGTTAATGATAAGA
GTAAAGAAAAGGAAACTGAACAGGATGAAAAAGTAGCGGTTACCATAAAAGATATTTAA

comp2270_c0/ gm1.366_g/ RiMFS2

ATGAGTAACAAGAATAATGCCCACGATACTACCTTCTCTCATGATGAGAAACATAATATTACCATGTTCATTATAGGTATCA
TGTGCTTCAAATTTGCCTTTGAGAGTCTTAGTTCATCCATTTCTTTCCTAGCTCAGGAAAAGTTTGCGAAATCTATAGCTCTT
ACTATGACACCCGTTTTAACATCATGTTTTAATATAATGCAATGTATTTGCTCTATTGGAGCTGCACAACTTTTGGTACGATT
TCGGACAAACGTTATATTAGCGTTCAGTATGTTTTGTTTCGGAGCACTTGCTCTAATTCTCATTATTGTTGATGCGACAACT
GGTGGTAAATTTGAAAGTCAAGGTAATTGGACCCCTTGGATCCTTTTCCCAATATACCTTCCTATGGGAGGCTGTCTTGGA
GTTTTGGAGCTCGTTAGGCGTGTCTTACCTCGTGATATCGTTGGTGAAAATCCAGAAAAACTAAAAAAAATGGACGCACA
CGTACATATCTTTTATGAAATTGCTGGAACTTCTGGAGCTTTCGCAACTACTCCCCTCGTTAAGAAGATGGGCCCCGTTTAC
GCTTTAATGCTTATTCCAATTCTGTTCACTGTTGCTGGTTTTATCTGGCTAAGAATTAAACATAACCCAAATGCACCTTCAGA
TATCAATAGAAATAAAGAAATTGATAGTTCAGATCGAAAGAACATTTTCTACTTATATTTTTACTCCGTAAAACGTGGCGC
ACAAATCGTTTTTTCGGAACGTCGATTCATCTGGCTTATGGGAGGCTATGTTTTACCTTTCGTCTTCCACAGATTCATTGAG
AACGTTATCTTTCCAACATTTGCAAATCAAGTTCTCAAAGAAAAGTCTTACTCTTATATCCTCTTAGGAGCATCTAATTTTGG
AGAACTTCTTGGTGCACTTGTCGTTCTCTTATTTGCTGCAAAAGTTGCCACCCCTCTACCTTGGGTTCGCTTTGACGCCGTT
GCTTTAATGACACTCTGGATATTTCCCTTTTTACCCGTTAAATCCGCACTTTCATGGGCTTTGAGTGCACTTCCACTTATGAT
CGTTCTTTCCATGGGATGGGCAGCTGGTGACGTTTCTCTCGTGGCCTATATACAATCTAGATTGCATTCAGTTAATATCCAA
GCAGATGCGGGTACTTCACCACTTGGATGTGTCATGGCTTTCCTTTATTCTTCATATATCATCGTCTTTACAGTTCTCTCAAT
TCCGCTTGGAAGAGTTTTTGATGCATATAAGGCTACTGGTAATATAAATCAAGCGTTTTTATATATTGCAGGAATTATGAT
AACTGTTGGTGCAGTTGTTATATTTGCAAGCACTTTTATACCAAGGCACTCGTGGGCTTTTAATCCAAAGGTTGATCCTGAT
GATGAAATAGCAGCTAGTGAAGAAGAAGAAGTTAAAGGAGAAAAAGAAAAAGGCACTGTCAATCTCGTCGAAGCTATA
AGCATGGCCTAA

The altered nucleotides resulted in a slightly changed amino acid sequence of the translated
sequence:

MSNKNNAHDTTFSHDEKHNITMFIIGIMCFKFAFESLSSSISFLAQEKFAKSIALTMTPVLTSCFNIMQCICSIGAAQLLVRFRTNV
ILAFSMFCFGALALILIIVDATTGGKFESQGNWTPWILFPIYLPMGGCLGVLELVRRVLPRDIVGENPEKLKKMDAHVHIFYEIAG
TSGAFATTPLVKKMGPVYALMLIPILFTVAGFIWLRIKHNPNAPSDINRNKEIDSSDRKNIFYLYFYSVKRGAQIVFSERRFIWLM
GGYVLPFVFHRFIENVIFPTFANQVLKEKSYSYILLGASNFGELLGALVVLLFAAKVATPLPWVRFDAVALMTLWIFPFLPVKSALS
WALSALPLMIVLSMGWAAGDVSLVAYIQSRLHSVNIQADAGTSPLGCVMAFLYSSYIIVFTVLSIPLGRVFDAYKATGNINQAFL
YIAGIMITVGAVVIFASTFIPRHSWAFNPKVDPDDEIAASEEEEVKGEKEKGTVNLVEAISMA
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